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Actualmente la industria vitivinícola se enfrenta a serias dificultades 

que afectan negativamente a su mercado debido a la producción de 

vinos con alto de contenido alcohólico, llegando a concentraciones de 

hasta el 16% v/v. A pesar de que este fenómeno es multifactorial, 

dentro de los principales causantes están las practicas vitivinícolas que 

buscan maximizar la concentración de los precursores varietales en la 

uva para satisfacer la demanda de los consumidores alargando los 

tiempos de maduración. Sin embargo, esto también favorece el 

incremento de azucares que luego serán convertidos en alcohol. 

Adicionalmente, desde 1990 se ha observado un incremento de la 

temperatura atmosférica media global de 1.5°C, que afecta a la 

maduración de la uva incrementando aún más los azúcares, y por tanto 

incrementando el grado alcohólico. El alto contenido de alcohol en 

vinos genera repercusiones en la salud, y, en términos organolépticos, 

enmascara la percepción de los sabores y aromas varietales, 

fermentativos y de añejamiento.  

Hasta la fecha, se han desarrollado varias estrategias para reducir el 

contenido alcohólico del vino entre las que se cuentan: (1) Practicas 

vitivinícolas, (2) tratamientos enológicos pre- y post-fermentación, (3) 

tecnologías de procesamiento y (4) practicas microbiológicas, siendo 

esta última la preferida ya que es la más económica. Esta se basa en la 

utilización de cultivos puros de levaduras, específicamente 

seleccionadas por su bajo rendimiento alcohólico, las cuales llevan a 

cabo la fermentación alcohólica del vino, e inocularlas en altas 

cantidades de modo que se implanten e impongan frente al consorcio 

microbiano que coexiste en el mosto de uva. La especie 
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Saccharomyces cerevisiae ha sido por excelencia la más utilizada en la 

elaboración del vino, aunque también lo ha sido para otros procesos 

fermentativos como la elaboración de pan y cerveza. Adicionalmente, 

ha abarcado otros procesos industriales como la producción de 

bioetanol, producción de aditivos para alimentos y cosméticos, 

producción de proteínas farmacológicas, y, recientemente, se está 

estudiando su uso como fuente de proteínas en alimentos. Asimismo, 

ha sido clave para sentar las bases de los campos de la bioquímica y el 

estudio de los procesos fisiológicos de las células eucariontes, ya que 

posee una variedad de características idóneas que la han elevado al 

estatus de organismo modelo. Entre ellas están su fácil manipulación, 

los cortos tiempo de duplicación y la facilidad para editar su genoma. 

Adicionalmente, fue clave para el desarrollo de las tecnologías de 

secuenciación, ya que fue el primer organismo eucarionte en ser 

secuenciado en 1996. Esto permitió el avance de la genómica, y con 

ello, el desarrollo de técnicas de edición genética incluyendo la 

tecnología CRISPR.  

S. cerevisiae posee varias características que le han hecho idónea para 

la producción de vino. Si bien esta especie posee un metabolismo 

respirofermentativo, en el cual es capaz de catabolizar los azúcares 

para generar energía en forma de ATP y poder reductor en forma de 

NADH mediante el uso simultaneo de rutas aeróbicas (respiración) y 

anaeróbicas (fermentación), utiliza preferentemente la fermentación 

cuando las concetranciones de glucosa son los suficientemente altas, 

incluso en presencia de oxígeno. Dicho fenómeno es dedominado 

efecto Crabtree y en condiciones de fermentación vínica, en el cual la 
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concentración de azúcares es alta, promueve el metabolismo 

fermentativo, aunque este sea energéticamente menos favorable (2 

ATPs netos producidos en le fermentación versus los 18 netos 

producidos por la respiración). Sin embargo, se hipotetiza que dicho 

metabolismo es utilizado como un mecanismo para eliminar los 

microorganismos que compiten por los mismos nutrientes, ya que el 

etanol producido es tóxico para ellos. Adicionalmente, S. cerevisiae es 

capaz de tolerar la presión osmótica ejercida por la alta concentración 

de azúcares, el pH ácido del medio y el estrés oxidativo provocado por 

el etanol generado. 

Sin embargo, entre las diferentes cepas comerciales de S. cerevisiae 

los rendimientos de etanol son muy similares y, por ende, no se reduce 

el porcentaje de etanol. Por lo tanto, el uso de otras especies del 

género Saccharomyces ha sido la alternativa a utilizar para reducir el 

contenido de alcohol. En particular, las especies Saccharomyces 

uvarum y Saccharomyces kudriavzevii producen menores cantidades 

de etanol, y mayores cantidades de productos de interés enológico 

como el glicerol y compuestos aromáticos entre los que se incluyen los 

alcoholes superiores y ésteres de acetato. Adicionalmente, se han 

aislado híbridos S. cerevisiae x S. kudriavzevii y S. cerevisiae x S. uvarum 

desde ambientes fermentativos, por lo que han hecho de estas 

especies sujeto de estudio para su aplicación en la elaboración de vino.  

Los alcoholes superiores son compuestos que derivan del 

metabolismo de la levadura y que, a concentraciones inferiores a 300 

mg/L, confieren caracteres frutales al vino. Estos son producidos 

mediante la ruta de Ehrlich, ruta que utiliza las levaduras para 
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catabolizar los aminoácidos aromáticos (fenilalanina, tirosina y 

triptófano), de cadena ramificada (valina, leucina e isoleucina) y 

azufrados (metionina). La ruta comienza con una reacción de 

transaminación en el cual se genera un ceto-ácido, el que 

posteriormente sufre una descarboxilación para generar un aldehído, 

que finalmente es reducido a su alcohol superior mediante las alcohol 

deshidrogenasas. Adicionalmente, en condiciones de fermentación 

vínica, algunos ceto-ácidos proceden principalmente del catabolismo 

de azúcares, debido a que la ruta del shikimato realiza la condensación 

del intermediario de la glicolisis fosfoenolpiruvato (PEP) y el 

intermediario eritrosa-4-fosfato (E4P) de la ruta de las pentosas 

fosfato para producir el intermediario corismato. Este es utilizado para 

la biosíntesis de aminoácidos aromáticos, pero parte del flujo es 

convertido a tirosol y feniletanol. Además, el piruvato formado en la 

glicolisis también puede ser convertido a isobutanol.  

Parte de los alcoholes superiores producidos son esterificados por la 

acción de las acetiltransferasas que poseen las levaduras. Los ésteres 

confieren al vino sus aromas frutales y tienen umbrales de percepción 

bajos, en comparación con los alcoholes superiores. La composición y 

concentración de los alcoholes superiores y ésteres dependen en gran 

medida de los aminoácidos libres presentes en el mosto. Estos son la 

principal fuente de nitrógeno que utilizan las levaduras para 

reproducirse y debido a sus bajas concentraciones, son el sustrato 

limitante. Las levaduras poseen una variedad de sistemas que 

permiten captar y utilizar eficientemente los aminoácidos presentes 

en el medio extracelular. El sistema de asimilación central se basa en 
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la biosíntesis glutamato y glutamina, los cuales representan el 85% y 

el 15% del nitrógeno celular. Entre los sistemas más importantes está 

la represión catabólica por nitrógeno en el cual, ante la presencia de 

fuentes de nitrógeno preferidas, los genes que codifican las permeasas 

y enzimas implicados en el catabolismo de las fuentes no preferidas se 

mantienen reprimidos. Adicionalmente, posee factores de 

transcripción específicos, entre ellos, las proteínas dedos de zinc 

Zn2Cys6, los cuales son exclusivos de hongos y levaduras, detectan la 

presencia de un nutriente específico (aminoácido, azúcar, ácidos, 

entre otros) e inducen la expresión de los genes implicados en su 

catabolismo.  

Debido a las propiedades organolépticas que exhiben las especies S. 

uvarum y S. kudriavzevii, este trabajo de tesis doctoral, enmarcado en 

el proyecto europeo Sklodowska-Curie Innovative Training Network 

(ITN) Aromagenesis (ID: 764364), financiado por el programa Horizon 

2020 de la Comisión Europea, busca comprender los aspectos 

moleculares que gobiernan el metabolismo de los aminoácidos y la 

producción de los compuestos aromáticos que exhiben estas especies. 

El trabajo experimental se ha realizado en el grupo del laboratorio 

liderado por la Dra. Amparo Querol del Instituto de Agroquímica y 

Tecnológica de los Alimentos (IATA). Asimismo, la colaboración con el 

grupo de Genética y Bioinformática del Dr. Eladio Barrio, permitió la 

selección de genes candidatos relacionados con estas rutas 

considerando aspectos evolutivos (selección positiva y divergencia 

funcional). En base a estos análisis, los genes ARO4 y ARO80 fueron 

seleccionados, y su contribución en la producción de compuestos 
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aromáticos se tratan en los capítulos 1 y 2. Adicionalmente, mediante 

la reanotación y comparación de genomas completo, se identificaron 

tres genes subteloméricos, cuya función y origen son tratados en el 

capítulo 3.  

Capitulo 1: “Functional divergence in the proteins encoded by ARO80 

from S. uvarum, S. kudriavzevii, and S. cerevisiae explain differences 

in the aroma production during wine fermentation”. 

El gen ARO80 codifica un factor de transcripción perteneciente a la 

familia de proteínas con dedos de zinc Zn2Cys6, el cual ante la presencia 

de un aminoácido aromático (tirosina, fenilalanina y triptófano) induce 

la expresión de los genes ARO9  y ARO10, que codifican para una 

aminotransferasa y una fenilpiruvato descarboxilasa, 

respectivamente. Estos genes pertenecen a la ruta de Ehrlich y están 

involucrados en el catabolismo de aminoácidos aromáticos, 

especialmente en el catabolismo de la fenilalanina y, en consecuencia, 

en la producción del 2-feniletanol (PE), que luego puede ser convertido 

en 2-feniletil acetato (PEA). Estos compuestos son deseados en el vino, 

ya que confieren aromas florales. Un estudio previo de nuestro grupo 

de laboratorio determinó, mediante un análisis de Divergencia 

Funcional, que la secuencia de la proteína Aro80p codificada por los 

alelos ARO80 de S. uvarum (ARO80-Su/Arop80-Su) y S. kudriavzevii 

(ARO80-Sk/Arop80-Sk) exhiben varios cambios radicales de 

aminoácidos en comparación con la secuencia de S. cerevisiae (ARO80-

Sc/Arop80-Sc). Esto se determinó mediante la puntuación de los 

cambios utilizando el Puntaje de Grantham. Este método cuantifica 

como de diferentes o similares son dos residuos de aminoácidos en 
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base a sus propiedades fisicoquímicas tales como su composición, 

polaridad y volumen molecular para predecir su distancia evolutiva. 

Valores altos indican que el cambio de aminoácido es menos  probable 

que ocurra, desde un punto de vista evolutivo. Tales cambios pueden 

producir cambios funcionales en la proteína afectando a su actividad 

(dominios funcionales, actividad, afinidad por su sustrato, entre otros). 

Sin embargo, debido a la gran cantidad de aminoácidos candidatos, 

utilizamos un método mejorado y desarrollado por la, en su momento, 

doctoranda Laura Gutiérrez, donde los cambios de aminoácidos se 

seleccionan comparando los aminoácidos de un clado filogenético de 

interés (Arop80-Su/ Arop80-Sk) que han divergido con respecto a una 

secuencia outgroup (Aro80p de Torulaspora delbrueckii) que tiene 

secuencias homologas al clado de referencia (Arop80-Sc). 

Posteriormente se filtraron los cambios en base al Puntaje de 

Grantham. En este estudio destacamos especialmente los cambios 

producidos en lo que se denomina la Región Homologa Media: 

Aro80p-Su (Y352C367, N502C517, y G690C705) y Aro80p-Sk (S482I486, R488G492, 

D496A500, y N502Y506). En dicha región, es donde se regula la capacidad 

del factor de transcripción para inducir la transcripción de sus genes 

diana. Aunque originalmente un estudio proponía que dicha región 

estaba localizada entre las posiciones 370-412, no está del todo 

confirmado y tampoco se han realizado estudios funcionales en 

Aro80p para establecer el alcance de sus dominios funcionales. 

Adicionalmente, estudios realizados en el factor de transcripción 

Put3p han demostrado que cambios de aminoácidos tales como G532R 

hacen que la proteína sea incapaz se inducir la transcripción de sus 

genes diana (PUT1 y PUT2) ante la presencia de su inductor (prolina), 
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pero cuando a esta variante se le añadió la mutación R764T, no solo 

recupero su sensibilidad, sino que también incremento su actividad 

induciendo una mayor actividad basal. Por lo tanto, los cambios 

detectados en Aro80p-Su y Aro80p-Sk sugieren que estos exhibirían 

diferencias en su capacidad para inducir la expresión de los genes 

ARO9 y ARO10 y, por ende, producir diferentes cantidades de PE y PEA. 

Por ello, generamos cepas recombinantes S. cerevisiae vínicas (cepa 

T73) en el cual el alelo ARO80-Sc fue reemplazo por los alelos ARO80-

Su y ARO80-Sk. Esto se realizó utilizando una versión haploide de la 

cepa T73 (AQ2775), en el cual primero se disrumpió el gen mediante 

la técnica de disrupción mediada por PCR, utilizando el marcador de 

selección KANMX. La cepa mutante resultante (ST44) fue utilizada para 

generar las cepas recombinantes, para ello se utilizó la tecnología 

CRISPR, donde se diseñó una secuencia spacer para guiar a la 

endonucleasa Cas9 hacia el marcador KANMX localizado en el locus 

ARO80 y producir un corte de doble cadena. Como DNA donante se 

utilizaron los alelos ARO80-Su, ARO80-Sk y ARO80-Sc. De esta manera 

se obtuvieron las cepas ST44-Su, ST44-Sk y ST44-Sc. Para estudiar 

directamente el efecto de estos genes, se incubaron en un medio 

mínimo que contenía altas concentraciones de fenilalanina como 

única fuente de nitrógeno, ya que este es el inductor utilizado por 

Aro80p y, a la vez, precursor del PE. Demostramos que las cepas ST44-

Su y ST44-Sk producen mayores cantidades de PE y PEA que la cepa ST-

Sc, debido a que estos son capaces de inducir mayores niveles de los 

genes ARO9 y ARO10. Por ende, los alelos ARO80-Su y ARO80-Sk 

contribuyen positivamente en la producción de PE y PEA. 

Adicionalmente, los cambios identificados en estos alelos podrían ser 
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usados como modelo de estudio para realizar estudios funcionales en 

Aro80p y así elucidar sus dominios funcionales. Un mayor 

entendimiento del funcionamiento de la proteína permitiría la 

generación de cepas vínicas que incrementen la concentración de PE y 

PEA en el vino. 

Capitulo 2: “Adaptive evolution in the Saccharomyces kudriavzevii 

Aro4p promoted a reduced production of higher alcohols” 

S. kudriavzevii se caracteriza por incrementar la producción de los 

alcoholes superiores en condiciones de fermentación, especialmente 

la del compuesto 2-feniletanol, el cual confiere aromas florares al vino. 

Por lo tanto, un mayor entendimiento de las bases moleculares que 

gobiernan la producción de estos compuestos es esencial para 

determinar la composición genética requerida en las levaduras para 

incrementarlos en el vino. Estudios previos han demostrado que el gen 

ARO10 de S. kudriavzevii aumenta la producción de alcoholes 

superiores y esteres en comparación con el alelo de S. cerevisiae. 

Adicionalmente, el gen ATF1 de S. kudriavzevii eleva la producción de 

2-feniletil acetato. Un trabajo previo realizado en nuestro grupo buscó 

genes en S. kudriavzevii que exhibieran selección positiva, lo que 

implica cambios de nucleótidos que han sido fijados a nivel de especie 

por las presiones ejercidas por el ambiente donde viven. Dichas 

mutaciones generan sustituciones no-sinónimas de aminoácidos y, por 

ende, cambios funcionales. El análisis encontró que el gen ARO4 de S. 

kudriavzevii (ARO4-Sk) está bajo selección positiva. ARO4 codifica para 

una 3-deoxi-D-arabino-heptulosonato-7-fostato sintasa (DAHPs), la 

cual está implicada en la primera etapa de la ruta del shikimato cuyo 



 

16 | P a g e  
 

producto final, el corismato, es utilizado para la biosíntesis de 

aminoácidos aromáticos (fenilalanina, tirosina y triptófano). Sin 

embargo, durante la rama biosintética fenilalanina/tirosina, tanto el 

fenilpiruvato como el 4-hidrofenilpiruvato formados pueden ingresar 

a la ruta de Ehrlich y ser transformados en 2-feniletanol y tirosol, 

respectivamente. Adicionalmente, se ha demostrado que gran parte 

de los alcoholes superiores producidos en condiciones de 

fermentación vínica proceden del catabolismo del carbono. Por lo 

tanto, el gen ARO4 podría también contribuir a la capacidad que tiene 

S. kudriavzevii para producir mayor cantidad de alcoholes superiores.  

Para abordar esta cuestión se utilizó el mismo enfoque aplicado en el 

capitulo 1, se generó un mutante aro4 en la cepa S. cerevisiae vínica 

haploide AQ2775 (ST41) y se utilizó la tecnología CRISPR para generar 

las cepas recombinantes introduciendo el alelo ARO4-Sk (ST41-Sk) y 

como control, una cepa donde su alelo original fue reincorporado 

(ST41-Sc). Posteriormente se realizaron fermentaciones en mosto 

sintético de vino, el cual emula las condiciones encontradas en el 

mosto de uva, y demostramos que la cepa ST41-Sk produce menores 

cantidades de 2-feniletanol y tirosol en comparación con la cepa ST41-

Sc. Además, se obtuvo el mismo resultado cuando disrumpimos el gen 

ARO3, que codifica para la misma enzima, en ambas cepas 

recombinantes (ST41-Sk-3∆ y ST41-Sc-3∆). Debido a este inesperado 

resultado, nos propusimos determinar porqué en ST41-Sk se produjo 

menos 2-feniletanol y tirosol. La proteína Aro4p es inhibida por el 

aminoácido tirosina. Por lo tanto, determinamos la sensibilidad de la 

proteína in vivo creciendo las cepas ST41-Sk-3∆ y ST41-Sc-3∆ en medio 
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completo sin aminoácidos aromáticos agregando diferentes 

cantidades de tirosina y analizando como esta afectaba al crecimiento 

de las levaduras. Demostramos que la cepa ST41-Sk-3∆ es más sensible 

a la tirosina que la cepa ST41-Sc-3∆, lo que explicaría la menor 

producción de feniletanol y tirosol obtenida en condiciones de 

fermentación vínica. Adicionalmente, nos fijamos en los cambios de 

aminoácidos producidos por la selección positiva y le asignamos el 

Puntaje de Grantham. La mayoría de los cambios se localizan en el 

amino terminal, región esencial para la regulación de la actividad de 

Aro4p por tirosina. Proponemos el cambio L26Q24 como el más 

significativo, ya que participa en la interacción entre los dos 

monómeros que conforman Aro4p. La glutamina (Q24) en Aro4p-Sk 

confiere un nuevo puente de hidrogeno entre la beta plegada β0 del 

primer monómero con la β6b del segundo. Adicionalmente tanto β0 

como β6b, se localizan en las regiones involucradas en la interacción 

con la tirosina. Por lo tanto, la mayor estabilidad estructural conferida 

por Q24 podría incrementar la afinidad de Aro4p-Sk por la tirosina y, 

por ende, reducir su actividad. Proponemos que las condiciones 

ambientales del nicho donde se ha aislado S. kudriavzevii (corteza 

Quercus ilex) propiciaron que se fijara esta característica en Aro4p, ya 

que los análisis realizados a la salvia de Q. ilex sugieren que, en ciertas 

épocas, la proporción de tirosina con respecto al aminoácido más 

abundante supera con creces a la relación encontrada en mosto de 

uva. Por lo tanto, en S. kudriavzevii, ARO4 evolucionó hacia la 

reducción del flujo biosintético de tirosina probablemente debido a la 

elevada disponibilidad de esta en sus nichos naturales.  
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Capitulo 3: “A novel aminotransferase gene and its regulator 

acquired in Saccharomyces by a horizontal gene transfer event” 

La reanotación de los genomas completos de las cepas CBS7001 (S. 

uvarum) e IFO1802 (S. kudriavzevii) permitió la identificación de tres 

genes subtemolericos cuya anotación funcional inicial fue: una 

aminotransferasa (AT), un factor transcripciontal (TF) y una permeasa 

de aminoácido (AAP). Del mismo modo, se hallaron en la cepa 

CBS12537 (S. eubayanus) mediante una búsqueda Blastx de estos 

genes contra su genoma. Sin embargo, estos no fueron encontrados 

en otras especies del género Saccharomyces (S. cerevisiae, S. 

paradoxus, S. mikatae, S. arborícola y S. jurei). Debido a que estos 

genes estarían contribuyendo al metabolismo de aminoácidos, nos 

propusimos caracterizar su función. 

Un análisis de dominios funcionales contra la base de datos PROSITE 

encontró que la AT contiene un dominio de unión al piridoxal fosfato 

perteneciente a las aminotranferasas de clase III (AT-III). 

Adicionalmente, una búsqueda blastp contra la base de datos Swiss-

Prot indicó que la AT tiene una alta homología con la enzima 

dialquilglicina descarboxilasa (DGDA), la cual fue caracterizada por 

primera vez en la bacteria Burkholderia (ex Pseodumonas cepacia) y, 

posteriormente, en hongos filamentosos. La enzima DGDA pertenece 

a la familia AT-III y cataliza la transaminación y descarboxilación del 

aminoácido ácido aminoisobutirico (AIB) para formar acetona y 

alanina. El AIB se encuentra principalmente formando parte de 

oligopéptidos antimicrobianos, denominados peptabioles, 

sintetizados por hongos filamentosos tales como Trichoderma. 
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Adicionalmente, se ha demostrado que este aminoácido es tóxico para 

S. cerevisiae ya que inhibe su crecimiento mediante un mecanismo aún 

no descrito. Por lo tanto, cultivamos cepas pertenecientes a las 

especies de diferentes orígenes (naturales y fermentativos) que 

contienen el gen AT (S. kudriavzevii, S. uvarum y S. eubayanus) en 

medio mínimo con AIB como única fuente de nitrógeno. Demostramos 

que las cepas S. kudriavzevii y S. uvarum son capaces de crecer, siendo 

las cepas IFO1802 y BMV58 las cepas que exhibieron mejor 

crecimiento dentro de sus especies, respectivamente. Por ello, el gen 

AT fue denominado como DGD1 (dialquilglicina descarboxilasa 1), y 

para confirmar su rol en el catabolismo del AIB, generamos mutantes 

en las cepas IFO1802 y BMV58 en cada uno de los genes 

subteloméricos y en la región completa. Las cepas de S. uvarum, 

exhibieron, en general, un crecimiento lento. Otra forma de evaluar la 

actividad DGDA, es mediante la resistencia contra el efecto inhibitorio 

de AIB. Esto se hace creciendo las levaduras frente AIB junto a una 

fuente de nitrógeno no preferida (prolina), la cual induce la permeasa 

general de aminoácidos Gap1p, que capta el AIB hacia la célula y, por 

tanto, las levaduras que exhiben actividad DGDA resisten de mejor 

manera el efecto inhibitorio del AIB. Efectivamente, las cepas 

mutantes dgd1 (Su-DGD1∆ y Sk-DGD1∆) han perdido su capacidad de 

crecer frente AIB como única fuente de nitrógeno y son menos 

resistentes al efecto tóxico del AIB. Por lo tanto, demostramos que el 

gen DGD1 participa en la actividad DGDA. Para demostrar que DGD1 

codifica una DGDA, clonamos los genes DGD1 de las cepas BMV58 e 

IFO1802 en el plásmido de expresión pYES2.1 TOPO® TA y los 

expresamos en la cepa de laboratorio CML235. Demostramos que las 
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cepas CML235 que expresan DGD1, son capaces de consumir el AIB y 

de producir cantidades equimolares de acetona, producto de la 

reacción catalizada por DGDA. Adicionalmente, generamos mutantes 

alt1 en las cepas IFO1802 y BMV58, ya que la disrupción de este gen 

no permite utilizar el aminoácido alanina como fuente de nitrógeno, el 

cual es el otro producto final del catabolismo del AIB, catalizado por 

DGDA. Efectivamente, los mutantes alt1 son incapaces de crecer ante 

la presencia de AIB. Estos resultados confirman que DGD1 codifica una 

DGDA de levadura. 

De manera sorpresiva, durante el fenotipado de las cepas mutantes, 

las mutantes en el gen FT también perdieron su capacidad de utilizar 

el AIB y, fue denominado DGD2. Un análisis de las secuencias del gen 

DGD2 disponibles, encontró que esta contiene un dominio de unión al 

DNA (DBD) característico de las proteínas con dedos de zinc Zn2Cys6, 

aunque, solo presente en la cepa CR85. Sin embargo, se ha descrito 

que algunas proteínas de esta familia tales como Dal81p con capaces 

de ejercer su función sin su dominio DBD, ya que actúa como sensor 

del ligando y forma un heterodímero con otra proteína Zn2Cys6 

(Dal82p) el cual le confiere la actividad de unión al DNA a sus genes 

diana. Adicionalmente, la secuencia de Dgd2p exhibe una alta 

homología con la proteína Cha4p, otro miembro de las proteínas 

Zn2Cys6. Por lo tanto, hipotetizamos que el producto del gen DGD2 

regula la expresión del gen DGD1 ante la presencia del AIB. Por ello, 

cultivamos las cepas dgd2 mutantes (Su-DGD2∆ y Sk-DGD2∆) y sus 

parentales ante la presencia del AIB en condiciones que permitieran 

su cultivo y cuantificamos la expresión del gen DGD1 mediante qPCR. 
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En base a los resultados obtenidos demostramos que: (1) la presencia 

AIB induce la expresión de DGD1, (2) Se requiere que AIB ingrese al 

medio intracelular para inducir la expresión de DGD1, denominado 

inducción por exclusión, y (3) la presencia del gen DGD2 es esencial 

para que la inducción del gen DGD1 ocurra. Por lo tanto, concluimos 

que DGD2 codifica el regulador positivo de DGD1, el cual responde 

ante la presencia del AIB.  

Finalmente, nos propusimos determinar el origen de los genes 

subteloméricos. Se realizó una búsqueda de estos genes a otras 

especies de levadura del subfilum Saccharomycotina en el cual se pudo 

encontrar homólogos para los genes DGD1 y DGD2. Posteriormente, 

se realizó un análisis filogenético y observamos que ambos genes se 

agrupan con la especie Zygossacharomyces perteneciente al clado ZT, 

lo que sugiere que Saccharomyces adquirió estos genes mediante un 

evento de transferencia horizontal (HGT). Asimismo, se han descrito 

HGT en S. cerevisiae vínicas provenientes de Zygosaccharomyces y 

Torulaspora, otro miembro del clado ZT, que le han conferido a esta 

una ventaja competitiva en ambientes fermentativos (genes FSY1 y 

FOT1-2). Debido a que tanto las levaduras S. uvarum, S. kudriavzevii, 

Zygosaccharomyces y los hongos Trichoderma se localizan en 

ambientes naturales, los resultados obtenidos en este capítulo 

sugieren que DGD1 y DGD2 fueron adquiridos en el ancestro de 

Saccharomyces como un mecanismo de detoxificación a través del 

catabolismo del AIB, subproducto de la degradación de los peptabioles 

y, así, hacer frente contra su efecto inhibitorio de crecimiento. 
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I. The microbial biotechnologist 

I.A The discovery of Saccharomyces cerevisiae 

Yeasts have been with us throughout history without noticing them at 

the beginning. This relationship began with the production of the first 

fermented beverage. The most ancient vestige of this activity has been 

found in Neolithic China, dating as distant as 7000 B.C. (McGovern et 

al., 2004). Among them, winemaking has been referenced in Egypt and 

Phoenicia as far as 5000 B.C. Then, it expanded through Europe by the 

Roman Empire (500 B.C.), which finally landed in the America, Africa, 

and Oceania continents by the European explorer between the XVI and 

XIX centuries (Pretorius, 2000). The success of fermented beverages, 

and hence our relationship with yeasts, in different cultures is 

explained by its nutritional benefits, the combined effects of the 

ethanol (analgesic, disinfectant, and profound mind-altering effects), 

its usage in different social and religious events, and the meaningful 

role that had in the development of agriculture and the settling of 

societies, and therefore, the development of technology  (McGovern 

et al., 2004; Hames, 2014).  

Although humankind benefited from this “happy accident” and the 

production of fermented beverages was based on the repetition of 

these “accidents” (Pretorius et al., 2012), it was not until the end of 

the eighteenth century that the elucidation of yeast as fermenters 

started. In 1794 the French Chemist A. L. Lavoisier was the first to 

investigate the chemical changes produced during the fermentation 

process, which concluded that the sugar of the grape must is 

converted into acid and alcohols, yet he did not determine what 



Introduction 

26 | P a g e  
 

caused the fermentation. Later, thanks to the advances in Microscopy, 

the botanic J.M.B Desmazières observed and described the yeast cells 

as microorganisms that reside in beer and wine. In 1836, the physicist 

and engineer Charles Cagniard-Latour described yeast as living 

organism and was the first to suggest the potential involvement of 

yeast to break down sugars. A year later, the German physiologist 

Theodor Schwann conclude his research on the association between 

alcoholic fermentation and yeast propagation. Later, mycologist F.J.F 

Meyen, introduced the generic name Saccharomyces (from the Greek 

sugar + mushroom) and named the wine yeast Saccharomyces 

cerevisiae (Barnett, 1998). Finally, in the 1860s Louis Pasteur 

demonstrated that yeasts carry out the alcoholic fermentation of 

sugars through a physiological process (Barnett, 2003). 

I.B S. cerevisiae’s journey to becoming a powerful model organism 

Since the confirmation of the involvement of S. cerevisiae in alcoholic 

fermentation, many technological advances have been achieved 

thanks to its unique advantageous characteristics. Indeed, S. cerevisiae 

was used to set the fundaments of microbiology and biochemistry 

knowledge at the end of the nineteenth century (Barnett, 2003). S. 

cerevisiae is a unicellular eukaryotic microorganism that can be grown 

easily in defined media whose duplication times are as short as 90 

minutes under optimal nutritional and environmental conditions 

(Pretorius, 2000). It shows both asexual and sexual reproduction 

(Herskowitz, 1988). The ease of genetic manipulation of yeast has led 

to the development of many molecular genetic techniques such as 

yeast transformation (Ito et al., 1983), directed gene disruption 
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(Baudin et al., 1993), and the development of plasmids to insert and 

express heterologous genes (Feldmann, 2012). Moreover, it was an 

important contributor to the development of sequencing technologies 

since the laboratory strain S288c was the first eukaryote to be 

completely sequenced (Goffeau et al., 1996). The genome size 

includes approximately 12 megabases that contain 6000 protein 

encoding genes distributed into sixteen chromosomes (Pretorius, 

2000). This favoured enormous advances to characterise the function 

of genes and their physiological implications and allowed the 

generation of a collection of both gene-deletion (96% annotated 

genes) and overexpression mutants (Giaever et al., 2002; Sopko et al., 

2006).  

Additionally, since 23% of yeast’s genes are homologous to humans, 

set yeasts as a useful model for functional studies in human disease 

related genes (Liu et al., 2017). The research in yeast has been 

essential to dissecting the major process in cell biology such as control 

of cell cycle, sexual and asexual reproduction, protein trafficking, 

mechanism of the response to stresses, and the dissection of the 

metabolic pathways underlying the carbon, nitrogen, and fatty acid 

metabolism (Gershon and Gershon, 2000; Feldmann, 2012). Together 

with the easiness to manipulate and controlling its life cycle under 

laboratory conditions, all these advances had made S. cerevisiae the 

most powerful single-cell eukaryotic system for biological research 

(Liti, 2015). 
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I.C Life Cycle of S. cerevisiae 

S. cerevisiae proliferates through budding, by which the “mother” cell 

gives rise to a “daughter” cell, from new cellular material, that later 

separates from his “mother”. The cell cycle (Figure I.1) is composed of 

the interphase (G1, S, and G2 phases) and the mitosis (prophase – 

Chromosome condensation, metaphase – Chromosome alignment, 

anaphase – Chromosome separation & chromosome decondensation) 

(Feldmann, 2012). 

 

Figure I.1. Cell cycle of Saccharomyces cerevisiae. It is comprised of four phases 

(G1, S, G2 & M). Each cycle occurs each 90 minutes in optimal culture conditions. 

Extracted from Pretorius (2017). 

 

S. cerevisiae exists either as haploid or diploid where both proliferate 

through budding. However, there are two types of haploid specialized 

cells named mating type a and α which are capable of mating (sexual 

reproduction) each other when they meet. Both haploid cells 

synthetize two specific oligopeptide signalling molecules or 

pheromones named a-factor (Haploid a cell) and α-factor (Haploid α 

cell), which are detected by the receptors Ste3p and Ste2p, 
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respectively  (Herskowitz, 1988). The interaction between the 

pheromones and their receptor arrests the haploid cells in the G1 

phase and projects towards each other to finally mate, at both cellular 

and nuclear level, to form the diploid a/α cells, which is the third 

specialized cell that is unable to mate to other haploid cells. The 

formed diploid cell or zygote can either undergo mitosis and generate 

new diploid daughter cells or, upon nutritional starvation, experiment 

meiosis where four haploid cells are formed and encapsulated in 

spores and wrapped up together in a sac called ascus that germinates 

once favourable environmental conditions are restored (Figure I.2) 

(Herskowitz, 1988). 

 

Figure I.2. Transitions in the life cycle of Saccharomyces cerevisiae. Extracted from 

Wang et al. (2019). 

 

The process is controlled by the mating type (MAT) locus that acts as 

the master regulatory of the cell type identity, whose alleles are the 
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MATa and MATα which confer the phenotype of a and α cells, 

respectively (Herskowitz, 1988; Wang et al., 2019). The generation of 

both cell types in the ascus is explained by the Mating-type switching 

mechanism. It is the process by which a haploid mate type changes 

into the other through the genomic rearrangement at MAT locus from 

MATa to MATα and vice versa after each mitotic cycle. The process 

requires three copies of mating type sequence that are in chromosome 

III (Figure I.3): the above-mentioned active locus MAT and two silent 

loci denominated HML and HMR, which carries the MATα and MATa 

sequences, respectively (Wang et al., 2019).  

 

 

Figure I.3. Gene organization of the MAT, HML and HMR loci in S. cerevisiae. The 

shading boxes indicates repressed genes. Extracted from Wang et al. (2019). 

 

The endonuclease encoded by HO cleaves the active MAT locus 

followed by the DNA reparation through homology using the opposite 

mating-type HML or HMR (Figure I.4). Cells which carry an active 

version of the HO allele are called homothallic strains since one 
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haploid cell can produce cells of the opposite mating type and mating 

to generate a diploid cell. However, cells carrying an inactive or 

defective ho allele named as heterothallic can only generate haploid 

spores of the same mating type and are unable to form diploid. They 

can only form a diploid cell mating with a spore that come from 

another haploid colony (Herskowitz, 1988; Wang et al., 2019). 

 

Figure I.4. Mating-type interconversion mechanism in S. cerevisiae. Extracted from 

Herskowitz (1988). 

I.D Why S. cerevisiae is an industrial relevant microorganism?  

In addition to the above-mentioned traits, S. cerevisiae shows a 

particular set of features that makes it attractive for industrial 

applications. It is a facultative anaerobic microorganism whose 

characteristic metabolic life cycle strategy can be summarized as 

“make-accumulate-consume” (Piskur et al., 2006). The latter is based 

on the Crabtree effect, which is the conversion of sugars into ethanol 

through fermentation, even in aerobic conditions, instead of relying 

on respiration (oxidative metabolism), even though the latter results 

in high yields of ATP molecules (18 ATPs molecules per glucose 
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molecule consumed compared to the 2 molecules produced by 

fermentation) (Pfeiffer and Morley, 2014). This confers an advantage 

against its competitors, which are consuming the same nutrients since 

the ethanol is toxic for most of the microorganisms, and the reduction 

of industrial costs since oxygenation equipment is not required during 

the fermentation process (Piškur and Compagno, 2014). Moreover, S. 

cerevisiae show robust fermentation performance and high tolerance 

to different stresses such as oxidative stress, one of the negative 

effects exerted by the high alcohol concentration, it also shows 

osmotolerance against high sugar concentration and tolerance to 

acidic pH (Pretorius, 2000). Because of these traits, S. cerevisiae has 

been applied to different biotechnological industrial processes such as 

the production of bread, and the production of fermented beverages 

such as wine and beer (Pretorius, 2000; Legras et al., 2007; Pretorius 

et al., 2012; Stewart, 2016; Walker and Stewart, 2016), the production 

of recombinant therapeutic proteins (human insulin, hepatitis, and 

papilloma virus vaccines) (Martínez et al., 2012), production of 

bioethanol and butanol (Parapouli et al., 2020). Additionally, the 

emergency of the CRISPR technology and its application in yeast 

(Stovicek et al., 2017) plus its current GRAS (Generally Regarded as 

Safe) status have allowed the generation of engineered S. cerevisiae 

strains to be used as cell factories for the production of high value 

products such as ingredients for the food industry (Pretorius, 2017). 

Recently, it has been proposed the usage of yeast biomass as an 

alternative protein source for food (Jach et al., 2022). 
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II. Saccharomyces genus in winemaking 

II.A Challenges in Winemaking  

Nowadays, the winemaking industry is facing critical challenges as a 

consequence of meeting the consumer-driven demands looking for 

wines with richer and fruity flavour characters (Francis and 

Williamson, 2015; Varela et al., 2015; Tempere et al., 2019). To attain 

this, the winemakers extend the ripening time of grapes before the 

harvest (Varela et al., 2015). However, grapes are sensitive to 

environmental conditions. The ripeness, which is controlled by the 

temperature, determines the final concentration of the grape 

components such as the sugars (glucose and fructose), acids, phenolic 

compounds (pigment), and aromatic precursors (varietal aroma) 

(Nicholas, 2014) whose balance is needed to reach the optimal flavour 

profile (Querol et al., 2018) (Figure I.5). 
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Figure I.5. Equilibrium of the sensorial components of wine’s flavour. Extracted 

from Querol et al. (2018). 

However, the increment of average temperatures due to climate 

change (Figure I.6) is negatively affecting the quality of the grapes 

since high temperatures induce both early sugar accumulation and 

acidity reduction before reaching the optimal varietal flavour 

composition (Figure I.7) (van Leeuwen and Darriet, 2016; Ubeda et al., 

2020), and as vine grower said: “Even a genius can’t grow good Pinot 

Noir in Fresno (California, USA). It’s too hot” (Nicholas, 2014).  

Figure I.6. Average air temperature on the surface from 1850 to 2018. Extracted from 

Ubeda et al. (2020). 

The increment of sugars implies the production of high alcohol wines, 

whose alcohol content has risen by approximately 2% in the past 30 

years (Varela et al., 2015). The ethanol influences the sensory profiles 

such as enhancing the perception of bitterness, hotness and 

suppressing the fruitiness (King et al., 2013), making the wine’s flavour 

unbalanced. Moreover, its prejudicial effects on health (Poznyak and 

Rekve, 2018) and the increment of cost in countries where taxes 

depend on its percentage content (Varela et al., 2008) have pushed 
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winemakers to search for alternatives to reduce the alcohol content. 

Since then, many strategies to reduce it without compromising the 

flavour have been developed including viticultural practices, pre- and 

post-fermentation practices, winemaking practices, processing 

technologies, and microbiological practices (Varela et al., 2015), and 

even the idea of moving to other regions where the temperatures are 

reaching to suitable values (Nicholas, 2014).  

 

Figure I.7. Sugar, acid, and flavour evolution thought Ripening in normal (top) and 

warmer conditions. Extracted from Nicholas (2014). 
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However, many disadvantages are presented such as the reduction of 

varietal precursor in early harvested grapes. The reduction of the leaf 

area, for example, can reduce the ethanol content until 2% but also 

reduce phenolic compounds such as anthocyanins that confer the 

pigments of red wines approximately by 15% (Poni et al., 2013). 

Besides, the grape’s carbohydrate yield production is lower in the 

following seasons (Zufferey et al., 2012), which ultimately impairs the 

wine’s organoleptic properties. In addition, post-fermentation 

technologies increase operational costs (Schmidtke et al., 2012). 

Therefore, exploiting the natural diversity of Saccharomyces yeasts as 

starter cultures or co-inoculated with non-Saccharomyces yeast to 

decrease ethanol content and generate novel flavours has become the 

suitable approach since it is an inexpensive and simple option 

(Contreras et al., 2014; Steensels et al., 2014; Tilloy et al., 2014; 

Cubillos, 2016; Querol et al., 2018) 

II.B Exploiting Saccharomyces diversity  

Originally, the production of wine relied on spontaneous fermentation 

in which the microbial communities associated with the vineyard and 

grapes performed the fermentation (Pretorius, 2000). Although that 

could confer unique organoleptic properties, it yet presents great 

disadvantages such as the risk of spoilage or longer and stuck 

fermentations (Pretorius et al., 2012). During the fermentation, 

especially in the early stages, a complex succession of both yeast and 

bacteria communities is observed including the genera Cryptococcus, 

Debaryomyces, Issatchenkia, Kluyveromyces, Pichia, Rhodotorula, and 

Zygosaccharomyces, which decline once the oxygen is depleted and 
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the ethanol concentration increases. However, mildly fermentative 

yeasts such as Hanseniaspora uvarum, Starmerella bacillaris, 

Metschnikowia pulcherrima, Torulaspora delburecki, and Lachancea 

thermotolerans are capable of fermenting and surviving (Varela and 

Borneman, 2017). However, from mid-fermentation stages, S. 

cerevisiae prevails and dominates until generating a monoculture at 

the end of fermentation since it is capable of withstanding the 

selective pressure encountered in the grape must and throughout the 

fermentation such as osmotic pressure by high sugar concentration, 

high alcohol content, low pH, the presence of sulfite and limited 

nitrogen sources (Pretorius, 2000). The non-Saccharomyces yeasts 

show interesting oenological traits such as lower ethanol yield, higher 

glycerol production, and the production of unique distinctive flavours. 

Because of that, many studies have been conducted to exploit their 

ability through co-inoculation with commercial strains (Contreras et 

al., 2014; Mestre Furlani et al., 2017; Canonico et al., 2019). However, 

many of them show difficulties to compete in the must and carrying 

out reliable fermentations (Mestre Furlani et al., 2017). Therefore, 

since the development of the inoculation of pure culture of yeast into 

the must, concept introduced by the Carlsberg Brewery in Demark in 

1890, S. cerevisiae has been widely used as a starter to produce both 

reproducible and high-quality wines (Pretorius, 2000). Nevertheless, 

the available commercial S. cerevisiae strains show similar high 

ethanol yields which do not solve the high alcohol wines problem 

(Varela et al., 2008). Thus, the usage of non-cerevisiae species as a 

starter has been stated as a suitable approach to reduce ethanol 

production and confer variety of flavour in wines (Querol et al., 2018). 
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Nowadays, the Saccharomyces genus is composed of eight species (S. 

cerevisiae, S. paradoxus, S. mikatae, S. jurei, S. kudriavzevii, S. 

arboricola, S. eubayanus, and S. uvarum) and two natural interspecific 

hybrids (S. pastorianus and S. bayanus) (Figure I.8) isolated from 

natural and man-made niches (Alsammar and Delneri, 2020). In this 

thesis we will focus on the non-cerevisiae species S. uvarum and S. 

kudriavzevii since they show desired oenological traits and they are 

currently being studied to be applied in winemaking (Querol et al., 

2018) . 

 

Figure I.8. Saccharomyces phylogenetic tree. S. pastorianus is a natural hybrid 

between S. cerevisiae and S. eubayanus and S. bayanus is a triple natural hybrid 

between S. uvarum, S. eubayanus, and S. cerevisiae. Ancient taxonomical names of 

the species are in parenthesis. Extracted from Alsammar and Delneri (2020). 
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II.C Saccharomyces uvarum and Saccharomyces kudriavzevii  

S. uvarum (Pulvirenti et al., 2000; Gonzalez Flores et al., 2020) has 

been isolated from cold industrial environments such as wine (Giudici 

et al., 1999; Rainieri et al., 1999; Naumov et al., 2000; Pulvirenti et al., 

2000) and cider (González Flores et al., 2019) fermentation and in 

traditional beverages such as chicha (Rodríguez et al., 2017). In 

addition, wild strains were also isolated from natural environments 

such as bark and seed from Araucaria araucana trees (Rodríguez et al., 

2014). Moreover, many natural S. uvarum x S. cerevisiae hybrids have 

also been isolated from wine and cider fermentations (Masneuf et al., 

1998; González et al., 2006; Christine et al., 2007), which show robust 

fermentative traits at low temperatures (Gamero et al., 2013; Pérez-

Torrado et al., 2015). S. kudriavzevii was first isolated in decayed 

leaves in Japan (Naumov et al., 1995). Additionally, its contribution to 

winemaking got interested since natural S. kudriavzevii x S. cerevisiae 

hybrids were isolated in wine fermentations (González et al., 2006, 

2007). However, until that moment, no pure S. kudriavzevii isolate was 

found generating controversy of how these hybrids appeared. 

Nevertheless, a few years later the first European strains were 

discovered in the Iberian Peninsula from Quercus tree barks (Sampaio 

and Gonçalves, 2008; Lopes et al., 2010). Molecular characterization 

supported that European S. kudriavzevii isolates were the genomic 

donor of those hybrids (Lopes et al., 2010). Since both S. uvarum and 

S. kudriavzevii species were isolated from cold environments, they 

exhibit optimal growth values (Salvadó et al., 2011) and are capable of 

fermenting wine at low temperatures (Gamero et al., 2013). Because 

of that, they are considered cryotolerant species. The latter is a 
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desirable trait since some winemaking practice involve the usage of 

low fermentation temperatures (10-18 ºC) to influence positively the 

wine’s aromatic profile (Molina et al., 2007; Massera et al., 2021). 

However, in these conditions, some undesirable non-Saccharomyces 

yeasts can compete with S. cerevisiae, and hence, there is a risk of 

spoilage (Maturano et al., 2015). Thus, the usage of cold adapted 

Saccharomyces strains could also prevent their presence. Another 

interesting trait of these species and their hybrids with S. cerevisiae is 

their ability to produce higher amounts of glycerol (González et al., 

2007; Gamero et al., 2013; Pérez-Torrado et al., 2015; Peris et al., 

2016). The latter is an important fermentative by-product that plays 

important role in the balance redox of the yeast (Bakker et al., 2001) 

and acts as osmo- (Schüller et al., 1994; Lewis et al., 1995; Nevoigt and 

Stahl, 1997) and cryoprotectant (Izawa et al., 2004). In addition, it 

makes significant contribution to the wine’s sweetness, whose 

threshold taste level is 5.2 g/L in white wines, and in a less extent to 

the viscosity or “body” of the wine (Du et al., 2012; Goold et al., 2017). 

S. kudriavzevii show high activity in the glycerol-3-phosphate 

dehydrogenase Gdp1p, especially a low temperature (Arroyo-López et 

al., 2010; Oliveira et al., 2014). Moreover, both S. uvarum and S. 

kudriavzevii withstand better the osmotic stress at low temperature, 

whose strategy is based on the overproduction of extracellular glycerol 

which, in turn, is imported into the cell by the glycerol symporter Stl1p. 

On the contrary, S. cerevisiae relies on accumulating glycerol by closing 

the export channel Fps1p (Pérez-Torrado et al., 2016). In addition, the 

most significant and relevant consequence of the glycerol 

overproduction exhibited by these species is the reduction of ethanol 
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production (González et al., 2007; Gamero et al., 2013; Pérez-Torrado 

et al., 2015; Peris et al., 2016). Both glycerol and ethanol biosynthetic 

pathways are bound to the glycolysis pathway. Therefore, the 

diversion of the carbon flux towards glycerol to reduce ethanol yields 

has been the chosen strategy to generate low-ethanol yeasts in the 

last decade (Goold et al., 2017). Although the generation of genetically 

modified (GM) yeasts has proven to successfully reduce the ethanol 

yield, the production of other undesired compounds such as acetic 

acid and acetoin are increased (Goold et al., 2017), including the 

persistent anti-GM constraints promoted by the public opinion 

(Chambers and Pretorius, 2010). Similarly, the generation of low-

alcohol yeasts through directed adaptive evolution has been a suitable 

alternative but is time consuming and could affect other essential 

traits such as their competitiveness against the microbes present in 

the grape must (Varela et al., 2015; Goold et al., 2017).  

In addition to the above mentioned traits, these species show higher 

production of the desired volatile compounds 2-phenyl ethanol and 

phenyl acetate which confer to the wine the rose-like aroma (González 

et al., 2007; Gamero et al., 2013; Pérez-Torrado et al., 2015). In recent 

years, researchers have focused on the molecular foundations that 

explain the ability of these species to increase the production of these 

compounds. Stribny et al (2015) demonstrated that these species can 

increase the production when the fermentative aroma precursors 

were supplied. Furthermore, essential genes involved in the 

biosynthesis of the aroma compounds show differential activity in S. 

uvarum and S. kudriavzevii (Stribny, Querol, et al., 2016; Stribny, 
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Romagnoli, et al., 2016). Because of these antecedents, the usage of 

S. kudriavzevii and S. uvarum isolates and their hybrids as a starter 

including the generation of novel hybrids has been become attractive 

and currently being exploited to produce low alcohol wines with 

unique flavour profiles (Querol et al., 2018). 

III. Yeast metabolism in wine fermentation  

III.A Yeast growth 

During the wine fermentation, the yeasts begin to consume and 

catabolize the substrates present in the grape must such as sugars and 

nitrogen compounds, to obtain energy and increase their population 

(Figure I.9). 

 

Figure I.9. Yeast growth during the fermentation of the grape must. The growth phases 

and the evolution of sugar consumption and ethanol production are shown. Figure 

adapted from Zamora (2009) and Jackson (2014). 
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A typical growth kinetic curve has four growth phases (lag, 

exponential, stationary, and decline phases). However, the lag phase, 

whose population is 105 cells/mL in inoculated must, is generally 

undetectable in winemaking conditions since both endogenous and 

inoculated yeasts are in a pre-adapted state. Nevertheless, the lag 

phase could be observed under suboptimal conditions such as low 

fermentation temperature, low nitrogen availability, high sugar 

concentration, and low pH by the added sulfur compounds. During the 

exponential phase, the cell population rises to 107-108 cells/mL. At this 

point, half of the sugars have been consumed. Then, the cells enter the 

quasi-stationary phase because some nutrients become deficient, and 

the population remains nearly stable between 2-10 days. Finally, until 

the depletion of nutrients plus the oxidative stress exerted by the 

ethanol accumulation, the cells enter the decline phase where the cells 

die until they disappear (Zamora, 2009; Jackson, 2014). 

III.B Sugar catabolism to ethanol  

Under the anaerobic conditions found throughout the wine 

fermentation, the sugars present in the grape must (glucose and 

fructose) are used as fuel by yeast to obtain energy through the 

Embden-Meyerhoff glycolytic pathway or glycolysis (Figure I.10). From 

an energetic point of view, the glycolysis is an irreversible process 

under cellular conditions, whose free energy (ΔG) is -85 kJ/mol. It 

consists of a series of ten reactions, in which the first five, two ATP 

molecules are invested to activate the hexose molecules, also 

denominated as the preparatory phase. Then, the next five reactions, 

named as the Payoff phase, are involved in the breakdown of the 
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sugars by oxidation reactions where two ATP molecules, one NADH 

molecule, and a pyruvate molecule are produced.  

 

Figure I.10. Anaerobic sugar catabolism of S. cerevisiae during alcoholic 

fermentation of the grape must. The genes involved in every step are indicated in 

the legend. Figure was adapted from Querol et al. (2018). 
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In S. cerevisiae the pyruvate is an important intermediate for the 

biosynthesis of the anabolic building block, such as amino acids, or for 

the generation of energy. It can follow three different routes: enter 

the Tricarboxylic acid cycle (TCA, respiratory pathway), where is 

converted into acetyl-CoA by the pyruvate-dehydrogenase complex or 

it can be transformed into oxaloacetate by the pyruvate carboxylase 

(Pronk et al., 1996). Since there is no oxygen, which is the electron 

acceptor in the respiratory pathway, S. cerevisiae regenerates the 

NAD+ to maintain the redox balance by the generation of ethanol and 

glycerol (Piškur and Compagno, 2014). The biosynthesis of ethanol is 

the third pathway that pyruvate undergoes (Figure I.10), where it is 

converted into acetaldehyde by the pyruvate decarboxylase (PDC1, 

PDC5, and PDC6). Acetaldehyde is the electron acceptor used for the 

reoxidation of NADH to produce ethanol by the alcohol 

dehydrogenases (ADH1, ADH3, ADH4, and ADH5) (Pronk et al., 1996; 

Piškur and Compagno, 2014). The later pathway (Figure I.10) is the 

most used for S. cerevisiae since, as was mentioned previously, it is a 

Crabtree-positive yeast (Piskur et al., 2006; Pfeiffer and Morley, 2014), 

in which the presence of glucose represses almost completely the 

aerobic metabolism, even in the presence of oxygen (Barnett and 

Entian, 2005; Pfeiffer and Morley, 2014). The biosynthesis of glycerol 

begins with the reduction of the intermediate dihydroxyacetone 

phosphate to glycerol-3-phophate by the NADH-dependent glycerol 3-

phophate dehydrogenase encoded by the gene GPD1 and GPD2 whose 

expression are regulated by the osmotic stress and anaerobic 

conditions, respectively (Albertyn et al., 1994; Ansell et al., 1997). 

Therefore, GPD2 has a key role to maintain the redox balance under 
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anaerobic conditions (Ansell et al., 1997; Bakker et al., 2001). The 

phosphate group of the glycerol-3-phophate is hydrolysed by the 

glycerol-3-phosphatase encoded by the genes GPP1 and GPP2 (Bakker 

et al., 2001). The expression of GPP1 is induced in anaerobic 

conditions, and therefore, is involved in the balance redox under 

anoxic environments as well (Påhlman et al., 2001). Therefore, all 

these features contribute that yeasts ferment completely the sugars 

present in the grape must. 

III.C Role of the yeast in wine’s flavour development 

Grape must contain a wide variety of compounds released during the 

crushing and the maceration steps that impact the wine’s flavour. The 

yeasts interact and transform these compounds thought their 

metabolism, forming three distinctive aroma categories: (1) the 

varietal compounds (or varietal aroma) that come from the grape’s 

flavour precursors such as glycosides, cysteinylated conjugates, and 

non-conjugated secondary metabolites, (2) The flavour-active 

compounds metabolized from the carboxylic acids and phenolic 

compounds present in the grape, and (3) The fermentative Bouquet 

(or fermentative aroma) which are the compounds that proceed 

exclusively from the yeast metabolism. These compounds are volatile 

and non-volatile fermentative by-products (Figure I.11) that 

contribute to the wine’s flavour (Swiegers and Pretorius, 2005; Ugliano 

and Henschke, 2009; Pretorius et al., 2012). 
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Figure I.11. Fermentative by-products produced by yeast that constitute the 

fermentative aroma. Figure extracted from Pretorius et al. (2012). 

The fermentative volatile compounds include carbonyls, volatile fatty 

acids, volatile sulfur compounds, ethyl and acetate esters, and higher 

alcohols (Ugliano and Henschke, 2009). The latter (also named fusel 

alcohols) are considered the most important group since they are 

produced in great quantity and have strong flavours. Their 

concentration wine can vary between 140 to 420 mg/L (Ebeler, 2001) 

and make positive flavour contributions at concentrations below of 

300 mg/L yet become negative when the concentration is over 400 

mg/L (Swiegers and Pretorius, 2005). They are synthetized through 

Ehrlich pathway (Figure I.12) from which yeasts catabolize the 

aromatic, branched-chain, and sulfur-containing amino acids 

(Hazelwood et al., 2008; Pires et al., 2014). The pathway initiates with 

a transamination reaction, where de amino group of the amino acid is 

transferred to a α-ketoglutarate to form glutamate and a keto-acid. 

The genes ARO8 and ARO9 encodes for Aromatic aminotransferases I 
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and II, respectively. However, The Aro8p is capable of transaminated 

the methionine, α-aminoadipate (intermediate of lysine biosynthesis), 

and leucine amino acids and their corresponding keto-acids. In the 

same manner, the protein Aro9p can act over the kynurenine 

(Urrestarazu et al., 1998). The genes BAT1 and BAT2 encoded for the 

mitochondrial and cytosolic branched-chain amino acid (BCAA) 

aminotransferases responsible of the transamination of valine, 

leucine, and isoleucine (Kispal et al., 1996). However, BAT1 and BAT2 

seem to be involved in the anabolic and catabolic BCAA pathways, 

respectively (Cordente et al., 2012). Afterward, the formed keto-acid 

is decarboxylated into its corresponding acetaldehyde by the pyruvate 

carboxylases encoded by the genes PDC1, PDC5, PDC6 and ARO10 

(Hazelwood et al., 2008). ARO10 encodes for a phenylpyruvate 

decarboxylase which acts mainly upon phenylpyruvate, yet the 

pyruvate carboxylases Pdc1p, Pdc5p, and Pdc6p proteins can 

metabolize phenylpyruvate only if the gene THI3 is present (Vuralhan 

et al., 2003). However, in other species such as S. kudriavzevii the 

substrate specificity of Aro10p is broader compared to the S. cerevisiae 

protein, in which it shows similar preferences to the keto-acids α-

ketoisocaproate (leucine), α-ketoisovalerate (valine), α-keto-3-

methylvalerate (isoleucine) compared to the phenylpyruvate 

(phenylalanine) (Stribny, Romagnoli, et al., 2016). The formed 

acetaldehydes are toxic compounds that accumulate in the cell during 

the fermentation, reaching concentrations in which the cell growth is 

inhibited (Aranda and Del Olmo, 2004). Because of that, the third step 

of the Ehrlich pathway allows the detoxification of the aldehydes 

(Lambrechts and Pretorius, 2000) by reducing them to their 
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corresponding higher alcohols by the alcohol hydrogenases encoded 

by the genes ADH1 to ADH7 and SFA1 (Dickinson et al., 2003; Kondo et 

al., 2012), including the aryl-alcohol dehydrogenase AAD6 (Styger et 

al., 2011). Moreover, this step involves the reoxidation of NADH into 

NAD+ which also makes a little contribution to the redox balance in 

anaerobic conditions, yet is not their primordial function (Lambrechts 

and Pretorius, 2000).  

Each one of the higher alcohols exhibits particular odour profiles 

(Figure I.12) whose concentration can be decreased if the nitrogen 

content increases (Hernández-Orte et al., 2005) or decreases if specific 

amino acid precursors are added (Stribny et al., 2015; Pérez et al., 

2021). However, in winemaking conditions, the production of higher 

alcohols relies preferably on the catabolism of sugars (Ugliano and 

Henschke, 2009; Rollero et al., 2019) through the shikimate pathway 

(Gientka and Duszkiewicz-Reinhard, 2009). The pathway begins with 

the condensation of the glycolytic intermediate phosphoenolpyruvate 

(PEP) and intermediate erythrose-4-phosphate, from the phosphate 

pentose pathway (Figure I.12) (Bertels et al., 2021) to form 3-deoxy-

arabino-heptulosonate-7-phosphate (DAHP) carried by the DAHP 

synthase, encoded by the genes ARO3 and ARO4. The multidomain 

protein AROM, encoded by the gene ARO1, catalyses the next five 

reactions of the pathway to form 5-enolpyruvateshikimate-3-

phosphate (EPSP) which is finally dephosphorylated into chorismate 

by the chrosimate synthase, encoded by the gene ARO2. Under the 

limited amino acid conditions found in the grape must, the chorismate 

is the intermediate used for the biosynthesis of aromatic amino acids 
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phenylalanine, tyrosine, and tryptophan. However, during the 

biosynthesis of phenylalanine and tyrosine, the intermediate 

prephenate can enter directly into the Ehrlich pathway to produce 2-

phenylethanol and tyrosol (Luttik et al., 2008). Moreover, the formed 

tryptophan can enter to the Ehrlich pathway to be transformed into 

tryptophol. In addition, part of the pyruvate produced by the glycolysis 

can be converted into α-ketoisovalerate by the action of the genes 

ILV2, ILV3 and ILV5, and enter in the Ehrlich pathway to be 

transformed into isobutanol (Dzialo et al., 2017). 
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Figure I.12. Metabolic pathways involved in the biosynthesis of higher alcohols. The genes of the Ehrlich pathway (Hazelwood et al., 2008), shikimate 

pathway (Gientka and Duszkiewicz-Reinhard, 2009) and the different intermediates produced for the catabolism of each aromatic, branched-chain 

and sulfur containing amino acids (Dzialo et al., 2017) together with their aroma profile (Lambrechts and Pretorius, 2000; Pires et al., 2014) are 

shown. The keto-acids and amino acids intermediates that proceed from the shikimate pathway and glycolysis are shown in blue. G6P: Glycerol-6 

phosphate, PEP: Phosphoenolpyruvate, E4P: Erythrose-4-phosphate, DAHP: 3-deoxy-arabino-heptulosonate-7-phospahte, EPSP: 5-

enolpyruvateshikimate-3-phosphate. ADHX: Alcohol dehydrogenases genes ADH1 to ADH7. 
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Other important fermentative volatile compounds produced by yeasts 

are the esters, which are produced by a condensation reaction 

between an acetyl/acyl-CoA with an alcohol compound. Their 

concentrations in wine are higher than their odour threshold and they 

contribute to the characteristic fruity flavour of wines (Lambrechts and 

Pretorius, 2000; Ugliano and Henschke, 2009). There are two classes 

of esters (Figure I.13), based on the composition, called acetate esters 

and medium-chain fatty acid (MCFA) ethyl esters (Cordente et al., 

2012; Pires et al., 2014). 

 

Figure I.13. Metabolic pathways involved in the biosynthesis of acetate esters (up) and 

MFCA ethyl esters (down). The odour exhibited by each ester was extracted from 

Lambrechts and Pretorius, (2000); Dzialo et al. (2017). 
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The acetate esters are composed by an alcohol (ethanol or higher 

alcohol) condensed with an acetyl group. The most relevant 

compounds are the ethyl acetate, isoamyl acetate, isobutyl acetate 

and 2-phenylethyl acetate (Swiegers and Pretorius, 2005). The 

reaction is catalysed by the alcohol acetyltransferases encoded by the 

genes ATF1 and ATF2 (Verstrepen et al., 2003). Deletion experiments 

have demonstrated that both genes are involved mainly in the 

production ethyl acetate and Isoamyl acetate, but also in the other 

acetate esters such as isobutyl acetate and phenylethyl acetate. 

Moreover, the contribution of ATF1 is higher than ATF2 (Verstrepen et 

al., 2003). The MCFA ethyl esters are formed through the 

condensation of an ethanol molecule with an acyl-CoA molecules that 

proceed from the fatty acid metabolism (Tehlivets et al., 2007; 

Cordente et al., 2012). They are synthetized by the ethanol 

acyltransferase and ethanol hexaonyl transferase encoded by the 

genes EEB1 and EHT1, respectively (Saerens et al., 2006). Deletion 

experiments demonstrated that EEB1 gene plays a major role since 

eeb1 mutant strains reduced the production of ethyl butanoate, ethyl 

hexaonate, ethyl octanoate, and ethyl decanoate by 36%, 88%, 45%, 

and 80% compared to the parental strain, respectively. However, the 

deletion of EHT1 only affected the production of ethyl hexanoate and 

ethyl octanoate by 36% and 20 %, respectively, meaning that it plays a 

minor role in the production of these esters. Moreover, it has been 

suggested that EEB1 is, in part, involved in the detoxification of the 

MCFA octanoic and decanoic acids, which are toxic at high 

concentrations, since its expression is induced when exogenous 

decanoic acid was added (Legras et al., 2010). Although, the result is 
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controversial since it has been demonstrated that the expression was 

induced by octanoic acid rather decanoic acid in winemaking 

conditions (Saerens et al., 2008). Nevertheless, the production of 

MCFA ethyl esters is only increased when exogenous fatty acids are 

added but overexpression of EEB1 and EHT1 did not increase the 

production (Saerens et al., 2006). However, the overexpression of the 

EHT1 allele from the wine strain VIN13 slightly increased the 

production of ethyl hexanoate, ethyl octanoate, and ethyl decanoate 

enhancing the apple flavour in wine (Lilly et al., 2006). Recently, it has 

been hypothesised that the production of fruity esters such as isoamyl 

acetate, ethyl acetate and 2-phenyl acetate by yeasts allow them to 

attract insects and use them as a vector to dissipate themselves 

through natural environments (Dzialo et al., 2017). Additionally, atf1 

mutant strains were less attractive to D. melanogaster than the 

parental strain (Christiaens et al., 2014). 

III.D Nitrogen metabolism 

Nitrogen is an essential nutrient for the optimal yeast growth and 

processes involved in the amino acid and nucleotide metabolic 

pathways. Precise management of the nitrogen flux is required to 

properly respond to the availability of nutrients present in the 

environment. In the grape must, the amino acids are the major 

nitrogen source for the yeasts, also denominated as yeast assimilable 

nitrogen (YAN). The final concentration of each amino acid (Table I.1) 

varies significantly depending on the grape type, the season 

conditions, the vineyard, and the Viticultural practices (Bell and 

Henschke, 2005).  
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Table I.1. Concentration of free amino acid present in the grape juice at the harvest 

(Bell and Henschke, 2005). 

Amino acid Concentration range 

(mg/L) 
Amino acid Concentration range  

(mg/L) 

Alanine 10 – 227 Leucine 2 – 160 

Arginine 20 – 2322 Lysine 0.7 – 45 

Asparagine 1 – 171 Methionine 1 – 33 

Aspartic acid 10 – 138 Ornithine 0.1 – 27.2 

Citrulline 0.1 – 83 Phenylalanine 2.8 – 138 

Cysteine 1 – 8.2 Proline 9 – 2257 

Glutamine 9 – 4499 Serine 13 – 330 

Glutamic acid 27 – 454 Threonine 9 – 284 

Glycine 1 – 20 Tryptophan 0.2 – 11 

Histidine 5 – 197 Tyrosine 2 – 33 

Isoleucine 1 – 117 Valine 7 – 116 

 

The yeasts possess specific and general permeases to uptake amino 

acids into the cell and different catabolic pathways to generate 

ammonia from them. Each individual amino acid, except lysine, 

histidine, and cysteine, or even inorganic nitrogen salts such as 

ammonium chloride can support yeast growth as the sole nitrogen 

source, yet conferring different growth rates (Ljungdahl and Daignan-

Fornier, 2012). When the S. cerevisiae cells are growing on glucose as 

carbon source, the core pathway for nitrogen assimilation (Figure I.14) 

is based on the biosynthesis of glutamate and glutamine which 

represent the 85% and 15% of the total cellular nitrogen, respectively 

(Cooper, 1982; Magasanik and Kaiser, 2002). The ammonium 

extracted via transamination or deamination (Grenson, 1992; Godard 

et al., 2007) is transferred into an α-ketoglutarate, that originates from 
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the carbon metabolism, to produce glutamate. The reaction is carried 

out by the NADP+-dependent glutamate dehydrogenase encoded by 

the gene GDH1 (Moye et al., 1985). 

 

Figure I.14. Nitrogen metabolic pathways of S. cerevisiae. The anabolic (blue) and 

catabolic (yellow) genes involved in the metabolism of glutamate and glutamine (core 

nitrogen assimilation pathways) in yeast growing in the presence of glucose as a 

carbon source are shown. The preferred and non-preferred nitrogen sources are 

coloured in green and orange, respectively. The blue lines indicate the nitrogenous 

compounds that are synthesized from glutamate and glutamine. The schematic 

diagram was extracted from Ljungdahl & Daignan-Fornier (2012). 

Moreover, the glutamate can be combined with another ammonium 

molecule to form glutamine catalysed by the glutamine synthetase, 

which is the product of the gene GLN1 (Mitchell and Magasanik, 1984). 

Additionally, if either glutamate or its amino acid precursors such as 

proline are provided as the sole nitrogen source, the NAD+-dependent 

glutamate dehydrogenase, encoded by GDH2 degrades the glutamate 
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to release ammonium molecules, which will be used for the synthesis 

of glutamine (Miller and Magasanik, 1990). Moreover, the ability of 

gdh1 mutants to grow in the presence of ammonia (Cooper, 1982) 

allowed the discovery of the glutamate synthetase, encoded by GLT1, 

which transfers one ammonium group to the α-ketoglutarate to form 

2 molecules of glutamate (Roon et al., 1974; Filetici et al., 1996). 

Interestingly, the discovery that a double gdh1 glt1 mutant was able 

to grow on ammonium sulfate as the nitrogen source led to the 

discovery of the gene GDH3, which is a paralog of GDH1, induced in 

yeasts growing in the presence of ethanol, instead of glucose, as 

carbon source, and therefore, responsible for the biosynthesis of 

glutamate in these conditions (Avendano et al., 1997; DeLuna et al., 

2001). 

The variety of amino acids that can be used as nitrogen source by yeast 

has been qualitatively classified as preferred or non-preferred sources 

(Figure I.14) based on two different criteria. The first corresponds to 

the growth rate that an individual amino acid can support, in which the 

preferred amino acids confers short generation times. Meanwhile, the 

non-preferred amino acid supports slow growth rates. However, the 

ability to use the different amino acids is strain-dependent, and hence, 

the classification based on this criterion could become ambiguous 

(Magasanik and Kaiser, 2002). Recently, it has been demonstrated that 

non-cerevisiae and non-Saccharomyces species show different 

preferences compared to S. cerevisiae  (Su et al., 2020; Pérez et al., 

2021). Moreover, the catabolism of the preferred amino acids 

generates carbon skeletons, which are intermediate keto-acids of the 



Introduction 

58 | P a g e  
 

TCA (Table I.2) that can be integrated into the metabolism (Godard et 

al., 2007). Whereas the catabolism of the non-preferred amino acids 

yields carbon sources that are transformed into higher alcohols by the 

above-mentioned Ehrlich pathway (Hazelwood et al., 2008) (Figure 

I.12). 

Table I.2. Carbon skeletons produced by the catabolism of the amino acids (Godard et 

al., 2007). 

Keto acid Amino acid 

α-ketoglutarate glutamate, glutamine 

pyruvate serine, pyruvate 

oxaloacetate aspartate, asparagine 

malate allantoin, allantoate 

succinate GABA 

 

The second criterion is based on the gene expression pattern needed 

for the catabolism of a specific amino acid, where a non-preferred 

source requires the derepression of a specific set of genes for its 

catabolism. On the other hand, the preferred nitrogen sources 

maintain the repression of those genes. This regulatory mechanism is 

denominated as nitrogen catabolite repression (NCR) which allow the 

yeasts to selectively consume the preferred source even in the 

presence of non-preferred sources, which are consumed once the 

preferred source are depleted (Magasanik and Kaiser, 2002; Ljungdahl 

and Daignan-Fornier, 2012). The regulatory elements of the NCR 

include Ure2p and the four GATA factors encoded by the genes GLN3, 

GAT1, DAL80 and GZF3 (Magasanik and Kaiser, 2002; Ljungdahl and 
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Daignan-Fornier, 2012). The Ure2p regulator maintains repressed 

some, but not all, NCR-regulated genes (NCR-genes) in the presence of 

a preferred nitrogen source since its disruption produce constitutive 

expression of some NCR-genes, independently if a preferred source 

such as glutamine is present or not (Coschigano and Magasanik, 1991). 

Moreover, it acts as anchor to sequester Gln3p into the cytoplasm in 

the presence of preferred sources and liberates it once a preferred 

source is available (Figure I.15). It has been suggested that the 

association between Gln3p and Ure3p is promoted by glutamine, and 

therefore, the levels of the intracellular glutamine (Zaman et al., 2008).  

 

Figure I.15. Model of NCR-genes and GATA elements regulation. The green and red 

lines indicate positive and negative regulation, respectively. The dashed lines relatively 

weaker regulation. Extracted from Ljungdahl & Daignan-Fornier (2012). 

Gln3p and Gat1p/Nil1p are activators of the NCR-genes under 

conditions that derepress the NCR, i.e., the absence of preferred 

sources. Whereas Dal80p/Uga43p and Gzf3p/Deh1p are the effectors 

that maintain repressed the NCR-genes in the presence of the 

preferred nitrogen sources (Scazzocchio, 2000). These regulators 
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contain a C4 finger motif (Scazzocchio, 2000), which allows them to 

bind to the cis-element denominated UASNTR (nitrogen-regulated UAS) 

that consists of two separated dodecanucleotides containing the 

consensus sequence 5’-GATAA-3’ (Bysani et al., 1991; Cunningham 

and Cooper, 1993; Cunningham et al., 1996; Stanbrough and 

Magasanik, 1996; Coffman et al., 1997).The Dal80p and Gln3p also 

bind  to the cis element named URSGATA which consists of two GATAA-

containing sites separated by at least 15 bp (Cunningham and Cooper, 

1993; Coffman et al., 1996). Moreover, there are cross- and 

autoregulation between the GATA factors (Figure I.15) since the 

promoters of the GAT1, GZF3, and DAL80 genes contain UASNCR and 

URSGATA sites (Coffman et al., 1997; Ljungdahl and Daignan-Fornier, 

2012). 

As we mentioned above, the GATA factors contain the C4 motif, which 

is composed of four cysteine residues bound to a zinc atom 

(Scazzocchio, 2000). This is one of the three regulatory proteins or 

transcription factor (TF) classes present in S. cerevisiae characterized 

by containing Zn+2-stabilized DNA-binding domains (DBD) (Hahn and 

Young, 2011). Another important member is the C6 family or zinc 

binuclear cluster proteins (Zn2Cys6) whose recognition sites are CGG 

triplets (inverted, everted, or direct) separated from 2 to 26 

nucleotides depending on the protein (MacPherson et al., 2006). 

These proteins regulate many physiological processes in the yeast 

including the catabolism of specific nutrients such as amino acids and 

are exclusively found in fungi (Sellick and Reece, 2005; MacPherson et 

al., 2006). The C6 proteins have three distinctive functional domains 
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(Figure I.16): (1) a DBD, normally found at N-terminal, (2) the 

regulatory region or middle homology region (MHR), and (3) the acidic 

region or activation domain (AD). The DBD also contains three sub-

elements which are the Zinc fingers that contain two triplets of 

cysteines bound to two zinc atoms, the residues between the triplets 

possess the DNA-binding activity. The second sub-element, the Linker 

region, confers the DNA-binding specificity. Lastly the dimerization is 

needed since the majority of the proteins function as homodimers 

and, in a less extent, as heterodimers (MacPherson et al., 2006).  

 

 

Figure I.16. Functional domain of the zinc binuclear cluster proteins. Extracted from 

MacPherson et al. (2006). 

The MHR region is believed to regulate the activity of the TF. Although, 

a consensus sequence has been determined for MHR, it is highly 

variable among the different members of the C6 proteins (Schjerling 

and Holmberg, 1996). Finally, the ADs are regions that contain acidic 

residues, where the general transcriptional machinery (RNA pol II and 

the other auxiliary transcriptional proteins) is recruited to start the 

gene transcription (Hahn and Young, 2011). Pioneer studies in the 

protein Put3p, which is the protein that induce the expression of the 

catabolic genes PUT1 and PUT2 in the presence of proline as the sole 

nitrogen source, allowed to propose the Self-Masking model (Figure 

I.17) (Kohlhaw, 2003; Sellick and Reece, 2005). The protein senses its 

ligand (the amino acid) by binding directly to it in the central control 
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region or MHR, generating conformational changes that unmask the 

AD, allowing to recruit the RNA pol II to initiate the transcription 

(Sellick and Reece, 2003, 2005). However, in the case of the well-

studied Gal4p the galactose is detected by the protein sensor Gal3p 

which is then bound to the inhibitor Gal80p, unmasking the AD of 

Gal4p, which then it induces the expression of the GAL genes 

(Campbell et al., 2008). 

  

 

Figure I.17. Self-masking model of the protein Put3p to initiate the expression of the 

genes PUT1 and PUT2. Extracted from Sellick & Reece (2005). 
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This thesis has been conceived as part of the Marie Sklodowska-Curie 

Innovative Training Network (ITN) project Aromagenesis (ID: 764364), 

financed by the European Commission’s Horizon 2020 funding 

program, whose aim is to obtain a better understanding of the 

molecular processes behind the production of desired aromatic 

compounds by yeast during fermentation of wine and beer, and from 

that knowledge, develop novel strains by breeding and hybridization. 

All the work has been carried out in Dr. Amparo Querol’s lab in the 

Institute of Agrochemistry and Food Technology (IATA) located in 

Paterna, Valencia (Spain) 

In the last decades, the wine industry has been dealing with the 

production of wines with elevated alcohol levels because of the 

increased sugar accumulation of the grapes as a consequence of 

extending the ripening times to obtain the varietal flavour demanded 

by consumers, and the negative effect of climate change. To attain this 

phenomenon, the usage of the non-cerevisiae species S. uvarum and 

S.  kudriavzevii has been one of the most attractive options to reduce 

the alcohol content without compromising the flavour, and ever 

conferring a differential and valuable aromatic profile. 

In this work, we have focused on the genes involved in metabolic 

routes governing the metabolism of amino acids of these alternative 

species since these pathways are directly related to the production of 

aroma compounds such as higher alcohols and, in consequence, the 

acetate esters, which confer to the wine its fruity and rose flavour. 
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We have collaborated with the genetics and bioinformatics team lead 

by Dr. Eladio Barrio, in which several evolutionary aspects were 

considered to select the candidate genes. As a result of these analyses, 

the genes ARO4 (S. kudriavzevii) and ARO80 (S. uvarum & S. 

kudriavzevii) were selected, which are involved in the production of 

the desired higher alcohol phenylethanol and, therefore, in the 

production of phenylethyl acetate. 

Moreover, thanks to the comparison of different Saccharomyces 

genomes, we discovered novel subtelomeric genes related to the 

catabolism of amino acids, which is an important trait during the 

fermentation, found in the species S. uvarum, S. kudriavzevii and S. 

eubayanus. 

Therefore, the objectives and subobjectives to be developed in this 

thesis are the following:  

Objective 1. Study the impact of the ARO4 and ARO80 alleles on the 

production of phenylethanol and phenylethyl acetate. 

a. Generation of recombinant S. cerevisiae strains carrying the 

different alleles. 

b. Carry out fermentation in winemaking and laboratory 

conditions to essay the effects of the different alleles in the 

production of phenylethanol and phenyl ethyl acetate. 

c. Analyse the expression pattern of the genes regulated by the 

Aro80p encoded by the different ARO80 alleles. 

d. Test the activity of Aro4p from the different ARO4 alleles. 

The results are presented in Chapter 1 and Chapter 2. 
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Objective 2. Functional characterization of novel subtelomeric genes. 

a. Perform homology analysis of the sequences using 

bioinformatic tools against different databases. 

b. Phenotyping the different Saccharomyces species during 

growth with unconventional nitrogen sources. 

c. Generate mutant strains in the subtelomeric genes and study 

their behaviour in different conditions. 

d. Study the protein activities by in vivo assays. 

e. Analyse the gene expression of the new subtelomeric genes. 

The results are presented in Chapter 3. 
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Culture media 

The composition of the different media used in this thesis work are 

described in the following tables: 

YPD – Yeast Peptone Dextrose  

Glucose 20 g/L 
Peptone 20 g/L 
Yeast extract 10 g/L 
Agar(1) 20 g/L 

YPD-N(2) 

ClonNAT (Nourseothricin) 100 µg/mL 

YPD-K(2) 

Geneticin® (G418 Sulfate) 200 µg/mL 
(1) Added only for solid media, (2) Required for selective media 

 

SC-ura – Synthetic complete defined medium without uracil 

RemelTM Yeast Nitrogen Base without 
Amino acid 

6.7 g/L 

FormediumTM Synthetic Complete 
Mixture (Kaiser) Drop-out: -URA 

1.926 mg/L 

D-Glucose 20 g/L 
Agar(1) 20 g/L 

(1) Added only for solid medium 

 

SD – Minimal Synthetic Defined Medium 

DifcoTM Yeast Nitrogen Base 6.7 g/L 
Glucose 20 g/L 
Agar(1) 20 g/L 

(1) Added only for solid medium 

 

SD-AIB – Minimal Synthetic Defined Medium with AIB 

DifcoTM Yeast Nitrogen Base without Amino 
Acids and Ammonium Sulfate 

1.7 g/L 

2-Aminoisobutyric acid, 98%(2)  1.031 g/L (10 mM) 
 0.516 g/L (5 mM) 
 0.103 g/L (1 mM) 
D-Glucose 20 g/L 
Agar(1) 20 g/L 

(1) Added only for solid medium, (2) Three different concentrations were used 
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SD-AIB-2 – Minimal Synthetic Defined Medium with AIB plus the required amino 
acid for auxotrophies 

DifcoTM Yeast Nitrogen Base without Amino Acids and 
Ammonium Sulfate 

1.7 g/L 

2-Aminoisobutyric acid 98%   1.031 g/L (10 mM) 
L-Histidine, ≥99% (TLC) (1) 500 mg/L 
L-Leucine, ≥98% (HPLC) (1) 125 mg/L 
D-Raffinose 10 g/L 
D-Galactose 20 g/L 

(1) Required amounts for auxotrophies (Pronk, 2002) 

SD-AIB-G – Minimal Synthetic Defined Medium with AIB and glutamine 

DifcoTM Yeast Nitrogen Base without Amino Acids 
and Ammonium Sulfate 

1.7 g/L 

2-Aminoisobutyric acid, 98%(2)  1.031 g/L (10 mM) 
 0.516 g/L (5 mM) 
 0.103 g/L (1 mM) 
L-Glutamine, ≥99% (HPLC) 1.461 g/L (10 mM) 
D-Glucose 20 g/L 
Agar(1) 20 g/L 

(1) Added only for solid medium, (2) Three different concentrations were used 

 

SD-AIB-P – Minimal Synthetic Defined Medium with AIB and proline 

DifcoTM Yeast Nitrogen Base without Amino Acids 
and Ammonium Sulfate 

1.7 g/L 

2-Aminoisobutyric acid, 98%  1.031 g/L (10 mM) 
 0.516 g/L (5 mM) 
 0.103 g/L (1 mM) 
L-Proline  1.151 g/L (10 mM) 
D-Glucose 20 g/L 
Agar(1) 20 g/L 

(1) Added only for solid medium 

 

SD-AIB-P-2 – Minimal Synthetic Defined Medium with AIB and proline plus 
required amino acid for auxotrophies 

DifcoTM Yeast Nitrogen Base without Amino Acids and 
Ammonium Sulfate 

1.7 g/L 

2-Aminoisobutyric acid 98%   1.031 g/L (10 mM) 
L-Proline  1.151 g/L (10 mM) 
L-Histidine, ≥99% (TLC) (1) 500 mg/L 
L-Leucine, ≥98% (HPLC) (1) 125 mg/L 
D-Raffinose 10 g/L 
D-Galactose 20 g/L 

(1) Required amounts for auxotrophies (Pronk, 2002) 
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SD-ALA – Minimal Synthetic Defined Medium with alanine 

DifcoTM Yeast Nitrogen Base without Amino 
Acids and Ammonium Sulfate 

1.7 g/L 

L-Alanine, 99% 0.891 g/L (10 mM) 
D-Glucose 20 g/L 
Agar(1) 20 g/L 

(1) Added only for solid medium 

SD-GLN – Minimal Synthetic Defined Medium with glutamine 

DifcoTM Yeast Nitrogen Base without Amino 
Acids and Ammonium Sulfate 

1.7 g/L 

L-Glutamine, ≥99% (HPLC) 1.461 g/L (10 mM) 
D-Glucose 20 g/L 
Agar(1) 20 g/L 

(1) Added only for solid medium 

SD-NH4 – Minimal Synthetic Defined Medium with Ammonium sulfate 

DifcoTM Yeast Nitrogen Base without Amino Acids and 
Ammonium Sulfate 

1.7 g/L 

Ammonium Sulfate (NH4)2SO4 5 g/L 
D-Glucose 20 g/L 

 

SD-PHE – Minimal Synthetic Defined Medium with phenylalanine 

DifcoTM Yeast Nitrogen Base without Amino 
Acids and Ammonium Sulfate 

1.7 g/L 

L-Phenylalanine reagent grade, ≥98% (HPLC) 12.5 g/L 
D-Glucose 20 g/L 

 
SD-PHE-2 (Minimal Synthetic Defined Medium with phenylalanine only) 

DifcoTM Yeast Nitrogen Base without Amino Acids and 
Ammonium Sulfate 

1.7 g/L 

L-Phenylalanine reagent grade, ≥98% (HPLC)  1.652 g/L (10 mM) 
D-Glucose 20 g/L 
Agar(1) 20 g/L 

(1) Added only for solid medium 

SD-PRO – Minimal Synthetic Defined Medium with proline 

DifcoTM Yeast Nitrogen Base without Amino 
Acids and Ammonium Sulfate 

1.7 g/L 

L-Proline  1.151 g/L (10 mM) 
D-Glucose 20 g/L 
Agar(1) 20 g/L 

(1) Added only for solid medium 
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SD-TRP – Minimal Synthetic Defined Medium with tryptophan only 

DifcoTM Yeast Nitrogen Base without Amino Acids and 
Ammonium Sulfate 

1.7 g/L 

L-Tryptophan reagent grade, ≥98% (HPLC)  2.042 g/L (10 mM) 
D-Glucose 20 g/L 
Agar(1) 20 g/L 

(1) Added only for solid medium 

 

SC – Synthetic complete defined medium 

RemelTM Yeast Nitrogen Base without Amino acid 6.7 g/L 
Amino acid mix 10X 10 % v/v 
D-Glucose 20 g/L 

 

SC-aro – Synthetic complete defined medium without aromatic amino acids 

RemelTM Yeast Nitrogen Base without Amino acid 6.7 g/L 
Amino acid-aro mix 10X 10 % v/v 
D-Glucose 20 g/L 

Sc-aro plus L-tyrosine  

5 mM Tyrosine solution(1)  2% v/v (0.1 mM) 
 10% v/v (0.5 mM) 
 20% v/v (1 mM) 
 40% v/v (2 mM) 
 100% v/v (5 mM) 

(1) The solution was prepared in the same SC-aro medium at 0.906 g/L of L-tyrosine 

 

Amino acid mix 10x Amino acid-aro 10 mix 

Adenine sulfate 0.29 g/L Adenine sulfate 0.29 g/L 
Uracil 0.2 g/L Uracil 0.2 g/L 
L-Tryptophan 0.4 g/L L-Tryptophan 0.4 g/L 
L-Histidine 0.16 g/L L-Histidine 0.16 g/L 
L-Arginine 0.17 g/L L-Arginine 0.17 g/L 
L-Leucine 0.6 g/L L-Leucine 0.6 g/L 
L-Lysine 0.24 g/L L-Lysine 0.24 g/L 
L-Glutamic acid 1 g/L L-Glutamic acid 1 g/L 
L-Asparagine 1 g/L L-Asparagine 1 g/L 
L-Valine 1.5 g/L L-Valine 1.5 g/L 
L-Serine 3.75 g/L L-Serine 3.75 g/L 
L-Methionine 0.2 g/L L-Methionine 0.2 g/L 
L-Tyrosine 0.3 g/L L-Tyrosine - 
L-Phenylalanine 0.5 g/L L-Phenylalanine - 
L-Threonine 2 g/L L-Threonine - 

The composition of the mix was based on (Ear et al., 2016). 



Material and methods 

75 | P a g e  
 

 

 

 

SCR-ura – Growth medium for protein production 

RemelTM Yeast Nitrogen Base without Amino acid 6.7 g/L 
FormediumTM Synthetic Complete Mixture (Kaiser) Drop-out: -URA 1.926 mg/L 
D-Raffinose 20 g/L 

 

SCRG-ura – Inducer medium for protein production 

RemelTM Yeast Nitrogen Base without Amino acid 6.7 g/L 
FormediumTM Synthetic Complete Mixture (Kaiser) Drop-out: -URA 1.926 mg/L 
D-Raffinose 10 g/L 
D-Galactose 20 g/L 

 

LB – Luria-Bertani Broth 

Tryptone 10 g/L 
Yeast extract 5 g/L 
NaCl 10 g/L 
Agar(1) 20 g/L 

LB-Amp(2)  
Ampicillin 100 µg/mL 

(1) Added only for solid media, (2) Required for selective media 

 

SOC medium (per 100 mL) 

Tryptone 20 g/L 
Yeast extract 5 g/L 
NaCl 0.5 g/L 
MgCl2(1) 10 mM 
MgSO4

(1) 10 mM  
Glucose(2) 4 g/L 

(1) 1 mL of filter-sterilized 1M solution per 100 mL was added, (2) 2 mL of filter-

sterilized 20% w/v solution was added 
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SWM – Synthetic Wine Must 

Sugars Salts 
D-Glucose 100 g/L KH2PO4 0.75 g/L 

D-Fructose 100 g/L K2SO4 0.5 g/L 

Acids MgSO4•7H2O 0.25 g/L 

Malic acid 5 g/L CaCl2•2H2O 0.155 g/L 
Tartaric acid 3 g/L NaCl 0.2 g/L 

Citric acid 1-hydrate 0.5 g/L NH4Cl 
0.195 g/L  
(72 YAN) 

Vitamins Stock 100X  10 mL/L 
L-Amino acids 
Stock  

5.54 mL/L (108 
YAN) 

Myo-inositol 2 g/L (20) Alanine 11.2 g/L (62.0) 
Calcium pantothenate (B5)  0.15 g/L (1.5) Arginine 28.3 g/L (156.8) 

Thiamine hydrochloride 
(B1) 

0.025 g/L 
(0.25) 

Aspartic acid 3.4 g/L (18.8) 

Nicotinic acid (B3) 0.2 g/L (2) Cysteine 1.5 g/L (8.31)  

Pyridoxine (B6) 
0.025 g/L 
(0.25) 

Glutamic acid 9.2 g/L (51.0) 

Biotin (B7) 
0.0003 g/L 
(0.003) 

Glutamine 38.4 g/L (212.7) 

Oligoelements 1000x 1 mL/L Glycine 1.4 g/L (7.76) 

MnSO4•H2O 4 g/L (4) Histidine 2.6 g/L (14.4) 

ZnSO4•7H2O 4 g/L (4) Isoleucine 2.5 g/L (13.9) 
CuSO4•5H2O 1 g/L (1) Leucine 3.7 g/L (20.5) 

KI 1 g/L (1) Lysine 1.3 g/L (7.20) 

H3BO3 1 g/L (1) Methionine 2.4 g/L (13.3) 
(NH4)6Mo7O24•4H2O 1 g/L (1) Phenylalanine 2.9 g/L (16.1) 

CoCl2•5H2O 0.4 g/L (0.4) Proline 46.1 g/L (255.4) 

Anaerobiosis factors 1000x 1 mL/L Serine 6.0 g/L (33.2) 

Ergosterol 15 g/L (15) Threonine 5.8 g/L (32.1) 
Oleic acid 5 g/L (5) Tryptophan 13.4 g/L (74.2) 

Ethanol 50 mL Tyrosine 1.5 g/L (8.31) 

Tween 80 50 mL Valine 3.4 g/L (18.8) 

Buffered up to pH 3.3 with 1M NaOH  

YAN: Yeast assimilable nitrogen, mgN/L. In bold are the final concentration in mg/L 

of the different reagents from the stocks in the wine must. The composition was 

based on (Bely et al., 1990; Rollero et al., 2015). 
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Table M.1 Yeast and bacterial strains used in this thesis work 

I. Yeast 

Saccharomyces 
Strain Specie Source Reference Chapter 

CML235 S. cerevisiae Lab strain (Winston et al., 1995) 3 

EC1118 S. cerevisiae Wine (Madrid, Spain) Lallemand 3 

T73 S. cerevisiae Wine (Alicante, Spain) (A. Querol et al., 1992) 1, 2, 3 

YPS128 S. cerevisiae Quercus alba (Pennsylvania, USA) (Sniegowski et al., 2002) 3 

S288C S. cerevisiae Lab strain 
(Mortimer and Johnston, 
1986) 

3 

BMV58 S. uvarum Wine (Spain) (Pérez-Torrado et al., 2016) 1, 3 

CBS7001 S. uvarum Mesophylax adoperus (Spain) (Naumov et al., 1992) 3 

NPCC1290 S. uvarum Araucaria araucana (Tromen, Argentina) (Rodríguez et al., 2014) 3 

NPCC1314 S. uvarum Chicha (Pucón, Chile) (Rodríguez et al., 2017) 3 

CR85 S. kudriavzevii Quercus ilex (Ciudad Real, Spain) (Lopes et al., 2010) 1, 2, 3 
IFO1802 S. kudriavzevii Partially decay leaf (Japan) (Naumov et al., 1995) 3 

CR90 S. kudriavzevii Quercus faginea (Ciudad Real, Spain) (Lopes et al., 2010) 3 

CBS12751 S. kudriavzevii Soil (Taoyuan & Kaohsiung, Taiwan) (Naumov et al., 2013) 3 

NPCC1282 S. eubayanus Araucaria araucana (Cavihaue, Argentina)  (Rodríguez et al., 2014) 3 

NPCC1286 S. eubayanus Araucaria araucana (Cavihaue, Argentina) (Rodríguez et al., 2014) 3 
NPCC1292 S. eubayanus Araucaria araucana (Tromen, Argentina) (Rodríguez et al., 2014) 3 

CL216.1 S. eubayanus Nothofagus pumilio (Villarrica, Chile) (Nespolo et al., 2020) 3 

     
´ 
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Continuation 

Torulaspora 

Strain Specie Source Reference Chapter 

CLIB830T T. microellipsoides Apple Juice (Bischofszell, Germany) (Kurtzman, 2011) 3 
CBS6141 T. microellipsoides Exudate of sandalwood (Hawaii, USA) (Kurtzman, 2011) 3 

CBS6762 T. microellipsoides Lemonade (Switzerland) (Kurtzman, 2011) 3 

CBS6143 T. microellipsoides Tea-beer (Finland) (Kurtzman, 2011) 3 

NRRLY 17058 T. microellipsoides Tea-beer (Finland) (Kurtzman, 2011) 3 

Zygosaccharomyces 
Strain Specie Source Reference Chapter 

YB4811 Z. kombuchaensis Kombucha tea (Rusia) (Kurtzman et al., 2001) 3 

CECT1232 Z. rouxii Black grape must (Italy) (James and Stratford, 2011) 3 
CECT1924 Z. baili Unknown (Japan) (Johnson and Brown, 1972) 3 

II. Bacterium 

Strain Specie Source Reference Chapter 

TOP10F' Escherichia coli Lab strain Invitrogen 3 

 

Table M.2 Genotype of the engineered yeast and bacterial strains used in this thesis work 

Strain Parental strain Relevant genotype Reference Chapter 

AQ2775 T73 MATalpha This work 1, 2 

AQ2901 BMV58 MATa ho::MX4dsdA This work 1, 3  

AQ4013 CR85 MATalpha ho::MX4dsdA This work 1, 2 
ST41 AQ2775 MATalpha aro4::KANMX This work 2 

ST41-Sc ST41 MATalpha aro4::kanmx::ARO4(T73) This work 2 
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Continuation     

ST41-Sk ST41 MATalpha aro4::kanmx::ARO4(CR85)  This work 2 

ST41-Sc-3Δ ST41-Sc MATalpha aro4::kanmx::ARO4(T73), aro3::KANMX This work 2 
ST41-Sk-3Δ ST41-Sk MATalpha aro4::kanmx::ARO4(CR85), aro3::KANMX This work 2 

ST44 AQ2775 MATalpha aro80::KANMX This work 1 

ST44-Sc ST44 MATalpha aro80::kanmx::ARO80(T73) This work 1 
ST44-Su ST44 MATalpha aro80::kanmx::ARO80(BMV58) This work 1 

ST44-Sk ST44 MATalpha aro80::kanmx::ARO80(CR85) This work 1 

Su-ClusterΔ AQ2901 MATa ho::MX4dsdA clusterΔ::NATMX4 This work 3 

Su-DGD2Δ AQ2901 MATa ho::MX4dsdA dgd2Δ::NATMX4 This work 3 

Su-DGD1Δ AQ2901 MATa ho::MX4dsdA dgd1Δ::NATMX4 This work 3 

Su-AAPdΔ AQ2901 MATa ho::MX4dsdA aapdΔ::NATMX4 This work 3 
Su-ALT1Δ AQ2901 MATa ho::MX4dsdA alt1::KANMX This work 3 

Sk-ClusterΔ IFO1802 MATa/MATalpha clusterΔ::Cluster-dDNA This work 3 

Sk-DGD2Δ IFO1802 MATa/MATalpha dgd2Δ::DGD2-dDNA This work 3 
Sk-DGD1Δ IFO1802 MATa/MATalpha dgd1Δ::DGD1-dDNA This work 3 

Sk-AAPΔ IFO1802 MATa/MATalpha aapdΔ::GAP1d-dDNA This work 3 

Sk-ALT1Δ IFO1802 MATa/MATalpha alt1Δ::ALT1-dDNA This work 3 
CML235 FY1679 MATa ura3-52 leu2Δ1 his3Δ200 TRP1 GAL2 (Winston et al., 1995) 3 

CML235-DGD1-Sk CML235 MATa ura3-52 leu2Δ1 his3Δ200 TRP1 GAL2, pYES-Sk-DGD1 This study 3 

CML235-DGD1-Su CML235 MATa ura3-52 leu2Δ1 his3Δ200 TRP1 GAL2, pYES-Su-DGD1 This study 3 
CML235-LacZ CML235 MATa ura3-52 leu2Δ1 his3Δ200 TRP1 GAL2, pYES-LacZ This study 3 

TOP10F' - 
F´{lacIq Tn10 (TetR)} mcrA ∆(mrr-hsdRMS-mcrBC) 
Φ80lacZ∆M15 ∆lacX74 recA1 araD139 ∆(ara-leu)7697 galU 
galK rpsL (StrR) endA1 nupG 

Invitrogen 3 

TOP10F'-DGD1(Sk) TOP10F' 
F´{lacIq Tn10 (TetR)} mcrA ∆(mrr-hsdRMS-mcrBC) 
Φ80lacZ∆M15 ∆lacX74 recA1 araD139 ∆(ara-leu)7697 galU 
galK rpsL (StrR) endA1 nupG pYES-Sk-DGD1 

This study 3 

TOP10F'-DGD1(Su) TOP10F' 
F´{lacIq Tn10 (TetR)} mcrA ∆(mrr-hsdRMS-mcrBC) 
Φ80lacZ∆M15 ∆lacX74 recA1 araD139 ∆(ara-leu)7697 galU 
galK rpsL (StrR) endA1 nupG pYES-Su-DGD1 

This study 3 
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Table M.3 Plasmids used in this thesis work 

Plasmid Relevant Characteristics Replicon Marker Reference Chapter 

pUG6 KanMX pBR322 KanMX, AmpR (Güldener et al., 1996) 1, 2 

pAG25 NATMX4 pBR322 AmpR 
(Goldstein and McCusker, 

1999) 
3 

pRCC-N pSNR52-gRNA, pROX3-cas9   2µ/pUC natMX, AmpR (Generoso et al., 2016) 1, 2, 3 

pYES2.1 TOPO® TA pGAL1-CYC1 TT-V5 epitope-6xHis 2µ/pUC URA3, AmpR Invitrogen 3 

pYES-LacZ pGAL1-LacZ-CYC1 TT-V5 epitope-6xHis  2µ/pUC URA3, AmpR Invitrogen 3 

pYES-Sk-DGD1 
pGAL1-DGD1(IFO1802-ChrVII)-CYC1 
TT-V5 epitope-6xHis 

2µ/pUC URA3, AmpR This work 3 

pYES-Su-DGD1 
pGAL1-DGD1(BMV58)-CYC1 TT-V5 
epitope-6xHis 

2µ/pUC URA3, AmpR This work 3 

 
Table M.4 Restriction enzymes used in thesis work 

Enzyme Recognition site Buffer* Provider Chapter 

XcmI 
5’ – CCANNNNN˅NNNNTGG – 3’ NEBuffer 2.1 

(100) 
New England BioLabs® 3 

3’ – GGTNNNN˄NNNNNACC – 5’ 

PvuII 
5’ – CAG˅CTG – 3’ Buffer G  

(100) 
Thermo ScientificTM 3 

3’ – GTC˄GAC – 5’ 

PaeI (SphI) 
5’ – GCATG˅C – 3’ Buffer G  

(50-100) 
Thermo ScientificTM 3 

3’ – C˄GTACG – 5’ 

DpnI 
5’ – GAm6˅TC – 3’ Buffer B 

(100) 
Thermo ScientificTM 1, 2, 3 

3’ – CT˄Am6G – 5’ 

* In bold are the enzyme activity in the buffer 

Am6: N6-methylation in the adenine 
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Tables M.5 Primers and oligonucleotides used in this thesis work 

Table M.5.1 Primers used for PCR mediated gene disruption 

Primers Sequence 5’ → 3’ Plasmid template PCR Product Target gene Background Chapter 

aro3Δ-Fw 
CTACCCCTATTACGTTACAAGAACACTTTATA
GCATTATGTAGAGATCTGTTTAGCTTGCCT 

pUG6 KANMX ARO3 T73 2 
aro3Δ-Rv 

CATTCAAGATTATTTGCATTTTTCCCTCATTTA
CAGGCTAGTTTTCGACACTGGATGGC 

aro4Δ-Fw 
TAAATTTAGTAAACAAAAGAATCTATCAGAA
ATGAGTGATAGAGATCTGTTTAGCTTGCCT 

pUG6 KANMX ARO4 T73 2 
aro4Δ-Rv 

GAGGAAAGAATGTACGTTACATATATCATTA
AAAAAACATGTTTTCGACACTGGATGGC 

aro80Δ-Fw 
GCATAATAAGGTTACATTAAGCACTGCTTTAT
CCTCTATGTAGAGATCTGTTTAGCTTGCCT 

pUG6 KANMX ARO80 T73 1 
aro80Δ-Rv 

GCGGTTGTCTTGGTTGATGACGTAATTCTTTG
ATATCTACGTTTTCGACACTGGATGGC 

Su-DGD2Δ-Fw 
CCCTGTACCAGTTGCACTAAAATGGGCGTAA
CTTGCGTTCGTTTAGCTTGCCTTGTCCCC 

pAG25 NATMX4 DGD2 BMV58 3 
Su-DGD2Δ-Rv 

TTTTAAGCTGGAAGTTCTTACAATTTTTATATC
TGTTTTTTGAGTGAGCTGATACCGC 

Su-DGD1Δ-Fw 
AAACAGATATAAAAATTGTAAGAACTTCCAG
CTTAAAAGTTTAGCTTGCCTTGTCCCC 

pAG25 NATMX4 DGD1 BMV58 3 
Su-DGD1Δ-Rv 

GCATAAATAAAGTTCAACAACAAGTCACGTT
TTTACTATGTTTGAGTGAGCTGATACCGC 

Su-AAPΔ-Fw 
TTTATTCTACTATCTTCTTCCCTTCCTAGCACA
TCAGTCGTTTAGCTTGCCTTGTCCCC 

pAG25 NATMX4 AAP BMV58 3 
Su-AAPΔ-Rv 

TTATTCTAAGATGATACACATGTATATACTAA
GCCGTTTATTTGAGTGAGCTGATACCGC 
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Continuation       

Su-DGD2Δ-Fw 
CCCTGTACCAGTTGCACTAAAATGGGCGTAA
CTTGCGTTCGTTTAGCTTGCCTTGTCCCC 

pAG25 NATMX4 
Cluster 

(DGD2-DGD1-
AAP) 

BMV58 3 
Su-AAPΔ-Rv 

TTATTCTAAGATGATACACATGTATATACTAA
GCCGTTTATTTGAGTGAGCTGATACCGC 

Su-ALT1Δ-Fw 
CATATAAGTATACTCTGGTACATCTGTTTCCT
CTCCCACATAGAGATCTGTTTAGCTTGCCT 

pUG6 KANMX ALT1 BMV58 3 
Su-ALT1Δ-Rv 

AACTTATAGTGTTTGCTATTTAAGTTGTTGTG
CTGTTTTTGTTTTCGACACTGGATGGC 

Homologous sequences to the cassettes KanMX and NATMX4 from the plasmid pUG6 and pAG25 are underlined, respectively. The 5’ end 

sequences are homologous to the target genes 

Table M.5.2 Primers for spacer integration into plasmid pRCC-N (CRISPR) 

Primer Sequence 5’ → 3’  PCR Product Target gene Background Chapter 

gRNA-KanMX-Fw 
TGTTTTGCCGGGGATCGCAGGTTTTAGAGCTA
GAAATAGCAAGTTAAAATAAGG 

pRCC-N-gRNA(KanMX) KanMX T73/CR85/BMV58 1, 2 
gRNA-KanMX-Rv 

CTGCGATCCCCGGCAAAACAGATCATTTATCTT
TCACTGCGGAG 

Sk-DGD2-gRNA-Fw 
GCTGCTTTAAATGGTATCAGGTTTTAGAGCTAG
AAATAGCAAGTTAAAATAAGG 

pRCC-N-gRNA(DGD2) DGD2 IFO1802 3 
Sk-DGD2-gRNA-Rv 

CTGATACCATTTAAAGCAGCGATCATTTATCTTT
CACTGCGGAG 

Sk-DGD1-gRNA-Fw 
GGTTACATCCGACAAGATAGGTTTTAGAGCTA
GAAATAGCAAGTTAAAATAAGG 

pRCC-N-gRNA(DGD1) DGD1 IFO1802 3 
Sk-DGD1-gRNA-Rv 

CTATCTTGTCGGATGTAACCGATCATTTATCTTT
CACTGCGGAG 

Sk-AAP-gRNA-Fw 
AGATTGCTATCGCTACTGCTGTTTTAGAGCTAG
AAATAGCAAGTTAAAATAAGG 

pRCC-N-gRNA(AAP) AAP IFO1802 3 
Sk-AAP-gRNA-Rv 

AGCAGTAGCGATAGCAATCTGATCATTTATCTT
TCACTGCGGAG 
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Continuation      

Sk-ALT1-gRNA-Fw 
ATTTGGACGAGCAATCAGGGGTTTTAGAGCTA
GAAATAGCAAGTTAAAATAAGG 

pRCC-N-gRNA(ALT1) ALT1 IFO1802 3 
Sk-ALT1-gRNA-Rv 

CCCTGATTGCTCGTCCAAATGATCATTTATCTTT
CACTGCGGAG 

The underlined sequences stand for the spacers which are homologous to the target gene to carried out the DSBs. The spacers were 

designed according to (Doench et al., 2014) taking the genome of the backgrounds as reference. 

 

Table M.5.3 Primers for the amplification of the alleles as donor DNA to perform the allele swapping (CRISPR) 

Primer Sequence 5’ → 3’  PCR Product Background Chapter 

ARO4-Sc-Fw ACCGCTAAATTTAGTAAACAAAAGA 
ARO4 T73 2 

ARO4-Sc-Rv AATACCGAATTGGCAGTGGTAG 

ARO4-Sk-Fw TAAATTTAGTAAACAAAAGAATCTATCAGAAATGAGTGAAATGTTCGGTG 
ARO4 CR85 2 

ARO4-Sk-Rv 
GAGGAAAGAATGTACGTTACATATATCATTAAAAAAACATTTATTTCTTGTT
AACTTCTCTTC 

ARO80-Sc-Fw TCCACGCATAATAAGGTTACAT 
ARO80 T73 1 

ARO80-Sc-Rv ATTTTTACGAATAGTGCGGTTG 

ARO80-Sk-Fw 
GCATAATAAGGTTACATTAAGCACTGCTTTATCCTCTATGTCTCCTAAGAGA
AGATCC 

ARO80 CR85 1 
ARO80-Sk-Rv 

GCGGTTGTCTTGGTTGATGACGTAATTCTTTGATATCTACTTATTTACGTGTT
ACTGGCC 

ARO80-Su-Fw 
GCATAATAAGGTTACATTAAGCACTGCTTTATCCTCTATGTCTACTACCAAA
AGAGGATCC 

ARO80 BMV58 1 
ARO80-Su-Rv 

GCGGTTGTCTTGGTTGATGACGTAATTCTTTGATATCTACTTATTGGTGTGC
AGCTGGC 

Homologous sequences to the target genes are underlined 
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Table M.5.4 Oligonucleotides to generate donor DNA to disrupt genes (CRISPR) 

Oligonucleotide Sequence 5’ → 3’ DNA Product Target gene Background Chapter 

Sk-DGD2-dDNA-Fw 
GACACAAAGAATTAACTCAACAATTTAACTGCTTACCATGATT
GGGTTAACTGTTTTCTTTATCCTCAATTCTAAGGCAG 

DGD2-dDNA DGD2 IFO1802 3 
Sk-DGD2-dDNA-Rv 

CTGCCTTAGAATTGAGGATAAAGAAAACAGTTAACCCAATCAT
GGTAAGCAGTTAAATTGTTGAGTTAATTCTTTGTGTC 

Sk-DGD1-dDNA-Fw 
CATATCTTGTGTTCCAGTATACTTTGACCATAGAAAGATGTAA
TTTCTGCCTTAGAATTGAGGATAAAGAAAACAGTTAA 

DGD1-dDNA DGD1 IFO1802 3 

Sk-DGD1-dDNA-Rv 
TTAACTGTTTTCTTTATCCTCAATTCTAAGGCAGAAATTACATC
TTTCTATGGTCAAAGTATACTGGAACACAAGATATG 

Sk-AAP-dDNA-Fw 
TGAAACATTTTAGAGAGAAACCTGTCTCTAAAACAATATGTAA
GCAGTCTGGTACTTACGTGGCGCTCTGGATGATTTGA 

AAP-dDNA AAP IFO1802 3 

Sk-AAP-dDNA-Rv 
TCAAATCATCCAGAGCGCCACGTAAGTACCAGACTGCTTACAT
ATTGTTTTAGAGACAGGTTTCTCTCTAAAATGTTTCA 

Sk-Cluster-dDNA-Fw 
CATATCTTGTGTTCCAGTATACTTTGACCATAGAAAGATGTAA
GCAGTCTGGTACTTACGTGGCGCTCTGGATGATTTGA 

Cluster-dDNA 
Cluster 
(DGD2-

DGD1-AAP) 
IFO1802 3 

Sk-Cluster-dDNA-Rv 
TCAAATCATCCAGAGCGCCACGTAAGTACCAGACTGCTTACAT
CTTTCTATGGTCAAAGTATACTGGAACACAAGATATG 

Sk-ALT1-dDNA-Fw 
TATATATATATTCAGCTGCCTGTGTTTCCCTCTTCCTACGATAA
GGAGGAAAAACGGCAGGACAGCCGACATAACTAACG 

ALT1-dDNA ALT1 IFO1802 3 

Sk-ALT1-dDNA-Rv 
CGTTAGTTATGTCGGCTGTCCTGCCGTTTTTCCTCCTTATCGTA
GGAAGAGGGAAACACAGGCAGCTGAATATATATATA 

Sequences homologous to both upstream and downstream sequences of the target genes are colored in green and blue, respectively. 
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Table M.5.5 Primers for diagnostic gene deletions and insertions 

Primer Sequence 5’ → 3’  Diagnosed genotype Background Chapter 

ARO3-Sc-test-Fw GCAGCTGCGTATCTTCTCAA 
aro3::KanMX T73 2 

K2 GGGACAATTCAACGCGTCTG 

ARO3-Sc-test-Fw GCAGCTGCGTATCTTCTCAA 
ARO3 T73 2 

ARO3-Sc-test-Rv CCTTTGGCTGAAATTGGAAA 

ARO4-Sc-test-Fw GGGACGCATTGTTAGCTCAT 
aro4::KanMX T73 2 

K2 GGGACAATTCAACGCGTCTG 

ARO4-Sc-test-Fw GGGACGCATTGTTAGCTCAT ARO4 
aro4::kanMX::ARO80(T73) 

aro4::kanMX::ARO80(CR85) 
T73 2 

ARO4-Sc/Sk-test-Rv CTGGAGAAGCTAATGGGTCG 

ARO80-Sc-test-Fw TTTCGGAATCAACGAGAGTACA 
aro80::KanMX T73 1 

K2 GGGACAATTCAACGCGTCTG 

ARO80-Sc-test-Fw TTTCGGAATCAACGAGAGTACA 
aro80::KanMX::ARO80(T73) T73 1 

ARO80-Sc-test-Rv TTTTCAGTGGTTTCGGTGTT 

ARO80-Sc-test-Fw TTTCGGAATCAACGAGAGTACA 
aro80::KanMX::ARO80(CR85) T73 1 

ARO80-Sk-test-Rv ATCTGCTGTTCACTTTTGCT 

ARO80-Sc-test-Fw TTTCGGAATCAACGAGAGTACA 
aro80::KanMX::ARO80(BMV58) T73 1 

ARO80-Su-test-Rv CTGTTGGAACTAAAGAGACATC 

Sk-Cluster-DC-Fw GTGTTTCCCTTTCCAACGCT dgd2Δ::DGD2-dDNA 
dgd1Δ::DGD2-dDNA 
aapΔ::DGD2-dDNA  

clusterΔ::Cluster-dDNA 

IFO1802 3 
Sk-Cluster-DC-Rv TTCAAAGCCATACACCTTGC 

Sk-ALT1-DC-Fw CATTCACAAGGGGTCCAAGC 
alt1Δ::ALT1-dDNA IFO1802 3 

Sk-ALT1-DC-Rv TGTAGCATATGTATCGACGGAAA 
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Continuation 

Su-DGD2Δ-DC-Fw CGGATCTATCGAAAAGGGAGC dgd2Δ::NATMX4 
clusterΔ::NATMX4 

BMV58 3 
K2 GGGACAATTCAACGCGTCTG 

Su-DGD1Δ-DC-Fw GCTGCTTCTGAATCACTCTGT dgd1Δ::NATMX4 
clusterΔ::NATMX4 

BMV58 3 
K2 GGGACAATTCAACGCGTCTG 

Su-AAPΔ-DC-Fw ACTTTACTTGTGTTCGCCGC aapΔ::NATMX4 
clusterΔ::NATMX4 

BMV58 3 
K2 GGGACAATTCAACGCGTCTG 

Su-ALT1Δ-DC-Fw GCCGCCGTTGACGTATTTAGAG 
alt1Δ::KANMX BMV58 3 

K2 GGGACAATTCAACGCGTCTG 

 

 

Table M.5.6 Primers used to check the sequence of the swapped alleles 

Table M.5.6.1 Swapped allele amplification 

Primer Sequence 5’ → 3’  PCR product Target locus/gene Background Chapter 

ARO4-Sc-test-Fw GGGACGCATTGTTAGCTCAT ARO4(T73) 
ARO4(CR85) 

aro4::KanMX::ARO80(T73) 
aro4::KanMX::ARO80(CR85) 

T73 2 
ARO4-Sc-test-Rv GTATGTTTCGATGTCTGACTCT 

ARO80-Sc-test-Fw TTTCGGAATCAACGAGAGTACA ARO80(T73) 
ARO80(CR85) 

ARO80(BMV58) 

aro80::KanMX::ARO80(T73) 
aro80::KanMX::ARO80(CR85) 

aro80::KanMX::ARO80(BMV58) 
T73 1 

ARO80-Sc-test-Rv2 TTTTGATTCCTATGGCTCCTAG 
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Table M.5.6.2 Primers used to check the sequence of the swapped alleles 

Primer Sequence 5’ → 3’ Sequenced PCR product Chapter 

ARO4-Sc/Sk-Seq_1 TCTTTCGTCATTTTTAGCATCG 
ARO4(T73) 

ARO4(CR85) 
2 

ARO4-Sc-Seq_1 AATGCTTGATACCATTTCTCCT ARO4(T73) 2 

ARO4-Sk-Seq_1 TAAAGGGTGATTTGTCTGTCAT ARO4(CR85) 2 
ARO4-Sk-Seq_2 GGACTTCAGAAATCAACCAAAG ARO4(CR85) 2 

ARO80-Sc-Seq_1 TAATGGAAGAAATCGGGAAAGT ARO80(T73) 1 

ARO80-Sc-Seq_2 AAACGATGGAAATGAAAGCAAT ARO80(T73) 1 
ARO80-Sc-Seq_3 CGAGGTATGTGGAATTAGCATA ARO80(T73) 1 

ARO80-Sc-Seq_4 CCCCTGTTATTCTGTCTTTGTA ARO80(T73) 1 
ARO80-Su-Seq_1 TAGCACAGAACAAAATGGGATA ARO80(BMV58) 1 

ARO80-Su-Seq_2 TAAAGAAGGTGCGAAGGAAATA ARO80(BMV58) 1 

ARO80-Su-Seq_3 AAACCTTTCATTCCCGAGATAA ARO80(BMV58) 1 
ARO80-Su-Seq_4 TCTCGGGAATGAAAGGTTTTAT ARO80(BMV58) 1 

ARO80-Su-Seq_5 ATCAACAGATATTGCACTCAGT ARO80(BMV58) 1 

ARO80-Su-Seq_6 TCTTGGTTGATGACGTAATTCT ARO80(BMV58) 1 
ARO80-Sk-Seq_1 CTGCTTTATCCTCTATGTCTCC ARO80(CR85) 1 

ARO80-Sk-Seq_2 ACCCATTTTCTCCGTTATACAA ARO80(CR85) 1 

ARO80-Sk-Seq_3 TTGTGCAAACGAGAATCTTAAC ARO80(CR85) 1 
ARO80-Sk-Seq_4 ACAGATATTGCACTCAGTTTTA ARO80(CR85) 1 

ARO80-Sk-Seq_5 CCCCTGTTATTCTGTCTTTGTA ARO80(CR85) 1 
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Table M.5.7 Primers for relative quantification through PCR 

Primer Sequence 5’ → 3’  Target gene Background Chapter 

ARO9-F CCGTGTCATCCGTTTGGAGA 
ARO9 T73 1 

ARO9-R TGGACTCAGCCATTGCCTTT 

ARO10-F GATTTCGCGTTTCCTTCGCA 
ARO10 T73 1 

ARO10-R AATTCCAACACCTAGGGCGG 
Sk-DGD1-qPCR-Fw CGTGACGATTTGGTTGAGAA 

DGD1 IFO1802 3 
Sk-DGD1-qPCR-Rv CTCTGATGTCGCCAATTTGT 

Su-DGD1-qPCR-Fw ATTGGTGATGTTAGGGGTCG 
DGD1 BMV58 3 

Su-DGD1-qPCR-Rv AACGCGGGAACAGATATCAA 

ACT1-qPCR-Fw CTTACAACTCCATCATGAAGTGTGA 
ACT1 T73/IFO1802/BMV58 1, 3 

ACT1-qPCR-Rv ATTTCCTTTTGCATTCTTTCGGC 

18S-qPCR-Fw(*) TTGCGATAACGAACGAGACC 
18S T73/IFO1802/BMV58 1, 3 

18S-qPCR-Rv(*) CATCGGCTTGAAACCGATAG 

*Primer sequences from (Pérez-Torrado et al., 2016) 
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Table M.5.8 Primers for DGD1 alleles cloning into plasmid pYES2.1 TOPO® TA 

Table M.5.8.1 Primers for DGD1 amplification 

Primer Sequence 5’ → 3’  Product Background Chapter 

Sk-DGD1-pYES-Fw ACCATGACAAAACCATCC 
DGD1 IFO1802 3 

Sk-DGD1-pYES-Rv ACCCAATATCTCTTTAAAACTT 

Su-DGD1-pYES-Fw ACAAGTCACGTTTTTACTATG 
DGD1 BMV58 3 

Su-DGD1-pYES-Rv GCCTAAAATTTCTTCCAAACT 

 

Table M.5.8.2 Primers for sequencing the plasmid inserts 

Primer Sequence 5’ → 3’  Target plasmid Chapter 

Sk-DGD1-Seq-Fw-1 ATGAGTTCAGGTGGTATGCT pYES-Sk-DGD1 3 
Sk-DGD1-Seq-Fw-2 GCCATCAAGTTAGCCAAAGT pYES-Sk-DGD1 3 

Sk-DGD1-Seq-Rv AGCATACCACCTGAACTCAT pYES-Sk-DGD1 3 

Su-DGD1-Seq-Fw TTTGATTGTGGACGAAGCTC pYES-Su-DGD1 3 

Su-DGD1-Seq-Rv-1 GATACTCCTGTCATACCATG pYES-Su-DGD1 3 

Su-DGD1-Seq-Rv-2 GAGCTTCGTCCACAATCAAA pYES-Su-DGD1 3 

GAL1-Fw AATATACCTCTATACTTTAACGTC pYES-Sk-DGD1/pYES-Su-DGD1 3 
V5 C-term-Rv ACCGAGGAGAGGGTTAGGGAT pYES-Sk-DGD1/pYES-Su-DGD1 3 
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Culture conditions 

Testing the production of phenylethanol and phenylethyl acetate 

and the expression profile of genes ARO9 and ARO10 (Chapter 1)  

The ARO80 recombinant and aro80 strains (Table M.2) were incubated 

overnight in SD-NH4 and then inoculated in 100-mL bottles which 

contained either 80 mL of SD-NH4 and SD-PHE (Stribny et al., 2015) 

with 30 mm x 5 mm magnetic stirrer on a 15 spot-multistirrer (VELP 

Scientifica, Usmate Velate, MB, Italy) at shaking speed of 120 rpm with 

initial cell concentration of 1 x 106 cells/mL. To test the PE and PEA 

production. 50 mL supernatant samples were collected until the 

glucose was depleted (48 hours) and stored at -20 °C until gas 

chromatography analysis. To monitor the expression of the target 

gene ARO9 and ARO10, samples were taken at four different times (10, 

24, 30 & 48 hours) from strains growing in the SD-PHE condition. The 

samples were centrifugated and the pellets were frozen in liquid 

nitrogen and stored at -80 °C until RNA extraction. 

Fermentation in synthetic wine must (Chapter 2) 

To test the effect of the different ARO4 alleles on the production of 

higher alcohols in winemaking conditions, fermentations were carried 

out in 100-mL bottles coupled with an airlock containing 80 mL of 

Synthetic Wine Must (SWM), which mimics the grape juice, with a 30 

mm x 5 mm magnetic stirrer on a 15 spot-multistirrer (VELP 

Scientifica). Overnight precultures were incubated in a 5 mL YPD 

medium at 28°C. Then they were washed in SWM once and the 

biomass was inoculated into the 80 mL of SWM with an initial OD600 of 
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0.2 at 28 °C and an agitation speed of 120 rpm. The fermentation 

kinetics was monitored through the weight loss that represents the 

CO2 produced by yeast during alcoholic fermentation, until the end of 

fermentation when no more weight loss is measured (Bely et al., 

1990). Once the fermentation ended, samples were collected, 

centrifugated and the supernatant was recovered and frozen until the 

analytical procedures. 

Determination of growth inhibition by tyrosine (Chapter 2) 

To test the in vivo feedback inhibition exerted by tyrosine we used the 

approach described by (Sousa et al., 2002). The strains ST41-Sk-3Δ and 

ST41-Sc-3Δ (Table M.2) were grown in SC medium overnight at 28 °C 

at a shaking speed of 120 rpm. Then, the cultures were washed twice 

in SC-aro medium and were inoculated in 200 µL of SC-aro media 

containing different concentrations of tyrosine (0.1, 0.5, 1, 2, and 5 

mM) with an initial OD600 of 0.2 on 96 well-microtiter plates at 25°C. 

Growth curves were monitored through OD600 measurement in a 

SPECTROstar Nano® microplate reader (BMG LABTECH GmbH, 

Germany). Maximum specific growth rates (µmax) were obtained by 

fitting the growth curves to the Gompertz model using grofit R package 

(Kahm et al., 2010). 

Essaying the ability to consume AIB as a nitrogen source (Chapter 3) 

Four representative strains from each species S. cerevisiae (T73, 

EC1118, YPS128, S288C), S. kudriavzevii (CR85, CR90, IFO1802, 

CBS12751), S. uvarum (BMV58, CBS7001, NPCC1290, NPCC1314) and 

S. eubayanus (NPCC1282, NPCC1286, NPCC1292, CL216.1) were used 
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to assay their ability to grow in the presence of 2-aminoisobutyric acid 

(AIB) as the sole nitrogen source (Table M.1). Precultures of each 

strain were carried out overnight in SD-NH4 medium at 25 °C. Then, 

they were plated on SD-AIB at three different concentrations of AIB (1, 

5 and 10 mM) and were incubated at 25 °C. The SD-GLN medium was 

used as a control medium. 

Mutant strains phenotyping (Chapter 3) 

The mutant of the subtelomeric genes obtained from the parental 

strains IFO1802 and AQ2901 (Table M.2) were incubated overnight in 

SD medium at 25 °C and then they were cultivated on SD-AIB plates. In 

addition, the resistance against the AIB growth inhibitory effect was 

also assayed (Kim and Roon, 1982). Briefly, the cells were plated on 

SD-AIB-P and SD-AIB-G plates (10 mM AIB). The SD-PRO and SD-GLN 

media were used as control. Similarly, the mutant strains in the gene 

ALT1 were plated on SD-AIB (10 mM), SD-GLN, and SD-ALA. 

Growth Phenotyping of strains carrying the pYES2.1 TOPO® TA 

plasmids with the different inserts (Chapter 3) 

Overnight precultures of the strains CML235-DGD1-Sk, CML235-

DGD1-Su, and CML235-LacZ (Table M.2) were carried out in SCR-ura 

medium. Then, they were inoculated in 200 µL of SD-AIB-P-2 medium, 

which contains galactose to induce the expression of the different 

inserts, with an initial OD600 of 0.2 on 96 well-microtiter plates at 25 

°C. Growth curves were monitored through OD measurement at 600 

nm wavelength in a SPECTROstar Nano® microplate reader (BMG 

LABTECH). Growth curves were fitted to the Gompertz model by using 



 

93 | P a g e  
 

grofit R package and maximum specific growth rates (µmax) were 

obtained. 

Recombinant protein production kinetic analysis (Chapter 3) 

The generated strains CML235-DGD1-Sk, CML235-DGD1-Su and 

CML235-LacZ (Table M.2) were incubated overnight in 15 mL of SCR-

ura at 30 °C. Then, they were in 100 mL of the inducer medium SCRG-

ura in 250-mL Erlenmeyer flask at 30 °C with an initial OD600 of 0.4 at a 

shacking speed of 160 rpm. The growth curves were followed at 

different times (0, 3, 6, 9, 12, and 24 hours) through OD measurement 

at a wavelength of 600 nm using a FisherbrandTM Cell Density Meter 

(Fisher Scientific, Madrid, Spain). 5 mL samples were taken in each 

time, they were centrifugated and the cell pellets were collected and 

frozen with liquid nitrogen and stored at -80°C until the further protein 

extraction.  

Conditions for essaying in vivo Dgd1 activity (Chapter 3) 

The above-mentioned strains were incubated overnight in 20 mL of 

SCR-ura at 30 °C. Afterward, the cell pellets were centrifugated at 3500 

x g and the supernatant was discarded. Then, the pellets were 

resuspended in 20 mL of the inducer medium SCRG-ura for three 

hours. At that moment, the cell pellets were recovered again and 

washed once in 20 mL of SD-AIB-2 medium, and they were inoculated 

in 100 mL of SD-AIB-2 medium with an initial OD600 of 0.2 at 30 °C and 

at a shaking speed of 120 rpm. Samples were taken at different times 

to monitor the growth curves, which were followed at different 

through OD600 measurement using a FisherbrandTM Cell Density Meter, 
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and to recover the supernatant to analyse the residual AIB in the 

medium by HPLC. After 48 hours, 50 mL samples were recovered and 

stored for further GC analysis  

Molecular techniques 

DNA Extraction (Chapter 1, 2 and 3) 

The DNA was extracted according to (A Querol et al., 1992). 1 mL of 

overnight cultures were shaken at 120 rpm in YPD and were pelleted 

at 12000 rpm for three minutes, washed twice with 1 V of distilled 

water, and centrifugated again at 12000 rpm. Then the pellets were 

resuspended in 500 µL of Buffer 1 (Sorbitol 0.9 M, EDTA 0.1 M pH 7.5) 

followed by the addition of 30 µL of 1 mg/L Zymolase 20T (Seikagaku 

Corporation, Japan), and they were then incubated at 37 °C for 30 

minutes to digest the cell wall. The obtained protoplasts were 

recovered by centrifugation at 7000 rpm and resuspended in 500 µL of 

Buffer 2 (Tris HCl 50 mM pH 7.4, EDTA 20 mM). Afterward, 13 µL of 

10% SDS were added, and the cell suspensions were incubated at 65 

°C to ensure the total disruption of the cells. Subsequently, 200 µL of 

cold 5M potassium acetate was added to precipitate the proteins and 

the extractions were left on ice for 30 minutes. Then, they were 

centrifugated at 13000 rpm at 4 °C for 15 minutes and the supernatant 

of each extraction was transferred into new tubes and mixed with 700 

µL of isopropanol and centrifugate at 13000 rpm at 4 °C for 15 minutes 

to precipitate the DNA. The supernatant was removed followed by two 

washes with 70% ethanol to remove the reaming SDS in the pellets to 

avoid undesired interference in the downstream analysis (PCR, RFLP). 
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Finally, the ethanol was removed, and the pellets were dried with a 

vacuum pump and rehydrated in 25 µL of mQ water. 

Yeast transformation (Chapter 1, 2 and 3) 

The Saccharomyces isolates were transformed using the lithium 

acetate method (Gietz and Schiestl, 2007). Overnight cultures were 

carried out in 5 mL of YPD and then they were inoculated in 50 mL of 

YPD in a 250-mL Erlenmeyer flask with an initial OD600 of 0.2 at 28 °C 

at a shaking speed of 120 rpm until the OD600 value reached between 

0.75 - 1.0. Then, the cell suspensions were centrifugated at 4000 rpm 

for 5 minutes and washed once with 25 mL of sterile distilled water, 

and centrifugated again at 4000 rpm for 5 minutes. The supernatants 

were removed, and the pellets were resuspended in 950 µL of 100 mM 

lithium acetate (LiAc). Next, 100 µL aliquots were transferred into 

sterile 1.5-mL microcentrifuge tubes and centrifugated at maximum 

speed for 1 minute. Afterward, the supernatant was removed and the 

reagents for the transformation were added in the following order: (1) 

240 µL 50% PEG-4000, (2) 36 µL 1 M LiAc, (3) 74 µL DNA solution, and 

(4) 10 µL of 10 mg/mL preheated (95 °C for 5 minutes) single-stranded 

salmon sperm DNA. Then, the pellets were resuspended in the 

mixture, which was incubated later at room temperature for 30 

minutes. Then, a heat shock was applied to the tubes for 25 minutes 

(42 °C for S. cerevisiae, 37 °C for S. uvarum, and 34 °C for S. 

kudriavzevii). After the heat shock, the cells were centrifugated at 

maximum speed for 1 minute and the transformation mix was 

removed. Then, the pellets were resuspended either in 250 µL of YPD 

and incubated for 3 hours at room temperature (Antibiotic marker) or 
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in 250 µL sterile distilled water (Auxotrophic marker). Finally, 100 µL 

of cell suspension were plated on selective media depending on the 

used selection marker (YPD-N, YPD-K or SC-ura), and they were 

incubated at 28 °C between 3-4 days. Once transformant colonies 

were obtained, the DNA was extracted, and the transformations were 

confirmed by PCR using the corresponding diagnostic primers (Table 

M.5.5). 

Gene disruption through homologous recombination (Chapter 1, 2 

and 3) 

Gene deletions were performed by the PCR mediated gene disruption 

method (Baudin et al., 1993). The cassettes KanMX and NATMX4 used 

for the different gene disruptions were amplified from the plasmid 

pUG6 and pAG25 (Table M.3), respectively. The forward and reverse 

primers (Table M.5.1) contain 40-nucleotide extensions at their 5’ 

ends homologous to both upstream and downstream sequences of the 

gene to be disrupted. The PCR was performed using the NZYTaq II DNA 

Polymerase (NZYTech, Lisbon, Portugal). The PCR conditions were: (1) 

Initial denaturation at 95 °C for 3 minutes, (2) 35 cycles consisting of 

denaturation at 94 °C for 30 seconds, annealing at 55 °C for 30 seconds, 

extension at 72 °C for 20-30 seconds (15-30 sec/kb), and (3) Final 

extension at 72 °C for 5 minutes. 40 µL of PCR product was used for 

the transformations. Finally, the gene deletions were confirmed by 

PCR using the corresponding diagnostic primers (Table M.5.5) using 

the DNA extracted from transformants that grew either on YPD-K 

(KanMX) or YPD-N plates (NATMX4). 
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Gene disruption through CRISPR (Chapter 3) 

The deletions of the four copies of the subtelomeric genes and the two 

ALT1 alleles in the diploid strain IFO1802 were performed through 

CRISPR-Cas9 mediated gene disruption (Stovicek et al., 2017). The 

protospacer sequences were chosen according to (Doench et al., 2014) 

implementing the IFO1802 genome sequence as a reference to avoid 

selecting unspecific gRNA. 10 ng of pRCC-N plasmid was amplified by 

PCR using the primers carrying the protospacer sequence at their 5’ 

ends (Table M.5.2). The PCR was carried out with PhusionTM High-

Fidelity Polymerase (Thermo Fisher Scientific, Vilnius, Lithuania) in the 

following conditions: (1) Initial denaturation at 98 °C for 1 minute, (2) 

35 cycles consisting of denaturation at 98 °C for 15 seconds, annealing 

at 55 °C for 30 seconds, extension at 72 °C for 5 minutes (1 kb/15-30 

sec), and (3) Final extension at 72 °C for 5 minutes. Afterward, 30 µL of 

the PCR product was treated with 10U of DpnI (Table M.4) for 3 hours 

to guarantee the total degradation of the pRCC-N original template. To 

ensure DNA reparation by homologous recombination, we generated 

an 80 bp double-stranded oligonucleotide as donor DNA (dDNA), 

whose 40 nucleotides on either side are respectively homologous to 

both upstream and downstream sequences of the target gene (Dicarlo 

et al., 2013). The oligonucleotides were assembled by mixing equal 

molar amounts (50 µM) of two complementary 80 bp single-stranded 

oligonucleotides (Table M.5.4). The mixture was heated to 99 °C for 5 

minutes and cooling it until 25 °C at a rate of 0.1 °C/s. 20 µL of the 

double-stranded oligonucleotide (1 nmol) was added to the 

transformation mix and the gene deletions were confirmed by PCR 
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analysis using total DNA extracted from nourseothricin-resistant (YPD-

N) transformants employing the corresponding diagnostic primers 

(Table M.5.5). 

Allele swapping through CRISPR (Chapter 1 and 2) 

The open reading frame (ORF) of the genes ARO4 and ARO80 in the 

strain AQ2775 (Table M.2) were deleted through the above-

mentioned PCR mediated gene disruption using KanMX cassette as a 

selection marker which was PCR amplified from the pUG6 plasmid 

(Table M.3) using NZYTaq II DNA Polymerase. The strains were 

transformed through the lithium acetate method and deletions were 

confirmed by PCR using the corresponding diagnostic primers (Table 

M.5.5). Then, both mutants ST41 and ST44 (Table M.2) were used as 

the parental strains to generate the recombinant ARO4 and ARO80 

strains, respectively. We performed the allele swapping through the 

same CRISPR-Cas9 mediated gene disruption approach mentioned 

above. The protospacer sequence that targets the KanMX cassette was 

designed according to (Doench et al., 2014) using the T73 genome 

sequence as reference. Then, the entire plasmid pRCC-N was amplified 

with primers carrying the protospacer sequence at their 5’ ends by PCR 

(Table M.5.2) which was carried out with PhusionTM High-Fidelity 

Polymerase following the provided instructions. Before the addition to 

the transformation mix, 30 µL of the PCR product was treated with 10 

U of DpnI for 3 h to guarantee the degradation of the pRCC-N plasmid 

template. The KanMX cassettes at ARO4 and ARO80 locus were 

swapped with the corresponding ARO4 and ARO80 alleles from the S. 

uvarum strain AQ2901, S. kudriavzevii strain AQ4013, and S. cerevisiae 
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strain AQ2775 (Table M.2), which were amplified by PCR using 

PhusionTM High-Fidelity Polymerase with the primers shown in Table 

M.5.3. The allele swapping was confirmed by PCR analysis of the total 

DNA extracted from nourseothricin-resistant transformant strains 

whose resistance against G418 antibiotic (YPD-K medium) was lost and 

whose ability to grow in the presence of tryptophan (ARO80, SD-TRP 

medium) and phenylalanine (ARO4, SD-PHE-2 medium) as the sole 

nitrogen source was recovered (Iraqui et al., 1999; Sousa et al., 2002), 

using the corresponding diagnostic primers (Table M.5.5). Finally, the 

reinserted ARO4 and ARO80 alleles sequences were checked through 

Sanger sequencing from Eurofins Genomics Mix2Seq service using the 

corresponding sequencing primers (Tables M.5.6.1 & M.5.6.2)  

Plasmid Extraction from E. Coli (Chapter 3) 

Plasmid DNAs were extracted from E. coli using the alkaline lysis with 

SDS method (Green and Sambrook, 2001) to screen the plasmids 

carrying the cloned genes. E. coli transformants were cultured 

overnight in 5 mL of LB containing 100 µg/mL ampicillin at 37 °C with 

vigorous shaking. Then, the cultures were centrifugated in 

microcentrifuge tubes at 13000 rpm at 4 °C and the supernatant was 

removed. Later, the pellet was resuspended in 100 µL Alkaline Lysis 

Solution I (50 mM glucose, 25 mM Tris-CL pH 8, 10 mM EDTA pH 8.0) 

and then 200 µL of fresh Alkaline Lysis Solution II (0.2 N NaOH, 1% w/v 

SDS) was added to each extraction and mixed by inverting the tube five 

times. Afterward, 150 µL of Alkaline Lysis Solution III (5 M Potassium 

acetate: glacial acetic acid: H2O = 60:11.5:28.5) was added and mixed 

again by inverting the tubes several times. Then they were stored on 
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ice for five minutes followed by centrifugation at 13000 rpm at 4 °C for 

five minutes, and the supernatant was transferred into a new 

microcentrifuge tube. To recover the plasmid DNA, 2 volumes of 

absolute ethanol were added to the recovered supernatant, mixed by 

vortexing, stood at room temperature for 2 minutes, and then 

centrifugated at 13000 rpm at 4 °C for 5 minutes. The supernatant was 

removed, the pellet was washed once with 70% ethanol, and DNA was 

recovered by centrifugation at 13000 rpm at 4 °C for 2 minutes. The 

supernatant was removed, and the pellet was dried with a vacuum 

pump. Finally, the nucleic acids were resuspended in 50 µL of TE (pH 

8) containing 20 ug/mL of DNase-free RNase A and stored at -20 °C for 

further analysis. 

DGD1 cloning into plasmid pYES2.1 TOPO® TA (Chapter 3) 

The DGD1 alleles were amplified from the genomic DNA extracted 

from the strains IFO1802 and AQ2901 (Table M.1 & M.2) using the 

cloning pair primers Sk-DGD1-pYES-Fw/Rv and Su-DGD1-pYES-Fw/Rv, 

respectively (Table M.5.8.1, Cloning). The PCR was carried out using 

TaKaRa Ex TaqTM polymerase (Takara, Kusatsu, Shiga, Japan) in the 

following conditions: (1) Initial denaturation at 98 °C for 1 minute, (2) 

35 cycles consisting of denaturation at 98 °C for 10 seconds, annealing 

at 50 °C for 30 seconds, extension at 72 °C for 1 minute 20 seconds (1 

kb/min), and (3) Final extension at 72 °C for 10 minutes. The PCR 

products were purified through MinElute® PCR purification Kit 

(Qiagen, Hilden, Germany). Since both DGD1 alleles (ChrVII and ChrX) 

from the strain IFO1802 were amplified, where the ChrX allele contains 

an indel, we treated 1 µg of the PCR purified product with 10 U XcmI 
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(Table M.4) in NEBuffer 2.1 for 1 hour to digest the indel-containing 

DGD1 copy amplified from chromosome X. Then, the digestion was 

loaded into 1% agarose gel, and the non-digested band corresponding 

to the ChrVII allele was rescued and purified again with MinElute® PCR 

purification Kit. The A2901 DGD1 allele was purified with High Pure 

PCR Purification Kit (Roche, Mannheim, Germany) to discard the small 

unspecific band. Afterward, both DGD1 alleles were inserted into 

pYES2.1 TOPO® TA plasmid (Table M.3). To perform the reaction, 4 µL 

of PCR product was mixed with 1 µL of TOPO® vector and 1 µL Salt 

Solution (1.2 M NaCl, 0.06 M MgCl2). Then, the mixture was incubated 

at room temperature for 15 minutes. The chemically competent E. coli 

strain TOP10F’ (Table M.1 & M.2) was used as a host for gene cloning. 

The cell suspensions were thawed on ice and 50 µL were transferred 

to 1.5-mL microcentrifuge tubes. Subsequently, 2 µL of the TOPO® 

cloning reaction mixture was added to each tube and then incubated 

on ice for 10 minutes followed by a heat shock at 42 °C for 30 seconds 

without shaking and then the tubes were incubated again on ice. 

Afterward, 250 µL of SOC medium was added and the tubes were 

incubated at 37 °C at a shaking speed of 200 rpm for 1 hour. Finally, 

100 µL of cell suspension were plated on LB-Amp plates and incubated 

overnight at 37 °C. The obtained colonies were picked and incubated 

in liquid LB-Amp broth overnight at 37 °C. After, the plasmids were 

extracted through the above-described alkaline lysis method to check 

the right orientation of the cloned DGD1 alleles. To check the 

orientation, we performed the analysis of the restriction fragment 

length pattern obtained from the digestion of the candidate DGD1-

carrying TOPO® plasmids (Table M.3). The plasmid carrying the 
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AQ2901 DGD1 allele were digested with PvuII (Table M.4) in buffer G 

and those carrying the IFO1802 DGD1 allele were double digested with 

PvuII and SphI (Table M.4) in buffer G. Once the right orientation of 

both DGD1 alleles was confirmed, the sequences of the inserts were 

checked by Sanger sequencing through the University of Valencia 

Experimental Research Support Central Service (SCSIEUV, Spain) using 

sequencing primers (Table M.5.8.2, Sequencing). Finally, we extracted 

the plasmid again from confirmed E. coli colonies carrying the TOPO® 

plasmids with the DGD1 alleles in the right orientation using the 

NZYMiniprep kit (nzytech, Lisbon, Portugal). Finally, the constructed 

plasmids pYES-Sk-DGD1 and pYES-Su-DGD1 together with the control 

plasmid pYES-LacZ (Table M.3) were used to transform the S. 

cerevisiae lab strain CML235 (Table M.2) that was used as the host cell 

for recombinant Dgd1p protein production. The strains were 

transformed with the lithium acetate method and the transformants 

were selected on SC-ura medium.  

Western Blot (Chapter 3) 

Cell extracts for the detection of recombinant protein production were 

prepared according to a slightly modified post-alkaline extraction 

(Kushnirov, 2000). Briefly, cell pellets were resuspended in 200 µL 0.2 

M NaOH solution and were incubated for five minutes at room 

temperature. Then, they were pelleted and resuspended in 100 µL 

SDS-PAGE loading buffer (0.06 M Tris-HCL pH 6.8, 25% glycerol, 2% 

SDS, 14.4 mM β-mercaptoethanol, 0.1% bromophenol blue) and 

boiled for five minutes and pelleted again. Afterward, equal amounts 

of proteins were loaded and resolved in 12% SDS-PAGE gels and 
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transferred to nitrocellulose membranes. Ponceau staining was used 

to confirm the correct protein transfer. The recombinants V5-tagged 

Dgd1 proteins were detected employing a horseradish peroxidase 

(HRP)-conjugated anti-V5 primary antibody (R96125; Invitrogen, 

Waltham, MA, USA). Anti-Tdh3 primary antibody (provided by Daniel 

Gonzalbo, University of Valencia) and HRP-conjugated anti-mouse 

secondary antibody (GE Healthcare Life Sciences, Chicago, IL, USA) 

were used to determine Tdh3 protein levels as the loading control. 

PierceTM ECL Western Blotting Substrate (32109, Thermo Scientific, 

Waltham, MA, USA) was used for the detection of HRP-labelled 

proteins. Immunoblot images were obtained in an Amersham 

ImageQuant 800 system (Cytiva, Marlborough, MA, USA). Specific 

signals and peak band area quantification were determined with 

ImageQuant TL software. Relative quantification of recombinant Dgd1 

proteins at each time was calculated as the Dgd1p peak band area 

divided by Tdh3p peak band area. 

Gene expression analysis by real-time qPCR (Chapters 1 and 3) 

Total RNA was extracted from cells using a Qiagen RNA extraction kit 

(Qiagen, Hilden, Germany) following the provided instructions. The 

RNA samples were treated with 10 U of DNAse I (Roche, Mannheim, 

Germany), and 1 µg was used to generate cDNA using NZY First-Strand 

cDNA synthesis kit (NYZTech, Lisbon, Portugal). The qPCR experiments 

were carried in the LighCycler® 480 Instrument (Roche, Mannheim, 

Germany). The primers used to monitor the expression of the target 

genes ARO9, ARO10 (Chapter 1), the gene DGD1 (Chapter 3), and the 
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housekeeping genes ACT1 and ribosomal 18S rRNA (Chapter 1 and 3) 

are shown in Table M.5.7.  

Analytical methods 

Quantification of sugars and alcohols by HPLC (Chapter 2) 

The quantification of alcohols and sugars was carried out by HPLC 

(Thermo Fisher Scientific, Waltham, MA) using a refraction index 

detector equipped with a HyperREZTM XP Carbohydrate H+ 8 column 

(Thermo Fisher Scientific, Waltham, MA) coupled with a HyperRETZTM 

XP Carbohydrate Guard (Thermo Fisher Scientific, Waltham, MA). The 

chromatography conditions were the same as described (Minebois et 

al., 2020). Briefly, 1 mL of samples were diluted with mQ water 

depending on the remaining sugar amount and filtered through a 0.22-

μm nylon filter. The run conditions were: 1.5 mM of H2SO4 at 0.6 

mL/min flux with 35 bars of pressure and the oven temperature was 

maintained at 50 °C. The concentration of the different compounds 

was determined through their corresponding standard calibration 

curve. 

Quantification of volatile compounds by GC-FID (Chapters 1 and 3) 

To quantify the production of higher alcohols, acetate esters and 

ketones, 5 mL of sample was mixed with 5 mL 300 g/L NaCl solution. 

Then passed it through a TRACETM GC Ultra gas chromatograph 

(Thermo Fisher Scientific, Waltham, MA, USA) coupled with a flame 

ionization detector (FID), equipped with a 30 m x 0.25 mm x 0.25 µm 

HP-INNOWax capillary column coated with a layer of cross-linked 

polyethylene glycol (Agilent Technologies, Santa Clara, USA) at carrier 
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gas helium flow rate of 1 mL/min. The oven temperature program was: 

(i) five minutes at 50 °C, (ii) temperature raised to 100 °C at the 

increasing rate of 1.5 °C/min. (iii) then up to 215 °C at a rate of 3 °C/min 

and (iv) was kept for two minutes more. The FID detector temperature 

was 280 °C and each individual volatile compound was identified by its 

retention time. The quantification was made by using calibration plots 

of the corresponding compounds 

Quantification of higher alcohols by HPLC-PDA (Chapter 2) 

The higher alcohols tyrosol and phenylethanol were quantified by 

HPLC on an Acquity ARC system core (Waters, Milford, MA, USA) 

equipped with a photodiode array wavelength detector (Waters 2998 

PDA), a quaternary pump, an autosampler, and an online gasser. We 

used the chromatography conditions described by (Bisquert et al., 

2022). Briefly, the fermented SWM samples were collected in 1.5 mL-

microcentrifuge tubes and centrifugated at maximum speed for 2 

minutes. Then, the supernatants were collected and diluted 1/2nd 

with 100% v/v methanol. To quantity, both higher alcohols samples 

were diluted 1/8th with 50% v/v methanol and filtered with 0.22-μm 

nylon filters. The separation was performed in a 4.6 mm x 150 mm x 

2.6 µm AccucoreTM C18 column (Thermo Fisher Scientific, Waltham, 

MA) maintained at 30 °C using 0.01% TFA (Phase A) and acetonitrile 

(Phase B) as mobile phases at a flow rate of 1 mL/min. 10 μl of sample 

was injected and the gradient programme was as follows: (i) 0-18 min, 

100% A, (ii) 18-19 min 90% A, (iii) 19-28 min 75% A, (iv) 28-31 min A 

0% and (v) 100% A. The PDA detector was set at a wavelength of 210 

nm. Both tyrosol and phenylethanol were identified based on their 
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retention times and were quantified through their corresponding 

standard calibration curves. 

Quantification of amino acids by HPLC (Chapter 3) 

The measurement of amino acids was performed in an ultimate 

3000®UPLC (Thermo Fisher Scientific, Waltham, MA, USA) equipped 

with a UV-visible detector (Thermo Fisher Scientific, Waltham, MA, 

USA). The method was based on (Redruello et al., 2017) but adapted 

to our conditions. 400 µL samples were derivatised with a mix of 12 µL 

of diethylethoxymethylenemalonate (DEEMM) and 300 µL of 

methanol. The reactions were carried out in screw-cap test tubes in an 

ultrasonic bath for 30 min, followed by heating at 80 °C for two hours 

to degrade DEEMM excess. Afterward, samples were filtrated using 

0.22 µm nylon syringe filters (Labbox Labware, Barcelona, Spain). The 

chromatographic analyses were conducted with an Accuore® C18 LC 

column (Thermo Fisher Scientific, Waltham, MA, USA). The applied 

triphasic gradient, which consists of phase A (methanol), phase B 

(acetonitrile), and phase C (25 mM acetate buffer, pH 6.7), is shown as 

follows: 

Time 
[min] 

Flow 
[mL/min] 

%A %B %C 

0.00 Equilibration 

0.00 0.4 2 8 90 

0.00 Run 

0.00 0.4 2 8 90 

2.00 0.4 2 8 90 

4.00 0.4 2 5 93 

6.52 0.4 2 8 90 

17.00 0.4 2 48 50 

23.50 0.4 2 8 90 

25.50 Stop Run 
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Statistical analyses 

Unpaired t-test, One-way ANOVA, and Tukey’s multiple comparisons 

analyses were performed using GraphPad Prism version 8.01 for 

Windows 10, GraphPad Software, La Jolla California USA 

(www.graphpad.com). 

Bioinformatic analyses 

Functional divergence analysis (Chapter 1 and 2) 

ARO80 gene sequences from representative Saccharomyces isolates 

were used for the functional divergence analysis. The sources of the 

different sequences are shown as follows: 

Strain Specie Reference 
T73 S. cerevisiae (Morard et al., 2019) 

S288C S. cerevisiae (Goffeau et al., 1996) 
Y9 S. cerevisiae (Liti et al., 2009) 

YPS128 S. cerevisiae (Liti et al., 2009) 
BMV58 S. uvarum (Macías et al., 2021) 

NPCC1290 S. uvarum (Macías et al., unpublished) 
CECT12600 S. uvarum (Macías et al., 2021) 

CBS7001 S. uvarum (Scannell et al., 2011) 
CR85 S. kudriavzevii (Macías et al., 2019) 

ZP591 S. kudriavzevii (Scannell et al., 2011) 
CA111 S. kudriavzevii (Macías et al., 2019) 

IFO1802 S. kudriavzevii (Scannell et al., 2011) 
CBS1164 T. delbrueckii (Gordon et al., 2011) 

 

The method, described elsewhere (Macías et al., 2019), was used to 

identify amino acids in the predicted Aro80p sequences from S. 

uvarum (Aro80p-Su) and S. kudriavzevii (Aro80p-Sk) that have 

diverged significantly from the Torulaspora delbrueckii output 

ortholog in these two species respect to the homologous site in the S. 

cerevisiae sequences (Aro80p-Sc). Once all divergent amino acid sites 

http://www.graphpad.com/
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were obtained, results were filtered by Grantham’s scores (Grantham, 

1974), to quantify the biochemical divergence between S. uvarum-S. 

kudriavzevii and S. cerevisiae amino acids. Those showing scores equal 

to or higher than 120 were considered as radical changes (Stribny, 

Romagnoli, et al., 2016; Macías et al., 2019). The amino acids positions 

previously identified as being under positive selection in the Aro4p in 

S. kudriavzevii were extracted from the analysis carried out by (Macías 

et al., 2019). Then, Grantham’s scores (Grantham, 1974) were 

assigned to the amino acid changes, to quantify the biochemical 

divergence between S. kudriavzevii and S. cerevisiae. The significance 

of the changes was classified in this case according to (Li et al., 1984). 

The software PyMOLTM Molecular Graphics System, Version 2.5.2 

Schrödinger, LLC (https://pymol.org/2/) was used to simulate the 

effect of the amino acid changes to the structure and interactions of 

the protein Aro4p using the crystal structure 1of6.4 downloaded from 

the SWISS-MODEL server (https://swissmodel.expasy.org/) as 

template. The gene products of the S. cerevisiae T73 and S. kudriavzevii 

CR85 ARO4 alleles were aligned with the Clustal Omega 1.2.2 tool 

using the default parameters. 

Identification of three novel subtelomeric genes in S. eubayanus, S. 

kudriavzevii, and S. uvarum (Chapter 3) 

Both S. uvarum CBS7001 and S. kudriavzevii IFO1802 genomes 

(Scannell et al., 2011) were re-annotated following a combination of 

two approaches as described in (Macías et al., 2019), which revealed a 

novel cluster of three unknown genes. A blastx search (Altschul et al., 

1990) of the three genes against the non-redundant protein sequence 

https://pymol.org/2/
https://swissmodel.expasy.org/
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(nr) database was performed in other S. uvarum and S. kudriavzevii 

strains and S. eubayanus CBS12357 (Brickwedde et al., 2018). 

Simultaneously, a blast search against both non-redundant database 

and Saccharomyces assemblies (Table S3.1) was carried out to check 

either the presence or absence of these genes. The discovered 

Aminotransferase-like protein (AT) and putative Zinc-finger 

transcription factor (FT) gene sequences in the S. kudriavzevii strains 

IFO1802, CA111, CBS12751, CR85; S. uvarum strains NPCC1290, 

NPCC1314, CBS7001, BMV58 and S. eubayanus strain CBS12357 were 

translated to their deduced amino acid sequence with the Geneious 

Prime® 2020.2.4 software using the standard code. The sequences 

were aligned with the Clustal Omega 1.2.2 tool using the default 

parameters and a consensus sequence was extracted. A search for 

documented protein domains was performed through the 

InterProScan (Quevillon et al., 2005) tool of Geneious Prime® 2020.2.4 

software against the PROSITE database and a blastp search against 

Swissprot database was carried out with default parameters using max 

E-value equal to 0.1. Then, we extracted the sequence with the highest 

identity, and we carried out a new alignment with the Clustal Omega 

1.2.2 tool. 

Screening for orthologs in other yeast genomes (Chapter 3) 

The sequences of three genes included in the subtelomeric cluster 

found in Saccharomyces (DGD1, DGD2, and AAP) were used to find 

orthologs in other yeast species. 313 genome sequences of different 

species of budding yeasts (Shen et al., 2018) were used to run the 

genomic screening. A blastn (Altschul et al., 1990) search was 
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performed against the genomes with default parameters and word 

size set to 20. An in-house Python script was used to filter results by 

keeping hits with a total alignment length greater than 200 bp. Open-

reading frames (ORFs) from the hits found were extracted and the 

longest ORFs for each gene were selected for further analysis. The 

translated sequences of the final selected ORFs were used to validate 

results by aligning against the Uniprot reference database 

(https://www.uniprot.org/) using Blastp tool. We also studied whether 

synteny was conserved when two of three genes of the cluster were 

found in the same yeast genome. 

Phylogeny reconstruction (Chapter 3) 

Final validated DGD1 and DGD2 ORFs were used for phylogeny 

reconstruction. Sequences were translated into amino acids and 

aligned with MUSCLE (Edgar, 2004) implemented in the MEGA v. 

11.0.13 program (Tamura et al., 2021) . The best evolutionary protein 

models based on empirical frequencies of amino acid replacements 

were selected with ProtTest 3.4.2 (Darriba et al., 2012), and the best-

fitting model for the Ddg1p alignment was the LG model (Le & Gascuel, 

2008) with gamma-distributed rates with an α shape parameter of 

0.5623, and for the Dgd2p/Cha4p alignment, the JTT model (Jones et 

al., 1992) with a gamma distribution of rates with an α shape 

parameter of 0.8115, a proportion of invariable sites of 0.032 and the 

observed aminoacid frequencies. Maximum-Likelihood phylogenies 

were obtained, with the appropriate model, by using the MEGA v. 

11.0.13 program (Tamura et al., 2021), with 500 bootstrap replicates. 

https://www.uniprot.org/
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1.1 Short Introduction 

Saccharomyces cerevisiae is frequently used as a starter culture in 

winemaking since it is adapted to a variety of stresses that occur during 

fermentation (Pretorius, 2000; Querol et al., 2018). Nowadays, to 

solve the problems of the production of higher alcohol wines, as a 

consequence of the adverse effects of climate change and to adjust to 

the current consumer preference trends, other species of the genus, 

such as Saccharomyces uvarum and Saccharomyces kudriavzevii, as 

well as their interspecific hybrids with S. cerevisiae, can be used as 

suitable alternative starter yeasts (Querol et al., 2018). These yeasts 

have been associated with wine fermentation and display desired 

enological traits of interest to solve the global warming effect on the 

wine production, such as lower ethanol yields, higher glycerol 

synthesis, good fermentation performance at low temperatures, and 

the generation of interesting aroma profiles (González et al., 2007; 

Gamero et al., 2013; Pérez-Torrado et al., 2015). The most important 

aroma compounds produced by yeast during fermentation are higher 

alcohols and acetate esters which highly impact wine’s flavor and 

aroma (Ugliano and Henschke, 2009). Higher (or fusel) alcohols are 

synthesized by yeast from the catabolism of aromatic, branched and 

sulfur-containing amino acids through Ehrlich pathway (Hazelwood et 

al., 2008; Ugliano and Henschke, 2009; Cordente et al., 2012). These 

alcohols can subsequently be transformed into their acetate esters by 

the action of acetyltransferases encoded by the genes ATF1 and ATF2 

which, together with the esterase Iah1p, modulate their final 

concentration (Ugliano and Henschke, 2009; Cordente et al., 2012). 

Among these compounds, 2-phenylethanol (PE) and 2-phenylethyl 



Chapter 1 

114 | P a g e  
 

acetate (PEA) are commonly desired in the wine because of their 

pleasant rose-like aroma that positively contributes to the wine’s 

aromatic profile (Ugliano and Henschke, 2009). PE biosynthesis via 

Ehrlich pathway (Kim et al., 2014; Qian et al., 2019) begins with the 

transamination of the aromatic amino acid phenylalanine into 

phenylpyruvate by the aromatic aminotransferase II Aro9p. Part of the 

phenylpyruvate also proceeds from the sugar catabolism (Rollero et 

al., 2019), in which, the glycolytic flux enters to the shikimate pathway 

to generate chorismite (Gientka and Duszkiewicz-Reinhard, 2009), and 

then, transformed into phenylpyruvate that finally enters to the 

Ehrlich pathway. Then, the phenylpyruvate is decarboxylated to 

phenylacetaldehyde by the broad-substrate-specificity 2-keto acid 

decarboxylase Aro10p. Finally, phenylacetaldehyde is reduced into PE 

through the alcohol dehydrogenases Adh1p to Adh7p together with 

the formaldehyde dehydrogenase Sfa1p (Cordente et al., 2012). PE is 

then either excreted to the medium or converted into PEA by 

acetyltransferases Atf1p and Atf2p. Stribny et al. (2015) reported that 

S. kudriavzevii and S. uvarum species produce higher concentrations 

of PE and PEA, respectively, from the aromatic amino acid 

phenylalanine than S. cerevisiae. Their results suggest differential 

activities of the enzymes involved in the aromatic compound 

biosynthetic pathways. To determine the molecular foundations that 

explain these differences, an in-silico analysis based on Grantham’s 

score (Grantham, 1974) determined that Aro10p, Atf1p, and Atf2p 

were good candidates because of their high scores (Stribny, 2016). This 

method quantifies how similar or dissimilar are two amino acids 

residues based on their physicochemical properties such as 
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composition, polarity, and molecular volume to predict their 

evolutionary distance. High values imply that both amino acids are 

evolutionary unlikely to be substituted with one another. Such 

replacements in a protein could potentially generate functional 

changes in their activity. 

Previous studies demonstrated that S. kudriavzevii Aro10p and both S. 

kudriavzevii/S. uvarum Atf1p and Atf2p versions showed differential 

substrate preferences and activities compared to those S. cerevisiae 

counterparts (Stribny, Querol, et al., 2016; Stribny, Romagnoli, et al., 

2016). Both S. kudriavzevii and S. uvarum Atf2p increased twofold 

activity against the phenylethanol compared to the S. cerevisae Atfp2. 

In addition, the The Km of S. kudriavzevii and S. uvarum Atfp1 are 

twofold and threefold higher than S. cerevisiae Atf1p using isoamyl 

alcohol as substrate, respectively. Besides, The Vmax value of both 

Atf1p non-cerevisiae species were two times lower than S. cerevisiae 

Atf1p. Moreover, these alleles changed the final aromatic compound 

composition in synthetic wine fermentations when they were 

expressed into an S. cerevisiae background (Stribny, Querol, et al., 

2016; Stribny, Romagnoli, et al., 2016). Another protein that showed a 

high Grantham’s score in both S. uvarum and S. kudriavzevii species 

was Aro80p (Stribny, 2016), which belongs to the zinc binuclear 

proteins family (Iraqui et al., 1999; MacPherson et al., 2006). Aro80p 

is constitutively bound to the cis UASARO elements of both ARO9 and 

ARO10 genes (Lee and Hahn, 2013) and specifically induces their 

expression in the presence of aromatic amino acids (Iraqui et al., 1999; 

Godard et al., 2007).  



Chapter 1 

116 | P a g e  
 

Since Aro80p is directly related to the Ehrlich pathway, the present 

chapter aimed to test the effect of ARO80 S. kudriavzevii/S. uvarum 

alleles on the production of PE and PEA from phenylalanine compared 

to the S. cerevisiae allele. To attain this, we improved the functional 

divergence analysis based on the method developed by (Macías et al., 

2019), who refined the functional divergence method developed by 

(Toft et al., 2009) by quantifying divergences according to Grantham’s 

scores. This method allowed us to identify candidate amino acid 

changes in Aro80p that might explain the observed differences in the 

synthesis of PE and PEA. To demonstrate these observations, we 

generated S. cerevisiae strains carrying the ARO80 S. kudriavzevii/S. 

uvarum alleles and we cultured them in the presence of precursor 

phenylalanine to decipher their impact on the expression of the genes 

ARO9 and ARO10 regulated by Aro80p. 
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1.2. Results 

1.2.1. S. uvarum and S. kudriavzevii show a high number of radical 

amino acid changes in Aro80p 

A previous study demonstrated high functional divergence in Aro80p 

amino acid sequences in the S. uvarum and S. kudriavzevii species 

compared to S. cerevisiae based on Grantham’s scoring (Stribny, 

2016). In this chapter, we have used a different approach taking 

advantage of a new method, recently described (Macías et al., 2019), 

to identify both evolutionary and functional significant radical amino 

acid changes in the Aro80p. These results (Figure 1.1) highlight the 

change D45A45/56 which is shared by both species and located at the C6 

zinc-finger of the DNA-binding domain region. Furthermore, the 

Aro80p-Sk exhibits four changes in the middle region where the 

change N502Y506 is at a similar position to the N502C517 showed by Aro80-

Su, although the function of that region remains unclear. Other 

changes in Aro80p-Su are widespread along the protein sequence. The 

changes R6G17, S114L125, and N170C181 are located at the N-terminal end 

of the zinc finger region, at the linker, and the dimerization domain of 

the protein, respectively. The change N939I954 is located between the C-

terminal end and the acidic region, essential for recruiting the 

transcriptional machinery. Finally, the amino changes Y532C367 and 

G690C705 are in regions of unknown functions. Altogether, these 

changes could explain differences in the function of Aro80p-Sk and 

Aro80p-Su with respect to the S. cerevisiae protein.
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Figure 1.1. Radical amino acids changes were observed in 

Aro80p comparing different Saccharomyces species.  

(A) Aro80p functional domains identified in S. cerevisiae 

by (Schjerling and Holmberg, 1996; Iraqui et al., 1999).  

(B) Detected radical amino acid changes in S. uvarum (Su) 

and S. kudriavzevii (Sk) compared to S. cerevisiae (Sc).  

T. delbrueckii (Td) sequence was used as an outgroup for 

the functional divergence analysis. Subscript numbers 

indicate the original amino acid position for each species. 

The alignment positions are relative to Su-Sc-Td and Sk-

Sc-Td alignments, respectively. Grantham’s scores 

(Grantham, 1974) of the identified significant radical 

amino acid changes are shown. 
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1.2.2. Effect of ARO80 alleles on PE and PEA production 

To determine the impact of the different ARO80 alleles on the 

production of phenylethanol (PE) and phenylethyl acetate (PEA), we 

generated recombinant strains carrying the S. uvarum (ST44-Su), S. 

kudriavzevii (ST44-Sk), and S. cerevisiae (ST44-Sc) ARO80 alleles. The 

parental aro80 mutant strain (ST44) was used as a control (Table M.2). 

Strains were grown in a minimal medium containing either ammonium 

sulfate or the aromatic precursor phenylalanine and we quantified PE 

and PEA production after 48 hours when all glucose was consumed 

(Figure 1.2). We observed that both recombinant strains ST44-Su and 

ST44-Sk increased the PE basal production by 11.2% and 13.4% 

compared to ST44-Sc strain in the presence of ammonium sulfate as 

the sole nitrogen source, respectively. While the strain ST44 showed a 

28.3% reduction of PE production. However, no PEA production was 

detected by any strain in this condition. Meanwhile, the strains ST44-

Su and ST44-Sk increased the PE production by 12.7% and 13.1% and 

PEA production by 29.0% and 32.2%, respectively, compared to ST44-

Sc in the presence of the phenylalanine as nitrogen source. In contrast, 

the strain ST44 showed a 63.9% and 91.3% reduction of PA and PEA 

production, respectively, compared to ST44-Sc. These data confirm the 

importance of the ARO80 gene in PA and PEA production and 

demonstrate that S. uvarum and S. kudriavzevii ARO80 alleles induce 

both PE and PEA increased production from the precursor 

phenylalanine. 
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Figure 1.2. Production of phenyl ethanol (PE) and phenylethyl acetate (PEA) by the 

recombinant ARO80 strains in minimal medium. Either ammonium sulfate (NH4) or 

phenylalanine (Phe) was used as sole nitrogen sources. Error bars represent the 

standard deviation from three biological replicates. Statistical differences were 

determined through ANOVA analysis independently for each nitrogen source. p-values 

for Tukey’s comparisons test are indicated. ND = Not detected 
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1.2.3. Effect of the ARO80 alleles in the ARO9 and ARO10 expression 

profiles  

The results showed above might indicate differences in the regulation 

of the Aro80p target genes ARO9 and ARO10 by the non-cerevisiae 

ARO80 alleles. Therefore, we tested the effect of the ARO80 alleles on 

their expression pattern profiles in the presence of phenylalanine by 

taking samples at different times after cells were inoculated into YNB 

12.5 g/L phenylalanine medium (Figure 1.3). Indeed, we observed that 

the expression of both ARO9 and ARO10 genes in the strain ST44-Su 

and ST44-Sk are two-fold higher than in the strain ST44-Sc after 10 

hours. However, no differences were observed between the ARO80 

recombinant strains after 24 hours, except for a higher expression of 

ARO9 in the strain ST44-Sk compared to ST44-Sc at 30 hours. In 

contrast, and as expected, the mutant strain ST44 expressed both 

ARO9 and ARO10 genes but unable to induce their expression in the 

presence of phenylalanine during the whole experiment.  
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Figure 1.3. Expression pattern of ARO9 and ARO10 genes of the ARO80 recombinant strains cultured in minimal medium containing phenylalanine 

as the sole nitrogen source. Fold change was determined as the log-2 base logarithm of expression in one sample normalized against the average 

expression obtained in all samples at 10 hours. Error bars represent the standard deviation from three biological replicates. Statistical differences 

were determined through ANOVA analysis independently for each time. p-values for Tukey’s comparisons test are indicated. 
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1.3. Discussion 

Previous studies have demonstrated that S. uvarum and S. kudriavzevii 

produce higher amounts of PE and PEA than S. cerevisiae from the 

aromatic amino acid precursor phenylalanine when it was used as the 

sole nitrogen source (Stribny et al., 2015), suggesting differences in the 

activity of the pathways involved in the production of aromatic 

compounds. An in-silico analysis based on Grantham’s scoring plus 

experimental validation have demonstrated that S. kudriavzevii 

Aro10p and S. kudriavzevii/S. uvarum acetyltransferases Atf1p and 

Atf2p contains significant amino acid changes which produced 

differences in their activity, substrate affinity and impacted the wine’s 

aroma profile when they were expressed in a wine S. cerevisiae strain 

(Stribny, Querol, et al., 2016; Stribny, Romagnoli, et al., 2016). The 

binuclear cluster protein Aro80p showed the highest divergent scores 

in both S. uvarum and S. kudriavzevii (Stribny, 2016). Since Aro80p 

regulates the expression of both Ehrlich pathway genes ARO9 and 

ARO10 (Iraqui et al., 1999; Godard et al., 2007), we studied the effect 

of the S. uvarum and S. kudriavzevii ARO80 alleles (ARO80-Su and 

ARO80-Sk) on the PE and PEA production from the phenylalanine 

precursor. When these alleles were expressed in the wine S. cerevisiae 

strain T73, increased the PE and PEA production compared to the S. 

cerevisiae wild type allele (ARO80-Sc). Considering the regulatory 

function of Aro80p, we analyzed the expression pattern of the Aro80p-

regulated genes ARO9 and ARO10 at different times. It has been 

reported that overexpression of both genes increases the PE titer (Kim 

et al., 2014). Indeed, the ARO80-Su and ARO80-Sk alleles induced 

higher expression levels of those genes in short times than the ARO80-
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Sc allele which correlates with increased PE and PEA productions. 

Because only ARO80 ORFs were swapped, their ability to induce higher 

expression levels might be explained by the identified amino acid 

changes. Aro80p belongs to the zinc cluster proteins which are found 

exclusively in fungi and exhibit characteristic functional domains 

shared by the members of this family (Iraqui et al., 1999; MacPherson 

et al., 2006). However, since functional studies in ARO80 have not 

been conducted yet, we came out with some suggestions based on 

published data. The substitution D45A45/56 shared by both non-

cerevisiae species is located at the loop that separates the two 

cysteine-rich substructures of the DNA-binding domain (DBD) metal-

binding portion of the protein. Although Aro80p is constitutively 

bound to the UASARO elements independently of the nitrogen source 

(Lee and Hahn, 2013) and the DBD is related only to the ability of the 

protein to bind to its cis element, it has been reported that similar 

changes in the regulatory protein Leu3p could improve not just the 

DNA binding activity but the transcriptional activity and therefore an 

increased expression in vivo of the regulated genes in the presence of 

the inducer (Bai and Kohlhaw, 1991). We observed many changes 

located in the middle region, between the DBD and activation domain 

(AD) in the proteins Aro80p-Su (Y352C367, N502C517, and G690C705) and 

Aro80p-Sk (S482I486, R488G492, D496A500, and N502Y506). In most of the zinc 

cluster proteins, the region between these two domains contains a 

motif referred to as the middle homology region (MHR) and it is 

believed that it regulates the transcriptional activity of the protein 

(Schjerling and Holmberg, 1996; MacPherson et al., 2006). Although 

(Iraqui et al., 1999) reported a recognizable part of this motif in Aro80p 
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between the positions 370-412, it seems to be absent and remains 

unclear which are the regulatory regions. Some of the zinc cluster 

proteins that regulate the genes involved in the catabolism of specific 

amino acids act also as nutrient sensors (Sellick and Reece, 2005; 

MacPherson et al., 2006). A well-reported case is the protein Put3p, 

which upregulates the expression of the proline catabolite genes PUT1 

and PUT2 in the presence of the inducer proline as the sole nitrogen 

source. The proposed mechanism (Sellick and Reece, 2005) involves 

the interaction between Put3p and the proline to induce 

conformational changes which, in turn, unmask the AD that recruits 

the proteins to initiate the transcription. Indeed, it has been 

demonstrated that Put3p binds directly to proline through its 

pyrrolidine ring and then it induces the transcription of genes 

containing Put3p-binding sites (Sellick and Reece, 2003). A similar 

model has been hypothesized for the regulator Leu3p (Kohlhaw, 

2003). Because the aromatic amino acids are the inducers of Aro80p, 

the same activation mechanism might be conserved, but a direct 

interaction has not been demonstrated yet (Lee and Hahn, 2013). The 

substitution G532R in Put3p impairs the activation by proline without 

affecting the activity of other domains but an additional R764T 

substitution not just recovers but increases the activity of Put3p, which 

becomes proline insensitive (Ann G des Etages et al., 1996). Other 

substitutions in the middle region have an impact on the AD masking 

which could produce either a permanent or loose unmasking that 

increases the transcription activity (Kohlhaw, 2003). Since the 

substitutions found in the Aro80p middle region are located at similar 

positions relative to the reported proteins, this suggests that such 
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changes could affect the transcriptional activity by either changing a 

potential interaction between Aro80p and the phenylalanine or 

diminishing the AD masking. The substitution N939I954 is located at the 

C-terminal end of the AD in the Aro80p-Su and it probably exerts a 

minimal effect since the acidic/hydrophobic core (Schjerling and 

Holmberg, 1996) between positions 899-925 is conserved, and 

deletion experiments in Gal4p and Leu3p have demonstrated that the 

last twelve and nine residues, respectively, are dispensable for their 

transcriptional activities (Leuther et al., 1993; Wang et al., 1997). 

These results and suggested observations indicate that the different 

Aro80p proteins of this study could be used as a model to identify the 

functional domains of the protein and promote future studies 

addressing how the different identified amino acid changes affect the 

Aro80p transcriptional activity. 

1.4. Conclusions 

In this chapter, we demonstrated that alleles ARO80-Su and ARO80-Sk 

increased both PEA and PE production compared to the strain carrying 

ARO80-Sc by enhancing the expression of the ARO9 and ARO10 genes 

in the presence of the inducer phenylalanine. We also identified 

candidate amino changes between Aro80p proteins that might explain 

differences in the expression of their target genes ARO9 and ARO10. 

Finally, we propose that changes in the ARO80 gene can be interesting 

to characterise the Aro80p regulatory domains, and the develope of 

novel strains showing higher expression in the ARO9 and ARO10 genes 

and, with that, increasing the PE and PEA production in wine
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2.1 Short introduction 

Saccharomyces cerevisiae is the most preferred yeast starter in 

winemaking since it can face the variety of stresses encountered 

throughout the fermentation and because of its robust fermentative 

traits (Pretorius, 2000). Nevertheless, in recent years the consumer 

trends have changed, looking for young wines exhibiting more floral 

flavors. Moreover, the production of high-alcohol wines due to the 

increment of sugar content in grapes, as a consequence of climate 

change, has prompted the search for alternatives to reduce alcohol 

contents. Thus, the usage of other Saccharomyces species as starters 

has been chosen among the most optimal approaches to meet these 

challenges (Querol et al., 2018). During the fermentation, 

Saccharomyces yeasts produce ethanol and many other by-products 

such as the volatile aromatic compounds that contribute to the wine’s 

flavor (Pretorius et al., 2012; Holt et al., 2019). Among the most 

important by-products are the higher alcohols, whose accumulation 

depends on the starter yeast and the fermentation conditions (Ugliano 

and Henschke, 2009). The higher (or fusel) alcohols are produced in 

yeast from two different pathways. The first corresponds to the 

catabolism of the aromatic (tyrosine, threonine, and phenylalanine), 

branched (valine and isovaline), and sulfur-containing (methionine) 

amino acids through the Ehrlich pathway (Hazelwood et al., 2008). The 

amino acids are first transaminated by the aminotransferases encoded 

by the genes ARO8, ARO9, BAT1, and BAT2, followed by a 

decarboxylation reaction catalyzed by the decarboxylases Aro10p, 

Pdc1p/5p/6p. The resulting aldehydes are reduced by the alcohol 

dehydrogenases (codified by the genes ADH1 to AHD7, and SFA1) to 
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produce higher alcohols (Hazelwood et al., 2008; Cordente et al., 2012; 

Holt et al., 2019). The second pathway corresponds to a de novo 

biosynthesis through the sugar metabolism by using the Shikimate 

pathway (Gientka and Duszkiewicz-Reinhard, 2009; Holt et al., 2019). 

This pathway begins with a condensation reaction between the 

glycolysis intermediate phosphoenolpyruvate (PEP) and the ribose 

pentose pathway intermediate erythrose-4-phosphate (E4P) to 

generate 3-deoxy-D-arabino-heptulosonate-7-phosphate (DAHP). This 

reaction is catalyzed by the DAHP synthases encoded by genes ARO3 

and ARO4. DAHP is then converted to the final product chorismate by 

the multidomain protein AROM (ARO1) and the chorismate synthase 

(ARO2). The chorismate is the intermediate used for the biosynthesis 

of the aromatic amino acids (Gientka and Duszkiewicz-Reinhard, 

2009). However, part of the prephenate flux of the 

tyrosine/phenylalanine biosynthesis branch is converted either to 4-

hydroxyphenylpyruvate (4HPP) or phenylpyruvate by the products of 

the genes TYR1 and PHA2, respectively. Finally, they enter the Ehrlich 

pathway, to be converted into tyrosol and phenylethanol, respectively 

(Hazelwood et al., 2008; Holt et al., 2019). The latter is a commonly 

desired compound in wines since confers a rose-like aroma (Ugliano 

and Henschke, 2009). The Saccharomyces genus is composed of eight 

species and several natural interspecific hybrids, which have been 

isolated from different natural and man-made niches (Alsammar and 

Delneri, 2020). Among them, S. uvarum isolates and the S. uvarum x S. 

cerevisiae and S. kudriavzevii x S. cerevisiae hybrids have been isolated 

and associated with wine fermentations exhibiting desired traits such 

as lower ethanol production, higher synthesis of glycerol and the 
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generation of different aromatic profiles (Gamero et al., 2013; Pérez-

Torrado et al., 2015; Peris et al., 2016). Wild European S. kudriavzevii 

strains are isolated from tree barks and were confirmed as the 

genomic donor of the S. cerevisiae x S. kudriavzevii hybrids isolated 

from wine fermentations (Sampaio and Gonçalves, 2008; Lopes et al., 

2010). Fermentations performed by these S. kudriavzevii isolates, with 

Tempranillo and Macabeo musts, exhibited an increase in the 

production of phenylethanol and phenylethyl acetate compared to 

fermentations performed with wine S. cerevisiae strains (Peris et al., 

2016). Moreover, previous studies (Stribny, Querol, et al., 2016; 

Stribny, Romagnoli, et al., 2016) demonstrated that the expression of 

the S. kudriavzevii ARO10 and ATF1 alleles increased the production of 

both phenylethanol and phenylethyl acetate in synthetic wine must 

fermentations. However, part of the higher alcohol pool might be 

biosynthesized de novo from sugars during wine fermentation (Holt et 

al., 2019; Rollero et al., 2019). Therefore, it remains unclear which is 

the contribution of the shikimate pathway genes in the production of 

higher alcohols in S. kudriavzevii. Given the vast availability of genome 

sequences of different Saccharomyces isolates, comparative genomics 

is a suitable approach to selecting genes responsible for the 

differences of the desired oenological traits in S. kudriavzevii. A 

previous study in our laboratory (Macías et al., 2019) searched for 

genes under positive selection in S. kudriavzevii compared to S. 

cerevisiae, which allowed the identification of the gene ARO4 among 

the candidates. Since ARO4 is involved in the biosynthesis of higher 

alcohols, the presence of adaptive selection suggested ARO4 as one of 

the key genes explaining the ability of S. kudriavzevii to increase 
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phenylethanol production. Therefore, in this chapter, we analyzed the 

impact of the S. kudriavzevii ARO4 allele on the production of higher 

alcohols, through the quantification of the final products 

phenylethanol and tyrosol in winemaking conditions. Besides, we have 

got insights into the regulation of the S. kudriavzevii Aro4p that might 

explain the differences observed in phenylethanol production. 

2.2 Results 

2.2.1 The S. kudriavzevii ARO4 gene decreases the phenylethanol and 

tyrosol production 

To essay the effect of the ARO4 alleles on the production of higher 

alcohols, we generated the recombinant ARO4 strains (Table M.2), 

and they were used to perform fermentation in synthetic wine must. 

At the end of fermentation, we took samples to analyze by HPLC sugar 

contents and the production of aromatic compounds. We did not 

observe differences in the ethanol and glycerol production between 

the strains ST41-Sk and ST41-Sc (Figure 2.1). Strikingly, the strain ST41-

Sk, compared to the strain ST41-Sc, showed a reduction of 8.2% and 

13.3% of tyrosol and phenylethanol, respectively (Figure 2.1A). Since 

ARO3 encodes the DAPH synthase inhibited by phenylalanine, we 

disrupted this gene in both recombinant strains, to remove the basal 

DAPH synthase activity, and to directly analyze the effect of the 

presence of the different ARO4 alleles. At the end of fermentation with 

the new recombinant strains ST41-Sk-3Δ and ST41-Sc-3Δ, no 

differences in the production of glycerol and ethanol were again 

observed (Figure 2.1B). Nevertheless, we observed a reduction of 

31.6% and 29.5% in the production of tyrosol and phenylethanol, 
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respectively, in the strain ST41-Sk-3Δ compared to ST41-Sc-3Δ (Figure 

2.1B). These results suggest that the S. kudriavzevii Aro4p might 

exhibit less activity or higher sensitivity to tyrosine than the S. 

cerevisiae variant. 

 

 

Figure 2.1. Production of ethanol, glycerol, and higher alcohols by the recombinant 

ARO4 strains. (A) Recombinant ARO4 strains. (B) aro3 recombinant ARO4 strains. The 

fermentations were carried out in SWM at 25 °C and the different compounds were 

detected and quantified by HPLC. Statistical differences were determined through a 

two-tailed unpaired t-test. p-values style are from GraphPad Prims version 8.01: 

0.0332 (*); 0.0002 (***); < 0.0001 (****). 
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2.2.2 The strain carrying the S. kudriavzevii ARO4 allele is more 

sensitive to tyrosine 

To test the feedback inhibition of the S. kudriavzevii and S. cerevisiae 

Aro4p, we cultured both ST41-Sk-3Δ and ST41-Sc-3Δ mutants in SC-aro 

media with different concentrations of the inhibitor tyrosine (Figure 

2.2). We observed no effect at 0.1 mM of tyrosine. However, the µmax 

was reduced at 0.5 mM of tyrosine in both strains, but the effect was 

higher in the strain ST41-Sk-3Δ, which shows 37.8% less µmax than the 

strain ST41-Sc-3Δ. Moreover, we observed a total impaired growth in 

the strain ST41-Sk-3Δ from 1 mM to 5 mM of tyrosine, but the strain 

ST41-Sc-3Δ could grow even at the highest concentration although at 

a low rate. These results support that the Aro4p, encoded by the S. 

kudriavzevii ARO4 gene, is more sensitive to tyrosine inhibition than 

the protein encoded by the S. cerevisiae ARO4. 

 

Figure 2.2. Effect of the Aro4p feedback inhibition on the growth rate. The cells were 

cultured in 200 µL of synthetic complete medium without aromatic amino acids (SC-

aro) and different concentrations of tyrosine (Tyr). The error bars are the standard 

deviation of biological replicas. Statistical differences were determined through a two-

tailed unpaired t-test. p-values style are from GraphPad Prims version 8.01: 0.0332 

(*); 0.0002 (***); < 0.0001 (****). 
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2.2.3 Functional divergence analysis of the S. kudriavzevii Aro4p 

In the study carried out by (Macías et al., 2019), the authors identified 

the amino acids being under positive selection in the S. kudriavzevii 

Aro4p sequence. Here we assigned Grantham’s scores to those 

changes (Figure 2.3A). Five changes were N terminal (S4S2, P5E3, P12G11, 

Q17E15, and L26Q24), being the change L26Q24 was the one showing the 

highest score (113) which is classified as moderately radical according 

to (Li et al., 1984). This change is in the beta-sheet β0 of the first 

monomer involved in the interaction with the beta-sheet β6b of the 

second monomer (Figure 2.3B). Moreover, this region is the internal 

extension, essential for the regulation of Aro4p by tyrosine (Hartmann 

et al., 2003). The change L26Q24 generates a new hydrogen bond of 3.3 

Å between the amino group residue of the glutamine GLN-26 with the 

oxygen of the carboxylic group of the threonine THR-238 (Figure 2.3C). 

The change with the second-highest score is A332S330 which is in the 

loop that connects the beta-sheet β8 with the alpha-helix α8, yet with 

unknown functions. Therefore, the identified changes could influence 

the sensitiveness of the S. kudriavzevii ARO4 gene product to the 

feedback inhibition exerted by tyrosine. 
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Figure 2.3. Amino acids being under positive selection. (A) The amino acid residues 

were identified in a previous study Macías et al. (2019). The probability of the positive 

selection (PS) is shown. Grantham’s scores were assigned to the amino changes based 

on Grantham (1974). According to Li et al. (1984) amino acid changes are considered: 

Conservative (score ≤ 50), Moderately conservative (50 < score ≤ 100), Moderately 

radical (100 < score ≤ 150) and radical (score > 150). (B) Topology of the Aro4p, 

adapted from Hartmann et al. (2003). The beta-sheets β0 and β6b, involved in the 

interaction between the two monomers of Aro4p, are coloured in cyan and green, 

respectively. (C) Tridimensional model of the interaction between the beta sheets β0 

and β6b. The PyMOLTM 2.5.2 software was used to carry out the in-silico mutation 

using as a template the Aro4p crystal structure 1of6.4 downloaded from the SWISS-

MODEL server. The conformation of GLN-26 with the highest mutation probability 

(23.2%) is shown. 
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2.3 Discussion 

In this chapter, we focused on the role of the ARO4 S. kudriavzevii 

allele in the production of the desired higher alcohol phenylethanol. 

Macías et al. (2019) reported the gene ARO4 from S. kudriavzevii to be 

under positive selection compared to the S. cerevisiae gene, and they 

suggested that the observed amino acidic changes could have a role in 

the ability of the S. kudriavzevii to produce more phenylethanol than 

S. cerevisiae (Peris et al., 2016). The results obtained in this study, 

suggest that DAHP synthase encoded by the S. kudriavzevii ARO4 allele 

is less efficient than the protein encoded by the S. cerevisiae 

counterpart during winemaking fermentation. This result agrees with 

the lower intracellular flux throughout the shikimate pathway 

exhibited by the S. kudriavzevii strain CR85 compared to the S. 

cerevisiae strain T73 during fermentation in grape must at low 

temperatures (12 °C) (Minebois et al., 2020). Moreover, Rollero et al. 

(2019) demonstrated in S. cerevisiae that the phenylethanol is 

generated mainly from the catabolism of the phenylalanine rather 

than through a de novo synthesis from the sugar catabolism. 

Moreover, S. kudriavzevii produces higher phenylethanol amounts 

from the amino acid precursor phenylalanine compared to S. 

cerevisiae (Stribny et al., 2015). It has been demonstrated that the 

expression of the S. kudriavzevii ARO10 allele in the wine S. cerevisiae 

strain T73 increases the production of phenylethanol during 

fermentation in synthetic wine must (Stribny, Romagnoli, et al., 2016). 

Therefore, the ability of S. kudriavzevii to produce more phenylethanol 

(Peris et al., 2016) seems to rely on the Ehrlich Pathway. However, it 

remained unclear why the S. kudriavzevii Aro4p is less efficient than S. 
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cerevisiae Aro4p. The DAHP encoded by ARO4 is feedback regulated 

by tyrosine (Künzler et al., 1992; Helmstaedt et al., 2005), and yeasts 

with the genotype aro3 ARO4 are sensitive to the presence of tyrosine 

if it is used as the sole aromatic amino acid source (Sousa et al., 2002). 

Therefore, we propose that the lower efficiency of the S. kudriavzevii 

Aro4p could be a consequence of a higher sensitivity to the feedback 

regulation exerted by tyrosine. Indeed, we demonstrated that the 

strain carrying the S. kudriavzevii ARO4 gene is more sensitive to 

tyrosine than the recombinant strain carrying the S. cerevisiae one.  

The functional divergence analysis of the amino acid, whose codons 

showed positive selection, might explain the observed differences in 

the Aro4p. Five of the six amino acids being under positive selection 

were located at the amino end of the Aro4p. At the S4S2 position the 

codon TCN which appears in S. cerevisiae changes to the codon AGY 

present in the S. kudriavzevii ARO4 allele. Despite both codons are 

encoding for serine, the transition between them is produced first by 

a deleterious mutation followed by a compensatory substitution which 

is subject to strong purifying selection (Rogozin et al., 2016), which 

explains why this codon was detected in the positive selection analysis 

carried out by Macías et al. (2019). However, since no amino acid 

change was produced, no functional implications can be assigned to 

this change. The most significant change was L26Q24, which is in the 

beta-sheet β0 involved in the interaction between the two monomers 

of Aro4p. It seems that this change generates a new hydrogen bond 

between the glutamine and the threonine located in the β6b that 

could confer a more stable interaction between the monomers, and 
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hence, a differential sensitiveness to the feedback regulation by 

tyrosine. In addition, many identified feedback insensitive Arop4 

mutants showed single mutations at the amino end of the protein such 

as D22G, T44I, E49G, and R55G (Hartmann et al., 2003). Besides, the 

deletion of the first 20 amino acids results in an unregulated protein 

with low activity (Hartmann et al., 2003). Therefore, the changes P5E3, 

P12G11, and Q17E15, which were not resolved in the crystal structure, 

could play a role in the activity and regulation of the protein. The 

replacement A332S330, with the second-highest score, is located in the 

loop that connects the β8α8. Residues in the loops which connect the 

beta-strand and alpha-helix domains participate in the interaction with 

the substrate PEP (Hartmann et al., 2003). However, no function has 

been assigned to the β8α8 of the Aro4p, but the mutation Q302R that 

is in the alpha-helix α7 has been reported as partially recovering the 

sensitiveness to tyrosine of an insensitive tyrosine mutant P165G 

(Helmstaedt et al., 2005). Thus, the mutation A332S330 could play a role 

either in the PEP binding or in the feedback regulation.   

Despite we demonstrated that the reduced activity in the S. 

kudriavzevii Aro4p is due to a higher sensitivity to the tyrosine 

feedback regulation, it remains unclear why the ARO4 gene showed 

positive selection in S. kudriavzevii and which are the adaptive 

advantages that replacements confer. The first pure S. kudriavzevii 

strains were isolated from decayed leaves in Japan (Naumov et al., 

2000), and from Quercus tree barks (Q. faginea, Q. ilex, Q. pyrenaica) 

in the Iberian Peninsula (Sampaio and Gonçalves, 2008; Lopes et al., 

2010). Sampaio & Gonçalves (2008) analyzed the sugar content in the 
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tree barks, where the yeasts were isolated, and they presented trace 

amounts of sucrose in Q. ilex and glucose, fructose, and sucrose in Q. 

faginea and Q. pyrenaica. Unfortunately, the amino acid content was 

not analyzed. However, some studies have quantified the amino acid 

content of the xylem sap and the acorn in Q. ilex, which depends on 

the growth stage, soil composition, and seasonal period (Nabais et al., 

1997, 2005; Özcan, 2006). In the xylem sap, the molecule ratio 

between tyrosine and the predominant amino acid, asparagine, 

fluctuates from not being detected (tyrosine) up to 0.420 and 0.172 in 

Q. ilex trees growing in Sandy Loam and Serpentine soils (Nabais et al., 

1997). However, the tyrosine amounts reach up to trace levels in 

ultramafic and schist-derived soils (Nabais et al., 2005). In the acorns, 

the molecule ratio between tyrosine and the predominant amino acid 

glutamate is 0.182 (Özcan, 2006). In contrast, the proportions between 

tyrosine and the predominant amino acids, arginine, and glutamine, in 

the grape must are 5.46 x 10-2 and 6.77 x 10-2, respectively (Minebois 

et al., 2020). Similarly, these proportions are also in the used synthetic 

wine must (5.10 x 10-2 and 3.15 x 10-2). Based on these observations, 

we propose that the gene ARO4 in S. kudriavzevii evolved to reduce 

the aromatic amino acid biosynthetic flux according to the tyrosine 

availability in their natural niches. In contrast, S. cerevisiae requires a 

better aromatic amino acid biosynthetic flux because of the low 

proportion of aromatic amino acid and higher sugar concentration 

present in the grape must. This agrees with the observation that, in S. 

cerevisiae x S. kudriavzevii hybrids, the S. cerevisiae ARO4 allele is 

expressed more than the S. kudriavzevii counterpart (Combina et al., 

2012).  
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2.4 Conclusions 

In the present chapter, we demonstrate that the S. kudriavzevii ARO4 

allele, which shows positive selection, encodes a DAPH synthase more 

sensitive to the feedback regulation by tyrosine, and in consequence, 

reduces the production of phenylethanol in wine fermentation 

conditions. This supports the ability of S. kudriavzevii to produce larger 

amounts of higher alcohols relying on the aromatic amino acid 

catabolic pathways. Moreover, we described candidate amino acid 

changes that might affect the activity of the S. kudriavzevii Aro4p and 

we propose that the positive selection could be related to the 

ecological niche of S. kudriavzevii. 
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3.1. Short introduction 

Yeasts of the Saccharomyces genus has been used for different 

industrial processes such as winemaking, brewing, bakery, etc. Many 

studies have aimed to dissect the molecular foundations that 

underline the traits of biotechnological interest such as those related 

to nutrient consumption. Among the mechanisms responsible of the 

acquisition of new functions, the horizontal (or lateral) gene transfer 

(HGT or LGT) has gained more attention as an important evolutionary 

process involved in fungi and yeast adaptation to specific 

environments (Richards, 2011). HGT is the acquisition from a distantly 

related species of xenologous genes, which provide either improved 

or novel biological functions that might confer a competitive 

advantage during environmental selective pressures (Fitzpatrick, 

2012).  

In recent years, the vast availability of genome sequences of different 

yeast species and strains allowed the identification of more genes 

likely acquired through HGT (Novo et al., 2009; Shen et al., 2018). They 

are normally detected through phylogeny inference, where the 

topology of a candidate gene contradicts the established species 

phylogeny (Richards, 2011; Fitzpatrick, 2012). In S. cerevisiae, most 

reported HGT events encode putative proteins related to metabolic 

processes such as the metabolism and transport of carbon and 

nitrogen sources (Hall et al., 2005; Novo et al., 2009). However, few 

studies have experimentally validated their function and physiological 

role (Figure 3.1). A well-reported prokaryote-to-eukaryote gene 

transfer in S. cerevisiae is the gene URA1, encoding a dihydroorotate 
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dehydrogenase, which was acquired from a lactic acid bacterium to 

allow the anaerobic biosynthesis of orotate. It is believed this was an 

important evolutionary step for the adaption of S. cerevisiae to 

anaerobic environments (Hall et al., 2005).  

 

 

Figure 3.1. Horizontally transferred genes reported in S. cerevisiae. 

 

In addition, eukaryote-to-eukaryote gene transfers have also been 

described in wine S. cerevisiae isolates which conferred an important 

advantage to growth in fermentative environments. In particular, the 

large genomic segments named regions B and C were acquired from 

Zygosaccharomyces bailii and Torulaspora microellipsoides, 

respectively (Novo et al., 2009; Marsit et al., 2015). Region C contains 

the FOT1-2 genes, encoding oligopeptide permeases, and the gene 

FSY1, codifying for a high-affinity fructose/H+ symporter, which 
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conferred the ability to uptake oligopeptides and the high fructose 

amounts present in the grape must, respectively (Galeote et al., 2010; 

Marsit et al., 2015). Nevertheless, there is still little experimental 

evidence about which HGT events have occurred in natural niches 

among wild Saccharomyces isolates.  

Through a genomic comparative approach, we found a small 7-kb 

subtelomeric segment, containing three putative genes related to the 

nitrogen metabolism, present in the species S. uvarum, S. kudriavzevii, 

and S. eubayanus, but absent in the remaining Saccharomyces species. 

In the present study, we report the characterization of two of these 

genes, one named as DGD1 encoding a yeast dialkylglycine 

decarboxylase, and the second DGD2 codifying for its putative 

regulator.  

Dialkylglycine decarboxylase (DGDA) has first been described in the 

bacterium Burkholderia cepacia (Keller et al., 1990) and later in some 

fungi (Esaki et al., 1994; Adachi et al., 2003). This enzyme belongs to 

the aminotransferase class III, which uses either α-ketoglutarate or 

pyruvate as the preferred amino group acceptors, and the pyridoxal 

phosphate (PLP) as a cofactor, that covalently binds to the amino 

group of their substrates, which is normally located at end of the alkyl 

chain and generally distal to the carboxylate group. However, DGDA is 

one of the few exceptions to this aminotransferase family that binds 

to the alpha-amino group (Schiroli and Peracchi, 2015). The enzyme 

exhibits the unique ability to catabolize the non-proteogenic 

dialkylamino acid 2-aminoisobutyric acid (AIB), which is present in soils 

and is an important component of the fungal antimicrobial 
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oligopeptides called peptaibols (Keller et al., 1990; Ramachander 

Turaga, 2020). DGDA catalyzes AIB through two half-reactions (Figure 

3.2): (1) The AIB binds to the PLP pyridoxal ring to form an external 

aldimine followed by a decarboxylation reaction (first half-reaction) 

which release CO2, (2) Then the formed quinonoid intermediate is 

reduced to form pyridoxamine phosphate (PMP) and an acetone 

molecule is released. (3) the PMP suffer a transamination reaction 

(second half-reaction) which its amino group is transferred to a 

pyruvate molecule to form alanine and recycle the PLP (Sun et al., 

1998). 

 

 

Figure 3.2. Dialkylglycine decarboxylase reaction. The aminotransferase catalyses the 

AIB through two half reaction. The first correspond to a decarboxylation of the AIB 

releasing CO2. The second is the transmination of the amino group of the intermediate 

PMP to the pyruvate that form L-alanine. (Fogle & Toney, 2010; Sun et al., 1998). 
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In addition, we also identified a putative regulator of DGD1, named as 

DGD2, that contains the characteristic functional motif of the zinc 

binuclear proteins. These proteins are known to be exclusive of fungi 

and are involved in the regulation of various physiological processes 

such as the induction of genes necessary for the metabolism of specific 

amino acids, for example, the well-reported regulator proteins Cha4p, 

Aro80p, and Leu3p, among others (Sellick and Reece, 2005; 

MacPherson et al., 2006). Phylogenetic analysis showed that genes 

DGD1 and DGD2 might have been acquired by HGT from a member of 

the Zygosaccharomyces genus. The findings and experimental 

validation of the present chapter show for the first time the evidence 

of an HGT event in non-S. cerevisiae species involved to their 

adaptation to natural environments, in which dialkyl amino acid-

containg peptaibols are released by fungi during the microbial warfare. 

3.2 Results 

3.2.1 Identification of a yeast dialkylglycine decarboxylase-like gene  

Reannotations of the genomes of S. uvarum CBS7001 and S. 

kudriavzevii IFO1802 revealed a novel cluster composed of three genes 

with unknown functions. This cluster is conserved between both S. 

uvarum and S. kudriavzevii genomes and is absent in the S. cerevisiae 

reference strain S288C. The blastx search of these three genes against 

the nr protein sequence database revealed the presence of this cluster 

in other strains of S. uvarum and S. kudriavzevii, and in an additional 

Saccharomyces species, S. eubayanus . The absence of this cluster in 

the rest of the Saccharomyces species was confirmed using the blastn 

algorithm against both the non-redundant database and 
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Saccharomyces genome assemblies (Supplemental Table S3.1). The 

blastn search showed that the three genes may encode a putative 

Zinc-finger transcription factor (TF), an Aminotransferase-like protein 

(AT), and a putative amino acid permease (AAP). We obtain the 

deduced amino acid sequences from the AT-encoding genes of the 

Saccharomyces strains. The consensus sequence was used to define 

possible protein domains according to the PROSITE database. The 

analysis showed that AT contains a pyridoxal phosphate (PLP)-

attachment site (Figure 3.3) which belongs to the aminotransferase 

class III family (Schiroli and Peracchi, 2015). The Blastp search of the 

predicted amino acid consensus sequence against the Swissprot 

database and a subsequent CLUSTAL Omega alignment showed that 

the AT shares 51.9% of identity with the Burkholderia cepacia 

dialkylglicine decarboxylase (DGDA) enzyme, whose substrate is the 

non-proteinogenic amino acid 2-aminoisobutyric acid (AIB) (Keller et 

al., 1990). Moreover, the reported residues (Q52, W138, M141, S215, 

K272 & R406) to be involved at the subsites (A, B & C) of the B. cepacia 

DGDA active site (Fogle and Toney, 2010) are conserved in the yeast 

AT protein sequence (Figure 3.3). Thus, this data suggests that the 

gene AT, hereafter referred to as DGD1, may encode a dialkylglicine 

decarboxylase enzyme and those yeast strains carrying the gene DGD1 

could display a dialkylglycine carboxylase activity. 
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Figure 3.3. Dialkylglycine decarboxylase active site. The alignment between 

Saccharomyces AT and B. cepacia DGDA sequences shows that the PLP-binding 

domain (obtained from the PROSITE database) and residues involved in the catabolism 

of AIB are conserved in the deduced AT amino acid sequence. The scheme was 

adapted from (Fogle & Toney, 2010; Sun et al., 1998). 

3.2.2 Saccharomyces isolates with DGD1 can use 2-aminoisobutyric 

acid as a nitrogen source 

Since it has been reported that E. coli expressing the B. cepacia DGDA 

gene acquired the ability to metabolize AIB (Keller et al., 1990), and S. 

cerevisiae is unable to use AIB nitrogen sources (Kim and Roon, 1982), 

we tested the ability of the Saccharomyces isolates carrying the gene 

DGD1 (S. eubayanus, S. uvarum, and S. kudriavzevii) to use AIB as the 

sole nitrogen source. Therefore, we took different strains belonging to 

the species S. eubayanus, S. uvarum, S. kudriavzevii, and S. cerevisiae 

(Table M.1) and plated them on SD-AIB medium at different AIB 

concentrations (1 mM, 5 mM & 10 mM).  
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Figure 3.4. Growth screening of Saccharomyces isolates. The strains were cultured on 

YNB plates at the different AIB concentrations and 10 mM Glutamine (Gln) as the sole 

nitrogen source. 

After eleven days, the S. kudriavzevii strains IFO1802 and CR85 and, to 

a lesser extent, CR90 and CBS12751, were able to grow in the presence 

of AIB, and at major concentrations, a better growth was observed 

especially in the strain IFO1802 (Figure 3.4, third column). The S. 

uvarum strains BMV58 and CBS7001 grew better than NPCC1290 and 

NPCC1314 (Figure 3.4). However, none of the S. eubayanus strains 

were able to grow in these conditions. As we expected, no growth was 

observed in the S. cerevisiae strains and all the Saccharomyces isolates 

exhibited optimal growth in the presence of glutamine after four days 
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(Figure 3.4, fourth column). These results demonstrated that some 

Saccharomyces isolates carrying the gene DGD1 can grow in the 

presence of AIB, with variable growth rates depending on the species 

and strain. These results suggested that the novel DGD1 gene may be 

responsible for the use of AIB as a nitrogen source. 

3.2.3 DGD1 confers the ability to use AIB as a nitrogen source  

To test whether the gene DGD1 is responsible for the dialkylglycine 

decarboxylase activity or not, we generated mutant strains of the 

entire cluster and mutants of each gene in both BMV58 and IFO1802 

backgrounds, which respectively showed the best phenotypes among 

the tested S. uvarum and S. kudriavzevii isolates (Figure 3.4). 

Moreover, the IFO1802 strain contains two copies of these 

subtelomeric genes, located at chromosomes VII and X. The latter 

carries DGD1 and APP alleles containing one indel that completely 

changes the reading frame and produces premature stop codons 

(Figure 3.5). Once we generated the mutant strains (Table M.2), they 

were cultured on SD-AIB plates. Due to the slow growth rate exhibited 

by the strain BMV58 in the tested conditions, we also assayed the 

resistance against the growth inhibitory effect exerted by AIB (Kim and 

Roon, 1982). We cultured the cells on SD-AIB-G and SD-AIB-P medium. 

Additionally, we used either SD-GLN or SD-PRO as a control media 

(Figure 3.5). As we demonstrated above, the haploid BMV58-derived 

strain AQ2901 grew also after eleven days in the presence of AIB as 

the sole nitrogen source (Figure 3.5, AIB column). However, the 

deletant strains Su-ClusterΔ and Su-DGD1Δ were unable to grow in this 

condition (Figure 3.5, AIB column). Additionally, these strains showed 
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decreased resistance against AIB after four days (Figure 3.5, AIB + P 

column). But in the presence of glutamine, the inhibitory effect was 

negligible (Figure 3.5, AIB + G column). As we expected, all the strains 

showed optimal growth on glutamine and proline as sole nitrogen 

sources (Figure 3.5, P & G columns). We observed similar effects in the 

IFO1802 deletants Sk-ClusterΔ and Sk-DGD1Δ, which did not grow in 

the presence of AIB after four days (Figure 3.5, AIB column). 

Additionally, the resistance against AIB was lost and hence no growth 

was observed in both mutants (Figure 3.5, column AIB + P). Both Su-

AAP∆ and Sk-AAP∆ mutants showed the same growth phenotype as 

their parental strains (Figure 3.5). Surprisingly, the strains Su-TF and 

Sk-TF, which are mutants in the TF gene that encodes a putative Zing-

finger transcription factor, showed similar phenotypes as the mutants 

Su-DGD1 and Sk-DGD1. Interestingly, the strain Sk-TF showed a little 

residual growth (Figure 3.5, column AIB + P). These results suggest 

that gene DGD1 might encode a dialkylglicine decarboxylase enzyme 

and the gene TF, from now named as DGD2, could be involved in the 

regulation of the dialkylglycine activity. 

 

 



Chapter 3 

155 | P a g e  
 

 

Figure 3.5. Growth and resistance against AIB phenotypes of the mutant strains. Above, the chromosome localization of the subtelomeric genes and 

the applied gene disruption approach to both strains IFO1802 and AQ2901 are shown. Below, the ability to use AIB as the sole nitrogen source 

(column AIB) and the resistance against the AIB’s inhibitory growth effect (columns P, AIB + P, G & AIB + G) exhibited by parental and mutant strains 

are depicted. G: 10 mM glutamine; P: 10 mM proline; AIB: 10 mM 2-aminoisobutyric acid.
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3.2.4 DGD1 encodes a yeast dialkylglycine decarboxylase enzyme  

To confirm the gene DGD1 encodes a dialkylglycine decarboxylase 

enzyme, we cloned both IFO1802 and AQ2901 DGD1 genes 

(Supplemental Figures S3.1-4) into the expression plasmid pYES2.1 

TOPO® TA to construct the plasmids pYES-Sk-DGD1 and pYES-Su-DGD1 

(Table M.3).  They were used to transform the host yeast CML235 to 

generate the strains CML235-DGD1-Sk and CML235-DGD1-Su, 

respectively (Table M.2). When both yeasts were cultured on SD-AIB-

P-2 medium (Figure 3.6A), they showed an increment of about 30-40% 

of the µmax compared to the control strain CML235-LacZ. We also 

assayed the protein production kinetics by Western Blot and observed 

a high protein production after three hours of growth in the SCGR-ura 

medium, which was maintained constant until the 24 hours in the 

strains CML235-DGD1-Sk and CML235-DGD1-Su and 12 hours for 

CML235-LacZ (Figure 3.6B). Then, we quantified the transformation of 

AIB to acetone, the by-product of the decarboxylation half-reaction 

(Figure 3.7A). We cultured the strains in the presence of AIB and we 

demonstrated that both CML235-DGD1-Sk and CML235-DGD1-Su 

strains consume AIB, and after 48 hours they produced stoichiometric 

amounts of acetone compared to the strain CML235-LacZ (Figure 

3.7B). These results confirm that the gene DGD1 encodes a 

dialkylglycine decarboxylase. Moreover, to demonstrate that the end 

product of Dgd1p reaction is alanine, and then incorporated to the 

nitrogen metabolism, we disrupted the gene ALT1 (García-Campusano 

et al., 2009) in both IFO1802 and AQ2901 strains, since it showed the 

best growth phenotype among all tested Saccharomyces isolates.   
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Figure 3.6. DGD1-carrying CML235 growth curves and Dgd1 protein production. (A) 

The cells were cultured in 200 µL of minimal medium (YNB, 10 mM AIB, 10 mM proline, 

1% raffinose as carbon source and 2% galactose as inducer) at 25ºC. On the right, a 

plot of the maximum specific growth rates (µmax) is shown. The error bars are 

standard deviations based on three biological replicas. Statistic differences were 

obtained through an ANOVA analysis. (B) Protein production profile at different time 

points after overnight cultures were transferred to the inducer medium. The V5-

labelled Dgd1 (Dgd1p) and lacZ proteins were detected by a horseradish peroxidase 

(HRP)-conjugated anti-V5 primary antibody. The loading protein control Tdh3 (Tdh3p) 

was detected by Anti-Tdh3 primary antibody coupled with HRP-conjugated anti-

mouse secondary antibody. Protein production is equal to the Dgd1p/LacZ peak band 

area divided by the Tdh3p peak band area. 
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Figure 3.7. Saccharomyces in vivo Dgd1 activity. (A) Decarboxylation half-reaction carried out by dialkylglycine decarboxylase (Fogle & Toney, 2010; 

Sun et al., 1998). (B) Growth and AIB consumption curves showed by the induced protein producer strains (left), AIB consumption and acetone 

production after 48 hrs (right). (C) alt1 mutants are unable to growth in the presence of AIB. Ala: 10 mM L-alanine; Gln: 10 mM L-glutamine; AIB: 10 

mM 2-aminoisobutyric acid. The error bars are the standard deviation of three biological replicas. Statistic differences were obtained through one-

way ANOVA analysis
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Indeed, the mutant Sk-ALT1Δ showed a huge growth reduction in the 

presence AIB. However, a normal growth was observed in the mutant 

Sk-DGD1Δ growing in the presence of alanine (Figure 3.7C). This 

confirms that the consumption of AIB as nitrogen source follows the 

proposed pathway (Figure 3.7C). These results confirm that the gene 

DGD1 encodes a yeast dialkylglycine decarboxylase. 

3.2.5 DGD2 encodes a putative zinc-cluster regulatory protein 

Since the strains Sk-TF and Su-TF (hereafter named as Sk-DGD2 and Su-

DGD2) lost their ability to grow in the presence of AIB and showed an 

impaired resistance against AIB (Figure 3.5), we hence analyzed the 

sequence of the novel gene DGD2. We observed first that the lengths 

of the different deduced amino acid sequences derived from the 

alleles were variable, in which, the CR85 sequence was the only one 

that presented a distinguishable fungal zinc finger Zn2Cys6 motif at the 

amino end, according to the PROSITE database. Therefore, we 

performed a manual search upstream of the annotated start codons 

of the available genome sequences of the S. kudriavzevii (CBS12357, 

CA111, CBS12751, and IFO1802) and S. uvarum strains (NPCC1290, 

BMV58, CBS7001, and NPCC1314) and, despite the presence of this 

motif, we found premature stop codons in all sequences taking the 

CR85 star codon as reference (Figures 3.8A). Thus, we sequenced the 

DNA region corresponding to the zinc finger Zn2Cys6 of the strains 

IFO1802 and AQ2901 to check their sequences (data not shown). 

Indeed, sequencing confirmed the absence of star codons in that 

region (data not shown). In addition, the alignment of the CR85 Dgd1p 

with other S. cerevisiae zinc binuclear cluster proteins  



Chapter 3 

160 | P a g e  
 

 

Figure 3.8. Dgd2p functional region determination. (A) General view of the positions 

of the identified functional sites taking the CR85 Dgd2p amino acid sequence as 

reference and alignment of the available Saccharomyces Dgd2p amino acid sequences, 

the upper green lines of each sequence indicate from where star the amino acid 

sequence according to the gene annotation. (B) Alignment of the middle homology 

region (MHR) of S. cerevisiae zinc binuclear proteins with the CR85 Dgd2p sequence, 

(*) The conserved MHR amino acids determined by (Schjerling & Holmberg, 1996). (C) 

Alignment of the S. cerevisiae Cha4p activation domain (AD) with the CR85 Dgd1p C-

terminal region. (D) Identity of each Saccharomyces Dgd2p and the consensus amino 

acid sequences with S. cerevisiae Cha4p. The numbers in the brackets indicate amino 

acid positions relative to the start codon. 
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(Cha4p, Put3p, Prpr1p, Pdr1p, Leu3p, Gal4p, and Dal81p) allowed us 

to identify the core part of the middle homology region motif (MHR) 

(Schjerling and Holmberg, 1996) located at the position 297-378 of 

Dgd1p (Figures 3.8B). Moreover, Dgd1p contains a region at C-

terminal similar to the Cha4p activation domain (AD) (Figures 3.8C) 

(Holmberg and Schjerling, 1996; Schjerling and Holmberg, 1996). 

Besides, the consensus Dgd1p, starting from the zinc finger motif 

sequence, showed 42.3% identity with the S. cerevisiae Cha4p. 

Identity was even higher in the individual Dgd1p sequences (Figure 

3.8D). Thus, the above data suggest that the gene DGD2 might encode 

a putative regulatory protein that specifically regulates the expression 

of DGD1 in the presence of AIB. 

3.2.6 The gene DGD2 is required to induce the expression of the 

DGD1 gene in the presence of 2-aminoisobutyric acid 

To validate the function of Dgd2p as the regulator of DGD1, we 

cultured the wild-type strains IFO1802 and AQ2901 and their dgd2 

mutants Sk-DGD2Δ and Su-DGD2Δ in minimal medium with AIB. We 

previously determined that 1 mM AIB was the optimal concentration 

to culture both Sk-DGD2Δ and Su-DGD2Δ strains to reduce the impact 

of its growth inhibitory effect (Supplemental Figure S3.5). When cell 

concentrations reached 1 x 107 cells/mL, we extracted the total RNA 

to generate cDNA, to quantify the relative expression of DGD1 by 

qPCR, using genes ACT1 and 18S rRNA as references.  We observed a 

65-fold and 104-fold induction of DGD1 in the strains IFO1802 and 

AQ2901 when they were cultured in the AIB medium plus proline 

compared to the value expression obtained in proline (Figure 3.9, AIB 

+ P vs P).  
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Figure 3.9. DGD1 relative expression. The expression values of DGD1 in the strains 

IFO1802 and AQ2901 and their dgd2 mutants Sk-DGD2∆ and Su-DGD2∆ for each 

treatment are shown. The fold change represents the log-2 base of the relative 

expression of DGD1, normalized by the average expression of the reference genes 

ACT1 and 18S rRNA divided by the average of the relative expression of all treatments. 

G: 10 mM Glutamine; P: 10 mM Proline; AIB: 1 mM 2-aminoisobutyric acid. The error 

bars are the standard deviation of three biological replicas. Statistic differences were 

obtained through 2-way ANOVA analysis and p values are shown. 
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These results confirm a specific induction of DGD1 in the presence of 

AIB. However, we observe slight and no differences between the 

expression values obtained in AIB plus glutamine and glutamine in the 

strains AQ2901 and IFO1802, respectively (Figure 3.9, AIB + G vs G). 

Interestingly, we observed a 26-fold and 128-fold induction in the AIB 

plus proline condition compared with the AIB plus glutamine condition 

in the strain IFO1802 and AQ2901, respectively (Figure 3.9, AIB + G vs 

AIB + P). The latter result agrees with an inducer exclusion of DGD1. 

Finally, the ability to induce the expression of DGD1 in the presence of 

AIB is lost in both mutant strains Sk-DGD2Δ and Su-DGD2Δ, in 

comparison to their parental strains IFO1802 and AQ2901, which 

showed a 33-fold and 31-fold induction of DGD1, respectively (Figure 

3.9, AIB + P). These results confirm that the gene DGD2 encodes the 

positive regulator of DGD1 required to induce the AIB-dependent 

expression of DGD1.  

3.2.7 On the origin of the Saccharomyces genes DGD1 and DGD2. 

We identified the function of the genes DGD1 and DGD2, which are 

needed to catabolize AIB. Since the dialkylglycine decarboxylase 

enzyme has been identified in bacteria and filamentous fungi (Keller et 

al., 1990; Esaki et al., 1994; Adachi et al., 2003), we searched for 

orthologues of the three subtelomeric cluster genes DGD1, DGD2, and 

APP in the available 313 genomes sequences of different species of the 

subphylum Saccharomycotina (Shen et al., 2018) to subsequently 

perform with combined synteny and phylogenetic analyses. In the case 

of the yet-unidentified APP gene, we could not find orthologues nor 

possible related genes adjacent to DGD1 or DGD2 
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Except for the three Saccharomyces species under study, we found 

that DGD1 was only present in different yeast species belonging to 

lineages that diverged before the whole-genome duplication (pre-

WGD) (Wolfe, 2015) (Figure 3.10A). Moreover, Saccharomyces DGD1 

genes clustered together with members of the 

Zygosaccharomyces/Torulaspora (ZT) clade (Marcet-Houben & 

Gabaldón, 2015), instead of forming a differentiated clade (Figure 

3.10A), and maintaining the same DGD1-DGD2 gene tandem order 

than Z. kombuchaensis, one of the closest species in the phylogeny 

(Supplemental Figure S3.6). The absence of this gene in post-WGD 

species, except for the three Saccharomyces species,  the unexpected 

phylogenetic relationships within the ZT clade, and the conserved gene 

cluster synteny are evidence of a putative horizontal gene transfer 

event.    

In the case of the gene DGD2, the search for homologous genes in the 

available Saccharomycotina genome sequences resulted in the 

identification of CHA4 and DGD2 sequences due to their similarities. 

The subsequent phylogenetic analysis, based on their encoded 

proteins, showed that CHA4 and DGD2 are paralogous genes that were 

duplicated before the divergence of the Saccharomycetaceae yeasts 

(Supplemental Figure S3.6). It is interesting to remark that the 

ancestral gene block order with DGD1 has only been preserved in 

some Lachancea species, as DGD1-CHA4, and in Z. kombuchaensis, as 

DGD1-DGD2, even when the latter also contains a CHA4 gene. 

CHA4 was preserved in most species of this family and the 

phylogenetic relationships shown by the CHA4 gene clade are 
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compatible with the Saccharomycetaceae species tree (Kurtzman, 

2003; Dujon & Louis, 2017; Shen et al., 2018). Contrastingly, the DGD2 

gene is only present in a few species of the ZT clade, T. 

microellipsoides, Z. rouxi, and Z. kombuchaensis. The Dgd2p of Z. 

kombuchaensis is the closest to the Saccharomyces Dgd2p, and this 

species is the only ZT clade taxon that maintains the same DGD1-DGD2 

synteny (Supplemental Figure S3.6). These results reinforce the 

horizontal gene transfer hypothesis to explain the origin of the 

Saccharomyces DGD1-DGD2 cluster.  

The massive, independent DGD2 gene losses required to explain the 

absence of DGD2 in Saccharomycestaceae species are compatible with 

different pseudogenization events, likely due to loss of function, as 

observed among the Saccharomyces species under study.      

Because Saccharomyces DGD1 genes clustered with pre-WGD yeast of 

the ZT clade, we tested if our available Zygosaccharomyces and 

Torulaspora isolates (Table M.1) were able to grow in the presence of 

AIB as the sole nitrogen source. Thus, the Z. rouxii CECT1232 isolate 

showed a slow growth in the presence of AIB. In contrast, the 

Torulaspora isolates grew well in the presence of AIB (Figure 3.10B), 

being the strain CBS6762 the one that exhibited the best growth 

phenotype.  

All these results suggest that many pre-WGD yeast species exhibit 

dialkylglycine decarboxylase activity and the Saccharomyces DGD1 

have might been acquired from an ancient horizontal gene transfer 

event from a member of the ZT clade.
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Figure 3.10. DGD1 is present in other Saccharomycotina yeasts. (A) DGD1 phylogenetic tree, inferred by using the Maximum Likelihood method conducted 

in MEGA 11, based on the LG model. The tree with the highest log likelihood (-11476.87) is shown. A discrete Gamma distribution was used to model 

evolutionary rate differences among sites (+G, parameter = 0.5623). The tree is drawn to scale, with branch lengths measured in the number of amino acid 

substitutions per site. Numbers on the nodes correspond to bootstrap values based on 500 replicates. Circles of different colors at the right of the yeast 

names indicate the phylogenetic clades they belong to according to previous yeast phylogenetic analyses and taxonomic proposals (Dujon & Louis, 2017; 

Shen et al., 2018). (B) Growth phenotype of Zygosaccharomyces and Torulaspora isolates in the presence of AIB as the sole nitrogen source.
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3.3 Discussion 

In this chapter, we identified a novel subtelomeric Saccharomyces 

gene cluster, found in the species S. uvarum, S. kudriavzevii, and S. 

eubayanus, composed of three genes, where we characterized two of 

them and named DGD1 and DGD2. We demonstrated that these genes 

are involved in the catabolism of the non-proteinogenic amino acid 2-

aminoisobutyric acid (AIB). We identified an aminotransferase class III 

PLP-binding site (Schiroli and Peracchi, 2015) and the high identity with 

Burkholderia cepacia dialkylglycine decarboxylase enzyme sequence 

(DGDA) (Keller et al., 1990), suggested that DGD1 might have been 

encoding a yeast dialkylglycine decarboxylase enzyme. The latter, 

whose substrate is AIB, belongs to aminotransferase class III and uses 

the PLP as a coenzyme (Schiroli and Peracchi, 2015). Furthermore, the 

Dgd1p residues Q52, W138, M141, S215, K272, and R406, which are 

part of the subsites A, B, and C of the active site are conserved. Since 

it has been demonstrated that an Escherichia coli expressing the B. 

cepacia DGDA gene can use AIB nitrogen source (Keller et al., 1990) 

and Mycosphaerella graminicola dgd1 mutants cannot utilize AIB 

(Adachi et al., 2003), we first hypothesized that the Saccharomyces 

strains carrying the gene DGD1 might exhibit dialkylglycine 

decarboxylase activity and, and therefore, possess the ability to grow 

in the presence of AIB as the sole nitrogen source. Indeed, the 

screening confirmed that some S. uvarum and S. kudriavzevii isolates 

grew in the presence of AIB, although their phenotypes were variable 

both at the interspecific and intraspecific levels.  
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Since strains IFO1802 and BMV58 exhibited the best phenotypes 

among the tested S. kudriavzevii and S. uvarum strains, respectively, 

we use them as models for this study. Thus, we generated mutants in 

the whole cluster and every single gene in both strains to validate 

DGD1 as the gene responsible for the dialkylglcyine decarboxylase 

activity. Because the BMV58 strain initially exhibited a slow growth, 

we also tested an alternative way to assay the dialkylglycine 

decarboxylase activity which is the ability of the yeasts to resist the 

reported inhibitory growth effect exerted by AIB (Kim and Roon, 1982). 

The impaired growth and resistance against AIB exhibited by the 

mutants Sk-DGD1∆ and Su-DGD1∆ compared with their parental 

strains support that the gene DGD1 was involved in the dialkylglycine 

decarboxylase activity. Concordantly, the inhibitory effect of AIB was 

strong against the Sk-DGD1∆ and Su-DGD1∆ in the presence of proline, 

but insignificant in glutamine. The latter agrees with the high activity 

of the general amino acid permease Gap1p, which mediates the 

uptake of AIB into the cell, in the presence of a non-preferred nitrogen 

source such as proline, but inactive in the presence of the preferred 

nitrogen source like glutamine (Kim and Roon, 1982; Magasanik and 

Kaiser, 2002). This indicates that AIB exerts toxicity inside the cell but 

is still unclear by which mechanism.  

Finally, AIB consumption and the acetone production from AIB, which 

is the by-product of the first decarboxylation half-reaction, was 

quantified to demonstrate that DGD1 encodes a yeast dialkylglycine 

decarboxylase enzyme (Sun et al., 1998; Fogle and Toney, 2010). Both 

AIB usage and acetone production specifically underline dialkylglycine 
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decarboxylase activity (Dempsey, 1969; Esaki et al., 1994; Adachi et al., 

2003). We demonstrated that the S. cerevisiae lab strains CML235 

expressing the IFO1802 and AQ2901 DGD1 alleles were able to 

consume AIB and produced stoichiometrically amounts of acetone. 

These results confirmed that DGD1 encodes the dialkylglycine 

decarboxylase enzyme. Moreover, the reduced growth of the mutants 

Sk-ALT1Δ and Su-ALT1Δ in the presence of AIB confirmed that the 

genes involved in usage of AIB as nitrogen source are DGD1 and ALT1. 

All together, these results confirmed that DGD1 encodes a yeast 

dialkylglycine decarboxylase enzyme. 

Surprisingly, we unexpectedly observed similar impaired phenotypes 

in the dgd2 mutants. Therefore, we analyzed the deduced amino acid 

sequence of the gene DGD2. We found a zinc finger Zn2Cys6 motif, 

which is only conserved in the CR85 strain, but absent in the other 

strain’s sequences according to their gene annotation where the 

manual search showed stop codons. In Saccharomyces, genes located 

in telomeric regions are subjected to more changes than centromeric 

genes, and hence, tend to become pseudogenes (Kellis et al., 2003). 

Although the DBD’s metal biding portion is essential for the DNA 

binding activity, it can be dispensable in some cases and still exerts its 

regulatory activity (MacPherson et al., 2006). In particular, the 

expression of a truncated-zinc Zn2Cys6 finger motif DAL81 allele in a 

dal81 S. cerevisiae strain recovers its ability to induce the urea 

amidolyase activity, encoded by the Dal81p-regulated DUR1,2 gene 

(Bricmont et al., 1991). The same was observed when the expression 

of a truncated DAL81 allele lacking the six cysteine residues of the 
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Zn2Cys6 finger motif, could recover the ability of a dal81 mutant to 

express the β-galactosidase reporter under the control of the GABA 

upstream activation sequence (UASGABA), which is present in the 

promoters of both Dal81p- and Uga3p-regulated genes UGA1 and 

UGA4 (Sylvain et al., 2011). Similarly, the mutation of the fourth 

cysteine residue of the Zn2Cys6 finger motif in the Aspergillus nidulans 

tamA gene, which is homologous to the S. cerevisiae DAL81 gene, did 

not impact on protein’s function, confirming that this motif is not 

required for its regulatory function (Davis et al., 1996). The same 

behavior was observed in the regulatory protein Gcr1p, where the 

expression of a truncated GCR1 allele lacking its DBD could recover the 

wild-type phenotype of a gcr1 mutant (Tornow et al., 1993). In 

addition, the alignment of the CR85 Dgd1p sequence with other 

reported zinc binuclear cluster proteins allowed us to identify the 

characteristic functional domains shared by the members of this family 

(Schjerling and Holmberg, 1996; MacPherson et al., 2006) . The middle 

homology region (MHR) domain in Dgd1p, which is believed to 

regulate the transcriptional activity of these proteins (Schjerling and 

Holmberg, 1996), and the region similar to the reported Cha4p 

activation domain (AD) at the C-terminal position, needed to recruit 

the transcriptional machinery into the promoter of the regulated 

target gene (Hahn and Young, 2011). Thus, based on the results and 

the above-mentioned antecedents, we were interested in assessing 

whether the DGD2 was involved in the expression regulation of DGD1 

in the presence of AIB. We first demonstrated an AIB-dependent 

induction of the DGD1 gene. However, the null induction observed in 

the wild type strains grown in the presence of AIB plus glutamine 
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instead of proline was probably because AIB is not being transported 

into the cell since glutamine represses the activity of the permease 

Gap1p (Magasanik and Kaiser, 2002), and hence, the AIB uptake. A 

similar phenotype was observed in the double mutant gap1 agp1, 

which is defective to uptake tryptophan into the cell, and showed an 

expression reduction of 75% of the Aro80p-regulated ARO9 gene in the 

presence of its inducer tryptophan (Iraqui et al., 1999). Therefore, the 

results agree with an inducer exclusion of DGD1, meaning that AIB 

must be uptaken into the cell before initiating the expression of DGD1. 

Besides, the inability to express DGD1 in both dgd2 mutants Sk-DGD2Δ 

and Su-DGD2Δ in the presence of AIB confirmed that DGD2 is required 

for the AIB-dependent induction of DGD1. The absence of the Zn2Cys6 

motif in the tested strains (IFO1802 and AQ2901), however, has arisen 

the question of how the encoded Dgd2p from these alleles are 

regulating the expression of DGD1. Moreover, the poor growth 

(Supplemental Figure S3.5) and basal DGD1 expression exhibited by 

the dgd2 suggest the involvement of other unidentified regulatory 

elements. We observed that the similarity between Dgd2p and the 

regulatory Cha4p was 43-45%. Cha4p requires the coactivator 

complexes SAGA and Swi/Snf to regulate its target genes CHA1 and 

SER3 in response to serine and threonine (Holmberg and Schjerling, 

1996; Martens et al., 2005). The long segments conserved across 

Dgd2p compared to those of Cha4p suggest that this protein might 

interact with some of these complexes in the presence of AIB to induce 

the expression of DGD1. Besides, both Gcr1p and Dal81p, where their 

DBD is dispensable, bind as heterodimers with the target proteins 

Rap1 and Dal82p, respectively. The two latter proteins confer the 
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required DBD for binding into their target promoter’s genes (Tornow 

et al., 1993; Scott et al., 2000). In addition, some members of the zinc 

binuclear protein family act as nutrient sensors, interacting either in or 

directly with the target nutrient such as the well-reported Gal4p and 

Put3p, respectively (Sellick and Reece, 2005). Therefore, a similar 

mechanism might be working on Dgd2p, which senses the intracellular 

AIB, producing a conformational change that allows the recruitment of 

the transcriptional machinery, but binds into the DGD1 promoter as a 

heterodimer with a yet-unidentified protein that confers the DNA 

binding activity.  

Although we characterized the function of the genes DGD1 and DGD2, 

their origins and physiological roles in nature were unclear. We found 

orthologues of both genes in the other Saccharomycotina yeasts, 

where the synteny was conserved in several pre- and post-WGD clades 

species. In addition, we demonstrated that some isolates from the ZT 

and KLE clades exhibited dialkylglycine decarboxylase activity. Both 

Saccharomyces DGD1 and DGD2 clustered within the ZT clade, instead 

of forming their differentiated clade in contrast to the species 

phylogeny (Dujon and Louis, 2017; Shen et al., 2018). The unexpected 

phylogenetic position, the identical gene order, and the absence of 

these genes in other post-WGD species are clear evidence of a 

horizontal gene transfer event (Hall et al., 2005; Richards, 2011; 

Fitzpatrick, 2012) from a member close to Zygosaccharomyces. Gene 

acquisition from Non-Saccharomyces donors has also been reported in 

wine S. cerevisiae strains (Novo et al., 2009; Marsit et al., 2015), 

including the gene FSY1 (Galeote et al., 2010), which was also lost in 
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the post-WGD species (Coelho et al., 2013) and, later, horizontally 

transferred to S. cerevisiae (Marsit et al., 2015). 

A reported great source of AIB is the fungal antimicrobial oligopeptides 

known as peptaibols, whose AIB contents could reach up to 56% of 

their structure, giving them a hydrophobic helix conformation, and 

therefore, increased stability and resistance against proteases 

(Yamaguchi et al., 2003; Ramachander Turaga, 2020). A variety of 

peptaibols has been identified in Trichoderma species, and many 

studies have proposed the use of these fungi as biocontrol agents 

against pathogenic fungal microorganisms (Degenkolb et al., 2006; 

Marik et al., 2019).  

Moreover, we confirmed that the isovaline, which is another 

dialkylamino acid, is also found in the structure of the peptaibol 

oligopeptides (Ramachander Turaga, 2020) and reported as an inducer 

of the DGDA activity (Keller et al., 1990), can also be consumed by 

those yeasts showing dialkylglycine decarboxylase activity 

(Supplemental Figure S3.7). Since these fungi are found in many 

natural niches (Marik et al., 2019) and Zygosaccharaomyces isolates 

are widespread in the same natural environments (soil, decayed leaves 

and tree bark) as the wild Saccharomyces non-cerevisiae species 

(James and Stratford, 2011), which, together with the findings 

obtained in this study, prompted us to propose that these wild 

Saccharomyces yeasts acquired both DGD1 and DGD2 from an ancient 

member close to the Zygosaccharomyces genus, as part of 

detoxification mechanism through the catabolism of AIB, a by-product 

of the peptaibols degradation. Later, these genes could be lost in the 
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evolutionary more recent Saccharomyces species, perhaps due to loss 

of function during the colonization of new habitats, such as sugar-rich 

substrates and fermentation environments.     

3.4 Conclusions 

In this chapter, we identified and characterized the novel 

Saccharomyces genes DGD1 and DGD2 which encode a yeast 

dialkylglycine decarboxylase enzyme and its AIB-responsive positive 

regulator, respectively, that are involved in the catabolism of AIB. The 

Dgd2p exerts its regulatory function despite the absence of its DBD 

motif which suggests the involvement of other regulatory proteins. 

The phylogenetic analysis indicated that both genes might have been 

acquired through HGT from a yeast closely related to the 

Zygosaccharomyces clade. Our results suggest that these genes could 

confer a detoxification mechanism against the inhibitory effect of AIB, 

which can be released as a potential degradation product of peptaibols 

produced by fungi in natural environments. Future experiments will 

address cis-regulatory elements of DGD1, the Dgd2p functional 

domain, and how the proposed regulatory proteins interact with 

Dgd2p to promote de AIB-dependent induction of DGD1. 
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In this thesis, we focused on the study of the genes related to the 

production of aroma compounds in the species S. uvarum and S. 

kudriavzevii since they produce less ethanol and higher concentration 

of higher alcohols and acetate esters in winemaking conditions 

compared to S. cerevisiae wine strains (González et al., 2006, 2007; 

Gamero et al., 2013; Pérez-Torrado et al., 2015; Peris et al., 2016; 

Minebois et al., 2020). Moreover, it has been demonstrated that the 

species S. uvarum and S. kudriavzevii can increase the production of 

higher alcohols and acetate esters when they are supplemented with 

the amino acid precursors (Stribny et al., 2015). Based on 

bioinformatic analyses searching for genes showing functional 

divergence (Stribny, 2016; Macías et al., 2019) and under positive 

selection (Macías et al., 2019), we selected the genes ARO4 in S. 

kudriavzevii (Künzler et al., 1992), and ARO80 in S. kudriavzevii and S. 

uvarum (Iraqui et al., 1999). Both genes are related to the production 

of phenylethanol, which is a desired aroma compound in wine since it 

confers the rose-like aroma. Therefore, we generated recombinant 

wine Saccharomyces strains carrying the non-cerevisiae alleles to test 

the effect of these genes in the production of phenylethanol and 

phenyl ethyl acetate.  

We demonstrated that both, S. kudriavzevii and S. uvarum alleles 

increased the production of phenylethanol and, in consequence, the 

production of phenylethyl acetate. Since the ARO80 gene encodes the 

positive regulator that induces the expression of the catabolic genes 

ARO9 and ARO10, which are directly involved in the production of 

phenylethanol in the presence of an aromatic amino acid (Iraqui et al., 
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1999; Godard et al., 2007), together with the fact that the 

overexpression of those genes increases the production of 

phenylethanol (Kim et al., 2014) as we observed in the presence of 

phenylalanine as the sole nitrogen source. Both non-cerevisiae ARO80 

alleles increased the expression of the ARO9 and ARO10, which 

explains the ability of the recombinant strains to produce a higher 

concentration of phenylethanol and phenylethyl acetate. We attempt 

to explain why the Aro80p encoded by those alleles can increase the 

expression of their target genes. Aro80p belong to zinc binuclear 

cluster proteins characterized by containing Zn2Cys6 DNA-binding 

domains that are used to bind to the target gene promoters (Iraqui et 

al., 1999). Moreover, other domains such as the MHR and AD have 

been identified (MacPherson et al., 2006; Hahn and Young, 2011). 

However, it remains unclear how MHR works, yet is believed that is 

the region where the ligand is sensed to induce the expression of its 

target genes (Sellick and Reece, 2005). In addition, a consensus 

sequence has been described but it seems that its not totally present 

in some members of these proteins, including Aro80p (Schjerling and 

Holmberg, 1996; Iraqui et al., 1999). The model proposed by Sellick 

and Reece (2005) and Kohlhaw (2003), says that the interaction 

between the ligand and the MHR promotes the conformational 

changes that unmask the AD domain, which then recruits the 

transcriptional machinery to start the transcription. Among the 

identified changes, we highlight the changes Y352C367, N502C517, and 

G690C705 (Aro80p-Su) and S482I486, R488G492, D496A500, and N502Y506 

(Aro80p-Sk), which are in the middle region and could be responsible 

of the ability of these proteins to increase the expression of ARO9 and 



General discussion 

179 | P a g e  
 

ARO10 as a consequence of either changing a potential interaction 

between Aro80p and the phenylalanine or diminishing the AD 

masking. 

In addition, Macías et al. (2019) identified that ARO4 allele from S. 

kudriavzevii (ARO4-Sk) shows positive selection. It is interesting to 

remark that ARO4 encodes the DAHP synthase involved in the 

shikimate pathway (Gientka and Duszkiewicz-Reinhard, 2009) and is 

involved in the aroma synthesis. The positive selection is produced by 

the fixation of nucleotide changes (polymorphisms) which confer an 

adaptive advantage against the selective pressure of the environment. 

Therefore, such changes can generate amino acid changes that could 

affect protein activity. Macías et al. (2019) argued that those changes 

identified in ARO4 might have a role in the ability of S. kudriavzevii to 

produce more phenylethanol than S. cerevisiae in winemaking 

conditions as has been described by others (González et al., 2007; Peris 

et al., 2016). Despite that the end-product of this pathway, 

chorismate, is essentially used as the precursor for the biosynthesis of 

the aromatic amino acids, it is also converted into phenylethanol and 

tyrosol in the prephenate branch (Bisquert et al., 2022). In addition, a 

great part of metabolic flux that is converted into higher alcohols 

proceeds from carbon metabolism (Figure I.12) (Ugliano and 

Henschke, 2009; Rollero et al., 2019). Therefore, we tested the impact 

of ARO4-Sk on the production of 2-phenylethanol in SWM compared 

to the S. cerevisiae allele (ARO4-Sc). We demonstrated that the strain 

carrying the ARO4-Sk produced less phenylethanol strain carrying the 

ARO4-Sc and the same pattern was obtained when we disrupted the 
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gene ARO3, which encodes the same enzyme. These results suggested 

that the DAHP synthase encoded by ARO4-Sk is exhibiting less activity. 

Therefore, we analysed the amino acid changes detected by the 

positive selection analysis, most of them are in the N-terminal region. 

Interestingly, either the amino acid substitutions in that region or its 

deletion affect the Aro4p sensitiveness to the feedback inhibition by 

tyrosine (Hartmann et al., 2003), which could explain the less activity 

exerted by the Aro4p-Sk. Thus, we assayed the Aro4p inhibition in vivo 

(Sousa et al., 2002), culturing the recombinant aro3 strains carrying 

the ARO4 alleles, where the tyrosine inhibition was stronger in the 

strain carrying the ARO4-Sk supporting why we observed a lower 

production of phenylethanol in the strain carrying the ARO4-Sk. 

Finally, we proposed that the environmental composition of the 

natural niches of S. kudriavzevii favoured the fixation of the amino acid 

changes in the Aro4p-Sk.  

Despite this thesis was originally focused on the study of the genes 

related to the biosynthesis of aroma compounds., the collaboration 

with Dr. Eladio’s team allowed us to discover three novel subtelomeric 

genes related to the metabolism of the amino acids in the species S. 

uvarum, S. kudriavzevii and S. eubayanus. Since the metabolism of the 

amino acid is essential for the fermentation performance, we 

attempted to characterized them. Based on the blastp analysis of the 

deduced amino acid sequence of the putative aminotransferase (AT) 

gene allowed us to conjecture that it might be encoding a 

dialyklyglycine decarboxylase (DGDA) gene since the reported 

functional domains and residues are conserved in the Saccharomyces 
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sequences (Keller et al., 1990; Fogle and Toney, 2010). The enzyme 

catabolizes the non-proteogenic amino acid 2-aminoisobutyric acid 

(AIB) by two half-reactions (decarboxylation and transamination) to 

form alanine (Fogle and Toney, 2010), which later can be assimilated 

as nitrogen source (Ljungdahl and Daignan-Fornier, 2012). Based on 

that analysis, we demonstrated that strains belonging to the species 

that carry the AT gene were able to grow on AIB as the sole nitrogen 

source, specifically S. uvarum and S. kudriavzevii strains. Because of 

that, we named the AT genes DGD1. We confirmed that DGD1 was 

involved in the ability of these yeasts to use AIB as a nitrogen source. 

In addition, we unexpectedly observed that the deletion the gene 

encoding a putative transcription factor (TF) also impaired the growth 

of yeast on AIB, and hence, we named DGD2. When DGD2 was 

expressed, the host strain was able to consume AIB and produced 

acetone, which is one product of the DGDA enzyme. Moreover, 

mutant strains in the ALT1 gene, which is needed for the catabolism of 

alanine (García-Campusano et al., 2009), were unable to grown in AIB, 

confirming that DGD1 encodes a DGDA. Then, we were interested in 

why the dgd2 mutants were unbale to grow on AIB. We searched for 

functional domains among of our available sequences using the Dgd2p 

deduced amino acid sequence through the PROSITE database, and we 

found a Zn2Cys6 domain but only in the CR85 strain. Notwithstanding, 

the mutants were generated in the IFO1802 and BMV58 backgrounds. 

Additionally, a blastp analysis of the Dgd2p revealed a high homology 

with the protein Cha4p, which belongs to the binuclear cluster 

proteins (Holmberg and Schjerling, 1996; MacPherson et al., 2006). 

Moreover, it has been reported that some proteins of these family 
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exert their regulatory function despite deleting the DBD domain, and 

therefore, act only as sensors, which later interact with a second 

protein that gives DNA-binding activity to the complex (Tornow et al., 

1993; Scott et al., 2000). For that reason, we conjectured that DGD2 

encodes a positive regulator of DGD1 in the presence of AIB. Thus, we 

cultured the dgd2 mutant and their parental in conditions that allowed 

us to breed them and detect a potential induction of DGD1. We 

demonstrated that DGD2 is essential to induce the expression of DGD1 

in an AIB-dependent manner. Finally, we attempted to discover the 

origin of the DGD1 and DGD2 genes since they are absent in the other 

Saccharomyces species. Based on a phylogenetic analysis, we 

theorised that these genes were acquired from a horizontal gene 

transfer (HGT) event from a species close to the Zygosaccharomyces 

clade. As we mentioned in this thesis, the HGT is an evolutionary 

process involved in the adaptation of yeast to specific environments 

(Richards, 2011). Since AIB has been found being part of the 

antimicrobial oligopeptides, denominated peptaibols (Ramachander 

Turaga, 2020), produced by filamentous fungi such as Trichoderma 

which share similar niches as natural Zygosccharomyces and 

Saccharomyces species (James and Stratford, 2011; Shen et al., 2018; 

Marik et al., 2019), we conjectured that the acquisition of DGD1 and 

DGD2 was part of an acquired detoxification mechanism through the 

catabolism of AIB, a by-product of the peptaibols degradation, which 

then were lost in the other Saccharomyces species, perhaps due to a 

loss of function during the colonization of new habitats, such as the 

fermentative environments. Based on the results of this thesis, the 

generation of S. cerevisiae x S. uvarum and of S. cerevisiae x S. 
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kudriavzevii hybrids for winemaking should consider that their 

genomic composition contains the amino acid anabolic and catabolic 

genes from S. cerevisiae and S. uvarum/S. kudriavzevii, respectively. 

Moreover, the ability of some Saccharomyces yeast to use 

unconventional amino acids as nitrogen sources such as AIB, opens the 

gate to explore new methods to enrich the population of these species 

in fermentative conditions or the formultation of media to to isolates 

novel yeasts.  
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1. The ARO80 alleles from S. uvarum and S. kudriavzevii increase both 

phenylethanol and phenylethyl acetate by enhancing the expression 

of the Aro80p-regulated genes ARO9 and ARO10, involved in the 

Ehrlich pathway, to produce fermentative aromatic compounds 

 

2. We have identified candidate amino acid changes between Aro80p 

proteins that might explain differences in the expression of their 

target genes ARO9 and ARO10 and we propose that those changes in 

the ARO80 gene can be interesting to characterize the Aro80p 

regulatory domains, and with that, the development of novel strains 

showing higher expression in the ARO9 and ARO10 genes and, hence, 

increasing the phenylethanol and phenylethyl acetate production in 

wine. 

 

3. S. kudriavzevii ARO4 allele, which shows positive selection, encodes 

a DAPH synthase more sensitive to the feedback regulation by 

tyrosine and, in consequence, it reduces the production of 

phenylethanol in wine fermentation conditions.  

 

4. The results obtained support that the ability of S. kudriavzevii to 

produce larger amounts of higher alcohols relies on the aromatic 

amino acid catabolic pathway (Ehrlich pathway).  

 

5. The two novel Saccharomyces genes named DGD1 and DGD2 

identified and characterized in the present thesis encode a yeast 

dialkylglycine decarboxylase enzyme and its AIB-responsive positive 



Conclusions 

188 | P a g e  
 

regulator, respectively, which are involved in the catabolism of the 

non-proteogenic amino acid 2-aminoisobutyric acid (AIB).  

 

6. Dgd2p exerts its regulatory function despite the absence of its DNA 

Binding Domain (DBD) motif which suggests the participation of 

other regulatory proteins. 

 

7. The phylogenetic analysis indicates that both genes might have been 

acquired through HGT from a species close to the 

Zygosaccharomyces clade.  

 

8. These genes could confer a detoxification mechanism against the 

inhibitory effect of AIB, which can be released as a potential 

degradation product of peptaibols, produced by several fungi in 

natural environments.  
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Chapter 1 

 

 

Figure S1.1. Amplified KanMX cassette from plasmid pUG6 used to 

disrupt the ARO80 gene in AQ2775 background. The PCR was carried 

out using the primers aro80Δ-Fw and aro80Δ-Rv. Ld: GeneRulerTM 1kb 

DNA ladder (Thermo Fisher Scientific) 

 

Figure S1.2. Confirmation PCR of ARO80 gene disruption. (Left): PCR 

performed using the diagnosis primers ARO80-Sc-test-Fw and K2. 

(Right): PCR carried out using the diagnosis primers ARO80-Sc-test-Fw 

and ARO80-Sc-test-Rv. C1-5: aro80∆ colonies, WT: Parental strain 

AQ2775, B: Negative control (water), Ld: GeneRulerTM 1kb DNA ladder 

(Thermo Fisher Scientific). 
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Figure S1.3. pRCC-N PCR product containing gRNA for KanMX. PCR was 

carried out using the protospacer incorporation primers gRNA-KanMX-

Fw and gRNA-KanMX-Rv. Plasmid pRCC-N was used as a template. Ld: 

GeneRulerTM 1kb DNA ladder (Thermo Fisher Scientific) 
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Figure S1.4. ARO80 alleles PCR products containing homologous 

sequences to S. cerevisiae ARO80 locus. The PCR was carried out using 

the pair primers ARO80-Sc-Fw/ARO80-Sc-Fw, ARO80-Sk-Fw/ARO80-

Sk-Fw, and ARO80-Su-Fw/ARO80-Su-Fw to respectively amplify the 

ARO80 alleles from total DNA of the strains AQ2775, AQ4013, and 

AQ2901. Ld: GeneRulerTM 1kb DNA ladder (Thermo Fisher Scientific). 
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Figure S1.5. Confirmation PCR of ARO80 allele swapping. The PCR 

confirmed the presence of ARO80 alleles at the S. cerevisiae ARO80 

locus. The reverse primers are specific for each allele and a PCR for the 

KanMX cassette at the ARO80 locus was done as control. C1-3: 

ARO80(Sc), C4-5: ARO80(Su), C6-9: ARO80(Sk), C10: 

aro80[ORF]::KanMX, C11: AQ2775, Ld: InvitrogenTM 100 bp DNA ladder 

(Thermo Fisher Scientific) 
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Figure S6. Integrated ARO80 alleles amplification for Sanger 

sequencing. The PCR was carried out using the pair primers ARO80-Sc-

test-Fw/ARO80-Sc-Rv2. The strains C2 (ST44-Sc), C4 (ST44-Su), and C6 

(ST44-Sk) were confirmed as positive transformants and used for 

further experiments. C1-3: ARO80(Sc), C4-5: ARO80(Su), C6-9: 

ARO80(Sk), C10: aro80[ORF]::KanMX, C11: AQ2775, Ld: GeneRulerTM 

1kb DNA ladder (Thermo Fisher Scientific) 
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Chapter 3 

 

 

 

 

 

Figure S3.1 IFO1802 DGD1 allele PCR product for cloning. The 

fragment was amplified from total DNA extracted from strain IFO1802 

using the pair primers Sk-DGD1-pYES-Fw/Rv. Ld: GeneRulerTM 1 kb 

DNA ladder (Thermo Fisher Scientific), 1-9: DGD1-IFO1802 PCR 

products, 10-12: purified DGD1 IFO1802 allele, 13: DGD1 IFO1802 

allele treated with XcmI, 14: Rescued DGD1 ChrVII IFO1802 allele used 

for cloning step. 
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Figure S3.2 AQ2901 DGD1 allele PCR product for cloning. The fragment 

was amplified from total DNA extracted from the haploid strain 

AQ2901 using the pair primers Su-DGD1-pYES-Fw/Rv. Ld: GeneRulerTM 

1 kb DNA ladder (Thermo Fisher Scientific), 1-9: DGD1-AQ2901 PCR 

products, 10-11: purified DGD1 AQ2901 used for cloning step. 
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Figure S3.3 Cloned IFO1802 DGD1 allele into plasmid pYES2.1 TOPO 

TA. (left) Plasmids extracted from E. coli transformants; (right) 

Restriction pattern frame of the double digested plasmids with 

PvuII/SphI that confirms the right orientation of the insert (6937, 273 

bp) compared to the wrong oriented insert (6077, 1134 bp). Single 

bands obtained with XcmI confirm that inserts correspond to the 

DGD1 allele from Chromosome VII (7207 bp). Otherwise, two bands 

are obtained from the Chromosome X allele (4074, 3135 bp). Ld: 

GeneRulerTM 1 kb DNA ladder (Thermo Fisher Scientific), 1-16: 

candidate pYES-Sk-DGD1 plasmids. 
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Figure S3.4 Cloned AQ2901-DGD1 allele into plasmid pYES2.1 TOPO 

TA. (left) Plasmids extracted from E. coli transformants; (right) 

Restriction pattern frame of the digested plasmids with PvuII that 

confirms the right orientation of the insert (6264, 957 bp) compared 

to the wrong oriented insert (6761, 460 bp). Ld: GeneRulerTM 1 kb DNA 

ladder (Thermo Fisher Scientific), 1-14: candidate pYES-Su-DGD1 

plasmids. 
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Figure S3.5 AIB gradient effect on growth phenotype. Growth phenotype of mutant strains in the presence of different 

AIB concentrations (1, 5 & 10 mM) plus either 10 mM glutamine (G) or 10 mM proline (P). 
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Figure S3.6. Molecular phylogenetic analysis of the Dgdp2/Cha4p alignment obtained by the maximum likelihood method 

conducted in MEGA11, based on the JTT matrix-based model. The tree with the highest log likelihood (-35128.27) is 

shown. A discrete gamma distribution was used to model evolutionary rate differences among sites (+G, parameter = 

0.8115). The rate variation model allowed for some sites to be evolutionarily invariable (+I, 3.2% sites). The tree is drawn 

to scale, with branch lengths measured in the number of amino acid substitutions per site. Numbers on the nodes 

represent bootstrap values based on 500 replicates. A red circle indicated the duplication generating the paralogous genes 

DGD2 and CHA4. Circles of different colors at the right of the yeast names indicate the phylogenetic clades they belong 

to according to previous yeast phylogenetic analyses and taxonomic proposals (Dujon & Louis, 2017; Shen et al., 2018) . 

At the right of the figure, locations of the DGD2/CHA4 genes relative to the other genes of the cluster under study (DGD1 

and the putative amino acid permease) are depicted for each yeast.
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Figure S3.7. Yeast without dialkylglycine activity cannot use Isovaline 

as a nitrogen source. Isov-L: 10 mM Isovaline; AIB: 10 mM 2-

aminoisobutyric acid; P: 10 mM proline 
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Table S3.1. Sources of the Saccharomyces Assemblies used for the 

search of the subtelomeric genes 

Strain Species Cluster Reference 

S288c S. cerevisiae NF (Goffeau et al., 1996) 

DBVPG6765 S. cerevisiae NF (Yue et al., 2017) 

DBVPG6044 S. cerevisiae NF (Yue et al., 2017) 

YPS128 S. cerevisiae NF ((Yue et al., 2017) 

Y12 S. cerevisiae NF (Yue et al., 2017) 

SK1 S. cerevisiae NF (Yue et al., 2017) 

UWOPS034614 S. cerevisiae NF (Yue et al., 2017) 

N44 S. paradoxus NF (Yue et al., 2017) 

CBS432 S. paradoxus NF (Yue et al., 2017) 

UWOPS91917 S. paradoxus NF (Yue et al., 2017) 

YPS138 S. paradoxus NF (Yue et al., 2017) 

UFRL50816 S. paradoxus NF (Yue et al., 2017) 

IFO1815 S. mikatae NF (Scannell et al., 2011) 

NCYC3947 S. jurei NF (Naseeb et al., 2018) 

H6 S. arboricola NF (Liti et al., 2013) 

IFO1802 S. kudriavzevii Found (Scannell et al., 2011) 

ZP591 S. kudriavzevii Found (Scannell et al., 2011) 

CA111 S. kudriavzevii Found (Macías et al., 2019) 

CR85 S. kudriavzevii Found (Macías et al., 2019) 

CBS7001 S. uvarum Found (Scannell et al., 2011) 

BMV58 S. uvarum Found (Macías et al., 2021) 

CBS12357 S. eubayanus Found (Brickwedde et al., 2018) 

NF: Not found 
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