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K. AmeztoyResumen

Las plantas han desarrollado mecanismos que les permiten adaptar su crecimiento, 
desarrollo y metabolismo a estímulos externos. Los microorganismos de la fitosfera 
emiten sustancias (ej. azúcares, proteínas, ácidos grasos, ácidos orgánicos, aminoácidos 
y hormonas) que  alteran el crecimiento y el desarrollo de la planta (Philippot et al., 
2013; De-la-Peña and Loyola-Vargas, 2014; Backer et al., 2018). Estos microorganismos 
también emiten compuestos volátiles (VCs) que juegan un papel fundamental en la 
comunicación con las plantas. VCs emitidos por microorganismos beneficiosos fomentan 
el crecimiento, la captación de nutrientes y la fotosíntesis, modulan la arquitectura de la 
raíz, activan la respuesta de defensa de la planta e incrementan su resistencia al estrés 
salino y la sequía (Ryu et al., 2003; Zhang et al., 2008; Splivallo et al., 2009; Zhang et al., 
2009; Gutiérrez-Luna et al., 2010; Kanchiswamy et al., 2015; Park et al., 2015; Ledger et 
al., 2016). Estudios llevados a cabo por el grupo de investigación en el que he realizado 
mi tesis doctoral demostraron que los VCs emitidos por una amplia gama de bacterias y 
hongos fitopatógenos también poseen propiedades bioestimulantes (Ezquer et al., 2010; 
Sánchez-López et al., 2016b; Sánchez-López et al., 2016a). Cambios inducidos por VCs 
emitidos por hongos fitopatógenos están asociados a variaciones en el transcriptoma y 
el proteoma de la planta y en el estado redox de proteínas plastidiales relacionadas con 
el metabolismo del almidón. Tales cambios sugieren que la regulación de la respuesta 
de la planta a los VCs microbianos está regulada tanto a nivel transcripcional como 
no-transcripcional. Con el fin de profundizar en los mecanismos que median la relación 
entre la planta y los microorganismos, en este trabajo investigué el papel que juegan dos 
formas de regulación postraduccional en la respuesta de las plantas a los VCs emitidos 
por el hongo fitopatógeno Alternaria alternata: la regulación redox y la proteostasis.

En el trabajo presentado en el capítulo 1 investigué el papel que juega la tiorredoxina  
reductasa C dependiente de NADPH (NTRC) en la respuesta de las plantas a los VCs 
microbianos. Para ello, analicé la respuesta en el desarrollo, en el metabolismo y en el 
redox proteoma de plantas wild type (WT) y un mutante knock out de NTRC (ntrc) a 
VCs emitidos por A. alternata. En plantas WT, el tratamiento con VCs fúngicos fomentó 
el crecimiento, dio lugar a cambios en la arquitectura de la raíz, alteró la expresión 
de genes regulados por CK y ABA y aumentó la capacidad fotosintética de la planta. 
Tales cambios fueron muy reducidos en plantas ntrc, pero notables en plantas ntrc-
Δ2cp con expresión reducida en una proteína que media en la acción de NTRC y que 
es determinante del estado redox plastidial, la 2-Cys peroxirredoxina. Análisis redox-
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proteómicos revelaron que los VCs promueven una reducción global del redox proteoma 
(especialmente de las proteínas relacionadas con la fotosíntesis) en plantas WT, pero 
una oxidación en plantas ntrc. Globalmente, los resultados presentados en este capítulo 
muestran que NTRC juega un papel importante en la respuesta de las plantas a los 
VCs microbianas a través de mecanismos que involucran cambios globales en el redox 
proteoma que afectan a la fotosíntesis.

Tras hipotetizar que la respuesta de las plantas a VCs microbianos implica una 
regulación postraduccional de la expresión de las enzimas involucradas en la ruta 
2-C-methyl-D-erythritol 4-phosphate (MEP) y del shikimato a través de mecanismos 
que implican una señalización de la activación redox de la fotosíntesis, en el trabajo 
presentado en el segundo capítulo comparé las respuestas a VCs fúngicos de plantas de 
Arabidopsis WT y un mutante cfbp1 que no expresa la isoforma de la enzima fructosa-
1,6-bisfosfatasa del ciclo de Calvin-Benson que posee regulación redox. Estos estudios 
mostraron que, contrariamente a lo que ocurre en plantas WT, los VCs microbianos 
no fomentan el crecimiento y la fotosíntesis, ni tampoco cambios metabólicos 
y proteómicos en plantas cfbp1. En plantas WT, pero no en plantas cfbp1, los VCs 
microbianos disminuyeron los niveles de transcritos y proteínas del sistema proteasa 
Clp estromático y aumentaron los de las chaperoninas y co-chaperoninas plastidiales. 
Consistentemente, los VCs fúngicos incrementaron los niveles de proteínas diana de 
Clp, tales como enzimas de las rutas MEP y del shikimato en plantas WT. Mutantes 
con actividad proteolítica disminuida de Clp respondieron débilmente a VCs fúngicos. 
Globalmente, los resultados presentados en este capítulo demuestran que la respuesta 
de las plantas a los VCs fúngicos implica una activación redox de la fotosíntesis y 
una posterior señalización retrógrada del cloroplasto al núcleo para la regulación 
proteostática de las rutas MEP y del shikimato.



SUMMARY
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Plants have developed mechanisms that allow them to adapt their growth, development 
and metabolism to external stimuli. Microorganisms in the phytosphere emit substances 
(e.g. sugars, proteins, fatty acids, organic acids, amino acids and hormones) that alter 
the growth and development of the plant (Philippot et al., 2013; De-la-Peña and Loyola-
Vargas, 2014; Backer et al., 2018). These microorganisms also synthesize and emit 
many volatile compounds (VCs) that play a fundamental role in communication with 
plants. VCs emitted by beneficial microorganisms promote growth, nutrient uptake, and 
photosynthesis, modulate root architecture, activate the plant’s defense response, and 
increase its resistance to salt stress and drought (Ryu et al., 2003; Zhang et al., 2008; 
Splivallo et al., 2009; Zhang et al., 2009; Gutiérrez-Luna et al., 2010; Kanchiswamy 
et al., 2015; Park et al., 2015; Ledger et al., 2016). Studies carried out by the research 
group where I have developed my doctoral thesis showed that VCs emitted by a wide 
range of bacteria and phytopathogenic fungi promote growth, photosynthesis and starch 
accumulation in many plant species (Ezquer et al., 2010; Sánchez-López et al., 2016b; 
Sánchez-López et al., 2016a). These changes are associated with variations in the 
transcriptome, proteome and redox state of proteins related to starch metabolism that 
suggest that the regulation of the plant response to VCs emitted by phytopathogenic 
microorganisms is mediated by transcriptional and non-transcriptional mechanisms. 
In this work I have investigated the role played by two post-translational regulatory 
mechanisms (e.g. redox regulation and proteostatic regulation) in the response of plants 
to the VCs emitted by the phytopathogenic fungus Alternaria alternata.

In Chapter I of this work I hypothesized that plants´ responses to microbial VCs 
involve post-translational modifications of the thiol redox proteome through action of 
the plastidial NADPH-dependent thioredoxin reductase C (NTRC), which regulates 
chloroplast redox status via its functional relationship with 2-Cys peroxiredoxins. To 
test this hypothesis, I analyzed developmental, metabolic, hormonal, genetic and redox 
proteomic responses of wild type (WT) plants and a NTRC knock out mutant (ntrc) to 
VCs emitted by A. alternata. Fungal VC-promoted growth, changes in root architecture, 
shifts in expression of VC-responsive CK- and ABA-regulated genes, and increases 
in photosynthetic capacity were substantially weaker in ntrc plants than in WT plants. 
As in WT plants, fungal VCs strongly promoted growth, chlorophyll accumulation 
and photosynthesis in ntrc-Δ2cp plants with reduced 2-Cys peroxiredoxin expression. 
OxiTRAQ-based quantitative and site-specific redox-proteomic analyses revealed that 
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VCs promote global reduction of the thiol redox proteome (especially of photosynthesis-
related proteins) of WT leaves, but its oxidation in ntrc leaves. Findings presented in 
this chapter show that NTRC is an important mediator of plant responses to microbial 
VCs through mechanisms involving global thiol redox proteome changes that affect 
photosynthesis.

In Chapter II, I hypothesized that plants’ responses to microbial VCs involve post-
translational modulation of the expression of enzymes of the 2-C-methyl-D-erythritol 
4-phosphate (MEP) and shikimate pathways via mechanisms involving redox-activated 
photosynthesis signaling. To test this hypothesis, I compared the growth, metabolic, 
and proteomic responses in wild-type (WT) Arabidopsis plants and a cfbp1 mutant 
defective in a redox-regulated isoform of the Calvin-Benson cycle enzyme fructose-
1,6-bisphosphatase to VCs emitted by A. alternata. Fungal VC-promoted growth 
and photosynthesis, as well as metabolic and proteomic changes, were substantially 
weaker in cfbp1 plants than in WT plants. In WT plants, but not in cfbp1 plants, fungal 
VCs reduced the levels of both transcripts and proteins of the stromal Clp protease 
system and enhanced those of plastidial chaperonins and co-chaperonins. Consistently, 
fungal VCs promoted the accumulation of putative Clp protease clients such as MEP 
and shikimate pathway enzymes in WT plants. Mutants with decreased Clp proteolytic 
capacity responded weakly to fungal VCs. Findings presented in this chapter provide 
evidence that plant responses to fungal VCs involve chloroplast-to-nucleus retrograde 
signaling of redox-activated photosynthesis leading to proteostatic regulation of the 
MEP and shikimate pathways.



     

INTRODUCCIÓN
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Cómo alimentar a la población mundial de modo eco-sostenible y saludable es un reto 
que la humanidad debe afrontar y superar con éxito. El incremento de la producción 
mundial de alimentos experimentado durante las últimas décadas fue posible gracias 
a la revolución verde, basada en el uso de variedades de cultivos de alto rendimiento, 
fertilizantes inorgánicos y fitosanitarios (http://iofacturo.mx/ecologia/que-es-la-
revolucion-verde). Algunas de estas prácticas agrícolas infringen un gran daño al 
medioambiente y a la salud humana ya que están asociadas a la utilización de sustancias 
tóxicas que pueden acumularse en elevadas concentraciones en el suelo, la atmósfera y el 
agua de los ríos, mares y acuíferos (Savci, 2012). A estos efectos adversos hay que añadir 
los derivados del cambio climático, un fenómeno global que ha dado lugar a cambios en 
la cantidad, distribución e intensidad de las lluvias y a frecuentes y prolongados periodos 
de sequía que limitan la disponibilidad de nutrientes para las plantas y, por tanto, el 
rendimiento de los cultivos (Pareek, 2017). Para evitar los problemas de salud pública 
y medioambientales derivados del empleo abusivo de agroquímicos es imprescindible 
diseñar nuevas estrategias respetuosas con el medio ambiente que garanticen el elevado 
rendimiento de los cultivos y satisfagan las crecientes demandas de la población mundial. 
Una de estas estrategias está basada en el empleo de bioestimulantes, definidos como 
sustancias o microorganismos que, aplicados en bajas dosis sobre la planta, estimulan la 
eficiencia en la nutrición de estas, las hacen más resistentes al estrés y, así, mejoran el 
rendimiento de los cultivos y la calidad de sus productos (Calvo et al., 2014; du Jardin, 
2015; Ahmad et al., 2018; Rouphael and Colla, 2018; Rouphael and Colla, 2020). 

1. LOS MICROORGANISMOS EMITEN COMPUESTOS VOLÁTILES QUE 
FOMENTAN EL CRECIMIENTO DE LAS PLANTAS 
Los microorganismos presentes en la filosfera, rizosfera y endosfera sintetizan y emiten 
compuestos tales como carbohidratos, proteínas, lípidos, aminoácidos, hormonas, etc. 
que modulan el crecimiento y el desarrollo de la planta (Bhattacharyya and Jha, 2012; 
De-la-Peña and Loyola-Vargas, 2014; Ahmad et al., 2018; Sammauria et al., 2020). 
Además, los microorganismos sintetizan y emiten compuestos volátiles (VCs) que son 
capaces de difundir a través del suelo y el aire y que juegan un papel importante en 
la comunicación entre la planta y el microorganismo (Schulz and Dickschat, 2007; 
Kanchiswamy et al., 2015). Estudios pioneros llevados a cabo por Ryu y colaboradores 
(2003) mostraron que los VCs emitidos por algunos aislados de bacterias beneficiosas del 
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género Bacillus fomentan el crecimiento de plantas de Arabidopsis thaliana. Trabajos 
posteriores mostraron que esta respuesta es debida a la activación de mecanismos que 
facilitan la absorción de nutrientes y fomentan la fotosíntesis (Zhang et al., 2008; Zhang 
et al., 2009). Desde entonces se han realizado numerosos estudios para identificar 
VCs microbianos bioactivos y sus modos de acción sobre la planta (Hung et al., 2013; 
Delaplace et al., 2015; Ditengou et al., 2015; Garnica-Vergara et al., 2016; Cordovez 
et al., 2018). Investigaciones realizadas por el grupo en el que he realizado mi trabajo 
de tesis demostraron que los microorganismos fitopatógenos también emiten VCs que 
estimulan el crecimiento de las plantas (Sánchez-López et al., 2016a; Sánchez-López et 
al., 2016b). La exposición de plantas a VCs emitidos por el hongo fitopatógeno Alternaria 
alternata conlleva un notable incremento de la fotosíntesis y un aumento de los niveles 
de fotosintatos primarios (almidón, azucares solubles, aminoácidos y gliceraldehido 
3-fosfato (GAP)) y compuestos isoprenoides derivados de la ruta 2-C-metil-D-eritritol 
4-fosfato (MEP) tales como clorofilas, carotenoides y citoquininas (CKs) (Ezquer et 
al., 2010; Sánchez-López et al., 2016a; Sánchez-López et al., 2016b). Estos cambios 
están asociados a su vez a numerosas alteraciones en el transcriptoma de la planta que 
indujeron a pensar que la respuesta de la planta a VCs microbianos está regulada a 
nivel transcripcional (Ezquer et al., 2010; Sánchez-López et al., 2016b). Recientemente, 
Sánchez-López et al. (2016b) y García-Gómez et al. (2019) mostraron que gran parte de 
las variaciones del transcriptoma de plantas inducidas por VCs emitidos por A. alternata 
son similares a las inducidas por VCs emitidos por microorganismos beneficiosos y por 
factores que fomentan la fotosíntesis tales como la exposición a alta intensidad lumínica 
o a elevadas concentraciones de CO2. Sin embargo, la respuesta fenotípica y metabólica 
de la planta a estos estímulos es muy diferente a la desencadenada por los VCs fúngicos. 
Por otro lado, análisis proteómicos de hojas expuestas a la acción de VCs emitidos 
por A. alternata revelaron que un elevado porcentaje de las proteínas diferencialmente 
expresadas por los VCs fúngicos están codificadas por genes que no responden a estos 
compuestos (Sánchez-López et al., 2016a; Sánchez-López et al., 2016b). Finalmente, Li 
et al. (2011) observaron que los VCs emitidos por A. alternata fomentan la acumulación 
de almidón a través de mecanismos que implican la activación redox de la enzima 
ADP-glucosa pirofosforilasa (AGPasa) mediados por la tiorredoxina (Trx) plastidial 
NTRC. Todo ello indica que, tal y como se ilustra en el modelo metabólico de la Figura 
1, la respuesta de las plantas a VCs microbianos implica mecanismos de regulación 
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transcripcional y no-transcripcional.  Según este modelo, los VCs microbianos generarían 
señales inductoras de cambios rápidos en la expresión de genes determinantes del 
crecimiento, fotosíntesis, metabolismo del almidón, etc. (Sánchez-López et al., 2016b; 
García-Gómez et al., 2019). Alternativa y/o adicionalmente, los VCs microbianos 
modificarían y activarían proteínas implicadas en la fotosíntesis. Al igual que ocurre en 
plantas puntualmente expuestas a alta intensidad lumínica o a elevadas concentraciones 
de CO2, tal activación de la maquinaria fotosintética conllevaría un aumento de la fijación 
del CO2 atmosférico que daría lugar a un incremento de la producción de GAP. Este 
intermediario metabólico del ciclo de Calvin-Benson (CBC) actúa como sustrato de la 
ruta MEP implicada en la producción de compuestos isoprenoides tales como clorofilas, 
carotenoides y hormonas. El incremento de la producción de pigmentos fotosintéticos 
resultante contribuiría a fomentar la fotosíntesis mientras que el incremento de los 
niveles de hormonas isoprenoides activaría una serie de reacciones de señalización 
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Figura 1: Modelo integrativo que ilustra los mecanismos que regulan la respuesta de las plantas a VCs 
microbianos.
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que alterarían la expresión de genes involucrados en diferentes procesos que afectan al 
crecimiento, desarrollo y metabolismo de la planta. Mecanismos no-transcripcionales 
adicionales de regulación de la expresión génica tales como los implicados en el control 
de la calidad y la estabilidad de las proteínas determinarían el perfil proteómico final 
de la planta. El aumento de la producción fotosintética de NADPH aportaría más poder 
reductor para las reacciones del CBC y favorecería la activación redox mediada por Trxs 
de enzimas del CBC, la ruta MEP y de síntesis de almidón. 

A continuación, presentaré algunos de los actores principales de este modelo 
de regulación de la respuesta de la planta a los VCs microbianos, concretamente la 
fotosíntesis, la regulación redox del metabolismo mediada por tiorredoxinas y la 
regulación de la producción de isoprenoides derivados de la ruta MEP (especialmente a 
través de procesos de homeostasis proteica).  

2. FOTOSÍNTESIS
Las plantas, algas y cianobacterias realizan el proceso químico denominado fotosíntesis 
oxigénica que implica la conversión de agua y CO2 atmosférico en carbohidratos y en 
O2 haciendo uso de la energía lumínica. La fotosíntesis en las plantas tiene lugar en 
los cloroplastos a través de (i) reacciones fotoquímicas, en las que la energía lumínica 
es convertida en compuestos ricos en energía (ATP) y poder reductor (NADPH) y (ii) 
reacciones de fijación del CO2 atmosférico, que utilizan esa energía para la síntesis de 
carbohidratos que utilizará la planta para su crecimiento y desarrollo.

2.1. Reacciones implicadas en la fotosíntesis 
Las reacciones fotoquímicas de la fotosíntesis tienen lugar en los tilacoides, donde 
la energía lumínica de los fotones es captada por los fotosistemas I y II (PSI y PSII, 
respectivamente) y transferida a una cadena de transporte de electrones para generar 
ATP y NADPH (Figura 2) (Johnson, 2016). Los fotosistemas son complejos proteicos 
transmembrana que se componen de un complejo antena (LHC) que capta y transfiere la 
energía de excitación a los centros de reacción donde se dan las reacciones fotoquímicas. 
Los LHC de los fotosistemas se asocian con moléculas de clorofila (Chl) a y b y con 
carotenoides. Las reacciones fotoquímicas de la fotosíntesis comienzan en el PSII 
que usa la energía lumínica para oxidar una molécula de agua a oxígeno y producir 
plastoquinol (PQH2) tras la reducción de un aceptor de electrones que se encuentra en 
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la membrana tilacoidal llamado plastoquinona (PQ). El PQH2 transfiere los electrones 
obtenidos de la fotólisis del agua hasta un complejo de membrana llamado citocromo b6f 
(cytb6 f). El cytb6 f oxida al PQH2 a PQ y reduce a una pequeña molécula transportadora 
de electrones llamada plastocianina (PC) que se encuentra en el lumen. Una segunda 
reacción iniciada por la luz tiene lugar en el PSI. El PSI oxida a la PC y reduce a una 
proteína trasportadora de electrones que se encuentra en el estroma, la ferredoxina (Fd). 
Los electrones transferidos a la Fd son usados por la FNR para reducir el NADP+ a 
NADPH. Los protones generados por la fotólisis del agua junto con el flujo de electrones 
acoplado al movimiento de los protones  a través de la membrana tilacoidal generan 
un gradiente de energía libre que es usado por la ATP sintasa (ATPasa) para producir 
ATP (Figura 2) (Johnson, 2016). En plantas y algas existe una ruta alternativa de 
transferencia de electrones, llamada cyclic electron flow que implica la transferencia de 
electrones de la Fd a la PQ. En esta ruta no se produce NADPH, pero sí ATP ya que los 
protones transferidos al lumen por la oxidación del PQH2 a través del complejo cytb6f 
son usados por la ATPasa. Esta ruta alternativa permite a los organismos fotosintéticos 
controlar la relación NADPH/ATP según sus necesidades metabólicas. 

Estroma

Luz Luz

PSII

CBC

PSI

Membrana
tilacoidal

Lumen

H2O 1/2 O2 + 2H+

Cyt-b6f

NADPH

ATP ADP + Pi

NADP + Pi

PQ

PC

Fd

PQH2

FNR

ATPasa

 H+

 H+

 nH+

e-

e-

e-

Figura 2: Reacciones fotoquímicas que tienen lugar en el tilacoide. Las reacciones fotoquímicas comienzan 
con la captación de energía lumínica por el PSI y PSII y la obtención de electrones y protones que pasan por 
una cadena de transporte dando lugar a la síntesis de NADPH y ATP. (Figura adaptada de Johnson (2016))
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Las reacciones de fijación del CO2 atmosférico tienen lugar en el estroma del 
cloroplasto en el CBC. Esta ruta metabólica fija el CO2 atmosférico consumiendo el 
ATP y el NADPH generado en las reacciones fotoquímicas. En la primera reacción 
de este ciclo la enzima ribulosa-1,5-bisfosfato carboxilasa/oxigenasa (RuBisCO) 
cataliza la carboxilación de la ribulosa-1,5-bisfosfato (RuBP) (Figura 3). Esta reacción 
produce 3-fosfoglicerato (3-PGA) que es fosforilado a 1,3-bisfosfoglicerato y GAP 
por la acción acoplada de las enzimas 3-fosfoglicerato quinasa y GAP deshidrogenasa 
(GAPDH) usando ATP y NADPH. Por cada tres moléculas de CO2 iniciales se generan 
seis moléculas de GAP. Sin embargo, solo una de estas moléculas de GAP se considera 

3PGA
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xilulosa 5-fosfato

xilulosa 5-fosfato
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Figura 3: Ciclo de Calvin-Benson. Esquema de las reacciones enzimáticas que tienen lugar en el CBC. En 
rojo se destacan las enzimas implicadas. Los intermediarios involucrados en las etapas de fijación, reducción y 
regeneración están destacados en azul, verde y marrón, respectivamente. Ribulosa-1,5-bisfosfato carboxilasa/
oxigenasa, RuBisCO; gliceraldehido 3-fosfato deshidrogenasa, GA-3P DH; fructosa 1,6-bifosfatasa, FBP; 
Sedoheptulosa 1,7-bisfosfatasa, SBP;  fosforibuloquinasa, PRK; gliceraldehido 3-fosfato, GAP; dihidroacetona 
fosfato, DHAP; fructosa 1,6-bifosfato, F1,6BP; fructosa 6-fosfato, F6P; eritrosa 4-fosfato, E4P; sedoheptulosa 
1,7-bifosfato, S1,7BP; sedoheptulosa 7-fosfato, S7P; ribulosa 5-fosfato, R5P; ribulosa-1,5-bisfosfato, RuBP.
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producto del CBC. Las cinco moléculas restantes se utilizan para la regeneración de la 
RuBP que comienza con la conversión de una molécula de GAP en dihidroacetona fosfato 
(DHAP) mediante una triosa fosfato isomerasa. La DHAP junto con otra molécula de 
GAP generan fructosa 1,6-bisfosfato y fructosa 6-fosfato (F6P) por la acción acoplada de 
la aldolasa y la fructosa 1,6-bisfosfatasa (FBP). La F6P y una molécula de GAP generan 
eritrosa 4-fosfato (E4P) y xilulosa 5-fosfato. A partir de E4P se forma sedoheptulosa 
7-bisfosfato mediante reacciones acopladas de las enzimas aldolasa y sedoheptulosa 
1,7-bisfosfatasa (SBP). Finalmente, la regeneración termina con una serie de reacciones 
que dan lugar a la RuBP consumiendo ATP y en las que están implicadas las enzimas 
transcetolasa, ribulosa 5-fosfato epimerasa y fosforibuloquinasa (PRK). Las moléculas 
de GAP producidas en el CBC que no se usan para la regeneración de la RuBP son 
utilizadas en diferentes rutas metabólicas como la ruta MEP y la ruta del shikimato, 
que darán lugar a metabolitos importantes para el desarrollo de la planta tales como los 
aminoácidos, ácidos grasos, compuestos isoprenoides, fenilpropanoides, etc.

2.2. Regulación de la fotosíntesis  
La fotosíntesis funciona de forma integrada con diferentes rutas metabólicas en un 
entorno sujeto a variaciones de temperatura, intensidad lumínica, disponibilidad de 
nutrientes y agua, etc. Este proceso químico está finamente regulado, tanto a nivel de la 
cadena de transporte electrónico como a nivel del CBC. 

El transporte de electrones requiere una regulación continua para mantener el 
equilibrio entre la disponibilidad de luz y las demandas metabólicas. La distribución 
de proteínas en la membrana tilacoidal no es uniforme (Melis, 1991). Mientras que el 
complejo cytb6 f aparece distribuido más o menos uniformemente por toda la membrana, 
cada fotosistema se concentra en una zona distinta; el PSII es más abundante en los 
tilacoides apilados, mientras que el PSI abunda más en los tilacoides sin apilar (Johnson, 
2016). Ambos fotosistemas son móviles, de modo que los tilacoides constituyen un 
sistema dinámico regulado por la cantidad y la calidad de la luz que incide sobre ellos. 
Si bien la luz es esencial para la fotosíntesis, un exceso de luz puede dañar el aparato 
fotosintético provocando una acumulación de fotones y electrones que deben ser 
disipados para evitar el deterioro de la maquinaria fotosintética (Eberhard et al., 2008; 
Rochaix, 2011; Alboresi et al., 2019). El aparato fotosintético es capaz de responder a 
variaciones de irradiancia mediante mecanismos que actúan de manera coordinada. En 
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torno al PSII se desencadena toda una serie de desacoplamientos y desactivaciones, 
que permiten maximizar la disipación de energía y minimizar el daño global sobre el 
aparato fotosintético. Así, un exceso de energía en el PSII desencadena la fosforilación 
de sus complejos LHCII que provoca a su vez la migración de estos al PSI y una mayor 
absorción de luz en el PSI. Por otro lado, un exceso de activación del PSI provoca que 
los complejos LHCII vuelvan hacia el PSII (Foyer and Harbinson, 1997; Ohad et al., 
2006; Johnson, 2016). 

La regulación de la actividad de las enzimas implicadas en el CBC es también clave 
para el correcto funcionamiento de la fotosíntesis. Las variaciones de pH estromático y 
los niveles de moléculas auxiliares no proteicas conocidas como cofactores (ej. Fe2+ y 
Mg2+) son esenciales para el correcto funcionamiento de las enzimas y la regulación del 
CBC (Johnson, 2016; Jensen et al., 2017). El proceso de inhibición por retroalimentación 
(según el cual el producto final de una vía metabólica actúa sobre la enzima reguladora 
de esa vía para evitar sobreproducción del producto final) es otra medida de regulación 
de las enzimas del CBC (Paul and Pellny, 2003; Johnson, 2016). Otro mecanismo de 
regulación de esta ruta metabólica está basado en la modulación de la actividad de sus 
enzimas por cambios en la concentración de sus sustratos (Jensen et al., 2017; Heyneke 
and Fernie, 2018). Por otro lado, enzimas del CBC tales como la PRK, la SBP, la GAPDH 
y la FBP, están reguladas por cambios en su estado redox mediados por el sistema Fd/
Trx (Michelet et al., 2013; Nikkanen et al., 2016; Yoshida and Hisabori, 2016; Ojeda 
et al., 2017). Tal y como se explicará más detalladamente en la siguiente sección, los 
electrones necesarios para la reducción de los residuos de cisteína de la proteína diana 
proceden de la cadena de transporte de electrones y son cedidos a las enzimas del CBC 
mediante el sistema Fd/Trx (Buchanan, 1980; Schürmann and Buchanan, 2008). Dado 
que el poder reductor necesario para la activación de las enzimas del CBC proviene de la 
cadena de transporte electrónico, se considera que la regulación redox de estas enzimas 
depende de la luz (Buchanan and Balmer, 2005; Michelet et al., 2013; Nikkanen et al., 
2016). 

3. REGULACIÓN REDOX MEDIADA POR TIORREDOXINAS
Los cambios en el estado redox de las proteínas constituyen un mecanismo de 
regulación postraduccional que consiste en reacciones bioquímicas reversibles de 
reducción/oxidación. Uno de los mecanismos de acción de la regulación redox consiste 
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en la formación de enlaces disulfuro entre grupos tiol de residuos de cisteínas de las 
proteínas. Existen tres tipos de enlaces disulfuro: intramolecular, intermolecular y 
mixto. El enlace intramolecular es el que ocurre entre dos cisteínas de un mismo péptido 
que se encuentran próximas una vez la proteína está plegada. El enlace intermolecular 
ocurre entre dos aminoácidos que se encuentran en diferentes péptidos y conlleva a 
la formación de un dímero. En el mixto, una cisteína reacciona con una molécula de 
glutatión. Todos estos enlaces disulfuro son reversibles, pasando de una forma oxidada 
a una reducida y viceversa (Buchanan and Balmer, 2005; Oelze et al., 2008; Schürmann 
and Buchanan, 2008). 

Las proteínas encargadas de realizar estas modificaciones en el estado redox de otras 
proteínas son las Trx. Estas proteínas de la familia disulfuro oxidorreductasas poseen 
un motivo estructural característico formado por 4 hélices-α que rodean una lámina-β 
compuesta de 5 hebras y poseen un centro activo muy conservado WC(G/P)PC. Las 
Trxs reducen los puentes disulfuro de sus proteínas diana, ya sean intramoleculares 
o intermoleculares (Schürmann and Buchanan, 2008; Nikkanen et al., 2017). El 
mecanismo de acción de las Trxs implica dos pasos (Figura 4) (Holmgren, 1985). En 
el primero, el grupo tiol de una de las cisteínas del centro activo de la Trx reducida 
realiza un ataque nucleófilo sobre uno de los átomos de azufre del puente disulfuro de 
su proteína diana oxidada, dejando una cisteína reducida y otra formando un enlace 
covalente con la Trx. En el siguiente paso, la cisteína reducida que queda libre en el 
centro activo de la Trx rompe el enlace disulfuro entre Trx y proteína diana, quedando 
la proteína diana reducida y la Trx oxidada. 
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HSHS SHS

Trx

Proteína

SH SH
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Trxox
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Trxred

Proteínaox
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Figura 4: Mecanismo de acción de las Trxs. El grupo tiol N-terminal de la Trx ataca al puente disulfuro de 
la proteína diana, (i) liberándose un grupo tiol y (ii) formando un puente disulfuro con la segunda cisteína de 
la proteína diana. Este nuevo puente disulfuro es eliminado por el grupo tiol C-terminal de la Trx, dando lugar 
a la proteína diana reducida y la Trx oxidada.
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Existen múltiples Trxs y la mayoría de ellas se localizan en el plastidio. Las Trx 
plastidiales se clasifican en típicas (f, m, x, y, z) y atípicas entre las que cabe destacar 
la Trx reductasa C dependiente de NADPH (NTRC). La Trx f está involucrada en la 
regulación redox de enzimas del CBC, metabolismo del almidón, síntesis de lípidos, 
ruta oxidativa de las pentosas fosfato (OPPP), síntesis de clorofilas y ATP (Thormählen 
et al., 2015; Geigenberger et al., 2017). La Trx m regula los mismos procesos que la Trx 
f, aunque es más específica en la regulación de proteínas involucradas en la asimilación 
del nitrógeno y en mecanismos de defensa frente a estrés oxidativo (Balmer et al., 2003; 
Rey et al., 2013). Las Trx x, y, z juegan un papel importante en la regulación de proteínas 
involucradas en la defensa frente al estrés oxidativo (Geigenberger et al., 2017). Entre 
las Trxs extraplastidiales cabe mencionar la Trx o y la Trx h. La primera se localiza 
en la mitocondria y su función se relaciona principalmente con la defensa contra las 
especies reactivas de oxígeno (Yoshida et al., 2013), la regulación del ciclo de Krebs 
(Daloso et al., 2015) y la defensa frente a la sequía o el estrés osmótico (da Fonseca-
Pereira et al., 2019). La Trx h se localiza en múltiples compartimentos (citosol, núcleo, 
retículo endoplasmático y mitocondria) y está involucrada en la protección contra el 
estrés oxidativo, en particular durante la germinación de semillas (Gelhaye et al., 2004). 
La Trx atípica NTRC está localizada en el estroma de plastidios de órganos autotróficos 
y heterotróficos (Serrato et al., 2004; Kirchsteiger et al., 2012). Es una enzima bimodular 
formada por un dominio NTR en su  extremo N-terminal y un dominio  Trx en su 
extremo C-terminal (Figura 5) (Serrato et al., 2004; Cejudo et al., 2012). Desde su 
descubrimiento en 2004 (Serrato et al., 2004) se ha avanzado mucho en el conocimiento 
de las propiedades de NTRC, se ha caracterizado su modo de acción y se han identificado 
los procesos que regula. NTRC forma parte de la maquinaria antioxidante del cloroplasto 
ya que regula el estado redox de una peroxirredoxina (2-Cys-Prx) a la que se le ha 
atribuido un papel importante en la detoxificación de H2O2 en el cloroplasto (Pérez-Ruiz 
et al., 2006; Puerto-Galán et al., 2015). Además, NTRC juega un papel importante en el 
control de la fotosíntesis a través de la regulación del estado redox de la Mg-quelatasa 
implicada en la producción de clorofilas (Richter et al., 2013; Pérez-Ruiz et al., 2014; 
Richter et al., 2016), de la ATP sintasa (Carrillo et al., 2016; Nikkanen et al., 2016) 
y de la Trx f (Thormählen et al., 2015; Nikkanen et al., 2016; Yoshida and Hisabori, 
2016; Ojeda et al., 2017). También juega un papel determinante en la biosíntesis de 
almidón mediante la modificación del estado redox de la AGPasa (Michalska et al., 
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2009; Valerio et al., 2010; Li et al., 2011; Lepistö et al., 2013). Además NTRC participa 
en la formación de raíces laterales a través de la regulación de la síntesis de auxinas por 
mecanismos aún desconocidos (Kirchsteiger et al., 2009) y juega un papel importante 
en el control del non-photochemical quenching (NPQ) a través de su control del estado 
redox de la violaxantina de-epoxidasa (Naranjo et al., 2016).  

Los sistemas de reducción de proteínas mediados por Trxs extraplastidiales y 
plastidiales son diferentes (Figura 6). En el caso de las Trxs citosólicas y mitocondriales 
el poder reductor necesario para la reducción de la proteína diana proviene del NADPH, 
que transfiere sus electrones a la proteína Trx reductasa dependiente de NADPH (NTR) 
que es a su vez la encargada de reducir a la Trx para que esta reduzca a la proteína diana. 
Este mecanismo se denomina sistema NADPH/Trx (Figura 6a) (Buchanan and Balmer, 
2005). En cambio, las Trxs plastidiales pueden utilizar dos mecanismos de reducción: 
uno dependiente de Trx y otro dependiente de NTRC. El sistema Fd/Trx puede recibir 
el poder reductor a través del PSI en condiciones de luz o través de la OPPP mediante 
el sistema Fd-NADP+ reductasa (FNR) en condiciones de oscuridad. En ambas 
condiciones los electrones son cedidos a la Fd que los transfiere a la proteína Fd-Trx-
reductasa (FTR), que finalmente reduce a las Trxs (Figura 6b). El sistema NTRC utiliza 
NADPH como poder reductor para la regulación redox en el cloroplasto. Durante el día, 
cuando los niveles de Fd reducida son elevados, NTRC juega un papel complementario 
al sistema Fd/Trx, y obtiene el poder reductor vía Fd y FNR. Sin embargo, durante la 
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Figura 5: Mecanismo de acción de NTRC. El NADPH dona sus electrones al cofactor FAD del dominio 
NTR de cada subunidad de NTRC y seguidamente los electrones se transfieren a los residuos de cisteínas que 
se encuentran en el sitio activo del dominio Trx.  (Figura adaptada de Cejudo et al. (2012)).
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noche, cuando los niveles de Fd reducida y NADPH provenientes de las reacciones 
fotoquímicas son bajos, NTRC obtiene el poder reductor desde el NADPH producido 
por la OPPP (Pérez-Ruiz et al., 2006; Cejudo et al., 2012) (Figura 6c).

4. LA RUTA MEP Y LA SÍNTESIS DE ISOPRENOIDES EN EL PLASTIDIO
Los isoprenoides, también llamados terpenoides, son el grupo de metabolitos 
secundarios más abundante y diverso, tanto estructural como funcionalmente, en 
procariotas y eucariotas. Participan en múltiples procesos tales como las modificaciones 
postraduccionales a través de prenilación y glicosilación, la biosíntesis de la pared 
celular, el transporte de electrones, la fotosíntesis, la señalización intracelular y la 
degradación de proteínas (Pulido et al., 2012; Banerjee and Sharkey, 2014; Frank and 
Groll, 2017). 

En las plantas, los compuestos precursores de los isoprenoides (el isopentenil 
disfosfato (IPP) y el dimetilalil difosfato (DMAPP)) se sintetizan a través de dos rutas: 
la ruta del mevalonato (que tiene lugar en el citosol) y la ruta MEP (que tiene lugar en 
el plastidio) (Pulido et al., 2012; Banerjee and Sharkey, 2014). Los isoprenoides que 
se sintetizan en el plastidio participan en procesos tan esenciales como la regulación 
del crecimiento y el desarrollo (síntesis de CKs, giberelinas, ácido abscísico) y la 
fotosíntesis (síntesis de carotenoides, clorofilas, plastoquinonas, tocoferoles) (Figura 7) 
(Joyard et al., 2009; Tzin and Galili, 2010; Czarnecki and Grimm, 2012; Pulido et al., 
2012; Vranová et al., 2012; Banerjee and Sharkey, 2014). Los isoprenoides plastidiales 
también participan en las vías de señalización del desarrollo del plastidio o en la 
producción de moléculas señal tales como los tocoferoles que forman parte de una red 
compleja de señalización modulada por ROS, antioxidantes y las hormonas ABA, ácido 
salicílico y jasmónico (Munné-Bosch and Alegre, 2002; Rodríguez-Concepción, 2002; 
Munné-Bosch, 2005; Phillips et al., 2008; Joyard et al., 2009; Pulido et al., 2012). 

La ruta MEP comienza con la reacción irreversible catalizada por la enzima 
1-deoxy-D-xylulosa-5-fosfato sintasa (DXS) que utiliza piruvato y GAP, y finaliza con 
la producción de los precursores de los isoprenoides IPP y DMAPP (Phillips et al., 2008; 
Cordoba et al., 2009) (Figura 7). Todas las enzimas que forman parte de esta ruta están 
codificadas por el genoma nuclear (Rodríguez-Concepción, 2002; Cordoba et al., 2009; 
Joyard et al., 2009; Kato and Sakamoto, 2010; Lee et al., 2013). La ruta MEP utiliza ATP 
y poder reductor (NADPH) para su actividad. En cloroplastos iluminados, la ruta MEP 
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obtiene el poder reductor a partir de la cadena de transporte de electrones del cloroplasto, 
mientras que en cloroplastos no iluminados y en plastidios fotosintéticamente inactivos, 
el poder reductor lo obtiene de la glucólisis o de la OPPP. La ruta MEP está regulada 
a través de diferentes mecanismos: (i) la disponibilidad de GAP, que en el caso de 
las hojas depende de la actividad fotosintética (Ghirardo et al., 2010; Banerjee and 
Sharkey, 2014; Pokhilko et al., 2015); (ii) la retroalimentación negativa ejercida por 
IPP y DMAPP sobre la enzima DXS (Cordoba et al., 2009; Pokhilko et al., 2015) y la 
(iii) regulación postraduccional a través del control de la estabilidad (y por tanto de la 
actividad) de DXS mediante el sistema de control de calidad de proteínas que implica 
la acción del complejo Clp, la chaperona Hsp70 y la proteína J20 (Banerjee et al., 2013; 
Ghirardo et al., 2014; Wright et al., 2014; Pokhilko et al., 2015; Pulido et al., 2016; 
Rodríguez-Concepción et al., 2019). 
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Figura 7: Esquema de la síntesis de isoprenoides en el cloroplasto. En azul se destaca la ruta MEP en la que 
se produce el IPP y DMAPP necesarios para la síntesis de isoprenoides plastidiales.
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5. CONTROL DE CALIDAD DE LAS PROTEÍNAS
La maquinaria implicada en el control de calidad de las proteínas incluye peptidasas, 
chaperonas, co-chaperonas y proteasas que son las encargadas del adecuado 
procesamiento proteolítico, recorte y maduración de las proteínas codificadas tanto en el 
núcleo, como en el plastidio y en la mitocondria (Kato and Sakamoto, 2010; Olinares et 
al., 2011). La mayoría de las proteínas plastidiales se codifican en el núcleo, se sintetizan 
en el citosol como pre-proteínas que contienen péptidos de tránsito al plastidio y se 
transportan al interior del estroma del cloroplasto a través del complejo proteico TOC/
TIC localizado en las membranas externa e interna del cloroplasto (Figura 8) (Jarvis 
and López-Juez, 2013; Nishimura et al., 2017a). Una vez que las pre-proteínas entran 
en el estroma del cloroplasto, el péptido de tránsito es eliminado por una peptidasa y 
la proteína madura resultante es plegada por una chaperona localizada en el estroma 
(Kato and Sakamoto, 2010). Aquellas proteínas que ejercen su función en el interior del 
tilacoide deben sufrir un procesamiento adicional mediado por chaperonas (encargadas 
de ayudar al plegamiento de otras proteínas recién sintetizadas o dañadas y/o de dirigir 
la degradación proteolítica de las proteínas irreversiblemente dañadas) y proteasas. 
Entre los diferentes tipos de chaperonas existentes en la célula, las pertenecientes a la 
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Figura 8: Sistema de estabilización de proteínas en el interior del cloroplasto. El sistema incluye el 
complejo TOC/TIC de entrada de proteínas al interior del cloroplasto, las peptidasas encargadas de eliminar el 
péptido de tránsito y el sistema de chaperonas, co-chaperonas y proteasas encargados del correcto plegamiento 
o eliminación de las proteínas. 
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familia de proteínas de choque térmico (Hsp) es la más abundante e incluye las proteínas 
Hsp60, Hsp70, Hsp90 y Hsp100 que se clasifican según su peso molecular: (Zhao and 
Liu, 2018). Estas chaperonas requieren la ayuda de co-chaperonas (Cpn10, Cpn20, 
Cpn60) y la presencia de ATP y Mg2+. 

Entre los 18 tipos de proteasas existentes en el cloroplasto, las dependientes de 
ATP (Clp y FstH) juegan un papel muy importante en la homeostasis proteica plastidial. 
Las FstH desempeñan un papel crítico en la biogénesis de la membrana tilacoidal y 
en el control de calidad de las proteínas de dicha membrana. Las proteasas Clp actúan 
en el estroma del cloroplasto eliminando proteínas dañadas (Kato and Sakamoto, 
2018) (Figura 8). El complejo de proteasa Clp actúa en coordinación con chaperonas 
plastidiales codificadas nuclearmente para controlar los niveles y el adecuado plegado 
de las proteínas (Olinares et al., 2011; Nishimura and Van Wijk, 2015). 

6. HIPÓTESIS DE TRABAJO
Las hipótesis que justificaron la ejecución de este trabajo de investigación fueron las 
siguientes: 

•  Hipótesis relacionada con el papel que juega NTRC en la regulación 
postraduccional de la respuesta de la planta a volátiles microbianos: Estudios previos 
llevados a cabo por el grupo de investigación en el que he realizado mi tesis doctoral 
demostraron que el incremento de los niveles de almidón en respuesta a los VCs 
fúngicos implica una activación redox de la AGPasa mediada por NTRC (Li et al., 
2011). Estos antecedentes permitieron elaborar la hipótesis de que la respuesta de la 
planta a VCs microbianos implica cambios globales en el redox-proteoma de la planta 
en los que NTRC juega un papel fundamental. Para explorar esta hipótesis, comparé el 
crecimiento, el desarrollo, el metabolismo y el redox proteoma de plantas WT y ntrc 
cultivadas en presencia o ausencia de VC emitidos por A. alternata. 

•   Hipótesis relacionada con el papel que juegan la regulación redox de la 
fotosíntesis y la homeostasis de enzimas de la ruta MEP en la respuesta de la planta 
a volátiles microbianos: La síntesis de isoprenoides plastidiales implicados en el 
crecimiento y el desarrollo de la planta y en su relación con el entorno está finamente 
regulada por la provisión de GAP por parte del CBC y por mecanismos proteostáticos 
que regulan la expresión de enzimas de la ruta MEP. Investigaciones llevadas a cabo 
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por mi grupo de investigación antes de comenzar mi trabajo demostraron que los VCs 
microbianos (i) fomentan la producción de GAP fotosintético y pigmentos fotosintéticos 
y (ii) dan lugar a cambios en el transcriptoma y proteoma de la planta mediados por 
hormonas derivadas de isoprenoides plastidiales (Sánchez-López et al., 2016a; Sánchez-
López et al., 2016b). Estos antecedentes sentaron las bases para elaborar una hipótesis 
según la cual la respuesta de las plantas a VCs microbianos es debida a una activación de 
la ruta MEP como consecuencia de un incremento de la provisión de GAP fotosintético 
y/o de la expresión de enzimas de la ruta MEP. Para explorar esta hipótesis comparé 
la respuesta en el metabolismo, niveles de hormonas y proteoma de plantas WT y un 
mutante knock out de la isoforma plastidial de la cFBP1 (cfbp1). Arabidopsis expresa 
dos isoformas de FBP plastidial: cFBP1 y cFBP2. Contrariamente a lo que ocurre con 
cFBP2, la actividad de cFBP1 está sujeta a cambios en su estado redox (Serrato et al., 
2009; Rojas-González et al., 2015). Teniendo en cuenta que (i) el CBC está regulado por 
las variaciones del estado redox de las enzimas implicadas en esta ruta (Michelet et al., 
2013) y (ii) los VCs microbianos alteran el estado redox de estas enzimas (Ameztoy et 
al., 2019), es concebible que si la respuesta promovida por VCs microbianos en la planta 
es debida a una activación redox del CBC, la respuesta de las plantas cfbp1 a los VCs 
fúngicos debería ser más débil que la de las plantas WT. Por el contrario, si la activación 
redox de la fotosíntesis no juega un papel importante en la respuesta de la planta a los 
VCs microbianos, la respuesta de las cfbp1 a los VCs microbianos debería ser similar a 
la observada en plantas WT.
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El objetivo general de esta tesis es profundizar en el conocimiento de los mecanismos 
que regulan la respuesta de las plantas a los VCs microbianos. Para ello me planteé los 
siguientes objetivos específicos: 

Objetivo #1: estudiar el papel que juega NTRC en la regulación de la respuesta de 
plantas de Arabidopsis a la acción de VCs emitidos por A. alternata.

Objetivo #2: estudiar el papel que juegan la regulación redox de la fotosíntesis y la 
homeostasis de enzimas de la ruta MEP en la respuesta de la planta a VCs microbianos.





     

CAPÍTULO I

Plant responses to fungal volatiles involve global post-translational
thiol redox proteome changes that affect photosynthesis
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INTRODUCTION
It is well known that volatile compounds (VCs) emitted by beneficial rhizosphere bacteria 
and fungi can promote plant growth (Ryu et al., 2003; Hung et al., 2013; Kanchiswamy 
et al., 2015; Piechulla et al., 2017) and root developmental changes (Gutierrez-Luna et 
al., 2010; Delaplace et al., 2015; Ditengou et al., 2015; Garnica-Vergara et al., 2016). 
However, recent studies have shown that pathogens may also release growth-promoting 
VCs (Sánchez-López et al., 2016b). Promotion of growth and developmental changes 
by microbial VCs has frequently been associated with lipophilic carbon-containing 
compounds with molecular masses less than 300 Da and high equilibrium vapor 
pressures, known as volatile organic compounds (VOCs) (Kanchiswamy et al., 2015). 
In addition to VOCs, microorganisms also release volatile inorganic compounds (VICs) 
with molecular masses less than 45 Da. When exogenously applied in discrete forms 
and low concentrations, some of these compounds can act as signaling molecules that 
promote plant growth, photosynthesis and developmental changes through thiol redox 
modifications (He et al., 2008; Chen et al., 2011; Takahashi et al., 2014). Using a “box-
in-box” co-cultivation system in which plants are grown in the vicinity of microbial 
cultures covered with VOCs-adsorbing charcoal filters, we have recently provided 
evidence that VOCs with molecular masses less than 45 Da and/or VICs other than CO2 
are strong determinants of plants´ responses to microbial VCs (García-Gómez et al., 
2019). 

In Arabidopsis plants exposed to VCs emitted by various microbes, growth 
promotion is accompanied by increases in photosynthesis rates, levels of cytokinins 
(CKs) derived from the 2-C-methyl-D-erythritol 4-phosphate (MEP) pathway, and 
starch in leaves, together with reductions in abscisic acid (ABA) contents, and distinct 
changes in shoot and root development (Zhang et al., 2008; Ezquer et al., 2010; Li 
et al., 2011; Sánchez-López et al., 2016b; García-Gómez et al., 2019). Mutants with 
reduced CK and ABA sensitivity have been found to respond weakly to microbial VCs, 
indicating that plant responses to microbial VCs involve CK and ABA signaling (Zhang 
et al., 2008; Sánchez-López et al., 2016b). Several studies have also found similarities in 
transcriptional changes in plants exposed to VCs emitted by different microorganisms, 
despite substantial differences in induced developmental changes in roots and shoots 
(Sánchez-López et al., 2016b; García-Gómez et al., 2019). These findings suggest that 
regulation of some plant responses to microbial VCs is primarily post-transcriptional 
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(García-Gómez et al., 2019). This hypothesis is supported by reports that fungal VCs 
do not affect the transcription of genes encoding most proteins that are differentially 
expressed following plants´ exposure to VCs (Sánchez-López et al., 2016b), and 
microbial VCs promote post-translational reductive activation of starch biosynthetic 
enzymes (García-Gómez et al., 2019). 

Reversible reduction-oxidation (redox) thiol modifications of cysteines (such as 
disulfide bond formation, S-glutathionylation, S-nitrosylation and S-sulfenylation) 
provide fundamental post-translational “switches” that play important roles in the 
regulatory mechanisms of metabolism, growth and development that allow plants to 
adjust to continuously changing environmental constraints (Buchanan and Balmer, 2005; 
Couturier et al., 2013; Akter et al., 2015; Hu et al., 2015; Keech et al., 2017). Therefore, 
identification of reactive cysteine residues is crucial not only for understanding protein 
functions but also for obtaining insights into the mechanisms involved in plants´ 
responses to environmental changes. To assist such efforts, increasing numbers of mass 
spectrometry (MS)-based large-scale redox proteomic techniques have been developed 
recently to identify proteins that undergo reversible oxidative modifications (Fares et al., 
2011; Guo et al., 2014; Liu et al., 2014; Akter et al., 2015; De Smet et al., 2019). The 
results obtained using these approaches indicate that almost any metabolic pathway may 
be subject to thiol-based redox regulation.

Important components of plants´ thiol redox regulation machinery include 
thioredoxins (Trx) proteins that mediate disulfide-dithiol exchange of cysteine residues, 
thereby modulating activities of target proteins. Plant chloroplasts have a versatile set 
of Trxs, which receive reducing equivalents from the photosystem I (PSI) electron 
acceptor ferredoxin (Fdx), with participation of a Fdx-dependent Trx reductase (FTR) 
(Schürmann and Buchanan, 2008). In addition, plastids contain an NADPH-dependent 
Trx reductase (NTR) with a joint Trx domain, called NTRC, which uses NADPH produced 
by the oxidative pentose phosphate pathway (OPPP) and photosynthetic electron 
transport (PET) as a source of reducing power (Serrato et al., 2004). In Arabidopsis, 
NTRC is the most efficient reductant of two H2O2-detoxifying 2-Cys peroxiredoxins 
(Prxs) A and B, suggesting that it plays an important role in avoidance of toxic levels 
of reactive oxygen species (ROS) (Pérez-Ruiz et al., 2006; Kirchsteiger et al., 2009; 
Pulido et al., 2010; Puerto-Galán et al., 2015). Biochemical and genetic studies have 
provided evidence that NTRC participates in regulation of the redox status of stromal 
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target proteins, including starch metabolism enzymes (Valerio et al., 2010; Lepistö et 
al., 2013), ATP synthase (Carrillo et al., 2016; Nikkanen et al., 2016) and diverse Trxs 
that control the redox status of Calvin-Benson cycle (CBC) enzymes such as plastidial 
fructose-1,6-bisphosphatase (cFBP1), phosphoribulokinase (PRK), sedoheptulose-
1,7-bisphosphatase (SBP) and glyceraldehyde-3-phosphate dehydrogenase (GAPDH) 
(Nikkanen et al., 2016; Yoshida and Hisabori, 2016; Ojeda et al., 2017). NTRC also 
regulates the redox status of Mg-protoporfirin IX methyltransferase (CHLM), which is 
involved in chlorophyll biosynthesis (Richter et al., 2013; Da et al., 2017), and CHLI 
(Pérez-Ruiz et al., 2014), which is the subunit of the Mg-chelatase complex involved 
in chlorophyll biosynthesis and ABA signaling (Tsuzuki et al., 2011 ; Du et al., 2012). 
Furthermore, recent studies have shown that NTRC plays important roles in control 
of non-photochemical quenching (NPQ) and PET (Carrillo et al., 2016; Naranjo et al., 
2016a). 

Arabidopsis NTRC knock out (ntrc) mutants show a strong photoperiod-dependent 
phenotype of stunted growth and low chlorophyll content, highlighting the enzyme´s 
crucial roles in chloroplast functions, photosynthesis and growth (Pérez-Ruiz et al., 
2006; Lepistö et al., 2009). NTRC is localized in plastids of both photosynthetic and 
non-photosynthetic tissues, prompting the hypothesis that it acts as a general molecular 
switch capable of converting reducing power in the form of NADPH into redox signals 
that coordinate redox regulation in the whole plant (Kirchsteiger et al., 2012). Growth is 
dramatically inhibited in Arabidopsis mutants combining deficiencies of NTRC and Trxs 
f and x (Ojeda et al., 2017), suggesting that NTRC and the Fdx-FTR-Trxs systems act in 
concert. Recent studies have shown that the ntrc phenotype is suppressed by decreased 
expression of 2-Cys Prxs (Pérez-Ruiz et al., 2017; Ojeda et al., 2018). These findings 
led to the proposal that 2-Cys Prxs are crucial to maintain the redox status of the pool 
of plastidial Trxs and, consequently, the light-dependent reduction of photosynthesis-
related proteins (Pérez-Ruiz et al., 2017; Ojeda et al., 2018). Accordingly, it has been 
suggested that the phenotype of ntrc plants is due to impairment of the redox regulation 
of chloroplastic growth- and photosynthesis-related processes rather than ROS over-
accumulation as a consequence of 2-Cys Prxs inactivation (Pérez-Ruiz et al., 2017).

Microbial VCs induce smaller increases in starch contents in ntrc plants than in wild 
type (WT) plants (Li et al., 2011). Since NTRC plays a central role in redox-regulation 
of various plastidial processes involved in metabolism, growth and development, we 
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hypothesized that NTRC could be involved in plants´ overall responses to VCs. To test 
the potential importance of post-translational thiol modifications of proteins in plant 
responses to microbial VCs, and investigate NTRC´s contribution to these responses, 
we compared developmental, metabolic, hormonal and redox-proteomic responses of 
WT and ntrc plants to VCs emitted by the fungal phytophathogen Alternaria alternata. 
Our findings show that NTRC is an important mediator of plant responses to fungal 
VCs and provide a broad quantitative picture of redox-mediated responses of the thiol 
proteome in Arabidopsis to VCs, allowing us to infer potential redox switches.

MATERIAL AND METHODS
Plants, growth conditions and sampling
The work was carried out using Arabidopsis thaliana L. (Heynh) ecotype Columbia 
(Col-0), the ntrc mutant (Pulido et al., 2010), the D2cp and ntrc-D2cp mutants with 
severe reduction of 2-Cys Prxs expression (Pérez-Ruiz et al., 2017), the ADPglucose 
pyrophosphorylase null aps1 mutant (SALK_040155) and the gwd (SALK_077211) 
mutant. Microorganisms used in this study were also used by Sánchez-López et al. 
(2016b). Unless otherwise indicated, the plants were cultured in Petri dishes (92 x 16 
mm, Sarstedt, Ref. 82.1472.001) 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. Fungi were cultured 
in small Petri dishes (35x10 mm, Sarstedt, Ref. 82.1135.500) containing solid MS 
medium supplemented with 90 mM sucrose. Bacteria were cultured in small Petri dishes 
containing solid M9 minimal (95 mM Na2HPO4/44 mM KH2PO4/17 mM NaCl/37 mM 
NH4Cl/0.1 mM CaCl2/2 mM MgSO4, 1.5% bacteriological agar) medium supplemented 
with 50 mM glucose. M9 medium for Bacillus subtilis culture was supplemented with 
7 μM each of MnSO4, FeSO4 and ZnSO4 and 1 μM thiamine. 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, microbial cultures in unlidded Petri dishes with 
a top layer of VOCs-adsorbing activated charcoal filters and plant cultures of 14 days 
after sowing were placed together 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 plant cultures were incubated in sealed boxes 
together with Petri dishes containing sterile microbial culture media and a charcoal filter. 
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At the indicated incubation periods, leaves 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). The net rate of CO2 assimilation (An) was calculated using equations developed by 
von Caemmerer and Farquhar (1981). The maximum rate of carboxylation by Rubisco 
(Vcmax), triose phosphate use (TPU) and maximum electron transport demand for RuBP 
regeneration (Jmax) values were calculated from An/Ci curves (where Ci is the intracellular 
CO2 concentration) according to Long and Bernacchi (2003). Photosynthetic electron 
transport (ETR) values were calculated according to Krall and Edwards (1992) as ΦPSII x 
PPFD x 0.84 x 0.5, where PPFD is the photosynthetic photon flux density incident on the 
leaf, ΦPSII  is the photosystem II (PSII) operating efficiency, 0.5 was used as the fraction of 
excitation energy distributed to PSII (Ögren and Evans, 1993) and 0.84 as the fractional 
light absorbance (Morales et al., 1991). Chlorophyll fluorescence emission parameters 
were determined using a PlantScreenTM XYZ System (Photon Systems Instruments, 
Brno, Czech Republic). The phenotyping system was equipped with a FluorCam unit 
for pulse amplitude modulated measurement of chlorophyll fluorescence. After 20 min 
of dark adaptation the standardized measurement protocol was applied, as described by 
Humplík et al. (2015). The maximum quantum yields of PSII in the dark-adapted state 
(ΦPo) (also referred to as Fv/Fm), ΦPSII and non-photochemical quenching ΦNPQ) were 
calculated from the measured parameters according to Lazár (2015).

Root morphological analysis
Numbers and lengths of roots of plants grown on vertical square Petri dishes (10 x 10 
x 2 cm, Sarstedt, Ref. 82.9923.422) were measured using a MVX10 stereomicroscope 
and microphotographs were captured with a DP72 video camera equipped with Cell D 
software (all supplied by Olympus, Japan).

Analytical procedures
For sucrose, glucose and fructose measurements, a 0.1 g aliquot of the frozen powders 
(see above) were resuspended in 1 ml of 90% ethanol, incubated at 70 oC for 90 min 
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and centrifuged at 13000 x g for 10 min. Sugar contents in the supernatants were then 
determined by HPLC with pulsed amperometric detection using a ICS-3000 Dionex 
system as described by Bahaji et al. (2015). NADP and NADPH contents were measured 
as described by Queval and Noctor (2007). Recovery percentages of the analytes were 
estimated from differences in measured amounts in samples of frozen tissue slurry with 
and without spiking by standards immediately after addition of extraction solutions. All 
presented concentrations of these metabolites were corrected for losses during extraction. 
Starch was measured using an amyloglucosydase–based test kit (Boehringer Mannheim, 
Germany), and chlorophyll contents were quantified according to Lichtenthaler (1987). 
To determine levels of CKs, portions of the frozen leaves (prepared as described above) 
were lyophilized and CKs were quantified following Novák et al. (2008). ABA contents 
were determined as described by Floková et al. (2014). 

ROS staining
ROS were semi-quantitatively detected in rosettes essentially as described by Nguyen 
et al. (2017). Briefly, superoxide anion was detected by staining rosettes 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 (DAB) in 10 mM potassium 
phosphate, pH 7.0.

Real-time quantitative PCR
Total RNA was extracted from frozen Arabidopsis leaves of in vitro cultured plants 
using the Trizol method according to the manufacturer’s recommendations (Invitrogen), 
following treatment with RNAase-free DNAase (Takara). RNA (1.5 μg) was reverse-
transcribed using polyT primers and an Expand Reverse Transcriptase kit (Roche) 
according to the manufacturer’s instructions. RT-PCR amplification was performed as 
described by Sánchez-López el al. (2016b) using primers listed in Table S1, and their 
specificity was checked by separating the obtained products on 1.8% agarose gels.

Identification of redox-sensitive cysteines

Protein extraction and tagging
Proteins were extracted and tagged essentially as described by Guo et al. (2014) with 
some modifications. Briefly, 0.5 g of plant tissue was ground in liquid nitrogen, mixed 
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with 2 mL extraction buffer (20 mM HEPES, 0.5 mM EDTA, 0.5% Triton X-100, 100 
mM NaCl, 1% SDS) supplemented with 100 mM N-ethylmaleimide (NEM) to block 
the free thiol groups, and incubated for 1 h at room temperature. The mixture was 
centrifuged at 4 ºC for 10 min at 10,000 x g. Proteins were precipitated and washed to 
remove any free NEM by adding of 5 volumes of iced acetone and incubating overnight 
at -20 ºC. After centrifugation, the supernatant was discarded and the protein pellet 
was recovered by centrifugation at 10,000 x g and 4 ºC for 10 min, rinsed with cold 
acetone three times, and air-dried. Urea solution (8 M) was added to dissolve the pellet, 
and brief intermittent sonication was applied until the pellet dissolved. The resulting 
protein-containing solution was incubated with 10 mM dithiothreitol (DTT) at 37 ºC for 
30 min to reduce oxidized thiols. DTT was then removed with PD-10 desalting columns 
(GE Healthcare). The protein concentration of each preparation was determined using a 
Pierce™ 660 nm protein Assay Kit (Thermo Fisher Scientific), and a portion containing 
500 µg of proteins was used for the subsequent enrichment experiment. The samples 
were alkylated with 1 M of 2-iodoacetamide (IAM) (Wako) for 1 h at 37 °C in the 
dark to tag the DTT-reduced thiols by carbamidomethylation. Proteins were acetone-
precipitated, re-solubilized in 8 M urea, digested with lysine (Sigma) for 3 h and trypsin 
(Sigma) overnight at 37 ºC at a 1:40 trypsin-to-protein mass ratio, desalted using Sep-
Pak C18 cartridges, and dried in a SpeedVac.

iTRAQ labeling of peptides and strong cation exchange fractionation 
Peptides from samples of non-VC-treated WT plants, VC-treated WT plants, non-VC-
treated ntrc plants and VC-treated ntrc plants were labeled at room temperature for 2 
h with iTRAQ reporter reagents 114, 115, 116 and 117, respectively, according to the 
iTRAQ manual (SCIEX). All four samples were then mixed in a single tube and dried 
in a SpeedVac (Eppendorf). Peptides were subsequently fractionated by strong cation 
exchange columns (SCIEX, USA) and then lyophilized to dryness.

Liquid chromatography–mass spectrometry (LC-MS/MS) analysis
Proteomic profiles of three technical replicates of samples were quantitatively 
analyzed as described by Fukao et al. (2011) and Shiraya et al. (2015) using a coupled 
DiNA-A (KYA Tech., Tokyo, Japan) and LTQ-Orbitrap XL (Thermo Fisher Scientific) 
liquid chromatography-MS/MS system. The ionization voltage and capillary transfer 
temperature at the electrospray ionization nano-stage were set to 1.7–2.5 kV and 200 
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°C, respectively. iTRAQ-labelled peptides were separated in a Mono Cap C18 High 
Resolution 2000 column (GL Sciences), using a mobile phase consisting of a 240-
min linear gradient of 2-26.7% acetonitrile in water (with a 10 min wash with 80% 
acetonitrile, v/v, and 15 min re-equilibration between each run, maintaining 0.1% formic 
acid, v/v, throughout). Peptides that eluted from the column were introduced directly 
into the mass at a flow rate of 300 nL/min. Divalent or trivalent ions were subjected to 
MS/MS analysis in Top-3 data-dependent acquisition mode. CID and HCD settings for 
all MS/MS analyses were 35 and 45 eV, respectively.

MS data analysis
Raw MS data files were submitted to Proteome Discoverer 1.4 with the SEQUEST 
algorithm (Thermo Scientific Inc., Bremen, Germany) and MsAmanda (Dorfer et al., 
2014) to search for matches in the Gene Ontology (GO) Arabidopsis database. Percolator 
was set to a target false discovery rate (FDR) of 0.05. Peptides were quantified using the 
iTRAQ4plex reporter ion method, and identified from database search results with the 
following criteria: enzyme, trypsin; maximum missed cleavage sites, 2; peptide charge, 
2+ or 3+; MS tolerance, 5 ppm; MS/MS tolerance, ±0.6 Da; dynamic modification, 
oxidation (H, M, W), iTRAQ 4-plex (K, Y, N-terminus). Variable modifications for 
the search included carbamidomethylation and NEM at cysteines, iTRAQ (4-plex) at 
tyrosines, and oxidation at methionines (mass shifts: 57.02, 125.05, 144.10 and 15.99, 
respectively). The fixed modification was iTRAQ (4-plex) reagent labeling at N-terminal 
and lysine. 

OxiTRAQ data analysis
Amounts of detected peptides were normalized using total intensities of their assigned 
mass spectra according to the SEQUEST searching results, and peptide ratios were 
calculated accordingly from medians of the normalized intensities. Log2-transformed 
treated/control ratios were subjected to Student’s t-test (two-tailed). Differences in 
concentrations of peptides between samples with fold changes greater than 1.9 or less 
than 0.5, and P<0.05, were considered significantly changed. The isobaric tags for 
relative and absolute quantitation (iTRAQ) data (Parker et al., 2012) were searched 
using the database mentioned above to generate information about changes in total 
protein levels. The same set of samples were analyzed in another MS run and used as 
technical replicates to determine possible variation caused by MS analysis. Student’s 
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t-test was applied to peak intensity values of all spectra of corresponding peptides from 
control and treated samples in the same MS run. 

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

RESULTS  
ntrc plants poorly respond to A. alternata VCs
Using the box-in-box co-cultivation system described by García-Gómez et al. (2019) 
we compared growth and developmental responses of WT and ntrc plants grown in the 
vicinity of A. alternata cultures covered with VOCs-adsorbing charcoal filters. We also 
analyzed the growth response to fungal VCs of near starch-less aps1 plants impaired in 
starch biosynthesis, and starch-excess gwd plants impaired in starch breakdown (Caspar 
et al., 1991; Ventriglia et al., 2008; Baslam et al., 2017). In the absence of VOCs-
depleted fungal VCs, rosettes and roots of the ntrc mutant were slightly smaller and 
lighter than those of WT plants (Figure 1a, b), as reported by Lepistö et al. (2009) and 
Li et al. (2011). ntrc plants produced shorter primary roots and fewer first and second 
order lateral roots (LRs) than WT plants (Figure 1a, c), as found by Kirchsteiger et al. 
(2012). In keeping with findings by Sánchez-López et al. (2016b) and García-Gómez et 
al. (2019), VOCs-depleted fungal VCs promoted rosette and root growth, elongation of 
the primary root and formation of first and second order LRs in WT plants (Figure 1), 
thereby increasing the density of the root system (Figure 1c). As in WT plants, VOCs-
depleted fungal VCs promoted rosette and root growth in aps1 and gwd plants (Figure 
2). Notably, fungal VC-promoted rosette and root growth was substantially weaker in 
ntrc plants than in WT plants (Figure 1a, b). Furthermore, unlike in WT plants, VOCs-
depleted fungal VCs did not promote primary root elongation or LR formation and 
did not enhance the root system density in the ntrc mutant (Figure 1c). Fungal VCs 
promoted root hair elongation in both WT and ntrc plants (Figure 3). 
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Figure 1. ntrc plants weakly respond to A. alternata VCs. (a) external phenotypes, (b) rosette and root FW 
and (c) root architecture parameters of WT and ntrc plants cultured in the absence or continuous presence of 
VCs emitted by adjacent A. alternata cultures covered with VOCs-adsorbing charcoal filters 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 ntrc plants cultured without fungal VC treatment, “b” VC-
treated and non-treated WT plants, and “c” VC-treated and non-treated ntrc plants. Plants providing data 
shown in (c) were grown on vertical plates.

30

WT ntrc

WT ntrc

WT ntrc WT ntrc WT ntrc

WT ntrc WT ntrc

60

90

120

R
os

et
te

 F
W

 (m
g/

 p
la

nt
) 

-VCs

150

180

0

+VCs

-VCs
+VCs

-VCs
+VCs

-VCs
+VCs

-VCs
+VCs

-VCs
+VCs

-VCs
+VCs

-VCs
+VCs

(a)

(b)

(c)

20

WT ntrc

40

60

R
oo

t F
W

 (m
g/

 p
la

nt
) 

80

0

10

20

30

40

50

1s
t o

rd
er

 L
R

nu
m

be
r/p

la
nt

 

0
2
4
6
8

10
12
14

0

10

20

30

40

50

60

2n
d 

or
de

r L
R

 n
um

be
r/p

la
nt

 

0

Pr
im

ar
y 

ro
ot

 le
ng

th
 (c

m
) 

WT

- VCs + VCs

ntrc

0.5

1.0

1.5

2.0

2.5

0

0.2
0.4
0.6
0.8
1.0
1.2
1.4

2n
d 

or
de

r L
R

 d
en

si
ty

 (n
um

be
r/c

m
 1

st
 o

rd
er

 L
R

) 

1s
t o

rd
er

 L
R

 d
en

si
ty

 (n
um

be
r/c

m
 o

f p
rim

ar
y 

ro
ot

) 

0

1

2

3

4

5

0

1s
t o

rd
er

 L
R

 le
ng

th
 (c

m
) 

a

a

a

a

a
a

b b

bb

a
cc

b b



45

K. AmeztoyCapítulo I

It is known that VCs emitted by diverse types of microorganisms promote growth 
of WT plants (Sánchez-López et al., 2016b). To assess further the growth responses 
of ntrc plants to microbial VCs we grew plants in the presence of adjacent cultures of 
phylogenetically diverse species of fungi and bacteria with or without a top layer of 
VOCs-adsorbing charcoal filter. As shown in Figure 4, growth promoted by VOCs-
depleted VCs of tested microorganisms was substantially weaker in ntrc plants than in 
WT plants. In keeping with García-Gómez et al. (2019), the responses of WT and ntrc 
plants grown in the vicinity of microbial cultures not covered with charcoal filters were 
identical to those of plants grown with adjacent fungal cultures covered with charcoal 
filters (not shown).

Figure 2. Growth responses of starch excess (gwd) and starch deficient (aps1) mutants to fungal VCs are 
comparable to those of WT plants. (a) Leaf starch content, (b) rosette FW and (c) root FW of WT, aps1 and 
gwd plants cultured in the absence or continuous presence of VCs emitted by adjacent cultures of A. alternata 
for one week. Values are means ± SE for three biological replicates (each pool of 12 plants) obtained from 
4 independent experiments. Letters “a” and “b” indicate significant differences, according to Student´s t-test 
(p<0.05), between: “a” WT and gwd or aps1 plants cultured without fungal VC treatment, and “b” VC-treated 
and nontreated plants.
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A. alternata VCs reduce ABA content and increase levels of plastidial CKs, but 
weakly alter expression of ABA- and CK-responsive genes in ntrc plants
Having established NTRC´s involvement in plants´ response to fungal VCs, we 
compared their effects on ABA and CK contents and signaling in ntrc and WT plants. 
For this, we measured the contents of ABA and CKs in mature leaves of ntrc plants 
cultured in the absence or continuous presence of VCs emitted by adjacent A. alternata 
cultures for 3 days. We also analyzed expression levels of a selected group of CK- and 
ABA-responsive genes (Nemhauser et al., 2006; Bhargava et al., 2013; Brenner and 
Schmülling, 2015) that are sensitive to fungal VCs (cf. Table 3 in Sánchez-López et al., 
(2016b)) by qRT-PCR. 

In the absence of fungal VCs, ntrc leaves had higher ABA content than WT leaves 
(209 ± 16 and 352 ± 8 pmol g-1 DW in WT and ntrc plants, respectively), but similar 
CK contents (Table S2, Figure S1). A. alternata VCs caused a significant reduction in 
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Figure 4. ntrc plants weakly respond to VCs emitted by phylogenetically diverse microorganisms. (a) 
rosette FW and (b) root FW of WT and ntrc plants cultured in the absence or continuous presence of VCs 
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non-treated ntrc plants.
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ABA contents in leaves of both WT and ntrc plants (86.1 ± 19.7 and 94.7 ± 25.4 pmol 
g-1 DW, respectively) and increases in levels of precursors, active and transport forms of 
plastidial CKs (Table S2, Figure S1). Notably, changes in levels of expression of ABA- 
and CK-responsive genes in response to VC treatment were substantially weaker in ntrc 
leaves than in WT leaves (Figure 5). 

Fungal VCs weakly increase photosynthetic capacities of exposed ntrc plants
NTRC plays an important role in photosynthesis (Naranjo et al., 2016a; Nikkanen et al., 
2016; Ojeda et al., 2017). To investigate whether ntrc plants´ weak responses to VCs 
could be due to non-responsiveness of photosynthesis to fungal VCs we compared key 
photosynthetic parameters of WT and ntrc plants cultured in the absence or continuous 
presence of VCs emitted by adjacent A. alternata cultures. 

As shown in Figure 6a, and previously recorded (Pérez-Ruiz et al., 2006), leaves of 
ntrc plants that were not exposed to fungal VCs accumulated lower levels of chlorophyll 
than those of WT plants. In keeping with previous reports (Lepistö et al., 2009; Naranjo 
et al., 2016a), ΦPo, ΦPSII and photochemical quenching (qP) were lower in ntrc plants 
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than in WT plants (Table 1, Figure 7). Accordingly, An and ETR at all Ci levels (Figure 
6b, c) as well as Vcmax, TPU and Jmax values (Table 1) were lower in ntrc plants than 
in WT plants. Nonphotochemical quenching of chlorophyll fluorescence (ΦNPQ) was 
higher in ntrc plants than in WT plants (Table 1), as previously reported by Naranjo 
et al. (2016a). The NADPH/NADP ratio was higher in ntrc leaves than in WT leaves 
(Figure 6d), as observed by Thormählen et al. (2015). Leaves of VC-exposed WT 
plants accumulated substantially higher levels of chlorophyll than those of non-treated 
plants (Figure 6a). ΦPSII was higher and ΦNPQ lower in VC-treated WT plants than in 
non-treated controls (Table 1), as found by Sánchez-López et al. (2016b). Accordingly, 
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of VCs emitted by adjacent A. alternata cultures for one week. VC treatment started 28 days after sowing 
plants. Values in panels (a), (d) and (e) are means ± SE for three biological replicates (each a pool of 12 
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according to Student´s t-test (P<0.05), between: “a” WT and ntrc plants cultured without fungal VC treatment, 
“b” VC-treated and non-treated WT plants, and “c” VC-treated and non-treated ntrc plants.
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leaves of VC-treated WT plants had higher An and ETR values than controls at all Ci 

levels (Figure 6b, c). VC-treated WT leaves also had higher Vcmax, Jmax and TPU values 
than non-treated controls (Table 1), higher NADPH/NADP ratios (Figure 6d, Figure 8) 
and higher levels of primary photosynthates (e.g. glucose, fructose and sucrose) (Figure 
6e). In contrast, A. alternata VCs caused a non-significant reduction in chlorophyll 
contents in leaves of ntrc plants (Figure 6a). Moreover, VCs had a negative effect on 
ΦPo and qP and did not significantly alter ΦNPQ in ntrc plants (Table 1). Furthermore, no 
significant differences were observed in An values between VC-treated and non-treated 
ntrc leaves at any Ci levels (Figure 6b). Accordingly, no significant differences in Vcmax, 
Jmax and TPU were observed between VC-treated and non-treated ntrc leaves (Table 
1). Finally, NADPH/NADP ratios were lower in leaves of VC-treated ntrc plants than 
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- VCs + VCs - VCs + VCs

ntrc

0.85

0.80

0.75

0.70

0.65

Figure 7. Chlorophyll-a fluorescence images of WT and ntrc plants cultured in the absence or 
presence of VCs emitted by adjacent cultures of A. alternata for one day. The color scale indicates the 
numeric values of ΦPo (Fv/Fm).

Table 1. Photosynthetic parameters of leaves of WT and ntrc plants cultured in the absence or continuous 
presence of VCs emitted by adjacent A. alternata cultures for three days. Values are means ± SE of 
determinations in three independent experiments. Superscripts a, b and c indicate significant differences, 
according to Student´s t-test (P<0.05), between: (a) WT and ntrc plants cultured without fungal VC treatment, 
(b) VC-treated and non-treated WT plants, and (c) VC-treated and non-treated ntrc plants

Treatment ɸPo ɸPSII ɸNPQ qP 
Jmax 

(µmol e- m-2 s-1) 
Vcmax 

(µmol CO2 m-2 s-1)

TPU 
(µmol Pi m-2 s-1) 

WT - VCs 0.830 ± 0.002 0.710 ± 0.001 0.243 ± 0.002 0.722 ± 0.008 33.1 ± 1.7 12.8 ± 0.9 1.82 ± 0.09 

WT + VCs 0.831 ± 0.000 0.718 ± 0.002b 0.215 ± 0.002b 0.770 ± 0.002b 53.7 ± 1.3b 20.4 ± 2.0b 2.79 ± 0.04b 

ntrc - VCs 0.815 ± 0.001a 0.688 ± 0.003a 0.311 ± 0.004a 0.543 ± 0.010a 28.6 ± 2.1a 11.3 ± 0.8a 1.44 ± 0.05a 

ntrc + VCs 0.795 ± 0.002c 0.696 ± 0.004 0.304 ± 0.009 0.362 ± 0.013c 29.0 ± 2.3 11.6 ± 0.7 1.36 ± 0.02 
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in controls (Figure 6d, Figure 8) and 
levels of primary photosynthates were not 
significantly altered by A. alternata VCs in 
the ntrc mutant (Figure 6e). Fungal VCs 
enhanced ETR at all Ci levels and ΦPSII in 
leaves of ntrc plants (Table 1, Figure 6c).

The weak response to fungal VCs of 
ntrc plants is suppressed by decreased 
2-Cys Prx expression
Pérez-Ruiz et al. (2017) have recently 
reported that reduction of 2-Cys Prx 
expression suppresses the ntrc phenotype, 
and proposed that NTRC regulates 

chloroplast redox status via its functional relationship with 2-Cys Prxs. To investigate 
the possible involvement of the NTRC-2Cys-Prxs tandem in the plant response to fungal 
VCs we characterized Δ2cp and ntrc-Δ2cp plants cultured in the absence or continuous 
presence of charcoal-filtered VCs emitted by adjacent A. alternata cultures for one 
week. As shown in Figure 9a, VC-exposed Δ2cp, ntrc-Δ2cp and WT plants had similar 
sizes and were much larger than the non-treated controls. Leaves of VC-exposed Δ2cp 
and ntrc-Δ2cp plants accumulated higher levels of chlorophyll, had higher An values 
and accumulated higher levels of primary photosynthates (starch and soluble sugars) 
than leaves of non-treated plants (Figure 9b, c, d). These findings clearly indicate that 
the suppressor effect of the ntrc phenotype by decreased levels of 2-Cys Prxs is also 
exerted on the plant´s response to VOCs-depleted fungal VCs. To test whether the weak 
responsiveness to VOCs-depleted fungal VCs of ntrc plants could be due to ROS over-
accumulation in leaves we examined their superoxide anion and H2O2 contents by NBT 
and DAB staining, respectively. No significant differences in ROS contents were found 
between leaves of WT, ntrc, Δ2cp and ntrc-Δ2cp plants and VC-treated and -untreated 
plants (Figure 10). 
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A. alternata VCs promote global reduction and oxidation of the thiol redox 
proteomes of WT and ntrc leaves, respectively
The weak response to VCs of the ntrc mutant suggested that thiol-dependent post-
translational modifications play an important role in plant responses to VCs. Thus, we 
next addressed the possibility that the different responses to A. alternata VCs observed 
in WT and ntrc plants include (and are partially due to) differences in oxidative 
modifications of protein cysteine residues. Because of the complexity of the multiple 
forms of cysteine redox modifications (e.g. disulfide, S-nitrosylation, S-glutathionylation, 
S-cyanylation, persulfidation or S-sulfenylation) this study focused on the quantification 
of total reversible thiol oxidation in leaves of WT and ntrc plants cultured in the absence 
or continuous presence of VCs emitted by nearby fungal cultures for three days using 
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Figure 10. ROS staining of rosettes of WT and ntrc plants cultured in the absence or presence for five 
days of adjacent cultures of A. alternata covered with VOC-adsorbing charcoal filters. NBT and DAB 
staining was used to assess the accumulation of superoxide anion and H2O2, respectively. WT plants cultured 
in MS supplemented with 100 mM NaCl were used as controls of ROS accumulation.
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OxiTRAQ-based quantitative redox proteomics. This approach is based on differential 
labeling of reduced and oxidized cysteines and only quantifies reversibly oxidized thiols 
that are DTT-reducible (for further details, see Materials and Methods).  

In total, 782 unique cysteine-containing peptides from 747 distinct proteins obtained 
from WT leaves, and 781 unique cysteine-containing peptides from 746 distinct proteins 
obtained from ntrc leaves were identified in this study (data not shown). A peptide 
whose abundance differed by more than 1.9-fold or less than 0.5 with a P<0.05, was 
considered to be redox-sensitive in this report. Applying this criterion, 113 cysteine-
containing peptides from 110 distinct proteins, and 87 cysteine-containing peptides 
from 87 distinct proteins were found to be redox-sensitive in response to VCs in WT 
and ntrc plants, respectively (Tables S3 and S4). Of the VC-responsive redox-sensitive 
proteins, nearly 15% have been shown to be redox-sensitive in other studies (Tables 
S3 and S4). Among the 113 VC-responsive redox-sensitive peptides of WT leaves, 74 
cysteines in 71 different proteins were in a more reduced state in the VC-treated than in 
non-treated plants, while 49 cysteines in 47 different proteins were more oxidized in the 
VC-treated than in non-treated plants (Table S3). Furthermore, of the 87 VC-responsive 
redox-sensitive peptides of ntrc plants, 56 cysteines in 44 different proteins were in a 
more oxidized state in the VC-treated than in non-treated plants, whereas 44 cysteines 
in 41 different proteins were more reduced in VC-treated than in non-treated plants 
(Table S4). 

Predicted locations of the VC-responsive, redox-sensitive proteins of WT and ntrc 
plants obtained using the SUBA4 Arabidopsis protein subcellular localization database 
included almost all cellular compartments, but the highest proportions had predicted 
plastidial, nuclear and mitochondrial locations (Tables S3 and S4, Figure S2). Using 
DiANNA software (http://clavius.bc.edu/~clotelab/DiANNA/), 50% and 60% of the 
redox-sensitive peptides of WT and ntrc plants, respectively, were predicted to form 
intramolecular disulfide bonds (Tables S3 and S4). It should be noted that formation of 
disulfide bridges represents only one possibility of thiol modifications (Buchanan and 
Balmer, 2005; Couturier et al., 2013), and other modifications such as glutathionylation, 
nitrosylation, and oxidation to sulfenic acid are also chemically reversible by DTT, 
which was used to reduce oxidized thiols before the reaction with thiol-reactive IAM. 
Therefore, some of the VC-promoted reversible thiol modifications identified in this 
study could be due to any of those types. 
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Figure 11. A. alternata VCs promote global reduction and oxidation of the thiol redox proteomes of WT 
leaves and ntrc leaves, respectively. The graphics represent functional categorizations of VC-responsive 
redox sensitive proteins in (a) WT and (b) ntrc plants, sorted according to putative functional categories 
assigned by MapMan software. Numbers of oxidized and reduced cysteines in each categorical group are 
indicated by gray and black bars, respectively. Proteins discussed in the text are boxed.
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Using broad characterizations outlined by the MapMan tool (Thimm et al., 2004) 
(http://gabi.rzpd.de/projects/MapMan/), the VC-responsive, redox-sensitive proteins 
were assembled into functional groups. Most were assigned to protein, RNA, signaling 
and stress response functional categories (Tables S3 and S4, Figure 11). Notably, 
VC exposure resulted in reduction of cysteine residues of several CBC enzymes (e.g. 
cFBP1, PRK and SBP), proteins involved in photochemical reactions of photosynthesis 
(e.g. FNRL and PSAN) and PrxQ in WT leaves (Table S3, Figure 11a). In addition, 
fungal VC exposure of ntrc plants resulted in oxidation of cysteine residues of proteins 
involved in photochemical reactions of photosynthesis (e.g. FNR1, PSAN and PSBO-
1) and PrxQ (Table S4, Figure 11b). All these cysteine residues are highly conserved 
throughout land plants and algae (Figure S3).

DISCUSSION
NTRC is an important mediator of plant responses to microbial VCs
VCs emitted by A. alternata and other microbial species had weak stimulatory effects 
on growth and development of ntrc plants (Figure 1a, b, Figure 4), strongly indicating 
that NTRC plays an important role in plant responses to microbial VCs. The weak 
response of ntrc plants to fungal VCs cannot be ascribed to altered starch metabolism 
since growth responses of the starch-deficient aps1 and the starch-excess gwd plants 
were comparable to those of WT plants (Figure 2). 

Unlike in WT plants, chlorophyll content did not increase upon fungal VC treatment 
in ntrc plants (Figure 6a), indicating that NTRC is a major determinant of chlorophyll 
biosynthesis in VC-exposed plants and no other reductant system(s) can functionally 
replace NTRC in promoting photosynthetic pigment production under VC exposure. 
Also, ΦNPQ did not vary and qP did not increase upon fungal VC treatment in ntrc plants 
(Table 1), indicating that, unlike in WT plants, VCs do not improve the efficiency of 
light use in ntrc leaves and, hence, do not improve photosynthetic CO2 fixation. This 
inference was supported by the finding that fungal VCs did not alter Vcmax, Jmax and TPU 
values of ntrc plants, but increased those of WT plants (Table 1). These observations 
suggest that NTRC is a major mediator of the plants´ responses to VCs, probably due to 
its regulatory action on photosynthesis-related mechanisms.

Previous reports have shown that microbial VCs can induce changes in root 
development (Molina-Favero et al., 2008; Ditengou et al., 2015; Garnica-Vergara et 
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al., 2016; García-Gómez et al., 2019). Furthermore, Kirchsteiger et al. (2012) reported 
that NTRC is involved in LR formation in Arabidopsis seedlings by unidentified 
mechanisms. Here we found that, unlike in WT plants, VCs did not promote formation 
of LR in ntrc plants (Figure 1c), strongly indicating that NTRC is an important 
determinant of LR formation in response to A. alternata VCs. CKs and ABA are major 
regulators of photosynthesis, growth and development (Moore et al., 2003; Rolland 
et al., 2006; Cortleven and Valcke, 2012; Kieber and Schaller, 2014). In WT plants, 
microbial VCs promote reduction of ABA levels and increases in plastidial CK contents 
(Zhang et al., 2008; Sánchez-López et al., 2016b), which are accompanied by changes 
in the expression of ABA and CK-responsive genes (Zhang et al., 2008; Sánchez-López 
et al., 2016a; Sánchez-López et al., 2016b). Arabidopsis mutants with CK deficiency, 
and/or reduced endogenous ABA and CK receptor sensitivity, weakly respond to 
microbial VCs (Zhang et al., 2008; Sánchez-López et al., 2016b), indicating that plant 
responses to microbial VCs involve endogenous ABA and CK signaling. NTRC is a 
good reductant of CHLI (Pérez-Ruiz et al., 2014), which together with the putative 
ABA receptor CHLH (Shen et al., 2006; Wu et al., 2009; Shang et al., 2010; Du et 
al., 2012) is involved in ABA signaling in processes such as stomatal movement, seed 
development and seedling growth (Tsuzuki et al., 2011; Du et al., 2012). Moreover, 
NTRC is an important determinant of post-translational regulation of CHLI expression, 
as impairment of the NTRC-mediated redox regulation of CHLI destabilizes the protein 
(Pérez-Ruiz et al., 2014). Notably, here we found that responses in expression of ABA-
responsive genes to VC treatment were substantially weaker in ntrc plants than in WT 
plants (Figure 5). This suggests that NTRC affects ABA signaling in VC-exposed plants 
through its action on CHLI redox status. Therefore, the non-responsiveness of ABA-
responsive genes in ntrc plants to fungal VCS could be due, at least partly, to the lack 
of active CHLI. As responses in expression of CK-responsive genes to VC treatment 
were weaker in ntrc plants than in WT plants (Figure 5), it is tempting to speculate 
that NTRC participates in CK signaling in VC-exposed plants through unidentified 
mechanisms involving regulation of the redox status of proteins that mediate this signal 
pathway. Clearly, further experiments are needed to test this hypothesis.
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Weak responses of ntrc plants to microbial VCs are not due to ROS over-
accumulation 
Photosynthesis involves transport of electrons in the presence of oxygen and, thus, 
is a major source of ROS. When high levels accumulate under stress conditions in 
which PET rates exceed photosynthetic capacity, ROS over-accumulation may cause 
photooxidative damage (Apel and Hirt, 2004; Stenbaek et al., 2008). Microbial VCs 
enhance photosynthetic ETR in ntrc plants (Figure 6c) but have no effect on An (Figure 
6b), thereby creating conditions that promote ROS production. In Arabidopsis, NTRC 
is a good reductant of the two H2O2 detoxifying 2-Cys Prxs, hence suggesting it plays 
an important role in preventing excessive ROS accumulation (Kirchsteiger et al., 2009; 
Pérez-Ruiz et al., 2006; Pulido et al., 2010; Puerto-Galán et al., 2015). Notably, as in 
WT plants, VCs strongly promoted photosynthesis and growth of ntrc-Δ2cp plants 
(Figure 9). Furthermore, leaves of VC-treated and non-treated WT, ntrc, Δ2cp and 
ntrc-Δ2cp plants accumulated comparable ROS levels (Figure 10). These findings 
indicate that ntrc plants´ weak responses to VCs are not due to ROS over-accumulation 
as a consequence of 2-Cys Prxs inactivation. They also indicate that the stimulatory 
effect of microbial VCs on plant performance requires an appropriate chloroplast redox 
homeostasis through mechanisms wherein the NTRC-2-Cys-Prx tandem plays a central 
function. 

A. alternata VCs promote changes in the thiol redox-proteome of WT plants that 
could account for the observed plants´ responses
The redox-proteomic analyses conducted here provide an in-depth report of thiol-based 
redox proteins that are responsive to microbial VCs in plants. Our results show that 
microbial VCs promote global reduction of the thiol redox proteome of WT leaves, 
especially of proteins involved in cell wall metabolism, nucleotide metabolism, 
photosynthesis, protein synthesis and processing, redox metabolism, secondary 
metabolism and signaling (Figure 11), which could partly explain the stimulatory 
growth responses of plants to VCs.  Notably, microbial VCs promote global changes 
in the redox status of proteins distributed in all cellular compartments, but especially 
in plastids, mitochondria and the nucleus (Figure 11, Tables S3 and S4, Figure S2), 
indicating that interorganellar redox crosstalk is involved in maintenance of whole cells´ 
redox balance. The results highlight a redox switching mechanism in VC signaling, 
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and provide additional confirmation of the hypothesis that, as illustrated in Figure 12, 
microbial VC signaling operates at multiple (including transcriptional, translational and 
post-translational) levels (Sánchez-López et al., 2016b; García-Gómez et al., 2019). 

Redox regulation is inextricably associated with the PET chain and CBC enzymes 
in plants. Besides the earliest studied CBC enzymes (e.g. cFBP1, PRK, SBP and 
GAPDH), recent biochemical and proteomic studies have provided evidence that all 
CBC enzymes may undergo redox regulation through multiple redox post-translational 
modifications (Michelet et al., 2013). We found that fungal VCs promote reduction of 
cysteine residues of CBC enzymes in WT plants (e.g. Cys154 of cFBP1, Cys150 of SBP 
and Cys295 of PRK) (Figure 11a, Table S3). Although highly conserved throughout 
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translational thiol redox proteome changes and NTRC. According to this model, interactions between 
VCs and unidentified plasma membrane receptors generate signals that rapidly promote changes in 
expression of VC-responsive genes. Additionally, and/or alternatively, reactive VICs penetrating cells may 
induce thiol redox modifications of proteins and/or signaling reactions that promote reductive activation 
of photosynthesis-related proteins (e.g. FNR1, cFBP1, SBP, PRK, PSBO-1, and PSAN). The resulting 
augmentation of photosynthetic activity enhances synthesis of GAP, which enters the MEP pathway, fueling 
production of isoprenoid hormones that initiate a cascade of redox-regulated signaling reactions resulting in 
changes in the expression of genes whose translation is subject to redox regulation. Reductive activation of 
enzymes involved in photochemical reactions enhances NADPH production, thereby influencing whole cells´ 
redox balance, reduction of NTRC and NTRC´s target enzymes involved in processes such as synthesis of 
photosynthetic pigments, H2O2 detoxification, and CBC.
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land plants and algae (Figure S3), these cysteine residues are not located in the 
proposed regulatory Trx redox or catalytic domains of cFBP1, PRK and SBP (Villeret 
et al., 1995; Brandes et al., 1996; Dunford et al., 1998; Chiadmi et al., 1999). However, 
it should be noted that, besides the structural role of disulfide bonds, redox changes in 
proteins´ cysteine residues can have diverse effects. They can participate in regulatory, 
protective, catalytic and signaling mechanisms by influencing subcellular localization 
or protein-protein interactions, and promoting conformational changes that affect the 
modified proteins´ biological activities. Therefore, the redox status of Cys154 of cFBP1, 
Cys150 of SBP and Cys295 of PRK could play roles in the respective enzymes´ stability, 
subcellular localization and/or formation of protein complexes in response to varying 
environmental conditions. In addition, reduction of some of these cysteine residues may 
be involved in the VC-promoted enhancement of photosynthesis in WT plants.

The redox-proteomic analysis of WT plants performed in this study also showed that 
VCs promote reduction of cysteine residues of two proteins involved in photochemical 
reactions of photosynthesis: PSAN and FNRL. These cysteine residues (e.g. Cys155 of 
PSAN and Cys141 of FNRL) are highly conserved in land plants and algae (Figure S3), 
highlighting the importance of their roles throughout a very long period of evolutionary 
history. PSAN is essential for efficient interaction between the plastocyanin and P700 
reaction center of the PSI complex and thus participates in optimization of electron 
flow (Haldrup et al., 1999). FNRL is an FAD-containing NADP+ oxidoreductase likely 
involved in PET (Koskela et al., 2018). It is tempting to speculate that VC-promoted 
ETR enhancement (Figure 6c) is at least partly due to reductive activation of PSAN 
and FNRL.

The ntrc mutant shows global oxidation of its redox proteome, especially 
photosynthesis-related proteins
In contrast to WT plants, fungal VCs promoted global oxidation of the redox-proteome 
of leaves of ntrc plants, especially of proteins related to cell wall metabolism, nucleotide 
metabolism, photosynthesis, protein synthesis and processing, redox metabolism, 
secondary metabolism and signaling (Figure 11, Table S4), which could partly explain 
the weak responses of ntrc plants to VCs. As microbial VC-promoted global oxidation 
of the redox-proteome involved proteins distributed in all subcellular compartments 
in ntrc plants (Figure S2), NTRC conceivably plays an important role in maintaining 



60

K. AmeztoyCapítulo I

whole cell´s redox homeostasis in VC-exposed plants.
Fungal VCs promoted oxidation of Cys155 of PSAN in ntrc plants (Table S4), 

which became more reduced in WT plants exposed to fungal VCs (see above). This 
indicates that PSAN is subject to redox regulation in VC-exposed plants through 
mechanisms involving NTRC. In addition, fungal VCs promoted oxidation of Cys114 
of one of the two PSBO isoforms (e.g. PSBO-1) in ntrc plants (Table S4), which is a 
component of the PSII involved in water oxidation and formation of molecular oxygen 
(Murakami et al., 2005). Like Cys155 of PSAN, Cys114 of PSBO-1 is highly conserved 
in land plants and algae (Figure S3). It is tempting to speculate that weak VC-promoted 
ETR enhancement in ntrc plants (Figure 6c) could be at least partly due to reduced 
electron flow as a consequence of PSAN and PSBO-1 oxidation.

Microbial VCs also promoted oxidation of Cys178 and Cys183 of FNR1, both of 
which are highly conserved in land plants and algae (Figure S3). FNR1 is one of the two 
isoforms of leaf Fdx:NADP+(H) oxidoreductase (FNR) that oxidize the final reduced 
product of PET, thereby generating the NADPH required for stromal redox regulation, 
reduction of NTRC and its target proteins, and enzymes involved in diverse metabolic 
pathways, including the CBC (Ceccarelli et al., 2004). Leaf FNR is also implicated 
in cyclic electron transfer around PSI, which generates a proton gradient across the 
thylakoid membrane, resulting in ATP production (Johnson, 2005). FNR1-lacking plants 
grow slowly and accumulate low levels of chlorophyll (Lintala et al., 2007). Notably, 
Cys178 is essential for FNR1 enzymatic activity (Aliverti et al., 1993). Thus, NTRC 
expression seems to be necessary to prevent FNR1 oxidation in VC-exposed plants. 
Moreover, the reduced FNR1 activity might contribute to the lack of enhancement of 
photosynthetic capacity, reduction of the NADPH/NADP ratios and global oxidation of 
the redox-proteome in VC-exposed ntrc plants (Table 1, Figure 6, Figure 8, Table S4). 

In vitro, PrxQ is a good target of NTRC (Yoshida and Hisabori, 2016). In WT 
plants, fungal VCs promoted reduction of Cys116 of this Prx (Table S3, Figure 11a), 
which is conserved throughout land plants and algae (Figure S3). In contrast, fungal 
VCs promoted oxidation of the same cysteine residue in ntrc plants (Table S4, Figure 
11b), suggesting that PrxQ is subject to redox regulation in VC-exposed plants to prevent 
excessive H2O2 accumulation through mechanisms involving NTRC as schematically 
illustrated in Figure 12. Both PSAN and PrxQ are luminal proteins (Petersson et al., 
2006), although there are indications that PrxQ may associate with PSII in the grana 



61

K. AmeztoyCapítulo I

stacks (Lamkemeyer et al., 2006) or thylakoids on the stromal side (Rouhier et al., 2004). 
Putative interactions between NTRC, located in the stroma, and PSAN and PrxQ might 
occur through the DsbD-like transmembrane pathway for disulfide-thiol exchange, 
which accepts electrons from stromal Trx-m and transfers these reducing equivalents to 
luminal proteins (Motohashi and Hisabori, 2006; Karamoko et al., 2013) (Figure 12).
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Figure S1. VCs emitted by A. alternata promote augmentation of the levels of CKs in leaves of WT and ntrc 
plants. Schemes representing pathways of CK biosynthesis through the plastidic MEP and cytosolic MVA 
pathways in leaves. In (a), CKs whose levels are higher in ntrc than in WT leaves are highlighted in blue, 
and CKs whose levels are lower in ntrc than in WT leaves are highlighted in red. In (b) and (c), CKs whose 
levels are enhanced by VCs in WT and ntrc plants, respectively, are highlighted in blue. CKs whose levels are 
decreased by VCs are highlighted in red. Data from Table S2. Black arrows show the biosynthesis, intercon-
versions and metabolic flow of CKs in Arabidopsis cell. Multistep reactions are depicted with hollow arrows.

Figure S2. Categorization of VC-responsive redox-sensitive proteins in (a) WT and (b) ntrc plants according 
to their subcellular localization. Data from Table S3 and Table S4.
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DPKLRGRYCVCFDPLDGSSNIDCGVSIGTIFGIY----------------IIKDKDNVTLEDVLQPGKNMLAAGYCMYGSSCTLVLSTGT 18

EETYSGNYIVVFDPLDGSSNIDAGISVGSIFGIYEPSEECPIDAMDDPQKMM----EQCVMNVCQPGSRLKCAGYCLYSSSTIMVLTIGN 25

GVFSFTLDPMYGEFVLTQENIEIPKAGRIYSFNEGNYQMWDDKLKKYIDDLKDPGP-TGKPYSARYIGSLVGDFHRTLLYGGIYGYPRDA 35

GVYVFTLDPMYGEFVLTQEKVQIPKAGKIYAFNEGNYALWDDKLKSYMDSLKEPGP-SGKPYSARYIGSLVGDFHRTLLYGGIYGYPRDQ 34

GVYAFTLDPMYGEFVLTSEKIQIPKAGKIYSFNEGNYKMWDDKLKKYMDDLKEPGE-SQKPYSSRYIGSLVGDFHRTLLYGGIYGYPRDA 35

GVNGFTLDPSLGEFIMTHPDIKIPPKGKIYSVNEGNAKNWDTPTAKYVEKCKYPTD-GSSPKSLRYIGSMVADVHRTLLYGGIFLYPADK 27

GVNGFTLDPSLGEFILTHPDIKIPKKGKIYSVNEGNAKNWDAPVAKFVEKCKYPKD-GSPPRSLRYIGSMVADVHRTLLYGGVFLYPADE 27

GVFGFTLDPLVGEFVLTHPNVQIPEVGKIYSFNEGNYGLWDDSVKAYMDSLKDPKKWDGKPYSARYIGSLVGDFHRTLLYGGIYGYPGDA 34

KSKNGKLRLLYECAPMSFIVEQAGGKGSDGHSRVLDIQPTEIHQRVPLYIGSTEEVEKLEKYLA                           41

KSKNGKLRLLYECAPMSFIVEQAGGKGSDGHQRILDIMPTEIHQRVPLYIGSVEEVEKVEKFLA                           40

KSKNGKLRLLYECAPMSFIVEQAGGKGSDGHQRILDIQPTEIHQRVPLYIGSVEEVEKLEKYLA                           41

KSPSGKLRVMYEVFPMSFLMEEAGGQSFTGKGRSLDLIPTDIHERSPIFLGSSDDVEEIKALYAEEAKKEG-SA                 34

KNPNGKLRILYEVFPMSFLMEQAGGQSFTGKERALDLVPTKIHDRSPIFLGSYDDVEEIKALYAEQAKSSSASS                 34

KNKNGKLRLLYECAPMSFIAEQAGGLGSTGQERVLDVNPEKVHQRVPLFIGSKKEVEYLESFTKKH                         41

85
75
82
19
19
83

175
165
172
108
108
173

264
253
262
182
182
259

353
342
351
271
271
349

417
406
415
344
345
415

MET-SIACYSRGILPPSVSSQRSSTLVSPPSYSTSSSFKRLKSSSIFGDSLRL-APKSQLKATKAKSNGA--STVTKCEIGQSLE 81

METVAAASYTRG--AATRSPACCAAMSFSQSYRPKAARPP---STFYGESLRVNTAR-SLPSGRQSKAASRAALSTRCEIGDSLE 79

MET-SMACCSRSIVLPRVSPQHSSALVPS-----SINLKSLKSSSLFGESLRM-TTKSSVRVNKAKN--S--SLVTKCELGDSLE 74

METVAAAGYARG--AATRSPACCAAMSFSQSYRPKAARPA---TSFYGESLRANTARTSFPAGRQSKAASRAALTTRCAIGDSLE 80

MEIVA-----------TRSPACCAAVSFSQSYRPKASRPP---TTFYGESVRVNTAR-PLSARRQSKAASRAALSARCEIGDSLE 70

MAAMMMRQKVAGAIAGERRSAVAPKMGRAAT--APVVVASANASAFKGAAV---TARVKRSTRAARVQSRRTAVLTQAKIGDSLA 80

EFLAQATPDKGLRTLLMCMGEALRTIAFKVRTASCGGTACVNSFGDEQLAVDMLADKLLFEALQYSHVCKYACSEEVPELQDMGG 16

EFLTKATPDKNLIRLLICMGEAMRTISFKVRTASCGGTACVNSFGDEQLAVDMLADKLLFEALEYSHVCKYACSEEVPELQDMGG 16

EFLAKATTDKGLIRLMMCMGEALRTIGFKVRTASCGGTQCVNTFGDEQLAIDVLADKLLFEALNYSHFCKYACSEELPELQDMGG 15

EFLTKATPDKNLIRLLICMGEAMRTIAFKVRTASCGGTACVNSFGDEQLAVDMLADKLLFEALEYSHVCKYACSEEVPELQDMGG 16

EFLTKATPDKNLIRLLICMGEAMRTIAFKVRTASCGGTACVNSFGDEQLAVDMLANKLLFEALEYSHVCKYACSEEVPELQDMGG 15

EFLVEATPDPKLRQLMMSMAEATRTIAHKVRTASCAGTACVNSFGDEQLAVDMVADKLLFEALKYSHVCKLACSEEVPEPVDMGG 16

PVEGGFSVAFDPLDGSSIVDTNFTVGTIFGVWPGDKLTGITGGDQVAAAMGIYGPRTTYVLAVKGFPGTHEFLLLDEGKWQHVKE 25

PVDGGFSVAFDPLDGSSIVDTNFTVGTIFGVWPGDKLTGVTGGDQVAAAMGIYGPRTTYIIALKDCPGTHEFLLLDEGKWQHVKD 24

PVDGGFSVAFDPLDGSSIVDTNFSVGTIFGVWPGDKLTGVTGRDQVAAAMGIYGPRTTYVLALKDYPGTHEFLLLDEGKWQHVKE 24

PVEGGFSVAFDPLDGSSIVDTNFTVGTIFGVWPGDKLTGVTGGDQVAAAMGIYGPRTTFVVALKDCPGTHEFLLLDEGKWQHVKD 25

PVEGGFSVAFDPLDGSSIVDTNFTVGTIFGVWPGDKLTGVTGGDQVAAAMGIYGPRTTYIVALKDCPGTHEFLLLDEGKWQHVKD 24

---EGFCVAFDPLDGSSIVDTNFAVGTIFGVWPGDKLTNITGREQVAAGMGIYGPRTVFCIALKDAPGCHEFLLMDDGKWMHVKE 24

TTEIAEGKMFSPGNLRATFDNSEYSKLIDYYVKEKYTLRYTGGMVPDVNQIIVKEKGIFTNVTSPTAKAKLRLLFEVAPLGLLIE 33

TTTIGEGKMFSPGNLRATFDNPEYDKLINYYVKEKYTLRYTGGMVPDVNQIIVKEKGIFTNVTSPTAKAKLRLLFEVAPLGFLIE 33

TTEINEGKLFCPGNLRATSDNADYAKLIQYYIKEKYTLRYTGGMVPDVNQIIVKEKGIFTNVISPTAKAKLRLLFEVAPLGFLIE 32

TTTIGEGKMFSPGNLRATFDNPDYDKLVNYYVKEKYTLRYTGGMVPDVNQIIVKEKGIFTNVTSPTAKAKLRLLFEVAPLGFLIE 33

TTTIGEGKMFSPGNLRATFDNPEYDKLINYYVKEKYTLRYTGGMVPDVNQIIVKEKGIFTNVTSPTAKAKLRLLFEVAPLGFLME 32

TTHIGEGKMFAPGNLRATFDNPAYERLINFYLGEKYTLRYTGGMVPDVFQIIVKEKGVFTNVTSPTTKAKLRILFEVAPLALLIE 33

NAGGFSS-DGHK-SVLDKTIINLDDRTQVAYGSKNEIIRFEETLYGTS-RLKN-VPIGVTA                         39

KAGGYSS-DGKQ-SVLDKVINNLDERTQVAYGSKNEIIRFEETLYGSS-RLTAGATVGAAA                         39

KAGGHSS-EGTK-SVLDIEVKNLDDRTQVAYGSLNEIIRFEKTLYGSS-RLEEPVPVGAAA                         38

KAGGHSS-DGKQ-SVLDKVISVLDERTQVAYGSKNEIIRFEETLYGSS-RLAASATVGATA                         39

KAGGYSS-DGKQ-SVLDRVINELDERTQVAYGSKNEIIRFEETLYGSS-RLAASATATARALI                       38

KAGGASSCDGKAVSALDIPILVCDQRTQICYGSIGEVRRFEEYMYGTSPRFSEKVAA                             38

81
79
74
80
70
80

166
164
159
165
155
165

251
249
244
250
240
247

336
334
329
335
325
332

392
392
387
393
385
389

SBP
Arabidopsis thaliana
Oryza sativa
Spinacia oleracea
Trticum aestivum
Zea mays
Chlamydomonas reinhardtii

Arabidopsis thaliana
Oryza sativa
Spinacia oleracea
Trticum aestivum
Zea mays
Chlamydomonas reinhardtii

Arabidopsis thaliana
Oryza sativa
Spinacia oleracea
Trticum aestivum
Zea mays
Chlamydomonas reinhardtii

Arabidopsis thaliana
Oryza sativa
Spinacia oleracea
Trticum aestivum
Zea mays
Chlamydomonas reinhardtii

Arabidopsis thaliana
Oryza sativa
Spinacia oleracea
Trticum aestivum
Zea mays
Chlamydomonas reinhardtii

Arabidopsis thaliana
Oryza sativa
Spinacia oleracea
Triticum aestivum
Zea mays
Chlamydomonas reinhardtii

Arabidopsis thaliana
Oryza sativa
Spinacia oleracea
Triticum aestivum
Zea mays
Chlamydomonas reinhardtii

Arabidopsis thaliana
Oryza sativa
Spinacia oleracea
Triticum aestivum
Zea mays
Chlamydomonas reinhardtii

Arabidopsis thaliana
Oryza sativa
Spinacia oleracea
Triticum aestivum
Zea mays
Chlamydomonas reinhardtii

Arabidopsis thaliana
Oryza sativa
Spinacia oleracea
Triticum aestivum
Zea mays
Chlamydomonas reinhardtii
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PrxQ
Arabidopsis thaliana
Oryza sativa
Spinacia oleracea
Triticum aestivum
Zea mays
Chlamydomonas reinhardtii

Arabidopsis thaliana
Oryza sativa
Spinacia oleracea
Triticum aestivum
Zea mays
Chlamydomonas reinhardtii

Arabidopsis thaliana
Oryza sativa
Spinacia oleracea
Triticum aestivum
Zea mays
Chlamydomonas reinhardtii

Arabidopsis thaliana
Oryza sativa
Spinacia oleracea
Triticum aestivum
Zea mays
Chlamydomonas reinhardtii

MAASSSSFTLCNHTTLRTLPLR---KTLVTKTQFSVPTKSSESNFFGSTLTHSS-------YISPVSSSSLKGLIF-AKVNKGQA 74

MAFAVSTAC--RPSLL--LPPRQRSSPPRP---RPLLCTPSTAAFRRGALSATT---TPTPARAALPSTTGRNRIVCGKVSKGSA 75

MA----SLSLPKHSLISTLPTQTQTRKPISSQNLCILSNATQSQFCGLKLSHTS------PLSSPFTSRSSKLSVI-AKVKEGTL 74

MAFAASTAC-CEPSVL--LAPRASS---LSSSQARLCRPSTSAAFHGLRAPASAFALTPAPRRRAASTG-----IVCGKVSKGSV 74

MAFTPATAC-CKASLA--LAPRASPRSPAACAQAALLCTPSTSVFRGLRAPASA---APAPRRRRSAASTG---IVCGKVAKGSV 76

MQ-----------------TIRAPARAPVASSRRV-------ATFR-------A---APRVSRTPVVVVRAELKV----GEKLED 47

APDF--TLKDQNGKPVSLKKYKGK-PVVLYFYPADETPGCTKQACAFRDSYEKFKKAGAEV-------------IGISGDDSASH 14

APNF--TLRDQDGRAVSLSKFKGR-PVVVYFYPADETPGCTKQACAFRDSYEKFKKAGAEV-------------IGISGDDAASH 14

APAF--SLKDQDGRNVSLSKFKGK-PVVVYFYPADESPGCTKQACSFRDSYEKFKKAGAEV-------------IGISVNDPSSH 14

PPNF--TLKDQDGKTVSLSKFKGK-PVVLYFYPADETPGCTKQIIR-QKTFSPLGSAGASSPLGSRILSKRHGSTTIQASLSSPN 15

PPNF--TLKDQNGKPVSLNKFKGK-PVVVYFYPADETPGCTKQACAFRDSYEKFKKAGAEV-------------IGISGDDAASH 14

YPNYYKVLKTSEGKTISLSSYKGKQPIVLFFYPKAATPGCTKEACRFRDEYSRFTAAGAVV-------------FGISSDSPADN 11

KAFASKYKLPYTLLSDE---GNKVRKDWGVPGDLFGALPGRQT------------------------------------------ 18

KEFKKKYKLPFTLLSDE---GNKVRKEWGVPADLFGTLPGRQT------------------------------------------ 18

KAFKEKYRLPYTLLSDE---DNSVRKEWGIPSDLFGALPGRQT------------------------------------------ 18

PAPRQQKHLAMTIPSQEITEAATPRRQQPIEEELVGNGGGRTCELPTWALIGGVTVGVALALSLSVDAGPAMALGPEGPLLEEFW 24

KAFAQKYRLPFTLLSDE---GNRVRKEWGVPADLFGTLPGRQT------------------------------------------ 18

AAFGKANNLPYPLVTDE---NSILRKTFGIKGDFLGLLPGRQT------------------------------------------ 15

--------YVLDKN-----GVVQLIYNNQFQPEKHI-------DETLKFLKAA                                 21

--------YVLDKN-----GVVQYIYNNQFQPEKHI-------GETLKILQSL                                 21

--------YVLDKN-----GVVQLVYNNQFQPEKHI-------NETLKFLESL                                 21

DNMRRYGLYALTVSTGFAWALVQPIYELLRNPITAVLIIVVMAGGAVLTVQVINAMAGNSDFVYMYEQ                  30

--------YVLDKQ-----GVVQYVYNNQFQPEKHI-------GETLKILQTL                                 21

--------YVIDVN-----GKCVMAFNDQLNVEQHV-------DEALKVLASVKVAA                             19

74
75
74
74
74
47

143
144
143
155
145
119

183
184
183
240
185
159

216
217
216
308
218
196

MAAMNSSVLTCSYAIAGSGSVELNQKVGLVN--SSVGFGQKKQMIMPVIKAQRVVGDDVDGSNGRRSAMVFLAATLFSTAAVSASANAGV 88Arabidopsis thaliana.pro

MAGVNNSL------------VGLKPAAAVPQSAGSPALPKRVHVAAPPKLSRAAAG---------------------APRCWAGQARAGV 57Oryza sativa.pro

MASMNSSVLACSYAMSGAGGLELSSKASSVSCVAPSSLGGSEKLTM--IKAQAQNSQQDKAVEGRRAALFGLAAALVATS-FSSNANAGV 87Spinacia oleracea.pro

MAGVNTSV------------VGLKPAAAVPQSASPAA-AKRVQVAPA---------------KDRRSALLGLAAVFAVTAASAGSARASV 62Triticum aestivum.pro

MAGVNSSV------------VGLKPAAAVPQAAAASSPAKRVQLAAP---------------EGRRAALLGLAAVFAVTATT-GSAKATI 62Zea mays.pro

IDEYLERSKTNKELNDKKRLATSGANFARAFTVQFGSCKFPENFTGCQDLAKQKKVPFISEDIALECEGKDKYKCGSNVFWKW        17Arabidopsis thaliana.pro

FDEYLEKSKANK-----VRM                                                                       72Oryza sativa.pro

IDEYLEKSKANKELNDRKRLATSGANFARANTVQFGTCNFPLNFTGCQDLAKQKKVPFISEDIELECEGKDKFKCGSNVFWKW        17Spinacia oleracea.pro

FDEYLEKSKLNKELNDKKRAATSGANFARAYTVQFGSCKFPYNFTGCQDLAKQKKVPFITDDLEIECEGKEKFKCGSNVFWKW        14Triticum aestivum.pro

FDEYLEKSKANKELNDKKRLATSGANFARAYTVEFGSCQFPYNFTGCQDLAKQKKVPFISDDLEIECEGKEKFKCGSNVFWKW        14Zea mays.pro

PSAN
Arabidopsis thaliana
Oryza sativa
Spinacia oleracea
Triticum aestivum
Zea mays

Arabidopsis thaliana
Oryza sativa
Spinacia oleracea
Triticum aestivum
Zea mays

88

57

87

62

62

171

72

170

145

145

Figure S3. Alignment of mature forms of FNR1, FNRL, PSBO-1, PRK, SBP, cFBP1, PrxQ and PSAN from 
indicated land plants (e.g. Arabidopsis thaliana, Oryza sativa, Spinacia oleracea, Triticum aestivum and Zea 
mays) and algae (e.g. Chlamydomonas reinhardtii).
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Gene  Sequence 

EF-1 alfa 
At1g07940 

Forward 
Reverse 

TTCGTCTCCCACTTCAGGAT 
GGAGCAAAGGTCACAACCAT 

ELIP1 

At3g22840 
Forward 
Reverse 

GTCCAGCACCAGAGAGGATT 
ACCGTCGGAGATCTGAGCTA 

UF3GT 

At5g54060 
Forward 
Reverse 

TTGATGGCAAGGAAATGTCA 
CCACACGAAACTCAGGGATT 

RHM1 

At1g78570 
Forward 
Reverse 

TGGGATGGTCAGAGAGAACC 
AGGAAGCAATGCTCCAGAAA 

GSTU20 

At1g78370 
Forward 
Reverse 

TAGAGTTGCGTTGCGAGAGA 
CGGGATTTTCTTGTGAATGG 

IPMI1 

At3g58990 
Forward 
Reverse 

CAGGCGAGTCAATAACCAGAG 
GAAGGGATGAGAGTGCCGTA 

FLS1 

At5g08640 
Forward 
Reverse 

ACAACATTCCGAGGTCCAAC 
AATAGCCCCCATTCTTCACTC 

At5g41670 Forward 
Reverse 

TCAGAACACAGAGCGACGAA 
GCATAAGAGAAGGACCATTACGA 

HDA3 

At3g44750 
Forward 
Reverse 

GATGATTCTGATGGTGAGGATTC 
CAGGTGCTTTAGGGGTAGTTTC 

BT1 

At5g63160 
Forward 
Reverse 

ATCTTGCCGTGTCCCTCTTT 
GCAGACGCTACTCTTCTCACC 

J8 

At1g80920 
Forward 
Reverse 

TACCCCACAATTGCTTCCTC 
TTAAGATCCGACCCGATTCA 

RAB18 

At5g66400 
Forward 
Reverse 

CGCTTGAGCTTGACCAGACT 
TAGCTCGGAGGATGATGGAC 

UGT74E2 

At1g05680 
Forward 
Reverse 

CACAAGCTTTGGACCCATTT 
TGTGGTGGATCAGCTCTCAA 

 

Table S1. Primers used in qRT-PCR
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CAPÍTULO II

Proteostatic regulation of MEP and shikimate pathways 
by redox-activated photosynthesis signaling in plants 
exposed to microbial volatiles
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INTRODUCTION
Microbes can produce volatile compounds (VCs) that promote plant growth, 
photosynthesis and developmental changes (Ryu et al., 2003; Zhang et al., 2008; 
Kanchiswamy et al., 2015; Ditengou et al., 2015; Garnica-Vergara et al., 2016; 
Sánchez-López et al., 2016b; García-Gómez et al., 2020). In Arabidopsis, promotion 
of growth and photosynthesis by microbial VCs is associated with enhanced levels 
of soluble sugars, starch resulting from the activation of non-canonical biosynthetic 
pathway(s), anthocyanins and photosynthetic pigments (Zhang et al., 2008; Ezquer et 
al., 2010; Sánchez-López et al., 2016a; Sánchez-López et al., 2016b; Ameztoy et al., 
2019; García-Gómez et al., 2019). This response is also associated with reduction in 
the contents in leaves of abscisic acid (ABA), and enhancement of cytokinins (CKs) 
derived from the plastid-localized 2-C-methyl-D-erythritol 4-phosphate (MEP) 
pathways (Zhang et al., 2008; Sánchez-López et al., 2016b; Ameztoy et al., 2019). 
Transcriptomic changes induced by microbial VCs are similar to those occurring in 
plants cultured under conditions that enhance photosynthesis such as exposure to 
elevated CO2 and increased irradiance (García-Gómez et al., 2019), despite substantial 
differences in induced developmental and metabolic changes (Sánchez-López et al., 
2016b; García-Gómez et al., 2019). This suggests that (i) transcriptional changes in 
microbial VC-exposed plants are mainly due to enhanced photosynthesis signaling, and 
(ii) regulation of some plant responses to fungal VCs is primarily non-transcriptional 
(García-Gómez et al., 2019). This hypothesis is supported by recent quantitative and 
site-specific redox-proteomic analyses showing that microbial VCs promote global 
thiol redox proteome changes including the reduction of highly conserved Cys residues 
of redox-regulated Calvin-Benson cycle (CBC) enzymes (e.g. phosphoribulokinase, 
sedoheptulose-1,7-bisphosphatase and one of the two isoforms of plastid-localized 
fructose-1,6-bisphosphatase [cFBP1]), and proteins involved in photochemical reactions 
of photosynthesis (Ameztoy et al., 2019).

The carbon fixed by the CBC can be used for sucrose and starch biosynthesis, 
and is also essential to provide substrates for the synthesis of secondary compounds 
that are important for growth and development (e.g. phenylpropanoids and isoprenoids) 
via the plastid-localized shikimate and MEP pathways. Modulation of the metabolic 
flux towards the shikimate pathway involves substrate (e.g. erythrose-4-phosphate, 
E4P) provision by the CBC (Henkes et al., 2001), and feedback allosteric inhibition 
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and redox regulation of the first enzyme of the pathway (e.g. phospho-2-dehydro-3-
deoxyheptonate aldolase [DHS]) (Entus et al., 2002; Tzin et al., 2012). Nishimura et 
al. (2013) reported that DHS is recognized by the Clp protease system, and suggested 
that Clp-regulated proteolysis could provide a mechanism of control of the shikimate 
pathway activity. The MEP pathway uses pyruvate and glyceraldehyde 3-phosphate 
(GAP) to produce the universal prenyl diphosphate precursors of isoprenoid compounds. 
Works centered on the identification of the mechanisms that control the metabolic flux 
through the MEP pathway in leaves indicate multiple levels of regulation. One level 
reflects the dependence of the MEP pathway on the availability of GAP, which in turn 
depends on photosynthetic activity (Ghirardo et al., 2010; Pokhilko et al., 2015). Another 
level involves coarse control by transcriptional regulation of the expression of MEP 
pathway genes (Carretero-Paulet et al., 2002; Cordoba et al., 2009; Vranová et al., 2013) 
whereas fine regulation involves post-translational control of the first enzymatic step 
of the MEP pathway, which is catalyzed by 1-deoxy-D-xylulose-5-phosphate synthase 
(DXS). Consistent with its major contribution to the control of the MEP pathway flux 
(Wright et al., 2014) DXS abundance and activity are regulated by post-translational 
mechanisms including (i) degradation or activation through a pathway involving the 
J-protein adaptor J20, Hsp70 chaperones, the Hsp100 chaperones ClpB3 and ClpC1 and 
the Clp protease complex (Pulido et al., 2013; Pulido et al., 2016; Llamas et al., 2017; 
Rodríguez-Concepción et al., 2019), and (ii) allosteric inhibition by MEP pathway 
products (Banerjee et al., 2013; Ghirardo et al., 2014).

Fungal VCs-promoted accumulation of chlorophylls and plastidial CKs in leaves is 
not associated with enhanced expression of genes encoding enzymes directly involved 
in the synthesis of these compounds (Sánchez-López et al., 2016b). As there is a strong 
direct dependence of the MEP pathway flux on photosynthetically produced GAP, this 
indicates that enhanced MEP pathway-derived metabolism in response to microbial 
VCs can be due, at least partly, to enhanced photosynthetic activity (García-Gómez 
et al., 2019). Alternatively and/or additionally, enhancement of MEP pathway-derived 
metabolism by microbial VCs can be due to non-transcriptional up-regulation of the 
expression of enzymes of the MEP pathway caused by signaling of redox-activated 
photosynthesis. To test these hypotheses, and to obtain insights into the mechanisms 
involved in the plant responses to microbial VCs, we compared proteomic, metabolic 
and hormonal responses of wild-type (WT) Arabidopsis plants and a cFBP1 knock 
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out mutant (cfbp1) to VCs emitted by the fungal phytopathogen Alternaria alternata. 
Arabidopsis expresses two plastidial fructose-1,6-bisphosphatases: cFBP1, which is 
redox-regulated by light, and cFBP2, which is not redox-regulated (Serrato et al., 2009, 
Rojas-González et al., 2015). As the CBC is subject to redox control (Michelet et al., 
2013) and appears to be redox-activated by microbial VCs (Ameztoy et al., 2019), we 
reasoned that if the microbial VC-promoted response is subject to control by substrate 
provision and/or non-transcriptional regulation of CBC-related pathways by enhanced 
photosynthesis, the response of cfbp1 plants to fungal VCs should be weaker than 
that of WT plants. Conversely, if redox-activation of photosynthesis does not play an 
important role in regulation of CBC-related pathways that are important for growth 
and development, the responses of WT and cfbp1 plants to microbial VCs should be 
similar. The results presented in this work are consistent with the former scenario and 
provide evidence that the response of plants to fungal VCs is subject to post-translational 
regulation of the homeostasis of enzymes of the MEP and shikimate pathways by the 
plastid protein quality control (PQC) system. Our results also show that investigating the 
response of plants to microbial VCs constitutes an excellent system to obtain knowledge 
on the fundamental mechanisms involved in plant-microbe interactions and metabolic 
regulation in plants.

MATERIALS AND METHODS
Plant and microbial cultures, growth conditions and sampling 
The work was carried out using Arabidopsis thaliana L. (Heynh) ecotype Columbia (Col-
0), the cfbp1 mutant (Rojas-González et al., 2015), the cfbp2 mutant (SALK_053799) and 
the clpc1 and clpr1-2 mutants (Pulido et al., 2016). Plants were cultured in Petri dishes 
(92 x 16 mm, Sarstedt, Ref. 82.1472.001) containing 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. Fungi were cultured in 
Petri dishes 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 
in which plants are grown in the vicinity of fungal cultures covered with volatile organic 
compounds-adsorbing charcoal filters as described in (García-Gómez et al., 2019). At 
the indicated incubation periods, leaves were harvested, immediately freeze-clamped 
and ground to a fine powder in liquid nitrogen with a pestle and mortar.
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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). The net rate of CO2 assimilation (An) was calculated as described by von 
Caemmerer and Farquhar (1981). The maximum rate of carboxylation by Rubisco 
(Vcmax), triose phosphate use (TPU) and maximum electron transport demand for RuBP 
regeneration (Jmax) values were calculated from An/Ci curves (where Ci is the intracellular 
CO2 concentration) according to Long and Bernacchi (2003). To avoid miscalculation 
of An and Ci because of leakage into the gasket of the gas analyser, we performed CO2 
response curves using an empty chamber. The values obtained for An and Ci in the empty 
chamber were compared with those of the chamber filled with a leaf and subtracted from 
the values obtained with the empty chamber. The rate of mitochondrial respiration in 
the dark necessary for TPU calculation was determined by measuring the rate of CO2 
evolution in the dark.

Analytical procedures
Tocopherols were extracted according to Kobayashi and DellaPenna (2008) and 
quantified by fluorescence HPLC (Kanwischer et al., 2005). Flavonols (e.g. quercetin 
and kaempferol) were measured according to Yin et al. (2012). Levels of CKs and ABA 
were determined following Novák et al. (2008) and Floková et al. (2014), respectively. 
IAA and IAA conjugates contents were determined essentially as described by Stirk et al. 
(2004). Recovery experiments were carried out by adding known amounts of metabolite 
standards to the frozen slurry immediately after the addition of extraction solutions. The 
difference between the measurements from samples with and without added standards 
was used as an estimate of the percentage recovery. All presented concentrations of these 
metabolites were corrected for losses during extraction. Total photosynthetic pigments 
and anthocyanins contents were quantified according to Lichtenthaler (1987) and Teow 
et al. (2007), respectively. 

Real-time quantitative PCR
Total RNA was extracted from frozen Arabidopsis leaves of in vitro cultured plants 
using the Trizol method according to the manufacturer’s recommendations (Invitrogen), 
following treatment with RNAase-free DNAase (Takara). RNA (1.5 μg) was reverse-
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transcribed using polyT primers and an Expand Reverse Transcriptase kit (Roche) 
according to the manufacturer’s instructions. RT-PCR amplification was performed as 
described by Sánchez-López et al. (2016b) using primers listed in Table S1, and their 
specificity was checked by separating the obtained products on 1.8% agarose gels.

Label-free proteomic analysis

Protein sample extraction
Samples were prepared by grinding 200 mg of leaf material into a fine powder under 
liquid nitrogen using a precooled mortar and pestle. The powder was then mixed with 
chaotropic lysis buffer containing 8.4 M urea (USB Corporation, Cleveland, OH), 2.4 M 
thiourea (Sigma-Aldrich), 5 % CHAPS (Sigma-Aldrich), 5 mM TCEP (Sigma-Aldrich) 
and a protease inhibitor cocktail (Sigma-Aldrich), and incubated for 15 min on ice. 
Homogenization of the pellet was achieved by ultrasonication for 5 min on ultrasonic 
bath Branson 2510 (Marshall Scientific, New Hampshire, USA). The homogenate was 
centrifuged at 20000 × g for 10 min at 4 °C, and the supernatant containing the solubilized 
proteins was used for further analysis. Samples were then precipitated by methanol/
chloroform method and re-suspended in 100 µl of multichaotropic sample solution UTT 
buffer (7 M Urea, 2 M thiourea, 100 mM TEAB (Sigma-Aldrich)). Twenty µg of sample 
quantified by colorimetric method Pearse was reduced with 2 µL of 50 mM TCEP, pH 
8.0, at 37 °C for 60 min, followed by addition of 1 µL of 200 mM cysteine-blocking 
reagent MMTS (SCIEX, Foster City, CA) for 10 min at room temperature. Sample was 
diluted to 100 µL to reduce the urea concentration with 25 mM TEAB. Finally, digestion 
was initiated by adding 1 µg of Pierce MS-grade trypsin (Thermo-Fisher Scientific Inc.) 
to each sample in a ratio 1 :20 (w/w), and then incubated at 37 °C overnight on a shaker. 
Sample digestion was evaporated to dryness in a vacuum concentrator.

Liquid chromatography and mass spectrometer analysis
Digested sample was desalted using Stage-Tips with Empore 3M C18 disks (Sigma-
Aldrich). A 1 µg aliquot of each digested sample was subjected to 1D-nano LC ESI-
MSMS analysis using a nano liquid chromatography system (Eksigent Technologies 
nanoLC Ultra 1D plus, SCIEX, Foster City, CA) coupled to high speed Triple TOF 
5600 mass spectrometer (SCIEX, Foster City, CA) with a Nanospray III source. The 
analytical column used was a silica-based reversed phase Acquity UPLC® M-Class 
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Peptide BEH C18 Column, 75 µm × 150 mm, 1.7 µm particle size and 130 Å pore size 
(Waters). The trap column was a C18 Acclaim PepMapTM 100 (Thermo Scientific), 100 
µm × 2 cm, 5 µm particle diameter, 100 Å pore size, switched on-line with the analytical 
column. The loading pump delivered a solution of 0.1% formic acid in water at 2 µl/min. 
The nano-pump provided a flow-rate of 250 nl/min and was operated under gradient 
elution conditions. Peptides were separated using a 250 minutes gradient ranging from 
2% to 90% mobile phase B (mobile phase A: 2% acetonitrile, 0.1% formic acid; mobile 
phase B: 100% acetonitrile, 0.1% formic acid). Injection volume was 5 µl. 

Data acquisition was performed with a Triple Time of Flight (TOF) 5600 System 
(SCIEX, Foster City, CA). Data was acquired using an ion spray voltage floating (ISVF) 
of 2300 V, a curtain gas (CUR) of 35, an interface heater temperature (IHT) of 150, 
an ion source gas 1 (GS1) of 25 and a declustering potential (DP) of 100 V. All data 
was acquired using information-dependent acquisition (IDA) mode with Analyst TF 
1.7 software (SCIEX, USA). For IDA parameters, 0.25s MS survey scan in the mass 
range of 350–1250 Da were followed by 35 MS/MS scans of 100ms in the mass range 
of 100–1800 (total cycle time: 4 s). Switching criteria were set to ions greater than mass 
to charge ratio (m/z) 350 and smaller than m/z 1250 with charge state of 2–5 and an 
abundance threshold of more than 90 counts (cps). Former target ions were excluded 
for 15s. IDA rolling collision energy (CE) parameters script was used for automatically 
controlling the CE.

Data analysis and quantification
The mass spectrometry data obtained were processed using PeakView® 2.2 Software 
(SCIEX, Foster City, CA) and exported as mgf files. Proteomics data analysis were 
performed by using four search engines (Mascot Server v.2.6.1, OMSSA, X!Tandem 
and Myrimatch) and a target/decoy database built from sequences in the Solanum 
tuberosum proteome at Uniprot Knowledgebase. All search engines were configured to 
match potential peptide candidates to recalibrated spectra with mass error tolerance of 
10 ppm and fragment ion tolerance of 0.02 Da, allowing for up to two missed tryptic 
cleavage sites and a maximum isotope error (13C) of 1, considering fixed MMTS 
modification of cysteine and variable oxidation of methionine, pyroglutamic acid from 
glutamine or glutamic acid at the peptide N-terminus. Score distribution models were 
used to compute peptide-spectrum match p-values1, and spectra recovered by a false 
discovery rate (FDR) ≤ 0.01 (peptide-level) filter were selected for quantitative analysis. 
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Differential regulation was measured using linear models2, and statistical significance 
was measured using q-values (FDR). All analyses were conducted using software from 
Proteobotics (Madrid, Spain).

Statistical analysis
Unless otherwise indicated, presented data 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 and not exposed 
to A. alternata VCs was statistically evaluated with Student´s t-test using the SPSS 
software. Differences were considered significant if P<0.05. 

RESULTS
Fungal VCs do not promote growth of cfbp1 plants 
Using a “box-in-box” co-cultivation system in which plants are grown in the vicinity 
of microbial cultures covered with charcoal filters (García-Gómez et al., 2019), we 
compared growth responses of in vitro cultured WT, cfbp1 and cfbp2 plants to VCs 
emitted by adjacent A. alternata cultures. In the absence of fungal VCs, shoots of the 
cfbp2 mutant displayed a WT growth phenotype (Figure 1). In keeping with Rojas-
González et al. (2015), cfbp1 plants were smaller than those of WT plants, a phenotype 
that could be rescued by sucrose supplementation (Figure 1). As in WT plants, 
fungal VCs promoted growth of cfbp2 plants cultured in MS with or without sucrose 
supplementation (Figure 1). In contrast, regardless of the inclusion of sucrose in the 
culture medium, fungal VCs did not promote growth of cfbp1 plants (Figure 1). Fungal 
VCs did not promote growth in WT plants cultured in sucrose containing medium under 
dark conditions (Figure 2), strongly indicating that photosynthesis plays an important 
role in the response of plants to fungal VCs.

Fungal VCs do not increase photosynthetic capacities of exposed cfbp1 plants
Whether the imperturbability of cfbp1 plants to fungal VCs could be due to non-
responsiveness of photosynthesis to fungal VCs was investigated by comparing key 
photosynthetic parameters of fully developed WT and cfbp1 plants cultured in the 
absence or continuous presence of adjacent fungal cultures. Under non-induced 
conditions, An at all Ci levels as well as Vcmax, Jmax and TPU values were lower in cfbp1 



96

K. AmeztoyCapítulo II

plants than in WT plants (Figure 3, Table 1), which is consistent with Rojas-González 
et al. (2015). Leaves of fungal VC-treated WT plants had higher An values than controls 
at all Ci levels (Figure 3) as found by Sánchez-López et al. (2016b). Fungal VC-treated 
WT leaves also had higher Vcmax, TPU and Jmax values than non-treated controls (Table 
1). In contrast, no significant differences were observed in An values between fungal 
VC-treated and non-treated cfbp1 leaves at any Ci levels (Figure 3). Consistently, no 
significant differences in Vcmax, TPU and Jmax values were observed between VC-treated 
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Figure 1. Fungal VCs do not promote growth of cfbp1 plants. (a) External phenotypes and (b) rosette  
FW of WT, cfbp1 and cfbp2 plants cultured in the absence or continuous presence of adjacent A. alternata 
cultures covered with VOC-adsorbing charcoal filters for one week. Values in “B” are means ± SE for three 
biological replicates (each a pool of 12 plants) obtained from four independent experiments. Asterisks indicate 
significant differences relative to plants not cultured with adjacent fungal cultures based on Student´s t-test 
(P<0.05).
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and non-treated cfbp1 leaves (Table 1).

Fungal VCs exposure do not alter the 
levels of MEP and shikimate pathways-
derived compounds in cfbp1 leaves.
We next compared the effects of fungal 
VCs on contents of MEP pathway-derived 
compounds (e.g. ABA, CK, tocopherols, 
chlorophylls and carotenoids) and 
shikimate pathway-derived compounds 
such as phenylpropanoids (e.g. flavonols 
and anthocyanins) and indole acetic acid 
(IAA) and IAA conjugates in mature leaves 
of WT and cfbp1 plants. In the absence of 
fungal VCs, cfbp1 leaves had similar to 
WT contents of CK, ABA, γ-tocopherol, 
flavonols (e.g. kaempherol and quercetin) 
and total anthocyanins, higher levels 
of IAA and IAA conjugates than WT 
leaves, and lower levels of α-tocopherol 

than WT plants (Figure 4, Figure 5, Table S2). In keeping with Rojas-González et al. 
(2015), cfbp1 leaves accumulated lower levels of total chlorophylls and carotenoids 
than WT leaves (Figure 4). As shown in Figure 4 and Figure 5, A. alternata VCs 
caused a significant increase in contents of chlorophylls, carotenoids, anthocyanins and 
flavonols, and a reduction in contents of ABA, tocopherols and IAA conjugates in WT 
leaves, but had no effect in cfbp1 leaves. Moreover, fungal VCs enhanced the contents 
of precursors, active and transport forms of plastidial CKs in leaves of both WT and 
cfbp1 plants (Table S2).

Fungal VCs exposure weakly alter the proteome of cfbp1 leaves 
We carried out high-throughput differential proteomic analysis of leaves of WT and 
cfbp1 Arabidopsis plants cultured in the absence or presence for 3 days of VCs emitted 
by adjacent A. alternata cultures. As some responses promoted by fungal VCs can be 
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Figure 2. Light is an essential component of the 
response of plants to fungal VCs. (a) External 
phenotypes and (b) rosette FW of WT plants cultured 
in darkness in solid MS medium supplemented with 
sucrose in the absence or continuous presence of 
adjacent A. alternata cultures covered with VOC-
adsorbing charcoal filters for one week. Values in “B” 
are means ± SE for three biological replicates (each 
a pool of 12 plants) obtained from four independent 
experiments.
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due to fine regulation of the proteome, this 
analysis was conducted using a label-free-
based (spectral counting and ion intensity-
based) strategy, which is known to 
provide the deepest proteome coverage for 
identification of differentially expressed 
proteins (DEPs) among available 
quantitative proteomic methods (Megger 
et al., 2014). 

As shown in Table S3 and Table 
S4, 1054 and 68 out of the 3135 proteins 
identified in the study of WT plants were 
proteins with known functions that were 

differentially expressed by fungal VCs with statistical significance levels of “confident” 
(established at qvalue levels ≤ 0.01) and “likely” (established at qvalue levels ≥ 0.01 and 
≤ 0.05), respectively. Among the population of 1054 proteins differentially expressed by 
VCs in WT plants at a “confident” statistical significance level, 569 were up-regulated 
and 485 were down-regulated (Table S3). Unlike in WT plants, fungal VCs did not 
promote changes in the expression of proteins at “confident” statistical significance 
level in cfbp1 plants, and only 298 out of the 3168 proteins identified in the study plants 
were differentially expressed with a “likely” statistical significance level (Table S5). 
Proteomic analysis of leaves of WT and cfbp1 plants not exposed to fungal VCs revealed 
that knocking out cFBP1 causes important changes in the leaf proteome, including 
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Figure 3. Fungal VCs do not increase 
photosynthetic capacities of exposed cfbp1 
plants. Curve of net CO2 assimilation rate (An) 
versus intercellular CO2 concentration (Ci) in leaves 
of WT and cfbp1 plants cultured in the absence 
or continuous presence of adjacent A. alternata 
cultures covered with charcoal filters for three 
days. Treatment started 28 days after sowing plants. 
Values are means ± SE for four plants.

 
Vcmax 

(µmol CO2 m-2 s-1) 
Jmax 

(µmol e- m-2 s-1) 
TPU

(µmol Pi m-2 s-1)  
WT 20,2 ± 0,4 50,2 ± 1,3 1,11 ± 0,17 

WT + VCs 25,4 ± 0,6* 63,9 ± 1,7* 1,54 ± 0,05* 
cfbp1 11,7 ± 0,6 28,3 ± 3,4 0,67 ± 0,13 

cfbp1 + VCs 12,3 ± 0,3 29,5 ± 2,5 0,68 ± 0,09 
 

Table 1. Photosynthetic parameters of leaves of WT and cfbp1 plants cultured in the absence or continuous 
presence of VCs emitted by adjacent A. alternata cultures covered with charcoal filters for three days. Values 
are means ± SE for three biological replicates (each a pool of 4 plants) obtained from four independent 
experiments. 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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disturbance of the expression of proteins involved in the plastidial PQC system and 
down-regulation of the expression of plastidial thioredoxins and MEP pathway- and 
photosynthesis related enzymes (Figure 6, Table S6).
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Figure 4. Fungal VCs do not alter the contents of some MEP and shikimate pathways-derived compounds 
in leaves of cfbp1 plants. The graphics represent the contents of MEP and shikimate pathways-derived 
compounds in leaves of WT and cfbp1 plants cultured in solid MS medium without sucrose supplementation 
in the absence or continuous presence of adjacent A. alternata cultures covered with charcoal filters for 3 days. 
Values are means ± SE for three biological replicates (each a pool of 12 plants) obtained from four independent 
experiments. 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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Fungal VCs alter the expression of enzymes of the MEP and shikimate pathways 
and of proteins involved in the plastid proteostasis in WT plants
Using the broad characterizations outlined by the MapMan tool (https://mapman.gabipd.
org/) (Thimm et al., 2004), the 1054 proteins differentially expressed by fungal VCs in 
WT leaves were assembled into 33 functional groups according to the Mapman tool 
(Figure 7). Predicted locations of these proteins obtained using the SUBA4 Arabidopsis 
protein subcellular localization database included almost all cellular compartments, 
but the highest proportions had predicted plastidial location (Table S3, Figure S1). 
Fungal VCs enhanced the expression of plastidial proteins including redox enzymes 
(e.g. TRXM2, TRXM4, TRXF1 and NTR2), MEP pathway enzymes (e.g. DXS, DXR, 
HDR and IDI1), enzymes involved in the synthesis of chlorophyll (e.g. GSA2, HEMA1, 
HEMC, CPX1, CHLI1, CHLI2, CHLM, GUN5, CRD1, PORB, PORC, GUN4 and 
CHLP) and carotenoids (e.g. LUT2), shikimate pathway enzymes (e.g. DHS1 and 
DHS2) and phenylpropanoid pathway enzymes (e.g. PAL1, CHS, F3PE, FLS1 and 
UGT74C1) (Figure 7, Table S3). Fungal VCs also down-regulated the expression of 
enzymes involved in carotenoid breakdown (e.g. CCD4), the synthesis of ABA from 
carotenoids (e.g. ZEP) and the conversion of chorismate into tocopherols (e.g. VTE1) 
and IAA and IAA conjugates (e.g. ASA2, At1g70570, NIT2 and UGT75B1) (Figure 7, 

0

0.4

0.6

0.8

1.0

0.2

1.0

1.5

2.0

2.5

0.5

0

To
ta

l c
ar

ot
en

oi
ds

 
(m

g/
g 

FW
)

To
ta

l c
hl

or
op

hy
lls

  (
m

g/
g 

FW
)

0

20

40

60

80

100

0
2
4
6
8

10
12
14
16

��
To

co
ph

er
ol

 (n
m

ol
/g

 F
W

)

�
 T

oc
op

he
ro

l  
(n

m
ol

/g
 F

W
)

-VCs
+VCs

-VCs
+VCs

-VCs
+VCs

-VCs
+VCs

WT cfbp1 WT cfbp1

WT cfbp1 WT cfbp1

M
EP

 p
at

hw
ay

 d
er

iv
ed

 c
om

po
un

ds

* *

*

*

To
ta

l a
nt

ho
cy

an
in

s
 (m

g/
g 

FW
)

0

10

15

20

25

30

5

4

6

8

10

12

2

0

1.0
1.5
2.0
2.5
3.0
3.5
4.0

0.5
0

Ka
em

pf
er

ol
 (�

m
ol

/g
 F

W
)

Q
ue

rc
et

in
  (
�m

ol
/g

 F
W

)

-VCs
+VCs

-VCs
+VCs

-VCs
+VCs

-VCs
+VCs

WT cfbp1 WT cfbp1

WT cfbp1

Sh
ik

im
at

e 
pa

th
w

ay
 d

er
iv

ed
 c

om
po

un
ds

*

*

*

*

*

0.4
0.6
0.8
1.0
1.2
1.4
1.6

0.2
0

Sh
ik

im
at

e 
(�

m
ol

/g
 F

W
)

WT cfbp1

*

Figure 5. Fungal VCs do not alter the contents of some MEP and shikimate pathways-derived 
compounds in leaves of cfbp1 plants. The graphics represent the contents of MEP and shikimate pathways-
derived compounds in leaves of WT and cfbp1 plants cultured in solid MS medium supplemented with 
sucrose in the absence or continuous presence of adjacent A. alternata cultures covered with charcoal filters 
for 3 days. Values are means ± SE for three biological replicates (each a pool of 12 plants) obtained from 
four independent experiments. 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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Table S3). Except CCD4, ZEP, F3PE, PAL1, FLS1 and CHS, none of the above proteins 
are encoded by fungal VC responsive genes (cf. Supplemental Table 3 in Sánchez-López 
et al., 2016b), indicating that changes in the leaf proteome promoted by fungal VCs 
are subject to non-transcriptional regulation. No changes in the expression of enzymes 
directly involved in CK metabolism could be observed upon fungal VC treatment. 

Fungal VC exposure also altered the expression of proteins of the plastidial PQC 
system. Thus, fungal VCs reduced the expression of 4 plastidial ATP-dependent zinc 
metalloproteases (e.g. FTSH1, FTSH2, FTSH5 and FTSH8), one serine protease (e.g. 
SPPA), several subunits of the proteolytic core of the ATP-dependent serine-type 
Clp protease complex (e.g. ClpP5, ClpP6 and ClpR3) and the Clp stabilizer ClpT2 
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Figure 6. Knocking out cFBP1 reduces the expression of enzymes of the MEP pathways and of proteins 
involved in the plastidial proteostasis. The graphic represents the functional categorization of the proteins 
that are differentially expressed by knocking out cFBP1. The proteins that are down- and up-regulated by the 
lack of cFBP1 expression were sorted according to the putative functional category assigned by MapMan 
software. The number of up- and down-regulated proteins in each categorical group is indicated by gray and 
black bars, respectively. Almost 1100 out of the 3140 proteins identified in this proteomic study were proteins 
with known functions that were differentially expressed by the lack of cFBP1 with “confident” statistical 
significance levels (Table S6). Among these proteins, 669 were up-regulated and 425 were down-regulated 
(Table S6). Note that knocking down cFBP1 reduced the expression of enzymes that control the redox status 
of plastidial proteins (e.g. FTRC, FTRA2, TRXF1, TRXF2, TRXM1, TRXM2, TRXM4, TRXX, TRXY1 and 
TRXY2) and MEP pathway enzymes (e.g. ISPD and ISPF). The lack of cFBP1 also enhanced the expression 
of 3 out of the 9 plastidial ATP-dependent zinc metalloproteases (e.g. FTSH1, FTSH2 and FTSH6), and 
reduced the expression of the 2 plastidial Hsp70 chaperones (e.g. HSP70-6 and HSP70-7), one Hsp40/DnaJ 
family chaperone member (e.g. DJA7), 2 out of the 6 plastidial chaperonins (e.g. CPN60B1 and CPN60B2) 
and 2 out of the 3 plastidial co-chaperonins (e.g. CPN10-2 and CPN20) that are expressed in Arabidopsis.
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(Figure 7, Table S3). VC exposure also augmented the expression of chaperones that 
are implicated in the folding and onward guidance of newly imported plastid proteins 
into their native states, including 4 out of the 6 plastidial chaperonins (e.g. CPN60A1, 
CPN60B1, CPN60B2 and CPN60B3) and the 3 plastidial co-chaperonins of Arabidopsis 
(e.g. CPN20, CPN10-1 and CPN10-2) (Kessler and Blobel 1996; Zhao and Liu 2018) 
(Figure 7, Table S3). 

Fungal VCs alter the expression of genes encoding proteins of the PQC system in 
WT plants 
Regulation of the MEP pathway requires chloroplast-to-nucleus communication that 
involves Clp protease-regulated expression of nuclear genes encoding plastid-targeted 
chaperones (Llamas et al., 2017; Rodríguez-Concepción et al., 2019). Changes in the 
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Figure 7. Fungal VCs alter the expression of enzymes of the MEP and shikimate pathways and of 
proteins involved in the plastidial proteostasis in WT plants. The graphic represents the functional 
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obtained from Table S3.
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levels of Clp protease components, and plastidial chaperonins and co-chaperonins 
promoted by fungal VCs in WT plants, but not in cfbp1 plants, suggested chloroplast-
to-nucleus signaling of enhanced photosynthesis. To test this hypothesis we analyzed 
by qRT-PCR levels of transcripts encoding fungal VC-responsive proteins of the PQC 
system in WT and cfbp1 plants cultured in the absence or presence of fungal VCs. These 
analyses revealed that fungal VCs up-regulated the expression of CPN60A1, CPN60B1, 
CPN60B2, CPN60B3, CPN20 and CPN10-2, and down-regulated the expression of 
ClpP4, ClpP5 and ClpR3 in WT plants (Figure 8). As shown in Figure 9, fungal VCs 
did not enhance the expression of plastidial chaperonin and co-chaperonin encoding 
genes in cfbp1 plants.

Plants with disrupted plastidial proteostasis weakly respond to fungal VCs
Plants with decreased Clp proteolytic capacity accumulate high levels of DXS, DXR, 
HDR, DHS1, DHS2, THIC, THI1, HEMERA, HEMA1, GUN4, GUN5, TRXM2, 
TRXM4, SKL2, ClpC2, CPN60A1, CPN60B1, CPN60B2, CPN60B3, CPN20, CPN10-
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1 and CPN10-2 (Rudella et al., 2006; Zybailov et al., 2009; Nishimura et al., 2013; 
Pulido et al., 2016; Moreno et al., 2018; Rodríguez-Concepción et al., 2019). Up-
regulation of these proteins and down-regulation of ClpP5, ClpP6, ClpR3 and ClpT2 
promoted by fungal VCs (Figure 7, Table S3) suggested that fine regulation of plastid 
proteostasis plays important roles in the response of plants to microbial VCs. To test 
this hypothesis we characterized the response of clpr1-2 and clpc1 mutants defective 
in Clp protease activity and in the Hsp100 chaperone ClpC1 that delivers the protein 
clients to the Clp catalytic core, respectively. In the absence of fungal VCs both clpr1-2 
and clpc1 plants were slightly smaller and accumulated less photosynthetic pigments 
than WT plants (Figure 10), as reported by Welsch et al. (2018). Notably, fungal 
VC-promoted growth was substantially weaker in the two mutants than in WT plants 
(Figure 10). Furthermore, unlike in WT plants, VCs did not enhance total chlorophylls 
and carotenoids in the mutants (Figure 10).
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Figure 9. Fungal VCs do not enhance the expression of genes encoding plastidial chaperones in cfbp1 
plants. Relative abundance of transcripts encoding plastidial chaperones differentially expressed by fungal 
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PCR) in leaves of cfbp1 plants cultured in the presence of fungal VCs for 3 days relative to those of leaves 
of plants cultured in the absence of VCs. Gray dashed lines indicate the threshold of log2-fold change = 1 
(2-fold change) to consider genes as significantly regulated by fungal VCs. Values are means ± SE for three 
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DISCUSSION
Redox activation of photosynthetic CO2 fixation is an important determinant of 
plant responses to microbial VCs
We have recently shown that microbial VCs promote global reduction of the thiol redox 
proteome of WT leaves, especially of CBC enzymes, which could partly explain the 
stimulatory growth and photosynthetic responses of plants to VCs (Ameztoy et al., 
2019). Here we found that, unlike in WT and redox sensitive cFBP1-expressing cfbp2 
plants, fungal VCs did not stimulate growth and photosynthesis in redox insensitive 

Figure 10. Plants with disrupted plastidial proteostasis weakly respond to fungal VCs. (a) External 
phenotypes and (b) rosette FW of WT, clpc1 and clpr1-2 plants cultured in the absence or continuous presence 
of adjacent A. alternata cultures for one week. (c) Total contents of total chlorophylls and carotenoids in 
leaves of WT, clpc1 and clpr1-2 plants cultured in the absence or continuous presence of adjacent A. alternata 
cultures for 3 days. Values in “a” and “c” are means ± SE for three biological replicates (each a pool of 
12 plants) obtained from four independent experiments. 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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cFBP2-expressing cfbp1 plants (Figure 1, Figure 3, Table 1). Furthermore, fungal 
VCs did not alter the contents of some phenylpropanoid and MEP pathways-derived 
compounds in cfbp1 leaves (Figure 4, Figure 5). Moreover, unlike in WT plants, fungal 
VCs weakly promoted changes in the proteome of cfbp1 leaves (Figure 7, Table S3, 
Table S5). Finally, fungal VCs did not promote growth of WT plants cultured in sucrose 
containing medium under dark conditions (Figure 2). These observations indicate that 
enhancement of photosynthetic CO2 fixation through light-dependent redox-activation 
of CBC enzymes is an important determinant of the plants´ growth, proteomic and 
metabolic responses to fungal VCs.

Proteome changes triggered by fungal VCs can account for many of the changes 
in the contents of MEP and shikimate pathways-derived compounds promoted by 
VCs 
Data presented in this work indicate that fungal VC-promoted changes in the levels 
of MEP and shikimate pathways-derived compounds in WT plants are due, at least in 
part, to proteome and redox-proteome resetting as schematically illustrated in Figure 
11. Enhanced photosynthetic CO2 fixation promoted by fungal VCs (Figure 3) could 
potentially be due to redox activation of the CBC caused by up-regulation of TRXM2, 
TRXM4 and TRXF1 (Figure 7, Figure 11, Table S3) as these thioredoxins are major 
determinants of the light-dependent redox activation of the CBC enzymes (Okegawa 
and Motohashi 2015; Naranjo et al., 2016b). Fungal VC-promoted photosynthesis can 

Figure 11. Suggested model for regulation of plants´ responses to microbial VCs. According to this model, 
the response of plants to fungal VCs involves post-translational regulatory mechanisms wherein signaling of 
VC-promoted redox-activation of the photosynthetic machinery and subsequent PQC-mediated proteostatic 
up-regulation of enzymes of the MEP and shikimate pathways play important roles. Thiol redox activation 
of photosynthesis-related proteins promoted by microbial VCs augments the production of GAP and E4P, 
which enter the MEP and shikimate pathways, respectively, to fuel the production of compounds that initiate 
a cascade of signaling reactions that result in changes in the expression of nuclear encoded plastidial PQC 
functions. Reduced protease (e.g. FTSH and Clp) activity and enhanced expression of chaperones in the 
chloroplast increases the stability and activity of enzymes of the MEP, shikimate and tetrapyrrole biosynthesis 
pathways, which guarantees high metabolic flux towards the production of secondary metabolites that are 
important for growth and development including hormones, photosynthetic pigments, ROS scavengers, etc. 
The high chaperone-to-protease balance also promotes the accumulation of active thioredoxins, which in turn 
redox activate CBC and shikimate enzymes. Enzymatic activities that are up-regulated by fungal VCs are 
highlighted with red letters, whereas enzymatic activities and pathways that are down-regulated by fungal 
VCs are highlighted with blue letters. Multistep enzymatic reactions and signaling cascades are depicted with 
dashed arrows.
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also be ascribed to enhanced production of chlorophylls and carotenoids (Figure 4) 
caused by (i) down-regulation of carotenoid degradation enzymes, (ii) up-regulation 
of MEP pathway enzymes, and enzymes involved in the synthesis of tetrapyrroles, 
phytyl-PP and carotenoids, and (iii) up-regulation of TRXM2 and TRXM4, as these 
thioredoxins activate enzymes of the tetrapyrrole biosynthetic pathway (Da et al., 2017) 
(Figure 7, Figure 11, Table S3). Enhanced contents of flavonols and anthocyanins 
promoted by fungal VCs (Figure 4) could at least partly be due to (i) redox activation of 
the shikimate pathway caused by increased expression of TRXM2 and TRXM4, as these 
thioredoxins redox activate the main regulatory enzymes of this pathway (e.g. DHS1 and 
DHS2) (Entus et al., 2002), and (ii) up-regulation of the expression of DHS1 and DHS2 
and phenylpropanoid pathway enzymes (e.g. PAL1, CHS, F3PE and FLS1) (Figure 
7, Figure 11, Table S3). In addition, fungal VC-promoted reduction of the levels of 
tocopherols and IAA conjugates (Figure 4) can be ascribed to down-regulation of the 
expression of enzymes involved in the conversion of chorismate into tocopherol (e.g. 
VTE1), and IAA and IAA conjugates (e.g. ASA2, At1g70570, NIT2 and UGT75B1). 
Reduction of the ABA content promoted by fungal VCs (Figure 4) is consistent with the 
down-regulation of ZEP expression (Figure 7, Table S3).

Augmented cytokinin levels promoted by fungal VCs is not due to enhanced flux 
from the CBC to the MEP pathway
We previously proposed that fungal VC-promoted enhancement of active MEP pathway 
derived CKs in leaves could be at least partly due to enhanced metabolic flux from the 
CBC to the MEP pathway (Sánchez-López et al., 2016a,b). However, here we found that, 
as in WT plants, fungal VCs increased the levels of plastidial CKs in exposed cfbp1 plants 
(Table S2) despite exerting weak or null stimulatory effect on photosynthesis (Figure 
3, Table 1). As in cfbp1 plants, fungal VCs exerted weak stimulatory effects on growth 
and photosynthesis in ntrc plants impaired in NADPH-dependent thioredoxin reductase 
C (NTRC), a particular type of plastidial thioredoxin that participates in regulation of 
the redox status of stromal target proteins including cFBP1 and other CBC enzymes 
(Ameztoy et al., 2019). In addition, fungal VC exposed ntrc plants accumulated higher 
levels of MEP pathway-derived CKs than controls (Ameztoy et al., 2019). Because (i) 
VCs do not alter the expression of CK metabolism-related enzymes in leaves (this work) 
but enhance the expression of enzymes involved in CK biosynthesis in roots (García-
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Gómez et al., 2020), (ii) VCs do not promote photosynthesis in cfpb1 and ntrc plants, 
and (iii) plastidial MEP pathway derived CKs are mainly synthesized in vascular tissues 
of roots and transported to the aerial parts of the plant (Miyawaki et al., 2004; Ko et al., 
2014) we now propose that VC-promoted enhancement of CK content in leaves of cfbp1 
and ntrc mutants is not due to enhanced flux from the CBC to the MEP pathway, but 
mainly to up-regulation of the CK biosynthetic pathway in vascular tissues of roots and 
subsequent transport to leaves.

The plastid protein quality control system mediates changes in the chloroplast 
proteome in response to fungal VCs
Proteases (including Clp, FtsH, Lon and Deg) and chaperones (including HSP70/DnaJ, 
HSP90, Hsp100 and CPN60/CPN10) are essential components of the PQC system in 
chloroplasts, and are important for fine regulation of photosynthesis, metabolism and 
signaling pathways as well as viability of cells and chloroplasts (Nishimura et al., 2017b; 
Zhao and Liu 2018; Rodríguez-Concepción et al., 2019). Enzymes of the MEP and 
shikimate pathways, enzymes involved in the synthesis of tetrapyrroles, carotenoids and 
thiamine, and plastidial proteins involved in phytochrome signaling and redox regulation 
are putative clients of the Clp protease system (Zybailov et al., 2009; Nishimura et al., 
2013; Nishimura et al., 2015; Pulido et al., 2016; Rodríguez-Concepción et al., 2019). 
Using highly sensitive label-free high-throughput differential proteomic analysis here 
we found that fungal VCs reduce the expression of proteins of the Clp protease system 
(e.g. ClpP5, ClpP6, ClpR3 and ClpT2) (Figure 7, Table S3). This was surprising as 
these proteins are constitutively expressed and show only minor changes in expression 
under long-term stress conditions (Zheng et al., 2002). We also found that plastidial 
proteins that accumulate to higher levels in Clp-defective mutants than in WT plants 
(including enzymes involved in the MEP pathway [e.g. DXS, DXR and HDR], the 
shikimate pathway [e.g. DHS1 and DHS2], thiamine-PP synthesis [THIC and THI1], 
phytochrome signaling [e.g. HEMERA], tetrapyrrole synthesis [HEMA1, GUN4 
and GUN5], redox regulation [e.g. TRXM2 and TRXM4] and folding and assembly 
of newly imported plastid proteins [e.g. ClpC2, CPN60A1, CPN60B1, CPN60B2, 
CPN60B3, CPN20, CPN10-1 and CPN10-2]) (Rudella et al., 2006; Zybailov et al., 
2009; Nishimura et al., 2013; Pulido et al., 2016; Rodríguez-Concepción et al., 2019) 
also accumulate to higher levels in fungal VC-treated plants than in controls (Figure 7, 
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Table S3). This indicates that the adaptation of the chloroplast proteome to fungal VCs 
is mediated by mechanisms of regulation of the plastidial PQC system wherein dynamic 
balances between the expression of chaperones and the Clp protease complex and other 
proteases play important roles. That clpc1 and clpr1-2 plants with disrupted plastidial 
protein homeostasis weakly respond to fungal VCs (Figure 11) strongly indicates that 
plant´s response to fungal VCs requires a finely regulated plastidial PQC system. 

Plant responses to fungal VCs involve chloroplast-to-nucleus retrograde signaling 
Chloroplast-to-nucleus retrograde signaling is important to instruct the nuclear genome 
about the physiological and functional state of the chloroplast under varying environmental 
cues, and to adjust the chloroplast proteome to its needs through mechanisms involving 
the PQC system (Chan et al., 2016; Hernández-Verdeja and Strand 2018). Accumulation 
of nuclear gene-encoded stromal chaperones in mutants with reduced Clp proteolytic 
activity is a response that involves chloroplast retrograde signaling, as protein folding 
stress in the chloroplasts of plants with decreased Clp activity sends as-yet unidentified 
signal(s) to the nucleus that up-regulate the expression of genes encoding plastidial 
chaperones (Llamas et al., 2017; Perlaza et al., 2019). In WT leaves, reduction of the 
expression of proteins of the Clp protease system (e.g. ClpP5, ClpP6, ClpR3 and ClpT2) 
promoted by fungal VCs was associated with down-regulation of ClpP5, ClpP6 and 
ClpR3 transcript levels, and enhanced levels of CPN60A1, CPN60B1, CPN60B2, 
CPN60B3, CPN20, CPN10-1 and CPN10-2 (Figure 7, Table S3) and their encoding 
transcripts (Figure 8). No such increases in the expression of plastidial chaperonines 
and co-chaperonines occurred in leaves of cfbp1 plants (Figure 9, Table S5) or in roots 
of WT plants exposed to fungal VCs (García-Gómez et al., 2020). This indicates that, 
as illustrated in Figure 11, plastid proteome adaptation to fungal VCs in leaves involves 
photosynthesis-driven chloroplast-to-nucleus retrograde signaling mechanisms wherein 
transcriptional up-regulation of plastidial chaperones and down-regulation of the Clp 
protease system play important roles. The photosynthetic activity as a trigger for 
retrograde signals in VC-exposed plants is supported by the fact that, contrary to the 
effect of fungal VCs on the plastidial proteome of WT plants, knocking out cFBP1 
results in decreased photosynthetic activity and down-regulation of the expression of 
plastidial chaperonins, co-chaperonins, MEP pathway enzymes and thioredoxins in 
leaves (Figure 6, Table S6). 
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Fungal VCs did not alter the expression of chaperones involved in DXS turnover 
(e.g. ClpC1, Hsp70 and ClpB3) (Table S3). Therefore, chloroplast-to-nucleus 
retrograde signaling pathways operating in VC-exposed plants appear to be different 
to those reported for the control of the expression of the model protein DXS in plants 
with reduced Clp activity (Pulido et al., 2013; Pulido et al., 2016; Llamas et al., 2017). 

Signals involved in chloroplast-to-nucleus retrograde signaling range from reactive 
oxygen species (ROS) generated by photosynthesis, tetrapyrroles, the by-product of 
the sulfur metabolism 3´-phosphoadenosine 5´-phosphate (PAP), the MEP pathway 
intermediate 2-C-methyl-D-erythritol-2,4-cyclopyrophosphate (MEcPP), isoprenes and 
the CBC intermediate dehydroxyacetone phosphate (DHAP) (Estavillo et al., 2011; 
Xiao et al., 2012; Vogel et al., 2014; Chan et al., 2016). Fungal VCs do not promote 
changes in ROS levels in leaves (Ameztoy et al., 2019), which would indicate that these 
compounds are not involved in retrograde signaling of redox-activated photosynthesis 
promoted by fungal VCs. DHAP produced by the CBC can be exported to the cytosol 
through the triose-phosphate/phosphate translocator (TPT) where it can activate protein 
phosphorylation signaling cascades (Estavillo et al., 2011). Fungal VCs down-regulated 
TPT expression (Figure 7, Table S3), indicating that retrograde signaling of redox-
activated photosynthesis promoted by fungal VCs does not involve enhanced TPT-
mediated transport of DHAP to the cytosol. In contrast, fungal VCs up-regulated the 
expression of MEP pathway enzymes and SAL1 (Figure 7, Table S3), a plastidial 
enzyme that controls the intracellular levels of PAP (Estavillo et al., 2011; Phua et al., 
2018) (Figure 7, Table S3). Therefore, it is likely that chloroplast-to-nucleus retrograde 
signaling of enhanced photosynthesis promoted by fungal VCs involves PAP and/or 
MEP pathway intermediates such as MEcPP. An alternative or additional candidate to 
participate in this process is HEMERA, which expression is up-regulated by fungal VCs 
(Figure 7, Table S3). This transcription factor shows dual localization in chloroplast 
nucleoids and nucleus (Chen et al., 2010; Melonek et al., 2016) and is abundant in 
plants with decreased Clp activity, which suggests that its accumulation in chloroplast 
might cause its translocation to the nucleus to regulate nuclear gene expression (Moreno 
et al., 2018). HEMERA participates in phytochrome signaling (Chen et al., 2010). 
Notably, accumulation of exceptionally high levels of starch promoted by fungal VCs 
is subject to phytochrome signaling (Li et al., 2011), which would support the idea that 
translocation of HEMERA could be involved in the chloroplast-to-nucleus retrograde 
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signaling of fungal VCs.
Proposal of an integrative model of regulation of the plant response to microbial 
VCs involving proteostatic modulation of MEP and shikimate pathways by redox-
activated photosynthesis signaling
Results presented in this and previous works (Ameztoy et al., 2019; García-Gómez et 
al., 2019) provide evidence that the response of plants to fungal VCs involves post-
translational regulatory mechanisms wherein signaling of redox-activated photosynthesis 
and subsequent PQC system-mediated proteostatic up-regulation of thioredoxins and 
enzymes of the MEP, shikimate and tetrapyrrole biosynthesis pathways play important 
roles. According to this view schematically illustrated in Figure 11, rapid thiol redox 
activation of CBC enzymes promoted by microbial VCs augments the photosynthetic 
production of GAP and E4P, which enter the MEP and shikimate pathways, respectively, 
to fuel the production of compounds that initiate a cascade of signaling reactions that 
result in changes in the expression of nuclear encoded plastidial PQC system functions. 
Reduced protease activity and enhanced expression of chaperones in the chloroplast 
increases the stability and activity of enzymes of the MEP, shikimate and tetrapyrrole 
biosynthesis pathways, which guarantees high metabolic flux from the CBC towards 
the production of secondary metabolites that are important for growth and development 
including hormones, photosynthetic pigments, ROS scavengers, etc. The high chaperone-
to-protease balance also promotes the accumulation of active thioredoxins, which in turn 
redox activate enzymes of the CBC, shikimate and tetrapyrrole biosynthesis pathways 
enzymes (Figure 11). 
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SUPPLEMENTAL MATERIAL

PLASTID 31%

CYTOSOL 25%NUCLEUS 12%

EXTRACELLULAR 9%

MITOCHONDRION 7%

PLASMA MEMBRANE 5%

PEROXISOME 4%
ER 3%

VACUOLE 2%

GOLGI 2%

Figure S1. Categorization of fungal VC-responsive proteins according to their subcellular localizations. 
Data from Table S3.
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Gene  Sequence 

EF-1 alfa 

At1g07940 

Forward 

Reverse 

TTCGTCTCCCACTTCAGGAT 

GGAGCAAAGGTCACAACCAT 

CPN60A1 

At2g28000 

Forward 

Reverse 

TCGTGAGGTTGCGAGTAAGA 

CCAGAAGTGACGCTCAACAA 

CPN60B1 

At1g55490 

Forward 

Reverse 

CAAGCTCGCAGATCTTGTTG 

TTGCAACAGTCACACCATCA 

CPN60B2 

At3g13470 

Forward 

Reverse 

GCAAGTATGGATCCCCAAGA 

GCTTGCCTTACAAGCTTTGC 

CPN60B3 

At5g56500 

Forward 

Reverse 

ACGGTCGCTAGAGAGGTTGA 

CGTTGTTCCATCACCAGCTA 

CPN20 

At5g20720 

Forward 

Reverse 

AGTTCCGTCGTTTGGTTGTC 

GCCTCCTTGATCTTCACCAA 

CPN10-2 

At2g44650 
Forward 

Reverse 

TAAATGGGAACCGACAAAGG 

CACAGCTGCTTTAGGCAACA 

ClpP5 

At1g02560 
Forward 

Reverse 

CGTCTCCTCAAGGAGTTTGG 

CTTGCACCATAGGAGGTGGT 

ClpP6 

At1g11750 
Forward 

Reverse 

TGGAGTGATAGAGGCGAAAAA 

TGCGGTTACGGAATAACACA 

ClpR3 

At1g09130 

Forward 

Reverse 

GCCGCCATATCTTGACATCT 

GTCTGGTGGAGGAGTTCTCG 

 

Table S1. Primers used in qRT-PCR
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1. NTRC juega un papel fundamental en la respuesta de las plantas a VCs emitidos por 
hongos fitopatógenos a través de mecanismos que implican la regulación redox de 
la fotosíntesis y la señalización de ABA y CKs.

2. En plantas wild-type, los VCs emitidos por el hongo fitopatógeno Alternaria 
alternata provocan cambios en el estado redox de proteínas relacionadas con la 
fotosíntesis y el metabolismo primario que podrían explicar la respuesta fenotípica 
y metabólica de las plantas a los VCs. 

3. La pobre respuesta de plantas ntrc a VCs no es debida a la sobreacumulación 
de ROS como consecuencia de la inactivación de la 2-Cys peroxiredoxina, sino 
probablemente a una oxidación e inactivación global de proteínas, especialmente 
proteínas relacionadas con la fotosíntesis, el metabolismo primario, la regulación 
redox, la señalización y la traducción.

4. La activación redox de las enzimas del CBC, particularmente la isoforma 1 de la 
fructosa bifosfatasa (cFBP1), es un determinante importante en la respuesta de las 
plantas a VCs microbianos. 

5. Los VCs microbianos dan lugar a cambios en el proteoma que pueden explicar, al 
menos en parte, la respuesta de la planta a los VCs (particularmente los cambios en 
derivados de las rutas MEP y shikimato). 

6. En plantas wild-type, la mayoría de las proteínas diferencialmente expresadas 
por los VCs microbianos están codificadas por genes que no responden a los VCs 
microbianos, concluyendo así que la respuesta de las plantas a VCs microbianos 
está regulada en gran medida a nivel no-transcripcional.

7. Los sistemas de control de calidad de las proteínas plastidiales están implicados en 
algunos cambios observados en el proteoma del cloroplasto de plantas expuestas a 
VCs microbianos.

8. La respuesta de la planta a VCs microbianos está mediada por mecanismos de 
señalización retrograda del cloroplasto al núcleo. 
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9. Globalmente, la respuesta de las plantas a los VCs fúngicos implica una activación 
redox de la fotosíntesis y una posterior señalización retrógrada del cloroplasto al 
núcleo para la regulación proteostática de las rutas MEP y del shikimato a través de 
mecanismos que implican la intervención del sistema de control de calidad de las 
proteínas plastidiales.
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LISTA DE ABREVIATURAS

3-PGA  3-Fosfoglicerato
ABA  Acido abscísico 
AGPasa  ADP-glucosa pirofosforilasa
An  Tasa neta de asimilación de CO2

ATP  Adenosina trifosfato
ATPasa  ATP sintasa
CAM  Carbamidometilación
CBC  Ciclo de Calvin-Benson
CDP-ME Difosfocitidil metileritriol
CDP-MEP CDP-ME 2-fosfato
cFBP1  Fructosa-1,6-bisfosfatasa plastidial
Chl  Clorofila
CHL1  Magnesio quelatasa subunidad 1
Ci  Concentración intercelular de CO2

CKs  Citoquininas
Clp  Proteasa caseinolitica 
CMK  CDP-ME quinasa
Cyt  Citocromo
DAHP  3-deoxy-d-arabinoheptulosonato 7-fosfato
DHAP  Dihidroacetona fosfato
DMAPP  Dimetilalil difosfato
DTT  Ditiotreitol 
DXS  1-deoxy-D-xylulosa 5 fosfato sintasa
ETR  Tasa de transporte electrónico
F6P  Fructosa 6-fosfato
FBP  Fructosa 1,6-bisfosfatasa
Fd  Ferredoxina
FNR  Fd-NADP reductasa
FTR  Fd-Trx reductasa
FW  Peso fresco
GAP  Gliceraldeido 3-fosfato
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GAPDH  Gliceraldeido 3-fosfato deshidrogenasa
GGPP  Geranilgeranil difosfato
HDR  4-hidroxi-3-metilbut-2-enil difosfato reductasa
HDS  4-hidroxi-3-metilbut-2-enil difosfato sintasa
Hsp  Proteínas de choque térmico 
IAM  Iodoactetamida
IPP  Isopentenil difosfato
Jmax  Tasa máxima de transporte electrónico que contribuye a la 
  regeneración de RuBP
LC  Cromatografía líquida
LHC  Complejo antena
LR  Raíces laterales 
MCT  CDP-ME citidiltransferasa
MEP  2-C-metil-D-eritritol 4-fosfato
MS  Espectrometría de masas
NADPH  Nicotinamida adenina dinucleótido fosfato
NEM  N-etilmaleimida
NTRC  Trx reductasa C dependiente de NADPH
OPPP  Ruta de las pentosas fosfato oxidativa
PC  Plastocianina
PEP  Fosfoenolpiruvato
PET  Transporte de electrones fotosintéticos
PPT  Translocador PEP
PQ  Plastoquinona
PQH2  Plastoquinol
PRK  Fosforibuloquinasa
PrxQ  Peroxirredoxina Q
PSI  Fotosistema I
PSII  Fotosistema II
qP  Extinción fotoquímica
ROS  Especies reactivas de oxigeno
RuBisCO RuBP carboxilasa oxigenasa
RuBP  Ribulosa 1,5-bisfosfato
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SBP  Sedoheptulosa 1,7-bisfosfatasa
TIC  Translocador de la membrana interna del cloroplasto
TOC  Translocador de la membrana externa del cloroplasto
TP  Triosas fosfato
TPU  Tasa de utilización de TP
Trx  Tiorredoxina
Vcmax  Velocidad máxima de carboxilación de la Rubisco
VCs  Compuestos volátiles
VICs  Compuestos inorgánicos volátiles
VOCs  Compuestos orgánicos volátiles
WT  Genotipo silvestre
ΦNPQ  Extinción no fotoquímica de la fluorescencia de las clorofilas 
ΦPo  Máximo rendimiento cuántico del PSII en la fase oscura
ΦPSII  Eficiencia máxima del PSII 
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