IPICYT

INSTITUTO POTOSINO DE INVESTIGACION
CIENTIFICAY TECNOLOGICA, A.C.

POSGRADO EN CIENCIAS EN BIOLOGIA MOLECULAR

La acetiltransferasa de histonas TGF-1 es el
coactivador de genes inducibles por la luz azul
en Trichoderma atroviride

Tesis que presenta
Edith Elena Uresti Rivera

Para obtener el grado de

Doctora en Ciencias en Biologia Molecular

Director de la Tesis:

Dr. J. Sergio Casas Flores

San Luis Potosi, S.L.P., agosto de 2013



Pa
T
N

IPICYT

Constancia de aprobacion de la tesis

La tesis "La acetiltransferasa de histonas TGF-1 es el coactivador de genes
inducibles por la luz azul en Trichoderma atroviride" presentada para obtener
el Grado de Doctora en Ciencias en Biologia Molecular fue elaborada por Edith
Elena Uresti Rivera y aprobada el 3 de julio de 2013 por los suscritos,
designados por el Colegio de Profesores de la Division de Biologia Molecular del
Instituto Potosino de Investigacion Cientifica y Tecnolégica, A.C.

Dr. J. Sergio Casas Flores
Director de |a tesis

Dra. Irene Beatriz Gastafio Navarro
Miembro del Comité Tutoral

L1\

Dr. Alejandro De Las Pefias Nava
Miembro del Comité Tutoral

Dr, AWQO Heriberto Herrera Estrella

Miembro del Comité Tutoral

11



=" g
&t Ny e
QLSS

Créditos Institucionales

Esta tesis fue elaborada en el Laboratorio de Gendmica Funcional y Comparativa
de la Division de Biologia Molecular del Instituto Potosino de Investigacion
Cientifica y Tecnoldgica, A. C., bajo la direccion del Dr. J. Sergio Casas Flores.

La investigacion descrita en esta tesis fue financiada con recursos otorgados al Dr.
Alfredo Herrera Estrella y al Dr. Sergio Casas Flores por el proyecto SEP-
CONACYT 83798

Durante la realizacion del trabajo el autor recibidé una beca académica del
Consejo Nacional de Ciencia y Tecnologia con numero de registro 206894 y del
Instituto Potosino de Investigacion Cientifica y Tecnoldgica, A. C. con numero de

oficio: SA-139/2013

111



Instituto Potosino de Investigacion
Cientifica y Tecnologica, A.C.

Acta de Examen de Grado

El Secretario Académico del Instituto Potosino de Investigacion Cientifica y Tecnolégica, A.C.,
certifica que en el Acta 057 del Libro Primero de Actas de Examenes de Grado del Programa de
Doctorado en Ciencias en Biologia Molecular esta asentado lo siguiente:

En la ciudad de San Luis Potosi a los 1 dias del mes de agosto del afio 2013, se reunié a las 12:40
horas en las instalaciones del Instituto Potosino de Investigacion Cientifica y Tecnoldgica, A.C., el
Jurado integrado por:

Dr. Alfedro Heriberto Herrera Estrella Presidente CINVESTAV
Irapuato

Dra. Irene Beatriz Castaifio Navarro Secretaria IPICYT

Dr. Alejandro De Las Peiias Nava Sinodal IPICYT

Dr. ). Sergio Casas Flores Sinodal IPICYT

a fin de efectuar el examen, que para obtener el Grado de:

DOCTORA EN CIENCIAS EN BIOLOGIA MOLECULAR

sustento la C.
Edith Elena Uresti Rivera

sobre la Tesis intitulada:

La aceﬁltransférasa de histonas TGF-1 es el coactivador de genes inducibles por la luz azul en
Trichoderma atroviride

que se desarrollé bajo la direccién de
Dr. J. Sergio Casas Flores

El Jurado, después de deliberar, determiné

APROBARLA

Dandose por terminado el acto a las 14:35 horas, procediendo a la firma del Acta los integrantes
del Jurado. Dando fe el Secretario Académico del Instituto.

A peticion de la interesada y para los fines que a la misma convengan, se extiende el presente
documento en la ciudad de San Luis Potosi, S.L.P., México, a los 1 dias del mes de agosto de
2013.

M,

Dr. Margial Bonilla rin
Secretario Académico

Mtra. Ivo
Jefa del Dep

YN

resfientetlel Posgrado



Dedicatorias

A mis padres
A mis hermanos
A mis sobrinos
A todos mis amigos

“Todo aquél que estd seriamente comprometido con el cultivo de la ciencia, llega a
convencerse de que en todas las leyes del Universo estd de manifiesto un espiritu
infinitamente superior al hombre, y ante el cual, nosotros con nuestros poderes, debemos
sentirnos humildes”

(Albert Einstein)

‘I have not failed. I've just found 10,000 ways that won't work,’
(Thomas Alva Edison)



Agradecimientos

Debo agradecer primeramente a Dios, por todas Sus bendiciones y por haberme
concedido la oportunidad de concluir una etapa mas de mi vida.

A mis padres, por darme la vida y por todos los sacrificios que hicieron y siguen
haciendo y que me han permitido llegar hasta aqui.

Al Dr. Sergio Casas por todos estos anos como su estudiante y por sentar las bases
de mi formacién cientifica.

A mis sinodales, el Dr. Alejandro de Las Penas y la Dra. Irene Castafio. Muchas
gracias por su valioso apoyo en la revision de mi tesis y por todas sus ensefianzas
y valiosas aportaciones a mi trabajo a lo largo de esta etapa en el IPICYT.

Al Dr. Alfredo Herrera, por haber aceptado ser parte de mi comité tutoral y por sus
atinados comentarios y sugerencias que mejoraron la redaccion de esta tesis.

Al Dr. Gerardo Arguello, por todo su apoyo, sus consejos tanto cientificos como
personales que me ayudaron muchisimo durante el doctorado. Es usted un gran ser
humano, un gran investigador y sobre todo, un excelente amigo.

A la Dra. Lina Riego, por sus consejos, observaciones y comentarios en el
laboratorio y en mis seminarios y sus platicas amenas.

A mis actuales companeros y a aquellos que alguna vez formaron parte de este
grupo de trabajo: Aida, Elida, Gema, Gerardito, Chuy, Liz, Macario, Magnolia,
Mayte, Miguel Angel Salas, Miguel Angel Silva, Sandra, Tania, Yazmin, Zayra y la
Dra. Magda. Fue un verdadero placer haber compartido con ustedes tantos buenos
momentos en el laboratorio y fuera de él; me llevo recuerdos muy bonitos y grandes
amigos que enriquecieron mi vida.

A mis otros companeros del Laboratorio de Gendmica Funcional y Comparativa.
Excelentes tiempos compartidos y excelentes personas y amigos: Paco, Javier,
Peresson, Bere, Angel y Cintia.

A la Ing. Maria Isabel Isordia Jasso. Por todo su apoyo técnico y por su amistad.
Gracias, Chabelita.

A la senora Rosy y Claudia Adriana, que sin ellas, el trabajo diario en el laboratorio
simplemente no saldria adelante.

A todos los que fueron mis companeros de la DBM durante los afos que pasé en el

IPICYT; en especial y con mucho carifio a Mariana Cantu, Yair, Angel Huerta, Hugo,
Raul, Marcela, Jacky, Omar, Marbella, Ivon Solis, Guardalupe, Candy, Josefat,

Vi



Pablo Delgado, Berna, Gaby Mendoza, Paco Ramirez y Liz Cortés. Los estimo y
aprecio y agradezco todos los ratos de diversion que compartimos.

A todos mis companeros y amigos de otras divisiones, asi como a los profesores,
técnicos y personal administrativo con quienes tuve la oportunidad de compartir
charlas en los pasillos, torneos, organizaciones de congreso, concursos de la
cancion, etc. No hay ninguno de todos ustedes de los que no haya aprendido algo.
Al Dr. Vladimir Escobar, por el enorme apoyo y toda la ayuda que me brindd y por
los consejos que me ayudaron y me siguen ayudando en mi vida personal y
profesional. Gracias ademas por su valiosa amistad.

A la Dra. Claudia Escudero, por sus animos y alientos para terminar este proyecto,
Su paciencia, su ayuda, sus consejos y por ser una de las personas con mas calidad
humana que conozco.

A Vincent, por el apoyo y los animos que me ha brindado en este ultimo ano.

A mis amigos de siempre: Vero, Magdis, Erika Ojeda, Georgina, Claudia Martinez,
Alejandro Ramos, Mayra Nelly, Guillermo Juarez y Mariana Haydeé.

Al IPICYT por permitirme realizar mis estudios de maestria y doctorado.

Al CONACYT, por otorgarme la beca durante mis estudios de posgrado.

Vil



Contenido
Constancia de aprobacion de la tesis
Créditos institucionales
Acta de examen
Dedicatorias
Agradecimientos
Abreviaturas
Resumen

Abstract

Introduccion

1. La luz y sus efectos en los seres vivos
1.1. Percepcion de la luz roja
1.2. Percepcion de la luz verde
1.3. Percepcion de la luz azul

1.3.1 Respuestas a la luz azul en los hongos

. Fotobiologia de Trichoderma/Hypocrea spp.

2.1 Efecto de la luz, el AMPc y los nutrientes en
Trichoderma/Hypocrea

2.2 Efecto de la luz en la sintesis de los peptaiboles y de los
metabolitos secundarios.

2.3 Participacion de la proteina cinasa A (PKA) en respuesta a luz
azul

2.4 Laluz azul y las proteinas G heterotriméricas

. Estructura de la cromatina
. Acetilacion de las histonas
4.1 La proteina Gecndp, su actividad como acetiltransferasa de

histonas y su papel como coactivador

. Estudios sobre la modificacion covalente de las histonas
inducidas por la luz azul

Vil

Vi

Xi

Xii

OPROWON -

«©

13

13

14
14

15

15

17

17



Justificacion

Objetivo general
Objetivos particulares

Resultados parte |
Resultados parte I
Discusion
Conclusiones
Perspectivas
Anexos

Bibliografia

Contenido

IX

19

19
19

20

26

59

66

67

68

112



Abreviaturas

Acido desoxirribonucleico

Adenosin Trifosfato

Acido ribonucleico

DNA complementario

Adenosin mono fosfato ciclico
Inmunoprecipitacién de la Cromatina
Complejo White Collar en oscuridad
Elementos de respuesta temprana a la luz
Flavin Adenin Dinucléotido

Flavin Adenin Mononucleoétido
Histona 3

Histona 4

Desacetilasa de histonas

Acetil transferasa de histonas
Complejo White Collar en luz
Elementos de respuesta tardia a la luz
Rojo/Rojo lejano

Kilobases

Luz, Oxigeno, Voltaje

Regidn de respuesta a la luz
Microgramos

Micromol

Micromolar

Nanomolar

Nanoémetros

Per, Arnt, Sim

Pares de bases

Reaccion en cadena de la polimerasa
Agar Papa y Dextrosa

Caldo de Papa y Dextrosa,

Polietilen glicol

Revoluciones por minuto
Transcripcion reversa-PCR cuantitativa
Transcripcidn reversa-PCR
Segundos

Trichostatin A

Luz ultravioleta tipo A

Luz ultravioleta tipo B

Western blot

Complejo White Collar



Resumen

La acetiltransferasa de histonas TGF-1 es el coactivador de genes inducibles

por la luz azul en Trichoderma atroviride

En el hongo filamentoso Neurospora crassa, las proteinas White Collar 1 y 2 (WC-
1y WC-2) regulan todas las respuestas a luz azul descritas hasta hora. La proteina
WC-1 es el fotorreceptor y junto con la proteina WC-2 con la que forma un complejo
regulador, fungen como factores transcripcionales de los genes inducibles por luz
azul. La acetil transferasa de histonas NGF-1 es el coactivador de genes de
respuesta a luz azul e interacciona fisicamente con WC-1 para regular la
fotorespuesta. En Trichoderma, las proteinas ortélogas a WC-1 y WC-2 son BLR-1
y BLR-2 respectivamente, que también regulan respuestas a la luz, formando un
complejo en el que, presumiblemente, BLR-1 actua como el fotorreceptor. En el
presente trabajo se demostré que la luz azul induce la acetilacion global de la
histona H3. La mutante del gen fgf-1, el cual codifica probablemente para una acetil
transferasa de histonas, presenta un fenotipo pleiotropico, afectando especialmente
el crecimiento y desarrollo de T. atroviride. Diversos analisis transcripcionales y de
inmunoprecipitaciéon de la cromatina (ChlP) demostraron que la proteina TGF-1 es
un coactivador de genes que responden a luz azul, probablemente a través de la
acetilaciéon de los residuos de lisina K9 y K14 de la histona H3 que forma parte de
la cromatina asociada a los promotores de dichos genes. Demostramos también
que se requiere de TGF-1 en la oscuridad para mantener los niveles basales del
gen bld-2 (blue light down regulated 2) que esta regulado negativamente por luz
azul. Ademas se requiere, después de un pulso de luz azul, de la presencia de TGF-
1 para llevar a cabo la acetilacién transitoria de la histona H3 del promotor del gen

phr-1.

Palabras clave: Trichoderma, luz azul, acetilacion, TGF-1, Proteinas BLR
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Abstract

The histone acetyltransferase TGF-1 is the coactivator of blue light inducible
genes in Trichoderma atroviride

In the filamentous fungus Neurospora crassa, the White Collar -1 and 2 proteins
(WC-1 and WC-2) regulate all known responses to blue light. The WC-1 protein is
the photoreceptor and together with WC-2 function as transcription factors of blue
light inducible genes. The histone acetyltransferase NGF-1, the orthologue of Gend
from Saccharomyces cerevisiae, is the co-activator of blue light induced genes in N.
crassa and physically interacts with WC-1 to regulate blue light response. In
Trichoderma, the WC-1 and WC-2 orthologues, BLR-1 and BLR-2, regulate as well
blue light responses. BLR-1 has been proposed as the blue light receptor. Here we
show that blue light induced a global acetylation of histone H3. Deletion of fgf-1,
which encodes a putative acetyl transference, the orthologue of NGF-1, led to a
pleiotropic phenotype, mainly affecting growth and development. Transcription and
Chromatin immunoprecipitation (ChlP) analyses showed that TGF-1 is the co-
activator of blue light regulated genes, probably by acetylating the K9 and K14 lysine
residues of histone H3 on the promoters in T. atroviride. Furthermore, we
demonstrate that TGF-1 is necessary to maintain the basal level of expression of
bld-2 in the dark. TGF-1 was necessary for histone H3 acetylation of the promoter
of phr-1 (blue light upregulated) after a blue light pulse, since the Afgf-7 mutant

showed no histone H3 acetylation on the phr-1 promoter.

Key words: Trichoderma, blue light, acetylation, TGF-1, BLR proteins
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INTRODUCCION

1. La luz y sus efectos en los seres vivos

La luz juega un papel muy importante en el comportamiento y desarrollo de los seres
vivos, ya que ademas de aportar energia para la fotosintesis en las plantas, las
bacterias y las algas, es fundamental para regular el desarrollo y la fisiologia de los
mismos. Durante el transcurso de la evolucion, los seres vivos han desarrollado
sofisticados mecanismos para percibir y responder a la cantidad, la calidad y la
direccién de la luz. La percepcidon de la sefnal luminosa se lleva a cabo por los
fotorreceptores, los cuales son complejos proteina-cromoforo. Los cromoforos son
moléculas pequenas de naturaleza no proteica que ejercen el papel de cofactores;
algunos ejemplos de croméforos son: Flavin Adenin Mononucleétido (FMN), Flavin
Adenin Dinucléotido (FAD) y las porfirinas, entre otros (Cheng et al., 2004; Herrera-
Estrella y Horwitz, 2007). La energia proveniente de la luz es percibida por los
receptores, lo que ocasiona un cambio conformacional en el cromoéforo y esto
provoca que la proteina adopte un estado activo (Chen et al., 2004; Ko et al., 2007).
En el estado activo, el fotorreceptor transduce la sefal luminosa hacia efectores que
a su vez regulan la expresion de genes que desencadenan las respuestas
fisioldgicas en la célula (Froehlich et al., 2002; Chen et al., 2004; Ko et al., 2007).

Los efectos de la sefial luminosa sobre los seres vivos han sido ampliamente
estudiados desde principios del siglo XVIl, cuando Sebastiano Poggioli describié los
efectos de la luz roja y de la luz violeta en las hojas de la planta Mimosa pudica
(Tomado de Schafer y Nagy, 2006). Posteriormente, Charles Darwin describidé que
la luz azul induce una respuesta fototrépica en las plantas al utilizar una solucién
amarillo-anaranjada de dicromato de potasio como filtro de la luz, evitando asi la
respuesta (Darwin, 1881). Actualmente, se sabe que la luz regula procesos
metabdlicos y del desarrollo en los hongos, las algas, las bacterias y los mamiferos
(Linden et al., 1997; Iseki et al., 2002; Jiao et al., 2007; Cashmore, 2003).




Si bien, se han descrito una gran variedad de respuestas biologicas derivadas de la
accion de casi todo el espectro de la luz visible, la mayoria de ellas son atribuidas a
las regiones comprendidas entre el rojo/rojo lejano (R/IR), azul/ultravioleta tipo A
(UV-A) o ultravioleta tipo B (UV-B) (Briggs y Huala, 1999).

1.1 Percepcion de la luz roja

Las moléculas que perciben la luz roja son denominados fitocromos. Estos, se
describieron por primera vez en las plantas y se componen de un péptido y una
molécula de tetrapirrol lineal (fitocromobilina) unida covalentemente por medio de
una cisteina conservada en el dominio de union al croméforo. Estos fotorreceptores
se pueden encontrar en dos formas interconvertibles en la célula: una forma Pr que
absorbe luz roja (. = 660 nm) y una forma Pfr que absorbe luz roja lejana (L = 730
nm) (Chen et al., 2004). La forma Pr de los fitocromos se localiza en el citoplasma
y se transloca al nucleo después de la fotoconversion a su forma activa Pfr
(Yamaguchi et al., 1999; Kircher et al., 1999; Nagy y Schéfer, 2000). Son pocos los
organismos en los que se ha estudiado el efecto de la percepcion, transduccion de
la sehal y respuestas a la luz roja; esto se debe a que no en todos los organismos
analizados se ha encontrado una respuesta en el rojo, o bien, no se han identificado

las secuencia que codifique un fotorreceptor en su genoma que responda al rojo.

En las plantas, por ejemplo, la luz roja es importante para la germinacion de la
semillas, la fotomorfogénesis y los ritmos circadianos (Jiao et al., 2007; Chen et al.,
2004). En Arabidopsis thaliana, se han descrito 5 fitocromos (PHY-A, -B, -C, -Dy -
E) que regulan todas las respuestas asociadas a la luz roja (Chen et al., 2004; Jiao
et al., 2007).

En los hongos, se ha reportado que en Aspergillus nidulans, la luz roja activa la
reproduccion asexual y reprime la reproduccién sexual (Mooney y Yager, 1990).
Esta respuesta se lleva a cabo por un fitocromo denominado FphA, que tiene como
cromoforo al tetrapirrol (biliverdina), el cual absorbe la luz roja-roja lejana y se
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localiza en el citoplasma (Blumenstein et al., 2005). En el genoma de N. crassa, se
identificaron 2 genes que codifican para 2 fitocromos putativos (PHY-1 y PHY-2),
los cuales al igual que en A. nidulans unen tetrapirrol como croméforo y pueden
efectuar un fotociclo in vitro (Froehlich et al., 2005); sin embargo, las mutantes
simples o dobles en estos genes no presentaron un fenotipo asociado a la luz
(Froehlich et al., 2005). En Trichoderma atroviride la exposicidon a luz roja ocasiona
una disminucion en el crecimiento micelial y altera la transcripcion de algunos genes
(Casas-Flores et al., 2004; Rosales-Saavedra et al., 2006). T. atroviride contiene en
su genoma un gen que codifica para un fitocromo similar a los descritos en N. crassa

y en A. Nidulans, el cual podria ser el responsable de las respuestas al rojo.

1.2 Percepcion de la luz verde

Los fotorreceptores en los animales incluyen a las opsinas, las cuales absorben en
el verde (A = 534 nm). Estos receptores presentan siete dominios
transmembranales, unen al retinol como croméforo y sus actividades se han visto
asociadas a las proteinas G. Las opsinas de las bacterias y los hongos estan
relacionadas estructuralmente a las de los animales, debido a que son proteinas de
membrana y todas contienen los 7 dominios transmembranales; sin embargo, no
presentan homologia entre ellas a nivel de la secuencia de aminoacidos (Kateriya
et al., 2004; Bieszke et al., 1999). En las plantas, se ha demostrado que la luz verde
promueve efectos muy discretos y opuestos a los generados por la accién de la luz
roja o azul (Folta y Maruhnich, 2007). En Vicia faba se demostrd que un breve pulso
de luz verde podia evitar el efecto de apertura de estomas causado por un pulso de
luz azul (Frechilla et al., 2000). En las bacterias y las algas, las opsinas pueden
tener funciones sensoriales o actuar como canales iénicos regulados por la luz
(Kateriya et al., 2004). En el hongo N. crassa, el gen nop-1 codifica para una opsina
que une frans-retinal como cromoforo, formando un pigmento foto-activo que
absorbe la luz visible con un pico maximo de absorcion de 534 nm (luz verde)
(Bieszke ef al., 1999). NOP-1 modula la carotenogénesis y reprime a los genes
involucrados en la conidiacion en N. crassa (Bieszke et al., 2007). En el hongo
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Leptosphaeria maculans se encontré el gen homdlogo a nop-1, sin embargo, no se
le ha descrito una funcion (ldnurm y Howlett, 2001). En T. atroviride la percepcion
de la luz verde no ha sido muy estudiada, pero se sabe que su genoma contiene
una secuencia que codifica para un posible fotorreceptor tipo opsina que podria unir
rodopsina para percibir la luz verde. La secuencia de aminoacidos presenta un
porcentaje de identidad del 46% con NOP-1 de N. crassa (Casas-Flores y Herrera-
Estrella, 2013)

1.3 Percepcion de la luz azul

La luz azul y la UV-A presentan las longitudes de onda mas cortas (A = 320 a 400
nm) dentro del intervalo de la luz visible y sus frecuencias de ondas
electromagnéticas son mas altas; y también presentan una mayor cantidad de
energia y al reaccionar con moléculas biolégicas como las flavinas, las porfirinas,
las clorofilas, las quinonas, las bilirrubinas y el retinal, generan la formacion de
oxigeno singulete ('02). El oxigeno en singulete y las especies reactivas de oxigeno
(ERO) resultantes provocan dano a todas las biomoléculas como el ADN, los lipidos
y las proteinas (Lledias y Hansberg, 2000). Esta, es la razén por la cual la luz azul
es percibida en los organismos como una senal de “alerta” que induce la activacion
de mecanismos de defensa y proteccidon, como son la produccion de pigmentos, la
sintesis de enzimas para responder al estrés oxidante y la formacién de estructuras
de resistencia (esporas) para la perpetuacion de |la especie (Linden et al., 1997; Ma
et al., 2001; Rosales-Saavedra et al., 2006; Berrocal-Tito ef al., 2007). Algunas de
las respuestas biologicas reportadas por el efecto de la luz azul son: el fototropismo
en las plantas y los hongos, la inhibicién del alargamiento del hipocotilo, la apertura
de los estomas, la migracién de cloroplastos en las plantas (Kaufman et al., 1993;
Linden et al.,, 1997; Briggs y Christie, 2002), la induccién de la sintesis de
carotenoides en hongos (Rau y Mitzka-Schnabel, 1985), y el encarrilamiento del

ritmo circadiano en diversos organismos (Gehring y Rosbash, 2003).




Los fotorreceptores que perciben a la luz azul UV-A unen flavinas (FMN o FAD),
pterinas o dezaflavina como cromoforo (Herrera-Estrella y Horwitz, 2007). En
Arabidopsis thaliana se describid por primera vez un tipo de receptor de la luz azul
denominado criptocromo. El gen, que codifica para una fotoliasa, tenia ademas una
mutacién que conferia defectos en |la senalizacion de luz azul (Ahmad y Cashmore,
1993). En A. thaliana, se han descrito 3 criptocromos (CRY-1, CRY-2 y CRY-3), los
cuales tienen una extension de aminoacidos en el extremo carboxilo-terminal, que
actua como un dominio efector, para activar las respuestas inducidas por la luz azul.
Se ha descrito también que los criptocromos tienen un papel adicional esencial

dentro del reloj circadiano en Drosophila y mamiferos (Cashmore, 2003).

En A. thaliana también se describieron las fototropinas, PHO-1 y PHO-2, que son
receptores de la luz azul. Estas fototropinas tienen dos dominios LOV (luz, oxigeno,
voltaje) en su regidon amino terminal, una molécula de FMN unida por una interaccion
no covalente en los dominios LOV y un dominio de cinasa en el extremo carboxilo-
terminal (Briggs y Christie, 2002) (Figura 1B). En la oscuridad el dominio LOV-2
interacciona con el dominio de cinasa, para mantenerlo inactivo. La luz azul induce
la unién covalente entre el FMN y una cisteina conservada en el dominio LOV, que
conlleva a un cambio conformacional, que permite la activacion del dominio de
cinasa (Chen et al., 2004).



Figura 1. A) Arquitectura de los distintos tipos de criptocromo presentes en diversos
organismos. PHR indica fotoliasa o region similar a la fotoliasa. MTHF (Metil tetra-hidro
folato); FAD (Flavin Adenin Dinucléotido) B) Representacion esquematica de las
fototropinas de plantas. Arreglo estructural de dos dominios: el dominio output que presenta
un dominio cinasa hacia el carboxilo terminal y dos dominios LOV (luz, oxigeno, voltaje)
hacia el amino terminal que une FMN (Flavin mono nucléotido). Las flechas indican las
regiones de fosforilacion (Tomado y modificado de Demarsy et al, 2009 y McGraw-Hill
Global Education Holdings, LLC.)

1.3.1 Respuestas a la luz azul en los hongos

Debido a su relativa simplicidad, los hongos filamentosos han sido utilizados como
modelos para entender los mecanismos que participan en la percepcion de la senal
luminosa. En los hongos filamentosos, la luz regula la conidiacion, el fototropismo,
el desarrollo sexual, el encarrilamiento del ritmo circadiano, y el metabolismo
secundario, entre otros procesos (Herrera-Estrella y Horwitz, 2007). Aunque se
conocen respuestas reguladas por la luz roja, la luz ultravioleta y la luz verde, como
la conidiacion en los hongos Aspergillus nidulans (Purschwitz et al., 2005), Alternaria
tomato (Kumagai, 1989) y Alternaria solani (Klein, 1992), la mayoria de las
respuestas a la luz en hongos se deben a la luz azul (Herrera-Estrella y Horwitz,
2007).




El hongo Neurospora crassa ha sido el modelo para el estudio de la percepcion de
la senal luminosa. Todas las respuestas descritas a luz azul se han atribuido al
complejo fotorreceptor de luz azul, el cual esta integrado por las proteinas White
Collar -1 (WC-1) y White Collar -2 (WC-2). Mutantes en los genes wc-1 o we-2 que
codifican para WC-1 y WC-2, eliminan todas las respuestas conocidas a la luz azul
en este hongo (Ballario et al., 1996; Linden y Macino, 1997). Las proteinas WC son
factores de transcripcién que presentan dominios de dedos de zinc de unién a ADN
tipo GATA, de localizacion nuclear y de activacion de la transcripcion (Ballario et al.,
1998). Ademas, WC-1 presenta tres dominios PAS (Per-Amt-Sim) (PAS-A, -B, -C),
involucrados en detectar sefales intra y extracelulares, de los cuales el primero
pertenece a una subfamilia de dominios PAS especializados en percibir sefiales
como Luz Oxigeno y Voltaje (LOV). El dominio LOV de WC-1 une de manera
covalente al nucleotido FAD como cromoforo, de forma similar a como se ha descrito
para las fototropinas de las plantas (Froehlich et al., 2002; He et al., 2002). Los dos
dominios PAS restantes tienen un papel importante en la formacién de homo y
heterodimeros con el unico dominio PAS de la proteina WC-2, para formar el
complejo White Collar (WCC) (Cheng et al., 2002, 2003). El WCC actua como
activador transcripcional de los genes que responden de manera temprana y tardia
a la luz azul (Linden et al., 1997; Lewis et al., 2002). Como ejemplos de genes de
respuesta temprana son frq, al-3, con-6, con-10, bli y varios genes del reloj
circadiano (ccgs) (Linden et al., 1997). La expresion de los genes de respuesta
temprana se observa durante los primeros 5 min después del pulso de luz azul y
alcanzan una induccion maxima entre los 15 y los 30 min. Por otro lado, la induccién
de los genes de respuesta tardia como ccg-1 y ccg-2, se observa después de los
15 min de induccién y alcanzan su maximo a las 2 h (Arpaia et al., 1993,1995; Lewis
etal., 2002). La rapida induccién de los genes tempranos se debe a que son blancos
directos del WCC, el cual se une a secuencias conservadas en los promotores,
denominadas elementos de respuesta temprana a luz (ELRE) (Froehlich et al.,
2002; He y Liu 2005, Chen et al., 2009). Los genes de respuesta tardia no son
blancos directo de las proteinas WC; sino que son regulados por genes de

respuesta temprana como sub-17 (codifica para un factor transcripcional), que se une
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a los elementos de repuesta tardia (LLRE) presentes en los promotores de los
genes tardios (Chen ef al., 2009).

El gen vvd, el cual es un gen de respuesta temprana, codifica para el fotorreceptor
secundario VVD que contiene un dominio LOV y une FAD como cromoéforo. La
proteina VVD es considerada como un receptor de luz azul secundario y se requiere
para la fotoadaptacion y para detectar cambios en la intensidad de luz.
(Schwerdtfeger y Linden, 2003). VVD depende de WCC para su expresion pero
también VVD regula de manera negativa al complejo WCC al interaccionar
fisicamente con el domino LOV de WC-1, estableciendo asi, un circuito regulatorio

negativo mediado por la luz (Chen et al., 2010).

Se ha demostrado que las proteinas WC se fosforilan en la oscuridad. La proteina
WC-1 se hiperfosforila de manera dependiente de la luz azul, con un patrén
comparable a la cinética de expresidon de los genes responsivos a luz (Froehlich et
al., 2002; He y Liu, 2005). Esta fosforilacion se ha asociado con la inactivacion del
complejo WC, asi como a la degradacién del fotorreceptor WC-1. Este proceso es
considerado como fundamental para la foto-adaptacién (He y Liu, 2005). La proteina
cinasa C (PKC) interacciona con el complejo WC y su actividad de cinasa se
requiere para regular positivamente los niveles de expresion de we-1. En N. crassa
cuando se expresa una PKC constitutivamente activa, la expresion de we-1 se
aumenta, pero si se expresa constitutivamente una PKC inactiva, se observa una
disminucién en los niveles de expresion de wc-1 (Franchi et al.,, 2005). Las
alteraciones en los niveles de expresion de wc-1 se ven directamente reflejados en
la expresion de los genes regulados por la luz (Franchi et al., 2005). Ademas, se ha
considerado a la PKC como un participante importante en el mecanismo de foto-
adaptacion, debido a que un inhibidor que bloquea su actividad de cinasa, afecta la
fosforilacion de WC-1 y activacién transcripcional de los genes regulados por la luz
azul (Arpaia et al., 1999).




2. Fotobiologia de Trichoderma/Hypocrea spp

Los hongos filamentosos que pertenecen al género Trichoderma/Hypocrea forman
parte de la clase Ascomicota. Varias especies de Trichoderma/Hypocrea crecen en
los suelos como saprofitos sobre madera en descomposicidon o colonizando las
raices de las plantas. Aunque se ha descrito la fase sexual para algunas especies
de Trichoderma/Hypocrea, su ciclo de vida es principalmente asexual, en el que se
alternan las formas de micelio y de conidias. El micelio se caracteriza por poseer
hifas mas o menos ramificadas, tabicadas y con mas de un nucleo por septo. Las
conidias son esféricas de color verde, presentan un unico nucleo haploide y se
forman sobre estructuras denominadas conidiéforos, que a su vez se situan sobre
células denominadas fialides (Rosen et al., 1974). Se ha demostrado que diversas
sefnales desencadenan la conidiacion en Trichoderma/Hypocrea, entre ellas, la
limitacion de nutrientes, la desecacion, el dano mecanico o cuando la colonia
alcanza el final de la caja de Petri (Horwitz et al., 1984; Carreras-Villasenor et al.,
2012).

En 1951 Lilly y Barnett observaron que al inocular a T. viride en un medio rico en
nutrientes y en completa oscuridad; T. viride, crece indefinidamente como micelio,
sin embargo, al aplicar un pulso de luz azul, se induce la produccion de conidias
(fotoconidiacién) en el perimetro de la colonia donde fue dado el estimulo luminoso
(Figura 2). Esta observacion permitié utilizar a Trichoderma/Hypocrea como modelo

fotomorfogénico.



OSCURIDAD

Figura 2. Efecto de la luz azul en la conidiacion de T. atroviride. Conidias de T. atroviride
se inocularon en el centro de una caja de Petri con medio PDA, y se incubaron a 28 °C en
la oscuridad por 36 h. Posteriormente, las colonias resultantes se mantuvieron en la
oscuridad como control (A) o se expusieron a un pulso de luz azul equivalente a 1200 pmol
m? (B). Las colonias se incubaron en la oscuridad por 24 h y se registr6 su crecimiento.

El espectro de accion de la fotoconidiacion es semejante al espectro de absorcidon
de las flavinas y presenta la forma caracteristica atribuida a los criptocromos,
incluyendo un pico en la regién cercana a la luz UV entre 350-380 nm, y un pico
mas alto en la regién del azul con un maximo entre 440-450 nm (Gressel y
Hartmann, 1968; Kumagai y Oda, 1969). Ademas, mediante experimentos hechos
con roseoflavina, un analogo de la riboflavina, se concluydé que la flavina podria

formar parte del fotorreceptor (Horwitz et al., 1984).

Se ha observado que después de un pulso de luz azul hay cambios en la
fosforilacion de proteinas, en el potencial de membrana, en la actividad de la
adenilato ciclasa (Horwitz et al., 1985; Gresik et al., 1988, 1999) y en el perfil
transcripcional (Berrocal-Tito et al., 1999; Rosales-Saavedra ef al., 2006). Se
determind que los genes bir-1 y -2 (blue light regulator -1 y -2) que codifican para el

complejo fotorreceptor son los responsables de la respuesta a la luz azul (Casas-
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Flores et al., 2004). BLR-1 y BLR-2 son los ortélogos del complejo WC de N. crassa
(Figura 3), y tienen un dominio de union a ADN tipo GATA pero carecen de dominios
de activacion. Se ha propuesto la existencia de un tercer elemento que participaria
como el activador (Casas-Flores et al., 2004). La proteina BLR-1 presenta un
dominio LOV y dos dominios PAS, mientras que BLR-2 solo contiene un dominio
PAS. Las mutantes en los genes bir-1 o bir-2 afecta la conidiacion y la transcripcion
de los genes responsivos a la luz. Dado que ambas mutantes tiene el mismo
fenotipo, esto sugiere que BLR-1 y BLR-2 pudieran interactuar fisicamente (Casas-
Flores et al., 2004, Rosales-Saavedra et al., 2006). Dentro de los genes de
respuesta luz en T. atroviride, se han encontrado dos clases: los que se inducen por
la luz azul, denominados genes blu (blue light upregulated) y los que se reprimen
por efecto de un pulso de luz azul, genes bld (blu light downregulated). Estos genes
responsivos a la luz representan el 2.8% de los genes en este hongo (Rosales-
Saavedra et al., 2006). Se han identificado a la fecha 331 genes que son regulados
por la luz blanca y 204 genes que son regulados por la luz azul (Carreras-Villasefior
et al., 2012).

Ademas del complejo fotorreceptor BLR, en Trichoderma se ha descrito un segundo
fotorreceptor denominado ENVOY (ENV1) (Schmoll et al., 2004), ortélogo a VVD de
N. crassa. En T. atroviride y T. reesei el transcrito del gen env1 incrementa de 50 a
500 veces después de un pulso de luz azul y este aumento es dependiente de las
proteinas BLR-1 y BLR-2 (Castellanos et al., 2010; Herrera-Estrella ef al., datos sin
publicar). Con base en el analisis de mutantes en env?, que en iluminacion
constante muestran una expresion sostenida de los genes responsivos a la luz, se
propuso que ENV1 es el responsable de reprimir la expresion de los genes de
respuesta a la luz (Castellanos et al., 2010). ENV1 seria un regulador de la
fotoadaptacion en Trichoderma, de una manera similar a VVD en N. crassa (Schmoll
et al., 2005; Castellanos ef al., 2010).

En el grupo de genes inducidos por la luz azul, se encuentra el gen phr-1 que

codifica para la fotoliasa PHR-1. Esta enzima es la principal responsable de reparar
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el dafno en el DNA ocasionado por la luz UV, en un proceso conocido como
fotorreactivacion (Berrocal-Tito ef al., 2007). Un analisis por deleciones seriadas de
5 a 3’ del promotor del gen phr-1 identifico una secuencia denominada Regién
Responsiva a la Luz (LRR de sus siglas en inglés), que se requiere para la induccion
por la luz. Los elementos identificados presentaron un arreglo semejante a los
descritos para el gen al-3 de N. crassa, pero con marcadas diferencias. La LRR
contiene el consenso del nucleo LRE (Light Response Element) CGATB, pero no
tiene un repetido directo como en Neurospora, sino que presenta varios repetidos
de forma invertida (Cervantes-Badillo et al., 2013). Ademas, se demostro que la
proteina BLR-2 se encuentra en la oscuridad unida al LRR del promotor de phr-1,
posiblemente para la activacion inmediata de la transcripcion en respuesta al

estimulo luminoso (Cervantes-Badillo et al., 2013).

POLI-Q  PAS-A PAS-B PAS-C GATA NLS POLI-Q

LoV PAS || PAS WC-1 (1167 aa)

GATA
Lov PAS PAS —I:Dj BLR-1 (1020 aa)

GATA
PAS :E:Ij I WC-2 (530 aa)

GATA
1 eas BLR-2 (484 aa)

Figura 3. Dominios de las proteinas WC y BLR. POLI-Q, regiones ricas en glutamina;
LOV, dominio sensorial de union al croméforo FAD; PAS, dominio de interaccion entre
proteinas; CC, dominio “coiled-coil”; NLS, dominio de localizacion nuclear; GATA, dominio
de union a DNA.
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2.1 Efecto de la luz, el AMPc y los nutrientes en Trichoderma/Hypocrea

En los hongos como en otros organismos, el crecimiento y el desarrollo se ven
afectados por la calidad y la disponibilidad de las fuentes de carbono y las de
nitrégeno. La luz tiene un papel muy importante en estos procesos. En T. atroviride
se ha visto que las mutantes Ablr crecen mas rapido que la cepa silvestre bajo
condiciones de luz constante. También una mutante de T. reesei en el dominio PAS
en ENV1 crece mas lento que la cepa silvestre en luz constante (Castellanos ef al.,
2010). (Casas-flores et al., 2004). Esto indica la importancia de la percepcioén de la
luz durante el crecimiento. Con respecto al efecto de los nutrientes en el crecimiento
y la conidiacion, un estudio demostré6 que en 17 de 95 fuentes de carbono
analizadas, tales como D-manosa, D-galactosa, o hexosas, Trichoderma
presentaba induccién del crecimiento bajo ciclos de luz/oscuridad o bajo luz
constante, y que 48 de estas fuentes de carbono, incluyendo polioles y azucares
acidos, indujeron la conidiacion del hongo en condiciones de oscuridad (Friedl et al.,
2008a, b). Ademas las mutantes Abir-1 y Abir-2 fueron capaces de conidiar solo en
17 fuentes de carbono. La presencia de AMP ciclico (AMPc) estimulé el crecimiento

y la conidiacion solo en algunas de las 95 fuentes de carbono (Fried! et al., 2008a).

2.2 Efecto de la luz en la sintesis de los peptaiboles y de los metabolitos
secundarios.

Los peptaiboles son una familia de péptidos pequenos (<20 aa) no ribosomales
sintetizados por péptido sintetasas (NRPSs), los cuales presentan actividades
antifungicas y antibacterianas. En Trichoderma/Hypocrea la sintesis de peptaiboles
se induce durante la conidiacion. Ademas, la sintesis de peptaiboles se induce en
presencia de un pulso de luz. Esta induccion se ve afectada en las mutantes Ablr-
1y Ablr-2 (Tomado de Casas-Flores y Herrera-Estrella, 2013).

La produccién de metabolitos secundarios por accién de la luz se ha descrito en T.

virens. Un pulso de luz induce la transcripcion del gen veA, y mutantes en este gen

13



muestran una alteracion en la induccién de genes que codifican para enzimas que

participan en el metabolismo secundario (Mukherjee y Kenerley, 2010).

2.3 Participacion de la proteina cinasa A (PKA) en respuesta a luz azul

En T. atroviride la PKA tiene un impacto directo sobre la fotoconidiacion y la
expresion de los genes regulados por la luz azul a través de las proteinas BLR
(Casas-Flores et al., 2006). Cepas de T. afroviride con baja actividad de PKA,
producen conidias de manera constitutiva y estan alteradas en la activacion de los
genes regulados por la luz azul. En cambio, cepas de T. atroviride con alta actividad
de PKA responden a la luz azul mediante la activacidén de los genes a través de las
proteinas BLR, pero son incapaces de conidiar (Casas-Flores ef al., 2006). Estos
resultados indican que la actividad de PKA es necesaria para la activacion de los
genes regulados por la luz azul a través del complejo BLR (Casas-Flores et al.,
2006).

2.4 La luz azul y las proteinas G heterotriméricas
En los hongos las proteinas G regulan la morfogénesis, el apareamiento, el

crecimiento y la divisién celular, el metabolismo secundario y la virulencia (Li ef al.,

2007). En T. atroviride |la sobreexpresion de Ga (con una alta similitud a genes Gai

que codifican para proteinas inhibitorias de Ga) inhibe la conidiacion en respuesta
a la luz. Cepas que contienen una copia del gen silvestre tga-1 (T. atroviride G-
protein alpha-subunit gene) y al menos una copia del alelo mutado (QL-1) muestran
este fenotipo. En T. reesei el ortélogo a fga-1 denominado gna3, se expresa a bajos
niveles en la oscuridad, mientras que un pulso de luz azul induce su expresion
(Schmoll et al., 2009).
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3. Estructura de la cromatina

En las células eucariotas el ADN se encuentra organizado en una estructura
nucleoproteica denominada cromatina. La unidad fundamental de esta estructura es
el nucleosoma, una estructura de aproximadamente 10 nm de diametro compuesta
por un octamero de histonas que incluyen dos moléculas de cada una de las
histonas H2A, H2B, H3 y H4, y de aproximadamente 160 pb de ADN enrollando al
octamero. En un contexto heterocromatico, usualmente no se lleva a cabo la
transcripcion (Struhul et al., 1999), ya que la cromatina compacta funge como una
barrera que impide el acceso o el paso de la maquinaria transcripcional al ADN. Sin
embargo, se sabe que la cromatina esta sujeta a modificaciones covalentes cuyo
blanco son principalmente las histonas. Las modificaciones en las histonas se llevan
a cabo principalmente en los dominios amino terminal. Estas modificaciones
pueden inducir un estado abierto o cerrado de la cromatina, lo que repercute en un
incremento o una disminucion en la accesibilidad al ADN por los complejos
transcripcionales (Strahl y Allis., 2000; Jenuwein y Allis, 2001). Entre las
modificaciones a las cuales estan sujetas las histonas, se incluye a la fosforilacion,
la ubiquitinacién, la acetilacion, la ADP ribosilacién y la metilacién. Las proteinas
que llevan a cabo estas modificaciones se conocen como co-activadores o co-
represores (Washburn y Esposito, 2001). Debido a que estas modificaciones
afectan el estado transcripcional, se ha propuesto que existe un “codigo de histonas”
(Jenuwein vy Allis, 2001). EI ADN también es susceptible de modificaciones tales
como la metilacién, y afecta también el estado transcripcional. Al conjunto de
modificaciones en las histonas y en el ADN, que afectan el perfil transcripcional de
ciertos genes, y al hecho de que se pueden mantener dentro de la poblacion y

heredarse, se le denomina epigenética.

4. Acetilacion de las histonas
Una de las modificaciones de las histonas mas estudiadas es la acetilacion de los
residuos conservados de lisinas en los dominios amino terminal. La acetilacion de

las histonas, se lleva a cabo por las acetil transferasas de histonas (HAT por sus
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siglas en inglés), y se ha postulado que el efecto de la acetilacion lleva a la
neutralizacion parcial de las cargas positivas de las histonas, lo que hace que se
debilite la afinidad por el ADN (Workman et al,, 1998). Este proceso permite
relacionar la acetilacién de histonas con la cromatina transcripcionalmente activa,
por lo que se clasifica a las HATs como coactivadores de la transcripcion (Figura 4).
Las HATs se clasifican en dos grupos: Las de tipo A localizadas en el nucleo
(Brownell et al., 1996) y las de tipo B que se encuentran en el citoplasma, estas
ultimas participan en la acetilacidon de las histonas libres que han sido recién
sintetizadas en el citoplasma para su transporte al nucleo donde pueden ser
desacetiladas e incorporadas a la cromatina (Ruiz-Carrillo et al., 1975; Allis et al.,
1985).

[Gene repression] [Gene activation]

deacetylation

* k * * s
SGRGKGGKGLGKGGAKAHRKVLRONIOG!.. ... ... Histone 4
: A e
nRTK?;AHKSTGGKAPHKOUTKAAHKA.&RKSAPA. Histone 3
SGRGKOGGKARAKAKTRSSR .. .. ... . Histone 2A
* * k *
PEPSKSAPAPKKGSKKAITKA ; Histone 2B

Figura 4. Modelo de la activacion de genes mediante la acetilacion de las histonas. La
acetilacion de histonas conlleva a la formacion de una estructura “abierta” de la cromatina
que permite a los factores remodeladores de la cromatina dependientes de ATP, asi como
a los factores transcripcionales acceder a los promotores. Los nucleosomas se muestran
en color azul turquesa, el coactivador HAT se muestra en naranja. Las estrellas de color
rojo sefialan los residuos blancos de acetilacion en las histonas (Tomado y modificado de
Ito et al., 2007)

16



4.1 La proteina Gecn5p, su actividad como acetil transferasa de histonas y su
papel como coactivador

La p55 del protozoario ciliado Tetrahymena thermophila fue la primer proteina
identificada con actividad de HAT de tipo A (Brownell et al., 1996). Se descubrié en
preparaciones macronucleares en un ensayo de actividad en gel, que revel6 que un
polipéptido de 55 kDa (p55) presentaba actividad de acetilacién en histonas libres
(Brownell y Allis, 1995). La p55 es una proteina ortéloga a GenS (General control
nonderepressible-5) de Saccharomyces cerevisiae (Georgakopoulos y Tireos,
1992), la cual se describid como un regulador transcripcional (Berger et al., 1992;
Marcus et al., 1994; Silverman ef al., 1994). Este descubrimiento demostré la
relaciéon que existe entre la regulacion transcripcional y la acetilacién de las histonas.
Ademas, GCN5 esta altamente conservado en eucariotas ya que se encuentra
presente en diversos organismos, incluyendo al humano (Candau et al., 1996), al
raton (Xu et al., 1998), a Drosophila melanogaster (Smith et al., 1998), y a

Toxoplasma gondii (Hettmann et al., 1999).

5. Estudios sobre la modificacion covalente de las histonas inducidas por la
luz azul

En N. crassa la activacion transcripcional del gen al-3 es dependiente de la luz, y
esta relacionada directamente con una acetilacion transitoria de la lisina 14 de la
histona H3 localizada sobre el promotor (Grimaldi et al., 2006). Esta modificacion la
realiza la acetil transferasa de histonas NGF-1, ortélogo de GenSp de S. cerevisiae.
Recientemente se demostro que NGF-1 y el fotorreceptor WC-1 interaccionan
fisicamente, lo cual es necesario para llevar a cabo la transduccion de la senal
luminosa en N. crassa (Brenna et al., 2012). En Arabidopsis thaliana la HAT, TAF1,
es necesaria para la regulacion del alargamiento del hipocotilo (etiolacién) y la
expresion de genes mediado por la luz (Bertrand et al., 2005). En Mus musculus se
determind que la induccion por la luz de genes implicados en el ritmo circadiano

(mPer1 y mPer2), esta relacionada con la acetilacion de las histonas H3 y H4

localizadas en sus promotores, y que ademas es ritmica (Naruse et al., 2004). Estos
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ejemplos muestran la relevancia que tienen los procesos epigenéticos en el control

de genes inducidos por la luz.
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JUSTIFICACION

En la actualidad, se han realizado muchos esfuerzos por entender a profundidad el
fendmeno de la percepcion de la luz en T. atroviride. Existen una buena cantidad de
estudios fotobiologicos, bioquimicos y mas recientemente estudios
genéticos/moleculares que han ayudado a comprender los diferentes procesos
fisioldgicos y del desarrollo en respuesta a la luz azul. Sin embargo, se desconocen
los mecanismos moleculares que regulan la actividad transcripcional en el contexto

de la cromatina.

En el presente trabajo queremos determinar la relacidn que existe entre la
percepcion de la sefial luminosa y los mecanismos epigenéticos que controlan la
respuesta a la luz azul en Trichoderma. Esto permitira comprender este fenobmeno

en los hongos, y en la mayoria de los organismos.

OBJETIVO GENERAL:
Estudiar la relevancia de la acetilacion de las histonas en la regulacion de los genes

de la respuesta a luz azul en T. atroviride.

Objetivos particulares:

1) Determinar los patrones de acetilacién global en respuesta a la luz azul en
Trichoderma atroviride.

2) ldentificar y clonar el gen que codifica para la proteina ortéloga a GenSp de
S. cerevisiae en T. atroviride.

3) Interrumpir el gen tgf-1 en T. atroviride.

4) Analizar el fenotipo de la mutante Afgf-1 en respuesta a la luz azul

5) Determinar los patrones de acetilacion de histonas sobre el promotor del gen

phr-1 en respuesta a luz azul.
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La expresion de los genes phr-1 y bld-2 se altera por la adicion de
Trichostatina A, un inhibidor de desacetilasas de histonas

Para entender el efecto de la acetilacion de histonas en las respuestas a luz azul en
T. atroviride, analizamos el efecto del inhibidor de desacetilasas de histonas
(HDACSs), Tricostatina A (TSA) en la expresion de los genes phr-1y bld-2. Colonias
de la cepa silvestre de T. atroviride crecidas en la oscuridad por 36, se trataron
durante 6 h con TSA (300 ng/ml), para posteriormente someterla a un pulso de luz
azul. En la cepa silvestre, la transcripcion de phr-1 alcanzé un nivel maximo a los
30 min después de que se aplicé el pulso de luz azul, y su expresion decayd a los
120 min, como se describio previamente (Berrocal-Tito ef al., 1999). Por otro lado,
el gen bld-2 mostrd niveles de expresién elevados en la oscuridad y se reprimié por
accion de la luz azul como se ha descrito (Rosales-Saavedra et al., 2006). La adicion
de TSA al medio de cultivo, indujo una marcada reducciéon en el nivel de la
transcripcion de los genes phr-1y bld-2 en comparacidon con la cepa sin tratar con
TSA (Figura 5). Este resultado sugiere que la regulacion de genes responsivos a la

luz azul esta mediada por procesos de acetilacion y desacetilacion de las histonas.
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Figura 5. Efecto del tratamiento con TSA en la transcripcion de los genes phr-1y bld-
2 en T. atroviride. La cepa silvestre se cultivd en la oscuridad durante 36 h, y
posteriormente, el micelio se traté con TSA (300 nM) por 6 horas (barras grises), se aplico
un pulso de luz azul (1,200 pmol m2) y se colectaron los micelios a los tiempos indicados.
Se extrajo el RNA total y se sometio a un analisis de qRT-PCR. La cepa silvestre crecida
en ausencia de TSA se incluyé como control (barras negras). Los datos se normalizaron
mediante el método de 2*“°T con la expresion del gen control tef-1. Las graficas muestran

los niveles de desviacion estandar £ SD, derivadas de 2 experimentos.

El inhibidor especifico de la proteina GCN5 de S. cerevisiae, MC1626, inhibio
la fotoconidiacion y altero el patron de expresion de los genes responsivos a
la luz en T. atroviride.

Una vez obtenidos los datos sobre el efecto del TSA y el posible papel de las HDACs
en la transcripcidn de genes responsivos a la luz, nos preguntamos si el gen ortélogo
a GCN5 de S. cerevisiae participa en la regulacién de la percepcion de la sefal
luminosa en T. atfroviride. La cepa silvestre se crecié en medio PDA en ausencia (-
MC1626) o presencia de 0.2uM de MC1626, un inhibidor especifico de Gen5 de S.

cerevisiae (Chimenti et al., 2009). A las 36 horas se aplico un pulso de luz azul. De

22



forma interesante, Trichoderma fue incapaz de conidiar en respuesta a la luz en

presencia del compuesto MC1626 (Figura 6).

OSCURIDAD LUZAZUL

-MC1626

+MC1626

Figura 6. Efecto del inhibidor de Gen5, MC1626, en la fotoconidiacion de T. atroviride.
Las imagenes muestran las colonias crecidas a 28°C en la oscuridad por 36 h en en
ausencia o presencia de 0.2 pM del inhibidor MC1626. Posteriormente se expusieron a un
pulso de luz azul equivalente a 1200 pmoles y fotografiadas 48 horas después.

El inhibidor MC1626 afecta negativamente el crecimiento en T. atroviride.

Debido a que se ha observado que las cepas de S. cerevisiae que carecen del gen
GCNS (AGCNS) muestran un crecimiento muy lento (Howe et al., 2001), nos
preguntamos si un incremento en la concentracion del inhibidor MC1626, podria
presentar un efecto negativo sobre crecimiento de T. afroviride. La presencia de
1mM de MC1626 en el medio de cultivo (una concentracion 500 veces mayor a la
utilizada para los ensayos de fotoconidiacion) provoco una marcada reduccion en el
crecimiento, comparada con la condicién control. Las condiciones de crecimiento,
también inhibieron la fotoconidiacion en el hongo (Figura 7). Estos resultados

sugieren que posiblemente la HAT homoéloga a Genbp de S. cerevisiae juega un
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papel importante en el desarrollo y la conidiacién inducida por luz azul en T.

atroviride.

CONTROL +MC1626 (1mM)

Figura 7. Efecto del MC1626 en el crecimiento de T. atroviride. La cepa silvestre se

crecio a 28°C en ausencia o presencia (+MC1626) de 1mM de MC1626 durante 5 dias con

ciclos de 12h luz/oscuridad, y fotografiadas.

Con la finalidad de investigar el efecto del inhibidor MC1626 sobre la expresion de
los genes phr-1y bld-2, se crecio a la cepa silvestre en presencia o ausencia del
compuesto, se aplicé un pulso de luz y se extrajo el RNA total para medir la actividad
transcripcional de los genes. La cinética de expresion de los genes no se modificd
en presencia del compuesto MC1626 comparado con la muestra control, sin
embargo tanto el gen b/d-2 como el gen phr-1 mostraron diferencias perceptibles en

la cantidad de sus transcritos (Figura 8).
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Figura 8. Efecto del inhibidor MC1626 en la transcripcion de genes responsivos a la

luz en T. atroviride. La cepa silvestre se crecio en ausencia (A) o presencia de 0.2 uM de
MC1626 (B), y el RNA total de los micelios se extrajo después de un pulso de luz azul a los
tiempos indicados (min). La expresion de los genes phr-1y bld-2 se analizo por RT-PCR
punto final con oligonucleoétidos especificos. OSC: oscuridad. El gen act-1 se utiliz6 como
control de carga.
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Running title: The TGF-1 acetyltransferase regulates light responsive genes

Abstract

In the filamentous fungus Neurospora crassa, the White Collar (WC)-1 and -2 proteins
regulate all known responses to blue light. The WC-1 protein is the photoreceptor and
together with WC-2 function as transcription factors of blue light inducible genes. In V.
crassa, the histone acetyltransferase NGF-1 is the co-activator of blue light induced genes,
and physically interacts with WC-1 to regulate the blue light response. In Trichoderma
atroviride, the BLR-1 and BLR-2 proteins are the orthologues of WC-1 and WC-2, and
they regulate also the light responses. BLR-1 has been proposed as a blue light receptor.
Here we show that blue light induces a global acetylation of histone H3. Deletion of zgf-1,
which encodes for a putative histone acetyltransferase, led to a pleiotropic phenotype
affecting mainly growth and development. Transcription and Chromatin
immunoprecipitation (ChIP) analysis showed that TGF-1 is the coactivator of blue light
regulated genes, probably by acetylating lysine K9 and K14 of histone H3 on their
promoters. Furthermore, we demonstrate that in the darkness, TGF-1 is necessary to

maintain the basal levels of the blue light down regulated gene, b/d-2. TGF-1 1s essential
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for histone H3 acetylation on the promoters of the p/r-1 and bld-2 genes after a blue light

pulse and in darkness, respectively.

Introduction

Sunlight is one of the most important environmental cues for living organisms and fungi are
no exception. Fungi are able to detect the light in a wide range of wave lengths of the solar
spectrum, from UV to far-red. Fungi sense light through chromophore-protein complexes
named photoreceptors (Froehlich et al., 2002; Cheng ez al., 2004; Ko et al., 2007). In fungi,
light regulates several physiological and developmental processes, including synthesis of
pigments and secondary metabolism, sexual and asexual development, circadian rhythms,
and phototropism (Kritskii ez al., 2005; Purschwitz ez al., 2006; Herrera-Estrella y Horwitz,
2007; Chen et al., 2009; Rodriguez-Romero ef al., 2010). For several decades, the
filamentous fungus Neurospora crassa has been used as model to study light responses in
eukaryotic organisms (Dunlap and Loros, 2004; Heintzen and Liu, 2007). In N. crassa, all
known responses to blue are regulated by the GATA transcription factors WHITE
COLLAR-1 (WC-1) and WHITE COLLAR -2 (WC-2) (Ballario ef al., 1996; Crosthwaite
et al., 1997; Linden ef al., 1997). WC-1 1s the blue light receptor, which contains two PER-
ARNT-SIM (PAS) domains for protein-protein interactions, and a specialized LOV (Light,
Oxygen, and Voltage) domain that sense light (Ballario and Macino 1997; Crosthwaite et
al., 1997; Cheng et al., 2003), and WC-2 has only one PAS domain (Linden y Macino,
1997), with which it interacts with WC-1 to form the White Collar Complex (WCC) in vivo
to activate the transcription of light inducible genes (Linden ez al., 1997; Cheng et al.,
2002; Liu et al., 2003). A hierarchical light-signaling network after a blue light pulse was
described recently (Chen ef al., 2009). The WCC binds to early light response elements
(ELRE) to drive the transcription of early light responsive genes (ELRG), with maximal
expression observed between 15-30 min after the light stimulus (Linden ez al., 1997). SUB-
1 1s a transcription factor that drives late-light responsive genes (LLEG) that show their
maximal expression between 45 to 120 min after the light stimulus (Linden ez al., 1997,

Chen et al., 2009).
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In N. crassa, blue light-induced transcription is accompanied by epigenetic modifications.
Histone acetylation and deacetylation are key modifications which control chromatin
structure; thus regulating positively and negatively gene transcription. Histone acetyl
transferases (HATs) and histone deacetylases (HDACSs) are the enzymes responsible for
maintaining homeostatic balance of histone acetylation in the cell (Lee and Workman,
2007; Grunstein, 1997; Hassig ef al., 1998; Kadosh and Struhl, 1998). HDACs and HATs
are considered co-repressors and co-activators. HDACs catalyze the removal of acetyl
groups from lysine residues from N-termini of histones, whereas HATSs transfer acetyl
groups from Acetyl-CoA to lysine residues in the N-termini of histones. GenSp from
Saccharomyces cerevisiae 1s the founding member of GNAT (GCN5-related N-
acetyltransferase) family of HATs and is likely to be present in all eukaryotes. GenSp
acetylates preferentially lysine 9 and 14 from histone H3, and lysine 8 and 16 of histone H4
(Georgakopoulos and Thireos, 1992; Dyda et al., 2000; Kuo ef al., 1996; Saleh et al., 1997;
Grant ef al., 1997; Sendra et al., 2000).

There 1s little evidence regarding the role of histone acetylation in gene expression induced
by light. It has been shown in N. crassa that a transiently light induced acetylation of lysine
14 of histone H3 on the promoter of a/-3 gene is essential for its induction, and that the
WC-1 protein plays a pivotal role in this process (Grimaldi ef al., 2006). In addition, the
NGF-1 protein, the orthologue of GenSp is responsible for this light induced acetylation,
since a mutant in ngf-1 was defective in photoinduction (Grimaldi ef al., 2006). Recently, it
was shown that WC-1, a vertebrate nuclear receptor orthologue, physically interacts with
NGF-1 as a preassembled complex in the dark on the a/-3 promoter, and a light pulse leads
to NGF-1 to acetylate H3 enabling transcriptional activation (Brenna ef al., 2012).

During the last two decades, members of the Trichoderma/Hypocrea genera have become
molecular photomorphogenic models since exposure to a brief pulse of light causes
morphological, biochemical and molecular changes in these fungi. These changes include
the appearance of a ring of green conidia at the edge of an actively growing colony, an
increase in the adenylyl cyclase activity and in cAMP levels, protein phosphorylation and
transcriptional regulation of genes (Horwitz ef al., 1984; Gresik ef al., 1988, 1999;
Berrocal-Tito ef al., 1999; Rosales-Saavedra er al., 2006, Carreras-Villasenor ef al., 2012).
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The BLR-1 and BLR-2 proteins of Trichoderma are the N. crassa homologs of WC-1 and
WC-2, (Casas-Flores er al., 2004). Mutants in either b/r-1 or bir-2 genes are defective in
conidiation and transcription regulation of blue light responsive genes (Casas 2004 y
Rosales 2006). The b/r mutants are also affected in sulfur, carbon metabolism, synthesis of
cellulase, sexual development, and vegetative growth, as well as in response to oxidative
stress and synthesis of peptaibols (Casas-Flores et al., 2004; Casas-Flores et al., 2006;
Friedl ef al., 2008a,b; Komon-Zelazowska et al., 2007; Chen et al 2010; Seibel et al.,
2012). Several lines of evidences have shown the active role of MAP-kinase, cAMP-
dependent protein kinase, and heterotrimeric G-proteins in such processes (Casas-Flores
and Herrera-Estrella, 2013). Microarray analysis of 7. atroviride showed 30 blue-light
upregulated genes (b/u), whereas 10 genes were down regulated (b/d) (Rosales-Saavedra et
al., 2006). Massive gene expression analysis of 7. atroviride in response to light showed
that approximately 331 genes were expressed by both blue light and white light (Carreras-
Villasenor ef al., 2012). Furthermore, the overexpression of BLR-1 led to downregulation
of blu genes, whereas the overexpression of BLR-2 increased transcription of such genes
(Esquivel-Naranjo and Herrera-Estrella, 2007). Blue light responsive genes include the
well-characterized phr-1 gene, which encodes photolyase, an enzyme responsible to repair
DNA damage induced by UV-light (Berrocal-Tito ef al., 1999; Berrocal-Tito ef al., 2007).
Deletion of phr-1 led to defects in DNA repair and to a down regulation of blue light
responsive genes. Conversely, the overexpression of p/r-1 led to the upregulation of blu
genes, including its own transcript, indicating that PHR-1 regulates its own transcription in
a positive feedback loop (Berrocal-Tito ef al., 2007). However, there are few studies on the

epigenetics of blue light perception in the genus Trichoderma/Hypocrea are null.
Here we show the role of the histone acetyltransferase TGF-1 in 7. atroviride regarding

growth and development, as well as in the regulation of blue light responses. Chromatin

immunoprecipitation assays showed the role of TGF-1 in acetylating histone H3.
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MATERIALS AND METHODS
Trichoderma strains, media and growth conditions

Trichoderma atroviride wild-type strain IMI 206040 (ATCC 32173) and the Afgf~-1 mutant
(this work) were routinely grown on Potato Dextrose Agar (PDA) (Difco). PDYCB (per
liter: 24 g potato dextrose broth, 2 g yeast extract and 1.2 g casein hydrolysate medium)
was used for Trichostatine A (TSA) (Sigma, St Louis, MO USA) experiments and for
growth of mycelia used in protoplast transformation. PDB containing 0.8% agarose, 0.5 M
sucrose, and 200 pg hygromycin B ml™ was used for protoplast regeneration. Escherichia
coli strain TOP10F’ (Invitrogen, Carlsbad, CA USA) was used for plasmid DNA

transformation.

Photoinduction assays

Conidia from the 7. atroviride wild type strain were inoculated in the center of a PDA
plate, grown at 25 °C during 48 h in total darkness, and used as pre-inoculum. Pre-inoculum
was used to mnoculate mycelial plugs in the center of PDA plates overlaid with an sterile
cellophane sheet and further incubated at 25 °C for 36 h in total darkness. Mycelium from
the Argf-1 strain was inoculated in PDB, grown at 25 °C in a rotator shaker at 200 rpm by
72 h, and used as pre-inoculum. The Azgf-1 pre-inoculum was poured on PDA plates
overlay with a sterile cellophane sheet, and allowed to grow for further 36 h in the dark.
Photoinduction of cultures were carried out as previously described (Berrocal-Tito er al.,
1999). For TSA assays with the wild type strain, pre-inoculum was obtained as described
above. Thereafter, mycelial plugs were inoculated on Petri dishes containing a sterile
cellophane sheet overlaying a double layer of filter paper (an 8 cm disk of Whatman 50 was
overlaid on a 7 cm disk of Whatman 1 filter paper) soaked in 3 mL of PDYCB medium.
Cultures were grown for 36 h at 25 °C 1n total darkness. Then, the cellophane sheets
containing the wild type growing colonies were placed in a new plate with double layer of
filter paper as described above, but containing fresh PDYCB medium with or without 300
ng/mL TSA, and were allowed to growth for additional 6 h. Briefly, the cultures were

photoinduced as described elsewhere (Berrocal-Tito et al., 1999). Mycelia were collected
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30 and 120 min after a blue light pulse under low red safe light (LEE filter #106, fluence
rate 0.1 mmol m? s™) and immediately frozen in liquid nitrogen for total RNA extraction.

Mycelia growing in the dark were included as non-light induced control.
Generation of the Argf/~-1 mutant by gene replacement

The plasmids used was pBHY 70, which harbors the hygromycin phosphotransferase gene
under the control of the Aspergillus nidulans trpC promoter (Carrol ef al., 1994) in the Eco
RV restriction site (Casas-Flores ef al., 2004). The complete 7gf~-1 coding sequence was
entirely replaced by the hygromycin B resistance cassette (Aph), through homologous
recombination. The 7gf~-1 gene replacement construct was generated by amplifying a 2.3 kb
fragment located upstream of 7gf-1 gene with the Atgf5’-F and Atgf5'-R oligonucleotides
containing the Kpn I and Hind III restriction enzymes sites at the 5” end respectively (Table
1). Subsequently, this amplicon was cloned in their corresponding restriction sites of the
pBHY70. Thereafter, a 1.0 kb fragment located downstream of the 7gf-1 gene was PCR
amplified by using the Atgf3’-F and Atgf3'-R oligonucleotides containing the Psz I and Xba
I restriction enzymes sites at their 5” end respectively (Table 1). Then, the amplicon was
cloned into their corresponding restriction sites of the pPBHY 70 plasmid, resulting the
pAtgf-1 deletion construct. This construct was PCR amplified and used for PEG-mediated
protoplast transformation as previously described (Baek & Kenerley, 1998). For the
screening of gene-replacement events, DNA from the hygromycin-resistant colonies was
subjected to qPCR to confirm the absence of the 7g/~1 gene, in addition to detect ectopic
insertions of siph cassette in the 7. atroviride genome, using specific primers for both genes
(Table 2). The copy number of sph and 7g/~1 in the genome of the transformants was
calculated by quantitative PCR, using the 224 method (Bubner and Baldwin, 2004). DNA
from the Ablr-1 strain was used as a calibrator, since Southern analysis has shown that it

harbors one copy of the iph gene (Casas-Flores ef al., 2004).
RNA isolation and quantitative RT-PCR

Total RNA of the wild type and Argf-1 strains was isolated using Trizol® (Invitrogen)
reagent following the manufacturer’s protocol. Sug of total RNA were DNAse I (RNase-
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free) (Ambion, Austin, TX USA) treated at 37°C for 1 h, and then reverse-transcribed with
SuperScript IT Reverse Transcriptase (Invitrogen, Carlsbad, CA, USA), following the
manufacturer’s recommendations. The PCR reaction was performed with 100 ng of cDNA
in a 7500 Real-Time PCR system (Applied Biosystems, Foster City, CA USA), using the
kit Fast Syber Green Master Mix (Applied Biosystems). Two experiments were
independently carried out and each reaction was performed in triplicate. The 2-24¢T method

was used to obtain the relative expression of each specific gene.
Protein immunoblot

T. atroviride wild-type was grown as described above for blue light induction experiments.
Photoinduced mycelia from different times were used for total protein extraction as
described (Sambrook e al., 1989). Protein immunoblots were carried out as described
elsewhere (Amersham Hybond-N, GE Healthcare, UK). Antiserums used were: unmodified
histone H3 (Abcam, MA. USA), acetylated H3 (06 —599; Upstate Biotechnology) and
GenSp (sc-9078; Santa Cruz, CA. USA).

Chromatin immunoprecipitation (ChIP) assays

ChIP assays were performed as previously described (Grimaldi ef al., 2006) with some
modifications. Photoinduction assays were performed as described above, and
approximately 200 mg of mycelia were crosslinked for 1 h in 10 ml of cross-linking buffer
(50mM Hepes pH 7.4; 137mM KCI; ImM EDTA) containing 1% formaldehyde and then
neutralized with Glycine 0.125 M for 5 min. Cross-linked chromatin—protein complexes
were immunoprecipitated with antibodies against unmodified histone H3 (Abcam, MA.
USA), acetylated H3 (06 —599; Upstate Biotechnology, NY. USA) and GenSp (sc-9078;
Santa Cruz, CA. USA). Immunoprecipitated chromatin samples were analyzed by qPCR for
specific promoter regions (LRR) of blue-light regulated (p/r-1 and bld-2) and constitutive
genes (tef-1) (Table 1) of T. atroviride and normalized using the 224" method, against

the % of INPUT DNA (Livak KJ and Schmittgen TD, 2001).
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RESULTS

Blue light induces an increase in histone H3 global acetylation and it was further

increased by the addition of TSA

It is well known that light regulates gene transcription in fungi. However, there are very
few studies addressing the influence of epigenetic mechanisms on gene transcription
induced by light. To explore whether blue light influences epigenetic changes in 7.
atroviride, the acetylation of histone H3, one of the more studied epigenetic marks, was
examined. To do this, we first tested our system measuring the expression levels of the
photoregulated gene phr-1 by qRT-PCR (Figure 1A). As expected, transcription levels of
phr-1 transcript were low in the dark (basal level), while a brief pulse of blue light induces
its transcription, showing a maximum peak at 30 min, and decaying at almost its basal
levels 120 min after the light pulse (Figure 1A). We determined the effect of blue light on
the acetylation of histone H3 (H3-Ac) by using antibodies against histone H3 (H3) and
acetylated histone H3 (H3-Ac) to immunoprecipitate total protein extracts from mycelia
from the wild-type strain exposed to blue light (Figure 1B). Western blot analysis revealed
slightly but significantly increased levels of H3-Ac after 30 min of the blue light stimulus
as compared to a control grown in darkness, whereas after 120 min H3-Ac decreased to
almost the same levels of mycelia grown in the dark (figure 1B). Addition of the histone
deacetylase-inhibitor, TSA to the culture media enhanced H3-Ac in all tested conditions,
maintaining a similar pattern to the untreated mycelia (Figure 1C). Together these results
suggest the participation of epigenetic mechanisms on blue light transcriptional regulation

in T. atroviride.

Deletion of 7gf-1 gene in Trichoderma atroviride

To investigate more closely the involvement of epigenetic mechanisms on blue light
regulation of transcription in 7. atroviride, we 1dentified the GCN5 orthologue in the 7.

atroviride genome (http://genome.jgi-psf.org/Triat2/Triat2.home.html), which encodes for

the 7. atroviride histone acetyltransferase TGF-1 (Zrichoderma GCN Five). The nucleotide
sequence of 7. atroviride tgf-1 gene (protein ID 47901 and GeneBank, EHK39839.1) is

1336 bp 1n length, it contains two introns and encodes for a 402 amino acids protein.
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Sequence analysis of TGF-1 protein showed that it has a 59% and 85% amino acid identity
with GenSp and NGF-1, respectively (Figure 1). The TGF-1 predicted structure showed the
presence of a catalytic acetylation domain and a bromodomain similar to those contained in
GenSp and NGF-1 HATs. The TGF-1 acetylation domain 1s 77.8% identical to GenSp, and
100% to NGF-1. On the other hand, the TGF-1 bromodomain presents a 63.1% identity
with GenSp, and 86.9 % with NGF-1 (Figure 2). We designed oligonucleotide to amplify
both (Table 1) rgf~1 ORF flanking sequences and clone them in the pBHY 70 plasmid to
generate a gene replacement construct (see material and methods for details). The pArgf-1
construct was PCR amplified with specific primers (Table 1) and used to transform 7-
atroviride protoplasts. Genomic DNA from the single hygromycin-resistant colony was
used corroborate by PCR that the 7g/~-1 gene was replaced by the /ph cassette. We also
determined ectopic insertions of the deletion construct in the 7. atroviride genome by
gPCR. The 7gf-1 gene was detected in the wild-type strain but not in Azgf-1 candidate
(Table 1). The Aph cassette was detected in a Arg/~1 candidate in a single-copy, but not in
the wild type strain (Table 2).

The T. atroviride wild type and Argf-1 strain were grown on PDA plates during 6 days
under 12-light/dark regime to analyze the mutant phenotype. The Azgf-1 strain showed a
slow growth, poor conidiation and absence of the typical green color conidia compared to

the wild type strain (Figure 3).

Since we observed an increase in global histone H3 acetylation in the wild type strain after
the application of the light stimulus, we decided to investigate the contribution of TGF-1 in
H3 acetylation. Unexpectedly, the western blot analysis of Azgf~1 strain displayed elevated
H3 acetylation levels in all tested conditions, compared to the wild type strain (Fig 4).
These data suggest that TGF-1 regulates negatively other HATs, or that some HATs are
compensating the loss of TGF-1.
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The histone acetyltransferase TGF-1 is the coactivator of blue-light upregulated genes
and is necessary for maintaining the transcript levels of the blue-light downregulated

gene bld-2 in the dark

To test whether the TGF-1 is implicated in the regulation of b/u genes, the transcript level
of four of them (phr-1, grg-1, al-3 and envl) and one bld gene (bld-2) were quantified by
gRT-PCR under different light conditions. The Azgf-1 strain displayed a marked reduction
in transcription of blue-light upregulated genes when compared to the wild type strain
(Figure 5); however, we still observe the characteristic induction pattern of phr-1 gene. We
could not detect env! transcript while a/-3 was expressed constitutively, and at slightly
higher levels in all tested conditions compared to the wild type grown in the dark (Figure
5). The grg-1 gene showed reduced levels of transcription in Azgf-1 strain compared to the
wild type with an induction peak after 120 min, losing the typical pattern observed in the
wild type strain (Figure 4). In the wild type strain the b/d-2 transcript showed its maximum
levels in the dark, and after a light pulse the /d-2 mRNA was downregulated, whereas the
Atgf-1 strain displayed low levels of bid-2 transcript and increasing after 120 min to almost
half of the wild type strain levels when grown in the dark (Figure 5). Together, these data
suggest that TGF-1 could be the coactivator that mediates the blue-light response together
with the BLR-1 and BLR-2 proteins. In addition, TGF-1 is also necessary to maintain the

transcription levels of b/d-2 under dark conditions in 7. atroviride.

Blue light induces TGF-1 dependent H3 acetylation in the Light Responsive Region of
the phir-1 promoter

Cervantes-Badillo ef al. (2013) experimentally demonstrated that a segment of 50 bp on the
phr-1 promoter named Light Responsive Region (LRR) contains the necessary information
for its blue-light induction and that BLR-2 binds to this region in 7. atroviride. To
determine whether blue light can induce changes in H3 acetylation pattern on the LRR, and
whether these changes depend on 7gf~1, we performed ChIP assays. Mycelia from 7.
atroviride wild-type and Azgf-1 strains were grown in the dark or harvested 30 and 120 min
after a blue light pulse. Cross-linked chromatin was extracted and immunoprecipitated

using specific antibodies against H3 and H3-Ac. Enriched chromatins from wild type strain
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were analyzed by qPCR with specific oligonucleotides designed on the psr-1 LRR and on
the control promoter of the zef~1 gene, whose transcript is not regulated by light. Our results
showed a basal H3-Ac in the dark, whereas H3-Ac chromatin was enriched on the LRR 30
min after a blue light pulse and up until 120 min after the application of the stimulus (figure
6A). The acetylation levels of H3 in a region outside of the LRR showed a slight increase
30 and 120 min after the application of the stimulus (Data not shown); whereas the
acetylation pattern of 7ef-1 gene promoter was constitutive (Data not shown). The H3
acetylation pattern on the LRR closely follows the blue light transcription kinetics of the
phr-1 transcript (Figure 1A). These results correlate with the fact that in many systems, the
acetylation of amino tail of histone H3 is involved in transcriptional activation. Our results
suggested that TGF-1 might be directly acetylating the H3 in the LRR of pAr-1 promoter.
To test this hypothesis, a ChIP assay was performed using a polyclonal antibody against the
S. cerevisiae GenSp protein. The immunoprecipitated chromatin under different light
conditions was analyzed by qPCR for enrichment anti-TGF-1 relative to input chromatin
(figure 6A). The results showed that TGF-1 is present in the LRR in the dark, it slightly
decreases 30 min after a blue light pulse, reaching its maximum levels 120 min after a blue
light pulse (figure 6A). Therefore we suggest that TGF-1 is present in the promoter of p/r-1
gene in the dark, ready to acetylate histone H3, once the luminous stimulus is given. This
TGF-1 positioning kinetics in the LRR of pAr-1 promoter is very similar to that reported for
BLR-2 in dark and light conditions respectively (Cervantes-Badillo ez al., 2013). On the
other hand, the acetylation pattern of histone H3 on the LRR of the p/r-1 promoter was
completely depleted in all tested conditions compared to the wild type strain (Figure 6B).
These results showed the relevance of TGN-1 on the acetylation on the phr-1 promoter, and

probably on the promoters of the other b/u genes.

DISCUSSION

Trichoderma atroviride responds to blue light by developing a ring of green conidia at the
colony perimeter where the stimulus was given (Horwitz ef al., 1985). During the last two
decades some members of the Trichoderma/Hypocrea genera have been adopted as models

to dissect the molecular basis of blue light perception and transduction. However, there is
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very little data on the epigenetic mechanisms of blue light perception and signal

transduction.

In this work we showed for the first time the role of histone acetylation in blue light
perception in 7. atroviride. Global acetylation analysis of K9 and K14 of histone H3
showed that a blue light pulse induced acetylation reaching the highest-level 30 min after
the pulse. Furthermore, the increased acetylation paralleled the p/r-1 photoinduction. This
fact suggests that histone H3 acetylation plays a role during the transduction of the blue
light signal in 7. atroviride. Application of TSA to a growing culture of . afroviride
increased the global acetylation levels even in the dark when compared to the mock control.
These data indicated that histone H3 acetylation of K9 and K14 residues are a key

modification in transcriptional activation in response to the blue light stimulus.

ChIP analysis of histone H3 acetylation in the LRR of the p/hr-1 promoter followed a
kinetics similar to that of phr-1 transcript, and is consistent with the data reported for a/-3
from N. crassa (Grimaldi ef al., 2006). Our results support our hypothesis that histone H3
acetylation on the p/r-1 promoter could be playing an important role in response to the

light stimulus.

The Argf~1 mutant has a pleiotropic phenotype, mainly an exacerbated slow growth and
produced few non-pigmented conidia. Our results are in agreement with those reported for
the ngf~1 mutant in N. crassa (Grimaldi ef al., 2006). These data suggests a key role of
TGF-1 in growth and development in 7. atroviride. This phenotype could be explained by
the important role that GenSp plays on the regulation of genes involved in the different
stages of the cell cycle in other organisms. In 4. thaliana a gen5 mutant results in a dwarf
phenotype, with a decrease in the number and size of inflorescences, and the flowers
presented small siliques with few seeds when compared to the wild type plant. It is
important to note that genes involved in development and cell division were downregulated
in such mutant (Vlachonasios ef al., 2003). Deletion of GCNJ in S. cerevisiae led to an
arrest in G2M phase of the cell cycle, pointing the importance of GenSp for progression of
cell cycle (Zhang ef al., 1998). Interestingly, GenSp acetylates the lysine 25 (K25 of the
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chromatin remodeler Rsc4, and a mutation in this amino acid leads to defects in cell growth

in S. cerevisiae (VanDemark ef al., 2007).

Analysis of the participation of TGF-1 on the transcriptional regulation of blue light
responsive genes, showed decreased transcription levels of these genes in a Argf-1
background when compared to the wild type strain. Even though phr-1 transcript levels are
relatively low at all tested times, the induction pattern is very similar to the wild type,
which suggests the participation of TGF-1 as coactivator of this gene. When the env/ and
al-3 genes were analyzed in a Argf-1 background they showed almost non-detectable levels
or slightly higher levels of their transcripts in the dark respectively, compared to the wild
type strain. The Argf-1 strain showed similar levels of a/-3 and env! at 30 and 120 min,
contrasting with the high levels detected in the wild type strain. These results confirm the
importance of TGF-1 in maintaining low levels of a/-3 and env! transcripts in the dark, and
indicate its relevance in the activation of these genes after the application of light. The bld-
2 gene is normally expressed at high levels in the dark, and a light pulse represses its
transcription in a wild type background. Interestingly, in the Argf-1 background b/d-2
showed ten times less expression levels in the dark, and application of a light pulse showed
not effect after 30 min, but after 120 min the transcript increased significantly. This fact
reveals the role of TGF-1 in maintaining high levels of 5/d-2 in the dark and in the correct
expression of this gene after a light stimulus. Together these results suggest that TGF-1 and
the BLR complex interact in order to regulate the blue light responsive genes in 7.
atroviride. The physical interaction of NGF-1 and WC-1 in the dark was recently
demonstrated in N. crassa. It was also proven that this interaction is necessary for the
acetylation of lysine 14 of histone H3, which positively affects the coactivation of a/-3
(Brenna et al., 2012). In addition, the presence of BLR-2 on the LRR of the p/hr-1 promoter
in the dark was also demonstrated (Cervantes-Badillo ef al., 2013). Together these results
led us to propose that the BLRC is interacting with TGF-1, probably through the LXXLL
motif in BLR-1 (Brenna et al., 2012) to coactivate the expression of blue light responsive
genes and to maintain the expression of b/d-2 in darkness, in a similar way to the blue light

response in N. crassa. Furthermore these data reinforce the role of HATs in maintaining an
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open chromatin to allow the transcription machinery access the target promoters (Kuo and

Allis, 1998; Workman and Kingston, 1998).

ENV1 is involved in desensitization of blue light responsive genes in Trichoderma
(Castellanos ef al., 2010). The Argf~1 strain presented low levels of env! transcript in all
tested conditions. In addition the typical kinetics of blue light induced genes was observed
for the grg-1 gene in the wild type. The grg-1 gene is blue light induced in the wild type
strain, however, in the Azgf-1 strain there are low levels of the grg-1 transcript in the dark
compared to the wild type. 30 min after the application of a light stimulus, grg-1 transcript
levels start increasing, even after 120 min. This result could be explained by the absence of
envl transcript, whose product the ENV1 protein is involved in the negative regulation of
blue light inducible genes (Castellanos ef al., 2010). However, this statement contradicts
the results obtained for p/r-1, which actually was desensitized in the Azgf~1 background.
This indicates that 7richoderma has several mechanisms to activate and repress blue light
responsive genes. In this sense, it was proposed that the BLR proteins have a dual role
participating as activators and repressors in the regulation of b/u and bid genes respectively

in 7. atroviride (Rosales-Saavedra ef al., 2006).

Even though when Trichoderma does not produce -carotenes, it contains the orthologous
gene to al-3 from N. crassa, which is involved in the synthesis of these pigments in V.
crassa (Carattoli ef al., 1991). Probably, the Trichoderma orthologue encodes for a protein
involved in the synthesis of pigments that confer conidia the typical green color in the wild
type strain. The Angf-1 mutant showed a pale pink mycelia after light stimulation, and few
non-pigmented conidia (Grimaldi ef al., 2006). Furthermore, the gen3-1 in Arabidopsis
showed chlorotic leaves under constant illumination (Vlachonasios ef al., 2003),
reinforcing the role of TGF-1 in the regulation of the production of pigments in different
organisms. Together our results indicate that TGF-1 regulates in a different way the
responsive genes in 7. atroviride, suggesting the participation of more regulators in

addition to the BLR complex.

High levels of global histone H3 acetylation were detected in the Azgf-1 strain in all tested
conditions, compared to the wild type strain. These results could suggest that TGF-1
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negatively regulates other HATs whose targets could be the lysine K9 and K14 in histone
H3. We have identified eight HATs (IDs: 277575, 261634, 222668, 275394, 263693,
232004, 278283 and 265412) in the 7. atroviride genome (Uresti-Rivera and Casas-Flores,
unpublished results) that could compensate for the absence of TGF-1. Two lines of
evidence support our hypothesis, since in Arabidopsis PCAT]1 that encodes for a HAT
related to CBP is expressed in a gen5-1 background contrasting with the wild type plants
(Vlachonasios et al., 2003). In addition, the S. cerevisiae GCN5 A mutant showed
acetylation of lysine residues K9 and K14 of histone H3 at almost the same levels as the
wild type strain. The enzyme responsible for this acetylation 1s the Sas3p HAT, since a
double permissive mutant GCNSA S4534 showed no acetylation in the amino termini of
histone H3. This decrease in acetylation of H3 histone was not observed in a S4534
background (Howe ef al., 2001).

Despite the high levels of histone H3 acetylation in Azgf-1 strain, we were unable to detect
acetylation of histone H3 on the LRR of p/ir-1 promoter after a blue light pulse, which
indicates a specificity of TGF-1 coactivator activity in the phr-1 promoter, and possibly

also in the promoters of the other blue light responsive genes.

In N. crassa the presence of the LXXLL motif in WC-1 is essential to recruit NGF-1 to the
promoter of al-3 gene, which 1s necessary for the acetylation of histone H3 and the
photoactivation of this gene (Brenna ez al., 2012). Our results of global acetylation of

histone H3 in Ab/r-1 background, showed no acetylation in histone H3.

In this work we are reporting for the first time the involvement of epigenetic mechanisms in
blue light perception in 7. atroviride. Deletion of zgf-1, which encodes the HAT GenSp
orthologue from S. cerevisiae, results in a pleiotropic phenotype that impacts mainly the
growth and conidiation of the Arg/~1mutant. We showed the correlation of lysine K9 and/or
K14 acetylation of histone H3 on the LRR of p/r-1 promoter and induction of this gene
after a blue light stimulus. This acetylation 1s probably performed in a specific way by

TGF-1.
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Figure legends

Figure 1. Blue light induces global histone H3 acetylation in 7. atroviride. (A) qRT-PCR
analysis of the phr-1 gene using total RNA extracted from the wild type strain mycelia
exposed to 1200 umoles of blue light, and harvested 30 and 120 min after the light pulse or
from mycelia of the wild type strain grown in the dark as a control. 7ef~1 was used as non-
blue light inducible gene. Data shown are representative of two independent experiments
with three replicates in each experiment. (B and C) Histone H3 acetylation was analyzed by
western blot using total protein extracts from the mycelia grown in the dark or 30 and 120
min after the application of 1200 pumoles of blue light. (B) Non TSA-treated wild type
strain. (C)Wild type strain treated during 6 hours with TSA (300nM) before the blue light
stimulus. Blots were hybridized using histone H3 or H3-Ac antiserums. Images are
representative of two independent experiments. The asterisk indicates a nonspecific band

used as loading control.

Figure 2. Amino acid sequence alignment of the predicted TGF-1 protein with different
fungal GenSp homologues. Multiple sequence alignment was conducted using the Clustal W
algorithm and was visualized by BOXSHADE 3.21. Amino acid sequence identity is
displayed with black shading; amino acid similarities are highlighted in grey. The GenBank
accession numbers are: EHK39839.1 for Trichoderma atroviride; CAA97281.1 for
Saccharomyces cerevisiae; XP_661225.1 for Aspergillus nidulans; XP_380456.1 for
Gibberella zeae and ABD92369.1 for Neurospora crassa. Solid and dashed underlines

indicate the catalytic HAT domain and bromodomain, respectively.

Figure.3. Deletion of 7gf-1 affects growth and development in 7. atroviride. Plugs from
actively growing mycelia of the wild type and Argf-1 strains were inoculated in the center
of Petri1 dishes containing PDA at 28°C under 12/12 h light/dark cycles for 6 days, and
photographed.

Figure 4. Deletion of Ab/r-1 and Argf~1 led to the misregulation of blue light induced
acetylation of histone H3 in 7. atroviride. Western blot analysis of acetylated histone H3
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were assessed using total protein extracts from mycelia of Ab/r-1 and Argf~1 strains grown
in the dark or exposed to 1200 pwmoles of blue light, returned to the dark and harvested 30
and 120 min after the application of the stimulus. Blots were hybridized using a specific N-
Terminal tail of Histone H3 antiserum. The gel stained with Comassie is shown to compare

the amount loaded in each lane. Images are representative of two independent experiments.

Figure 5. TGF-1 is the coactivator of blu genes and 1s necessary for b/d-1 transcription in
the dark. Total RNA from mycelia of the wild type (black bars) and Azgf-1 (grey bars)
strains grown in the dark or exposed to a 1200 uM m™ of blue light were extracted at the
indicated times, and analyzed by qRT-PCR. The data were normalized with the expression
of the housekeeping gene fef-1. Data are representative of two independent experiments

with three replicates in each experiment. The graphs show the mean expression levels +

SD.

Figure 6. TGF-1 is present on the LRR of the phr-1 promoter in the darkness and is
necessary for histone H3 acetylation on the LRR of the phr-1 promoter after a blue light
stimulus in 7. atroviride. (A) Quantitative chromatin immunoprecipitation assays using
specific H3, H3-Ac, GenSp and BLR-2 antiserums were assessed with crooslinked mycelia
of the wild type strain, 30 and 120 min after the application of 1200 uM m of blue light.
Crosslinked mycelium of the wild type strain grown in the dark was used as non-blue light
induced control. Specific primers designed on the LRR were used to amplify the
crosslinked chromatin. Data are representative of two independent experiments with three
replicates in each experiment. The graphs show the mean expression levels + SD. (B)
Qualitative chromatin immunoprecipitation assays using specific histone H3 and acH3
antiserums were assessed with crosslinked mycelia of the wild type and Argf-1 strains, 30
and 120 min after the application of 1200 puM m™ of blue light. Crosslinked mycelia of the
wild type or Argf-1 strains grown in the dark was used as non-blue light induced control.
Specific primers designed on the LRR were used to amplify the crosslinked chromatin.

Images are representative of two independent experiment
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Table 2

Table 2. Copy number of /iph and rgf-1 genes, calculated with the 2224 method

Copy number of 7gf-/gene in Wild type and Argf-1 strain

Strain ACH(Ctigr1-Ctier1) AACH™® Copy number (2449 SD.:
Wild type 0.347 0.000 1.00 0.10
Atgf-1 11.405 11.058 0.00 0.00

Copy number of ph gene in Argf-1 strain, calculated with the 224“*method
Strain ACHt(Ctupn-Ctier1) AACHP Copy number (2449 S.D.c
Atgfl -0.956 -0.174 1.128 0.019

a AAC'-:ACL.sample_Atha]ibmtor
b Ablr-1 was used as the calibrator strain

¢ S.D. Standard deviation
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DISCUSION

En T. atroviride la aplicacion de un pulso de luz azul-UVA estimula la formacion
sincronizada en tiempo y espacio de un anillo de conidias verdes (fotoconidiacion),
que corresponde al perimetro de la colonia en crecimiento en el momento que fue
aplicado el estimulo luminoso (Horwitz et al.,, 1985). Durante las dos ultimas
décadas, algunos hongos integrantes de los géneros Trichoderma/Hypocrea han
sido adoptados como modelos para el estudio molecular de la percepcion de la
senal luminosa, sin embargo, no se han realizado estudios sobre los mecanismos

epigenéticos involucrados en la percepcion de la luz.

En el presente trabajo reportamos la primera evidencia del papel que juega la
acetilaciéon de las histonas en la percepcién de luz azul en T. atroviride. Los
resultados del analisis global de la acetilacién de la histona H3 (K9 y K14) después
de un pulso de luz, mostraron una acetilacidn maxima a los 30 min. El TSA es un
compuesto de origen bacteriano que funciona como un inhibidor de desacetilasas
de histonas, el cual se ha determinado es capaz de provocar distintos efectos
fenotipicos y cambios transcripcionales en varios organismos (lkegami et al., 1993;
Grewal et al.,, 1998). La aplicacion del TSA al medio de cultivo, provocd un
incremento en los niveles de acetilacion en los tiempos y condiciones probados, aun
en la oscuridad, comparado con las muestras sin tratar (Uresti-Rivera et al, datos
sin publicar). Los datos obtenidos indican que la acetilacion de la histona H3 en los
residuos K9 y/o K14 pueden ser una modificacion clave en la regulacion de la
expresion génica en respuesta al estimulo luminoso. Decidimos entonces analizar
el efecto del TSA en la expresion de algunos genes responsivos a luz azul. El efecto
del TSA en la expresion de los genes phr-1 y bld-2 fue de una disminucion de la
expresion de ambos genes (Figura 5), efecto contrario a lo esperado, ya que
generalmente un estado hiperacetilado se ha asociado con la activacion
transcripcional (Hong, 1993; Wolffe y Hayes, 1999).Este dato es interesante ya que
existe un nivel global alto de proteina H3 acetilada. Una posible explicacion a estos

resultados seria que el TSA afecta de manera negativa a un activador de la
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transcripcion (e.g. bir-1 o bIr-2), o incluso la misma expresion del gen fgf-1,
repercutiendo en una baja sintesis de la proteina TGF-1 y por lo tanto en la
disminucién de la transcripcion de genes responsivos a la luz. La inhibicidén de las
desacetilasas de histonas conlleva a la represion o activacién transcripcional, y se
cree que se genera un estado hiperacetilado directa o indirectamente en los
promotores al existir una descompensacion por el efecto del inhibidor entre el
balance acetilacion-desacetilacion. La desregulacion provocada por el TSA en estos
genes puede ser muy compleja e implicar no unicamente a las histonas, ya que se
ha visto que en N. crassa el TSA ocasiona una disminucion en los niveles de
metilacion del ADN, que fue confirmado por la expresion de genes reporteros
silenciados por este proceso (Selker, 1998). Otra probable explicacion al efecto
observado en la expresion de phr-1 y bld-2 son los elementos regulatorios en cis
que poseen estos genes, ya que se ha comprobado que el gen WT1 de ratén sufre
una marcada reduccion en su expresion después de un tratamiento con TSA y esta
reduccion es mediada por secuencias localizadas en el intrén 3 de este gen (Makki
et al., 2008). Por lo que no podemos descartar que la inhibicidn de las desacetilasas
de las histonas en T. afroviride debido a la accion del TSA, haya provocado otras
modificaciones en las histonas en ciertas regiones regulatorias de ambos genes que
sirvan de “marcas” para disminuir la expresién transcripcional, e incluso debido a
que los dos genes disminuyeron su expresion, suponemos que BLR se vio afectado
a nivel transcripcional por el tratamiento con TSA, y éste se encarga de la regulacion

de los genes responsivos a luz.

Con el fin de tener un panorama mas amplio de la participacién de la acetilacién y
la transcripcion en respuesta al estimulo luminoso, se aplicé un inhibidor especifico
de la acetil transferasa de histonas GenSp de S. cerevisiae (MC16269), y se analizé
el fenotipo de conidiacién de la cepa silvestre, asi como el patrén de expresion de
los genes phr-1 y bld-2. Los datos mostraron que la aplicacion del inhibidor
MC16269, inhibio la conidiacién después de haber aplicado un pulso de luz azul.
Estos resultados indican que la acetilacion de las histonas durante el proceso de

fotoconidiacion puede depender de TGF-1 en T. afroviride (Figura 6).

________________________________________________________________________________________________|
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Adicionalmente, se determind que un incremento de 500 veces en la concentracion
de MC1626, resultd en un fenotipo de crecimiento lento, lo que concuerda con el
fenotipo observado en cepas de S. cerevisiae que carecen del gen GCNS (Howe et
al., 2001), lo cual indica la participacién de gcnb en el desarrollo de ambos hongos.
El hecho de que los transcritos de los genes phr-1 y bld-2 hayan disminuido en
presencia de MC1626 sin que haya habido un cambio en la cinética de los mismos,
nos lleva a suponer que TGF-1 es el coactivador de phr-1 y que de alguna manera

participa regulando la transcripcidon en la oscuridad de b/d-2.

Para investigar si el estimulo luminoso induce la acetilacion de la histona H3 en los
promotores de los genes responsivos a la luz, se realizé un ChIP sobre la LRR
ubicada en el promotor del gen phr-1. Los resultados mostraron que la histona H3
es acetilada en la LRR, siguiendo una cinética similar a la ya descrita para el
transcrito de phr-1, y concuerda con lo reportado para el gen al-3 de N. crassa
(Grimaldi et al., 2006). Estos datos nos indican que la acetilaciéon de la histona H3
puede jugar un papel importante en la regulacion de phr-1 en respuesta al estimulo

luminoso en T. atroviride.

Al realizar un analisis de secuencias de aminoacidos de las proteinas TGF-1, GenSp
y NGF-1, se determind que TGF-1 presenta un porcentaje global de identidad del
59% con Gendp y de un 85.3 % con NGF-1. La estructura predicha de la proteina
TGF-1 mostré la presencia de un dominio catalitico de acetilacién y un
bromodominio al igual que sus homélogos GenSp y NGF-1. El dominio de acetilacion
de TGF-1 mostré un porcentaje de identidad de 77.8% con respecto a Gendp y de
un 100% con NGF-1. En lo que respecta al bromodominio, TGF-1 presenté un
porcentaje de identidad de 63.1% con GenSp y un 86.9% con NGF-1.

Tomando en consideracion los datos anteriores, y aunado a que Gend es la principal
HAT que acetila la histona H3 en S. cerevisiae (Georgakopoulos y Thireos, 1992) y
que NGF-1 es la responsable de acetilar la histona H3 en los promotores de genes

responsivos a luz en N. crassa, y debido de que éste ultimo presenta un mecanismo
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similar de percepcién de la sefal luminosa con T. afroviride, se realiz6 el reemplazo

génico de tgf-1 por doble recombinacion homologa en T. atroviride.

La mutante generada Afgf-1, mostrd un fenotipo pleiotropico con un crecimiento muy
lento y ausencia de conidiacién. Estos resultados coincidieron con el fenotipo de la
mutante Angf-1 la cual crece muy lento, produce pocas conidias y presenta un color
rosa palido del micelio después del pulso de luz (Grimaldi et al., 2006). Este
resultado indica la gran importancia que tiene TGF-1 en la fisiologia y el desarrollo
de T. atroviride. Este fenotipo puede ser explicado por el papel que juega esta Gend
en la regulacion de genes y en las fases del ciclo celular en otros organismos. Por
ejemplo, se ha reportado que en A. thaliana una mutante que carece del gen gcnb
(gcnb-1) muestra una disminucién en la inflorescencia, plantas enanas y las ultimas
flores presentan pequefias silicuas que contienen muy pocas semillas. Cabe resaltar
que en esta mutante se encontré una disminucién de la expresidon de genes
implicados en el desarrollo y en la divisién celular como la actina (ACT 11) y una
ciclina (cyclin delta-1) (Vlachonasios et al., 2003). En S. cerevisiae |la ausencia del
gen GCNS mostré que las células se detienen en la fase G2/M, indicando la
importancia de Gecndp para la progresion normal del ciclo celular (Zhang et al.,
1998). Recientemente se reporté que la mutante en gcnS del hongo Criptococcus

neoformans (gcnd4), presentdé una disminucion en la transcripcion del gen Kre61,

el cual esta involucrado en la biosintesis de la pared celular y la arquitectura de la
capsula. También presentd una baja expresion de genes que codifican para glucano
sintasas y del gen Tor1, que codifica para una calcineurina (O’ Meara et al., 2010).
La ruta de la calcineurina activa la transcripcién de los genes necesarios para el
crecimiento a altas temperaturas (Kraus et al., 2005). En S. cerevisiae se demostré
que Genbp es la principal responsable de acetilar el residuo de lisina 25 (K25) de la
proteina remodeladora Rsc4, y que la mutacion en este conllevaba a la no
acetilacién del residuo K25 de Rsc4, lo que genero defectos en el crecimiento
(VanDemark et al., 2007).
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Para investigar la participacion de TGF-1 en la regulacién de genes responsivos a
la luz azul, se analizé la expresion de estos genes en respuesta a la luz azul (phr-1,
bld-2, grg-1, al-3 y envoy) en la cepa Afgf-1 y se comparo con la cepa silvestre. La
expresion de los genes inducidos por la luz se vio significativamente disminuida.
Aunque se observo una reduccion en el transcrito de phr-1 y grg-1, la cinética de
expresion permanecio. Para el gen bld-2 se observaron cantidades muy bajas de
transcrito en comparacion con la cepa silvestre donde su expresion en oscuridad se
encuentra elevada (Rosales- Saavedra ef al., 2004). El hecho de que TGF-1 sea
necesario para la expresion de b/d-2 en la oscuridad, nos habla de su papel en la
regulacion positiva de este gen bajo estas condiciones, asi como de la interaccién
que pudiera tener con el complejo BLR ya que se ha visto que la proteina BLR-2 se
encuentra posicionada en la oscuridad sobre el promotor del gen phr-1(Cervantes-
Badillo et al., 2013). Brenna et al. (2012) demostraron la presencia conjunta de WC-
1 y NGF-1 en la oscuridad, lo que nos lleva a proponer que para el caso de la
regulacion de bld-2 en condiciones de oscuridad, el complejo formado por las
proteinas BLR-TGF-1 se encuentra en forma basal y activa su transcripcion. Para
el caso del gen al-3 el cual codifica para una geranil geranil pirofosfatsa sintasa
(GGPS) y que presenta una alta similitud al gen al-3 de N. crassa, presentd una
expresion constitutiva y los niveles del transcrito fueron ligeramente mas elevados
en oscuridad comparados con la cepa silvestre. Estos resultados son similares a los
observados para el gen al-3 en la mutante NGF-1 de N. crassa (Grimaldi et al.,
2006). La GGPS esta involucrada en el primer paso de la sintesis de carotenoides
(Carattoli et al., 1991), si bien en T. atroviride no se observa un acumulacion de
pigmentos en el micelio después de una exposicidon a la luz azul, el gen homélogo
a al-3 podria estar involucrado en la sintesis de metabolitos secundarios (Glomset
et al., 1990), por lo tanto no es de asombrarse el fenotipo observado en Afgf-1. Por
otra parte en. A. thaliana la mutante gcn5-1 despliega un fenotipo de hojas
cloréticas, especialmente bajo iluminacidén constante (Vlachonasios et al., 2003), lo
que confirma la importancia de la participacidén de gcnS en la produccion de
pigmentos. El gen env1 (homdélogo a vvd de N. crassa) que codifica para un presunto

fotorreceptor secundario de la luz azul, el cual participa en la fotoadaptacion
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(Schmoll et al., 2005), no se indujo al aplicar el pulso de luz azul, comparado con la
cepa silvestre. Cabe resaltar que vvd en N. crassa, no se induce en el fondo genético
Angf-1, lo que nos lleva a concluir que TGF-1 y NGF-1 son coactivadores que
participan en la respuesta a la luz azul en estos hongos, y que la regulacion que
tienen sobre los genes de respuesta a la luz es similar. Ademas, estos resultados
indican que TGF-1 es necesario para la actividad transcripcional de bld-2 en la
oscuridad, hecho que coincide con el papel de estas HATs en promover una
cromatina abierta para el acceso a la maquinaria transcripcional como se ha
demostrado en otros sistemas. Estos datos en conjunto indican que TGF-1 regula
de diferente manera a los genes responsivos a la luz analizados en el presente
trabajo y que esto puede implicar la participacion de mas elementos regulatorios

ademas de las proteinas BLR.

Los resultados de acetilacion global obtenidos para la cepa Afgf-1, mostraron
niveles muy elevados de acetilacion de la histona H3 en la oscuridad y en los
tiempos analizados después del pulso de luz azul, comparados con la cepa silvestre.
Estos datos sugieren la activacion de otras HAT reguladas negativamente por TGF-
1, o bien, que podrian participar en este fondo genético algunas de las 8 HAT
identificadas en el genoma de Trichoderma para compensar la ausencia de TGF-1
(Uresti-Rivera y Casas-Flores, sin publicar). Evidencias que apoyan esta hipotesis
ya han sido reportadas, por ejemplo, en A. thaliana se observd que en el fondo
mutante gcn5-1, la expresion de un gen que codifica para la una acetil transferasa
de histonas relacionada a CBP, denominada pCAT1 se vio incrementada
(Vlachonasios et al., 2003). Adicionalmente en S. cerevisiae se observo que una
mutante en el gen GCNS seguia presentando acetilaciéon en los residuos de lisinas
9 y 14 de la regidon amino terminal de la histona H3 casi comparable al de la cepa
silvestre. La HAT responsable de esta acetilacion es la Sas3, ya que una doble
mutante condicional (ya que la mutaciéon en ambos genes es letal) gcnSA sas3A
resultd en un decremento casi total de la acetilacion de la region amino terminal de
la histona H3. Esta disminucién en la acetilacion no se observo en una mutante en

la HAT Esa1l. Lo que demostroé que Sas3 es responsable de al menos una porcién
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de la acetilacion global in vivo de la histona H3 (Howe et al., 2001). A pesar de los
altos niveles de acetilacion a nivel global en la histona H3 en la cepa Atfgf-1, esto no
se observd en el promotor de phr-1 comparado con la cepa silvestre, lo cual indica
una especificidad de TGF-1 sobre phr-1 (y probablemente en el resto de los
promotores de los genes inducibles por la luz) en respuesta a la luz azul en T.

atroviride.

Los receptores nucleares (NR) de los vertebrados llevan a cabo procesos de
regulacion similares a los que realizan las proteinas WC-1, ya que interaccionan con
proteinas remodeladoras de la cromatina para llevar a cabo su actividad
transcripcional (Green y Han, 2011). En los vertebrados, diversos NRs vy
coactivadores presentan un motivo de leucina-X-X-leucina-leucina (LXXLL) donde
X puede ser cualquier aminoacido. Este motivo conocido como la caja NR, es
responsable de la interaccion de factores transcripcionales con diversos co-
activadores (Savkur y Burris, 2004; Jiang et al., 2010). Recientemente, se demostré
que la interaccion fisica entre NGF-1 y WC-1, es esencial para que se lleve a cabo
la transduccién de la sefal luminosa en N. crassa y que ésta interaccion esta
mediada por el motivo LXXLL, presente en la region amino terminal de la proteina
WC-1 (Brenna et al.,, 2012). Es posible que estas dos proteinas pudieran
interaccionar a través del motivo LXXLL presente en BLR-1 de T. afroviride. La
actividad dual que ejercen las proteinas BLR tanto en la activacion como en la
represion de la transcripcion, sugiere que el complejo BLR, podria estar
interactuando con mas proteinas reguladoras como co-activadores y co-represores
encargados de llevar a cabo las modificaciones quimicas de las histonas llevando a
una estado abierto o cerrado de la cromatina respectivamente. Esta hipotesis se
apoya por el hecho de que en N. crassa el complejo WCC después de un pulso de
luz (L-WCC) es de mayor peso molecular que el que se observa en la oscuridad (D-
WCC) (He y Liu, 2005). Esto se puede deber probablemente a la multimerizacion

de las proteinas WC y la presencia de factores adicionales, como NGF-1.
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En el presente trabajo observamos que la percepcion de la luz azul en T. atroviride
esta regulada por procesos epigenéticos. Se demostro la relevancia de la acetilacion
de los residuos de las lisinas (K9 y/o K14) en las colas amino terminales de las
histonas H3 que se encuentran en el promotor de phr-1. La acetilacion esta mediada
por la proteina TGF-1, la cual es importante para Trichoderma en el crecimiento y
la formacion de conidias. Ademas, sugerimos que es necesaria la participacion
conjunta de TGF-1 y la proteina BLR-1 para que se lleve a cabo la transduccién de
la sefal, y la transcripcion apropiada de los genes responsivos a la luz azul. Estudios
adicionales se requieren sobre otras modificaciones de las histonas como metilacion
o fosforilacion, para determinar si estas modificaciones estan presentes en los
promotores de genes regulados por luz. También se requiere determinar si otros co-
activadores y co-represores estan interaccionando con el complejo BLR. Esto nos
ayudara a comprender los mecanismos moleculares de percepcion de la luz azul en

T. atroviride.

CONCLUSIONES

e El gen tgf-1 es necesario para el crecimiento, el desarrollo apropiado y para
la morfogénesis en T. atroviride.

e El gen tgf-1 es necesario para la co-activacion transcripcional de los genes
de respuesta a la luz azul.

e EIl gen tgf-1 es necesario para la actividad transcripcional de b/d-2 en la
oscuridad.

e La proteina TGF-1 es la responsable de la acetilacidon inducida por luz azul

en el promotor del gen phr-1.
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PERSPECTIVAS

Los resultados obtenidos en este trabajo nos permitieron identificar a TGF-1 como
un coactivador transcripcional que participa en la regulacién epigenética de los
genes de respuesta a la luz azul en T. atroviride. Sin embargo, aun queda mucho
trabajo por realizar para dilucidar a profundidad el papel que esta proteina juega en
la transduccidon de la sefal luminosa. Los objetivos a corto y largo plazo que se
proponen alcanzar para entender los mecanismos moleculares derivados de la

accion de TGF-1 son:

e Analizar el patréon de la acetilacion de la histona H3 en los promotores de
otros genes responsivos a la luz azul en los fondos genéticos silvestre y A
tgf-1, con el fin de comprobar si TGF-1 es el responsable de la acetilacion de
los genes responsivos a la luz azul.

e Comprobar la interaccién de TGF-1 con la proteina BLR1, con un ensayo de
co-inmunoprecipitacion de proteinas o con un ensayo de complementacion
bimolecular.

e Analizar la presencia conjunta de estas dos proteinas en condiciones de luz
y oscuridad.

e Determinar la actividad de acetil transferasa de histonas de la proteina TGF-
1 en condiciones de luz y oscuridad en la cepa silvestre.

e Determinar por mutagénesis dirigida si el dominio conservado LXXLL
presente en la proteina BLR-1 es importantes para la unién con TGF-1 y por
tanto la repercusion que tenga en la acetilacion de las histonas de los

promotores de genes regulados por la luz azul.
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ANEXOS

1. Oligonucléotidos utilizados

1. Lista de oligonucleotidos utilizados en el presente trabajo

Nombre Secuencia (5" a 3')2 Gen blanco

Oligos para la generacion e identificacion de la mutante Atgf-1

GCN5 amino Fw GGGGTACCCCCCGTGGGATATGGCGAAGTGTA Promotor gcn5

GCN5 amino Rv CCCAAGCTTGGGACGGGAGACGCTGGTTGGAGAT

GCNS5 carboxilo Fw AACTGCAGCTGCATGGCCGTTCCTCG Terminador gcns

GCNS5 carboxilo Rv GCTCTAGAGTACTTTGTGTGCAATCGAG

OEGCNS5 Fw TCTAGAATGGCCGACATCAAAGAAG ORF gcn5

OEGCN5 Rv ATGCATCTATTTGTCCGGCTCGAG

Id-mut-GCN5-Fw TGTTGGCCAGCCCCCTATTTG Promotor gcn5
Gen hph (979-999

Id-mut-hph-Fw GATAGTGGAAACCGACGCCCC con respecto al
ATG

0Iigos para analisis transcriEcionaI

Ta-TEF-1-Fw AGGCCGAGCGTGAGCGTGGTAT tef-1
Ta-TEF-1-Rv ATGGGGACGAAGGCAACGGTCTT

actin-Ta-Fw TCACCGAGGCCCCCATCAACC actina
actin-Ta-Rv CGACCGGAAGCGTACAGGGACAGA

phr-1-Ta-Fw TCATGTTTGGATCAGCGAAGTCG phr-1
phr-1-Ta-Rv TACTCGGGCTTGAATGGCTTGTT

bld-2-Ta-Fw ACAAGTGCGGTATCGAGGACTGTG bld-2
bld-2-Ta-Rv AGTTGGCGCACCATCATACTGACA

bld-2-Tr-Fw ACAAGTGCGGTATCGAGGACTGTG bld-2
bld-2-Tr-Rv AGTTGGCGCACCATCATACTGACA

grg-1-Ta-Fw AGGGCGCTGTCTCTGGTGCTA grg-1
grg-1-Ta-Rv CATCCTTGGCGGCGGTCAG

Ta-al-3-Fw TTTCCGTGCCCAGCTCATCTCCTC al-3
Ta-al-3-Rv GCCACCCGTCTTATTCCCCACCAT

ENVOY-Fw-PF CCAATTTCCATCCCCGCCTGAC envoy
ENVOY-Rv-PF CCCTGATCCGGCTGTCTGGTTTG

Oligos para analisis por ChIP

LRE1-PHR-Fw TCATCCAGCTGATGGCTTATGC Promotor phr-1
LRE1-PHR-Rv ATTTCAGTGGCTTGGTATCCC
Prom-TEF-Fw CACCGTGATCATACCAGATCGCAG Promotor tef-1
Prom-TEF-Rv TTTCTGCTGCACACCCGCTA

a La secuencia de nucledtidos en negrita representa sitios de restriccion
adicionados y la regidn subrayada a las bases adicionadas para un corte mas

eficiente de la enzima de reestriccion.
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2. Anticuerpos utilizados

2. Lista de anticuerpos utilizados en este estudio

Antigenicidad Caracteristicas/Aplicacion/Referencia Casa_
comercial
S egioR omino Ce e Anticuerpo monoclonal/ChIP/ ab1791 Abcam

Histona H3
Regién completa
amino acetilado de la  Anticuerpo policlonal/ChiP/WB/ 06-599 Millipore

Histona H3
Gendp (aa 1-300) Anticuerpo policlonal/WB/IP/ sc-9078 Santa Cruz
BLR-2 (aa 297-315) Anticuerpo policlonal Bio-Synthesis

Inc.

3. Ensayo de fotoinduccion para la cepa Atgf-1

Con ayuda de un sacabocados y a partir de una colonia de la cepa Afgf-1 de 4-5
dias de crecimiento en PDA a 28 °C, se realizd un pre-indculo colocando varios
discos de esta colonia en medio PDB, bajo luz roja de seguridad. El cultivo se crecio
48 h a 28 °C en la oscuridad. Transcurrido este tiempo, se vertié un poco de este
cultivo sobre cajas de Petri conteniendo PDA cubierto con un disco de papel celofan.
Posteriormente, las colonias fueron fotoinducidas de igual manera que la cepa
silvestre, exponiéndolas durante 5 min a una fuente de luz azul, con una intensidad
de 1200 pmol/m? proveniente de un dispositivo que contiene dos lamparas
fluorescentes de luz blanca fria y un filtro azul de acrilico (LEE #183; con una
intensidad de 3pmol/m?s™). El micelio fue colectado con ayuda de un bisturi bajo luz
roja de seguridad (filtro LEE #106; con una intensidad de 0.1 pmol/m?s™) a
diferentes tiempos después del pulso de luz (30 y 120 min), e inmediatamente

congelado en nitrégeno liquido para posteriormente extraer el RNA total y analizar

la expresion de los genes regulados por la luz azul.
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4. Ensayo de Inmunoprecipitacion de la cromatina (ChIP)
Para realizar los ensayos de Inmunoprecipitacion de la cromatina, bajo luz roja de

seguridad, se tomé micelio crecido de colonias de las cepas silvestre y Afgf-1 de T.

atroviride de cada condicion proveniente de 2 cajas Petri, y se fij6 en 10 ml buffer
de crosslinking (50mM Hepes pH 7.4; 137mM KCI; 1mM EDTA) con formaldehido a
una concentracion final de 1% durante 15 min a temperatura ambiente en agitacion.
Después de este tiempo se afadio glicina a una concentracion final de 125 mM para
parar la reaccion. El micelio se lavé 3 veces con PBS frio, se filtré y se trituré en
nitrégeno liquido. Posteriormente se adicionaron 1000 uL de buffer de lisis al micelio
molido (1% SDS, 10mM EDTA pH 8.0, 50mM Tris-HCI pH 8.1), con inhibidor de
proteasas (12,5 pl de inhibidor de proteasa por muestra). Las muestras se sonicaron
en 12 ciclos de 30 segundos a una 712 partes de potencia del sonicador.
Posteriormente, se centrifugd el extracto a 13000 rpm durante 10 min a4 °C, y se
recuperaron los sobrenadantes. De estos se tomaron 20 pl de cada uno y se
corrieron en un gel de agarosa con el fin de comprobar que se hayan obtenido
fragmentos de cromatina de entre 300-700 pares de bases. Otros 20 pl se tomaron
y se incubaron con RNAsa y Proteinasa K y posteriormente se purificaron (como se
describe mas adelante) y se cuantificaron a fin de anadir cantidades iguales de
cromatina para cada IP. Del sobrenadante se tomaron 10 pl y se transfirieron a un
tubo nuevo, el cual se almacend para utilizarlo posteriormente como el total o input.
La cromatina se incubo durante 2 horas a 4°C con 30 pL de Dynabeads (Invitrogen).
Transcurrido este tiempo se retiraron los Dynabeads mediante un magneto y se
agregod a la cromatina buffer de dilucién (1/10) (1% Triton X-100, 2mM EDTA pH
8.0, 150mM NaCl, 20mM Tris-HCI pH 8.1), y se incubaron con los anticuerpos
especificos (5 UL de anti-AcH3, 2.5 ul de anti-H3, 25 ul de anti-gcnd y 5 pl de anti-
BLR-2) durante toda la nhoche a 4°C en agitacién suave. Los complejos formados se
precipitaron al anadir 25 pL de Dynabeads y se continud con la incubacién durante
2 horas. Posteriormente se lavaron los complejos al anadir secuencialmente los
siguientes buffers, se invirtieron repetidamente los tubos, y se colocaron en el
magneto para remover los buffers. Se realizaron 2 lavados con 1 ml de solucion de
lavado | (0.1% SDS, 1% Tritén x-100, 2mM EDTA, 20mM Tris-Hcl pH 8.1, 150mM
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NaCl), seguido de 1 lavado con 1 ml solucion de lavado 1l (0.1% SDS, 1% Tritdn x-
100, 2mM EDTA, 20mM Tris-Hcl pH 8.1, 500mM NaCl). Enseguida se realizaron 2
lavados con 1 ml solucion de lavado 111 (0.25M LiCl, 1% NP40, 1% Deoxicolato, 1mM
EDTA, 10mM Tris-Hcl pH8.1), y finalmente 1 lavado con 1 ml de buffer TE (20 mM
Tris-HCI, 2 mM EDTA). A continuacién los complejos se eluyeron al anadir 100 pl
de buffer de elucién (1% SDS, 0.1M NaHCOs), RNAsa y Proteinasa K a una
concentracion final de 500mg/ml. Por ultimo con la finalidad de revertir el crooslink
las muestras se incubaron a 65°C durante toda la noche (También los inputs o
totales). La cromatina fue purificada mediante el kit de extraccién Wizard® SV Gel
and PCR Clean-Up System (Promega). Los fragmentos se analizaron mediante

PCR tiempo real.
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Abstract Trichoderma spp. are common soil fungi
used as biocontrol agents due to their capacity to
produce antibiotics, induce systemic resistance in
plants and parasitize phytopathogenic fungi of major
agricultural importance. The present study investigat-
ed whether colonization of Arabidopsis thaliana
seedlings by Trichoderma atroviride affected plant
growth and development. Here it is shown that T.
atroviride promotes growth in Arabidopsis. More-
over, T. atroviride produced indole compounds in
liquid cultures. These results suggest that indole-
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acetic acid-related indoles (IAA-related indoles)
produced by T. atroviride may have a stimulatory
effect on plant growth. In addition, whether coloni-
zation of Arabidopsis roots by T. atroviride can
induce systemic protection against foliar pathogens
was tested. Arabidopsis roots inoculation with T.
atroviride provided systemic protection to the leaves
inoculated with bacterial and fungal pathogens. To
investigate the possible pathway involved in the
systemic resistance induced by T. atroviride, the
expression profile of salicylic acid, jasmonic acid/
ethylene, oxidative burst and camalexin related
genes was assessed in Arabidopsis. T. atroviride
induced an overlapped expression of defence-related
genes of SA and JA/ET pathways, and of the gene
involved in the synthesis of the antimicrobial
phytoalexin, camalexin, both locally and systemical-
ly. This is the first report where colonization of
Arabidopsis roots by T. atroviride induces the
expression of SA and JA/ET pathways simultaneous-
ly to confer resistance against hemibiotrophic and
necrotrophic phytopathogens. The beneficial effects
induced by the inoculation of Arabidopsis roots with
T. atroviride and the induction of the plant defence
system suggest a molecular dialogue between these
organisms.

Keywords Plant—fungus interaction - Systemic
resistance - Camalexin - PR proteins
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Abstract

Background: Mycoparasitism, a lifestyle where one fungus is parasitic on another fungus, has special relevance
when the prey is a plant pathogen, providing a strategy for biological control of pests for plant protection.
Probably, the most studied biocontrol agents are species of the genus Hypocrea/Trichoderma.

Results: Here we report an analysis of the genome sequences of the two biocontrol species Trichoderma atroviride
(teleomorph Hypocrea atroviridis) and Trichoderma virens (formerly Gliocladium virens, teleomorph Hypocrea virens),
and a comparison with Trichoderma reesei (teleomorph Hypocrea jecorina). These three Trichoderma species display
a remarkable conservation of gene order (78 to 96%), and a lack of active mobile elements probably due to
repeat-induced point mutation. Several gene families are expanded in the two mycoparasitic species relative to T.
reesel or other ascomycetes, and are overrepresented in non-syntenic genome regions. A phylogenetic analysis
shows that T. reese1 and T. virens are derived relative to T. atroviride. The mycoparasitism-specific genes thus arose
in a common Trichoderma ancestor but were subsequently lost in T. reesel.

Conclusions: The data offer a better understanding of mycoparasitism, and thus enforce the development of
improved biocontrol strains for efficient and environmentally friendly protection of plants.
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Background
Mycoparasitism 1s the phenomenon whereby one fungus
is parasitic on another fungus, a lifestyle that can be
dated to at least 400 million years ago by fossil evidence
[1]. This has special relevance when the prey is a plant
pathogen, providing a strategy for biological control of
pests for plant protection (‘biocontrol’). The movement
toward environmentally friendly agricultural practices
over the past two decades has thus accelerated research
in the use of biocontrol fungi [2]. Probably the most stu-
died biocontrol agents are species of the genus Hypocrea/
Trichoderma. Trichoderma atrovinide (Ta) and Tricho-
derma virens (Tv) - teleomorphs Hypocrea atroviridis
and Hypocrea virens, respectively - being among the best
mycoparasitic biocontrol agents used in agriculture [3].
The beneficial effects of Trichoderma spp. on plants
comprise traits such as the ability to antagonize soil-
borne pathogens by a combination of enzymatic lysis,
secretion of antibiotics, and competition for space and
substrates [4.5]. In addition, it 1s now known that some
Trichoderma biocontrol strains also interact intimately
with plant roots, colonizing the outer epidermus layers,
and acting as opportunistic. avirulent plant symbionts [6].
Science-based improvement of biocontrol agents for
agricultural applications requires an understanding of
the biological principles of their actions. So far, some of
the molecular aspects - such as the regulation and role
of cell wall hydrolytic enzymes and antagonistic second-
ary metabolites - have been studied in Trichoderma
[3-5]. More comprehensive analyses (for example, by
the use of subtractive hybnidization techniques, proteo-
mics or EST approaches) have also been performed
with different Trichoderma species, but the interpreta-
tion of the data obtained is complicated by the lack of
genome sequence information for the species used
(reviewed in [7]).

Table 1 Genome assembly and annotation statistics

Page 2 of 15

Recently, the genome of another Trichoderma, Tricho-
derma reese1 (I, teleomorph H. jecorina), which has a
saprotrophic lifestyle and 1s an industrial producer of
plant biomass hydrolyzing enzymes, has been sequenced
and analyzed [8]. Here we report the genome sequen-
cing and comparative analysis of two widely used bio-
control species of Trichoderma, that 1s, Ta and Tv.
These two were chosen because they are distantly
related to Tr [9] and represent well defined phylogenetic
species [10,11]. in contrast to Trichoderma harzianum
sensu lato, which 1s also commonly used in biocontrol
but constitutes a complex of several cryptic species [12].

Results
Properties of the T.atrovinde and T.virens genomes
The genomes of Ta IMI 206040 and Tv Gv29-8 were
sequenced using a whole genome shotgun approach to
approximately eight-fold coverage and further improved
using fimshing reactions and gap closmng Thewr genome
sizes were 36.1 (Ta) and 388 Mbp (Tv). and thus larger
than the 34 Mbp determined for the genome of Tr [8].
Gene modeling, using a combination of homology and
ab initio methods, wielded 11,865 gene models for Ta
and 12,428 gene models for Tv, respectively (Table 1),
both greater than the estimate for Tr (9.143). As shown
in Figure 1, the vast majority of the genes (7.915) occur
in all three Trichoderma species. Yet Tv and Ta contain
about 2,756 and 2,510 genes, respectively, that have no
true orthologue in any of the other species, whereas Tr
has only 577 unique genes. Tv and Ta share 1,273
orthologues that are not present in Tr, which could thus
be part of the factors that make Ta and Tv mycopara-
sites (for analysis, see below).

With respect to other ascomycetes, Tr, Ta and Tv
share 6.306/7,091, 6,515/7,549. and 6,564/7.733 ortholo-
gues with N. crassa and Gibberella zeae, respectively.

T. atroviride T. virens T. reesei
Genome size, Mbp 36.1 388 341
Coverage 8.26% 8.05% 9.00=
Assembly gaps, Mbp 0.1(0.16%) 0.2(0.4%) 0.05 (0.1%)
Number of scaffolds 50 135 89
Number of predicted genes 11865 12518 9143
Gene length, bp 1747.06 1710.05 179325
Protein length, amino acids 471.54 478.69 49227
Exons per gene 203 208 3.06
Exon length, bp 528.17 506.13 507.81
Intron length, bp 104.20 104.95 119,64
Supported by homology, NR 10,219 (92%) 10,915 (94%) 8409 (92%)
Supported by homology, Swissprot 8.367(75%) 8.773 (75%) 6763 (74%)
Has PFAM domain 5.883 (53%) 6.267 (54%) 5096 (56%)

NE. non-redundant database; PFAM, protein families.
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Figure 1 Distribution of orthologues of T. atroviride, T. virens
and T.reesei The Venn diagram shows the distribution found for

\_tha thcaa af Tachad J

Thus, approximately a third of the genes in the three
Trichoderma species are not shared in even the rela-
tively close relative G. zeae and are thus unique to
Trichoderma.

Genome synteny

A comparison of the genomic organization of genes in
Ta., Tv and Tr showed that most genes are in synteny:
only 367 (4%) genes of Tr, but 2,515 (22%) of genes of
Twv and 2,690 (21%) genes of Ta are located in non-

Table 2 Occurrence of orthologues, paralogues and
singletons i the genomes of the three Trichoderma spp

Genome  Synteny Total  Orthologs® Non- P-
genes orthologs  value®
T. Syntenic 9.350 7.326 2,024 22e-16
atroviride
Non- 2515 1.265 1.250
syntenic
T. virens Syntenic 9828 7.326 2,502 22e-16
Non- 2,690 1.532 1.158
syntenic
T.reesei  Syntenic 8.776 7.326 1.450 22e-16
Non- 367 153 214
syntenic

*Orthologs that are in all three genomes. "Null hypothesis that the proportion
of non-orthologs that are syntenic is less than the proportion of non-

syntenic regions (identified as a break in synteny by a
series of three or more genes (Table 2); a global visual
survey can be obtained at the genome websites of the
three Trichoderma species (see Matenials and methods)
by clicking ‘Synteny and ‘Dot Plot’). As observed for
other fungal genomes [13-15], extensive rearrangements
have occurred since the separation of these three fungi
but with the prevalence of small inversions [16]. The
numbers of the synteny blocks increased with their
decreased size, compatible with the random breakage
model [14] as in aspergilli [15,17]. Sequence identity
between syntenic orthologs was 70% (Tr versus Ta).
78% (Tr versus Tv), and 74% (Tv versus Ta), values that
are similar to those calculated for aspergilli (for exam-
ple. Aspergillus fumigatus versus Aspergillus miger (69%)
and versus Aspergillus nidulans (68%) and comparable
to those between fish and man [17.18].

Transposons

A scan of the genome sequences with the de nove
repeat finding program ‘Piler’ [19] - which can detect
repetitive elements that are least 400 bp in length, have
more than 92% identity and are present in at least three
copies - was unsuccessful at detecting repetitive ele-
ments. The lack of repetitive elements detected in this
analysis 1s unusual in filamentous fungi and suggests
that, like the Tr genome [8]. but unlike most other fila-
mentous fungi, the Ta and Tv genomes lack a sigmifi-
cant repetitive DNA component.

Because of the paucity of transposable elements (TEs)
in the Trichoderma genomes, we wondered whether
simple sequence repeats and minisatellite sequences
may also be rare. To this end, we surveyed the genomes
of the Trichoderma species using the program Tandem
Repeat Finder [20]. We also included the genomes of
three additional members of the Sordariomycetes and
one of the Eurotiomycetes as reference (Table S1 in
Additional file 1). Satellite DNA content wvaried from as
little as 2,371 loci (0.53% of the genome) in A nidulans

to 9.893 (1.46% of the genome) in Neurospora crassa.
Satellite DNA content of the Trichoderma genomes ran-

ged from 5,249 (0.94%) in Ta to 7,743 (1.54%) in Tr.
Since these values are within the range that we found in

the reference species, we conclude that there is no unu-
sual vanation in the satellite DNA content of the Tri-

choderma genomes.

We also scanned the genomes with RepeatMasker and
RepeatProteinMask [21] to identify sequences with simi-
larity to known TEs from other organisms. Thereby,
sequences with significant similanty to known TEs from

orthologs that are non-syntenic. P-value: null hypothesis that the proportion

of paralogs that are syntenic is less than the proportion of paralogs that are
non-syntenic.
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Table 3 The major classes of transposable elements found in the Trichoderma genomes

T. atrovinidae T. reese1 T. virens
Class Copy number Total length (bp) Copy number Total length (bp) Copy number Total length (bp)
DNA 372 39.899 446 50.448 370 52,358
LTR 533 64.534 559 76,482 541 67.484
Helitrons 40 9,235 45 9.962 34 8.547
LINE 561 65,202 530 54,928 349 59.414
Total® 178.870 (0.49%) 191,820 (0.57%) 187.803 (0.48%)
*Total in base pairs and percentage of g of transposable el found in the genomes. LINE, long interspersed muclear element; LTE, long terminal
repeat.

Based on these results, we conclude that no extant,
functional TEs exist in the Trichoderma genomes. The
presence of ancient, degenerate TE copies suggests that
Trichoderma species are occasionally subject to infec-
tion, or invasion by TEs, but that the TEs are rapidly
rendered unable to replicate and rapidly accumulate
mutations.

Evidence for the operation of repeat-induced point
mutation in Trichoderma

The paucity of transposons in Trichoderma could be
due to repeat-induced point mutation (RIP), a gene
silencing mechanism. In N. crassa and many other fila-
mentous fungi, RIP preferentially acts on CA dinucleo-
tides, changing them to TA [22]. Thus, in sequences
that have been subject to RIP, one should expect to find
a decrease in the proportion of CA dinucleotides and its
complement dinucleotide TG as well as a corresponding

Table 4 Repeat-induced point mutation ratios for four of
the most abundant transposable element fanulies mn the
three Trichoderma species

Sequence TA/AT ratio CT+AT/AC+GT ratio RIP*
T. atrovinide 0.70 135
LTR Copia 042 1.50
LTR Gypsy 097 121
LINER1 1.86 1.67
LINE Tad1 0.82 132
T. reese1 071 128
LTR Copia 1.04 131
LTR Gypsy 101 128
LINER1 099 240
LINE Tad1 033 130
T. virens 0n 133
LTR Copia 0.77 148
LTR Gypsy 095 116
LINERI 0.75 214
LINE Tad1 133 0.99 *

*The asterisk indicates the family Tadl from T. virens in which the RIP ratios
fall within values that are typically associated with RIP. LINE, long interspersed
nuclear element; LTR, long terminal repeat; RIP, repeat-induced point

ion; TE, tr ble el

increase in the proportion of TA dinucleotides. The RIP
indices TA/AT and (CA + TG)/(AC + GT) developed
by Margolin et al. [22] can be used to detect sequences
that have been subject to RIP. Sequences that have been
subjected to RIP are expected to have a high TA/AT
ratio and low (CA + TG)/(AC + GT) ratio, with values
>0.89 and <1.03, respectively, being indicative of RIP
[22,23].

To identify evidence for RIP in the TE sequences, we
computed RIP indices for four of the most prevalent
TE families in each of the three species (Table 4).
Since many of the sequences are very short, we com-
puted the sum of the dinucleotide values within each
TE family within each species, and used the sums to
compute the RIP ratios. In only one of the 12 families
did we find that both RIP indices were within the
ranges that are typically used as criteria for RIP. Most
of the TE sequences that we identified in the Tricho-
derma genomes are highly degenerate and have likely
continued to accumulate mutations after the RIP pro-
cess has acted on them. We suspect that these muta-
tions have masked the underlying bias in dinucleotide
frequencies, making the RIP indices ineffective at iden-
tifying the presence of RIP. To overcome this, we also
prepared manually curated multiple sequence align-
ments of the TE families, selecting only sequences that
had the highest sequence similarity, and thus should
represent the most recent transposon insertion events
in the genomes. We were able to prepare curated
alignments for all four of the test TE families of Tr
and Tv only for the long terminal repeat element
Gypsy and the long interpersed nuclear element R1 in
Ta (Table S2 in Additional file 1). Among DNA
sequenc es that make up these ten alignments, we
detected RIP indices within the parameters that are
indicative of RIP in seven alignments. In addition, all
seven alignments have high transition/transversion
ratios, as is expected in sequences that are subject to
RIP.

Finally, screening of the genome sequences of Tr, Ta
and Tv identified orthologues of all genes required for
RIP in N. crassa (Table 5).
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Table 5 Presence of genes in Trichoderma known to be required in N. crassa

for repeat-induced point mutation

M. crassa protein®  Accession number®  Function® Trichoderma orthologue (ID number)
T. atrovinide T. virens T.reese1
RIP
RID XP_959047.1 Putative DMT, essential for RIP and for MIP
Dim-5 XP_957479.2 Histone 3-K9 HMT essential for RIF; RARP 152017 55211 515216
Quelling
QDE-1 XP _959047.1 RdRP, essential for quelling 361 64774 67742
QDE-2 XP_960365.2 Argonaute-like protein, essential for quelling 79413 20883 49832
QDE-3 XP_964030.2 RecQ helicase, essential for quelling 91316 30057 102458
DCLI XP_961898.1 Dicer-like protein, involved in quelling 20162 20212 69494
DCL2 XP 963538.2 Dicer-like protein, involved in quelling 318 47151 79823
QP CAPG68960.1 Putative exonuclease protem, mvolved in quelling 14588 41043 57424
MSUD
SAD-1 XP 9642482 RdRP essential for MSUD 465 28428 103470
SAD-2 XP 961084.1 Essential for MSUD No No No
*N. crassa gene information and abbreviations taken from [36]. DMI, cytosine DNA methyltransferase; HMT, histone methyl fe ; MIP, hylation induced

premeotically; MSUD. meiotic silencing of unpaired DNA; RdRP, RNA-deg

Paralogous gene expansion in T. atroviride and T. virens
We used Marcov cluster algorithm (MCL) analysis [24]
and included ten additional ascomycete genomes pre-
sent in the Joint Genome Institute (JGI) genome data-
base (including Furotiomycetes, Sordariomycetes and
Dothidiomycetes) to identify paralogous gene families
that have become expanded either in all three Tricho-
derma species or only in the two mycoparasitic Tricho-
derma species. Forty-six such families were identified
for all three species, of which 26 were expanded only in
Ta and Tv. The largest paralogous expansions in all
three Trichoderma species have occurred with genes
encoding Zn(2)Cys(6) transcription factors, solute trans-
porters of the major facilitator superfamily, short chain
alcohol dehydrogenases, S8 peptidases and proteins
bearing ankyrin domains (Table 6). The most expanded
protein sets, however, were those that were considerably
smaller in Tr (P < 0.05). These included ankyrin pro-
teins with CCHC zinc finger domains, proteins with
WD40, heteroincompatibility (HET) and NACHT
domains, NAD-dependent epimerases, and sugar
transporters.

Genes with possible relevance for mycoparasitism are
expanded in Trichoderma

Mycoparasitism depends on a combination of events
that include lysis of the prey's cell walls [3,4,7]. The
necessity to degrade the carbohydrate armor of the
prey’s hyphae is reflected in an abundance of chitinolytic
enzymes (composing most of the CAZy (Carbohydrate-
Active enZYmes database) glycoside hydrolase (GH)
family GH18 fungal proteins along with more rare
endo-b-N-acetylglucosaminidases) and b-1,3-glucanases
(families GH17, GHS55, GH64, and GH81) in

dent RNA-pot

Trichoderma relative to other fungi. Family GH18, con-
taining enzymes involved in chitin degradation, is also
strongly expanded in Trichoderma, but particularly in
Tv and Ta, which contain the highest number of chiti-
nolytic enzymes of all described fungi (Table 7). Chitin
is a substantial component of fungal cell walls and chiti-
nases arc therefore an integral part of the mycoparasitic
attack [3,25]. It is conspicuous that not only was the
number of chitinolytic enzymes clevated but that many
of these chitinases contain carbohydrate binding
domains (CBMs). Mycoparasitic Trichoderma species
are particularly rich in subgroup B chitinases that con-
tain CBM1 modules, historically described as cellulose
binding modules, but binding to chitin has also been
demonstrated [26]. Tv and Ta each have a total of five
CBM1-containing GH18 enzymes. Subgroup C chiti-
nases possess CBM18 (chitin-binding) and CBMS50 mod-
ules (also known as LysM modules; described as
peptidoglycan- and chitin-binding modules). Interest-
ingly, CBM50 modules in Trichoderma are found not
only in chitinases but also frequently as multiple copies
in proteins containing a signal peptide, but with no
identifiable hydrolase domain. In most cases these genes
can be found adjacent to chitinases in the genome.

Together with the expanded presence of chitinases,
the number of GH75 chitosanases is also significantly
expanded in all three analyzed Trichoderma species. As
with plant pathogenic fungi [27,28], we have also
observed an expansion of plant cell wall degrading
enzyme gene families. A full account of all the carbohy-
drate active enzymes is presented in Tables S3 to S8 in
Additional file 1. Additional details about the Tricho-
derma CAZome (the genome-wide inventory of CAZy)
are given in Chapter 1 of Additional file 2.
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Table 6 Major paralogous gene expansions mn Trichoderma

PFAM domain T T: T. Other
reesei virens atroviride fungi®
Unknown protein with ankyrin (PF00023), CCHC zinc finger (PF00098; C-X2-C-X4HX4-C) and purine 19 38 45 4
mucleoside phosphorylase domam (01048)
Zn(I)Cys6 transcription factor (00172) cluster 1-5 20 43 2 51
Peptidase S8 subtilisin cluster 1-4 10 33 36 9.6
Unknown protein with WD40, NACHT and HET domain 13 38 35 34
Short chain alcohol dehydrogenase (PF00106) cluster 1 and 2 20 32 34 47
Unknown protein family 1-4 12 25 28 5
NAD-dependent epimerase (PFAM 01370) 10 21 23 58
Isoflavon reductase, plus PAPA-1 (INO80 complex subumt B), epimerase and Nmrl domam 9 18 19 6
Ankyrin domain protein 10 17 19 8
Sugar transporters 11 24 18 10.8

GHI18 chitinases

Protemn kinase (00069) plus TPR domain

Unknown major facilitator subfamuly (PF07690) domain

F-box domain protein

Ankyrin domain protein with protein kinase domain

Amidase

Epoxide hydrolase (PF06441) plus AB hydrolase_1 (PF00561)

FAD binding_4, plus HET and berbenne bridge enzymes (08031) domain
FMN oxidoreductases

Unknown protemn with DUF84 (NTPase) and NmrA domain

11 16 2
24 15 47
15 15 5.5
10 11 1.7
8 11 27
11 11 28
14 11 32
13 11 6.1
8 10 25
19 10 37

6

2

9

7

6

4

5

5

2

5
Protein with GST_N and GST_C domains 6 12 10 46
Class II hydrophobins 6 8 9 11
Protemns with LysM binding domains 6 7 9 12
Unknown protein family with NmrA domain 2 11 8 0.2
Pro_CA 5 9 8 13
WD40 domain protein 5 11 8 22
C2H2 transcription factors 1 5 7 14
GFO_IDH_MocA (01408 and 02894) oxidoreductase 3 9 7 15
Protein kinase (00069) 4 6 6 0.7
Nonribosomal peptide synthase 3 4 5 1
SSCP ceratoplatanm-family 3 4 5 1
GH75 chitosanase 3 5 5 1.1
SNF2,DEAD box helicase 3 5 5 13
Nitnilase 3 6 5 22
GHS65 trehalose or maltose phosphorylase (PFAM 03632) 4 4 4 0.8
AAA-family ATPase (PF00004) 4 3 4 1
Pyndoxal phosphate dependent decarboxylase (00282) 2 3 4 12
Unknown protein 3 4 4 13
‘letsareﬁumMCLmalysmufthethreeTnchodﬁmaspems (Tr, Ta. Tv) and mean values from ten oth:r y whose g Meprmsm in the JGI
datab [63] iomy Aspergdlus carbonarius, Aspetgllhls mgm' Sordari : Thielavia Ch inm glob . Cryy ia parasitica,
Ni Ni perma. Dothidi 11 inicola, Mycospherella fijiensis, Cochllnbohs I:etemstmphus The number of genes

plesem in the “other flmg.l is averaged. Data were selected i:‘rmn a nml of23 919 clusters, average cluster number 5.8 (standard deviation 15.73). PFAM
categories printed in bold specify those that are significantly (P < 0.05) expanded in all three Trichod species; b in bold and italics specify genes that
are significantly more abundant in Ta and Tv versus Tr (P < 0.05). GH, glycosyl hydrolase family; GST, glutahionine-S transferase; SSCP, small secreted cystein-rich
protein.

Another class of genes of possible relevance to myco- peptide synthetases (NRPS) and polyketide synthases
parasitism are those involved in the formation of sec- (PKS) (Table 8; see also Tables S9 and S10 in Additional
ondary metabolites (Chapter 2 of Additional file 2). file 1). While Tr (10 NRPS, 11 PKS and 2 NRPS/PKS
With respect to these, the three Trichoderma species fusion genes [8]) ranked at the lower end when com-
contained a wvarying assortment of non-ribosomal pared to other ascomycetes, Tv exhibited the highest
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Table 7 Glycosyl hydrolase families involved m chitin/chitosan and b-1,3 glucan hydrolysis that are expanded 1n

mycoparasitic Trichoderma species

Glycosyl hydrolase family

Chitin/chitosan® B-glucan® Total B-glucan®
Taxonomy GH18 GHT75 GH17 GHS55 GH64 GHS1 217

Trchoderma atrovinde S 29 5 5 8 3 2 18
Trchoderma virens S 36 5 4 10 3 1 18
Trchoderma reesei S 20 3 4 6 3 2 15
Pezizomycota

Nectria haematococca S 28 2 6 5 2 1 14

Fusarmm graminearum 5 19 1 6 3 2 1 12

Neurospora crassa S 12 1 4 6 2 1 13

Podospora ansenina S 20 1 4 7 1 1 13

Magnaporthe grisea s 14 1 7 3 1 2 13

Aspergillus nidulans E 19 2 5 6 0 1 12

Aspergillus niger E 14 2 5 3 0 1 9

Penicillium chrysogenum E 9 1 5 3 2 1 11

Tuber melanosporum P 5 1 4 2 0 3 9
Other ascomycetes

Saccharomyces cerevisiae SM 2 0 4 0 0 2

Schizosaccharomyces pombe S5 1 0 1 0 0 1 2
Basidiomycota

Phanerochaete chrysosporium A 11 0 2 2 0 0

Laccana bicolor A 10 0 4 2 0 0 6

Postia placenta A 20 0 4 6 0 0 10
*Main substrates for the respective Y families. "Number of all enzy that can act on B-glucan as a sut T: bbreviati S,
Sordari : E, Eurotiomycetes; P, Pezi S, Sacct etes: SS, Schi : A, Agari . The bold mumbers indicate glycosyl

hydrolase (GH) families that have a statistically significant expansion in Trichoderma (P < 0.05) or Ta and Tv (GHI8). This support was cbtained only when N.

ca and T. mel were not inclided in the

number (50) of PKS, NRPS and PKS-NRPS fusion genes,
mainly due to the abundance of NRPS genes (28, twice
as much as in other fungi). A phylogenetic analysis
showed that this was due to recent duplications of genes
encoding cyclodipeptide synthases, cyclosporin/enniatin

Table 8 The number of polyketide synthases and non-
ribosomal peptide synthetases of Trichoderma compared
to other fungi

Fungal species PKS NRPS PKSNRPS Total
NRPS-PKS
Trchoderma virens 18 28 4 50
Aspergillus oryzae 26 14 4 44
Aspergillus nidulans 26 13 1 40
Cochliobolus heterostrophus 23 11 2 36
Trchoderma atrovinde 18 16 1 35
Magnaporthe oryzae 20 6 8 34
Fusanum graminearum 14 19 1 34
Gibberella monihiforoms 12 16 3 31
Botryotinia fuckehiana 17 10 2 29
Aspergillus fumigatus 13 13 1 27
Nectria haematococca 12 12 1 25
Trchoderma reese 11 10 2 23
Neurospora crassa 7 3 0 10
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is of GH18 and GHS1, respectively.

synthase-like proteins, and NRPS-hybrid proteins (Fig-
ure S1 in Additional file 3). Most of the secondary
metabolite gene clusters present in Tr were also found
in Tv and Ta, but about half of the genes remaining in
the latter two are unique for the respective species, and
are localized on non-syntenic islands of the genome (see
below). Within the NRPS, all three Trichoderma species
contained two peptaibol synthases, one for short (10 to
14 amino acids) and one for long (18 to 25 amino acids)
peptaibols. The genes encoding long peptaibol synthe-
tase lack introns and produce an mRNA that is 60 to 80
kb long that encodes proteins of approximately 25,000
amino acids, the largest fungal proteins known.

Besides PKS and NRPS, Ta and Tv have further aug-
mented their antibiotic arsenal with genes for cytolytic
peptides such as aegerolysins, pore-forming cytolysins
typically present in bacteria, fungi and plants, yeast-like
killer toxins and cyanovirins (Chapter 2 of Additional
file 2). In addition, we found two high molecular weight
toxins in Ta and Tv that bear high similarity (E-value 0
for 97% coverage) to the Te (‘toxin complex’) toxins of
Photorhabdus luminescens, a bacterium that is mutualis-
tic with entomophagous nematodes [29] (Table S11 in
Additional file 1). Apart from Trichoderma, they are



also present in G. zeae and Podospora anserina. Yet
there may be several more secondary metabolite genes

to be detected: Trichoderma species contain expanded
arrays of cytochrome P450 CYP4/CYP19/CYP26 subfa-
milies (Table S12 in Additional file 1), and of soluble
epoxide hydrolases that could act on the epoxides pro-
duced by the latter (Figure S2 in Additional file 3).

The Hypocrea/Trichoderma genomes also contain an
abundant arsenal of putatively secreted proteins of 300
amino acids or less that contain at least four cysteine
residues (small secreted cysteine-rich proteins (SSCPs);
Chapter 3 of Additional file 2). They contained both
unique and shared sets of SSCPs, with a higher com-
plexity in Tv and Ta than in Tr (Table S13 in Addi-
tional file 1).

Genes present in T. atrovinde and T.virens but not in T.
reesel
As mentioned above, 1,273 orthologous genes were

shared between Ta and Tv but absent from Tr. When
the encoded proteins were classified according to their
PFAM domains, fungal specific Zn(2)Cys(6) transcrip-
tion factors (PF00172, PF04082) and solute transporters
(PF07690, PF00083), all of unknown function, were
most abundant (Table S14 in Additional file 1). How-
ever, the presence of several PFAM groups of oxidore-
ductases and monooxygenases, and of enzymes for AMP
activation of acids, phosphopathetheine attachment and
synthesis of isoquinoline alkaloids was also intriguing.
This suggests that Ta and Tv may contain an as yet
undiscovered reservoir of secondary metabolites that
may contribute to their success as mycoparasites.

We also annotated the 577 genes that are unique in T.
reesei: the vast majority of them (465; 80.6%) encoded
proteins of unknown function or proteins with no
homologues in other fungi. The remaining identified
112 genes exhibited no significant abundance in particu-
lar groups, except for four Zn(2)Cys(6) transcription fac-
tors, four ankyrins, four HET-domain proteins and three
WD40-domain containing proteins.

Evolution of the non-syntenic regions

A search for overrepresentation of PFAM domains and
Gene Ontology terms in the non-syntenic regions
described above revealed that all retroposon hot spot
repeat domains [30] are found in the non-syntenic
regions. In most eukaryotes, these regions are located in
subtelomeric areas that exhibit a high recombination
frequency [31]. In addition, the genes for the protein
families in Tv and Ta that were significantly more abun-
dant compared to Tr were enriched in the non-syntenic
areas (Table 9). In addition, the number of paralogous
genes was significantly increased in the non-syntenic
regions. We considered three possible explanations for
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Table 9 Number of PFAM domains that are enriched
among paralogous genes in non-syntenic areas

T.reeser T.virens T.atrovinde
Zn2Cysf transcription factors 9 95 69
WD40 domains 1 1t 14
Sugar transporters 0 18 13
Proteases 2 28 23
Cytochrome P450 7 40 15
NmrA-domains 2 19 21
Major facilitator superfammly 7 52 60
HET domains 3 26 27
Glycoside hydrolases 3 33 26
FAD-binding proteins 2 28 24
Anlyrins 4 44 37
Alcohol dehydrogenases 4 51 71
a/B-fold hydrolases 2 26 15
ABC transporters 4 14 3
Number of genes 50 485 418
Total gene number in NS areas 92 686 1012

Boxed nmumbers are those that are significantly (p < 0.05) different from the
two other species when related to the genome size. PFAM, protein family; NS,
non-syntenic; HET, heteroi patibility.

this: the non-syntenic genes were present in the last
common ancestor of all three Trichoderma species but
were then selectively and independently lost; the non-
syntenic areas arose from the core genome by duplica-
tion and divergence during evolution of the genus Tri-
choderma; and the non-syntenic genes were acquired by
horizontal transfer. To distinguish among these hypoth-
eses for their origin, we compared the sequence charac-
teristics of the genes in the non-syntenic regions to
those present in the syntenic regions in Trichoderma
and genes in other filamentous fungi. We found that the
majority (>78%) of the syntenic as well as non-syntenic
encoded proteins have their best BLAST hit to other
ascomycete fungi, indicating that the non-syntenic
regions arc also of fungal origin. Also, a high number of
proteins encoded in the non-syntenic regions of Ta and
Tv have paralogs in the syntenic region. Finally, codon
usage tables and codon adaptation index analysis [32]
indicate that the non-syntenic genes exhibit a similar
codon usage (Figure S3 in Additional file 3). Taken
together, the most parsimonious explanation for the
presence of the paralogous genes in Ta and Tv is that
the non-syntenic genes arose by gene duplication within
a Trichoderma ancestor, followed by gene loss in the
three lineages, which was much stronger in Tr.

Tr, Ta and Tv each occupy very diverse phylogenetic
positions in the genus Trichoderma, as shown by a
Bayesian rpb2 tree of 110 Trichoderma taxa (Figure 2).
In order to determine which of the three species more
likely resembles the ancestral state of Trichoderma, we
performed a Bayesian phylogenetic analysis [33] using a
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concatenated set of 100 proteins that were encoded by
orthologous genes in syntenic areas in the three Tricho-
derma species and also G. zeae and Chaetomium globo-
sum. The result (Figure 2) shows that Ta occurs in a
well-supported basal position to Tv and Tr. These data
indicate that Ta resembles the more ancient state of
Trichoderma and that both Tv and Tr evolved later. The
lineage to Tr thus appears to have lost a significant
number of genes present in Ta and maintained in Tv.
The long genetic distance of Tr further suggests that it
was apparently evolving faster then Ta and Tv since the
time of divergence.

To test this assumption, we compared the evolution-
ary rates of the 100 orthologous and syntenic gene
families between the three Trichoderma species. The
median values of the evolutionary rates (K; and K,) of
Ta-Tr and Tv-Tr were all significantly higher (1.77 and
1.47, and 1.33 and 1.19, respectively) than those of Ta-
Tv (1.13 and 0.96; all P values <0.05 by the two-tailed
Wilcoxon rank sum test). This result supports the above
suggestion that Tr has been evolving faster than Ta and
Tv.

Discussion

Comparison of the genomes of two mycoparasitic and
one saprotrophic Trichoderma species revealed remark-
able differences: in contrast to the genomes of other
multicellular ascomycetes, such as aspergilli [15,17],
those of Trichoderma appear to be have the highest
level of synteny of all genomes investigated (96% for Tr
and still 78/79% for Tv and Ta, respectively, versus 68
to 75% in aspergilli), and most of the differences
between Ta and Tv versus Tr or other ascomycetes
occur in the non-syntenic areas. Nevertheless, at a mole-
cular level the three species are as distant from each
other as apes from Pices (fishes) or Aves (birds) [17],
suggesting a mechanism maintaining this high genomic
synteny. Espagne et al. [13] proposed that a discrepancy
of genome evolution between P. anserina, N. crassa and
the aspergilli and saccharomycotina yeasts is based on
the difference between heterothallic and homothallic
fungi: in heterothallics the presence of interchromoso-
mal translocation could result in chromosome breakage
during meiosis and reduced fertility, whereas homothal-
lism allows translocations to be present in both partners
and thus have fewer consequences on fertility. Since Tri-
choderma is heterothallic [34], this explanation is also
applicable to it. However, another mechanism, meiotic
silencing of unpaired DNA [35] - which has also been
proposed for P. anserina [13], and which eliminates pro-
geny in crosses involving rearranged chromosomes in
one of the partners - may not function in Trichoderma
because one of the essential genes (SAD2 [36]) is
missing.

Our data also suggest that the ancestral state of Hypo-
crea/Trichoderma was mycoparasitic. This supports an
carlier speculation [37] that the ancestors of Tricho-
derma were mycoparasites on wood-degrading basidio-
mycetes and acquired saprotrophic characteristics to
follow their prey into their substrate. Indirect evidence
for this habitat shift in Tr was also presented by Slot
and Hibbett [38], who demonstrated that Tr - after
switching to a specialization on a nitrogen-poor habitat
(decaying wood) - has acquired a nitrate reductase gene
(which was apparently lost earlier somewhere in the
Sordariomycetes lineage) by horizontal gene transfer
from basidiomycetes.

Furthermore, the three Trichoderma species have the
lowest number of transposons reported so far. This is
unusual for filamentous fungi, as most species contain
approximately 10 to 15% repetitive DNA, primarily
composed of TEs. A notable exception is Fusarium gra-
minearum [27], which, like the Trichoderma species,
contains less than 1% repetitive DNA [8]. The paucity of
repetitive DNA may be attributed to RIP, which has
been suggested to occur in Tr [8] and for which we
have here provided evidence that it also occurs in Ta
and Tv. It is likely that this process also contributes to
prevent the accumulation of repetitive elements.

The gene inventory detected in the three Trichoderma
species reveals new insights into the physiology of this fun-
gal genus: the strong expansion of genes for solute trans-
port, oxidoreduction, and ankyrins (a family of adaptor
proteins that mediate the anchoring of ion channels or
transporters in the plasma membrane [39]) could render
Trichoderma more compatible in its habitat (for example,
to successfully compete with the other saprotrophs for lim-
iting substrates). In addition, the expansion of WD40
domains acting as hubs in cellular networks [40] could aid
in more versatile metabolism or response to stimuli. These
features correlate well with a saprotrophic lifestyle that
makes use of plant biomass that has been pre-degraded by
carlier colonizers. The expansion of HET proteins (proteins
involved in vegetative incompatibility specificity) on the
other hand suggests that Trichoderma species may fre-
quently encounter related yet genetically distinet indivi-
duals. In fact, the presence of several different Trichoderma
species can be detected in a single soil sample [41]. Unfor-
tunately, vegetative incompatibility has not yet been inves-
tigated in any Trichoderma species, and based on the
current data, should be a topic of future research.

Finally, the abundance of SSCPs in Trichoderma may
be involved in rhizosphere competence: the genome of
the ectomycorrhizal basidiomycete Laccaria bicolor also
encodes a large set of SSCPs, which accumulate in the
hyphae that colonize the host root [42].

Gene expansions in Tv and Ta that do not occur in
Tr may comprise genes specific for mycoparasitism.
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As a prominent example, proteases have expanded in Ta
and Tv, supporting the hypothesis that the degradation
of proteins is a major trait of mycoparasites [43]. Like-
wise, the increase in chitinolytic enzymes and some B-
glucanase-containing GH families is remarkable and
illustrates the importance of destruction of the prey's
cell wall in this process. With respect to the chitinases,
the expansion of those bearing CBMS50 modules was
particularly remarkable: proteins containing these mod-
ules were recently classified into several different groups
by de Jonge and Thomma [44]. Proteins that consist
solely of CBM50 modules are type-A LysM proteins,
and there is evidence for the role of these as virulence
factors in plant pathogenic fungi. The high numbers of
LysM proteins that are found in Trichoderma, however,
indicate other/additional roles for these proteins in fun-
gal biology that are not understood yet. Also, the expan-
sion of the GH75 chitosanases was intriguing: chitosan
is a partially deacetylated derivative of chitin and,
depending on the fungal species and the growth condi-
tions, in mature fungal cell walls chitin is partially dea-
cetylated. It has also been reported that fungi
deacetylate chitin as a defense mechanism [45.,46]. Chit-
osan degradation may therefore be a relevant aspect of
mycoparasitism and fungal cell wall degradation that has
also not been regarded yet. Overall, the carbohydrate-
active enzyme machinery present in Trichoderma is
compatible with saprophytic behavior but, interestingly,
the set of enzymes involved in the degradation of ‘softer’
plant cell wall components, such as pectin, is reduced.
A possible plant symbiotic relationship [3] might rely on
a mycoparasitic capacity along with a reduced specificity
for pectin, minimizing the plant defense reaction.

Although the genes encoding proteins for the synth-
esis of typical fungal secondary metabolites (PKS, NRPS,
PKS-NRPS) are also abundant, they are not significantly
more expanded than in some other fungi. An exception
is Tv and its 28 NRPS genes. However, our genome ana-
lysis revealed also a high number of oxidoreductases,
cytochrome P450 oxidases, and other enzymes that
could be part of as yet unknown pathways for the synth-
esis of further secondary metabolites. In support of this,
several of these genes were found to be clustered in the
genome (data not shown), and were more abundant in
the two mycoparasitic species Ta and Tv. Together with
the expanded set of oxidoreductases, monooxygenases,
and enzymes for AMP activation of acids, phospho-
pathetheine attachment, and synthesis of isoquinoline
alkaloids in Ta and Tv, these genes may define new sec-
ondary metabolite biosynthetic routes.

Conclusions
Our comparative genome analysis of the three Tricho-
derma species now opens new opportunities for the

development of improved and research-driven strategies
to select and improve Trichoderma species as biocontrol
agents. The availability of the genome sequences pub-
lished in this study, as well as of several pathogenic
fungi and their potential host plants (for example, [47])
provides a challenging opportunity to develop a deeper
understanding of the underlying processes by which Tri-
choderma interacts with plant pathogens in the presence
of living plants within their ecosystem.

Materials and methods

Genome sequencing and assembly

The genomes of T. virens and T. atroviride each were
assembled from shotgun reads using the JGI (USA Depart-
ment of Energy) assembler Jazz (see Table S15 in Addi-
tional file 1 for summary of assembly statistics). Each
genome was annotated using the JGI Annotation pipeline,
which combines several gene prediction, annotation and
analysis tools. Genes were predicted using Fgenesh [48],
Fgenesh+ [49], and Genewise programs [50]. ESTs from
each species (Chapter 4 of Additional file 2) were clustered
and either assembled and converted into putative full-
length genes directly mapped to genomic sequence or
used to extend predicted gene models into full-length
genes by adding 5’ and/or 3’ untranslated regions to the
models. From multiple gene models predicted at each
locus, a single representative model was chosen based on
homology and EST support and used for further analysis.
Gene model characteristics and support are summarized
in Tables 516 and 517 in Additional file 1.

All predicted gene models were functionally annotated
by homology to annotated genes from a NCBI non-
redundant set and classified according to Gene Ontology
[51], eukaryotic orthologous groups (KOGs) [52], and
Kyoto Encyclopedia of Genes and Genomes (KEGG)
metabolic pathways [53]. See Tables S18 and S19 in
Additional file 1 for a summary of the functional anno-
tation. Automatically predicted genes and functions
were further refined by user community-wide manual
curation efforts using web-based tools at [54,55]. The
latest version gene set containing manually curated
genes is called GeneCatalog.

Assembly and annotation data for Tv and Ta are
available through JGI Genome Portals homepage at
[54,55]. The genome assemblies, predicted gene models,
and annotations were deposited at GenBank under pro-
ject accessions [GenBank: ABDF00000000 and
ABDGO00000000], respectively. GenBank public release
of the data described in this paper should coincide with
the manuscript publication date.

Genome similarity analysis and genomic synteny
Orthologous genes, as originally defined, imply a reflec-
tion of the history of species. In recent years, many
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studies have examined the concordance between ortho-
logous gene trees and species trees in bacteria. With the
purpose of identifying all the orthologous gene pairs for
the three Trichoderma species, a best bidirectional blast
hit approach as described elsewhere [56,57] was per-
formed, using the predicted translated gene models for
each of the three species as pairwise comparison sefs.
The areas of relationship known as syntenic regions or
syntenic blocks are anchored with orthologs (calculated
as mutual best hits or bi-directional best hits) between
the two genomes in question, and are built by control-
ling for the minimum number of genes, minimum den-
sity, and maximum gap (genes not from the same
genome area) compared with randomized data as
described in [56]. While this technique may cause artifi-
cial breaks, it highlights regions that are dynamic and
picking up a large number of insertions or duplications.
Orthologous and paralogous gene models were identi-
fied by first using BLAST to find all pairwise matches
between the resulting proteins from the gene models.
The pairwise matches from BLAST were then clustered
into groups of paralogs using MCL [58]. In parallel we
applied orthoMCL [59] to the same pairwise matches to
identify the proteins that were orthologous in all of the
three genomes. By subtracting all the proteins that were
identified as orthologs from the groups of paralogs and
unique genes, we were left with only the protein pro-
ducts of gene models that have expanded since the most
recent common ancestor (MRCA) of the three Tricho-
derma genomes. We then calculated the P-value under
the mull hypothesis that the number of non-orthologous
genes that are non-syntenic is less than the number of
non-orthologous genes that are syntenic.

Identification of transposable elements

We scanned the Trichoderma genomes with the de novo
repeat finding program Piler [19]. Next, we searched for
sequences with similarity to known repetitive elements
from other eukaryotes with the program RepeatMasker
[21] using all eukaryotic repetitive elements in the
RepBase (version 13.09) database. After masking repeti-
tive sequences that matched the DNA sequence of
known repetitive elements, we scanned the masked gen-
ome sequences with RepeatProteinMask (a component
of the RepeatMasker application). This search located
additional degenerate repetitive sequences with similar-
ity to proteins encoded by TEs in the RepBase database.

CAZome identification and analysis

All protein models for Ta and Tv were compared
against the set of libraries of modules derived from
CAZy [60,61]. The identified proteins were subjected to
manual analysis for correction of the protein models, for
full modular annotation and for functional inference

against a library of experimentally characterized
enzymes. Comparative analysis was made by the enu-
meration of all modules identified in the three Tricho-
derma species and 14 other published fungal genomes.

Phylogenetic and evolutionary analyses

One-hundred genes were randomly selected from Ta,
Tv, Tr and C. globosum based on their property to fulfill
two requirements: they were in synteny in all four gen-
omes, and they were true orthologues (no other gene
encoding a protein with amino acid similarity >50% pre-
sent). After alignment, the concatenated 10,449 amino
acids were subjected to Bayesian analysis [33] using 1
million generations. The respective cDNA sequences
(31,347 nucleotides) were also concatenated, and Ks/Ka
ratios determined using DNASp5 [62]. The same file
was also used to determine the codon adaptation index
[32]. In addition, 80 non-syntenic genes were also
selected randomly for this purpose.

The species phylogram of Trichoderma/Hypocrea was
constructed by Bayesian analysis of partial exon nucleo-
tide sequences (824 total characters from which 332
were parsimony-informative) of the rpb2 gene (encoding
RNA polymerase B II) from 110 ex-type strains, thereby
spanning the biodiversity of the whole genus. The tree
was obtained after 5 million MCMC generations
sampled for every 100 trees, using burmin = 1200 and
applying the general time reversible model of nucleotide
substitution. The NCBI ENTREZ accession numbers
are: 1 [HQ260620]; 3 [DQ08724]; 4 [HM182969]; 5
[HM182984]; 6 [HM182965]; 7 [AF545565]; 8
[AF545517]; 16 [FJ442769]; 17 [AY391900]; 18
[F1179608]; 19 [FJ442715]; 20 [FJ442771]; 21
[AY391045]; 22 [EU498358]; 23 [DQ834463]; 24
[F1442725]; 25 [AF545508]; 26 [AY391919]; 27
[AF545557]; 28 [AF545542]; 29 [FJ442738]; 30
[AF545550]; 31 [AY391009]; 32 [AF545516]; 33
[AF545518]; 34 [AF545512]; 35 [AF545510]; 36
[AF545514]; 37 [AY391021]; 38 [AF545513]; 39
[AY391054]; 40 [AY301944]; 41 [AF545534]; 42
[AY391899]; 43 [AY301907]; 44 [AF545511]; 45
[AY391029]; 46 [AF545540]; 47 [AY391958]; 48
[AY391024]; 49 [AF545515]; 50 [AY391957]; 51
[AF545551]; 52 [AF545522]; 53 [FJ442714]; 54

[AF545509]; 55 [AY391959]; 56 [DQO087239]; 57
[AF545553]; 58 [AF545545]; 59 [DQ835518]; 60
[DQ835521]; 61 [DQ835462]; 62 [DQ835465]; 63

[DQ835522]; 64 [AF545560];
[DQ345348]; 67 [AF545520];
[AF545562]; 70 [AF545563];
[F1179617]; 73 [DQ859031]; 74 [EU341809]; 75
[F1179614]; 76 [DQO087238]; 77 [AF545564]; 78
[F1179601]; 79 [FJ179606]; 80 [FT179612]; 81 [FI179616];
82 [EU264004]; 83 [FJ150783]; 84 [FI150767]; 85

65 [DQ835517]; 66
68 [DQ835455]; 69
71 [DQ835453]; 72
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[F1150786]; 86 [EUS883559]; 87 [FJ150785]; 88
[EU248602]; 89 [EU241505]; 90 [FJ442762]; 91
[F1442741]; 92 [FJ442783]; 93 [EU341805]; 94
[F1442723]; 95 [FJ442772]; 96 [EU2415023]; 97
[EU341801]; 98 [EU248600]; 99 [EU341808]; 100
[EU3418033]; 101 [EU2485942]; 102 [AF545519]; 103
[EU248603]; 104 [EU248607]; 105 [EU341806]; 106
[DQO086150]; 107 [DQ834460]; 108 [EU711362]; 109
[EU883557]; 110 [FI150790].

Additional material

Additional file 1: Comparative properties and gene inventory of T.
reesei, T.virens and T.atroviride This file contains additional
information on genomic properties and selected gene families from the
three Trichoderma species comprising 19 tables. Table S1 summarizes the
satellite sequences identified in the Trichoderma genomes and four other
fungal genomes. Table 52 summarizes manually curated sequence
alignments of transposable element families from the Trichoderma
genomes. Table S3 liststhe total number of CAZy families in Trichoderma
and other fungi. Table 54 lists the glycoside hydrolase (GH) families in
Trichoderma and other fungi. Table 55 liststhe glycosyltransferase (GT)
families in Trichoderma and other fungi. Table S6 liststhe polysaccharide
lyase (PL) families in Trichoderma and other fingi. Table 57 lists the
carbohydrate esterase (CE) families in Trichoderma and other fungi Table
S8 liststhe carbohydrate-binding module (CBM) families in Trichoderma
and other fungi. Table S9 lists the NRPS, PES and NRPS-PES proteins in T.
atroviride. Table 510 lists NRPS, PES and NRPS-PES proteins in T. virens.
Table S11 lists the putative insecticidal toxins in Trichoderma Table S12
liststhe cytochrome P450 CYP4/CYP19/CYP26 classE proteins in
Trichoderma Table S13 lists the smallcysteine rich secreted protein from
Trichoderma spp. Table S14 lists the most abundant PFAM domains in
those genes that are unique to T.atroviride and T. virens and not present
in T. reesei. Table S15 surveys the assembly statistics. Table S16 provides
gene model support. Table 517 summarizes gene model statistics. Table
518 provides numbers of genes with functional annotation according to
EOG, Gene Ontology, and EEGG classifications. Table $19 lists the largest
KOG families responsible for metabolism.

Additional file 2: Additional information on selected gene groups
of Trichoderma. methods used for genome sequencing, and
legends for the figures in Additional file 3. Chapter 1: Carbohydrate-
Active enzymes (CAZymes). Chapter 2: Aegerolysins and other toxins.
Chapter 3: Small secreted cysteine rich proteins (SSCPs). Chapter 4: EST
sequencing and analysis. Chapter 5: Legends to figures.

Additional file 3: Figures that illustrate selected aspects of the main
text. Figure S1 provides a phylogeny of Trichoderma NPRSs. Figure 52
compares the numbers of epoxide hydrolase genes in Trichoderma with
that in other fungi Figure 53 compares the codon usage in genes from
syntenic and nonsyntenic regions of the genomes of Trichoderma reesei,
T. atroviride and T. virens.

Abbreviations

CAZy: Carbohydrate-Active enZYmes; CBM: carbohydrate binding module;
EST: expressed sequence tag: GH: glycosyl hydrolase; HET:
heteroincompatibility; KEGG: Kyoto Encyclopedia of Genes and Genomes;
KOG: clusters of eukaryotic orthologous groups; NRPS: non-ribosomal
peptide synthase; FKS: polyketide synthase; RIP: repeat-induced point
mutation; SSCP: small secreted cysteine-rich protein; Ta: Trichoderma
atroviride; TE: tra ble el t; Tr: Trichod: reesei; Tv:
Trichoderma virens.
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The BLR-1 and BLR-2 proteins of Trichoderma atroviride are the Neuros-
pora crassa homologs of white collar-1 and -2, two transcription factors
mvolved in the regulation of genes by blue light BLR-1 and BLR-2 are
essential for photoinduction of phr-1, a photolyase-encoding gene whose
promoter exhibits sequences similar to well-characterized light regulatory
elements of Neurospora, including the albino proximal element and the
light response element (LRE). However, despite the fact that this gene has
been extensively used as a blue light induction marker in Trichoderma, the
function of these putative regulatory elements has not been proved. The
described LRE core in N. crassa comprises two close but wvariably spaced
GATA boxes to which a WC-1/-2 complex binds transiently upon applica-
tion of a light stimulus. Using 5' serial deletions of the phr-1 promoter, as
well as point mutations of putative LREs, we were able to delimit an
~ 50 bp long region mediating the transcriptional response to blue light
The identified light-responsive region contained five CGATB motifs, three
of them displaying opposite polarity to canonical WCC binding sites.
Chromatin immunoprecipitation experiments showed that the BLR-2 pro-
tein binds along the phr-1 promoter mn darkness, whereas the application of
a blue light pulse results in decreased BLR-2 binding to the promoter. Our
results suggest that BLR-2 and probably BLR-1 are located on the phr-1
promoter in darkness ready to perform their function as transcriptional
complex in response to light

Introduction

Light is an important environmental cue to which
organisms respond in many different ways. Filamen-
tous fungi are able to adapt their physiology to light
signals to induce morphogenetic pathways [1].
Blue light regulates photocomidiation, phototropism,
entrainment and resetting of circadian rhythms, carot-
enoid synthesis, sexual and asexual development,
among other processes [1-3]. For decades, the filamen-

Abbreviations

tous fungus Neurospora crassa has been the classical
model system to study blue light signal transduction.
In this fungus, the white collar (WC) -1 and WC-2
proteins mediate all known responses to blue light
[4-6]. Both proteins contain PER-ARNT-SIM (PAS)
domains for protein—protein interactions, and GATA
type Zn-finger DNA binding domains. WC-1 functions
as a blue light photoreceptor by means of its special-

APE, albino proximal element: BLR, blue light regulator; BLRC, BLR

ChIP, ct

ecipitation; ELRE, early LRE; LIRE,

late LRE: LOV, light, oxygen and voltage; LRE, light response element; PAS, PER-ARNT-SIM: PDA. potato dextrose agar; PLRRE. potential
light response region;: TSS. transcription start site; UCE. upstream conserved region; WC, white collar; WCC, WC complex.
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