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Pablo García Gómez Resumen

El crecimiento y el desarrollo de las plantas están afectados por microorganismos 
presentes en la filosfera, la rizosfera y/o la endosfera. En la fase de precolonización, antes 
de que se establezca un contacto físico con la planta, bacterias y hongos beneficiosos 
sintetizan una gran cantidad de sustancias que fomentan el crecimiento de la planta. Tales 
sustancias fomentan además la formación de raíces laterales y el crecimiento de pelos 
radiculares, mejorando así la capacidad exploratoria de las raíces para obtener agua y 
minerales del suelo y aumentando la superficie de la raíz y, por tanto, su predisposición 
para ser colonizada e infectada. Estos microorganismos también emiten un gran número 
de compuestos volátiles (VCs), con masa molecular inferior a 300 Da y alta presión 
de vapor, que promueven el crecimiento de la planta y la fotosíntesis y modulan la 
arquitectura de la raíz. Recientemente, el grupo de investigación en el que he realizado 
mis investigaciones demostró que esta capacidad no está restringida a microorganismos 
beneficiosos, sino que también se extiende a patógenos. Este trabajo se ha llevado a 
cabo con la doble intención de identificar la naturaleza de los VCs microbianos con 
propiedades bioestimulantes y profundizar en el conocimiento de los mecanismos 
implicados en la respuesta de las raíces a los VCs emitidos por microorganismos 
patógenos.
 Mediante el uso de un sistema de co-cultivo “box-in box” en el que las 
plantas crecen en la proximidad de cultivos microbianos cubiertos con filtros de carbón 
activado que adsorben VCs con masas moleculares superiores a 45 Da, en el capítulo 1 
investigué hasta qué punto señales aéreas emitidas por diferentes microorganismos son 
capaces de producir distintas respuestas en las plantas. Además, evalué la contribución 
y modo de acción de compuestos volátiles orgánicos e inorgánicos (VOCs and VICs, 
respectivamente) de origen microbiano en estas respuestas. Para ello expuse plantas 
de Arabidopsis a VCs emitidos por cultivos adyacentes de Alternaria alternata y 
Penicillium aurantiogriseum cubiertos o no con filtros de carbón activado. Estudios por 
cromatografía de gases-masas no detectaron VOCs en el aire de las cámaras en las que 
estaban incluidos los cultivos de hongos cubiertos con filtro. Sin embargo, el aire de estas 
cámaras presentaba una concentración mayor de CO2, CO y NO. Independientemente 
de la filtración por carbón activado, VCs emitidos por los dos fitopatógenos utilizados 
en este estudio promovieron el crecimiento e indujeron cambios distintos en el 
desarrollo. Plantas cultivadas en concentraciones de CO2 existentes en las cámaras de 
crecimiento de los cultivos microbianos eran similares a las cultivadas en condiciones 
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de CO2 ambiental. Plantas expuestas a VCs filtrados o no por carbón activado o a altos 
niveles de CO2 mostraron cambios transcriptómicos similares a los inducidos por alta 
irradiación lumínica. La información obtenida indica que (a) VICs fúngicos diferentes al 
CO2 y/o VOCs no detectados por nuestros sistemas analíticos influyen fuertemente en la 
respuesta de la planta a VCs, (b) diferentes microorganismos liberan VCs con diferente 
potencial bioactivo, (c) cambios transcriptómicos en plantas expuestas a VCs se deben 
principalmente a una señalización del incremento de la fotosíntesis, y (d) la respuesta de 
la planta a VCs está regulada, al menos parcialmente, a nivel post-transcripcional.

 En el capítulo 2, usando el mismo sistema “box-in-box” del capítulo 1, 
caractericé la respuesta a nivel proteómico, hormonómico y metabólico de raíces de 
Arabidopsis a VCs emitidos por P. aurantiogriseum. El análisis proteómicos reveló que 
los VCs fúngicos reprimen la expresión de acuaporinas inducibles por auxinas así como 
la expresión del transportador de hierro IRT1 sensible a citoquininas (CKs) y  enzimas 
reguladoras de la acumulación de especies reactivas de oxigeno (ROS). Los VCs 
fúngicos también aumentaban la expresión de proteínas que controlan la producción 
de isoprenoides derivados de mevalonato (MVA) y de enzimas inducibles por CKs 
y etileno involucradas en la conversión de metionina en etileno y en la eliminación 
de cianuro. Estos cambios están asociados con un incremento de la eficiencia del uso 
del agua, una reducción del contenido de hierro y un incremento de la producción de 
ROS, etileno y CKs derivadas de MVA. Los patrones de expresión de marcadores 
hormonales y la caracterización de la respuesta de mutantes aportaron evidencias sobre 
la implicación de la eliminación del cianuro y la señalización de auxinas, CKs, etileno 
y ROS en los cambios de la arquitectura radicular inducidos por la exposición a VCs. 
En conjunto, los datos presentados en este capítulo muestran que los VCs emitidos por 
fitopatógenos fúngicos modulan la arquitectura y el metabolismo de la raíz a través de 
complejos mecanismos en los que la eliminación de cianuro y una reprogramación del 
proteoma inducida por hormonas y ROS juegan un papel importante. Algunos  de estos 
mecanismos difieren de los que intervienen en la respuesta de la planta a VCs emitidos 
por microorganismos beneficiosos.



SUMMARY
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Plants’ growth and development are influenced by microorganisms occurring either 
aboveground in the phyllosphere, underground in the rhizosphere and/or in the endosphere 
inside the vascular transport system and apoplastic space. In the precolonization phase, 
before direct contact with plants occurs, beneficial bacteria and fungi synthesize a 
multitude of substances that promote growth and cause massive lateral root formation 
and enhanced root hair growth, thus improving the root´s exploratory capacity for 
water and minerals and predisposing plants for microbial colonization and infection. 
These microorganisms also emit a large number of volatile compounds (VCs) with 
molecular masses of less than 300 Da and high vapour pressure that promote growth and 
photosynthesis, and modulate root system architecture in both host and non-host plants. 
We have recently demonstrated that this capacity is not restricted to beneficial microbes, 
but also extends to phytopathogens. This thesis has been focused on investigating 
the nature of VCs involved in plant´s response, and deepen in the knowledge of the 
mechanisms responsible for that response in roots.
  Using a “box-in-box” co-cultivation system in which plants are grown in 
the vicinity of microbial cultures covered with organic VC-adsorbing charcoal filters, 
in chapter 1 I addressed the question of whether airborne signals from different 
microorganisms can promote distinct responses in plants. In addition, I evaluated the 
contribution and mode of action of microbial volatile organic and inorganic compounds 
(VOCs and VICs, respectively) in these responses. Towards this end Arabidopsis 
plants were exposed to VCs emitted by adjacent Alternaria alternata and Penicillium 
aurantiogriseum cultures, with and without charcoal filtration. No VOCs were detected 
by gas chromatography combined with mass spectrometric detection in the headspace of 
growth chambers containing fungal cultures with charcoal filters. However, these growth 
chambers exhibited higher CO2 and bioactive CO and NO headspace concentrations. 
Independently of charcoal filtration, VCs from both fungal phytopathogens promoted 
growth and distinct developmental changes. Plants cultured at CO2 levels observed in 
growth boxes containing fungal cultures were identical to those cultured at ambient 
CO2. Plants exposed to charcoal-filtered fungal VCs, non-filtered VCs, or super-elevated 
CO2 levels exhibited transcriptional changes resembling those induced by increased 
irradiance. Thus, I concluded that, in the “box-in-box” system, (a) fungal VICs other 
than CO2 and/or VOCs not detected by our analytical systems strongly influence the 
plants´ responses to fungal VCs, (b) different microorganisms release VCs with distinct 
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action potentials, (c) transcriptional changes in VC-exposed plants are mainly due to 
enhanced photosynthesis signaling, and (d) regulation of some plant responses to fungal 
VCs is primarily post-transcriptional.
  In chapter 2, using the same “box-in-box” co-cultivation system of chapter 
1, I characterized the response of Arabidopsis thaliana roots to VCs emitted by P. 
aurantiogriseum. High-throughput, isobaric labeling-based proteomic analyses revealed 
that fungal VCs down-regulated the expression of auxin-responsive aquaporins and the 
cytokinin (CK)-responsive iron carrier IRT1, and of enzymes that regulate accumulation 
of reactive oxygen species (ROS). Fungal VCs also increased expression of proteins 
controlling the production of mevalonate (MVA)-derived isoprenoids, and ethylene- and 
CK-responsive enzymes involved in converting methionine to ethylene, and in cyanide 
scavenging. These changes were associated with enhanced intrinsic photosynthetic 
water use efficiency, reduced iron content, and stimulation of ROS, ethylene, cyanide 
and MVA-derived CKs production. Expression patterns of hormone reporters and 
developmental responses of mutants provided strong evidence for the involvement of 
cyanide scavenging and auxin, ethylene, CK and ROS- mediated proteome resetting 
in the fungal VC-promoted changes in root architecture. Some of the mechanisms 
involved in the root response to P. aurantiogriseum VCs differ from those involved in 
the response to VCs emitted by beneficial microorganisms.



INTRODUCCIÓN
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Tanto la demanda creciente de alimentos surgida como consecuencia del incremento de 
la población mundial, como la progresiva reducción de las superficies cultivables han 
generado la necesidad de identificar nuevos tratamientos que permitan incrementar el 
rendimiento de los cultivos. La “revolución verde” permitió incrementar la producción 
de cereales desde 820 millones de toneladas en 1960 a 2400 millones de toneladas en 
2015 (http://iofacturo.mx/ecologia/que-es-la-revolucion-verde). Sin embargo, esto ha 
sido posible en gran medida gracias a la aplicación intensiva de fertilizantes elaborados 
a partir de recursos limitados de nitrógeno y fósforo y a la sobre-explotación de recursos 
hídricos. La “nueva agricultura” capaz de hacer frente a los futuros desafíos y demandas 
de la humanidad tendrá que reunir condiciones de sostenibilidad y respeto al medio 
ambiente. Previsiblemente, gran parte de las medidas que se adopten en este sentido 
estarán basadas en el empleo de bioestimulantes de origen microbiano (Bhattacharyya 
and Jha, 2012; Farrar et al., 2014) definidos como cualquier microorganismo o sustancia 
procedente de un microorganismo que, aplicado sobre una planta, incremente su 
eficiencia de captación de nutrientes, su tolerancia a estrés abiótico, su rendimiento y/o 
calidad independientemente de su contenido en nutrientes (du Jardin, 2015).

1. LOS MICROORGANISMOS PRODUCEN COMPUESTOS VOLÁTILES 
BIOESTIMULANTES
1.1. Compuestos volátiles producidos por algunos microorganismos beneficiosos 
fomentan el crecimiento e inducen cambios en la fisiología y el desarrollo de las 
plantas
Bacterias y hongos microscópicos existentes en la filosfera, la rizosfera y la endosfera 
sintetizan sustancias tales como carbohidratos, proteínas, lípidos, aminoácidos, 
hormonas, etc. que actúan directa o indirectamente sobre la planta regulando su 
crecimiento, desarrollo y/o metabolismo (De-la-Peña y Loyola-Vargas, 2014). En la 
fase de pre-colonización (antes de que tenga lugar un contacto físico entre la planta 
y el microorganismo) los microorganismos beneficiosos producen compuestos que 
actúan como “semi-“ o “info-químicos” que participan en innumerables procesos 
de comunicación e interacción entre las plantas y los microorganismos. Entre otros 
compuestos, estos microorganismos sintetizan y emiten una amplia gama de compuestos 
volátiles (VCs) de bajo peso molecular y punto de ebullición que son capaces de difundir 
a través del aire, el suelo y superficies porosas (Schulz y Dickschat, 2007; Lemfack 
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et al., 2014). Dependiendo de las condiciones de cultivo, mezclas de VCs emitidos 
por algunos aislados de bacterias y de hongos beneficiosos existentes en la rizosfera 
promueven el crecimiento y cambios en la arquitectura radicular de las plantas que 
facilitan la captación de nutrientes y agua (Ryu et al., 2003; Zhang et al., 2007; Splivallo 
et al., 2009; Zhang et al., 2009; Gutiérrez-Luna et al., 2010; Blom et al., 2011; Meldau 
et al., 2013; Naznin et al., 2013; Hung et al., 2014; Delaplace et al., 2015; Ditengou 
et al., 2015; Garnica-Vergara et al., 2016; Cordovez et al., 2018). VCs emitidos por 
Bacillus subtilis GB03 incrementan la eficiencia fotosintética y el contenido de clorofila 
en las hojas (Zhang et al., 2008). Además, estos compuestos facilitan la captación 
de hierro mediante la estimulación de la maquinaria implicada en la solubilización y 
transporte de este nutriente (Zhang et al., 2009). Estudios de mutantes de Arabidopsis 
con alteraciones en la producción y señalización de hormonas expuestos a la acción 
de VCs emitidos por algunos aislados de B. subtilis han aportado evidencia sobre la 
implicación del ácido abscísico (ABA) y las auxinas en el fomento del crecimiento por 
mezclas de VCs microbianos (Zhang et al., 2008).

1.2. VCs emitidos por microorganismos patógenos también fomentan el crecimiento 
e inducen cambios en el metabolismo y el desarrollo de las plantas
Investigaciones llevadas a cabo en el laboratorio del Instituto de Agrobiotecnología en 
el que he realizado mi trabajo de tesis doctoral demostraron que una amplia gama de 
microorganismos filogenéticamente diversos (tanto bacterias como hongos, incluyendo 
patógenos y microorganismos que normalmente no interactúan de manera mutualista 
con las plantas) son capaces de emitir VCs que fomentan el crecimiento de las plantas, 
el desarrollo radicular y la floración (Figura 1) (Sánchez-López et al., 2016b). La 
exposición a VCs emitidos por fitopatógenos también conlleva un notable incremento 
de la capacidad fotosintética y del contenido de pigmentos fotosintéticos, azúcares 
solubles y almidón foliar (Ezquer et al., 2010; Li et al., 2011; Sánchez-López et al., 
2016b). Contra todo pronóstico, Sánchez-López et al. (2016a) demostraron que VCs 
emitidos por el fitopatógeno oportunista Alternaria alternata promueven la acumulación 
de niveles excepcionalmente elevados de almidón en mutantes pgi1-2 carentes de 
fosfoglucoisomerasa plastidial (pPGI). Estas observaciones aportaron evidencias 
sobre la existencia de importantes rutas de biosíntesis de almidón alternativas a la ruta 
“clásica” según la cual pPGI juega un papel fundamental en la conexión del ciclo de 
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Calvin-Benson (CBC) con las reacciones directamente implicadas en la biosíntesis de 
almidón (Bahaji et al., 2014a; Bahaji et al., 2014b). 
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  Aún a pesar de las grandes diferencias existentes entre los volatilomas de hongos 
y bacterias (Schulz y Dickschat, 2007; Lemfack et al., 2014), estudios comparativos de los 
cambios que ocurren en el transcriptoma de plantas de Arabidopsis expuestas a mezclas 
de VCs emitidos por la bacteria beneficiosa B. subtillis y por el hongo fitopatógeno A. 
alternata evidenciaron la existencia de mecanismos moleculares altamente conservados 
de respuesta de la planta a diferentes mezclas de VCs microbianos (Sánchez-López et 
al., 2016b). Entre las alteraciones observadas en los transcriptomas de estas plantas cabe 
destacar el incremento de la expresión de funciones reguladas por citoquininas (CKs) y 
por la luz, implicadas en la producción de pigmentos fotosintéticos, la asimilación del 
azufre (conversión de SO42- en SO32- y producción de sulfolípidos), la protección contra 
el estrés oxidativo, la síntesis de componentes de la pared celular, el metabolismo de 
aminoácidos y la síntesis y degradación de almidón (Sánchez-López et al., 2016b). 
  Plantas de Arabidopsis tratadas con VCs de A. alternata experimentan una 
reducción del contenido de ABA y un notable incremento del contenido de CKs activas 
(Sánchez-López et al., 2016a; Sánchez-López et al., 2016b). El efecto ejercido por los 
VCs de A. alternata en el crecimiento, desarrollo y metabolismo de plantas de Arabidopsis 
es reducido en mutantes de producción y señalización de CKs (Sánchez-López et al., 
2016b). Globalmente, la información disponible al inicio de mis investigaciones indicaba 
que la respuesta de las plantas a VCs microbianos está fundamentalmente regulada a 
nivel transcripcional a través de mecanismos en los que la luz, el ABA y las CKs juegan 
un papel importante (Figura 2) (Sánchez-López et al., 2016b). Sin embargo, hay que 
destacar que investigaciones llevadas a cabo recientemente en nuestro laboratorio han 
demostrado que la respuesta de la planta a VCs microbianos está altamente regulada 
a nivel post-traduccional. Ameztoy et al. (2019) mostraron que la exposición de las 
plantas a VCs emitidos por A. alternata conlleva una reducción global del thiol redox 
proteoma, especialmente de proteínas relacionadas con la fotosíntesis. Los mismos 
autores mostraron que el tratamiento con VCs fúngicos sobre plantas ntrc carentes de 
una tiorredoxina plastidial NADP-dependiente (NTRC) que regula el estado redox del 
cloroplasto (Pérez-Ruiz et al., 2017) (a) oxida el redox-proteoma de este mutante y (b) 
ejerce un efecto reducido sobre la acumulación de almidón, el crecimiento, el desarrollo 
radicular y la floración en este mutante. Todo ello indicaría que cambios en el redox-
proteoma de la planta mediados por NTRC juegan un papel importante en su respuesta 
a VCs microbianos (Li et al., 2011; Ameztoy et al., 2019). 
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  Estudios realizados por Sánchez-López et al. (2016b) basados en el empleo de 

una amplia colección de microorganismos filogenéticamente diversos mostraron que 
VCs emitidos por el hongo filamentoso Penicillium aurantiogriseum ejercen un efecto 
peculiar sobre el desarrollo radicular de la planta, distinto al ejercido por VCs de otros 
microorganismos. Plantas sometidas a la acción de VCs emitidos por este fitopatógeno 
desarrollan un sistema radicular muy profuso con numerosas raíces secundarias y pelos 
radiculares muy abundantes y largos (Figura 3) dando lugar a un incremento de la 
superficie de contacto de la planta con el medio, y por tanto, de su capacidad de adquirir 
nutrientes y agua. Esta peculiaridad de P. aurantiogriseum convierte a este hongo en un 
atractivo modelo tanto para investigar los mecanismos que fomentan el crecimiento y el 
desarrollo en plantas sometidas a VCs microbianos como para llevar a cabo estudios de 
bioprospección de nuevos compuestos que incrementen el rendimiento de los cultivos 
de manera sostenible y económica. 

1.3. Naturaleza de los VCs microbianos que fomentan el crecimiento y producen 

Figura 2: Modelo integrativo de los mecanismos que regulan transcripcionalmente la respuesta de la planta 
a VCs emitidos por A. alternata. La descripción detallada de este modelo aparece en la sección “hipótesis de 
trabajo” de esta memoria (Sánchez-López et al., 2016b).
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cambios en el desarrollo de las plantas
Todas las investigaciones realizadas hasta el momento sobre el efecto estimulante de 
VCs microbianos en el crecimiento y desarrollo de las plantas han girado en torno a 
compuestos de naturaleza orgánica comúnmente designados como VOCs (de “volatile 
organic compounds”) (Kanchiswamy et al., 2015). De los 2000 VOCs microbianos 
identificados hasta el momento (Lemfack et al., 2018) muy pocos se han descrito como 
promotores del crecimiento. El trabajo pionero en esta temática (Ryu et al., 2003) 
identificó 2 compuestos (3-hydroxybutan-2-ona (acetoína) y 2,3-butanediol), como los 
principales VOCs emitidos por B. subtilis causantes del fomento del crecimiento de la 
planta. Recientemente, se han identificado otros VOCs microbianos que fomentan el 
crecimiento de la planta tales como el dimetildisulfuro (Meldau et al., 2013), algunos 
sesquiterpenos tales como el thujopseno y el β-cariofileno (Ditengou et al., 2015) o 
la 6-pentil-2H-piran-2-ona (Garnica-Vergara et al., 2016). No obstante, el efecto 
estimulante de estos compuestos aplicados en estado puro sobre el crecimiento de la 
planta es muy inferior al observado en plantas expuestas a mezclas de VCs microbianos. 
  Además de VOCs, los microorganismos son capaces de producir algunos 
VCs de carácter inorgánico (VICs), tales como el ácido sulfídrico (H2S), el hidrógeno 

Figura 3: VCs emitidos por el hongo fitopatógeno P. aurantiogriseum fomentan el crecimiento de la parte 
aérea y la formación y desarrollo de pelos radiculares en plantas de Arabidopsis. La fotografía muestra 
raíces de plantas de Arabidopsis en ausencia (control) o presencia durante 7 días de cultivos adyacentes 
de P. aurantiogriseum. 
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molecular (H2), el óxido nítrico (NO), el dióxido de nitrógeno (NO2), el óxido nitroso 
(N2O), el monóxido de carbono (CO), el dióxido de carbono (CO2), el amoníaco (NH3) 
y el ácido cianhídrico (HCN) (Engel et al., 1972; Wharton and Weintraub, 1980; Siegel 
and Siegel, 1987; Nandi and Sengupta, 1998; Conrath et al., 2004; Blom et al., 2011; 
Shatalin et al., 2011; Schreiber et al., 2012; Weise et al., 2013). Aplicados en elevadas 
concentraciones, estos compuestos pueden resultar nocivos para la planta. Sin embargo, 
algunos de estos compuestos (e.g. H2S, CO, NO, NO2, N2O o H2) pueden ejercer un 
efecto beneficioso cuando se aplican en bajas concentraciones (Dong et al., 2003; He 
et al., 2004; Guo et al., 2009; Jin et al., 2009; Kong et al., 2010; Xu et al., 2010; Chen 
et al., 2011; Dooley et al., 2013; Jin et al., 2013; Lisjak et al., 2013; Zeng et al., 2013; 
Lin et al., 2014; Takahashi et al., 2014; Wang and Liao, 2016; Kuruthukulangarakoola 
et al., 2017). VICs emitidos por algunas bacterias que fomentan el crecimiento son 
determinantes importantes de la arquitectura radicular de la planta (Creus et al., 2005; 
Molina-Favero et al., 2008).

1.4. Limitaciones de los sistemas empleados para el estudio de la respuesta de las 
plantas a VCs microbianos
Todos los estudios sobre la respuesta de las plantas a VCs microbianos se han llevado 
a cabo haciendo uso de sistemas de co-cultivo sellados en los que no existe contacto 
físico entre las plantas y los microorganismos y en los que el intercambio de gases con el 
exterior es muy limitado. El sistema de co-cultivo más simple y ampliamente utilizado 
está basado en la utilización de placas de Petri septadas y selladas con Parafilm. Tales 
placas poseen dos compartimentos conectados entre sí a través de una ranura que 
permite el intercambio de gases entre ambos compartimentos (Kai et al., 2016). En 
uno de los compartimentos se cultivan las plantas, mientras que en el otro se cultivan 
los microorganismo emisores de VCs (Figura 4a). Otro sistema de co-cultivo sellado 
utilizado para el estudio de las relaciones planta-microorganismo consiste en un mini-
invernadero que consta de un recipiente cerrado donde se cultivan las plantas, conectado 
a un matraz donde se cultivan los microorganismos cuyos VCs son impulsados al mini-
invernadero mediante una bomba (Figura 4b) (Kai et al., 2016).
  Todos los microorganismos productores de VCs promotores del crecimiento 
y de cambios del desarrollo de la planta descritos hasta el momento son heterótrofos. 
En condiciones aeróbicas estos microorganismos consumen O2 y emiten CO2. Los 
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sistemas de co-cultivo anteriormente descritos acumulan altos niveles de CO2 como 
consecuencia de la respiración microbiana (Kai and Piechulla, 2009). Concentraciones 
elevadas de CO2 y niveles reducidos de O2 potencian la fijación fotosintética de CO2, 
reducen la fotorrespiración y promueven el crecimiento, la floración, la acumulación 
de almidón y cambios en la arquitectura radicular de la planta (Quebedeaux and Hardy, 
1975; Makino and Mae, 1999; Ramonell et al., 2001; Ainsworth and Rogers, 2007; 
Song et al., 2009; Niu et al., 2011; Hachiya et al., 2014; Thompson et al., 2017). Por ello, 
algunos investigadores han propuesto que el efecto estimulante de los VCs emitidos 
por microorganismos en los sistemas de co-cultivo arriba descritos podría ser debido 
en gran parte a la exposición de las plantas a elevadas concentraciones de CO2 y han 
cuestionado la implicación de otro tipo de VCs en este fenómeno (Kai and Piechulla, 
2009; Casarrubia et al., 2016; Kai et al., 2016). Como consecuencia de la controversia 
generada, se ha propuesto que los sistemas de co-cultivo sellados para el estudio de la 
respuesta de las plantas a VCs microbianos deben incluir sistemas de monitorización del 
CO2 (Piechulla, 2017).

2. FACTORES QUE AFECTAN A LA ARQUITECTURA RADICULAR

Figura 4: Sistemas de co-cultivo utilizados en el estudio de los VCs microbianos. (a) Sistema de co-cultivo 
basado en el uso de placas Petri septadas (arriba placa abierta; abajo placa sellada con Parafilm) y (b) esquema 
del sistema de mini-invernadero (Kai et al., 2016).

a

b
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Las raíces cumplen funciones tan esenciales para la supervivencia de la planta como la 
toma de agua y nutrientes, la fijación al suelo o el establecimiento de interacciones con 
el entorno, ya sean con microorganismos o con otras plantas. En algunas especies, las 
raíces son almacenadoras de sustancias de reserva. Todas estas funciones dependen en 
gran medida de la arquitectura de la raíz que, a su vez depende de la longitud de la raíz 
primaria (PR) y del número y longitud de bifurcaciones surgidas de la PR denominadas 
raíces laterales (LR). Tanto la PR como las LRs están revestidas de pelos radiculares, 
que son células especializadas en la captura de agua y minerales. Según su origen y 
desarrollo se distinguen dos tipos de sistemas radicales (Figura 5). Las gimnospermas 
y las dicotiledóneas poseen un sistema radicular alorrizo, caracterizado por poseer una 
PR dominante sobre las LRs. Las monocotiledóneas y las pteridófitas poseen un sistema 
radical homorrizo que está formado por un conjunto de raíces adventicias y que se halla 
profusamente ramificado. En ambos casos la arquitectura de la raíz está determinada por  
factores endógenos y exógenos. 

2.1. Factores endógenos  
Auxinas
Las auxinas están involucradas prácticamente en todos los procesos de desarrollo de las 
plantas. A concentraciones fisiológicas, promueven la división de las células vegetales, 
aunque en altas concentraciones pueden inducir o inhibir la elongación celular (Perrot-
Rechenmman and Napier, 2005). El ácido indolacético (IAA) es la auxina más estudiada 
y se presenta en forma libre o conjugada con otros compuestos. Existen varias rutas de 
síntesis del IAA en plantas que se agrupan en: rutas dependientes e independientes de la 
metabolización del triptófano (Figura 6).
  En general las zonas más importantes de síntesis del IAA son los tejidos 
jóvenes (yemas, hojas, frutos y semillas inmaduras). El transporte y la distribución de las 
auxinas a las restantes partes de la planta juegan un papel importante para el desarrollo 
de la misma. El transporte acropétalo de las auxinas se produce desde los tejidos aéreos 
jóvenes hacia las raíces a través de rutas de larga y corta distancia (Ljung et al., 2005; 
Teale et al., 2006). En la ruta de larga distancia, las auxinas se transportan a través del 
floema maduro mientras que en la ruta de corta distancia el transporte de las auxinas 
tiene lugar de célula a célula y está mediado por transportadores específicos de entrada 
y salida de auxinas (Vieten et al., 2007; Vanneste and Friml, 2009). En Arabidopsis 
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Figura 5: Representación esquemática de los distintos tipos de sistemas radiculares (Bellini et al., 2014).
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thaliana, se han descrito tres familias de proteínas transportadoras de auxinas: las 
AUX1 y similares (AUX1/LAX), las PIN y las p-glicoproteínas (PGP) de tipo ABC 
(Zazímalová et al., 2010). Las proteínas  de la familia PIN exportan auxinas (Blilou 
et al., 2005; Geisler and Murphy, 2006) mientras que las de la familia AUX1/LAX las 
importan (Bennett et al., 1996; Swarup et al., 2001). Las PGP actúan indistintamente 
tanto como importadoras como exportadoras (Geisler and Murphy, 2006). El flujo de 
auxinas por estos transportadores juega un papel importante en la distribución de estas 
en la raíz y, por tanto, en la arquitectura radicular. Mutantes deficientes en AUX1 son 
agravitrópicos y presentan alteraciones en la distancia entre LRs y en la aparición y 
desarrollo de pelos radiculares (Vanneste and Friml, 2009). Por otro lado, las mutaciones 

a

Figura 6: Rutas de síntesis de IAA. (a) Rutas triptófano-dependientes. El triptófano puede convertirse en IAA 
a través de reacciones acopladas de desaminación (que dan lugar a ácido indol-3-pirúvico), descarboxilación 
(que dan lugar al indol-3-acetaldehido, que también puede obtenerse por la desaminación de la triptamina) y 
oxidación (dando lugar al IAA). Rutas alternativas de producción de IAA a partir del triptófano incluyen (i) 
la producción de indol-3-acetaldehído vía triptamina, o (ii) la producción de indol-3-acetaldoxima, que una 
vez convertida en indol-3-acetonitrilo, puede dar lugar a IAA (Srivastava, 2002). (b) Ruta independiente de 
triptófano. Esta ruta surge a partir del producto final de la ruta del shikimato (corismato), que es convertido en 
antranilato, 5-fosforribosilantranilato, dioxirribulosa, fosfato indol-3glicerol (IGP) e indol mediante la acción 
acoplada de las enzimas antranilato sintasa, fosforribosil antranilato transferasa, fosforribosil antranilato 
isomerasa,  IGP sintasa y triptófano sintasa. El IAA puede sintetizarse a partir de indol o IGP (Srivastava, 
2002). 

b
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de proteínas PIN alteran el desarrollo de los meristemos de la raíz, la organogénesis, la 
diferenciación del tejido vascular y la respuesta gravitrópica, lo que sugiere que estas 
proteínas juegan un papel crítico en estos procesos (Blilou et al., 2005; Zhao et al., 
2015). 
  Una vez en el interior de la célula, las auxinas se unen a la proteína receptora 
TIR1 y son señalizadas según se ilustra en la Figura 7. 
Citoquininas

Las CKs estimulan la división celular de las plantas, controlan la diferenciación 
del meristemo de la raíz, promueven la formación de pelos radiculares e inhiben la 
formación de LRs y el alargamiento de la PR (Riefler et al., 2006; Bishopp et al., 2009; 
Ramireddy et al., 2014). Mutantes deficientes en producción o señalización de CKs se 
caracterizan por poseer una PR más larga y un mayor número de LRs que las plantas 
silvestres (Bishopp et al., 2009; Ramireddy et al., 2014). Las CKs son derivados de 

Figura 7: Modelo de señalización de auxinas. Con niveles bajos de auxinas, el correpresor TPL reprime la 
transcripción regulada por auxina mediante la unión de las proteínas AUX/IAA a  los ARFs. Con niveles altos, 
el complejo SCFTIR1 se une a la auxina y se dirige a las proteínas AUX/IAA para su degradación a través 
de la vía ubiquitina-proteasoma. La ubiquitina se conjuga covalentemente a las AUX/IAA por la actividad 
secuencial de tres enzimas: las enzimas activadoras de ubiquitina (E1), las enzimas conjugadoras de ubiquitina 
(E2) y las proteínas ligasas de ubiquitina (E3). Esto permite a las proteínas AUX/IAA ser reconocidas por el 
proteasoma y degradarlas, liberando los ARF y activando los genes involucrados en la respuesta a auxinas 
(Saini et al., 2013).
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adenina que poseen una cadena lateral en la posición N6, que es la que determina su 
actividad biológica en plantas. La cadena lateral puede ser de naturaleza isoprenoide o 
aromática. Entre las CKs isoprenoides se encuentran la cis-zeatina (cZ), la trans-zeatina 
(tZ), la isopenteniladenina (iP) y la dihidrozeatina (DZ), con sus respectivos derivados 
glicosilados (Sakakibara, 2006). Entre las CKs aromáticas se incluyen la benciladenina, 
la kinetina y la metahidroxibenziladenina. La síntesis de CKs isoprenoides en las plantas 
se produce a través de dos rutas metabólicas: la ruta del metileritritol fosfato (MEP) y la 
ruta del mevalonato (MVA) (Figura 8) (Sakakibara, 2006). 
  Históricamente se asumía que las CKs solo eran sintetizadas en las raíces 
de las plantas y de ahí se transportaban hacia el tallo y las hojas (Beck and Wagner, 
1994). Sin embargo, las CKs también pueden sintetizarse en la parte aérea de las plantas 
(Hirose et al., 2008). Dependiendo de su naturaleza química, el movimiento de las CKs 
en la planta puede ser tanto hacia las raíces como hacia las hojas. Por ejemplo la tZ 
es transportada hacia el ápice de la planta a través del xilema, mientras que la iP se 
transporta fundamentalmente a través del floema (Hirose et al., 2008; Kudo et al., 2010). 
Se conoce la existencia de un transporte de CKs entre células a través de dos familias 
de transportadores: permeasas de purinas y transportadores de nucleósidos (Kang et al., 
2017). El mecanismo principal de señalización de las CKs está basado en el sistema de 
doble componente de transferencia de grupos fosfato que se ilustra en la Figura 9. 

Etileno
El etileno es un VOC que juega un papel fundamental en la formación y el crecimiento 
de las LRs e inhibe el alargamiento de la raíz y el transporte de auxina. Mutantes con 
elevada síntesis o señalización de etileno poseen un reducido número de LRs, mientras 
que mutantes insensibles al etileno muestran una gran proliferación de LRs (Negi et al., 
2008). El etileno también es clave para el desarrollo de los pelos radiculares. Mutantes 
insensibles a la acción del etileno muestran pelos radiculares más cortos, mientras que 
mutantes sobreproductores de etileno poseen pelos radiculares más largos (Pitts et al., 
1998; Rahman et al., 2002). En las plantas el etileno se produce a partir de la S-adenosil 
metionina mediante la acción acoplada de la 1-aminociclopropano-1-carboxilato 
sintasa y la aminociclopropano-1-carboxilato oxidasa (Figura 10). Los mecanismos de 
señalización del etileno se ilustran en la Figura 11. 
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Óxido nítrico
El NO es un determinante importante del desarrollo de PRs y LRs. Comparadas 
con plantas silvestres, plantas deficientes en NO poseen una raíz primaria larga y un 
reducido número de LRs, mientras que plantas expuestas a sustancias donadoras de 
NO o que acumulan altos niveles de este VIC presentan un elevado número de LRs 
(Correa-Aragunde et al., 2004). El NO también está implicado en el desarrollo de los 
pelos radiculares. Un incremento de los niveles de NO endógeno fomenta el desarrollo 
de estas estructuras, mientras que un descenso del NO endógeno inhibe su formación 
y desarrollo (Lombardo et al., 2006). El NO se produce en numerosos orgánulos 

Figura 8: Rutas implicadas en la biosíntesis de CKs en Arabidopsis. Según este modelo, las cadenas laterales 
isoprenoides de isopenteniladenina (iP), trans-zeatina (tZ) y dihidrozeatina (DZ) provienen mayoritariamente 
de la ruta del metileritritol fosfato (MEP), mientras que la cadena lateral de la cis-zeatina (cZ) proviene de la 
ruta del ácido mevalónico (MVA). Las enzimas isopenteniltransferasas (IPT) son las encargadas de sintetizar 
iPRTP, iPRDP e iPRMP, a partir de ATP, ADP y AMP, respectivamente. iPRTP, iPRDP e iPRMP pueden 
convertirse en sus respectivas formas de tZ (tZRTP, tZRDP y tZRMP) gracias a la enzima CYP735A. La 
formación de iPRMP a partir de iPRTP e iPRDP es catalizada por fosfatasas. Ambas formas iPRMP y tZRMP 
(junto con DZRMP y cZRMP) se metabolizan en los nucleosidos iPR, tZR, DZR y cZR respectivamente por 
la acción de la adenosina quinasa (AK), los cuales pueden transformarse en las respectivas CKs activas por la 
adenosin nucleosidasa (Sakakibara, 2006).
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(mitocondrias, cloroplastos y peroxisomas) mediante reacciones enzimáticas en las que 
intervienen peroxidasas, nitrato sintasas y enzimas similares a la NO sintasa. El NO 
también puede producirse de forma no-enzimática en ciertas condiciones, como en el 
caso de una bajada del pH que puede provocar la formación de NO a partir de nitrato 
(Wilson et al., 2008; del Río, 2011; Hancock, 2012; Mur et al., 2012; del Río et al., 
2014). Independientemente de su origen, el NO es una especie reactiva del nitrógeno 
que puede modular la función de las proteínas a través de la nitrosilación de los grupos 
tioles de cisteínas o reaccionar con ROS, para generar peroxinitrito, que a su vez puede 
dar lugar a la nitración de las tirosinas de las proteínas.

Especies reactivas de oxígeno
Los ROS (H2O2 y O2-) son determinantes importantes de la arquitectura de la raíz 
(Tsukagoshi et al., 2010). Los productores más importantes de H2O2 en plantas son 
la glicolato oxidasa y la acil-CoA oxidasa peroxisomales implicadas en las vías de 

Figura 9: Mecanismo de señalización de CKs de doble componente de transferencia de grupos fosfato. Según 
este modelo, la CK se une en la luz del retículo endoplasmático (ER) al receptor dimerizado CHK, situado 
en la membrana del ER, comenzando así la vía de señalización. El receptor se autofosforila en un residuo de 
histidina conservado, que luego se transmite a un residuo de ácido aspártico conservado. La señal se desplaza 
a través del citosol a una proteína de fosfotransferencia de histidina (HPt), que luego se mueve al núcleo, 
transfiriendo el fosfato a un residuo de ácido aspártico conservado en los reguladores de respuesta a CKs (RR), 
clasificados en dos grandes grupos:  tipo A (type-A RR) y tipo B (type-B RR). Ambos RR conservan un motivo 
de aminoácidos concreto (DDK). Los de tipo B además contiene un dominio de factor de transcripción GARP, 
que les permite activar genes regulados por citoquinina, mientras que los de tipo A, al no poseer este dominio, 
funcionan como represores de la respuesta a CKs (Keshisian and Rashote, 2015).
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fotorrespiración y de la β-oxidación de ácidos grasos, respectivamente. Las peroxidasas 
unidas a la pared celular también son importantes productores de H2O2 (Bolwell and 
Daudi, 2009; O’Brien et al., 2012). Una fuente importante de O2- es la NADPH oxidasa 
localizada en la membrana plasmática (Suzuki et al., 2011; Marino et al., 2012; Baxter et 
al., 2014). Otras fuentes importantes de O2- y H2O2 son los cloroplastos y las mitocondrias 
donde tiene lugar diferentes reacciones oxidativas y de transporte de electrones (Asada, 
2006; del Río et al., 2006; Rhoads et al., 2006; Halliwell and Gutteridge, 2007; del 
Río and Puppo, 2009; del Río, 2013). Plantas silvestres tratadas con inhibidores de la 
actividad de la NADPH oxidasa o mutantes rhd2 que no expresan una NADPH oxidasa 
no poseen pelos radiculares y desarrollan raíces cortas (Foreman et al., 2003). 
  Existen diferentes mecanismos de regulación génica por ROS. Está 
ampliamente aceptado que la detección de ROS externos e internos por sensores de 
membrana conlleva la inducción de cascadas de reacciones en las que MAP quinasas 
(MAPKs) transfieren grupos fosfato a factores de transcripción (Figura 12) (Apel and 

Figura 10: Ruta de síntesis del etileno. Las plantas utilizan como precursor del etileno la S-adenosilmetio-
nina, la cual es transformada por la 1-aminociclopropano-1-carboxilato sintasa (EC 4.4.1.14), obtieniendose 
1-amino-ciclopropano-1-carboxilato y liberándose S-metil-5-tioadenosina, y posteriormente la aminociclo-
propano-1-carboxilato oxidasa (EC 1.14.17.4), mediante el uso de ácido ascórbico como cofactor, transforma 
el 1-amino-ciclopropilcarboxilato en etileno, generándose además ácido cianhídrico (HCN) y CO2. https://
www.qmul.ac.uk/sbcs/iubmb/enzyme/reaction/misc/ethene.html
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Hirt, 2004). La señalización de ROS internos también puede producirse mediante la 
inactivación de una proteína fosfatasa que defosforila a las MAPKs (Figura 12). Los 
ROS también pueden modular la expresión génica modificando la actividad de los 
factores de transcripción (Apel and Hirt, 2004) (Figura 12).

2.2. Factores exógenos que afectan a la arquitectura radicular 

Figura 11: Modelo propuesto de la señalización de etileno en Arabidopsis. El etileno es percibido en la 
membrana del ER por una familia de receptores (ETR1, ERS1, ETR2, EIN4 y ERS2). En ausencia de etileno 
(Air), los receptores activos interactúan con la región N-terminal del regulador negativo CTR1 (Kieber et 
al., 1993) para fosforilar directamente el dominio C-terminal del regulador positivo de las respuestas de 
etileno EIN2 (Alonso et al., 1999), impidiendo la separación del dominio CEND de EIN2 por las proteínas 
F-box EPT1/2 y reprimiendo la transducción de señalización. En el núcleo, las proteínas implicadas en la 
señalización de etileno EIN3/EIL1 se degradan a través del ubiquitina-proteasoma mediado por las proteínas 
F-box EBF1/2. En presencia de etileno tiene lugar una inactivación de sus receptores y CTR1, lo que resulta 
en la desfosforilación de EIN2 y, por lo tanto, la escisión del dominio CEND. Este dominio CEND se 
transporta al núcleo y participa en la estabilización y acumulación de EIN3/EIL1 y, en consecuencia, induce 
la transcripción de factores de respuesta a etileno (ERFs) y otros genes sensibles al etileno (Yang et al., 2015).
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Factores abióticos 
La arquitectura radicular está fuertemente determinada por factores exógenos de carácter 
abiótico, tales como la disponibilidad de agua y de macronutrientes (fósforo, azufre, 
potasio, calcio y nitrógeno) y micronutrientes esenciales (hierro, boro, molibdeno, 
manganeso, cobre, níquel y zinc). En función de la disponibilidad de agua, las plantas 
responden fomentando el crecimiento de sus raíces laterales en las zonas con mayor 
grado de humedad o reprimiendo el crecimiento en zonas con escasa humedad (Bao et 

Figura 12: Esquema propuesto para la detección y señalización de ROS en plantas. Los ROS de origen tanto 
intracelular como extracelular son detectados por sensores de ROS, constituidos por proteínas histidin-qui-
nasas de membrana, las cuales activan una cascada de fosforilacion de proteínas MAP quinasas (MAPKKK, 
MAPKK y MAPK), que inducen la activación de factores de transcripción mediante la fosforilacion de los 
mismos mediante la MAPK activa. Los ROS intracelulares pueden mantener activa la MAPK gracias a la 
inhibición por oxidación de una fosfatasa (PPase) o actuar directamente sobre la activación de los factores de 
transcripción a través de la oxidación de residuos de cisteínas. (Apel and Hirt, 2004)
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al., 2014; Orman-Ligueza et al., 2018; Robbins and Dinneny, 2018). La disponibilidad de 
nutrientes puede alterar el número, la longitud, el ángulo y el diámetro de las raíces y los 
pelos radiculares (Forde and Lorenzo, 2001; López-Bucio et al., 2003; Malamy, 2005). 
Las plantas responden a concentraciones crecientes de nitrato inhibiendo el crecimiento 
de la raíz primaria y de las raíces laterales (Lopez-Bucio et al., 2005). Plantas crecidas 
en suelos pobres en fosfato reducen drásticamente el crecimiento de la raíz primaria 
(Sánchez-Calderón et al., 2005) y desarrollan más raíces laterales y pelos radiculares 
que plantas crecidas con altas concentraciones de fosfatos (Williamson et al., 2001; 
Lopez-Bucio et al., 2002; Jiang et al., 2007). Una deficiencia leve de hierro fomenta 
el alargamiento de las raíces primaria y laterales, mientras que una deficiencia severa 
causa retraso en el crecimiento de las raíces (Gruber et al., 2013). La deficiencia de zinc 
conlleva el desarrollo de un sistema radicular altamente ramificado (Gruber et al., 2013).

Factores bióticos
Los microorganismos existentes en la rizosfera también modifican la arquitectura 
radicular de las plantas. Estos microorganismos pueden mejorar el desarrollo y el 
crecimiento de las raíces mediante la producción y liberación al exterior de fitohormonas 
tales como auxinas, CKs y etileno (Thuler et al., 2003; Perrig et al., 2007; Cassán et 
al., 2009; Moubayidin et al., 2009; Stepanova and Alonso, 2009; Dodd et al., 2010; 
Overvoorde et al., 2010) o mediante la liberación de enzimas que interfieren en el 
metabolismo de fitohormonas. La enzima más estudiada es la 1-aminociclopropano-1-
carboxilato deaminasa, que modula la producción de etileno en la planta (Penrose et al., 
2001; Glick 2005; Contesto et al., 2008). Muchos microorganismos pueden fomentar el 
crecimiento y desarrollo de las LRs (Combes-Meynet et al., 2011; Chamam et al., 2013) 
y de los pelos radiculares (Dobbelaere et al., 1999; Contesto et al., 2008), fomentando 
así la capacidad exploratoria de nutrientes de la planta y, por tanto, el crecimiento. 

3. HIPÓTESIS DE TRABAJO 
El estudio de la respuesta de las plantas a VCs emitidos por microbios fitopatógenos 
constituye un modelo ideal tanto para investigar los mecanismos reguladores 
del metabolismo, crecimiento y desarrollo de la planta y su interacción con los 
microorganismos, como para diseñar estrategias biotecnológicas que permitan 
incrementar la productividad de los cultivos. Las hipótesis planteadas al inicio de mi 



30

Pablo García Gómez Introducción

trabajo de tesis doctoral pueden incluirse en dos grandes bloques cuyos fundamentos y 
razonamientos se detallan a continuación:

3.1. Hipótesis relacionadas con la naturaleza de los VCs bioestimulantes de origen 
microbiano
Todos los microorganismos productores de VCs que fomentan el crecimiento y cambios 
del desarrollo de la planta descritos hasta el momento (tanto los patógenos utilizados 
por el grupo de investigación en el que he realizado mi trabajo como los beneficiosos 
utilizados por otros grupos de investigación) son heterótrofos. En condiciones aeróbicas 
estos microorganismos consumen O2 y emiten CO2. Los sistemas sellados de co-cultivo 
clásicamente empleados para el estudio de las relaciones planta-microorganismo 
mediadas por VCs acumulan altos niveles de CO2 como consecuencia de la respiración 
microbiana (Kai and Piechulla, 2009). Concentraciones elevadas de CO2 y niveles 
reducidos de O2 potencian la fijación fotosintética de CO2 y promueven el crecimiento, la 
floración, la acumulación de almidón y cambios en la arquitectura radicular de la planta 
(Quebedeaux and Hardy, 1975; Makino and Mae, 1999; Ramonell et al., 2001; Ainsworth 
and Rogers, 2007; Song et al., 2009; Niu et al., 2011; Hachiya et al., 2014; Thompson et 
al., 2017). El sistema “box-in-box” utilizado por mi grupo de investigación para realizar 
estudios de la respuesta de la planta a VCs microbianos es un sistema “semi-sellado” 
en el que el intercambio de gases con el exterior está mediado por una fina lámina 
de plástico semipermeable a VCs de pequeño tamaño molecular. Consecuentemente, 
una hipótesis de trabajo contemplada al inicio de mi trabajo proponía que una parte 
considerable de la respuesta de la planta a los VCs emitidos por microorganismos 
patógenos descritos por mi grupo de investigación son debidos a la exposición de las 
plantas a elevadas concentraciones de CO2. 
  Todas las investigaciones realizadas hasta el momento sobre el efecto 
bioestimulante de los VCs microbianos han girado en torno a VOCs (Kanchiswamy et 
al., 2015). Sin embargo, además de VOCs, los microorganismos son capaces de producir 
VICs que, aplicados en bajas concentraciones pueden ejercer un efecto beneficioso para 
la planta (Dong et al., 2003; He et al., 2004; Guo et al., 2009; Jin et al., 2009; Kong 
et al., 2010; Xu et al., 2010; Chen et al., 2011; Dooley et al., 2013; Jin et al., 2013, 
Lisjak et al., 2013; Zeng et al., 2013; Lin et al., 2014; Takahashi et al., 2014; Wang and 
Liao, 2016; Kuruthukulangarakoola et al., 2017). Es más, VICs emitidos por algunas 
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bacterias que fomentan el crecimiento son determinantes importantes de la arquitectura 
radicular de la planta (Creus et al., 2005; Molina-Favero et al., 2008). Por lo tanto, otra 
hipótesis de trabajo planteada al inicio de mis investigaciones proponía que algunos 
VICs (incluyendo los emitidos por hongos fitopatógenos) juegan un papel importante en 
la respuesta de la planta a VCs microbianos.

3.2. Hipótesis relacionadas con la regulación de la respuesta de las raíces a VCs 
microbianos 
Investigaciones llevadas a cabo antes de mi incorporación al laboratorio en el que he 
realizado mi trabajo de investigación permitieron elaborar un esquema integrativo 
de los procesos bioquímicos y moleculares que operan en las plantas expuestas a la 
acción de los VCs emitidos por microorganismos patógenos (Figura 2). La hipótesis 
de trabajo planteada al inicio de mi investigación contemplaba que los VCs emitidos 
por fitopatógenos fúngicos son percibidos por receptores localizados en la membrana 
plasmática de células foliares que producen señales promotoras de la expresión de 
funciones relacionadas con la fotosíntesis. El incremento de la actividad fotosintética 
resultante conlleva incrementos en la producción de gliceraldehido-3-P, un intermediario 
del CBC que actúa como precursor de la síntesis de compuestos isoprenoides plastidiales 
tales como clorofilas, carotenoides y hormonas, entre las que destacan las giberelinas 
y CKs. Estas últimas inician una cascada de reacciones que derivan en la producción 
de proteínas relacionadas con la captación de luz, la fotoprotección, la síntesis de 
componentes de pared celular, la iniciación de la floración y el desarrollo radicular, 
la defensa contra el estrés oxidativo, el metabolismo de aminoácidos y la captación 
de hexosas citosólicas precursoras de la biosíntesis de almidón. Según este modelo, 
la regulación de la respuesta de la planta a VCs microbianos está altamente regulada 
a nivel transcripcional (Sánchez-López et al., 2016b). Sin embargo, existen indicios 
de que esto no es del todo correcto. Así, trabajos realizados en nuestro laboratorio 
han mostrado que la acumulación de niveles excepcionalmente elevados de almidón 
foliar promovida por los VCs fúngicos depende en gran medida de la activación redox 
de enzimas del metabolismo del almidón (Li et al., 2011). Además, la mayoría de los 
cambios observados en el proteoma de plantas expuestas a VCs microbianos no están 
asociados con cambios en el transcriptoma (Sánchez-López et al., 2016a). Es más, parece 
que los mecanismos de regulación post-transcripcional juegan un papel importante en 
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la adaptación de las plantas (especialmente las raíces) a cambios del entorno (Floris et 
al., 2009; Lan et al., 2012). Por lo tanto, otra hipótesis de trabajo planteada al inicio de 
mis investigaciones contemplaba que la respuesta de las plantas (especialmente de las 
raíces) a VCs microbianos está regulada post-transcripcionalmente.
  En la fase de pre-colonización los microorganismos beneficiosos producen 
VCs que promueven cambios en la arquitectura radicular de las plantas que facilitan 
la captación de nutrientes y agua. Estas adaptaciones son el resultado de procesos en 
los que (a) la señalización de hormonas (especialmente auxinas, etileno y CKs) y ROS 
juegan un papel destacado y (b) determinadas rutas metabólicas actúan como fuente 
de energía y de moléculas-señal. Sin embargo, hasta el momento no se han realizado 
estudios de los cambios que ocurren en el metaboloma, el proteoma y el hormonoma de 
raíces de plantas expuestas a VCs emitidos por fitopatógenos. Otra hipótesis de trabajo 
planteada al inicio de mis investigaciones proponía que los microorganismos patógenos 
emiten VCs que fomentan el crecimiento y cambios en el desarrollo radicular a través 
de cambios en la señalización de hormonas y ROS que a su vez dan lugar a cambios en 
el proteoma y metaboloma de la planta.
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El objetivo general de esta tesis es profundizar en el conocimiento de los mecanismos 
que regulan la interacción entre las plantas y los microorganismos fitopatógenos durante 
la fase de pre-colonización. Para ello se plantean los siguientes objetivos específicos:

1) Identificar la naturaleza de los VCs emitidos por dos hongos fitopatógenos (A. 
alternata y P. aurantiogriseum) que fomentan el crecimiento y promueven cambios en 
el metabolismo y el desarrollo de Arabidopsis.

2) Estudiar los mecanismos bioquímicos y moleculares implicados en la respuesta de las 
raíces a los VCs emitidos por P. aurantiogriseum.





CAPÍTULO 1
 
Volatile compounds other than CO2 emitted by different 
microorganisms promote distinct post-transcriptionally 

regulated responses in plants
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1. INTRODUCTION
The metabolic activity of microorganisms results in the emission of complex mixtures 
of volatile compounds (VCs). It is well known that beneficial bacteria and fungi can 
produce volatiles that promote plant growth as well as developmental and metabolic 
changes (Ryu et al., 2003; Hung et al., 2013; Kanchiswamy et al., 2015). We have 
recently shown that this capacity is not restricted to beneficial microorganisms, but 
also extends to phytopathogens (Sánchez-López et al., 2016b). When Arabidopsis 
plants were exposed to airborne signals released by the saprophytic fungus Alternaria 
alternata, growth promotion was accompanied by enhanced photosynthetic electron 
transport and CO2 assimilation rates, accelerated flowering, changes in the redox status 
of enzymes involved in starch metabolism, and starch over-accumulation resulting 
from the activation of non-canonical starch biosynthetic pathway(s) (Ezquer et al., 
2010; Li et al., 2011; Sánchez-López et al., 2016a; Sánchez-López et al., 2016b). Short 
exposure to VCs emitted by A. alternata and plant growth-promoting bacteria induced 
similar transcriptomic changes, indicating that plants react to microbial VCs through 
highly conserved regulatory mechanisms (Sánchez-López et al., 2016b). These findings 
expanded our knowledge of the diversity and complexity of the mechanisms involved 
in modulating plant physiology and growth when plants interact with microorganisms, 
and raised questions about the evolution of the involved processes and their ecological 
significance. 
 Growth promotion by microbial VCs has frequently been associated with 
lipophilic carbon-based compounds with molecular masses less than 300 Da and high 
vapour pressure, which are known as volatile organic compounds (VOCs) (Kanchiswamy 
et al., 2015). Nearly 2000 microbial VOCs emitted by 1000 microorganisms are 
presently registered in the microbial VOC database (Lemfack et al., 2018). Over 50 
of these VOCs have been shown to induce changes in the plant´s growth, physiology 
and/or defence responses (Piechulla et al., 2017). In many cases, exposure of plants to 
discrete (individual) VOCs or VOC mixtures either failed to reproduce or only partially 
reproduced the effects induced by the complex blends of VCs emitted by plant growth 
promoting microorganisms (Groenhagen et al., 2013; Naznin et al., 2013; Cordovez 
et al., 2017). This indicates that VOCs not detected by the analytical methods used in 
these studies may be partly responsible for the growth-promoting effects of microbial 
VCs. In addition to VOCs, microorganisms also release a limited number of volatile 
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inorganic compounds (VICs) with molecular masses less than 45 Da such as hydrogen 
sulfide (H2S), molecular hydrogen (H2), nitric oxide (NO), nitrogen dioxide (NO2), 
nitrous oxide (N2O), carbon monoxide (CO), carbon dioxide (CO2), hydrogen cyanide 
(HCN) and ammonia (NH3) (Engel et al., 1972; Wharton and Weintraub, 1980; Siegel 
and Siegel, 1987; Nandi and Sengupta, 1998; Conrath et al., 2004; Blom et al., 2011; 
Shatalin et al., 2011; Schreiber et al., 2012; Weise et al., 2013). These compounds can 
cross biological membranes. Some of them are very reactive with proteins and can act as 
signalling molecules that promote photosynthesis, growth and developmental changes 
in plants when exogenously applied in a discrete form and in low concentrations 
(Dong et al., 2003; He et al., 2004; Guo et al., 2009; Jin et al., 2009; Kong et al., 2010; 
Xu et al., 2010; Chen et al., 2011; Dooley et al., 2013; Jin et al., 2013; Lisjak et al., 
2013; Zeng et al., 2013; Lin et al., 2014; Takahashi et al., 2014; Wang and Liao, 2016; 
Kuruthukulangarakoola et al., 2017). There is also evidence that emissions of some of 
these compounds from growth-promoting rhizobacteria are an important determinant 
of root development in their host plants (Boccara et al., 2005; Johnson et al., 2008; 
Molina-Favero et al., 2008).
 A number of studies on plant´s responses to microbial VCs have largely 
relied on the use of sealed dual co-cultivation systems in which plants are exposed to 
complex mixtures of VICs and VOCs released by nearby microbial cultures (Ryu et al., 
2003; Zhang et al., 2009; Ezquer et al., 2010; Blom et al., 2011; Ditengou et al., 2015; 
Casarrubia et al., 2016; Sánchez-López et al., 2016a; Sánchez-López et al., 2016b; 
Cordovez et al., 2017). All currently known microorganisms that produce plant growth-
promoting volatiles are heterotrophic and thus emit respiratory CO2 and consume O2 
when grown under aerobic conditions. In sealed co-cultivation systems, microbial 
respiratory CO2 can accumulate to high levels in the headspace (Kai and Piechulla, 
2009) while O2 levels can fall below the atmospheric O2 concentrations. Elevated CO2 
and strong reduction of O2 levels enhance photosynthesis, reduce photorespiration, and 
promote plant growth, flowering, starch accumulation and changes in root architecture 
(Quebedeaux and Hardy, 1975; Makino and Mae, 1999; Ramonell et al., 2001; Ainsworth 
and Rogers, 2007; Song et al., 2009; Niu et al., 2011; Hachiya et al., 2014; Thompson 
et al., 2017). Therefore, several authors have argued that the responses of plants grown 
in closely proximity to microbial cultures in sealed containers could be largely due to 
accumulation of elevated levels of CO2 from microbial respiration, which calls into 
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question past interpretations of results obtained using sealed co-cultivation systems (Kai 
and Piechulla, 2009; Casarrubia et al., 2016; Kai et al., 2016). Consequently, studies 
using sealed co-cultivation systems should include appropriate CO2 controls and online 
monitoring of the levels of this gas in the growth containers. In addition, the design of 
the test system should be described in detail (Piechulla, 2017; Piechulla et al., 2017). 
 Our previous studies on plant responses to microbial volatiles were conducted 
using a “box-in-box” co-cultivation system in which the plant and microbial cultures 
were placed in a container sealed with a polyvinyl chloride (PVC) plastic wrap (cf. 
Supplemental Figure 2 in Ezquer et al., 2010, cf. Supplemental Figure 1 in Sánchez-
López et al., 2016b). In studies using this and other sealed test systems, plants co-cultured 
with phylogenetically distant microbial species exhibited very similar transcriptomic 
changes, suggesting that all of the microorganisms emit the same bioactive VC(s) 
(Sánchez-López et al., 2016b). It is thus possible that our observations were due at least 
in part to elevated CO2 resulting from microbial respiration. Using the same “box-in-
box” test system, here we have conducted new studies to address the question of whether 
airborne signals from different microorganisms can promote distinct responses in plants. 
In addition, we evaluated the contribution and mode of action of microbial VOCs 
and VICs (including respiratory CO2) in these responses by performing comparative 
analyses of plants´ developmental, biochemical and molecular responses to (i) CO2, 
(ii) complex mixtures of VICs and VOCs, and (iii) VOCs-depleted (VICs-containing) 
volatile emissions from the fungal phytopathogens A. alternata and P. aurantiogriseum. 
Our results show that, in the test system used in this work and our previous studies, 
respiratory CO2 plays only a minor role in plant responses to microbial VCs. Moreover, 
we present evidence that mixtures of VICs from different microorganisms can promote 
growth and distinct developmental changes in Arabidopsis. We also provide evidence 
that (a) the highly conserved transcriptional changes occurring in plants exposed to 
microbial VCs are indirectly due to enhanced photosynthesis, and (b) some plant 
responses to fungal VOCs-depleted VC mixtures are primarily regulated at the post-
transcriptional level.

2. MATERIALS AND METHODS 
Plant and microbial cultures, growth conditions and sampling
The work was carried out using Arabidopsis thaliana L. (Heynh) ecotype Columbia 
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(Col-0) and the fungal species A. alternata (CECT 20192) and P. aurantiogriseum 
(CECT 20226). Plants were cultured in Petri dishes (92x16mm, Ref. 82.1472.001, 
Sarstedt) containing sucrose-free solid half strength Murashige and Skoog (MS) 
(Phytotechlab M519) medium. A. alternata and P. aurantiagriseum were cultured 
in Petri dishes (35x10mm, Ref. 82.1135.500, Sarstedt) containing solid MS medium 
supplemented with 90 mM sucrose. To investigate the plants´ responses to fungal VCs, 
microbial cultures without lids (with or without filter of charcoal, SIGMA 05105) and 
plant cultures without lids were placed in sterile boxes without physical contact, and 
sealed with a PVC film. As negative controls, plant cultures were placed in sealed boxes 
together with Petri dishes containing sterile MS medium. The sealed boxes containing 
plants and fungal cultures were placed in CO2-controlled growth cabinets (Conviron®, 
Manitoba, Canada) with a 16 h light (90 µmol photons sec-1 m-2)/8 h dark photoperiod 
(22ºC during the light period and 18ºC during the dark period). The growth cabinets 
were modified including a Vaisala CARBOCAP, Carbon Dioxide Module GMM112 
to allow the cabinets to reach 10000 ppm CO2. Microbial VCs and CO2 treatments 
started at the 14th day after sowing. Unless otherwise indicated plants were grown on 
horizontal plates.

Root morphological analysis
The numbers and lengths of the plants´ roots and root hairs in plants grown on 
vertical plates were measured using a stereomicroscope Olympus MVX10 (Japan). 
Microphotographs were captured with a DP72 video camera (Olympus, Japan) and the 
Cell D software (Olympus, Japan).

Analytical procedures
Fully expanded source leaves of plants cultured in the absence or presence of VCs or 
exogenously supplied CO2 were harvested at the end of the light period, freeze-clamped, 
and ground to a fine powder in liquid nitrogen with a pestle and mortar. Starch was 
measured using an amyloglucosydase–based test kit (Boehringer Mannheim, Germany). 
For measurement of sucrose, glucose and fructose levels, a 0.1 g aliquot of the frozen 
powder was resuspended in 1 ml of 90% ethanol, left at 70 ºC for 90 min, and centrifuged 
at 13,000 x g for 10 min. Sugar contents from supernatants were then determined by 
HPLC with pulsed amperometric detection on a ICS-3000 Dionex system.
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Gas exchange determinations
Fully expanded apical leaves were enclosed in a LI-COR 6400 gas exchange portable 
photosynthesis system (LI-COR, Lincoln, Nebraska, USA). The gas exchange 
determinations were conducted at 25 ºC with a photosynthetic photon flux density of 
350 mmol m-2 s-1. Net rates of CO2 assimilation (An) were calculated using equations 
developed by von Caemmerer and Farquhar (1981).

Headspace analysis of microbial VCs 
The system to analyse the microbial VCs in the headspace of growth chambers 
containing fungal cultures is illustrated in Figure 1. The solid-phase microextraction 
(SPME) technique was selected for gas chromatography-mass spectrometry (GC-MS) 
analyses of VOCs. The PVC wrap of the sealed growth boxes was carefully drilled with a 
Divinylbenzene/Carboxen/Polydimethylsiloxane (DVB/CAR/PDMS) coated fiber, and 
VOCs were adsorbed at 22 ºC for 30 min. The fiber was injected into an Agilent 7890A 
gas chromatograph containing a 30 m x 0,25 mm fused silica HP-5MS column. The 
chromatographic conditions used were: inlet 250 ºC; column 40 ºC for 2 min followed by 
ramping at 5 ºC/min to 250 ºC. Mass spectral analyses were carried out with an Agilent 
5975C instrument. The scan mass range extended from m/z 20 to 400. Mass spectra of 
VCs were compared to those obtained from the NIST library and identifications were 
confirmed using commercially available standard compounds. High purity chemicals 
(generally with purities above 99%) were purchased from Sigma-Aldrich to identify 
some compounds released by the fungi. Kovats retention indices were calculated 
according to generally accepted standards (van Den Dool and Dec Kratz, 1963), based 
on the chromatographic retention times of a saturated alkane mixture (C7 - C30; Sigma-
Aldrich) and other alkanes (< C7) occurring in the chromatogram background.
 For online monitoring of the CO2 contents in sealed growth boxes with or without 
fungal cultures, the sealed growth boxes were connected to a Vaisala CARBOCAP® 

Carbon Dioxide Probe GMP343 combined with a Vaisala Handheld Measurement 
Indicator MI70. For O2 and CO contents analyses, sealed growth boxes were connected 
to a MX4 portable headspace analyser (Industrial Scientific Corporation, Pennsylvania, 
United States). For NO analyses, sealed growth boxes were connected to a Ecotech 
Serinus 40 Oxides Nitrogen Analyser (Ecotech Pty Ltd., Knoxfield, VIC, Australia). 
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Figure 1: System to analyse (a) VOCs, CO2, O2 and CO; and (b) NO in the headspace of growth chambers 
containing fungal cultures.
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The Analyser was used under the conditions needed to meet EN Type approval (TUV 
Textural characterization of activated charcoal 
Nitrogen adsorption at -196 ºC was measured using an ASAP 2020 volumetric 
adsorption analyser from Micromeritics (Norcross, Georgia, USA). Approximately 
0.1532 g of sample was weighed in an elongated Pyrex glass tube. Before adsorption 
analysis, the sample was outgassed for at least 15 h at 573 K at the degassification port 
of the adsorption apparatus with a residual vacuum of 7 x 10-1 Pa. Specific surface areas 
were calculated from the N2 adsorption data (molecular cross section 0.162 nm2) by the 

Brunauer-Emmett-Teller method:
where na is the amount adsorbed, nam is the monolayer capacity, p/p0 is the relative 
pressure, and C is a constant related to the heat of adsorption.
 Micropore volume was estimated by applying the DR method to the N2 

(VmicroDR) adsorption data: 

where V is the volume adsorbed at a given relative pressure, V0 is the micropore volume 
and D is a constant characteristic of the adsorbent structure.
 Mesopore volume (Vmeso) values were obtained by subtracting the amount 
adsorbed at p/pº 0.80 and 0.30. Macropore volume (Vmacro) was obtained by difference 
between Vt and the amount adsorbed at p/pº 0.80. Pore volumes were calculated 
using liquid-state density for adsorbate of N2 at 0.808 g cms.1-3 (Garrido et al., 1987; 
Rodríguez-Reinoso et al., 1989).

Gene expression analyses 
We proceeded essentially as described in Sánchez-López et al. (2016b). Briefly, total 
RNA was extracted from frozen Arabidopsis leaves of plants cultured in vitro using 
the Trizol method according to the manufacturer’s procedure (Invitrogen), and then 
purified with the RNeasy kit (Qiagen). RNA amplification, labelling and statistical data 
analysis were performed basically as described by Adie et al. (2007). The Arabidopsis 
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Gene Expression Microarray 4 x 44K (G2519, Agilent Technologies) was used for 
hybridization. Three independent biological replicates were hybridized for leaves from 
microbe-treated plants and from controls. Images from Cy3 and Hyper5 channels were 
equilibrated to compensate for intensity differences and captured with a GenePix 4000B 
scanner (Axon). Spots were quantified using GenPix software (Axon) and normalized 
using the Lowess method.  Means of the three replicates log-ratio intensities and their 
standard deviations were calculated, and the expression data were statistically analysed 
using the LIMMA package (Smyth and Speed, 2003). Functional characterization of 
the differentially expressed genes was done using the Mapman tool (http://gabi.rzpd.de/
projects/MapMan/).

Non-reducing western blot analyses
Fifty mg of the homogenized frozen material (see above) was extracted in cold 16% 
(w/v) TCA in diethyl ether, mixed, and stored at –20 ºC for 2 h. The pellet was collected 
by centrifugation at 10,000 x g for 5 min at 4 ºC, washed 3 times with ice-cold acetone, 
dried briefly under vacuum, and resuspended in 1x Laemmli sample buffer containing 
no reductant. Proteins were separated on 10% SDS-PAGE under non-reducing 
conditions as described by Hendriks et al. (2003), transferred to nitrocellulose filters, 
and immunodecorated by using the antisera raised against the small subunit of maize 
AGP, and a goat anti-rabbit IgG alkaline phosphatase conjugate as the secondary 
antibody (Sigma).

Statistical analysis
The data presented are the means (± SE) from four independent experiments, with 3-5 
biological replicates, each biological replicate being a pool of 12 plants. The significance 
of differences between control and treated was statistically evaluated by means of 
Student´s t-test using SPSS software. Differences were considered significant if p<0.05.

3. RESULTS 
Volatile emissions of A. alternata and P. aurantiogriseum promote distinct 
developmental changes in Arabidopsis plants cultured in a “box-in-box” co-
cultivation system
Volatiles emitted by A. alternata and P. aurantiogriseum cultures promoted rosette 
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growth and flowering in adjacent plants (Figure 2), in keeping with the results of 
Sánchez-López et al. (2016b). Furthermore, fungal VCs promoted root growth (Figure 
2), root hair proliferation and elongation, and formation of first and second order lateral 
roots (LRs), thereby increasing the density of the root system (Figure 3). 
 Volatiles from both microorganisms promoted distinct developmental responses 
in vicinity plants. Leaves of plants exposed to VCs from P. aurantiogriseum were more 
wrinkled, thicker, and harder than those of plants exposed to VCs from A. alternata 
(Figure 1a and data not shown). Primary roots of plants exposed to A. alternata VCs 
were longer than those of control plants and P. aurantiogriseum VC-exposed plants 
(Figure 3c). Furthermore, whereas A. alternata VCs had no effect on the length of 
first order LRs, P. aurantiogriseum VCs inhibited the growth of this root type (Figure 
3c). In addition, the root hairs of plants treated with P. aurantiogriseum VCs were 
substantially longer than those of plants treated with A. alternata VCs (Figure 3b,c). P. 
aurantiogriseum VCs also stimulated the formation of second-order LRs more strongly 
than A. alternata VCs (Figure 3c), leading to a higher density of second-order LRs 
in plants treated with P. aurantiogriseum compared to those treated with A. alternata 
VCs (Figure 3a,c). The strong proliferation and elongation of root hairs, combined 
with the shortening of the LRs induced by P. aurantiogriseum VCs led to the formation 
of peculiar brush-like structures that were not seen in roots of plants exposed to A. 
alternata VCs (Figure 2, Figure 3a,b). 

Charcoal-filtered and non-filtered fungal volatile emissions promote similar 
responses in exposed plants
We next investigated the contribution of fungal VOCs and VICs in the plant responses 
in the “box-in-box” system used in this work and previous studies. So, we characterized 
Arabidopsis plants grown in the absence or presence for one week of adjacent A. 
alternata and P. aurantiogriseum cultures covered with a black, porous nylon mesh, 
with or without a top layer of VOC-adsorbing activated charcoal (Figure 4). According 
to the adsorption isotherm of N2 at -196 ºC (Supplemental Figure 1a) and the porosity 
distribution (Supplemental Figure 1b), the type of charcoal used in this study was a 
micro-meso-porous carbon with specific surface area of 1109 m2/g, micropores greater 
than 0.7 nm and mesoproses between 2 and 5 nm (Supplemental Table 1). Therefore, 
small molecules such as CO2 (with a molecular cross section of 0.162 nm2 and size of 
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Figure 2: Volatile emissions of A. alternata and P. aurantiogriseum promote rosette and root growth and 
flowering in Arabidopsis plants cultured in a “box-in-box” co-cultivation system. (a) External phenotypes 
of plants and (b) roots, and (c) rosette FW, (d) root FW and (e) time of floral bud appearance of Arabidopsis 
plants grown in the absence or continuous presence for one week of adjacent cultures of A. alternata or P. 
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significant differences relative to plants not cultured with adjacent fungal cultures based on Student´s t-test 
(p<0.05).
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Figure 3: Volatile emissions of A. alternata and P. aurantiogriseum promote distinct responses in the root 
architecture of Arabidopsis plants cultured in a “box-in-box” co-cultivation system. (a) External phenotypes 
of plants and (b) roots, and (c) root architecture parameters of Arabidopsis plants grown on vertical plates in 
the absence or continuous presence for one week of adjacent cultures of A. alternata or P. aurantiogriseum.
and b = 1 cm and 1 mm, respectively. Values given in (c) represent the means ± SE of three biological 
replicates obtained from three independent experiments, each biological replicate being a pool of 12 plants. 
Asterisks indicate significant differences relative to plants not cultured with adjacent fungal cultures based on 
Student´s t-test (p<0.05). Scale bars in a and b are 1 cm and 1 mm, respectively.
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0.33x0.53x0.33 nm), CO, NO, O2, etc.  could cross the porosity of this carbon, especially 
in the presence of larger molecules that could cover the smallest microporosity. We 
reasoned that if the plant´s responses to microbial VCs were mainly due to VOCs, 
charcoal-filtered (VOCs-depleted, VICs-containing) fungal volatile emissions should 
trigger at most a weak response. Conversely, if the fungal cultures release VICs with 
high action potentials, charcoal-filtered microbial volatile emissions should still trigger 

strong responses in plants. 
 As a first step in these studies, we conducted compositional analyses of the 
VCs in the headspace of PVC film-sealed growth chambers containing A. alternata 
or P. aurantiogriseum cultures with and without charcoal filters. VOCs analyses were 
done using SPME coupled with GC-MS, a technology that has been widely used to 
analyse VOCs emitted by microorganisms and to elucidate their potential function in 
plant-microbe interactions (Zou et al., 2010; Velázquez-Becerra et al., 2011; Meldau 
et al., 2013; Naznin et al., 2013; Contreras-Cornejo et al., 2014; Garnica-Vergara et 
al., 2016; Farag et al., 2017; Nieto-Jacobo et al., 2017; Schenkel et al., 2018). VOCs 
extraction was performed using a DVB/CAR/PDMS coated fiber that can capture 
C3-C20 volatiles and semi-volatiles with molecular masses between 40 and 275 Da. A 
detailed description of the system used to perform these studies is presented in Figure 
1. As shown in Supplemental Table 2 and Figure 5, SPME GC-MS analyses of VOCs 
in the headspace of growth chambers containing A. alternata or P. aurantiogriseum 
cultures lacking charcoal filters revealed that these microorganisms have different 
organic volatilomes. Some of the VOCs released by the two fungal phytopathogens 
have previously been identified among the emissions of plant-growth promoting 
microorganisms (Supplemental Table 2). VIC analyses revealed substantially higher 
levels of CO and NO in the headspace of growth chambers containing the fungal 

+/- Charcoal

VOCs + VICs

VICs

Fungal
culture

PVC film

Nylon meshContainer

Figure 4: Schematic representation of the “box-in-box” co-cultivation system used in this work. Plant cultures 
were placed in boxes containing A. alternata or P. aurantiogriseum cultures covered with a porous nylon mesh 
with or without an upper charcoal filter.
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cultures than in controls (Figure 6). No VOCs were detected in the headspace of growth 
chambers containing fungal cultures covered with charcoal filters (Supplemental Table 
2, Figure 5), showing that this hydrocarbon material captures all VOCs emitted by A. 
alternata and P. aurantiogriseum that can be adsorbed by the DVB/CAR/PDMS coated 
fiber and detected by GC-MS under the conditions used in this study. In contrast, CO 
and NO levels in the headspace of growth chambers containing fungal cultures covered 
with charcoal filters were higher than in controls (Figure 6). This shows that the two 
fungal species emit CO and NO and confirms that the charcoal filter used in this study 

poorly retains these small VICs.
 As expected, plants grown beside fungal cultures not covered with a charcoal 
filter produced larger rosettes and roots, flowered earlier and developed denser root 
systems with longer root hairs than control plants (Figure 7a,b). Fungal VCs without 
charcoal filtration also increased photosynthetic activity in the exposed plants (Figure 
8a) and promoted the accumulation of photosynthetic pigments (Figure 8a) and primary 
photosynthates (i.e. sucrose, glucose, fructose and starch) (Figure 8b). Notably, these 
responses were identical to those of plants grown in the vicinity of fungal cultures 
covered with a charcoal filter (Figures 7 and 8). 

0

2

4

6
7

8

1

5

3

 C
O

 c
on

ce
nt

ra
tio

n 
(p

pm
)

- Charcoal + Charcoal

*
* *

*

+ A
. a

lte
rna

ta 
VCs

+ P
. a

ura
nti

og
ris

eu
m V

Cs
-V

Cs

+ A
. a

lte
rna

ta 
VCs

+ P
. a

ura
nti

og
ris

eu
m V

Cs
-V

Cs
0

4

8

12

14

2

10

6
 N

O
 c

on
ce

nt
ra

tio
n 

(p
pb

)

- Charcoal + Charcoal

*
* *

*

+ A
. a

lte
rna

ta 
VCs

+ P
. a

ura
nti

og
ris

eu
m V

Cs
-V

Cs

+ A
. a

lte
rna

ta 
VCs

+ P
. a

ura
nti

og
ris

eu
m V

Cs
-V

Cs

Figure 6: CO and NO contents in the headspace of PVC-sealed growth boxes containing A. alternata or P. 
aurantiogriseum cultures with or without charcoal filters. Values represent the means ±SE of four biological 
replicates obtained from four independent experiments, each biological replicate being four growth boxes. 
Asterisks indicate significant differences relative to controls (fungal cultures lacking growth boxes) based on 
Student´s t-test (p<0.05).
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Figure 7: Charcoal-filtered (VOCs-depleted) and non-filtered fungal volatile emissions promote similar 
growth and root developmental responses in exposed plants. (a) External phenotypes and (b) rosette and 
root FW and time of floral bud appearance of plants grown with adjacent A. alternata or P. aurantiogriseum 
cultures with or without charcoal filter. (c) Root architecture parameters of plants grown with adjacent fungal 
cultures with charcoal filter. In (a) and (b) plants were grown on horizontal plates, whereas in (c) plants 
were grown on vertical plates. Values given in (b) and (c) represent the means ± SE of three biological 
replicates obtained from three independent experiments, each biological replicate being a pool of 12 plants. 
Asterisks indicate significant differences relative to plants not cultured with adjacent fungal cultures according 
to Student´s t-test (p<0.05).
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Figure 8: Charcoal-filtered (VOCs-depleted) fungal volatile emissions promote photosynthesis in leaves. (a) 
Net rates of CO2 assimilation (An) and total chlorophyll content, and (b) photosynthate (starch, sucrose, glu-
cose and fructose) levels in leaves of plants cultured with adjacent A. alternata or P. aurantiogriseum cultures 
with or without charcoal filter. Values represent means ± SE of three biological replicates obtained from three 
independent experiments, each biological replicate being a pool of 12 plants. Asterisks indicate significant 
differences relative to plants not grown with adjacent fungal cultures according to Student´s t-test (p<0.05).

a

b



55

Pablo García Gómez Capítulo 1

Respiratory CO2 makes only a minor contribution to the growth and root 
architecture changes induced by charcoal-filtered fungal VCs
The results presented above would indicate that, in the box-in-box test system used in 
this study, VICs could play an important role on plant responses to volatiles emitted by 
A. alternata and P. aurantiogriseum. We next investigated the contribution of respiratory 
CO2 to the changes in plant growth and root development induced by charcoal-filtered 
fungal VCs. We also investigated whether strong reduction in the O2 concentration in the 
headspace of the co-cultivation system could occur that would account for the observed 
plant´s responses to the presence of adjacent microbial cultures. To this end, we first 
measured the CO2 and O2 concentrations in the headspace of PVC film-sealed boxes 
containing fungal cultures covered with charcoal filters using the system illustrated in 
Figure 1. To test the CO2-permeability of the PVC film sealant, sealed boxes with or 
without fungal cultures were placed in a CO2-controlled growth cabinet, and the CO2 
levels inside the boxes were monitored while manipulating the CO2 levels in the cabinet. 
 As shown in Figure 9 the CO2 and O2 concentrations in the headspace of the 
sealed boxes before the addition of the A. alternata and P. aurantiogriseum cultures 
were ca. 420 ppm and 21 kPa, respectively. The O2 concentration in the headspace of the 
sealed boxes did not change significantly upon addition of the fungal cultures (Figure 
9), but the headspace CO2 concentration oscillated between ca. 550 ppm and 500 
ppm during the day and night periods, respectively (Figure 9). This oscillation in the 
headspace CO2 concentration can be attributed to the regulation of fungal metabolism 
by light (Farkas et al., 1990; Tisch and Schmoll, 2010). The CO2 concentrations inside 
the sealed boxes rapidly changed to match those inside the growth cabinet when the CO2 
level in the cabinet was increased (Figure 9 and Supplemental Figure 2), showing that 
the PVC film sealant around the box is highly permeable to CO2.  
 We next characterized Arabidopsis plants cultured for one week under 16 h 
light, 550 ppm CO2/8 h dark, 500 ppm CO2 conditions and compared them with plants 
cultured under the same light/dark cycle with ambient CO2 levels. As a positive control, 
we also characterized plants cultured with sustained super-elevated (2000 ppm) CO2 
levels. No differences in shoot fresh weight (FW), root architecture or time of floral 
bud appearance were detected between plants cultured under ambient CO2 conditions 
and plants cultured under 16 h light, 550 ppm CO2/8 h dark, 500 ppm CO2 conditions 
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(Figure 10). The 2000 ppm CO2 treatment caused the FW of the plant´s rosettes to 
increase approximately two-fold (Figure 10a), which was substantially lower than the 
5-fold increase of FW exhibited by plants cultured with adjacent fungal cultures (cf. 
Figure 7b). The super-elevated CO2 treatment also promoted early flowering (Figure 
10a) and the formation of second order LRs and elongation of root hairs (Figure 10b). 
However, unlike treatment with fungal volatiles, the super-elevated CO2 treatment did 
not promote the formation of first-order LRs, root hair proliferation, or the formation of 
brush-like root structures (Figure 10b).
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Figure 10: Respiratory CO2 plays a minor role in growth and root architecture changes induced by charcoal-
filtered fungal VCs in Arabidopsis plants grown in a “box-in-box” co-cultivation system. (a) Rosette FW and 
time of floral bud appearance and (b) root architecture parameters of plants grown under 550 or 2000 ppm CO2 
conditions. In (a) plants were grown on horizontal plates, whereas in (b) plants were grown on vertical plates. 
Values are means ± SE of three biological replicates obtained from three independent experiments, each 
biological replicate being a pool of 12 plants. Asterisks indicate significant differences from plants cultured 
under atmospheric CO2 conditions according to Student´s t-test (p<0.05).

Respiratory CO2 plays a minor role in the accumulation of exceptionally high 
starch levels in leaves induced by charcoal-filtered fungal VCs
Short-term exposure to microbial VCs promotes the accumulation of exceptionally high 
levels of starch in leaves (Ezquer et al., 2010; Li et al., 2011; Sánchez-López et al., 
2016b). The contribution of fungal respiratory CO2 emissions to this phenomenon was 
investigated by comparing the starch contents in leaves of Arabidopsis plants grown for 
16 h under 550 ppm CO2 conditions to those of plants cultured for 16 h with adjacent 

a

b
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A. alternata cultures covered with a layer of activated charcoal. As positive control, we 
also characterized plants cultured for 16 h under 2000 ppm CO2. As shown in Figure 11, 
treatment with 550 ppm and 2000 ppm CO2 caused a ca. 1.3-fold and 2-fold increases in 
the leaf starch content, respectively, both of which are much smaller than the ca. 15-fold 

increase observed in plants cultured with adjacent fungal cultures (cf. Figure 8). 

Starch accumulation induced by charcoal-filtered fungal VCs is associated with 
reductive activation of ADP-glucose pyrophosphorylase, but that induced by 
super-elevated CO2 is not
We have shown that short-term exposure to complex mixtures of VICs and VOCs released 
by A. alternata promotes reductive monomerization (activation) of APS1 in leaves (Li 
et al., 2011). APS1 is the regulatory subunit of ADP-glucose pyrophosphorylase (AGP), 
which catalyses the first committed step of starch biosynthesis. We therefore proposed 
that fungal VC-mediated reductive activation of APS1 could at least partly explain the 
accumulation of high levels of starch in leaves of VCs-exposed plants (Li et al., 2011).
 In leaves, APS1 is present as a mixture of 50 kDa active (reduced) monomers 
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Figure 11: Leaf starch levels in Arabidopsis plants cultured in the absence or presence for 16 h of 550 ppm 
CO2, 2000 ppm CO2 or adjacent A. alternata cultures covered with charcoal filters. Values represent means 
± SE of three biological replicates obtained from three independent experiments, each biological replicate 
being a pool of 12 plants. Asterisks indicate significant differences from plants not cultured with exogenously 
supplied CO2 or adjacent fungal cultures according to Student´s t-test (p<0.05).
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and 100 kDa inactive (oxidized) dimers. To determine whether CO2- and charcoal-filtered 
fungal VC-promoted starch accumulation involves APS1 reductive monomerization, we 
conducted non-reducing APS1 immunoblot analyses of proteins extracted from leaves 
of plants exposed for one day to 2000 ppm CO2 or charcoal-filtered VCs emitted by A. 
alternata cultures. As shown in Figure 12, exposure of plants to charcoal-filtered fungal 

VCs promoted reductive APS1 monomerization. Conversely, exposure of plants to 2000 
ppm CO2 did not alter the redox status of APS1 (Figure 12).  
Complex mixtures of fungal VCs, charcoal-filtered VCs, super-elevated CO2 and 
increased irradiance all induce similar transcriptomic changes in leaves 
We finally performed high-throughput transcriptomic analyses of leaves from Arabidopsis 
plants exposed for 16 h to charcoal-filtered VCs emitted by nearby A. alternata cultures, 
or super-elevated CO2 levels (2000 ppm CO2). The sets of genes exhibiting differential 
expression patterns under these treatments were compared to those previously reported 
for plants cultured in the absence or in the presence of adjacent A. alternata cultures 
without a covering charcoal filter (cf. Supplemental Table 3 in Sánchez-López et al., 
2016b). 
 As shown in Supplemental Table 3, 258 genes were up-regulated and 399 
genes were down-regulated when plants were exposed to charcoal-filtered fungal VCs 
(with a > 3.0-fold difference relative to control; p < 0.05). Nearly 50% of the genes that 
were down-regulated in leaves of plants exposed to charcoal-filtered fungal VCs were 
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Figure 12: Non-reducing western blot analysis of APS1 in leaves of Arabidopsis plants cultured in the absence 
or presence for 12 h of charcoal-filtered VCs emitted by adjacent A. alternata cultures or 2000 ppm CO2.
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also down-regulated in leaves of plants exposed to fungal VCs without charcoal filtration 
(Supplemental Table 3). Furthermore, 53% of the genes that were up-regulated in leaves 
of plants exposed to charcoal-filtered fungal VCs were also up-regulated in leaves of 
plants exposed to fungal VCs not filtered by charcoal (Supplemental Table 3). Super-
elevated CO2 treatment induced the up-regulation of 217 genes and down-regulation 
of 401 genes (with a > 3.0-fold difference relative to control; p < 0.05) (Supplemental 
Table 4). Sixty percent of the genes that were down-regulated in leaves of plants treated 
with 2000 ppm CO2 were also down-regulated in leaves of plants exposed to fungal VCs 
without charcoal filtration (Supplemental Table 4). Furthermore, 52% of the genes that 
were up-regulated in leaves of plants exposed to 2000 ppm CO2 were also up-regulated 
in leaves of plants exposed to VCs without charcoal filtration (Supplemental Table 4). 
 The most strongly up-regulated gene in leaves of plants exposed to fungal 
volatiles without charcoal filtration was At1g61800 (Sánchez-López et al., 2016b), 
which encodes the GPT2 glucose-6-phosphate (G6P)/phosphate translocator that is 
necessary for dynamic photosynthetic and metabolic acclimation to increased irradiance 
(Athanasiou et al., 2010; Dyson et al., 2015). Notably, 55% of the genes that were 
down-regulated in plants exposed to increased irradiance (cf. Supplemental Table 1 in 
Athanasiou et al., 2010) were also down-regulated in leaves of plants exposed to fungal 
VCs (Supplemental Table 5): 80% of the 20 genes exhibiting the strongest down-
regulation in plants exposed to increased irradiance were also down-regulated in leaves 
exposed to fungal VCs (Table 1). Moreover, 25% of the genes that were up-regulated 
in plants exposed to increased irradiance (cf. Supplemental Table 1 in Athanasiou et al., 
2010) were also up-regulated in leaves of plants treated with fungal VCs (Supplemental 
Table 5), 50% of the 20 genes most strongly up-regulated genes in plants exposed to 
increased irradiance being also up-regulated in leaves exposed to fungal VCs (Table 1).

4. DISCUSSION
Features and benefits of the “box-in-box” dual co-cultivation system for studying 
plant responses to microbial volatile emissions
The sealed split Petri dish-based passive diffusion co-cultivation system has frequently 
been used to investigate the plant´s response to microbial emissions of volatile 
compounds. Using tri-partite Petri dishes, Casarrubia et al. (2016) analysed the effect of 
activated charcoal on growth of Arabidopsis plants cultured in the absence or presence 
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of adjacent cultures of the endomycorrhizal fungus Oidiodendron maius. Irrespective 
of the inclusion of activated charcoal in one of the three compartments, fungal cultures 
promoted plant growth of nearby plants. Because CO2 levels in the headspace of sealed 
Petri dishes containing microbial cultures can become extremely high as a result of 
microbial respiration (Kai and Piechulla, 2009) the authors concluded that the observed 
growth promotion was mainly due to fungal respiratory CO2 rather than specific fungal 

Table 1: Sets of the 20 most strongly up-regulated and 20 most strongly down-regulated genes in plants 
exposed to high irradiance (Athanasiou et al., 2010) that are also up- and down-regulated by VICs emitted 
by A. alternata.

Up-regulated genes 

ID Description 

At1g61800 glucose-6-phosphate/phosphate translocator 2, putative mRNA, complete cds 

At4g15210 beta-amylase (BMY1) / 1,4-alpha-D-glucan maltohydrolase mRNA, complete cds 

At4g25630 fibrillarin 2 (FIB2) mRNA, complete cds 

At1g32900  starch synthase, putative mRNA, complete cds 

At4g16590 glucosyltransferase-related protein mRNA, complete cds 

At2g27840 histone deacetylase-related / HD-related protein mRNA, complete cds 

At3g18600 DEAD/DEAH box helicase, putative mRNA, complete cds 

At1g06000 UDP-glucoronosyl/UDP-glucosyl transferase family protein mRNA, complete cds 

At1g56650 myb family transcription factor (MYB75) mRNA, complete cds 

At3g44750 histone deacetylase, putative (HD2A) mRNA, complete cds 

Down-regulated genes 

ID Description 

At1g74670 gibberellin-responsive protein, putative, complete cds 

At2g40610 expansin, putative (EXP8), complete cds 

At5g48490 protease inhibitor/seed storage/lipid transfer protein (LTP) family protein, complete cds 

At3g15450 expressed protein, complete cds 

At1g70290 trehalose-6-phosphate synthase, putative, complete cds 

At1g23390 kelch repeat-containing F-box family protein, complete cds 

At2g22980 serine carboxypeptidase S10 family protein, complete cds 

At2g18700 glycosyl transferase family 20 protein / trehalose-phosphatase family protein, complete cds 

At2g33830 dormancy/auxin associated family protein, complete cds 

At5g61590 AP2 domain-containing transcription factor family protein mRNA, complete cds 

At2g15890 expressed protein mRNA, complete cds 

At1g80920 DNAJ heat shock N-terminal domain-containing protein mRNA, complete cds 

At5g40890 chloride channel protein (CLC-a)  mRNA, complete cds 

At1g72150 SEC14 cytosolic factor family protein / phosphoglyceride transfer family protein mRNA, 
complete cds 

At5g24490 30S ribosomal protein, putative mRNA, complete cds 

At5g22920 zinc finger (C3HC4-type RING finger) family protein mRNA, complete cds 
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VOC signals (Casarrubia et al., 2016). However, neither the absence of microbial VOCs 
nor the accumulation of high levels of CO2 concentrations in the headspace of charcoal-
containing Petri dishes was confirmed.

 The “box-in-box” system used in this work and our previous studies has a 
number of advantages over the sealed split Petri dish system when studying plants´ 
responses to microbial volatile emissions. First, the air diffusion surface of this system is 
exceedingly larger than that of the sealed Petri dish system (in which air can only diffuse 
via a slit between the plate and the lid). Second, the sealing wrap used in this experimental 
setup is highly CO2- and O2- permeable PVC, which impedes strong increases in the CO2/
O2 balance in the headspace of the growth chamber due to respiratory metabolism that 
would otherwise interfere with the effects of microbial VCs. Third, the system permits 
easy online monitoring of volatiles in the growth container´s headspace (Figures 1 and 
9). Fourth, the setup enables the filtration of all VOCs emitted by the microbial cultures, 
facilitating studies on plant responses to microbial VICs emissions. 

Different microbes can release VCs other than CO2 that promote distinct responses 
in nearby plants 
Results presented here show that diverse microorganisms can release VCs that promote 
distinct responses in plants. The contribution of VOCs and VICs to plants´ responses to 
VCs emitted by A. alternata and P. aurantiogriseum was investigated using a type of 
charcoal (cf. Supplemental Figure 1) that captured all VOCs emitted by these fungal 
species that can be detected by our SPME GC-MS system (Supplemental Table 2). 
However, the charcoal did not capture small VICs such as CO, NO and CO2 (Figures 
6 and 9). Therefore, plants grown in the presence of both fungal cultures with charcoal 
filters were exposed to VOCs-depleted volatile emissions. The responses of plants 
to charcoal-filtered VCs emitted by nearby fungal cultures were identical to those of 
plants exposed to fungal VCs without charcoal filtration (Figures 7 and 8). Thus, in 
our experimental system, microbes can release bioactive VICs and/or VOCs that are 
either poorly captured by the type of micro-meso-porous charcoal used in this study 
(Supplemental  Figure 1b) or not detected by our SPME GC-MS system. Moreover, 
these VICs and/or uncaptured VOCs appear to be stronger determinants of the plants´ 
responses to VCs than the fungal VOCs that are detected by our SPME GC-MS system. 
Some potentially relevant bioactive VICs are CO and NO, whose concentrations in the 
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headspace of the growth boxes increased in the presence of fungal cultures with charcoal 
filters (Figure 6). The fact that charcoal-filtered A. alternata and P. aurantiogriseum VCs 
promoted distinct changes in the leaves and root architecture of exposed plants (Figure 
7) strongly indicates that the charcoal-filtered volatilomes of the two microorganisms 
have different action potentials. It is evident that further efforts will be necessary to 
identify all the bioactive VCs of different microorganisms and characterize their action 
potentials.

 We must emphasize that the data obtained in this study do not imply that 
microbial VOCs lack bioactivity. In fact, some A. alternata and P. aurantiogriseum 
VOCs detected by our SPME GC-MS system (i.e. 2-butanol,3-methyl, 1-butanol,2-
methyl, tridecane, 3-octanone, b-elemene, g-muurolene, cis-thujopsene, acoradiene, 
valencene, a-chamigrene and a-copaene, cf. Supplemental Table 2) are emitted by 
plant-growth promoting microorganisms. Moreover, some of these compounds are 
known to be bioactive when exogenously supplied to plants. For example, discrete 
application of cis-thujopsene massively stimulated LR formation in Arabidopsis 
(Ditengou et al., 2015), while 2-butanol,3-methyl promoted plant growth and salinity 
tolerance (Ledger et al., 2016). 

 Several factors indicate that plant´s responses to charcoal-filtered microbial 
VCs were not due to enhanced CO2/O2 ratio caused by fungal respiration. First, if 
the enhanced CO2/O2 balance were a major determinant of the plant´s response to 
nearby microbial cultures, one would expect all microbial cultures to induce similar 
responses in plants. However, charcoal-filtered VCs from P. aurantiogriseum and A. 
alternata induced distinct changes in the leaf morphology and root architecture of 
Arabidopsis plants (Figures 2 and 7). Second, plants grown under CO2 levels equal 
to those measured in the headspace of sealed chambers containing fungal cultures (ca. 
550 ppm) did not promote growth or changes in the root architecture of the plant or 
accumulation of starch in leaves (Figures 10 and 11). Third, super-elevated (2000 ppm) 
CO2 caused a 2-fold increase in both leaf starch content and FW of exposed plants, 
which was substantially lower than the 15-fold increase in leaf starch content and 5-fold 
increase in FW induced by charcoal-filtered microbial VCs (cf. Figures 7b, 10a and 
11). Furthermore, unlike treatment with charcoal-filtered fungal VCs, the super-elevated 
CO2 treatment did not promote the formation of first-order LRs, root hair proliferation, 
or the formation of brush-like root structures (Figure 10b). Fourth, charcoal-filtered 
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microbial VCs promoted reductive activation of the starch biosynthetic AGP enzyme, 
but super-elevated CO2 conditions did not (Figure 12).

 The presence of fungal cultures in the sealed growth chambers increased the 
headspace CO and NO concentrations (Figure 6), which is consistent with the capacity 
of fungi to emit these VICs (Wharton and Weintraub, 1980; Siegel and Siegel, 1987; 
Conrath et al., 2004; Schreiber et al., 2012). Exogenous application of CO promotes 
growth, chlorophyll accumulation, LR formation and root hair elongation (Guo et al., 
2008; Xuan et al., 2008; Guo et al., 2009; Kong et al., 2010; Han et al., 2012; Yang et 
al., 2016). Furthermore, exposure to parts per billion levels of NO promotes growth 
and chlorophyll accumulation (He et al., 2004). Moreover, NO enhances expression 
of non-symbiotic hemoglobins (nsHB) (Kuruthukulangarakoola et al., 2017), which is 
known to promote growth (Hunt et al. 2002; Hebelstrup and Jensen 2008). We observed 
similar responses in plants exposed to charcoal-filtered fungal VCs (Figures 7 and 8, 
Supplemental Table 3) (Sánchez-López et al., 2016a; Sánchez-López et al., 2016b). 
This suggests that enhancement of growth and photosynthesis and promotion of early 
flowering and changes in the root architecture of plants exposed to charcoal-filtered 
fungal VCs could be at least partly due to fungal CO and NO emissions.  

Many transcriptional changes occurring in leaves after brief exposure to VCs are 
probably due to enhanced photosynthetic CO2 fixation signalling 
The transcriptomic changes in leaves of Arabidopsis plants shortly exposed to super-
elevated CO2 and VCs emitted by diverse microorganisms, with and without charcoal 
filtering, are strikingly similar (Supplemental Table 3, Supplemental Table 4) 
(Sánchez-López et al., 2016b). These transcriptomic changes are also very similar to 
those seen in plants shortly exposed to increased irradiance (Table 1, Supplemental 
Table 5). All of these treatments promote photosynthetic CO2 fixation (Figure 8a) 
(Makino and Mae, 1999; Ainsworth and Rogers, 2007; Athanasiou et al., 2010). We 
thus propose that many transcriptomic changes in the leaves of plants exposed to 
super-elevated CO2, increased irradiance, or microbial VCs indirectly result from 
signalling of enhanced photosynthetic CO2 fixation by means of Calvin-Benson cycle 
(CBC) intermediate(s) or their derivatives. In this respect it should be noted that the 
production of the CBC intermediate glyceraldehyde 3-phosphate (GAP) is the first 
point of regulation in the synthesis of isoprenoid compounds derived from the plastidial 
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methylerythritol 4-phosphate (MEP) pathway, including hormones (Pulido et al., 2012; 
Pokhilko et al., 2015). Fungal VCs promote the accumulation of high levels of MEP 
pathway-derived carotenoids and chlorophylls (Figure 8a) (Sánchez-López et al., 
2016a), which, in turn, further promote photosynthesis. Moreover, fungal VCs promote 
the accumulation of MEP pathway-derived CKs and the resulting changes in the 
expression of a significant number of CK-regulated genes (Sánchez-López et al., 2016a; 
Sánchez-López et al., 2016b). Therefore, as shown schematically in Figure 13, we 
propose that many transcriptional changes occurring in leaves of plants shortly exposed 
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Figure 13: Suggested model for the plant´s transcriptional response to short exposure to fungal VCs, super-
elevated CO2 and increased irradiance. According to this model VCs interact with as yet unidentified plasma 
membrane receptors to produce signals that rapidly promote changes in gene expression. Alternatively 
and/or additionally, some VCs (especially small and highly reactive VICs) penetrate the cell and modify 
photosynthesis- and metabolism-related proteins. Increased irradiance and treatment with super-elevated CO2 
promote photosynthesis. Augmentation of the photosynthetic activity induced by these treatments results in 
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a cascade of reactions resulting in highly conserved changes in the expression of genes involved in many 
different processes.
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to microbial VCs, super-elevated CO2 and increased irradiance are due to signalling 
involving photosynthetic GAP-derived isoprenoid hormones. 

Regulation of some plant responses to fungal VCs is primarily post-transcriptional
The observation of similar transcriptional changes, but distinct developmental and 
metabolic responses in plants exposed to super-elevated CO2 levels and VCs emitted 
by different microorganisms (Figures 7, 8, 11 and 12, Supplemental Tables 3 and 4, 
cf. Supplemental Table 3 in Sánchez-López et al., 2016b) suggests that some responses 
induced by microbial VCs are regulated, at least in part, by different post-transcriptional 
mechanisms. This hypothesis is supported by the findings that more than 80% of the 
proteins that are differentially expressed by fungal VCs are encoded by genes whose 
expression is not altered by this treatment (Sánchez-López et al., 2016a).

 Reversible protein thiol redox regulation through mechanisms such as 
NO-dependent S-nitrosylation, disulfide bond formation, S-sulfenylation and 
S-glutathionylation is a fundamental switch mechanism of post-translational regulation 
of metabolism, growth and development, which allows plants to adjust to ever changing 
environmental constrains (Buchanan and Balmer, 2005; Hu et al., 2015; Aroca, et al., 
2017). The findings that plants exposed to charcoal-filtered microbial VCs, but not to 
super-elevated CO2, exhibit reductive activation of the starch biosynthetic enzyme AGP 
(Figure 12) further strengthen the idea that some of the plants´ responses to microbial 
VCs are post-transcriptionally regulated, and suggest that some of these responses are 
due to post-translational modifications of the thiol redox proteome. Further investigations 
will be needed to determine whether global post-translational redox modifications of 
proteins are involved in plant responses to microbial VCs.
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Supplemental Figure 1: Textural characterization of the charcoal used in this study. (a) N2 adsorption 
isotherm at −196 oC of the charcoal, which according to IUPAC classification, is type I(b)–IV(a). The 
adsorption branch of this xerogel corresponds to type I(b), and the hysteresis loop is characteristic of type-
IV(a) isotherms. Type I(b) isotherms are found with materials having pore size distributions over a broader 
range including wider micropores and possibly narrow mesopores ( < ± 2.5 nm). Type IV isotherms are 
given by mesoporous adsorbents. In the case of a Type IVa isotherm, capillary condensation is accompanied 
by hysteresis. This occurs when the pore width exceeds a certain critical width, which is dependent on the 
adsorption system and temperature. The hysteresis loop is H4. The adsorption branch is a composite of Types 
I and II, the more pronounced uptake at low p/p0 being associated with the filling of micropores. H4 loops 
are often found in micro-mesoporous carbons. (b) Porosity distribution of Barret, Joyner and Halenda, which 
predicts that micropores are greater than 0.7 nm. In the porous texture of the coal there are also present 
mesopores with sizes ranging between 2 and 5 nm.
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1000 and 1500 ppm. The growth boxes did not contain fungal or plant cultures.

Supplemental Table 1: Textural parameters for the activated charcoal used in this study.
 

Vmicro(DR) 
a (cm3/g) Vmeso 

b (cm3/g) Vmacro 
c (cm3/g) aBET(N2) (m2/g) 

0.48 0.097 0.115 1109 

a Micropore volume was deduced by applying the DR. 
b Deduced by difference between the amount of N2 adsorbed in the relative pressure range 0.3–0.8. 
c Deduced by difference between the amount of N2 adsorbed in the relative pressure range 0.8–1.0. 
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Supplemental Table 2: VOCs in the headspace of growth boxes containing A. alternata and P. aurantiogriseum 
cultures with or without an upper activated charcoal filter. a Compounds identified by comparison of RT and 
mass spectral data to those of authentic compounds. Other compounds were identified by comparing their 
mass spectral data to spectra from the NIST library and by comparing their linear retention indices (using 
an n-alkane scale) to literature values. bCompounds emitted by A. alternata described in Weikl et al. (2016). 
cCompounds previously reported to affect plant growth (Ditengou et al., 2015; Kanchiswamy et al,. 2015). 
n.d., not detected. Chromatograms are shown in Figure 5.

Retention 
time 
(min) 

Chemical 
family A. alternata P. aurantiogriseum 

 - Charcoal +Charcoal - Charcoal + Charcoal 

 Alcohol     

2.099  n.d. n.d. 3-buten-2-ol,2-methyla n.d. 

2.219  
1-propanol,2-

methyla 
n.d. n.d. n.d. 

2.777  
2-butanol,3-

methyla 
n.d. 2-butanol,3-methyla n.d. 

3.628  
1-butanol,2-

methyla,b 
n.d. 1-butanol,2-methyla n.d. 

 Aldehyde     

16.783  Decanala n.d. n.d. n.d. 

 Alkane     

2.680  hexane,3-methyl n.d. n.d n.d 

4.156  heptane,4-methyl n.d. n.d n.d 

4.284  heptane,3-methyl n.d. n.d n.d 

7.532  n.d. n.d. pentane,2-nitro- n.d. 

9.810  octane,2,4,6-
trimethyl n.d. n.d n.d 

16.608  dodecanea n.d. n.d n.d 

20.003  tridecanea n.d. n.d n.d 

 Alkene     

3.336  n.d. n.d. cyclopentene,3-ethyl n.d. 

3.726  n.d. n.d. 1-methylcyclohexa-2,4-diene n.d. 

3.970  n.d. n.d. 1-ethylcyclopentene n.d. 

8.281  n.d. n.d. 2-butene,1-bromo-3-methyl n.d. 

 
Aromatic 
compound     

10.953  n.d. n.d. 
benzene,1-methoxy-3-

methyla 
n.d. 

15.544  benzaldehyde,4-
ethyl n.d. n.d n.d 

18.491  n.d n.d 3,5-dimethoxytoluene n.d. 

22.342  n.d n.d benzene,1,2,3-trimethoxy-5-
methyl n.d. 

 
Carboxilic 

acid     

15.867  octanoic acida n.d. n.d n.d. 
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 Ketone     

2.538  n.d. n.d. 2-butanone,3-methyl n.d. 

4.543  n.d. n.d. 4(1H)-pyrimidinonea n.d. 

10.235  3-octanonea,c n.d. n.d n.d. 

 Monoterpene     

10.116  n.d. n.d. 2-methylenebornane n.d. 

11.104  n.d. n.d. 2-methyl-2-bornene n.d. 

16.089  n.d. n.d. 2-methylisoborneola n.d. 

 Nitrile     

2.226  n.d. n.d. isobutyronitrile n.d. 

 Oxime     

6.433  n.d. n.d. butyl aldoxime,2-
methyl,syn- n.d. 

6.628  n.d. n.d. butyl aldoxime,2-
methyl,anti- n.d. 

 Sesquiterpene     

21.894  -elemeneb,c n.d. n.d. n.d. 

22.377  -muurolenea,c n.d. n.d. n.d. 

22.439  -cedrenea,b n.d. -cedrenea n.d. 

22.514  n.d. n.d. cadina-1,4-dienec n.d. 

22.652  -cedreneb n.d. -cedrene n.d. 

22.909  n.d. n.d. -copaenec n.d. 

22.913  cis-thujopsenea,b n.d. n.d. n.d. 

23.219  unknown sesq. 1 n.d. n.d. n.d. 

23.791  -longipinenea,c n.d. n.d. n.d. 

23.999  acoradieneb,c n.d. n.d. n.d. 

24.238  4,5-di-epi-
aristolochene n.d. n.d. n.d. 

24.447  valencenec n.d. n.d. n.d. 

24.708  -chamigrenea,b n.d. -chamigrenea n.d. 

24.763  cuparenea n.d. n.d. n.d. 
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Supplemental Table 5: List of genes whose expression is altered by high irradiance treatment (Athanasiou et 
al., 2010). Genes that are differentially regulated by A. alternata VCs (cf. Supplemental Table 3 in Sánchez-
López, et al., 2016 ) are highlighted in yellow color.

Representative 
Public ID Gene Title Fold change

At1g74670 gibberellin-responsive protein, putative -22.4 

At2g40610 expansin, putative (EXP8) -16.2 
At5g48490 protease inhibitor/seed storage/lipid transfer protein (LTP) family protein -15.4 
At3g15450 expressed protein -12.1 
At1g70290 trehalose-6-phosphate synthase, putative -10.4 
At1g23390 kelch repeat-containing F-box family protein -10.2 
At2g25900 zinc finger (CCCH-type) family protein -9.8 
At2g22980 serine carboxypeptidase S10 family protein -9.6 
At2g18700 glycosyl transferase family 20 protein / trehalose-phosphatase family protein -9.5 
At2g33830 dormancy/auxin associated family protein -9.2 
At5g59080 expressed protein -9.2 
At5g61590 AP2 domain-containing transcription factor family protein -9 
At5g02760 protein phosphatase 2C family protein / PP2C family protein -8.8 
At2g15890 expressed protein -8.6 
At1g80920 DNAJ heat shock N-terminal domain-containing protein -8.5 
At5g40890 chloride channel protein (CLC-a) -8.3 
At1g72150 SEC14 cytosolic factor family protein / phosphoglyceride transfer family protein -8 
At5g24490 30S ribosomal protein, putative -8 
At5g22920 zinc finger (C3HC4-type RING finger) family protein -8 
At4g24800 MA3 domain-containing protein -7.8 
At1g18620 expressed protein -7.7 
At2g44740 cyclin family protein -7.4 
At4g30690 translation initiation factor 3 (IF-3) family protein -7 
At3g19850 phototropic-responsive NPH3 family protein -6.9 
At3g13750 beta-galactosidase, putative / lactase, putative -6.7 
At1g63800 ubiquitin-conjugating enzyme 5 (UBC5) -6.6 
At3g62550 universal stress protein (USP) family protein -6.5 
At5g35790 glucose-6-phosphate 1-dehydrogenase / G6PD (APG1) -6.5 
At1g19660 wound-responsive family protein /// wound-responsive protein-related -6.4 
At1g80440 kelch repeat-containing F-box family protein -6.3 
At1g52200 expressed protein -6.3 
At5g16030 expressed protein -6.3 
At1g25230 purple acid phosphatase family protein -6.1 
At4g33666 L-galactose dehydrogenase (L-GalDH) /// expressed protein -6.1 
At3g53800 armadillo/beta-catenin repeat family protein -6.1 
At4g20260 DREPP plasma membrane polypeptide family protein -6.1 
At1g08980 amidase family protein -5.9 
At1g11260 glucose transporter (STP1) -5.8 
At1g15740 leucine-rich repeat family protein -5.8 
At3g26510 octicosapeptide/Phox/Bem1p (PB1) domain-containing protein -5.6 
At1g56220 dormancy/auxin associated family protein -5.6 
At5g03350 legume lectin family protein -5.6 
At5g63190 MA3 domain-containing protein -5.4 
At2g32100 ovate protein-related -5.4 
At1g68190 zinc finger (B-box type) family protein -5.3 
At5g18600 glutaredoxin family protein -5.3 
At4g27450 expressed protein -5.3 
At5g60680 expressed protein -5.1 
At1g13260 DNA-binding protein RAV1 (RAV1) -5.1 
At1g02300 cathepsin B-like cysteine protease, putative -5.1 
At4g39090 cysteine proteinase RD19a (RD19A) / thiol protease -5 
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At5g14120 nodulin family protein -5 
At3g61060 F-box family protein / lectin-related -4.9 
At2g27050 ethylene-insensitive3-like1 (EIL1) -4.8 
At1g13650 expressed protein -4.7 
At3g47160 expressed protein -4.6 
At2g15960 expressed protein -4.4 
At4g04330 expressed protein -4.4 

At4g27440 protochlorophyllide reductase B, chloroplast / PCR B / NADPH-protochlorophyllide 
oxidoreductase B (PORB) -4.4 

At4g14270 expressed protein -4.4 
At3g51840 short-chain acyl-CoA oxidase -4.4 
At3g28860 multidrug resistance P-glycoprotein, putative -4.4 
At4g26530 fructose-bisphosphate aldolase, putative -4.3 

At5g49730 ferric reductase-like transmembrane component family protein /// ferric reductase-like 
transmembrane component family protein -4.3 

At1g12780 UDP-glucose 4-epimerase / UDP-galactose 4-epimerase / Galactowaldenase -4.3 
At4g01026 expressed protein -4.2 
At1g54820 protein kinase family protein -4.2 
At5g02160 expressed protein -4.1 
At2g39400 hydrolase, alpha/beta fold family protein -4 
At4g05070 expressed protein -4 
At4g32340 expressed protein -4 
At1g71030 myb family transcription factor -4 
At1g01240 expressed protein -4 
At5g02020 expressed protein -4 
At2g18300 basic helix-loop-helix (bHLH) family protein -4 
At1g29395 stress-responsive protein, putative -4 
At2g46220 expressed protein -3.9 
At1g17990 12-oxophytodienoate reductase, putative /// 12-oxophytodienoate reductase, putative -3.9 
At5g44680 methyladenine glycosylase family protein -3.9 
At5g44530 subtilase family protein -3.9 
At3g18080 glycosyl hydrolase family 1 protein -3.9 

At3g26170 cytochrome P450 71B20, putative (CYP71B2) /// cytochrome P450 71B19, putative 
(CYP71B19) -3.9 

At3g59940 autophagy 4b (APG4b) /// kelch repeat-containing F-box family protein -3.8 
At1g11530 thioredoxin family protein -3.8 
At1g09750 chloroplast nucleoid DNA-binding protein-related -3.8 
At2g30510 signal transducer of phototropic response (RPT2) -3.8 
At4g03510 zinc finger (C3HC4-type RING finger) family protein (RMA1) -3.8 
At5g06690 thioredoxin family protein -3.7 
At5g62360 invertase/pectin methylesterase inhibitor family protein -3.7 
At2g40750 WRKY family transcription factor -3.7 
At2g02710 PAC motif-containing protein -3.6 
At3g26740 light responsive protein-related -3.6 
At4g36040 DNAJ heat shock N-terminal domain-containing protein (J11) -3.6 
At1g49500 expressed protein -3.6 
At4g28240 wound-responsive protein-related /// NADH dehydrogenase-related -3.6 
At1g33240 trihelix DNA-binding protein, putative -3.6 
At5g05690 cytochrome P450 90A1 (CYP90A1) (CYP90) (CPD) -3.6 
At4g39510 cytochrome P450 family protein -3.6 
At2g34620 mitochondrial transcription termination factor-related / mTERF-related -3.6 
At2g22990 sinapoylglucose:malate sinapoyltransferase (SNG1) -3.5 
At2g29290 tropinone reductase, putative / tropine dehydrogenase, putative -3.5 
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At1g32540 zinc finger protein, putative -3.5 
At5g63800 glycosyl hydrolase family 35 protein -3.5 
At2g27830 expressed protein -3.5 
At5g10860 CBS domain-containing protein -3.5 
At1g13210 haloacid dehalogenase-like hydrolase family protein -3.5 
At5g62630 expressed protein -3.5 
At1g27290 expressed protein -3.4 

At5g28020 cysteine synthase, putative / O-acetylserine (thiol)-lyase, putative / O-acetylserine 
sulfhydrylase, putative -3.4 

At2g46330 arabinogalactan-protein (AGP16) -3.4 
At5g24470 pseudo-response regulator 5 (APRR5) -3.4 
At1g21500 expressed protein -3.4 
At4g16520 autophagy 8f (APG8f) -3.4 
At4g39640 gamma-glutamyltranspeptidase family protein -3.4 
At1g25275 expressed protein -3.4 
At5g47040 Lon protease homolog 1, mitochondrial (LON) -3.3 
At1g19770 purine permease-related -3.3 
At1g80460 glycerol kinase, putative -3.3 
At3g52840 beta-galactosidase, putative / lactase, putative -3.3 
At5g25280 serine-rich protein-related -3.3 
At3g26280 cytochrome P450 family protein -3.3 
At3g56360 expressed protein -3.3 
At5g04490 phosphatidate cytidylyltransferase family protein -3.3 
At1g68520 zinc finger (B-box type) family protein -3.3 
At2g37490 expressed protein -3.3 
At1g54130 RelA/SpoT protein, putative (RSH3) -3.3 
At1g30250 expressed protein -3.3 
At5g16150 hexose transporter, putative -3.3 
At4g29190 zinc finger (CCCH-type) family protein -3.3 
At1g52190 proton-dependent oligopeptide transport (POT) family protein -3.3 
At4g34220 leucine-rich repeat transmembrane protein kinase, putative -3.2 
At1g73480 hydrolase, alpha/beta fold family protein -3.2 
At1g09350 galactinol synthase, putative -3.2 
At4g19860 lecithin:cholesterol acyltransferase family protein / LACT family protein -3.2 
At5g08520 myb family transcription factor -3.2 
At1g63690 protease-associated (PA) domain-containing protein -3.2 

At4g19170 9-cis-epoxycarotenoid dioxygenase, putative / neoxanthin cleavage enzyme, putative / 
carotenoid cleavage dioxygenase, putative -3.1 

At3g50270 transferase family protein -3.1 
At2g41870 remorin family protein -3.1 
At1g74840 myb family transcription factor -3.1 
At3g16520 UDP-glucoronosyl/UDP-glucosyl transferase family protein -3.1 
At2g30930 expressed protein -3.1 
At1g08930 early-responsive to dehydration stress protein (ERD6) / sugar transporter family protein -3.1 
At5g40450 expressed protein -3 
At1g75460 ATP-dependent protease La (LON) domain-containing protein -3 
At5g22270 expressed protein -3 

At2g43010 phytochrome-interacting factor 4 (PIF4) / basic helix-loop-helix protein 9 (bHLH9) / short 
under red-light 2 (SRL2) -3 

At3g27690 chlorophyll A-B binding protein (LHCB2:4) -3 

At5g65730 xyloglucan:xyloglucosyl transferase, putative / xyloglucan endotransglycosylase, putative / 
endo-xyloglucan transferase, putative -3 

At1g69850 nitrate transporter (NTL1) -3 
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At4g23820 glycoside hydrolase family 28 protein / polygalacturonase (pectinase) family protein -3 
At3g14050 RelA/SpoT protein, putative (RSH2) -3 
At1g48300 expressed protein -3 
At5g19140 auxin/aluminum-responsive protein, putative -3 
At5g03230 expressed protein -3 
At3g50500 protein kinase, putative -3 
At1g72160 SEC14 cytosolic factor family protein / phosphoglyceride transfer family protein -3 
At1g24070 glycosyl transferase family 2 protein 3 
At4g25700 beta-carotene hydroxylase 3 
At4g29510 protein arginine N-methyltransferase, putative 3 
At4g32720 RNA recognition motif (RRM)-containing protein 3 
At1g31860 histidine biosynthesis bifunctional protein (HISIE) 3 
At3g03920 Gar1 RNA-binding region family protein 3 
At1g09240 nicotianamine synthase, putative 3 
At5g06110 DNAJ heat shock N-terminal domain-containing protein / cell division protein-related 3 
At4g27570 glycosyltransferase family protein /// glycosyltransferase family protein 3 
At2g23340 AP2 domain-containing transcription factor, putative 3 

At3g23810 adenosylhomocysteinase, putative / S-adenosyl-L-homocysteine hydrolase, putative / 
AdoHcyase, putative 3.1 

At3g44990 xyloglucan:xyloglucosyl transferase, putative / xyloglucan endotransglycosylase, putative / 
endo-xyloglucan transferase, putative 3.1 

At5g14050 transducin family protein / WD-40 repeat family protein 3.1 
At2g18230 inorganic pyrophosphatase (soluble) (PPA) / pyrophosphate phospho-hydrolase / PPase 3.1 
At1g61570 mitochondrial import inner membrane translocase (TIM13) 3.1 
At4g39950 cytochrome P450 79B2, putative (CYP79B2) 3.1 
At3g56070 peptidyl-prolyl cis-trans isomerase, putative / cyclophilin, putative / rotamase, putative 3.1 
At1g31970 DEAD/DEAH box helicase, putative 3.1 
At5g14520 pescadillo-related 3.1 
At3g51240 naringenin 3-dioxygenase / flavanone 3-hydroxylase (F3H) 3.2 
At1g67360 rubber elongation factor (REF) family protein 3.2 
At1g80750 60S ribosomal protein L7 (RPL7A) 3.2 
At1g17100 SOUL heme-binding family protein 3.2 
At3g58070 zinc finger (C2H2 type) family protein 3.2 
At5g65860 ankyrin repeat family protein 3.2 
At1g26770 expansin, putative (EXP10) 3.2 
At5g55915 nucleolar protein, putative 3.2 
At3g16810 pumilio/Puf RNA-binding domain-containing protein 3.3 
At2g44860 60S ribosomal protein L24, putative 3.3 
At2g28600 expressed protein 3.3 
At3g03770 leucine-rich repeat transmembrane protein kinase, putative 3.3 
At1g55900 NLI interacting factor (NIF) family protein 3.3 
At2g37250 adenylate kinase family protein 3.3 
At1g07890 L-ascorbate peroxidase 1, cytosolic (APX1) 3.3 
At3g16780 60S ribosomal protein L19 (RPL19B) 3.4 
At5g08180 ribosomal protein L7Ae/L30e/S12e/Gadd45 family protein 3.4 
At3g13940 expressed protein 3.4 
At1g55210 disease resistance response protein-related/ dirigent protein-related 3.5 
At5g64680 expressed protein 3.5 
At1g15100 zinc finger (C3HC4-type RING finger) family protein 3.5 
At1g25260 acidic ribosomal protein P0-related 3.5 
At1g63780 brix domain-containing protein 3.5 
At3g23620 brix domain-containing protein 3.6 
At3g57490 40S ribosomal protein S2 (RPS2D) 3.6 
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At3g23990 chaperonin (CPN60) (HSP60) 3.7 
At3g17790 acid phosphatase type 5 (ACP5) 3.7 
At3g21890 zinc finger (B-box type) family protein 3.7 
At2g38210 stress-responsive protein, putative /// ethylene-responsive protein, putative 3.7 
At1g15425 expressed protein 3.7 
At5g09590 heat shock protein 70 / HSP70 (HSC70-5) 3.8 
At3g57000 nucleolar essential protein-related 3.8 
At1g63810 nucleolar RNA-associated family protein / Nrap family protein 3.8 

At3g08590 2,3-biphosphoglycerate-independent phosphoglycerate mutase, putative / 
phosphoglyceromutase, putative 3.8 

At1g15440 transducin family protein / WD-40 repeat family protein 3.9 
At1g31660 bystin family 3.9 
At4g01560 brix domain-containing protein 3.9 
At5g15550 transducin family protein / WD-40 repeat family protein 3.9 
At3g22310 DEAD box RNA helicase, putative /// DEAD box RNA helicase, putative (RH9) 4 
At4g37910 heat shock protein 70, mitochondrial, putative / HSP70, mitochondrial, putative 4 
At2g36630 expressed protein 4 
At3g57150 dyskerin, putative / nucleolar protein NAP57, putative 4.1 
At3g05060 SAR DNA-binding protein, putative 4.1 
At5g61770 brix domain-containing protein 4.1 
At1g19640 S-adenosyl-L-methionine:jasmonic acid carboxyl methyltransferase (JMT) 4.2 
At4g20170 expressed protein /// expressed protein 4.3 
At4g34710 arginine decarboxylase 2 (SPE2) 4.3 
At1g60850 DNA-directed RNA polymerase, putative 4.4 
At3g56090 ferritin, putative 4.4 
At1g29940 DNA-directed RNA polymerase family protein 4.4 
At5g02050 mitochondrial glycoprotein family protein / MAM33 family protein 4.5 
At2g40360 transducin family protein / WD-40 repeat family protein 4.6 
At1g56110 nucleolar protein Nop56, putative 4.6 
At5g01600 ferritin 1 (FER1) 4.6 
At1g52930 brix domain-containing protein 4.6 
At1g57590 pectinacetylesterase, putative 4.7 
At4g15770 60S ribosome subunit biogenesis protein, putative 4.9 
At2g03760 steroid sulfotransferase, putative 5 
At1g80270 DNA-binding protein, putative 5.1 
At3g14720 mitogen-activated protein kinase, putative / MAPK, putative (MPK19) 5.2 

At4g33030 UDP-sulfoquinovose synthase / sulfite:UDP-glucose sulfotransferase / sulfolipid biosynthesis 
protein (SQD1) 5.4 

At4g01080 expressed protein 5.5 
At3g06530 BAP28-related 5.5 
At1g02820 late embryogenesis abundant 3 family protein / LEA3 family protein 5.6 
At3g13230 expressed protein 5.7 
At2g47990 transducin family protein / WD-40 repeat family protein 5.9 
At5g42760 O-methyltransferase N-terminus domain-containing protein 6 
At3g44750 histone deacetylase, putative (HD2A) 6.1 
At4g34590 bZIP transcription factor family protein 6.1 
At1g56650 myb family transcription factor (MYB75) 6.2 
At1g06000 UDP-glucoronosyl/UDP-glucosyl transferase family protein 6.4 
At3g18600 DEAD/DEAH box helicase, putative 6.7 
At2g27840 histone deacetylase-related / HD-related 6.8 
At3g14395 expressed protein 6.8 
At5g58770 dehydrodolichyl diphosphate synthase, putative / DEDOL-PP synthase, putative 6.9 
At2g34260 transducin family protein / WD-40 repeat family protein 7.2 
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At3g10530 transducin family protein / WD-40 repeat family protein 7.2 
At4g16590 glucosyltransferase-related 7.6 
At1g32900 starch synthase, putative 8 
At4g25630 fibrillarin 2 (FIB2) 9 
At2g27420 cysteine proteinase, putative 9.2 

At5g49480 sodium-inducible calcium-binding protein (ACP1) / sodium-responsive calcium-binding 
protein (ACP1) 9.7 

At1g64780 ammonium transporter 1, member 2 (AMT1.2) 10 
At4g15210 beta-amylase (BMY1) / 1,4-alpha-D-glucan maltohydrolase 13.7 
At1g61800 glucose-6-phosphate/phosphate translocator, putative 34 

 





CAPÍTULO 2
 

Volatile emissions from fungal phytopathogens
 modulate plant root metabolism and architecture

 through mechanisms involving cyanide scavenging 
and hormone- and ROS- mediated proteome resetting
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1. INTRODUCTION
The root system represents an important interface through which plants interact with 
the environment. It provides anchorage, facilitates the acquisition of water and mineral 
nutrients from the soil and allows the establishment of biotic relationships with the 
rhizosphere (van Dam and Bouwmeester, 2016). In response to environmental changes, 
roots reorganize their metabolism and architecture in order to improve fitness and cope 
with and survive these changes (López-Bucio et al., 2003; Yang et al., 2008; Krapp 
et al., 2011; Gargallo-Garriga et al., 2014; Bouguyon et al., 2016). These adjustments 
result from the integration of environmental cues leading to shifts in phytohormone 
signaling and gene expression. Physiological and genetic studies have provided strong 
evidence that auxin is a master regulator of root system architecture (RSA) (Boerjan 
et al., 1995; Casimiro et al., 2001; Saini et al., 2013). Other phytohormones such as 
ethylene and cytokinins (CK) interact with auxin to trigger cascades of events leading 
to root morphogenesis (Pitts et al., 1998; Stepanova et al., 2005; Ivanchenko et al., 
2008; Strader et al., 2010; Lewis et al., 2011; Schaller et al., 2015; Liu et al., 2017). In 
addition to phytohormones, reactive oxygen species (ROS) play important roles in RSA 
adjustment to varying environmental conditions (Foreman et al., 2003; Passardi et al., 
2006; Tsukagoshi et al., 2010; Sundaravelpandian et al., 2013; Manzano et al., 2014). 
 In soil, microorganisms communicate with plants by exchanging chemical 
signals throughout the rhizosphere. Such interactions are important for plant productivity 
(De-la-Peña and Loyola-Vargas, 2014). In the precolonization phase, before direct 
contact with plants occurs, beneficial bacteria and fungi emit diffusible substances (e.g. 
carbohydrates, proteins, fatty acids, flavonols, organic acids, amino acids and hormones) 
that cause massive lateral root (LR) formation and enhanced root hair (RH) growth, thus 
improving the root´s capacity to explore for water and minerals and predisposing plants 
to fungal colonization and infection (López-Bucio et al., 2007; Contreras-Cornejo et al., 
2009; Felten et al., 2009; Verbon and Liberman, 2016). These microorganisms also emit 
a large number of volatile compounds (VCs) with molecular masses of less than 300 Da 
that promote growth and photosynthesis, and modulate RSA in both host and non-host 
plants (Ryu et al., 2003; Zhang et al., 2008; Splivallo et al., 2009; Gutiérrez-Luna et 
al., 2010; Delaplace et al., 2015; Ditengou et al., 2015; Garnica-Vergara et al., 2016; 
Cordovez et al., 2018). Recent studies have shown that this capacity is not restricted 
to beneficial microbes; it also extends to phytopathogens and microbes that do not 
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normally interact mutualistically with plants (Sánchez-López et al., 2016b; Cordovez et 
al., 2017; García-Gómez et al., 2019; Moisan et al., 2019). 
 RSA modulation by microbial VCs has frequently been associated with 
lipophilic carbon-based compounds, which are known as volatile organic compounds 
(VOCs) (Zhang et al., 2007; Splivallo et al., 2009; Gutiérrez-Luna et al., 2010; Bitas 
et al., 2015; Delaplace et al., 2015; Ditengou et al., 2015; Garnica-Vergara et al., 2016; 
Cordovez et al., 2018). In addition to VOCs, microorganisms also release a limited 
number of volatile inorganic compounds (VICs) with molecular masses of less than 45 
Da such as hydrogen sulfide, molecular hydrogen, nitric oxide (NO), nitrogen dioxide, 
nitrous oxide and carbon monoxide (CO) (Engel et al., 1972; Wharton and Weintraub, 
1980; Siegel and Siegel, 1987; Nandi and Sengupta, 1998; Conrath et al., 2004; Shatalin 
et al., 2011). These compounds can act as signaling molecules that promote growth and 
modulate RSA when applied individually and at low concentrations (Correa-Aragunde 
et al., 2004; Cao et al., 2007; Guo et al., 2009; Fernández-Marcos et al., 2011; Dooley 
et al., 2013; Lin et al., 2014; Takahashi et al. 2014, Zhu et al., 2016). There is evidence 
that VIC emissions from growth-promoting rhizobacteria promote changes in the RSA 
of their host plants (Creus et al., 2005; Molina-Favero et al., 2008). 
 Using a “box-in-box” co-cultivation system in which plants are grown in the 
vicinity of microbial cultures covered with charcoal filters, we have recently provided 
evidence that VCs with molecular masses of less than 40 Da are major determinants 
of plant responses to microbial volatile emissions (García-Gómez et al., 2019). VOCs-
depleted (NO and CO-containing) volatile emissions from Penicillium aurantiogriseum 
(a fungal phytopathogen that can be found in the rhizosphere [Bodini et al., 2011; 
Gharaei-Fathabad et al., 2014; Kłapeć et al., 2018]) inhibit primary root (PR) and LR 
growth, stimulate the de novo LR formation, and promote extensive proliferation and 
elongation of RHs leading to the formation of peculiar “brush-like” structures at the 
root tip and the development of a “cotton-like” external root phenotype (García-Gómez 
et al., 2019). These changes in RSA resemble those occurring in plants treated with 
exogenous auxins (Casimiro et al., 2001), CO (Guo et al., 2008; Guo et al., 2009), NO 
(Pagnussat et al., 2002; Correa-Aragunde et al., 2004; Fernández-Marcos et al., 2011) 
and diffusible substances emitted by beneficial microorganisms (López-Bucio et al., 
2007; Splivallo et al., 2009; Ditengou et al., 2015; Garnica-Vergara et al., 2016). 
 To date, the majority of studies on the root response to complex mixtures 
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of microbial VCs have been conducted using beneficial microorganisms and focused 
mainly on analyses of reporters for auxin-inducible gene expression, RSA adjustments 
in ethylene and auxin transport/signaling mutants, transcriptome changes in roots 
of VC-exposed plants and identification of bioactive microbial VOCs (Zhang et al., 
2007; Felten et al., 2009; Splivallo et al., 2009; Bailly et al., 2014; Ditengou et al., 
2015; Garnica-Vergara et al., 2016; Cordovez et al., 2018; Camarena-Pozos et al., 
2019). These studies have shown that RSA modulation promoted by microbial VCs 
is associated with changes in the root transcriptome, and involves processes wherein 
auxin and ethylene play important roles. Recent studies have provided evidence that this 
type of RSA modulation is associated with ROS production (Ditengou et al., 2015) and 
post-translational thiol-redox proteome changes (Ameztoy et al., 2019).
 Post-transcriptional events such as the regulation of translation and protein 
stability result in weak correlations between the transcriptomic and proteomic responses 
of plants to environmental cues. Although there has been a considerable increase in our 
knowledge in recent years regarding the importance of post-transcriptionally regulated 
root morphogenetic adjustments to changing environmental conditions (Floris et al., 
2009; Lan et al., 2012; Žd’árská et al., 2013), nothing is known about root proteome 
reprogramming following exposure to microbial VCs. Plants use metabolic pathways 
as a source of energy and signaling molecules to drive extensive defense programs 
and promote developmental changes in response to pathogens (Bolton, 2009; Rojas et 
al., 2014). However, the metabolic and developmental adjustments made by roots in 
response to compounds (particularly VCs) emitted by microbial phytopathogens remain 
largely unknown. To obtain insights into the mechanisms involved in the response of 
roots to VCs emitted by microbes, we performed comprehensive proteomic, metabolic 
and developmental analyses of Arabidopsis plants exposed to VOCs-depleted volatile 
emissions from P. aurantiogriseum cultures. We also characterized the response to 
VOCs-depleted fungal VCs in mutants with altered hormone and ROS status. Our 
findings show that VCs emitted by the fungal phytopathogen P. aurantiogriseum 
modulate plant root metabolism and architecture through complex mechanisms that 
involve cyanide scavenging and proteome resetting mediated by hormones and ROS. 
Some of these mechanisms differ from those involved in the response to VCs emitted by 
beneficial microorganisms.
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2. MATERIALS AND METHODS
Plant and microbial cultures, growth conditions and sampling 
The experiments were carried out using Arabidopsis thaliana L. (Heynh) WT plants 
(ecotype Col-0), the aux1-T auxin influx carrier mutant (N657534) (Fischer et al., 2006), 
the etr1-3 ethylene receptor mutant (N3070) (Hua and Meyerowitz, 1998), the eir1 
ethylene insensitive and auxin efflux carrier mutant (N8058) (Luschnig et al., 1998), the 
ahk2/3, ahk2/4 and ahk3/4 CK signaling mutants (Riefler et al., 2006), the rhd2 mutant 
which is impaired in a plasma membrane NADPH oxidase (Foreman et al., 2003), 
the cas-c1 mutant which is impaired in the mitochondrial b-cyanoalanine synthase 
(N522479) (García et al., 2010), the auxin- and ethylene-inducible DR5:GUS reporter 
(N16703) (Ulmasov et al., 1997; Stepanova et al., 2005) and the CK ARR5:GUS reporter 
(D’Agostino et al., 2000). Unless otherwise indicated the plants were cultured in Petri 
dishes (92 x 16mm, Ref. 82.1472.001, Sarstedt) containing sucrose-free half-strength 
solid Murashige and Skoog (MS) (Phytotechlab M519) medium in growth chambers 
providing ‘long day’ 16 h light (90 µmol photons sec-1 m-2), 22 ºC /8 h dark, 18 ºC 
cycles. P. aurantiogriseum was cultured in small Petri dishes (35 x 10mm, Sarstedt, Ref. 
82.1135.500) containing solid MS medium supplemented with 90 mM sucrose. Effects 
of microbial VCs on plants were investigated using the “box-in-box” co-cultivation 
system as described in (García-Gómez et al., 2019). Briefly, plant cultures 14 days 
after sowing and fungal cultures in unlidded Petri dishes with a top layer of charcoal 
filters that adsorb VCs with molecular masses of more than 40 Da were placed in sterile 
plastic boxes (200 x 150 x 50 mm IT200N Instrument Trays; AW Gregory, UK) sealed 
with polyvinyl chloride plastic wrap. As negative controls, Petri dishes containing 
plants were cultured in sealed boxes together with Petri dishes each containing sterile 
microbial culture media and a charcoal filter. After the incubation time indicated for 
each experiment, roots were harvested, immediately freeze-clamped and ground to a 
fine powder in liquid nitrogen with a pestle and mortar.

Determination of gas exchange rates and photosynthetic parameters
Gas exchange rates were determined as described by Sánchez-López et al. (2016b) using 
a LI-COR 6400 gas exchange portable photosynthesis system (LI-COR, Lincoln, NE, 
USA). Net rates of CO2 assimilation (An) and stomatal conductance (gs) were calculated 
as described by von Caemmerer and Farquhar (1981). Water use efficiency (WUEi) was 
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calculated as the ratio of An to gs as described by Flexas et al. (2016).

Root morphological analysis
Ten days after sowing plants cultured on vertical square Petri dishes (10 x 10 x 2 cm, 
Sarstedt, Ref. 82.9923.422) were placed in sealed plastic boxes containing fungal 
cultures covered with charcoal filters. After 6 days of co-cultivation in vertical position, 
the numbers and lengths of the plants´ roots and RHs were measured using an MVX10 
stereomicroscope (Olympus, Japan). Photomicrographs were captured with a DP72 
video camera (Olympus, Japan) and the Cell D package (Olympus, Japan). RHs were 
measured in a region of 5 mm from the LR tips.

ROS staining
ROS were semi-quantitatively detected in rosettes essentially as described by Nguyen et 
al. (2017). Briefly, O2- was detected by staining roots for 15 min with 0.05% nitro blue 
tetrazolium (NBT) (w/v) in 50 mM potassium phosphate, pH 7.0, and H2O2 by staining 
for 5 h with 0.1% 3,3′-diaminobenzidine in 10 mM potassium phosphate, pH 7.0.

GUS expression analysis
Expression of the GUS reporter gene was monitored using the histochemical staining 
assay described by Jefferson et al. (1987).

Analytical procedures 
The amino acids contents were determined from frozen powder samples (see above) as 
described by Loiret et al. (2009). To determine the levels of CKs, aliquots of the frozen 
powders were lyophilized and CKs were quantified according to the method described 
in Novák et al. (2008). HCN contents in roots and ethylene produced and released by 
roots were measured as described by García et al. (2010). Levels of UDP-glucose and 
TCA intermediates were measured as described by Ghaffari et al. (2016). Fe and Zn 
levels were measured as indicated in Eggert and von Wirén (2013).

Proteomic analysis
High-throughput, isobaric labeling-based differential proteomic analyses were conducted 
essentially as described in Sánchez-López et al. (2016a) for Arabidopsis leaves but with 
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the following modifications. For protein sample preparation, samples were prepared 
by grinding 200 mg of root material into a fine powder under liquid nitrogen using 
a pre-cooled mortar and pestle. The tryptic peptides were labeled using a iTRAQ-4 
plex Isobaric Mass Tagging Kit (SCIEX, Foster City, CA, USA). Search engines were 
configured to match potential peptide candidates with a mass error tolerance of 25 ppm 
and fragment ion tolerance of 0.02Da, allowing for up to two missed tryptic cleavage 
sites and a maximum isotope error (13C) of 1, and also allowing for fixed MMTS 
modification of cysteine and variable oxidation of methionine, pyroglutamic acid 
from glutamine or glutamic acid at the peptide N-terminus, acetylation of the protein 
N-terminus and modification of lysine and peptide N-terminus with iTRAQ 4-plex 
reagents. Statistical significance was measured using q-values (FDR). The cut-off for 
identifying differentially regulated proteins was established at a FDR ≤ 2.7% and log2 
ratios (+VC treatment vs. –VC treatment) of either > 0.4 (for proteins whose expression 
is up-regulated by fungal VCs) and < -0.4 (for proteins whose expression is down-
regulated by VCs).

Statistical analysis
Unless otherwise indicated, data presented here are means (± SE) obtained from 3-4 
independent experiments, with 3-5 replicates for each experiment. The significance of 
differences between plants not exposed to VCs, and plants exposed to P. aurantiogriseum 
VCs was statistically evaluated with Student´s t-test using the SPSS package. Differences 
were considered significant if P<0.05. 

3. RESULTS
Fungal VCs promote changes in the root proteome and metabolome of exposed 
plants
We carried out high-throughput, isobaric labeling-based differential proteomic analysis 
of roots of Arabidopsis plants cultured in the absence, or presence for three days, of 
VOCs-depleted (VICs-containing) emissions of adjacent cultures of P. aurantiogriseum 
covered with charcoal filters that adsorb VCs with molecular masses of more than 
40 Da. As shown in Supplemental Table 1, 178 out of the 2988 proteins identified 
in this study were proteins of known functions that were differentially expressed in 
response to VOCs-depleted fungal VCs. Among them, 49 were up-regulated and 129 
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were down-regulated (Supplemental Table 1). We compared the sets of proteins that 
were differentially expressed in leaves exposed to fungal VCs (Sánchez-López et al., 
2016a) with those of fungal VC-exposed roots (this work). We found that only 8% of 
the proteins that were differentially expressed in response to fungal VCs in roots were 
also differentially expressed in VC-exposed leaves (Supplemental Table 1). Using the 
broad categories outlined by the MapMan tool (https://mapman.gabipd.org/) (Thimm 
et al., 2004), the 178 differentially expressed proteins (DEPs) with known functions 
were assembled into 23 functional groups (Figure 1). The general trend indicates that 
RSA and root metabolic changes in plants treated with VOCs-depleted fungal VCs are 
associated with DEPs that fit into the following groups: 

Transport
Fungal volatile emissions down-regulated the expression of plasma membrane and 
vacuolar aquaporins (e.g. PIP1-1, PIP1-2, PIP2-1, PIP2-2, PIP2-3, PIP2-7, TIP1-1, TIP1-
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Figure 1: Functional categorization of DEPs in roots of plants cultured in the presence of VOCs-depleted VCs 
emitted by P. aurantiogriseum. Proteins that were significantly down- or up-regulated following VC exposure 
were sorted according to the putative functional categories assigned by MapMan software. The numbers of 
up- and down-regulated proteins in each categorical group are indicated by gray and black bars, respectively. 
Proteins discussed here are boxed.
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2 and TIP2-2) involved in processes such as water transport (Maurel et al., 2015) and 
hydrogen peroxide (H2O2) transport and detoxification (Bienert et al., 2007; Dynowski et 
al., 2008; Rodrigues et al., 2017) (Supplemental Table 1, Figure 1). Exposure to fungal 
VCs also reduced the expression of ACA8, a plasma membrane calcium pump that 
regulates cytosolic calcium concentration and signaling in response to environmental 
changes (Costa et al., 2017; Yang et al., 2017) and that of IRT1, (Supplemental Table 
1, Figure 1), a metal ion carrier protein that mediates the entry of Fe and Zn into roots 
(Korshunova et al., 1999; Rogers et al., 2000; Varotto et al., 2002). Consistent with this 
finding, leaves of VC-exposed plants had lower levels of Fe and Zn than controls (166 ± 
9.4 and 96.5 ± 4 mg g-1 dry weight (DW) of Fe in leaves of VC-treated and non-treated 
plants, respectively, and 128 ± 18.2 and 86.3 ± 2.3 mg g-1 DW fo Zn in leaves of VC-
treated and non-treated plants, respectively). 

Major carbohydrate metabolism
Exposure to VOCs-depleted fungal VCs diminished the expression of the two vacuolar 
invertases of Arabidopsis (Supplemental Table 1, Figure 1), BFRUCT3 and BFRUCT4, 
the latter being an important determinant of root length in Arabidopsis (Sergeeva et al., 
2006; Leskow et al., 2016). 

Redox metabolism
Exposure to charcoal-filtered fungal VCs down-regulated the expression of various 
extracellular peroxidases (e.g. PER3, PER32 and PER34) (Supplemental Table 1, 
Figure 1). Some of them (e.g. PER34) are important determinants of root and RH 
growth (Passardi et al., 2006; Manzano et al., 2017).

Cell wall metabolism
VOCs-depleted fungal VCs down-regulated the expression of cell wall breakdown 
enzymes (e.g. BGLU20-23), and stimulated the expression of enzymes involved in 
the synthesis of precursors for cell wall biosynthesis (e.g. UGP2, UGD4 and UXS4) 
(Supplemental Table 1, Figure 1). In agreement with this observation, roots of fungal 
VC-exposed plants accumulated higher levels of cell wall precursor molecules than 
controls (81.1 ± 15.2 and 10.9 ± 3.2 nmol g-1 dry weight (DW) of UDP-glucose in roots 
of VC-treated and non-treated plants, respectively, and 107 ± 8.8 and 46.6 ± 8.7 nmol 
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g-1 DW glucuronic acid in roots of VC-treated and non-treated plants, respectively). 
VCs also up-regulated the expression of enzymes involved in cell wall expansion such 
as arabinogalactan proteins and xyloglucan endotransglucosylases (e.g. XTH14, FLA6 
and FLA13) (Supplemental Table 1).

Amino acid metabolism
Charcoal-filtered fungal VCs increased the expression of enzymes involved in nitrogen 
assimilation (e.g. GLUT1), the conversion of cytosolic citrate to Gln (e.g. ASP2 and 
GLN1-2) and the conversion of cytosolic Met and mitochondrial Cys to Asp and Asn 
(e.g. METK2, METK3, ACO2 and CAS-C1) (Supplemental Table 1, Figure 1). 
Accordingly, levels of a-ketoglutarate, Glu, Gln, Asp and Asn in roots of VC-treated 
plants were higher than in controls (Table 1). Levels of citrate and other TCA metabolic 
intermediates acting as precursors for amino acid biosynthesis (e.g. cis- and trans-
aconitate, citrate, a-ketoglutarate, malate, and succinate) were higher in VC-exposed 
roots than in controls (Table 1). 

Hormone metabolism
VOCs-depleted fungal VCs increased the expression of ACLA-1, an enzyme that 
participates directly in the conversion of cytosolic citrate into the acetyl-CoA necessary 
for the synthesis of mevalonate (MVA)-derived isoprenoids (Fatland et al., 2005). Fungal 
VCs also increased the expression of ethylene biosynthetic enzymes such as METK2, 
METK3 and ACO2 (Supplemental Table 1, Figure 1); the latter catalyzes the rate-
limiting step of ethylene biosynthesis in many processes in response to environmental 
changes and is an important determinant in plant-microbe interactions (Barry et al., 
1996; Nascimento et al., 2018).

Down-regulation of water and iron transport systems in response to VOCs-depleted 
fungal VCs is associated with enhanced intrinsic photosynthetic water use efficiency
Fe participates in electron transfer reactions starting from the photochemical water 
splitting occurring during photosynthesis. Down-regulation of the expression of 
aquaporins and IRT1in roots and of Fe contents in leaves in response to VOCs-depleted 
fungal VCs suggested enhancement of photosynthetic efficiency thus reducing the water 
and Fe demands of leaves. To test this hypothesis we measured the WUEi by analyzing 
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Table 1: Metabolites contents in roots of plants cultured in solid MS medium in the absence or presence of 
adjacent cultures of P. aurantiogriseum covered with VOC-adsorbing charcoal filters for one week. Values 
represent the mean ± SE of determinations in 3 independent experiments. Asterisks indicate significant 
differences, according to Student´s t-test (P<0.05), between VC-treated and non-treated plants.

 

 
 -VCs 

(nmol/g DW) 
+VCs 

(nmol/g DW) 

TC
A

 c
om

po
un

ds
 Cis-Aconitate 8.7 ± 2.0 20.5 ± 1.6* 

Citrate 962 ± 138 1,409 ± 130* 
Malate 1,011 ± 125 1,897 ± 279* 

-ketoglutarate 40.5 ± 11.7 118.1 ± 4.8* 
Succinate 121.1 ± 14.7 271.4 ± 21.5* 

Trans-Aconitate 5.1 ± 2.2 20.0 ± 1.7* 

A
m

in
o 

ac
id

s 

Asp 14,540 ± 1,262 18,158 ± 722* 
Glu 23,474 ± 1,250 34,459 ± 942* 
Ser 40,058 ± 1,835 15,532 ± 371* 
Asn 163,959 ± 5,315 195,804 ± 2,941* 
Gly 7,002 ± 358 5,641 ± 329* 
Gln 38,920 ± 1,689 62,034 ± 1,408* 
His 5,241 ± 297 5,144 ± 197 
Thr 16,750 ± 883 15,277 ± 345 
Ala 53,608 ± 3,614 129,404 ± 3,263* 
Arg 8,401 ± 469 7,098 ± 1,049 

GABA 16,172 ± 373 23,221 ± 689* 
Pro 13,227 ± 404 14,306 ± 279 
Tyr 9,926 ± 449 9,848 ± 252 
Val 4,983 ± 938 5,563 ± 139 
Met 2,465 ± 215 2,100 ± 109 
Ile 4,474 ± 290 3,668 ± 128 

Leu 4,095 ± 283 3,769 ± 279 
Lys 1,889 ± 171 1,687 ± 211 
Phe 3,723 ± 279 2,894 ± 117 
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An and  gs at varying intercellular CO2 concentrations (Ci) in plants cultured in the 
absence, or presence for three days, of adjacent cultures of P. aurantiogriseum covered 
with charcoal filters. These analyses revealed that plants exposed to fungal VCs had 
higher An and similar gs (and thus higher WUEi) values than controls at all Ci levels 
(Figure 2). This indicates that enhancement of photosynthetic activity by fungal VCs 
is due not to and increased rate of passage of CO2 entering through the stomata, but to 
improved photosynthetic efficiency.
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Figure 2: P. aurantiogriseum VCs enhance photosynthetic water use efficiency. Curves of (a) net CO2 
assimilation rate (An), (b) Gs versus intercellular CO2 concentration (Ci) and (c) WUEi in leaves of plants 
cultured in the absence or continuous presence of adjacent cultures of P. aurantiogriseum covered with VOC-
adsorbing charcoal filters for three days. Treatment with VCs began 28 days after seeds were sown.

a b

c

VOCs-depleted fungal VCs enhance CK, auxin and ethylene signaling in roots
CKs negatively regulate IRT1 expression (Séguéla et al., 2008) and up-regulate the 
expression of ethylene biosynthetic enzymes (e.g. METK2, METK3 and ACO2) 
(Žd’árská et al., 2013; Brenner and Schmülling, 2015). On the other hand ethylene 
up-regulates the expression of ACO2 and CAS-C1 (Maruyama et al., 2001; van 
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Zhong and Burns, 2003) whereas auxin down-regulates the expression of aquaporins 
(Nemhauser et al., 2006; Péret et al., 2012). Down-regulation of IRT1 and aquaporins, 
and up-regulation of METK2, METK3, ACO2 and CAS-C1 promoted by fungal VCs 
suggested that these VCs enhance CK, ethylene and auxin signaling. This inference was 
corroborated by characterization of plants harboring the CK-inducible ARR5:GUS CK 
marker and the auxin- and ethylene-inducible DR5:GUS marker. As shown in Figure 3, 

-VCs

+VCs

-VCs

+VCs

Figure 3: VOCs-depleted fungal VCs enhance CK- and auxin-responsive gene expression in roots. GUS 
activity in roots of plants harboring (a) the CK ARR5:GUS reporter and (b) the auxin and ethylene DR5:GUS 
reporter, cultured in the absence or presence of adjacent cultures of P. aurantiogriseum covered with VOC-
adsorbing charcoal filters for one week. Scale bars: left panels: 5 mm; right panels: 1 mm.

a

b
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ARR5:GUS and DR5:GUS plants grown with adjacent fungal cultures showed greater 
GUS expression in vascular tissues, root tips, LR primordia and RHs than controls. 
Furthermore, ethylene production in roots of plants treated with VOCs-depleted fungal 
VCs was substantially higher than in controls (Figure 4). Moreover, CK content analyses 
revealed that treatment with fungal VCs causes a significant increase in the total content 
of both MVA- and 2-C-methyl-D-erythritol 4-phosphate (MEP)-derived CKs. The most 
strongly accumulated CK forms were the free bases of the biologically active cis-zeatin 
(cZ) and isopentenyladenine (iP), their ribosides (cZR and iPR respectively), their 
precursors (cZRMP and iPRMP, respectively) and the precursor and transport forms of 
tZ (tZR and tZRMP, respectively) (Table 2, Supplemental Figure 1). 

Growth and developmental responses to fungal VCs in auxin, ethylene and CK 
signaling mutants
To address the roles of auxin, ethylene and CKs in RSA changes induced by VOCs-
depleted fungal VCs we assessed root development in the aux1-T auxin influx carrier 
mutant, the etr1-3 ethylene receptor mutant, the eir1 ethylene insensitive and auxin 
efflux carrier mutant and the ahk2/3, ahk2/4 and ahk3/4 CK signaling mutants cultured 
in the absence, or presence for one week, of adjacent cultures of P. aurantiogriseum 
covered with VOC-adsorbing charcoal filters. As shown in Figure 5b and 6b, fungal 
VCs promoted similar to WT enhancements of root growth (on a fresh weight basis) 
in these mutants. However, the stimulatory effect on rosette growth was weaker in the 
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Figure 4: VOCs-depleted fungal VCs enhance ethylene production in roots. Time-course of ethylene 
accumulation in sealed vials containing roots of WT plants cultured in the absence or presence of adjacent 
cultures of P. aurantiogriseum. Values are means ± SE for three biological replicates obtained from three 
independent experiments.
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aux1-T, eir1, etr1-3 and ahk2/3 mutants than in WT plants. These findings indicate 
that auxin, ethylene and CKs are important determinants of shoot growth responses to 
VOCs-depleted fungal VCs.
 In keeping with García-Gómez et al. (2019), VOCs-depleted fungal VCs 
shortened the PR and LRs, and increased the number of elongated LRs in WT plants 
(Figure 5c). As in WT plants, fungal VCs increased the number of elongated LRs in 
aux1-T, eir1, etr1-3 and CK signaling mutants. However, fungal VCs did not shorten 
the LRs in these mutants (Figure 5c, Figure 6c). Furthermore, unlike in WT plants and 
CK signaling mutants, fungal VCs did not shorten the PRs in aux1-T, eir1 and etr1-3 
mutants (Figure 5a,c, Figure 6c). 
 Under non-induced conditions, roots of CK signaling mutants produced RHs 
whose numbers and sizes were comparable to those of WT roots (Figure 6c). aux1-T, 
eir1 and etr1-3 mutants produced fewer and shorter RHs than WT plants (Figure 5c), 
observations consistent with those of Pitts et al. (1998). As in WT plants, auxin, ethylene 

Table 2: CK content (pmol g-1 DW) in roots of plants cultured in solid MS medium in the absence or 
presence of adjacent cultures of P. aurantiogriseum covered with VOC-adsorbing charcoal filters for 3 days. 
Values represent the mean ± SE of determinations in 3 independent experiments. Asterisks indicate significant 
differences, according to Student´s t-test (P<0.05), between VC-treated and non-treated plants. 

 

  
MEP pathway (plastid) derived CKs  MVA pathway (cytosol) derived CKs 

  -VCs +VCs -VCs +VCs 

Precursors 

iPRMP 41.5 ± 4.8 243 ± 34*        

tZRMP 83.1 ± 8.3 252 ± 64*  cZRMP 88.7 ± 7.3  145.9 ± 8.5*

DHZMP 0.49 ± 0.09 0.65 ± 0.17  
∑ (%) 125 621   88.7 145.9 

Transport 
forms  

iPR 11.6 ± 0.4 51.3 ± 6.6* 
tZR 31.7 ± 5.3 68.9 ± 15.2* cZR 47.2 ± 1.3  57.3 ± 1.7* 

DHZR 3.55 ± 0.16  3.39 ± 0.19       
∑ (%) 46.9 123.6   47.2 57.3 

Active forms 

iP 34.9 ± 1.9 76.9 ± 10.0* 
tZ 69.5 ± 6.6 53.3 ± 9.1 cZ 26.0 ± 1.3 53.2 ± 1.5* 
DZ 0.76 ± 0.13 0.77 ± 0.16       

∑ (%) 105 131   26.0 53.2 
iP7G 128 ± 5 138 ± 3 
tZ7G 238 ± 15 88.9 ± 3.5* 

 DHZ7G 33.9 ± 1.9 11.7 ± 0.2* 
Glycosylated 

(inactive) forms iP9G 31.4 ± 0.9 46.5 ± 1.2*  cZ9G 60.9 ± 2.6 52.8 ± 4.2 

 tZ9G 373 ± 20 172 ± 13* 
 DHZ9G 24.8 ± 2.5 10.9 ± 1.0*  
 tZROG 6.89 ± 0.34 5.91 ± 0.27 cZROG 42.7 ± 2.6 21.2 ± 0.8* 
 ∑ (%) 837 473   103 74.1 

TOTAL ∑ (%) 1,114 1,350   265 330 
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Figure 5: Changes in RSA promoted by VOCs-depleted fungal VCs involve enhanced auxin and ethylene 
signaling (a) external phenotypes, (b) root and rosette FW and (c) root architecture parameters of WT, 
aux1-T, eir1 and etr1-3 plants cultured in the absence or continuous presence of VOCs-depleted VCs emitted 
by adjacent P. aurantiogriseum cultures. Values in panels (b) and (c) are means ± SE for three biological 
replicates (each a pool of 12 plants) obtained from four independent experiments. Letters “a”, “b” and “c” 
indicate significant differences, according to Student´s t-test (P<0.05), between: “a” WT plants and mutants 
cultured without fungal VC treatment, “b” VC-treated and non-treated plants, and “c” VC-treated WT and 
mutant plants. RH number and length data were obtained from a pool of 6 first order LRs per plant. Scale 
bars in “a”, 2 mm. Plants providing data shown in (a) and (b) were grown on horizontal plates whereas those 
providing data in (c) were grown on vertical plates.
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Figure 6: (a) external phenotypes, (b) rosette and root FW and (c) root architecture parameters of WT, ahk2/3, 
ahk2/4 and ahk3/4 plants cultured in the absence or continuous presence of VOCs-depleted VCs emitted by 
adjacent P. aurantiogriseum cultures for one week. Values in panels (b) and (c) are means ± SE for three 
biological replicates (each a pool of 12 plants) obtained from four independent experiments. Letters “a”, “b” 
and “c” indicate significant differences, according to Student´s t-test (P<0.05), between: “a” WT plants and 
mutants cultured without fungal VC treatment, “b” VC-treated and non-treated plants, and “c” VC-treated WT 
and mutant plants. RH number and length data were obtained from a pool of 6 first order LRs per plant. Plants 
providing data shown in (a) and (b) were grown on horizontal plates, whereas those providing data in (c) were 
grown on vertical plates. Scale bars in “a”, 2 mm.
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and CK mutants developed new RHs and elongated them in response to fungal VCs, 
although the stimulatory effect in auxin and ethylene mutants was weaker than that in 
WT plants and CK signaling mutants (Figure 5a,c, Figure 6c). Unlike in WT and CK 
mutants, fungal VCs did not promote the development of a “cotton-like” external root 
phenotype caused by the formation of “brush-like” structures at the root tips in aux1-T, 
eir1 and etr1-3 mutants (Figure 5a,c, Figure 6a).

RSA adjustment promoted by VOCs-depleted fungal VCs is associated with 
enhanced ROS content in roots and RHs
Root and RH growth is associated with ROS accumulation (Foreman et al., 2003; 
Tsukagoshi et al., 2010; Manzano et al., 2014), which in turn is determined by cytosolic 
calcium concentration (Foreman et al., 2003; Drerup et al., 2013; Dubiella et al., 2013). 
VOCs-depleted fungal VCs promoted down-regulation of the expressions of calcium 
pumps, aquaporins and apoplastic peroxidases in roots (cf. Supplemental Table 
1, Figure 1) suggesting enhanced ROS content. This was corroborated by specific 
superoxide anion (O2-) and H2O2 staining analyses, which revealed higher levels of 
O2- and H2O2 in roots and RHs of fungal VC-treated plants than in controls (Figure 7). 
 The possible involvement of ROS accumulation in the fungal VC-promoted 
RSA changes was investigated by characterizing the root and RH growth response 
of WT plants to the NADPH oxidase inhibitor diphenyleneiodium (DPI) (Cross and 
Jones, 1986). We also characterized the response of plants to ascorbic acid, which is 
known to modulate root architecture through antioxidant action (Olmos et al., 2006). 
Furthermore, we characterized the response of rhd2 plants to VOCs-depleted fungal 
VCs. These plants lack an NADPH oxidase that contributes to ROS production in roots, 
and have shorter roots and RHs than WT plants (Foreman et al., 2003). As shown in 
Figure 8 and 9, enhancement of RH growth promoted by VOCs-depleted fungal VCs 
was weaker in DPI- and ascorbic acid-treated plants than in controls. As in WT plants, 
VOCs-depleted fungal VCs promoted root and rosette growth in rhd2 plants (Figure 
10a,b). As expected, in the absence of fungal VCs rhd2 roots showed only a few short 
malformed RHs (Figure 10a) that accumulated low levels of O2- (Figure 10). Notably, 
unlike WT plants, this mutant was unresponsive in terms of O2- accumulation in RHs 
(Supplemental Figure 2), RH growth stimulation (Figure 10a,c) and PR and LR 
shortening promoted by fungal VCs (Figure 10c). 
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Figure 7: VOCs-depleted fungal VCs promote ROS accumulation in roots. (a) NBT staining of O2- and (b) 
3,3′-diaminobenzidine staining of H2O2 in roots of WT plants cultured in the absence or presence of adjacent 
cultures of P. aurantiogriseum with charcoal filters for one week. Scale bars: left panels, 5 mm; right panels, 
1 mm.
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Figure 10: RSA adjustment promoted by VOCs-depleted fungal VCs is a ROS dependent process. (a) External 
phenotypes, (b) rosette and root FW, (c) root architecture parameters of WT and rhd2 plants cultured in the 
absence or continuous presence of VOCs-depleted VCs emitted by adjacent P. aurantiogriseum cultures. 
Values in panels (b) and (c) are means ± SE for three biological replicates (each a pool of 12 plants) obtained 
from four independent experiments. Letters “a”, “b” and “c” indicate significant differences, according to 
Student´s t-test (P<0.05), between: “a” WT and rhd2 plants cultured without fungal VC treatment, “b” VC-
treated and non-treated plants, and “c” VC-treated WT and rhd2 plants. RH number and length data were 
obtained from a pool of 6 first order LRs per plant. Plants providing data shown in (a) and (b) were grown on 
horizontal plates, whereas those providing data in (c) were grown on vertical plates. Scale bars in “a”, 500 mm. 
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CAS-C1 is an important mediator of root responses to VOCs-depleted fungal VCs 
Cyanide (HCN) is a toxic compound produced mainly by 1-aminocyclopropane-
1-carboxylate oxidase (ACO) in the last step of the ethylene biosynthetic pathway. 
Mitochondrial b-cyanoalanine synthase (CAS-C1) participates in HCN detoxification 
(García et al., 2010; Arenas-Alfonseca et al., 2018). CAS-C1 null cas-c1 mutants 
accumulate more HCN and produce fewer and shorter RHs than WT plants (García et 
al., 2010, Arenas-Alfonseca et al., 2018). It has therefore been suggested that CAS-C1 
is essential in order to maintain low HCN levels and allow for proper RH development 
(García et al., 2010). In addition, cas-c1 RHs accumulate lower levels of ROS than 
WT RHs (García et al., 2010; Arenas-Alfonseca et al., 2018). Fungal VC-promoted 
expression of ethylene biosynthetic enzymes (e.g. METK2, METK3 and ACO2) and 
CAS-C1 (cf. Supplemental Table 1, Figure 1) suggested that up-regulation of CAS-C1 
could play a role in the elongation process promoted by fungal VCs by removing the 
HCN generated by ACO2. To test this hypothesis we measured HCN levels in roots of 
WT plants cultured in the absence or presence of adjacent fungal cultures covered with 
charcoal filters. We also characterized the RSA and ROS accumulation responses of 
cas-c1 mutants to VOCs-depleted fungal VCs. 
 Fungal VCs caused a ca. 3-fold increase in HCN contents in roots (15.5 ± 5.9 
and 42.3 ± 6.2 nmol g-1 FW in non-treated and VC-treated plants, respectively). As 
in WT plants, VOCs-depleted fungal VCs promoted root and rosette growth in cas-c1 
plants (Figure 11a,b). In keeping with findings by García et al. (2010), cas-c1 roots not 
treated with fungal VCs exhibited only a few short malformed RHs (Figure 11a) and 
accumulated low levels of O2- in the RHs (Supplemental Figure 2). Notably, unlike 
WT plants, this mutant did not exhibit O2- accumulation in RHs (Supplemental Figure 
2), RH growth stimulation (Figure 11a,c) and LR shortening in response to exposure to 
fungal VCs (Figure 11c). 

4. DISCUSSION 
Fungal VCs promote changes in the root proteome that affect metabolic processes 
involved in growth and development
This is the first study reporting a high-throughput, isobaric labeling-based analysis of 
the changes in the roots proteome in response to microbial emissions, particularly VCs. 
Using a 2DE approach, Kwon et al. (2016) reported changes in the expression of 17 
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Figure 11: CAS-C1 is an important mediator of the root response to VOCs-depleted fungal VCs. (a) External 
phenotypes, (b) rosette and root FW, (c) root architecture parameters of WT and cas-c1 plants cultured in 
the absence or continuous presence of VOCs-depleted VCs emitted by adjacent P. aurantiogriseum cultures 
for one week. Values in panels (b) and (c) are means ± SE for three biological replicates (each a pool of 12 
plants) obtained from four independent experiments. Letters “a”, “b” and “c” indicate significant differences, 
according to Student´s t-test (P<0.05), between: “a” WT and cas-c1 plants cultured without fungal VC 
treatment, “b” VC-treated and non-treated plants, and “c” VC-treated WT and cas-c1 plants. RH number and 
length data were obtained from a pool of 6 first order LRs per plant. Plants providing data shown in (a) and 
(b) were grown on horizontal plates, whereas those providing data in (c) were grown on vertical plates. Scale 
bars in “a”, 500 mm
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proteins in roots of Arabidopsis plants after inoculation with the plant-growth promoting 
rhizobacterium Paenibacillus polymyxa E681; none of them were identified in our study. 
This indicates that the strategies of proteome adaptation to inoculation with beneficial 
bacteria and treatment with VCs emitted by a fungal phytopathogen differ greatly. That 
only 8% of the proteins that were differentially expressed by fungal VCs in roots were 
also differentially expressed in VC-exposed leaves (Supplemental Table 1) strongly 
indicates that strategies for acclimation to fungal VCs are quite distinct in tissues below 
and above ground. 
 Our data strongly indicate that root growth and developmental changes 
promoted by VCs from fungal phytopathogens is largely due to metabolic reorganization 
partly caused by proteome resetting. ATP-citrate lyase (ACL) is a cytosolic enzyme that 
catalyzes the conversion of citrate to acetyl-CoA and oxalacetate and is required for 
normal growth and development (Fatland et al., 2005). Changes in ACLA expression 
are associated with alterations in the levels of cytosolic acetyl-CoA-derived metabolites 
including MVA-derived isoprenoids some of which (e.g. CKs) are important mediators 
in the growth and developmental responses to environmental changes. For this reason, it 
has been suggested that ACLA is an important determinant of MVA-derived isoprenoid 
synthesis growth and development (Fatland et al., 2005). VOCs-depleted fungal VCs 
enhanced ACLA-1 expression (Supplemental Table 1, Figure 1) and levels of MVA-
derived CKs (e.g. cZ, cZR and cZRMP) (Table 2). It is therefore conceivable that the 
accumulation of MVA-derived CKs promoted by fungal VCs is due, at least in part, 
to augmented ACLA-1 expression as schematically illustrated in Figure 12. The high 
levels of MEP-derived CKs (Table 2) occurring in fungal VC-exposed roots could 
be explained by the transport of dimethylallyl diphosphate from the cytosolic MVA 
pathway into plastids (Kasahara et al., 2004) (Figure 12). 
 VOCs-depleted fungal VCs reduced the expression of aquaporins and the 
IRT1 metal ion transporter in roots (Figure 1, Supplemental Table 1), and this was 
associated with reduced Fe and Zn levels in leaves. Because CKs down-regulate IRT1 
expression (Séguéla et al., 2008), it is tempting to speculate that fungal VC-promoted 
reduction in the metal ion content of roots is primarily due to reduced IRT1 expression 
caused by the enhancement of CK levels (Table 2) and signaling (Figure 3a). One 
possible explanation for the fungal VC-promoted down-regulation of expression of 
IRT1 and aquaporins is that fungal VCs greatly enhance the photosynthetic efficiency 
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thus reducing the water and Fe demands of leaves. In line with this presumption, plants 
exposed to fungal VCs had higher WUEi  than controls (Figure 2). Our findings are 
consistent with the idea that root iron acquisition is under long-distance regulation by 
photosynthesis (Vert et al., 2003).
 Amino acid metabolism plays an important role in regulating root growth and 
development (Mo et al., 2006; Muñoz-Bertomeu et al., 2009; Pelagio-Flores et al., 2011; 
Frémont et al., 2013). Fungal VCs promoted the accumulation of the long-distance 
nitrogen transport amino acids Glu, Asn and Gln (Table 1). This metabolic change was 
associated with enhanced expression of plastidial Glu synthase 1 (GLUT1) and enzymes 
involved in the conversion of cytosolic citrate to Glu and Gln (e.g. ASP2 and GLN1-2) 
and the conversion of cytosolic Met and mitochondrial Cys to cytosolic Asp, Asn, Glu 
and Gln (e.g. METK2, METK3, ACO2 and CAS-C1) (Supplemental Table 1, Figure 
1). CKs up-regulate METK2, METK3 and ACO2 expression (Žd’árská et al., 2013; 
Brenner and Schmülling, 2015), which suggests that fungal VC-promoted augmentation 
of Asp, Asn, Glu and Gln contents in roots is due, at least in part, to enhanced METK2, 
METK3 and ACO2 expression caused by the increase in CK levels. Fungal VCs also 
led to the accumulation of citrate and other TCA intermediates (Table 1). This metabolic 
change was not associated with altered expression of TCA cycle enzymes or other 
proteins involved in mitochondrial respiration. Overall, the findings indicate that the 
stimulatory effect of fungal VCs on Glu, Gln, Asp and Asn contents and growth is due, 
at least in part, to activation of amino acid metabolism through mechanisms involving 
post-translational activation of mitochondrial respiration enzymes and CK-mediated 
transcriptional and/or translational up-regulation of the expression of enzymes involved 
in the conversion of cytosolic Met and mitochondrially synthesized citrate and Cys into 
cytosolic Glu, Gln, Asp and Asn as schematically illustrated in Figure 12.
 VOCs-depleted fungal VCs down-regulated the expression of cell wall 
breakdown enzymes, and stimulated the expression of enzymes involved in the synthesis 
of precursors for cell wall biosynthesis (Supplemental Table 1, Figure 1). Consistently, 
fungal VCs enhanced the intracellular levels of the cell wall polysaccharides precursors 
glucuronic acid and UDP-glucose in roots. In Arabidopsis, mutants impaired in enzymes 
involved in the synthesis of cell wall polysaccharides show reduced growth and defects 
in LR and RH development (Favery et al., 2001; Diet et al., 2006; Handford et al., 2012). 
It is therefore conceivable that the root growth and RSA changes promoted by fungal 
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VCs are at least partly due to enhanced expression of cell wall biosynthetic enzymes and 
down-regulation of cell wall degradation enzymes, as illustrated in Figure 12. 
 BFRUCT4 is a vacuolar invertase that has been suggested as being in the 
conversion of sucrose to fructose and glucose leading to osmotic water uptake and a 
subsequent increase in turgor as a driving force for root elongation (Sergeeva et al., 
2006). Consistent with this hypothesis, plants lacking BFRUCT4 have shorter roots 
than WT plants (Sergeeva et al., 2006; Leskow et al., 2016). VOCs-depleted fungal 
VCs down-regulated the expression of BFRUCT4 (Supplemental Table 1, Figure 1) 
and shortened PR and LRs (Figure 5). This finding indicates that root shortening in 
response to fungal VCs is due, at least to some extent, to down-regulation of BFRUCT4 
expression. 

Promotion of root shortening by VOCs-depleted fungal VCs involves enhanced 
auxin, ethylene and CK signaling
Ethylene, auxin and CK inhibit root growth (Riefler et al., 2006; Stepanova et al., 2007; 
Swarup et al., 2007; Street et al., 2015). VOCs-depleted fungal VCs shortened PR, but not 
LR, in the ahk2/3, ahk2/4 and ahk3/4 CK signaling mutants (Figure 6c). Furthermore, 
fungal VCs did not shorten PR and LRs in the aux1-T, eir1 and etr1-3 mutants (Figure 

Figure 12: Suggested model for regulation of root proteomic and metabolic responses to VOC-depleted fungal 
VCs. Mixtures of VOC-depleted fungal VCs (VICs and/or VOCs with molecular masses of less than 40 Da) 
up-regulate the expression of ACLA-1, which regulates the metabolic flux from mitochondrially synthesized 
citrate to MVA-derived isoprenoids such as CKs. The resulting enhanced CK content down-regulates the 
expression of IRT1, thus restricting the uptake and subsequent transport of Fe to the aerial part of the plant. 
CKs up-regulate the expression of enzymes involved in the conversion of cytosolic Met to ethylene and 
HCN (METK2, METK and ACO2) the latter being converted to Asp, Glu and the long-distance nitrogen 
transport amino acids Asn and Gln by means of the ethylene-induced CAS-C1, ASP2 and GLN1-2. The 
resulting enhanced ethylene level promotes root shortening and RH formation and elongation. Fungal VCs 
down-regulate the expression of aquaporins through enhanced auxin signaling action, thus reducing H2O and 
H2O2 uptake by root cells. Fungal VCs also down-regulate ACA8 calcium pump expression. Activation of 
plasma membrane NADPH oxidases by the resulting high cytoplasmic calcium concentrations, and down-
regulation of aquaporins and apoplastic peroxidases (e.g. PER3, PER32, PER34 and PER72) by fungal 
VCs leads to apoplastic oxidative burst due to the accumulation H2O2 and O2-, which promotes root and RH 
growth and RH elongation. Fungal VCs down-regulate the expression of vacuolar invertases (e.g. BFRUCT 
3 and 4), thus limiting glucose and fructose production from sucrose. This, and the reduction of water uptake 
due to down-regulation of aquaporin expression, leads to a reduction in turgor as a driving force for root 
elongation. Enzymatic activities that are up-regulated by VOC-depleted fungal VCs are highlighted with red 
letters, whereas enzymatic activities and pathways that are down-regulated by VCs are highlighted with green 
letters. Multistep enzymatic reactions and signaling cascades are depicted with dashed arrows. Metabolites 
whose levels are higher in roots exposed to fungal VCs than in controls are highlighted in blue. DMAPP: 
dimethylallyl diphosphate.
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5a,c). It can therefore be concluded that fungal VC-promoted RSA changes related to 
PR length are largely CK-independent, whereas those related to LR length involve CK 
and canonical auxin and ethylene signaling pathways. Root elongation is due mainly 
to an increase in the volume of cells along the growing zone, which is caused by water 
entering the cell via aquaporins (Hukin et al., 2002). Aquaporin genes are repressed 
by auxin (Nemhauser et al., 2006; Péret et al., 2012). VOCs-depleted fungal VCs 
enhanced auxin signaling (Figure 3b) and down-regulated the expression of aquaporins 
(Supplemental Table 1, Figure 1). It is thus conceivable that the PR and LR shortening 
that results from exposure to fungal VCs is due, at least in part, to enhanced auxin 
signaling, which in turn limits water uptake as a consequence of the down-regulation of 
the expression of aquaporins (Figure 12). 
 VOCs-depleted fungal VCs enhanced ethylene and active CK synthesis 
and signaling (Table 3, Figures 3 and 5) and the expression of ethylene biosynthetic 
enzymes (e.g. METK2, METK3 and ACO2) (Supplemental Table 1, Figure 1). CKs 
up-regulate the expression of enzymes involved in the synthesis of ethylene (Žd’árská 
et al., 2013; Brenner and Schmülling, 2015), which is known to exert a negative effect 
on LR growth (Stepanova et al., 2005). It is thus likely that the fungal VC-promoted LR 
shortening is due, at least in part, to enhanced CK signaling, which in turn limits LR 
growth through enhanced ethylene action (Figure 12).

Promotion of LR formation and RH proliferation and elongation by VOCs-depleted 
fungal VCs involves auxin, ethylene and CK signaling independent mechanisms
Auxin, ethylene and CKs are important determinants of LR formation (Pitts et al., 
1998; Riefler et al., 2006; Ivanchenko et al., 2008; Negi et al., 2008; Werner et al., 
2010; Chang et al., 2013). Moreover, auxin and ethylene serve as key mediators of 
RH formation and elongation (Pitts et al., 1998). VOCs-depleted VCs emitted by P. 
aurantiogriseum increased LR number in auxin, ethylene and CK signaling mutants 
(Figures 5a,c and 6c), and strongly promoted RH formation and elongation in these 
mutants (Figures 5a,c and 6c). These findings suggest the operation of important auxin, 
ethylene and CK signaling independent mechanisms in the promotion of LR formation 
and proliferation and elongation of RHs by fungal VCs. It is worth to note that the 
stimulatory effect of fungal VCs on RH formation and elongation was stronger in WT 
plants than in auxin and ethylene mutants (Figure 5c). In the presence of fungal VCs, 
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these mutants failed to form “brush-like” structures at the root tips (Figure 5a). It thus 
appears that the promotion of the “cotton-like” external root phenotype by fungal VCs 
caused by the strong proliferation and elongation of RHs at the root tips is auxin- and 
ethylene- dependent.

LR shortening and RH formation and elongation promoted by VOCs-depleted 
fungal VCs are ROS-dependent processes
ROS accumulation in the apoplast, mediated through the activity of redox metabolism-
related enzymes (e.g. NADPH oxidases and peroxidases), plays an important role in 
root and RH growth and development (Foreman et al., 2003; Passardi et al., 2006; 
Montiel et al., 2012; Manzano et al., 2017). Plasma membrane aquaporins are capable 
of transporting H2O2 (Bienert et al., 2007; Dynowski et al., 2008; Rodrigues et al., 2017) 
and thus may act as determinants of apoplastic ROS content (Grondin et al., 2015). Here 
we found that VOCs-depleted fungal VCs enhanced ROS levels in roots and RHs (Figure 
7, Supplemental Figure 2). Fungal VCs also down-regulated the expression of plasma 
membrane aquaporins and redox metabolism-related enzymes (Supplemental Table 
1, Figure 1), some of which (e.g. PER34) are directly involved in root growth and RH 
formation and development (Passardi et al., 2006; Manzano et al., 2017). Furthermore, 
VOCs-depleted fungal VCs reduced the expression of ACA8, a calcium pump that 
determines the concentration of the cytosolic calcium that regulates NADPH oxidase 
activity through calcium-dependent protein kinases (Drerup et al., 2013; Dubiella et 
al., 2013; Costa et al., 2017; Yang et al., 2017). We also found that the NADPH oxidase 
inhibitor DPI and the antioxidant ascorbic acid prevent the RH elongation promoted by 
P. aurantiogriseum VCs  (Figures 8 and 9) and that rhd2 plants lacking a root-expressed 
NADPH oxidase do not show O2- accumulation in RHs (Supplemental Figure 2), RH 
growth stimulation (Figure 10a,c) and LR shortening in response to fungal VCs (Figure 
10c). Overall the data provide evidence that an apoplastic oxidative burst due to down-
regulation of plasma membrane aquaporins and apoplastic peroxidases, and activation 
of NADPH oxidases by calcium-dependent protein kinases, are major determinants of 
the root´s response to VOCs-depleted fungal VCs (Figure 12). 
 ROS may function as a downstream component in auxin-mediated signal 
transduction (Ma et al., 2014; Mangano et al., 2017). As auxin down-regulates 
aquaporin gene expression (Nemhauser et al., 2006; Péret et al., 2012) and fungal VCs 
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enhance auxin signaling (Figure 3b), it is conceivable that the fungal VC-promoted 
root response caused by an apoplastic oxidative burst is due, at least in part, to down-
regulation of expression of plasma membrane aquaporins caused by enhanced auxin 
signaling (Figure 12). 

CAS-C1 mediates the root response to VOCs-depleted fungal VCs through 
mechanisms other than the maintenance of low HCN levels 
Synthesis of ethylene results in the production of HCN, which is a potent toxin that 
inhibits heme-containing enzymes such as cytochrome c oxidase and peroxidases. To 
prevent self-poisoning, plants maintain an endogenous HCN detoxification pathway 
involving CAS-C1, which catalyzes the addition of HCN to Cys to produce H2S and 
b-cyanoalanine, the latter being transported from mitochondria to the cytosol where it 
is converted to Asp or Asn by b-cyanoalanine nitrilase (NIT4) (Piotrowski et al., 2001) 
(Figure 12). CAS-C1 null mutants accumulate 40-60% more HCN and produce fewer 
and shorter RHs than WT plants (García et al., 2010; Arenas-Alfonseca et al., 2018). 
Thus, it has been suggested that CAS-C1 is essential in maintaining HCN at low levels 
that allow proper RH development (García et al., 2010).
 VOCs-depleted fungal VCs enhanced the expression of ethylene biosynthetic 
enzymes (e.g. METK2, METK3 and ACO2) and CAS-C1 (Supplemental Table 
1, Figure 1). This finding suggests that CAS-C1 may play a role in the fungal VC-
promoted RH elongation and activation of mitochondrial respiration by removing the 
HCN generated by ACO2. We found that fungal VCs do not promote RH elongation in 
cas-c1 plants (Figure 11), which supports the idea that CAS-C1 is an important mediator 
of the RH response to fungal VCs and indicates that no other HCN scavenging system 
can replace CAS-C1 in promoting RH elongation in response to fungal VC exposure. 
However, fungal VCs caused a ca. 3-fold increase in HCN contents in the roots of WT 
plants. This finding strongly indicates that (a) roots of WT plants exposed to fungal 
VCs are capable of accumulating high levels of HCN without inhibiting mitochondrial 
respiration and RH formation and elongation, and (b) CAS-C1 operates in the fungal 
VC-promoted RH formation and elongation through mechanisms other than maintaining 
low levels of HCN. 
 In Arabidopsis, enhanced flux from HCN to Asn and Asp by the ectopic 
expression of b-cyanoalanine nitrilase promotes RH elongation (O’Leary et al., 2014). 
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One possible explanation for the fungal VC-promoted RH formation and elongation 
could therefore involve the conversion of HCN produced by ACO2 to cytosolic Asp, 
Asn, Glu and Gln through the coupled reactions of CAS-C1, NIT4, ASP2 and GLN1-
2 as schematically illustrated in Figure 12. Lack of CAS-C1 prevents not only the 
scavenging of HCN molecules produced in the last step of the ethylene biosynthetic 
pathway but also the formation of ROS by hitherto unknown mechanisms (Arenas-
Alfonseca et al., 2018). Here we found that cas-c1 plants are unresponsive in terms 
of O2- accumulation in RHs (Supplemental Figure 2). Therefore, another possible 
explanation for the RH formation and elongation promoted by fungal VCs could involve 
the enhancement of ROS production and signaling by as yet to be identified CAS-C1 
dependent mechanisms. At low concentrations H2S can act as a signaling molecule that 
promotes growth and RSA changes (Chen et al., 2011; Lisjak et al., 2013; Mei et al., 
2017). Therefore, a third explanation for the fungal VC-promoted RH changes could 
involve the enhancement of CAS-C1-mediated H2S production.

Concluding and additional remarks
This is to our knowledge the first comprehensive study on the response of roots to VCs 
emitted by a fungal phytopathogen. Our results show for the first time that microbial 
VCs can modulate root architecture through mechanisms involving HCN scavenging. 
Our findings also show that VCs from a fungal phytopathogen can modulate root 
metabolism and architecture through complex mechanisms involving proteome 
changes mediated by CK, ethylene, auxin and ROS. Our data contrast with previous 
reports showing that complex mixtures of VCs or discrete (individual) VOCs emitted 
by beneficial microorganisms exert a null or minor effect on LR formation and RH 
formation and elongation in auxin and ethylene signaling mutants (Splivallo et al., 
2009, Contreras-Cornejo et al., 2015; Garnica-Vergara et al., 2016). Furthermore, our 
results differ from those of studies showing that complex mixtures of VCs emitted by 
the symbiotic fungus Trichoderma atroviride inhibit PR growth in ethylene signaling 
mutants (Contreras-Cornejo et al., 2015). In addition, our findings contrast with 
reports showing that VCs from beneficial rhizobacteria and rhizofungi enhance IRT1 
expression (Zhang et al., 2009; Zamioudis et al., 2013; Martínez-Medina et al., 2017). 
It thus appears that the mechanisms involved in RSA and metabolic adjustments to VCs 
emitted by beneficial and by pathogenic microorganisms are different. Clearly, further 
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experiments are necessary in order to test this hypothesis.
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5. SUPPLEMENTAL FIGURES AND TABLES
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Supplemental Figure 1: VCs emitted by P. aurantiogriseum promote augmentation of the levels of CKs in 
roots. Scheme representing pathways of CK biosynthesis through the plastidic MEP and cytosolic MVA path-
ways is shown. Metabolites whose levels are higher in roots exposed to fungal VCs-exposed than in controls 
are highlighted in green, and metabolites whose levels are lower in roots exposed to fungal VCs-exposed than 
in controls are highlighted in red. Data from Table 3. Multistep reactions are depicted with hollow arrows.
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-VCs +VCs

WT

rhd2

cas-c1

Supplemental Figure 2: VOCs-depleted fungal VCs promote O2- accumulation in WT RHs but not in 
rhd2 and cas-c1 RHs. NBT staining of O2- in RHs of WT, rhd2 and cas-c1 plants cultured in the absence 
or presence of adjacent cultures of P. aurantiogriseum with charcoal filters for one week. Red arrowheads 
indicate diformazan precipitates formed by NBT reduction by O2-. Scale bars 200 mm.
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Pablo García Gómez Conclusiones

1) Las plantas responden de modo diferente a los VCs emitidos por distintos 
microorganismos. 

2) VICs y VOCs de tamaño molecular inferior a 45 Da son determinantes importantes 
de la respuesta de las plantas a VCs emitidos por hongos fitopatógenos.

3) El CO2 respiratorio juega un papel minoritario en la respuesta de la planta a VCs 
emitidos por hongos fitopatógenos.

4) Los cambios altamente conservados que ocurren en el transcriptoma de plantas 
expuestas a VCs fúngicos son debidos a la señalización del aumento de la 
fotosíntesis. 

5) La respuesta de las plantas a VCs fúngicos está regulada en gran medida a nivel 
post-transcripcional.

6) Los VCs de P. aurantiogriseum fomentan cambios en la arquitectura y en el 
metabolismo de la raíz causados a su vez por cambios en el proteoma.

7) Las auxinas, las CKs, el etileno y los ROS juegan un papel importante en los 
cambios de la arquitectura de la raíz inducidos por la exposición a VCs de P. 
aurantiogriseum. 

8) CAS-C1 juega un papel fundamental en los cambios de la arquitectura de la raíz 
inducidos por VCs de P. aurantiogriseum a través de mecanismos no relacionados 
con el mantenimiento de los niveles intracelulares de cianuro.
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LISTADO DE ABREVIATURAS
ABA  Abscisic acid
ABC  ATP-binding cassette 
ACA8  Autoinhibited-Ca2+ ATPase 8
ACLA1  ATP citrate lyase 1
ACO2  Aminocyclopropane-1-carboxylic oxidase 2
ADP  Adenosine diphosphate
AGP  ADP-glucose pyrophosphorylase 1
AHK2  Arabidopsis histidin kinase 2
AHK3  Arabidopsis histidin kinase 3
AHK4  Arabidopsis histidin kinase 4
AK  Adenosine kinase
AMP  Adenosine monophosphate
An  Net CO2 assimilation rate
APS1  Small AGP subunit 1
ARF  Auxin response factor
ARR5  Arabidopsis thaliana response regulator 5
ASP2  Aspartate aminotransferase 2
ATP  Adenosine triphosphate
AUX1  Auxin resistant 1
BFRUCT3 Acid beta-fructofuranosidase 3
BFRUCT4 Acid beta-fructofuranosidase 4
BGLU20 Beta glucosidase 20
BGLU21 Beta glucosidase 21
BGLU22 Beta glucosidase 22
BGLU23 Beta glucosidase 23
BR  Brassinosteroids
CAR  Carboxen
CAS-C1  Cyanoalanine synthase C1
CBC  Calvin-Benson cycle
CHK  Cytokinin histidin kinase
Ci  Intercellular CO2 concentration
CKs  Cytokinines
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CTR1  Constitutive triple response 1
cZ  Cis-zeatine
cZ9G  Cis-zeatine-9-glicoside
cZR  Cis-zeatin riboside
cZRMP  Cis-zeatin riboside monophosphate
cZROG  Cis-zeatine riboside-O-glicoside
DEP  Differentially expressed protein
D(H)Z  Dihidrozeatine
D(H)Z7G Dihidrozeatine-7-glucoside
D(H)Z9G Dihidrozeatine-9-glucoside
D(H)ZR  Dihidrozeatine-riboside
D(H)ZRMP Dihidrozeatin riboside monophosphate
DPI  Diphenyleneiodium
DVB  Divinylbenzene
DW  Dry weight
EIL1  Ethylene-insensitive 3-like 1
EIN3  Ethylene-insensitive 3
EIN4  Ethylene-insensitive 4
EIR1  Ethylene insensitive root 1
ER  Endoplasmatic reticulum
ERF1  Ethylene response factor 1
ERS1  Ethylene response sensor 1
ERS2  Ethylene response sensor 2
ETR1  Ethylene response 1
ETR2  Ethylene response 2
FLA6  Fasciclin-like arabinogalactan 6
FLA13  Fasciclin-like arabinogalactan 13
FW  Fresh weight
G6P  Glucose-6-phosphate
GA  Gibberellins
GAP  Glyceraldehyde 3-phosphate 
GC-MS  Gas cromatography mass spectrum
GLN1  Glutamine synthetase 1
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GLT1  Glutamate synthase 1
GMP  Guanosine monophosphate
GPT2  Glucose-6-phosphate transporter 2
gs  Stomatal conductance
GSH  Reduced glutathione
GSNO  S-nitrosoglutathione
GSNOR  S-nitrosoglutathione reductase
GUS  β-glucuronidase
HPt  Histidine transference protein
IAA  Indolacetic acid
IGP  Indole-3-glycerol phosphate
iP  Isopentenyladenine
iP7G  Isopentenyladenosine-7-glucoside
iP9G  Isopentenyladenosine-9-glucoside
IPA  Indole-3-piruvic acid
iPR  Isopentenyl riboside
iPRDP  Isopentenyl riboside diphosphate
iPRMP  Isopentenyl riboside monophosphate
iPRTP  Isopentenyl riboside triphosphate
IPT  Isopentenyl transferase
IRT1  Iron-regulated transporter 1
LAX  Like-AUX1
LR  Lateral root
LRP  Lateral root primordium
MAP  Mitogen-activated protein
MEP  Methylerithritol phosphate
METK2  S-Adenosylmethionine synthetase 2
METK3  S-Adenosylmethionine synthetase 3
MMTS  Methyl methanethiosulfonate
MS  Murashige-Skoog
MVA  Mevalonic acid
NADPH  Nicotinamide adenine dinucleotide phosphate
NBT  Nitroblue tetrazolium
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NIT4  Nitrilase 4
nsHB  Non-synthetic hemoglobin
NTRC  C-type NADPH dependent thiorredoxin reductase
PDMS  Polydimethylsiloxane
PER3  Peroxidase 3
PER32  Peroxidase 32
PER34  Peroxidase 34
PGI1  Phosphoglucoisomerase 1
PGP  P-glycoprotein
PIN  PIN-formed protein
PIP1  Plasma membrane intrinsic protein 1
PIP2  Plasma membrane intrinsic protein 2
pPGI  Plastidial phosphoglucoisomerase
PR  Primary root
PVC  Polyvinyl chloride
RH  Root hair
RHD2  Root hair defective 2
ROS  Reactive oxygen species
RR  Response regulator
RSA  Root system architecture
SDS-PAGE Sodium dodecylsulfate polyacrylamide gel electrophoresis 
SL  Strigolactones
SPME  Solid phase microextraction
TCA  Tricarboxylic acid
TIP1  Tonoplast intrinsic protein 1
TIP2  Tonoplast intrinsic protein 2
TIR1  Transport inhibitor response 1 
tZ  Trans-zeatin
tZ7G  Trans-zeatin-7-glicoside
tZ9G  Trans-zeatin-9-glicoside
tZR  Trans-zeatin-riboside
tZRDP  Trans-zeatin riboside diphosphate
tZRMP  Trans-zeatin riboside monophosphate
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tZROG  Trans-zeatin riboside-O-glicoside
tZRTP  Trans-zeatin riboside triphosphate
UDP  Uridine diphosphate
UGD4  UDP-glucose 6-dehydrogenase 4-like
UGP2  UDP-glucose pyrophosphorylase 2
UXS4  UDP-xylose synthase 4
VCs  Volatile compounds
VICs  Volatile inorganic compounds
VOCs  Volatile organic compounds
WT  Wild-type
WUEi  Water use efficiency
XTH14  Xyloglucan endotransglucosylase/hydrolase 14
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