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RESUMEN

Las especies reactivas de oxigeno (ROS) generadas por oxidasas dependientes
de NADPH (NOX) funcionan como moléculas de sefializacion en procesos de
defensa y diferenciacion en animales, plantas y hongos. Recientemente, se ha
descrito que estas enzimas actuan como mediadores en el establecimiento de
relaciones benéficas entre plantas y microorganismos, entre los que destacan los
hongos filamentosos del género Trichoderma, los cuales modulan el crecimiento y
la inmunidad vegetal. En este trabajo se muestra que las mutantes Nox (AnoxR,
Anox1 y Anox2) de T. atroviride presentan una afectacion sobre la capacidad de
estimular el crecimiento de Arabidopsis. Ademas, el co-cultivo con la mutante
AnoxXR provoca una exacerbada respuesta inmune dependiente del acido
jasmonico en las raices en comparacion con la cepa silvestre (WT). De acuerdo
con el perfil de expresidbn génica global realizada en el hongo, existe una
importante represion sobre genes relacionados en la degradacion de
carbohidratos complejos ante la percepcién de la planta, lo cual se encuentra
ausente en la mutante AnoxR, por lo que el mantenimiento del comportamiento
saprofito del hongo compromete la reprogramacion transcripcional que permite el

equilibrio entre el crecimiento y la defensa.

Por el contrario, el estrés oxidativo durante la colonizacién de la raiz también
influye directamente sobre el desarrollo. La respuesta de plantulas de Arabidopsis
y mutantes afectadas en genes que codifican para los homoélogos de oxidasa de
explosion respiratoria (RBOH) bajo el efecto bio-estimulante de Trichoderma,
indica que la pérdida de funcion de los genes RBOHA, RBOHD y RBHOE,
compromete la ramificacion y biomasa inducida por el hongo. De acuerdo con la
prueba fluorescente para ROS totales y la tincion de DAB, existe una mayor
acumulacion de ROS en las puntas de las raices y sobre los sitios de formacion de
raices laterales en plantas inoculadas con Trichoderma. La acidificacion del
sustrato y la emision del compuesto organico volatil 6-pentil-2H-piran-2-ona (6-PP)
parecen ser los principales factores por los que el hongo desencadena la

acumulacion de ROS en las raices y causa la ramificacion de estas. Finalmente,
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se reporta que el receptor de tipo cinasa PEPR2 actua como un regulador rio
arriba de la actividad enzimatica de las RBOH. Estos datos en conjunto
demuestran la funcion de las ROS como mensajeros clave para los procesos de
reconocimiento y adecuacién del metabolismo en el hongo, asi como reguladores

de la arquitectura de la raiz durante la interaccién con Trichoderma.

Palabras clave: Trichoderma atroviride, Arabidopsis thaliana, especies reactivas

de oxigeno, biomasa vegetal, desarrollo radicular.




ABSTRACT

Reactive oxygen species (ROS) generated by NADPH-dependent oxidases (NOX)
function as signaling molecules in defense and differentiation processes in
animals, plants, and fungi. It has recently been described that these NOX enzymes
act as mediators in the establishment of beneficial relationships between plants
and microorganisms. Trichoderma induces the plant defense system and promotes
growth of their hosts. In this study, we report that Nox mutants (AnoxR, Anox1, and
Anox2) from T. atroviride have an affectation in the ability to stimulate the growth of
Arabidopsis seedlings. Furthermore, co-cultivation with the AnoxR mutant elicits an
exacerbated jasmonic acid-dependent immune response in the roots compared to
the wild-type (WT) strain. Global gene expression analysis in the filamentous fungi
reveals an important repression on genes related to the degradation of complex
carbohydrates before the perception of the plant, which is absent in the AnoxR
mutant and can be related to the maintenance of the saprophytic behavior of the

fungus.

Besides, the oxidative stress caused by root colonization directly influences plant
development. The response of wild-type (WT) Arabidopsis seedlings and mutants
in genes encoding respiratory burst oxidase homologues (RBOH) under the
biostimulating effect of Trichoderma was evaluated. It was found that the loss of
function of the RBOHA, RBOHD and RBHOE genes compromises the root
branching in WT plants. The fungus also enhances ROS accumulation in primary
root tips, in lateral root formation sites and emerged lateral roots as revealed by
total ROS imaging via the fluorescent probe and DAB detection. Acidification of the
substrate and emission of the volatile organic compound 6-pentyl-2H-pyran-2-one
(6-PP) appears to be major factors by which the fungus triggers ROS
accumulation, which accounts for more lateral roots being formed during the root—
fungal interaction. Finally, the kinase-like receptor PEPR2 acts as an upstream
regulator of RBOH enzymatic activity. Taken together, these data demonstrate the

role of ROS as key messengers for recognition processes and metabolic fitness in




the fungus, as well as regulators of root architecture during interaction with
Trichoderma.

Keywords: Trichoderma atroviride, Arabidopsis thaliana, reactive oxygen species,

plant biomass, root development.




. INTRODUCCION

En el suelo, las raices cohabitan con diferentes tipos de microorganismos
como bacterias, hongos, actinomicetos, protozoos y algas (Hassani et al., 2018).
Algunos de estos microorganismos pueden colonizar la superficie de las raices o
crecer dentro de las mismas y causar efectos positivos o negativos sobre el

crecimiento, la salud y la productividad de las plantas (Zhalnina et al., 2018).

Las raices secretan substancias que atraen microorganismos benéficos y
contribuyen a mantener interacciones simbioticas a través de la liberacion de
diferentes compuestos, incluyendo azucares, aminoacidos, acidos organicos,
compuestos fendlicos, enzimas, fitohormonas y vitaminas (Pascale et al., 2020).
Los hongos pertenecientes al género Trichoderma se encuentran con frecuencia
en la rizosfera, influenciada por la presencia de azucares y otros exudados
(Macias-Rodriguez et al., 2018; Villalobos-Escobedo et al.,, 2020; Esparza-
Reynoso et al., 2021). Esta relacion se fortalece mediante el establecimiento de
una comunicacion quimica intima en la que la asimilacion de nutrientes y la
emision de compuestos como auxinas, compuestos organicos volatiles (VOC)
como la 6-pentil-piran-2-ona (6-PP) y péptidos liberados por el hongo mejoran el
crecimiento de las raices y la resistencia sistémica a patogenos (Contreras-
Cornejo et al., 2009; Garnica-Vergara et al., 2016; Villalobos-Escobedo et al.,
2020; Wang et al., 2020).

La produccion/emision de volatiles con efectos sobre el crecimiento de las
plantas y sobre la actividad fungistatica en T. atroviride depende en gran medida
de la actividad funcional de las NADPH oxidasas (NOX), enzimas que producen
especies reactivas de oxigeno (ROS) en respuesta a estimulos bidticos y abidticos
(Cruz-Magalhées et al., 2019). Las NOX fungicas participan en la formacion de
conidias, procesos de virulencia e interacciones con las plantas (Segal y Wilson
2018). Hernandez-Ofiate y col. (2012) identificaron los genes Nox1 y Nox2, que
codifican subunidades cataliticas del complejo NOX, asi como NoxR que codifica
una subunidad reguladora. La pérdida de funciéon de Nox1l y NoxR afecta la

diferenciacion inducida por daino mecanico, mientras que el papel de Nox2 se




relaciona directamente con la produccion de COV con actividad fungistatica,
incluyendo 6-PP, B-bergamoteno (ST-1) y algunos diterpenos (Hernandez-OfRate
et al., 2012; Cruz-Magalhdes et al., 2019). Ademas, los hongos endofitos y
micorrizicos también presentan un estallido oxidativo tras la colonizacion de
raices, lo que implica un papel directo de los genes Nox y ROS fungicos en el

establecimiento de la simbiosis (Abba et al., 2009).

Recientemente, se ha enfatizado el papel que podrian tener las ROS en las
plantas como un mecanismo de defensa ante moléculas efectoras producidas por
Trichoderma como la resistencia sistémica adquirida (SAR) y la resistencia
sistémica inducida (ISR) (Ramirez-Valdespino et al., 2019; Alfiky et al., 2021,
Gonzalez-Lopez et al., 2021). Los efectores secretados por microorganismos son
percibidos por los receptores de reconocimiento de patégenos (PRR), entre los
que destacan los receptores de unidén a nucleétidos con repetidos ricos en leucina
(NLR), los cuales activan la produccién de ROS via NOX, denominadas como
homologos de oxidasa de explosion respiratoria (RBOH) en las plantas (Hu et al.,
2020). Las RBOH abarcan un grupo de enzimas unidas a la membrana que tienen
homologia con el fagocito de mamifero gp91phox (NOX2) que se activan
principalmente en respuesta a la entrada rapida de Ca?* o la fosforilacion inducida
por proteinas cinasas (Chapman et al., 2019; Lee et al., 2020). Aunque la mayoria
de las isoformas como RBOHD y RBOHF desempeian un papel importante en la
produccién de ROS durante la sefalizacion del estrés abidtico, asi como en la
respuesta inmunitaria de las plantas; también participan en programas de
desarrollo como es la formacién del tubo polinico, la elongacion de pelos

radiculares o la emergencia de raices laterales (RL) (Otulak-Koziet et al., 2020).

En este estudio se caracterizo el papel de los genes Nox de T. atroviride y
sus homologos RBOH en Arabidopsis durante la interaccion. Primeramente, se
demostré que NoxR es necesario para la ramificacion de la raiz y la produccion de
biomasa por Trichoderma, ya que la cepa mutante AnoxR pierde la capacidad
manifiesta en la cepa silvestre de inducir la transicion de los primordios de raices

laterales a las raices laterales maduras. Por el contrario, la expresion del factor de




respuesta al acido jasmoénico JAZ1 se incrementa en las raices inoculadas con la
mutante AnoxR, reforzando asi la inmunidad vegetal. Ademas, se muestra que T.
atroviride influye sobre la expresion de los genes implicados en el metabolismo de
azucares presentes en los exudados radicales. En la segunda parte del trabajo, se
determiné que la produccién de ROS mediada por las enzimas RBOH es
necesaria para la ramificacion de raices y la produccion de biomasa por T.
atroviride dependiente de los genes respiratory burst oxidase homologues (RBOH)
rbohA, rbohD y rbohE, cuyos mutantes presentan una disminuciéon de la
ramificaciéon de las raices provocada por la presencia del hongo. Ademas, se
correlaciona la actividad del receptor tipo cinasa PEPR2 con la activacion de las
enzimas RBOH por la presencia de Trichoderma. Con los resultados anteriores, se
propone que la percepcién del pH acido o el compuesto volatil 6-PP causan un
estallido oxidativo que se observa en las raices previamente al contacto con el

hongo y depende en gran medida de la actividad del complejo NOX.

Il ANTECEDENTES

2.1 Arabidopsis como modelo de estudio

Arabidopsis thaliana es una planta herbacea de ciclo anual, nativa de
Eurasia y Africa, que pertenece a la familia Brassicaceae en el grupo
eudicotiledéneas de las plantas vasculares angiospermas, la cual incluye especies
de importancia econdmica, tanto horticolas, ornamentales y oleaginosas (Provart
et al., 2016). Es considerada como el organismo modelo para el estudio de la
biologia vegetal, debido a que posee una serie de caracteristicas idoneas para su
manipulacién y cultivo, como es tener un tamafo pequefio y un ciclo de vida
rapido (6-8 semanas) (Woodward y Bartel, 2018). Ademas, genera una gran
cantidad de semillas por cada generacion, ya que posee una fecundacion
autdgama y elevada fertilidad (Padole e Ingle, 2017). Cuenta con un genoma

diploide relativamente pequefio con alrededor de 125 Mbp y cinco cromosomas, el
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cual fue secuenciado desde el afio 2000, estimandose que contiene alrededor de
27,000 genes, 4827 pseudogenes y genes de elementos transponibles y 1359
moléculas de ARN no codificantes (Feldmann y Goff, 2014). La disponibilidad de
su genoma, junto con el gran acervo de mutantes, herramientas bioinformaticas y
lineas con construcciones de genes reporteros dirigidos por diversos promotores,
han permitido la elucidacién de diversas vias de sefializacién presentes en la
planta, favoreciendo incluso el estudio sobre otras especies eucariotas (Woodward
y Bartel, 2018). Su morfologia consiste en una roseta densa de hojas basales con
margen dentado que, ademas, presenta tallos erectos poco o nada ramificados de
alrededor de 20 a 25 cm, los cuales también poseen hojas mas pequenas que
carecen de peciolo y que estan cubiertas de tricomas (Fig. 1A). Las flores estan
conformadas de cuatro sépalos y pétalos, seis estambres y dos carpelos, y su
disposicion se conforma en una inflorescencia denominada corimbo, estas flores
dan origen a frutos en forma de silicua, la cual contiene alrededor de 20 a 30
semillas de color marroén rojizo de forma ovalada (Fig. 1B-E). Asimismo, posee una

raiz primaria unica de la cual se originan las raices laterales (Kramer, 2015).
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Inflorescencia

B W&{%’ C

D

Semilla

Silicua madura

Etapa reproductiva

-

— .- »
Silicua/semilla — ) —
A 184 25
Plantula Etapa vegetatva

Figura 1. Ciclo de vida de Arabidopsis. Desarrollo de A. thaliana (ecotipo Columbia-0) desde la
semilla hasta la etapa de plantula (11 dias), crecimiento vegetativo (39 dias) y crecimiento
reproductivo (45 dias) (A). Fotografias amplificadas de estructuras reproductivas como

inflorescencia (B), flor (C), silicuas (D) y semilla (E). Modificado de Kramer (2015).

2.1.1 Sistema radicular de A. thaliana

La raiz es un érgano que crece por debajo del suelo, el cual responde a una
variedad de estimulos ambientales. No solo brinda soporte estructural a la parte
aeérea, sino que también lleva a cabo la absorcion de agua y nutrientes necesarios
para el crecimiento (Nelissen y Gonzalez, 2020). Por lo tanto, la supervivencia
general de la planta depende del desarrollo, crecimiento y funcién apropiados de

la raiz.



A diferencia de otros modelos vegetales, la arquitectura y la estructura de la
raiz de Arabidopsis es muy sencilla. Presenta una raiz primaria de origen
embrionario, que mantiene un crecimiento indeterminado y dinamico a lo largo del
ciclo de vida (Smith y De Smet, 2012). Su anatomia consiste en un meristemo
apical (RAM, por sus siglas en inglés) conformado por un nicho de células iniciales
que rodean un par células mitéticamente inactivas, denominadas centro
quiescente (CQ) (Garcia-Gomez et al., 2021). A partir de estas células iniciales se
originan columnas o filas de células que dan origen a tejidos especificos
dispuestos en circulos concéntricos como la epidermis, la corteza, la endodermis,
el periciclo, el xilema y el floema. No obstante, también se producen células en
direccion contraria como es el caso de la capa de tejido llamada cofia, que abarca
el extremo distal, cuya funcién es proteger a la raiz conforme ésta crece a través
del suelo (Petricka et al., 2012). La raiz primaria se divide en tres zonas
consecutivas a lo largo de su eje longitudinal. El area mas cercana al CQ
corresponde a la zona meristematica (ZM), en donde las células se encuentran en
constante division. Estas células cuando pasan por un proceso de expansion
celular conforman la zona de elongacion (ZE). Posteriormente, entran en la zona
de diferenciacion (ZD) (Fig. 2A). Morfolégicamente, la ZD esta marcada por la
aparicion de pelos radiculares epidérmicos (tricoblastos), la maduracién del xilema

y la formacidén de raices laterales (RL) (Pavelescu et al., 2018).
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Zona de elongacién

—

Zona de transicion

[ Centro quiescente (QC)

B cétulas Iniclales cortexionode
I células Iniciales epidermisicc
LI Célutas iniciales columela

. Células iniclales poriciclo

[T Células iniciales vasculatura
B columela

D Cofia lateral

. Epidermis

Zona
maeristematica

Meristemo apical de la raiz

" Nicho de células
iniciales

Columela I Haz vascular

Figura 2. Anatomia y morfologia de la punta de la raiz de Arabidopsis. (A) Ubicacién de las
células iniciales, zona de elongacién, zona de transicion y zona meristematica. (B) Corte
longitudinal de la raiz donde se muestran las diferentes zonas y tejidos. Modificado de Garcia-
Gomez et al. (2021).

Las RL son cruciales para aumentar el area de superficie del sistema
radicular y permitir una mayor exploracion y captacion de nutrientes y agua en
ambientes de suelo heterogéneos. Las RL de Arabidopsis se originan
exclusivamente a partir de células fundadoras del periciclo ubicadas en polos
opuestos del xilema (Fig. 3A) (Banda et al., 2019). Las raices laterales se inician
cuando las células fundadoras individuales o pares de estas del periciclo se
someten a varias rondas de divisiones anticlinales mediante una senalizacién por
auxinas para crear un primordio de raiz lateral (LRP), el cual empieza con una
capa de diez células pequenas de igual longitud (Etapa I) (Du y Scheres, 2018).
Posteriormente, las células se dividen periclinalmente, formando una capa interna
y otra externa (Etapa Il). Después de otras divisiones anticlinales y periclinales se
crea un primordio en forma de cupula (abarcando las Etapas IlI-VII) que
eventualmente emergera de la raiz parental (Etapa VIII) (Fig. 3B) Después de la
emergencia, el meristemo apical de la RL se activa y comienza a crecer (Péret et
al., 2009).
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B Etapal Etapa Il Etapa Il Etapa IV

Bl Epidermis

[ICortex

Il Endodermis

HlCél. floema-polo-pericicio
[HCél. xilema-polo-periciclo
[ Periciclo
B Fioema ] [IEstela
B Xilema

[JPrimorido de raiz lateral

Figura 3. Formacion y desarrollo de las raices laterales en Arabidopsis. (A) Representacion
esquematica de la seccion transversal de la zona de diferenciacién de la raiz primaria. La raiz tiene
una estructura simple compuesta por la estela (periciclo y vasculatura) rodeada por tres capas
unicelulares, endodermis, corteza y epidermis. (B) Las ocho etapas de iniciacién y desarrollo de la
raiz lateral. Las células fundadoras de la raiz lateral se especifican en el periciclo del polo del
xilema y pasan por ocho etapas de desarrollo para emerger en la superficie de la raiz. Tomado de
Jing y Strader (2019).

2.2 Rizésfera

La rizosfera es la regiéon del suelo adyacente a las raices de las plantas, la
cual se ve influenciada fisica, quimica y biolégicamente por la actividad de los
microorganismos (York et al., 2016). La rizésfera se compone de tres zonas,
endorrizosfera, rizoplano y ectorrizosfera, las cuales estan definidas con base en
la influencia y proximidad de la raiz (York et al., 2016). A través de la liberacion de
moléculas bioactivas, las raices pueden modificar la microbiota del suelo (Hu et
al., 2018). Estos exudados radiculares generalmente comprenden metabolitos
primarios como azucares, aminoacidos y acidos carboxilicos, asi como un
conjunto diverso de metabolitos secundarios y compuestos de alto peso molecular

como mucilagos y proteinas (Canarini et al., 2019). La cantidad y el tipo de
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exudados de las raices estan determinadas por la especie, la edad de la planta o
por factores externos (Canarini et al., 2019). Los exudados radiculares
representan una fuente de carbono y nitrégeno para el crecimiento microbiano, no
obstante, los compuestos liberados por las raices pueden actuar como moléculas
sefalizadoras y atrayentes o como inhibidores o repelentes (Fig. 4) (Hu et al.,,
2018; de la Fuente Canto et al., 2020).

Exudados radiculares:
azucares, aminodcidos,
acidos organicos y
metabolitos
secundarios.

Sofalizacion quimica

Eclorizaslera

Microblota del suslo

Figura 4. Representacion de los componentes y procesos de la rizosfera. La rizosfera es un
entorno dindmico de actividad metabdlica entre las raices de las plantas y microorganismos del
suelo. Tomado de White et al. (2017).

Los microorganismos asociados a la rizosfera no solo perciben e interpretan
sefales producidas por las plantas, sino que también responden a los producidos
por ellos mismos y de otros microorganismos. Ademas, estos microorganismos
liberan diversas moléculas de sefalizacion en la rizosfera que influyen
directamente sobre las respuestas quimio-tacticas de la raiz (Venturi y Keel,
2016). En las interacciones benéficas establecidas entre plantas vy

microorganismos generalmente se promueve el crecimiento y desarrollo vegetal,
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se refuerzan las respuestas de defensas contra enfermedades, plagas y factores
abidticos, e incluso se mejora la solubilidad de nutrientes. Entre los
microorganismos benéficos presentes en la rizésfera se encuentran los hongos
micorrizicos, bacterias promotoras del crecimiento vegetal (PGPR) y hongos
promotores del crecimiento vegetal (PGPF), por mencionar algunos grupos
(Venturi y Keel, 2016).

2.3 El género fungico Trichoderma

Trichoderma es un género de hongos filamentosos, residentes naturales de
la rizosfera. Se encuentran distribuidos ampliamente en diversos ecosistemas del
planeta como saprofitos facultativos que degradan la materia organica en
descomposicion (Guzman-Guzman et al., 2019). La mayoria de las especies de
Trichoderma no tienen una etapa sexual, ya que producen esporas asexuales
denominadas conidios (Fig. 5A-B) (Kredics et al., 2021). Su clasificacién
taxonomica corresponde al dominio Eukaryota, reino Fungi, division Ascomycota,
subdivision Pezizomycotina, clase Sordariomycetes, orden Hypocreales y familia
Hypocreaceae. El género Hypocrea/Trichoderma incluye mas de 375 especies

caracterizadas molecular y morfolégicamente (Tyskiewicz et al., 2022).

Diversas especies de Trichoderma manifiestan un potencial extraordinario
para producir enzimas industrialmente importantes o compuestos de interés
farmacologico (Kredics et al., 2021). Por otra parte, se les reconoce por
antagonizar a otros micro-organismos, muy util en el biocontrol de fitopatégenos
(Fig. 5C) (Harman, 2006; Guzman-Guzman et al., 2019). Ciertas especies actuan
como simbiontes oportunistas avirulentos de plantas, ya que pueden crecer como
enddfitos en las raices y en algunos casos colonizan partes aéreas, mejorando el
crecimiento y desarrollo a través de diferentes mecanismos, entre los que
destacan la sintesis de fitohormonas, la solubilizacién de nutrientes, la ramificacion
de las raices, incremento en la capacidad fotosintética y metabolismo de carbono,
asi como la proteccion y tolerancia al estrés bidtico y abidtico (Contreras-Cornejo
et al., 2016; Sood et al., 2020; Pelagio-Flores et al., 2022).
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Irichoderma

Figura 5. Caracteristicas morfolégicas de Trichoderma. (A) Colonia de una especie de
Trichoderma cultivada en agar papa-dextrosa (PDA), mostrando un abundante micelio aéreo con
anillos concéntricos y la presencia de conidios de color verde brillante. (B) Vista microscépica de un
conidioforo ramificado. (C) Parasitismo de Trichoderma sobre Aspergillus flavus. Modificado de

Jaklitsch et al. (2013) y Kifle et al. (2016).

2.4 Interaccién Arabidopsis-Trichoderma

2.41 Regulacion del crecimiento vegetal

Algunas especies de Trichoderma mejoran el crecimiento de las plantas y
modifican la arquitectura de la raiz mediante la produccion de fitohormonas y otras
moléculas de sefalizacion (Contreras-Cornejo et al., 2009; Nieto-Jacobo et al.

2017). De acuerdo con el trabajo realizado por Contreras-Cornejo y col. (2009), las
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plantulas de Arabidopsis crecidas con Trichoderma virens Gv29.8 y T. atroviride
IMI206040 presentaron una mayor formacion de raices laterales y biomasa que las
crecidas axénicamente (Fig. 6A-D). Esta estimulacion por parte de ambas
especies de Trichoderma se relacion6 con la produccion de auxinas por el hongo,
por lo que al evaluar la participacidon de genes involucrados en el transporte o la
sefalizacion como AUX1, BIG, EIR1 y AXR1, se demostré que en Arabidopsis, se
requiere de la via de transduccién de senales de las auxinas para el incremento de

biomasa foliar y radical.

El analisis mediante cromatografia de gases acoplada a espectrometria de
masas (GC/MS, por sus siglas en inglés) en T. virens, condujo a la identificacion
de acido indol-3-acético (AlA) y algunos precursores de esta hormona como el
indol-3-acetaldehido (IAAld), indol-3-etanol (IEt) e indol-3-carboxaldehido (ICAId)
en el sobrenadante del medio de crecimiento. Estos compuestos inddlicos regulan
de manera diferencial la expresion génica inducible por auxinas, asi como la
arquitectura del sistema radicular de Arabidopsis, por lo que muestra el importante
papel de la sefalizacién de las auxinas en la promocién del crecimiento en las

plantas por Trichoderma.
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Figura 6. Efecto de Trichoderma sobre el crecimiento de A. thaliana. A) Plantulas de
Arabidopsis crecidas en condiciones control. B) Efecto de la inoculaciéon de T. virens y C) T.
atroviride, donde se observa que ambas especies inducen el desarrollo de raices laterales
comparado con el tratamiento control. D) Efecto de Trichoderma sobre la acumulacion de biomasa

foliar. Adaptado de Contreras-Cornejo et al. (2009).

Posteriormente, se demostré que T. atroviride también produce etileno
(ET), una hormona vegetal que en conjunto con el AlA inducen la actividad de
MPK®G, una proteina cinasa activada por mitdgenos que regula el crecimiento de la
raiz primaria y la formacién de pelos radiculares en Arabidopsis (Contreras-
Cornejo et al., 2015). De acuerdo con el analisis molecular y fenotipico de
mutantes relacionados con el ET (etrl y ein2), existe una baja induccion en la
formacion de pelos radiculares, asi como una mayor inhibicion del crecimiento de

la raiz primaria bajo el co-cultivo con Trichoderma, demostrando que es necesaria
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una sefalizacién cruzada entre MPKG6, auxinas y ET en la respuesta del desarrollo
de la raiz de Arabidopsis ante el co-cultivo con Trichoderma (Contreras-Cornejo et
al., 2015).

La produccién de compuestos organicos volatiles (COV) es una propiedad
ubicua en Trichoderma (Estrada-Rivera et al., 2019; Guzman-Guzman et al., 2019;
Esparza-Reynoso et al.,, 2021). Estos incluyen alcoholes, hidrocarburos,
aldehidos, alcaloides, cetonas, sesquiterpenos, monoterpenos, alcanos, éteres,
compuestos heterociclicos, fenol y benceno (da Silva et al., 2021; Nieto-Jacobo et
al., 2017). La exposicion a las mezclas de COV emitidas por Trichoderma
aumentan la ramificacion de raices y la produccién de biomasa en plantulas de
Arabidopsis (Hung et al., 2013; Contreras-Cornejo et al., 2014; Esparza-Reynoso
et al.,, 2021). También se ha descrito que estas mezclas de volatiles influyen
directamente sobre el contenido de clorofila, la eficiencia fotosintética y el
metabolismo del carbono en las plantas (da Silva et al.,, 2021; Hung, Lee y
Bennett, 2013; Jalali, Zafari y Salari, 2017; Lee et al., 2016; Nieto-Jacobo et al.,
2017; Esparza-Reynoso et al., 2021).

Los VOC producidos por T. atroviride modifican la expresion de un
transportador de sacarosa de larga distancia (AtSUC2) y de algunos miembros de
transportadores de la familia SWEET (proteinas transportadoras de flujo de salida
de mono y disacaridos), contribuyendo en la traslocacion de fotosintatos desde las
hojas hacia la raiz (Fig. 7a-b) (Esparza-Reynoso et al., 2021). Para compensar
esta demanda de fotosintatos, los VOC emitidos por Trichoderma incrementan la
expresion tejido-especifico de las isoformas de la proteina sacarosa fosfato
sintasa (SPS) en las hojas de las plantulas de Arabidopsis (Fig. 7C). Esta
modificacion sobre la biosintesis y transporte de azucares por parte de los volatiles
favorece a la par el crecimiento y desarrollo de las plantas y el contenido de
glucosa y sacarosa de los exudados de raices (Fig. 7D-F), los cuales
eventualmente beneficiaran el crecimiento del hongo (Macias-Rodriguez et al.,
2018; Esparza-Reynoso et al., 2021).
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Figura 7. Efecto de los VOCs emitidos por Trichoderma sobre el metabolismo y transporte
de carbono en Arabidopsis. (A) Plantulas de Arabidopsis expuestas a los VOCs de T. atroviride.
(B) Expresion de AtSUC2-GFP en el apice de la raiz primaria. (C) Expresion de las isoformas de
las enzimas SPS (AtSPS1F::uidA-GFP, AtSPS2F:: uidA-GFP, AtSPS3F::uidA-GFP) en hojas. (D-F)
Contenido de glucosa y sacarosa en tejidos y exudados radiculares de plantulas cultivadas
axénicamente o expuestas a los VOCs de Trichoderma. Modificado de Esparza-Reynoso et al.
(2021).

Entre los principales compuestos volatiles sintetizados por T. atroviride, la

6-PP posee una actividad similar a las auxinas, ya que promueve el crecimiento de
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las plantas (Garnica-Vergara et al., 2016; Gonzalez-Pérez et al., 2018; Estrada-
Rivera et al., 2019). De acuerdo con el trabajo realizado por Garnica-Vergara y col.
(2016), la aplicacion del compuesto sobre el medio de cultivo mejora la produccion
de biomasa y la ramificacién de las raices laterales de manera dependiente a la

concentracion (Fig. 7A-F).
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Figura 8. Efecto de la 6-pentil-2H-piran-2-ona (6-PP) en la arquitectura de la raiz de
Arabidopsis. Plantulas de Arabidopsis fueron germinadas y cultivadas durante 12 dias con
concentraciones crecientes de 6-PP. (A) Longitud de la raiz primaria. (B) Numero de raices
laterales emergidas. (C) Biomasa total. (D-F) Fotografias representativas de plantulas cultivadas en
medio MS 0.2X suplementado con el solvente (control), 75 y 150 uM de 6-PP. Modificado de
Garnica-Vergara et al. (2016).

La 6-PP aumenta la respuesta auxinica en los primordios de las raices

laterales al incrementar la expresion de los transportadores de auxinas PIN1,
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PIN2, PIN3 y PIN7. Finalmente se describié que el efecto del volatil sobre el
desarrollo de las RL requiere de la participacion de los receptores de auxinas
TIR1, AFB2 y AFB3, asi como de los factores de transcripcion ARF7 y ARF19,
mientras que para el efecto de este compuesto sobre la raiz primaria es necesaria
la participacion de un elemento de la via de sefalizacion del ET denominado
ETHYLENE INSENSITIVE 2 (EIN2). Indicando entonces que el volatil modifica la
organogénesis de la raiz de Arabidopsis al modular tanto la sefalizacion del ET

como el transporte de auxinas.

Recientemente, se han descrito otros factores que participan en la
regulacion del crecimiento de Trichoderma, uno de ellos es la acidificacion del pH
producto del metabolismo y crecimiento fungico (Pelagio-Flores et al., 2017). En
tiempos mas prolongados de exposicion con T. atroviride (4 dias después de la
inoculacion) las plantulas de Arabidopsis presentan la formacion de una estructura
de tipo gancho en el apice de la raiz primaria, la cual obedece una redistribuciéon
de auxinas dentro de las células de la columella hacia una cofia lateral provocando
la flexion de la punta de la raiz y la subsecuente inhibicion del crecimiento
(Pelagio-Flores et al., 2017). Esta interrupcién del crecimiento de la raiz se asocia
con la disminucion de la division celular y con la pérdida de la integridad y
viabilidad celular del meristemo apical de la raiz. Este fenotipo sobre el apice de la
raiz es revertido al amortiguar el medio de cultivo, mostrandose ademas un efecto
mas exacerbado de la estimulacién del crecimiento de la raiz primaria y la
emergencia de raices laterales en plantulas co-cultivadas con Trichoderma (Fig.
8). Aunado a esto, la capacidad de T. atroviride para modificar el pH del medio de
cultivo fue evidenciado a través de un indicador de pH (azul de bromofenol)
suplementado en el medio de cultivo, el cual revelé un color amarillo (pH 3.0) en
funciodn del crecimiento de la colonia a través de los dias. Ademas, la sensibilidad
del mutante stopl a la interaccion con Trichoderma indica que la acidificacion del
medio por el hongo es percibida por la raiz a través de una ruta putativa que
involucra al factor de transcripcion STOP1 para la reconfiguracion de la

arquitectura de la raiz durante la interaccion (Pelagio-Flores et al., 2017).
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Figura 9. Efecto de la acidificacion de T. atroviride en la arquitectura de la raiz de
Arabidopsis. (A) Fotografias representativas de plantulas de Arabidopsis cocultivadas con
Trichoderma durante 4 dias. (B) Puntas de raiz de plantulas y expresion de DR5::GFP. Las flechas
blancas muestran la redistribucion de auxinas. (C) Plantulas de Arabidopsis cocultivadas con
Trichoderma en medio MS 0.2X amortiguado con MES al 0.12 %. (D) Acidificacion por T. atroviride
en medio suplementado con el indicador de pH azul de bromofenol por dias. Modificado de
Pelagio-Flores et al. (2017).

2.4.2 Induccion de la respuesta inmunitaria

De manera paralela a la promociéon del crecimiento, Trichoderma spp.
promueve las respuestas de defensa en las plantas (Contreras-Cornejo et al.,
2016). Como se ha descrito con anterioridad, el co-cultivo in vitro de raices de
Arabidopsis con T. virens y T. atroviride estimula el desarrollo de raices laterales y

la producciéon de biomasa vegetal, sin embargo, la colonizacibn de ambas
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especies de Trichoderma genera una acumulacion de peroxido de hidrégeno
(H202) en los apices de hojas y raices, indicando que se activan respuestas de
defensa a través de un mecanismo dependiente de ROS (Contreras-Cornejo et al.,
2011). A la par de la acumulacion significativa de H202, las plantas también
presentan incrementos en los niveles enddégenos de SA y JA, relacionandose
positivamente con la induccidn de dos genes inducibles para ambas vias
canonicas de defensa (Fig. 9A-D) (Contreras-Cornejo et al., 2011). El analisis de la
expresion de los marcadores relacionados con la patogénesis pPrla:uidA y
pLox2:uidA en respuesta a T. virens o T. atroviride muestran que ambos genes se
inducen fuertemente en el follaje conforme aumenta el tiempo de exposicién a los
hongos, evidenciando que ambas vias de sefalizacion de defensa son activadas
al mismo tiempo. La participacion simultanea entre el JA y el SA en la inmunidad
vegetal inducida por Trichoderma, confiere resistencia al dafio ocasionado en las
hojas por Botrytis cinerea (Contreras-Cornejo et al., 2011). Ademas, el co-cultivo
con ambas especies de Trichoderma también promueve la biosintesis de
compuestos antimicrobianos como la camalexina que, en conjunto con la
produccién de ROS, refuerzan y favorecen la modificacion de las paredes
celulares a través de la deposicidon de lignina y callosa en las células aledafas
para limitar el crecimiento del hongo dentro de las primeras capas de células como
la epidermis y el cortex, y asi permitir la colonizacién superficial de las raices
(Contreras-Cornejo et al., 2011).

23

=
| —



A pPria:uidA C
Control T. virens T. atroviride " 2
r 2 250} —
‘ H
£ 200}
2 B g 150
—— £ 100
— 2 ==
- . — = %0
o =
6 41 R Control T. virens T. atroviride
ddi Tl ( ’ xl g™ y
1N ® S 250 ]
3
pLOX2:uidA 8 o
B = 150
Control T.virens T. atroviride § s
g
& sof
s 3
2 > . % Control T virens T atrovinde

-
- | A,)

~\\

.
6 - . ’
ddi b - JL_ oy )

Figura 10. Efecto de Trichoderma sobre las respuestas de defensa dependientes de
hormonas en Arabidopsis. (A-B) Visualizacion genes inducibles por JA y SA, pPrla:uidA y
pLox2:uidA en funcion al tiempo de interaccion con T. virens y T. atroviride. (C) Cuantificacion del
contenido enddégeno de acido salicilico (SA) y acido jasmodnico (JA) a los 8 dias de interaccién con
ambos hongos. (D) Fotografias representativas de la acumulacion de peroxido de hidrogeno (H2032)
en los apices de hojas y raices de plantulas cultivadas axénicamente (control) o co-cultivadas con

T. atroviride. Modificado de Contreras-Cornejo et al. (2011).

Algunos de los estudios realizados sobre la via de transduccion de sefiales
involucrada en la induccion de resistencia sistémica conferida por T. atroviride en
Arabidopsis muestran que las enzimas relacionadas con la defensa en las plantas,

incluidas las peroxidasas, quitinasas, B-1-3-glucanasa (PR-2) son fuertemente
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inducidas en las hojas en respuesta a la inoculacion con el hongo (Salas-Marina et
al.,, 2011). Ademas, los niveles de expresion de genes relacionados a la via del
JA/ET como PDF1.2 y LOX-1 mostraron cambios significativos en su expresion en
las raices y en las hojas. El analisis de la expresion del gen PAD3 que codifica
para la enzima encargada de la sintesis de la camalexina, mostré una regulacion
positiva en toda la planta después del tratamiento con T. atroviride (Salas-Marina
et al., 2011). No obstante, la colonizacién de Trichoderma asperelloides T203
sobre las raices de Arabidopsis desencadena un rapido aumento en la expresion
de factores de transcripcion como WRKY 18, WRKY40, WRKY60 y WRKY33, los
cuales activan las respuestas de la via de senalizacién del JA a través de la
supresion de los represores JAZ, pero que regulan negativamente la expresion de
los genes de defensa FMO1, PAD3 y CYP71A13 reprimiendo asi la sefializacion
del SA (Brotman et al., 2013). Esto demuestra la compleja superposicion de la ISR
y la SAR que genera la colonizacién de la raiz de las diferentes especies de

Trichoderma.

Trichoderma establece un dialogo quimico con la planta para suprimir las
defensas y establecer una asociacion mutualista prolongada (Contreras-Cornejo et
al., 2016). Durante esta interaccion, Trichoderma libera una mezcla de diversos
compuestos como proteinas, ARN pequefios y metabolitos secundarios (SM)
como los COV, los cuales actian como patrones moleculares asociados a
microbios (MAMP), patrones moleculares asociados a dafios (DAMP), elicitores
y/o efectores que pueden ser reconocidos por los receptores y activan la
inmunidad basal (Mukherjee, Horwitz y Kenerley, 2012; Hermosa et al., 2013;
Mendoza-Mendoza et al., 2018; Nogueira-Lépez et al., 2020). El efector proteico
no enzimatico producido por T. virens conocido como Sm1, asi como sus
ortlogos presentes en T. atroviride y T. harzianum Epl1 y Sm2, respectivamente,
inducen la produccion de ROS, asi como la expresion de genes relacionados con
respuesta inmunitaria local y sistémica (Djonovic et al., 2007; Crutcher et al., 2015;
Gaderer et al.,, 2015; Salas-Marina et al., 2015). Algunas enzimas como las
hidrofobinas, glucosidasas, celulasas y proteinas que contienen el dominio CFEM

o LysM no solo participan en la colonizacion de las raices, sino que también en la

=

25

'




Tamaiio de lesion (mm) ©
Sit NP GBS .

activacion de la ISR que da como resultado una mayor proteccion al ataque de
patogenos (Nogueira-Lopez et al., 2020). Por otro lado, algunos metabolitos
secundarios sintetizados por Trichoderma como terpenoides, peptaiboles,
lactonas, policétidos y tricotecenos también han sido reportados como inductores
de las respuestas de defensa. El volatii 6-PP producido por Trichoderma
asperellum IsmT5 incrementa la expresion génica de PR-1 (proteina relacionada
con patégenos e inducida por SA), VSP2 (gen marcador para JA-ET), y el factor
de transcripcion GL3 (involucrado en la formacion de tricomas), confiere asi
resistencia al dafno provocado por los hongos fitopatdgenos Alternaria brassicicola
y B. cinerea (Fig. 11A-D) (Kottb et al., 2015).

Trichoderma
control 2 mM 6PP volatiles

control 2 mM 6PP control 2 mM 6PP

Alternaria brassicicola Botrytis cinerea

Figura 11. Efecto de la 6-PP en la inmunidad de Arabidopsis. En el panel superior (A) se
muestran ejemplos representativos de plantas de A. thaliana tratadas con una suspension de
esporas de B. cinerea: sin exposicién previa a 6PP = control; (B): con pre-exposicion a 6PP.
Cuantificacion del diametro de las lesiones (C). Expresion de genes de defensa mediante RT-PCR:
PR1, proteina relacionada con la patogénesis 1; GL3, factor de transcripcion GLABRA 3; VSP2,
proteina de almacenamiento vegetativo (D). Modificado de Kottb et al. (2015).
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La produccion de ROS en Trichoderma ocurre principalmente a través del
complejo NADPH oxidasa (NOX). Dichas proteinas participan en la senalizacion
que da lugar al desarrollo del hongo, asi como en el establecimiento de las
interacciones simbidticas con las plantas (Cruz-Magalhdes et al.,, 2019). En T.
atroviride, el complejo enzimatico de la NADPH oxidasa esta compuesto por las
subunidades reclutadora, reguladora y catalitica codificadas por los genes Nox1,
Nox2 y NoxR, respetivamente. La generaciéon de las mutantes disfuncionales para
estos genes sirvieron para elucidar la participacion de las ROS en el proceso de
regeneracion y diferenciacion de las hifas ante dafio mecanico (Hernandez-Ofiate
et al., 2012). En el trabajo realizado por Cruz-Magalhaes y col. (2019), se realiz6
una comparacion entre las cepas knock-out Anox1, AnoxR y Anox2 y la cepa WT
en cuanto a su capacidad para crecer y producir conidias en diferentes
condiciones de estrés. Las cepas mutantes Anoxl y AnoxR redujeron
significativamente la actividad antagonica de T. atroviride contra Rhizoctonia solani
y Sclerotinia sclerotiorum en ensayos de confrontacion directa, contrariamente a
Anox2, que mostrdé una actividad similar a la WT. Ademas, las mutantes Anox1,
AnoxR y Anox2 mostraron diferencias cuantitativas en la emision de varios
compuestos organicos volatiles (COV) y la promocién del crecimiento de
Arabidopsis. El aumento en la biomasa de raices y brotes inducido por los COV de
T. atroviride fue reducido en las mutantes AnoxR y Anox1, a diferencia de Anox2,
lo cual correlacion6 con la sobre-produccién de la 6-PP y 6-pent-1-enil-2H-piran-2-

ona (6PP-2) en la mutante.

Se ha reportado que la emision de volatiles por parte de Trichoderma también
influye sobre la resistencia a estrés abiotico en Arabidopsis. Plantas expuestas
durante 2 semanas a los COV de Trichoderma koningii, mostraron menos
acumulacion de H202 bajo estrés salino en comparacion con el control. Este
resultado refleja el posible papel de los COV en la proteccion de las plantas contra
el dafo oxidativo bajo estrés salino (Jalali et al. 2017). De hecho, algunos de los
cambios observados en el proteoma de Trichoderma muestran que existe la
secrecion de proteinas antioxidantes para contrarrestar el estallido oxidativo

inducido por la activacion temprana de las respuestas de defensas dependientes
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de ROS (Alfiky y Weisskopf, 2021). Entre los mecanismos descritos en
Trichoderma para la mitigacion del estrés bidtico y abidtico, se incluye la
produccién de enzimas antioxidantes como la catalasa (CAT), superoxido
dismutasa (SOD), ascorbato peroxidasa (APx) o glutation S-transferasa (GST), las
cuales reducen la acumulacion de ROS que pueden afectar la viabilidad de las
células. Las plantas inoculadas con Trichoderma presentan acumulaciones
transitorias y ondulantes de ROS debido precisamente a la regulacion de enzimas
antioxidantes y a la participacion de la sefializacion del SA (Moran-Diez et al.,
2021).

2.5 Metabolismo de ROS en plantas

Las ROS como el anion superoxido (O27), el H20z2, el radical hidroxilo (-OH)
y el oxigeno singlete ('02) influyen sobre una amplia gama de procesos bioldgicos
involucrados en el desarrollo y crecimiento de las plantas, asi como en la
adaptacion al estrés bidtico y/o abidtico (Hu et al.,, 2020). Las ROS son
consideradas como subproductos del metabolismo aerdbico y son generados en
diferentes compartimentos celulares como cloroplastos, mitocondrias y
peroxisomas (Fig.12) (Huang et al., 2019). No obstante, la generacién de ROS en
el apoplasto juega un papel esencial en la interaccion planta-microorganismo, ya
que son necesarias para la activacion de las respuestas de defensa (Lee et al.,,
2020). La produccion apoplasica de ROS depende en su mayoria de la actividad
de las enzimas NADPH oxidasas (NOXs), las cuales son homodlogas a la
subunidad catalitica (gp91phox) de los fagocitos de mamiferos y son denominadas
como RBOH (por sus siglas en inglés) en plantas (Lee et al., 2020; Castro et al.,
2021).

Las enzimas RBOH son proteinas integrales de la membrana plasmatica
compuestas por seis dominios transmembranales que soportan dos grupos hemo,
dominios hidrofilicos C-terminal FAD y NADPH y dos dominios N-terminales de
union al calcio (EF-hand). EI NADPH actua como un donante de electrones

citosdlico que reduce al oxigeno molecular (O2) para la generacion del Oz. El
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radical Oz puede dismutarse espontaneamente a H202 o por accién de la SOD,
para continuar su eventual transformacién a agua y dioxigeno mediante la
actividad de las peroxidasas y CAT (Lee et al., 2020; Castro et al., 2021). Estas
enzimas forman parte del sistema antioxidante enzimatico que funcionan de forma
sinérgica con el sistema no enzimatico (glutatidon, acido ascorbico y flavonoides)
para neutralizar los radicales libres y el '02, y evitar que las células entran en el
estado oxidativo que resulte en dafio o muerte celular (Huang et al., 2019). Hasta
la fecha, se han identificado y caracterizado alrededor de 150 miembros de
proteinas de la familia NOXs/RBOHs en varias especies de plantas y
especificamente se han reportado 10 genes para las isoformas RBOH (A-J) para
el genoma de Arabidopsis (Waszczak et al., 2018; Hu et al., 2020).

Og 0_"-
\ } g,‘? Paraxidasas

Paroxisomas

0, yio H.O,

Mutocondria

Cloroplastos

Peroxidacion lipidica
Estrés Dafo al ADN

oxidativo Agregacién de proteinas
Rompimiento de los enlaces
paptidicos

Figura 12. Sitios de generacion de especies reactivas de oxigeno (ROS). Las ROS son
producidas por homodlogos de oxidasa de explosién respiratoria (RBOH), mitocondrias,
cloroplastos, peroxisomas y peroxidasas residentes en la pared celular (PER). La acumulacion
posterior de H202 puede oxidar los residuos de cisteina en las proteinas, afectar sus funciones y
estados redox y regular las vias de sefializacién relacionadas. El exceso de ROS puede provocar
estrés oxidativo, lo que puede causar oxidacion de lipidos, dafio en el ADN, carboxilacion de

proteinas y lesiones en otros componentes celulares. Adaptado de Wang et al. (2019).
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2.51 Mecanismos de regulacion de las enzimas RBOH

La actividad de las RBOH puede ser regulada a nivel transcripcional, ya que
se han identificado diversos elementos reguladores en cis los cuales se
encuentran distribuidos aleatoriamente en las secuencias de los promotores de los
genes RBOH (Waszczak et al., 2018). Se ha descrito que el elemento GCN4
puede desempefiar un papel en el crecimiento y desarrollo reproductivo, mientras
que el elemento TATCCAT/C puede funcionar en condiciones de inanicién. Por su
parte, otros elementos distribuidos en los genes de la familia NOX/RBOH como los
motivos G-Box y ABRE (elementos sensibles al acido abscisico, ABA), TGA-
element (elemento sensible a auxinas), ERE y GCC-box (elementos sensibles al
ET), GARE, P-box y TATC (elementos sensibles a giberelinas, GA), CGTCA y
TGACG (elementos sensibles a JA) y TCA (elemento sensible a SA) también
estan involucrados en la regulacion por sefalizacion hormonal, respuesta a luz y
otros procesos biolégicos, como la senescencia de las hojas y el desarrollo de
semillas (Hu et al., 2020). Ademas, el elemento W-box es especifico de los genes
RBOH, el cual funciona principalmente ante las respuestas a patdégenos ya que
interactua con los factores transcripcionales WRKY dependiente de la cascada de
sefalizacion de las MAPK (Hu et al., 2020). Sin embargo, la actividad de las
enzimas RBOH también se puede regular a nivel postraduccional, ya que se ha
demostrado que la fosforilacion de la regidn N-terminal en residuos conservados a
través de distintas cinasas afecta la actividad de estas enzimas. Se ha descrito
que multiples miembros de la subfamilia VIl de los receptores de tipo quinasas
citoplasmaticas RLK (por sus siglas en inglés) influyen directamente sobre la
actividad de las RBOHs durante procesos de inmunidad desencadenada por

patrones moleculares asociados a patégenos (PAMP) (Lee et al., 2020).

En Arabidopsis, el receptor transmembranal de tipo cinasa, FLAGELLIN
SENSITIVE 2 (FLS2) posee un dominio extracelular de repeticiones ricas en
leucina (LRR) que sirve para el reconocimiento de la flagelina bacteriana (flg22).
Este péptido de 22 aminoacidos desencadena la formacion de un complejo entre
su receptor FLS2 y el co-receptor BAK1 (BRASSINOSTEROID INSENSITIVE 1-
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associated receptor kinase 1), el cual desencadena una serie de eventos de
transfosforilacion entre varias cinasas intracelulares asociadas, entre ellas BIK1
(KINASA1 INDUCIDA POR BOTRYTIS). BIK1 interactua con AtRBOHD vy fosforila
directamente su dominio N-terminal en la S39, S343 y S347 para su activacion
(Lee et al., 2020). Por su parte, la cinasa SERINE-THREONINE KINASE1 (SIK1)
(también conocida como MAP4K3) también influye sobre la produccién de ROS,
ya sea por su interaccién con BIK1 o por su fosforilacion directa sobre AtRBOHD
en la S347 (Wang et al., 2020).

Las plantas también liberan moléculas especializadas, conocidas como
patrones moleculares asociados al dafio (DAMP) para desencadenar las
respuestas de defensas (Lee et al., 2020). En Arabidopsis, se ha descrito que los
péptidos inductores de sefiales (Peps) al ser percibidos por los receptores de tipo
cinasa PEPR1 y PEPR2, provocan una fuerte produccion de ROS de manera
similar a la sefializacion de flg22-FLS2. Incluso se ha descrito la participacion de
BIK1 que funciona rio abajo de la sefalizacion de Pep1-PEPR al interactuar
fisicamente con PEPR y RBOHD/F para regular la produccién de ROS vy la
inhibicion del crecimiento de la raiz (Jing et al., 2020). No obstante, la enzima
RBOHD también es activada a través de los cambios conformacionales que
originan las fluctuaciones de los niveles de Ca?* citosdlico sobre el motivo EF-
hand del extremo N-terminal de la enzima, asi como las fosforilaciones
provocadas por las proteinas cinasas dependiente de Ca2+ CDPK (por sus siglas
en inglés) (Lee et al., 2020). Recientemente, un estudio encontré que un RLK rico
en cisteina (CRK2) fosforila el extremo C de AtRBOHD en la S611, S703 y S862 y
regula positivamente la produccion de ROS inducida por flg22 y la defensa contra
Pseudomonas syringae pv. tomato DC3000 (Fig. 13) (Wang et al., 2020). Ademas,
en el extremo C-terminal de AtRBOHD, PBL13, una proteina cinasa de
serina/treonina también lleva a cabo una fosforilacion en S862 que conduce a la
regulacién negativa de la producciéon e inmunidad de ROS desencadenada por
PAMP. Curiosamente, la ubiquitina ligasa E3 (PIRE) que interactua con PBL13 en
el extremo C-terminal de AtRBOHD regula positiva o negativamente la activacion

de esta para su degradacion (Wang et al., 2020).
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Figura 13. Regulacion de las enzimas RBOH para la generacion de ROS extracelulares en
plantas. Fosforilacion y ubiquitinacion en la produccion de ROS mediada por AtRBOHD en
Arabidopsis. Formacion de los complejos FLS2-BAK1 y Pep1-PEPR tras la percepcion de la
flagelina (flg22) y el péptido Pep1, los cuales fosforilan a BIK1, lo que conduce a la disociacién de
esta cinasa de ambos complejos y fosforila el extremo N-terminal de AtRBOHD para aumentar la
produccion de ROS. Por otro lado, SIK1 no solo interactia y fosforila BIK1 para mejorar su
actividad, sino que también interactua directamente y fosforila el extremo N-terminal de AtRBOHD.
La activacion dependiente de Ca?* de las CDPKs también conduce a la fosforilacion de AtRBOHD.
El extremo C-terminal de AtRBOHD también es fosforilado por CRK2, ademas de influir sobre su

degradacion a través de la ubiquitina ligasa E3 (PIRE). Modificado de Wang et al. (2020).

Por lo anterior, se considera que la produccién de ROS por parte de
RBOHD se relaciona estrechamente con la deposicion de callosa, la lignificaciéon
de la pared celular, el cierre de estomas y la SAR (Castro et al., 2021). Mientras
que la isoforma RBOHF es parcialmente redundante con su homélogo RBOHD
debido a que también participa en las respuestas inmunes de las plantas, parece
no ser inducible en respuesta a los tratamientos con MAMP o patégenos
(Waszczak et al., 2018). Sin embargo, las ROS producidas por las RBOH también

son consideradas como moléculas de sefalizacién que participan sobre procesos
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del desarrollo como la germinacion y la floracion, el desarrollo del meristemo
apical de la raiz y el meristemo apical del brote, la formacion de los pelos
radiculares y tubos polinicos, el crecimiento de las hojas y la emergencia de las RL
(Choudhary et al., 2019). La expresion y actividad de las isoformas AtRbohH y
AtRbohJ en la punta del tubo polinico correlacionan positivamente con el proceso
de elongacion de este 6rgano, e incluso se ha demostrado que AtRbohC/hair root2
(hrd2) también juega un papel en la regulacién del crecimiento normal del pelo
radicular (Hu et al., 2020). Por otra parte, la actividad de AtRbohE es fundamental
para la formacion y emergencia de los PRL, mientras que las isoformas AtRbohD y
AtRbohF modulan negativamente el desarrollo de las raices laterales (Waszczak
et al., 2018; Hu et al., 2020; Castro et al., 2021).

2.5.2 Papel de las ROS en el desarrollo de raices laterales

En conjunto con la sefalizacion por auxinas, las ROS participan en
procesos del desarrollo de las raices, como en la diferenciacion del xilema, el
gravitropismo, la formacién de raices adventicias, asi como en la emergencia y
alargamiento de RL. De acuerdo con el trabajo de Orman-Ligeza y col. (2016), la
exposicion de plantulas de Arabidopsis a concentraciones crecientes de H20:2
conduce a una represion de la tasa de crecimiento de la raiz primaria, que a la par
incrementa significativamente la densidad y la longitud de las RL (Fig. 14A). Un
analisis puntual sobre la formacion de primordios de RL mostré6 que las ROS
facilitan los eventos de desarrollo temprano que conducen a la formacion de
primordios. Sin embargo, este efecto del H202 sobre la formacién de RL se
compromete si el transporte polar de auxinas mediada por transportadores PIN y
los modulos de senalizacidn de auxinas dependientes de iaa28, arf7arfl9 y sir se
encuentran afectados (Fig. 14B). Ademas, los autores mostraron que existe una
acumulacion especifica de ROS extracelulares en la lamina media de las células
que recubren a los PRL, la cual correlaciona con el patrén de expresion de
diversos genes RBOH dentro de los mismos PRL y sobre las células de la

endodermis, cortex y epidermis subyacentes a estos, involucrandose posiblemente
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sobre la remodelacién de la pared celular de estas células (Fig. 14C). Dichos
genes RBOH son inducibles por la aplicacion exdgena de auxinas, la cual también
incrementa los niveles de ROS en las raices, lo que sugiere que la produccion de
ROS ocurre rio abajo de la transduccion de sefiales mediada por las auxinas para
acelerar los primeros pasos de la formacién de RL (Manzano et al., 2014; Orman-
Ligeza et al., 2016; Huang et al., 2019). Finalmente, el interrumpir (0 mejorar) la
expresion de RBOH desacelera (o acelera) el desarrollo y la emergencia de
raices. Por lo tanto, la produccion de ROS mediada por RBOH parece facilitar el
crecimiento de las RL al promover la remodelacion de las paredes celulares de las

células adyacentes.
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Figura 14. Efecto del H.O. sobre el desarrollo de raices en Arabidopsis. (A) Crecimiento y
desarrollo de plantulas de siete dias de edad transferidas a medios con concentraciones crecientes
de H20:2. Las puntas de flecha blancas indican la regién de la punta de la raiz en el momento de la
transferencia. (B) El efecto del H202 en el fenotipo de las mutantes slr, arf7, arfl9 e iaa28. (C)
Patron de expresion de genes RBOH durante el desarrollo de la raiz. Tomado de Orman-Ligeza et
al., (2016).
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ll. JUSTIFICACION

En los organismos eucariotas, las NADPH oxidasas (NOX) generan
especies reactivas de oxigeno (ROS) como parte de sus funciones fisiologicas. Sin
embargo, también se ha descrito que la generacion de ROS extracelulares
controla una amplia gama de procesos bioldgicos como el crecimiento, el
desarrollo y las respuestas a estimulos bidticos y/o abioticos, asi como también el
proceso de patogénesis o simbiosis. Trichoderma es un género de hongos
simbiontes que promueven el crecimiento, desarrollo y fortalece la inmunidad de
las plantas a través de una sefializacion por auxinas, acido jasmoénico y etileno.
Existe un mecanismo de regulacion entre estas hormonas vegetales y la
produccidon de especies reactivas de oxigeno, por lo que dilucidar la participacion
de estos mensajeros celulares y los sitios en los que actuan sobre la regulacion de
las respuestas de crecimiento y defensa por Trichoderma en Arabidopsis quedan

por esclarecerse.

IV. HIPOTESIS

T. atroviride regula el crecimiento, desarrollo y la inmunidad de Arabidopsis

a través de un mecanismo dependiente de especies reactivas de oxigeno.

V. OBJETIVOS

5.1 Objetivo general

Determinar la participacién de las especies reactivas de oxigeno como
moléculas de senalizacion en la interaccion entre Arabidopsis thaliana y

Trichoderma atroviride.
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5.2 Objetivos especificos

1. Evaluar la participacion las especies reactivas de oxigeno generadas por
el complejo NADPH oxidasa de T. atroviride en la regulacion de las
respuestas de crecimiento y defensa en Arabidopsis.

2. Caracterizar el papel de las especies reactivas de oxigeno generadas
por las enzimas RBOH de Arabidopsis sobre el crecimiento de la raiz en
interaccion con T. atroviride.

3. Identificar los factores que desencadenan el estrés oxidativo como

respuesta temprana en Arabidopsis en la interaccion con T. atroviride.

VI. RESULTADOS

Los principales resultados obtenidos durante la realizacion de este proyecto de

tesis se presentan en los siguientes capitulos:

Capitulo 1: The fungal NADPH oxidase is an essential element for the molecular
dialog between Trichoderma and Arabidopsis. (2020) The Plant Journal 103 (6),
2178-2192.

Capitulo 2: Trichoderma atroviride triggers reactive oxygen species production in
Arabidopsis roots and requires RBOH family members and PEPR2 for plant

biomass production and reconfiguration of root architecture. (2022)
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SUMMARY

Members of the funga! genus Trichoderma stimulate growth and reinforce plant immunity, Nevertheless,
how fungal signaling elements mediate the establishment of a successful Trichoderma - plant interaction is
largely unknown. In this work, we analyzed growth, root architecture and defense in an Arabidopsis - Tri-
choderma co-cultivation system, including the wild-type (WT) strain of the fungus and mutants affected in
NADPH oxidase. Global gene expression profiles were assessed in both the plant and the fungus during the
establishment of the interaction. Trichoderma atrovicide WT improved root branching and growth of seed-
ling as proviously reported. This effect diminished in co-cultivation with the Anax?, AnoxZ and AnoxR null
mutants. The data gathered of the Arabidopsis interaction with the AnoxR straln showed that the seedlings
had a heightened i P finked to |, ic acid in roots and shoots, In the fungus, we observed
repression of genes Involved in complex carbohydrate degradation in the presence of the plant before con-
tact. However, in the absence of NoxR, such repression was lost, apparently due to a poor ability to ade-
quately utilize simple carbon sources such as sucrose, a typical plant exudate. Our results unvelled the
critical role played by the Trichoderma NoxR in the establshment of a fine-tuned communication between
the plant and the fungus even before physical contact. In this dislog. the fungus sppears to respond to the
plant by adjusting its metabolism, while in the plant, fungal perception determines a delicate growth
defense balance.

Keywords: reactive oxygen species, plant immunity, plant growth promotion, Trichoderma, Arabidopsis,
transcriptome.,

INTRODUCTION

Fungal - plant interactions may lead to different outcomes,
from pathogenesis to symbiosis. Root-associated Tricho-

extraordinary complexity of the fungal-plam recognition
process. Early perception of fungal-emitted volatile arganic
compounds (VOCs) triggers defense-relsted responses.

derma speces provide seversd benefits fo the host,
strongthening immunity, improving root absorptive poten-
tial and conforring profoction to environmontal stross,
Thus, recent research has concentrated on how this
mutualistic mteraction could be used to enhance crop pro
ductivity (Harman et al, 2004; Brotman er al,, 2013; Contr-
eras-Cornejo ef al, 2014s; Lopez-Bucio ot al, 2015)

Vorious stages and signaling mechanisms have been
established for the Trchoderma plam interaction using
Arabidopsis  thalana ss o model, highlighting the

such as accumulation of hydrgen peroxide, anthocyanin,
camalexin and heightened expression of defense-related
genes, while the most abundant VOC, 6-pentyl--pyrone,
modulates growth via activation of auxin transport in roots
(Velazquez-Robledo er al, 2011; Contreras-Comejo et al,
2011, 2015; Kotth of af, 2015; Garnica-Vergara of af,, 2018),
Mareover, Arabidopsis response to Trichoderma volatiles
includes resé goinst the airborme phytopathogenic
fungi Botrytis cinerea and Altemaria brassicicola, and even
solt stress (Contreras Cornejo of af, 2011, 2014b; Kotth
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2 Jose M. Villaiobos-Escobedo et al.

et al., 2015; Jalali ef af, 2017} Trichoderma species alsa
refease 3 wide variety of diffusible natural preducts, includ-
ing indole-3-acetic acid and auxin precursors, and strongly
acidify the rhizesphere. In such molecular, cross-kingdom
dialog hydrophobins have been shown to play a role in
plant reot colonization, and it has been preposed that
other secreted proteins act like effectors, allowing the
establishment of the interaction {Guzman-Guzman et al.,
2017; Mendoza-NMendoza et af,, 2018t Tegether, these traits
maodulate root  architecture, sumulating prmary  root
growth, formation cf lateral roots and root hairs, and
determine its biofertilizer and prebiotic capabilities
(Contreras-Cornejo et al, 2009 Hermosa er al, 2012Z;
Nieto-Jacobe et af., 2017; Pelagio-Flores ef af., 2017; Men-
dnza-Mendeza et al, 2018

Root-derived sucrose attracts Trichoderma to the rhizo-
sphere and favars a lang-lasting symbicsis, apparently
without causing damage te the roots but, instead, leads to
an increased photosynthetic capacity. Moreover, sticrose
availabilty and fungal hydrelysis of sugar via an invertase
ttvinvt are necessary for strengthening leaf immunity {Var-
gas &t al.,, 2009). In contrasy, during its life as a sapratreph,
the fungus refies en the degradation of crganic matter for
growth via the release of degradative enzymes, including
cellulases, xylanases and peptidases {Crivelente-Horta
et 5/., 2018; Ramirez-Valdespino et af, 2019).

The sessile lifestyle of plants relies on the ceerdination
of adaptive traits tc simultaneous stresses, including
pathegen challenges, nutrient starvation, as well as expo-
sure to toxins and contaminants, which compromise
growth. Growth defense tradecffs imply the efficient
gcquisition and pricritization of the use of resources,
tightly linked to changes on biotic or ahiotic interactions
(Huet et al, 2014; Hacquard et af, 2016} Under such situa-
tions, reactive oxygen species (ROS} production, which
results from the normal aerobic metabalism, controls
impartant developmental processes and cross-kingdem
relationships (Hermandez-Onate et al, 2012; Pelagio-Flores
et al, 2016; Segal and Wilsen, 2018k NACPH oxidases
(Nox} are considerad the mnst important enzymes in the
production of ROS and, therefore, mutation of the corre-
sponding genes affeces growth, virulence and host interac-
ticns (Segal and Wilsen, 2018} Hernandez-Onate et al
(2012} identified two genes {nex1 and nox2} encoding Nox
catalytic subunits in Trichederma atroviride, and nox8
encading a regulatery subunit. In response te injury, the
anoxt and AnoxR mutants did not conidiate, which corre-
lated with null producticn of superexide and H,0,, and dif-
ferential expressien of proteins invelved in calcium
signaling, oxylipin biosynthesis and ROS scavenging sys-
tems. In this regard, fungi acting as plant endophytes or
taking part in myearrhizal interactions undergo an oxida-
tive burst upon root celenization, implying a direct role of
fungal Nox proteins and ROS in the establishment of

symbioais (Abba et al., 2008} Although increased pradue-
tion of anfioxidant compounds and antioxidant enzymes
has been shawn to occur in plants during bietic inter-
actions (Foyer and Shigeoka, 2011; Wrzacrek ef al, 2013},
less attention has heen paid to understanding the roles of
ROS-producing enzymes in their fungal partners.

This study aimed te characterize the possible rele of
T. atrovivide Nox genes during interaction with Arabidop-
sis. Although Nex1 and NexR are necessary for conidiation
upen injury iHemander-Onate et al, 2012}, whether these
enzymes are required to stimulate growth or immunity in a
plant hast is unknown. Here, we show that NoxR and Nox1
are necessary for fungal-induced root hranching and hio-
mass preduction in Arabidopsis as Anoxf mutants fail to
strongly induce the transition from lateral reot primordia
{LRP} into mature lateral roots. In contrast, JAZ? expres-
sian and dispase response to 8. cinerea reveal that AnoxR
strongly reinforces jasmonic acid (JAl-dependent plant
immunity. Imporntantly, we shaw that T. atroviride adjusts
the expression of genes involved in metabelism in
response to the presence of Arabidopsis, likely to aveid
causing damage ta the plant and take advantage of the
simple carbon sources available in root exudates. We pre-
vide evidence indicating that this Trichoderma plant dia-
log is broken when the Nex complex is dysfuncticnal.
Thus, the T. atroviride Nox complex orchestrates
growth defense tradecffs in a plant hest, and is necessary
for the establishment of the mutualistic interaction
hetween T. atrovitide and A. thaliana.

RESULTS

Trichoderma atroviride NADPH oxidase is required for
fungal-induced lateral root formation and biomass
preduction

Early response of plants to Trichederma involves the
reconfiguration of the root system architecture via changes
in branching and epidermal cell differentiation patterns,
which directly impact on biomass, and nutrient and water
absarptive potential (Cantreras.Cornejo or al, 2008} Ta
determine the role of T. atroviride Nex genes in plant
development, we assessed the effects of the wild-type
(WTY strain, and the Anox?, Anox2 and AnnxkR mutants on
primary root growth, lateral root formation and density,
and root hiemass in Arabidopsis seedlings co-cultivated
with fungal colonies in vitre. While growth of the primary
root was only slightly influenced by co-cultivation with the
fungus {Figuee 13 i}, both lateral root number and density
increased by threefold in seedlings co-cultivated with the
T. atrovivide WT strain, which cerrelated with a twofold
increase in roct biomass when compared with axenically
grawn seedlings. tn plants co-cultivated with the Anox?,
Anex2 and AnoxR strains, the increased roct branching
and biomass production proveked by the WT clearly
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diminished, particularly in response to the AnoxR mutant,
In which the NADPH regulatory subunit is defective (Fig-
ure 1a i), indicating the imponance of NADPH oxidases for
the interaction with plants,

NoxR is required for Trichod: atroviride-induced
luteral root formation and maturation

Root branching requires LRP 1o be formed from the parent
root and |ateral roots to achiave activa growth (Malamy
and Benfoy, 1997). The AnoxR strain showed the strongest
defects in the stimulation of lateral reot formation and bio-
mass production and it should, in principle, be required for
the activity of both catalytic subunits, Therefore, we used
only this strain to investigate if delayed lateral root forma-
tion in response 10 AnoxA could be caused by the fallure 1o
promote the transition of LRP into mature latoral roots and
correlate such developmental transitions with auxin-in-
duced gone expression. The stages of LRP foemation were
analyzed In DRZGUS Arabidopsis seediings, which report
mxin-nducible oxpression, exposed to either the 7. arm
viride WT or the Anoxfl mutant. We found slight effects of
the WT strain in increasing LRP at stages |-V (Figure S1a),
By contrest, the number ol primordia ot stages VI and VII,
as well as the number of emarged Interal roots (ELR; Fig-
ure $%a), ond total LRP strongly Increased (Figure S1b),

Control WwT

2
=
4 \
=
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|
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Comirel W1 AWer) Sy > Al

o
Lajeral root mumbs
> w

Contrel wi oy Anair ) Anucl

indicating a strong influence of the fungus in the matura-
ton of root primordia. On the other hand, the AnoxA
mutant failed 1o promote the initiation of LRP, and showed
o wesker induction of pimordia maturation then the WT
(Figure S1a,b). Dewiled analysis of DR5.GUS expression st
ol developmentsl stages during LRP formation indicated
that the WT strain increasas the auxin reapanss at moss
stages analyzed, whereas AnoxR failed to sustain an
increased auxin responsa (Figure Stc) Wa cenclude that
the lateral root formation program dlicited by T, atroviride
in Arabidopsis requires NoxR,

The iptional resp of Arabidopsis is exacerbated
during the § with Trichod atroviride \noxR
mutant

To evsluate the transcriptional changes underdying the
molkecular responses of Arabidopsis root during the inter
action with Trichoderma WT and AnoxR we performoed a
differemial gene expression analysis at 3 and 5 days post-
inoculation (dpi). This analyss showed that ot 3 dpi, whon
there is still no contact between the hyphae and the plant,
a total of 429 genes wee differentially expressed, 230
upregulated and 199 dowaregulated, as o response to the
WT strain (Table S1), The number of difterentially
expressed genes increased ot 5 dpi, when the root system

Anox/ Amox) dAnoxR

Conunl WT Anar ] Smir ) Ml

Figure 1. Effect of wildtype (WT) Triehoderma strovirige snd 1he NADPH cdcianen mumaat stauing on Arabidonss root sehitectin
Four day-0l3 Arabidopais seadings wase inoculstod with T, atrowisicks WT and the Anovh, Anax snd Anoafl mutases a5 om from the 1ot 1ip nd aliowed 1o

row for 4 addtional days

& o Ropreseniaive photographs of seedings oo-culiveted with the Trichoderms strans,

1 Langth of prinary roet
1g! Lateral root numbes
(hi Latntad root dessty [number of amerped laterst reots (ELR) em '}

1i) Rooe siomass. Baes show the moans & 6E Different letars inceme sgndicsnt satiascr 0fferances (7« 006 & « 200 Scoie Bar 1 om Siavias romiits wen

ObINNES in thiee Indopendont npetaons of the experiment
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is already covered by the fungal colony lcontact stage), both at 3 and b dpi, as well as those responding at both
showing 1277 genes upreguiated and 1348 downreguiated stages of the intersction (Figure 2e.),

(Table §2). Interestingly, even before contact with the root

(3 dpil, the AnoxA mutant promoles o stronger change in :'“A:*wmm :om:', 8 grester extont the plent
the plant gene expression profile than the WT with 380

genes upreguleted and 267 downreguleted (Table S3), This Functional gory t analysis of the differen-
trend is mare marked at 5 dpl, where the mutant provoked tially expressed genes made evident that before contact
induction of 1586 and repression of 1881 genes (Figure 20; with the plant {3 dpi) the T, atroviride noxR mutant elicits
Table 54). Futharmace, a datailed analysis of tha gana A gtrang immuna responsa in the seadlings, switching on
expression profile showed that many of the induced genes pr such 05 resp. to chitin, bacterial pathogens
are axpressed at a higher lavel in response 10 the AnoxR and herbivores, end metabolism of Indole-containing com-
straun than in response to the WT (Figure 2b d), which is pounds {Table §7). These categones are clearly ennched
more evident at 3 dpl (Figure 2b). At 3dpl when Ara when the roots are colonized (5 dpil by both the T, atro-
bidopsis is interactng with the AnoxR strain, 79 plant wiride WT and AnoxR strams (Figure S2), but the response
genes are induced and 59 repressed (Figure 2¢; Table S5), was exacerbated in the interaction with the AnoxA mutant
while at 5 dpi, 81 genes increased and 82 decreased their (Figures 3a and S3). Interestingly, genes encoding ole-
expression, as compared with the set of Arabidopsis genes ments of the JA pathway, such a3 PAD3, JAZY, JAZS and
responcting to the WT strain {Figure 2d; Tablo S6), Venn LOX1, d thesr oxg son level to o higher loved in
diagrams show the number of plant genes specifically rasponse to the Anoxf mutant than to the WT strain a1
reprossed and induced in msponss 1o the AnoxR strain, 5 dpi (Figure 3b). Theso results indicato that Arabidopsis

(o) . GeRvAWTIdp
. s

e . '

a

IO
PRA ) O

W g
CLES
Agure 2. Transariptomiz profile of the Arabidapsis rost duting the | with T feirde
Nummier of Arabidopsis genes differentiall inme with the T atrovinkie wild sype (WT) and Anaxfl strains ot 3 and § days pes inoculation
g, plants growing in MY medium withost the fungus were wsed as controfs (DK © 0.08, foidchange 1) (al. Mustmap of the penes dfferemiially exprmssed in
1he Clant whvir) terscting wilh the WT aad the Anaeli metant, with the non« cootrol plants bl

Comparson of the Aabidopes Qene Cxpession ol Quting T INMICTION W the Aok and the WT strses, B Dlue S0t fepiessnt diferentialy
Spressed Gene i 3 Ot Ich and 5 dpl (@,

Vern diagrams showing the mumier of genes shared by the foue comparisons or ta are unigoe 10 osch contrast: the red dlagram shows e upregulsted genes
{0} and the blue diagram the downreguiaed penes ()
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displays a strong transcriptional response (o the presance
of the fungus even before contact.

Trichoderma atroviride AnoxR increases JAZ1 protein
levels in roots and shoots

Trichoderma atrovinde ummhcm plant immunity, and
the underlying iption o i undulating (Contr-
eras-Cornejo et al, 2011; Vduwnﬂoblﬂh et al, 201
Moore et al, 2011; Hormosa of al, 2012; Rubio et al, 2014
Modeiros ot al. 2017). As part of this response, JAZ! pro-
tain lavels incraase in leaf and root calls (Grunewald ot al,
2009). To know if T. atroviride could induce JAZY, JAZ]-
GFP exprossion pattern was companed in Arabidopsis
seedlings grown under axenic conditions, treated with JA
of co-cultivated with T. atroviride WT ar the AnoxR mutant,
In agreemont with o provious study {Grunewald et af,
2009), JAZ1-GFP was detected in nuclear bodies of the
stele in response 1o JA troatment (Figure 4a.b). Seedlings
Inoculated with T. atrovirde WT had a groater number of
cells with nuclei expressing GFP in the vascular bundie at
the diffarentiation zone of the primary root, a response
clearly exacerbated in plants co-cultivated with the AnoxR

© 2020 Society for
The Plant Journal,

imental Biol
dol: 101111/t 1460
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mutant (Figure dab), On the other hand, analysis of
JAZ1GUS expression in cotyledons further indicated its
strong induction by both the WT and AnoxR mutant,
although this occurred earier in plants interacting with the
mutant stepin (Figure de). These dath are congistent with
the transcriptomics analysis, and indicate that NoxR criti-
cally mediates the host defense response,

Trichoderma metaboli response to Arabidopsis relies on
noxR

To undarstand how the fungus raacts 1o the presence of
living plants growing in close proximity, an analysis of the
changes in gene expression was parformad for the T, atro-
viride WT and the AnoxA mutant during the interaction
with Arabidopsis. Intarestingly, many genes changed their
OXPression in response to the plant m the WT stram, even
before contact (400 up- and 872 downreguinted). This
result indicates that oven before physical contact there is a
wo-way communication between the partners (Table S8),
Once the hyphae contact roots (5 dpi), Trichoderma seems
10 retum to its basal state of gene expressian (Figure 5a;
Toble 89). Surprisingly, the AnoxR mutant showed only

y and John Wiley & Sons Lid,
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(8) ot

MELTHY RGN

MR G

minor changas in gene expression profile before and dur-
ing the interaction with the plant, with very similar
changes in the totl of differentinlly expressed genes at 3
and & dpi (130 and 187 differentially exprassed genes,
respectively; Figure 5a: Tables S10 and S11), Detalled gene
expression profile showed that a group of genes is clearly
repeessed in the WT strain, while theit expression remains
unaltared in the AnoxR rmuaam (Figure Sb; Tables S$12 and
813), 1t it noteworthy that several genes related 1o corbon
and nitrogen metabolism, such as carbohydrate-binding
proteins (10: 283182 and 1D; 28339), a glycosde hydrolase
(1D: 48371), cellulases (ID: 314392 and ID: 84753) and sugar
transportors (10 143474 and 10 40883) are repressad in the
presence of the plant at 3 dpi in the WT strain, but remain
active in the AnoxR p, indo tly of the int

tion time evalused (Figure 5¢). These results suggest that
AnoxR is affected In plant rocogmtion, which would
explein their reduced transcriptional response,

Trichoderma atroviride Nox mediates perception and
response to molecular signals amitted by plants

The observation that genes Involved in nitrogen and car-
bon mutrition are repenssed in the WT steain, but not in the
Anoxfl mutant, suggests sn alteration in the fungus-plant
dialog. Fungal degradative enzymes are a hallmark during

™ A
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the saprophytic life cycle of Trichoderma. thus we evalu-
ated the expression of all genes annotated as glycoside
hydrolases and peptidases in the T. atroviride WT and the
AnoxR mutant 3 dpi. Interestingly, o Wilcoxon lest marks
tendency to induction (P« 0.03) in the AnoxR mutant for
both groups of genes 1Figum 8a). A bar-plot of genes with
greater change in both peplddases and glycoside hydro-
lasas show their npmum ln tha WT strain bafora contact
with the plant, which never happens in the mutant back-
pround {Figure 6b). An intarasting obsarvation was that in
the absence of sucrose and the presence of celiulose, both
the WT and AnoxR mutant straing seem to 1ake advantage
of this wl of in a similar way: how-
ever, in the presence of sucrose, the WT strain grows fas-
ter, while the AnoxR mutant does not seem to use this
carbon source efficiently (Figure S4).

Tha analysis of ¢ il lod that the
processes of cellular response to stimulus, cell cycle, DNA
metabolism and call communication are enriched at 3 dpi
of the interaction with Arabidopsis in the WT strain of Tri-
choderma (Table S14); b , these p are less
active in the AnoxA mutam (Figure 6c), lnalkull mlvm
of the genes contained in the gories of call
cation, and DNA metabolic process (Figure 6d), rcvuhd
that a sedes of gones directly involved in envi
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Figure 5. Transcriptomic profile of Trichaokema atrovvide during the steraction with Aradsdops’s thallsna

Numer of differentiafly expeemsed 9enes in TAChINS whan terscting with the plant, both in the widtype tWT) and Anowfl strang, & 3 and 5 days post
intesdation (dpd, a8 conteol was used Amgus growing in M medium without the presmneon of the plast (FOR < 0.05, Told changs + 1) (2

The heatmep shows the genes dfwreniially exprossed In the WT and Anox¥ straims of Trichoderma ineracting with the plant i,

The heatmag shows the counts par million of the genes betonging to cluster 1, which i highighted with » beown bar (@l

signal perception, such as sensory transduction histidine
kinase (ID: 133533), signal ransducer activity (10: 312727)
and phospholipase C (1D: 147071), among others, are not
responsive in the Anoxf, while genes involved in stross
response and initiation of DNA replication such as MCMS
(D: 31705), exonuclease-1 (D: 319288} and pobd (ID:
306357) are activated at 3 dpi in the WT strain. However,
this activation &s not observed in the AnoxA mutant at any
stage of the interaction, This supports the notion that NoxR
is necessary to perceive the plant aven before contact that
In turn can trigger DNA replication processes and activa-
tion of the cell cycle, which enables root colonization by
the fungus.

Trichoderma atroviride WT and Anoxfl mutants induce
plant resistance to Botrytis cinerea

Trichadarma activates defense mechanisms that lead to
B. cingrpa resistance in plants (Contreras-Comejo ot af,
M1, JAZ) upregulation by AnoxR suggested that a
strong JA response can be activated in leaves following

© 2020 Society for Experimental Biol
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interaction of roots with this mutant. Next, we compared
the responses of 15-day-old Arabidopsis plants grown
axenically or co-culivited with the T, atroviride WT strain
or the Anoxfl mutant to infection by B. cinerea, which
causes the spread of necrotic lesions. The effocis of inocw
Inting B. cinerea conidia on disease symptoms were evalu-
ated 3 and § days after pathogen inoculation, considering
the percentage of plants showing necrosis, lesion diameter
and leaf colonization. In plants grown without Tricho-
derma, 8. cinerea caused necrotic lesions in about T5% of
plants by 3days, and reached 100°% &t day &, at this |ater
stage, the diameter of the lesions on lesf surfaces corre-
lated with the spread of B, cineves (Figure 7a-¢), In con-
trast, WT or AnoxR di { the p go of
symptomatic plants at the two times assayed (Figure 7a),
and reduced the size of lesions as well as the speoad of
B. cinerea (Figura 7o), These data show that the protection
conferred by the WT strain against B, cinerea in Arabidop-
sis was not compromised by NoxR loss-of-function.
Instead, a decrease in the damage by the infection was

y and John Wiley & Sons Lid.
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observed in the Arabidopsis leaves when it grew in the
prosence of the AnoxR mutant (Figure 7o), as the propor
tion of leaves without damage observed is larger (class ||
and the proportion of class Il leaves tends to be smaller in
comparison with the WT strain, while there is no apparent
ditference in dasses il and IV.

Trichederma species are free living fungi with versatile
matabolism that intaract with plants via an intricate

chemical communication (Ramirez-Valdespino et al, 2019).
Root colonization by Trichoderma does not only reconfig-
ure root development and boost plant growth, but also
reinforces the delonse systoms involving JA, ethylene (ET)
and salicylic acid (SA), which results in an improved capa-
bility to resist pathogen amack and herbivory (Hermosa
ef al, 2012; Rubio ef oL, 2074; Leonetti ef al. 2017; Poveda
ot al., 2019). The plant defensa responae is expensive, such
that during pathogen challenges a deerease in growth and
biomass accumulation is commonly obsarvad (Kang and
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Singh, 2000, Rwas-San Viconde and Plasoncia, 201%;
Wasternack and Hause, 2013), Thus, Trichoderma elicits
growth and development while activating o strong
immune response in the plant (Hermosa of al, 2013).
Although such a phenomenon has sttracted considerable
intarest due to its potential agricultural applications, aur
knowledge on the molecular mechanisms  underlying
growth - defense tradeoffs is still limitad,

© 2020 Society for Experimental Biol
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Figwe 7. Trichoderma wild type (NT) and Anoaff metant stroles incresse
s resaloncs agaent Botnyta adrerea in Aratudopnes hallana
Sevendivy-cld grown Arsbid Hgs 0O T Gays with both
Trichoderny atrowinde Sirang in wiro woes taaserrod in o vesse! for plant
tstve cultue commenng 0.2 « MS medem and Snher noculmed wih »
Syl droplet of & pineres (1 « 10" spoves mil ') on Soaf surfacen
(x Thae percemago of lesves with nocrotic symptoma at 3 and £ days after
wns o inedd try n) the number of droplres st pen
Buced leseons and representalive inoulited ledves were imaged
10 Sipe of eandng enond wish measured 3 doys sler pathogen Inoiuls-
Lon, Emoe baes reprasent the meen & S0 of 4 inondated leaves from 12 dit
ferant plants per Trichodorma swains-cromment. Di¥erant leners ropresen
menm waistically differant (P < 0.08)
o Diseasa in v Inooudmed with Trichoderma seaina iy
ahoan 2 the percentage of krves in S3Ch resatance cass, Al aviersd nd
cabes stifiaically significant ditferances with the cenliol without Tricho-
Garma, and Do Peen milerishs statitcally pgntcant dfgrences n e
porcentags of lesves in the dffferent Casses Between the trestments with
the dfferent straing (Fiaher's Exact Test £« 0001). The experiment was
raperead Taion wish similar reauims Scale hare | nead 100 jm, resgactively

Our data show that the communication established
T. atrovivide and Arabidopsis & broken by muta
tion of genes encoding NADPH oxidase proteins in the fun-
gus, spocifically Nox1 and the regulatory subunit NoxR,
which are affected in the production and accurmulasion of
ROS (Herndndez-Ofate ar al, 2012), Tha fact that fewer lat
eral roots were observed in Arabidopsis seedlings co-cult
vated with the AnaxRAnox! mutants compared with tha
WT suggests that the Nox complex andlor the generation
of ROS through this complex are necessary for stimulating
the emermgence of primordsa and their transition into a new
branching structure. Coincidentally, the Anoxf and Anox]
mutants wore less offective for phytostimulation, which
may be due to a reduced capacity to elicit the root absocp-
tive potential, In this regard, it has beon shown that ROS
traatment increases lateral roat (LR) number via the activa-
tion of LR pre-branch sites and LRP outgrowth (Orman-
Ligeza et al, 2016}, Thus, the reduced auxin responsa in
LRP and weak promation of LRP maturation eficited by the
Anoxfl mutant in Arabidopsis seedlings may be due to a
reduced ROS signaling, affecting the Trichoderma - root
communication,

Plants coordinate gens expression and motabolic net:
works for adeptation. Transcription is the first and ofton
limiting process to convern genatic infarmation into the
proteins that allow readjustment of the phenotype. Tran-
scriptional cantrol of enzyme-encoding genes also plays a
major role in constructing the metabolic networks neces-
sary 10 respand to anvironmental stimuli and to undergo a
change i a dovelopmontal program [Goudinier of al,
2015). To darify the molecular signatures underlying the
plamt rosponses to Trichoderma involving the Nox com-
plax, a transcriptomic analysis was performed comparing
the impact of the WT and AnoxR strains on the gene
axprassion profile of Arabidopsis. Surprisingly, the AnoxA
mutant gave rise to es in the p of expression of

y and John Wiley & Sons Lid.
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a greater number of genes than the WT, before and during
contact of hyphae with reots, indicating that ROS produc-
tion by the fungus is highly relevant far eommunication
with the plant. Impartantly, the altered response caused by
the anoxR mutant resulted in stronger activation of func-
tions related to responses to bacteria and insects, wound-
ing and reinfercement of the host immune system even
before contact of reots with the mutants. In this regard, a
previous study showed that the plant transcriptomic
response to Trichoderma parareesel for plants fluctuated,
and the JA-dependent respense can be upregulated at a
given point of the interaction but downregulated at earlier
stages {Rubio et al., 2014}

Genes involved in phytoalexin biosynthesis, and the JA
and SA signaling pathways showed increased expression
in response to T. atroviride that was exacerbated when the
plant interacted with the AnoxR mutant. One of these
genes, namely PAD3, participates in the biosynthesis of
ramalexin, an antifungal camprund  that  peotects
A. thaliana from infecticn by A. brassicicola (Zhou et al,
1939} In accordance with previous studies, this result sug-
gests that Trichoderma incculation primes plants te coun-
teract infection by pathogens, which is further stimulated
by the mutant strain AnoxR. The AtBC8 gene is indured
hefore root contact with AnoxR, a gene that when overex-
pressed in Arabidopsis drives over-preduction cf lignin in
whole rocts, which correlates with resistance to coloniza-
tion by fungi {Ezaki et af, 2005L A transcriptional co-regu-
lation mechanism integrating energy allowance required
for growth, defense and lignin biosynthesis, which
invalves readpisting resource allecation to different path-
ways, was recently propesed (Xie et al, 2018} On the other
hand, the ABCS?T and CML3E qenes, likely involved in tol-
erance to drought stress and hypoxia, are also overex-
pressed in plants in the presence of the AnoxR mutant
(Zhang &t af, 2014; Lokdarshi et al, 2016}, suggesting that
plants exposed to this strain may perform better when
grown under adverse environmental conditions.

Particularly relevant was the finding that systemic
acquired resistance qenes such as JAZ?, JAZG JAMT
LOX1and PR3 involved in the JA pathway were induced in
plants in the presence of the anoxR mutant. JAZ proteins
interact with and repress the activity of various transcrip-
tion factors, including the JA master regulator MYC2 (Guo
et al., 2018;. The JAZVLTIFY10A censtruct is expressed in
nuclel, and is induced by JA and auxins {Grunewald ef al.,
2009}, The increase in the number of nuclei expressing
JAZT at the inner cell tayers of the primary reot indicates
that more cells are reacting tc Trichoderma-released
metabelites ti.e. auxing or plant-produced JA, which may
be locally preduced or systemically teansported from the
sheot. In addition, when evaluating this response with the
JAZ1.GUS marker line in leaves at different times of inter-
actien, the Anox8 mutant elicited an earlier activation of

the jasmanate pathway. The reduced effect of the AnoxR
mutant in roof branching may be explained by an over-ac-
tivation of the JA respanse, which may lead to carbon
deprivation or reduced energy resources in the LRP for cut-
growth iGuo et al, 2018k

The absence of ROS as signaling meclecules in the
AnoxR mutant may stimulate the release of metabolites or
enzymes such as cellulases (glycoside-hydrolasest, which
induce the activation of the stress pathways. For instance,
the cellulases Thph1 and Thph2 of Trichoderma hatzianum
induced the jasmonate/ET signaling pathway in maize and
improved their ability to contend with Fusarium gramin-
eartim infection, whereas mutants in these genes failed to
trigger this protective effect in the plant {Saravanakumar
et al, 2016, 2018). Similarly, the nox8 mutant conferred
slightly higher resistance to Botrytis. These results point to
the overstimulation of defense systems, which is inversely
correlated with the capability of 7. atroviride to promote
lateral roat farmation and plant biomass accumulation.

Auxin signaling directly influences the root branching
process induced by Trichoderma, which is disturbed in
Arabidopsis during interaction with the AnoexA mutant.
Several studies suppert 8 medel to explain the balance
between growth defense rradeoffs based an mutually
antagonistic activation between auxin and JA signaling
{Hermosa et af., 2013; Medeires et af, 2017). Both hor-
menal pathways eentrol root morphagenesis in Arabidop-
sis {Cai et af,, 2014, Huang et af,, 2017+ Moreover, changes
of endogencus JA levels affect the formaticn of lateral
roots and influence auxin homeostasis via auxin biosyn-
thetic genes like ANTHRANILATE SYNTHASE 21 1ASAT)
and some YUCCA gene family members {YUCCAS and
YUCCAS, Sun et al, 2008; Hentrich ef af, 2013}, Besides,
jasmenates influence auxin transport by a downregulation
of the auxin efflux carrier PIN-FORMED 2 (PIN2j abundance
{Sun et al., 2011). This shows the important role of Tricho-
derma NoxR-generated ROS in the complexity of the hor-
manal hetwork orchestrating growth  suppression and
defense activation in ptants.

Recently, it was reported that Trichoderma-Arabidopsis
communication via VOCs is affected by the mutation of
noxR and noxtin the fungus (Cruz-Magalhaes et ai., 2019},
apparently due to defective production of secondary
metabolites. However, little is known about the transcrip-
tional changes underlying fungal metabolism. To assess
how the fungi sense plants, comparisens of the transcrip-
tional response of the Trichoderma WT and anoxR strains
during the interacticn with Arabidepsis were done. Strik-
ingly, while the WT strain can perceive the presence of
Arabidopsis even before contact and changes its gene
expression prefile, the AnoxA mutant dees not react to the
presence of the plant, indicating that mutation of noxR
affects the fungal ahility to sense plants. Before root con-
tact, in the WT strain, genss encading peroxidases,
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eellulases, sugar transporters and in general carbohydrate-
related genes are repressed. In full agreement with our
results, it was recently described that during the interaction
of Trichoderma virens with maize, there is global repression
of genes encoding cell-wall-degrading enzymes ({Malinich
et af, 2014} In cur view, these observations suggest that
suppression of metabolic processes related to the degrada-
tion of complex carbohydrates in the fungus is necessary to
establish a beneficial interacticn with the plant, likely as a
result of the adaptation of the fungus to the availability of
simple carbohydrates such as sucrose provided by the roots
{Macias-Rodriguez et al, 20181 An analysis of the use of
cellulese and sucrose as sole carben sources or in combina-
tion showed that the mutant strain Anoxf does not use
suernse efficientiy, bur the mutant and the WT strain appear
to have the same capacity to consume cellulose. An inde-
pendent study showed that nox® mutants have a reduced
capacity to utilize suercse as a scle carbon source te sustain
growth (Cruz-Magalhaes et al, 2018}, suggesting their
inability fe undergo this adaptation. This could explain why,
even in the presence of plant exudates, the AnoxR mutant
does not turn off genes enceding proteins that enable
degradation of complex carbon sources, which can have
deleterious effects on the cell wall of the roots or on the
chemical dialey established hefore physical hyphae root
contact. Thus, modulation of degrading enzymes oteurs in
a ROS-dependent manner, possibly to avoid overstimula-
tion of the defense respanse pathways in roots. Modulation
of degrading enzymes has alse been observed during
oomycete parasitism by Trichoderma. Overexpression of
Nox1in T. hatzianum led te upregulation of genes encoding
protease, cellulase and chitinase activities when confronted
with Pythism uftimism (Montere-Barrientos et al, 2017} It
was also of great interest tc chserve that cell cycle pro-
cesses and DNA metabolism were activated only in the WT
strain, likely due te the availability of simple sugars andtor
secondary metabelites present in root exudates, resulting in
chemintrapic growth of hyphae and impraved eolonization.
To perceive envircnmental stimuli, eukaryotes use trans-
membrane receptors such as G-protein-coupled receptors
(GPCRs}). It has been shown that GPCRs participate in
decoding the signals that activate the production of RQS
threugh NADPH oxidases. GPCRs act via tyrosine phaspha-
rylation of proteins such as Janus kinases, which partici-
pate in the initiation of signaling for basic cellular
programs {Pelletier et al,, 2003). Rho family GTPases are
regulators of cell migration, cell-cell adhesion, and
cell matrix adhesicn remodeling the cytoskeleton. ROS
have been shown to directly activate Rho&, which induces
cytoskeletal rearrangements (Aghajanian et af, 2008} In
T. atroviride, the Gprl receptor participates in the sensing
of host signals and activation of mycoparasitic host attack
{Omann et af., 2012). These evidences allow us to suggest
that perception of plant exudates may be carried out via

GPCRs, which downstream activate the Nox protein cem-
plex leading to the production of ROS, which in turn can
activate signaling pathways such as Rho GTPases to give
rise to changes in metabolism, cyteskeletal remedeling
and cell cycle activation, processes that allow interaction
with the plant in a controlled manner.

In Epichiveé festucae, disruption of genes encoding the
NADPH oxidase complex cemponents NoxA, NoxR and a
small GTPase RacA compremise its ability to maintain the
mutualistic symbiotic association with Loiium perenne
{Becker ef al., 2016; Kayana et al,, 2018} Mutations in these
genes lead to the growth of hyperbranched hyphae in the
intercellular spaces of leaves, which causes a severely
stunted host plant phenctype, premature senescence and
enhanced expression of defense genes, symptoms like
those caused by pathogenic fungi {Scott et afl, 2012}
Therefare, in Trichoderma and Epichlag, ROS preduction
mediated by the Nox cemplex is essential for the establish-
ment of symbictic associations with plants.

Taken collectively, our data indicate that ROS preduced
by Trichoderma play a major role in the interkingdom
communication with plants. The Trichaderma plant com-
municatien begins before physical contact, leading to the
activation of signaling processes in both organisms that
allow the successful establishment of their mutualistic rela-
tionship. (n this dialog, the fungus appears to respond to
nutrients released by roots that lead to cverall metabolic
adjustments. At the other end, the plant establishes a deli-
cate growthidefense balance in response to Trichcderma.
When this balance is broken due to a defective communi-
cation, the plant establishes a stronger defense response,
with significant costs for both crganisms.

EXPERIMENTAL PROCEDURES
Plant material and growth conditions

Plant materials used in the experiments reperted here wore the
A. thaiiana WT {Col-0) ecotype and derived lines DR5:wdA (Ulma-
snv ot al, 1997} ann JAZTTFYI0A GFP (Grunewald af al, 200Q).
Surface disin*ection of seeds was carricd out by soaking them in
95% iviv) ethanol and 20% (viv) bleach for § and 7 min, respec-
tively. The seeds were then washed five times with sterilized, dis
tilled water, and sown on Petri dishes containing MS 0.2:
medium {Murashige and Skeog, 1962) using M§ Basal salts mix-
ture {Sigma, hitpsjirwa.sigmaatdrich.nom). The medium was
supplemented with sucrose 0.6% {wiv) and selidified with agar 1%
twh; micropropagstion grade; Phytolechnology Laboratories,
hitps;iwwvaphytotechlab.com) at pH 7. The Petd dishes were
included inte a Perzival AR-S5L [hrtpgiiwvavwe percival-scientific.
com)] cabinet, with controlled environment {16 h of lightB h of
darkness, 300 ymol m™? see™” light and tomperature of 22¢C).

Fungal growth and plant inoculation experiments

The W1 strain of T atroviride (IMI 2D6040) and the Anox), Anox2
and AnoxR mutant strains used in the experiments reported here
{Hernander-Onate af al, 2012) were grown on potato dextrose
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agar (PDA; Difco |1Becton Dickinson], bttps:/www.bd.com] at 28°C
for 5days and conidian harvested using sterile distilled water.
Conidia {1 x 10° were inoculated at the 5 cm of the main reot tips
of 4 day-old Arabidepsis seedlings and the interaction allowed to
proceed using 0.2 MS medium solidified with agar. Every plate
included 10 Arabidopsis seedlings, and the placement of all plates
inside the chamber (Percival ARI5L] followed a randomized
drsign. Analysis of plant growth was parformed at day 4 in the
interaction.

Growth analysis

The growth of primary roots was quantified using a ruler, while all
mature rocts emerged from the parent one were visnally counted
at a 10w cobjective of a Leica (https:iAvwna |cica microsystems.
comf) MZ6 stereomicrescope. The density ¢ lateral rocts was esti-
mated dividing the number of latersl roots by the: length of the pri
mary reot for each seedling. Statistical analyses were done using
the statismiea 10.0 program (Dell StatSoft, https:/\www.statseft.cz).
Statistically significant differences in root traits were determined
via univatiate and multivariate analyses with Tukey's post hoc
tests,

Determination of the developmental stages of lateral root
primordia

Quantification of the developmental transitions in LRP was dene
8 days after germination in cleared seedlings, and the develop
mental stages considered were those reperted by Malamy and
Benfey (1997).

Propidium iodide staining and GFP fluorescence
quantification

Quantification of GFP fluorescence was performed via confocal
micrescopy in transgenic Arabidepsis seedlings that were stained
with propidium ledide [PI: 10 mg ml ") “or 1 min, rinsed in water
and mounted in 50% (viv] glycercl on microscope slides, Detes-
ticn of Pl red fluorescence and GFP emission were dene cn an
Olympus  (httpsyiaww.clympus-globalcom), FV1200 <onfocal
Iaser seanning micrescope with an argen blur: laser with an exai
tation line from 488 to 568 nm and an emission window from 585
to 610 nm, and the two images merged. Eight micrographs from
cach treatment were taken at the root vasculature, from the differ
entiation zone of the roet, and green pixels quantified by using
the maszs software (hitpyfrsbweb.nih.qovii). Each micregraph
yirlded an arbitrary unit value (AU - green pixels pm?), and the
means were graphed starting with control, where AU, are equal
te 1, and thus the means from the different treatments represent
changes in fluorescence refative to 1.

Histochemical analysis of GUS expresslon

Analysis of [} glucuronidase (GUS) expression was performed in
seedlings incubated in a solution composed of 0.1% X-Gluc {5-
bramo 4 chlarium X indelyl, fi 7 gluzuronide) in phosphate buffer
{NaH,PO, and Na,HPO,, 0.1 rv; pH 7). 10 my EDTA. 0.1% (vA] Tri

ten X-100 with 2 my potassium eirocyanide and 2 mm potassium
ferricyanide for 12 h ar 37°C. After this time, seedlings were pro

cessed to eliminate pigments and clarify the inner tissues follow-
ing the protocol of Malamy and Beney {1997). The seedlings were
mounted on slides in 50% glyzerel soluticn to make semi perma

nent preparations, and photographs were taken from 10 seedlings
of each treatment using a Leica DFC450C micrascope with
Nomarski optics.

Bic ys for Trichod induced resistance agamst

Botrytis einerea

Pathogenesis assays were done 2s reported {Centreras-Cornejo
&t al., 2011; Weiberg af al., 2D13). Reinforcement of immunity by
T. atroviride WT and AnoxR mutant strain agalnst B. cinerea was
assessed in 7-day-old Arabidopsis seedlings co-cultivated for
3 days with Trichoderma. After co-cultivation with the fungus and
before the colonization of the rocts, seedlings were placed In 2
vessel for plant tissue culture containing 30 mi™ " ¢ medium 0.2
MS. Previously, 8. cingrez was grown on agar PCA medium
{PhytaTechnolegy) for 7-12 days at 22°C in darkness, then conldia
were harvested using sterile distilled water, Five-microliter drops
of a conidial suspension (§ 10" conidia ml~") were placed on
the surface of leaves, and the disease symptems monitered 3 and
5 days after inoculation in a dissecting microscope (Leica M26).
Neerotic |esions were measured with the mascy software (httpzirs
bweb.nih.govtij). Growth of B. cinerea was analyzed on |eaves
stained with trypan blue, and phntegraphed using 2 Leica
DFCA50C microscope. Colenization levels are expressed as the
percentage of lea’ colonization by mycelium, and were classified
as class | no pathogen growth or D% of hyphal colenization; class
Il 1-25% of hyphal celonization; class I1l: 26-50% of hyphal cola-
nization; ¢lass [V: 51-75% of hyphal colonization plus conidia; and
class V¢ 100% of hyphal colonizatinn with presence of conidia. Bif
ferences in resistance class distributions between treatments were
analyzed by Fisher's exact test using xLsTa~ software for MimosorT
Exce_ (Microso®, hitps/vw. microse’t.com).

Trichoderma—Arabidopsis transcriptomics

To prepare the ANAseq libraries of the Trichoderma  Arabidopsis
interactions, after gemminating and growing for 4 days, 20
A. thatiana serdlings pay plate were inoculated with L atroviride
and ce-cultivated for 3 or 5 days, as indicated. The WT and AnexR
mutant strains were used in this experiment.

RNA extraction from Arabidopsis

For 2days, Arabidopsis seeds were subjected to stratification at
4°C in darkness, sown and incubated in 3 growth chamber at
24°C, under a 16 h light {200 pmel m=2 sec™")8 h dark phetope-
riod, A%er four days, 1 x 10° conidia ¢ the respective strains
were inotulated § cm away frem seedlings. Plants were collected
at 3 and 5 dpi, and excised with the help of a scalpel at the base
of the stem (neck) ro separate the shoots from the roots. Samplas
were frozen in liquid nitrogen and stored at 80°C. Three repli
cates of this experiment were cartied out. As a control, Arabidop-
sis roots without interaction with any lrichcderma strain were
collected. ANA was then extracted using TRzou (INVITROGEN,
https:iwwav. thermofisher.com/invitrogen).

RNA extraction from Trichaderma atroviride

The RNA of the fungus was extracted from the mycelium closest to
the root of Ambidepsis a 3 and 5 dpi when there is already contach
between the fungus and the plant. As a control of this experiment.
the fungus was grewn without the presence of Arabidopsis at
5 dpi. RNA “rem T atroviride myeelium was alse extracted with
TRzo- (INVITROGEN).

RNA-seq and differential expression analysis

cDONA synthesis was perfermed according to the TruSeq” RNA
Sample Preparation v2 pretocel and seguences in an lllumina
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HiSeq 2000 platform, in a 2 » 100 fermat. Read quality was ana
Iyzed using the rasroc software, executed as part of & pipeline pro
grammed in Perl. Reads were then mapped to the predicted
transcripts ¢ the T. atrowiride genome v2 (http:jgenome.jgi.doe.
qov(TrigtZTriatZhome.html). For A. thalizna, we used version 10
of the geneme obtained from TAIR for read mapping (httpsw/
www.arabidopsis.org/). The Salmon sc’tware was used to map
paired end library mede (Patro at al, 2017). The count tables out
put of Salmon was used to construct an expression matrix with all
conditions pvaluated for both Trichedema and Arabidopsis using
the statistical package R, isoforms of the Arabidopsis analysis
were removed using tximport.

On average, 10 rillion high-quality reads per library were
cbtained. The BNAseq data analyzed and discussed in this publi
cation have been deposited in NCBI's Gene Expression Omnibus
and are wccessible through GEO Series accession number
GSE138203 (httpsyiwww.ncbinlm.nih.govigeniquery/anc.ogiZace=
GSE13682D3). Differential gene expression analysis was performed
as deseribed by Medina Castellanns of al (2018).

Genome annotation and GO-enrichment analysis

Annotation of the [. atrowiride transcriptome was perfcrmed as
described by Cameras Villasener et at, 12013t The GO.db 2.10.1
package *rom Bieconductor was also used to obtain the ancestors
of each GO. The complete genome annotation was inherited to
the differentially expressed genes. For Arabidopsis. we used the
annotation obtained frem TAIR. Enrichment analyses were per-
formed as previcusly described (Medina Castellanos ef 21, 2018).

Growth in different concentrations of cellulose and
sucrose

The growth of the AnoxR and WT strains was evaluated in di¥erent
concentrations of cellulose 1.2, 2.8%), sucrose {1.2, 2.4%) or a
combination ¢f beth carben sources (0.6, 1.2, 2.4, 3.6%) werc evalu
ated, 1 x 10° conidia were inoculated in Vogel's Minimal Medium
and the diameter of the celony measured BD h after inoculation.
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Figura 81. Efeet of 1. atroviride WT and AnoxH mutant strains on
LRP development and auxin respense. DR5-GUS seedlings were
germinated and grown for 4 days on 0.2x MS medium, then wen
inoculated with 1 x 10° spores at the oppcesite side of the plates
and LRP number and density and GUS expression analyzed at
4 days of interaction, (a) Number of LRP and ELR per plant at the
indicated stage of development. (b] Tetal LRPs per plant. Stage I:
LRP initiation {in the longitudinal plane, appreximately 3-10
“short' pericycle cells ame formed). Stage lI: the LRP is divided into
bao layers by a periclinal division. Stage lll: the cuter layer of the
primordium divides periclinally, generating a three-layered pri-
mordium. Stage [V: an LRP with four cell [ayers. Stage V: the LRP
is midway through the parent cortex. Stage VI: the LRP has passed
through the parent cortex layer and has penetrated the epidermis.
It begins tn resemble the matare root tip. Stage VI the LRP
appears to be just about to emerge “rom the parent root. [c) Aep-
resentative micrographs of the expression of OHE:GUS at each
stage of LRP formation. Bars represent means < SE for 12 GUS-
stained seedlings analyzed. Diféerent letters indicate statistical dif-
ferenaes at P~ D.05. Szale bar 10D ym. The experiment was
repezted twice with similar results.

Figure 2. Root colonization by T. atrowiride strains. The #igure
shows confocal microscopy images at 5 dpi of the control plant
without ‘ungus and in interaction with the WT and the AnoxR
strains, as indicated. Roots were stained with Pl at a concentration
of D.01 mr and I atoviride hyphae with WGA Alexa Fluor 488
diluted in 1 = PBS huffer.

Figurs §3. Pairwige functional analysis of Arebidopsis response to
Trichoderma, Category enrichment of Biological Process in differ-
entially expressed genes (*FDR = 0.05; **FCR = 0.01). Each verti
cal block contains the up- and downregulated categeries in the
heatmap. Color intensity represents the significance in logarithm
base 10 of the FDR prr category. Ceunts per million of stress
respense genes in gach evaluated condition.

Figure S4. WY and Nox strains growing in cellulose or sucyose as
a sole carbon source. Colony diameter of the WT, Anox!, anox2
and AnoxR stralns grewn in minimal medium, using as source of
carbon sucrose or cellulose in a standard and a high concentration
(1.2 and 2.4%). Significant differences were obtatned with 3 Tukey
test (*P < 0.D1) The error bar shows the standard deviation (a).
WT and &noxR strains growing in sucrose and sellulese combina-
tion (1:1) (b). Colony diameter of the fungal strains in centimeters,
grown in the sucrosejcellulese combination. All paired compar-
isens are significantly different (P < 0.01%. The eror bar indizates
standard deviation (c).

Tabla S1. Differentially expressed qenes of Arabldopsls when
interasting 3 days with 7. atroviside compared with non-incou-
lated plants.

Tahle S2. Differentially expressed genes of Arabidopsis when
interacting 5 days with T. atroviride compared with non-inocu-
lated plants.

Tahle 53. Differentially expressed genes of Amabidopsis when
interazting 3 days with AncxR mutant ¢’ T. atrovitide compared
with non incculated plants.
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Talle S4. Differentially expressad genes of Arabidopsis when
interacting 5 days with AnoxR mutant of T. atroviside compared
with non-inoculated plants.

Tabte 85. Differentially expressed genes in the comparison of Ara-
bidopsis inoculated with AnexR versus WT after 3 dpi.

Tahis S6. Differentially expressed genes in the comparison of Ara-
bidopsis incculated with AnoxR versus WT after 5 dpi,

Table S7. Gene ontology enrichment analysis in the different con-
trasts performed In Arabldopsis.

Tahle $8. Differentially expressed genes of WT-Trichoderma strain
when interacting 3 days with Arabidopsis compared with the fun-
gus that grows in MS medium without the plant.

Tahle 59. Differentially expressed genes of WT-Trichoderma straln
when interacting 5 days with Arabidopsis compared with the fun-
gus that grows in MS medium without the plant.

Tabte $510. Differentially expressed genes of AnoxR Trichoderma
strain when Interacting 3 days with Arabidopsls comparet with
the fungus that graws in MS medium without the plant.

Table 814, Differentially expressed genes of AnoxR-Trichoderma
strain when interacting 5 days with Arabidopsis compared with
the fungus that grows in MS medium without the plant.

Tatle 512, Diferentizlly expressed genas of AnoxR-Trichaderma
strain compered with WT-Trichoderma when these Interacting
3 days with Arabidopsis.

Table $13. Differentially expressad genes of AnmoxA-Trichaderma
strain compared with WT-Trichederma when these interacting
5 days with Arabidopsis.

Table 514. Gene contology enrichment analysis in the different
contrasts performed in Trichoderma.
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Abstract

Oxidative regulation of plant growth and development is a hallmark during the interactions
with microorganisms, but the molecular mechanisms that drive reactive oxygen production
(ROS) to reconfigure root morphogenesis remain unknown. In this report, through
comparing the biostimulant effect of the plant beneficial fungus Trichoderma atroviride in
Arabidopsis WT seedlings and mutants defective in genes that encode RESPIRATORY
BURST OXIDASE HOMOLOGS (RBOH), it could be found that disruption of RBOHA,
RBOHD, and RBHOE, impairs root and shoot fresh weight and the root branching capacity
enhanced by the fungus in the WT in vitro. These effects correlated with altered growth
responses in pepr2 mutant and the Trichoderma-induced expression of PEPR2, suggesting
that act as an upstream modulator of RBOH enzymatic activity. T. troviride enhances ROS
accumulation in primary root tips, in lateral root formation sites and emerged lateral roots
as revealed by total ROS imaging via the fluorescent probe, DAB detection and Hyper
sensor. Acidification of the substrate and emission of the volatile organic compound 6-
pentyl-2H-pyran-2-one (6-PP) appears to be major factors by which the fungus triggers
ROS accumulation, which accounts for more lateral roots being formed during the root—
fungal interaction. These data shed light on the roles of ROS as messengers for plant

growth and root architectural changes during the interaction with a symbiotic fungus.

Keywords: Trichoderma atroviride, Arabidopsis thaliana, reactive oxygen species, plant

biomass, root development.
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INTRODUCTION

Root plants cohabit with a myriad of soils microbes in a complex manner through chemical
communication within the rhizosphere (Nath et al. 2016). Some of these microbes, which
mostly belong to bacteria and fungi, can grow inside or outside of plant tissues and result in
neutral or beneficial symbioses or harmful diseases that directly impact plant life cycle and
overall fitness (Hassani et al. 2018). Furthermore, plants are known to effects a selective
pressure on the microbial community through root exudation of metabolites to recruit
beneficial microbes, such as endophytes, mycorrhizal fungi, and plant growth-promoting
rhizobacteria (PGPR) (Pascale et al. 2020). Trichoderma is a genus of soil-dwelling
filamentous fungi that can recognize root-derived exudates to colonize the root surface, and
exert a direct effect on plant-growth and development, providing increased nutrient
absorption capabilities and protection against pathogens or abiotic stress (Villalobos-
Escobedo et al. 2020; Esparza-Reynoso et al. 2021). Recent knowledge advancement in
Trichoderma-plant interplay reveals that an alteration in the coordinate exchanges of
chemical signals between the plant and the fungus impairs the fine-tuned communication
between both partners (Villalobos-Escobedo et al. 2020; Alfiky et al. 2021). Indeed, the
fungal NADPH oxidase-mediated reactive oxygen species (ROS) production in T.
atroviride is involved in the fungal ability to perceive plants, which in turn triggers an
adjustment in carbon metabolism to assimilate simple forms of sugars released by plant
roots (Villalobos-Escobedo et al. 2020). On the other hand, ROS production in the plant
host is generated as a consequence of aerobic metabolism or in reply against biotic and

abiotic stresses (Choudhary et al. 2017; Huang et al. 2019). Previous studies have clearly
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shown that an oxidative burst in plants takes place as an early response to Trichoderma
inoculation, as well during root colonization, activating afterward an antioxidant
mechanism which confers tolerance the oxidative stress caused by pathogens or
environment, as well to regulate the salicylic acid-dependent defense responses (Nogueira-
Lopez et al. 2018; Nawrocka et al. 2019; Alfiky et al. 2021). Besides, Trichoderma-induced
ROS production is closely associated with defense responses that trigger the fungus-
produced effector molecules during interplay with plants (Ramirez-Valdespino et al. 2019).
Several reports demonstrate that Trichoderma spp. secrete a plethora of effectors and
secondary metabolites which act as elicitors in the simultaneous activation of systemic
acquired resistance (SAR) and induced systemic resistance (ISR) (Ramirez-Valdespino et
al. 2019; Alfiky et al. 2021; Gonzalez-Lopez et al. 2021). Trichoderma-secreted effectors
are perceived by intracellular immune receptors named nucleotide-binding leucine-rich
repeat receptors (NLRs) leading a ROS accumulation, callose deposition, biosynthesis of
antimicrobial metabolites, and the production of the plant defense phytohormones (salicylic
acid, jasmonate and ethylene) (Gonzalez-Lopez et al. 2021). NADPH oxidases (NOXs),
also called respiratory burst oxidase homologues (RBOHSs) in plants, generate superoxide
anions (02") in the apoplast which are rapidly dismutated to hydrogen peroxide (H202) (Hu
et al. 2020). RBOHs encompass a group of membrane-bound enzymes that have homology
to the mammalian phagocyte gp91phox (NOX2) that are mainly activated in response to the
rapid influx of Ca*" or intracellular protein kinases-induced phosphorylation (Chapman et
al. 2019; Lee et al. 2020). Besides, the A. thaliana genome encodes ten Rboh genes that are
known or predicted to control a wide range of environmental as well as developmental
responses (Chapman et al. 2019). Previous reports have demonstrated that RBOHD and

RBOHF play an important role in ROS production during abiotic stress signaling as well in
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plant immune response, however, the site-specific production of ROS through these
enzymes is necessary for the proper lateral root (LR) development (Otulak-Koziet et al.

2020).

Here, we show that RBOHs enzyme-mediated ROS production is necessary for root
branching and biomass production elicited by T. atroviride in plants. Furthermore,
Trichoderma induce a specific accumulation of H2O, at different sites within the root tip,
which indicates the possible involvement of peroxidases in the adaptative response to
eventual root colonization. In addition, ROS production in roots before Trichoderma
colonization seems to be attributed to the signaling that triggers the perception of acidic pH
or 6-PP, however, both stimuli trigger an increased accumulation of ROS leading to
inhibition of root cell elongation and root growth. On the other hand, Tichoderma induce
the expression of the receptor PEPR2, which modulates ROS levels upstream RBOHs
enzyme activity, besides, an alteration of the signaling that triggers the receptor impairs

Trichoderma-induced phytostimulation in plants.

MATERIALS AND METHODS

Plant material and growth conditions

A. thaliana ecotype Columbia (Col-0) was used as wild type (WT) plant throughout the
study. The mutant lines RbohA (SALK 047391), RbohD (SALK 044865) and RbohE

(SALK 030395) were obtained from the Salk Institute for Biological Studies (La Jolla,
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California, US), while the mutant lines pepr2 (Yamaguchi et al. 2010) and clv2-3 (Kayes et
al. 1998), the pepr2cvl2 double mutant line (Gutiérrez-Alanis et al. 2017) and transgenic
line pPEPR2::GUS (Wu et al. 2016) were kindly provided by Dr. Luis Herrera Estrella
(CINVESTAV-Irapuato). Arabidopsis seedlings transformed with the yellow fluorescent
protein-based redox biosensor HyPer employed to screen the intracellular H,O> levels
(Hernandez-Barrera et al. 2015;) was kindly given by Dr. Luis Cardenas (IBT-UNAM). All
seeds from lines used for analysis were surface sterilized using 95% (v/v) ethanol and 20%
(v/v) bleach for 5 and 7 min, respectively, followed by five washes with distilled and
sterilized water. Then, were stratified for two days at 4°C, and grown on Petri dishes
containing 0.2x Murashige and Skoog (1962) medium (MS Basal salts mixture, Catalogue
No. M5524 Sigma), 0.6% sucrose (w/v) 1% agar (w/v) (Micropropagation grade, Catalogue
No. Al11l PhytoTechnology Laboratories); pH 7.0, 5.5 or 4.5. Petri dishes were placed
vertically (at an angle of 65°) in a plant growth chamber (Percival AR-95L) at 22°C under
continuous light conditions (300 umol m? s™') and photoperiod (16 h of light/8 h of

darkness).

Fungal growth and inoculum preparation

Trichoderma atroviride strain IM1206040 used to perfom plant-fungus interaction assays
was provided by Dr. Alfredo Herrera-Estrella (Centro de Investigacion y de Estudios
Avanzados del IPN, Mexico). Four days after germination, seedlings were inoculated with

a spore suspension adjusted to 1 x 10° spores at 5 cm from the root tip and incubated for
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additional four days to evaluate the plant responses to Trichoderma. The fungal growth trial

and spore harvest were performed according to Pelagio-Flores et al. (2017).

Effect of 6-PP on ROS-mediated Arabidopsis growth

Ten Arabidopsis seedlings were germinated and grown in each Petri dish containing 0.2x
MS medium supplemented with micromolar concentrations (75 and 150 uM) of 6-PP
(Sigma-Aldrich), which were prepared according to Garnica-Vergara et al. (2016). Ten
days after germination, determination of the dose-response effect of 6-PP in plant growth

compared to ROS accumulation was performed.

Analysis of plant traits

The length of primary roots was measured with a graduated ruler, while the LR length was
measured using the IMAGEJ software (http://rsbweb.nih.gov/ij/). The quantification of
total LRPs was determined by counting all mature roots that emerged from the primary root
using a stereomicroscope (Leica MZ6). Lateral root density was scored as the LR number
per centimeter of primary root and was calculated by dividing the number of LR by the
primary root length for each seedling. Fresh weights of shoots or roots were determined
using an analytical balance. Petri dish pictures were taken using a digital camera (Nikon

D5600, Japan).
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ROS detection

The production of intracellular ROS was assayed using the oxidation-sensitive fluorescent
probe 2',7'-dichlorodihydrofluorescein diacetate (H2DCF-DA). Arabidopsis seedlings were
incubated with 10 uM of H2DCF-DA (Invitrogen™) in Trizma® hydrochloride buffer
solution at 10 mM (pH 7.4) for 60 min in darkness and rinsed and mounted with fresh
buffer solution on microscope slides. The 2',7'-dichlorofluorescein (DCF) fluorescence was
detected through excitation and emission wavelength of 485 nm and 500-535 nm using a
confocal laser scanning microscope (Olympus FV1200). Fluorescence from at least 8
treated seedlings was measured by calculating the green pixels in a determined area of each
image using IMAGEJ software (http://rsbweb.nih.gov/ij/). Means of the relative
fluorescence of each treatment were normalized according to the pixel values from the

control condition.

PI staining and YFP detection

To evaluate the H>O> accumulation in roots through the genetically encoded biosensor
HyPer probe, transgenic Arabidopsis seedlings harboring the Hyper biosensor which
consists of a circularly permuted yellow fluorescent protein (cpYFP) fusioned to H>O»-
sensitive regulatory domain of OxyR (E. coli transcription factor), were soaked in

propidium iodide (PI) solution (10 mg ml! for 1 min), rinsed, mounted in 50% (v/v)
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glycerol on microscope slides and then recorded by Olympus FV1200 confocal microscope.
The detection of H>O»-induced change in the excitation wavelength of cpYFP required a
filter wheel to switch between the excitation wavelength of the H>O»>-independent signal
(440 nm) and H>O>-dependent signal (495 nm) (Belousov et al. 2006), while the emission
spectra of PI was detected using a 568 nm excitation line and an emission window of 585 to
610 nm, and all emission spectra were recorded through an emission filter at 550/20 nm to
obtain a final image merged. Quantification of the relative fluorescence intensity was

performed as mentioned above.

Histochemical analysis

For the analysis of the expression of the PEPR2 gene, transgenic Arabidopsis seedlings that
express the uidA reporter gene driven by PEPR2 promoter were incubated in a GUS
reaction buffer (0.5 mg mL-1 5-bromo-4-chloro-3-indolyl-B-d-glucuronide in 100 mM
sodium phosphate, pH 7) in darkness for 12 h at 37°C. After staining, seedlings were
cleared and mounted according to the protocol of Malamy and Benfey (1997). The
processed roots were placed on glass slides and analyzed by Nomarski’s differential
interference contrast (DIC) microscopy. The photographs shown are representative of the

experiment conducted with 8 biological replicates.

The production of H>0O2 in Arabidopsis seedlings co-cultivated with Trichoderma was also
determined via DAB staining. DAB is oxidized by H>O; forming a dark brown precipitate

staining. For histochemical analysis of DAB staining, Arabidopsis seedlings were
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immersed in 1 mg/ml solution of 3,3’-diaminobenzidine (DAB; Sigma), incubated 2 h,
fixed and cleared with 70% ethanol solution (v/v) and mounted on glass slides and then

observed using DIC microscopy. For each treatment at least 6 plants were analyzed.

Data analysis

The data were analyzed through univariate and multivariate analyses (ANOVA) followed
by Tukey’s post hoc tests using statistical software STATISTICA 10.0 program (Dell
StatSoft, Austin, Texas, USA). All experiments were repeated twice or three times.

Different letters were used to indicate means that differ significantly (P < 0.05).

RESULTS

NADPH oxidases RBOHA, RBOHD and RBOHE are required for Trichoderma-induced

plant growth promotion

T. atroviride induce the expression of genes involved in defense response and promote
plant growth synergistically (Villalobos-Escobedo et al. 2020). However, little is known
about how RBOHs-dependent ROS production regulates plant development and stress
responses. To further explore the mechanism of Trichoderma-induced ROS metabolism we

compared the biostimulant effect of T. atroviride in Arabidopsis WT (Col-0) seedlings and
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mutants defective in Rboh genes (RbohA, RbohD and RbohE). WT and mutant seedlings
were grown for 4 d after germination and then were inoculated with T. atroviride at 5 cm
from the root tip. After 4 days of co-cultivation in vitro, the WT seedlings inoculated with
T. atroviride showed a clear phytostimulation concerning un-inoculated plants, the results
revealed that primary root growth was slightly affected by co-cultivation with the fungus,
whereas the number and length of LR increased by fourfold and threefold respectively,
compared to axenically grown seedlings. This response correlated with a less than twofold
difference in all biomass quantifications (Fig. la-d and Suppl. Fig. S1). In contrast, the
increased root branching and biomass production provoked by Trichoderma diminished in
the Rboh mutants, particularly the RDOhE mutant plants showed an impressive reduction of
the root system with regard to the RbohA and RbohD mutants (Fig. 1a-d and Suppl. Fig.
S1). These data show the critical role of RBOH-dependent ROS synthesis in growth

promotion by T. atroviride in Arabidopsis.

T. atroviride strongly induced ROS production in roots

An oxidative burst is a critical event upon plant colonization by Trichoderma, and this
reaction is activated by the rapid production of ROS in the apoplast, which is involved in
plant response signaling against plant pathogens (Saravanakumar, 2016; Chen et al. 2019).
To visualize the ROS signal in roots, we used the fluorescent cell-permeable probe
H2DCF-DA through confocal microscopy. To relate the activity of RBOHs enzymes in the

production of ROS as an early response to Trichoderma inoculation, we used the
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fluorescent cell-permeable probe H2DCF-DA to visualize the ROS signal in roots through
confocal microscopy. Arabidopsis seedlings were spot-inoculated 4 d after germination at 5
cm below the root tip and allowed to grow for 4 days. Plants grown without fungus
presence showed basal ROS levels which were generated as by-products of metabolism,
whereas roots of Trichoderma-inoculated seedlings displayed a stronger ROS production in
the root (Fig. 2a-f). The relative fluorescence intensity indicated that Trichoderma-
mediated ROS accumulation was more increased at the cells surrounding the LRP than
epidermal cell layer of LR emerged, however, the ROS levels at primary root were two-
and-one-half times more than those obtained in the control condition (Fig. 2g-i).
Additionally, the fungus caused a similar ROS accumulation at the meristem and
elongation zone of LR (Suppl. Fig. S2). The results clearly showed that Trichoderma

triggers a ROS generation on the root as an early response before root colonization.

T. atroviride mainly induced H2O> production in roots

H>O> is a relatively long-lived ROS molecule that participates in several plant
developmental processes and defense responses (Huang et al., 2019). To know the changes
in the spatial distribution of H,O» in the primary root, we evaluate the DAB-mediated tissue
staining in roots of inoculated and non-inoculated seedlings with Trichoderma. Tiny brown
staining in the root apex of uninoculated plants was observed, however, Trichoderma-
inoculation triggers stronger staining in the stele of the maturation zone (Fig. 3a-b). To gain

better resolution of the cellular localization of H2O; at the root tip, we assess the activity of
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YFP-based biosensor HyPer. A basal H>O2 accumulation in the columella and lateral root
cap cells was observed, and this pattern of H>O> production was increased and extended to
the cells of the epidermis and cortex, showing a correlation with the relative fluorescence
intensity (Fig. 3c-e). These data indicate that Trichoderma inoculation causes specific

H>0»-dependent oxidative burst to regulate root growth processes.

Low pH reconfigures Arabidopsis root system architecture

The acidification induced by Trichoderma can regulate the root system architecture
plasticity, determining primary root growth, LR formation and root meristem viability
(Pelagio-Flores et al., 2017). To assess whether acidic pH could trigger root branching in
Arabidopsis seedlings, we germinated and grown seedlings for 8 d on agar plates
containing MS 0.2x medium adjusted to pH 7.0, 5.5 and 4.5. Arabidopsis root growth was
affected by acidic pH of 5.5 and 4.5, decreasing by nearly 40% and 50%, respectively, and
showing an alteration in gravitropism response (Fig. 4a-d). Interestingly, at pH 5.5, the LR
formation was five times larger than seedlings grown at pH 7.0, however, this stimulus was
repressed when plants were grown under medium adjusted to pH 4.5, which also affected
the root biomass production (Fig. 4e-g). These data show that low pH comparably alters

root growth to Trichoderma effect.

Low pH increases ROS production in roots
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To assess how the low pH can be the factor that triggers Trichoderma-dependent ROS
production and/or root branching in Arabidopsis, we evaluated the intracellular ROS
accumulation in seedlings grown on 0.2x MS agar medium adjusted to pH 4.5, 5.5 and 7.0
through H2DCF-DA staining. The acidic pH (5.5 and 4.5) induced an apoplastic ROS
accumulation at the maturation zone of the primary root, and specifically at pH 4.5, plants
displayed an exacerbated quantity on the tissue layers of epidermis, cortex, endodermis and
vasculature, spreading even within LRP (Fig. 5a-c). Besides, plants growing under pH 5.5
and 4.5 also exhibited a higher ROS accumulation at the meristematic zone of the root tip,
showing a significant increase in ROS levels from the columella and lateral root cap until
the elongating epidermal cells, including over the root stem cell niche (Fig. 5d-f). These
disturbances of intracellular ROS levels were confirmed through the quantification of
fluorescence in each zone (Fig. 5g-h). Moreover, it was appreciated that LR of seedlings
grown at pH 4.5 displayed a shortening of the meristematic zone and similar increased ROS
accumulation to the pattern observed in the primary root tip, suggesting that increases in
ROS production compromise the proliferation/differentiation in LR meristems (Suppl. Fig.
S3). These data indicate that acidic pH is partially involved in the oxidative burst driven by

Trichoderma.

6-PP induces ROS production in a concentration-dependent manner in roots

T. atroviride-derived 6-PP is a volatile organic compound with an auxin-like effect that

stimulates plant growth in a dose-dependent manner (Garnica-Vergara et al., 2016; Carillo
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et al., 2020). To evaluate whether ROS production can be influenced by 6-PP, Arabidopsis
seedlings were germinated and grown on 0.2x MS medium supplemented with 75 and 150
uM of 6-PP. At 10 days after germination, seedlings were stained with H2ZDCF-DA for
detection of ROS in the primary root tip by confocal microscopy. As expected, we found
that total ROS increased in plants treated with 6-PP (Fig. 6a-c). Quantification of
fluorescence confirms that 6-PP provokes a ROS accumulation which is dependent on the
concentration of fungal compound supplied in the growth medium (Fig. 6d-e).
Interestingly, when plants were grown under 150 uM, a reduction in the width of the root
tip and a shortening of the meristematic and elongation zone were observed. Thus, we
suggest that the inhibitory effect of 150 uM of 6-PP in primary root growth is caused by
ROS overproduction, affecting cell division and expansion processes. These data show that

6-PP reconfigures the root architecture via ROS production.

T. atroviride induces expression of the NLR receptor PEPR2

Early extracellular ROS production by RBOHs oxidases is triggered by specific pathogen
effectors through RLKs-dependent signaling (Huang et al. 2019; Kimura et al., 2020). To
test whether the PEPR2 receptor may or not participate in the Trichoderma-regulated ROS
production, we analyzed the expression of pPEPR2::GUS (Yamaguchi et al. 2010) in
transgenic Arabidopsis seedlings grown in co-culture with T. atrovirde. Histochemical
staining of transgenic pPPEPR2::GUS seedlings revealed that a basal expression of PEPR2

is located at the leaf veins (Fig. 7a-b). In contrast, the expression of pPEPR2::GUS was
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increased in leaf tissue and extended to the stele of the differentiation zone of the primary
root of Trichoderma-inoculated seedlings (Fig. 7c-d). This result shows that PEPR2

expression is induced by Trichoderma in the early stages of the interaction.

PEPR?2 receptor is necessary for Trichoderma-induced root architectural alterations

To further define the particular role of PEPR2 perception in the Arabidopsis developmental
responses to Trichoderma inoculation, we evaluated the primary root growth, LR formation
and biomass production of Arabidopsis seedlings WT and single mutants pepr2 and clv2-3,
and the pepr2clv2 double mutant grown in co-culture with T. atroviride for 4 days.
Interestingly, we found that pepr2 showed insensitivity to the promotion of LR branching
to Trichoderma compared with WT seedlings, while clv2-3 single mutant and pepr2clv2
double mutant displayed clear phytostimulation triggered by the fungal inoculation,
allowed plants to produce similar root biomass like WT seedlings (Fig. 8a-d). In addition,
the pepr2 mutant also showed a low production of shoot biomass, while the clv2-3 mutant
exhibited a greater shoot development than WT plants, possibly attributed to the mutant
phenotype (long-hypocotyl phenotype), however, the growth enhancement was
compromised in the double mutant, indicating that loss of function of pepr2 impairs the
plant development conferred by mutation of the clv2-3 gene, and hence the
phytostimulation response to Trichoderma (Suppl. Fig. S4). These data show that T.

atroviride requires PEPR2 to trigger plant growth and development.
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DISCUSSION

Some species of the genus Trichoderma positively influence plant health and productivity
by stimulating plant growth and development and suppressing plant diseases caused by
microbial pathogens (Guzman-Guzman et al. 2019; Alfiky and Weisskopf, 2021). The
versatile mechanisms employed by Trichoderma to promote plant growth include synthesis
of phytohormones (mainly IAA-related indoles), solubilization of soil nutrients, increased
uptake and translocation of nutrients, enhanced tolerance to abiotic stress, improved
sucrose metabolism and photosynthetic capability, and production of secondary metabolites
with plant growth-promoting activity and antibiotic properties (Guzman-Guzmam et al.,
2019; Ramirez-Valdespino et al. 2019; Khan et al. 2020; Esparza-Reynoso et al. 2021;
Harman et al. 2021; Vinale and Sivasithamparam et al., 2021). Among Trichoderma-
derived volatile organic compounds, the unsaturated lactone denominates 6-PP has been
cataloged as one of the most important VOC to the establishment of Trichoderma—plant
beneficial interaction (Garnica-Vergara et al. 2016; Estrada-Rivera et al. 2019; Guzman-
Guzmam et al., 2019). The perception of 6-PP induces JA/ET-dependent plant defense
responses and simultaneously triggers a complex reconfiguration of root architecture
implying crosstalk between ethylene and auxin, however, the fungal volatile also can
regulate plant growth and development by regulating sucrose transport in the phloem
(Kottb et al. 2015; Garnica-Vergara et al. 2016; Esparza-Reynoso et al. 2021). Besides,
plants can sense the substrate acidification generated by Trichoderma mycelial growth and
this stimulus is the main cause of root tip bending and following root stoppage observed as

an early response to Trichoderna (Pelagio-Flores et al. 2016). Villalobos-Escobedo et al.
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(2020) reported that ROS produced by fungal NADPH oxidase is involved in the
recognition of the plant by T. atroviride. Indeed, the alteration in ROS production via NoxR
compromises the adjustment of saprophytic behavior stimulated by fungal perception of
sugars secreted from roots, generating a stronger plant defense response. This could imply
that host-produced oxidative burst also influences the plant growth and immune responses

triggered by Trichoderma.

Recently it has been reported that ROS act as secondary messengers in regulating important
developmental processes, such as root-hair formation, primary root elongation and LR
formation (Chapman et al. 2019). According to Orman-Ligeza et al. (2016), the ROS
generation by RBOH enzymes facilitates cell wall remodeling of overlying cell layers for
LR outgrowth and emergence. To investigate the role of RBOH-mediated ROS production
in plant growth promotion effects of Trichoderma, Arabidopsis wild-type (Col-0) seedlings
and Rboh-deficient mutants (RbohA, RbohD and RbohE) were subjected to co-culture with
T. atroviride for 4 days. Our results showed that T. atroviride promoted root and shoot
biomass production and increased root branching in WT seedlings compared to non-
inoculated plants, however, the mutations in either tested RBOH enzymes caused a
decrease in plant growth-promoting activity of Trichoderma. Collectively, our data suggest
that ROS production via RBOHA, RBOHD and RBOHE triggered by Trichoderma
positively modulate LR formation in plants. Interestingly, the RbohE mutant displayed
reduced LR branching and elongation, indicating that functional loss of RBOHE
compromises the plant growth promotion triggered by Trichoderma. It has been described
that Arabidopsis RbohE mutant exhibits a reduced number of emerged LR due to delayed

development of lateral root primordia (LRP) (Chapman et al. 2019). This RBOHE-
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mediated LR development is related to its specific pattern of expression in the cells
overlying/surrounding the LRP and auxin-inducible expression (Chapman et al. 2019;
Eljebbawi et al. 2021). RbohA also shows a similar auxin-induced transcriptional response
like RbohE, however, its spatiotemporal expression pattern is situated at both LRP and
maturation zone of primary root (stele and endodermis), suggesting that RBOHA
participates in different biological processes and not only in the ROS-facilitated LRP
emergence (Orman-Ligeza et al. 2016; Chapman et al. 2019). Neuser et al. (2019) revealed
that RBHOA-catalyzed ROS contributes to cell expansion during leaf growth and also
confers resistance against Pseudomonas syringae through transcriptional co-regulation by
the growth-related transcription factor HOMOLOG OF BEE2 INTERACTING WITH IBH
1 (HBI1). In contrast, RbohD expression is induced by the plant's defense response to biotic
and abiotic stresses mediated by MPK 1 and ERF74, respectively (Morales et al. 2016; Yao
et al. 2017; Escudero et al. 2019; Lee et al. 2020). Furthermore, the C-terminal tail of
RBOHE can be phosphorylated on serine residues by different protein kinases such as
PBL13, CPKs, BIK1, and SIK1 which regulate its NADPH oxidase activity (Lee et al.
2020). However, AtrbohD and AtrbohF have been reported as negative regulators of laterla
root formation (Otulak-Koziet et al. 2020; Mase and Tsukagoshi, 2021). Li et al. (2015)
showed that the double mutants atrbohD1/F1 and atrbohD2/F2 exhibited a higher LR
density in comparison to the wild-type plants or the single mutants, indicating that both
genes have functional redundancy in the auxin-regulated LR organogenesis. Thus, we
assume that RbohA, RbohE and RbohD are downstream target genes of the auxin-dependent
growth programs and/or and defense response signaling pathway (ethylene-MAPK) elicited

by Trichoderma in plants.
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Colonization of plant roots by Trichoderma induces a local and systemic oxidative burst
throughout the plant, since an increased O2” and H>O, accumulation at both sites colonized
and distal parts of the plant has been detected (Contreras-Cornejo et al. 2011; Nawrocka et
al. 2019; Xu et al. 2020; Gonzalez-Lopez et al. 2021). To correlate the RBOH enzymes
activity in the oxidative stress response triggered by T. atroviride, we evaluate the ROS
generation in roots using fluorescence-based probes and DAB staining. According to the
H2DCF-DA assay, the intracellular ROS levels were higher in the roots of plants inoculated
with T. atroviride compared with noninoculated plants, showing a higher ROS
accumulation at the root apex of primary and LR. Besides, the H>O>-responsive expression
of Hyper and the DAB staining revealed that Trichoderma triggers a specific H20>
accumulation at the columella root cap and maturation zone of the primary root, especially
in the inner tissues making up the stele. This stele-specific accumulation of H>O; is
consistent with the high transcript levels of RbohF, which in turn can be induced by salinity
or ACC treatment, suggesting an involvement of this isoform in Tichoderma-mediated
oxidative stress in roots (Jiang et al. 2012; 2013; Chapman et al. 2019). Furthermore, this
accumulation of H>O: in stele may indicate the activity of class III peroxidases which
trigger a lignification of the xylem under salt stress, indicating a possible adaptative
response to Trichoderma root colonization (Herandez et al. 2010). In contrast, the
accumulation of O and H>O> at the root tip observed in plants inoculated with
Trichoderma, could influence the balance of cellular proliferation and differentiation
processes at the root apex. The exogenous application of H>O» in Arabidopsis seedlings has
been reported to stimulate LR development and primary root shortening by modulating the
length and cell division events of the root meristem (Su et al. 2016; Orman-Ligeza et al.

2016). Moreover, it has been reported that HO» affect the directional transport of auxin
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through changes in the expression of auxin carriers (mainly PIN efflux carriers), however,
exogenous auxin application increases ROS levels in the root tip too, indicating the
existence of cross-talk between ROS and auxin signaling to control root system architecture

(Ivanchenko et al. 2013; Orman-Ligeza et al. 2016; Su et al. 2016; Velada et al. 2020).

The acidification generated by Trichoderma growth on media induces a redistribution of
auxins within the root apex that originates a reorientation of the root growth and subsequent
formation of the hook, followed by root meristem exhaustion (Pelagio-Flores et al. 2017).
The gravity-dependent root bending involves an auxin redistribution within the root tip that
triggers ROS generation (Eljebbawi et al. 2021). Therefore, we hypothesize that the
accumulation of auxins induced by Trichoderma acidification at the root tips causes a
decreased primary root growth via ROS overproduction. To test this hypothesis, we
analyzed the impact of acidic pH on the architecture of the Arabidopsis root system.
According to the results obtained, the plants grown at acidic pH (5.5 and 4.5) displayed
altered root gravitropism and shorter primary root length. Subsequently, we observed that
low pH values induce strong intracellular ROS accumulation in the whole root tissues.
Such results fit very well to those previously reported, which mention that exposure to low-
pH stress causes root growth and development inhibition and excessive accumulation of
ROS, such as superoxide radicals and H>O: in roots apex (Koyama et al. 2001; Zhang et al.
2015; Long et al. 2019; Gragas et al. 2020). Moreover, Lager et al. (2010) have determined
that pH sensing by the plant triggers regulation of gene expression that resembles the
transcriptional response provoked by auxin or pathogen defense signaling. They also
assume that perception external pH may act as an underlying signal to the cellular

responses of auxin and pathogens which lead to apoplastic acidification and alkalinization,
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respectively. Under this assumption, we suggest that low pH-dependent accumulation of

ROS functions as a downstream component in auxin-mediated signal transduction.

On the other hand, the evaluation of the inhibitory effect of 6-PP on primary root growth at
higher concentrations was associated with an increased accumulation of ROS in root tips.
Notably, Garnica-Vergara et al. (2016) reported that ETHYLENE INSENSITIVE 2 (EIN2)
is a key component in plant response to 6-PP, evidenced by insensitivity to primary root
growth inhibition in ethylene-insensitive ein2 mutants. Inhibition of root growth and
superoxide anion accumulation in roots are typical effects of ethylene or its precursor ACC
(Lv et al. 2018), thereby we suppose that 6-PP regulates primary root elongation via
ethylene-dependent regulation of ROS homeostasis. Intriguingly, it has been reported that
EIN2 is required for the exacerbated oxidative stress and root growth repression caused by
plant-pathogen effectors such as bacterial flagellin (flg22) and pyocyanin, however, loss-of-
function of EIN2 enhances the generation of ROS under salinity stress too, indicating the
involvement of ethylene/ROS crosstalk in activation of stress responses and defense
pathways (Mersmann et al. 2010; Lin et al. 2012; Beck et al. 2014; Ortiz-Castro et al.

2014).

Pathogen-associated molecular pattern (PAMP)-triggered immune responses induce a
transient apoplastic ROS through the enzymatic activity of the RBOHs mediated by host
surface receptor proteins called pattern-recognition receptors (PRRs) (Hu et al. 2020; Jing
et al. 2020). It has been reported that recognition of flg22 by FLS2 receptor (a leucine-rich
repeat-receptor kinase) triggers the activation of the membrane-localized ser/thr protein
kinase BIK1, which directly phosphorylates the NADPH oxidase RBOHD to induce an

extracellular oxidative burst in response to the pathogen (Kadota et al. 2014; Li et al. 2014;
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Noman et al., 2019). To elucidate the possible involvement of PEP1 RECEPTOR 2
(PEPR2) in the oxidative stress triggered by Trichoderma, we evaluated the expression
patterns of PEPR2 using Arabidopsis transgenic line pPEPR2::-GUS. We also analyzed the
root architectural responses in wild-type Col-0 plants compared to the single mutants of
pepr2 and clv2-3 and double mutant pepr2clv2 to determine the participation of
CLAVATA 2 (CVL2) and PEPR?2 in regulating the plant growth mediated by Trichoderma.
Our results showed that PEPR2 expression patterns in leaves and the maturation zone of the
primary root (stele) increased in plants inoculated with Trichoderma. Consistently,
mutation of pepr2 significantly affected the reconfiguration of root architecture and
phytostimulation elicited by Trichoderma, denoting that PEPR2 can be a potential upstream
regulator of RBOH-dependent ROS synthesis. As previously reported, PEPR?2 is a receptor-
like kinases that binds to Pepl and Pep2 peptides to regulate root immunity through ROS
production triggered by BIK1-mediated phosphorylation of RBOHD (Zixu et al., 2013;
Jing et al. 2020). Yamaguchi et al. (2010) have indicated that PEPR1 and PEPR2 gene
expression is induced by exogenous application of methyl jasmonate (MeJA), Pep peptides,
microbial compounds and mechanical wounding, indicating that PEPRs receptors are
mainly involved in the regulation of plant immune responses. However, the PEPR2
expression is also induced in response to Pi starvation, and under this phosphate-deficient
condition binds to CLE14 peptide to drive the root meristem differentiation (Gutiérrez-
Alanis et al. 2017). Furthermore, the calcium sensor protein CALMODULIN-LIKE-38
(CML38) interacts with PEPR2 to inhibit primary root growth under nitrate deprivation,
evidencing that PEPR2 receptor regulates the root growth in response to nutrient deficiency
(Song et al. 2021). Besides, it has been reported that loss-of-function of PEPR2

compromises the ROS production in root during pathogen infection (Jing et al. 2020).
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Therefore, we suggest that reduced root branching and biomass production of pepr2 mutant
plants inoculated with Trichoderma seems to be attributed to the reduced capacity to
produce ROS conferred by loss of PEPR2 function. This assumption would imply that early
Trichoderma perception through the PEPR2 receptor is strongly linked to the plant growth

mediated by RBOHs-catalyzed ROS production.

Taken together, our data reveal that plants upon perceiving Trichoderma, trigger an
intricate RBOH-mediated ROS production via PEPR2 which seems to be an adaptive
defense response that impacts plant growth and developmental processes. This trait of T.
atroviride open the possibility to use it in agricultural production to overcome the
limitations to crop production brought by abiotic stress and for better plant health and

protection
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SUPPORTING INFORMATION

Supplementary figure 1. Effect of T. atroviride on biomass production of Arabidopsis rboh
mutant plants. Four day-old WT Arabidopsis seedlings and mutants lacking of functional
isoforms of RbohA, RbohE and RbohD enzymes were inoculated with Trichoderma at 5 cm
from the root tip. After 4 days of co-culture, representative photographs of seedlings co-
cultivated with T. atroviride were taken (a-h), and shoot fresh weight (i) and total fresh
weight (j) were recorded. Bars show the means + SD. Different letters indicate significant
statistical differences (P < 0.05; n = 15). Scale bar: 1 cm. Similar results were obtained

from three independent repetitions.

Supplementary figure 2. ROS production in LR of plants inoculated with T. atroviride.
Representative micrographs of the detection of endogenous ROS levels in LR (a-b). The
graphs shown represent the means of relative fluorescence from meristematic and
elongation zone for 8 seedlings + SD. Different letters indicate significant statistical
differences (P < 0.05). Scale bar: 100 um. The experiment was repeated two times, and

similar results were obtained.
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Supplementary figure 3. Effect of low pH on ROS production in LR. Representative
micrographs of the detection of endogenous ROS levels in LR(a-b). The graphs shown
represent the means of relative fluorescence from meristematic and elongation zone for 8
seedlings + SD. Different letters indicate significant statistical differences (P < 0.05). Scale

bar: 100 pm. The experiment was repeated two times, and similar results were obtained.

Supplementary figure 4. Effects of T. atroviride inoculation on biomass production in wild-
type Arabidopsis (Col-0) and RLKs-related mutants. Four day-old WT col-0 seedlings,
pepr2 and clv2-3 single mutants and pepr2clv2 double mutant were inoculated with T.
atroviride at 5 cm from the root tip. After 4 days of co-cultivation, representative
photographs of seedlings were taken (a-h), and shoot fresh weight (i) and total fresh weight
(j) were recorded. Bars show the means + SD. Different letters indicate significant
statistical differences (P < 0.05; n = 15). Scale bar: 1 cm. Similar results were obtained

from three independent repetitions.

FIGURE LEGENDS

Figure 1. Effect of Trichoderma on the root system architecture of Arabidopsis Rboh
mutant plants. Four day-old WT Arabidopsis seedlings and mutants lacking of functional
isoforms of RbohA, RbohE and RbohD enzymes were inoculated with Trichoderma at 5 cm
from the root tip and allowed to grow for 4 additional days. Primary root length (a), lateral

root number (b), lateral root length (c) and root fresh weight (d) were recorded. The values
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shown represent the means of 15 + SD. Different letters indicate means that are statistically

different (P < 0.05). The experiment was repeated three times with similar results.

Figure 2. Analysis of ROS production in plants inoculated with T. atroviride. Visualization
of intracellular ROS was registered using the oxidation-sensitive fluorescent probe H2DCF-
DA and confocal microscopy. Representative micrographs of the detection of endogenous
ROS levels in LRP and primary roots tips (a-f). The graphs shown represent the means for
8 seedlings + SD. Different letters indicate significant statistical differences (P < 0.05).
Scale bar: 100 um. The experiment was repeated two times, and similar results were

obtained.

Figure 3. Effect of T. atroviride on the H»O» distribution in the primary root tip of A.
thaliana. Visualization of intracellular H>O: in roots was recorded through DAB staining
and the YFP-based genetically encoded biosensor Hyper. Micrographs of root tips showing
DAB staining and HyPer fluorescence (a-d). The bar graph illustrates differences in
expression, assessed as relative fluorescence intensity present in the root tip (g). Scale bar:
100 pm. The values shown represent the means for 8 seedlings + SD. Different letters

indicate means that are statistically different (P < 0.05).

Figure 4. Effect of acidic pH on root system architecture in Arabidopsis seedlings. To
evaluate whether low pH could trigger root branching in Arabidopsis seedlings, we

germinated and grown seedlings for 8 d on agar plates containing MS 0.2x medium
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adjusted to 7, 5.5 and 4.5 of pH. Representative photographs show the root system
architecture of plants grown on media with acidic pH (a-c). Primary root length (d), lateral
root number (e), lateral root density (g) and root fresh weight (h) were recorded. The values
shown represent the means of 30 seedlings + SD. Different letters indicate means that are
statistically different (P < 0.05). The experiment was repeated three times with similar

results.

Figure 5. Effect of acidic pH on ROS production in Arabidopsis roots. Representative
micrographs of the detection of endogenous ROS levels in primary roots tips and
maturation zone of the primary root through the fluorescent probe H2DCF-DA (a-f). The
graphs show the means of relative fluorescent from meristematic and elongation zone of 8
seedlings + SD (g-h). Different letters indicate significant statistical differences (P < 0.05).
Scale bar: 100 um. The experiment was repeated two times, and similar results were

obtained.

Figure 6. 6-PP regulates ROS production in Arabidopsis roots. Seedlings were germinated
and grown on 0.2x MS medium supplemented with 75 and 150 uM of 6-PP. At 10 days
after germination, detection of endogenous ROS levels was performed using H2DCF-DA
probe. Representative micrographs show the increased ROS accumulation in root tips (a-c).
The graphs represent the mean values of the relative fluorescent from meristematic and
elongation zone for 8 seedlings + SD. Different letters indicate significant statistical

differences (P < 0.05). Scale bar: 100 pum.
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Figure 7. Effect of Trichoderma inoculation in PEPR2 expression of Arabidopsis seedlings.
Four-day-old transgenic Arabidopsis seedlings harboring the pPEPR2::GUS gene construct
were inoculated with T. atroviride at 5 cm from the root tip. After 4 days of co-cultivation,
GUS activity driven by the PEPR2 promoter was recorded by DIC microscopy.
Representative micrographs show the expression of PEPR2 in leaves (a-b) and the

differentiation zone of the primary root (c-d). Scale bars: 1 mm and 100 pum, respectively.

Figure 8. Effect of T. atroviride inoculation on root architecture in WT Arabidopsis (Col-0)
seedlings and RLKs-related mutants. Four day-old WT col-0 seedlings, pepr2 and clv2-3
single mutants and pepr2clv2 double mutant were inoculated with T. atroviride at 5 cm
from the root tip and allowed to grow for 4 additional days. Length of primary root (a),
lateral root number (b), lateral root density [number of emerged lateral roots (ELR) cm™]
(c) and root biomass (d) were recorded. Bars show the means + SE. Different letters
indicate significant statistical differences (P < 0.05; n = 15). Similar results were obtained

in three independent repetitions of the experiment.
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VI. DISCUSION Y CONCLUSIONES

Los mecanismos que subyacen a la simbiosis entre las especies de hongos
del género Trichoderma y las plantas han sido ampliamente investigados en los
ultimos anos (Tyskiewicz et al., 2022). Estos hongos poseen una variedad de
atributos para su uso como bioestimulantes en la agricultura (L6pez-Bucio et al.,
2015; Doni et al., 2017; Alfiky et al., 2021). Ademas de mejorar el desarrollo de la
arquitectura de la raiz con el subsecuente incremento de la adquisicion de agua y
nutrientes, Trichoderma refuerza la inmunidad mediante la induccion de las
hormonas candnicas de defensa (JA, SA y Et), lo cual ayudan directa o
indirectamente a las plantas a resistir diversos tipos de estrés (Contreras-Cornejo
et al., 2011; 2015; Martinez-Medina, Appels y van Wees, 2017; Wang et al., 2020).

Los resultados de este trabajo muestran que la comunicacion establecida
entre T. atroviride y Arabidopsis se pierde por la mutacion de los genes que
codifican para las proteinas NADPH oxidasas en el hongo, especificamente la
subunidad reguladora NoxR, ya que se observa una disminucion en la formacion
de raices laterales en plantulas de Arabidopsis co-cultivadas con la mutante
ANoxR en comparacion con cepa silvestre. Esto sugiere que la produccion de ROS
mediante el complejo NOX es necesaria en T. atroviride para estimular la aparicion
de primordios a partir de la raiz principal. Para comprender a detalle la respuesta
de las plantas a Trichoderma y la sefializacion que involucra el complejo NOX, se
realizdé un analisis transcriptomico comparando el impacto de las cepas WT vy la
mutante AnoxR en el perfil de expresion génica de Arabidopsis. Interesantemente,
la mutante AnoxR dio lugar a cambios en el patréon de expresién de un mayor
numero de genes que la cepa WT, antes y durante el contacto de las hifas con las
raices. Ademas, la respuesta causada por la mutante AnoxR resultdé en una
activacion mas fuerte de las funciones relacionadas con las respuestas a bacterias
e insectos, heridas y refuerzo del sistema inmunoldgico del hospedante antes del
contacto de las raices en comparacion con la cepa WT. Algunos de los genes que
presentaron mayor cambio de expresion en presencia de la mutante AnoxR

correspondieron a aquellos relacionados a la tolerancia al estrés por sequia e
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hipoxia (AtBCS1 y CML38), biosintesis de camalexina y lignina (PAD3 y AtBCB) y
resistencia adquirida sistémica por JA (JAZ1l, JAZ6, JAM1, LOX1 y PR3),
sugiriendo que las plantas expuestas a esta cepa podrian responder mejor a las
condiciones ambientales adversas y patdgenos. Estos resultados correlacionaron
positivamente con la expresion de JAZ1/TIFY10A, la cual se observa que se
induce fuertemente por efecto de la mutante AnoxR en los nucleos de las células
de las capas internas de la raiz primaria y hojas, indicando que la planta reacciona
a Trichoderma mayormente en defensa, por lo que el efecto represor del mutante
ANnoxR en la ramificacion de la raiz podria explicarse por la sobre activacion de la
respuesta al JA (Guo et al., 2018).

La ramificacién de la raiz de Arabidopsis inducido por Trichoderma depende
en gran medida por una sefializacion de auxinas, por lo que podria estar
comprometida esta respuesta en la interaccion con el mutante AnoxR. Varios
estudios respaldan un modelo para explicar el equilibrio entre las compensaciones
de crecimiento y defensa basadas en la sefalizacion de auxina-JA (Hermosa et
al., 2013; Medeiros et al., 2017). Ambas vias hormonales controlan la formacion y
el desarrollo de raices en Arabidopsis (Cai et al., 2014; Huang et al., 2017). Sin
embargo, los cambios en los niveles endogenos de JA afectan la formacion de
raices laterales e influyen en la homeostasis de las auxinas a través de la
modulacion de genes biosintéticos como ANTHRANILATE SYNTHASE a1 (ASAl),
algunos miembros de la familia de genes YUCCA (YUCCA8 y YUCCA9) y
transportadores de eflujo de auxinas PIN-FORMED 2 (PIN2) (Sun et al., 2009;
2011; Hentrich et al., 2013). Esto muestra el importante papel de las ROS
generadas mediadas por NoxR en Trichoderma en la compleja red hormonal que

dirige la supresion del crecimiento y la activacion de las defensas en las plantas.

Recientemente, se ha informado que la comunicacion de Trichoderma-
Arabidopsis a través de VOC se ve afectada por la mutacion de noxR y nox1 en el
hongo (Cruz-Magalhdes et al., 2019). Sin embargo, se sabe poco sobre los
cambios transcripcionales que subyacen al metabolismo fungico. Para evaluar

como los hongos detectan las plantas, se realizaron comparaciones de la
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respuesta transcripcional de las cepas Trichoderma WT y AnoxR durante la
interaccion con Arabidopsis. Se obtuvo como resultado que la cepa WT puede
percibir la presencia de las plantas antes del contacto, modificando su perfil de
expresion génica. Antes del contacto con la raiz, en la cepa WT, los genes que
codifican peroxidasas, celulasas, transportadores de azucar y, en general, genes
relacionados con carbohidratos estan reprimidos. Esto coincide con lo descrito por
Malinich y col. (2019), quienes describen que durante la interaccion de maiz con T.
virens, se produce una represion global de los genes que codifican las enzimas
que degradan la pared celular. Estas observaciones sugieren que la supresion de
los procesos metabdlicos relacionados con la degradacion de los carbohidratos
complejos en el hongo es necesaria para establecer una interaccion beneficiosa
con la planta, probablemente como resultado de la adaptacion del hongo a la
disponibilidad de carbohidratos simples como sacarosa proporcionada por las
raices (Macias-Rodriguez et al., 2018). Esto se refuerza con el analisis de la
capacidad de crecimiento de la cepa WT y la mutante AnoxR en celulosa y
sacarosa como fuentes de carbono, en el que se muestra que ambas cepas
utilizan de manera eficiente la celulosa, pero no de la sacarosa por la cepa
mutante. Por lo tanto, la modulacién de maquinaria enzimatica dependiente de
ROS durante la interaccion de Trichoderma con las plantas ocurre posiblemente
para evitar la sobre-estimulacion de las vias de respuesta de defensa en las

raices.

También se observaron cambios sobre procesos del ciclo celular y el
metabolismo del ADN en la cepa WT ante la presencia de las plantas, sobre todo
en receptores acoplados a proteina G (GPCR), los cuales inducen la produccion
de ROS a través de los sistemas NADPH oxidasa como mecanismo de
sefalizacion en respuestas bioldégicas, como desarrollo, diferenciacion y
proliferacion celular (Pelletier et al., 2003). En el caso del hongo simbionte
Epichloé festucae, la interrupcion de los genes que codifican los componentes del
complejo NOX oxidasa NoxA, NoxR y una pequefia GTPasa (RacA) comprometen
su capacidad para mantener la asociacion simbidtica mutualista con Lolium

perenne (Becker et al., 2016; Kayano et al., 2018). Las mutaciones en estos genes
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conducen al crecimiento de hifas hiper-ramificadas en los espacios intercelulares
de las hojas, lo que provoca la senescencia temprana de las plantas hospedantes
(Scott et al., 2012), por lo que asumimos que la produccién de ROS mediada por
el complejo Nox en los hongos es fundamental para el establecimiento de

asociaciones simbidticas con las plantas.

Las plantas activan respuestas inmunitarias, incluida la produccién de ROS
durante la interaccién con microorganismos (Chapman et al., 2019; Eljebbawi et
al., 2021). Se ha reportado previamente que la colonizacion de las raices por
Trichoderma induce un estallido oxidativo local y sistémico en las plantas, debido a
la observacion de acumulaciones de Oz y H202 sobre los tejidos colonizados y
partes distales como hojas (Contreras-Cornejo et al., 2011; Nawrocka et al., 2019;
Xu et al., 2020; Gonzalez-Lépez et al., 2021). Para determinar el estatus del estrés
oxidativo que provoca T. atroviride previo a la colonizacion de las raices, se evaluo
la generacién de ROS en las raices a través de la visualizacion de la sonda
fluorescente H2DCF-DA vy la tincion de DAB. De acuerdo con los resultados, los
niveles intracelulares de ROS totales fueron mas altos en las raices de las plantas
inoculadas con T. atroviride en comparacion con las plantas no inoculadas.
Ademas, la exposicion a Trichoderma provoca una acumulacion especifica de
H202 en la cofia de la raiz y sobre la zona de maduracion de la raiz primaria,
especialmente en los tejidos internos que forman la estela. Esta acumulacion
delimitada de H202 en el cilindro vascular es consistente con los transcritos del
gen RbohF, inducidos por salinidad o suplementaciéon de acido carboxilico 1-
amino—ciclo—propano (ACC). Esto sugiere la participacion de las enzimas NOX,
conocidas como homoélogas de la explosion oxidasa respiratoria (respiratory burst
oxidase homologues-RBOH) en el estrés oxidativo mediado por Trichoderma en
las raices, y que puede influir sobre los procesos de proliferacion y diferenciacion

celular.

La aplicacion exdgena de H202 en plantulas de Arabidopsis estimula el
desarrollo de RL y el acortamiento de la raiz primaria mediante la modulacion de

los eventos de division celular (Su et al., 2016; Orman-Ligeza et al., 2016). De
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acuerdo con Orman-Ligeza y col. (2016), la generacion de ROS por las enzimas
RBOH facilita la remodelacion de la pared celular de las capas celulares
subyacentes de los PRL, para su posterior emergencia. Para investigar el papel de
la produccién de ROS mediada por RBOH en los efectos de promocién del
crecimiento vegetal de Trichoderma, se co-cultivaron plantulas de Arabidopsis
(Col-0) y mutantes afectadas en las enzimas RBOH (rbohA, rbohD y rbohE) con T.
atroviride. Los resultados mostraron que T. atroviride promueve la produccion de
biomasa en raices y brotes, y aumenta la ramificaciéon de raices en las plantulas
silvestres en comparacién con plantas no inoculadas; sin embargo, las mutaciones
en cualquiera de las enzimas RBOH causaron una disminucion en la bio-
estimulacion. Estos resultados sugieren que la produccion de ROS a través de
RBOHA, RBOHD y RBOHE son determinantes para la ramificacion de las raices
por Trichoderma. Se ha reportado que la mutante rbohE muestra una baja
formacion y elongacion de RL, debido a que la pérdida funcional de RBOHE
compromete fuertemente la emergencia de RL (Chapman et al., 2019). Este
desarrollo de RL mediado por RBOHE esta relacionado con su patrén especifico
de expresion en las células que recubren los PRL y su expresiéon inducible por
auxinas (Chapman et al., 2019; Eljebbawi et al., 2021). Por su parte, RBOHA
también presenta una expresion inducible por auxinas, sin embargo, su patron de
expresion tejido-especifico no se limita en los PRL, sino que también se presenta
sobre la zona de maduracién de la raiz primaria (estela y endodermis), sugiriendo
que RBOHA participa en procesos biolégicos relacionados a defensa (Orman-
Ligeza et al., 2016; Chapman et al., 2019; Neuser et al., 2019). De manera similar,
la expresion de RbohD es inducible por estrés bidtico y abidtico mediante una
sefalizacion que implica la participacion de MPK1 y ERF74 (Morales et al., 2016;
Yao et al., 2017; Escudero et al., 2019; Lee et al., 2020). Por lo que se plantea que
RbohA, RbohE y RbohD son genes diana de los programas de crecimiento
dependientes de auxinas y/o la via de sefalizacion de respuesta de defensa (Et-

MAPK) provocada por Trichoderma en las plantas.

El H202 afecta el transporte direccional de las auxinas a través de cambios

en la expresion de los transportadores de eflujo de la familia PIN (PIN-FORMED),
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sin embargo, la aplicacion de auxinas de manera exdgena también aumenta los
niveles de ROS en la punta de la raiz, o que indica la relacidon entre la generacion
de ROS vy la sefalizacion de auxinas para controlar la arquitectura de las raices
(lvanchenko et al., 2013; Orman-Ligeza et al., 2016; Su et al., 2016; Velada et al.,
2020). La acidificacion del medio causada por el crecimiento de Trichoderma en
los medios de cultivo induce una redistribucién de auxinas dentro del apice de la
raiz que origina una reorientacion del crecimiento de la raiz y la posterior
formacion del gancho apical seguido del agotamiento del meristemo (Pelagio-
Flores et al., 2017). Este fenotipo de flexion de la raiz se relaciona con
alteraciones de la gravedad, ya que también implica una redistribucién de auxinas
dentro de la punta de la raiz que precisamente provoca una acumulacién puntual
de ROS (Eljebbawi et al., 2021). Por lo que planteamos que posiblemente la
acumulacion de auxinas causada por la acidificaciéon de Trichoderma provoca una
disminucion del crecimiento de la raiz primaria a través de una sobreproduccién de
ROS. Para corroborar dicho planteamiento, se analizé el impacto del pH acido
sobre la arquitectura del sistema radicular de Arabidopsis. De acuerdo con los
resultados obtenidos, las plantas cultivadas a pH acido (5.5 y 4.5) presentaron una
alteracion del gravitropismo, ademas de reprimir el crecimiento de la raiz primaria.
Aunado a esto, el pH acido también induce una fuerte acumulacién intracelular de
ROS en el apice de la raiz primaria. Tales resultados coinciden con los reportados
previamente que demuestran que el estrés por pH acido causa una acumulacion
excesiva de superéxido y H202 en el apice de las raices que conlleva a la
inhibicion del crecimiento de las raices (Koyama et al., 2001; Zhang et al., 2015;
Long et al., 2019; Gragas et al., 2020).

La evaluacion del efecto inhibitorio de la 6-PP sobre el crecimiento de la
raiz primaria a concentraciones elevadas también se asocia con una acumulacion
de ROS en las puntas de las raices. Garnica-Vergara y col. (2016) reportaron que
EIN2 es un componente clave en la respuesta de la planta al volatil 6-PP, ya que
las mutantes ein2 presentan insensibilidad a la inhibicién del crecimiento de la raiz
primaria causada por concentraciones elevadas de 6-PP. La inhibicién del

crecimiento de la raiz y la acumulacion de Oz en las raices son efectos tipicos del
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Et o de su precursor el ACC (Lv et al., 2018), por lo que se consideraria que la 6-
PP regula el alargamiento de la raiz primaria a través de la regulacién de la
homeostasis de ROS dependiente del Et. EIN2 es un elemento necesario para el
estrés oxidativo y la represion del crecimiento de raices causado por efectores de
patdogenos como la flagelina bacteriana (flg22) y la piocianina, indicando un
entrecruzamiento entre el Et y las ROS en la activacion de las respuestas de
defensa (Mersmann et al., 2010; Lin et al., 2013; Ortiz-Castro et al., 2014). Las
respuestas inmunitarias desencadenadas por los PAMP inducen una produccion
de ROS apoplastica transitoria a través de la activacion de las RBOH mediante la
sefalizacion de receptores de reconocimiento de patrones (PRR) (Hu et al., 2020;
Jing et al., 2020). El reconocimiento de flg22 por el receptor FLS2 (una cinasa
receptora repetida rica en leucina desencadena la activacion de la cinasa ser/thr
BIK1, la cual fosforila directamente a RBOHD para inducir un estallido oxidativo
extracelular (Kadota et al., 2014; Li et al., 2014; Noman et al., 2019). Para dilucidar
la posible participacion del RECEPTOR 2 DE PEP1 (PEPR2) en el estrés oxidativo
desencadenado por Trichoderma, se evalud el patron de expresion de PEPR2, el
cual mostroé ser inducible por la presencia de Trichoderma tanto en las hojas como
en la zona de maduracién de la raiz primaria (estela). Asimismo, el analisis de la
arquitectura de la raiz en plantas normales en comparacion con las mutantes
simples pepr2, demostraron que la mutacion de pepr2 afecta la reconfiguracion de
la arquitectura de la raiz y la bio-estimulacion provocada por el hongo. Estos
resultaos plantean que el receptor PEPR2 puede ser un regulador rio arriba de la

actividad de las enzimas RBOH.

Finalmente, proponemos que la acidificacion del sustrato y la emision de
moléculas volatiles y difusibles por parte del hongo, actian como senales
especificas que influyen indirectamente sobre la reconfiguracion de la arquitectura
de la raiz, el desarrollo en general de la planta y las respuestas de defensa. Un
desequilibro en la produccién de ROS mediante el complejo NADPH oxidasa tanto
en el hongo como en las plantas afectan el establecimiento de la simbiosis al

comprometer el desarrollo e inmunidad de las plantas.
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1 | INTRODUCTION

Placts are engagod 40 2 Myrlad Of interactions with microonganmes

Abstract

Plants host a diverse microbi and dilferentially react to the fungal species living
as endophytes or around their roots through emission of volatiles. Here, using
divided Petri plates for Arabidogrs-1. atrovirde co-cultivation, we show that hungal
wolathes increme endogenows sugar Jevels in shoots, roots and root exudates,
which Improve Arobidopsis root growth and branching and strengthen the symblosis.
Tissue-specific expression of three sucrose phosphate synthuse-encoding  genes
(ALSPSIF, AtSPSZF and AtSPSIF), and AtSUCZ and SWEET transporters revealed that
the gene expression signatures differ from those of the fungal pathogens Fusanum
oxysponam and Atemorks aitemata and that AtSUC2 is Lirgely repressed either by
incroasing carbon avallability or by perception of the fungal volatile 4-pentyi-2H-
pyran-2-one. Our data point 1o Trichodenma volatiles as chemical signatures for sugar
Dicsynthesis and exudation and unvel specific modulation of a critical, long-distance
sucrose tramporter in the plant.

KEYWORDS
Adbifagt. root

SUCTOLE. SR Trichade wolatie

The genus Trichodenss Includes dert hungd
wpeckes with a versatile lifesnvie. which rely on  plant-derived
fugaes for fast growth and oot colonization, They Mo thivw

through an dute and

Roots s of decaying plant residues or parasitice other ung

relosse 3 wide variety of metabolites nchuding Uy, amine acidy
and Crganic soud, wivch infiusnce (e mrciotadl Composition of thew

when nutrients are limiting (Ramirer Valdespino, Casas-Ploees, &
Olvwdo-Monfil. 2019, Vargas, Cruteher, & Kenerfey, 2011 Vargas,

anings, trigger ch x ard determi 4

Einyamin, Na e, & Acgam, 2017 Cananrind,

Kalver, Merchurt. Richtor, & Wark, 2017 Vives-Poris. de O,
Cédenee Caderwn, & Péree Oermenie, 20000

Mand & Kenerley, 2009, Vilhlobos Escobedo et al, 2020)
Upon root o, Tr n, shoat per

tvough lorg datance systerse sgrading redying on that
strevgiben photomyrthests, siper boemeontasn and exudation paitenn

Mot Cel Erviean. 201116
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([Coppol ¢t ol 2019; Doni et al, 2019; Macias Rodrigez, Guzmdn:
Gdener, Garclo Juirer, & Contreras Comejo, 2018 Wang, Borrego,
Kenerley, & Kolomiets, 20200, Further, Trichoderma elfectively antag:
onizes soil-bome pathagens through mycoparmitisen, antiblosts and
competition for nutrients and space (Zin & Badaluddin, 2020)
Enhancement of the defensive capacity of their plant hosts towards
pathogen Imvasion and herbivore attack is also an important halmark
of these fungi (Guzmdn-Guzman, Poras-Troncoso, Oimedo-Monfil &
Herrera Estrelia, 2017; Vinale & Sivasithamparam, 20208,

Plam growth promation elidted by Trichoderma has been attrib-
uted to their capacity to solublize nutrients through acidification

MST) and sugar effkux carriers SWEETs (abbreviation of Scgars Wil
Eventimlly be Exported T ter) (Chen, 2014; Jeers, Kumar, &
Shukla, 2019) The latter protein Tamily has been tightly imvolved
n corbon supply to wymbiotic microbes and  plant  pathogens
(Chandran, 2015).

In the interaction of arbuscular mycorrhizal (AM) fungl with roots.
an enhanced carbohwdmte metabolism and CO, assimilation rises
hexose levels In roots 1o ensure the Tungsl and root carbon demand
(Boldt et al, 2011) Besides, the increased sucrose trarsport from
leaves to roots induced by AM fungl has been attributed to the up-
regulation of SUT and SWEET transporters (Bokdt et al. 2011; Manck-

of the rhizosphere. the production of awdns and secondary b
lites as well 35 the emission of blends of volatiles (Estrada-Rivera
et al. 2019, Guamin-Guamin et al, 2019 Lopez-Budo, Pdagio-
Flores. & HemeraEstradla, 2015), Fungal blends include volatike
organic compounds (VOC), inorganic volatiles and CO4. this later is a
main reactant for photosynthesis and may contribute to growth pro-
motion i autotraphic oganisms (Effmert. Kaderds. Warnke. &
Plechulla, 2012. Garcla-Gomez ef al, 2019. Kai & Plechulla, 2009;
Pechulla & Schrstzier, 20161 Volatiles act as eficitors of defence
and devel and are considered important cues dur-

v Ly

Gotzenberger & R 2014} The transporters mediating carbon
allocation within the plant to potentially support Trachoderma growth
Ul remain to be identified.

Here, we show that Arcbidopsls growth promotion by volatiles
from Trichodernw otrovirkde depends on kng-distance transport of
sucrose from leaves to roots Ikely through the sugose Yansporter
AISUCZ anrdd deives envichment of this disaccharide in root exudites,
The interaction up-regulates the expression of sucrose phosphate
synthase (SFS) isoforms, and affects mRNA levels of AISUC2 and
some Acabidopsis SWEET genes that are different from these induced

ing plant-fungus recognition due to their highly diffusitie properti
Piechulla, Lemfack, & Kal, 2017; Vinale & Sivasithamparam, 2020)
VOCs emitted by Trichod: inchude & k alcahok,
mono- and sesquiterpenes, esters and aldelydes from difforent mota-
holic crigin and selective bicactivity (da Silva ot . 20200 Nieto-
Jacobo et al, 2017). For imtance, the main VOC from T, atrovivide.
namely 4-pentyl-2H-pyran-2-ane (8-PP) changes root organogenesis
modulating both cthylene sipwling and auxin transport {Estrada-
Rivera et 3., 2019: Gamic Vergara ct al, 2014; Kottb, Gigolashwili,
GroBlkinsky, & Picchulla, 2015; Zin & Bodaluddin, 2020). Overall,
the fungal volatile blonds may affect chiorophyll content, ph
thetic effidency and hence cadhon metabolism (da Silva et al. 2020:
Hung & Lee. 2013 Jalal, Zafad, & Salar 2017; Lee, Yap, Bebvinger,
Hung. & Bennett, 2016. Neeto-Jacobo et al. 2017 Wonglom, Ito, &
S 20201, M the molecub chanisms mediating
these responses are unknawn,

Photosynthetic efficency dosdy depends on the sunight
abrsorted by chioroptiyll {CH, which is converted into chemical enesgy
needed 1o reduce carbon dioxide into gucose (Ldpex-Garcla et al.
X201 S 6-phosplute-synt! (5PS) eruy catalyse the
uoe-g! and fructose-6-phosphate to form
sucrose-bphosphate, which is aapidly ydrolysed by suaose phose
phate phosphatase (SPP) (Stein & Granot. 2019, Yoon, Cho, Tun,
Jeon, & An, 20208 The transkocation of sucrose from sowrce {o sink
angans requires phioem loading through proton- coupled transporters
or carrlers (SUTS/SUCs) which load sucrose into sieve eloment/
companion ool (SE/CC) complexes (Homnlon ot al, 2019; Jullus,
Leach, Tran, Mertz. & Braun, 2017). Once unloaded into sink tissues,
sucrose can be cleaved by sucrose synthase (SuSy) or cytosolic irver-
tases to generate glucose and fructose (Stein & Granot, 2019; Yoon
et al, 2020). The distribution of these sugaes at the sub-cellular level
requires transport actoss membeanes via haride transporters

by pytopathogenic furg
2 | MATERIALS AND METHODS
21 | Plant material and growth conditions

Arabldopsis thalang wild-type Columbia-O (Col-0), and the transgenic
Nines ALSUC2.GFP (bmilau, Truemit, & Sauer, 1999), A1SPSIFzuidd-GFP,
ALSPS2F-uklA-GFP and AtSPS3F:uldA GFP (Solls-Guzmin et al. 2017)
were used. Seods were disinfocted using 5% (vol/vol ethancl and
20% (vol/vol bleach foe 5 and 7 min. respectively. and washed
five times with distilled, steriiized water. Later, seeds were stratified at
A4'C for 2 days and genminated and grown on side 1 of divided Petri
phites containing 0.2x Murashige and Skoog (1962) medium (M$ Basal
salts miture, Cataogue No. M5524 Sigma) suppksmented with varied
sucrose concentrations and agar (1% wi/vol) as solidifying agent
Miropropagation grade, Catalogue No. A111 PhiytoTechnology Labo-
ratories) at pH 7. Foally, plates were placed into a plant growth diam-
ber (Percival AR-95 L), with a photoperiod of 16 hr of Ight/8 he ol
darkness, the light intersity of 300 pmol m” &% and a temperature
of 22°C.

22 | Fungal growth and plant inoculation
experiments

Trichoderma atrovidde strain IMI 206040 was ised in these studies.
The fungus was propagated on potato dextrose agar (PDA) in dark-
ness for 5 days at 28°C. The conidial suspension was obtained scrap-
Ing the surface of the furgal colony with sterlle distiled water. The
Inoculum was adjusted to 1 % 10° spoces andd was placed at the
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opposite halt (sde 2) of the davided plates containrg apar solicfiod
02« MS mediven with &-day old Avedidopss seedlings. The plates
were sewled with a single row of plintic wrap and atter 4 days of <o
culthvation, determination of plant growth snd gene expression ana-
lyses was performed.

23 | Sucrose treatments to shoots

To mimic the effect of sucrose as a leaf-derived signal, seediings
were grown on 0.2x MS medium plates for 4 days as descrided
above, and then wero trandferred to fresh plates with the shoot
placed over agar patches of 0.2x MS medium enriched with 0 to
9.6% of sucrose and solidified with 1% wi/vol phytagae and aliowed
10 grow for 4 days. Drops of 100 4l of metted medium supplied
with agar and enriched with sucrose were laid over stenfized Para-
film strips to prevent contact of the shoot with the rest of the
medium MacGregor, Deak. tngram, & Malanvy, 2008; Raya-Gonzalez
et al, 2017).

24 | 6-PPanalysis

Ambidopsis seedfings wore germinated and grown on Petri plates con-
taining agar-solidified 0.2x MS medi liex] with mic dar con-
centrations {0, 50, 100 and 150 yM) of 4-PP {Sigma-Aldrich) dissolved
in ethanal For the control condition, ethanol was added in a valume
equal to the highest 4-PP concentration applied. Petri plates con-
taining 10 seeds were placed into the sbove mentioned growth cham-
ber for 12 days to enable growth.

25 | Analysis of plant traits

The length of primary roots was measured using a ruler, and the
Leral root formation was determined by counting i mature roots
that emerged from the primary root wsing 4 stereomicroscope
(Leica MZ6). The biteral root density was calcudated by dividing the
Lteral root mumber by the primary oot tength for each seedling.
Fresh weights of shoots of roots were determined using an analytical
wale.

2.6 | Propidium iodide staining and GFP
fluorescence quantification

which the two smages were rrerged Lo produce the ending nage. The
green pixels from six micrographs were quantified through IMAGE)
software (http/ /rsbwebnibigov/ild), The arbitrary unit velue was
obtained (AU, = green pioels pm?) for esch micrograph, AUL from
control conditions was given i value of 1,

2.7 | Histochemical analysis

Arobidopsis seedlings were incubated at 37 C in a GUS reaction buffer
0.5 mgmi S-bromo-4-chiore-3-indolyi-l-d-ghucuronide in 100 mM
sodium phosphate, pH 7) in darkness. Stained seedlings were cleared
and fixed according to Malamy and Benfey (1977, The seedings were
incubated in a sciution 0,24 N HO in 20% methanct fvol/vel) for 1 hr
at 62°C, The solution was substituted by 7% NaOH twt/voll in 0%
ethanol (vol/voll for 20 min at room temperature, Later, plants weore
dehydrated with ethanol treatments at 40, 20 and 10% (vol/vol} for a
20 min, and fixed in S0% gycerol (vol/voll, The grocessed roots were
placed on gass shides and analysed by differential intefenence con-
trast microscopy (DICh For each marker line and treatment. at least

eight transgenic plants were analysed
28 | Extraction of soluble sugars from plant
tissues and root exudates

Shoot and roots tissues were excised by using a steriized scalpel and
then were ground using Sguid nitrogen. One hundred mg of cach
sample was homogenized with 500l of cthanol at 80% (vol/voll
and incubated at 65'C with agitation at 1200 rpm foe 8 hr, After
trifugation, the wars collected and mixed with 200 ¢
of dichloromethane. For quantification in root exudates, Arobidopsts
seedings were tramsferred on 24-well cell culture plates that con-
tained 1 mi of delorized water and then placed in dackness for 24 hr
(25 plants per welll. An aliguot of 0.5 mi of the sample was subjected
1o iyophilization and later resuspended in 500 ul of ethyl acetate. All
the samples were transfermed to 3 conical reaction vial and dried under
nitrogen gas

2.9 | Derivatization of sugars for GC-MS analyses

Sugars were serted to their aldonitrile per-ac d dertvatl

Thus, samgiles were resuspended in 15 mi of 3 hydroxylamine
chiloride pyridine solution (53 mg 3 mi). sonicated for 30 min and
heated for 1 he at 8S'C. After cooling 500 pl of pyridine and 1 ml of

Visualization and quantitation of GFP fluorescence were pord d
using a confocal laser scanning  microscope (Olympus, FV1200),
Tramsgenke Arabidopsls seedlings were stalned with propidium lodide
(PD for 1 min, rinsed in water and mounted in 50% (vol/vol) glycerl
on microscope slides. Red fluorescence of Pt and GFP emission were
detected theough the multh-argon laser with an excitation line from
488 1o 548 nm and an emission window from 585 to 410 nm, after

acetic anhydrous were added to each vial and samples were heated
again for 25 min at 85°C. Then, sampies were placed Into assay tubes
with 1 mi of chiorofoem and then two washers with defonized water
were camied out, Finally, the organic phase was circulated through
eolumns packed with antvyrdrous Na SO, Derived samples were dried
under nitrogen gas and then resuspended with 25 i of chloroform to
be injected,
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210 | Quantification of soluble sugars by GC-MS

GC-MS analyses were performed in o gas chromatogroph (Agient
4850 Serles It Aglent, Foster City, CA USA), equipped with an
Agllent MS detector model 5973 and HP-5 MS capillary column (5%
wt/vol| phenyl mettyd polysiloxane, 30m X 0.25mm LD, a film
thickness of 025 pym). Operating conditions were: 1 mi/min heflum as
the carrier gas, detector temperature of 300 C, and injectoe tempera-
ture of 250°C. The column was held for 3 min at 150°C and
programmed at &'C min to a final temperature of 270°C for 15 min.
Carbohydrates were identified by the use of a combination of NIST 2.0
mass spectra database search and deconvolution software (AMDIS
w200 Derived D-[+)-Glucose =99.5% (Sigma Aldrich) and sucrose
(Zulka) were used as an extermal standacd of soluble sugars for quanti-
fication. correlating the injected concentration (1 jg/ul) with the peak
area of the eluted compound.

211 | RNAisolation and RT-qPCR analysis

Total RNA from Arabidopss seadlings wae isalated using TRIzol reagent
(rntrogen, USA) following the manidacturer’s specifications. The RNA
wars quantified weang a NanaDyap™ 2000 spectrophotometer and its
Integrity wan chedkod by 1% (wi/vol) aganoe gel electrophoreds,. dONA
wars synthesized from 1 g of total DNA-free RNA per sample using the
reverse trnszription neaction mix from ImProm-8 Reverse Transaription
System (Promega, USA) following the manutacturer's recommendationn.
The RT:qPCR was performed in a 7,500 RealTime PCR System
(Appliod Biosystoms, USA), The PCR reaction mix contained 10 ul SYBR
Green Master Mix (Applicd Blosysterms), 0.15 yl forward and revense
primers (20 M), 2 ul cONA, and 7.7 ul nudease free water, The reac-
tion conditions Induded a holding state at 95'C for 10 mirc a cyding
stage of 40 cycles at 95°C for 15 5 and 60'C for 1 min: and a melting
curve stage 3t 95°C for 15 5 and 60'C 1 min The gene-specific primen
used in RT-gPCR for Arubidopsis SWEET gerves were fsted in Table 51
(Chen et Al 2010). The ampification efficiency was cacudated using a
callbration curve with a sedally Sluted CONA anxd the following fommuda
£« (107-1/m} * 100, where m is the Sope curve of Ct versus the loga-
rithimic concentration (Table S2) Expression kevels were calcubited rebr
tive 10 Avabidopsis practin xcording 10 the method described by
PRl (2001) aned Lopez-Coriy et al (2019).

212 | Dataanalysis

For most experiments, the overall data woere statistically analysed
using STATISTICA 100 programme (Dol StatSodt. Austin, Texas,
USA), Statistically significant didferences in plant tralts were doter-
mined through univariate and multivariate analyses with Tukey's post
hoc tests. Different letters were used to Indicate means that differ sig:
nificantly (p < 05). For the RT-qPCR analysis, student-t tost was per-
formed to determine sigrificant charges. p value less than 05 was
taken as statistically significant.
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3 | RESULTS

31 | T atroviride volatiles improve growth and
root development of Arabidopsis seedlings in media
with contrasting sucrose supplements

Exposiire 1o volatiles emitted by Trichoderma has an overall blostmutant
effect In Aobidopsts (Contreras Cornejo, Mackss-Rodriguez, Herrera
Estreflp, & Lopez-Budo, 2014; Estrada-ftivera et al, 2019; Gonzalez-
Pérez et al, 2018 Hung & Lee, 2013, Jabili et 4. 2017, Lee et al. 201&
Nieto-Jocobo et al, 2017). However, litthe is known aboxt how biosyn-
thesis and re~alloGation of photosynthates during the Intoraction sup-
port phant blomass accumudation. To gather iformation on this topic.
the effect of volaties emitted by T, atrovinide in Arabudopss 1ot growth
nd biomass production was assessed on divided Petr plites in which
sde 1 arbourng the plants) inAuded agar-soldfied 0.2x MS media
swppltied wath 0 or Q6% sucrose. Four days after germmnation, the seed-
kngs were Inoculited with 7, atrovide i the cpposite side (sde 2
of the Petri dishes that contained agar-solidified 0.2x MS media supplied
with 0.46% sucrose to allow volstde-medated recognition. The lack of
sucroee in the growth medium of side 1 of the plate cized roots
1o grow siowly and hence reduced bi production in Arabidop
seedlings. However, plants d to Trichodk
incroved primary root kengths, mot branching and totd biomass pro-
duction Frespective of the aalability of sucrose Figure 1a-¢) The
weatest plant growth-promoting effect by the furgus was obseraed
when suomse was avallable since the primary oot significantly
incresad and both Iateral root numbier and dersity boested by moee
than threefold and twofold respectively, whidh in tum strongly corre-
bited with the i d b duction compared with the
aenically grown seodings (Figure 1b-cl. These results indcate that the
wodlings growing with avalable carbon resources are much more
responsive to Trichoderma volitiles. which can boost plant growth and
developmant as the concertration of sucrose in the media dses.

ey Sibdt ek

32 | T atroviride volatiles strongly induce
expression of the sucrose transporter AtSUC2 under
sucrose deprivation

I Arcbidogsis, the source-to-sink suaose transport is mainly mediated
by AISUCZ, a H'suaose symporter that support apoplastic sucrose
loading into the phioem {Dwand et al. 201Bl To assess the
possible contriiution of ALSUC2 in plant growth and devedopmental
prog! s elicited by Trichadk volatiles, the expression pattern
driven by the ArSUC2 promoter was assessed ising a Rision with GFP
In volatlle exposed Ambldopss seedlings either In sucrose- deprived

dum o In modi upplemented with 0.4%, sucrose. The expres:
sion of ASUC? promater GPP was bocalized in CCs of the phloem
of mature roots and root tips, and in this ltter region correlates with
the 2one of symplastic unloading, that Is, the (Figure 2a)
T. iride vobitiles iy Increased AtSUC2-GFP expression
I the phicem poles and root medstem of seedlings grown In a

~=
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FIGURE 1  Effect of volatites fram T
atrovinide on biomass production and root
architecture of Arabidopsis. (a) Represertative
photographs of B-day-old Arobidapsis seedings
grown on 0.2x MS media suppled with 0 and
0.6% sucrose and exposed to Trichodenma
VOCs using a split-plate assay, (b] Length of
the primary root. (d) lateral root number,

(d) Bseral root density (number of emerged
lateral roots (ELR) cml and (e) total fresh
welght were recorded. Bars show the M = SO
Different leters indicate significant statistical
ditferences (p < 05:n = 18). Scale bar: 1 em.
Similar results were cbtained from theee
Independent repetitions [Colour figure can be

viewerd ol wiloyoedinelibrary com|

sucrose deprived mediom (Figre 2b). On the other hand, volatile
exposed seedlings grown In a medium supplemented with 0.4%
sucmse showed 3 rediced transaription of AtSUC?2 compared
with noninoculated plants (Figure 2c.d) Interestingly, AISUC2 levels
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were much higher in plants exposed to the volatiies In the absence
of sucrose than under any other conditon suggesting that
ASUC2 -mediated sucrose transport is Increased in this condition to
mairtaln and ensure the growth of the oot apical meristem
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FIGURE 2  Effect of T. atroviride volutiles on ALSUC2-GFP gene expression and root meristem size. Transgenic Arabidops’s seedings
exprossing AMSUCZ-GFP we
Tochoderma was inoculated at 2 om from the border on the opposete side of the plate, AL 4 days of interaction, OFF detection was performed by

@ The mensten 2000 is marked with 3 tue line. Scale

germinated and grown on agie-solidified 0. 2x MS meda with or without sucose for 4 days and subsequently

confocyl mecroscopy. Representative micrographs of rocts expressing AISUCZ promoter [
bar. 100 g, (b} Bars graphs show dif ferences n expression, assessed as relative Nucrescence intensity, () merstem length (from the Guiescent
centre 1o the start of the dongation 200e) and [d) mean length of cortical cols. Vakies shown represent the M £ 5D (n = &) Different letters
Indicate signilcant statistacal diflerences (p < 05) The experiment was repeatod twice with siolar results [Colour figure Gan be viewed o

wilsyoninelibrary com)
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(Figures 2a-¢ and $1). The roots of seedlings grown in medivem lacking
sucrose and cocultivaled with the fungus showed nearly B0
n in both andd dorgption rone kergths and merdstem
el number, and these regionm were comparebie 8 those of seedlings
pp with 0.6% (Figures 218 and S1). These dota
ALSUCZ exp with growth zones in the Arabidopsis
prmary root, which are madulated by the peesence of the fungus at
the opposite side of the Petri plate.

3.3 | 6-pentyl-2H-pyran-2-one (6-PP) represses
AtSUC2 expression in the primary root tip

&-PP i the most abundant, bloactive volatite produced by T, atroviide
during co-culture with Arabidopsis seedlings (Garmica-Vergara ot al.,
2016 To evaluate i the AISUCZ gene could be influenced by
GPP, ALSUC2-GFP seedlings were germinated and grown on 0.2x
MS medium supplemented with 0.6% sucrose and increasing concen-
trations (0, 50, 100 and 150 M) of &-PP. After 10 days, a dose-
dependent growth was observed at concentrations of 50 and
100 M the growth of mots ard shoots of seodlings and root
branching increased (Figure 3a-c). In contrast, the concentration of
150 M decreased primary root growth but strongly promated lateral
oot devedopment (Figure 3d) Interestingly, 4-PP application reduced
GFP e in the ar bundle (Figare 3e-h and root tip
(Figure 3i-§. Quantitation of relative GFP florescenee in vascudar
bundle (m) and root tip (n) dearly shows the ink between the
reconfiguration of root architecture mediated by 4-PP and epression
ol ALSUC2 in primary root meristem.

34 | AtSUC2 expression in root tips is repressed
by locally supplying the shoot with sucrose

Sucrose is the main transport form of photoassimilates and a leaf-
derived signal that promotes root growth (Kircher & Schopfer, 2012
Raya-Gonzdlex et A, 2017). To further determine how Trichoderng
volatites influence leal-derived sucrose (o promote root development,
we anaysed the effects of locally appled sucrose 1o shoots in AISUC2
expression. AISUC2-GFP seedings were geminated and grown on
0.2x M5 medium for 4 dwys and then were tansferred to fresh
medium with only the shoot bang placed over agar-solidified patches
of 0.2x MS medium enriched with O, 06, 12, 24, 48 and 9.6%
sucrose. Alter four additional days, AISUCZ-driven GFP expression
and plant growth were amalysed. Shoot supplicd sucrose el
stimulated primary oot growth, lateral root farmation and blomass
production (Figum 52) Confocal mi py analysls showed that
sucrose treatments grostor than 0.4% decreased ASUC2 expression
In the major veins of cotyledons (Figure 4a-fm). and in root tips
(Figure 4g-Ln). These data imply a sucrose regulation loop, where Its
high availablity to the shoot efficlently trigzers shoot and root growth
and at the same time reduces AtSUC2 expression in a comparable
manner to Trichoderme volatiles.
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3.5 | T.atroviride volatiles increase sucrose and
glucose content in plant tissues and root exudates

Photoyynthetically prodced sacrose from leaves b tramported
towards sink organs such as roots to suppoet ool division and elonga-
tion. Besides, some proportion of this carbon resource Is secreted
from roots into the rhizosphere (Hennion et ¥, 2017) Theretore, It
was determined whether the Wes in the expe of ArSuC2-
GFP could be refated o the endogenous sucrose and glucose content
In shoots, roots and oot exudates via gas chromatographry -mass
spectrometry (GS-MS) analyses in Arobidopsis scediings grown xdni-
cally In divided Petri plates or being exposed to Trichodemo volatdes,
The glucose and sucrose content cleary increased in shoots, roots
a0d root exudates in the seedlings inBuenced by the fungal volaties
when compared with nonvinoculated plants (Figure Sa-< and 53)
These data show that T, atroviride volatiles increase the endogenous
content of sucrose and gucose in plants and also envich root exudates
with these Important carbon resources for microbial growth,

3.6 | Trichoderma volatiles and sucrose influence
the expression of SPS genes in shoots and roots
of Arabidopsis seedlings

The ereyme SPS catabses the comversion of fructone-é-phosphate
(FruéP) and UDP gk intn werre-4-phesphate, which s subre
quently dephosphondated by the SPP (A, Mafithah,  Sawitri,
Sakokibora, & Sugih 20200 The Arabidopsis gr encodes Tour
SPS isoforms (ASPS14; Sols-Guzmdn et al, 2017). In this work,
AtSPS1, ALSPS2 and AtSPS3 oxpression pattorns In roots were analysed
to determine their possitie role In the growth promotion programme
didied by Trichodermo volatiles, since ASPSA & only expressed In
silques and flowers (Solis-Guemdn et al. 2017), The expression patterns
of ALSPS1FzuidA-GIP, ASPS2FudA-GIP, AtSPSIF-uidA-GIP pene con-
structs werne compared In Anabidopsis seedings grown under axenic con-
ditions, treated with sucrose o exposed 1o Trichodenma volaties. The
SXORENOUS SuCrose supply andd volatiles from T, atrovivide increased the
SPScriven GUS activity when comgared with axenicaly grown seed-
lngs (Figure da) On the othwr hand, the anddysis of GFP fluonescence
in roots shvowed that ALSPSIF and AISPS2F expressions, in the columells
of primary roots coulld be induced only by suxrose [Figure 6b-el Inter-
estingly, sucrose wpply and the exp of weedings to Trichode
volaties provoked an increase in AISPSTF expression in devedoping
Rateval root prmondia (Figure 6fg) These results hghight the possible
roke of the tHyee SPS isoforms during the Trichodermna plrytodiomilation
programme.

3.7 | T.atroviride volatiles affect the expression
of genes encoding SWEET sugar transporters

SWEET genes encode sugae transporters lnvolved In plant growth
vl development, shiotic stress tolerance, responses o pathopen
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Infection or symblosis events (Chandran, 2015}, To examine whether
the volatiles from T atroviride may affect the sugar efflux and distriby
tion mediated by plant SWEET transporters, we assessed the expres
slon of AtSWEET2, AtSWEET4, AtSWEETT L, AtSWEET 12, AtSWEET13
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FIGURE 3  Effect of &-PP on growth and
AtSUC2-GFP expression in Arabidopsis seedlings
Transgenic seedings expressing AtSUC2-GIP were
grown in 0.2x MS medium supplemented with the
solvent or 50, 100 and 150 M 6-PP, B days after
gemination, seedlings were stained with P and analysed
by confocal microscopy. Representative photographs
show the effects of &-PP on root-system architecture
and overall growth of seedlings (a- & Micrographs of the
vascular bundie at the differentiation zone of the pemary
root (e-h) and root apex (i-1) expressing AtSUC2-GFP. Bar
graphs (lustrate differences assessed a5 relative
fluarescence Intensity In vascular buncie {m) and root
apex (n), respactively, Values shown represent the mears
for & secdings < S0 Ditferent lottors Inclicate sigraficant
statistical dilfevences (p < 05) Scabe bar: 1 ¢m and

100 jun, respectively, The exporment was repoated two
tmes with comparable results {Colour figure can be
wiewed al wileyordnelibrary com|

.

150

AtSWEET 14, AISWEET14 and AtSWEETI? by RT-gPCR. Increased
expression levels of ASWEET and ArSWEET14 were obsorved
In plants exposed to Trichoaderma vobitiies: however, substantial
repeession wis found for AtSWEET1E, AtSWEET12 and AtSWEETIY
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FIGURE 4  Effoct of sucrose on AtSUC2-GFP expression in
Arobidopsis leaves and roots, Four-day-okd transgenic seodings
expressing ASUCZ-GRP ware transferred to fresh plates with the
shoot placed over an agac drop of 0.2x M5 medium enviched with O 1o
9.6% sucrose and alfowed (0 grow for 4 days. The expression of
AtSUC2-CFP In leaves (a-1) and root tips (g 1] in the Indicated sucrose
concentrations is shown Bar graphs liustrate differences in
exprossion In legves (m) and root tips (n) assessed as relathve
fluorescence intensity. Scale bars: 100 pm (leaves) and 200 pm (roots)
respectively. Values shown represent the means for 8 seediings + S0,
Difterent letters Indicate means that are statistically different (p < 05)

[Colowr figure can be viewed ot wileyonlinelibrary.com)
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FIGURE 5 Effect of 1, atrovnde volaties on the endogencus
content of sucrose and gucose in Aatvdopsis tissues and root exudates.
(=€) Glucose and suorose amount in tissues and root exudates in
axerecally grown seudings or exposed Lo Trichodermo volaties. Values
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FIGURE 6 Effect of Trichoderma volatiles on expression of genes
encodng SPS enzymes in Arobidopss leaves and roots, Transgenic
Arobidopss seedings harbouring the AtSPS 1 FauidA-GFP. ALSPS2F.
WA-CFP, AtSPSIFuidA-GF P gone constructs were transferred to
agac-solidified patches of media enviched with 4.8% of sucrose or co-
cultivated with T. atrovirde for 4 days. Representative micrographs
show the expression of each SPS lsaforms in leaves (a). root tips (b-¢)
and vasoular bundie (f, g) according to thelr respective expression
domalns. Scale bars In (a) 200 ym and (b, 1) 100 ym. The graphs
iustrate diferences in expression, assessed as relative fuorescence
intority (¢, e, gl Values shown represent the mearn for 8 seedliing =
S0, Different letters indicate means that are statistically different

(p = .035) |Colour figure can be viewed at wileyonlinetbrary.com|
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Figuee Za-hy To hurther explore how these goenes mespond Lo
voldiles from furgi with contrasting lifestyles, wo compared the
mMRNA levels of the seme SWEET gones in plarts exposed to volatiles
released by two common phiytopathogerdc funygl, Fuoarium axysportm
and Alernoria oltemato. The volatile blends from both furgal patho
pens had a ssmulating effect on plant growth and biomass procuction
(Fgure 54), Besides, A atornata increased the transcript level of
ALSWEET11, while AISWEETIJ expression was enhanced only by F
axysporun, however, the volatiles of both pathogens Induced the
expressions of AMSWEETI6 and ALSWEETI7 at different intensity
(Figure 541 Taken together, these results show the differential effects
of beneficial and pathogenic fungi on the expression of SWEET genes
In Avalvdopsis,

4 | DISCUSSION

I the Lt decade. accumulating infermation has unvelled the critical
rode of the volatiles from Trchoderma spp. for plant growth and immu-
nity (Hung & Lee. 2013; Jalak et al, 2017, Kotth et al. 2015 Lee
et al, 2014 Nicto-Jacobo ef ol 2017) These chemicals are diverse
and their blends depend on the fungal spedies, subwirate componition
and ervimnenental conditions (Cruz-Magabhaes ot al, 2019 Estrada-
Rivera et al, 2019 Gonzdles-Pérez o al. 2018 Guo of al, 2019
Wonglom et al. 20200, Gamica-Vergara ot al (2014) reported that
the peoduction of 4-PP by T. atravitide dircctly influences phint bio-
mans production and root architechre via modudation of ethylene
signaling and audn tramsport. Sevoral stdies have evidenced the
commonalities between awdn blosynthesis and distribution in roots
and the contents of soluble sugars including sucrose and glucose,
which promote root branching (Kircher & Schopfer, 2012; Raye
Gonzdlez et al., 2017), Trichoderma-omitted volatiies may not only
affect sucrote distribution and metabolism within the plant: they
rather represent a plant-fungus recognition mechanism important for
a long-lasting symbiosis.

Qur results showed that Avabidopsis seedlings grown in a sucrose-
free medium develop short primacy roots and less Ltenl roots
that T, atrovride cocultivated plants under the same conditions.
Besides, the fungus strongly enbanced ASUCZ-GRP expression. which
improved oot growth, the size of root meristems and <ol dongation
200es Since the inleraction was designed to ocaur using divided Petri
plates, whose divisions restrict the passape of dilfusible compounds,
we conchude that the lungad volatiles being redeased influence carbon
resources (o be redutrbuted through AtSUCZ

Carbion dioside (CO,) Is mieased upon respiratory metabalism of
animals and microorganisms and Is the main substrate for photosyn
thesis. Although the Impartance of CO; a5 part of the T. atroviride
volatiles In triggering plant growth seems to be abvdous, unvelling its
specific role In root architectural and gene expression adustments
deserves attention. A recent study demaonstrated that the changes in
the transcriptome of Arcbldopsis plants cukivated In vitro and exposed
10 high CO; did not modify SWEET, SPS and SUC2 gene expression
(Garcla Comez et o, 2019), which Is in marked contrast to our data
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FIGURE 7 Etled of Trichoderma volaties on expression ol
AISWEET genes. Trarecript beveds of AISWEET2, MSWEETY,
AISWEETI1T, AISWEET12 AISWEET13, AISWEET14, ASWEET 14 and
AISWEET 17 in Arabidogrs sevdings aftey exp to Tnchodermu
vobatiles (a-h). The tmnscript kevel were monitared by real-time reverse
tranacription-paymerie chain reaction (RT-qPCR). Actin2 was used a1
Internal control. Data are the M = SD from theee biclogical replicates for
each treatment, Asterisks indicate significant differences between
control and inoculited treatment (Student's ¢ test, *p < 05 *'p < 01)
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ndeod, spplication of €O, did not lead to significant promotion of
ool growth or biterdd root formelion, n conlrast to what wis
observed in plants co-cultivated with Trichadenma iriie or (reated
with ity main voletile & PP (Garnica Vergara of ol 2018 Ths, it b
unlikely that either root architecture remodeling or the changes In
pene expression repocted in this work are due to respirmory CO,
being accumubited into the divided plate, but instead to other vola-
tles such as 6-PP. Noteworthy, plants grown with sucrose supple-
ments had reduced ArSUC2-GFP expression in roats particuady when
co-cultivated with T, otroviride indicating that a single compound or a
combination of volatiles represses wcrose transport through a posi-
tive regulation loop directly involving ASUC2. The natural candidate
s &-PP since its application to the growth medum reduces ALSUC2
CXPression in roct tips in a dose-dependent manner. Thus, &-PP pro-
duction by the fungus may be heghly relevant for photoassimilate
translocation from shoot to root.

The tanscriptional repression of ALSUCZ caused by Trichoderma
VOCs appears 10 be tightly regulated by sucrose availatility in the
ool In other words, the volatiles stimulate the expression of AISUC2
when there i low availabdity of sucrose in the root caused by the lack
of this ugir in the culture medium. This can be attrit f to the fact
that the volatils trigger the transdocation of sugars towards the mot
for their subseguent refease. In contrast, when there is sugar available
into the medium or the shoots accumulate this disaccharide through
photosynthesks. the expression of the gene reaches a sufficient leved
that efficiently supports plant growtic however, when plints ane
exposed to Trichaderma volatiles, the suxrone avallability increanes in
roots where it represses the expression of Its own transporter, possi-
bly due to a negative sigralling loop.

Sucrose loading into the phloem from source leaves is a key step
of photoassimilate partitioning among sinks, and this process depends
largely on the function of SUTs/SUCs (Durand et al.. 2018). Consis-
tently. overexpression of SUTs resukts in enhanced phicem loading
and carbon partitioning Into sink organs {u, Chen. Yunjuan, Chen. &
Uesche, 2018: Yadav. Ayre. & Bushu 2015} SUT genes have sugar

e cis-el in thew pr responsible of sucrose
responsiveness, and even factors that tigger sucrose biosynthesis,
such as carbon dioxide (COy) avalability regulate their expression
Quan et al. 2014, Vaughn, Hanington, & Bush, 2002} moeased
phioem loading appeas 10 decrame SUC2 protewn stability, which
depends on phosphorylation and an ubsquitine dependent lumaver
rate Du et al, 2020) Therelore, # seenm that decreased AISUC2
expression controlled at the trarscriptional level by Trichoderma vola-
tiles, and more specificaly by & PP, may be atiritnted (o sucrose
accumuation In souree tissoes through an Increased sucrose phloem
loading. On the other hand, If transeript eduction s trarslated to a
less AtSUC? protein at the plasma membeane of roat cells, this could
lead to a reduced capacity of the root to control the sucrose concen-
tration within the cell and then sucrose could be released to the apo-
plastic space by the o transporters such as the SWEETs: then,
T atroviride could use that carbon resouroe

To understand how T. atroviride volatiles may affect the endoge-
nous sugar content of plants, sucrose and glucose levels were quant]-
fled In shoots, roots and root exudates. The concentration of both
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sugaes increased in plants exposed (o volatiles emitted by T, wich
This moy account to the important Runctions that soluble sugees ply
when plants lace chaBenges impased by abiotic stresses such & safin:
Ity or drought, acting o owmolytes to avold witer s (Condrarey
Cornejo et al, 2021 Coppola ot al. 2019: Elkelish, Alhaithloul, Qorl,
Soliman, & Hasarazzaman, 2019; Poclecha & Dwiurka, 2015 Yu,
Wang, Zhang Wang. & U, 2020; Zhang, Gan, & Xu, 2016). The accu-
muBtion of sugars induced by T. hargianum T22 In matze and tomato
plants has been refated to the up-regulation of enzymes involved in
carbohydrate metabolism and photosynthesis (Coppota et al, 2019,
D¢ Palma et al. 2019 Shoresh & Haman, 2006, 20060]. Trichoderma
can also influence the quality and yield of fruits, according to Mei
et ol (2019 inoculation of cucumber plints with T, asperelum
525, T, hovoanum 610 and T, pseudokoningil 886 increased the average
fnat weight and the content of sokible sugars, Macias-Rodriguez
et al. (2018) indicated that carbobydrate root exudation from tomato
seedings vanes in response to T. otrovinkde and these exudates may
act In 2 positive chemotactic response of the fungal hyphae, which
direct their growth towards rocts and that subsequent colonszation
Induces higher sucrose redease of the host plant. From this nforma-
tion, we hypoth that Trichodi volatiles act as info-chemicals

1. hoak Improves the activity of SuS in tomato plants grown
in watedogged sols, which mears thet Trichoderma con help to
better adopt their host to this abiotic stress via sugar motsbolsm On
the other haned, tranagenic plints 1 W SPS penes show
Increased growth and development, which correlate with higher
sucrose synthesis and content of soluble sugors (Anur et al, 2020
Maloney, Park, Unda, & Manstield, 2015), Thus, SPS activity plays an
important role in carbon partitioning leading to sucrose acoumlation
and starch peoduction. The 5PS enzymes are activated by light and
osmeric stress due to phosphorylition in sedne residues, as well as
alostenc activation by glucose-&-phosphate moreover, they can be
regulated at the transcrptional level at spedfic developmental stages
(Volkert et al. 2014, Yonokura ot al., 2013) and under conditicns of
osmotic stress (Solis-Guamdn et al, 2017), Our results support the
notion that the maetabolites produced by a problotic furgus can trigger
sucrose synthesis/metaboksm via regulation of all three SPS isofoms
In Arabidopss, both in leaves and in roots, and the changes In expres-
sion underkes its plant probyotec attributes,

Ahigher concentration of chiorophyll is associated with enhanced
photosynthesss rate (Cardona, Stao, & Non, 2018). Different endo-

that eficit worose and gicose accurmulation in plants and their release
by roots before root colonization, leading the fungus to repress the
expression of thelr potent degradative eneymes that are the halmark
of its saprotrophic phane. This mechanism could be employed by the
fungus to establish peoper mutualistic interactions and o have access
to carbon supplements from their plant hosts.

T. virons utilizes sucrone for growth by expressing a sucrose trans-
porter (TvSut) and an intracelular invertase (Tviny) to take up and
hydrolyse the from the rhizosphere Margas ct al., 2009,
2011). According to Vargas, Laughlin, and Kencriey 2013), T, atro-
viride has an intecclular invertase (Triat51014) and two putative
sucrose transporters (Trist226844 and TriatB3012) to be able to use
plant-derived carbon. Recently, Villalobos-Escobeds et al, (2020) dem-

phytic Trichaderma spp. up-regulate genes encoding photorsyrithesis-
related protei pedally under stressful conditions [Harman, Doni,
Khadka, & Uphotf, 2021; Vargas et al, 2009). which can take place
oven hefore coanization (Kotth et al, 2015; Lee ef al, 2014 Lee
Behringer, Hurg, & Bonnett, 2019: Nieto-Jacoba et al, 2017). & may
be passible that the fungal volatiles di wn-
thusis/degradation. These data concur with the up-regulition of
penes refated to chinroplast and thylakokd membranes by T, asperelum
SL2 inoculation described by Donl et al {20191

Leaf-produced sugars are translocated to sink organs, mainky roots,
which Lrgely d on these carbohydrates to support growth and
branching. which are energedcally domandirg and Improve symbilosis
events. SWEET proteins play an important roke not only in carbon par-
titloning In plnt rebitices with AM fung but also with pathogenic
onganisns (Chen et al, 2010 Manck-Gotzenberger & Reguena, 2014

o erlle . Py

d that T, lide rep its genes encoding enzymes
involved in phex carbolydrate degradation prior 1o root cokani
tion of Arabidopsss, suggesting that its saprophytic behaviour changs

o acquire and use the simple sugars awilable in oot exudates.

Sucrose biosynihesis and lation in plants o ds manly
msosmeMnucxmwausmm
GFP expression driven by AISPSIF, AISPSZF and ALSPSTF promotders
thmmmwummrmm
and sucrose, Athough differentiasl and overlapping exp t
hthMwmmmumuspsqumw
Trichaderma volatiles maindy on leaves fits well with the sucrose and
gucose content I plants, Indicat ﬂwt"“
ﬂxm“,‘.‘.h‘“‘,‘m h S?Sadvﬁy
Indecd, these results are consistent with thase of Poclecha and
Dziurka (2015), who reported that T, horziorum induces a higher sugar
reallocation towards the roots and triggers a greater acthvity of SPS in
leaves of winter rye (Secale corecle L)

Regarding other metabolic attributes of plants whose roots
e colonized by Trichaderma, Ekallsh et . (2019 showed that

Gene expr analyss via reak-time QPCR indicated that T, atrowiride
volitiles induced the eapression of ASWEETS and AISWEET 16, which
erxode hexose and suarose Lanspontess, AISWEET4 is a plsno mem-
Lrane hexose transporter, mardy ot the stede of roots and
veirs of keaves. ASWEET4 overexpressing phants huve higher plant size
and higher resitance ko Treesing temperatures and when challenged
with Psauxdormonas syringoe pv. phaseolcoks NPS3121, they were resis-
Lant to the infection for an exdended period (Uu Zang Yang, Tin, &
U, 20146). AISWEET16 & mainly 4 vacuolsr hexowe and sutrose tram-
porter, that s expresed b vasodsr tiswes. Pleds overespressing
ASWEET14 also showed higher to froezing temy

and this tralt s rebated to varlation In sugar concontmtion within the
plant (Klemers et al, 2013] The expression pattern of ASSWEET4 and
ALSWEET 16 and the known participation on different stresses suggest
that the protoins might regubste the sugar allocation on the whole
plant during Trichoderma Interaction. Nevertheless, the expressions of
ALSWEET11. AtSWEET12 and AtSWEET17 slightly decreased in plints
exposed to Trichoderma volatiles. SWEET11 and SWEET 12 transporters
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wre osponstie for sucrose elflux from the mesoptyl cdb to the
pHocm spoplest {Eom et o, 2015), wh the dar traerponk

AISWEET17 laciltates b diroctionad & t across tonopl

to control cytosolic fructose tevels (Chardon ot ol, 2013; Guo et ol
2014; Kiemens et al. 2013). According to previous reports. biotie or abi-
otic stresses such a5 pMhogen invasion or drougit increase the tran-
script levels of AISWEET11 and AtSWEET1Z genes to faciitate the
local dstribution of sugars from the leaves towards the roots (Dumnd
et al, 2016; Walerowski et al, 2018) However, it has been reported
that colonization of AM fungus Rhizaghagus imegulorks on potato
roots triggers downregubition of some SWEET genes belong to the
chde Il For ngtance, tho expressions of SWEETI0J and SWEET12¢
were repressed during the entire inocubition period, while SWEET1g,
SWEETI00. SWEETIOb SWEETIOC, SWEETIlo, SWEET12f and
SWEETI7¢ showed spedfic repnession at 6 wesks postnoculation
(Manck-Gotzenberger & Requena, 2016}, Additionatly, VOCs emvited by
F. oxysponam and A oftemoto altered the expression of AISWEET11,
AISWEET 13, AISWEET16 and AISWEET17 germs, Comparable results
have been reported from other studkes that used diverse fungal patho-
g, which can promote the expression pattens of several SWEETs
gones belonging to chades | and I upon infection (Chen et al, 2010,
2015; Ui et al, 2017, 2018} In our rescarch, the volaties emitted by
pathogenic fungl also enhanced plant rowth and accelerated develop-
ment. A afemata and F. oxysponan betave dmilary to Trichoderma
since their volatile blonds, stimudate plant growth. This i consistont with

SPS1, SPS2 und SPS3
.
Suc !

SWEET1
SWEETI2 SUC2 A
SWEETI7 Biomass production
Plant growth
promotion
Root branching
w
6-PP .
v
SWEET4 AL VOO
SWEET16 W
“ Suc
Root exndatos Gle Trichoderma spp.

FIGURE 8 Arabadopis response 10 1. atroviride and the regubition
In sucrose metabolism and transport., T, atrovinide induces lateral root
profferation and enhances biomass production via vobitiles emsssion,
Sucrose biosynthests is induced in plants upen Trichodenma co-
cultivation. The volatiles may affect Sucrose ransport via sucrose
transporter SUC2 and SWELT sugar efflux camiers to trigges root
growth and sugar exudation. which ulsmately attract Trichoderma to
the rhizosphere [Colour figure can be viewed at
wileyonlinelibrary. com|
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severd reports showeg, that funged pathogens pramate plad grovdh
(hroangdh & arons- ek betweon suxin, cytokinin and sugar signaling (Bitas
ot o, 2015 Moisen of ol, 2019; Séncher Lipez et al, 2016). Howeover,
our results show that volatiles from T afroviede or pathogenic furg pro-
voke comparable biological responses in plants theough different molec-
ular mecharksms involving SWEET genes.

In conclusion, our results provide novel insight into how plant-
Trichodema interactions are estabished since voltile compounds
released by 7. otroviride can acfust physiclogicl and metabolic
1ESpONSES IN PlANts 1O warmant access 1o Carbon resources before colo-
nization (Figure 8). We have further identified SUC2 as a key element
n the sucrose transport mediated by Trichodema, as well as some
SWEET transporters in the sugar allocation pathway within the plant,
Besices, the opression of different isoforms of SPS (SPS1. SPS2 and
SPS3, which are enzymes involved in sucrose biosynthesis were found
10 comelate with bicstimulation of Trichodk This comprehensh
nowhedge could be exploited to enhance aop productivity, and to
better equipe orops to adapt Lo environmental stress.
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Abstract

Plant growth-prometing ungi are mtegral components of the root microbiome that help the host resist biotic and abiotic
stress while improving nutrient scquisition. Trichaderma atrevieide 1s s common inlabitant of the rhizosphere, which estab-
lishes a perdurable symbiosis with plants through the emission of volatiles, diffusible compounds, and robust colonization.
Currently, little is known on how the environment influences the Trichoderma-plant interaction. In this report, we assessed
plunt growth and root architectural reconfiguration of Ambidopsiy seedlings grown in physical contact with T2 arroviride
under contrasting nitrate and ammonium avislability. The shoot and rool biomiss sccumulation and lateral ool formation
triggered by the fungus required high nitrogen supplements and involved nitrate reduction via AINTA T and NIA2. Ammonium
supplementation did not restore biomass production boosted by T. arroviride in nialnia2 double mutant, but instead fungal
inoculation increased nitric oxide accumulation in Arabidopsiy primary root tips depending upon nitrate supplements. N
deprived seedlings were Lwgely resistant to the effects of mine avde donor SNP triggermg lateral rool formation, 1. atreviride
enhanced expression of CHLI:GUS in root tips, particularly under high N supplements and required an intact CHL I nitrate
transporter to promote laseral root formation in Arabidopsis seedlings. These data imply that the developmental programs
strengthened by Trichode rma und the underlying growth promotion in plants are dependent upon adequate nitrate nutrition
and mny involve mitric oxide as a secomnd messenger

Keywords Trichoderma - Root architecture - Lateral roots - Nitric oxide « Nitrate reduction « Nitrite transporiers

Introduction eritical roles in carbon recyeling (Frae et al. 2018; Naranjo
and Gabalddn 2019).
In natural and agricultural ecosystems, plants arc assisted Fungi are critical components of the plant microbiome,

by micoorganisms to survive and thrive. Fungi wre the  for instance, about 85% of plant species wre colonized by
principal decomposers of decaying beaves, stems, and roots — vesiculur arbuscular mycorrhizal fungs, which spread into
through the nelease of pectinases and cellulases and thus play — roots and promaotes nutrient uptake (mainly phosphate)
through a better exploration of the substrate by the hyphae
und improved trunsport {from soil 1o roots (Kobae 2019)

In the past two decades, it has been increasingly evident

Comnmsnivated by Lo Sta ket thar more fungal species, along with mycorrhizae behave

71 Jost Lt Bucia as probiotic mlwooqminm. including mcmlzen of lhg

Pouchs @ wmich.mx Trichoderma genus, In contrast (o mycorrhizal fungi,

Trichoderma parasitizes other Tungs, including phytopatho-

. 'l'l“'i'""‘ éﬁ'::‘:t’f“"‘; ‘g'i":f":ms:\:d:m gens, which justifies their strong potential for use in bio-

mven alichaoacana Ic 2 . 2 .

Eddificio B3, Ciudad Universiaria, C. 12, S5030 Moeehia, c”"‘_’,l (Pcm!cz etal. 2004: Lopez-Bucio ¢t al. 2015; Sood

Michoacfin. México ctal. 2020).

3 Pacatind de E togia, Usive Trichoderma may not only compete for spuce with

Michoacana de San Nicolis de Hiakgo, Trintauntzan 173, potentially deleterious microbes at the thizosphere, sev-
Mutanworos. €. P $8240 Morelia. Michoocdn, México eral species have been found as plamt endophytes, which
Puiblished oaline: 09 June 2022 &) Springer
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may explain their very interesting probiotic attribates that
include an enhanced growth of vegetative and reproduc.
tive plant organs, promotion of root branching through the
release of volatiles. such as 6-penthyl-pyran-2-onc (6PP).
indole-3-acetic acid (IAA, puxin), auxin precursors, sec-
ondary metabolites as well as improved sdoptation 1o both
biotic and abiotic challenges (Contreras-Comejo et al. 2009;
Gamica-Vergara et al. 2016; Tyeng et al. 2020). Morcover,
Trichoderma induces the accumulation of polyamines in
Arabuclopsis, which participate in develog and resp

1o stress (Salazar Badillo eral. 2015),

Until recently, it was a mystery how Trichoderma could
trigger root branching duc to its release of highly active
enzymes, partculurdy those with cellulolytic activities that
mray damage living roots (Horta et al. 2018). Nevertheless,
it appears that the fungus can change its pene expression
and metabolie requirements upon sensing fungal exudates,
muinly sugars. When 7. arroviride perceives sucrose, the
genes encoding cellulases and pectinases are down-regulated
and instead proteins involved in glycolysis are over-repre-
sented 1o enable use of simple carbohydrates as nutritional
resources (Villulobos-Escobedo et al. 2020; Espurza-Rey-
noso et al. 2001)

Plants require macro- and micronutrients to complete
their life cycles adequately. These minerals are taken
directly from the soil in water solution (Wang et al. 2020),
Nitrogen is by far the most lmting macronutoent that is
required in high amounts to support biomass production,
The main form by which roots acquire nitrogen is nitrate
(NO,"), which is reduced to nitrite and then to ammonium
(NH ™) for assymilation into amino acids (Wang et al. 2012,
Chamizo-Ampudia et al. 2017, Hou et al. 2021). Both
NO, and NH," can be internalized into roots by specific
membrane transporters for direct use in intensely demand-
Ing zones, such as meristems or long distance distribution
10 leaves, flowers and fruits (Noguero and Lacombe 2016;
Dechorgnat et al. 2019),

Plant roots acquire NO,™ through membrane transport-
ers thit belong into four different famalics, NPF, NRT2,
CLC, and SLAC/SLAH (Lict al. 2007, O'Bricn et al. 2016,
Hachiya and Sakakibara 2017) The Arabidopsic CHLI
(AINRTLI/NPF6.3), is a dual-affinity nitrme transporier and
sensor, or inmsceptor (Wang et al. 1995: Liv et al. 1999: Guo
etal. 2001: Ho et al. 2009). NRTI.1 nfluences not only N
uptake but also the expression of genes encoding proteins for
nitrate assimilation, re-configurates root growth and branch-
ing, relieves seed dormancy and influences nitrate/ammo-
nium balance, which rely on the structure of the protem wd
its phosphorylation status (Rouguyon et al. 2015),

Nitrate reduction is catalyzed by nitrate reductase and
nitrite reductase, respectively. In Arabidopsis, two homo-
dimers of the mitrate reductase (NIAT and NIA2) have been
reported, which play an important role in plant growth
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and development (Li et al. 2007; Park et al. 2011), These
enzymes release large amounts of sine oxude (NO), o dif
fusible, reactive gas influencing root architecture, and the
expression of genes for the incorporation of ammonium
into amino acids (Méndez-Bravo et al, 2010; Fernandez-
Marcos etal. 2011 Dolch et al. 2017; Chamizo-Ampudia
eral, 2017). Thus, sitrate assimilation through its impact
on nutrition or following NO reactions may affect plant
growth and productivity in several ways, but how plant
associated fungi modulate this pathway remains to be
characterized.
In this report, through in-depth analysis of the interac-
tion between T. arroviride nnd Arabidopsis seedlings under
mg N and availubilities, we show the strong
dependence of nitrate availability and reduction through
the activity of the NIAL and NIA2 enzymes for plants to
maount 3 successful symbiosis. The fungus triggered nitrie
oxide socumulation in roots and induced the expression of
the CHLI mtrate t eptor and N avaslability apy to
change the root sensitivity to react to nitric oxide donor
sodium nitropruside (SNP). Moecover, a comparison of the
growth and developmental responses of the WT and two
mutant lines defective at the CHL1 locus to fungal inoc-
ulation, suggests the requirement of the encoded protein
1o manifest a full phytostimulation. Collectively, our data
provide the basis to manage both plant growth and devel-
opment and the Trichoderma-plant symbiosis through N
nutnton.

Materials and methods
Plant material and growth conditions

Arabidopsis thaliana ecotype Columbia (Col-0) and the
muitants o/ -5 and chi =12 (Tsay etud, 1993), and mia Inia2
(Wilkinson and Crawford 1993), and the wransgenic line
expressing CHLI-GUS, were used 10 evaluate the effect
of nitrogen source on plant growth-prometion by 7. arro-
virtde. Seeds were disinfected by immersion in 95% (v/v)
ethanol for § min and 20% (v/v) bleach for 7 min, and
washed with sterile distilled water. The seeds were strati-
fied for 3d at 4 “C and then were germinated und grown
on Petrr plates contmning a Murashige and Skoog (1962)
modified medium supplemented with KNO, or NH,NO,
at low (10 uM). mild (100 puM), sufficient (1 mM) or high
concentrations (10 mM) of both salts. The medin con-
tummned 03 mM CaCl,, 0.3 mM MgSO, TH,0, 0.25 mM
KH.PO,, 50 yM FeSO,7H,0, 20 pM Na,EDTA 2H,0,
20 uM H,BO . 18 pM MnSO, 1.0, 10 pM ZnSO, 71,0,
0.9 pM KI, 0.2 pM Na,MoO, 2H,0, 0.02 pM CuSO,5H,0
and 0.02 pM CoCly 6H,0. All media were supplemented
with sucrose (0L.6%; w/v) and solidified with 1% agar (w/v;
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micropropagation grade: PhytoTechnology). The pH was
adjusted 1o 7 before autoclaving at 121 °C for 20 min. Petri
plates were placed verticully in a plant growth chamber
(Percival Scientific AR-95L) with a photoperiod of 16 lvof
light, 8 h of darkness, the light intensity of 300 pmol m* s,
the temperature of 22 °C and 60=70% relative humidity.
For mitne oxide donor sodium mitroprusside (SNP) experi-
ment, Arbidopsis seeds were disinfected and germinated
on modified MS medium as described abave, and 4 day
after germination, the seedlings were transferred to fresh
media supplied with micromolar concentrutions of SNP (0,
5, 10and 15 pM). Plates contamning 10 seedlings cach were
placed back into the growth chamber for 6 day to enable
further growth and assessment

Fungal growth and plant inoculation experiments

T. atroviride strain IMI 206040 was kindly provided by
Dr. Aliredo Herreru-Estrella (Centro de Investigacion y
de Estudios Avanzados del 1PN, México), The fungus was
cultured i Petrs plates with potato dextrose agar (PDA)
(DIFCO Laboratories, USA) in darkness at 28+ | °C for §
day. after which conidia were harvested by gemly scraping
the mycelium surface und suspending the fungal mass in
sterile dhstilled water. Brefly, the suspension was Altered to
remove mycelium and agar debris. The comdial inoculum
was adjusted 1o 1 107 spores and then was placed at 5 ¢m
distance from the primary root tip of 4 day-old Arabidopsis
seedlings grown on agar plates coptaiming o modified MS
medium, The plates were sealed with plastic wrap s were
phlaced randomly mnto the growth chamber, After 4 day of co-
cultivation. determination of plant growth and gene expres-
ston amalyses were performed.

Confocal imaging and detection of nitric oxide

Nitric oxide levels i rooty were imaged using 4.5-diannno-
fluorescein discetate { DAF-2DA) fluorescent probe. Arabi-
dapsis seedlings were incubated in 300 pl. of a detection
buffer containing 0.1 M Tris-HCl (pH 7.4) and 10 pM DAF-
2DA (Sigmu. USA) for 1 h in darkness and then washed
three times with fresh buffer. The fluorescence emission
of DAF-2 T (triazolofluorescein) was visualized using a
confocal laser scanning microscope (model BX30: Olym-
pus, Japun), upon excitation line from 488 (o 568 nm with
an argon blue liser and an emission window from 585
1o 610 nm. The fluorescence intensity of the root tip for
cach treatment was measured from six micrographs using
IMAGED software (http://rsbweb.nih.gov/ij/). The means
of arbitrary unit valves (A U = green pixels pm’) obtamed
from each micrograph were graphed, showing the fluores-
cence changes of treatments in relation to the normalized
coatrol value to 1.
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Histochemical analysis

Ambidopsis seedlings were immensed in GUS staining buffer
(0.5 mg mL S-bromo-4-chloro-3-indolyl-p-d-glucuronide in
100 mM sodium phosphate, pH 7), and incubated for 6 h
at 37 °C in darkness. Stained seedlings were cleared and
fixed according 10 Malamy and Benfey (1997) and then were
mounted in 50% glycerol solution (v/v) ento glass alides
to make semi-permmnent preparations, GUS eapression
was monitored by Nomarski differential interférence con-
trast (DIC) microscopy (Leica DMR microscope). Fore the
transgenic line CHLI-GUS, at least cight plants by treat-
ment were analyzed and the expression palterns were further
confirmed in two subsequent repetitions of the experiment.

Analysis of growth and statistical analysis

The lengths of primary roots of seadlings grown over ver-
tcally-inclined Petry plates were measured employing a
ruler and the lateral root number was determined by count-
ing all lateral roots that emerged from the primary root tip
(o the root/stem transition using a stereomicroscope (Leica
MZ6). The lateral root density was calculated by divading
the lateral root number by the primary root leagth for each
seedling. The fresh weight of plants was determined with
an amlytical scale (Ohaus Corp.). Images of the plates were
recorded using o digital camera (Nikon DS600, Japan). For
all experiments. the overall data were statistically analyzed
inthe SPSS software version 10 (Statistical Package for the
Social Sciences). Univariate and multivariate unalyses with
Tukey's post hoc test were used for testing dilferences in
growth and root development responses in wild-type and
mutant seedlings. Values followed by different lenters are
significantly different (/' <0.08).

Results

Nitrate reduction is critical for plant growth
promotion by T. atroviride

The requirement of nitrate for plant growth promotion by
Trichoderma has not been previously assessed. To inves-
tigate whether mirate avalabality could affect the produc-
tion of plant biomass and root growth and beanching, and to
examine the dependence of the nitrate reductases NIAL and
NIAZ in these nutritiopal responses, experiments were con-
duoted to compare the response of Ambidopsis W (Col )
seedlings and sialmia double mutant. The seedlings were
germinated and grown on modified 0.2:<MS medium sup-
phed with increasing concentrations of KNO,, and four days
after germination were moculed with 7: arroviride 5 em
from the root tip. In WT Columbia-0 (Col-0) seedlings,
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Fig. 1 Effect of nitrate availabality amd redoction via AINIAL and
NIAY in Ambidopsis growth p jon =nd oot archi hy
Trichoderma atroviride. Shoot fresh weight (a), oot fresh weight (b),
primary root lesgth (€) wnd laterad root density (d) were quastified
in Amwhidapris seedlings gmwn in media supplementad with 0. 10,
100, 1000, a0d 10000 M KNO, after four days of plast-fungal co-
culthvrion Bars show the means 2 SD. DNfferent leners indicoe sig

it statistical JifK (P<008; n=15), Similar results were
obtained in Huee indspernlent repettions of the sxpenimem

nitrate supplements increased shoot and root biomass wd
promoted primary rool growth and branching, being the
maximum response observed at | mM potassium nitrate
(Fig. 1a=d). In contrast. nitrate provision in the nialnia2
double mutants, neither improves shoot and root biomass
production, nor enhances primary roof growth or branching
(Fig. 1a-d)

In WT seedlings inoculated with T, atmoviride, a clear
phytestimulation effect could be observed at 100 uM KNO,,
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or greater nitrate concentrations, and shoot and root fresh
weight, root growth and lateral root density were almost
doubled by the fungus when compared to un-inoculited
seedbings ot 1 mM KNO, (Fig. 1a-d), Notewocthy, all four
plant growth parameters already stimulated by 7. arrovir-
ide imthe WT. were not influenced in the nio/nia2 double
mutunt wrespective of mitrate avimlabality, winch attamed
compromised growth compared 1o the Col-0 seedlings at all
nitrate KNO; concentrations assayed (Fig. 1a-d), These data
show the eritical mle of nitrate aviilability and its reduction
by nitrate reductases for growth promotion by T2 arroviride
in Arabidopsis,

Ammonium supplements dynamically orchestrate
plant responses to T. atroviride

Reduction of pitrate to ammonium s necessary for aming
acid biosynthesis in plant cells. To know if ammonium avail-
ability is necessary to bypass the nitrogen (N) deficiency
symptoms munifested by nialnia2 Arabidopsis mutant
when mitrate s applied as the only N source to achieve a
strong growth response upon fungal interaction, the effect
of NH,NO, as a readily available NH, source in WT (Col0)
and pialnria2 mtant seedings was assessed in axenic media
or in medi where a colony of 72 atreneride was inoculated
in the vicinity of growang plant roots,

As expected, following the results of the previous experi-
ment, supply of NH_NO, strongly promosed shoot and root
biomass production and luteral root density in W, axen-
cally grown seediings and i seedlings co-cultivated with
T atrovieude with the greatest phytostimulation ohserved
at 1 mM NHNO, in the presence of the fungal colony
(Fig. 2u=d: Fig. S1), Also, in mlalnfaZ matant, an increas-
ing NH, availability promoted by three-fold shoot and root
biomass, but interestingly, the effect of the fungus on both
these traits remained negligible, Indeed, in the mutants, the
lateral root denyity remained low even under the highest
concentration applicd (10 mM), indicating that ammonivm
supplements only partially restore the growth and develop
ment, but nek the strong fungal phytostimulation, and cannot
lully complement the lack of NIAT and NIA2 enzymes.

Trichoderma atroviride triggers nitric oxide
accumulation in Arabidopsis primary root tips
depending upon nitrate supplements

Nitric oxide is an important signaling molecule that accu-
mulates in plant cells following the reactions catalyzed by
the nitrate reductases, The detection of endogenous NO
was performed using 4,5-dimminofluorescein diacelate m
primary root tips of Arabidapsis WT seedlings moculated
or not with T atrosirnde on modified 0.2 MS medaim sup-
plied with | mM (Fig. 3a~¢) or 10 pM (Fig. J-0) KNO,.
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Fig.2 Effect of ammonium availability on biomass production and
root architecture triggered by Trichoderma atrovivide in WT and
ria}lnta2 double mutant. Four-day-0ld Arabidopsis WT (Col-)) and
nialnia? scedlings grown on modificd MS medium suppiied with O,
10, 100, 1000, and 16,000 uM ammonium nitrate were inocuiated
with T atraviride. After 4 days of inocuiation the shoot fresh weight
(@), roct fresh weight (B), primary root Jeagth (€) and Iateral root den-
sity (d) were quantified. Bars show the means + SD. Different leiters
indi isticatly signift difke (P<0.05, n=15). The
caperiment was repeated three times with similar results

The differences in green fluorescence and quantification of
relative fluorescence intensity observed in confocal micros-
copy images obtained from Arabidopsis primary roots
tips (Fig. 3a—f), clearly indicate that 7. atroviride strongly
indnees NO production, particularly at high (! mM) nitrate
availability. These data imply that nitrate reduction and NO
accumulation are integral to root cells responses during
acclimation to fungal symbicsis.
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Nitric oxide donor SNP enhances reot branching
and root biomass production at high but not low
nitrogen availability

Te assess whether NO donor SNP could trigger root
branching in Arabidopsis seedlings growing under con-
trasting nitrogen availability, WT (Col-0) seedlings were
grown for 6 d on agar plates containing 0.2 X MS medium
provided with 10 pM or ! mM final concentrations of
NH,NO,, which ensures readily available ammonium
and nitrate sources and supplied with miere-molar con-
centrations (Q, 3, 10 and £S5 pM) of SNP. Representative
photographs of plant development and quantification of
the effects of treatments on primary root length, lateral
root density, and root biomass made clear that SNP was
actively inducing lateral root density and root biomass at
i mM but not at {0 uM NH,NO; (Fig. §2). Regarding the
growth of primary roots, SNP had a growth repressing
effect at a dose-dependent manner irrespective of the N
treatment applied (Fig. §2). These results imply that the
seedlings experiencing low N availability are less sensitive
to the root branching induced by SNP.

Trichoderma atroviride induces the expression
of the nitrate transceptor CHL1 in Arabidopsis
primary roots having available N resources

The Ambidopsis CHL I (AINRT1. 1/NPF6.3), is a dual-affin-
ity nitrate transporter and sensor involved in plant growth
and development. The critical requirement of nitrogen in
Arabidopsis 10 mount a strong response to I. arroviride
implies that the N uptake efficiency inroots may be modified
during the symbiosis. Next, we explored whether the expres-
sion of the CHLI gene covld be modilated in Arabidopsis
seedlings grown in media supplemented with contrasting
availability of either KNO, or NH,NO,. Transgenic Arabi-
dopsis seedlings expressing CHLI-GUS were germinated
and grown on agar-solidified 0.2 x MS medium supplied
with 0 pM or } mM concentrations of salts for 4 days after
germination and subsequently, were inoculated with Tricho-
derma. At 4 days of co-cultivation, histochemical staining
for GUS activity was recorded using DIC microscopy.
Representative micrographs of primary root tips express-
ing CHL1 gene show that mitrogen supplements critically
influence both root tip structure and the expression of CHL1
(Fig. 42-h). In these experiments, sapply of either 1 mM
KNO, or NH,NO, and T. atroviride causes a synergistic
effect, making the root tips wider and increasing the expres-
sion domain of the GUS reporter driven by the CHLI pro-
moter, as revealed by blue staining at the root tip (Fig. 4a-h).
These data suggest that the expression of CHLt is enhanced
by both nitrogen availability and fungal inoculation.
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Control

1TmM

10 uM

Fig.3 Effect of Trichoderma arenivide on mitmic oxide accwenula
om0 Aradvddopsrs ponsary fool Lips depeming upon misate supple
mends. Represetative micrograpdn show endogenoin NO deteriann
with & S-dnminofivorescein diacaae in peimary oot tps of Ami
dopsis W seedlings grown and invculated with T. adroninide on MS
0.2 3 maect i supplied with 1 mM (a b) or 10 pM (d-#) of patassiom

Trichoderma-induced root branching and root

biomass enhancement in response to nitrogen
supplementation partially involves the nitrate
transporter CHL1

To assess if CHL 1 nitrate transporter could play a direct
role in Trichederma-mediated homass production and/
or root branching in Arabidepsis, the growth of WT seed
lings was compared to that of two independent alleles of
CHLI, namely o] -5 und chil-12, The WT and correspond-
mg mutant plamts were grown on agar-solidified 0.2 x MS
medium supplied with either 10 gM or 1 mM concentrations
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undependent seodlings (€ 1) DMlcrenst lettens smbscate means that we
statistically diffescnt (P <0.05) These analyses were repeated twice
with samalar results

of NH NO,, Seadlings were inoculated or not with 7w
viride and allowed 10 grow for 4 additional days to measure
root biomass, primary root length and lateral root density
The fungus did not promote any of these truits in the WT
of any of the mutants at 10 pM NHNO, (Fig. Sa-d). In
contrast, supplying | mM NH NO, to the medium promoted
shoot and root biomass accumalation in the WT, and the
fungus had a synergistic effect (Fig. Sa, b), The growth of
the primary rool was nol substantially modihied by the N
treatment or the fungal interaction in any of the plant geno
types tested (Fig. 5¢). In contrast, lateral root density was
greatly stimulated in the WT by T arroviride specifically at
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NH,NO,
T. atroviride

CHL1-GUS

10 uM

fig.4 Ellacts ol ! aad Tricho

KNO,
T. atroviride

1

wew taken [rom six

arnoviride imoculotion on CHLI-GUS mlan in Ambidopsis pei-

nwary tool tips. Representative emages of transgemc A sed-
limpgs exprevsing CHLIGUS supplal with 10 uM oe | mM KNO,
or NHNO, and Inoculated or not with 7' armviekle. Repecsentative

| mM NH /NO, and to a significantly, lesser extend in the
chill-5 wnd chil-12 mutants (Fig. 5d). These data indicate
that CHLI is partially involved in the N uptake network
driven by Trichoderma

Discussion

Plant evolution and the conquest of land were assisted by
fungal symbiosis (Remy et al. 1994), The vesicular arbus-
cular fungs inhabit the roots of more than 85% of terrestrial
species and integrally contribute to host nutrition, protection
and resistance 10 abiotic challenges (Luginbuchl and Old-
royd 2017), Species of the Trichoderma genus have received
increasing oltention becanse of their wide distribution in
ccosystems and the relations established with plants living
as rhizospheric and endophytic species (Lopez-Bucio et al.
2015: Sharma et ul. 2017),
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m-tdmorw mdlmlmmiublcw Salehar
100 pms Simila roullts were ol | m (hroe indep wpeti-
thons ol the experament

The Trichoderma-plant recognition is complex and
involves detection of structural componenty of celly, the
release of bioactive volatiles and plant hormones, such as
indole-3.acetic acid (auxin) and its precursors, as well as
peptides and secondary metabolites secreted by the fungi,
the oot in tum provides carbon-rich exudates that influ-
ence the fungal metabolism and change thew attributes to
use raw plant materials or sugars to obtain energy (Villa-
lobos-Escobedo et al. 2020; Esparza-Reynoso ¢t al, 2021),
Until now, however, it still remains unclear how the nutri-
tional status contributes (o the production of plant bomass
and the changes in root growth and branching driven by
Trichoderma.

Among major macronutricnts that plants require to sup-
port photosynthesss, metabolism and the making up of
macromolecules, mtrogen (N) is at the center of agricul-
ral applications owing to its essential role in amino acid
und nuclele acid biosynthesis, which kurgely influcnces plant
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Ho. 5 Effoct of Trichoderow arrnirkde i plant Biomisss and root
archiocture in resg 0 iwtrog pplements i the WT and
mastanes defective in the CHLI mitre transporter, 4 day oldd A thali
ama WT seedliogs and ohl) -5 and cNJ 12 matant plants were grown
on sgaroalidified MS medium soppliad with 10 pM or | mM con
cemtrutions of ammonium aitraee. Subscquently, scedlings were inocs

nutrition and productivity (Gojon et al. 2017). The main
fons by which N is available are nitrate and ammonium,
commonly accessed by farmers as KNOy or NH,NO, salls
amd sold as fertilizers, NO,™ needs to be reduced to NH,*
for assimulation by cells, and in Arabidopsis, two isoforms of
the nitrate reductases encoded by the NIAT and NIA2 genes
huve been deseribed to catalyze nitrate (o nitrite reduction,
and during this process, o large amount of nitoc oxide is
released (Dolch et al. 2017; Chamizo-Ampudia et al. 2017)
To analyze the dependence of N nutrition on the success-
fulness of the Arabidopsis-Trichode rma interaction and its
impact on plant growth and development, o modified Petri
plate system was used in this research, where the level of
KNO, or NH,NO, along with other essential nutrients could
be adjusted, Five treatments of cach salt were applied to
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agar-solidified medium that served as a substrate for test
ing the T. arroviride-Arabidopsis imeraction (0, 10 pM,
100 pM. 1 mM and 10 mM). and shoot and root biomuss.
prmary root growth, and lateral root density were consid
ered as important traits that could be influenced either by
the imposed N level or by the influence of the fungus on
the plants. Through this experimental design, we showed
the reguirement of ligh mitrate or ammomum supplements
10 drive strong shoot and root biomass accumalation and to
promote kateral root formation by T. arroviride. Indeed. the
fungal-mediated phytostimulation program in media with
either KNO; or NHNO, s N sources was largely dependent
on the genes encoding the two mitrate reductases i Arabi-
dopais, namely AINIAL and NI1A2, since the nialnia2 dou-
ble mutants grew poorly and developed a weak root system
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in contrast to the robust, highly branched root system of the
WT seedlings inoculated with the fungus manifested specifi-
cally ut high N treatments,

Recenly, the culture medium (MS or PDA) was found 1o
impact the emission of VOCs by Trichode o, and this in
turn impacts in the development of Arabidopsis, in particular
the nutnient-nich medaa (PDA) with 72 virens lad the great-
estimpact on the growth of Avalidopsis (Gonzdlez-Pérez
ct al. 2018}, This behavior was akso ohserved in our rescarch,
where the higher the concentration of nitrogen in the culture
medium, a greater promotion of plant growth was observed
when interacting with Trichoderma atroviride.

We hypothesized that the poor gmmvm of the ninInia2

in medium with nit Pr could be nor-
malized by providing high (I mM or 10 mM) NH ,NO,
doses. since the provision of ammonium should comple-
ment the trouble of lacking the enzymatic capability to
reduce nitrate in the mutants. This was not the case, and the
ntalnia2 still manifested reduced biomass production and
poor root development even with high NH4* availability und
the presence of the fungus, Our data e consstent wath a
previous study where Arabidopsis mutants unable 1o reduce
nitrate due to the lack of nirate reductase activity were
unable to wse NOy™ or NH4* as the sole nitrogen sources
and mstead requred large amounts (2.5 mM) of ammonium
succinate to grow propedy (Wang et al. 2004). From these
observations, we speculated that NO could be an interesting
candidate and onc missing factor that is not substituted by
ammonum supplementation only, and this critical reactive
nitrogen species that acts in plant signaling could be required
for the growth and developmental recovery of plants. Indeed,
the NIAI and NIA2 enzymes control endogenous NO home-
ostasis in both root and shoot systems of Arabidopsts and
enticully moduatute root system architecture (Méndez-Bravo
et al. 2010; Fernandez-Marcos et al, 2001, Dolch et al. 2017,
Chamizo-Ampudia et al. 2017).

The detection of nitric oxide using 4,5-diaminof luo-
rescein dineetate in prmary oot tps of Arabidopsis WT
seedlings inoculated or not with 7 arroviride showed that
the fungus strongly induces NO production specifically at
high (1 mM) mitrate availability. which implies that not only
mitrate reduction, bat also NO accumulation s integral to
the root cell response during plant acclimation to a fungal
symbiosis. An experiment 1o compare the sensitivity of
Arabidopsiy roots grown under contrusting NH,NO, supply
1o NO donor sodium pitroprusside (SNP) further showed
that release of nitric oxide strongly promotes lateral root for-
mation in high but not low nisrogen availability. The nutri-
tional and biotic factors that regulate the NO homeostasis
are tmportant for both fundumental and applied research,
because of the proven functions of this second messenger
as o key signaling molecule for root growth and Lateral root
formation (Méndez-Bravo et al. 2010: Fernandez-Marcos
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et al 2011). We propose that during the interaction of roots
with Trichederma, both nitrate acquisition/reduction are
stimuliated und this in turn boost NO endogenous levels thit
may account for the for of highly branched root sys-
tems, as reported in Arabidopsis and horticultural species
(Correa-Aragunde et al. 2004; Méndez-Bravo et al. 2010,
Sun ctal, 2021),

The efficiency of roots to improve the N status of the plant
is determined by several interdependent factors that inchide
sensing of inorganic and organic N sources, the regulory
propertics of the NO ;™ or NH4® transporters that contribute
10 the scquisition of the respective jons from the soil, the
expression levels of these transporters in growth zones, and
importantly, the overall extension of the root system and
its brunches. The influence of Trichoderma on the expres.
sion of nitrate transporters involved in uptake and sens-
ing of this nutrent in Ambidopsis roots, to the best of our
knowledge, had not been previously assessed. Our analysis
of the transcriptional regulation of the CHLI transceptor
by means of evaluating the expression of the GUS rqucr
gene driven by the CHLI p bled ol 7
tion ormun'mormo,am NO, on root tip structure
and gene expression. In Arabidopsis root tips, 1 mM KNO,
or NH NO, treatments and 72 atroviride had s synergistic
effect, making the root lips wider and increasing the expres-
sion domain of the CHLI promoter. These data suggest thas
the expression of CHLI is enhanced by both nitrogen avail-
ability and fungal ineculation.

The comparison of growth of WT seedlings with mutants
defective on two mdependent CHLI alleles, ohf1-5 and chl -
12 unverled slightly, albeit statistically significant differences
in lateral root density, which was greatly stimulated in the
WT by 1. arrovirtde specifically st 1 mM NHNO, und o a
lesser extend in the ol /-5 and ol 1-12 mutants. Interestingly.
the chd]-5 and chil 12 mutans described in this report gave
some phenctypic differences when compared to cach other
and to the WT. These differences can be expluined bocawe
CHLl & lmo\m 1o have many different roles in the plant that
are dependent or independent of the activation of the nirate
reductases NIAT and NIA2 It is rather possible that the !
phenotype might not only be due to o lack of nitrate trunsport
bat also to a defect i mitrate reduction, which might explain
why chl ! mutant alleles and the double nia /nie2 mutant might
have similar phenotypes. Also. since CHLI can also be an
auxin transporter, one could argue that auxin-like molecules
could impact plant growth and nitne oxude production, espe-
cially during interaction with 7° atroviride. The differences
between both alleles can be explained because the ol /-5 phe-
notype is a result of the deletion of either the Atlgl2090 or
the Atg1 2110 gene (Munios of al. 2004), whereas the ohd! -1 2
matant is only defective at the AUI12110 Jocus. Although
more ate<hirected mutations are needad to distinguish the tran-
soeptor and nitrate transport function of CHLI that are relevant
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to under<tand ats contribution during a plant-fungal symbiosis,
our data suggest that the underlying phytostimulation relies
upon sdequate mtmie nutrition and may imvolve nitric axide
as i second messenger.

CHLI is partially involved in the N uptake network driven
by Trichoderma potentially involved in Lateral root formation.
Cunrently, the fungal molecular patterms or signaling mobecules
involved in this regulation remain unknown and it deserves
further attention with the aim to manage the symbiosis and
formulate new prochucts for applications in agriculture. In this
regard, Fiorentino ¢t al. (2018) demonstrated that formula-
tions of Trichoderma are effective ot improving N scquisition,
yield, and nutriticaal quality of two beafy vegetables, leeberg
letmuce (Lactea sativa 1) and rocket (Fruca vativa Mill ) in
greenhouse experiments. Whether Trichoderma plant growth
promotion relies on o sutablke N nutrition i hortseulturad d
crop specaes awaits further investigation,

Supplementary Information The online version comtains supplemen-
tary material available at hitps/dai.ong 10.1007ADO203-022-(14004-7.
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Prefacio

La respucsta de las plantas a los esimulos ambicentales, dedida en gran medida a la
aciivacion de las cuscadas de senalizacion y al cruce de sefales entre ellas para regular
¢l adecriado desarwollo vegeral, e la temédica del librn “Fronteras en la biologia:
sefializacién y comunicacién de las plantas”, correspondiente al tercer volumen
de la serie Fromteras en Ia biologia del desarvollo de las plantas. La biologla
vegetal ha tenido varias etapas irnportantes, inicianda con la nairicion y ¢l transporte,
Ja fotosintesis y otros procesos del rictabolismo, con avances generales de los electos
ce alguros compuestos conocidos como ormonas vegetales, No obstante, hubo que
esperar al desarrollo de la biologia molecular para imegrar estos conocimicnios con
I informacién gendrica y su expresion, entre ¢llos ¢l mecanismo moleculzr de aceion
de las hoymonas: la percepcion de sefiales endogenas o exdgenas, la transmision de
estas senales y su transformacion en ofras, formando vutas o vias de sefializacion o
transduceiim que culminan ¢n Iy modificecion de un proceso, siendo comun la
maduiacion de la expresion de genes especificos. Fstos mecanismos hormonales, entre
otros, periten que haya una comunicacion molecwlar entre las diferentes estrucruras
ce una planta y su ambie:te abidtico y bidtica, lo que “a mantiene en constante alerta
para respondery adaptarse a las condiciones existentes, ya cjue por su naturaleza sésil la
pla:ta “csta ohligada”™ 2 vivir en el sitio donde germind y sc establecid. Los tics primeros
capitulos de este libra presentan una revision actualizada de las vias de senalizacion de
las principales fitohormonas, haciendo un énfasis especial en las auxinas, ya que éstas
participan practicamente on Ja regulacion de todos los procesos del desarrollo vegetal,
cesde la embriogénesis hasta la sencscencia. Es tal su importancia, que en el capitulo
tres se analiza su antagonismo con las citocitinas para regular el mantenimiento de
los meristernos de la raiz v de los brotes apicales, y permitir el crecimicento y desarrallo
eontinuo de las plantas. No podrisz dejar de analizarse la via de senalizacién del
regulador maestro TOR, originalimente encontyada en levaduras y animales donde
integra las seiales de energia, disponibilidad de nitnentes y factores de crecumients
cue perimiten el desarrolio; en Jas plantas cada vez se reporte mds su participacion e
cicha integracion. En los ultimos capitulos se revisan los mecanismos moleculares que
participan ¢n ¢l transporte de azincarcs, en Ja dehiciencia del hicrro, y los involucrados
en la tolerancia a tos metales pesados, La edicion de este Libro, al igual que los dos
anteriores de la serie “Fronteras en la biclogia del desarrollo de las plantas™
es unao de los objeavos del curso de “Biologia del desarrollo vegetal” que s¢ impang a
los estudinntes de posgrado del Tusututo de Tovestigaciones Quimico Bioldgicas de la
UMSNH. Finalmente, agradecomos a todos los autores su esfucrzo por presentar de
manersa actualizada la informacion existente en las diferentes areas analizadas y que
curnple con el proposito de divalgar los avances cientificos e introducir 4 los estudiantes
cn cste ambito,

LElda Belirin Pedia
Jose Lapez Buein
Mipuel Martinez "Trujillo

Morelia, septiembre cle PHIE
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Mecanismo molecular del
transporte de azicares en las
plantas durante su interaccién con
hongos

Sarai Esparza Reynoso, José Lépez Bucio y Elda Beltran
Pena

Las plantas son organismos autétrofos capaces de
producir los hidratos de carbono que necesitan para
su crecimiento y desarrollo. La sacarosa es el principal
azicar que se moviliza a través del floema desde los
organos fotosintéticos hacia |os tejidos no fotosintéticos
denominados demandantes. En las plantas, los
transportadores de sacarosa y monosacaridos
intervienen en el desplazamiento de azicares a larga
distancia por lo que son componentes clave en la
particion de carbono. Sin embargo, cuando existen
interacciones entre plantas y hongos, dependiendo
del tipo de asociacién con el organismo, las células
colonizadas de las plantas se convierten en érganos de
demanda y, el mecanismo de transporte de los azlicares
sera el que regule el metabolismo de carbono en las
plantas. En esta revision se describe el papel esencial
de los transportadores de azlicares para la distribucion
de los carbohidratos dentro de las células vegetales
durante su interaccion con los hongos.
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Introduccién

Kl wansporte de larga distancia o traslocacién de
fotoasimilados w partis de teidos fuente o tejidon de
demunda se produce o trives de Jos haces vasculares
del floema. La sacarosa sintctizada como producto
principal de la fotosintesis en las células del mesifilo
de las hojas, se mueve o tends de los tubos de Jos
clementos eribosos para ser descargaca al floema
De i see clistnbuye o diferentes tejidos demandantes
como los brotes apicales, lis raices v los tejidos de
almacenamiento para suministrardes ¢l carbono que
requicren para su desarrollo (Chang of of, 2004
Sauer, 2007; Ruan, 2004} Tanto ¢l destino como ¢l
mecanismo de ransporte de kb sacarasa dependen de
La especie, la ctapa de desarnollo y ol ipo de wiido de
Ly planta (Rolland o of., 2006) Fste procesoinicia con
L sintesis del glhiceraldehido-3-fosfato (GAP) durante
I fase oscura de la otosintesis o Ciclo de Calvin, que
se lleva a eabo en el estroma de los nlacoides y donde
s produce la transformacian del CO, acarbohidratos
utibzando b encrgia quimica v ol poder reductor
obtenidos en la fase luminosa. Bl GAF se exporta al
citosol mediante un sistema traslocador de fosfato que
realiza un antiporte con fosfato orginico () Una vez
cn el dtosol ol GAP o través de lainter<omversion por

Lz

UDP-Glucosa

AP

CELULA DEL MESOFILO

CAPITULO 6

la tricsa fosfito isomerasa (111 da lugar a la sintesis
de fructesa-1 b-bifastato, la cual os desfosforilada por
la Fructosa bifosfatasa para by obtencidn de fructosa-
6-F (Rolland « al, 2006). Todo este process culmina
con la union de una molécul de fructosa-6-F con
la UDP-glucosa por accion de ln sacarosa fosfato
sintasa (SIS) para dar origen a la sacarosa-1y para
la obtencon final de Lo sacarosa, la desfosfori ki on
Ea leva o cabo B sacarosa foslato foslatasa (SPP) Sin
embargo, ¢ GAP que no s exporta al dtoplasma
puede comvertirse en ADP-glucosi para la sintesis de
almidén dentro del cloroplasto durante of dia, para su
posterior degradacidn en Lanoche a glucosa o maltosa.
Fata glucosa liberada en ¢l citoplsma s foslonlada
por la hexocinasa para generr glucosa6-F, que
puede ser comentids o fructosa6.F por Iy glucass.
G-F isomerasa v entrar wsi i la via de biosintesis de
saciosa y posteriormente ser exportidda a ks pozas
de demanda (Fig. 1) Exasten dos formas de carga y
descarga de sacarosa del floema: en L rutasimp listica,
los plasmodesmos y el gradiente de concentracion de
los anicares determinan la magnitud v a direccion del
flujo de fotosintatos, mientrms que lavia apoplistica se
caracteriza porgue L carga y descanga de fos azicares
contenicdos en el espacio intercelular del floema

Coroplest

y Glucosa

Maltoza

EC.CA
Pared Calular
H+,
5 Apoplasto
» Secarcza.P
Sacaroza

%—o Simplazto
Plazmodgzmo

Citoplazma

Figura 1. Biosintesis de sacarosa, La o fosfato GAT s obtivee a gartic de L fitosintess v es exportada al atoplino
o b forvmain de froctesaS-lostivto. kst o pos medio de B sacarosa Jostato sintasa (SES) se une s ln U D Paglucosa
pasala sinteds de b sacaron. Este metabolito puede disuibuine a tavés dd foema para su tnssporte a diferentes doganos
cotssmidores, o induso pac suexudackn por Ly ads Modificado de Risn, 2014).
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s realiza o trivés de proteinas transmembranales
denominadis ranspartadores de azicares (Oparka
y Cruz, 2000; Chacon y Martinez, 2007; Lemoine
o af, 2015, Runn, 2014) Ademis, como ln sacarosa
pucde ser hidrolizada por las invertasas de b pared
celulay, dwosol y vacuola, existen transportadores
de hexosas ubicados en la membrana plasmatca
o tomoplasto gue permiten ke entrada de glicosa v
fructosa. Ambos monosacaridos influyen en procesos
metabokeos y de almawenamiento como ln biosintesis
de almidon, de proteinas v de celulosa, entre otros.
Los miveles de abundanciay o flup de Jos azucarcs,
pueden ser percibidos por medio de diversos sensores
como la hexocinasa (HXK), la cual desencadena una
via de senalizacion que regula la expresion génica
de acuerdo al estatus encrgético de Iy oéluly (Fig,
2). En comsecuencia, Iy sacarosa, glucosa y fructosa,

actian como moléculas de sefializacion que regulan
la expresian de genes v juegan un papel fimdamental
en el desarrollo de L plantas (Williams ¢ al, 2000,
Ruan, 2011) Alternativamente, los  azicares se
pucden movilizar a pozas no propias de b planta, por
cjemplo la colonizacion de plants por organismos
heterotroficos. mutualistas o patdgenos representa
un componente mas en la demanda de Jos azicares.
Sin embargo, los mecanismos de trangporte v los
transportadores implicados en b partiaon de cabono
entre la plnta y el colonizador son escasamente
conoados. Lo unico que se ha reportado e que en b
interfase generada por los hongos, los transportadores
de membrana controlan la captacion, ol intercambio
y la competencia por los szicares. Existen numernsas
familias de transportadores de azicares en las
plintas, Jos cuales se han chwificado de acuerdo wsn

EC-CA

(

Pared celular

H

aw

Glucosa + Fructosd «———— Sacarosa

GlusFrd

Glicolisis

W~ UDP-GI#
3 "~ Fru

Citoplasma

FLOEMA

Figura 2. La descarga, transporte y metabolismo de sacarosa en las células 1o v oo descange del
floema via apoplasto o dnplasto, Dentas de citosal et puede ser bidrolizada por la invertass de pared celuar (PC-WIN),
por una umertast citoplasmatien (CINV) en d apoplasto v dentro de Is yacvola por la imvertasa sacuolar (V-INV)L Los
productos generados s destinan conso foente de enengia, bloques de construscein o moléewdas de sefializacion. Modificado

e Risans, 2014y

70 FRONTERAS EN LA BIOLOGIA 3

—

164

——r



capacidad de flujo de salida v localizacian subeelular
A continuacidn  se deseriben las caracteristicas
principales de los wansportadores de azicares,

1. Transportadores de sacarosa tipo SUT y

de monosacaridos MST presentes en plantas
La secuencaadn del genoma de la dicotiledanea
Arabadopss thaline v by monocotiledanea Ovyon saliva,
permitio determinar que los  transporticores  de
hexasus v dle suenrosa pertenceen o grandes famibas
multigénicas. Los transportadores de sacarosa (SUT)
y de monosacandos (MST) son miembros de una
superfamilia que comparten una estructura comin

CAPIIULO 6

que consiste de 12 dominios  tensmembrmakes
concctadosporbuckes hidrofilicos, los cuales funcionan
en el simporte de H Zwdcar (Fig. 3A) (Lemoine o
al, 2019), Todos Jos SUT en la via simplistica v en
la carga v descarga del floema durante ¢l wransporte
a lamga distancia, tenen un imporumte papel en b
movilizacon de la sacarosa eélula a oélula (Zhou o
al, 2007). Las proteinas SUT son codificadis por
l)l”l’llll’l-lil ﬁ\ll‘i‘:l f‘l‘ v'"("- (llll‘ ¢l8lll‘)n’l anco sl’llﬂ on
arroz y nueve en A, thahana (Aok ef al. 2003; Lalonde
et al, 2001, Sauer, 2007; Doidy of ol , 2012; Reinders
clal, 2012) Elanabsis mis reciente de los genomas de
algunas monocotileddneas coma el sorgo, el maiz y el

Figura 3. Moddo estmctural de los transportadores de amicares. () I anportdor de apo smporte de
sacarcsa/ H' presenta sus grupos Cs v N- terminal tntracelulaomente, posee doce hielices gque atroviesan la membronm v un
bucle hidroflo entre Ins bélices 6 v 7. (B} Los tramportadores SWEET de tipo umporte con siete domimios ramsmembmnales
y difusionales bidirec clonalme nte (no sdlo catalizan ¢l fajo de salida de los azdeares, dno mbién su absorcidn. Los SWEET
oy traeportadoses de baja afinidad pac la gliacos y 1 cacuns.
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Brachypodium spp Braun y Slewinski, 2009), permitié
la clasificacion tanto en monocotiledoneas como en
dicotileddneas de los transportadores S8UTk en cinco
clados diferentes (Lemoine ¢f ai. 2013). Debido a la
capacddad de interaccién proteina-proteina de los
transportadores SUT 1 de Selantan tuberosum (StSUTI),
se han sugerido diversos mecanismos de regulacion
postraduccional para estos transportadores. Algunos
estudios mostraron que el movimiento vesicular del
StSUT'1 que establece tanto su orientacién subcelular
como el reciclaje endosomal de la membrana
plasmatica se produce de manera dependiente de la
actina {uno de los componentes del citoesqueleto).
Krigel y Kiihn (2013) mediante experimentos de co-
inmunoprecitacion reportaron que algunas proteinas
interactuaban con StSUT1 para su correcta secrecién
a la membrana plasmatica. Por ejemplo, la proteina
heterotriménica Secl| participa en el transporte de
proteinas y sc localiza en el reticulo endoplasmico
(ER) y la Sec34 regula el trafico vesicular del reticulo
endoplasmico (ER) al aparato de Golgl. También
se ha descrito que cuando SUC6 de d. thaliana es
fosforilada, interactna directamente con una proteina
14.3-3y, afectando de esta manera su localizacion
subeelular. En plantas transgénicas de papa se ha
observado mma reduccidn de la expresion de los genes
SUT cuando los niveles de almidén incrementan
drasticamente y durante lainteracdon de StSUT'| con
la adeniltransferasa glucosa-1-fosfatato (subunidad
grande de la ADP-glucosa pirofosbrilasa AGPasa)
una enzima clave en la sintesis de almidon (Biirkle ¢
al, 1998; Hackel ¢ al., 2006; Krigel y Kiihn, 2013).
Li ¢ &, 2012, demostraron en Malus domesica que
SUT1 (transportador perteneciente a la subfamilia
SUTH4) interactia con las proteinas pequeiias
Cyb5 ancladas a la membrana y que participan en
reacciones oxidatvas. Ademads, estos investigadores
reportaron en A. fhaliana la interaccion de AtSUT4
con cnco diferentes miembros de la familia Cyb5,
lo que sugiere que dichos coniplejos podran estar
involucrados en la sensibiidad y la seializacion de
la sacarosa. Por otra parte, como una gran cantidad
de los transportadores de monosacaridos estudiados
se expresan preferencialmente en las membranas
plasmaticas de las células de los tejdos demandantes,
sc¢ ha propuesto que ellos serian los responsables de
incorporar ala glucosa y ala fructosa resultante de la
hidrolisis de la sacarosa (Tanner y Caspari, 1996). En
A. thaliana se han identificado 53 transportadores de
hexosas (MST), 58 en Medicago truncatula, 59 en Vitis
vinifera y 65 en G satiea (Doidy & al, 2012, Lemoine
of at, 2013). Los M3T segim su especificidad por el
susirato, se clasifican en sete subfamilias o clados
entre los cuales se encuentra el transportador poliol/

monosacarido (PMT) v el de inositol (INT). Los

miembros de ka subfamilia PMT,AtPMT1 y AtPMT2
que actuan durante la cargay descarga del floema en
A. thalima, presentan una mayor afinidad por la xilasa
y la fructosa y se expresan durante el desarrollo de
los tejidos de demanda (Doidy & af, 2012). También
los transportadores se han clasificado en base a su
localizacion subcelular, como el de glucosa vacuolar
(VGT), de la membrana de la vacuola -tonoplasto-
(TMT) y el transportador plastidico de glucosa
(PGkT) (Doidy ¢ al, 2012). Los MST sc localizan
en la membrana plasmatica y actian en el simporte
de H*/hexosa, y muestran amplia especificidad
de sustrato, como el AtSTPY especifico de glucosa
y AtSTP14 de galactosa. Después de la captacidn
en el citoplasma celular, los aziicares en exceso se
almacenan en la vacuola, la cual funciona como un
almacén a largo plazo. El almacenamiento vacuolar
¥ su removilizacion posterior impkca un transporte
en membrana, clave para el manteniniento
del metabolismo celular, la osmoregulacion y Ia
adaptacion a las condiciones ambientales (Neuhaus,
2007). Los transportadores VGTs y TMTs s localizan
en el tonoplasto de las vacuolas, y s¢ ha reportado que
AIVGT1 y AtTMT funcionan como un simporte de
H*/glucosa en d. thatiana (Doidy et al., 2012). Como la
capacidad de volver a movilizar los carbohidratos es
tan importante como su captacién y almacenamiento,
una seric de transportadores de eflyjo han sdo
identificados en la membrana del cloroplasto, tales
como los pGleTs, transportadores de flujo de salida
de la glucosa que proviene de la ruptura del almidén

en el cloroplasto (Doidy ¢ af, 2012).

2. Funcién de loz transportadores tipo
SWEET

Las  proteinas SWEET transportan bi-
direccionalmente los azucares através de lamembrana
plhsmatica o del tonoplasto y participan en una
amplia gama de procesos fisiologicos que implican
el flujo de salida de sacarosa del floema (Chen ef @,
2010, 2012, Chardon ¢ af, 2013; Klemens &f al.
2013., Guo & af,, 2014; Lin ¢ af., 2014). Los SWEET
a diferencia de los SUT, presentan siete dominios
transmembranales (Fig. 3B) v son codificades por
una familia multigénica de 17 miembros en A #hatiana
y 21 en O sativa (Chen, 2014). Los miembros de la
familia SWEET de acuerdo con Eom e al, 2015,
se clasifican en cuatro clados filogenéticos de la
siguiente manera: [, SWEET 1-3; II, SWEET 4-8;
I, SWEET 9-15 y clado IV, SWEET 16-17. A su
vez, todos ellos se dividen de acuerdo al ransporte
especifico de sacarosa (Clado I y 1T} y 56lo la fructosa
pertenece al clado IV (Chen ef af, 2012; Lin et @,
2014; Eom & @/, 2015). Durante la carga del floema,
los SWEET permiten la salida de sacarosa de las
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células del floema para su movilizacion al complejo
de elementos cmbosos y células acompainiantes
(EC-CA) y wu posterior carga al floema a través de
una proteina SUT Se ha observado en las lineas
reporteras ASWEET 1] y AtSWEETI2 de A thaliana
que estos transportadores se locabizan en las hojas

en el floema. Especificamente JiSWEETI-GFP en
las células del floema, restrnge el flujo de sacarosa
en la interfase entre el pasénquima del floema y el
complejo de EC.CA (Chen ¢ af., 2012; Eom ef af,
2015} Al observar la expresion de AISWEET en las
hojas durante la etapa de senescencia, se ha sugerido
que dicha proteina tendria un papel importante en
la removibzacion de la galactosa, [ructosa y glucosa
También se ha propuesto que los transportadores
SWEET pueden conmibuir en la transferencia de
asimilados de la cubierta seminal durante el desarrollo
del embrién como AtSWEET1!, ASSWEET1? y
ASWEET1), invalucrados en el eflujo de sacarosa de
los tejidos maternos de la semilla durante el llenado de
las semillas (Chen éf at, 2015ab). Orros estudios han
sugerido que AtSWEETY es esencial en la secrecion
de sacarosa para la produccion de néctar (Lin ¢ af,
2014) Mientras que el transportador de glucosa
ASWELTS, localizado en el tapete de los granos
de polen participa durante ¢l crecimiento del grano
(Guan ¢ e, 2008). Por otra parte, AtSWEET13 y
AtSWEETI4 son necesanos para el desarrollo de
las anteras y las semillas, ademas de relacionarse
con respuestas finoldgicas reguladas por acido
giberélico. La expresion de ambos también ocurre
en la vasculatura de las plantas (Kanno &. af., 2016).
Por otra parte, AtSSWEET 17 y AtSSWEET16 actian
como transportadores de fructosa en las membranas
del tonoplasto, determinando su contemdo en las
vacuolas de células de hoja y raiz (Chardon & 4.,
2013; Guo ¢ al, 2014; Hedrich ¢ «f, 2015), mientras
que AtSWEET4 juega un papel importante en el
transporte de aziicares en tejidos axiales durante el
creciniiento y desarrollo de la planta, y su expresion
se reportd en la vasculatura de las raices y nervaduras
de hojas y flores (Liu e ., 2016). Finalmente,
ASWEET?2 actia en el mecanismo de defensa
contra patogenos, en la restriccion de azucares de las
células epidérmicas de la raiz durante la infeccion
por Pythium irregulare (Chen ef af,, 2015b). Un eswdio
reciente, realizado con homélogos de genes SIWEET
en bactenas (SemiSWEET proteinas pequeiias
que contienen tres dominios transmembranales y
se ensamblan en un tetramero), sugiere que dichos
transportadores pueden formar hamo-oligdnteros
para permitir el paso de sacarosa (Xuan ¢f af.,
2013) Por otra parte, existen diversos reportes del
secuestro de los transportadores SWEET por agentes
patégenos, posiblemente para chtener aziicares para

CAPITUIO 6

su creciniento (Chen ¢ af, 2012; Chong ¢ &, 2014).

2. Mecanismos de los trasportadores de
aztcares durante la interaccién mutualista
planta-microorganismos y planta-patégenos
Los microorganismos de acuerdo a su estilo de vida
pueden ser separados en dos grupos mutualista
(micorrizas) y patogenos biotroficos o necrotrdficos
(Newton ef af, 2010). Aunque los microorgzanismos
presentan diferentes maneras de colonizacién,
ellos han desarrollado estrategias sofisticadas para
evitar o suprinur las defensas de las phntas y
desviar los azacares de la planta hospedera para sn
crecimiento. Estos microorganismos al colonizar las
plantas interfieren en el equilibrio de los érganos
fuente-demanda, modificando el mecanismo de
transporte de azlicares y la particion de carbono en
la planta completa (Biemelt y Sounewald, 2006).
A continuacion se describen los mecanismos mas
recientes sobre lainteraccién planta-hongo.

3.1.Mecanismo del transporte de azicares
hacia los microorganismos simbiontes

Algunos de los microorganismos simbiontes mas
representativos son las micorrizas, cuya interaccién
con [a plantaimplica una cooperacion estable debido a
queademas de estimular el metabolismo y la actividad
fotosintética de la planta, los hongos micorrizicos
proporcionan un mayor acceso a los nutrientes que
no estan directamente disponibles para las raices de
la planta (Bago ¢ al., 2000, Selosse ¢ ai., 2006). Como
recompensa, la plane redirige entre el 4 y 25% de
sus fotoasimilados hacia las raices colonizadas por sn
socio fangico (Graham, 2000; Hégberg y Hogberg,
2002; Hobbie, 2006} Se demostrd que altos miveles
de glucosa y fructosa fucron absarbidos por e[ micelio
extrarradical, mediante un analisis con marcado
isotdpico y espectroscopia de resonancia magnética
nuckar en las raices colonizaday por micorrizas
arbusculares (MA), (Casien et al, 2013) Estas
micornzas a través de una diferendacion dicotomica
ramificada de la hifa, denominada arbusculos
colonizan a las células corticales de las raices de las
plantas, creando una interfase entre estas células y
las corticales. Dicha interfase se considera como el
lugar donde se lleva a cabo la mansferencia de los
azicares (Sun y Xu, 2009). A wravés de este proceso,
se inducen cambios en fa transcripcion del hospedero
que permiten reprogramar lLa particion de carbono
en toda la planta. Por otro lade, las denominadas
ectomicorrizas (ECM) no penetran en el intexior de
las células corticales, sino que envuelven a las raices
afectadas formando la lamada red de Harting, desde
la cnal crecen hifas hacia dentro y fuera. Por lo tanto,
es comunmente aceptado que el intercambio entre
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simbiontes micorrizicos ocurre entre la interfase
arbuscular v las hifas intercelilares (Helber o al,
2011) Aungue se han identificado algunas proteinas
de trunsporte durante este proceso, los mecanismos
que subyacen al transporte y division de los azgcarces
son desconocidos (Fig. 1) Doidy o al, 2012,
reportaron que cuando se ene mayor demanda de
sicarosa en ks raices colonizadis, ks proteinas de
cargge del foema como SUTT podrian participar en
lo descarga de la sacarosi hacia las eélulis corticales
colonizadin por ks micornzis. También a traves de
imporadores de SUT s recupera sacarosa hacia
las células vegetales, compitiendo con la absorcidn

trascripcion de Jos transportadores de sacarosa (SUT)
y acumulicién de sacarosa v monosaciridos en las
pozas, s¢ observaron en ks raices micormizadas de
Solantim dyeopersicun y Trifolimn repens, o que indica
un aumento del movimiento de sacarosa dexde los
organos fuente (Wright et al, 1998; Bolduet al, 2011)
Interesantemente, se observd la sobreexpresion de
SISUTT en 8 tubermsun durante by interaccian con
Rhezophagus weegulans (Gabnel-Neumann o of, 2011)
Otra evidencia sobre by regulacion transcrpeional
de los genes implicados en el tramporte de sacarosa
fue reportada en la ineracaon del tomae con
Rectipalus fascinlatus (Lejeda-Sartonius o al, 2008)

de s hifw extrarradicales Los niveles mis altes de Redentemente, Manck-Gitzenberger v Requena

A

Figura 4. Moddo de la particion del amicar durante la simbiosis de las micornzas arbusculares,
ectomicarrizas y simbiontes. (\) Los hoongos AM penetmun en ko oclula cortienl die Ia planta hospedera o partir de
Ia diferenciacidn de hifay mumificadas Uamaday atbiseulos. La sacumm que se suminiera o [ eélulas corticales desde la
endodermis puede ser catalizada por la cicarosa sintsa (SUS) o la imvertasa ciloplasmica (cINV) a glucosa (Gle) y fructos
() Parn muantener el gradiente de concentranon vomble, bis hexosus poeden ser traslidadis a s vacmla por medio
de Jox transportadores SWEED locakzados en ¢l wnoplasto. Alternaiivamente, b bexosas on S, ubowmm, tumbén son
exprartackn al apoplasto por SISWEETT7. Mientrs que b exportacion dimta de sacamsa al espmicio periarbusenbar, ae
vt w cabo por SISWETL2, donde tambxen o ludmboda por s amertaos de da pared cclulas Una ez hberada b
glucosa y fructosa, estax son ataorbicias por ol hongo a s del tumportador de monoscindos RIMS12 o reabworbida
por transpartadares propios de la oélula de b planta cona MST (en ML tnmcatula) o SUFTZ (en S Seoperdaan). Las eéhulba
vecinay tambien contribuven a la nutricion del arbisedo al proporclomudes axicares simplisticamente. (B Cuando las
hifas de las ectomicarrizas colonizan la wiperficle de la iz crean la red de Hartlg, que farnn una interfase de Hjo de
nutnentes entee ambos sooos Selan reportado dos Gpes de waespostadenes MST para Loccoras bl y Amwite soiaeis,
los cxmles tramsportan Gl (C) Para el caso del hongs smbsdnes, 7 omens v el eptomopatogeno M mbertis, by exprosion de
lon tnaportadores y L bnvertasa TWSUTMRT, Toly Jos permite incorporar ¢ hi crolizar ks sacarona ofertachy por la planta
Maodificado de Manck-Gotaenbeiger y Requena, 2016),
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(2016 mostrarcndurante la colonizacionde S, fuberosum
rom R fvegudaniz una maodificacidn transeripeional de
22 delos 55 miembros de genes de la familia S\WEET,
ademas de I re-localizacion de su expresion en las
células colonizadas, lo que sugiere una regulacian de
Ios SWEEL en la interfase biowética con el hango.
Se han deseritn diversns fipos de transpartadores en
los hangos, tal o5 el casa de MST2 expresado por la
micoraza Glonns spp, que transporta monosacandos
con alta ahiidad dmante el estableciniente de la
simbiosia con las plantas (Helboer of 2t 2011: Doidy
of £l 2012). Del misma mado, el hango micorrizico
Geosiphon pyriformis durante la interaccion simbintica
con las raices dr: las plantas, expresa un transportador
de hiexosa con mayar ahiudad por la glucosa (segudo
de manosa, galactosa v fructesa) impheado en la
simbiosls mutualsta del honge y la raiz (Schuffler
ot al, 2D0R). Un estudia transerptinicn realizado
cn Peputus fremuderdes durante ha interaccién con la
ectoniemniza Lacsain beolsy muosod una estimulacion
general del metabolismo de los carbohidratos, =n
partcular un auments en la expresion de los genes
asnriados ron ol metabolisma del almiddn y sararosa,
asi comn de los ransportadores de azucares (Larsen
¢t d., 2011} Cuas investigaciones han demostrado
que la ualizacion de la sacarosa por dmasita ruscaria
y Hetelema crustuiiniforme, depende en gran medida
ce las invertasas de la pared cenlar (CwINV; de las
plantas (Salzer y Hager. 1991). De marera similar,
Clen y Hanpp (1993) mostraron ¢: protoplastos
de A musearta que la sacarosa y el manitel no fueron
absorbidos, lo que confirma la participacion d= las
CuwINV Los resultadlos anterioves, sugieren que
los monosacandas son la forma en que las ECM
asinilan ¢l carbono liberado por la planta, a prsar de
no expresar nvertasas propias (Schaarschinudt o af,
2006} También existen reportes schre la colonizacion
de Jas raices por parte de hongos bensfices del género
Trirhnderma, capaces de degradar v exportar Ia
sacamsa ¢xuclada por las plantas. Vargas ef al (2009)
denostraron medianie la expresion de una tsvertasa
intracelular :72{AV}, que la sacamsa provenients de
la planta de maiz osta intrinsecamente relacionada
con la colnizacion de la raiz par Dchoderma vireus
s decir, 1z actividad sucmolitica de las celulas fungicas
alecta s particion de cabono ¢ incrementa la tasa
de fotosintesis en las hojas. Postenormente, el mismo
grupce de trabajo idenuficé en el genoma de 7
rivens, la secuencia de un wansportader de sacarnsa
similar al reportado en plantas: Go29 & (7oSUT)
El transpurtador TvSUT actha coma un simporte
de sacarosa altamente especiico que se mnduce =n
las primeras etapas d= la colonizacion de la raiz y
sola hajn ol establecimiento con las plantas, debido
a que su expresian tiene un efecto perjudicial sobre

CAPITULD 5

el crecimiento fungico ;Vargas ¢ at. 20113 De igual
farma, el hongn mutualista y patagenn de insectns
Metarkizium whotsi, expresa un transportador de
rafinosa y sacarosa (MRT), anico para los hongos
hlamentcsos  ascomicetos y  hasidiomicetos, que
es csencial para =l creciniento en clignsacandes
heteralogos, praparcionande asi mna  exphicacion
para el establecimienta del hango y su competencia
cun otros microvrganismes de la dzdsfiora (Tang y St

Leger, 2010y

3.2.Mecanizmo del tranzporte de azicares
empleado por los patégencs

Los hangos patagenas en terminns generales pucden
dividirse en dos grupcos: biowohcos y necromoficos
{Glazebrook, 2003; Jenes y Dangle, 20U0). Los
primerns son parasites que han desarrollado un
nmiecamisma para crerer dentmo de las células de la
planta cvitando la defensa de las mismas (Mendgen
y Halny, 2002), lu que significa que sou capaces de
difundirse rapidamente en todo el tepde vegetal v
al mismc tiempo, desvian los nnmientes de la planta
pava alimentarse y rrecer a expensas de ella. Por ¢l
cantrania, los nccrotroficos utilizan toxinas y enzimas
para matar y degradar a ks cClulas vegetales (Oliver
Ipcho, 20104). Estos esnlos de numricion son altaments
distintivos entre los hongos, ¥ a pesar de que las
plantas han desarmllads mecanismns de defensa
para hacer frente a dichos patégenos, fstos pueden
presentar ambos tpos de natricion, cs decie pasan de
un crecimiento biotrofico hasta causar la muerte de
las células vegetales (Oliver e Ipcho, 20045 Wilsan v
Talbot, 2009). Un hongo patbgena pars crecer debe
asegurarse una fuente de carbana organico a partir de
la planta, sin :mbargo na sc conoce la dinamica del
creanuento del hongd iwvasor 2o el tejido vegetal. Los
hongos son orgamsmos osmotrofices, lo que sigmfica
que proliferan en w sustratc mediante la secrecion de
enzimas extracelulares que degradan polimers camn
Iz celulosa, lignina, prateinas, y lipidos para obtencr
azacarcs  sumples, andnoacidos v acidos  grasos.
Dichos mongmeres son absorbidos por las lfas de=
los hongos a wavés de transportadores localizados en
la memhrana plasmatica (Mendgen y Hahn, 2002,
Tunlid y Talbot, 20:02).

3.3.;Como los patogenos biotréficos
adquieren nutrientes de las células
hospederas de |a planta?

Para entender el procesn de adquisicién de nutrientes,
es esencial convcer ¢l mecanismoe por ol cual los
hongos patogenos entran en el te)ido vegetal. Un gran
numero de especies de hongos patcgencs de plantas,
desarmallaren células  especializadas  lUamadas
apresarics, que rompen la cuticula de las plantas y asi
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entran a las células epidérmicas. Como estas altimas
células no pueden romperse, el iongo es invaginado y
crece dentro en el espacio entre la membrana
plasmafica y la pared celular de la célula vegetal
(apoplasto) a través de la formacién de haustorios.
Este proceso permite la generacion de una interfase
especializada donde se secuestran los nutrientes de s
células del hospedero a través de los transportadores
de hexosa (HXT'1) expresados en los haustorios (Hall
y Williams, 2000; Vocgele ¢f af, 2001; Mendgen y
Hahn, 2002; Panstruga, 2003; Wilson v Talbot, 2009,
Voegele v Mendgen, 2011). Las nvestigaciones en
Ustilago maydis, un patégeno biotréfico que causa la
enfermedad denominada carbén en maiz propordond
un avance significativo en la compremsion del
mecanismo empleado para adquinir azicares a partr
de la planta (Wahl ¢ @/, 2010). En este estudio, los
autores identificaron un transportador de sacarosa
codificado por el gen SR77 y localizado en la
membrana plasmatica, que participa en la virulencia
del hongo. El transportador SRT1 posee un valor de
K,, bajo, 26+ 4.3 pM, lo que indica que el hongo es
capaz de absorber mas eficdentemente la sacarosa
extracelular en la interfase durante la competencia
con otos transportadores de sacarosa de la familia
SUC de la planta como ZmSUT1 (Wahl et af, 2010;
Doidy ¢ af, 2012; Morkumas y Ratajczak, 2014).
Ademas, también se ha establecido que la sacarosa
puede ser ntilizada directamente por los patogenos sin
necesidad de llevar a cabo una particién extracelular
por las invertasas secretadas por el hongo. Se observé
que el transportador SRT1 se expresa especificamente
durante la invasion de los tefidos de las plantas por &
mayds y que este efecio no se presenta, aun en
presencia de sacarosa como fuente de carbono cuando
el hongo se cultiva lejos de una planta. Lo anterior
sugiere que la expresion de SRT7 se induce por sefiales
procedentes de la planta (Doidy ¢ o, 2012; Morkumas
y Ratajczak, 2014). Como se nienciono anteriormente,
en los tejidos infectados la demanda de carbono por
parte de los hongos crea una competencia adicional
con las pozas propias de la planta. Ademas, existe una
controversia acerca de qué tipo de azucar es el
empleado por los microorganismos, debido a que a
pesar de ser la sacarosa la forma en que se transportan
los fotoasimilados en el floema, la glucosa parece serel
principal cartbohidrato importado desde el hospedero
hacia el parasito. Se ha reportado que la sacarosa
localizada en el apoplasto es hidrolizada por ks
invertasas de la pared celular (cwINV) y existen
diversos estudios en diferentes especies de plantas, que
muestran un aumento de la actividad de las invertasas
en respuesta a los hongos (Roitsch ¢ 4., 2003; Kocal &
al, 2008; Siemens ¢ af, 2011). Este mcremento de la
actividad de la ¢wINV en los tejidos infectados

constituye una importante fuerza impulsora de la
descarga de azucar, debido a que la infeccion ocasiona
un inaemento general de los niveles de glucosa
apoplastica (Hall y Williams, 2000). Aunque se han
identificado varios genes de plantas que codifican para
invertasas, su expresion correlaciona con ¢l aumento
de la actividad propia de la cwINV (Totopoulos ef al.
2003; Hayes eial., 2010). Se ha reportado que cuando
el hongo Lyomyees fabae interacciona con Vicia faba, se
incrementa la actividad de la UFINV1 (Voegele ¢ al,
2006). Un caso similar fue reportado durante la
infeccion de Vits vingfera con Boirytis cinerea (Ruiz y
Ruflner, 2002). Ambas interacciones tuvieron como
consecuencia la acumutadén de hexosas en el
apoplasto, debido a la estimulacion en la expresion de
los transportadores de hexosas de los hongos y de las
plantas (Wright éf ol.. 1995, Clark y Hall, 1998). Oros
estudios en hongos patogenos han sugerido mn papel
esencial de los transportadores de hexosas durante la
infeccion de la planta. El hongo que causa la rova del
frijol, U fabac, expresa en el haustorio de las hifas un
transportador tipo simporte de H* con especificidad
para la glucosa (Voegele ¢ @, 2001). Ademas se han
caracterizado en el patogeno hemibiotréfico
Colletotrichum graminicola, cinco transportadores de
hexosas (CgHXT1-5), que poseen gran especificidad
por el sustrato. Los genes (gHXT son expresados
diferencialmente durante todas las fases de infeccion,
desde su comportamienio biotrofico hasta necrotréfico
(Lingmer ¢t al, 2011). También se ha reportado en B
cinerea un transportador de fructosa de alta afinidad
(BcFRT1). No obstante, el gran nimero de reportes
sobre los transportadores de hexosas, el mecanismo de
absorcion de sacarosa de forma directa es
probablemente una estrategia por parte de los hongos
para prevenir las respuestas de defensa de las plantas
que se desencadenan por la liberacion de glucosa a
partir de la hidrolisis de la sacarosa (Ehness ef af,
1997). Por esta razdn, el hospedero presenta una
estrategia de defensa indirecta que consiste en privar
al patégeno de su fuente de carbono limitando Ia
disponibilidad del azicar en la interfase. Varas
investigaciones han descrito después de la estimulacion
por patogenos biotroficos y necrotroficos, un aumento
en la capacidad de recuperacion de la glucosa por los
tefidos del hospedero (Fotopoulos ¢t 2/., 2003; Azevedo
¢t al, 2006). Algunos transportadores MST de la
plnta estan implicados en la reabsorcién de azicar
después de la mfeccion (Bitmer, 2010; Slewinski,
2011). Ejemplo de ello es 1a regulacién de la cwINV
ABFRUCT! y del mansportador de hexosa AtSTP4
en hojas de A iheliene infectadas con Erysphe
sichoracearun que correlaciona con el aumento de la
actividad de la invertasa y la reabsorcion de glucosa
(Truernit & al. 1996; Fotopoulos et al, 2003). Lo antes
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descrito sugiere una coordinacon fundonal de os
STP v ewINVs en el suministro de hexosas para las
pozas Por otro lado, la induccion del wansportador
STPY por Blumeria grominis, tumbién estimuld ln del
homélogo ASTP4 en hojas de trigo infestadas (Sutton
¢ ak, 2007). En hojas de maiz infestadas por ¢l hongo
€ graminicola, tambidn se observé una mayor expresion
para el ransportador de sacarosa (Vargas of af, 2012)
Mientras que en hojas de vid infestadas por Eryuphe
nevtor . Plasmopara edicola foeron inducados numerosos

CAMITULO 6

ransportadares de hexosas, en 1 agfern ln expresiom
de 1eIFT5 fue estimulada en respucsta a heridas. De
acuerdo u Jos autores, ko anterior sugicre un papel de
dichos transportudores en la respuesta de by plant al
estrés (Hayes o al, 2010), El wansportador VVHTS
presentd. mayor similimd con ASTPIS y ambos
mostraron altaafinidad para la ghicosa (K_=89mMy
K =74 mM, respectivamente) (Haves of al, 2007,
Abufa-Bastien of al, 2010} En el caso de los genes
SWEET, su expresion tambicn se induce durante

Célula hospedero

Figura 5. Modelo de Ia particién del azdcar durante la interaccién con biotréficos patégenos. (\) £l quo
expresa el transportador de fructosa BeFRT L, el cual contribuye a la germinacion de Las esporas duante la infeccion en
contferie. Se b roportatko en L burdiowe, vuna induceion sgnificitiva mstinda por ROS del trampartador de ghucosa ViSWEETY
on bnembcna plsnuancs, as como oo Jos wansportadores AMSWEE T2, ASWEET TS y ASWEED7 Jo que incremaonta b
suncept bilicad de Bas plantas al padgeno, alser estos trampeostadornes oopleados por o hongg pars ks adeguisiciin deiencanes
(B) En £ sy e sdentifico al tramportador de sacuos SR d cual compite con ZmSUT T porla sscuow enla interfise,
Micaitras que (2 gramamicols expresa diversos transporudores de bexosa, galactosa y losa (CgHXT 1-5) determinantes durante
su enrta fase blatedfics a necrotrdfica. (C) B tranpartadar de hexos en P aiifre VVHTS fue altamente inducido junto con
L invertiva de la pared celular VoewINV durante la infeecion de £ weator v 2 otiosda. Ut efecto smbar e observado on la
intevacd dn de 4 thaliona v E. cichontesamem, donde b inducadon de la expeeddn del gon 85T v ol de la ivertaa de pared
celudar AYiFrwet], avmentaron sustanciadmente ducante L isfood do pon este patogeno. (D) B longo Wiotofo £ fie cxpresa
un mansportador de besos en by membsana plismation Inustonal, suginendo goe estie transpeatidor preede tenser oo papel
fundamental en I ransferencia de la glucosa disponible, va que kos niveles de este axicar aumenta consderablemente por b
antivickad de b boertasa prodhecds poc el nssimo hotgo
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invasion de hongos patogenos (Chen ef al, 2010 La
infeccion en A. thatiana com Galoemomyecs cickovacearim,
induce la expresion de ALSHEET] 2, mientras que la
de B singren estimula la de ASIWEETS, AISWEETIS y
AtSWEET!7 Esta regulacion diferencial suglere que
cada patdgeno tiene Sv PIOpIO  MECAISIO
especificamente  adaptado  para  secuestrar  los
carbohidratos de su hospedero (Slewinski, 2011;
Talbot, 2012). Otro mecanismo para la restniccion de
Ios aziicares durante la competencia con los patdgenos
I> describe Chen ¢ af, 2015b, durante la infzccién de
Prtiium ivregulare en A thaltana, donde la expresion de
ALSWEET?  (transportador que contribuye a la
secreeién de glucosa) localizado especificamcnte en el
tonoplasta de las vacuolas de las células epidérmicas
del apice de la raiz resninge lasalida de carbono de [as
raices, secuestrando asi a la glucosa denme de la
vacuola Todos los mecanismos antes mencionados se
representan en la figura 5.

Conclusiones

Se ha generado un cenociniento considerable sobre
los genes que codifican para les transportadores de
aziicares involucrados en las interacciones planta-
hongos, gracias a las recientes aportaciones sobre
Ios genomas y analsis del transcriptoma de plantas
y hongos. A pesar de diches avances, escasamente
conocemes los mecanismes del flujo e intercambio
de nutientes en las interfases generadas entre las
células hospederas colonizadas por microorganismos
numalistas y patogenos. Como se menciono
anteriormente, los wransportadores de aziicares son
elementos clave para la regulacicn de este proceso,
por lo que la comprension de los cambios que canlleva
la particion del carbono en la planta puede cn un
futuro proporcionar herramientas para incrementar
la producovidad de lcs cultivos, al controlar el
reclutamiento de hongos benéficos y hmitar la
disponihilidad de aztcares para evitar infeccioney de
hongos patogenos.
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Introduction

The mechanisms underlying the symbiotic interaction between Trichoderma and plants
have been widely investigated in recent years. These fungi possess a range of attributes
that make them very promising crop biostimulants from the greenhouse to field applications
(Lopez-Bucio et al, 2015; Doni et al., 2017; Didnez et al., 2018). Along with their critical influ-
ence in the modulation of root architecture, which helps plants to better acquire water and
fertilizers, Trichoderma reinforces immunity via inducing priming depending on the canonical
hormones jasmonic acid (JA), salicylic acid {(SA), and ethylene (Et) and improves biotic and
abiotic stress resistance (Contreras-Corngjo o al., 2011, 2014a. 2015b; Martinez-Medina
et al., 2017b; Florentino et al., 2018).
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58 Y. Mechansien of plant imemmiry sriggesed by Trichadorme

The mutual fungal—plant perception starts with the aadification of the substrate and the
emission of volatiles and diffusible molecules by Trichoderna, which triggers changes in host
metabolism such that an array of lipids, phenolics, carbohydrates, amino acids, and second-
ary metabolites are secreted into the rhizosphere, which act as microbial inducers (Nicto-
Jacobo et al, 2017; Pelagio-Flores ¢t al, 2017, Gonzflez-Pérez ¢t al, 2018; Macias
Rodriguez et al, 2018; Lucini et al., 2019).

Although early studies with Trichoderma spp. highlighted their biocontrol properties,
recent data point to a more critical influence of these fungi on phytostimulation and
bioprotection, but how these two mechanisms are linked still remains unknown. The sessile
lifestyle of plants demands efficient responses and adaptive traits to be activated against
simultancous stresses, including pathogen challenges, nutrient starvation, and exposure to
toxins and contaminants, which compromise growth. Growth—defense trade-offs are fine-
tuned depending on environmental factors or biotic interactions, and this should be of
tremendous agricultural relevance. In this chapter, we focus on the molecular aspects of
Trichoderma—plant interaction and their impact on orchestrating plant immunity.

Trichoderma root colonization

During root colonization, Trichoderma surrounds the epidermal cell layer and forms
appressoriume-like structures to penetrate internal tissues where it spread through the apo-
plast (Mukherjee et al, 2012; Yedidia et al, 1999; Chacon et al, 2007; Shoresh et al, 2010;
Mukherjoee et al, 2012). Attachment to the root epidermis by the hyphae occurs via hydropho-
bin and hydrophobin-like proteins, which act as adhesive agents (Seidl-Seiboth ot al, 2011
Mendoza-Mendoza ot al. 2018). A hydrophobin-like protein, TasHydl from Trichoderma
asperellum, is involved in cucumber root colonization (Viterbo and Chet, 2006). Similarly,
Trichoderma harzimunt QID74, a cysteine-rich cell wall protein, is necessary for tomato root
attachment and colonization (Samolski et al, 2012). An analysis of the secretomes of Tricho-
derma atroviride and Trichoderma virens resulted in the identification and characterization of a
class II hydrophobin TVHYDII1 with a role in root colonization of Ambidopsis by T. virens
(Guzmian-Guzmdn et al., 2017).

Penetration of the hyphae into the root requires the secretion of cell wall degrading enzymes
and other proteins that inactivate the antimicrobial peptides, prevent deleterious effects of reac-
tive oxygen species (ROS), and inhibit plant proteases (Viterbo et al, 2004; Tirotman et al, 2008
Martinez-Medina et al, 2016). Furthermore, an expansin-like protein termed swollenin
(TasSwo) from T. asperelium and cerato-platanin family proteins including Sm1 remarkably
increase oot colonization efficency, tngger ROS production, and activate defense-related
genes in the plant host (Djonovic et al., 2006; Brotman et al., 2008; Baccelli, 2014),

Recent evidence indicates that acidification of the substrate is important during plant-
fungus interaction. Soil pH is a major factor for plant growth distribution in ecosystems,
and therefore the acidification induced by Trichoderma modulates several growth and devel-
opment responses in Arabidopsis seedlings, indicating that root sensing of pH mediates the
interaction of Trichoderma with plants (Pelagio-Flores et al, 2017). The notion that plant
defense could be regulated in response to the soil acidification induced by Trichoderma is

L Agri-plant section
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Pane ddenee 1riggeend by Trachadrms 59

supported by the fact that genes mvolved m responses to pathogens and defense-assocated
hormones, such as a SA, change in Arabidopsis seedlings as a response to low pH (Lager et al,
2010). Global gene expression analysis in response to low pH in wheat seedlings revealed the
induction of 16 genes belonging to the WRKY transcription factor family, most of which
contain McJA response elements, as well as genes of SA, JA, and Et-related pathways
(Hu et al, 2018).

Recent studies have focused on the identification of possible effector-like proteins among
the predicted secretomes of Trichoderma spp. using bioinformatics tools (Lamdan et al, 2015,
Mendoza-Mendoza et al, 2018; Nogueira-Lopez et al,, 2018). Proteins related to pathoge-
nicity or virulence factors are considered as possible effectors, but some putative glycosyl hy-
drolases and small secreted cysteine-rich proteins have important roles in early fungal—plant
interaction (Lamdan et al, 2015; Nogueira-Lopez ¢t al, 2018; Mendoza-Mendoza et al., 2018).

Plant defense triggered by Trichoderma

Most fungi are saprophyte organisms that feed on dead or decaying plant matenial, as such
they possess a battery of degradative enzymes, which makes them metabolically diverse and
enables their adaptation to many habitats and ecological niches (Harman et al., 2004; Lopez-
Bucio et al,, 2015), At the rhizosphere, Trichoderma establishes a chemical dialog with the
plant that mostly leads to symbiosis, and as a result, the structural and biochemical properties
of plant cells can be locally or systemically modified upon perception of structural compo-
nents or secreted metabolites including small volatiles and diffusible compounds, which
target root epidermal cells before physical contact (Kotth et al, 2015; Gamica-Vergar
et al. 2016). These elietors can be recogmized as microbe-associated molecular patterns
(MAMPs) by membrane receptors of plants called pattern recognition receptors that activate
a MAMP-triggered immunity signal transduction cascade (Newman ot al, 2003; Bigeard
et al,, 2015),

Later on, the perception of structural components of fungal cell walls or its derivatives
may help prepare their hosts for the mutualistic relationship (Sinches Vallet et al, 2015),
Upon interaction between mycelium and root epidermal cells, the host response can be
strengthened by plant cell wall-derived molecules known as damage-associated molecular
patterns (DAMPs), released as a result of fungal enzymatic activity (Iermosa et al, 2013
Bisen et al, 2016; Martinez-Medina et al, 2016).

Trichoderma elicitors can also activate the so-called effector-triggered immunity (Jones and
Dangl, 2006; Boller and He, 2009) that leads to generation of ion fluxes, the production of
ROS, nitric oxide (NO), and Et callose deposition, and phytoalexin production (Ahuga
et al, 2002, Newman et al,, 2013). The preparation of plant organs to pathogen attack is a
positive response to several Trichoderma species through the priming reaction (Conrath
et al,, 2015), which leads to induced systemic resistance (ISR) and/ or systemic acquired resis-
tance (SAR) and subsequent expression of genes encoding pathogenesis-related proteins and
defensins (PDFs) (Karolev et al, 2008; Veldzquez-Robledo et al,, 2011; Mathys et al, 2012;
Contreras-Comejo et al, 2011, 2014¢).

L Agri-plant section

187

~=
| —



w Y. Mechansien of plant imemmiry sriggesed by Trichadorme

Trichoderma elicitors and priming

Chemically induced priming may be integral to the defenses elicited since a wide range of
bivactive metabolites are secreted by Trichoderma spp. during their interaction with roots.
Peptaibols are linear peptides synthesized by nonribosomal peptide synthetases, classified
according to their chain lengths (Szekeres ot al, 2005), These are mainly known due to anti-
fungal and antibacterial propertics and also trigger defense responses in plants (Bisen ot al,
2016). Alamethicin, one of the most representative peptaibols produced by Trichoderma,
induces both endogenous JA and SA levels in lima bean leaves (Engelberth et al,, 2001),

Application of two synthetic 18 amino acid peptaibol isoforms from T. virens Gv29-8 to
cucumber plants conferred systemic protection against the pathogenic bacteria Pseudomonas
syringae pv. lachrymans, whereas mutation of Tex1 gene, a protein product that is involved
in the biosynthesis of peptaibols, renders less protection to the pathogen (Viterbo o al,
2007). Supplementation of low concentrations of alamethicin to Arabidopsis seedlings trig-
gered callose deposition, production of ROS and phenolic compounds, and the upregulation
of some defense-related genes (Rippa ot al, 2010), while trichokonins from Trichoderma pseu-
dokommgit strain SMF2 boosted de against the tobacco mosaic virus (Luo et al., 2010)
and Peclobacterium carotovorum subsp. carotovorum in Chinese cabbage (Li ot al, 2014).
Recently, trichokonin IV, a major constituent of the group of TKs peptaibols, induced sys-
temic resistance against Bofrytis cineren and at the same time promoted growth in moth orchid
(Zhao et al, 2018). Interestingly, in a similar way to peptaibols, harzianic acid, a secondary
metabolite produced by T. harzianum, protected tomato plants to the pathogenic fungi Ririzoc-
tonia solani, by inducing the chemical defenses (Mangariello ¢ al, 2018), and harzianolide
mediated tomato systemic resistance against Sclerotima sclerotiorum through the involvement
of several SA and JA/Et-related genes (Cai et al, 2013). Very recently, an intracellular iron
storage siderophore from T. virens was related to root colonization of maize seedlings and
the induction of ISR (Mukherjee et al, 2018),

Several volatile metabolites from Trichoderma have been identified through chemical
screens, but their roles during the plant—fungus interaction have been little studied. One
of the most abundant VOCs emitted by Trichoaderma is 6-pentyl-2H-pyran-2-one (6-PP),
a metabolite with dual functions on plant growth and defense (Vinale et al., 2005; Kottb
et al,, 2015; Gamica-Vergara et al, 2016). El-Hasan and Buchenauer (2009) showed that activ-
ities of peroxidase, polyphenol oxidase, and i-1,3-glucanase defense-related enzymes were
enhanced by 6-PF application to maize seedlings, which correlated with control of blight
discase caused by Fusarium mondiforme. Similarly, the symptoms caused by the infection
with B. cinerea and Alternaria brassicicoln in Arabidopsis thaliama were reduced when plants
were preexposed to 6-PP, which increased expression of defense-related genes (Kottb ot al,
2015). In addition, the production of trichothecenes by Trichoderma arundmaceum triggers
defense mechanisms in response to infection with B. cinerea faster and at higher levels
(Malmienca et al.,, 2012, 2015).

Different enzymes from Trichoderma spp. such as cellulases (Thphl and Thph2), xylanases
(Xyn2/Eix), and endopolygalacturonases (ThPG1, TvPG1 and TvPG2) function as potent clic-
itors of ISR directly or through the host perception of plant cell wall fragments (DAMPs)
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(Martmez et al, 2001; Rotblat et al, 2002; Ron and Avm, 2004; Moran-Diez et al, 2009;
Benedett: o al, 2015; Saravanakumar et al, 2016; Baroneelli et al, 2016; Sarrocon et al,
2017) (Table 3.1).

Trichodrmaag suvine may wippres e Esmuiry

Trichoderma auxins may suppress root immunity

One of the most representative and ubiquitously distributed plants’ hormones is the auxin
indole-3-acetic acid (IAA). Trichoderma species produce IAA and its precursors indole-3-
acetaldehyde, and indole-3-ethanol, whose levels increase following application of trypto-
phan (Contreras-Comejo et al, 2009; Hoyos-Carvajal et al, 2009; Shi et al, 2016;
Nieto-Jacobo et al., 2017).

Trichoderma auxins activate mitogen-activated protein kinase (MAPK)—mediated signaling
transduction pathways (Ahuja et al,, 2012; Contreras-Comejo et al,, 2015a; Hake and Romeis,
2018), Additionally, Trichoderma triggers activation of MAPKs through MAMPs/DAMPs that

TABLE 3.1 MAMP; from Trichaderma spp.

MAMPs Plant responses References
Peptasbols (alunethicin, trichokonins,  Ehcitation of systemic defense and  ogeliath ot ol Q001), Viterbo et o)
and 18mer or Wmer peptaibols) JA and SA biosyniheses QU07), Luo et al 20100, Rippa of al
(2010
Cellulases Induce defenses theough the Martinez ot al (2001), Saravanakumar
activation of the SA and FT ot al. Q0NA)
signaling pathways
Xylanases (Xyn2/Fix) Induce ET production and plant Rotbkat et ol 2002)
defense nsponse
Cerato-platanins Sel/Epll Induce expression of defense Dfonovic et al, (2006), Seid! et al
responses and resistance against  (2008), Caderer of al (2015), Gomes
pathogers ot al. (2015)
Swollenin (TasSwo) Expression of local defense Beotman ot al. (2008)
responses and profection against
pathogens
Secondary metabolites Activate plant defense mechanisms Vinake et al (2008), Malmieren of al
(trichotheoenes, 6 PP, harsdanolide, G012, 2M58), Cai et &l (2013
and harzianopyridone)
(ThIGI, Induce ISR-like defense Motdn-Diex ot al, (0009, Denedetti
TePGI and TVPG2) wt al. (015), Sarrocco et al. (2017)
Aved andd Avi¥ homologs Induce hy persensitive resporse wmd s of ol (008), Marre ot ol
other defense-related reactions (2006)
LysM protein TALG Mudiates plant defense responses  SeidkSedoth ot al. (2013)
and fungal growth
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mduce downstream defense responses (Vos et al, 2015). The Arabidopsis MAPKs MPK3 and
MPK6 and the MAPK-kinase encoding gene (MKK4) are among the activated 1
(Shoresh et al, 2006; Mathys et al, 2012; Contreras-Comejo et al, 2015a). The mitogen-
activated protein kinase 6 (MI'Ké) is a critical signaling protein that acts as a node in plant
growth and defense (Contreras-Comejo ¢t al, 2015; Hake and Romels, 2018),

Auxins may act as a reciprocal signaling molecule during Trichoderma—plant interactions
because of their bicactivity in modulating cellular responses in organisms from different
kingdoms and lifestyles (Spaepen and Vanderleyden, 2011; Kunkel and Harper, 2018),
Available evidence points to an antagonistic role of auxins in plant defense because IAA
biosynthesis and signaling promote an increased susceptibility to some phytopathogens.
Navarro et al. (2006) found that fig22, a peptide that elicits resistance of Ambidopsis to
P. syringae, induces a planl microRNA that interferes with auxin signaling via repressing
the expression of the auxin receptors TIRL, AFBZ, and AFB3 with concomitant restriction
of P. syringae growth,

In a recent report, McClerklin et al. (20185) showed that P. syringae DC3000 produces IAA
from indole-3-acetaldehyde and that disruption of indole-3-acetaldehyde dehydrogenase,
which catalyzes its conversion to IAA leads, to reduced auxin biosynthesis by the palhngen
which correlated with decreased virulence in Arabidopsis. Thus, auxins should be considered
as candidate molecules that suppress plant defenses during interactions with microbes of
different lifestyles and may help Trichoderma during root colonization likely via suppression
of SA-mediated defenses (Wang ot al., 2007; Mutka et al, 2013),

Priming and crop protection

The term “priming” was coined to define a plant physiological state that responds faster
and/or stronger to pathogen attack and involves SAR, whereby local pathogen damage
primes SA-dependent defenses in distal tissues (Conrath et al, 2015). Interactions with rhizo-
sphere microbes, such as beneficial bacteria and fungi, which normally act as probotics, can
also elicit the so-called ISR, which involves JA and Et biosynthesis and signaling (Verhagen
et al, 2004; Van der Ent et al, 2009; Van Wees ¢t al., 2008), Application of microbes or their
derived metabolites that induce priming is increasingly considered a promising option for
integrated pest and disease management (Gamir ot al, 2012; Conrath et al, 2015
Luna et al, 2015).

Several reports indicate that in model plants and crops Trichoderna species induce priming
through multiple mechanisms, regulated at least in part by biocactive metabolites that cross
talk with the host defense hormonal pathways. Concomitantly, the SA, JA, and Et pathways
mediate the protection conferred by Trichaderma to pathogen challenge in Ambudopsis
(Mathys et al., 2012), grape (Perazzolli et al., 2012), tomato (Leonetti et al., 2017; Martinez-
Medina et al,, 2013, 2017a,b; Jogaiah et al., 2015), and melon (Martinez-Medina et al, 2014;
Didnez et al., 2018) (Table 3.2)
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TABLE 3.2 Trchaderma-mediated defense responses m plants sgminst different types of pathogens,

Trichodernma
strain Plant host  Target pathogen Genes/T'roteln References
Trichoderma Cucumber  Plrytoplithorir cspici Chitinase and peroxidase enzyme Yodidia ot al,
hatrziamum (1999)
T. harzition Tomato Rotrytes comeres A nesponsive genes like midtcysdatin Martines-
(MC), prodeimese inhibifor 1 (PLL), Maskin of al.
prosystemin (PS) (2013)
T. harziamieme Grapevine  Plaswopars vitionls Several biotic/ablotic stress response Palmberd ot al
and defense-related proteins Q012)
T harziampn  Sunflower  Rhwzoctomin solani PAL, polyphened wxidase (PPO), peroxidases Singh ot al
(PO, cit gl aleokeal debupdrog (2014)
(CAD), PR-2 and PR3 geos
T harziamem  Arabidopsis B, cineroa SA, JA/ET-impaired mutants Koeoley et al
Rigat T39 (2008)
T, harzamon Potato R. solam: PRI, PRL PAL, Lax, and GST1 genes Callou ot al.
MUCL 29707 (2009)
T. Irziamu Soqﬂ:un ) o= 2o g - ' P R R T m P 14 Zhang et al.
T-aloe (POD), and catalase (CAT) enzymes and  (2016)
PRI, PR2, and PR3 grnes
T. hatrzigiim Olive trees  Fusarium solani Diverse genes involved in an oxddative  Awioa ot al
Thed7 burst, PR-proteins, phenylpropanaid 2my)
pathway, and hormonal status
T. harzsamion Cucumber, B. aneron @-1.3-glucmmwe, PALL CHITT, LOX1, PRI, Aliradch
Trb with Arwbadopses ror.2 ot al. ROTY)
Peewdomorts sp.
i
T. harziamese Oflsend S. sclerotiorian (Lib) Allene oxide cyclase 3 (AOC3), PDF1.2. Alhoutanes
THIR2 rape ethylene response factor 2 (ERF2), PR-1, et al. QU17)
transcription factor 5 (TGAS). and
transcription factor 6 (TG6)
T. harzamon Com Colletotrichum gramumicels 1,3 glucanase, exochitmase, and Farman et al
2 endochitinase enzymes (2004)
T harzianun Tomato  Macrosiphum ephorbiae Several SA/JA-related genes Coppola
™ (Thomas) ot al 2017)
Apheidins ervi (Halkday)
T, Jeziamn Tormsato Cucimber pevaic sires CrfZn superoxide dissutase (CofZu-SOD),  Vith et 4l
T2 €MV) M superavide dissmutise (Mir-SOD), CAT, (2015)
APX, and pathogeneses related conmatne
fsensitive 1 (COI-1)
T harziomon  Pistachio  Vertkeillion dahline PO, PAL enzymes. and total phenols Foroohiyan
fsolates o al. 2017)
(Contrmund)
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TABLE 3.2 Trchoderma-medived deferse rey m plants agamst different types of pathogens—cont'd

Trichodenna
strain Plant host  Target pathogen Genes/Protein References
T harzimum Ol polm  Ganoderma bowinense PER71 Several genes involved in MeJA/MSA/  Ho ot al
Rifai strain T32 ET biosynthesis, secondary metabolites, L2006, 21180
ROS scavenging, cell wall mwetabolism,
and detoxification of phytotoxic
compounds
T harzimum  Tomato  Meloidogyme incogmita P11, MC, PR1a, and PR-P6 Martiner
T.78 Maxfina et al
(2n7h)
Trichoderma Cucumber  Peeudomsonts syringae po.  PAL and hydroperoide Ivase (HPL) Yodidia et al
asperctlion T-203 TocTrymans 2003)
T wsperclum Cuocumber P, syringae po, bckrymans Several proteins involved in ROS Separra ot ol
1-203 scavenging, stress nesponse, isoprenosd,  (2007)
and ethylene baosynthesis.
T. asperellum  Arabidopsis  P. ayringae pv. tomato, LOX2 gene and transcription factor Segarra et al
R Hyaloperomaspora parasition.  MYB72 )
Plectosghaercla cucrmering
T. aspereilum Cucumber  P. syringae po. bachrymans  LOX1, PALL, ETR1, CTRY, chitimese 1 Shoresd et al
M (Chitl), 3-1.3glucanae, and peroxidase 2005)
T. aspereltum  Arabidopsis P syringae po. tomato PR-1, PR-2, PR-3. PR, PR-5, POF1.20.  Yoshioka
SKT-1 and tegetative storage protein T (AIVSpl) et al (2012)
B
Trichoderns Marze C. gramaricole PRI, PR5, PAL. allene oxide synthase Dyonovet
wirens (AOQS), 12-oxophytodienaule rafuctase 278 ot al. (207)
(OPR2JOPR7/OPRS), futty acil
lwdroperaxide lvase, dioroplestic (HPL),
and LOX10
T. virews Tomato  Fesriiom axysperin PDFL, PR1a ksgaiah et al
[ sp hyoopersics (A01%)
T. virens Tomato R, slani Peroxidase (GPX). syringaldazine Malokepsaa
TRS106 peronidase (SPX), and PAL enzymes ot al 2017)
Trichoderma C ber, Xanih i Extescsion dike protemrs, PR5, osmotin-like  Alfano of al
hamation 352 Wwmato protein, fibritlarin, phospés fuced, and  (2007)
tramscription factor MY
T. hamatum Arabidopeds  B. clnerca Several JA synthesis/ response genes Mathys ot al
382 and production of secondary o0
metabolite-related genes
T, hamatum Pearl millet Sclerosporn gramvimicols PAL, peroxidase (POX), 31,3 ghwoamase,  Suddatah
UoM PPO, PR1, PRS, DAHP synthas, ot Al (N7
chews mishade, sochoricn I

chorsmate synthase, and shikimate kinase
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TABLE 3.2  Trchoderma-medined defense responses m plimts agminst different types of pathogens—cont’d

Trichoderms
strain Plant host  Target pathogen Genes/Trotein References
Trichodermt Tomato B, cinere PRIbL, PR-P2, PINI, PINII, TomLoxA, and  Tucdl et ak
atroriride TemlaaC (2011)
T. atroviride Ambidopsts P, syringee po, tomato PR2 (SIGLUA), PRS (SIPR-5), alpla- Salas Marina
iioxypenase (Sla- DOX), civitinase ot al (2015)
(SICHT9), cell wall protes (SITLRF), and
perovidase (SICEVITS)
T. atrociride, Arshidopeis  B. cimerns LOX2, PR-1 Controras.
T, virens Comego et ol
(2011, 2014b)
T atroversde T1T Tomato  Meloslogyme prownics LOX1, PRI, perexsdase (TPX1), NADPH  de Modarnm
Oxidase (LERBOH1), chass 11 chatise synihise o ol (2017)
(LECHS2), MYC2, NPR1, ERF1, and AKF1
T. atroviride Cucumber  R. solani Gualacol peroxidase (GPX), SPX, PAL. Nawrocka
TRS2S PPO enzymes, and defense-related genes o al. (015)
(PR1. PR4, PR5. PR12)
T 4 (& ber  Paeindoy ¢ by PAL, GPX, and APX enzymes Sevanch ot al
TRS25 (Berkeley and Curtis) m7)
Rostovzey
Trichoderma Tomato B cineron, R solanf PRIbL, PR-P2, PINI, PINI and TomloxA  Malmierca
arundimicenm o ol. 2012)
Trachoderma Ginseng B, cineren, Colindrovarpont— PR2, PR, PRS, PRID Park et 2l
cilrinovirade destruclans (201%)
PCS7
Trichoderme Hot pepper P oapsici Several defense-related genes fSac et al
spp 2011)
Trichoderime Chili Colletotrichum capsici PAL, PO, PPO, and SOD enzymes Soxecna et al
PP pepper (2045)
Trichaderms Peart millet S. gramimicols (Sacc.) POX, LOX protein Nandin <t al
PP Schroct. Qm7)
Trichodermu Tomate  Fusarium axwsporam £ sp.  SOD, APX, GPX, and CAT enzyies Zetwa et al
PP lcopersics (2047)
Conclusion
Significant progress has been achieved in the past 5 years toward ing the mech-

anisms of plant immunity triggered by Trichoderma, which reveals the tight connection be-
tween plant nutrition, rhizosphere pH, and priming. A major finding was the finding that
these fungi strongly acidify the pHl of the growth substrate (Pelagio-Flores ot al, 2017),
and since the rhizosphere is a natural niche where they live and proliferate, it is tempting

L Agri-plant section




66 Y. Mechasien of plant imemmiry sriggesed by Trichadome

to speculate that the overall properties of the soil—root interface can be modified upon robust
fungal colonization of roots. pH in most soils around the world is indeed acid (below 4.5) or
alkaline (8.0 or higher), and thus overall nutrient availability may be tightly correlated with
fungal spread and plant fitness. Noteworthy, T. asperellum strain 1734 increased the Fe concen-
tration in leaves of lupin plants grown on calcarcous soil as well as the activities of peroxidase
and catalase activities, which help ROS detoxification (de Santiago et al, 2009). The recent
report that volatile compounds from T. asperellum and T, harzianum not only trigger Fe uptake

FIGURE 3.1 Model for Trichoderma-induced plant immunity. Trichoderma spp acidify the pH of the rhizo-
sphere, and this may incroase Fe uptake, particularly in alkaline caloarcous soils where this micronutrient is limiting,
which correlates with elicitation of JA-dependent priming (red arrows [dark gray armas in print version] ). Volatiles
from Trichoderms induce the transcription factor MYB72, which plays a dual role in the onset of ISR and the activation
of Fe uptake responses and triggers JA-dependent defenses in leaves 1o enhanced resistance against Botrytis cineror
(purpile arrows [light gray arreus in print version]). Fungal-released compounds, including indole-3-acetic aod
(LAA), suppress SA-related gones, and this may enable robust root colonication. MAMPs and Trachaderms secondary
metabolites ke Xyn2/En, S, Swao, peplaibols, and harzanobide act as elicitors that after recognition by plant
rceptors can activate MAPK-mediated signaling transduction pathways and tnggers deferee nsponas, effective
against broad-spectrum of pland pathogens (Wi arroas [Back arrows in print version]).
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in Arabidopsts and tomato but also pnme the shoot system for JA-dependent defenses and
provide resistance against B. cmeren demonstrates the correlation between eliated Fe defi-
ciency responses and shoot immunity in different plant species (Martinez-Medina et al,,
2017a).
Auxins, MAMPs, and/or fungal effectors from Trichoderma comprise a large group of mol-
ecules that fine-tune root colonization, and 6-PP, a major volatile from fungal blends, triggers
in root architecture and overall plant immunity (Kotth ot al., 2015; Gamica-Vergara
et al, 2016). The growth and defense trade-offs elicited by Trichoderna in crops can be
explained via the interactions of effectors and elicitors with host hormonal pathways mostly
involving SA, JA, and Et, for which important genes have been identified such as LIN2,
MPK6, and MYB72 (Contreras-Comejo et al, 2011, 20159; Gamica-Vergara et al,, 2016; Mar-
ez Medinag et ol 20170). These genes represent promising targets toward molecular
manipulation of the cellular responses and root fungal colonization under more specific
contexts and biotechnological applications. Overall, as part of the natural root microbiomes
or applied as bioinoculants in the field, members of the Trichaderma genus are important
probiotics to improve plant defense and crop adaptability to a wide range of biotic challenges
(Fig. 3.1).
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2.1 Introduction

Trichoderma is a fungal genus comprising many species that play an important ecological role
in carbon recycling, due to their ability to secrete a variety of enzymes that include cellulases,
quitinases, and phosphatases, which enables adaptation to terrestrial and water environ-
ments (Ferrigo et al, 2020; Poveda ct al,, 2020; Wang and Zhuang, 2020). Different species
have been isolated from dead wood, organic soil and also parasitizing other fungi, illustrating
their versatility to spread in variable ecological niches (Kubicek et al., 2019). Genome com-
parisons from more than 15 Trichoderma species including T. reesei, T. virens, T. atroviride, T.
longibrachiatum, and T. asperellum, revealed their metabolic diversification likely starting from
a mycoparasite style towards a more generalist one, which likely occurred by the cretaceous
period, around 65 million years ago (Schmoll et al, 2016; Kubicek et al, 2019),

Several studies revealed the long-lasting symbiotic relationships of Trichoderma with plant
roots, first being attracted to the rhizosphere by sucrose or other simple sugars. This interac-
tion is further strengthened by an intimate chemical communication that includes fungal
secretion of plant hormones, secondary metabolites and soil acidification (Fig. 2.1). Trichoderma
released compounds that improve plant traits are summarized in Table 2.1 according to very
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FIG. 2.1 Trichodersa-induced systemic nesistance involves jrsmonic achd and other oxylipios that ane transd,

from oot to shoot. Fungal secondary metabolites, volatiles and peptides are perceived by roots to establish a long
lasting symbiosis. Sm1 isan clicitor sccreted by Trichoderma that is negatively regulated by Sirl, this node triggers
the blosynthests of 12-0x0-phytodicnotc actd (QFDA) and a-ketol of octadecadienoic acid (KODA), two LOX-
10-derived oxyliping, which enhance protection to pathogens and pests through JA-depeadent and independent

sinaling mechanisms,

TABLE 2.1 Major factors involved in the Trichoderma-plant dealogue and their agricultonal applications.

Compounds produced

Plant response

oPP

Indole-3-acetic acid
Auxins

Protons

Ergosterol

Squalene

Sml peptide
Methybsalicylate
Z3xens1-ol
frcaryophyllene
Tocten-3-ol and 6PF
Organic acids
Tricholignan
Alkaline phosphatase
Antioxidants

Plant growth, development and def

Reinforcement of plant immunity

Inducible deferse agabnst prodators and pests

Nutrient solubilization and uptake by roots

Induced ablotic stress tolesance
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recent references (Lopez-Bucio et al, 2015; Guzmdn-Guzmdn et al, 2019 Zhou et al, 2019
Hoermayer et al, 2020; Canher et al., 2020; Saad et al, 2020; Villalobos-Escobedo ot al., 2020).

To face global climate changes, soil degradation and the appearance of novel phytopatho-
gens, discovery, characterization and application of probiotic microbial species with multi-
level properties are urgent needs for farmers to maintain safe their crops (Saad et al., 2020).
In this regard, Trichodermu represents a very promising option given their ecological, physi-
ological and molecular attributes.

2.2 Trichoderma metabolism: from decomposers to plant growth promoters

Maore than 60 natural isolates of Trichaderma, mutants and over expressing strains have been
characterized in the last five years, which makes clear the sophisticated metabolic versatility of
this genus. In a recent study, Wang and Zhuang (2020) evaluated the nutritional attnbutes of five
Trichoderma species (1. hengshanicum, T. bormense, T. rosulatum, T. crystallinum and T. fructicola),
which have contrasting production profiles of chitinase and cellulase, differences in phosphate
solubilizing capacity and salt tolerance. Their conidia were inoculated in micro plates containing
medium supplemented with 95 different carbon compounds and fungal growth was assessed.
The five Trichoderma strains could metabolize 11 common compounds, whereas a low efficiency
to grow on complex carbohydrates was reported for saline-alkaline-tolerant species, which
mostly rely on simple sugars for nutrition. In contrast, the species with highest cellulolytic, chi-
tinolytic and phosphate-solubilizing activities could use more diverse carbon resources such as
cellulose and hemicellulose and thus may play a decomposer role in

Cruz-Magalhics et al (2019) tested the growth of WT and NADPH oxidase mutant strains
AnoxR, dnox1, and Anox2 of T. atroviride under distinct carbon supplements. The biomass
decreased in all three mutants in sucrose and d-fructose, which indicates a failure to effi-
ciently metabolize these simple sugars commonly present in root exudates. This report
opened the possibility that the NADPH oxidase could influence metabolic reprograming in
T. atroviride, which could be important to mount an efficient rhizosphere interaction with
plants, To answer this question, Villalobos-Escobedo et ol (2020) allowed WT, AnaxR, Anoxl,
and Anex2 fungal colonies to interact with Ambidopsis roots in vivo and investigated both the
fungal and plant molecular response at 3 days (early time) and five days (later time}, where
the hyphae was approaching the root tip, or upon their spread over the entire root system,
respectively. The authors found that in the presence of root exudates, the WT strain shows
a transcriptomic repression of degradative enzymes, and instead use sugars and simple
carbohydrates for nutrition, whereas in AnoxR the early repression of genes for carbohydrate
degradation was missing. Thus, the fungal metabolism shifts from a cellulolytic one to a
symbiotic one as a response to root exudates, and this process requires NAPH oxidase,

2.3 Trichoderma-plant chemical dialogue

Trichoderma species emit blends of biactive compounds, including plant hormones, second-
ary metabolites and small peptides (Salwan et al, 2019). The molecular composition of the
blends depends on several factors including the fungal species, nutrient availability and
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the presence of other microorganism and plants and their biological activities are just begun
to be clarified (Lee ot al, 2016; Gonzdlez-Pérez ot al, 2018; Vinale and Sivasithamparam,
2020),

2.3.1 Trichoderma released compounds in plant growth promotion

Trichoderma releases compounds with auxin activity, specifically, T. virens secretes indole-
3-acetic acid (IAA), which accumulates in fungal cultures upon supplementation of trypto-
phan (Contreras-Cornejo etal,, 2009; Nieto-Jacobo et al,, 2017), Additionally, it was established
that T. asperellum produces auxins that enhance the endogenous auxin pool in plant tissues,
inducing auxin signaling and thus resulting in improved growth (Wang et al,, 2020).

Evaluation of the effect of 26 volatiles produced by Trichoderna on Arabidopsis seed ger-
mination and growth, identified nine compounds that improve plant growth including
2-methyl-1-propanol, 2-methyl-1-butanol, 3-methyl-1-butanol, 2-heptanone, octanoie acid,
(S)-limonene, (D)-limonene, 2-heptylfuran and 1-decene (Lee et al. 2019), 1-decene, an alkene
compound with interesting growth promoting effects influenced the auxin signaling pathway,
while repressing defense, stress and disease response genes, which enables fungal root colo-
nization (Lee et al. 2019), Similarly, it could be determined the function of the Trichoderma
metabolites harzianic acid (HA), hydrophobinl and 6-pentyl-2H-pyran-2-one (6-PP) indi-
vidually or in mixture in soybean plants (Marra et al., 2019). All compounds improved overall
plant growth when applied in greenhouse conditions, whereas in the field 6-PP was the best
in improving plant growth and yield, HA had a middle effect and hydrophobin failed to
improve growth (Marra ¢t al, 2019), 6-PP is perhaps the most widely investigated fungal
metabolite. Its production by T. atroviride increases during plant interaction and changes
Arabidopsis root architecture through ethylene and auxin-dependent pathways (Garnica-
Vergara et al., 2016).

2.4 Trichoderma-induced resistance to plant patho&ns

Coordination of multiple, hormone-mediated mechanisms related to the canonical JA/ET
and SA signaling pathways leads to a faster and stronger transcriptomic, proteomic and
metabolomic signatures in bath wild and crop species to increase resistance against phy-
topathogens (Yoan et al, 2019). This immune reaction accounts for ecological fitness, as
demonstrated by tripartite interactions, where Trichoderma-root colonization above ground
influences leaf performance under attack.

2.4.1 Salicylic acid-mediated interactions

Trichoderima can elicit the salicylic acid (SA)-mediated systemic acquired resistance (SAR)
pathway, which enables plants to defend better against attack by fungal pathogens (Martinez-
Medina et al,, 2017a). Studies of differential gene and protein expression revealed that cucum-
ber plants change their hormonal metabolism in response to T. longibrachiatum H9, and genes
of hormonal biosynthesis and signaling were up-regulated including those related to SA and
their corresponding encoded proteins were accumulated in the plants (Yoan et al, 2019).
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Trichoderma produces ergosterol and squalene during plant interaction. The ratio of pro-
duction of both compounds results in differential fungal root colonization and SA dependent
signaling. SA produced by plants prevents the spread of the fungus in vascular and aerial
tissues as in the Arabidopsis mutants impaired in SA biosynthesis in which Trichoderma colo-
nization spreads toward inner tissues including the vasculature and triggers eventual plant
collapse (Alonso-Raminez et al., 2014; Martinez-Medina et al., 2017b). Tomato plants treated
with ergosterol have induced or reduced expression of PR-P2 and PRIb1 respectively, two
genes related to the SA signaling pathway (Lindo et al, 2020). Increased production of
squalene in Trichoderma triggers the ability to colonize tomato roots but also increase the
expression of SA-related genes, whereas impaired production of squalene and ergosterol in
Trichoderma compromises colonization of tomato roots (Malmierca et al., 2015). T, parareesei
mutant in Tparo7 gene that encodes a chorismate mutase was affected in its capacity to colo-
nize roots of tomato, and showed negative effects to plant growth, which correlated with a
higher production of SA (Pérez et al, 2015), These data suggest that the root sensing of the
fungi allows root colonization and at the same time controls their spread into inner tissues.

2.4.2 Jasmonic acid and other oxylipins

During early root colonization, recognition of microbial elicitors/effectors by plant receptors
mainly triggers induced systemic resistance (ISR) through jasmonic acid (JA) biosynthesis and
signaling (Djonovic et al., 2007; Zhang et al,, 2017; Gupta and Bar, 2020; Chakraborty et al., 2020).

The gene expression patterns responsible of the protection conferred depend on the amount
of inoculum, the fungal and plant species and growth conditions. Moreover, the jasmonic acid
peak appears to be undulating with time, showing differential profiles at early or late times
during the interaction (Contreras-Comejo et al., 2011; Martinez-Medina ctal., 2013; Rubio et al,,
2014). Trichoderma-released ergosterol and squalene both induce 5A and JA signaling (Lindo
et al, 2020). A global transcriptomic analysis of 1. longibrachiatum H9-induced ISR in cucumber
against Botrylis cinerea through the activation of genes encoding proteins for abiotic stress toler-
ance, secondary metabolism and phy tohormone-dependent defense (Yuan et al, 2019).

It was initially demonstrated that the ISR induced in plants in response to the Trichoderma
interaction depended on a small peptide called Sm1 and JA-ethylene signaling (Djonovic et al,,
2007). Recent studies further indicate that it also elicits biosynthesis of the oxylipins 12-ox0-
phytndienok acid (OPDA) and a-ketol of octadecadienoic acid (KODA), compounds that mediate
the ISR in maize against leaf pathogens (Fig. 2.1; Wang et al, 20204, b). The maize lipoxygenase
LOX-10 regulates synthesis of OPDA and KODA, accordingly lox10 mutants did not manifest
ISR triggered by T. virens when challenged with Colletofriclum graminicols, but instead displayed
induced systemic susceptibility, suggesting that LOX10 plays a positive role in Trichoderma-
induced ISR (Fig. 2.1). Tridhoderma gamsii also induces the expression of LOX10, as well as the
ALLENE OXIDE SYNTHASE and HYDROPEROXIDE LYASE genes (Galletti ot al, 2020).

2.4.3 Biocontrol of aphids, nematodes and other pests
The biological control attributed to Trichoderma goes beyond microbial bio-control and

includes antagonism to insects and nematodes (Martinez-Medina ot al., 20175; Poveda et al.,
2020). T. aspercllum, T. atroviride and T. harzianum inhibit feeding and oviposition of Thrips
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tabaci in onion plants (Muvea et al, 2014). Control of aphid infestation in tomato by T. lar-
zimmin T22 occurs through recruitment of parasitoids and implies an up-regulation on genes
involved in metabolic pathways leading to the production of methyl-salicylate, Z-3-exen-1-o0l
and p-caryophyllene (Coppola et al., 2017), a group of inducible volatile compounds that act
as attractants of parasitic wasps (Wei and Kang, 2011; Alquézar et al., 2017), Tomato plants
n interaction with Trichoderma show up-regulation of defense genes, protective enzimes and
production of VOCs that helps to counteract Macrosiphum cupliorbiae and Spodaptera littoralis
(Coppola et al, 2019a). The regulation of plant gene expression and defense responses was
described during Trichoderma-tomato-Macresiphum euphorbige multitrophic interaction, result-
ing in induction of direct and indirect related defense genes (Coppola et al,, 2019b).

Showed the multi-trophic interplay between endophytic fungal-plant symbiosis and their
repercussion on above ground insect communities. In their study, an analysis was carried
out to understand how the inoculation of T. harziznum in the corn rhizosphere affects the
beneficial arthropod and pest insects present in leaves under field conditions. The results
showed that Trichoderma decreased the presence of members of the Aphididae family and
mncreased the total population of its predators (Famuly Forficulidae). Levels of sucrose, mitro-
gen, jasmonic acid, ascorbic acid, linoleic and linolenic acid were positively correlated with
the fluctuations of chewing herbivores observed and the (£)-3-hexen-1-ol production. The
control of §. frugiperda via larval feeding inhibition and elevation in parasitism rate of female
wasps (Campoletis sonorensis) could be induced by the volatile compounds from T. atroviride
l-octen-3-al and 6-PP (Contreras-Comejo of al. 20183). Trichoderma commercial formulates
show induced resistance agamnst Melotdogyne incognila in tomato (Pocurull et al., 2020).

The above described studies are of high ecological relevance and provide the basis of a
more sustainable agriculture, reduce the application of insecticides, and minimize their
adverse environmental impacts on food production.

2.5 Trichoderma and plant nutrition

2.5.1 Major nutritional needs of crops

Sustained crop productivity is tightly linked to the availability of three major mineral nutri-
ents, nitrate, phosphate, and iron, which are largely taken up by roots. Towards obtaining
an adequate supplement of these minerals and to meet their cellular demands, the root
system has evolved molecular, morphological and ecological adaptations. Upon sensing
nutrient deprivation by the root tips, the formation of new branching structures is stimulated,
which enhances soil exploration. Symbioses events with both bacteria (i.e. Rhizhobium) and
fungi (mycorrhizae) help support nutrient acquisition to promote growth and photosynthesis
(Lopez-Bucio et al.,, 2003; Ruiz-Herrera et al,, 2015),

Sail fertility largely depends upon pH, solubilization of phosphate and biological fixation
of nitrogen. Phosphate availability is a major problem in both alkaline and acid soils, whercas
iron concentrations are high in acid soils, but limiting in alkaline soils, Nitrate is also very
problematic worldwide because microorganisms decompose it (Gojon, 2017; Neina et al,
2019). To satisfy nutrient crop needs, farmers need to add organic materials or chemical
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FIG. 2.2 Overview of the mechant loved by Trichoderma spp, to promote plant growth, induce plant defense

and improve crop yield. Trichatermae tpodu pmduoc auxins (Le. indole-J-acetic acid, IAA), which re<configurate
ropt-system architecture as well as diverse volatiles and dary bolites such as 6-pentyl-a-pyrone (6-I'F), that
triggers root branching, increoses def and shows antimi | propertics. A major effoct of Trichoderma
in the rhizosphere ks the acidificati d!hepH andd in this manner, phcsphuu- fron and other nutrients are solubilized
and taken up by roots. The probiotic attributes of T atroviride have been investigated in detail using the model plant
Arabidopsés thaliame in which T. atroviride promaotes root and shoot blomass production through both hormonal and
nutritional mechanisms. Recently, fungal reactive oxygen species emenged as eritical players in fungal induction of
lateral root formation and orchestrating the balance between growth and defense in the plant host,

fertilizers to their ficlds, which are often expensive and may cause contamination problems,
particularly after long term usage. Due to its versatile metabolism, Trichoderia is a very
promising bio-fertilizer agent and its capability to solubilize nutrients makes them readily
available for uptake by roots (Fig. 2.2).

2.5.2 Phosphate nutrition

The strong acidification capacity by Trichodersa atroviride accounts to better phosphate and
iron acquisition from alkaline soils (Pelagio-Flores et al, 2017). T. harzianum SQR-T037 pro-
moted overall micronutrient (Fe, Mn, Cu and Zn) uptake under non-optimal nutrient sup-
plementation in tomato both in soil and in hydroponic conditions, and this accounts for
enhanced biomass production. SQR-T037 solubilized phytate, an organic phosphate source,
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as well as Fe and Zn. Fungal secretion of organic acids, including lactic acid, citric acid,
tartaric acid and succinic acid could be confirmed by chromatographic means in this report
(Lietal, 2015).

A screening of 33 Trichoderma isolates (NBRI-PR1-NBRI-PR33) was performed by Tandon
et al. (2020), which demonstrated the P-solubilizing properties of the NBRI-PR5 strain cor-
responding to T. koningiopsis, complementary analysis showed the production of oxalic acid,
which solubilizes sparingly soluble calcium phosphate under alkaline conditions. Notewor-
thy, as a response to drought T. koningiopsis accumulated poly-phosphate and secreted alka-
line phosphatase, an enzyme that enables the use of organic phosphate sources (Tandon,
et al., 2020).

In a recent study, Bononi et al. (2020) isolated phosphate-solubilizing Trichoderma strains
from acid soils in the Amazon rainforest and tested their effects in soybean plants under a
gradient of rock phosphate, a poorly soluble phosphate source, and triple superphosphate,
a highly soluble chemical fertilizer. The capacity of the isolated strains to produce organic
acids was correlated with their phosphate solubilizing properties and accounted for a gain
in soybean growth ranging from 2.1 percent to 41.1 percent, and boosted P uptake-up to
141 percent, Efficient I usage by Trichoderma goes beyond inorganic phosphate resources,

2.5.3 Nitrate use efficiency

The impact of Trichoderma-based biostimulants to improve nitrate nutrition under contrasting
fertilization in greenhouse and field conditions in lettuce (Lactuca sativa L)), rocket (Eruca
sativa Mill.) and maize was assessed recently (Fiorentino et al,, 2018; Vera-Nufiez et al,, 2019).
T. virens (GVAY), T. harzianum (T22), and 23 T, harziamon isolates from maize fields, showed
beneficial effects in yield, nutritional characteristics, N- uptake and mineral composition for
each crop analyzed. T. vins GV41 increased N-use efficiency of lettuce, and favored N-uptake
of both lettuce and rocket, particularly when grown under low N availability (Forentine
et al, 2018). The biomass of maize plants and 15N-uptake directly correlated with the capac-
ity of Trichoderma spp. to colonize the rhizosphere (Vera-Nufiez et al, 2019),

2.5.4 Iron acquisition

Low iron availability is frequent in alkaline-calcareous soils, where competition for Fe
between roots and microbial populations influence symbiotic or pathogenic relationships. A
number of iron-scavenging siderophores have been found to be effective in bacterial and
fungal Fe nutrition and in disease suppression in plants, T. harzianum T-22 produces tricholig-
nan A, a redox-active ortho-hydroquinone, which reduces Fe (IIT) and may be part of the
chemical mechamsms that adapt plants to grow in Fe-deficient soils (Chen ot al, 2019),

2.5.5 Better usage of organic nutriments

A combination of T. harzanum with cow and horse manure compost, which provides
organic phosphate, triggered a synergic effect in maize plants in biomass production, nutri-
ent content, and photosynthetic activity. In contrast, combinational application of the
inoculum with phosphate fertilizer caused a reduction of growth and nitrate content
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(Vinci ot al, 2018), Metabolomics profiling indicates that the levels of sugars, amino acids
and organic acids increase in maize leaves under organic treatments, while stress signatures
could be appreciated for treatments with chemical fertilizer only, which failed to support
the optimal growth of plants. Here, the molecular and growth responses to combined treat-
ments of either organic or chemical nutriments with T. harziarmom point to organic fertiliza-
tion as a very desirable strategy to incorporate its formulations into the field for optimal
plant production,

2.6 Soil acidification in Trichoderma-plant interactions

The major confirmed traits by which the fungal hyphae influence nutrient dynamics at the
rthizosphere include acidification by extrusion of protons either by roots or by the fungal
hyphae, which may be directly linked to organic acid and auxin exudation (Fig. 2.2). Lopez-
Corta et al. (2016) showed that T. asperellum seed treatment enhanced the growth of maize
seedlings, IAA production and root acidification. Noteworthy, 1. asperellum increased the
plasma membrane H+-ATPase activity in roots and shoots, which pumps protons out of cells
and is sensitive to vanadate.

Pelagio-Flores et al. (2017) investigated the effect of T. atroviride IMI 206,040 acidification
of the medium for Arabidopsis growth and development. Trichoderma acidification caused
changes in auxin redistribution within root tips, interfering with gravitropism and ultimately
blocking growth, which could be reversed by buffering the medium. Lateral root formation
was a process stimulated very early during the plant-fungus interaction, which could be
explained by ecither an auxin-inducible program or as a stress response to an acidic pll.
Application of vanadate interfered with fungal acidification, indicating the involvement of
an H+-ATPase activity in the membrane transport activity, likely influencing auxin and
proton extrusion by the hyphae. These results may help explain how root sensing of pH
mediates the interaction of Trichoderma with plants. Further research is needed to understand
how hormonal and nutritional responses influence fungal-root symbioses.

2.7 Salt stress tolerance mediated by Trichoderma

2.7.1 Plant adaptive responses to salinity

Most soils around the world are considered marginal for agriculture since their physicochemical
characteristics and nutrient contents fail to support plant growth. Salt content is a major stress-
ing factor for roots because it causes dehydration. Similarly, alkalinity decreases crop productiv-
ity due to a high concentration of calcium and carbonate that imposes a strong osmotic pressure,
Such adverse conditions may cause root and shoot dysfunction and in consequence, impaired
photosynthesis, reproductive development and grain production (van Zelm et al., 2020). Accu-
mulation of osmolites such proline, glycine betaine and polyols inside cells is an important
strategy to mitigate negative osmotic pressures and avoid water loss. Moreover, induction of
the antioxidant enzymes catalase (CAT), ascorbate peroxidase (APX), glutathione reductase
(GR) and superoxide dismutase (SOD) and production of glutathione and ascorbic acid,
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compounds that detoxify reactive oxygen species (ROS) help plants to decrease oxidative sign-
aling as well as to protect proteins and nucleic acids from damage (Foyer, 2018).

2.7.2 Trichoderma improves plant adaptation to salt stress

Endophytic and rhizospheric species of Trichoderma are important partners of plants in order
to grow in salty and alkaline soils. These fungi have been isolated from such environments
and their application to seeds or different substrates clearly improves plant stress adaptation
(Gupta et al, 2020). In wheat, seed inoculation of five isolates of 1. harzianum improved
germination and enabled adaptation to salinity of seedlings, which produced longer shoots
and roots and accumulated more proline and phenolic compounds (Rawat et al, 2011). Treat-
ment of maize seeds with T, lixii IDTID enhanced fresh and dry weights of root and shoots
and decreased lipid peroxidation and the maize plants accumulated more protein, proline,
chlorophyll, and carotenoids under varied NaCl doses (Pehlivan et al., 2017), Arabidopsts and
cucumber plants that were primed with 7. asperelloides T203 resisted better salt treatment,
and have an enhanced osmo-protection and less oxidative stress in roots by the production
of ascorbic acid, an effective antioxidant (Hrotman ot al.. 2013),

T. atroviride IMI 206,040 promoted lateral root formation and root hair development in
Arabidopsis grown under salt concentrations that strongly repressed root branching and thus
compromised water and nutnent uptake. In this case, sustained root organogenesis was
explained by the activity of fungal-released auxin that promotes lateral root initiation and
growth as well as better osmotic stress resistance, since the root inoculated seedlings showed
higher levels of abscisic acid, I-proline, and ascorbic acid, and enhanced climination of
sodium through root exudates (Contreras Cornejo et al, 2014). A sodium excluding mecha-
nisms was also induced in Brassica juncea L. plants by T. larzianum that mitigates salt stress
(Ahmad et al., 2015). The fungus reinforced the enzymatic antioxidant system, improved
proline accumulation and the nutritional status, having an overall probiotic effect on plant
height, root length and dry weight.

In maize seedlings grown in pots containing a highly alkaline (pH 9.30) soil, application of
T asperellim showed an increase in K* and Ca™ contents, and a decrease in Na® concentration,
The maize root system was reinforced by increasing the fungal inoculum in a manner that the
roots were thicker, more branched and had higher biomass, while the accumulation of osmolytes,
antioxidant enzymes, and antioxidant compounds, helped to decrease reactive oxygen species
(Fu ot al, 2017). T. longibrachiatum T6 promoted growth and tolerance to NaCl in wheat and
diminished the stress both by inhibiting the expression of genes encoding ethylene biosynthetic
enzymes and increasing ACC deaminase activity, which is involved in ethylene catabolism
(Zhang et al, 2019). In this manner, the levels of the plant hormone ethylene, which triggers
growth arrest upon sensing stress, decreases to a level that permits sustained growth.

2.8 Conclusions and future prospects

The contributions of Trichaderma to develop new agricultural applications and to support
current field management are very promising. This assumption 1s based on the finding that
fungi and plants communicate through a fine-tuned chemical mechanism involving root
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exudates and fungal metabolites (Williams and de Vries, 2020). During the molecular dia-
logue established, plants attract Trichoderma to their roots via releasing energy rich nutrients
and exudates in a highly selective manner (Macias-Rodriguez et al, 2018; Lombardi et al,
2018). The root epidermis is able to perceive the hyphae at some distance, because the fungus
strongly acidifies the medium. Fungal perception of root exudates down-regulates the genes
encoding enzymes involved in the degradation of cellulose and other complex carbon
resources, and up-regulates genes that enable the use and acquisition of sugars (Villalobos
Escobedo et al, 2020).

The properties of Trichederma as a biofertilizer are very encouraging. Noteworthy, the
release of organic acids and Fe-chelating molecules by fungal hyphae helps in plant nutrient
acquisition and the application of Trichoderma species as biostimulants are opening new
promising avenues for an organic agriculture in many crop species (Chen et al, 2019). The
identification of mobile oxylipins other than jasmonic acid in orchestrating the Trichoderma-
induced plant defense reaction (Wang et al,, 20204), which may boost the protection against
root nematodes and foliar pathogens raises new questions into how the balance in growth
and defense 15 achieved upon plant perception of fungal metabolites.

Recent knowledge on the roles of reactive oxygen species produced by fungal and plant
NADPH oxidases helps to understand the mechanism of root branching, an important and
highly desirable root trait for improving soil exploration, nutrient and water acquisition (Vil-
lalobos Fscobedo et al., 2020), Many genes and proteins from the fungi and plant hosts are
increasingly being discovered, which can be managed via transgenic and mutational
approaches in order to change their phenotypes and strengthen the symbiosis.

Translational biology approaches aimed at applying basic knowledge from the lab to the
field are very desirable and in this regard, a major goal has been the development of Tricho-
derma inoculants for enhanced crop nutritional quality. Moreover, ongoing studies towards
discovery and characterization of bioactive metabolites from plants and fungi are expected
to contribute to the formulation of natural biostimulants, highly needed to decrease the use
of synthetic pesticides that affect pollinators and enter the food chain. The Trichoderma era is
just in its infancy.
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lants as primary producers of ecosystems host a myriad of microbial species, which rely on

carbon-rich, root-exuded substances for their nutrition, including sugars, organic acids, and

amino adids, A farge part of the fungal and bacterial micrebiome remains neutral, but a few
species may establish pathogenic or symbiotic relationships that ultimately influence plant fitness,
adaptation, and productivity (1). A major goal towards sustainable crop management is to identify and
characterize microbial species with probiaotic traits, from which it may be passible to identify highly
active substances to develop the new generation of pesticides, biostimulants, and defense elicitors for
the growing market. In this scenario, the fungal genus Trichoderma s attaining increasing importance
since it comprises more than 200 reported species with versatile metabolism and well-adapted
properties to proliferate in soil and water environments (2).

Research from the last two decades increased our understanding of the beneficial effects of
Trichoderma to plants regarding 1) root branching and absorptive potential, 2) usage of organic
amendments and fertilizers, 3) growth and development, and 4) adaptation to abiotic and biotic
challenges. In summary, many species including 7. Virens, T. atroviride and T. longibrachiatum may help
plants to survive better and enhance productivity in a safe and eco-friendly manner. The impact of
these fungi has been assessed under field conditions, which correlated with yield increases in important
cereal, fruit and vegetable crops, inciuding maize, wheat, soybcean, tomato, grape and lettuce (2).

In recent years, a major question has been how Trichoderma adjusts its metabolism according to the
highly variable ecological niches and nutritional resources encountered. Apparently, secretion of potent
enzymes such as cellulases, chitinases, and peptidases, are the hallmark that enables exploitation of
dead wood and decaying Jeaf, root and stem materials and underscares its ability to parasitize
phytopathogen fungi. However, it appears that the repression of genes encoding fungal degradative
enzymes enables root colonization by 7richoderma and thus the fungus recognizes healthy raots by
means of their exudation profiles (3).

Decoding the Trichoderma chemical message

Trichodermais a biofactory of arganic substances and releases volatiles, plant hormones, secondary
metabolites and small peptides whose molecular composition depends on several factors including the
fungal species, nutrient availability and the interaction with microorganism and plants. These info-
chemicals can be perceived by roots through free diffusion within the seil and organic matter and
during physical contact between the hyphae with the root epidermis, or at later stages, where the
funqus spreads to inner cortical cells (4-6).

The first apparent change in the rhizosphere as a consequence of 7rchodermapresence is the pH
acidification (7). It may explain its highly efficient performance to solubilize sparingly soluble
phosphates that accounts for a better plant nutrition. As the fungus grows, volatile emissions arce
thought to sensitize roots and enable long distance root-fungal recognition. &-pentyl-2H-pyran-2-one
(6-PP) is the main volatile from 7. atrovirideblends, which triggers root branching in Arabidopsis via
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changes in auxin and ethylene transport and response, respectively (4). 1-decene has been found to
repress defense, stress and disease response genes, which facilitates fungal spread in root tissues (6). T
virens and T. asperellum releases auxins, a class of phytohormones with roles in plant growth and
immunity that may be directly related to their biostimulant properties (8, 9).

Physical recognition may trigger further reactions in both the fungal and plant partners. Chitin, a major
constituent of fungal cell walls has long been considered an elicitor that triggers defensive reactions in
plants. Other molecules such as small peptides as well as membrane or cytoplasmic fungal proteins may
further alert roots to be prepared for the interaction in order to aveid deleterious effects, making it
much more competitive (10). Through the proliferation of lateral and adventitious roots, plants exploit
better the mineral and water resources and are more resistant to abiotic stress, and these pracesses are
effectively induced by Trichoderma.

Increased yield

Photosynthesis

Plant growth (*:P
promotion ¥ &

Tolerance 1o abiotic and
biotic stresses
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Root branching
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Bioactive molecules

Trichoderma spp.
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Trichoderma-induced plant growth and defense depend on root exudates

Growth/defense tradeoffs in plants are modulated during biotic interactions. This ensures
developmental transitions to flowering to proceed and warrant seed production. Since Trichoderma
triggers both plant immunity and growth promotion, it is difficult to ascertain if these programs that
are inherently costly may be linked. Moreover, it is possible that fungal-colonized roots could have an
enhanced metabolism to support the energetic demand of the symbiosis. Carbohydrate exudation by
roots from tomato seedlings has been found to increase in response to T. atroviride and sugars may act
in a positive chemotactic response to attract the hyphae (11) as reported in figure 1. Consistently, the
fungus expresses an intracellular invertase (Triat51014) and two putative sucrose transporters
(Triat226844 and Triat83012) to use plant-derived carbon. On the other hand, T. virens takes up sucrose
via a sucrose transporter and hydrolizes it through an intracellular invertase, which enables rapid
growth by the energy provided by this disaccharide (12).

Molecular evidence helps explain how Trichoderma changes its metabolic signatures upon detection of
root exudates. Villalobos-Escobedo et al. (2020) went further to demonstrate that the expression of
genes encoding enzymes involved in complex carbohydrate degradation such as cellulose or chitin prior
to root colonization is compromised in 7. atroviride mutants defective on NADPH oxidase, an enzyme
directly involved in the production of reactive oxygen species. Mutation of the corresponding genes not
only affects lateral root formation and biomass production in the plant host, but also affects the
defense reactions elicited and the fungal saprophytic behavior to acquire and use the simple sugars
available in root exudates (3).

Control

T. atroviride

Figure 2.
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It has been largely discussed whether the plant traits underlying high biomass production in
interactions with microbes rely essentially on emitted carbon dioxide. Certainly, carbon dioxide is a
major reactant for photosynthesis and should account for biomass enhancement. Nevertheless tight
communication depends on the melecular composition of volatile blends. By testing plant growth and
development in divided Peti plates to assess the fungal-plant interaction via volatiles (Fig. 2), we have
unveiled the critical role of 6-PP for plant biomass production directly influencing hormonal responses,
and shoot-root long distance transport of sugars (Esparza-Reynoso et al. submitted). it supports the
notion that a requlatory loop for sugar distribution depending upon photosynthesis, the carbon status
of the shoot and the perception of fungal metabolites are critical for mitosis in root meristems.
Interestingly, plant growth promoting fungi including Trichoderma strains and Serendipita indica and S,
witfiamsii strongly promote photosynthesis by means of no single compounds, but through mixtures of
volatiles {13, 14). Feedback inhibition of carbon dioxide fixation due to elevated sugar levels apparently
fails to occur in leaves exposed to fungal volatiles, passibly due to a hormonal imbalance. Plants are not
alone, they rely on their fungal symbionts to survive and thrive. Time has come to translate the current
knowledge into the implementation of Trichoderma for field applications.
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