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Resumen

Las levaduras tienen una amplia aplicacion en la biotecnologia, principalmente por su
capacidad fermentativa; sin embargo, en el proceso de fermentacion pueden generarse condiciones
estresantes, como aumentos de temperatura. Lo anterior ha generado un interés por seleccionar
levaduras termotolerantes que presenten viabilidad y crecimiento a temperaturas >40°C, asi como
capacidad para producir etanol. El estrés oxidativo es uno de los principales factores responsables
del dafio producido por la exposicion a altas temperaturas. Este estrés es generado por un aumento
de las especies reactivas de oxigeno (ERO), siendo la cadena transportadora de electrones
mitocondrial (CTEm) la principal fuente productora en levaduras. Al igual que la concentracion de
ERO, la respuesta antioxidante influye en el estado redox celular, el cual es critico para el apropiado
desarrollo de los procesos celulares y por ende para la produccion de etanol. Por lo anterior, el
objetivo de este trabajo fue analizar la actividad de los sistemas antioxidantes y la CTEm, asi como
el estado redox y la capacidad fermentativa de una levadura termotolerante. Las levaduras
Saccharomyces cerevisiae (MC4) y Kluyveromyces marxianus (OFF1 y SLP1), previamente
aisladas de fermentaciones espontineas, se crecieron a temperaturas de hasta 45°C. Con los
resultados obtenidos se identificé a la levadura K. marxianus SLP1 como termotolerante, con una
mayor actividad de sus sistemas antioxidantes y menor produccion de ERO y lipoperoxidacion. En
las membranas de K. marxianus SLP1 se observo una mayor proporcion de acidos grasos saturados,
por lo cual se estudid el efecto de la incorporacién de acidos grasos (oleico (C18:1), linoleico
(C18:2), linolénico (C18:3) y araquidico (C20:0)), en la termotolerancia de K. marxianus SLPI,
observando una relacion inversa, entre su termotolerancia con el grado de insaturacion de los acidos
grasos incorporados en su membrana citoplasmatica. K. marxianus SLP1 presentd una disminucion
en la actividad de los complejos de su CTEm; sin embargo, conservo la funcion de su ATPasa, la
concentracion de NADH y glutation total. La capacidad fermentativa de K. marxianus SLP1 se
evalu6 mediante los procesos de hidrolisis y fermentacion separada (HFSe) e hidrolisis y
fermentacion simultdnea (HFSi) a 40°C, utilizando bagazo de agave como fuente de carbono. K.
marxianus SLP1 presenté un rendimiento maximo de etanol de 85%, correspondiente a 10.36 g/L
de etanol, valores similares a los obtenidos con la levadura industrial S. cerevisiae Ethanol Red
(83% y 10.23 g/L). En conclusion, K. marxianus SLP1 presenta termotolerancia y potencial para ser
usada en procesos de fermentacion a 40°C, ya que ante un incremento de temperatura aumenta la
actividad de sus sistemas antioxidantes y disminuye la funcién de su CTEm, manteniendo su estado

redox y capacidad fermentativa.

Vil
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Abstract

Yeasts have a wide application in biotechnology, mainly by their fermentative capacity;
however, in the fermentation process stressful conditions can be generated, such as temperature
increases. This has generated an interest in selecting thermotolerant yeasts that present viability and
growth at temperatures >40°C, with ethanol production. Oxidative stress is one of the main factors
responsible for the damage produced by high temperature. This stress is generated by an increase in
reactive oxygen species (ROS), being the mitochondrial electron transport chain (mETC) the main
production source in yeast. Like the ROS production, the antioxidant response influences cellular
redox status, which is critical for the proper development of cellular processes, and thus for the
production of ethanol. Therefore, the objective of this work was to analyze the activity of
antioxidant systems and mETC of a thermotolerant yeast, as well as its redox state and fermentative
capacity. The yeasts Saccharomyces cerevisiae (MC4) and Kluyveromyces marxianus (OFF1 and
SLP1), previously isolated from spontaneous fermentations, were grown at temperatures up to
45°C. K. marxianus SLP1 was identified as thermotolerant, wich showed a higher activity of its
antioxidant systems, and lower production of ROS and lipoperoxidation. In K. marxianus SLP1
membranes, a higher proportion of saturated fatty acids was observed. For the last, the effect of the
incorporation of fatty acids (oleic (C18:1), linoleic (C18:2), linolenic acid (C18:3) and arachidic
(C20:0)), on the thermotolerance of K. marxianus SLP1 was studied. Results showed an inverse
relationship between thermotolerance and unsutaration degree of the fatty acids incorporated in the
cytoplasmic membrane. K. marxianus SLP1 showed a decrease in the activity of the complexes of
its mETC, however, retained the ATPase function, NADH concentration and total glutathione. The
fermentation capacity of K. marxianus SLP1 was evaluated by separate fermentation and hydrolysis
(SFH) and simultaneous hydrolysis and fermentation (SHF) at 40°C, using agave bagasse as a
carbon source. K. marxianus SLP1 presented a maximum yield of ethanol of 85%, corresponding to
10.36 g /L of ethanol, values similar to those obtained with the industrial yeast S. cerevisiae Ethanol
Red (83% and 10.23 g/L). In conclusion, K. marxianus SLP1 showed thermotolerance and potential
to be used in fermentation processes at 40°C, since in an increase of temperature it showed a higher
activity of its antioxidant systems and a reduced in their mETC function, maintains without changes

its redox state and fermentative capacity.

Palabras clave: Levaduras, termotolerancia, estado redox, bioetanol
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1. Introduccién

1.1. Levaduras

Las levaduras son hongos unicelulares con tamafios variados, dependiendo de la especie y
las condiciones de crecimiento. La longitud puede ser de 2 a 50 um, mientras que su
diametro de 1 a 10 pm. La mayoria de las levaduras pueden crecer en medios con pH de 4.5
a 6.5 y en temperaturas de 20 a 30°C. Las especies de levaduras son caracterizadas por
criterios basados en su morfologia, fisiologia, mmunologia y biologia molecular. Algunas
de las caracteristicas fisiologicas utilizadas para diferenciar las especies, incluyen los
diferentes carbohidratos que son capaces de asimilar, si presentan metabolismo en
condiciones aerobias o semi-aerobias, su habilidad osmotolerante y/o capacidad de
hidrolisis de lipidos. En 1996 se estim6 que Unicamente el 0.22% de las especies de
levaduras (alrededor de 1500), de un total aproximado de 669 000, se encontraban aisladas
y caracterizadas. Generalmente las levaduras se encuentran en plantas como comensales, y

en animales pueden ser parasitos (Walker, 1998; Boekhout et al., 2002).

1.2. Metabolismo de las levaduras

En funcion de la concentracién de oxigeno y el tipo de sustrato en el medio de crecimiento,
las levaduras pueden llevar a cabo diferentes tipos de metabolismo (Tabla 1). La levadura
Saccharomyces cerevisiae es fermentativa facultativa, por lo que puede realizar la
fosforilacion oxidativa o la fermentacion para la sintesis de ATP (Figura 1) (van Diken et
al., 2002). En S. cerevisiae, la glucosa y la fructosa son adquiridas principalmente por
difusion facilitada, mas que por transporte activo. Los transportadores de hexosas consisten
de mas de 20 proteinas, las cuales funcionan como punto de control en el metabolismo de
compuestos de carbono durante la fermentacion. En cuanto a la selectividad por los
azicares, S. cerevisiae es principalmente glucofilica (Schii Itz y Gafner, 1995), capaz de
cambiar su metabolismo de oxidativo a fermentativo, desde una concentracion de glucosa
en el medio de 0.14 g/L. Lo anterior, debido a la regulacion de la expresion de genes para
enzimas glucoliticas y transportadores de hexosas, e mhibicion de genes involucrados en la

respiracion y funciones mitocondriales. Después de la entrada de glucosa a la célula, ésta es

1
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fosforilada para comenzar la glucdlisis. El producto final de la glucolisis es el piruvato, el
cual puede ser incorporado en dos vias metabolicas; oxidativa o fermentativa (Figura 1).

Ambas vias son reguladas por la concentracion de sustrato y oxigeno presentes en el medio.

Tabla 1. Metabolismo de las levaduras

Metabolismo Levadura Caracteristicas

Fermentacion Candida . _ '
) ) N Unicamente fermentan, incluso en presencia de oxigeno

obligada pintolopesii
Crabtree- Saccharomyces Principalmente fermentan en alta concentracion de
positiva cerevisiae azlicares, aln en presencia de oxigeno
Crabtree- Kluyveromyces No forman etanol en condiciones aerobias y no pueden
negativo marxianus crecer anaerdbicamente

_ Rhodotorula _ .
No fermentativa b No producen etanol en presencia o ausencia de oxigeno
rubra

Walker y White, 2005

Auln cuando en la fermentacion alcoholica el rendimiento de ATP por mol de glicosa es
menor comparada con la respiracion, la fermentacion es una via metabdlica que permite a
las levaduras competir en condiciones anaerobias, ademads de que el etanol producido
inhibe el crecimiento de otros microorganismos (D“Amore et al., 1990). Para levaduras no
convencionales, el tipo de transporte de hexosas puede ser diferente, por ejemplo, a bajas
concentraciones de azicares, Candida sutilis transporta los azicares a través de un
mecanismo simporte de protones (van de Broek et al., 1997). Las levaduras Crabtree-
negativo presentan bajos niveles de enzimas fermentativas y altos niveles de enzimas
oxidativas, permitiendo la generacion de altas concentraciones de biomasa y didoxido de

carbono, pero bajas de etanol. No obstante ello, las levaduras del género Kluyveromyces

2
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clasificadas como Crabtree-negativo, son consideradas buenas productoras de etanol,
debido a su tolerancia a los condiciones de estres generadas en los procesos de
fermentacion (Postma et al., 1989). La via de las pentosas o hexosas monofosfato, es
considerada una via metabolica alternativa a la degradacion de glucosa. Esta via permite la
formacion de NADPH y pentosa fosfato. El NADPH es usado en reacciones de biosintesis
de lipidos, asi como para la biosintesis de otros compuestos donde la ribosa 5-fosfato es un
precursor de nucledtidos y acidos nucleicos (Figura 1). Otras levaduras como Candida
tropicalis y Torulopsis pueden utilizar alcanos como fuente de carbono, asi como acidos
grasos (Fickers et al., 2005).

D-Glucosa
ATP \l
NADPH CO, NADPH
D-Glucosa-6P <> g, Ribuloss 5P NADE
$
D-Fructosa-6P°
ATP

DHAP <&——> D-gliceraldehido-3P

NADH Pi
NADH

Glicerol-3P
ATP <_¢
b P IP-glicerato
Glicerol

NAIDE ATP “l

Etanaol (—L Acetaldehido (7—

Co,

Figura 1. Vias metabdlicas de levaduras. Azul oscuro: Glucolisis; Gris: Ciclo de las
pentosas; Negro: Produccion de glicerol; Azul claro: Fermentacion; Rojo:

Fosforilacion oxidativa. Figura modificada de Walker, 1998.
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1.3. Principales géneros de levaduras
Dos de las levaduras mas estudiadas y utilizadas en la biotecnologia son Saccharomyces
cerevisiae y Kluyveromyces marxianus. A continuacion se describen algunas de sus

caracteristicas.

1.3.1. Saccharomyces cerevisiae

La levadura S. cerevisiae (Figura 2) generalmente clasificada como segura, GRAS por sus
siglas en inglés (generally regarded as safe), utilizando como fuente de carbono glucosa
presenta un tiempo de duplicacion de 90 min, mientras que con una fuente de carbono no
fermentable este se amplia de 3.5 a 4 h. S. cerevisiae puede metabolizar aziicares como
glucosa, fructosa, sacarosa, galactosa y manosa. Esta levadura es generalmente de forma
elipsoide con un didmetro de 5 a 10 pm, y un genoma de 15 Mpb, el cual se considera
altamente compacto. S. cerevisiae crece tanto en condiciones aerobias como anaerobias,
con un Optimo pH écido de 4 a 5, y temperatura de crecimiento de 30 a 35°C. Esta levadura

puede producir hasta 18% (v/v) de etanol, por lo que es la levadura mas utilizada para los

procesos de fermentacion (Walker y White, 2005; Walker, 2009; Zhao y Bai, 2009).

Figura 2. Morfologia celular de Saccharomyces cerevisiae (1000X). Figura tomada de
Kurtzman y Fell, 1997.
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1.3.2. Kluyveromyces marxianus

La levadura K. marxianus también clasificada como GRAS, puede ser ovoide, elipsoide o
cilindrica (Figura 3). Esta levadura presenta un metabolismo Crabtree-negativo, respiro-
fermentativo. K. marxianus es capaz de fermentar xilosa, xilitol, celobiosa, lactosa y
arabinosa, tanto en medio liquido como solido, lo cual contrasta con S. cerevisiae (Stambuk
et al., 2003; Nonklang et al., 2008; Wilins et al., 2008; Signori et al., 2014). K. marxianus
es la célula eucariota con la mayor velocidad de crecimiento con un tiempo de duplicacion
de 52 min (Groeneveld et al., 2009), produce etanol eficiente a 45°C, y sobrevivencia hasta
52°C. Ademas, presenta tolerancia osmotica (22% w/v) y a etanol (10% v/v), con una alta
produccién de compuestos voldtiles (Lopez-Alvarez et al., 2012). Recientemente se ha
descrito la secuencia de genomas de algunas de sus cepas con un tamafio de 11 Mpb (De
Souza et al., 2012; Jeong et al., 2012; Suzuki et al., 2014; Inokuma et al., 2015;
Lertwattanasakul et al., 2015).

Figura 3. Morfologia celular de Kluyveromyces marxianus (1000X). Figura tomada de
Kurtzman y Fell, 1997.

1.4. Aplicaciones de levaduras
Las levaduras son consideradas como los microorganismos con mas usos dentro de la
biotecnologia (Johnson, 2013), por lo que a continuacion se describen algunas de sus

principales aplicaciones.
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1.4.1. Levaduras como modelo biolégico de células eucariotas

Las levaduras presentan caracteristicas celulares similares a las células eucariotas de
organismos superiores. Lo anterior, ademds de su rapido crecimiento y utiidad para andlisis
bioquimicos, genéticos y moleculares, permite que las levaduras sean un modelo de estudio
de biologia celular de células ecucariotas. Las células de S. cerevisiae durante la fase
estacionaria, son utilizadas para el estudio de los dafios ocurridos durante periodos de estrés
oxidativo y envejecimiento, ya que durante esta fase las células de S. cerevisiae se
asemejan a las células de los organismos multicelulares, en aspectos como produccion de
energia, acumulacion de dafios celulares y mecanismos de defensa antioxidante (Smith y

Snyder, 2006).
1.4.2. Levaduras para la obtencion de metabolitos en procesos industriales
Las levaduras son usadas en los procesos industriales para la obtencion de diversos

productos como los que se enlistan en la tabla 2.

Tabla 2. Productos generados por las levaduras en los procesos industriales

Producto Ejemplos

Tequila, mezcal, cerveza, vino, sidra, sake, whisky, vodka, cofiac,
Bebidas alcoholicas

entre otras

Alimentos Pan, factores de crecimiento y pigmentos
Compuestos ] )

. Alcoholes como metanol, etanol, butanol, asi como acidos organicos
quimicos
Enzimas Invertasa, inulasa, pectinasa, lactasa y lipasa
Proteinas Insulina, vacuna de hepatitis B, anticuerpos, y albumina de suero
recombinantes humano

Ejjk y Johannes, 1995; Wang et al., 2001; Gatto y Torriani, 2004
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La produccion de etanol mediante la fermentacion alcoholica es el principal uso industrial
de las levaduras. En este proceso los aziicares son convertidos principalmente a etanol y

CO», con la formacion de otros compuestos organicos.

1.4.3. Compuestos orgénicos producidos durante la fermentacion alcoholica

La via metabolica principal para la sintesis de compuestos organicos durante Ia
fermentacion alcoholica es la via “Ehrlich” (Hazelwood et al., 2008). En la figura 4 se
observan los intermediarios en la biosintesis de los principales compuestos organicos

generados en la fermentacion alcohdlica.

Salfato/Sulfite ~————9 H:5

| ~ »

Aminceicidos ————pa-ceto acidos————p |Alcoholes superiores

A
Acetoina 1\
Diacetil

l X—> Esteres
2.3 -hutanodiol

¥
Acidos grasos

h
Glucosa / . J
Pirovato ol Acetil-CoA=—» Acil-CoA H:0

Fructosa

* d-aceto lactate

‘Esteres de etilol

Glicerol

Acetaldehido —| Etanol

5 Acido acético

Figura 4. Compuestos organicos producidos por las levaduras. Figura modificada de
Stygeret al., 2011.



| PIDCB | U.M.S.N.H. |

Algunas de las caracteristicas de estos compuestos es que son metabolitos secundarios, que
pueden ser toxicos o mhibidores del crecimiento de las levaduras, y que son generalmente
obtenidos en concentraciones menores a 100 mg/LL (Vandamme y Soetaert, 2002). Estos
compuestos son importantes en la industria de las bebidas alcohdlicas, ya que contribuyen
en la percepcion del sabor por los consumidores, ademds de ser mtermediarios de
reacciones quimicas con potencial uso en la industria alimentaria, cosmética y farmacéutica
(Carlquist et al., 2014). En fermentaciones para la produccion de bebidas alcohdlicas estos
compuestos son ampliamente evaluados; sin embargo, en fermentaciones de residuos
lignocelulosicos han sido poco estudiados, aun cuando estos compuestos pueden ser toxicos
para las levaduras, ampliando el tiempo necesario para que se lleve a cabo la fermentacion
o deteniéndola completamente (Urit et al., 2013; Morrissey et al., 2015). Los principales
compuestos organicos generados durante la fermentacion alcohdlica se describen a

continuacion.

1.4.3.1. Acidos organicos

El principal 4cido producido en la fermentacion alcohodlica es el acético. Este 4cido es
generado en las levaduras como mtermediario en la conversion de piruvato a acetil-CoA, a
través de una serie de reacciones catalizadas por la piruvato descarboxilasa, acetaldehido
deshidrogenasa y acetil-CoA sintetasa. La produccion de succinato y acetato restablece el
NADH a partir del NAD'. La concentracion producida de este compuesto en la
fermentacion es influenciada principalmente por el género de la levadura y la temperatura

de la fermentacion (Ravasio et al., 2014).

1.4.3.2. Esteres

Los ésteres constituyen uno de los grupos mds importantes de compuestos organicos
volatiles producidos por las levaduras, ya que son responsables de la formacion de los
aromas deseados en las bebidas fermentadas. Estos compuestos se pueden dividir en dos
grupos: 1) ésteres de acetato y 2) etil-ésteres. El acetato de etilo es el éster mas abundante,
el cual incrementa su concentracion a bajas temperaturas. Los géneros Kluyveromyces y

Saccharomyces, producen 2-feniletil-acetato (2-PE) a través de la via del shikimato. Las
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vias de sintesis de este compuesto también son usadas para el crecimiento celular, por lo

cual la produccion de 2-PE es muy baja (Saerens et al., 2010).

1.4.3.3. Etanol

El etanol es el compuesto orginico producido en mayor concentracion durante la
fermentacion alcoholica. Teoricamente 100 g de glucosa producen 51 g de etanol y 48 g de
CO,; sin embargo, en la practica el rendimiento es menor al 100%, ya que la glucosa se
utiliza también para el crecimiento de las células, asi como para la produccion de otros
compuestos. En Meéxico, la produccion de etanol proviene principalmente de Ia
fermentacion de los azicares de la cana de azicar, produciendo 15.3 millones de litros del
afio 2011 al 2012 (Comit¢ Nacional para el Desarrollo sustentable de la Cafia de Azicar,
2015). Aproximadamente el 91% de la produccion de etanol es mediante la fermentacion,
mientras que el 9% restante es obtenido de manera sintética (Wheeler et al., 1991). Atn
cuando el 68% de la demanda de produccion de etanol es para combustibles, el etanol que
se produce se usa principalmente en las industrias de bebidas, farmacia, quimica y
cosmética. En la industria de los combustibles el etanol puede mezclarse con gasolina,
proporcionando ventajas como aumento del cambio de volumen de gases, mejora de la
combustion y reduccion de la emision de CO, (Prasad et al., 2007; Talebnia et al., 2010).
El etanol obtenido mediante la fermentacion de la biomasa (bioetanol), se considera una

alternativa con potencial para sustituir a los combustibles fosiles (Baeyens et al., 2015).

1.5. Bioetanol

La produccion de bioetanol representa el proceso fermentativo industrial de mayor
crecimiento mundialmente. El bioetanol es el etanol producido a partir de la fermentacion
de biomasa (Figura 5), el cual presenta caracteristicas como baja temperatura de
combustion, alto nimero de octano y menor pérdida por evaporacion en comparacion con
la gasolina (Balat et al., 2009; Ashfaq et al., 2015; Awasthi et al., 2015). Este tipo de etanol
es uno de los biocombustibles mas utilizados, con una produccion mundial de alrededor de
25 billones de toneladas anuales (Dias et al., 2013; Baeyens et al., 2015). El bioetanol

puede ser mezclado como oxigenante con gasolina (gasohol) en una proporcion del 10%,
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20% o 22%, sin necesidad de hacer modificaciones mecanicas en los vehiculos de
combustion (Bullen et al., 2006; Balat et al., 2011). Una limitante para el uso del bioetanol
es su costo de produccion, ya que como oxigenante de gasolina, Petroleos Mexicanos
(PEMEX) produce metil ter-butil éter (MTBE), por lo que el precio del bioetanol debe ser
comparable con el precio del MTBE (1.15 USD/ por galon) (Favela, 2006). Mientras que el
bioetanol de primera generacion se obtiene fermentando azicares de nsumos alimenticios,
el bioetanol de segunda generacion es obtenido utilizando biomasa lignocelulosica. Ya que
la biomasa lignoceluldsica se encuentra presente en residuos agroindustriales (Zabaniotou
et al., 2008), su utilizacion puede reducir los costos de produccion del bioetanol, por lo que
la mnvestigacion en la produccion de bioetanol se ha dirigido hacia la utilizacion de esta

biomasa como fuente de carbono.

Figura 5. Proceso general para la produccién del bioetanol. Figura modificada de
Liguori et al., 2016.

1.5.1. Biomasa lignocelulésica para la produccion de bioetanol de segunda generacion

La biomasa lignocelulosica es renovable ya que contmuamente es regenerada mediante la
reduccion del CO, en la fotosintesis, por ello es considerada la fuente mas prometedora
para la produccion de energia, alimentos y compuestos quimicos (Sun y Cheng, 2002; Kim
y Dale, 2004). Los materiales lignocelulosicos estan formados principalmente por celulosa,

hemicelulosa y lignina, los cuales en conjunto representan hasta un 75% en peso seco
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(Lynd et al., 2008). Las proporciones de los componentes de la biomasa lignoceluldsica
varian de acuerdo al material lignocelulosico (Mussatto et al., 2010). El bagazo de agave es
uno de los materiales lignoceluldsicos que presenta una de las mayores proporciones de

celulosa (Tabla 3), y uno de los mas producidos en México.

Tabla 3. Composicion de residuos agroindustriales lignocelul6sicos

Fuente de biomasa lignoceluldsica Celulosa (%) Hemicelulosa (%) Lignina (%)

Bagazo de agave 42.0 20.0 15.0
Bagazo de cafa 40.0 27.0 10.0
Tallo de maiz 35.0 14.4 21.5

Mussatto y Teixeira, 2010

1.5.1.1. Bagazo de agave

El bagazo de agave es obtenido principalmente del agave azul (Agave tequilana Weber
variedad azul) el cual es utilizado para la produccion de tequila. Las pinas del agave azul
sin hojas son cocinadas en hornos, hidrolizando la inulina presente en las pifias a
monosacaridos. Después del cocimiento las pias son molidas y presionadas para extraer su
jugo. El residuo de este proceso es el bagazo de agave (Figura 6). Durante el afio 2015 el
consejo regulador del tequila de México estim6 que el consumo de agave para la
produccion de tequila fue de 859 000 toneladas, generando aproximadamente 343 600
toneladas de bagazo de agave (Consejo Regulador del Tequila, 2016).

Figura 6. Generacién de bagazo de agave. Proceso explicado en el texto. Figuras

modificadas de Ifiguez et al., 2001.
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1.6. Procesos de fermentacion para la produccion de bioetanol

Los principales procesos de fermentacion para la produccion de bioetanol a partir de
biomasa lignoceluldsica, como la del bagazo de agave, son la hidrolisis y fermentacion
separada (HFSe), hidrolisis y fermentacion simultanea (HFSi) y el bioproceso consolidado
(BC) (Liguori et al., 2016). De estos procesos, el mas utilizado es el de HFSe; sin embargo,
el proceso de HFSi es considerado el método con mayor potencial para aumentar los
rendimientos en la produccion de bioetanol. Los procesos de HFSe y HFSi se describen a

continuacion.

1.6.1. Hidrolisis y fermentacion separada

El proceso de HFSe consiste en el pretratamiento de la biomasa lignoceluldsica, seguido de
una hidrolisis enzimitica y posteriormente la fermentacion y destilacion del etanol (Figura
7). En este proceso se puede generar una optimizacion de la funcion catalitica de las
enzimas y la levadura utilizada, ya que las dos faces del proceso necesitan diferentes
condiciones de temperatura y pH. Las desventajas de este proceso es que los azicares
producidos en la hidrolisis pueden ocasionar mhibicion enzimitica, que es necesario el
empleo de dos biorreactores, y que los tiempos para concluir la fermentacion son largos,

comparados con otros procesos de fermentacion (Choudhary et al., 2016).

1.6.2. Hidrdlisis y fermentacion simultanea

La HFSi (Figura 8) reduce la mversion de energia, asi como los costos de operacion e
inhibicion enzimatica por los azicares liberados de la biomasa lignoceluldsica, ya que el
proceso de fermentacion se realiza en el mismo bioreactor de la hidrolisis enzimatica
(Olsson et al., 2006; Sanchez y Cardona, 2008); sin embargo, la temperatura Optima para
las levaduras etanologénicas es de 30 a 37°C, mientras que para las enzimas hidroliticas
(celulasas) es de 45 a 50°C (Krishna et al., 2001; Abdel-Banat et al., 2010). Estas
temperaturas pueden generar una disminucion de la capacidad fermentativa de las

levaduras, resultado del dafio generado en su fisiologia (Barak et al., 2014).
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Figura 7. Proceso de hidrolisis y fermentacién separada (HFSe) explicado

anteriormente. Figura modificada de Choudhary et al., 2016.

Figura 8. Proceso de hidrdlisis y fermentacion simultanea (HFSi) explicado

anteriormete. Figura modificada de Choudhary et al., 2016.
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1.7. Efecto de temperaturas >37°C en levaduras

Las levaduras mesofilas presentan una temperatura Optima de crecimiento de 25 a 35°C
(Choudhary et al.,, 2016). Estas levaduras reducen la eficiencia de la fermentacion
alcohdlica a altas temperaturas (>37°C), debido a Ilos cambios fisiologicos que
experimentan (Tabla 4).

Tabla 4. Cambios fisioldgicos en las levaduras mesofilas por la exposicion a altas

temperaturas

Incremento de la produccion de trehalosa y de la actividad de la superdxido dismutasa
Incremento de la fluidez y reduccion de la permeabilidad de las membranas

Reduccion de la proporcion de los 4cidos grasos insaturados de la membrana plasmatica
Inhibicion de la sintesis de proteinas e induccion de la sintesis de proteinas de choque térmico
Incremento de la frecuencia de mutaciones e ineficiente reparacion del ADN dafiado
Reduccion de la respiracion mitocondrial y generacion de levaduras “petite”

Estimulacion de la actividad de la ATPasa y disminucion del pH intracelular

Induccion de estrés oxidativo

Walker, 1998; Araque et al., 2008; Choudhary et al., 2016

Independientemente de un metabolismo oxidativo o fermentativo, en un aumento de
temperatura como ocurre en el proceso de HFSi, las levaduras presentan un incremento de
especies reactivas de oxigeno (ERO) e induccion de la expresion de genes de respuesta
antioxidante. El aumento de las ERO puede generar estrés oxidativo, el cual es uno de los
factores claves en la reducciébn de la viabilidad de las levaduras, y por ende en la

disminucion de la eficiencia de la fermentacion alcohdlica (Sugiyama et al., 2000;

Davidson y Schiestl, 2001).
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1.7.1. Estrés oxidativo en las levaduras generado por altas temperaturas

El estrés oxidativo se produce cuando los sistemas antioxidantes son incapaces de reducir
los niveles de las ERO o el dafio generado por éstas. Las moléculas de oxigeno al sufrir una
reduccion parcial forman las ERO que pueden oxidar lipidos y protefnas, asi como danar el
ADN. Existe una relacion entre la concentracion de ERO y la tolerancia a altas
temperaturas por levaduras, ya que a concentraciones basales las ERO actian como
segundos mensajeros, modulando cascadas de sefalizacion a través de la activacion de
factores de transcripcion como Hsfl, Yapl, Msn2 y Msn4, que controlan la expresion de
genes (Kim et al., 2013). Un ejemplo es cuando el H,O, generado por el incremento de la
temperatura oxida tiorredoxinas citoplasmaticas induciendo la acumulacion del factor de
transcripcion Msn2 en el nicleo celular, donde interactia con el sitio de union del elemento

de respuesta a estrés (STRE) activando la expresion de genes (Figura 9).

Figura 9. Regulacion del factor Msn2/4 en respuesta al estrés oxidativo (Morano et al.,

2011). Tiorredoxina reducida (Trx™%) u oxidada (Trx®*). Figura explicada en el texto.

1.7.1.1. Produccion de especies reactivas de oxigeno en levaduras a altas temperaturas
En las levaduras la principal fuente de generacion de ERO es la cadena transportadora de
electrones mitocondrial (CTEm). El aumento de la temperatura induce la produccion del

anion superoxido (O;7), el cual es dismutado a H,O; por la superdxido dismutasa. El H;O,
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al reaccionar con fierro (Fe’") produce el radical hidroxilo (OH), radical que es mds
reactivo que las anteriores ERO (Figura 10). Este aumento en la concentracion de ERO
puede danar los complejos de la CTEm o 4acidos grasos de las membranas, aumentando la

concentracion de biomoléculas oxidadas dentro de la célula (Cortés-Rojo et al., 2009).

Citosol ctt1
NADH NAD+ 2H20; H20 + O
$
)
‘ Membrana externa
Espacio intermembrana
. Sod1
20, 2H* + 20> 2H' + 2072 — H,0, ‘OH + OH"
Fe2+ Fe3+

a2 D

Membrana interna

IS

. | *-OH + OH-
o _ 20, 20, O2tAHT2H0,,.,,
Matriz mitocondrial + Sod2 Ctal] Prxl ge2+ Fe3+
2H* H20 + 0:

Figura 10. Produccion de ERO en las levaduras por dafio en la CTEm (Macedo-

Marquez, 2012). Figura explicada en el texto.

El mantenimiento del estado redox celular por los sistemas antioxidantes es crucial para la
viabilidad celular y la formacion de productos de la fermentacion con levaduras, ya que el
estado redox afecta procesos biologicos como regulacion del ciclo celular y transduccion de

sefiales, asi como la estructura, funcién y activacion de proteinas.
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Los sistemas antioxidantes con los que cuentan las levaduras se presentan en la tabla 5.

Tabla 5. Sistemas antioxidantes en las levaduras

Sistemas enzimaticos

Referencias

Descompone el H;O, mediante wuna reaccion de

Martinez-Pastor

Catalasa . _
dismutacién. Se conocen la catalasa Ay T et al., 1996
. Conversion del anion superoxido a H»O,. Existen dos
Superéxido ) Culotta et al.,
tipos: Sodlp (CwZn) en el citosol y Sod2p (Mn) en la
dismutasa o . 2006
matriz mitocondrial
Sistemas no enzimaticos
Moradas-
o Actiia como radical lipidico con capacidad de unirse a )
Ubiquinona . Ferreira et al,
radicales libres
1996
Glutation Es el tripéptido vy-L-glutamil-L-cistinilglicna. El residuo Folch-Mallol et
reducido de cisteina confiere las propiedades redox al., 2004
Metalotione . ' Morano et al,
Son proteinas ricas en cisteina
inas 2012

Mientras que las levaduras con una sobreexpresion de los genes que codifican las enzimas

antioxidantes catalasa y superdxido dismutasa, presentan un incremento en la tolerancia a la

temperatura, la sobreexpresion del activador de respuesta antioxidante Msn2, redujo los

niveles de ERO contribuyendo al mantenimiento del estado redox celular (Davidson et al.,

1996; Davidson et al., 2001).
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1.9. El estado redox en las levaduras

La celula cuenta con diferentes compuestos que funcionan como indicadores del estado
redox, algunos de estos compuestos son GSSG/GSH, NADP'/NADPH, y NAD'/NADH.
Los nucleétidos de piridina NAD/NADH y NADP'/NADPH tienen una fiuncion central en
el estado redox celular, puesto que el cofactor NADH es usado ampliamente en el
catabolismo y el NADPH es requerido en las reacciones anabolicas. Mientras que en
concentraciones elevadas de glucosa el balance redox es conservado principalmente por la
formacion de glicerol y etanol (Rigoulet et al., 2004), en condiciones limitadas de oxigeno
los equivalentes reducidos NADH productos de la glicolisis, deben transferir sus electrones
al acetaldehido para regenerar el NAD" consumido por la glucolisis. El balance celular
NADH/NAD" también se ha relacionado con las variaciones en la produccion de 4cidos y
alcoholes, ya que el NADH generado durante la produccion de acido acético es oxidado

durante la produccion de los alcoholes (Figura 11).

Glucosa

ATP
ADP

Glucosa-6P

Fructosa-6P

ATP
ADP

Fructosa-1,6-EBisP

|

Y

Gliceraldehido-3P

l MAD+
Dihidroxicetona NADH
ADP
NADH ATP NADH
NAD+ )
Piruvato % Acido acético
Gli 1 l
feers Acetaldehido
i NAD.
MNALDH NADP+
MWAD+ MNADPH
Eranol Acetato

Figura 11. Estado redox celular en la produccion de compuestos organicos por las

levaduras (Almeida et al., 2011). Figura explicada en el texto.
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En presencia de oxigeno el NADH es oxidado en la CTEm, por lo que existe una relacion
entre el mantenimiento del estado redox y la funcion mitocondrial. Las células con una
actividad mitocondrial deficiente incrementan sus niveles de glutation oxidado (GSSG),
disminuyendo el estado reducido de la célula, lo cual es importante ya que el incremento en
las concentraciones de ésteres y acidos grasos de cadena media, son producidos en un

estado redox reducido (Kieronczyk et al., 2006; Martin et al., 2011).

La informacion antes descrita se ha obtenido a partir del estudio de levaduras mesofilas; sin
embargo, existen levaduras termotolerantes de las cuales se conoce poco respecto a estos

aspectos.

1.10. Levaduras termotolerantes

Las levaduras termotolerantes son aquellas que presentan un Optimo crecimiento a
temperaturas >40°C (Koedrith et al., 2008). Estas levaduras ademas de que pueden generar
una mayor produccion de bioetanol a temperaturas superiores que las levaduras mesofilas
(Murata et al., 2015), presentan ventajas en el proceso de HFSi, tales como la reduccion de
contammacion del proceso y costos de enfriamiento, mayor viabilidad celular y actividad
metabolica, asi como mayor velocidad de fermentacion. A mayores temperaturas también
se reduce la viscosidad del medio de fermentacion, por lo que la energia para mantener la
agitacion del proceso se reduce (Roehr, 2001; Choudhary et al., 2016). La termotolerancia
en las levaduras puede ser generada mediante su exposicion a altas temperaturas por
tiempos prolongados. Shui et al. (2015) realizaron un analisis protedmico de una levadura
con termotolerancia inducida, observando una disminucion de las enzimas mvolucradas en
la biosintesis del glicerol, ciclo de los dacidos tricarboxilicos, via de las pentosas y
componentes de la CTEm, como citocromo b, ¢, y subunidades de la ATP smntasa. La
termotolerancia inducida en las levaduras se atribuye a la activacion de diferentes
respuestas celulares, tales como la sintesis de proteinas de choque térmico y trehalosa, lo
cual detiene el ciclo celular en la fase Gl y reduce la actividad de la enzima adenosina-3,5-
monofosfato cinasa (cAMP-PK) asociada con el flyjo glucolitico. Por lo anterior, se

considera que la termotolerancia inducida no es una técnica viable en la seleccion de
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levaduras termotolerantes para la produccion de etanol (Choudhary et al., 2016). Por lo que

una opcion es la identificacion de levaduras con termotolerancia intrinseca.

1.10.1. Levaduras termotolerantes con mayor potencial para la produccion de
bioetanol

La mayor proporcion de levaduras termotolerantes aisladas ha sido a partir de cepas de S.
cerevisiae y K. marxianus (Spindler et al., 1989; Gough et al., 1996; Barron et al., 1997,
Boyle et al., 1997; Lark et al., 1997; Bollok et al., 2000). Se considera que K. marxianus es
la especie mas prometedora para la produccién de bioetanol, asi como de otros metabolitos
como el 2-fenil etanol (Lyubomirov et al., 2013) debido a su capacidad para metabolizar
glucosa, xilosa, manosa y galactosa a temperaturas >40°C (Fonseca et al., 2008; Suryawati
et al., 2008; West y Kennedy, 2014; Choudhary et al., 2016).

2. Antecedentes

En nuestro grupo de trabajo, Arellano-Plaza et al. (2013) evaluaron la resistencia al
estrés oxidativo de las levaduras K. marxianus SLP1 y OFF1 y S. cerevisiae MC4,
previamente aisladas de fermentaciones espontaneas de zonas mezcaleras de los estados de
San Luis Potosi, Guerrero y Oaxaca, respectivamente (Gschaedler et al., 2004). Estas
levaduras presentaron resistencia al estrés oxidativo nducido por menadiona y H,O,. Esta
resistencia fue atribuida a las condiciones cambiantes y estresantes del medio ambiente de
donde se aislaron las levaduras. Por otro lado, Flores et al. (2013) utilizando las mismas
levaduras K. marxianus SLP1 y OFFI1, asi como otras 13 cepas del mismo género,
evaluaron la produccion de bioetanol usando fructanos presentes en el jugo de agave como
fuente de carbono. Las levaduras SLP1 y OFF1 presentaron una eficiencia en la produccion

de etanol del 96 y 97%, respectivamente.
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3. Justificacion

En la generacion de bioetanol el proceso de HFSi es una de las mejores opciones;
sin embargo, en este proceso se utilizan temperaturas >40°C que inducen la produccion de
ERO, modificando el estado redox celular y disminuyendo la viabilidad y productividad de
las levaduras mesofilas. Debido a que la CTEm es la principal fuente generadora de ERO y
que los sistemas antioxidantes pueden evitar la generacion del estrés oxidativo,
contribuyendo al mantenimiento del estado redox celular, es importante estudiar Ia
actividad de estos parametros en levaduras con potencial uso para la produccion de etanol a

temperaturas >40°C, como son las levaduras termotolerantes.
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4. Hipbtesis
Las levaduras termotolerantes ante un incremento de temperatura, aumentan la
actividad de sus sistemas antioxidantes y disminuyen la funcion de su cadena

transportadora de electrones mitocondrial, manteniendo su estado redox y capacidad

fermentativa.

5. Objetivos

5.1. Objetivo general

Analizar el efecto de un incremento de temperatura en el estado redox y capacidad

fermentativa de una levadura termotolerante.

5.2. Objetivos particulares

1.- Analizar la actividad de los sistemas antioxidantes de una levadura termotolerante.

2.- Estudiar el efecto de un incremento de temperatura en la cadena transportadora de

electrones y estado redox en la levadura termotolerante.

3.- Conocer la capacidad fermentativa de la levadura termotolerante.
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Levaduras de estudio proporcionadas por el CIATEJ

W303

MC4

OFF1

SLP1

——

Evaluacion de termotolerancia
(Crecimiento 24 h a temperaturas de
30 a45°C)
Determinacion de viabilidad y

parametros de crecimiento

Evaluacion de actividad de los
sistemas antioxidantes (2h a 40°C)

Determinacion de estrés oxidativo y

respuesta antioxidante

Levadura termotolerante seleccionada

v

v

Estado de la CTEm (2h a
40°C): Determinacion del
potencial de membrana y

actividad de sus complejos

Evaluacion del

estado redox (2h a
40°C): NADH y

glutation

v

Capacidad fermentativa (40°C)
Evaluacion del crecimiento y
produccion de compuestos

organicos

Figura 12. Estrategia experimental general

Levaduras: S. cerevisiae: W303 y MC4; K. marxianus: OFF1 y SLP1

CIATEJ: Centro de Investigacidon en Asistencia y Disefio del Estado de Jalisco

CTEm: Cadena transportadora de electrones mitocondrial

NADH: Nicotinamida adenina dinucle6tido

23



| PIDCB | U.M.S.N.H. |

7. Resultados

Los resultados generados se presentan en 6 capitulos.

Capitulo1:

Oxidative stress and antioxidant response in a thermotolerant yeast.

Este capitulo ha sido publicado como:

Mejia-Barajas JA, Montoya-Pérez R, Salgado-Garciglia R, Aguilera-Aguirre L, Cortés-

Rojo C, Mejla-Zepeda R, Arellano-Plaza M, Saavedra-Molina A. Oxidative stress and

antioxidant response in a thermotolerant yeast. Braz J Microbiol. 2016.

http~/dx.doi.org/10.1016/j.bjm.2016.11.005
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Capitulo 2:

Fatty acid addition improves the thermotolerance of a Kluyveromyces marxianus strain

Este capitulo ha sido sometido para su revision como:
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Abstract

Membrane fally acid composition has an important role in yeasi stress resistance, particularly in lemperalure
tolerance. The majority of the studies investigating temperature and membrane fatty acids use Sacefaromyces
cerevisige without considering other veasts, such as Kfwvvercomyvees marxienns, which has physiological
differences and industrial advantages with respect to S. cerevisiae. Onc of the primary traits of K. marxiams
is its thermotolerance. The eftect of fatty acid (FA) addition (oleic acid (C18:1), linoleic acid (CL8:2),
linolenic acid (C18:3), and araquidic acid {C20:0%) on the thermotolerance of the K. marxianuns SLP1 strain
was evaluated. The SLP1 yeast exhibited temperature tolerance of up fo 50C, while at 559C, its viability was
reduced significantly, probably duc to an incrcase in the pencration of reactive oxygen specics (ROS).
Lxternally added I'As were incorporaled in the yeast membrane. increasing iheir proporlion to approximately
70%, ithereby changing the membrane fluid coefficient. SLP1 cells supplemented with polyunsaturated FAs
decreased their thermotolerance and increased the degree of lipoperoxidation, while arachidic acid addition
cxhibited a tendency to increase SLPI1 thermotolerance. Based on these results, we suggest that membrane

lipid engineering has the potential to increase temperatire tolerance of thermotolerant A marviamus yeasts.

Keywords: Membranes; Fatty acids; Thermotolerance; Khinveromvees marxiainis

Introduction

Exposure to high temperaturces can cause cell damage in yeasts in different ways and arc among the most
serious causes of membrane dismuption (Singer and linquist [998). The cytoplasmic yeast membrane 13
composed of glycol sphingolipids, ergosterol, proteins, and phospholipids (Daum et al. 1998). The
phospholipids are based on a glycerol-3-phosphate backbone with two esterified fatty acid (FA) chains. The
predominant I'As in Saccharomyces cerevisiae yeasts are palmitic acid {(C16:0), palmitoleic acid {C16:1),
stearic acid (C18:0), and oleic acid (C18:1); however, their proportions can vary according to the yeast and
environmental conditions (Papanikolaon and Aggelis 2003; Pedroso et al. 2009). 8. cerevisiae are capable of

incorporating FAs from their environment (Cortes-Rojo ot al. 2009; Landolto et al. 2010; Duan ct al. 2015);
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this incorporation is affected by the synthesis, metabolism, and degradation of the FAs (McDonough and Roth
2004). Because S cerevisiae is an experimental model organism and a major manufacturer of
biotechnological products {Pichler et al. 2001; Sorger and Daum 2003; Johnson, 2013), most studies about
yeast membrane lipids have used 5 cerevisice, without considering other yeasts such as Klwyveromyces
marxignus. K. marxianus has physiological differences with respect to S, cerevisiae (Tanc ct al. 20113, and
are etnerging as yeasts with industrial potential for diverse applications including broad-spectrum sugar
uiilization, rapid growth rate, and ethanol production at high temperatures (Lane and Morrisey, 2010;
Choudhary ct al. 2016). A major impediment to using K. mearxicnus as a cell factory has been the limited
[undamental knowledge of its physiology (Morrisey et al. 20135). Allering the composition of the cyloplasmic
tnenbrane yeasts has recently been proposed to increase yeast thermotolerance (Choudhary et al. 2016). In
this work wc studied the effect of adding the FAs olcic, linoleic, linolenic and araquidic, on the
thermotolerance of the K. marxianus SLP1 strain. The viability and reactive oxypen species (ROS) production
was evaluated by exposing the yeast cells to a 35°C treatment. After growing the SLP1 strain with external
FAs, its thermotolerance was reevaluated, and we observed a direct relation between unsaturated FAs
proporlions and lipoperoxidation. The SLP1 veast cells with the higher saturated fatty acids proportions in
their membranes showed a tendency to reduce their temmperature damage and to increase their

thermotolerance.

Materials and Methods

Yeast strain

The thermotolerant K. marxianus SLP1 yeast strain (Mejia-Barajas et al. 2016b) was isolated from a mezcal
distillery in the Mexican Statc of San Luis Potosi and it was obtained from the culture collection of the
CIATL) (Centre de Investigacicn v Asistencia en Tecmologia v Disefio del Estado de Jalisco, México)

(Gschaedler et al. 2001).

Growth conditions and fatly acid addition
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Yeasts were grown using YPD media (1% yeast extract, 2% peptone. and 2% glucose). Pre-inoculated cells
were grown at 30°C and shaken al 180 rpm tor 24 h. The cells were then collected and inoculated at | x 107
cell/mI. in fresh YPD medium with 1 mM of fauy acids (FAs) solubilized with 3% (v/v) Tgepal CA-630
(Cortds-Rojo et al. 20097, After I'A addition the cells were incubated at rest for 24 h at 30°C, with oxygen
limilation according to Steels ¢t al. (1994), The external I'As added were oleic acid (C18:1), linoleic acid

{C18:2), linolenic acid {(C'18:3) and araquidic acid (C20:0).

Cell viability afier lemperature exposure

Temperature exposure was applied as deseribed in Kim et al. (2006) with several modilicalions. Yeast cells
were grown at 30° C as mentioned before, with or without extemal FA additon. The cells were collected by
centrifugation and diluted at 1 g/ml., then incubated for 2 h from 40 to 53°C. The viability of the cells was
evaluated through 3-(4,5-dimelhylthiazol-2-v1)-2,5-diphenyl tetrazolivin bromide (MTT) method according 1o
Hodgson el al. {19943, 50 pl of MTT (5 mg'mL) were added to the cells that were lemperalure exposed, and
the mix was mcubated at 307C tor 2 h. Then 300 pl of 2-propanel in 0.04 M HCl werce added and the mix was
vorlexed and centrifuged at 11 600 x g for 2 min. The absorbance of the supernatants was measured at 570 nm

againsl a sample control.

Measurement of intracelluiar reactive oxveen specics

Intracellular reactive oxygen species in yeast cells were evaluated afier temperature exposure using the
fluorescence assays with 27, 7'-dichlorodihvdrofluorescein diacetale (Wang and Joseph 1999). Afier cells
were exposed o the lemperature treatment, 3-mM stock solution of dichlorofluorescein discetale was added
and the mix was incubated in the dark for 15 min at 30°C. Atterwards, cells were harvested by centrifupation,
washed, and re-suspended in 1,930 pL of 50 mM Tris/TIC] buffer (pII 7.5). The cells were permeabilized with
chlorolorm and SDS, pelleted by centrilfugation, and the supernatant [uorescence wias measured using a

Shimadzu RF-5301 fluorometer (excitation, 302 4; cnussion, 521 1),

Lipid extraction and fatty acid analysis
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Lipids were extracted from yeast homogenates according to Bligh and Dyer (1959). For fatty acid analysis,
methyl esters were generated by the BF:-methanol assay of Morrison and Smith (1964). The extraction was
done with n-hexane and the samples of methyl esters were separated by gas chromatography (Perkin Elmer
Clarus 300y on a 30 m = 0.25 num Omega wax capillary columm using high-purity Na as the carrier gas. Fatty
acids were identified and quantified by comparison of their retention time with those of authentic standards.

The flow coefficient was determined by dividing the unsaturated:saturated fatty acid proportions.

Lipid peroxidation

The extent of lipid peroxidation was determined through the thiobarbituric acid (TBA) assay (Buege and Aust
1978). Temperature exposure swas done as described above. Yeasts cells were suspended in Tris-HC1 buffer,
pH 7.4. containing 10% trickloreacetic acid. then glass beads were added. The samples were broken by
agitation using vortexing. After centrifugation at 300 x g, supernatants were mixved with EDTA 0.1 M and 1%
{w/v) thiobarbituric acid in NaOH 0.05 M. The reaction mixture was heated for 15 min in a boiling water bath
and then centrifuged. Supernatant absorbance was measured at 532 nm in a Perkin-Elmer spectrophotometer.

The molar extinction coefficient for malondialdehyde {1.56 x 10 M cm™) was used.

Statistical analysis

All values are means of three separate experiments. Ditferences in means were analyzed vsing ANGVAs.

Resulis

Temperature yeast survival

After temperature exposure the & marvigrniss SLP1 cells without added farty acids (FAs) showed 100%

survival at 30°C with respect to survival at 40°C; at 35°C comparative cell survival was less than 20% (figure

1.

Reactive oxygen species production
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Increased temperature can generate overproduction of reactive oxygen species (ROS); therefore, we also
evaluated ROS production in the X marxianus SLP1 strain after temperature exposure. When the temperature
was increased, a higher ROS generation was observed as compared to the 40°C exposure (figure 1). The

highest ROS production was at 55°C (figure 2).

Membrane fatty acids

Unsupplemented FAs culiures of the A marvianus SLP1 sirain (control celts) revealed the presence of the
FAs myristic, palmitic, palmitoleic, stearic, oleie, linoleic, linolenic. and arachidic. As the dominant FAs,
C16:0 and Cl6:1 accounted for 27 and 29% of the total FAs, respectively (Table 1). The flow coefficient of
the unsupplemented FA yeast was 1.23, indicating a ratio of 35% of unsaturated fatty acids (UF As) to 45% of

saturated fatty acids (SFAs).

Fatty acid supplementation

A change in the FAs profile of the SLP1 cells was generated when the medium was supplemented with
external FAs. When the monounsaturated fatty acids (MUFAs) or polyunsaturated fatty acids (PUFAs) were
added, palmitic acid was kept as the second in proportion; but when arachidic saturated fatty acid (SFA) was
added. the palmitoleic acid was kept as the second FA in proportion. When the FAs were supplemented the
membrane yeast flow coefficient changed, primarily in yeast supplemented with oleic acid, where the flow
coefficient was 5.11. In contrast, after addition of the arachidic acid, the flow coefficient was as low as (.32

(Table 1},

Temperature yeast survival after fatty acid supplementation

Yeasts cells grown in the presence of external FAs were evalvated for survival at temperatures from 40 to
55°C. When the veast cells grown with external PUFAs were exposed to high temperature, the viability was
less than 20% with respect to control cells {cells without FAs addition) at 40°C; viability decreased further
when the temperature increased. decreasing to less than 5% at 35°C. Cells grown with MUF As had decreased

survival with respect to control cells but only at 55°C. In contrast, cells with a higher proportion of 8FAs
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{mainly with arachidic acid added) tended to resist the temperature increase more than unsupplemented

control cells, mainly at 40°C (figure 3).

Lipoperoxidation

The increase in the proportion of PUFAs in membrane yeast cells was accompanied by an increase in their
lipoperoxidation. Cells supplemented with PUFAs (C18:2 and C18:3) at 40°C had two times more
lipoperoxidation compared with control yeast cells {figure 4). Cells grown in the presence of MUFAs or SFAs
(C18:1 and C20:0, respectively) showed the same degree of lipoperoxidation with respect to control cells. In
the control cells supplemented with MUFA or SFA, the lipoperoxidation degree was conserved even when

temperature increased (figure 4).

Discussion

High temperatures affect yeast viability and limit yeast performance in terms of industrial applications
{Mejia-Barajas et al. 2016a). While Saccharomyces cerevisiae heat sensitivity is related to membrane lipid
composition (Steels et al. 1994), thermotolerant S, cerevisiae cells can alter their membrane composition to
maintain their fluidity at high temperatures {Caspeta et al. 2014). Most studies on the effect of high
temperatures on yeast membrane fatty acids (FAs) have been carried out with cells of S. cerevisiae; however,
recent analysis of membrane fatty acid composition showed that total lipid content varies widely among
yeasts, even in the same yeast genus (Arous et al. 2016). Due the possible differences in the type and
concentration of FAs among yeasts, and because K. marxianus 18 emerging as competitors to S. cerevisiae
{Morrissey et al. 2015) due to their biotechnological applications (Fonseca et al. 2008; Lane and Morrissey
2010; Lachance, 2011), safe use in food industry, and knowledge of their genome sequence (Lertwatianasakul
et al. 2015, we studied the relation of membrane FAs and yeast thermotolerance using the native
thermotolerant K. marxianus yeast SLP1 strain (Mejia-Barajas et al. 2016b).

Our results show that the SLP1 strain could maintain viability up to 50°C, while at 55°C viability was reduced

significantly (figure 1). One of the main traits of K. marxianus strains is their thermotolerance {Lane and
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Mortrissey 2010); as the SLP1 sirain showed the same viability at 50°C as well as at 40°C. With this fact has
been identified as thermotolerant previously (Koedrit et al, 2008; Mejia-Barajas et al. 2016b).

Arous et al. {2016) reported that the more common and abundant yeast FAs are palmitic acid, palmitoleic
acid, stearic acid, oleic acid, and linoleic acid, with less proportions than other FAs (C12:0, C14:0, C20:0 and
C22:0). In the SLPI strain the main FAs were C16:1, C16:0 and C18:1, while the lowest proportion was
C18:3. When the membrane FAs ol the X marxianus yeast CCl strain were analyzed, linoleic acid was
observed as the main FA, while the oleic acid was detected in a lower proportion {(Arous et al. 2016). These
results show that FA proportions can vary within every yeast strain, including yeasts of the same genus.

When the incorporation of exogenous FAs by a Schizosaccharomyces pombe yeast was evaluated, the FAs
supplied in the growth medium were preferentially incorporated into the cells (McDonough and Roth 2004).
Selective incorperation of exogenous FAs has been proposed as an energy-saving strategy during FAs
production and membrane function in stressful environmental conditions (McDonough and Roth 2004). The
external FAs incorporated by the K. marxianus yeast SLP1 strain were fewer than those reported for S.
ceravisiae strains. Cortes-Rojo et al. (2009} reported an increase in the proportion of linolenic acid to 90%
when the S. cerevisize yeast Foam strain was grown in | mM of this FA. In the same conditions, the K
marxianus yeast SLP1 strain mcorporated linolenic acid at a level of approximately 70%, confirming that
external FA incorporation could vary in every yeast strain. Temperature during growth influences external FA
incorporation; cells grown at 20°C decreased levels of FA incorporation compared to cells grown at 30°C
{McDonough and Roth 2004). In this work the temperature used to grow yeast was 30°C; because SLP1 strain
is a thermotolerant yeast, higher temperatures during growth could promote higher FA incorporation.

The UFAs are necessary for yeast adaptation during alcoholic fermentation (You et al. 2003; Rupéic and
Juregié 2010). During alcoholic fermentation, K. marxianus cells responded to temperature rise by increasing
the levels of SFAs and by decreasing the levels of UFAs (Banat et al. 1998; Le et al. 2013). Steels et al.
(1994) reported that 5. cerevisiae cells with menibranes enriched in PUFAs had higher lipoperoxidation than
cells enriched with SFAs, and Cortés-Rojo et al. {2009) found that PUFAs are susceptible to ROS oxidation.
Considering our results, we suggest that high temperatures induce ROS overproduction (figure 2), generating
lipaperoxidation (figure 4) in the yeast cells with enriched PUFAs (Table 1), a fact that decreased cell

survival (figure 3).

H. |
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The arachidic acid previously reported in yeas{ membranes (Pedroso et al. 2009: Patel et al. 2014) was
decreased in 5. cerevisiae yeasts adapted to H2O: (Pedroso et al. 2009); however, in the current siudy, this FA
promoted a higher survival at 40°C with respect to the SLP1 yeast cells without FA supplementation (figure
3). When the C20:0 FA was incorporated in the SLP1 yeast membrane, the proportions of other UFAs
increased, probably to keep their membrane fluidity. A higher degree of unsaturation in cell membranes
maintains fluidity and guarantees the activity of membrane-associated enzymes and transporters (Rosa and
SaCorreia 1992).

Duan et al. (2015) evaluaied the effects of adding UFAs in §. cerevisiae. The UFAs improved yeast growth,
fermentation activity, and concentration of volatile compounds. These results could be relevant to the study of
the fermentative capacity and aroma compounds produced by the XK. marvignus yeast SLP1 strain with
external FAs addition: the yeasts strains from K. maryionuns are some of the betler yeast volatile compound

producers (Morrissey et al. 20135).

Conclusions

Our results indicate that the addition of a mixnure of SFAs and UFAs improve K. marxigmis yeast

thermotoferance,

Acknowledgements: This research was supported in part by grant of Consejo de Investigacién Cientifica.

UMSNH {2.16) to ASM. JAMB is CONACYT Fellow,

References

Arous F, Azabou 8, Triantaphyllidou IE, Aggelis G. Jaouani A, Nasri M, Mechichi T (2016) Newly isolated

yeasts from Tunisian microhabitats: Lipid accumulation and fatty acid composition. Eng Life Sei 0:1-11.

doi:10.1002/else.201500156

41



| PIDCB | UM.S.N.H. |

Banat IM. Nigam P. Singh D. Marchant R, McHale AP (1998) Review: cthanol production at elevated
temperatures and alcohol concentrations: Part [ -Yeasts in general. World Y Microbiol Biotechnol 14:809—821.

doi: [0.1023/a: 1008802704374

Bligh EG. Dver W (1939) A rapid method of total lipid extraction and purification. Can J Biochem Phys

37(8):911-917.

Boekhout T {(2011) The Yeasts. A Taxcnomic Study. 5th ed. Amsterdam: Elsevier, 471-81.

doi:10.1016/b978-0-444-52149-1.00144-0

Buege JA, Aust SD (1978) Microsomal lipid peroxidation. Methods in Enzymology 52:302-310.

doi:doi.org/10.1016/S0076-6879(78)52032-6

Caspeta L. Chen Y. Ghiaci P, Feizi A. Buskov 5. Hallstrom BM. Petranovic D, Nielsen J (2014} Biofuels.

Altered sterol composition renders yeast thermotolerant. Science 346:75-78. doi:10.1126/science, 1258137

Choudhary J. Singh 8, Nain L {2016) Thermotolerant fermenting yeasts for simultancous saccharification and

fermentation of lignoceilulosic biomass. Electron J Biotechnol 21:82-92. doi:10.1016/j.ejbt.2016.02.007

Cortés-Rajo C, Calderon-Cortés E, Clemente-Guerrero M, Estrada-Villagomez M, Manzo-Avalos S, Mejia-
Zepeda R, Boldogh 1. Saavedra-Molina A (2009) Elucidation of the effects of lipoperoxidation on the
mitochendrial electron fransport chain using yeast mitochondria with manipulated fatty acid content. J

Bioenerg Biomembr 41(1):15-28. doi:10.1007/s10863-009-9200-3

Daum G. Lees ND, Bard M. Dickson R (1998) Biochemistry, eell biology and molecular biclogy of lipids of

Succharomyces cerevisiee, Yeast 14:1471-1510. doi:10.1002:(sici)1097-0061(199812)14:16<1471::aid-

yeals3=3.0.co2-y

42



| PIDCB | UM.S.N.H. |

Davidsan JI', Schiesil RII (2001) Cytotoxic and penoloxic consequences ol heat stress are dependent on (he
presence of  oxygen  in Saecharomyees  cerevisive. ] DBacteriol 183(15):4580-4587.

doi:10.112813.183.15.4580-4587.2001

Than LI, Shi Y, Jang R, Yang @, Wang YQ, Tian PT, Duan €Q, Yan GI. (2015 Effects of Adding

Unsaturated Fatty Acids on Fally Acid Composition ol Sacchurompces cerevisiae and Major Volatile

Compounds in Wine. S Afr J Enol Vitic 36{2):285-295,

Fonseca GG, Heinzle E, Wittmann €, Gombert AKX (2008) The veast Kluyveromyces marvignus and 1is

biotechnological potential. Appl Microbiol Biot 79:339 54, doi:10.1007/500253-008-1458-6.

Gschaedler A, Ramirez J, Diaz D. Herrera E. Arrizon J, Pinal L, Arellano M (2004) Fermentacion, En:

Clencia y Teenologia del Tequila Avances v Perspectivas. CLATE], Guadalajara. Jalisco, México. 61-120.

Ilang YD, Woodams LE (2001) Lnzymatic Production of Reducing Sugars from Com Cobs. LWT- Food Sci

Technol 34:140-142. doi:10.1006:1st.2000.0733

[lodgson VI, Walker GM. Button D (1994) A rapid colarimetric assay ol killer toxin in yeast aclivity. FLMS

Microbiol T.ett 120:201-206. do:10.11114.1574-6968.1994.th0703 1 x

Johnson EA (2013) Biotechnology of non-Saccharemyces yeasis-the ascomycetes. Appl Microbiol Biot

97:303-517. doi:10.1007/500253-012-4497-y

Kim IS, Moon HY, Yun HS, Jin [ {2006) Heat shock causes oxidative stress and induces a variety of cell

rescue proteins in Saccharomyces cerevisiae KNUS377. The Journal of Microbiology 44(5):492-501.

43



| PIDCB | UM.S.N.H. |

Koedrit PE. Duboisb B, Scherensb E. Jacobsb C, Boonchirda. Messenguyb F (2008) Identification and
characterization of a thermotolerant yeast strain isolated from banana leaves. ScienceAsia 34:147-152.

doi:10.2306/scienceasial 513-1874.2008.34.147

Lachance MA (2011) Khoveromvees van der Walt (1971). In Yeasts: A Taxonomic Study, 5 (2). Elsevier.

Amsterdam: 471481, doi:10.101610978-0-444-5214%-1,00035-5

Lane MM, Burke N, Karreman R, Wolfe KH, O'Byrne CP, Morrissey JP (2011} Physiological and metabolic
diversity in the yeast Khiyveromyvees marvianus. Antonie van  Leeuwenhoek  100(4):507-519.

doi:10.1007/510482-011-9606-x

Lane MM. Morrisey IP (2010) Klinvveromvees marxianus: a yeast emerging from its sister shadow. Fungal

Biol Rev 24:17-26. doi: 10, 1016,.fbr.2010,01.001

Le HD. Thanonkeo P. Le VV (2013) Impact of High Temperature on Ethanol Fermentation by
Khinyveromyees marxianus Immobilized on Banana Leaf Sheath Pieces. Appl Biochem Biotech 171:806-816.

doi:10.1007/512010-013-0411-z

Lertwattanasakul N. Kosaka T, Hosoyama A, Suzuki Y, Rodrussamee N, Matsutani M, Murata M, Fujimoto
N. Suprayogil, Tsuchikane K, Limtong S, Fujita N, Yamada M (2015) Genetic basis of the highly efficient
veast Kiinyveromyces marxianus: complete genome sequence and transcriptome analyses. Biotechnol Biofuels

8:47. doi:10.1186/513068-015-0227-x

McDonough VM. Roth TM (2004) Growth temperature affects accumulation of exogenous fatty acids and

fatty acid composition in Schizosaccharomyces pombe. A Van Lecuw J Microb 86:349-354.

44



| PIDCB | UM.S.N.H. |

Mejia-Baraias JA, Montova-Pérez R, Contés-Rojo C, Saavedra-Molina A (2016a) Levaduras Termotolerantes:
Aplicaciones Industriales, Estrés Oxidativo y Respuesta Antioxidante. Inf Tecnol 27(4) 3-16. doi

10.4067/50718-07642316000400002

Mejia-Barajas JA, Montoya-Péreza R, Salgado-Garciglia R, Aguilera-Aguirre L, Cortés-Rojo C, Mejia-
Zepeda R. Arellano-Plaza M, Saavedra-Molina A (2016b) Oxidative stress and antioxidant response in a

thermotolerant yeast, Braz J Microbiol. 205: http://dx.doi.org/10.1016/].bjm.2016.11.003.

Morrison WR, Smith LM (1964) Preparation of fatty acid methyl esters and dimethylacetals from lipids with

boron fluoride-methanol. J Lipid Res 5:600-608,

Maorrissey JP, Etschmann MMW, Schrader J, Billerbeck GM (2015) Cell factory applications of the yeast
Khoveromyces marvianus for the biotechnological production of natural fiavour and fragrance molecules.

Yeast 32:3-16. doi;10.1002/vea. 3054

Papanikolaou S, Aggelis G (2003) Selective uptake of fatty acids by the yeast Yarrowia lipofyiica. Eur J Lipid

Sci Technol 105:651-655. doi:10.1002/¢j1t.200300858

Patel A, Pravez M, Deeba F, Pruthi V, Singh RP. Pruthi PA (2014) Boosting accumulation of neutral lipids in
Rhodosporidium kratochvilorae HIMPAL grown on hemp (Cannabis sativa Linn) seed agueous extract as

feedstock for biodiesel production. Bioresource Technol 165:214-222. doi:10.1016/ biortech.2014.03.142

Pedraso N, Matiag AC, Cyme L. Antunes F, Borges C, Malhé R, Almeida RFM, Herrero E, Marinho HS

(2009) Modulation of plasma membrane lipid profile and microdomains by Ha20a in Saccharomyces

cerevisiae. Free Radical Bio Med 46:289-298. doi:10.1016/j.freeradbiomed.2008.10.039

45



| PIDCB | UM.S.N.H. |

Pichler H, Gaigg B, Hrastnik C, Achleitner G, Kohlwein SD, Zellning G, Perkiold A, Daum G (2001) A
subtraction of the veast endoplasmic reticulum associates with the plasma membrane and has a high ¢apacity

to synthesize lipids. Eur J Biochem 268:2351-2361. doi:10.1046/.1432-1327.2001.02116.x

Rosa MF, Sa-Correia I (1992) Ethanol tolerance and activity of plasma membrane ATPase in Klwyveromyees

marxianus and Saccharomyces cerevisiae. Enzyme Microb Tech 14:23-27.

Rupci¢ J, Juresi¢ GC (2010) Influence of stressful fermentation conditions on neutral lipids of a
Saccharomyces cerevisiae brewing strain. World J Microbiol Biotehnol 26:1331-1336. doi:10.1007/s11274-

009-0297-7

Singer MA, Lindquist § (1998) Thermotolerance in Saccharomyces cerevisiae: The Yin and Yang of

trehalose. Trends Biotechnol 16:460—468. doi:10.1016/S0167-7799(98)01251-7

Sorger D, Daum G (2003) Triacvlglycerol biosynthesis in vyeast. Appl Microbiol Biot 61:289-299,

doi:10.1007/s00253-002-1212-4

Steels EL, Learmonth RP, Watson K (1994) Stress tolerance and membrane lipid unsaturation in
Saccharomyces cerevisiage grown aerobically or anaerobically. Microbiology  140(3):569-576,

doi:10.1099/00221287-140-3-569

Wang H, Joseph JA (199%) Quantifying cellular oxidative stress by dichlorofluorescein assay using

microplate reader, Free Radical Bio Med 27(5):612-616. d0i:10.1016/50891 -5849(99300107-0

You KM, Rosenfield CL, Knipple DC {2003) Ethanol tolerance in the yeast Saccharomyces cerevisiae is
dependent an cellular oleic acid content. Appl Environ Microb 69:1499-1503. doi:10.1128/aem.69.3.1499-

1503.2003

46



| PIDCB | UM.S.N.H. |

Figures legends

Fig. 1 K. marxianus S1.P1 swrain survival after 2 h of temperature exposure. Survival was determined in
comparison to 100% survival in cells at 407°C. Survival was determined as described m material and methods.

Fach value represents the mean £ 8D

Fig. 2 Reactive oxygen specics {(ROS) production in the K. marsxiames SL1P1 strain after 2 h of temperature
exposure. The ROS production was determined as described in material and methods. Each value represents

the mean + ST

Fig. 3 K. marxvienus SLPI1 strain survival after growth in media supplemented with fatty acids (olcic, linoleic,

linolenic or araquidic} and alter 2 h ol temperature exposure. Cells without laity acid additions wers

considered to have 100% survival. Each value represents the mean 1 812

Fig. 4 K. marvianus SLP1 strain lipoperoxidaiion after growth in media supplemented with fatty acids {oleic,

linoleic, linclenic or araquidic) and atfter 2 h of temperature exposure. Ilach value represents the mean £ SI>

Table 1. Famy acid composition ard flow coefficient of the £ marxianns SLP1 strain supplemented with fatty

acids.
Proportions (%4) of membrane fatty acids (FAs) in control veast Flow coefficient
Cid:) C16:0 |Cl6:1 | CL1E0 f(‘lS:l C18:2 |CI18:3 | C20:0 |UFAs/SFAs
Control veast 8.86 2756 | 2910 391 1371 (1191 (049 447 1.23

Fatty acids added | Proportions {%) ol membrane FAs in yeast with external FAx added UFAs:5FAs

C18:1 4.16 .00 | 480 (.83 7407 |4.72 0 0.37 5.11
C18:2 4,82 1491 | 293 1.82 147 F276 | 131 0.59 154
183 4.23 16,17 |75 4.35 2.20 1.53 70.25 | 0.59 296
C20:0 3.66 10.80 1290 |1.40 5.00 3.86 0.27 60.07 |0.32

1 mM of the oleic acid, linoleic acid. linolenic acid and aragquidic acid. Other farty acids detected were
myristic (C 14, palmirtic (T16:0), palmicleic {(C16:1}, apd stearie (C18:0). Cells were cultured 2s mentioned
in materials and methods. Ratios of unsaturated tamy scids (UFAs) to saturared faty acids (SFAs) are also

reported.
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Capitulo 3:

Electron transport chain in a thermotolerant yeast

Este capitulo ha sido publicado como:

Mejia-Barajas, J.A., Martinez~-Mora, J.A., Salgado-Garciglia, R., Noriega-Cisneros, R.,

Ortiz-Avila, O., Cortés-Rojo, C., Saavedra-Molina, A. Electron transport chain in a
thermotolerant yeast. J Bioenerg Biomembr. 2017. 10.1007/s10863-017-9696-x
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{Lee ct al. 2012}, fermemation yield and product guality via
increased ROS production (Salvade et al. 2011

During fermentative processes utilizing yeast. the incrcase
in bigreactor temperature is u challenging issue to address
because this imposc e need to expend an important amouent
of'energy in order Lo control fermentation lemperature to avoid
an impajrment on yeast fermemative performance. Thus, it
would be desimble to utilize thenmotolerant yeast aimed 10
decrease the cost and the energy utilized in fermentative pro-
cesses. Among the thermotolerant yeasts, the Kluyveromyces
marxianus SLP1 yeast has been reporied to possess high tem-
perature resistance (Mejia-Barajas et al. 201 6) and is suitable
for biocthano! production (Flotes ot al. 20131 Whether the
thermotolerance of RKfevvernmvees moarxianis SLPI is related
to an enhanced ability of mitochendria to maintain a high A
and a decreascd respiratory rate while conwrolling oxidative
stress is an unknown issue. Therefore. the ain of this study
was te compare mitochondrial fnction, oxidative damage and
calcium transients in the thermotolerant yeast Kfveromees
marxionies SLPI and the mesophilic sirain OFF! afier being
submitted to a heat shock by inducing a temperature
shifi in the culture. To the best of our knowledge. this
is the first report evaluating the activity of the individ-
ual ETC complexes in a thermotolerant yeast. Our re-
sults show thal the thermotolerance of the SLPL yeast
correlated with their mitochondrial ETC state.

Materials and methods

All the chemicals were of reactive grade. acquired either from
Sipma-Aldrich (St, Louis, MO USA) or JT Baker (Center
Valley, PA, USA),

Yeast strains

The K. mrrxizeres SLP1 yeast was used as e thermotolerant
yeasl (Mcjia-Barajas of 2l 2016) and the OFF-1 ycast was
used as the mesophilic comparative veast. Both yeast strains
ware of the same specics and were obtained from the culre
collection of the CIATE] (Centro de Investigacion y
Asistencia en Tecnologia y Discfio del Estade de Jalisco.
Mexico) tGschaedler et al. 2004).

Temperature increase

Temperature shifit was applied as deseribed by Kim ot al,
{2006), with some modifications. Yeasl strains were grown
until the late-log phusc was achieved, as reported by Mcjia-
Barajas et al. (2016). in order to elicit the temperature in-
crease, the late-log cultured cells previously grown at 30 =C
were exposed (o a temperatuee of 40 °C for 2 h

@_ Springer

In situ mitochondrial membrane patential (A% )
determination

This parameter was assayed using the methodology deseribed
by Pefia et al. {2010} with some modifications. Bricfly. 23 mg
of cells {wet weight) were placed in a guantz cuvetie contain-
mg MES-TEA buffer, 20 mM ghicose, 15 uM BaCl, and
I pM of the dye DiSC4t3) in a final volume of 2 mL.
Measuring basal fluorescence for 180 s slarted membrane po-
tential monitoring. Then, 18 uM CCCP (carbony! cyanide m-
chlorophenyl hydrazone) was added and (he changes in the
Muorcscence signal were followed for 90s. Following. 25 mM
KC! was added and the fluorescence wits monitored for an
additional 60s. The changes in DiSCy (33 Muorescence
(Aex = 340 oo Aem = 390 nm) were evaluated in a
Shimadzu RF330 Auorometer.

Determination of in silu mitochondrial respiration

Mitochondrial respiration was analyzed polarographicalty
with a Clark-type oxygen electrode connected to a YSI 5300
biological oxygen monitor and a camputer for data acquisi-
tion. 125 mg of cells {wet weight) were placed in 2.5 mL
MES-TEA bulfer {10 mM 2-(N morpholinolethanesulfonic
gcid, pH 6.0 with tricthanclamine} in a closed chamber with
constant stirring. Oxygen consumption measurement was
started in state 4 by adding 10 mM glucose. and incoupled
respiration {U state) was stimulaicd by adding 15 pM of the
uncoupler CCCP: as reported (Aguilar-Toral et al. 2014).

Mitochondria isplation

For mitochendria isolation the thermotolerant K. saraidemnus
SLPI yeast and mesophilic OFF-1 yeast sirains were grown
and exposed 1o the above mentioned temperanre shift. Afier
the tanperature increase was generaled, the yeasts were har-
vesied and the mitochondria were isolated from the sphero-
plasts, as previously descnibed (Goérnin et al. [979: Avéret
el al. 199%), Zymolynse 20 T was used instead of cytohclicase.
For oprimal determination of ETC reactions, the mitochondiia
that were previously isolaled from the yeast exposed to the
temperature shill were permeabilized with Triton X-100
(Hallberg et al. 1993), Mitochondnial protein concentration
was measured by the Bioret assay.

Suceinate-DCIP oxidoreductase activity

This enzymalic activity was measured at room temperatune
following Lhe succinate-stimulated secendary reduction of
DCIP {Uribe ¢t al. 1985). The redction mixture contained
50 mM KHAPO, buffer (pH 7.6}, 0.3 mg/ml penneabilized
milochondria, 80 uM DCIP, | mg anlimycin A and
0.75 mM KON in 1 m! as the final volume, After a 5-min
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incubation with inhibitors. the reaction was initiated with
10 mM sedivm succinate (pH 7.6). Absorbance changes wore
recorded in a Perckin Elmer Lambda 18 UVivis speetropho-
tometer at 600 om. The rate of DCIP reduction was calculated
from the slope of the absorbance plot using the molar extine-
tion coefficiont of 21 mM ™' cm™ for DCIP. The activity was
calculated by knocking off the background reduction rate of
DCIP in the absence of stccinale trom the reduction rate of
DCIP stimulated with succinate.

Succinate eytochrome ¢ oxidoreductase aetivity

The antimyein A-sensitive succinate-mediated reduction of
cviochreme ¢ was [ollowed by the room lemperature measur
ing the reduction of cytochrome ¢ in Lhe permeabilized mito-
chondria of the yeast exposed ro the above mentioned temper-
atuee shift, as reported i(Cosntés-Rajo et al, 2009).

Cytochrome ¢ oxidase activity

This activity was evaluaied by measuring the cyanide-
sensitive oxidation of reduced cytochrome ¢ in Lhe perme-
abilized mitochondria. as reported (Conés-Rojo et al. 2009),

Aliernative oxidase

The alternative oxidase (AOX) activity was evaluated accord-
ng 1o Yeiga et al. (20001, As mentioned before oxygen con-
sumplion was measured with Clark-type oxygen clectrode
conneeted (o an Y31 5300 biological oxygen moniior.

Assessment of F1Fo-ATPase activity

The aclivity was measured by quantifying the olipomycin-
sensilive release ot phosphorus [rom ATP hydrolysis using
the methodology deseribed by Fiske and Subbarow ( [925),

Mitochondrial lipid peroxidation measurement

Changes in the lipid peroside levels were delermined with the
thivbarbituric acid (TBA}Y assay (Buege and Aust 1978y

Cytoplasmic calcium measerement

The yeasls were grown and exposed to a medified iempem-
ture. as mentioned above, They were then harvested and
100 mg were suspended in 1 ml of PBS. pH 7.4, afer which
5 uL of Fluo-3-acetokymethyl cster (Fluo-3/AM: Biotium,
Hayward. CA, USA) was added. Fluo-3 AM was dissclved
in 20% Pluronic F-127 DMSO solvent (Signm) al a concen-
ration of | mpml {(Wang ot al. 23013). The suspension was
incubated for 50 min a1 37 *C. The yeasls were harvested and
washed twice with PBS. pH 7.2, The cxcitation wavelcngths

were 506 nm and Nuoarescence was recorded at 326 o, using
a Shimadzu RE5301 Muorometer with constant stirring.

Statisticnl analysis

All experiments were independentiy performed at [zast 3
times and results were expressed as the mean + standard crror
(SE).

Results

The cffect of emperature on the 1a situ mitochendrial poten-
tial {5 W,,) and the cyloplasmic membrane potential (AW).

A risc in DISC, (31 fluorescence after the addition of CCCP
was observed only in ihe thenmotolerant SLP! ycasi grown at
30 °C (Fig. la. b, black lines). This effect indicates that only
the SLPI yeast has o luncuonal A, When the cells were
exposed to 40 °C for 2 h. 1be OFF | mesophalic yeast remained
without changes in its fluorescence (Fig. 1a, red line), whereas
the SLP thermanolerant yeast exhibited an increase in the
fluorescence comresponding o the AW, (Fig. 1b, red line),
The percentage of AP, was cstimated by taking the potential
displayed by the yeast sivains grown at 30 *C (Fig. 2a. b,
respectively) as |00,

Effect of temperature shift on yeast respiration

No changes were observed in staie 4 respiralion during the
temperature shift in the OFF | yepst (Fig. 3a), The same was
abserved when uncoupled respiration (Siate U) was stimulat-
ed by adding CCCP {Fig. 3b). Indeed. the cespiration of this
yeast was almost fully insensitive to CCCP addition as a neg-
tigible increase in oxygen consumption was detecled, indicat-
ing that mitochondria from OFF! were uncoupled before
CCCP addition. In contrasl, beside siate 4 respiralion was
ostensibly higher in the SLPI yeast than in the OFFI,
respiration in the SLPI yeast was siimulated ~2-fold by
CCCP at 30 °C. indicating a higher coupling in mito-
chondria from this yeast {Fig. 3b). Unexpectedly, respi-
ralion in both states 4 and U was notably inhibited by
the shifi 10 40 °C o the SLP1 cells, decrzasing in this
way the apparent coupiimg observed at 3 °C.

Effect of temperature increase on electron transport chain
(ETC)

In yeasts, the ETC is composed of the 1. [11 and [V com-
plexes. without the complex I, with some exceptions like
Yarrowia fvpolitica, Pichia membranacfaciens,
Saecharonivees kliyveri, Soecharomyrves exiguns and
Cundida maltose (Kitano ct al. 1995). The complex 12 or
succinie-DCIP oxidoreduciase was measured following the

@ Springer
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Fig. 3 Effect ol teniperalure increase on the rate of Oy uptake in stae 4
ia} and the uncoupled state (k) in mesophilic OFFT (O} and
thermatolerant SLPJ (50 yensts grown at 30 4 (30: white bary) or
expesed to 40 °C for 2 T (40: black barsy, The cells wers incubited Tor
30 min a4 “C in o respirstion medium. After pre-incubation, oxygen
uptike was raeisuned. a5 desenbied i Materisls and Methods. Data are
presented as mean + SE from >3 independent experiments. There was a
slatislically signilicant difference when compared with the centrol
(5P < D05 TP < (L0

Effect of the temperature shift on FiF-ATPase activity

The OFF] yeast had higher F F-ATPasc activity Lthan the
SLPI yeast when grown at 30 °C (Fig. 6). The temperature
shifl did not have aoy effect on FFy-ATPase activity in the
SLP1 yeast, whereas it was inhibiled in the OFF1 yeasi.

Effect of temperaturce on mitochondrial lipid peroxidation

Lipid peroxidation occurs in the polyunsaturated hydrocarbon
chain el the lipids of the membranes, in this case, the mito-
chondrial membrancs. Both yeasts showed a significant in-
crease in W lipid peroxidation of iheir mitochendsial mem-
brancs when they were cxposed ta lemperature (Table 2,
However. no differences in this parameler were observed
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Fig. 4 [nfluence of temnperature on the aclivities of the ETC
complexes from e milochondra solied from the OFFL ()
and SLPI (%) yeasts grown at 30 °C (34 whie bars) or
exposed to 40 “C for 2 I (40 blacks bars). A Succinute-DCIP
oxidoreductuse activily (camplex [1). By Antimycin A-vensitive
succinate-cytochrome o« oxidoreducilase aclivily (complex 111
iMatsuno-Yagi und [latefi (99830 C) Cylochreme ¢ oxidase
aetivity {complex 1Y) Dala are presented as mean + S8E from
>3 indeperdenm cxpeniments. The Swmdent™s f besl was used 10
compare the activities ol the mitochondria isolated from cells
prown al 30 YC iwhite bars) versus mbochondna ssokued from
cells exposed io 40 °C for 2 h ¢black bars), P < D45
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Table 1 Change at the

cytosolic Ca®* leval Fluprescence intensily { A.LL/mg protein)

induced by tenmetature

in OFF1 () and LI 30 )

{8) yeasts prown at 30490 0 507 I+
(300) or exprsed to 315 5 Seild 71w

for 2 ht4th

Data are presented as rean ¢ SE from >3
ndependent experiments {Student's ¢ Lest:
=P

between the two types of yeast when compared at the same
lemperature.

Discussion

The adaptations that thermotolerant yeast undergoe in the func-
tien of the electron transport chain when exposed to increased
lemperature may have an impact on Lhe yeast performance
during fermentation high temperature. 1n first place. the incre-
ment in A, observed m the SLPI cells but not in the
mesophilic OFF! yeast in response to the temperature shifi
may have important implications [or the bigger survival (o
high lempesature of SLPI (Figs. 1 and 2a), as il has been
demonstrated that hyperpotarization of the inner mitochondri-
al membrane influences temperalure lolerance in yeasl
{Rikhvanov et al. 20063 Moercover. the hyperpolarization of
the mitechondria slall respiration and oxidative phosphoryla-
tien. cssentiatly “luming ofl” Lhe mitochondria and shiRing
cnergy production o the cytoplasm. with glycolvsis as the
primury source of ATP. A glycolytic phenotype is related 1o
resistance to apoplesis in parl because the “inactive”
hyperpolarized milechondria cannotl indoce apoplosis
{Bonnet et al. 20007). The idea that SLPI themmotolerance is
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srowen ab 307U black bars: yeast exposed to 40 0 for 2 b, The results are
expressed as the mean = SE from »3 independent experiments.
FEP < (0] {Student’s £ 1ex) companed the results of the yensts with and
withoui the tempetalure shift
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Fig. 6 Effect ol the temperture shil on [ F,-ATPase activity, White
bars: milschondsga isolated from yeast grown al 30 °C: black bars:
mitochondria isolaled from yemt exposed to 40 “C fbr 2 b The resulls
are expressed as the mean + SE rom >3 independent experiments.
TP e 00) tSwdent’s ¢ testy compared the aclivities of the
mitociwmdea Fom the veasts with and withoul 1he lemperatiie shift

related to hyperpolanzaton of the inner mitochondrial mem-
brane and stalled respiration agrees well also will: the notable
deerement of respiratien observed in this yeasi after the tem-
perature shifi.

The dissipation of the AW, is associated with ROS induc-
tion (Suski et al. 20121 and translocation of the apoptosis-
inducing factor (ALF) 10 1the cytosol. which. in tum. may lead
tey vreancte swelling, ATP depletion and cell death (Kwong
and Molkentin 2013). On the other hand, the incobation of
S. cerevivipe al an elevated temperature (45 °C) stimulated its
respiration and decreased their survival rate (Rikhivanow et al.
2001} tn agreement with this. the mesophilic OFF1 yeast
exhibited a dissipated membrane porential cven before the
temperature shifl (Fig. 1a}, which is in concordance with the
negligibic effect of CCCP the respitation observed in this
sirain, This indicates that respiration in this yeast was fully
uncoupled. Therefore. based on the above antccedonts. it is
feasible 1o hypothesize that intolerance of OFFI (o higher
Llemperatures might be related, in part, to a lack of plasticity
af mitochondrial metabolism to aveid cellular death via the
maintenance of a high mitochondrial membrane potential. A

Table 2 Lipid peroidalive damaye induced by temperaiure n the
mitochondria isolated frnm (he OFF1 (O3 and SLP | {S) veasts grown al
30 2C 1300 or exposed to 40 °C at 2 h {400

TRARS | nmivl'mg protein b

30 4
o B ld 13 £ 10#
5 10 4.7 14 220%

Data arg presented as mean + BE from >3 independent experiments,
There was a significan! diference when the lipd peroxidation o the
yeasts with (400 and without (30} the emiperature chanpe was compared
{Student’s ¢ test: *P < 0.03)
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higher stress response has becn reported for this
thermotolerant yeast with respect o the mesophilic yeast
sirains (Flores ¢t al. 20103: Mejia-Barajas et al. 2016). The
reductivn in respirnory activity increases the thermelolerance
of 8. eereviviae (Davidson and Schicsi] 20010,

The activitics of the ETC complexes were evaluated onc-by-
one m the solated mitochondra. The cffect of the ETC inhib-
flors on yeast ihermololerance has been explained by the ditfer-
cnt types of zlucase utilization (Rikhvanov e al. 2002}, To
prevent this. the effect of the lemperature on the ETC of the
SLPI ond OFF istmains was evalualed in the stationary phase,
after the dimxic shifl. The OFF-1 yeast showed a reduced ac-
tivity in complex [, whereas the thermoloierant SLP1 yoast
reduced its complex activity in the three ETC complexes
{Figs. 4a. b and ¢). Cells adapt w heal siress by the up-
regulation ol the genes Jor activating lhic metabolic pathways
and by the down-regulation of the mitochondrial genes 1o avoid
heat-induced ROS (Cac etal, 204 3y, 1t has even been suggesied
that the optimal thermotolerant yeast phenotype could net be
generated through evelution as long as oxidative respiration is
wholly functional. because it would possibly genemte more
ROS-inducing oxidative stess (Caspeta e al. 20t4), Caspeta
et al. {2013) observed that functions invelved in conmrolling the
growth rate decreased in the thenuotolerant yeasts. which cor-
relates with the loss of respiration capacity. Voinikov et al.
(1985 and Chou a al. {1989 suggesied that the encrgetic ac-
livity of the mitochondria changes under heat shock due to the
thermo-sensitivity of their ETC.

The treatment of §. corevisiae eells with amiodarone ele-
vaied the cytosolic calcium {Cyt Ca®™) level in parallel with
the AW, which led to the induction of Hspl{dp synthesis.
helping the mitochondria keep their integrity and metabalic
homeostasis within the cells (Ueon: ¢t al. 2003}, Heat shock
causcs an increase in the cylosolic Ca™ level in plunl (Saidi
et al. 2011) and mammalian cells (Balogh et al. 2005} and a
similar ctfeet has been supgested in S, cereviviae (Fedoseova
el al. 2012). In our results. we observed a Cyl Ca™ risc when
the cells were exposed o the wmperature merease (Table 1),
The elevation ol the Cyt Ca™ Jevel might stimulate activity of
yeasi milochondria and elevate the AT, regardless of the
slow ETC complex activity (Lehninger et al. 1967, Petite
yeasts, despite the lack ol functionally active ETC. contain
milochendria, and the inner membrane of these mitochondria
is capable of maintaining the electrachemical potential gener-
ated by FlATPase. catalyzing hydrolysis of ATP and the elec-
trogrenic ADP/ATP cxchange via the ADP/ATP translocator
{Lelebyvre-Legendre et al. 2003). Upen ETC dysfunction.
F1F( ATP synthase reverscs ils action and starts to hydrolyze
ATP. It has been proposed that ATP hydrolysis in the F1 do-
main releases electric cnergy and the energy produced is trans-
ferred (through ATP symhase) from F1 to FO, when it is used
o churge the AW, (—140 mV). Because the mutations that
affect the ADP/ATP manslocator and F1ATPase have been

observed (e be Iethal in the petite strains (Kominsky et al.
2002), it was suggested thal the maintenance of the AW, on
the inner mitochondrial membrane is vital for cell survival
This occured in the thermotolerant SLPY yeast strain. but
nel in the mesophilic OFF! yeast simin, The oxygen uptake
abserved with the reduced ETC complex activity in the SLP)
yeast, could be exerted by the residual tricarboxylic acid cycle
activity and by oxidation of the cylosolic NADH (Caspeta
et al. 2004, It could be argucd that AT, is sustained by
ATP hydrolysis by the reverse achion of F(F, ATPase. whose
activity remained unallered despile the temperature shifi:
however, this possibility can be discarded & because the high
AP, may be having the opposite effect on F(F, ATPase (i.c.
the synithesis of ATPY. In conwast, the thenmal shill decreased
severely the FF,, ATPase aciivity of the OFF| yeast, which
suggests that neither the synthesis of ATP nor the cstablish-
ment of Adi, by ATP hydralysis would not be sustained
during the temperature increase, accounting this for events
lcading to a higher sensitivity of ©OFF] to ccll death during
the lemperature shifl via a decreased availability of ATP and a
decreased AW, Quantifying the relcase of phosphorus dur-
ing ATP hydrolysis assessed the activity of the F1F0-ATPasc.
It is imporiant 1o note that this technique lets us know it the
F\Fy-ATPasc is active. bul not if it is coupled with the ETC.
During heal shock. the cell loses intracellular ATP und tries
Lo compensate for the loss by enhancing its respiration
(Rikhvanov et al. 20015, This effect was observed in the
OFF1 yeast strain (Fig. 3). The decreased ATP synthesis in
the OFF| yeast could be due 1o the reduction of its ATPase
achivily (Fig, 6), causing an alteration in cellular ion homeo-
stasis because of the reduced activity of the ATP-dependem
toa pumips {Cyoss et al, 2010), Morcover, the maintenance of
nommal ATP levels has 1o be an important physiologic fact.
given Lkal many heat-shock proteins involved in the reactiva-
tion of heal-deaatured protein, working as molecular chaper-
gnes, require ATP for their release from the complex (Parsell
and Lindquisl 1993, The SLP| yeast strain had no changes in
its ATPase activity (Fig. ). a fact that has been reported in
leraperature-lolerant yeasts {Piper 1993), The milochondstal
eell membrane plays a critical role in the activity of mitachon-
drial ATPase becanse this cnzyme is cbedded in it Lipid
peroxidation is a deleterious phenomenon for milochoendrial
ATPase function and ETC (Cortés-Rojo et al. 2008). A high
Tevel of lipid peroxidation has been described as a comimon
consequence of ROS accumulation (Dani ot al, 2008), An
increase in lipid peroxidation was observed in the two yeasts
evaluated {Table 2). However. no reduction in ATPasc func-
tion in the thermotolerant SLP1 yeast was observed, in con-
tast o the mesophilic OFF-1 yeast iFig. 6). The reduction in
F\Fy-ATPasc activity observed inthe OFF! yeast or the lower
ETC compiex aclivity inihe SLP| yeast could be explained as
the resull of the damage produced in the mitochondrial wem-
brane by the ROS generated during the exposure 1o the
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increased heat. Lipid peroxidation of the mitochondrial mem-
branes was evaluated in relation Lo this,

The antioxidant response obscrved in the thermotalerani
SLP] yeast concurs with the reports of Kim ot al. {2011 3). In
thetr conclusion they mentioned that the thermololerant
8. eerevisice KNUS377 activated antioxidant enzyines, mini-
mizing oxidalive damage from ROS. and improving redox
homeostasis. However, they did nol mention anything about
the ETC state, Our resulis suggest thal il is possible that the
increase in the AW, due to a rise in vt Ca™ and inverse
ATPase function. along with reduced ETC complex activity.
generaled ROS production al a concentration that induced
Hsp1Udp synthesis. The activity of this proten, logether with
the maintenance of the ROS level due to a higher calalase
activity (Mejia-Barajas et al. 2016, could have contributed
{o the maintenance of the NADH level (data not shown) in
the SLP] yeast strain and its higher lemperature Lolcnnee, in
contrast Lo the OFF | yeast, ALany rale, il is important to study
the relation berween the redox staie, sircss response factors
{Hsf1. Yapl. ared Msn2/d) and ETC siale.

Conclusion

With these results we suggest that thenmotelerance in SLPY
yeast is atiribuled to 118 redused ETC activity due 10 suslaining
its Al togeiher with the ATPase msensitibity compared
wilh lhe mesophilic OFF | yoasl, important tactors that could
Calse apoprosis in yeast
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Abstract

Lignocellulosic residues and thermotolerant yeasts have been exploited for a wide range of
applications, including bioethanol production. In bioethanol production, simultaneous
saccharification and fermentation (SSF) appear as promisging processes. In this study, agave
bagasse from Agave teguilana Weber was obtained from tequila industry wastes. The agave
bagasse residue (ABR) was exposed to thermo-acid treatment and subsequent hydrolysis
using a mix of commercial cellulases (CTec2, HTec2 and Rapidase), allowing recovery of
fermentable sugars at approximately 69%. After this treatment, the solid and soluble
fractions were used for subsequent SSF at 40°C, using the thermotolerant Kiwnveromyces
marxianus SLP1 yeast, and compared with the K. marxianus OFF1 and the industrial
Saccharomyces cerevisiae Ethanol Red. The maximurmn ethanol yield obtained with the
SLP1 veast by SSF was 85%, corresponding to 10.36 g/I. of ethanol from 10% (w/v) of
ABR. In comparison, the industrial Ethanol Red and the K. marxianus OFF1 yeasts were
83% and 80%, respectively, corresponding to 10.23 g/L, and 10.12 g/L of ethanol by 10%
(w/v) of ABR dry weight. The ethanol yields obtained through SSF were higher than by
separate hydrolysis and fermentation (SHF). Thus, bioethanol production using ABR from
the thermotolerant K. marxianus SLP1 yeast using SSF at 40°C could be considered a
Prormising process.

Key words: Agave bagasse; bioethanol;, Kluyveromyces marxianus; simultaneous

saccharification and fermentation; thermotolerant yeast.

Introduction
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Ethanol praduction using lignocellulosic biomass has reecived inereasing atlention duge o
the low cost and abundance of the lignocellulosie biomass. The agave bagusse ol Agave
teguilana Weber 15 a lionocellulosie residue that results Ivom the production of tequila. In
Mexico, the tequila industry generates agave bagasse residues at the rate of approximately
360 thousand of dry tons per year.!2 The production of ¢thanol from agave bagasse residue
(ABR) through succharilication and subsequent [ermentation has been  previously
studied A3 The process of producing ethanol [rom a lignocellulosic biomass, such as
ABR. has four mam steps: pretreatment, saccharification. termentation and distillation.”
One option 1s the simultancous saccharification and lermentation (SSI) process ® in which

the substrate, enzyme, and yeast are present n the same reactor, redueing investiment costs

utilization of mucroorganisms capable of working at lugh temperatures. due to different
optimum  temperatures  lor  saccharification (45-50°C) and  fennentation  (25-35°C).°
Therefore, thermotolerant yeast strams  represent biocatalytic 1ools for carrying out
fermentations al these process conditions. The potential applications of thermotolerant
yeasts™ 112 and their cthanol production’ ™15 have been studied previously. Termentation
willl thermotolerant yeasts n S8 using lignoeellulosic biomass has been described by
Choudhary ct al ', proposing that thermotolerant yeasts strams are switable altematives to
overcome the limitations of separate hydrolysis and fermentation (SHL). Klinveroniyces
mariemes yeasl species grow at 45 32°C and can <fficiently produce cthanol at
temperatures from 38 1o 45°C.1%17 und have additional advantages. such as their broad
spectrum of sugar utilization and rapid growth rates.'® [n this way. the use of the
thermotolerant veast K. marviames SLIPL, which can grow at 40°C1? and produee ethanol

-

with high clficieney at 30°C " could gencrate higher cthanol yicld through 8819 than
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production by the SHF process. The mim of this work was to evaluate the ethanol
production using the thermololerant K. marxianus SLP1 yeast through S8F and SHE
processes at 40°C, using ABR collected from tequila elaboration industries, which use
different juice extraction processes. This will be compared with the mesophilic yeast K.

marxianus OFF1 and the commercial yeast §. cerevisiae Fthanol Red.

Materials and Methods

Yeast strains

Yeast strains were obtained from the culture collection of the CIATEJ (Centro de
Investigacion y Asistencia en Tecnologia v Disefio del Estado de Jalisco, México)?! and
from the ATCC (American Type Culture Collection, Rockville, MD, USA). Two K.
marxianus yeast strains, SLP1 and OFF1, were isolated at handerafted mezcal distilleries in
the Mexican State of San Luis Potosi and Guerrero, respectively. The Ethanol Red yeast

was acquired from the ATCC.

Agave bagasse residue source and preparation

Agave bagasse residue (ABR) from A. tequilana Weber was collected from tequila
distilleries with different elaboration processes, where the ABR was obtained mainly from
agave plants of 5-8 years of age. The first ABR was collecled from the distillery “Casa de
Piedra”, which is in Camino Arenal, Jalisco, Mexico. This distillery obtains the agave juice
by extraction using masonry ovens. The agave pines were cooked at a temperature
approximately 100°C for 36 to 48 h. The cooked pines were milled and compressed using a

roller grinder with blades to separate the juice from the wetl bagasse, which 1s accumulated
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in piles near to the factory. The second ABR was collected from the distillery “Gonzalez-
Gonzalez”, which 1s in Guadalajara, Jalisco, Mexico. The milling and juice extraction were
the same as mentioned above, but the agave cooking was done in an industrial autoclave
with a constant temperature of 121°C at 1.2 kg/em? for 12 h. The last ABR was collected
from the distillery “La Madrilefia” in Tototlan, Jalisco, Mexico. In this process, the agave
pines are not cooked; instead, the juice was processed and extracted using a diffusion
process, as 18 mentioned by Casas.?? In all three cases, afler the ABR samples were
collected, they were washed with distilled water and dried at 70°C m a convection oven. In
this work, the ABR samples were named according to their cooking procedures, such as

masonry oven, autoclave, and diffuser.

Characlerization of the agave bagasse residue
The characterization of the initial agave bagasse composition was carried out by

quantitative inorganic acid hydrolysis, as described Foster et al.2*

Thermo-acid hydrolysis of the agave bagasse residue

This process was carried out using a 1:10 w/v proportion. The flashes were loaded with3 g
of ABR and 30 ml of 1 to 3% sulfuric acid, and then incubated at temperatures of 110°C,
130°C and 140°C for 30 min. Samples were taken every ten min and filtered using a 0.45
mm membrane (Millipore). The reduced sugar concentration was determmed by the 3,5-
dinitro salicylic acid (DNS) method.?! The absorbance was measured with a microplate
reader al 540 nm. Yields of sugars release were caleulated using the formula:

Y — (C*V/W)*100

Where Y is the yield of sugar released expressed as a percent of the dry weight of the
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reduced sugars . C 15 the concentration ol reducing sugars (g/1.). V 15 the total volume ol
the liquid phase {1.) and W 15 the dry weight of the corresponding lignocellulosic material

(g).

Enzymatic hydrolysis of thermo-acid pretreated agave bagasse residue

Agave bagasse product (solid and liquid fraction) from thermo-acid hydrolysis was
adjusted with NaOH (2 M) at a pH of 5. The enzymatic hydrolysis was done with three
commercial cellulase complexes {CTecZ, HTec? and Rapidase (Novozymes, Sigma)).
Fnzyme mixes were prepared at 0.15%, 1.5% and 15% of dry ABR, incubating at 40°C
with shaking at 100 rpm for 72 h. Each sample was centrifuged and the supematant was
collected, fillered through a 0.45 mm membrane (Millipore). The concentration and kind ol
sugars i the liquad fraction of the enzymatie hydrolysis were determined by the DNS

method and high-performance liquid chromatography (HPLC) as mentioned below.

Compound analysis of samples by HPLC

The conceniration and kind of sugars, organie aecids, glyeerol, ethanol and lurfural in the
liquid fraction ol the thermo-acid, enzymatic hydrolysis, and [ermentations processes were
determined by HPLC using an Aminex HPX-87C column 300 mm x 7.8 mm {BioRad). The
supernatants were tirst filtered nsing filters of 0.45 nun. A mobile phase of 5 mM 11,50,
was used at 0.5 mL/min and the column was vsed at 60°C. Calibration plots were obtained

with standards compounds.

Separated hydrolysis and fermentation (SHE) of agave bagasse residue

The hydrolysates (solid and lhquid [ractions) oblained by thermo-acid and envymatie
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treatments were fermented with the thermololerant K marvianus yeast SLP1, K marvianns
OFF1, and §. cerevisiae Ethanol Red yeasts. Aller thermo-acid treatment and a subsequent
48 h of ABR cnzymatic hydrolysis, the yeast was inoculated at 1 X 107cells/ml and

incubated at 40°C with shaking at 100 rpm.

Simultaneous saccharification and fermentation (S8F) of agave hagasse residue

In this proccss, the yeast cells were inoculated while the enzyme mix was added. ‘The
fermentations conditions were the same as the SITF process. The SITF and SSF were carried
out without the addition of nutrients or the adjustment of pll. Ethanol, glyecerol, residual
sugars and furfural determination were carmied out by HPLC as mentioned above. The
cthanol yield was caleulated considering cethanol produced (g) by ABR (g) and by the

sugars (g) released by the thermo-aeid and enzymatic treatments.

Results

Agave bagasse residue composition and thermo-aeid hydrolysis

The ABR composition of the samples obtained from different tequila industries showed
similar carbohydrate profiles, containing approximately 31 to 36% cellulose, and 23 to 27%
hemicellulose (Table 1a). After thermo-acid hydrolysis, we determuned the percentage
composition ol the solid ABR. The percentage of ecllulose inereased approximately 5% in
the three ABR samples because the hemicellulose pereentage decreased (between 4 and
14%) with respect to their original composition {Table 1b). The higher cellulose and
hemieellulose proportion was found in the bagasse produced from tequila industry using
the diffuser process. Thermo-acid hydrolysis ol the ABR shows thatl release of redueed

sugars was dependent on the exposition time, acid coneentration, lemperalure, and bagasse
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kind (Figure la-¢). The thermo-acid conditions that generated the higher sugar release for
each kind of ABR residue are shown in Table 1c. To address if a longer time generated a
higher sugar release, the conditions that generated the high sugar release were prolonged to
60 min (Figure 1d). The amouni of rteducing sugars released by the thermo-acid
pretreatment was different for each ABR (Table 1d). The iofal amouni of reduced sugars
detecied by the DNS method was from 0.66 1o 3.6 g/LL (Table 1d). The ABR that showed
less sugar release was from the distillery that used the diffuser process (3.5% vield). Its
sugar release was a concentration of 0.66 g/I. that was kept even at 60 min. The ABR

samples from the autoclaving process showed the best sugar release with the thermo-acid

pretreatment (22% yield).
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Figure 1. Effect of thermo-acid pretreatment on the release of reducing sugars from 1:10

w/v of ABR in H,80, (1, 2 and 3%, as mentioned in the figure) and temperature (°C): 110

{points lines); 130 (discontinuous lines); 140 (continuous lines). Exposure of 30 min to the

autoclave (a), masonry oven (b), diflfuser (¢)) or 60 min with the best condition {d). The

values are the means of three replicales + SD.

Table 1. Composition of dry ABR before (a) and after (b) thermo-acid hydrolysis. The

conditions and concentration of higher sugar release (¢ and d, respectively). Percent of

reducing sugars released {e).

a) Dry matter before thermo-acid treatment (% w/w}
Autoclave Masonry oven Diffuser
Cellulose 31.4310.93 33.3310.54 36.0311.4
Hemicellulose 26.1612.2 23.88+2.6 2712815
b) Dry matter after thermo-acid treatment (% wiw)
Cellulose 36.19+1.3 37.62+16 40.06+1.2
Hemicellulose 12.8310.59 15.5540.84 18.7120.76
c) Conditions
H;S04 {%) 3 1 1
Temperature (°C) 110 130 110
Time (min) 40 30 10
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d) Higher sugars released (g/L) from 1:10 wiv of ABR in H250,
3521009 \ 3.480.06 \ 0.66£0.07
e) Percent (% wiw}
22+0.38 | 16+0.53 | 3,5+0.22

The values are the means of three replicates £SID.

Analysis of the liquad fraction after thermo-acid hvdrolysis of the ABR by HPLC shows
that the kind ofl sugars and organic acids produced was dependent on the ABR source
(Figure 2a-b). Glucose was the main sugar released [rom ABR processing i the masonry
oven and diffuser, while the main sugar was xylose for the autoclaved ABR. In all the
samples the sugar conceniralion in the liquid [raction was higher alter thermo-acid
freatment (Figure 2a). Alter the thenmo-acid treaiment, the organie acids deteeted were
succinic and acctic acids with concentrations of 2 to 4 g/l and 5 to 6 g/L., respectively.
Citrie, lactic, and malie acids were not deteeted. The masonry oven-processed ABR was the
only sample with [umaric acid content {coneentration <1 g/L). The ABR samples from the

diffuser showed organic acid concentrations less than 1 /L (Figure 2b).
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Figure 2. Kinds of sugars {a) and organic acids (b) released in the soluble fraction betore
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(white) and after (black) thermo-acid pretreatment of the ABR. ABR from the autoclave
(A), masonry oven (M), and diffuser (D). Glucose (G); Xylose (X); Arabinose (AR). Citric
(C); Succinie {8); Lactic (I.); Fumane (F); Mahc (M); Acctic (A); Propionic (I’). The

values are the means of three replicates £5D.

Enzymatic hydrolysis of agave bagasse residue after thermo-acid treatment

The solid and soluble fractions obtained [rom the thermo-acid trealment were used o carry-
out enzymatic hydrolysis using commercial cellulases as deseribed above. The combination
of thermo-acid and enzymatic treatnient resulted in the release of 10 to 15 g/LL of reduced
sugars delected by the DNS method. The higher yields were observed with the Rapidase
enzynie {Table 2). The higher sugar release was at 48 h. In general, we did not observe a
significant difference between the released sugar concentration in enzyme mix proportions
of 1.5% and 15% at 48 h of trcatment. Therefore, the enzymatic hydrolysis of the

fermentation processes were run at 1.5% of the cellulase nux.

Table 2. Reduced sugars released after enzymatic hydrolysis of ABR pretreated with the

thermo-acid method.

Reducing sugars {g/L) released at 48 h of enzymatic hydrolysis

Enzyme C H RAP

ABR A M D A M D A M D

0.15% 10+0.01 )1 10£0.04 | 13x0.2 | 10+0.05 | 10+0.67 | 1340.03 | 1320.25 | 1440.38 | 1320.13

1.5% 1240.32 1 1220.25 | 1340.03 | 12+0.08 | 11+0.46 | 1340.01 | 14+0.69 | 15+£0.11 | 1320.05

15% 11+£0.14 | 1140.32 | 1340.03 | 11+0.18 | 11+0.07 | 1340.06 | 13+0.19 | 14+£0.40 | 1320.05

ABR from the autoclave (A), masonry oven (M), and diffuser (D). Enzymatic complex:
CTec2 (C), HTec2 (H) and Rapidase (RAP) al a concentration of 0.15, 1.5 and 15 g of

enzyme/g of ABR {dry weight). The values are the means of three replicates 1SD.
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The kinds of sugars rcleased at 48 h of the enzymatic hydrolysis arc a function of the ABR
source (Figure 3a). In the three kinds of ABR sources, the higher sugar proportions
corresponded to glucose. In the samples obtained from tequila industries that use pine
cooking treatment {in autoclave and masonry ovens), the second most abundant sugar was
xylose, while in the samples treated industrially using the diffuser process, 1t was fructose.
The arabinose sugar (less than 1 g/L) was detected in the auloclave and masonry samples,
while no sugar was previously detected aller the thermo-acid treatment (Figure 2a). The
higher released glucose conlent was observed from the ABR of tequila industries using the
diffuscr process. The kinds of sugars and organic acids were determuned in the soluble
fracions rendered with  thermo-acid and  enzymatic hydrolysis. The organic  acid
accumulations at 48 h were citrie, suceinie, lactic, fumane, acctic and propionic acids.
These organic acids were found in the samples of the three ABR sources tested. The higher
organic acid concentrations were observed in samples from ABR produced using the
diffuser process, with acetic acid as the mam organic acid with a concentration of 7 g/T.,

followed by succinic acid with 4 g/L (I'igure 3b).
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Figure 3. Sugars (a) and organic acids {b) present in the soluble fraction after thermo-acid
and enzymatic hydrolysis of ABR at 48 h. Autoclave {(white); Masonry oven (blank);
Diffuser (with points). Enzymes: CTec2 (1,2,3); IITec2 (4,5.6);, Rapidase {7.8,9). Sugars:
Glucose (G); Xylose (X); Arabinose (AR); Fructose (FR). Organic acids: Citric (C);
Succinic (S); Lactic (L), FFumanc (I), Malic (M); Acetic (A); Propionic (P). The values are

the means of three replicates + SD.

The percentages of cellulose and hemicellulose conversion to sugar released at 48 h of
treatment using a cellulase mix at 1.5%, 40°C, and 100 rpm are shown in Table 3. In all the
ADBR samples, we observed an increase in the time dependent sugar release, whose content
increased from 2 to 21% over 24 to 48 h of saccharification. With two of three enzymes
used, the autoclave ABR showed that less theorctical sugars were released, at
approximately 48%. The ABR from the masonry oven with the enzyme CTec2 showed
higher theoretical sugar release of 69%. Howcever, the other cellulase complexes were 51%,
with an average of 57%. Independent of the cellulase complex used, the higher pereent of
theoretical reducing sugar release was with the ABR from the tequila industry where the
diffuser process was used. This ABR showed a sugar release approximalely 63% with

respect 1o theoretical content (Table 3).

Table 3. Percenl of reducing sugars released alter thermo-acid and enzymatic hydrolysis of

ABR. ABR from autoclave (A), masonry oven (M), and diffuser (D).

(%)
Enzyme C H RAP
ABR A M D A M D A M D
48 h 47+2.3 | 69+0.55 | 6440.7 | 54174 | 51£3.2 | 60+2.1 | 45£2.1 | 51344 | 6511.7
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Enzymatic complex used: CTec2 (C), HTec2 (H) and Rapidase (RAP) at a concentration of

1.5 g of enzyme/g dry bagasse. The values are the means of three replicates + SD.

Fermentation by SHFE and SSF processes

After determination of the conditions for sugar saccharification with thermo-acid and
enzymatic hydrolysis, the fermentations of hydrolysates were done. Since the OFF1 and
Ethanol Red yeasts are not a thermotolerant as the SLP1 yeast, the non-thermotolerant
yeasts were used in the comparative analysis. The fermentation processes were carried out
at 40°C as mentioned in the materials and methods, and samples were taken at 48 h after
yeast inoculation. The glycerol is a by-product of yeast fermentation. In our results, we
observed variable glycerol production from 0 to 10 g/L.. In the SHF and SSF processes
where the CTec2 and HTec2 enzymes were used for the saccharification, the higher
glycerol production was 2.6 g/LL by the SLP1 yeast. In contrast, in the fermentations done
with the product of the enzymatic hydrolysis by Rapidase, the glycerol production was
from 3 to 10 g/LL by the SLP1 yeast. The SLP1 yeast generated higher glycerol production,
while that less was produced for the Ethanol Red yeast. Comparing between the SHF and
SSF processes, a higher glycerol concentration was observed in samples taken from the

SHF process (Table 4).

Table 4. Glycerol production (g/L)) in separate hydrolysis and fermentation (SHF) or

simultaneous saccharification and fermentation {SSF) after 48 h of yeast inoculation.

Yeast SLP1
Enzyme C H RAP
ABR A | ~ | b A | M | D A | m | D
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SHF 2.0£0.11 | 1.9+0.00 12.53+0.07 | 0.0£0.0 | 1.9+£0.01 | 2.6+0.59]9.3£0.20| 1020.31 | 4.8+0.51
SSF 2.1£0.05 | 2.320.29 12.2+0.02]2.020.04 | 1.0£0.98 | 240.02 |6.1£0.19]6.4+0.03| 310.05
Yeast QFF1

SHF 0.97+097]0.97+097 | 260+0.2|2.120.20]0.97+0.97 | 2.440.23|9.1+0.24 | ©.9+0.37 | 4.2+0.02
SSF 2.0+0.02 | 2.2+0.05 12.4+0.01]2.020.01| 2.2+0.19 | 2.5+0.04 | 6.9+0.17 | 6.2+0.18 | 310.08
Yeast Ethanol Red

SHF 1.9+£0.0 0 0 2.020.05] 1.081.0 |2.4+0.18]8.5£0.27 | 6.2+2.0 | 3.3£0.41
SSF 2.3+0.05 | 2.2+0.22 12.440.02]2.240.04 | 2.2+0.15 | 2.2+0.09]38.4+0.33 | 7.9+0.80 | 3.240.14

ABR from the autoclave (A), masonry oven (M), and diffuser (D). Enzymatic complex:

CTec2 (C), HTec2 (H) and Rapidase {(RAP). The values are the means of two replicates £

SD.

The high ethancl concentration (10.36 g/L) generated at 48 h, whose ethanol vield was 85%

with respect to the theoretical yeast, was obtained for the K. marxianus SLP1 yeast through

SSF process, using autoclave ABR processing of the raw material and the CTec2 enzyme.

Similar ¢thanol production was observed with the commereial S. cerevisiae yeast Ethanol

Red (10.23 g/L), corresponding to 83% yield. The OFF1 yeast produced 10.12 g/l of

ethanol with 80% yield. In most conditions, the K. marxianns yeast SLP1 through the SSF

process showed higher ethanol yields with respect to that generated by the SHF process,

which was approximately 80% {Table 5).

Table 5. Ethanol production (g/L.), yield (%) and maximum theoretical sugars by g of ABR

(g/g), in separate hydrolysis and fermentation (SIII) or simultaneous saccharification and

fermentation (SSF) after 48 h of yeast inoculation.

Yeast SLP1
Enzyme C H RAP
ABR A M D A M D A M D
8.3310 10+1. | 7.5920 | 6.1823 | 7.221. | 10.02+0 | 10.01+£0 | 7.520.
Ethanol (g/L) | g5 | 7.7242.1| 5 2 23 2 01 17 zc
SHF 67200 5626. | . ' ' '
Yield (%) 8. 65%1.8 5‘ T | 53x3.7 | 46+2.4 | 4247 | 85+0.11 | 78+£1.3 | 4113
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Yield(g/g) | 009 | 008 | 0.11 | 008 | 007 | 0.08 | 011 | 011 | 0.08
Ethanol (/L) 13.33: 9.63312.0 7.5210. 8._?2421-1 7._112811 8.3?0. 6.467511. 540 49 1%:;;0.
SSF Yield (%) | 85266 | 8418 | 100 | 0s11 | 71210 | P57 | 74213 | s0zaa | O
Yield (g) | 011 | 011 | 0.08 | 61 | 008 | 008 | 0.07 01 | 012
Yeast OFF1
Ethanol (g/L) 8.94:3110 7.32211.8 o.823 8._?15411 7.§3?2¢0 8.6;4. 9.786411. 10:;?1 6.220.
SHF Yield (%) | 65¢3.4 | 62414 5451' 6148 | 58424 51;’1' 83416 | B0+12 353”
Yield (/g) | 009 | 008 | 011 | 61 | 008 | 008 | 011 | 011 | 0.07
Ethanol (/L) 8,§443¢0 ?,?63i1,8 1%¢10. 8._1543’;1 16 9.23;0. 7,72?3¢0. ?,801110, 9.64i2.
S3F Yield (%) | 723.7 | 6712 5553' 75412 | 70414 591i1' 85427 |68+0.08 | 54411
Yield (@/g) | 0.09 | 009 | 011 | 009 | 008 | 041 | 009 | 008 | 0.11
Yeast Ethanol Red
Ethanol (glL) | 8250 849201 [4.8:0.[ 81241 [ 64720 [ 6742 | 8.6610. | 6.74¢1. [6.9+1.
03 8 04 | 06 | 57 3 82 15 7
SHF Yield (%) 66’—&0'2 72416 2650' 57+7.4 | 4944 3 | 51412 | 737 | 50:8.8 372i7'
Yield (gg) | 009 | 009 | 005 | 009 | 007 | 0.1 0.1 007 | 0.08
Ethanol (g/L) 8_?22?11 10_3212_ 0213 ?_?;410 9_.2??211 4_52¢0_ ?_354510_ 8_93?410_ 5_230_
SSF Yield (%) | 70¢11 | 83+1.4 40110' 7245 | B4+15 52912‘ 84463 | 80+3.1 599*4'
Yield (gg) | 009 | 011 | 008 | 009 | 01 | 008 | 008 01 | 012

ABR from the autoclave {(A). masonry oven (M), and diffuser (D). Fozymatic complex:
CTlec2 (C). Hlee2 (H) and Rapidase (RAP). The values are the means ol two replicates

SN,

When the residual sugars were evaluated in the SITEF and SSE processes al 48 b, a
correlation between lower ethanol vields ol the diltuser ABR source (Table 5) and residual
sugars were observed. [n the produets of enzymatie hydrolysis by Rapidase using ABR
from the autoclave and masonry oven processes, independent of the yeast strams or
krmentation proeess. we did not deteet residual glueose after 881 In the rest of the
experiments. the residual glucose was from 2 to 4 g/, [n some conditions, the two K.

marvianus yeasts consumed the xylose and arabinose completely wlile i1 all the conditions
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tested with the S. cerevisige (Ethanol Red), these sugars are present. One of the main
compounds that affect the fermentation times of compounds is of the furfural family. The
concentration of furfural was evaluated in the fermentation processes as described above.
Alihough the higher concentrations of furfural were less than 0.3 g/l., a direct relation
between the presences of furfural, residual glucose and ethanol yield (Tables 5 and 6) was
observed. In both the SHF and SSF processes, whose bagasse were produced from the

diffuser treatment, higher values of furfural {0.28 g/1.) were detected.

Discussion

Tequila production utilizes Agave tequilana Weber (blue agave), in which 40% {on wet
weight) corresponds to the agave bagasse residue (ABR).?* The potential use of the ABR
for ethanol production has been considered in previous works; **5¢ however, in this
process, the use of a thermotolerant yeast had not been considered, even when
thermotolerant yeasts have been used to produce ethanol from other lignocellulosic
materials. 26 27- 28 Thermotolerant yeasts can reduce the production costs of biomass
conversion fo ethanol. !l 2% 3% In bioethanol production from ABR, the process of
simultaneous saccharification and fermentation {SSF) had also not been considered, which
also has advantages. 3!- 3% 33 Yang et al.?* using a thermotolerant K. marxianus yeast
through SSF, which shows a greater ethanol production than the S. cerevisiae angel yeast,
showing the potential of bioethanol production through SSF using a thermotolerant yeast.
In this work, ABR recollected from three tequila distilleries with different agave pines
process were used. In these distilleries, the agave pines were autoclaved or were processed
using a masonry oven or diffuser, and the processes are explained by Cedefio and Alvarez-

Jacobs!, and Casas.?* On one hand, in the solid fractions of the ABR, the percent of
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cellulose and hemicellulose were similar, even after thermo-acid reaiment (Table la-b),
whercas the percentage of hemicellulose was reduced, generating an increased ccllulose
percentage. This eftect that had been reported when using 1,50, and temperature.** On the
other hand, according 1o our resulls (Figures 1-2), we suggested that the treatment by which
the agave pines are processed in the tequila distillery could affect the concentration, as well
as the kind of sugars and organic acids released by the thermo-acid treatment of the ABR
sources. Jonsson and Martin®® reported a minor lignin content in ABR, which is a reason
why this compound was not mvestigated in this work. The theoretical percent of sugar
released by the thermo-acid treatment used (Table 1d) was significantly less than that
reported by Saucedo-Luna et al.4, which used similar conditions. This result probably was
due to the fact that our work did not invest energy in reducing the particle size, and we used
all the ABR [ibers. Due the tendeney ol the ABR 1o reduce their particle size, this required
a high-energy investment or additional equipment that could generate increased costs in
bioethanol production. As we observed in our results and in agreement with Woiciechowski
ct al¥® for the wvse of industrial residual lignocellulosic biomass such as ABR, it is
important that industrial processes vary the conditions of the residual biomass and affect
the final yield of biocthanol production.

Commercial enzyme preparations have been used to convert lignocellulosic biomass to
fermentable sugars.? Previously, Salcedo-Luna et al? reported an inercase in sugars
released after thermo-acid treatment by an enzymatic hydrolysis, which released 73.6% of
fermentable sugars from the ABR uvsed. In this work, which used commercial cellulase
complexes Clee2, Hlee2 and Rapidase, we reported previously high enzymatic hydrolysis
of lignocellulosic biomass.?’- * In contrast with the results obtained from the thermo-acid

treatment where the supars released were approximately 3 2/L, the use of cellulase
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complexes generated an increase until 16 ¢/L of sugar was released (I'igure 3a). In some
samples, the amount of sugar detecled hy the DNS method and HPLC were different at
approximately 3 g/, due o the DNS method measuring only reduced sugars and HPLC
measuring all sugars. ‘Thercfore, a slight disagreement could be expeeted.® After thermo-
acid treatment of the ABR diffuser, the product showed lesser organic acid content (TFigure
2bh), which could contribute fowards the high sugar release by enzymatic hydrolysis of this
ABR (Table 3). In conirast, in the beginning of enzymatic hydrolysis of the ABR from the
autoclave and masonry oven, organic acids were present (Figure 2b). This is probably the
reason why the percent of reducing sugars released by enzymatic hydrolysis was less
(Table 3), which could be because organic acids can reduce the activity of cellulase
complexes.®® High temperatures and long reaction times favor organic acid production.®
This effect could generate the acids observed afier 48 h of enzymatic hydrolysis of ABR
from the diffuser source (Figure 3b).

Due to the viscosity of lignocellulosic materials for fermentation processes particularly in
an SS8F process, the biomass content 1s suggested to be limited to 10% (w/v).*! This is a
reason why one might do separale hydrolysis and l[ermentation (SHEF) or 8SF, which used
10% wiv of ABR. Moreover, bioethanol and compounds such as organic acids, volatile
compounds and glycerol are generaled in [ermeniations processes. In our resulls, a glycerol
production up to 10 ¢/L by the SLP1 yeast was observed through SHF (Table 4). Glycerol
has an essential role as a compatible solute during osmorcgulation in yeasts.*> This
compound 1s synthesized by glycerol-3 phosphate dehydrogenase (Gpd) and glycerol-3-
phosphatase {Gpp). Each enzyme has two 1scenzymes, the constitutive and the osmotically
induced +* The glycerol accumulation in the flasks could onginale by organic acids, whose

compounds could generate an acid-stress and, in consequence, induce synthesis of
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complexes generated an increase until 16 g/IL of sugar was released (I'igure 3a). In some
samples, the amount of sugar detected by the DNS method and [IPLC were different at
approximately 3 ¢/L., due to the DNS method measuring only reduced sugars and 1IPLC
measuring all sugars. Therefore, a slight disagreement could be expected?” After thermo-
acid treatment of the ABR diffuser, the product showed iesser organic acid content (Figure
2b), which could contribute towards the high sugar release by enzymatic hydrolysis of this
ABR {Table 3). In conirast, in the beginning of enzymatic hydrolysis of the ABR from the
auloclave and masonry oven, organic acids were present (Figure 2b). This 1s probably the
rcason why the pereent of reducing sugars released by enzymatic hydrolysis was less
{Table 3). which could be because organic acids can reduce the activity of cellulase
complexes.*® High temperatures and long reaction times favor organic acid production.®
This effect could generate the acids observed after 48 h of enzymatic hydrolysis of ABR
from the diffuser source (Iigure 3b).

Due to the viscosity of lignocellulosic materials for fermentation processes particularly in
an SSI' process, the biomass content 1s suggested to be limited to 10% (w/v)."! This is a
reason why one might do separale hydrolysis and fermentation (SHF) or SSEF, which used
10% wiv of ABR. Moreover, bioethanol and compounds such as organic acids, volatile
compounds and glycerol are generated 1n fermentations processes. In our results, a glycerol
production up 1o 10 g/I. by the SLP1 veast was observed through SHF {Table 4). Glycerol
has an e¢ssential role as a compatible solute during osmoregulation in yeasts.*? This
compound is synthesized by glyeerol-3 phosphate dehydrogenase (Gpd) and glyeerol-3-
phosphatase {Gpp). Each enzyme has two isoenzymes, the constitutive and the osmotically
mduced.** The glycerol accumulation in the flasks could originate by organic acids, whose

compounds could generate an acid-stress and, in consequence, induce synthesis of
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osmoprotectants, such as glycerol.

Through SSF, SLP1 yeasts produced higher ethanol concentration and conversion yields at
48 h after yeast inoculation. The thermotolerant XK. marxianus CECT10875 veast was used
in three different fermentations processes, which demonstrated that SSF was the best
fermentation process, since it could reduce end-product inhibition and avoid enzyme
deactivation.** In our results, these factors, together with the intrinsic thermotolerance of
the SLP1 yeast, probably contributed to the higher ethanol yield obtained by SSF using the
SLP1 yeast. Although the SLP1 yeast showed better results than the OFF1 and Ethanol Red
yeasts, the higher ethanol concentration generated in this work 1s less than that reported by
Caspeta et al.® who reported a production of 64 g/I. of ethanol from ABR after 9 h of
Superstar yeast inoculation. Moreover, it is important to mention that they used a
concentration of 20% w/w organosolv-pretreated solid ABR and attained enzymatic
hydrolysis at 50°C, while sugar fermentations were performed at 37°C. In another work
using ABR, 41 g/L. of fermentable sugars were released by a thermo-acid and enzymatic
hydrolysis. Through fermentation with the Pichia caribbica UM-5 yeast, Saucedo-Luna et
al.4 obtained a production of 18.3 g/L. of ethanol with a total conversion yield of 0.18 g/g of
dry ABR. Although the higher ethanol production by the thermotolerant SLP1 yeast is less
than that reported by Saucedo-Luna et al.# and Caspeta et al.b, the potential conversion of
ABR to fuel ethanol by the SLP1 yeast could be optimized through the addition of
nutrients, temperature and pH regulation, solid-liquid separations, and controlling others
parameters that affected the ethanol yield in this work.

The metabolic state of yeasts used in fermentation processes has an important function in
the ethanol production yield.*® This metabolic state could be affected by the formation of

toxic compounds,*s- 47 such as furfural. The furfural in the fermentation medium can cause
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cell growth inhibition, DNA damage and inhibition of glycolysis enzymes, deercasing
ethanol productivity *® Moreover, and the ABR diffuser showed higher sugar release by
enzymatic hydrolysis (Table 3). Independent of the veast strain used, lower ethanol vields
were obtained with this hydrolysis (diffuser ABR), which was approximately 50% or even
only of 26%, showing higher residual sugars. The less ethanol yield and higher residuals
sugar could be the result of the higher furfural concentralions observed in these samples,
where the values were 0.28 g/l Although the furfural coneentrations detected in this work
are low, the foxic effect of this compound in the presence of organic acids could be
imereased.? Furfural functions as a thiol-reactive electrophile, reducing the level of cellular
reduced glutathione, which causes an accumulation of reactive oxygen species.”® Though
the generation of yeast with a higher capability of detoxification and toleration to oxidative
stress had been suggested,®! these are possible traits of the SI.P1 yeast strain. The
imporlance of yeast resistance to inhibitor compounds produced in bioethanol fermentation
had been reported.”? In this respect, yeast stramns naturally exposed to stress conditions,
such as those isolated from spontanecus ethanol processing, such as the SLP1 yeast, in
addition to their thermotolerance, could make ethanol production possible, similar to the
commercial yeast Ethanol Red. In the same way as furfural, the presence of another
compound, such as organie acids or volatiles compounds produced by yeasl metabolism,
could negatively affeel the metabolie stale of the yeast, reducing the total cthanol
production yield. However, these compounds are not usually evaluated through the
fermentation of lignocellulosic biomass. Lastly, we suggested to deep in the study of these
compounds.

The data presented in this work show the importance of the processing of agave pines arc

because these processes can influence the proportion of sugars released and inhibitory yeast
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compounds produced by the ABR. According lo our results, we suggest to Jocus the work

on cthano! production from ABR o 8810 with selected thermotolerant yeasts strains, with

an elfort loward robust siress resistance and high cthanol production.
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Capftulo 5:

Organic compounds generated in bioethanol production from agave bagasse

Este capitulo ha sido sometido para su revision como:
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Abstract

In hiocthanol production, lignocellulosic residue fermentation generates byproducts, such as erganic
compounds (OCs). OCs have been thoroughly studied in the wine and beer industry, but little is known
about OCs 1n the bioethanol industry, even though they allect the physiological stale of veasts and are
considered 1o be econvmically desirable in the chemical indusiry. In this studv, we evaluated the
production of OCs 1n bioethanol production processes of dilferent sgave baguasse residues (ALY 1)
separate hvdrolvsis and 1) fermentation (SHE) and simultaneous sacchariication and lermentalion {(88F).
Fermentation was conducted using the AKhoveromyces morvianws SLPL, and OFF1 strains, and
Saccharomyees cerevisiae Ethanol Red wveast ‘The OCUs that were majority detected included ethvl
acetale, methanol, l-propanol, isobulanol, butanol, isoamyl-alechol, ethyl-lactate., furfuryvl-aleohol,
phenyl-acetate, and 2-phenvl ethanol. ITigh content of OCs was found in the SSI' process when A
marxiants O] and SLP1 yeasts were used. This study provided information regarding the tvpes and
concentrations of OCs produced by Fermentation of hinocellulosic Agave bagasse residues. which could

lead 10 using bioethanol byproducts as potential sources ol econonucally desirable compounds.

Koew words: Agave bagasse, Biocthanol: By-products; Fermentation, Organic compounds

Introduction

Yeasts are uscd to produce chemicals, pharmaceuticals. and other products. such as biocthanol (Wang, ot
al. 2001. Johmson 2013; Liu et al. 2013 Carlgust et al. 20135). Bioethanol production using
Lignocellulosic wastes 1s considered (o be a pronusing process {Tesfaw and Assefa 2014). The agave
bagasse residuc 1s a lignocellulosic waste that has potential for biocthanol production (Hernandez-Salas ¢t
al. 2009 Saucedo-T.una ¢t al. 2011; Perez-Pomienta ¢t al, 2013; Caspeta ot al. 2014). Howewver, few
studics have been conducted on the other organic compounds produced in the termentation process of
lignocellulosic residue. On the one hand, OCs are toxic for sugar yeast fermentation, which leads to
decreased cthanol vield (Urit et al. 2013; Momrissey et al. 201353, but on the other hand, (s have multiple
mdustrial applications., such as food additives, pharmaceutical. and cosmetic exciplents {Carlguist et al.

20135} In veast fermentation, OCs. such as esters. aldehydes, ketones, carbonyls, furins, and tetpenes, are
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produced (Carlquist et al. 2015). The OCs production is affected by pH. temperature. carbon source, and
veast strain (Molina et al. 2009: Olaniran et al. 2011: Gerthins et al. 2015). The Klinnveromyces marvianns
genus has high potential for industrial production of OCs as volanles compounds (Marrissey et al. 2015)
as well as fast growth rate (Groeneveld er al. 2009) and GRAS stanus,

The aim of this study was to determine which OCs types are obtained through fermentation of hydrolyzed
ABR by using different methods in the process. suweh as separate hydrolysis fermentation and
simultanecus saccharification and fermentation stages. using the native yeast strains of A marxianus
SLPl and OFF] and comparing the results to a common used industrial yeast, 5. cerevisiae (Ethanol
Red}. To the best of our knowledge, this is the first study to report on the organic compounds produced in
the fermentation of lignocellulosic ABR as a source of desirable chemicals obtained of bioethanol

process, suggesting it as a potential way to produce economically desirable OCs.

Matenals and Methods

Yeast strains

Yeast strains were obtained from the culture collection of the CIATE] (Centro de Imvestigacion v
Asistencia en Tecnologia v Diseto del Estado de Jalisco, México) (Gschaedler et al. 2004) and from the
ATCC (American Type Cultare Collection. Rockville, MD, USA). The K marvianus veasts strains
(SLPL and OFF1) were isolated a1 handeraft mezcal distillenies in the Mexican State of San Luis Potosi

and Guerrero, respectively. The Ethanol Red yeast was acquired from the ATCC.

Agave bagasse vesidue and saccharification process

The agave bagasse residues. which were classified as masomry oven, awtoclave and diffuser, were
obtained from the distilleries “Casa de Piedra”, “Gonzalez-Gonzalez”. and “La Madnleha™. respectively.
The three distitleries are located in Jalisco, Mexico. The tequila mdustries have different pine agave
treatments, as described by Cedefio-Cruz (2003) and Casas (2006). The ABR recerved a thenmo-acid
treatment that led 1o higher sugar release under conditions that were previously determined (Table 1)
Enzymatic hydrolvsis was conducted using the commercial cellulases complexes CTec2, HTec2. and

Rapidase (Novo enzvmes) at 1.5 g of enzymerg ABR {dry weight).
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Fermentation processes

The enrzymatic hydrolysales of ABR were lermented through separate hydrolysis and fermeniation or
simullaneous sacchanfication and lermentation using the K marxianis veasts SLP1 and O] or the S8
cerevistae I'thanol Red. Then, 1 X 107 cellssml suspensions were added 10 the ensyme mix or to
enyzvmaue hydrolysates ol ADR alter 48 h, and then were added 1o 881" or S8, respectively.
Fermentation was performed at 40%C and 100 tpm. Samples were taken at 24 h and 48 h afier yeast

moculation. The OCs were detecled by gas chromalography as mentioned below.

Anulvsis of organic compounds

The OCs delermination was carmed oul, as descenibed previously (Flotes et al. 2013). Briellv, alter 48 h ol
fermentation, the OCs were quantitied using a Hewlett—Packard 6890 gas clromatograph (Palo Alwo, CA,
USA) with a flame ionization detector (FIDY) equipped with an HP-Innowax PEG column {6¢ m. 0.320
mm). The ininal column temperatire was 45°C, then ramped up at 10°C/imin to 160°C, tollowed by a
20°C/min ramp to 220°C, maimmained over 4 nun. Injector and detector tcmperatures were maintained at
250°C. The injecton svstem includes a headspace sample (Hewlett—Packard 7694E). The preparation
program and injection sample starmed with the vial remperature at 80°C the loop temperature at 110°C.
and the transter line temperature at 115°C. The evele tume of the headspace and gas chiromatograph was
460 min with vial and an cquilibrium time of 3 min, pressurization time of 0.2 min, a filling loop time of
0.2 min, a loop cquilibrium time of ¢.5 min. and an injection time and agitation time of 1 min. The OCs
measured 1 this study were ethyl-acetite, methanol, ethyl-butyrate, 1-propanaol, sobutanol, wsoamyvl-
acctate, butanol, iscamyl-alcohol, cthyvl-hexanoate, cthyl-lactate, cthyl-octanoate, cthyl-decanoate,
furfurvl-alcohol, phenyl-acetate, and 2-phenvlethanol. The external standards that were used for each

compound were purchased [rom S1gma Aldrnich.

Yeast cell growth
Countng cells in a Meubauner chamber determined cell number by a sample taken at 24 h and 48 h alter

veasl fermentation. The counting was conducted according to the methods of Strober (1997).

Results
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Total organic compounds produced

The K. maraianus OFF1 produced a higher number ot total organic compounds {TQCs) at higher
concentrations than the other veasts. TOCs concentrations ranged from 11 to 374 mg/L. and SLP1 cells
generated the highest concentration {Table 2). Although the higher TOCSs concentrations were produced
through SHF {Table 2), more OCs were generated in the SS8F process. The compounds ethyl acetate, 1-
propanol, isobutanol, butanol and iscamyl-alcohol were detected 1n the S5F of autoclave source ABR,
whercas in the SHF of the same ABR no OCs were detected. In gencral. a smaller number of OCs as well
as TOCs concentrations were detected i the fermentation of masonry oven ADBR compared 1o
fermentation of autoclave and diffuser ABR (Table 2). The phenyl-acetate and furfuryl-alcohol were not
detected in the fermentation of diffuser ABR, while the rest of the samples had variable concentrations
approximately 15 and 50 mg/L, respectivelv. The ethyl-acetate concentration was most influenced by the
type of ABR kind, and when the autoclave ABR was used, cthyl acctate was detected only in the SSF
process. I'or the masonry oven AR, the presence of ethyl acetate was vanable, whereas 1t was present 1n
all samples generated with the diffuser ABR. Other OCs present in all of the samples included methanol

and 2-phenylethanol (Table 3).

Higher concentrations of OCs detected

Ten OCs with concentrations smaller than 300 mg/L were detected (Table 3). The OC with the highest
concentralion was ethyl acelate (249 mgrl), lollowed by 2-phenvlethanol {7531 mgsl). The K.
marxianus veasts SLP1 and OFF1 produced a higher number of OCs and higher concentrations of scven
out of the ten compounds that were detected. The methanol, butanol and cthyl-lactate were the OCs
produced in higher concentrations bv the 5. cerevisine Ethanol Red veast. While K marxiagnus cells
generated 70% of the higher OC concentrations, 60% were generated through SSF.

The compounds [ound i higher concentrations mm SHF mcluded methanol, ethyl-lactate, furfuryl-alcohol
and 2-phenylethanol. The enzymatic complex showed a significant influence on higher concentrations
and 60% of the higher OCs concentrations were generated from hydrolysates by the Rapidase enzyme

(Table 3).

Yeast growth
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In eleven of the eighteen different fenmentation conditions that were generated, the SLPI yeast increased
their cell number at 48 b with respect to 24 h of fermentation. In the seven rest conditions., they preserved
their cell numbers at 48 h. In contrast, the & marviamis OFF1 veast showed a reduction m celi number
from 24 h to 48 h of fermentation in six conditions. The industrial S. cerevisiae yeast (Ethanol Red)
showed a reduction in cell number in three samples, preserved its cell namber in ten conditions. and
increased the cell number in five conditions out of the eighieen that were compared at the 48-h time point

after 24 h of fermentation {Table 4).

Discussion

The utilization of lignocellulosic wastes as a subsirate 1 bioprocesses has inereased n recent years due to
their renewahble capacity. low price, and abundance (Girie et al. 201 Isikgor and Becer 2015} In
Mexico, lipnocellulosic agave hagasse 1s produced in the tequila industry as waste product at a rate of 360
thousand dry tons (Cedefio-Cruz 2003; Tequila Regulatory Council 2010). The agave bagasse residue
{ABR} has been reported as a promiusing hignocellnlosic nomass for the production of fermentable sugars
{Saucedo-Luna et al. 2011) and bicethanol (Hernindez-Salas et al. 2009; Saucedo-Luna a1 al. 2011;
Perez-Pimienta et al. 2013: Caspeta et al. 2014; Barrera et al. 2016). However. there has been littie study
of bioethanol byproducis from ABR.

Organic compounds (QCs) are produced in secondary veast metabolism and can be considered bioethanol
contamnants (Styarini et al. 2013), which could be toxic to veast (Rossouw et al. 2009 Ut et al. 2013;
Morrissey et al. Z015). Moreover. these compounds have possible industrial uses with high commercial
potential in the food. cosmetics, detergemt and pharmaceutical industries {Carlquist et al. 2015). K.
marxianus yeasts produced some of the best organic volatiles compounds (Morrissey et al. 2015), and
using these yeasts to produce these compounds through cassava bagasse fermentation is very feasible
{Medeiros et al. 2001). As well as cassava bagasse, sugar cane bagasse has been used for organic volatiles
compounds praduction (Bramorski et al. 1998: Scares et al. 2000), and ABR had simifar results.

In this work, we studied the OCs produced as bioethanol byproducts from ABR fermentation using two
K. marvianns veasts (SLP1 and OFF1) and the indusiry veast 5. cerevisiae (Ethanol Red). Ethanol

produchon from hgnocellulosic biomass, such as ABR, wmcludes four matn steps: pre-treatoment,
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saccharification, fermentation and distillation {Tomas-Pejo et al. 2009). This study focused on the OCs
produced in the fermentation step using the ABR after saccharification.

In our results, we detected a smaller number of OCs than the nmumber reported by Lépez-Alvarez {2012)
when the K marxianus veast UMPe-1 was used to ferment agave. This effect arose because the agave
must have higher sugar concentration than the ABR (Hernander-Salas et al. 2009), and a major sugar
concentration can result in a higher concentration of OCs (Ali et al. 2010).

Tequila industries processed the agave pines by autoclave, masonry oven or diffuser, as described by
Cedefio-Cruz {2003), and Casas (2006). We observed that the agave pine process could affect the TOCs
concentrations as well as the type of OCs that were produced (Table 2). This effect could be the result of
the type and concentration of sugars in the ABR after the agave pine was processed.

The compound ethyl-acetate 1s a solvent with many industnal applications. K. marxianus yeasts have
some of the highest potential for producing ethyl-acetate at an industrial scale (Léser et al. 2014). In this
study, the highest ethyl-acetate concentration was 249 mg/L.. which was smaller than the concentration
reported for use a K marxigrus growth inhibitor (17 g/L) (Urit et al. 2013). Additionally, copper
limitation can increase ethyl-acetate synthesis in Kfuyveromyces yveasts (Loser et al. 2015).

Yeasts are considered the most promising producers of 2-phenylethanol, which is one of the more
commercially used organic volatiles compounds due to its rose-like aroma {(Wittmann et al. 2002), and it
was the second most abundant compound (Table 3). Although Kfiyveromyces strains are considered to be
good producers of this compound {Kim et al. 2014), their resistanice to this compound is lower compared
10 §. cerevisiae (Etschmann and Schrader 2002}, A concentration of 2 g/LL of 2-phenylethanol is toxic to
K. marxionus yveasts, and ethanol generates a synergistic interaction that amplifies its cytotoxicity (Wang
et al. 2011). The higher 2-phenylethanol concentration produced in this work was 75 mg/L, which was
similar to the amount produced using a molasses-based medum and K sarxiaris CBS 600 (8% mg/L) in
the study by Etschmann et al. (2003). The levels of this compound could be increased through addition of
exogenous L-phenylalanine (Etschmann et al. 2002; Elschmann et al. 2003) or through solid-phase #r situ
product removal {Gao and Daugulis, 2009).

The concentrations of higher alcohols detected in the ABR fermentations ranged from 3.69 to 3481
mg/L. The 1-propanol and 1sobutanol were detected in an agave tequila fermentation using the same K.
marxionus yeasts used in our study (Arellano et al. 2012). While isobutanol can be used for preduction of

bio-based product packaging (Peters), butanol is considered a fuel additive (Lee et al. 2008). The butanol
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concentration (20 mg/L) detected in the “Tequila Blancoe™ beverage obtained using the K marsianus
UMPe-1 (Lopes-Alvarers et al. 2012) was higher than the amount detected using ABR {3.6% mg/L). With
the exception of butanol. the K marxianns yeasts in this study led to higher production of alcohols
compared 1o the 8. cerevisiae veasl, which agrees wilh the resulis reported by Lopes-Alvares et al
(2012). Although amuno acid availability influenced higher alcohol production, the uptakes and
assimilation of these subsirates determined the final concentration (Carlquist <t al. 2015). According (o
our results, the uptake and amino acid assumnilation could be better in the K. marxianus veasts (SLP1 and
OFF 1) compared 1o the §. cerevisiae yeast {Ethanol Red).

Ethyl-lactate, which has been used as a solvent and “building block™ to produce degradable plastic
polyimers (Zlokazov and Veselovsky 2000), was not found in the fermentation with SLP1 veast, while the
Fthanol Red veast produced 2 mg/1. and the QFF1 yeast produced 60 mg/T.. This final concentration was
similar to the amoumnt reported by Arellano et al. (2012) during mezcal fermentation using the same veast
strain (OFF1). When T.opez-Alvarez et al. (2012) compared the production of this compound between the
K maraianus UMPe-1 and the 5. cerevisiae baker's Panl veast, the 5. cerevisiae yeast produced seven
times more cthyl-lactate than the K. marvianus veast, which did not correlate with the results obtained in
this study because the production by the K. mardanies OFF1 was mgher than the amount produced by the
8. cerevisiae yeast Fthanol Red. Thie to this difterence, we suggested that the production of cthyl-lactate
could depend heavily on the veast strain thal 1s used. even 1f the veasts are 1n the same zenus.

While the K. marxianus SLI'1 yveast showed more adaptability and maintain their cell mamber after 48 h
of fermentation, the yveast strain with less adaptability was OFF1, which had a reduction in cell number
after SHF and highcr concentrations of furfurvl-alcchol were detected (Table 4). Although the
concentrations of OCs detected were smaller than the toxic values of the veast, the OCs mix could exert a
synergic loxic effect with other siress conditions, such as pII and temperature {Belloch el al. 2008; Wang
et al. 2011} Yeast robusiness and physiological fimess 1s very important for an efficient fermentation
process (Carlquist et al. 2015). A promising approach for adapting wveasts to produce OCs could be
mvestigating membrane fatty acids because the membrane 1s one of the first targets of OCs (Mannazzu et
al. 2008).

In this study, we found that ABR fermentation could be a source of OCs. Additionally, immaobilized cells
of 5. cerevisice produced a higher amount of OCs compared cells 1n suspension (Lalou et al. 20313), and

Rossi et al. (2009} obtained a higher overall concentration of OCs when different carbon and nitrogen
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sources were mixed. Therefore, OCs producnion as bioethanol byproducts from ABR could be improved
through the use of similar technigues. In addition, continuously removing OCs from ABR fermentation is
an oprion to reduce their toxic effect and increase bioethanol production.

According with the resulis of this study. acetate esters and higher alcohols are generated in bioethanol
production from ABR, and higher concentrations were obtained through SSF by K marxianis yeasts.
Although bicethanol preduction ffom ABR is as potential source of byvproducts that are economically

desirable, improving the production process should be considered.
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Table 1 Conditions for the agave bagasse residue thermo-acid treatment.

ABR Autoclave | Masonry oven | Diffuser
H2S04 (%0) 3 1 1
Temperature (°C} | 110 130 110
Time (min) 40 30 10

ABR, Agave Bagasse Residue.
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Table 2 Total organic compounds (TQOCs) in separate hvdrolysis and fermentation {SHF) or simultaneous

saccharification and fermentation (SSF) of agave bagassc residuc (ABR).

TOCs (mgdl)

Yeast SLP] OFF1 Ethanol Red
Fnsym
e C 11 RAP C 11 RAP C 11 RAP

SH |88 |SH |SS |SH (S8 (SH |SS |SH |55 |SH |8§8 (SH (85 |SH |85 |SH |58

Process | F F F F F F F F F F F F F F F F F F

20
a) 214 |71 (150 [ 113 (122 | 175|134 |66 [ 135 |95 (106 (184|150 |43 | 136 |33 |106 |3
b) 137 | 110|158 | 150|176 (34 (260 |56 |61 218 | 139 (196|216 | 125|168 |218|136 |11
] 122 199 | 158 | 125|188 | 374 (43 |75 | 112 | 205 |94 237|150 (107|216 (38 | 176 |36

ABR hydrolysates from an amoclave (a), masonry oven (b) and a diffuser (c). The fermentations were
carried out in flasks heated at 40°C and shaking at 100 rpm. Fazyme: C (CTec2), H (HTl'ecZ) and RAP

(Rapidaze} Samples were taken alier 48 h ol lermentation using 1.5 g of enioyme’g ABR (dry weight).

Table 3 Higher concentrations of the organic compounds {OCs) were detected.

Concentration
OCs Yeast Process | ADBR | Enmymne

{mg/L)
Ethyl-acetae 249 38 S " 8SF D RAP
Methanaol 45,97 ER SHE D RAP
1-propanol 12,56 O SSF A RAT
[sobutanc] 24.52 O S53F A RAP
Butancl 3,69 ER SS5F A RAP
[zoamyl-alcohel | 34,81 9] SS8F A RAP
Ethyl-lactate 63,17 ER SHE M [
Furliryl-alcohol | 57,05 O SHF A C
Phenyl acetate 17.61 S S5F %) [
2-phenyl ethanol | 75,31 5 " SHF M [

Yeasts: SLP1 (8), OFF1 {O) and Ethanol Red {ER}. Processes: Separate hydrolysis and fermentation
(SHT) and simultaneous saccharification and fermentation (SSF} Agave bagasse residue (ABR): A

(autoclave); M (masorry oven), I (diffuser). Enzymatic complex: Clec2 (7} and Raprdarze (RAP).
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Tablc 4 Number of yeast celis {1 X 10% cells/ml)

Yeast SLP1
Enzyme |(C H RAP
ADR A ‘M D A M D A M D

Time(h) [24 48 24 |48 [24 |48 |24 ]48 |24 |48 |24 [48 24 |48 24 |48 |24 |48

26 33 24 153 203 392 57 57 |117 21 [29 [48 |30
18 171 22 |47x 125

SHF o ot +] [ £2 +5 |+ +2 +2 |6 21 |1 [ £2 | 5=
7 =58 0 (23 +56

15 49 1 |3 s |67 3 7 1s 1 |6 |6 |40

10 15 89 |94 139 94 |137 |53 $3 ‘89 121 36 49 |13

SSE 3+ 0 =1 |24 |22 (202 |22 |+ |£1 |59% | £2 (322 £1 |23 1 |41 |1 [3=

26 21 8 |3 |6 (=264 (21 |4 |0 0 |+56 9 6 6 |+7 |1 1%

Yeast OFF1
62 79 530 | 98 69 72 7 B9 |89 41 (32 |62 |16
SHF +1 £2 18 |1 |2 |176 |2 [29+ |£] |54 |[&]1 |93+ £2 |5 2 |1 |+]1 |2=

7 6 <=8 |1 |5 35|38 11 |7 |+16(5 |21 4 |3 5 |1 8 |44

75 45 14 |57 |94 126 63 70 167 265 81 |81 |70 |18
SSF +3 2 1+ | +£3 | +2 |81+ |+3 |50+ | +2 | 100 (+] | 157 +3 |+7 +4 |2 |+2 |9+
258 4501 o 30 |5 17 |4 [£33 |4 |+£36 8 4 1 |4 6 56

Yeast Fthanol Red

46 22 33 383 54 41 71 62 | 236 42 152 |34

SHF 24 7+ =1 1S5 |47 [ S4+ | +3 199+ | +1 |52+ (42 | 180 +2 | #5822 |+1 | +4 | &S

3 80 0 |£5 |7 19 19 s00)1 25 |9 |£45 4 4 +7 |1 0 67

24 237 51 | 160 57 92 1421268 42 |62 |66 |14

SSF 4L 61 33 (4] |16 [21L | L2 [69L |41 524 |44 |97L 15 |4i7 L1 (i1 |13 |9%

51 79 =3 |8 |1 46 |1 24 (7 (17 |1 |54 7 5 2 1 0 56

The cells were counted after 24 h and 48 h of separate hydrolysis and fermentation {SHF) or simultaneous
saccharification and fermentation (SST). Agave bagasse residue (ABR): A (autoclave); M (masomry

oven}; D (diffuser). Enrzymatic complex: CTec2 (C), ITTec? (I71) and Rapidaze {(RAP).
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Capitulo 6:

Levaduras Termotolerantes: Aplicaciones Industriales, Estrés Oxidativo y Respuesta

Antioxidante.

Este capitulo ha sido publicado como:
Mejia-Barajas JA, Montoya-Pérez R, Cortés-Rojo C, Saavedra-Molina A. Levaduras

Termotolerantes: Aplicaciones Industriales, Estrés Oxidativo y Respuesta Antioxidante. Inf
Tecnol. 2016;27(4):3-16. doi//dx.doi.org/ 10.4067/S0718-07642016000400002.
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Resumen

Se presenta una revision sobre caracteristicas y aplicaciones de levaduras ifermotolerantes, enfocada a
aplicaciones industriales y cambios fisiclégicos que experimentan |as levaduras, con especial énfasis en &l
estrés oxidativo v la respuesta antioxidante. Las levaduras tienen una amplia aplicacion en la biotecnolegia
¥y son los microcrganismos mas utilizados en la investigacion medica y en 1a industria. Uno de les usos
fradicicnales de las levaduras es la fermentacion, mediante la cual se pueden obtener bebidas, alimentos
y proteinas, entre otros productos. Sin embargs, en este proceso como en otres en los gue son utilizadas
las levaduras, se genegran altas temperaturas que provocan cambios fisiclégicos, por lo gque se afecta su
crecimiento y viabilidad. Lo anterior, ha generado interés en el estudio y desarrollo de levaduras capaces
de crecer a temperaturas elevadas (termo tolerantes). Por lo tanic, es de interés caracterizar cepas de
levaduras que se ufilicen en procesaos de femmentacién sometidos a altas temperaturas.

Palabras claves: levaduras termofolerantes; estrés oxidativo; respuesta antioxidante; bictecnologia

Thermotolerant Yeast: Industrial Applications, Oxidative
Stress and Antioxidant Response

Abstract

A review on characteristics and applications of thermo tolerant yeast, focused on industrial applications and
physiological changes that experienced by yeasts, with particular emphasis on oxidative siress and
antioxidant response, is presented. Yeasts are widely applied in bictechnology and are the microorganisms
most used in medical research and industrial processes. One of the traditional uses of yeast is fermentation,
by which beverage, foods and proteins, among others products, can be obtained. However, in this process
like in others that use yeasts, high temperatures are generated, causing physiological changes, affecting
their growth and viability. This has generated an interest in studying and formulating yeasts capable of
growing at elevated temperaiures (thermo tolerant yeast). Therefore, it is important to characterize yeast
strains to be used in fermentation orocesses at hioh temoperatures
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INTRODUCCION

Desde la antiguedad, las levaduras se han reconocido como protagonisias en la produccion de alimentos y
bebidas mediante |a fermentacion. Actualmente, son utilizadas en diferentes areas de la bictecnologia, en |z
tabla 1 se mencionan ejemplos. Aunado a que soen un modelo de estudio de células eucariontes las levaduras
son los microorganismos mas importantes en la biotecnologia (Johnson, 2013). Al igual que todos los
microorganismos. las levaduras presentan caracteristicas especificas de acuerdo a la temperatura a la gue
san cultivadas. Recientemente, se ha generado un creciente interés en las levaduras capaces de crecer ¢
temperaturas elevadas, ya que prasentan ventajas en distintos procesos industriales con respecto a las
levaduras que no tienen esta cualidad (Koedrit et af., 2008). Las levaduras resistentes a altas temperaturas
son deneominadas levaduras termotolerantes, sin embargo, no existe un valor abseluto de temperatura, ya gue
los limites a partir de los cuales se consideran levaduras termotolerantes varian en la literatura. El prime
intento por definir levadura termotolerante fue realizado por Arthur ¥y Watson {1976). McCracken y Gonc
{1982}, definen estas levaduras como aguellas con una temperatura de crecimiento maxima de 37 a 45°C
Koedrith ef af {2008), definieron las levaduras termotolerantes como aquellas capaces de crecer &
temperaturas = 40°C.

Las altas temperaturas generadas durante el uso industrial de levaduras elevan |a susceptibilidad de estos
microcorganismos hacia compuestos inhibitorios del crecimiento {Abdel-Banat et af., 2010), e intensifican e
efecto inhibitorio del etancl, por lo que las levaduras termotolerantes podrian presentar una mayor resistenciz
a astas condiciones. Kwon et al. (2013), reportaron qgue la cepa termotelerants fsshafchenkia orientalis
presentt una tolerancia de hasta 96.7 gL' de etanol, siendo el mayor nivel de tolerancia cbservado en un:
cepa de levadura crecida a temperaturas de 40 a 45°C. Las ventajas generales del uso de estas levaduras
en los procesos industriales se mencionan en la tabla 2. A continuacién, se describen aplicaciones y ejemplos
de levaduras termotolerantes en procesos industriales donde presentan ventajas, con respecto a las levaduras
gue no tienen esta caracteristica, asi como una recopilacién de los principales cambios fisiclégicos que
experimentan astas levaduras, enfocado al estrés oxidativo y respuesta antioxidante.

Tatla 1. Industna y usos de las levaduras (Tomado y medificado de Jehnson, 2013).

Fermentacicnes tradicionales Produccion de cerveza, ving, sake y salsa de soya

) ) Produccian de enzimas, sabonzantes, pigmentos, aminoacidos y acidos
Alimentaria

_Organcos

Biocatalisis Estudio de farmacéuticos e intermediarios quimicos
Biotecnologia ambiental Aplicacton en biorremediacion y degradacion de contaminantes
Bioconirol Proteccion de cultivas, aimentas y probidticas
Froduccion de preteinas  Produccion de proteinas farmaceuticas. enzimas, hormonas, vacunas y
heterdlogas toxinas

Estudio de biolegia molecular y celular, gendmica, vias de ingenieria y
macanismos de sisternas bioldgicos

Descubrimiento, resistencia y metabolismo de drogas, asi como elucidacion
de mecanismos de enfermedades

Investigacion en binlogia

Investigacion biomédica

Tabla 2. Wentajas del uso de levaduras termaotoleranles en procesos induslriales (Fernandez ef af.. 2008).

Reduccion de contaminacion y costos de enfriamiento.
) Mavyor viabilidad, actividad metabdlica y velocidad de fermentacion,
) Mayor mantenimiento de condiciones anaerobias al disminuir 1a solubilidad del Ca.
. Disminucion de la viscosidad del medio de fermentacion.

Reduccidn en la formacion de subproductos indeseables debida a hisis celular.

Produccion de biomasa a partir de levaduras termotolerantes

La produccion de bicmasa de levaduras, es un proceso economicamente importante y una industria creciente
en los dltimos afos, debido a un aumento en la demanda para las practicas de la industria vinicola, procesos
de manufactura de pan y come complemente en la dieta. La biomasa obtenida de levaduras tiene ofras
aplicaciones como suplemento proteico en alimentacidn animal, en la fabricacion de ingredientes funcionales
y para resaltar el sabor de zalimentos procesados (Lee, 1996). El procesc industrial para la produccion de
biomasa de levaduras, consiste en la propagacién de las levaduras de un cultive en agar a su propagacior
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en bicreactores, incrementando el volumen en cada fase de propagacion {Di-Serio ef af, 2001). Una
transformacion eficiente de azicares a biomasa requiere que la produccidén de metabolitos como etanol y
acetaldehido sea minimizada, desviando su metabalismo celular hacia el metabolismo oxidativo, aumentands
¢l rendimiento de la energia en forma de ATP y con esto, la formacién de biomasa (Van et af, 1998). Con el
objetivo de conservar la biomasa, las levaduras son expuestas a altas temperaturas en un proceso de
deshidratacién, por ejemplo, la levadura residual de la industria cervecera, la cual después de ser sometida
al proceso de deshidratacién, es vendida como alimento para animales (Ferreira et af., 2010). Ghorbani et af.
(2008}, expusieron la biomasa de levadura a altas temperaturas con el objetivo de incrementar la bicabsorcion
de Cd {cadmio}. ohservando un aumento de hasta 200%. Sin embargo, tanto en este procesc como en [a
deshidratacién para la conservacion de biomasa, las moléculas de agua son removidas y las temperaturas
incrementan. Lo que afecta la viabilidad y vitalidad de las células {Matthews y Webb, 1981).

La deshidratacidon genera arresto del ciclo celular y dafio a membranas y proteinas (Singh et al., 2005). Por
lo anterior, la tolerancia de las levaduras hacia la temperatura es critica en el mantenimiento de sus
componentes celulares y su vitalidad despugs del proceso de deshidrataciéon. Uno de los principales factores
limitantes en la generacién de biomasa de levadura, es el alto costo de las fuentes de carbono, por lo que el
uso de subproductos agroindustriales es ideal {Zheng et al., 2005). Dichos subproductos deben recibir un
tratamiente previo, siendo la exposicidn a altas temperaturas uno de estos tratamientos. Escalante et af.
(1990}, analizaron la produccidn de biomasa por |a levadura resistente a temperatura Hansenula polymorpha
en un procesc lignocelulésico realizade a 45 °C, obsarvando gque es posible obtener mejores resultados al
llevarlo a cabo en altas temperaturas. La cepa termotolerante de Kluyveromyces marxianus CBS 712, fue
utilizada para la produccién de bicmasa a partir de suero de leche, un deseche agroindustrial. En los
resultados Zoppellari ¥ Bardi, {2013}, sugieren el uso de esta cepa para la cbtencion de biomasa a partir de
este desacho, lo que podria reducir los costos de eliminacion de efluentes.

Utilizacion de levaduras termotolerantes como agentes prebidticos y probidticos

Los prebidticos son ingredientes de alimentos no digestibles gue estimulan el crecimiento de bacterias acido
lactico v bifidogenos en el tracto gastrointestinal. Ciertas especies de levaduras, se han utilizado como
agentes prebidticos y probidticos para la prevencion o el tratamiento de diversos padecimientos intestinales,
nutricionales y trastornos toxicolégicos (Mosiehi-Jenabian ef af., 2010). Los cligosacaridos de la pared celular
de las levaduras han demostrado ser un prebidtico de alto valor. Estudios en el usc de las levaduras como
probidticos, estan relacionados con la generacién de levaduras recombinantes con mutaciones en los genes
SRB1/P3A1 y PKC1, genes involucrades con la formacién de mananos y glucanos de la pared celular. La
mutacién de estos genes sensibiliza a la levadura a las condiciones del estomage, permitiendo gue estas
levaduras puedan ser utilizadas como transportadores no sclo de probidticos si no ademas de vacunas
terapéuticas (Omara et a/,, 2010). Algunas levaduras utilizadas con propiedades prébioticas son cepas de
Kiuyveromyces {(Hun ef af., 2013) y Saccharcmyces {(Knoll et al., 2007). La levadura S. cerevisiae es un
producto natural de |a industria de la cerveza gque contiene diferentes compuestos como B-glucanocs,
oligosacaridos y acidos nucleicos. Se ha abservado que estos compuestos son capaces de estimular la
respuesta inmune (Crtufio ef af., 2002).

Por lo anterior S. cerevisiae es utilizada como probidtico en humanos con aplicacion oral {Cmara et af., 2010},
Grobiotec™AE, es un prebidtico comercial formado de mezclas de autolisados parciales de levadura de
cerveza y productos de fermentacién. Celmanax™ formulade con la pared celular de células de levaduras,
actia como anti adhesivo para la toxina "Shiga” producida por la cepa de Escherichia coli O157:H7, asi como
micotoxinas. Celmanax™ también mejora la produccidn de leche en bovinos y |a eficiencia en la conservacion
de alimentos lacteos {Baines ef af., 2011). La levadura S. boulardii actua como un transportador liberando
enzimas, proteinas y factores troficos durante su trénsito interintestinal, mejorando las defensas
inmunclogicas del hugsped, la digestion y la absorcion de nutrientes (Czerucka ef al., 2000). 8. boulardii
también presenta actividad henéfica en la inflamacién intestinal mediante la supresién de la activacion del NF-
KB e inhibiendo la expresion de genss de citocinas proinflamatorias {Dalmasso et al., 2008). En el
sobrenadante de esta levadura se identificé una molécula estable a temperatura con propiedades anti-
inflamatorias denominada “factor anti-inflamatorio de Saccharomyces” o "AlF" por sus siglas en ingles
{Sougicultzis ef a/., 2008). Unc de los principales retos para la produccion de esta cepa a nivel industrial, es
su alta sensibilidad a temperaturas en el procesc de secado. Enshasy {2012), generé en las ¢élulas de esta
levadura tolerancia a la temperatura del proceso de secado, mediante pericdos cortos de exposicion a altas
temperaturas, para posteriormente realizar el secado mediante pulverizacion, obteniendc mejores resultados.
{Otra levadura termotolerante la cual se ha sugerido para ser utilizada como probidtico fue aislada de hojas de
hanana por Koedrith et af. (2008).
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Levaduras termotolerantes en la produccion de proteinas recombinantes

Las levaduras han sido utilizadas desde principios de 1980 para la preduccion a gran escala de protelnas
intracelulares y extracelulares de humanos, animales y plantas {Romanos, 1995). Los sistemas de expresion
de protelnas recombinantes basados en levaduras, han demostrado ser una fuente eficiente y econdrmica de
proteinas tanto de interés industrial como académico (Mattanovich et &/, 2012), conviriéndose en una de las
alternativas mas utilizadas para la produccién a gran escala. Las levaduras como sistemas de produccion de
proteinas recombinantes presentan las ventajas de los organismes unicelulares (practica manipulacion
gengtica y rapido crecimignto), asi comeo modificaciones postraduccionales eucariotas. Lo anterior, aunado al
mejoramiento de los sistemas de expresion en levaduras, asi como la metodologla de hibridacion, permite un
aumentc del uso de las levaduras en la produccién de proteinas. Algunas de las modificaciones
postraduccionales eucariotas gue pueden realizar las levaduras, son procesamiento proteolitico. plegamiento,
formacién de puentes disulfuro y glicosilacion (Eckart y Bussineau, 1986). Con respecto a modelos de
axpresion de proteinas en organismoes eucariotas mas complejos como células de ovarios de hamster chine
y lineas celulares infectadas de baculovirus, las levaduras son mas economicas, generalmente presentan
mayares rendimientos, no contienen pirdégenas ¥ son menos demandantes en términes de tiempo y esfuerzo
{Cregg et af., 2000}

Algunas de las desventajas de las levaduras en |a produccién de protelnas heterdlogas, es su incapacidad
para realizar ciertas modificaciones postraduccionales como prolil-hidroxilacién y amidacion (Cregg v Higgins,
1895). La levadura S. cerevisiae es una levadura ampliamente utilizada para la produccién de proteinas
recombinantes de interés industrial o medicinal {Mattanovich ef al, 2012). Alguncs ejemplos de estas
proteinas son |a insulina humana, vacunas para virus de hepatitis y del virus del papiloma humano {Martinez
et af., 2012). Existen diferentes factores que afectan |a produccion de proteinas heterélogas en levaduras,
algunos de estos son el punto isceléctrico y la formacion de complejos. Garcia-Fruitds et al. (2011) reportaron
que la temperatura de crecimiento de las levaduras, es ofro factor que afecta el plegado correcto de las
proteinas recombinantes, sin embargo, el mecanismo por el cual ocurre esto, aun se desconoce.
Recientemente, Zhong et af. (2014}, reportaron que la capacidad de plegamiento del reticulo endoplasmatico
(RE) v la viahilidad de la cepa GS115 de Pichia pastoris, son mantenidas a 20°C, permitiendo altas
producciones de la proteina recombinante interleucina-10 de humano (rhiL-13), mientras que a 30°C el RE
de |z levadura sufre de estrés mediante la retencién de G3-pro-rhiL10 en un estado inmadure, dafiando la
capacidad de plegamiento del RE, disminuyendeo la viabilidad celular y produccién de |la proteina rhiL-10.

Comeo alternativa a este problema, se ha sugerido que las levaduras termotolerantes peodrian producir
proteinas termotolerantes, ademas de poseer ventajas sobre proteinas producidas por otros microorganismos
termotolerantes no eucariontes (Takashima ef al, 2009). Rodriguez et al. (2000), realizaron un analisis
centrado en las diferencias de la proieina recombinante fitasa obtenida en P pastoris, comparada con la
proteina cbtenida de otros sistemas de expresion, donde se observd que |la proteina obtenida de esta
levadura, presentd una mayor termotolerancia, conservando el 57 y 40 % de estabilidad a temperaturas de
65 y 80°C, respectivamente, lo cual es importante, ya que |a termotolerancia de la proteina fitasa, es una de
las caracteristicas mas deseadas. La levadura Hansenula polimorpha (F. angusta), es una levadura
reconocida coma termotolerante con capacidad de crecer hasta 49°C. Esta levadura es ampliamente utilizada
para la busqueda de preteinas termotclerantes (Celik y Calik, 2012). Otra levadura reconocida como
termotolerante, aungue menos utilizada para la produccién de proteinas heterélogas es Arxuwia adeninivorans
{(Wartrnann et al, 1995). Aungque existen diversos sistemas de expresién de protelnas heterdlogas en
levaduras metilotroficas, Promdonkoy et al. (2014), sugirieron que levaduras metilotroficas termotolerantes o
termofilicas, pueden ser modelos mas adecuados para procesos de produccion industrial. El impacto de una
gama de temperaturas en la produccién de diversas proteinas heterélogas, se ha explorado mediante el uso
de lalevadura K. marxianus, demostrando serun sistema practico para investigar el impacto de la temperatura
sabre la eficiencia de la produccidon de proteinas en levaduras (Raimondi ef af, 2013). La levadura K
marxianus es relativamente poco estudiada para la exprasion de proteinas heterélogas, en contraste con S,
cerevisiae v K. lactis (Hang et a/., 2003). Una mayor comprension de |a fisiclogia y respuesta a la temperatura
en levaduras productoras de proteinas heterélogas, podria permitir la obtencion de mayores rendimientos y
calidad en |la produccion de proteinas.

Produccion de etanol por levaduras termotolerantes

El incremento en el uso del etanol por diferentes industrias como fuente de energia, solventes indusiriales,
agentes de limpieza y preservativos, ha incrementado la produccién de este alcohol {Brooks, 2008). La
produccion de etanol puede ser quimicamente o a través de la fermentacion de carbohidratos, principalmente,
por levaduras via glucslisis en condiciones anaerobias. La produccién de etanol mediante |a fermentacién es
un procesc exoctérmico, por lo que a medida que la fermemtacién progresa, el calor generado eleva la
temperatura del medio de fermentacion {(Kumar ef &l, 2013), ademas, debide a la corta duracién de la
fermentacian. |a refrigeracion no siempre es lo suficientermente eficaz en la eliminacion de calor. por lo que la
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temperatura puede alcanzar hasta 40°C (Andrietta ef a/., 2002). West y Kennedy, 2014, entre otros, realizaron
experimentos con el fin de seleccionar cepas termotolerantes para su uso industrial en la fermentacidn.
Algunas de las ventajas de las levaduras termotolerantes en el proceso de fermentacién para |la obtencion de
etanol, son: una mayor tolerancia a compuestos presentes en el medio, ahorra de energia a traves de la
reduccién de costos de refrigeracién, mayores tasas de fermentacién, separacion continua de etanol,
reduccién del riesgo de contaminacian, disminucion de la energia requerida para la agitacion del medio de
fermentacion, mayor presion de vapor y aumente de la solubilidad de compuestos organicos {Murata ef af,,
2015).

For lo anterior, la utilizacion de cepas de levaduras termotolerantes podria mejorar la eficiencia de la
produccion de etanol llevando a cabo la fermentacion a temperaturas mayores a 40°C (Abreu-Cavalheiro y
Monteiro, 2013; Caspeta ef al., 2014). La levadura termotclerante H. polymorpha es una de |las levaduras mas
estudiadas y [a secuencia del genoma compleia de la cepa NCY495 es de libre acceso. Se ha chservado gque
cepas de H. polymorpha presentan la capacidad de fermentar a altas temperaturas (45 a 50°C) glucesa,
celebiosa y xilosa a etanol. Kurylenko et af. (2014, generaron una cepa mutante de H. polymorpha obteniendo
rendimientos de hasta 9.8 g/l de etanol, durante la fermentacion de xilosa a 45°C. La produccion de etanol a
partir de materias primas renovables (bioetanol) representa el proceso de fermentacién industrial con mayor
crecimiento, con una produccién de 852 hillenes de litros de etanol en el 2012 (Renewable fuels association.
2012). La produccion de bicetanol es ampliamente investigada como una fuente de combustibles renovables
(Vazquez y Dacosta, 2007), debido a que presenta diversas ventajas respecto a los combustibles obtenidos
de fésiles. La mayoria de los procesos de obtencién de bioetanol a partir de lignocelulosas, comienzan con
una hidrélisis termoguimica de la parte hemicelulésica, seguido de una hidrélisis enzimatica de la parte
celulésica y una fermentacidn a base de levadura de los azlucares resultantes {Bothast y Schlicher, 2005).

La sacarificacién y fermentacién simultanea (SFS) es un proceso éptimo para la produccidn de etanol a partir
de fuentes lignoceluldsicas. De acuerdo a West y Kennedy {2014), existe una necesidad de realizar
investigaciones para el aislamiento de cepas de levaduras termotolerantes que puedan realizar el proceso de
SFS8 a temperaturas mayores de 40°C. La SFS aumenta los rendimientos de etanol al minimizar la inhikicién
por producto y eliminar la necesidad de hioreactores separados para ambos procesos (Luo et af., 2008). Uno
de los principales inconvenientes del procesc de 3FS, son las condiciones de funcionamiento, ya que la
hidrslisis enzimatica por celulasas tiene una temperatura optima de 45 a 50°C, pero la mayeria de las
levaduras etanclogénicas tienen una temperatura optima entre 30 y 37°C (Tayler et af, 2009). Debido a lo
anterior, es que diverses estudios se han centrado en las cepas etanolocgénicas termotolerantes capaces de
realizar la SFS de lignocelulosas (Araque et ai., 2008). En la tabla 3, se mencionan estudios en los cuales se
utilizaron levaduras termotolerantes y residucs agroindustriales en procesos de SFS para la obtencidn de
etanol, lo que demuestra el potencial de la combinacion de estos tres elementos. Castro y Roberto (2014),
reportaron que la cepa de K. marxianus NRRL Y-6880, presenta potencial para la produccién de etanol
mediante la SFS de sustratos celulésicos, ya que presentd un rendimiento de 0.44 g/g en la produccién de
etancl a 45°C. Moreno et al. {2013), cbservaron que al remover los fenoles de lignina mediante un tratamiente
con lacasa y utilizando la cepa termotolerante de K. marxianus CECT 10875, se obtienen rendimientos
similares en la produccion de etanol, que al utilizar una cepa industrial de 5. cerevisiae (Fermentis Ethanol
Red®, France).

Tabla 3. Produccidn de bicetanol usando residuos agroindustriales y levaduras termotolerantes en procesos de SFS.

Hejas de maleza Antigonum leptapus K. fragilis NCIM3358 Hari et af (2001}

K. marxianus {(PT-1) y &
cerevisae (JZ10)

Rastrojo de maiz 5. cerevisae DO Chu et al. {2012}

Alcachafa de Jerusalén (Helianmthus tuberosus) Hu efaf, (2012).

' Subproducto del proceso de extraceion del jugo de '

! K. marxianus K21 Chi-Yang et af. {2013}.
Zanahgria

De acuerdo a Souza et af. (2012), el uso de levaduras termotolerantes y una fase pre-sacarificacion antes de
realizar la SFS, son claves en el incremente del rendimiente en la produccién de bioetanol. Este proceso es
conocido como pre-sacarificacién y sacarificacion y fermentacién simultanea (PSFS). Ademas del proceso de
PSFS, se ha investigado el uso de diferentes reactores y condiciones de crecimientc con levaduras
termotolerantes para la produccion de hicetanol (Lin et af, 2013). La inhibicion del crecimiento de las
levaduras termotolerantes en el proceso de SFS, debido a los productos de la fermentacidn de la materia
prima lignoceluldsica, ha sido estudiada por Wallace-Salinas y Gorwa-Grauslund {2013}, desarrollando una
cepa clasificada como ISO12, la cual ademas de la termotolerancia presenté una resistencia a los inhibidores
mencionados.
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Principales especies de levaduras termotolerantes

Las especies de levaduras con mas reportes acerca de termotolerancia son 5. cerevisae y #. marxianus,
siendo estas Ultimas las gue han mostrade mayor termotolerancia {Nonklang et af., 2008; Suryawati et a/.,
2008). Las levaduras de K. marxianus son capaces de crecer a temperaturas de hasta 52 *C (Kcedrith et /.,
2008). ¥ son una de las especies de levaduras termotolerantes mas conocidas y utilizadas. Debido a su alta
capacidad de produccion de biomasa, etanol, proteinas heterélogas, ademas de la amplia gama de fuentes
de carbono que pueden metabolizar, hacen que esta especie sea atractiva para aplicaciones industriales
{Fonseca et af.. 2008). Otras de las principales especies de levaduras con termotalerancia, ademas de las
mencionadas. son H. polymorpha (Escalante ef af., 1990), P. pastoris {Rodriguez ef al, 2000} y K. fragilis
(Hari et af., 2001}

Mecanismos de respuesta fisioldgicos de las levaduras a altas temperaturas

La termotolerancia en las levaduras de S cerevisiae puede ser inducida por la exposicién a periodos cortos
a condiciones estresantes, no letales, tales como bajo pH, alta osmolaridad y concentraciones de etanol, asi
como temperaturas = a 37°C (Piper. (1983)1. Los efectos letales del estrés por altas temperaturas en
levaduras, es el resultado de dafio a proteinas, membranas y otras estructuras celulares {(Webster y Watson,
1993). Cuando las levaduras se exponen a temperaturas elevadas, exhiben una rapida respuesta molecular,
lo que se conoce como la respuesta de choque térmico. La respuesta de choque térmico en S. cerevisiae es
una de las respuestas mas caracterizadas a nivel molecular en células eucariontes. En esta respuesta, se ha
observado la expresion de diferentes proteinas, conocidas como proteinas de chogue térmico {(Hsp's).
Mientras que |a sintesis de la mayoria de proteinas disminuye a altas temperaturas, la concentracion de Hsp's
aumenta (Parsell y Lindguist, 1994). La proteina Hsp104 esta involucrada en los cambios estructurales en
proteinas y complejos proteicos (Cashikar ef al, 200%). La proteina Hsp104 de & cerevisiae restaura la
astructura de proteinas desnaturalizadas usando energia en forma de ATP y un sistema de chaperonas
Hsp70p/HspdOp (Weibezahn ef al., 2004, La expresion de la Hsp104 en . cerevisiae es baja en condiciones
normales de temperatura, sin embargo, a altas temperaturas aumenta significativamente su concentracion.
La expresion delgen de la proteina Hsp104 provee a S. cerevisiae de termotolerancia (Lindquist y Kim, 1896).
Ademas de |la sintesis transitoria de Hsp's, la respuesta a altas temperaturas, consiste en cambios en la
composicion lipidica de las membranas (Benschoter e Ingram, 1986).

En una investigacion reciente. se demostrd que cepas de S cerevisiae termotolerantes aisladas mediante
evolucion adaptativa a temperaturas de 40°C ¢ mayores, modificaron la composicién de esteroles de sus
membranas de ergosterol a fecosteral. Lo anterior, causade por una mutacion en el gen de la desaturasa
estercl C-5 y a un incrermento en |a expresion de genes relacionados con la biosintesis de esteroles. Se ha
sugearido que la alteracién en la composicién de esteroles de las cepas adaptadas, resulta en una fluidez
aptima de las membranas permitiendo gue estas levaduras sobrevivan (Caspeta et al,, 2014). Sotamura et &/,
{2013), generaron la cepa termotolerante YKB0-1, a partir de la cepa de 5. cerevisiae MTE-1, mediante la
exposicidn atemperaturas con aumento progresivo, e investigaron mediante analisis de microarreglos de ADN
el mecanismo mediante el cual, la cepa MT8-1 adouirid termotolerancia. En sus resultados, observaron la
induccion de genes de respuesta a estrés, tales como los de Hsp vy biosintesis de trehalosa. Mediante analisis
de metaboloma, mostraron que |la cepa YKG0-1 acumulé mayar concentracion de trehalosa.

COriginalmente, se creia que la trehalosa funcionaba como un carbohidrato de almacenamiento en las
levaduras, pero se ha observado que puede ser un protector de la tension relacionada con la termotolerancia
inducida. La trehalosa es un carbohidrato protector que se acumula después de la exposicion a altas
temperaturas (Mahmud ef al., 2010: An ef af.. 2011). Virgilio et af. {1994, proporcicharon evidencia genética
de que la sintesis de trehalosa inducida por altas temperaturas es un factor importante para la induccién de
la termotolerancia. La sobre expresién del gen TPS1 que convierte la glucosa €-fostato y glucosa-UDP en
trehalosa 8-fosfato, genera un aumento en la concentracion de trehalosa, por lo que TPS1 esta involucrade
en la tolerancia a la temperatura (An ef s/, 2011). Recientemente, Petitjean et af (2015). utilizando una
combinacién de mutantes de levaduras en el gen Tps1 y cepas de levaduras capaces de asimilar trehalosa
de una fuente externa, proporcionaron evidencia de que la frehalosa no protege las células, identificando la
proteina Tspl conm una funcidn clave para la resistencia a la temperatura, posiblemente a través del
mantenimiento de los niveles de ATP. Otros factores fisioldgicos implicados en la termotolerancia, incluyen ¢l
agua celular no congelable {(Komatsu et &/, 1991), la detencidn del ciclo celular en la fase GO (Plesset et &f.,
1987), la fosforilacion de proteinas independiente de AMPcC y de la ATPasa unida a membrana {Coote et a/.,
1994). La tolerancia del metabolismo de las levaduras a alta temperatura es controlada por diferentes genes,
los cuales estan relacionados con la sintesis 0 acumulacién de metabolitos especificos para la proteccion de
las células en altas temperaturas, sin embargo, en cuanto a la genémica que podria estar relacionada con la
termotolerancia de las levaduras, poco se conoce {Abreu-Cavalheire y Monteiro {2013)).
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En un trabajo realizado por Krsmanovié¢ y Kélling (2004), se describié una cepa de levadura con 12 capacidad
de crecer a altas temperaturas, la cual presenta un alele conocido como RSPS. REPS5 tieng una funcién en el
transporte celular y degradacicn de proteinas. Levaduras mutadas en RSP5 perdieron la habilidad para
acumular conjugados de ubiquinona, después de ser expuestas a choque t&rmico, por o que se sugirio que
RSPS5 esta relacionado con la sensibilidad a la temperatura. En las levaduras en las que se aumento los
niveles de la transcripcién del gen RSP5-C, se observé un aumento en la ubiquitinacién de proteinas, asi
como en la telerancia a la temperatura {(Shahsavarani et af, 2011). En otro estudio, en el que se clend el gen
Hsp100 de Pleurotus safor-cafy en una levadura, se observd un aumento en la sohrevivencia de las levaduras
expuestas a 50°C (Lee et af., 2008). Kim et al. {2011), reportaron que la inhikicién de los genes SSK2, PPG1
y PAM1, generan una reduccion en la tolerancia a la temperatura. Mas reciente, Caspeta et af. {2014),
secuenciaron el genoma de 7 cepas de levaduras termotolerantes generadas mediante evolucion adaptativa
de la cepa CEN.PK113-7D, la cual, fue expuesta a temperatura de 39°C hasta por 90 dias. La secuenciacion
del genoma de las levaduras reveld un total de 30 variaciones de nucleétidos simples en 18 genes. La mayoria
de las variaciones fueron detectadas en genes gue afectan la composicion y estructura de 1a membrana,
respiracién, replicacion y reparaciéon del ADN. Ademas de lo mencionado, se ha reportado que ¢l estrés por
temperatura induce una hiperpolarizacion o desporalizacion (Balogh et af., 2003) mitocondrial, causando
probablemente, una subsecusnte produccién de especies reactivas de oxigeno (ERQ) {Perl ef af., 2004} y
estrés oxidativo.

Estrés oxidativo en levaduras generado por altas temperaturas

El estrés oxidative generado por la exposicion a altas temperaturas, es une de los principales factores en la
muerte de S. cerevisiae (Davidson vy Schiestl, 2001). Las ERO generadas a altas temperaturas, alteran las
membranas celulares, proteinas y ADN, y causan finalmente, la muerte celular {Storz y Imlay, 1999).
Sugiyama et al. (2000}, observaron gue independiente del tipo de metabolismo de las levaduras (oxidative o
fermentativo), se presanta un incremento en los niveles de ERO conforme aumenta la temperatura. El estrés
por terperatura puede inducir diferentes genes antioxidantes en levaduras, mientras que el H20:2 induce
diferentes Hsp's. Lo anterior muestra una relacion entre el estrés por temperatura y el estrés oxidativo, por lo
cual, s&¢ ha sugerido que las Hsp's vy los sistemas antioxidantes, contribuyen a la termotolerancia intrinseca
de las levaduras (Morano et af., 2012). Rikhvanov et af. (2001}, observarcn que |a exposicion de levaduras a
45°C estimula su respiracion, 1o cual podria incrementar la generacigon de ERQO y eventualmente causar la
muerte celular, mientras que la represion de su respiracién celular permite una mayor tolerancia a
temperaturas de 45°C.

Mutantes de levaduras con delecidn en genes para enzimas antioxidantes como catalasa, superdxido
dismutasa y tiorredoxina peroxidasa, son mas sensibles al efecto letal de altas temperaturas, mientras gue la
sobreexpresién de los genes de la catalasa y la superdxido dismutasa, causa un aumente en su
termoteolerancia {Davidson y Schiestl, 2001). Caspeta et 2. (2014), reportaron que cepas de levaduras
termotolerantes generadas mediante exposicién a 39°C, fueron incapaces de metabolizar fuentes de carbono
no fermentables y no mostraron cambio diduxico a 40 y 30°C. Estas cepas acumularon mutacionss en los
genes ATP2 o ATP3, los cuales son esenciales para el crecimiento en fuentes de carbono no fermentables.
A lo anterior, sugieren que el fenotipo dptimo de levaduras termotolerantes podria no ser a través de la
evolucion, mientras exista una respiracién oxidativa totalmente funcional, posiblemente, dehbido a que esto
generarla una mayor concentracién de ERQO induciende estrés oxidativo.

Recientermente, Cao ef af. (2013), reportaron una asociacion en el incrementa de la produccion de
intermediarios de especies reactivas de oxigenc {IERQO}, con la via de la lanzadera de GABA, cuande las
levaduras fuercn expuestas a chogue térmico. Esta via contiene las enzimas glutamato descarboxilasa (GAD),
GABA aminotransferasa (GAT) y succinato semialdehido deshidrogenasa (SSADH). En levaduras, esta via
esta relacionada con la formacion de succinato a partir de a-cetoglutarato, la cual provee carbono en la cadena
respiratoria en la mitocondria. En su trabajo, Cao &t af. (2013}, concluyen que el dafio en las células de
levadura producido por la exposicién a altas temperaturas, es prevenido por la funcion de las enzimas de la
lanzadera GABA, a través de un mecanismo que se relaciona con el abatimiento de la acumulacion de IERO
durante el estrés térmico. Se ha observado esta relacién, entre [a produccion de ERO y |a termotolerancia, ya
que en nuestre grupo de investigacion, se detarmind la concentracién de ERD generadas en tres cepas de
levaduras, las cuales fueron aisladas de zonas productoras de mezcal en México, de los estados de Oaxaca,
Guerrero y San Luis Potosi. Estos lugares son tipicos de tener variaciones en la temperatura, sobretodo, altas
temperaturas (Arellano-Plaza ef af., 2013).

CONCLUSIONES

Entre las principales caracteristicas gue tienen las levaduras termotolerantes, se pueden mencionar las
siguishtes:
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iy La termotolerancia de las levaduras s una propiedad importante en aplicaciones industriales.

ii) La respuesta antioxidante es un factor importante en la termotolerancia, sin embargo, s necesario ampliar
el conocimiento del efecto de la temperatura 2n esta respuesta, con posibles implicacionas en el uso industrial
de las levaduras.
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8. Discusién general
En las levaduras mesofilas (aquellas que no sobreviven a temperaturas >40°C) se ha
observado que las especies reactivas de oxigeno (ERO) y sistemas antioxidantes estan
relacionados con el dafio generado por altas temperaturas, asi como con el mantenimiento
del estado redox celular (Davidson et al., 1996; Davidson y Schiestl, 2001), el cual afecta la
produccion de metabolitos como el etanol (Almeida et al., 2011). Por lo anterior en este
trabajo se estudid el estado de los sistemas antioxidantes y la cadena transportadora de
electrones mitocondrial (CTEm) (principal fuente de ERO), asi como la capacidad
fermentativa de una levadura con Optimo crecimiento a 40°C (termotolerante). Los géneros
de levaduras Kluyveromyces y Saccharomyces, son algunos de los que presentan un mayor
nimero de especies de levaduras termotolerantes (Boyle et al., 1997; Lark et al., 1997,
Bollok et al., 2000). Previamente Arellano-Plaza et al. (2013) reportaron que las cepas de
S. cerevisiae MC4 y K. marxianus SLP1 y OFF1 presentan tolerancia a estrés oxidativo
inducido por H,O, y menadiona, mientras que Flores et al. (2013) observaron que estas
levaduras presentan potencial para la produccion de etanol. Por lo cual en este trabajo se

utilizaron estas cepas (K. marxianus OFF1 y SLP1, y S. cerevisiae MC4).

En los resultados obtenidos se observdo que la cepa K. marxianus SLP1 presentd una
sobrevivencia igual a 40°C que la presentada a 30°C, ademas de un menor efecto deletéreo
por el aumento de temperatura en sus parametros de crecimiento, comparado con el resto de
las levaduras utilizadas en este trabajo (Capitulo 1). Por lo que se clasifico a K. marxianus
SLP1 como una levadura termotolerante, de acuerdo a la definicion de Koedrit et al.

(2008).

La mayor sobrevivencia de K. marxianus SLP1 correlaciond con una menor produccion de
ERO. Kim et al. (2013) reportaron resultados similares utilizando Ila levadura
termotolerante S. cerevisiae KNUS5377. La menor concentracion de ERO puede ser una
consecuencia del aumento de la actividad de la catalasa, como se observo en K. marxianus
SLP1 (Capitulo 1). Adicionalmente, esta levadura mostr6 una mayor proporcion de acidos
grasos saturados en su membrana citoplasmatica, caracteristica reportada en levaduras

termotolerantes (Le et al., 2013). La modificacion de la proporcion de acidos grasos de la
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membrana de K. marxianus SLP1 evidenci6 una relacion iversa entre el grado de poli-
msaturaciones de los 4acidos grasos adicionados y la termotolerancia de la levadura,
mientras que la relacion entre el grado de poli-insaturaciones de los 4cidos grasos
adicionados y la lipoperoxidacion en la levadura termotolerante fue directa (Capitulo 2).
Estos resultados coinciden con los reportados para la levadura S. cerevisiae mediante la

adicion de un agente inductor de estrés oxidativo (Cortés-Rojo et al., 2009).

De acuerdo a los resultados obtenidos de los parametros evaluados en la levadura

termotolerante K. marxianus SLP1 se propone el modelo mostrado en la figura 13.

Figura 13. Efecto de un incremento de temperatura en la levadura K. marxianus
SLP1. Parametros determinados en color amarillo; en color azul los paramteros reportados
en la literatura. El incremento de temperatura indujo un aumento en la concentracion de
calcio citoplasmatico (Ca®>* Cyt) y ERO, asi como una mayor actividad de los sistemas
antioxidantes, y una disminucion en la actividad de los complejos de la CTEm.
Deshidrogenasa externa (Nde) e mterna (Ndi); Ciclo de los acidos tricarboxilicos (C.A.T.);
Potencial mitocondrial (AWm); Especies reactivas de oxigeno (ERO); Glutation reducido
(GSH); Catalasa (CAT); Proteina de choque térmico 104 (Hspl104); Poro de transicion de
permeabilidad mitocondrial (PTPm).
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La induccion de la actividad de una oxidasa alterna que reduzca el oxigeno se ha reportado
en levaduras en condiciones no favorables de crecimiento (Umbach et al., 2005). La
actividad de esta enzima contribuye a evitar la sobre reduccion de la CTEm, disminuyendo
asi la produccion de ERO cuando la CTEm no funciona correctamente (Guerrero-Castillo et
al., 2012). Lo anterior explica la activacion de esta enzima en K. marxianus SLP1 cuando
fue expuesta a 40°C y se disminuyo la actividad de los complejos de su CTEm (Capitulo 3).
La inhibicion parcial o total de la actividad de los complejos de la CTEm es sugerida como
indispensable para la generacion de levaduras termotolerantes (Caspeta et al., 2014b), ya
que esto evitaria una sobreproduccion de ERO que dafaran biomoléculas disminuyendo la
tolerancia de las levaduras a la temperatura. Aunque tal fendmeno se sugirio previamente,
este trabajo es el primero en determinar que efectivamente los complejos de la CTEm de
una levadura termotolerante presentan menor actividad (Capitulo 3). La reduccion en la
actividad de los complejos de la CTEm por el incremento de temperatura, se propone que
es debido al dafio generado en los componentes termolabiles de la CTEm, como la
ubiquinona, el citocromo ¢ y las proteinas con centros Fe-S (Davidson et al., 2001). Por lo
que en proximos trabajos se podria analizar el estado de estos componentes en la CTEm de

K. marxianus SLP1.

Al observar una reduccion de la actividad de los complejos de la CTEm y el mantenimiento
del potencial, se evalio la concentracion de Ca®" Cyt, ya que un aumento en las
concentraciones de este iOn con su posterior ingreso a la mitocondria, es un mecanismo
generador de potencial mitocondrial (Ueom et al., 2003). Se observd que al exponer a K.
marxianus SLP1 a un incremento de temperatura efectivamente hay un aumento en sus
concentraciones de Ca?" Cyt, lo cual podria contribuir a mantener el potencial mitocondrial

en K. marxianus SLP1.

Aun con los mecanismos (inhibicion de la actividad de los complejos de la CTEm y
activacion de una oxidasa alterna) que contribuyen a mantener los niveles basales de ERO
en K. marxianus SLPI1, en esta levadura se observd un aumento de ERO, el cual fue
significativamente menor con respecto a la levadura no termotolerante OFF1 (Capitulo 1).

El aumento de las ERO puede ser a través de la fuga de electrones de la CTEm,
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especificamente del complejo III (Cortés-Rojo et al, 2009). Un incremento de la
concentracion de ERO puede inducir la sintesis de proteinas que protejan la célula del
estrés; sin embargo, si la concentracion de ERO es mayor se puede inducir la muerte celular
(Rhoads et al., 2006; Kreslavsky et al., 2012). El mantenimiento de las ERO en
concentraciones no letales podria ser ademas de los mecanismos mencionados debido a la
mayor concentracion de GSH y al incremento de la actividad de la catalasa (Capitulo 1).
Estos sistemas antioxidantes (GSH y catalasa), asi como la relativa alta proporcion de
acidos grasos saturados presentes en la membrana citoplasmatica de K. marxianus SLP1
(Capitulo 2), contribuyen al menor grado de lipoperoxidacion observado. Por otro lado, el
mantenimiento de ERO a niveles no letales podria estar induciendo la sintesis de la proteina
de choque térmico 104 (Hspl104), la cual mantiene la estructura de la ATP sintasa y la
integridad mitocondrial (Ueom et al., 2003), contribuyendo a que no existan cambios
significativos en la concentracion del equivalente reducido NADH (Capitulo 3) y por ende,
el mantenimiento del equilibrio en el estado redox celular. El mantenimiento del estado
redox y los bajos niveles de lipoperoxidacion en K. marxianus SLP1 propician Ia

sobrevivencia de esta levadura a 40°C.

Con los resultados anteriores, en este trabajo se sugiere que los niveles de etanol
producidos por K. marxianus SLP1 (10.36 g/L), que fueron similares a los generados por la
levadura industrial S. cerevisiae Ethanol Red® (10.23 g/L) (Capitulo 4), se logran mediante
el mantenimiento del estado redox celular de K. marxianus SLP1, al no existir cambios en
la concentracion GSH asi como del NADH, a la temperatura a la cual se llevo la
fermentacion (40°C). Mientras que el GSH pudo contribur al mantenimiento del estado
celular reducido, necesario para la actividad de diferentes enzimas (Ostergaard et al., 2004),
el NADH pudo ser utilizado para reducir el acetaldehido en etanol, al ser oxidado a través
de la alcohol deshidrogenasa. De los compuestos organicos producidos por K. marxianus
SLP1 en la fermentacion a 40°C (Capitulo 5), destaca por su concentracion el 2-fenil etanol
(75 mg/L), el cual es un compuesto de gran interés para diferentes industrias (Wittmann et
al., 2002). Las mayores concentraciones de 2-fenil etanol producidas mediante la
fermentacion de biomasa lignoceluldsica son de 89 mg/L, por K. marxianus CBS600
(Etschmann et al., 2003). Aunque las concentraciones obtenidas de 2-fenil etanol asi como
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de etanol, mediante la fermentacion a 40°C con K. marxianus SLP1 son menores que los
reportados por Caspeta et al. (2014a) y Etschmann et al. (2003), es posible que mediante el
aumento de la temperatura en la fermentacion se obtengan mayores rendimientos, ya que K.
marxianus SLP1 mostr6 capacidad adaptativa a las condiciones de fermentacion,
aumentando su numero de células en 11 de las 18 condiciones de fermentacion generadas
(Capitulo 5). Una capacidad adaptativa a las condiciones de fermentacion es una de las
caracteristicas mas buscadas en levaduras para la produccion de bioetanol (Caspeta et al.,
2015), debido a que en estos procesos se generan una gran cantidad de compuestos, como
furfural y acido acético, que inducen estrés oxidativo en las levaduras. Como se observo en
este trabajo, ya que K. marxianus SLP1 presenta sistemas antioxidantes mas activos que
otras levaduras, es posible que pueda mantener su viabilidad y con ello generar mejores
rendimientos en la produccion de compuestos organicos, en condiciones estresantes como

las generadas en la fermentacion de diferentes tipos de biomasa lignocelulosica.

9. Resumen de resultados

La cepa K. marxianus SLP1 es una levadura termotolerante con mayor actividad de

sistemas antioxidantes, menor producciéon de ERO vy lipoperoxidacion, a 40°C.

La adicion de acidos grasos poli-insaturados decrece la termotolerancia de K. marxianus
SLP1 incrementando el grado de lipoperoxidacion, mientras que la adicion del &cido

araquidico genera una tendencia a incrementar su termotolerancia.

La termotolerancia de la levadura K. marxianus SLP1 es influenciada por un aumento de la
actividad de sus sistemas antioxidantes y disminucion de la funcion de su CTEm, que

contribuyen en el manteniendo su estado redox.

La levadura termotolerante K. marxianus SLP1 presenta potencial para la produccion de

bioetanol y 2-fenil etanol, a través de la fermentacion del bagazo de agave.
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10. Conclusion
La levadura K. marxianus SLP1 presenta termotolerancia y potencial para ser usada
en procesos de fermentacion a 40°C, ya que ante un incremento de temperatura aumenta la

actividad de sus sistemas antioxidantes y disminuye la funcion de su CTEm, manteniendo

su estado redox y capacidad fermentativa.
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