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Resumen

El gen phr-1, que codifica para una fotoliasa de Trichoderma atroviride, se

regula transcripcionalmente por elementos de respuesta a luz no canénicos

Resumen Las proteinas BLR-1 y BLR-2 de Trichoderma atroviride son los
homologos de WC-1 y WC-2 de Neurospora crassa, dos factores de transcripciéon
involucrados en la regulacion de genes que responden a luz azul. BLR-1 y BLR-2
son esenciales para la fotoinduccién del gen phr-1, que codifica para una fotoliasa,
cuyo promotor exhibe secuencias similares elementos de respuesta a luz bien
caracterizados en Neurospora, incluyendo el Elemento Albino Proximal (APE) y el
Elemento de Respuesta a Luz (LRE). No obstante que phr-1 ha sido utilizado
extensamente como marcador de induccién por luz azul en Trichoderma, la
funcibn de esos presuntos elementos reguladores no se ha examinado
experimentalmente. El nucleo del LRE descrito en N. crassa esta conformado por
dos cajas GATA separadas por un numero pequefo y variable de nucledtidos, a
las cuales se une transitoriamente el complejo WC-1/WC-2 (WCC) tras la
aplicacién de un estimulo luminoso. Por medio de deleciones seriadas en el
extremo 5’ del promotor de phr-1, asi como por mutaciones puntuales del LRE
putativo, delimitamos una region de ~50 pb que media la respuesta transcripcional
a la luz azul. La region critica para la fotorrespuesta identificada en este estudio
contiene tres motivos CGATC, dos de ellos en polaridad opuesta a los sitios de
unién canodnicos del WCC. Los experimentos de inmunoprecipitacion de cromatina
mostraron que la proteina BLR-2 se encuentra unida a lo largo del promotor de
phr-1 en la oscuridad, en tanto que la aplicacion de un pulso de luz azul resulté en
un decremento en la unién de BLR-2. Nuestros resultados sugieren que BLR-2 y
probablemente BLR-1, estan localizados sobre el promotor de phr-1 en la
oscuridad, en una conformacion propicia para llevar a cabo su funcion

transcripcional en respuesta a la luz.

PALABRAS CLAVE: Trichoderma; phr-1; luz azul; complejo White-Collar;
Elemento de Respuesta a la Luz; proteinas BLR

xiil



Abstract

The Trichoderma atroviride photolyase-encoding gene is transcriptionally

regulated by non-canonical light response elements

Abstract The BLR-1 and BLR-2 proteins of Trichoderma atroviride are the
Neurospora crassa homologs of White Collar-1 and -2, two transcription factors
involved 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 (APE) 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 proven. The described LRE core in N. crassa
comprises two close but variably spaced GATA-boxes to which a WC-1/-2
complex binds transiently upon application 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 a ~50 bp long region mediating the transcriptional response to
blue-light. The identified light-responsive region contained three CGATC motifs,
two of them displaying opposite polarity to canonical WCC binding sites.
Chromatin immunoprecipitation experiments showed that the BLR-2 protein binds
along the phr-1 promoter in darkness, whereas the application of a blue light pulse
resulted 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.

KEY WORDS: Trichoderma; phr-1; blue light; White-Collar-Complex, Light

Response Element; BLR proteins
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Introduccion

Efecto de laluz en los seres vivos

Detectar el entorno y garantizar una respuesta celular adecuada son retos
cruciales a los que se enfrentan todos los organismos. Estos procesos ocurren de
manera secuencial: la célula recibe la sefal, la cual se transduce, y se genera una
respuesta ante el estimulo (Bahn et al., 2007). La luz del sol es un factor
importante del medio ambiente, ya que a lo largo del dia varia tanto en calidad
como en cantidad, puede ser un estimulo positivo como fuente de energia, o por el
contrario, puede tener efectos perjudiciales, particularmente en longitudes de onda
corta como la luz ultravioleta (UV). La luz es una fuente esencial de energia para
los organismos fotosintéticos como las plantas y algunos microorganismos, pero
también sirve como una senal importante del medio ambiente para especies no
fotosintéticas; por lo tanto, la percepcion de la luz se ha conservado
evolutivamente a través de los reinos, desde las arqueas y los hongos hasta los
seres humanos (Purschwitz et al., 2006; Bahn et al., 2007; Rodriguez-Romero et
al., 2010). En las eubacterias (no fotosintéticas) y cianobacterias (fotosintéticas),
por ejemplo, la luz regula diversos procesos como el ciclo circadiano, la actividad
transcripcional, el metabolismo, la fototaxis, la fotosintesis y la adaptacion
cromatica complementaria, un tipo de fotomorfogénesis en cianobacterias
(Asayama, 2006; Montgomery, 2007).

En animales, la luz regula el encarrilamiento del ciclo circadiano (del latin circa,
que significa alrededor de y dies, que significa dia), un mecanismo de
sincronizacion que funciona para coordinar procesos metabdlicos (metabolismo de
glucosa, lipidos y drogas), fisiologicos (la frecuencia cardiaca, regulacion de
hormonas de crecimiento, la remodelacion de huesos y el sistema inmune) y de
comportamiento (ciclos de suefo-vigilia, regulacion del estrés) (Falciatore y

Bowler, 2005; Gallego y Virshup, 2007). El sistema circadiano confiere una ventaja
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selectiva, ya que permite que los organismos se anticipen a los cambios
periddicos que ocurren en el medio ambiente. EI comportamiento ritmico
controlado por el reloj interno persiste aun bajo condiciones de luz constante
(Falciatore y Bowler, 2005). La desregulacion de los ritmos circadianos trae como
consecuencia la disminucion de la aptitud y la supervivencia de los organismos en

la naturaleza (Gallego y Virshup, 2007).

En las plantas, las condiciones de luz/oscuridad regulan una gran diversidad de
procesos como la fotosintesis, la floracién, el desarrollo del hipocotilo, el ciclo
circadiano y la regulacion transcripcional de un gran numero de genes. Las
plantulas que crecen bajo condiciones de luz presentan fotomorfogénesis,
desarrollo de hipocotilos cortos, apertura y expansién de los cotiledones,
cloroplastos fotosintéticamente activos, y expresion diferencial de genes. Por otra
parte, en la oscuridad ocurre la etiolacion de la plantula, alargamiento de los
hipocotilos, los cotiledones estan cerrados y sin dilatar, y los etioplastos son no
fotosintéticos (Terzaghi y Cashmore, 1995; Fankhauser y Staiger, 2002; Chen et
al., 2004).

En los hongos varios procesos son regulados por la luz, entre estos la regulacién
del ritmo circadiano, el fototropismo, la conidiacion, el metabolismo secundario, la
sintesis de pigmentos y el desarrollo sexual (Kritskii et al., 2005; Purschwitz et al.,
2006; Herrera-Estrella y Horwitz, 2007; Chen et al., 2010; Rodriguez-Romero et
al., 2010). La luz también permite que los hongos orienten su crecimiento celular,
ya que permite que el organismo perciba si estd en el suelo, dentro de un
huésped, o si se expone al aire y/o a otros factores de estrés (Herrera-Estrella y
Horwitz, 2007). Los hongos son capaces de detectar la luz en un intervalo amplio
del espectro luminoso que cubre longitudes de onda de mas de diez 6rdenes de
magnitud, desde el ultravioleta hasta la luz roja lejana. Esto se ve reflejado en una

variedad de complejos proteicos asociados a cromoforos (flavinas, pterinas, etc)



denominados fotorreceptores, para monitorear la cantidad y la calidad de la luz en

su entorno (Purschwitz et al., 2006).

Fotorreceptores

Las bacterias, los hongos, las plantas y los animales cuentan con una variedad de
fotorreceptores que les permiten percibir y responder adecuadamente a la
variabilidad espacial, temporal y espectral de la luz en un entorno natural. Los
fotorreceptores son proteinas acopladas a cromoforos capaces de captar la luz,
generar una sefal y propagarla dentro de la célula para estimular una respuesta
biolégica adecuada (Falciatore y Bowler, 2005; Herrera-Estrella y Horwitz, 2007;
Corrochano, 2011). La percepcion de la luz causa un cambio conformacional en el
cromoforo, seguido de la activacién de una cadena de transduccidén de sefiales
que por ultimo genera una respuesta biolégica (Falciatore y Bowler, 2005). La
secuencia de cambios conformacionales que experimenta el cromdéforo en
respuesta a la luz es reversible y se conoce como fotociclo (Chen et al., 2010).
Los principales croméforos son flavinas, tetrapirroles y retinal, que absorben
longitudes de onda especificas e inducen una reaccion en la proteina (Purschwitz
et al., 2006; Herrera-Estrella y Horwitz, 2007). Muchos fotorreceptores se han
descrito y clasificado en diferentes familias en funcion de la estructura quimica de
sus cromoforos (Falciatore y Bowler, 2005; Purschwitz et al., 2006; Corrochano,
2007; Herrera-Estrella y Horwitz, 2007).

La via de transduccion de la sefal luminosa es equivalente en animales y hongos,
por lo que éstos ultimos han sido excelentes organismos modelo para estudiar los
procesos regulados por luz. Con la creciente disponibilidad de los genomas
secuenciados, asi como una gran cantidad de herramientas genéticas,
moleculares y bioinformaticas, se han identificado nuevos fotorreceptores en los
hongos (Galagan et al., 2003; Borkovich et al., 2004; Kubicek et al., 2011), los

cuales se describen a continuacion.



Fitocromos

Los fitocromos pertenecen a una amplia familia de fotorreceptores distribuidos en
bacterias fotosintéticas y no fotosintéticas, plantas y hongos (Falciatore y Bowler,
2005). Los fitocromos de hongos utilizan a la biliverdina como cromdéforo, la cual
esta unida covalentemente a la proteina a través de un enlace tioéter (Rockwell et
al., 2006). El fitocromo tiene dos dominios: un dominio N-terminal fotosensorial
(entrada de sefal), y un dominio C-terminal (regulatorio) involucrado en
dimerizacién y activaciéon de la transduccion de la senal (Falciatore y Bowler,
2005; Rockwell et al., 2006; Rodriguez-Romero et al., 2010) (Figura1).

Figura 1. Estructura de los fitocromos. Los fitocromos presentan
una region fotosensora en el extremo N-terminal y una regidn
regulatoria en el extremo C-terminal. El extremo N-terminal,
involucrado en la unién del croméforo de bilina, estd compuesto por
los dominios PAS (P2), GAF y PHY. En los fitocromos de plantas el
cromoforo esta unido en el dominio GAF; sin embargo, en hongos y
bacterias éste se encuentra unido en el dominio P2. En el C-terminal
estan presentes un dominio de cinasa de histidinas (HKRD), un
dominio de ATPasa y un dominio regulador de la respuesta (RRD)
(Modificado de Rodriguez-Romero et al., 2010).

Los fitocromos se encuentran en dos formas relativamente estables,
espectralmente distintas e interconvertibles: una forma Pr, cuya absorcion maxima
es en el rojo (hmax 665 nm) y una forma Pfr, cuyo maximo de absorcién es en el
rojo lejano (Amax 730 nm). La forma Pr es inactiva para la mayoria de las
respuestas, mientras que la forma Pfr es la forma activa (Rockwell et al., 2006).
Un ejemplo opuesto ocurre en la cianobacteria Synechocystis, cuyo fitocromo es

activo en su forma Pr (Yeh et al., 1997).
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Los fitocromos participan en procesos de desarrollo, crecimiento y expresion
diferencial de genes en las plantas (Mockler et al., 1999; Mazzaella et al., 2001;
Tepperman et al., 2001; Nagy y Schafer, 2002; Tepperman et al., 2004), la
conidiacion, expresion génica y metabolismo secundario en hongos (Blumenstein
et al, 2005; Rosales-Saavedra et al, 2006; Atoui et al, 2010), la
fotomorfogénesis en cianobacterias, el crecimiento y la fototaxis en procariotes

(Falciatore y Bowler 2005; Montgomery 2007), entre otros.

Rodopsinas

Las rodopsinas pertenecen a un grupo numeroso y antiguo de fotorreceptores
distribuidos en bacterias, hongos y animales. Estos fotorreceptores estan
formados por la apoproteina opsina, la cual consta de siete hélices
transmembranales, unida al croméforo retinal (Bieszke et al., 1999; Purschwitz et
al., 2006; Salom et al., 2006; Herrera-Estrella y Horwitz, 2007) (Figura 2). Existen
dos tipos de rodopsinas, con estructura similar pero con muy poca similitud en su
secuencia. Las rodopsinas tipo | unen all-frans retinal y funcionan como
transportadores de iones o receptores sensoriales en microbios. La absorcion de
luz verde (Amax 534 nm) lleva a la isomerizacién all-trans—11-cis del retinal
(Purschwitz et al., 2006). Las rodopsinas tipo Il son los fotorreceptores para la
vision en animales y unen 11-cis retinal (Corrochano, 2007). La absorcién de un
foton luz (Amax 498 nm) lleva a la isomerizacién 11-cis — all-trans del retinal
(Palczewski, 2006).

La absorciéon de la luz por las rodopsinas funciona ya sea para transmitir una
sefal, como es el caso de las rodopsinas visuales de los ojos animales, o con
fines de conservacién de energia, como las rodopsinas presentes en arqueas
(Falciatore y Bowler, 2005; Purschwitz et al., 2006; Montgomery, 2007).



Figura 2. Estructura de la rodopsina. El retinal es un croméforo que
se une a las opsinas, las cuales constan de siete dominios
transmembranales (indicados por rectangulos de colores), con el
extremo N-terminal hacia el lado extracelular y el extremo C-terminal
hacia el lado citoplasmico. La membrana celular se esquematiza en
gris (Tomado de Salom et al., 2006).

En los hongos se han descrito opsinas en los ascomicetos y los basidiomicetos
(Rodriguez-Romero et al., 2010). En Neurospora crassa, Cryptococcus
neoformans y Gibberella, las mutantes no presentan defectos obvios en los
procesos regulados por luz (Bieszke et al., 1999; Prado et al., 2004; Idnurm y
Heitman, 2005); sin embargo, los trabajos en Aspergillus nidulans, Leptosphaeria
maculans y Allomyces reticulatus sugieren que las opsinas podrian participar en la
biosintesis de carotenoides, como bombas de protones o en la fototaxis de las
zoosporas, respectivamente (Saranak y Foster, 1997; Idnurm y Howlett, 2001;
Waschuk et al., 2005).

Receptores de luz azul

La respuesta de un ser vivo a la luz azul fue reportada por primera vez en 1881
por Darwin, cuando describi6 el fototropismo inducido por luz azul en las plantas.



Desde entonces, la capacidad de percibir y responder a la luz azul (A 400-500 nm)
se ha descrito en los tres dominios: eucariotas, bacterias y arqueas (Falciatore y
Bowler, 2005; Purschwitz et al., 2006; Rodriguez-Romero et al., 2010).

Los fotorreceptores de luz azul son flavoproteinas, ya que utilizan flavinas como
cromoforos. Los fotorreceptores de luz azul que se han descrito a la fecha son: los
fotosensores tipo PAS/LOV: WC-1 y VIVID y las fototropinas, los
criptocromos/fotoliasas y los BLUF (Chen et al., 2004; Falciatore y Bowler, 2005;
Herrera-Estrella y Horwitz, 2007).

Fotorreceptores tipo PAS/LOV: WC-1y VIVID

Los dominios LOV constituyen una subclase de la familia PAS (Per, Arnt, Sim).
Los dominios PAS son modulos de sefalizacion importantes que detectan la luz,
potencial redox, oxigeno, fuerza motriz de protones y ligandos pequefios, como
una manera de monitorear los cambios del nivel de energia total de una célula
(Taylor y Zhulin, 1999). Una vez que el dominio PAS percibe la sefal del
ambiente, la transduce a un dominio receptor dentro de la misma proteina, o a
otra proteina via interaccion proteina-proteina. Los dominios PAS forman
heterodimeros con mayor frecuencia y algunas veces homodimeros (Zhong et al.,
2003).

Los dominios LOV utilizan una flavina como cromoéforo y funcionan como un
modulo para percibir luz azul en bacterias, plantas y hongos (Zhong et al., 2002;
Crosson et al., 2003; Ogura et al., 2008). La irradiacion con luz azul causa la
formacion de un enlace covalente, llamado aducto, entre la molécula de flavina
(C4a) y una cisteina conservada en el dominio LOV (Figura 3). Posteriormente, el
aducto decae térmicamente al estado basal, debido a una desprotonacion de la
posicion N5 de la flavina (Corchnoy et al., 2003; Zoltowski et al., 2009). Este

cambio estructural dependiente de luz/oscuridad regula la actividad del



fotorreceptor, el cual inicia la transduccién de la sefal luminosa en la célula
(Crosson et al., 2003; Ogura et al., 2008).

Figura 3. Fotoquimica de la formacién del aducto flavin-cisteinyl
en los dominios LOV. La formacion del aducto (resaltado en un
cuadro rojo) es precedida por un estado triplete de la flavina (T), el
cual presenta una estructura electrénica que promueve la protonacion
del atomo N5 de la flavina y el subsecuente ataque nucleofilico del
azufre de la cisteina al atomo C(4a) de la flavina. La energia de un
foton proveniente de la luz azul se denota como hv, la velocidad del
decaimiento radiativo del estado singulete fotoexcitado es k.4 la
conversion interna al estado basal es k¢, y el cruce del intersistema
singulete-triplete es kjsc. El asterisco denota el estado excitado de
singulete (Tomado de Crosson et al., 2003).

Los dominios LOV comparten un plegamiento terciario comun que crea un hueco
(“pocket”) para la union de un cromoforo de flavina, ya sea FMN (flavin mono-
nucledtido) o FAD (flavin adenin dinucledtido) (Figura 4A). En los hongos, las
respuestas mediadas por luz azul dependen principalmente de fotorreceptores
tipo LOV. En el ascomiceto N. crassa se han descrito los fotorreceptores White
Collar (WC)-1 y VIVID (VVD) (Figura 4B). WC-1 es una proteina de 125 kDa que
se activa por la luz azul y regula la expresion de genes responsivos a luz y del
reloj circadiano (Ballario y Macino, 1997; Crosthwaite et al., 1997; He et al., 2002).
VIVID es un fotorreceptor secundario de 21 kDa que consta de un dominio LOV

con alta similitud al de WC-1, mas una region de “tapa” en el N-terminal (Ncap) y



una insercion tipo bucle (loop) que acomoda el cofactor FAD (Heintzen et al.,
2001; Zoltowski et al., 2007). La formacion del aducto induce un cambio
conformacional en el Ncap de VIVID (Zoltowski et al., 2007). Actualmente, se han
identificado proteinas homdlogas a WC-1 y VVD en otros hongos. El papel de
ambos fotorreceptores en la transduccion de la sefial luminosa se discutira mas

adelante.

Figura 4. Estructura de los fotorreceptores tipo PAS/LOV. A)
Estructura tridimensional del dominio LOV de VIVID. El plegamiento
tipico de los dominios PAS se muestra en azul, la extension Ncap en
amarillo y el loop de unién al croméforo en rojo (tomado de Zoltowski
et al.,, 2009). B) Estructura general de WC-1. WC-1 tiene tres
dominios PAS (morado y salmén), uno de los cuales es un dominio
LOV (morado) que une FAD, un dedo de cinc tipo GATA (ZnF), dos
dominios de activacion transcripcional (DA) y una sefial de
localizacion nuclear (NLS) (Modificado de Linden, 2002).

Fototropinas

Las fototropinas son otro tipo de fotorreceptores con dominios LOV con una
arquitectura distinta a los receptores de luz azul antes descritos. Aunque el
mecanismo de percepcion de la sefial luminosa a través del dominio LOV es
semejante a los de WC-1 y VIVID, el mecanismos de transduccién de la sefial es

distinto, y se describe a continuacién. Las fototropinas perciben luz UV-A, UV-B,



azul y verde (A 320-550 nm). Estos fotorreceptores se componen de dos dominios
distintos (Figura 5): un dominio N-terminal fotosensor y un dominio C-terminal de
proteina cinasa de Ser/Thr (Fankhauser y Staiger, 2002; Chen et al., 2004,
Falciatore y Bowler, 2005).

El dominio fotosensor consta de dos dominios LOV asociados a una molécula de
FMN. La activacién de las fototropinas por la luz azul involucra un fotociclo en el
dominio LOV: la luz azul lleva a cabo la formacién del aducto entre el FMN y una
cisteina conservada en el dominio LOV, dando la activacién subsecuente del

dominio de cinasa (Falciatore y Bowler, 2005).

Figura 5. Estructura de las fototropinas. Las fototropinas
comprenden dos dominios LOV (LOV1 y LOV2) y un dominio de
cinasa de Ser/Thr. Las fototropinas se autofosforilan en varios
residuos de serina y treonina; sin embargo, no se han identificado
otros blancos de fosforilacién (Modificado de Falciatore y Bowler,
2005).

La actividad de cinasa es necesaria para la transduccion de la seial mediada por
fototropinas, la cual involucra la autofosforilacion en residuos de serina (Salomon
et al., 2003). A la fecha, solo se han identificado otros dos blancos de fosforilaciéon
de las fototropinas, ATP-BINDING CASSETTE B19 (ABCB19) y PHYTOCHROME
KINASE SUBSTRATE 4 (PKS4), y se ha propuesto que se inactivan por
fosforilacion (Goyal et al., 2013). El proceso de transduccién de la sefial luminosa
mediada por fototropinas también involucra actividad asociada a la membrana, tal
como la captacion de Ca** y la depolarizacién de la membrana inducida por luz

azul (Falciatore y Bowler, 2005).
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Cuando las semillas germinan en el suelo, la orientacion de crecimiento se
determina por la gravedad, para asegurar que las plantulas emerjan del suelo.
Una vez que la regién apical de la plantula (coleoptilo) llega a la superficie, ésta
utiliza la luz azul para orientar su crecimiento (Goyal et al., 2013). Las fototropinas
se encuentran en la region apical del coleoptilo y participan en los procesos de
fototropismo, relocalizacion de los cloroplastos y apertura de estomas
(Fankhauser y Staiger, 2002; Chen et al., 2004; Goyal et al., 2013).

Criptocromo/Fotoliasa

Todos los miembros de esta familia poseen en su dominio N-terminal una region
homologa de fotoliasas (PHR, por sus siglas en inglés), la cual une un croméforo
catalitico, FAD, y otro cosechador de la luz, que puede ser una pterina (MTHF,
meteniltetrahidrofolato) o una deazaflavina (8-HDF, 7,8-didemetil-8-hidroxy-5-
deazariboflavina) (Sancar, 2003; Falciatore y Bowler, 2005; Mdglich et al., 2010)
(Figura 5).

Las fotoliasas catalizan la reparacion de DNA dafado por exposicion a luz UV-B
utilizando luz azul/UV-A (A 350-450 nm) como fuente de energia o como un co-
substrato. Hay tres tipos de fotoliasas que reparan especificamente dos lesiones
distintas de DNA: los dimeros de ciclobutano de pirimidina (CPD, por sus siglas en
inglés) son reparados por las fotoliasas CPD, las cuales estan presentes en
organismos de todos los reinos, incluyendo algunos virus (Kanai et al., 1997; van
Oers et al., 2004). Las 6,4- pirimidina-pirimidona, o fotoproductos (6-4), son
reparados por las (6-4) fotoliasas y solo estan presentes en eucariontes (Sancar,
2003; Falciatore y Bowler, 2005). La tercera clase se describié recientemente en
eubacterias, plantas y animales, con especificidad para CPD en DNA de cadena
sencilla (Lucas-Lledd y Lynch, 2009). Sin embargo, cada tipo de fotoliasa repara

un fotoproducto en particular y no el otro (Sancar, 2003).
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Los criptocromos perciben radiaciones de luz azul y UV-A (A 320-520 nm) y se
han encontrado en bacterias, hongos, plantas y animales. Una caracteristica
estructural importante de los criptocromos es que la mayoria de ellos,
especialmente los de origen vegetal, tienen una extension C-terminal de 50-250
aa sin homologia con las fotoliasas (Sancar, 2003) (Figura 6). Los criptocromos
regulan el crecimiento y el ritmo circadiano en plantas, mientras que en animales
actuan como fotorreceptores circadianos o represores transcripcionales que

controlan el reloj circadiano (Cashmore, 2003; Sancar, 2004).

Figura 6. Estructura de la familia criptocromol/fotoliasa. Los
miembros de esta familia tienen un dominio PHR que une dos
cromoforos, un FAD y una pterina o deazaflavina (P/T). Ademas del
dominio PHR, los criptocromos presentan una extension en el C-
terminal (CCT) poco conservada (Modificado de Schmoll et al., 2010).

Actualmente, la diferencia funcional entre las fotoliasas y los criptocromos se ha
cuestionado debido a que recientemente se han encontrado fotoliasas con
actividad regulatoria y criptocromos con actividad de fotoliasa. En Trichoderma
atroviride, la CPD fotoliasa PHR-1 puede regular su propia expresion de manera
dependiente de la luz, asi como la de otros genes responsivos a luz azul
(Berrocal-Tito et al., 2007). En el hongo patégeno Cercospora zeae-maydis, PHL1
ademas de su actividad de fotoliasa, afecta la produccién de conidias y el
metabolismo secundario (Bluhm y Dunkle, 2008). En Aspergillus nidulans, CryA
presenta una funcion dual regulando la expresion génica en el hongo, asi como

una actividad de foto-reparacion de DNA en el sistema heterdlogo de E. coli
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(Bayram et al., 2008). Por otro lado, las fotoliasas PtCPF1 de Phaeodactylum
tricornutum, asi como PHR2 del baculovirus Chrysodeixis chalcites, actuian como
represores transcripcionales del reloj circadiano en células de mamifero (Coesel
et al., 2009; Biernat et al., 2012).

BLUF

Los fotorreceptores que presentan el dominio BLUF estan involucrados en la
percepcion de luz azul (y posiblemente el estado redox) utilizando FAD como
cromoforo (de ahi su nombre, por "Blue-Light Using FAD"). Las predicciones
basadas en estructura secundaria revelan que el dominio BLUF es un nuevo
plegamiento de unién a FAD presente en varias proteinas, principalmente de
origen bacteriano. Filogenéticamente, este dominio se encuentra representado en
proteobacterias, cianobacterias, protistas y algunos hongos (Gomelsky y Klug,
2002; van der Horst y Hellingwerf, 2004; Herrera-Estrella y Horwitz, 2007).

Las proteinas con dominios BLUF pueden dividirse en dos categorias de acuerdo
con la deduccién de las estructuras de estos dominios (Figura 7): (i) “complejos”,
proteinas pertenecientes a multidominios, y (ii) “proteinas cortas” compuestas de

un dominio BLUF, mas 30-70 residuos adicionales (Gomelsky y Klug, 2002).

Las proteinas con dominios BLUF posiblemente regulan respuestas rio abajo
mediante interacciones proteina-proteina, ya que carecen de dominios de unién a
DNA (Montgomery, 2007). Algunos de estos fotorreceptores presentan dominios
de adenilato ciclasa o EAL y GGDEF (abreviaciones que corresponden a los
aminoacidos de los motivos conservados en estos dominios). Los dominios
GGDEF y EAL participan en la sintesis e hidrdlisis de bis-(3’,5’)-diguanilato ciclico,
c-di-GMP, o mononucleétidos ciclicos (Gomelsky y Klug, 2002).
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Figura 7. Estructura de los fotorreceptores BLUF. Los dominios
BLUF se presentan como dominios aislados o unidos covalentemente
a dominios efectores, en su mayoria involucrados en el metabolismo
de nucledtidos ciclicos. EAL, dominio de fosfodiesterasa; AC, dominio
de adenilato ciclasa (Modificado de Mdglich et al., 2010).

Se ha descrito la participacion de proteinas de esta familia en las respuestas
fotofdbicas de Euglena gracilis (Iseki et al., 2002), la fototaxis positiva de
Synechocystis (Okajima et al., 2005) y en la regulacién transcripcional de

Rhodobacter sphaeroides (Masuda y Bauer, 2002), entre otros.

Regulacion transcripcional mediada por luz

Debido a que los organismos que habitan en la superficie de la Tierra estan
expuestos diariamente a los ciclos de la luz y la temperatura, han evolucionado
mecanismos para sincronizar su biologia interna con su entorno.

En las plantas, especificamente en Arabidopsis, los factores de transcripcion tipo
Myb CIRCADIAN CLOCK ASSOCIATED 1 (CCA1) y LATE ELONGATED
HYPOCOTYL (LHY) actian en la madrugada para reprimir la expresion del
regulador TIMING OF CAB EXPRESSION 1 (TOC1), mediante la unién a un
motivo en el promotor de TOC1 llamado elemento nocturno (EE). Los niveles de
TOC1 aumentan hacia el final del dia y se cree que aumentan, directa o

indirectamente, la expresion de CCA1 y LHY (Harmer y Kay, 2005).

Se han reportado cambios en el perfil transcripcional en respuesta a la luz en un

grupo numeroso de genes. La abundancia de la mayoria de esos transcritos
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incrementa, pero también se han reportado mRNAs cuya abundancia disminuye,
como los genes PHYA, PCR, GBF3 o NPR de Lemna gibba (Terzaghi y
Cashmore, 1995; Filichkin et al., 2011; Rosales-Saavedra et al., 2006). Para
identificar las secuencias que regulan la transcripcion en respuesta a la luz, se
han realizado un gran numero de estudios que combinan microarreglos, analisis in
silico, deleciones y mutagénesis de promotores de dichos genes fusionados a
genes reporteros. Los principales elementos en cis encontrados repetidamente en
genes regulados por luz en plantas se describen a continuacién brevemente

(Terzaghi y Cashmore, 1995; Harmer y Kay, 2005):

e Sitios GT-1. El nucleo de la secuencia es GGTTAA. Un tetramero sintético
de estas cajas confiere la capacidad de responder a luz al promotor CaMV
35S -90:GUS. Los sitios GT-1 se encuentran normalmente en tandem y su
espaciamiento es critico.

e Cajas I. La secuencia que las define es GATAA. Son elementos
regulatorios funcionalmente importantes tanto en monocotiledébneas como
dicotiledéneas. Muchos genes RBCS (rubisco carboxylase-oxygenase
small subunit) presentan una caja | cerca de una caja G, a 100-300 pb rio
arriba de la caja TATA; mientras que otros genes tienen dos o tres
elementos GATA arreglados en tandem y cercanos a la caja TATA.

e Cajas G. La secuencia de este elemento es CACGTG. Se encuentran en
los promotores de genes que responden a estimulos distintos. Las
mutaciones en esta secuencia llevan a una alteracion en la expresion del
gen que regula.

e Evening Element (EE). Su secuencia es de nueve nucledtidos,
AAAATATCT. Es importante para la actividad ritmica de varios promotores
de fase-nocturna, la cual se suprime cuando se muta este elemento.

e CBS. Sitio de unién del factor de transcripcion CIRCADIAN CLOCK
ASSOCIATED 1 (CCA1) (CBS, por sus siglas en inglés), muy relacionado

con el EE. Su secuencia es AAAAATCT. La caja CBS es suficiente para
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conferir la expresion ritmica en la fase de madrugada, mediada por la
accion positiva de los factores de transcripcion CCA1 y LATE ELONGATED
HYPOCOTYL (LHY).

e Otras secuencias. Motivos TGACG, cajas H (CCTACC), secuencias ricas
en AT, elemento CCAAT, caja Gap (ATGAA(A/G)A), elementos ricos en
GC, se han identificado en el promotor de genes regulados por luz.
Confieren regulacion por luz a promotores minimos, aunque algunos no

son esenciales.

La combinacion de un numero de elementos generales define un promotor
inducible por luz, ya que elementos similares pueden presentar efectos diferentes
dependiendo del contexto en que se encuentren. En las plantas, las respuestas a
la luz estan reguladas por varios fotorreceptores que se encuentran
interconectados en circuitos positivos y negativos (Terzaghi y Cashmore, 1995;
Filichkin et al., 2011).

El conocimiento sobre los mecanismos moleculares de los ritmos circadianos han
proporcionado indicios de que las modificaciones post-traduccionales trabajan de
la mano con la regulaciéon transcripcional para ajustar finamente nuestros dias y
noches. El nucleo del reloj es un circuito de retroalimentaciéon negativa compuesto
de factores de transcripcidon que conducen a la expresion de sus propios

reguladores negativos (Gallego y Virshup, 2007).

En los animales, los factores de transcripcion que regulan positivamente el reloj
circadiano son las proteinas CLOCK (Circadian Locomotor QOutput Cycles Kaput;
CLK en Drosophila melanogaster) y BMAL1 (Brain and Muscle ARNT-Like 1).
Estas proteinas se dimerizan para formar el complejo CLOCK/BMAL1, el cual
induce la expresion de un gran numero de genes, entre los que se encuentran los
reguladores negativos o represores del complejo CLOCK/BMAL1, las proteinas
period (PER1 y PER2) y criptocromos (CRY1 y CRY2) (Gallego y Virshup, 2007).
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La mayoria de los datos experimentales indican que la secuencia hexamérica
CACGTG, llamada caja E, se encuentran comunmente en el promotor de los
genes reconocidos por el complejo CLOCK/BMAI1. Las cajas-E, en general,
realizan una funcion especifica y compleja en conjunto con los médulos de
informacion adicional (ej. secuencias tejido especificas) a lo largo del promotor de
genes circadianos como timeless, vrille, D-element binding protein (dbp),
vasopressin (AVP), serotonin N-acetyltransferase (AA-NAT), prokineticin 2 (PK2) y
los period (Muioz y Baler 2003).

En mamiferos, D. melanogaster y Neurospora crassa, los elementos positivos que
regulan la expresion génica en respuesta a la luz son complejos heterodiméricos
de proteinas, compuestos de factores de transcripcion que presentan dominios
PAS. En este sentido, los hongos filamentosos son excelentes modelos para
estudiar la percepcion y transduccion de la seial luminosa, la cual es equivalente
a la presente en eucariotas “superiores” como D. melanogaster y mamiferos
(Gallego y Virshup, 2007).

En el hongo filamentoso N. crassa, todas las respuestas a luz conocidas son
mediadas por luz azul y casi todas requieren de las proteinas WC-1 y WC-2
(Ballario y Macino 1997; Crosthwaite et al. 1997; Linden et al. 1997). Aunque la
mayoria de las respuestas a la luz azul se pierden en un fondo mutante Awc-1, en
un analisis de microarreglos se identific6 una pequefia proporcion de genes
regulados por luz azul que no son dependientes de wc-1 (Chen et al., 2009). La
proteina WC-1 es el receptor de luz azul y forma un heterodimero con la proteina
WC-2 (Figura 8), cuya estructura es similar a WC-1 pero no presenta el dominio
LOV (Linden y Macino, 1997; Cheng et al., 2002). Tras un estimulo luminoso, las
proteinas WC-1 y WC-2 se heterodimerizan via sus dominios PAS para formar el
Complejo White Collar (WCC) in vivo (Ballario y Macino 1997; Crosthwaite et al.,
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1997; Cheng et al., 2002, 2003), el cual media las respuestas a luz azul, activando

la transcripcion de genes inducibles por luz (Linden et al., 1997; Liu et al., 2003).

Figura 8. Estructura de WC-1 y WC-2. Las proteinas WC son
factores de transcripcion tipo GATA (ZnF), que presentan un dominio
de activacion (DA), una sefial de localizacion nuclear (NLS) y
dominios de interaccion proteina-proteina PAS (color salmén). WC-1
presenta un dominio LOV (color morado) que le da el caracter de
fotorreceptor (Modificado de Linden, 2002).

El WCC controla directamente la expresién de un gran numero de genes, que a
juzgar por la cinética de induccion de la transcripcion debida a luz azul, los genes
responsivos a luz pueden agruparse en genes tempranos (ELRG, por sus siglas
en inglés) y genes tardios (LLRG, por sus siglas en inglés) (Linden et al., 1997).
La induccion de la transcripcion de los ELRG se observa desde los 5 min después
del pulso de luz, alcanzando su maxima expresion después de 15-30 min.
Algunos ejemplos de este grupo de genes incluyen a we-1, frequency (frq), vvd,
los genes bli, (inducidos por luz azul), al (genes involucrados en sintesis de
pigmentos), algunos ccg’'s (genes controlados por el reloj circadiano), y con-6 y
con-10 (genes de conidiacién -6 y -10). Los LLRG presentan una expresion
maxima entre los 45 y 120 min después del pulso de luz. Entre éstos se

encuentran ccg-1, -2 y -9 (Linden et al., 1997) (Figura 9).

En los estudios iniciales con los promotores de frq, vvd y al-3 se comprobé que el

WCC se une a los elementos de respuesta a luz (LRE, Light Response Element)
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tipo GATA, cuya secuencia consenso es 5-GATNC---CGATN-3’, donde N puede
ser cualquier nucledtido, pero es el mismo en ambas cajas, y el espacio entre las
cajas GATA es variable (Froehlich et al., 2002; He y Liu 2005). Posteriormente,
gracias a estudios de microarreglos se describid una red jerarquica de induccion
de genes en respuesta a la luz y se describieron a los LRE tempranos (ELRE;
consenso GATC) y a los tardios (LLRE; consenso TGAYRTCA) (Chen et al.,
2009). Entre los ELRG se encuentra el factor transcripcional SUB-1, el cual esta
involucrado en la regulacion de algunos LLRG, presumiblemente a través de la
union a los LLRE (Chen et al., 2009). Recientemente, el consenso del ELRE se
extendié a GATCGA, derivado de un analisis de ChIP-seq de todo el genoma de

N. crassa con un anticuerpo anti-WC-2 (Smith et al., 2010).

La proteina FRQ (producto del gen frq) se encuentra en complejo con la RNA
helicasa FRH, formando el complejo FRQ/FRH (FFC) (Cheng et al., 2005). EI FFC
promueve la fosforilacion de su activador transcripcional, el WCC, vy
consecuentemente inhibe su actividad de manera dependiente de la luz,
generando un ritmo diario sobre la actividad del WCC que es esencial para
mantener el ritmo circadiano en N. crassa (Schafmeier et al., 2005). Por otra
parte, la proteina cinasa C (PKC) también regula la actividad del WCC,
fosforilando principalmente la regién C-terminal de WC-1 que contiene el dominio
de unién a DNA (Franchi et al., 2005). Finalmente, VVD modula la fotoadaptacion
del WCC al interactuar con el WCC para regular la activacién periddica de la
respuesta a la luz azul, permitiendo que el hongo pueda reaccionar a los cambios
en las intensidades de luz (Chen et al., 2010a; Malzahn et al., 2010). La
fotoadaptacion es un mecanismo que utilizan los organismos para ajustar la
sensibilidad de sus sistemas de fotopercepcion a una exposicion prolongada a la

luz (Figura 9).
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Figura 9. Via de seializacion de la luz azul en Neurospora crassa.
La luz azul estimula la expresion de genes tempranos y tardios, la
cual es dependiente del WCC y su union a los ELRE (GATC). En
respuesta a la luz, el WCC activa la transcripcién de los genes
tempranos, como frq y vvd. FRQ forma un complejo con FRH e inhibe
la actividad del WCC a través de interacciones fisicas, o reclutando a
las cinasas CK | y Il que lo fosforilan. Por otra parte, VVD puede
heterodimerizar con el WCC, desetabilizandolo. PKC también
fosforila el WCC de manera dependiente de la luz. El estado de
hiperfosforilacién del WCC resulta en la degradacion de parte del
complejo via el proteasoma, y una pérdida en la afinidad por el DNA
(Tomado y modificado de Linden et al.,, 1997 y Liu y Bell-Pedersen,
2006).

Respuesta alaluz azul en Trichoderma spp

Trichoderma atroviride es un hongo comun del suelo que se emplea en control
bioldgico debido a su capacidad de parasitar a hongos fitopatégenos (Papavizas,
1985). Su modo de propagacion en el campo esta basado en el uso de conidias,
los productos de la reproduccidn asexual. En muchas especies del género
Trichoderma, un breve pulso de luz dispara la conidiaciéon (Galun y Gressel,
1966), y se ha mostrado que este proceso esta estrechamente regulado por la luz,

la limitacién de nutrientes y el dafio mecanico (Horwitz et al., 1985; Casas-Flores
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et al., 2004). T. atroviride es empleado como modelo fotomorfogénico ya que en
total oscuridad crece indefinidamente como micelio, siempre y cuando tenga
todos los nutrientes necesarios en el medio de cultivo. Sin embargo, tras un pulso
de luz azul/lUVA se induce el desarrollo de conidias en la periferia de una colonia

en crecimiento al tiempo de la fotoinduccién (Gressel y Galun, 1967) (Figura 10).

Figura 10. Fotoconidiacién en Trichoderma atroviride. Las
fotografias muestran el efecto de un pulso de luz azul (5 min) en la
morfologia de T. atroviride. A) Crecimiento de una colonia en
oscuridad. B) Morfologia de una colonia después de 36 h de recibir el
pulso de luz azul, la cual exhibe el anillo de conidias verdes
caracteristico del hongo. A la derecha se muestran las micrografias
electronicas de la region indicada (Tomado y modificado de Schmoll
etal., 2010 y Carreras et al., 2012).

El espectro de accion en el que ocurre la produccion de conidias incluye un pico
agudo en la regiéon UV de 350-380 nm y un pico mas amplio en la region azul con
un maximo a 440-450 nm (Gressel y Hartman, 1968; Kumagai y Oda, 1969), lo
cual sugirio la participacion de una flavina en la transduccion de la sefial luminosa.

Esta hipotesis fue apoyada posteriormente, al mostrar experimentalmente que la
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roseoflavina (un analogo de la riboflavina) interfiere con la fotoconidiacion en

Trichoderma (Horwitz et al., 1984a).

Otros eventos que se han reportado en Trichoderma después de la exposicion a
la luz azul incluyen la sintesis de RNA (Galun y Gressel, 1966; Gressel y Galun,
1967), cambios en la composicion de lipidos (Betina y Koman, 1980), cambios en
el potencial de membrana (Horwitz et al., 1984b), un incremento en el nivel
intracelular de ATP y cAMP (Tamova et al., 1995; Gresik et al., 1988), asi como

un aumento en la fosforilacion de las proteinas (GreSik et al., 1989).

Una de las estrategias para identificar el sistema de percepcién de luz azul en
Trichoderma se baso en la relacion evolutiva de las fotoliasas y los criptocromos,
dado el espectro de accion de la fotoconidiacion. Asi, se identificd y caracterizé el
primer gen responsivo a luz azul en T. atroviride, el cual se nombrd phr-1 ya que
codifica para una fotoliasa tipo CPD (Berrocal-Tito et al., 1999). La cinética de
expresion de phr-1 mostré que en la oscuridad el mMRNA no se detecta, pero luego
de un pulso de luz azul se observd una acumulacion rapida y transitoria del
transcrito, alcanzando un pico maximo entre los 15 y 30 min, y un descenso
después de 60 min (Berrocal-Tito et al., 1999). Aunque PHR-1 no fue el
fotorreceptor de luz azul de T. atroviride, si presenté actividad de fotoliasa, asi

como un papel en la regulacién su propio transcrito (Berrocal-Tito et al., 2007).

Posteriormente, en T. atroviride se identificaron los genes homélogos a we-1y we-
2, los cuales se denominaron blue light regulator (bir)-1 y bir-2. BLR-1 y BLR-2
presentan dominios similares a los de sus ortélogos en N. crassa, a excepcion de
los dominios de activacion presentes en las proteinas WC, lo cual sugiere la
participacion de una o mas proteinas en la activacion de la transcripcion (Casas-
Flores et al., 2004). Tanto bir-1 como bir-2 son esenciales para la fotoconidiacion
y la regulaciéon de genes responsivos a luz azul en T. atroviride y T. reesei, por lo

que se ha propuesto que BLR-1 actua como fotorreceptor y trabaja en complejo
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con BLR-2 (Casas-Flores et al., 2004; Rosales-Saavedra et al., 2006; Castellanos
et al., 2010).

Entre los analisis que se han realizado para elucidar la via de transduccion de la
senal luminosa, se emplearon una serie de inhibidores que interfieren con la
produccion de cAMP (Sulova y Farkas, 1991; Berrocal-Tito et al., 2000). La
inhibicion de la fosfodiesterasa (PDE) estimuld la conidiacion inducida por luz, sin
afectar el crecimiento (Sulova y Farkas, 1991), mientras que la inhibicion de la
adenilato ciclasa bloqued la conidiacion (Berrocal-Tito et al., 2000). Por otra parte,
la adicion de un analogo de cAMP provocd que esporulara una colonia que crecia
en la oscuridad (Berrocal-Tito et al., 2000), mas no se afectd el perfil
transcripcional de phr-1, lo que sugiere la existencia de dos vias independientes
que se activan por luz azul. Se ha observado una activacién de la PKA después
de un pulso de luz azul, aun en las mutantes AbIr-1 y Abir-2, lo cual confirma un
sistema alternativo para la percepcion de luz azul ligado a cAMP (Casas-Flores et
al.,, 2006). La activaciéon de la PKA también tiene un impacto directo en la
expresion de los genes regulados por luz azul dependientes de las proteinas BLR,
ya que una baja actividad de la PKA correlaciona con un bloqueo en la

transcripcion de dichos genes en T. atroviride (Casas-Flores et al., 2006).

La via de la PKA esta relacionada con algunas proteinas G, entre las cuales la
GNAB3 parece tener un papel en la percepcion de la luz, ya que se ha observado
un incremento en la transcripcidn del gen gna3 debido a la luz en T. reesei
(Schmoll et al., 2009). Por otra parte, las transformantes que expresan una
version activa de GNAS3 presentan una fuerte expresion, en respuesta a la luz, del
gen cbh1, el cual codifica para una celobiohidrolasa (Schmoll et al., 2009). La
GNA1 es otra proteina G analizada en T. reesei, la cual también parece estar
involucrada en la via de sefalizacion por luz azul, ya que en la cepa mutante
Agna1, no se observé una induccion por luz del gen cbh1 (Seibel et al., 2009). El

analisis del gen ortdlogo de gna1t en T. atroviride (tga1) mostré que tiene un papel
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como regulador negativo de la conidiacién, Las transformantes donde se silencio
tga1 conidiaron constitutivamente, mientras que las sobreexpresantes fueron
incapaces de producir conidias en respuesta a la luz (Rocha-Ramirez et al.,
2002).

Un segundo fotorreceptor de luz azul, ENVOY (ortélogo a VIVID de N. crassa), se
identifico y caracterizé en T. reesei (Schmoll et al., 2005), y también se encuentra
codificado en los genomas de T. atroviride y T. virens. En oscuridad, el gen env1
se transcribe a un nivel muy bajo, pero luego de recibir el estimulo luminoso la
abundancia del transcrito incrementa hasta mas de 500 veces y su expresion
depende de las proteinas BLR tanto en T. atroviride como en T. reesei (Rosales-
Saavedra et al., 2006; Schuster et al., 2007). Posteriormente, se mostré la
participacion de ENVOY en la regulacion de genes responsivos a luz azul y en la
transduccion de la sefal luminosa, a través de proteinas G y la via de PKA
(Castellanos et al., 2010; Tish et al.,, 2011). Aunque las proteinas ENV1 y VVD
muestran una regulacién similar y alta similitud en su secuencia a nivel de
aminoacidos entre ellas, el gen env1 no fue capaz de complementar una cepa
Awvd, lo cual sugiere diferencias en la regulacién por luz en ambos hongos
(Schmoll et al., 2005).

Entre otros procesos mediados por el complejo BLR y ENVOY, se ha demostrado
que hay un incremento en la transcripcion de los genes de celulasas bajo luz
constante, en comparacion con condiciones en oscuridad, lo cual esta regulado
por ENVOY (Schmoll et al., 2005). Estos experimentos se llevaron a cabo con
celulosa como fuente de carbono; sin embargo, se han observado diferencias en
las respuestas a luz/oscuridad con distintas fuentes de carbono o nitrégeno (Friedl
et al., 2008a, b). Por tanto, la presencia o ausencia de luz parece ser relevante
para el uso y/o toma de una fuente de carbono especifica. En T. atroviride, las
mutantes Ablr-1 y Ablr-2 son incapaces de producir conidias en respuesta a una

privacion subita de la fuente de carbono (Casas-Flores et al., 2004).
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Entre otros nutrientes, la asimilacion de los compuestos de azufre, como cisteina,
metionina y S-adenosilmetionina, es dependiente del estado de luz, como se ha
visto para T. reesei. Dichos compuestos son cruciales para el crecimiento en
celulosa en condiciones de luz y no puede compensarse por la adicion de

metionina (Gremel et al., 2008).

A pesar de las semejanzas entre Trichoderma spp. y N. crassa, existen
diferencias importantes en la respuesta a la luz azul en estos hongos. Se ha
demostrado que BLR-2 es el factor limitante en la formacion del complejo BLR
(BLRC), ya que la sobreexpresion de esta proteina resulté en un incremento en la
sensibilidad a la luz azul en T. atroviride (Esquivel-Naranjo y Herrera-Estrella,
2007), mientras que en N. crassa es WC-1 (Cheng et al., 2001). Por otra parte, las
proteinas BLR participan en la activacion y represion transcripcional de genes
regulados por luz azul, un papel dual que no habia sido descrito en otros hongos
(Rosales-Saavedra et al., 2006) (Figura 11).

A fin de tener una mayor comprension sobre la regulacidén génica en respuesta a
la luz en Trichoderma, se realiz6 un primer analisis usando microarreglos de
cDNA con 1438 genes representados. Los resultados mostraron que
aproximadamente el 3% de los genes fueron responsivos a luz, de los cuales 30
genes se activaron (llamados blu, blue light upregulated) y 10 se reprimieron
(lamados bld, blue light downregulated) (Rosales-Saavedra et al., 2006).
Recientemente, gracias a la disponibilidad de la secuencia de varios genomas, se
ha hecho un analisis cuantitativo del transcriptoma con el que se identificaron 331
genes regulados por luz blanca, de los cuales 204 son responsivos
especificamente a luz azul (Carreras-Villasefor et al., 2012). Asi mismo, en T.
reesei se han descrito genes que se expresan 0 que se reprimen en respuesta a
la luz (Schuster et al., 2007).
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El analisis in silico de la region promotora de los genes regulados por luz azul en
Trichoderma spp., ha permitido la identificacion de secuencias similares a los
ELRE descritos para N. crassa (Rosales-Saavedra et al., 2006; Schuster et al.,
2007), lo que sugiere que el mecanismo de accién del BLRC es similar al
reportado para el WCC (Figura 11). Especificamente, en el gen phr-1 de T.
atroviride se han descrito dos posibles secuencias reguladoras de la respuesta a
la luz, el elemento albino proximal, APE (Albino Proximal Element) (Berrocal-Tito

et al., 1999) y un elemento similar al ELRE (Rosales-Saavedra et al., 2006).

Por otra parte, se identificaron dos motivos putativos de unién a proteinas en el
promotor de env1 de T. reesei: Envoy Upstream Motifs 1 (EUM1: CTGTGC) y 2
(EUM2: ACCTTGAC) (Schmoll et al., 2005), los cuales se han identificado en
otros genes regulados por luz (Schuster et al., 2007). Sin embargo, a la fecha no
se ha probado experimentalmente que estos elementos regulatorios putativos

sean funcionales in vivo en ninguna especie de Trichoderma.
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Figura 11. Modelo de la via de sefalizacién de la luz azul en
Trichoderma. Las proteinas BLR-1 (amarillo) y BLR-2 (rosa) forman
el complejo fotorreceptor BLRC, el cual percibe la luz del medio y se
une a los LRE en el promotor de los genes responsivos a luz azul,
reprimiendo (bld) o activando (b/u) su transcripcion. ENVOY (morado)
participa en la fotoadaptacion, reprimiendo la expresion de genes blu
posiblemente a través de la interaccion con el BLRC. Por otra parte,
PHR-1 regula su propia expresién y la de otros genes blu,
posiblemente uniéndose a un represor, que a su vez regula
negativamente al BLRC (Tomado y modificado de Berrocal-Tito et al.,
2007 y Esquivel-Naranjo y Herrera-Estrella, 2007).
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Abstract

The BLR-1 and BLR-2 proteins of Trichoderma atroviride are the Neurospora crassa
homologs of White Collar-1 and -2, two transcription factors involved 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 (APE)
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 proven. The described LRE core in N. crassa

comprises two close but variably spaced GATA-boxes to which a WC-1/-2 complex binds
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transiently upon application 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 a ~50 bp
long region mediating the transcriptional response to blue-light. The identified light-
responsive region contained three CGATC motifs, two of them displaying opposite
polarity to canonical WCC binding sites. Chromatin immunoprecipitation experiments
showed that the BLR-2 protein binds along the phr-1 promoter in darkness, whereas the
application of a blue light pulse resulted 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.

Keywords: Trichoderma; phr-1; blue light; White-Collar-Complex; Light Response
Element; BLR proteins

Abbreviations: WC, White Collar; WCC, WC Complex; PAS, PER-ARNT-SIM; LOV,
Light, Oxygen and Voltage; BLR, Blue Light Regulator; BLRC, BLR complex; LRE,
Light Response Element; ELRE, Early LRE; LLRE, Late LRE; APE, Albino Proximal
Element; PLRR, Potential Light Response Region; UCR, upstream conserved region; TSS,

Transcription Start Site; ChIP, Chromatin Immunoprecipitation.
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Introduction

Light is an important environmental cue, to which organisms respond in many different
ways. Filamentous fungi are able to adapt their physiology to light signals to induce
morphogenetic pathways [1]. Blue light regulates photoconidiation, phototropism,
entrainment and resetting of circadian rhythms, carotenoid synthesis, sexual, and asexual
development, among other processes [1-3]. For decades, the filamentous 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 specialized PAS domain
called LOV (light, oxygen, and voltage), which harbors a flavin as chromophore [4,7]. WC-
1 and WC-2 form the White Collar Complex (WCC) via their PAS domains [8]. Upon
exposure to light, the WCC binds transiently to promoters of light-inducible genes to
activate their transcription [9,10]. In early studies, it was established that WCC binds to the
Light Response Element (LRE) core sequence 5’-GATNC---CGATN-3’, where N can be
any nucleotide but the same nucleotide is used in both repeats, and the space between both
GATA boxes is variable [9,10]. Afterwards, a genome-wide microarray analysis revealed a
hierarchical network of transcriptional light responses in Neurospora, and bioinformatic
analyses identified early light response elements (ELREs) as well as late light response
element (LLRE) in the promoter of genes exhibiting different temporal light-
responsiveness. The defined LLRE core was RTGAYRTCA, whereas the ELRE core was
GATCB [11], that was subsequently expanded to GATCGA, a consensus derived from 29
light induced genes identified in a whole genome ChIP-seq analysis using a WC-2 antibody
[12].

Trichoderma atroviride is used as a photomorphogenic model due to its ability to conidiate
upon exposure to light [13]. In total darkness, T. atroviride grows indefinitely as a
mycelium, whereas a short pulse of blue light induces conidiation forming a discrete ring in

the colony perimeter where the light pulse was applied [13]. The corresponding wc
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orthologous genes in T. atroviride, blr-1 and blr-2, are essential for photoinduction of blue-
light-responsive genes and photoconidiation in this fungus [14,15]. Essentially, BLR
proteins show similar structures to the WC proteins from N. crassa, with the exception that

the BLR proteins lack an evident transcription activation domain [14]. Based on this, it has
been proposed that BLR-1 acts as a photoreceptor together with BLR-2 [14, 15].
Overexpression of blr-1 and -2 caused a diminished and an increased sensitivity to light,
respectively, which led to conclude that BLR-2 is the limiting factor in blue light response
in T. atroviride [16]. In contrast to Neurospora, the putative BLR complex (BLRC) in T.
atroviride is responsible for induction and repression of several genes. Analysis by cDNA
microarrays (representing 1438 genes) revealed 30 up-regulated genes and 10 down-
regulated genes by blue light [15]. Subsequently, quantitative genome-wide transcriptome
analysis allowed the identification of 331 white light-regulated genes and 204 specifically
responsive to blue light, as well as Dblr-independent regulated genes, suggesting
involvement of another blue light perception system [17]. BLR-1 and -2 also impact on the
utilization of different carbon sources, biosynthesis of secondary metabolites, sulphur

metabolism, and cellulase production [18].

A second photoreceptor, the ENV1 protein, orthologous to VIVID in N. crassa, was also
described in Trichoderma reesei. The ENV1 and VIVID proteins contain a PAS/LOV
domain and negatively regulate light responses in Trichoderma and Neurospora,
respectively [19-22]. Although ENV1 and VIVID showed similar regulation and high
sequence similarity at the amino acid level, the envl gene was unable to complement a

Awvd strain [21], which suggests differences in light regulation in both fungi.

The photolyase encoding gene, phr-1, was the first blue-light induced gene identified in T.
atroviride [23] and its expression is dependent on both BLR proteins [14]. The phr-1
transcript is absent in the dark, and it is strongly and rapidly up-regulated upon exposure to
blue light, reaching its maximum level between 15 and 30 min, decreasing 60 minutes after
the stimulus [23,24]. Putative light regulatory elements have been described for the phr-1
promoter, including the Albino Proximal Element (APE) [23], and an LRE sequence [15]
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similar to those defined for early light responsive genes in N. crassa [10,25]. Moreover,
two putative protein-binding motifs, envoy upstream motifs 1 (EUMI1: CTGTGC) and 2
(EUM2: ACCTTGAC) were identified on the envl and other promoters of blue light
regulated genes [21,26]. APE and LRE consensus also have been found on the phr-1 gene

promoter in T. reesei [15,26].

Although phr-1 has been widely used as a molecular marker for light responses in T.
atroviride [14,15,16,24,27,28], to date no experimental analysis exists to demonstrate the
role of the predicted cis-acting elements in response to blue-light or to prove the interaction
of BLR proteins with the phr-1 promoter. In this work we identified the cis-acting elements
responsive to blue light in the phr-1 promoter, and we analyzed the interaction of BLR-2
protein on this promoter. For this, we examined a set of 5” phr-1 promoter serial deletions,
and E. coli-lacZ fusions harboring mutations in some putative regulatory elements, under
different light conditions. Our results showed that a short promoter region including several
GATN boxes suffices to drive the blue-light induction of phr-1, and that two repeats of
inverted GATN motifs play an important role in such regulation. Besides, we describe the
presence of a putative repressor in darkness and demonstrate the binding of BLR-2 along

the phr-1 promoter by chromatin immunoprecipitation.
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Results

Delimitation of potential light-responsive elements on the phr-1 promoter
To determine the intergenic region between phr-1 (ID: 302457) and its neighbor upstream
gene, an informatic search on the T. atroviride genome

(http://genome.jgi.doe.gov/Triat2/Triat2.home.html) was performed. The phr-1 gene is

organized on the genome in a divergent transcription configuration, with the xIf gene (Fig.
1A) that encodes for a 485 amino acids protein (ID: 295995) orthologous to the human
XRCC4-like factor. This factor belongs to the XLF family and interacts with the XRCC4-
DNA ligase IV complex to promote DNA non-homologous end-joining during DNA
double strand break repair [29]. The intergenic region between phr-1 and xIf is 1326 bp in
length (Fig. 1A).

Sequence alignments of phr-1 promoter from five different Trichoderma species (T.
atroviride, T. virens, T. reesei, T. citrinoviride and T. longibrachiatum) allowed us to
identify two conserved regions along the promoters. The first one was located from -107 to
-217 position (relative to the T. atroviride phr-1 TSS), and contained sequences with
significant similarity to previously described LREs [9]; consequently, it was termed
“potential light responsive region” (PLRR). The second conserved block of sequences was
located from -767 to -938 relative to the phr-1 TSS, and was named “upstream conserved

region” (UCR) (Fig. 1A and Fig. S1).

To verify that the phr-1 gene is regulated in a similar way by blue light in—different
Trichoderma species, cDNA from T. virens, T. reesei, and T. atroviride mycelia exposed to
a pulse of blue light was used for RT-PCR analysis of phr-1 gene. Indeed, T. reesei and T.
virens phr-1 gene was blue light induced as in T. atroviride, suggesting that the cis-
regulatory elements on this gene promoter have remained functional throughout evolution

in this fungal genus (Figure 1B).

To analyze more closely the function of the putative cis-regulatory elements, a set of 5’

serial deletions of the T. atroviride phr-1 promoter were PCR-amplified and translationally
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fused to the E. coli lacZ reporter gene by cloning the amplicons in the pCB-lacZ vector (see
Material and Methods for details). T. atroviride wild type strain was transformed with these
constructs and stable transformants were selected for further analysis. The integrity of
endogenous phr-1 gene (Fig. S2A) and integration of the construction into the genome were
verified (Fig. S2B). Blue-light induced gene expression on generated strains was analyzed
by quantitative RT-PCR (qRT-PCR) (Fig. 2A and B). Control strain transformed with
empty pCB-lacZ vector showed no lacZ transcript (Fig. S3). qRT-PCR analyses from -1326
to -196 promoter versions allowed us to determine that the blue-light induction profile was
similar to that of the phr-1 endogenous gene (Fig. 2A and B). Slightly higher expression
levels of lacZ gene were detected in dark conditions at almost all promoter versions,
independently from their transgene copy number (Table S1), when compared to the
expression level of phr-1 endogenous gene, which suggests the presence of a repressor
(Fig. 2B). Furthermore, these results indicate that the UCR is dispensable for light

transcriptional regulation of phr-1 under tested conditions (Fig. 2A and B).

In subsequent downstream deletions, the reporter gene expression was constitutive, losing
the typical light-regulated expression pattern detected for the phr-1 endogenous gene (Fig.
2B). Therefore, sequences critical for the transcriptional response to blue light reside within
the -196 to -157 promoter segment. An additional observation is that the putative APE
sequence located in the -87 truncated promoter does not seem to participate in blue-light

regulation of phr-1 gene (Fig. 2B), as previously suggested [23].

The GATA-2 motif is not necessary for transcriptional blue light regulation.

According to the analysis of phr-1 promoter serial deletions crucial information required
for phr-1 induction by light resides within the -196 to -156 promoter region. This segment
includes a GATA motif (“GATA-2” element) similar to those described for N. crassa
LREs, which is 42 bp away from a conserved CGATC box (i.e., “GATA-1") located at
positions -141 to -137 (i.e., within the non-light responsive -156 truncated promoter).
Consequently we decided to examine the impact of mutations in the GATA-2 element on

the regulatory qualities of the -196 phr-1 promoter. As can be appreciated in Figure 3,
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mutations in the GATA-2 box had no effect on photoinduction of lacZ gene expression,
indicating that sequences essential for transcriptional light responsiveness of the -196 phr-1

promoter are located downstream the mutated element.

Since the 28 bp-long promoter segment (-184 to 157) where cis-acting elements relevant
for blue light-responsiveness were mapped does not exhibit any DNA motifs related to
described fungal LREs, we performed a careful analysis of this regulatory region and its
flanking sequences. As a result two 11-bp imperfect tandem repeats were identified at -178
to -157 nucleotides, which in the antisense strand displays a CGAT(t/g)TCAGTG
sequence. The 7-bp core of these repeats, CGAT(t/g)TC, is very similar to the conserved
GATA-1 element (i.e., CGATC) found 15 bp downstream (Figure S1 and 4). Therefore, a
plausible interpretation of these data is that LREs on the phr-1 promoter of Trichoderma
are actually composed of two or more CGATN boxes arranged in identical or alternative
polarities. To search for indirect evidence supporting this interpretation, we carried out a
thorough comparative analysis of the phr-1 gene upstream non-coding sequences including
five Trichoderma species (Figure S1) and distant relatives in the fungal class
Sordariomycetes (Figure 4). As a result we delimitated phr-1 promoter sequences of
Fusarium oxysporum, Glomerella cingulata and N. crassa that are actually homologs (i.e.,
evolutionarily equivalent) of the T. atroviride phr-1 promoter region relevant for blue light
transcriptional responses (i.e., the -190 to -106 region). Indeed, the PLRRs of these
Sordariomycetes display an analogous arrangement, with several imperfect CGATN repeats
in similar or opposite polarities (Figure 4). In the case of N. crassa, the putative LRE also
included imperfect tandem repeats CGATN, whereas in the Glomerella cingulata LRE, two
CGATN motifs are part of a 10-bp palindromic element (Fig. 4). Experimental data have
demonstrated that F. oxysporum and N. crassa phr-1 genes are also blue light regulated and
their transcription is dependent of WC proteins [11,30]. Our bioinformatic analysis
indicates that PLRRs were conserved through evolution in Sordariomycetes and that their

phr-1 genes could be regulated in the same way as phr-1 from Trichoderma spp.
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BLR-2 transiently binds to PLRR and UCR on the phr-1 promoter

In N. crassa, the WCC binds to the ELREs located in the promoter of blue-light regulated
genes, in both darkness and after a light pulse [9-12]. Sequence analysis on several
promoters of T. atroviride light-induced genes showed that some of them have proximal
and distal LREs, whereas others have only one. It was also observed that the length of the
sequence separating the GATA motifs of an LRE is variable among these functional
elements (Fig. 5A). Since the light induction of phr-1 in T. atroviride is dependent on blr-1
and -2 products [14], we reasoned that BLR proteins could be interacting with the
conserved regions of the phr-1 promoter. To investigate if the BLR-2 protein is able to bind
to the phr-1 promoter and to map the possible binding sites of such protein, ChIP assays on
crosslinked chromatin of T. atroviride wild-type strain under different light conditions were
performed by using an anti-BLR-2 antibody. BLR-2 binding was mapped through the phr-1
intergenic region using primers as indicated in Fig. 5B. In darkness, a discrete positioning
of BLR-2 was observed on the UCR, the PLRR and the neighboring regions (Fig. 5C).
Thirty minutes after a blue-light pulse, a decrease in BLR-2 enrichment was observed.
After 2 h of light induction, positioning of BLR-2 on phr-1 promoter was decreased
significantly but still detectable (Fig. 5C). In contrast, there was no BLR-2 enrichment in

the intermediate region 5 (around -600 bp) at any time.
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Discussion

Species from the Hypocrea/Trichoderma genera have been employed as photomorphogenic
models due to their ability to produce a ring of green conidia in response to a pulse of blue
light given to a growing colony. After a light pulse, T. atroviride also shows a transient
biphasic oscillation in intracellular cAMP levels, changes in membrane potential, as well as
in ATP levels, and in the induction and repression of a set of genes [15, 31]. Since
Berrocal-Tito and co-workers reported phr-1 as a blue-light induced gene in T. atroviride
[23], it has been used as a molecular marker to study blue-light responses in this fungus.
Sequence analysis of promoters of blue-light regulated genes of T. atroviride and T. reesei
that were identified in studies with expression arrays [15], revealed the presence of
elements similar to the LRE core reported in N. crassa [10]. We showed that those putative
regulatory sequences are highly conserved on the phr-1 promoter of five Trichoderma
species (Fig. S1). We also determined that sequences similar to described LREs are present
in several light-induced genes of T. atroviride (Fig. SA). Comparative genome analysis of
T. atroviride, T. virens, and T. reesei indicated that T. atroviride resembles the more ancient
state of Trichoderma and that the other species evolved later. Besides, T. reesei has
apparently being evolving faster than T. virens and T. atroviride since the time of
divergence [32]. The molecular mechanism that controls the blue-light transcriptional
regulation appears to be conserved in these species, as demonstrated by the sequence (Fig.
S1) and transcription analysis (Fig. 1B) of the phr-1 promoter genes and their transcription

profiles.

The performed bioinformatic search for the upstream sequence of the phr-1 gene of T.
atroviride revealed that it is organized on the genome in a divergent transcription
configuration with the XIf gene that encodes for an orthologous to the human XRCC4-like
factor. This suggests at first glance, a co-regulation of both genes by the fact that xIf shares
cis-acting elements with the phr-1 gene and because of the presumed function of XRCC4-
like factor on repairing DNA double strand break. However, the xIf gene is not induced by

white or blue light (Herrera-Estrella A, personal communication).
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It is well established that the phr-1 transcript is absent in darkness, and that after a blue-
light stimulus it undergoes up-regulation [23]. However, in qRT-PCR analyses of the
reporter gene expression we observed a low but significant transcription of lacZ in darkness
with almost all the constructs tested (excluding the -600 bp construct), a fact that was in
clear contrast with the transcription pattern of endogenous phr-1. To explain those odd
results two alternative hypotheses can be proposed: 1) the native phr-1 promoter is actually
active in the dark at very low level, though the phr-1 transcript is rapidly degraded in that
condition; 2) presence of a repressor that down-regulates phr-1 transcription in the dark, but
only in its native chromosomal context. If the latter suggestion is correct, then the low level
lacZ expression in darkness could be attributed to an effect of chromatin organization on
the integration site and/or to a chromosomal position effect. Although transformants were
not examined in Southern blots, qPCR showed that different constructs could be integrated
randomly in the Trichoderma genome. In addition, no direct relationship was revealed
between lacZ expression in the darkness and the copy number of lacZ determined by
gPCR. These statements led us to suggest that integration of almost all constructs was out

of the phr-1 chromatin context, leading to loss of their repression in the dark.

The promoter of the T. atroviride phr-1 gene exhibits several sequences similar to
described light regulatory elements such as the LRE and APE of N. crassa [15, 23]. In this
fungus was demonstrated that an LRE conformed by two GATA-boxes is required for
induction of blue-light responsive genes and binding of WCC to these sequences in
response to light signals was also observed [9,10]. However, in such studies the two GATA
boxes comprising the LRE were not studied separately and no point mutations in those
elements were generated and examined to prove their function in vivo. Derived from
expression arrays, a tandemly repeated GATC motif related to the core sequence of the
LRE [11] was identified in the promoter of the frequency (frq) gene, which is bound by
WCC and has been shown to be necessary and sufficient to drive light induction of that
gene in vivo [9]. This GATC consensus was extended to GATCGA by ChIP-seq analysis
[12]. In the present work we demonstrated that a promoter region of T. atroviride harboring

sequences similar to Neurospora LREs but displaying a different arrangement, contains the

-38 -



necessary information for phr-1 blue-light induction. The GATA-1 box of the presumed
phr-1 light responsive region and those-GATA-1-like boxes found on the promoters of blue
light regulated genes in T. atroviride (Fig. 5A) match the two described consensus, taking
into account that both of them display variability in the first and last bases [11,12]. On the
other hand, our mutagenesis analysis of the GATA-2 motif clearly showed that this element
was dispensable for transcriptional light-induction of the lacZ gene reporter in the context

of the -196 truncated version of the phr-1 promoter (Fig. 3).

Comparative analysis of the upstream sequences of photolyase-encoding genes from four
different genera of Sordariomycetes (Fusarium, Glomerella, Neurospora and Trichoderma)
revealed the conservation of a ~90 bp promoter region harboring four to six imperfect
repeats with a CGATN core sequence. The arrangement of these repeats is variable among
the examined fungal species, though the CGATN boxes with the same polarity than the
typical LREs from Neurospora promoters predominate. In this sense, the light responsive
phr-1 promoter region of T. atroviride exhibits an atypical organization because three out
of the five CGATN boxes have a different polarity to the canonical WCC binding sites
(Fig.4). In spite of this atypical arrangement of the CGATN repeats, the experimental
evidence gathered in this study strongly suggests that the inverted elements are functionally
equivalent to the direct CGATN repeats, because of the integrity of the -184 to -157
promoter segment, containing two inverted CGATN boxes, was essential to preserve the
blue light responsiveness of the truncated or mutated versions of the phr-1 promoter (see
Fig. 2 and 3). Furthermore, there are evidences that the PHRB protein of the
basidiomycetous mushroom Lentinula edodes, a homologous of WC-2/BLR-2, is able to
bind to GATAWWC boxes in both the sense and antisense strand of a photoregulated gene
promoter [33]. In this context, it is noteworthy to point out that all known fungal homologs
to WC-2 protein bind GATA-related sequences, hence indicating that those regulatory
proteins have conserved their DNA-binding specificity since times predating the

Ascomycetes-Basidiomycetes evolutionary divergence.
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With regard to the issue of the BLRC interaction with the phr-1 promoter we determined
that the BLR-2 protein has the ability to bind to the UCR and PLRR, according to ChIP
results. The in vivo kinetic enrichment on both regions in response to light suggests that
BLR-2 (probably bound to BLR-1) is present in darkness associated with a transcriptional
repressor that, upon light stimulus, releases an active BLRC, leading to activation of the
phr-1 transcription immediately after the light pulse (Fig. 6). Taken together these results
prompt the hypothesis that BLRC regulates the transcription of blue light-responsive genes
by binding to elements analogous to the GATA-1 box (CGATCTC) and the closely
associated CGATt/gTC repeats in the antisense strand, that are present in the
photoresponsive segment of the phr-1 promoter of T. atroviride. Thus, the LREs in the
latter regulatory region resembles the LREs described in N. crassa [10-12] because those
composite elements are constituted by two or more imperfect CGATN repeats, but differ
from the Neurospora regulatory elements because some repeats are in the sense DNA
strand, whereas others are in the antisense strand. Those differences among fungal species
could explain the differences in light-regulated protein complexes and molecular
transduction pathways that have been described in other organisms like N. crassa and A.

nidulans [1,3].

Regarding the UCR, we were unable to associate a function of such sequence to the phr-1
promoter under the tested conditions, even when BLR-2 binds to this region, probably to a
GATA-like box on such region; however, we do not discard a role of this sequence in other

processes regulated by the BLRC.

This is the first investigation in which blue light responsive elements in a Trichoderma
gene promoter are delimited and characterized, and it is also the first work demonstrating
that a promoter section harboring imperfect CGATN repeats in both the sense and antisense
strands is able to drive photoinduction of the phr-1 and probably of other genes. However,
much work needs still to be done to elucidate the regulatory mechanisms that underlie the

photoinducible gene expression in Trichoderma.
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Materials and methods

Strains, media and growth conditions

Trichoderma atroviride wild-type strain IMI 206040 (ATCC 32173), Trichoderma virens
wild-type strain Tv 29.8 [34], and Trichoderma reesei wild-type strain QM9414 (ATCC
26921) were grown on Potato Dextrose Agar (PDA) (Difco, Franklin Lakes, NJ USA) at 25
°C. Escherichia coli strain TOP10F’ (Invitrogen, Carlsbad, CA USA) was used for plasmid
DNA transformation. Plasmid used was pCB-lacZ (see below).

Construction of pCB-lacZ and different phr-1 promoter versions

pCB-lacZ was generated by inserting a 3.0 kb Sma I-Hind III fragment from pDE1 plasmid
[35], containing the E. coli lacZ gene fused to the Aspergillus nidulans trpC terminator,
into their corresponding restriction sites of pCB1004 [36], which harbors the hygromycin B
resistance cassette. pCB-lacZ was the parental vector for all phr-1 promoter versions and
chimerical constructs (Fig. S4).

All the promoter versions of phr-1 gene were PCR amplified using genomic DNA of T.
atroviride as a template (Fig. 2A). Forward and Reverse-Universal primers used to amplify
the different phr-1 promoter versions included a Spe I and Sma I restriction sites,
respectively, to facilitate their cloning into pCB-lacZ plasmid (Table S2). PCR conditions
were 5 min at 94 °C, 25 cycles of 94 °C (30 sec), 58 °C (30 sec), 72 °C (30 sec for <500 bp
products and 60 sec for > 500 bp products), and a final extension of 72 °C for 5 min.

The pCB-lacZ constructs were used to transform T. atroviride protoplasts as described [34].
Transformed protoplasts were selected on PDA containing 100 pg/mL of hygromycin.
Genomic DNA isolation from T. atroviride wild type and transformants was done as
described previously [34]. Candidate strains were analyzed by PCR to determine the
presence of intact endogenous phr-1 gene, using -156 Spe I F primer on phr-1 promoter and
phrltrR primer on phr-1 ORF. Insertions of translational fusions on T. atroviride genome
were verified by amplifying the phr-1 promoter and lacZ ORF, using the primer pair -156
Spe I F and lacZ-R (see Table S2). The copy number of constructs in the transformants
genome was calculated by quantitative PCR, using the 2*“" method [37,38] and DNA

-4] -



from the strain Ablr-1 was used as a calibrator, since Southern analysis has shown that it

harbors one copy of the hph gene [14].

Photoinduction experiments

General growth conditions and manipulations have been described previously [23]. Briefly,
Trichoderma spp. preinocula were grown on PDA plates in the dark at 25 °C for 48 h.
Mycelial plugs were cut and removed from the leading edge of the actively growing colony
and placed on the center of PDA plates with a cellophane sheet overlaying the solid media.
For DNA extraction, T. atroviride was grown for 48 h at 25 °C and the mycelium was
scraped off and immediately frozen in liquid nitrogen. For total RNA extraction, cultures
were allowed to grow for 36 h in darkness, exposed to a 1200 pmol m™ pulse of blue light
(LEE filter no. 183, fluence rate 5 pmol m™ s™), placed back in the dark at 25 °C, and
collected at 30 and 120 min after the exposure to blue light. Mycelia grown in darkness
were included as control. At the indicated times, mycelia were collected under red safelight
(LEE filter no. 106, fluence rate 0.1 pmol m? s™) and immediately frozen in liquid nitrogen

for further total RNA extraction.

RNA isolation and RT-PCR analysis

Total RNA was isolated using Trizol® Reagent (Invitrogen) according to the
manufacturer’s protocol. RNA quality was assessed using spectrophotometric methods, and
formaldehyde-agarose gel electrophoresis, taking into account the 28S/18S rRNA ratio.
Five micrograms of total RNA were DNasel (RNase-free) (Ambion, Austin, TX USA)
treated. cDNA synthesis was performed using SuperScript II Reverse Transcriptase
(Invitrogen), following manufacturer’s recommendations. cDNA was used as a template for
quantitative real-time PCR reactions with gene-specific primers and the Fast SYBR Green
Master Mix (Applied Biosystems, Foster City, CA USA) according to manufacturer’s
recommendations. Data were measured with ABI 7500 detection system (Applied
Biosystems) and analyzed with the 7500 Software V2.0. We amplified cDNA for lacZ, phr-
1, and act-1 with specific primers (Table S2). Expression of individual genes was compared

and normalized using the 2"**“" method [37], against the level of act-1 mRNA, which was
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found to be constant under different light/darkness conditions evaluated in T. atroviride
[23]. RT-PCR was performed using GoTaq DNA polymerase (Promega, Fitchburg, WI
USA) with the following conditions: 5 min at 94 °C, 25 cycles of 94 °C (30 sec), 57 °C (30

sec), and 72 °C (30 sec), and a final extension of 72 °C for 5 min.

Chromatin immunoprecipitation (ChIP) Assays

T. atroviride wild-type was grown as described above for blue light induction experiments.
Photoinduced mycelia from different times were fixed in cross-linking buffer (50 mM
HEPES, pH 7.4, 137 mM KCl, 1 mM EDTA) containing 1% formaldehyde for 15 min at
room temperature under red safelight. ChIPs were performed using a BLR-2 antibody (anti-
BLR-2, synthesized by Biosynthesis, TX, USA), which recognizes the sequence
CEVEEAQRQWAQSRDGRSDI of BLR-2 protein. After DNA extraction, the pellets were
resuspended in 50 pL of TE and subjected to PCR with a set of primers along the phr-1
promoter (see Table S2 and Fig. 5B). The primer pairs used were: ChIP R1 F and ChIP R1
R; ChIP R2 F and ChIP R2 R; ChIP R3 F and ChIP R3 R; ChIP R4 F and ChIP R4 R; ChIP
R6 F and ChIP R6 R. PCR program consisted of 5 min at 94 °C, 28-30 cycles of 94 °C (30
sec), 58 °C (30 sec), 72 °C (30 sec), and a final extension of 72 °C for 5 min. To ensure that
the amplified PCR products were in the linear range, the PCR conditions were calibrated
with different amounts of input DNA (cross-linked chromatin before the
immunoprecipitation). Band intensities were quantized by optical density analysis using
Quantity-One Software (Bio-Rad Laboratories, Hercules, CA USA). As negative controls,
mock precipitations were performed in the absence of antibody. Three independent ChIPs

were performed.
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Figures

Figure 1. Promoter elements of the photoinducible gene phr-1 are conserved among
Trichoderma spp. (A) Schematic representation of phr-1 gene promoter architecture, which
resulted from T. atroviride, T. virens, T. reesei, T. citrinoviride, and T. longibrachiatum
phr-1 promoter sequence alignment (Fig. S1). The upstream conserved region (UCR) and
the Potential Light Response Region (PLRR) are depicted by dark grey rectangles. The
PLRR contains two inverted CGATN-boxes between the GATA-1 and -2 boxes of the core
LRE. The albino proximal element (APE) is shown as a light grey rectangle. The phr-1
open reading frame (ORF) and the putative upstream xIf ORF are indicated in black solid
arrows. Location and sequence of potential CiS acting elements on the promoter are
indicated below rectangles for each. Bold numbers on top represent the location of the
different elements along the promoter from the transcriptional start site (+1) (thin arrow).
(B) RT-PCR analysis of T. atroviride, T. virens, and T. reesei phr-1 gene expression under
dark (control), or 30 and 120 min after a blue light pulse. Elongation factor 1 (tef-1) gene

was used as housekeeping control gene.
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Figure 2. A conserved region between -156 and -196 from the transcription start site is
responsible for photoinduction of lacZ gene. (A) Schematic representation of 5’serial
deletions of the phr-1 promoter translationally fused to the lacZ reporter gene (white
arrow). Putative APE, PLRR, and UCR cis-acting elements are represented by dotted,
diamond, and diagonal lines filled rectangles, respectively. Numbers on top represent the
distance from the transcription start site (+1) (thin arrow). The ability to photoinduce lacZ
transcription is denoted by +, whereas - denotes lack of photoinduction of the reporter gene.
(B) qRT-PCR analysis of phr-1 and lacZ transcripts in darkness (control) (black bars), or
30 (light grey bars) and 120 min (dark grey bars) after a blue light pulse. The phr-1 and
lacZ expressions were normalized to the expression level of act-1. The resulting values
were normalized to the 30 min expression level after light treatment. Data represent the

mean + standard deviation (n = 2 for each strain).
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Figure 3. Effect of mutations of GATA-2 box on photoinduction of lacZ transcription. (A)
Schematic representation of wild type (-196 bp) and GATA-2 box mutated (-196 mut)
versions of PLRR. A grey arrow represents the lacZ reporter gene, and the PLRR is
represented by a black rectangle, whereas white rectangles inside the PLRR depict the
GATA-1 and GATA-2 boxes. Numbers on top represent the distance from the transcription
start site (+1) (thin arrow). The ability to photoinduce lacZ transcription is denoted by +,
whereas - denotes lack of photoinduction of the reporter gene. (B) gqRT-PCR analysis of
phr-1 and lacZ transcripts after 30 (light grey bars) or 120 min (dark grey bars) of the
application of a blue light pulse or maintained in the dark (black bars) as control. The phr-1
and lacZ expressions were normalized to the expression level of act-1 and the resulting
values were normalized to the 30 min expression level after light treatment. Data represent

the mean + standard deviation (n = 2 for each strain).
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Figure 4. Sequence comparisons of the blue light responsive region of T. atroviride phr-1
promoter with homologous non-coding sequences of three species of Sordariomycetes.
Sequence alignment of the region -106 to -190 of the phr-1 promoter of T. atroviride with
the homologous regulatory regions of three distant relatives. The number on the right side
of the T. atroviride sequence indicates the nucleotide position relative to the transcription
start site, whereas numbers with an asterisk indicates the nucleotide positions relative to the
start codon of Fusarium oxysporum, Neurospora crassa and Glomerella cingulata
(GenBank accession number AF500083.1 and X58713.1, and ID: 1829160* respectively)
phr-1 genes. Number 156 on top and the black arrow below it marks the 5’border of the
truncated version of the phr-1 promoter that did not activates the lacZ expression after a
blue light pulse. Putative light responsive motifs (CGATC or imperfect GATN repeats)
displaying the polarity of canonical WCC binding sites are yellow highlighted, whereas
GATN motifs showing opposite polarity (indicated by brown arrows) are dark orange
colored. Green arrows depict tandem repeats of a CGATN motif in N. crassa. A 10-bp
perfect palindrome in the Glomerella sequence is underlined. * http:/genome.jgi-
psf.org/Glocil/Glocil.home.html
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Figure 5. Binding of BLR-2 through the phr-1 promoter in T. atroviride. (A) Promoter
sequences alignment of representative light responsive genes in T. atroviride; putative LRE
are highlighted in dash boxes, and putative GATA boxes consensus is indicated in bold
letters. Nucleotide positions are numbered relative to the TSS (+1). (B) Scheme of phr-1
promoter. Six pairs of primers were designed to scan the binding of BLR-2 to the phr-1
promoter by ChIP assays using an antibody against BLR-2. Location of each primer is
indicated along the promoter scheme (see supplementary table 2 for details). PLRR region
is filled with diamonds whereas UCR region is filled with diagonal lines. (C) ChIP assay
was carried out from wild-type strain mycelia grown in darkness (Dark), or exposed to a
blue light pulse and collected 30 (light grey bars) and 120 min (dark grey bars) after the
light stimulus. Upper panel, representative PCR amplification of purified DNA samples of
BLR-2 immunoprecipitation (BLR-2), no antibody (No Ab) and input (IP). Lower panel,
histograms represent the difference between the values for BLR-2 and No Ab PCR
products immunoprecipitated, divided by the PCR value with input DNA. Three

independent ChIP experiments were performed.
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Figure 6. Model of phr-1 photoactivation by the BLR complex. A) Our results showed that
BLR-2 and probably BLR-1 proteins (BLRC) are positioned along the promoter of phr-1,
including the PLRR (DNA strand blue colored) and the UCR (DNA strand red colored) in
the dark, remaining repressed by a putative repressor (green rectangle). B) Light treatment
of Trichoderma leads to derepression of the BLRC, enabling activation and rapid
transcription of phr-1 by RNA polymerase II (Pol II). C) As time elapses (in the dark
conditions), the BLR proteins leave the promoter leading to the decrease of the phr-1
transcript, system desensitization, and repositioning of the BLR proteins on the promoter to
be ready to activate the system upon light application. Solid lines indicate supporting
evidence from experimental data, and dotted lines (including proteins) indicate hypothetical

steps.
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Supplementary Figure S1
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Supplementary Figure S1. Sequence alignment of T. atroviride, T. virens, T. reesei, T.
citrinoviride, and T. longibrachiatum phr-1 intergenic regions. The highly conserved
regions of phr-1 promoters are highlighted in yellow. The Upstream Conserved Region
(UCR) is enclosed with a red rectangle, which contains a GATA-like box (green dashed
rectangle). The Potential Light Response Region (PLRR) is located from -107 to -217
position (relative to the T. atroviride phr-1 TSS) and is enclosed with a blue rectangle. The
LRE core similar to that described in N. crassa consists of the GATA1 and GATA2 boxes
(highlighted in light blue). Two 11-bp imperfect tandem repeats to GATA-1 box are located
at -178 to -157, which in the antisense strand displays a CGAT(t/g)TCAGTG sequence
(orange arrows). The Albino Proximal Element (APE), which is present only in T.
atroviride, is highlighted in green. Top numbers indicate the distances relative to

transcription start site (black arrow) of the T. atroviride phr-1 promoter.

Cervantes-Badillo et al., FEBS Journal (DOI: 10.1111/febs.12362)
Supplementary Figure S1
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Supplementary Figure S2

Supplementary Figure S2. Molecular diagnosis of transformant strains. (A) Schematic
representation of the phr-1 gene. The dotted rectangle represents the phr-1 promoter and
the gray arrow depicts the phr-1 ORF. Small black arrows indicate the primers designed to
detect the phr-1 gene. The PCR expected product size is of 1630 bp. Upper numbers (1-5)
indicate representative transformants. DNA from the wild-type strain was used as positive
control (+). (B) Schematic representation of Pphr-1::lacZ constructs. The dotted box
represents phr-1 promoter, whereas the white arrow indicates the lacZ ORF. Small black
arrows indicate the primers used to detect the construct. The PCR expected product size is
of 1247 bp. Upper numbers (1-5) indicate representative transformants. Pphrl-1326::1acZ
plasmid was used as positive control (+), and the PCR mix without DNA was used as

negative control (-); 1 kb DNA ladder molecular size markers (M).

Cervantes-Badillo et al., FEBS Journal (DOI: 10.1111/febs.12362)
Supplementary Figure S2
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Supplementary Figure S3

Supplementary Figure S3. RT-PCR analysis of control transformant strain carrying the
pCB-lacZ empty vector. cDNA generated from mycelia of pCB-lacZ transformant grown in
the dark (D), or exposed to a pulse of blue light, and collected at the indicated times were
subjected to RT-PCR. The lacZ reporter transcript is shown in the first line (lacZ), whereas
the phr-1 endogenous transcript was used as light-induced gene control (phr-1). Actin was

used as housekeeping control gene (act-1).

Cervantes-Badillo et al., FEBS Journal (DOI: 10.1111/febs.12362)
Supplementary Figure S3
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Supplementary Figure S4.

Supplementary Figure S4. Schematic representation of pCB-lacZ. pCB-lacZ was
generated by inserting a 3.0 kb Sma I-Hind III fragment from pDE1 plasmid [35],
containing the E. coli lacZ reporter gene (yellow arrow) fused to the Aspergillus nidulans
trpC terminator (green rectangle), into the corresponding restriction sites of pCB1004 [36],
which harbors the hygromycin B resistance cassette (blue arrow). The plasmid also carries
the cat gene (pink arrow), which encodes for the chloramphenicol acetyltransferase
enzyme, to select resistant Escherichia coli transformants. Translational fusion can be
inserted into the multiple cloning sites, which have Xma I, Sma I, Bam HI, Spe I, Not I and
Sac II restriction enzyme sites available. pCB-lacZ vector was developed for construction
of translational fusions of filamentous fungal promoters to the bacterial reporter gene [3-

galactosidase. Unique restriction sites and locations are indicated.

Cervantes-Badillo et al., FEBS Journal (DOI: 10.1111/febs.12362)
Supplementary Figure S4
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Table S1. Copy number of hph gene in transformant strains, calculated with the pact

method.

Strain ACt (Ctypp-Ctie.1)  AACt™  Copy number 24Y)  S.D".
-1326 -2.302 -1.520 3 0.205
-1026 -2.186 -1.404 3 0.659
-900 2.720 -1.726 3 0.022
-800 2.269 -2.177 5 0.031
-600 2.595 -1.851 4 0.011
-400 -3.498 -2.971 8 0.359
-196 -4.282 -3.500 11 2.067
-156 -4.663 -3.881 15 0.358
-87 2.655 -1.791 3 0.010
-196mut 2.658 -1.788 3 0.042
pCBlacZ 2.682 -1.764 3 0.004

a AACt:ACtsample_Athalibrator
® Ablr-1 was used as the calibrator strain

¢S.D. Standard deviation

Cervantes-Badillo et al., FEBS Journal (DOI: 10.1111/febs.12362)
Supplementary Table S1
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Table S2. Oligonucleotides used in this work

Primer name Sequence (5’-3°)*" arrﬁﬁ?f?e d Position®
-1326 Spel F GACTAGTATGGCGTCACAAAAGGGG phr-1 -1326
-900 Spel F GACTAGTGATTCACATCCAAAACTGGCTC phr-1 -900
GG
-800 Spel F GGACTAGTTGCGCAGGAATAGTGG phr-1 -800
-600 Spel F CCACTAGTGCTTTCTAGGTCATCCAA phr-1 -600
-400 Spel F GGACTAGTCGTGGTTGCTCTTGCAT phr-1 -400
-196 Spel F ACTAGTTACGCAGGGATACCAAGCCA phr-1 -196
-196mut Spel F ACTAGTTACGCAGGACCGCCAAGCCA phr-1 -196
-156 Spel F ACTAGTCACCAGCCAAAGTCCCGATC phr-1 -156
UPphrl1SmalR CCCGGGGACGCTCCTCGCGAGCATTT phr-1 +63
lacZ-F AAAACCCGAAACTGTGGAGC lacZ +869
lacZ-R TGCTCATCCATGACCTGACC lacZ +1091
phrltrF TCATGTTTGGATCAGCGAAGTCG phr-1 +1339
phrltrR TACTCGGGCTTGAATGGCTTGTT phr-1 +1474
phr-1 TA-F TTATGATCGGCCGGAGAAAAAT phr-1 +993
phr-1 TA-R CAGCGTCGACAATGGGAAATC phr-1 +1557
ChIPR1F ACCAGCCAAAGTCCCGATC phr-1 -317
ChIP R1 R GAGGCAAGAACTGAAGTAC phr-1 -17
ChIP R2 F CTCGCTACTTACGCAGGGATAC phr-1 -205
ChIP R2 R ATATGGCCTCGATGTGGC phr-1 -98
ChIPR3 F TCATCCAGCTGATGGCTTATGC phr-1 -317
ChIP R3 R ATTTCAGTGGCTTGGTATCCC phr-1 -169
ChIP R4 F CGACTGCATTATATGTAGGGTCATC phr-1 -337
ChIP R4 R TGGCTTGGTATCCCTGCGTAAGTAG phr-1 -177
ChIPR5 F ATCCAACACGTCGCTTGCCTCTTTC phr-1 -550
ChIP R5R GCGGTACCTTGTACCTTTACATAGT phr-1 -426
ChIP R6 F CTCAGGCTGATTCACATCCAAAACTGGC phr-1 -936
ChIP R6 R CGTTCTGCCTCATTTCCAGAACAATACCGG phr-1 -813
ACTINtr-F TCACCGAGGCCCCCATCAACC act-1
ACTINtr-R CGACCGGAAGCGTACAGGGACAGA act-1
tef-1 F AGGCCGAGCGTGAGCGTGGTAT tef-1
tef-1 R ATGGGGACGAAGGCAACGGTCTT tef-1

 Restriction sites are indicated as underlined letters
® Mutations are indicated in bold letters

¢ Positions were numbered relative to the transcriptional start site (+1) of the phr-1 gene or
relative to ATG for lacZ gene

Cervantes-Badillo et al., FEBS Journal (DOI: 10.1111/febs.12362)
Supplementary Table S2
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Resultados parte Il
Ensayos de cambio de movilidad electroforética

En N. crassa, el complejo WCC se une a los ELRE localizados en el promotor de
los genes regulados por luz, en condiciones de oscuridad y luz (Froehlich et al.,
2002; He y Liu, 2005; Smith et al., 2010). El analisis de las secuencias de los
promotores de varios genes regulados por luz en T. atroviride mostré que algunos
genes presentan dos regiones similares a un LREs, mientras que otros tienen solo
una. Debido a que en T. atroviride la induccion por luz de phr-1 es dependiente de
BLR-1 y BLR-2 (Casas-Flores et al., 2004), inferimos que las proteinas BLR
podrian interactuar con las regiones conservadas del promotor de phr-1. Para
probar esta hipotesis, realizamos una serie de ensayos de cambio de movilidad
electroforética (EMSA) con extractos de proteina nuclear de las cepas silvestre y
mutantes Ablr-1'y Ablr-2 de T. atroviride, junto con sondas de las regiones PLRR y
UCR del promotor de phr-1. Adicionalmente, se disefiaron sondas con mutaciones
en cada una de las cajas GATA de la region responsiva a luz del promotor de phr-

1 (ver Tabla 3; Materiales y Métodos).

Los EMSA se realizaron como se ha descrito previamente (Froehlich et al., 2002;
He y Liu, 2005) con extractos de proteinas nucleares que se mantuvieron en
oscuridad o a las que se expuso a luz azul durante la reaccion de unién. Utilizando
la sonda PLRRwt, la incubacion con la fraccion de proteinas nucleares de la cepa
silvestre en oscuridad resulté en una sefial débil (Fig. 12A, flecha negra). Mientras
que el tratamiento con luz azul indujo el enriquecimiento del complejo
PLRR/proteina y la aparicion de un segundo complejo de menor peso molecular
(Fig. 12A, flecha blanca). Estos datos nos sugieren i) una mayor afinidad de las
proteinas por el DNA en respuesta a la luz, ii) el desensamble de una o mas
proteinas del complejo DNA/proteina en respuesta a la luz. Se realizaron EMSAs

similares con la sonda UCR y se observé un patron de cambio de movilidad
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electroforética similar al obtenido con la sonda PLRRwt (Fig. 12B). Estos datos

sugieren que estas dos regiones podrian ser reconocidas por el BLRC.

Para conocer un poco mas sobre el papel de BLR-1 y BLR-2 en la formacién de
los complejos DNA/proteina observados en estos ensayos, se realizaron EMSAs
con proteinas nucleares de las mutantes AbIr-1 y Ablr-2. La incubacion con las
proteinas nucleares de la cepa AbIr-1 en oscuridad generaron dos sefales
principales similares a las observadas con la cepa silvestre, pero de menor peso
molecular, y con un patrén electroforético similar en luz y oscuridad.
Adicionalmente, observamos un conjunto de bandas de menor peso molecular,
respecto de las dos sefiales principales con velocidad electroforética baja (Fig.
12A), lo cual sugiere que BLR-2 podria estar presente en el complejo
DNA/proteina (por los datos de los ChlIPs), pero que se requiere de BLR-1 activo
para formar los complejos en respuesta a la luz. Para el caso de la sonda UCR,
también se observaron dos sefiales principales de baja movilidad electroforética
semejantes a las obtenidas con la sonda PLRRwt, y solo una sefal adicional de

menor peso (Fig. 12B).

Los EMSA realizados con las proteinas nucleares de Ablr-2 y las sondas PLRRwt
y UCR, mostraron dos complejos DNA/proteina en oscuridad semejantes a los que
ya se habian observado con los otros ensayos, pero con un peso intermedio (Fig.
12A y B). Sin embargo, en la condicién de luz ya no se observa ningun retardo en
el corrimiento de las sondas, lo cual sugiere i) que posiblemente BLR-1 esté unido
en oscuridad y una vez activo pierda la capacidad de unirse al DNA vy ii) que se

requiera de BLR-2 para mantener la integridad del complejo que se une al DNA.
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Figura 12. La luz induce la unién de proteinas a las regiones
PLRR y UCR in vitro. A-B) Union de proteinas nucleares de distintos
fondos genéticos con la sonda LREwt (A) o UCR (B). C) EMSA con
sondas del LRE mutado en la caja GATA-1 o en la caja GATA-2, con
proteinas nucleares de la cepa silvestre, bajo distintas condiciones de
luz. La flecha negra indica el complejo principal observado en
condiciéon de oscuridad (DD), y la flecha blanca indica el complejo
principal observado en luz (LP). La sonda libre corrié fuera del gel. Se

muestra uno de dos experimentos independientes.

Debido a que no observamos un papel evidente de la UCR en la regulacion
transcripcional de phr-1, nos enfocamos en probar si la mutacién de las cajas
GATA-1 y GATA-2 (ver Tabla 3; Materiales y Métodos) afecta la unién de las
proteinas nucleares de la cepa silvestre. EI complejo que se observaba en la
oscuridad con la sonda PLRRwt no se observa al introducir mutaciones en las

cajas GATA (Fig. 12C), ya que fue muy bajo (sonda mutGATA-2) o nulo (sonda
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mutGATA-1). Aun cuando se observaron complejos DNA/proteina en la condicion
de luz, la sefal fue mas débil respecto de la sonda LREwt, lo que podria

explicarse por la presencia de las cajas GATA repetidas invertidas entre la GATA-

1y la GATA-2.
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Identificacidon del sitio de inicio de la transcripcion del gen bld-2, disefio y
construccion de fusiones traduccionales de distintas versiones del promotor

de bld-2 con el gen reportero lacZ

Se identifico el sitio de inicio de la transcripcion (TSS, por sus siglas en inglés) del
gen bld-2 (Protein ID: 301399; http://genome.jgi-psf.org/Triat2/Triat2.home.html)

mediante la técnica 5’-RLM-RACE, a fin de delimitar el promotor de dicho gen, y

estudiar su regulacién en respuesta a la luz azul.

El gen bld-2 se expresa en la oscuridad y comienza a bajar su expresion a partir
de los 30 min después de que se incide un pulso de luz azul a una colonia de T.
atroviride (Rosales-Saavedra et al., 2006). El marco de lectura abierto (ORF, por
sus siglas en inglés) codifica para una proteina de 259 aminoacidos (Fig. 13A) con
posible actividad de deshidrogenasa de la familia NADB-Rossmann (Fig. 13B), las

cuales participan en numerosas vias metabdlicas.

MAFGVITPEYPEGCAVVEGGSGGLGRASAGLMAERGSDIVVIYRSNAADAESLVEEVRKL
GRKASATACDVTDLKAVEAVFKHAVD TYKRVHTVVSAGGLTFETGPLVDFKEESFRGVIE
TDVYGEYNIARKAGVPILREARGASIVALITSAVSRTVPCDALSATPKAAVSMMVRQLAYE
FAAHGIRSNAVGPGVIDAGMVPEMML. TPTKALLFGATAVIPLARWGTAAR TAEAVAFLAS
SKASYVTGQILMVDGGLAA*

1 S0 100 150 200 %
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uery seq.

active site | A Y

NAD(P) binding site A
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specific hits
Superfanilies NADB_Rossmann superfamily

Hulti-donains 3oxo_ACP_reduc

Figura 13. Caracteristicas del producto putativo del gen bld-2. A)
Secuencia de aminoacidos predicha para la proteina BLD-2 de T.
atroviride. BLD-2 consta de 259 aminoacidos. B) Dominios teéricos de
BLD-2. Un analisis tipo BLAST con la secuencia de aminoacidos
muestra que BLD-2 pertenece a la familia de deshidrogenasas NADB-
Rossmann (bloque rosa).
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El TSS se identifico con el kit comercial FirstChoice 5 RLM-RACE (Ambion)
siguiendo las instrucciones del proveedor (Fig. 14A). De la reaccién outer se
obtuvo un amplicon de 700 pb aproximadamente, la cual se enriquecid en la
reaccion inner (Fig. 14B y C). Para corroborar que el amplicon obtenido fuese
especifico del gen bld-2, se realizé un PCR con los oligonucleotidos especificos
que amplifican 440 pb del ORF de este gen (Fig. 14B). Como se observa en la
figura 14D, los amplicones obtenidos de las reacciones outer e inner son

especificos de bld-2.

Figura 14. Obtencién del amplicén para la identificacién del sitio
de inicio de la transcripciéon del gen bld-2 de T. atroviride. A)
Esquema general del protocolo de 5° RLM-RACE (tomado de la ficha
técnica del FirstChoice® RLM-RACE kit, Ambion 2008). B) Esquema
de los primers utilizados para cada PCR y tamafo del amplicon
especifico en el OFR de bld-2. O, 5 RACE Outer; I, 5 RACE Inner;
1F, bld-2 TA Fwd; 1R, bld-2 TA Rev; 2R, bld-2 tr Rev. C) Amplicones
obtenidos de las reacciones de PCR outer (O) e inner (l). D) PCR
para corroborar la especificidad de los amplicones obtenidos de las
reacciones outer (O) e inner (l), y control negativo (-) con los primers
especificos para bld-2 1F/1R. M, marcador de 1 kb.
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Se clond el producto de la reaccion inner en pGEM y se secuenciaron cuatro
clonas por el método de Sanger. Una vez obtenida la secuencia, se identifico el
adaptador 5 RACE vy la siguiente base se tom6 como el TSS del gen bld-2 (Fig.
15A). Se obtuvo la secuencia del gen en la base de datos del genoma de T.
atroviride y se delimitdo el promotor, ubicando el TSS (Fig. 15B). El gen bld-2
presenta una caja putativa TATA de —45 a —35 del TSS, un 5’-UTR de 93 pb, con
el primer codén ATG a +94 del TSS. Ademas identificamos varias cajas GATC,
CGAT o CGATC a lo largo de la region intergénica tanto en la cadena sentido
como en la antisentido (Fig. 15B). Observamos la presencia de varias cajas tipo
GATA en dos regiones: de -57 a -197 pb y de -451 a -558 pb, lo que sugiere que

estas regiones podrian ser importantes para la regulacion de bld-2 por luz azul.

Se realizé un analisis de la region rio arriba del TSS de bld-2 para delimitar la
region intergénica. Para ello, se tomaron 4 kb y se analizaron en BLAST,
identificando un ORF a -1230 pb del TSS de bld-2 (Fig. 15B), que codifica para
una proteina de actividad desconocida (No. de Acceso en el GeneBank
EHK40562.1).

Se disenaron oligonucledtidos para amplificar fragmentos a varias distancias del
TSS de bld-2 para realizar fusiones traduccionales con el gen reportero lacZ (Fig.
15B). Los oligonucledtidos forward incluyen el sitio de restriccion de Spe | y el
universal reverso lleva el sitio Sma |, a fin de clonar en los mismos sitios del vector
pCBlacZ (Tabla 5). Los productos de PCR se clonaron en pGEM-T Easy y se

secuenciaron por el método de Sanger.
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Figura 15. Analisis del promotor del gen bld-2 de T. atroviride. A)
Identificacion del sitio de inicio de la transcripcion de la secuencia obtenida
con la técnica de 5’RLM-RACE. El adaptador 5’RACE esta resaltado en
amarillo y la primera base posterior (verde) se tom6 como el sitio de inicio
de la transcripcion de bld-2. B) Delimitacion del promotor de bld-2 en la
secuencia gendmica. El nucledtido identificado en (A) se indica con una
flecha negra, delimitando la regién del promotor (letras grises), el 5’-UTR
(letras azules) y los primeros 5 codones del marco de lectura abierto
(letras rojas). La putativa caja TATA esta subrayada. Las cajas GATC en
la cadena sentido se resaltan en color amarillo, y en la antisentido en color
verde. El consenso igual al LRE reportado por He y Liu (2005) para N.
crassa se resalta en naranja. A la derecha se muestran las coordenadas
respecto al sitio de inicio de la transcripcion. Los oligonucleétidos
disefiados para las construcciones en pCBlacZ se muestran en flechas

verdes.
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Los plasmidos pGEM y pCBlacZ se digirieron con Sma | y Spe | para realizar las
fusiones del promotor de bld-2 con el gen lacZ. Las ligaciones se transformaron en
la cepa E. coli TOP10F’ y se realizd un escrutinio de las construcciones correctas
utilizando enzimas de restriccion (Fig. 16). Inicialmente, se intentd generar otra
construccion con la version de -1794 y usando el sitio Nhe | (GTCTAG _C) que
genera sitios compatibles con Spe | (A"CTAG _T); sin embargo, no fue posible
obtener esa construccion con esta estrategia. En la figura 16 se muestran los

analisis de restriccion de algunas de las construcciones Pbld-2::lacZ generadas.
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Figura 16. Escrutinio de las construcciones Pbld-2::lacZ con enzimas de restriccién. A)
Mapa de restriccion de la version -1794 del promotor bld-2 de T. atroviride fusionado a lacZ. A la
izquierda se muestran las enzimas de restriccién que se utilizaron, el numero de sitios en el
plasmido, asi como el tamafio del fragmento que se libera por la fusion del promotor con el gen
reportero. Pst | delimita el extremo 3’ de lacZ, Sma | esta en la interseccion de lacZ con el
promotor y Spe | delimita el extremo 5’ del promotor de bld-2. El esquema de la fusién se muestra
en la parte inferior del mapa. B) Patron de restriccion con las enzimas Hind Ill y Ava Il. Se
digirieron clonas de las versiones -1797 (lineas 1-3), -1797dig Nhe | (lineas 4-6) y -738 (lineas 7-9)
con Hind Ill y de la versién -113 (lineas 10-12) con Ava Il. C) Patrén de restricciéon con la enzima
Eco RV. Se digirieron clonas de las versiones -1797 (lineas 1-3), -1797dig Nhe | (lineas 4-6), -738
(lineas 7-9) y -113 (lineas 10-12). Las clonas con el patron de restriccion esperado se indican con

una (v'). M, marcador de peso molecular de 1 kb (Invitrogen).
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Discusion

Las especies del género Trichoderma se han empleado como modelos
fotomorfogénicos porque producen un anillo de conidias verdes en respuesta a la
luz, el cual se forma en el perimetro de una colonia en crecimiento al momento en
que el estimulo fue aplicado. Después de un pulso de luz, T. atroviride también
muestra una oscilacién bifasica transitoria en los niveles intracelulares de cAMP y
ATP, cambios en el potencial de membrana, asi como en la induccién y represion
de un conjunto de genes, entre otras respuestas (GreSik et al., 1988; Rosales-
Saavedra et al., 2006). Desde que Berrocal-Tito y colegas reportaron a phr-1 como
un gen inducible por luz azul en T. atroviride (Berrocal-Tito et al., 1999), éste se ha
utilizado como un marcador molecular para estudiar las respuestas a la luz azul en
éste hongo. Sin embargo, la regulacion de la transcripcion de este gen es
compleja, ya que se expresa por luz y por desarrollo (Berrocal-Tito et al., 1999;
Berrocal-Tito et al., 2000). Ademas, se mostro que la proteina PHR-1 puede
regular la expresion de su gen de manera dependiente de la luz, posiblemente a

través de la modulacién negativa del complejo BLR (Berrocal-Tito et al. 2007).

El analisis de los promotores de varios genes regulados por luz azul, identificados
por estudios con microarreglos, revelaron la presencia de elementos de respuesta
a luz, similares a los reportados en N. crassa (He y Liu, 2005) en T. atroviride y T.
reesei (Rosales-Saavedra et al., 2006). Nosotros mostramos que esas secuencias
son altamente conservadas en el promotor de phr-1 de cinco especies de
Trichoderma (Fig. S1, publicacion), e incluso se encuentran en el promotor de
varios genes ortdlogos de la fotoliasa en otros Sordariomicetos (Fig. 4,
publicacién). También, determinamos que este nucleo del LRE esta presente en
varios genes inducidos por la luz azul en T. atroviride (Fig 5A, publicacion). Un
analisis de gendmica comparativa de T. atroviride, T. virens y T. reesei indica que
T. atroviride se parece al estado mas ancestral de Trichoderma y que tanto T.

virens como T. reesei evolucionaron después. Ademas, aparentemente T. reesei
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ha evolucionado mas rapido que T. virens y T. atroviride desde que inicid la
divergencia evolutiva en éste grupo (Kubicek et al., 2011). El mecanismo
molecular que controla la regulacion transcripcional debida a la luz azul parece
estar conservado en estas especies, como se mostré6 en el analisis de la
secuencia del promotor de phr-1 (Fig. S1, publicacion) y con el perfil

transcripcional del gen (Fig. 1B, publicacién).

El gen phr-1 esta organizado en el genoma en una configuracién transcripcional
divergente con el gen x/f, lo cual a primera vista sugiere una co-regulacion de
ambos genes, ya que comparten elementos en cis, tal como el LRE y la UCR, y
por su funcion: PHR-1 es una fotoliasa que repara el DNA dafiado por luz UV-B,
mientras que el factor XRCC4-like (el producto del gen x/f) tiene una funcién
putativa en la reparacion de cortes en cadenas dobles de DNA. Sin embargo, el
gen xIf no se induce por luz blanca o azul (Herrera-Estrella A, comunicacion

personal).

El papel transcripcional de los elementos APE (Berrocal-Tito et al., 1999) y LRE
(Rosales-Saavedra et al., 2006) descritos previamente en el promotor del gen phr-
1 de T. atroviride, no han sido analizados experimentalmente. En este estudio,
nosotros mostramos que el promotor de phr-1 tiene dos regiones conservadas, la
que contiene el LRE (PLRR) y una nueva que nombramos UCR. El perfil
transcripcional de phr-1 en respuesta a la luz muestra que no se expresa en la
oscuridad, y luego de un estimulo de luz azul se incrementa su transcripcion
(Berrocal-Tito et al., 1999). Sin embargo, observamos una ligera expresion en
oscuridad del gen reportero /lacZ en casi todas las construcciones probadas (salvo
por la version de -600 pb), un hecho que contrasta con el patron de expresién del
gen phr-1 enddgeno. Para explicar estos datos, planteamos dos hipétesis: 1) el
promotor nativo de phr-1 tiene una actividad muy baja en la oscuridad; sin
embargo, el transcrito se degrada rapidamente en esta condicion. O, 2) existe un

represor que reprime la transcripcion de phr-1 en la oscuridad, pero solo en su
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contexto cromosomal nativo. Si la segunda hipétesis es correcta, entonces los
bajos niveles de expresion de /lacZ en oscuridad pueden atribuirse a un efecto en
la organizacion de la cromatina en el sitio de integracion y/o a un efecto de
posicion en el cromosoma. Aunque las transformantes no se examinaron por
Southern blot, el analisis con gPCR mostré que distintas construcciones podian
estar integradas aleatoriamente en el genoma de T. atroviride. Por otra parte, no
se observo una relacion directa entre la expresion de lacZ en la oscuridad con el
numero de copias del transgén de resistencia a higromicina (hph) que se
determind por qPCR. Estas evidencias nos permitieron sugerir que la integracion
de casi todas las construcciones ocurrié fuera del contexto de phr-1 en el
cromosoma, lo que llevé a la pérdida de la represion del gen reportero en la

oscuridad en casi todas las cepas examinadas.

En este sentido, nuestros datos refuerzan las conclusiones derivadas de un
analisis de la transcripcion de phr-1 en una cepa mutante nula Aphr-1 y una
sobreexpresante de éste gen, donde se sugiere por primera vez la presencia de
un represor en la regulacion transcripcional de phr-1 (Berrocal-Tito et al., 2007). La
expresion de un gen reportero regulado por 2 kb rio arriba del sitio de inicio de la
transcripcion de phr-1 fue baja en un fondo mutante, mientras que en una cepa
sobreexpresante fue menor la cantidad de energia requerida para llevar a cabo la
expresion génica (Berrocal-Tito et al., 2007). Cabe resaltar que no solo la
regulacion transcripcional de phr-1 se vio afectada en ambos fondos genéticos,
sino que otros genes responsivos a luz también mostraron un patron similar, lo
que llevd a pensar que PHR-1 puede modular la transcripcion de otros genes
regulados por luz azul a través de la interaccién con el BLRC, reclutando un
represor al complejo unido sobre promotor en la oscuridad (Berrocal-Tito et al.,
2007).

Previamente se demostré que en N. crassa un LRE consiste de dos cajas GATA,

las cuales son requeridas para la transcripcion de genes responsivos a luz, asi
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como la union del WCC a dichas secuencias en respuesta a la luz azul (Froehlich
et al., 2002; He y Liu 2005). Sin embargo, en estos trabajos no se estudié por
separado cada caja GATA que conforma un LRE, ni se analizaron mutaciones
puntuales en esas secuencias para probar su funcién in vivo. En este trabajo,
mostramos que la regidn responsiva a luz del promotor de phr-1 de T. atroviride
exhibe secuencias similares al LRE descrito en N. crasa: la caja GATA1 altamente
conservada y dos repeticiones de ésta en la polaridad opuesta. Nuestros
resultados sugieren que estas cajas GATA trabajan en conjunto en la regulacion
de phr-1, ya que la eliminacion de las cajas GATA repetidas invertidas resulté en
una pérdida de la respuesta a luz del gen reportero lacZ. Nuestros analisis de
mutagénesis en la caja GATA-2 mostraron claramente la relevancia de la regién
responsiva a luz en dirigir la fotoinduccion del gen reportero /lacZ. Basado en ello,
y considerando el analisis de secuencia de los genes responsivos a luz azul en
Trichoderma (Fig. 5A, publicacion), proponemos que el consenso del LRE para
este hongo es CGATC. Los cambios en los nucledtidos de la primera y/o quinta
posicion de este consenso en T. atroviride pueden llevar a la pérdida de funcién.
Nuestros resultados, junto con los ultimos trabajos descritos sobre los LRE de N.
crassa (Chen et al., 2009; Smith et al., 2010), sugieren fuertemente que el
consenso se encuentra altamente conservado y puede dirigir la transcripcién de
genes fotoinducibles tanto en N. crassa como en T. atroviride. Sin embargo, es
necesario realizar mas estudios de mutagénesis de las cajas GATA
individualmente, que son parte del nucleo del LRE, de otros promotores de genes
regulados por luz en T. atroviride y otros Sordariomycetes para probar tal

hipétesis.

Un analisis comparativo de la secuencia promotora de los genes de fotoliasas de
cuatro géneros distintos de Sordariomicetos (Fusarium, Glomerella, Neurospora y
Trichoderma) mostré la conservacion de una region de ~90 pb, la cual presenta de
cuatro a seis repeticiones imperfectas de la secuencia CGATN. El arreglo de esas

repeticiones es variable entre las especies de los hongos examinados, aunque
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predominan las cajas CGATN con la misma polaridad que los LRE tipicos de los
promotores de Neurospora. En este sentido, la region responsiva a luz del
promotor de phr-1 de T. atroviride presenta una organizacién atipica, ya que tres
de las cinco cajas CGATN tienen una polaridad distinta a los sitios de unién
canodnicos del WCC (Fig. 4, publicacién). Este arreglo atipico de las repeticiones
CGATN junto con la evidencia experimental obtenida en este estudio, sugieren
fuertemente que los elementos invertidos son funcionalmente equivalentes a las
repeticiones directas CGATN, ya que la integridad del segmento del promotor -157
a -184 (el cual contiene dos cajas CGATN invertidas) es esencial para preservar la
respuesta a la luz azul, respecto de las versiones truncas o mutadas del promotor
de phr-1 (Fig. 2 y 3, publicaciéon). Por otra parte, existe evidencia de que la
proteina PHRB del hongo basidiomiceto Lentinula edodes, la cual es homdloga a
WC-2/BLR-2, es capaz de unirse a cajas GATAWWC en sentido y antisentido del
promotor de un gen fotoregulable (Sano et al., 2009). En este contexto, es
importante sefialar que todos los homélogos fungicos conocidos de WC-2 se unen
a secuencias GATA, lo que indica que estas proteinas reguladoras han
conservado su especificidad de union a DNA desde el tiempo previo a la

divergencia evolutiva de los Ascomicetos y Basidiomicetos.

El analisis de otros promotores de genes responsivos a la luz azul en T. atroviride
sugiere que las cajas CGATC son importantes para dirigir la expresion en
respuesta a este estimulo. Un ejemplo de ello se ilustra en el gen frq, el cual
presenta dos secuencias LRE: la proximal esta conformada por tres cajas CGATC
sobrelapadas, mientras que la distal cuenta con una sola caja CGATC (Fig. 5A,

publicacion).

El promotor de phr-1 no presenta los elementos putativos EUM1 y EUM2
identificados en T. reesei. Sin embargo, ambos motivos han sido identificados en
el promotor de algunos otros genes regulados por luz en T. atroviride, T. virens'y

T. reesei (Rosales-Saavedra et al., 2006). Ninguno de estos elementos esta
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conservado entre los genes ortélogos, lo cual sugiere que podrian no tener un
papel en la fotoinduccidn de la transcripcion en Trichoderma spp., tal como se
observd para el APE, el cual solo se encontré en el promotor de phr-1 de T.
atroviride y no presento un papel en la regulacion de la transcripcidn en respuesta

a la luz en este hongo.

Previamente, el grupo de Schmoll identifico secuencias EUM1 en el promotor de
los genes env1 y gna3 de T. reesei (Schuster et al., 2007), y por ensayos de
cambio de movilidad electroforética (EMSA, de sus siglas en inglés) mostraron la
unién de un complejo a esta secuencia bajo distintas condiciones de luz (Schuster
y Schmoll, 2009). Sin embargo, no se analizaron mutaciones del EUM1 que
permitieran verificar la especificidad del complejo por estas secuencias. Por otra
parte, detectamos un consenso GATC en todas las sondas empleadas, por lo que
los complejos detectados en luz y oscuridad podrian estar interactuando con el
GATC en lugar de con el EUM1. Aunque se realizaron ensayos de competencia, el
disefio experimental no fue el mas apropiado (ya que se emplearon extractos de
proteina total y no una fraccidon nuclear), por lo que se observo la pérdida de varias
sefales, incluida la del mencionado complejo que se une en respuesta a la luz, y
esto hace dificil interpretar la importancia del EUM1 en la regulacion
transcripcional mediada por luz, por lo que se requiere de ensayos adicionales

para probar la funcionalidad de estas secuencias.

Adicionalmente, examinamos la posible interaccién de las proteinas BLR-1 y BLR-
2 con la secuencia CGATC y el promotor del gen phr-1. Tanto en N. crassa como
en T. atroviride, las proteinas WC-2 y BLR-2, respectivamente, no son
responsables de la percepcidon de la luz azul, pero son un componente esencial en
la transduccion de la sefial luminosa (Denault et al., 2001; Casas-Flores et al.,
2004). En T. atroviride, BLR-2 es el factor limitante en la formacién del BLRC
(Esquivel-Naranjo y Herrera-Estrella, 2007), mientras que en N. crassa se ha

mostrado que el dominio de union a DNA de WC-2, mas que el de WC-1, es
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esencial para la transcripcion de varios genes regulados por luz, como al-3 y vvd
(Collet et al., 2002; Cheng et al., 2003). En este sentido, iniciamos el analisis del
posicionamiento del BLRC sobre el promotor de phr-1 por medio de ensayos de
inmunoprecipitacion de la cromatina (ChlP) utilizando un anticuerpo que reconoce
a BLR-2, y encontramos que esta proteina se une principalmente en las dos
regiones conservadas del promotor de phr-1 (LRE y UCR) in vivo. La cinética de
union sobre ambas regiones en respuesta a la luz sugiere que BLR-2, y
probablemente BLR-1, estan unidos al promotor en la oscuridad, asociados con un
represor transcripcional putativo y tras un estimulo de luz, se libera el complejo
BLRC activo, lo que da lugar a la expresiéon de phr-1 inmediatamente después que

se dio el pulso de luz (Fig. 6, publicacion).

La posible interaccion de BLR-1 y BLR-2 en ambas regiones conservadas se
analizé in vitro mediante una serie de EMSAs, utilizando extractos nucleares de T.
atroviride de las cepas silvestre y las mutantes AbIr-1 y AbIr-2 obtenidos bajo
condiciones de luz y oscuridad. Tanto la sonda PLRRwt como la UCR mostraron
un retardo electroforético cuando se incubaron con los extractos de oscuridad de
la cepa silvestre, y se observo la formacion de un segundo complejo de menor
peso molecular en la condicidn de luz, lo que sugiere una pérdida de subunidades
y soporta nuestros resultados obtenidos mediante ChlPs. De modo interesante, la
cinética de los complejos formados en T. atroviride contrasta con la reportada para
N. crassa, donde se ha descrito un complejo pequefio en la oscuridad, formado
por una proteina WC-1 y una proteina WC-2, y la formaciéon de un complejo
grande debido al reclutamiento de una segunda proteina WC-1 en respuesta a la
luz (complejo en luz) (Froehlich et al., 2002; Cheng et al., 2003; He y Liu, 2005).
Nosotros observamos un complejo grande en la oscuridad y la aparicion de uno
mas pequefio en luz, lo cual sugiere diferencias en los componentes del complejo
fotorreceptor y por tanto, mecanismos distintos. En este sentido, el analisis con las
mutantes AbIr-1 y Ablr-2 permitid una mayor comprensién de la dinamica que

ocurre sobre el promotor de phr-1 en T. atroviride. Tomando estos resultados junto
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con los del ChiIP, nuestros datos sugieren la liberacion de BLR-1 en respuesta a la
luz y la presencia de una pequefia proporcion de BLR-2 con respecto al estado de
oscuridad. Sin embargo, para conocer la naturaleza de los diferentes complejos
bajo distintas condiciones de luz es necesario complementar nuestros estudios

con otros experimentos.

La cinética del enriquecimiento de BLR-2 in vivo sobre las regiones conservadas
del promotor de phr-1 en respuesta a la luz, asi como los ensayos con las cepas
AbIr-1'y AbIr-2, nos permitieron proponer una hipotesis alternativa sobre el papel
de las proteinas BLR en la fotoinduccién, donde BLR-1 y BLR-2 estan unidas al
promotor en oscuridad, funcionando como represores transcripcionales en vez de
activadores (como se penso inicialmente por su similitud con las proteinas WC), lo
cual explicaria la ausencia de un dominio de activacion en ambas proteinas BLR
(Casas-Flores et al., 2004), y la deteccion del transcrito de phr-1 inmediatamente
después de un pulso de luz (Berrocal-Tito et al., 1999). Alternativamente, podria
ser posible que solo una de las proteinas BLR funcione como represora, regulando
la funcién de la otra, ya que se ha visto un patrén de proteinas diferencial entre las
cepas AbIr-1 y Ablr-2 en condiciones de luz y oscuridad, lo cual apoya nuestra
hipbtesis como resultado de los analisis tipo EMSA (Sanchez-Arreguin et al., 2012;

éste trabajo).

Tomando en conjunto nuestros resultados y lo reportado por otros grupos, al
parecer las proteinas BLR trabajan en conjunto como un complejo, BLRC,
regulando directamente a los genes blu y bld de manera dependiente de la luz,
uniéndose a las regiones conservadas del promotor, donde las cajas CGATC son

los elementos importantes que dirigen la transcripcion de estos genes.
En este sentido, la region responsiva a luz que identificamos sobre el promotor de

phr-1 en las cinco especies de Trichoderma presenta elementos similares al ELRE
reportado en N. crassa (He y Liu, 2005; Chen et al., 2009; Smith et al., 2010), pero
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las sutiles diferencias entre las distintas especies de hongos podrian explicar las
diferencias en las vias de transduccion de la sefal que se ha descrito en los
modelos N. crassa y A. nidulans (Rodriguez-Romero et al., 2010; Chen et al.,
2010b). En cuanto a la UCR, no encontramos una funcién de esta secuencia
asociada con la fotoinduccién de phr-1, al menos bajo las condiciones que
probamos; sin embargo, no descartamos que esta secuencia pueda tener un papel
en otros procesos Yy otras condiciones. De modo interesante, si observamos union
de BLR-2 a esta region en la oscuridad, donde identificamos una caja GATA
semejante a las de la regidn responsiva a luz, la cual podria ser el sitio de union
de BLR-2.

Finalmente, se inicié el trabajo para analizar la regulacion transcripcional de un
gen reprimido por la luz azul, bld-2, el cual codifica para una deshidrogenasa con
diferentes especificidades (Rosales-Saavedra et al., 2006). El perfil de expresion
es contrario al de phr-1, ya que se expresa en condiciones de oscuridad y el nivel
de su transcrito disminuye progresivamente después del pulso de luz azul. La
expresion de este gen también es mediada por las proteinas BLR, ya que en las
mutantes nulas de cualquiera de estos factores de transcripcion presentan niveles
del transcrito tal como si estuviera en oscuridad, aun cuando se haya estimulado

la colonia con luz azul (Rosales-Saavedra et al., 2006).

Para analizar el promotor del gen bld-2, identificamos su sitio de inicio de la
transcripcion (TSS) mediante la técnica de 5-RACE. Aun cuando el consenso
propuesto para un TSS en eucariontes es muy degenerado (5’-Y-Y-A+1-N-T/A-Y-Y-
Y-3’) (Lodish et al., 2000), la posicion +1 del TSS de bld-2 determinado
experimentalmente es una adenina, y algunos nucleétidos aledafios ajustan con el
consenso. El andlisis de la region 5 muestra una posible caja TATA localizada a -
36 pb. También identificamos varias cajas GATA, seis en la cadena sentido y once
en la cadena antisentido, y un consenso como el reportado por He y Liu (2005): (-
103) GATGC-N37-CGATG (-57).
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El gen bld-2 se encuentra organizado en el genoma en una configuracion
divergente, de la misma manera que phr-1, con una region intergénica de 1230 pb.
El analisis del gen rio arriba de bld-2 por medio de BLAST no arrojoé datos que nos
permitieran asignarle una funcién y solo podemos calificarlo como una proteina
putativa. Para identificar las secuencias que regulan la expresiéon de bld-2 en
respuesta a la luz, se clonaron ocho versiones del promotor al gen reportero lacZ,

que corresponden a deleciones seriadas del extremo 5’.

A la fecha, este es el primer trabajo donde se analizan e identifican elementos de
respuesta a luz en genes responsivos a luz en Trichoderma. Sin embargo, aun
queda mucho trabajo por realizar para elucidar los mecanismos que regulan la

transcripcion de genes responsivos a luz azul en Trichoderma.
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Materiales y Métodos
Ensayos de cambio de movilidad electroforética

Se realizaron una serie de ensayos de cambio de movilidad electroforética (EMSA)
con extractos de proteina nuclear de las cepas silvestre y mutantes Abir-1 y Ablir-2
de T. atroviride, junto con sondas de las regiones PLRR y UCR del promotor de
phr-1 (Tabla 3). Adicionalmente, se disefiaron sondas con mutaciones en cada

una de las cajas GATA de la region responsiva a luz del promotor de phr-1

Tabla 3. Sondas disefiadas para los EMSA en la PLRR y UCR del promotor de phr-1

Nombre Secuencia (5’- 3’) *° Descripcion

PLRRwt GCTACTTACGCAGGGATACCAAGCCACTGAAAT  PLRR con las dos
CGCACTGACATCGCACCAGCCAAAGTCCCGATC cajas GATA
TCCAGACGCCAATGACGCAGGCCACATCGAGGC  intactas
CATAT

mutGATA-1 GCTACTTACGCAGGGATACCAAGCCACTGAAAT  PLRR con la caja
CGCACTGACATCGCACCAGCCAAAGTCCGTCCT GATA-1 mutada
TCCAGACGCCAATGACGCAGGCCACATCGAGGC
CATAT

mMutGATA-2 GCTACTTACGCAGGACCGCCAAGCCACTGAAAT  PLRR con la caja
CGCACTGACATCGCACCAGCCAAAGTCCCGATC GATA-2 mutada
TCCAGACGCCAATGACGCAGGCCACATCGAGGC
CATAT

UCR CTCAGGCTGATTCACATCCAAAACTGGCTCGGCA Regioén conservada
AGGCGCTCGTGTACGACACGGCATGTCTCTGCA  rio arriba (UCR)
AAAGCCGAACTACTAGTAGCGTTGGAACCGGTAT
TGTTCTGGAAATGAGGCAGAACG

% Las cajas GATA silvestres estan resaltadas en negro y en gris

® Las mutaciones en las cajas GATA de la PLRR estan subrayadas

Los EMSA se realizaron como se ha descrito previamente (Froehlich et al., 2002;
He y Liu, 2005) con extractos de proteinas nucleares que se mantuvieron en
oscuridad o a las que se expuso a luz azul durante la reaccion de union. Para ello,
se utilizaron 2 ug de proteina nuclear, 2 nM de sonda marcada con biotina en el

extremo -3’ (Thermo Scientific), 50 ng/ul Poly dledC, buffer de union buffer [20 mM
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HEPES pH 7.9, 1 mM EDTA, 2 mM MgCl,, 10%(v/v) glicerol, 20 uM ZnCl,]. Las
reacciones de union se visualizaron con el kit LightShift Chemiluminescent EMSA

(Thermo Scientific), siguiendo el protocolo del proveedor.

Identificacidn del sitio de inicio de la transcripcion del gen bld-2

Se identifico el sitio de inicio de la transcripcion (TSS, por sus siglas en inglés) del
gen bld-2 (Protein ID: 301399; http://genome.jgi-psf.org/Triat2/Triat2.home.html)
mediante la técnica 5-RLM-RACE con el kit comercial FirstChoice 5° RLM-RACE

(Ambion) siguiendo las instrucciones del proveedor para una reaccion estandar. La

reaccion se llevé a cabo con 10ug de RNA total proveniente de una muestra de T.
atroviride incubado en oscuridad. La secuencia del adaptador 5’, asi como los

oligonucledtidos empleados se muestran en la Tabla 4.

Tabla 4. Secuencia del adaptador y los oligonucleétidos usados en el 5RLM-RACE

Componente Secuencia

Adaptador 5’RACE 5-GCUGAUGGCGAUGAAUGAACACUGCGUUUGCUGGCUUUGAUGAAA-3'
5' RACE Outer Primer 5'-GCTGATGGCGATGAATGAACACTG-3'
5' RACE Inner Primer 5'-CGCGGATCCGAACACTGCGTTTGCTGGCTTTGATG-3'

bld-2 TA Fwd 5-CGTCGTCTTTGGCGGCTCAGG-3'
bld-2 TA Rev 5'-AACGGGTCACACGGCACAGTCC-3'
bld-2 tr Rev 5'-AGTTGGCGCACCATCATACTGACA-3'

Para la reaccion outer, se utilizd 1 ul del cDNA y se usé el par de oligonucledtidos
5' RACE Outer (O)/bld-2 tr Rev con el siguiente programa de PCR: 94°C 3 min; 35
ciclos de 94°C (30 seg), 60°C (30 seg), 72°C (30 seg); extension final 72°C 7 min.
Para la reaccion inner, se tom6 como DNA molde 2 pl de la reaccion outer y se
usé el par de oligonucleétidos 5 RACE Inner/bld-2 TA Rev con el mismo

programa de PCR que la reaccién outer.
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Se tomaron 10 ul de cada reaccion y se corrieron en un gel de agarosa al 1%. De
la reaccidon outer se obtuvo un amplicon de 700 pb aproximadamente, la cual se

enriquecio en la reaccion inner.

Se cloné 1 ul de la reaccion inner en el vector pGEM-T Easy (Promega) y se
secuenciaron cuatro clonas por el método de Sanger. Se identificd el adaptador &’
RACE en la secuencia obtenida y la siguiente base se tomé como el TSS del gen
bld-2

Disefio y construccion de fusiones traduccionales de distintas versiones del

promotor de bld-2 con el gen reportero lacZ

Se disenaron oligonucleétidos para amplificar fragmentos a varias distancias del
TSS de bld-2 (Tabla 5), para realizar fusiones traduccionales con el gen reportero
lacZ. Los oligonucledtidos forward incluyen el sitio de restriccion de Spe | y el
universal reverso lleva el sitio Sma |, a fin de clonar en los mismos sitios del vector
pCBlacZ.

Tabla 5. Oligonucledtidos usados para fusiones traduccionales de bld-2con el gen lacZ

Nombre Secuencia (5'>3’)*

Pbld2-1794 Spel F 5-ACTAGTTTAGCTGAACCGGCG-3
Pbld2-1210 Spel F 5-ACTAGTGCCTCTAGAGCTCTCTGGTCAA-3’
Pbld2-738 Spel F 5-ACTAGTTGCGCCAACTCTAACAGGGATT-3
Pbld2-535 Spel F 5-ACTAGTGCTAGGAAAAGGTCAGGAG-¥
Pbld2-432 Spel F 5-ACTAGTGGGACGCTTCATCATTGCTA-3
Pbld2-125 Spel F 5-ACTAGTCTGCAAGATGTCTAGTCTAC-3’
Pbld2-113 Spel F 5-ACTAGTCTACGAGATGCAAGTTGTCA-3
Pbld2-89 Spel F 5-ACTAGTGGAGCCATCTAGGTCCATA-3
UPbld-2 Smal R 5-CCCGGGGACGCCAAAAGCCATTGTGT -3

“ Los sitios de restriccion estan indicados en negritas
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Todas las versiones del promotor de bld-2 se amplificaron por PCR, utilizando
DNA genomico de T. atroviride como molde. Las condiciones de PCR fueron 5 min
a 94°C, 25 ciclos of 94°C (30 seg), 58°C (30 seg), 72°C (30 seg para amplicones <
500 pb, y 60 seg para amplicones > 500 pb), con una extension final de 72°C por 5

min. Los productos de PCR se clonaron en pGEM-T Easy y se secuenciaron.

Los plasmidos pGEM y pCBlacZ se digirieron con Sma | y Spe | para realizar las
fusiones del promotor de bld-2 con el gen lacZ. Las ligaciones se transformaron en
la cepa E. coli TOP10F’ y se realiz6 un escrutinio de las construcciones correctas

utilizando enzimas de restriccion
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To deal with pathogens, plants have evolved sophisticated
mechanisms including constitutive and induced defense
mechanisms. Phytohormones play important roles in plant
growth and development, as well as in the systemic response
induced by beneficial and pathogen microorganisms. In
this work, we identified an Aspergillus ustus isolate that
promotes growth and induces developmental changes in
Solanum tuberosum and Arabidopsis thaliana. A. ustus
inoculation on A. thaliana and S. tuberosum roots induced
an increase in shoot and root growth, and lateral root and
root hair numbers. Assays performed on Arabidopsis lines
to measure reporter gene expression of auxin-induced/
repressed or cell cycle controlled genes (DR5 and CycBl1,
respectively) showed enhanced GUS activity, when compared
with mock-inoculated seedlings. To determine the contribution
of phytohormone signaling pathways in the effect elicited
by A. ustus, we evaluated the response of a collection of
hormone mutants of Arabidopsis defective in auxin, ethylene,
cytokinin, or abscisic acid signaling to the inoculation
with this fungus. All mutant lines inoculated with A. ustus
showed increased biomass production, suggesting that
these genes are not required to respond to this fungus.
Moreover, we demonstrated that A. ustus synthesizes auxins
and gibberellins in liquid cultures. In addition, A. wustus
induced systemic resistance against the necrotrophic fungus
Bortrytis cinerea and the hemibiotrophic bacterium Pseudomonas
syringae DC3000, probably through the induction of the
expression of salicylic acid, jasmonic acid/ethylene, and
camalexin defense-related genes in Arabidopsis.
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In their natural setting, plants have to deal with a whole
range of environmental changes that determine plant growth
and development. Hormones and many endogenous signals
regulate plant growth and development, which in
combination with the genetic information determine the
plant’s shape (development). Auxins and cytokinins (CK)
regulate cell division and expansion, lateral-root development,
and apical dominance [15, 20, 21, 33]. Gibberellins (GAs)
and brassinosteroids (BS) promote germination, stem
elongation, and flowering, and regulate photomorphogenesis
[44]. Abscisic acid (ABA) is involved in several stress
signaling pathways and promotes seed dormancy [2].

Microorganisms interact with plants either beneficially
or as pathogens and may influence plant growth and
development. Perception of microorganisms by plants is
highly coordinated through cellular processes that determine the
final outcome of the relationship, ranging from parasitism to
mutualism [3, 36]. A number of plant-associated microorganisms
have been described to synthesize phytohormones, which
are necessary to mediate communication between the plant
and microorganisms. Free-living microorganisms are also
able to produce phytohormones [6]. It is well known that
many bacteria are able to stimulate plant growth through
direct or indirect mechanisms; these are called plant growth-
promoting rhizobacteria (PGPR) [6]. PGPR increase plant
growth by improving mineral nutrition, disease suppression,
or phytohormones production, such as auxins, CK, GAs,
and volatile organic compounds [11].

Like PGPR, some rhizosphere fungi are able to promote
plant growth and development. Fungi described in the
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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.
reesei or other ascomycetes, and are overrepresented in non-syntenic genome regions. A phylogenetic analysis
shows that T. reesei 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. reesei.

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 is 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 atroviride (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 is now known that some
Trichoderma biocontrol strains also interact intimately
with plant roots, colonizing the outer epidermis 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 hybridization 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
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Recently, the genome of another Trichoderma, Tricho-
derma reesei (Tr, teleomorph H. jecorina), which has a
saprotrophic lifestyle and is 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 is, Ta and Tv.
These two were chosen because they are distantly
related to 7r [9] and represent well defined phylogenetic
species [10,11], in contrast to Trichoderma harzianum
sensu lato, which is also commonly used in biocontrol
but constitutes a complex of several cryptic species [12].

Results
Properties of the T. atroviride 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 finishing reactions and gap closing. Their genome
sizes were 36.1 (Ta) and 38.8 Mbp (7Tv), 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, yielded 11,865 gene models for Ta
and 12,428 gene models for Tv, respectively (Table 1),
both greater than the estimate for 7r (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 77, 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 34.1
Coverage 8.26x 8.05% 9.00x
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 1793,25
Protein length, amino acids 47154 478.69 492,27
Exons per gene 293 2,98 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%)

NR, non-redundant database; PFAM, protein families.
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577 2510

T. reesei T. atroviride

Figure 1 Distribution of orthologues of T. atroviride, T. virens
and T. reesei. The Venn diagram shows the distribution found for
the three species of Trichoderma.

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
Tv and 2,690 (21%) genes of Ta are located in non-

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

Genome Synteny Total Orthologs® Non- P-
genes orthologs  value®
T Syntenic 9,350 7,326 2,024 2.2e-16
atroviride
Non- 2,515 1,265 1,250
syntenic
T. virens  Syntenic 9,828 7326 2,502 2.2e-16
Non- 2,690 1,532 1,158
syntenic
T. reesei  Syntenic 8,776 7,326 1,450 2.2e-16
Non- 367 153 214
syntenic

2Orthologs that are in all three genomes. °Null hypothesis that the proportion
of non-orthologs that are syntenic is less than the proportion of non-
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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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 Materials 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% (77 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 niger (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 novo
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 is 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 signifi-
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 varied 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 variation 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 similarity to known TEs from
other eukaryotes were identified (Table 3). In most
cases, the TE families that we detected were fragmented
and highly divergent from one another, suggesting that
they did not arise from recent transposition events.
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Table 3 The major classes of transposable elements found in the Trichoderma genomes

T. atroviridae T. reesei 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 9235 45 9,962 34 8,547
LINE 561 65,202 530 54,928 349 59414
Total® 178,870 (0.49%) 191,820 (0.57%) 187,803 (0.48%)

*Total in base pairs and percentage of genome of transposable elements found in the genomes. LINE, long interspersed nuclear element; LTR, 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 families in the
three Trichoderma species

Sequence TA/AT ratio CT+AT/AC+GT ratio RIP?
T. atroviride 0.70 1.35
LTR Copia 042 1.50
LTR Gypsy 0.97 1.21
LINE R1 1.86 1.67
LINE Tad1 0.82 132
T. reesei 0.71 1.28
LTR Copia 1.04 131
LTR Gypsy 1.01 1.28
LINE R1 0.99 240
LINE Tad1 033 1.30
T. virens 0.71 1.33
LTR Copia 0.77 148
LTR Gypsy 0.95 1.16
LINE R1 0.75 214
LINE Tad1 133 0.99 *

*The asterisk indicates the family Tad1 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
mutation; TE, transposable element.

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
sequences 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

N. crassa protein®  Accession number®  Function®

Trichoderma orthologue (ID number)

T. atroviride T. virens T. reesei

RIP

RID XP_959047.1 Putative DMT, essential for RIP and for MIP

Dim-5 XP_957479.2 Histone 3-K9 HMT essential for RIP; RARP 152017 55211 515216
Quelling

QDE-1 XP_959047.1 RARP, 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

DCL1 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

QIP CAP68960.1 Putative exonuclease protein, involved in quelling 14588 41043 57424
MSUD

SAD-1 XP_964248.2 RARP essential for MSUD 465 28428 103470

SAD-2 XP_961084.1 Essential for MSUD No No No

2N. crassa gene information and abbreviations taken from [36]. DMT, cytosine DNA methyltransferase; HMT, histone methyltransferase; MIP, methylation induced
premeotically; MSUD, meiotic silencing of unpaired DNA; RdRP, RNA-dependent RNA-polymerase.

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 Eurotiomycetes, 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 -1,3-glucanases
(families GH17, GH55, GH64, and GHS81) in

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 are therefore an integral part of the mycoparasitic
attack [3,25]. It is conspicuous that not only was the
number of chitinolytic enzymes elevated 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 CBM50 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 in Trichoderma

PFAM domain T. T. T. Other
reesei virens atroviride fungi®
Unknown protein with ankyrin (PF00023), CCHC zinc finger (PF00098; C-X2-C-X4-H-X4-C) and purine 19 38 45 4
nucleoside phosphorylase domain (01048)
Zn(I)Cys6 transcription factor (00172) cluster 1-5 20 43 42 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 (PFO0106) 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 subunit B), epimerase and Nmr1 domain 9 18 19 6
Ankyrin domain protein 10 17 19 8
Sugar transporters 11 24 18 10,8

GH18 chitinases 6 11 16 2

Protein kinase (00069) plus TPR domain 2 24 15 4,7
Unknown major facilitator subfamily (PF07690) domain 9 15 15 55
F-box domain protein 7 10 11 1,7
Ankyrin domain protein with protein kinase domain 6 8 11 2,7
Amidase 4 11 11 28
Epoxide hydrolase (PF06441) plus AB hydrolase_1 (PF00561) 5 14 1 32
FAD_binding_4, plus HET and berberine bridge enzymes (08031) domain 5 13 11 6,1
FMN oxidoreductases 2 8 10 2,5
Unknown protein with DUF84 (NTPase) and NmrA domain 5 19 10 3,7
Protein with GST_N and GST_C domains 6 12 10 46
Class Il hydrophobins 6 8 9 1,1
Proteins with LysM binding domains 6 7 9 1.2
Unknown protein family with NmrA domain 2 11 8 0.2
Pro_CA 5 9 8 13
WD40 domain protein 5 11 8 272
C2H2 transcription factors 1 5 7 14
GFO_IDH_MocA (01408 and 02894) oxidoreductase 3 9 7 1,5
Protein kinase (00069) 4 6 6 07
Nonribosomal peptide synthase 3 4 5 1

SSCP ceratoplatanin-family 3 4 5 1

GH75 chitosanase 3 5 5 11
SNF2, DEAD box helicase 3 5 5 13
Nitrilase 3 6 5 22
GH65 trehalose or maltose phosphorylase (PFAM 03632) 4 4 4 038
AAA-family ATPase (PFO0004) 4 3 4 1

Pyridoxal phosphate dependent decarboxylase (00282) 2 3 4 1.2
Unknown protein 3 4 4 13

“Results are from MCL analysis of the three Trichoderma species (Tr, Ta, Tv) and mean values from ten other ascomycetes whose genomes are present in the JGI
database [63]. Eurotiomycetes: Aspergillus carbonarius, Aspergillus niger. Sordariomycetes: Thielavia terrerstris, Chaetomium globosum, Cryphonectria parasitica,
Neurospora discreta, Neurospora tetrasperma. Dothidiomycetes: Mycospherella graminicola, Mycospherella fijiensis, Cochliobolus heterostrophus. The number of genes
present in the “other fungi” is averaged. Data were selected from a total of 28,919 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 Trichoderma species; numbers 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 7r (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 varying assortment of non-ribosomal pared to other ascomycetes, Tv exhibited the highest
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Table 7 Glycosyl hydrolase families involved in chitin/chitosan and B-1,3 glucan hydrolysis that are expanded in

mycoparasitic Trichoderma species

Glycosyl hydrolase family

Chitin/chitosan® B-glucan® Total B-glucan®
Taxonomy GH18 GH75 GH17 GH55 GH64 GH81 217

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

Nectria haematococca S 28 2 6 5 2 1 14

Fusarium graminearum S 19 1 6 3 2 1 12

Neurospora crassa S 12 1 4 6 2 1 13

Podospora anserina 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 1

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

Saccharomyces cerevisiae SM 2 0 4 0 0 2 6

Schizosaccharomyces pombe SS 1 0 1 0 0 1 2
Basidiomycota

Phanerochaete chrysosporium A 11 0 2 2 0 0

Laccaria bicolor A 10 0 4 2 0 0

Postia placenta A 20 0 4 6 0 0 10

2Main substrates for the respective enzyme families. °Number of all enzymes that can act on B-glucan as a substrate. Taxonomy abbreviations: S,
Sordariomycetes; E, Eurotiomycetes; P, Pezizomycetes; S, Saccharomycetes; SS, Schizosaccharomycetes; A, Agaricomycetes. The bold numbers indicate glycosyl
hydrolase (GH) families that have a statistically significant expansion in Trichoderma (P < 0.05) or Ta and Tv (GH18). This support was obtained only when N.
haematococca and T. melanosporum were not included in the analysis of GH18 and GH81, respectively.

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  PKS-NRPS  Total
NRPS-PKS
Trichoderma virens 18 28 4 50
Aspergillus oryzae 26 14 4 44
Aspergillus nidulans 26 13 1 40
Cochliobolus heterostrophus 23 11 2 36
Trichoderma atroviride 18 16 1 35
Magnaporthe oryzae 20 6 8 34
Fusarium graminearum 14 19 1 34
Gibberella moniliformis 12 16 3 31
Botryotinia fuckeliana 17 10 2 29
Aspergillus fumigatus 13 13 1 27
Nectria haematococca 12 12 1 25
Trichoderma reesei 11 10 2 23
Neurospora crassa 7 3 0 10

synthase-like proteins, and NRPS-hybrid proteins (Fig-
ure S1 in Additional file 3). Most of the secondary
metabolite gene clusters present in 7r 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 Tc (‘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
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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. atroviride and T. virens but not in T.
reesei

As mentioned above, 1,273 orthologous genes were
shared between Ta and Tv but absent from 7r. 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. reesei T.virens T. atroviride
Zn2Cys6 transcription factors 9 95 69
WD40 domains 1 11 14
Sugar transporters 0 18 13
Proteases 2 28 23
Cytochrome P450 7 40 15
NmrA-domains 2 19 21
Major facilitator superfamily 7 52 60
HET domains 3 26 27
Glycoside hydrolases 3 33 26
FAD-binding proteins 2 28 24
Ankyrins 4 44 37
Alcohol dehydrogenases 4 51 71
o/3-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 numbers 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, heteroincompatibility.

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 are 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 7.

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

-117-



Kubicek et al. Genome Biology 2011, 12:R40 Page 9 of 15
http://genomebiology.com/2011/12/4/R40

Figure 2 Mycoparasitism is an ancient life style of Trichoderma. (a) Position of Ta, Tv and Tr within the genus Hypocrea/Trichoderma. The
positions of Tr, Tv.and Ta are 4, 29 and 97, respectively - shown in bold), and a few hallmark species are given by their names. For the identities
of the other species, see the gene accession numbers (Materials and methods). (b) Bayesian phylogram based on the analysis of amino acid
sequences of 100 orthologous syntenic proteins (MCMC, 1 million generations, 10,449 characters) in Tr, Tv, Ta, Gibberella zeae and Chaetomium
globosum. Circles above nodes indicate 100% posterior probabilities and significant bootstrap coefficients. The numbers in the boxes between (a)
and (b) indicate the genome sizes and gene counts and percentage net gain regarding Ta. Photoplates show the mycoparasitic reaction after
the contact between Trichoderma species and Rhizoctonia solani. Trichoderma species are always on the left side; dashed lines indicate the
position of Trichoderma overgrowth of R. solani.
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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 7v 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 7r has been evolving faster than 7Ta 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.
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Our data also suggest that the ancestral state of Hypo-
creal/ Trichoderma was mycoparasitic. This supports an
earlier 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 7r 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 7r [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
earlier 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 distinct 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 7v 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 f3-
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 CBM50 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
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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 S16 and S17 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 sets.
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 null 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
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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 7T,
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 Trichodermal/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 burnin = 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
[FJ179608]; 19 [FJ442715]; 20 [FJ442771]; 21
[AY391945]; 22 [EU498358]; 23 [DQ834463]; 24
[F]442725]; 25 [AF545508]; 26 [AY391919]; 27
[AF545557]; 28 [AF545542]; 29 [FJ442738]; 30
[AF545550]; 31 [AY391909]; 32 [AF545516]; 33
[AF545518]; 34 [AF545512]; 35 [AF545510]; 36
[AF545514]; 37 [AY391921]; 38 [AF545513]; 39
[AY391954]; 40 [AY391944]; 41 [AF545534]; 42

[AY391899]; 43 [AY391907]; 44 [AF545511]; 45
[AY391929]; 46 [AF545540]; 47 [AY391958]; 48
[AY391924]; 49 [AF545515]; 50 [AY391957]; 51

[AF545551]; 52
[AF545509]; 55
[AF545553]; 58
[DQ835521]; 61
[DQ835522]; 64 [AF545560]; 65
[DQ345348]; 67 [AF545520]; 68
[AF545562]; 70 [AF545563]; 71
[FJ179617]; 73 [DQ859031]; 74 [EU341809]; 75
[FJ179614]; 76 [DQO087238]; 77 [AF545564]; 78
[FJ179601]; 79 [FJ179606]; 80 [FJ179612]; 81 [FJ179616];
82 [EU264004]; 83 [FJ150783]; 84 [FJ150767]; 85

[AF545522]; 53
[AY391959]; 56
[AF545545]; 59
[DQ835462]; 62

[F]442714]; 54
[DQO87239]; 57
[DQ835518]; 60
[DQ835465]; 63
[DQ835517]; 66
[DQ835455]; 69
[DQ835453]; 72
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FJ150786]; 86
EU248602]; 89

[EU883559]; 87
[EU241505]; 90
FJ442741]; 92 [FJ442783]; 93 [EU341805]; 94
FJ442723]; 95 [FJ442772]; 96 [EU2415023]; 97

[ [FJ150785]; 88
[
[
[
[EU341801]; 98 [EU248600]; 99 [EU341808]; 100
[
[
[
[

[F]J442762]; 91

EU3418033]; 101 [EU2485942]; 102 [AF545519]; 103
EU248603]; 104 [EU248607]; 105 [EU341806]; 106
DQO086150]; 107 [DQ834460]; 108 [EU711362]; 109
EUS83557]; 110 [FJ150790].

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 ST summarizes the
satellite sequences identified in the Trichoderma genomes and four other
fungal genomes. Table S2 summarizes manually curated sequence
alignments of transposable element families from the Trichoderma
genomes. Table S3 lists the total number of CAZy families in Trichoderma
and other fungi. Table S4 lists the glycoside hydrolase (GH) families in
Trichoderma and other fungi. Table S5 lists the glycosyltransferase (GT)
families in Trichoderma and other fungi. Table S6 lists the polysaccharide
lyase (PL) families in Trichoderma and other fungi. Table S7 lists the
carbohydrate esterase (CE) families in Trichoderma and other fungi. Table
S8 lists the carbohydrate-binding module (CBM) families in Trichoderma
and other fungi. Table S9 lists the NRPS, PKS and NRPS-PKS proteins in T.
atroviride. Table S10 lists NRPS, PKS and NRPS-PKS proteins in T. virens.
Table S11 lists the putative insecticidal toxins in Trichoderma. Table S12
lists the cytochrome P450 CYP4/CYP19/CYP26 class E proteins in
Trichoderma. Table S13 lists the small-cysteine 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 S17 summarizes gene model statistics. Table
S18 provides numbers of genes with functional annotation according to
KOG, Gene Ontology, and KEGG classifications. Table S19 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 S2
compares the numbers of epoxide hydrolase genes in Trichoderma with
that in other fungi. Figure S3 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; PKS: polyketide synthase; RIP: repeat-induced point
mutation; SSCP: small secreted cysteine-rich protein; Ta: Trichoderma
atroviride; TE: transposable element; Tr: Trichoderma reesei; Tv: Trichoderma
virens.
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