Universidad Publica de Navarra

Departamento de Agronomia, Biotecnologia y Alimentaciéon

Mecanismos de regulacion de la respuesta
de las plantas a compuestos volatiles
de origen microbiano

Tesis Doctoral en modalidad de compendio de articulos

para optar al titulo de Doctor, presentada por:
Samuel Gamez Arcas
Director: Dr. Javier Pozueta Romero
Codirector: Dr. Francisco José Mufioz Pérez

Tutora: Inmaculada Farran Blanch

Pamplona, 2022

https://doi.org/10.48035/Tesis/2454/44657



https://doi.org/10.48035/Tesis/2454/44657
https://creativecommons.org/licenses/by-nc-sa/4.0/

upna

Universidad Publica de Navarra
Nafarroako Unibertsitate Publikoa



El Dr. Javier Pozueta Romero, Profesor de Investigacion del Consejo Superior de
Investigaciones Cientificas y el Dr. Francisco José Mufioz Pérez, Cientifico Titular

del Consejo Superior de Investigaciones Cientificas,

CERTIFICAN:

Que el trabajo titulado “Mecanismos de regulacion de la respuesta de las plantas a
compuestos volatiles de origen microbiano” recogido en la presente memoria, ha
sido realizado por Samuel Gdmez Arcas en el Instituto de Agrobiotecnologia (CSIC/
Gobierno de Navarra) bajo su supervision y que cumple las condiciones exigidas por la
legislacion vigente para optar al grado de Doctor. Samuel Gamez Arcas ha disfrutado
de una beca predoctoral de la Universidad Publica de Navarra. Este trabajo ha sido
financiado por el Ministerio de Ciencia e Innovacion (MICINN) and Agencia Estatal
de Investigacion (AEI) / 10.13039/501100011033/ (proyectos BIO2016-78747-P
y PID2019-104685GB-100)

Y para que asi conste, firman la presente en Pamplona, a 19 de Octubre de 2022.

POZUETA MUNOZ PEREZ Firmado digitalmente
MUNOZ PEREZ
EROA'\/,@?CO v ik FRANCISCO  Francisco jost -oni
;37:0'52709;2101813'18'12 02'00" JOSE - DNI 07868528K
JAVIER - DNI echa: 20221018 13:18:12 + Fecha: 2022.10.18

07868528K 13:33:17 +02'00'
13760579R

Fdo. Javier Pozueta Romero Fdo. Francisco José Mufioz Pérez



upna

Universidad Publica de Navarra
Nafarroako Unibertsitate Publikoa



La tesis Doctoral comprendida en este volumen es un compendio de trabajos
previamente publicados y estd organizada seglin el modelo sugerido por la Comision
Académica del Programa de Doctorado en Biotecnologia de la Universidad Publica
de Navarra. De esta manera, los resultados obtenidos durante la realizacion de la
misma se agrupan en 2 capitulos. Cada capitulo contiene una introduccion especifica,
presenta los resultados, describe los materiales y métodos utilizados y concluye con
una discusion. Por lo tanto, cada capitulo agrupa la informacion necesaria relacionada
con el tema que en ¢l se desarrolla permitiendo su lectura de manera independiente.
Ademas, este documento incluye un resumen, una introduccion general y los objetivos
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Resumen Samuel Gamez Arcas

Las plantas son metaorganismos que regulan su desarrollo y metabolismo en
respuesta a diferentes estimulos externos. Conviven con microorganismos emisores
de compuestos que difunden a través del suelo tales como azucares, proteinas,
exopolisacaridos, sideréforos, acidos grasos, acidos organicos, aminoacidos y
hormonas que modifican la fotosintesis, el metabolismo y el crecimiento de las plantas
(Philippot et al., 2013; De-la-Pefia and Loyola-Vargas, 2014; Backer et al., 2018).
Los microorganismos beneficiosos también emiten compuestos volatiles (VCs) que
fomentan el crecimiento, la captacion de nutrientes y la fotosintesis, modulan la
arquitectura de la raiz, activan la respuesta de defensa de la planta e incrementan su
resistencia al estrés salino y la sequia (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
investigacion en el que he realizado mi tesis doctoral demostraron que las bacterias
y los hongos fitopatogenos también emiten VCs con propiedades bioestimulantes
(Sanchez-Lopez et al., 2016b). Cambios en el crecimiento, la fotosintesis, el desarrollo
y el metabolismo de la planta inducidos por VCs microbianos estan asociados a grandes
variaciones en el transcriptoma, el proteoma y el redox-proteoma de la planta (Sanchez-
Loépez et al., 2016b; Ameztoy et al., 2019, 2021). Tales variaciones sugieren que la
respuesta de la planta a los VCs microbianos esta regulada tanto a nivel transcripcional
como no-transcripcional. Con el fin de profundizar en los mecanismos que median la
relacion entre la planta y los microorganismos, en este trabajo investigué el papel que
juega el transportador de hexosas fosfato plastidial (GPT2) inducible por VCs en la
respuesta de la planta modelo de laboratorio Arabidopsis thaliana a VCs emitidos por
el hongo fitopatdogeno Altenaria alternata. Ademas, investigué el papel que juega en
dicha respuesta el residuo de cisteina 95 de la fructosa bifosfatasa plastidial (cFBP1),
un enzima del ciclo de Calvin-Benson cuya actividad esta sujeta a cambios en el estado
redox inducibles por la luz.

En el capitulo 1 de esta tesis presento los resultados de mi investigacion sobre el
papel que juega GPT2 en la respuesta de las plantas a VCs microbianos. Para realizar
esta investigacion, analicé y comparé el crecimiento, la fotosintesis y el proteoma de
plantas wild type (WT), mutantes carentes GPT2 (gpt2-1), mutantes carentes PGI1
(pgil-2) y doble mutante pgil-2gpt2-1 cultivadas en presencia o ausencia de VCs

fungicos. Ademas, caractericé la respuesta a estos compuestos de plantas pgil-2/gpt2-
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1 que expresan GPT2 bajo el control de un promotor especifico de haces vasculares.
Finalmente, caractericé el patron de expresion de GPT2 en plantas que expresan el
gen reportero GUS bajo la accion de la secuencia promotora de GPT2. Los resultados
obtenidos mostraron que, de manera similar a lo que ocurre en plantas WT, los VCs
fomentan el crecimiento, la fotosintesis y la acumulacion de citoquininas activas y
almidon en plantas pgil-2'y gpt2-1. Tal respuesta fue reducida en plantas pgil/-2gpt2-1
y se revirtio a WT al expresar GPT2 en haces vasculares. Estudios comparativos de los
proteomas de plantas pgil-2 'y pgil-2gpt2-1 mostraron que GPT2 regula la expresion de
proteinas relacionadas con la fotosintesis. Es mas, los estudios de expresion mostraron
que GPT?2 se expresa en haces vasculares y esta sujeto a complejos mecanismos de
regulacion. Globalmente, los resultados presentados en este capitulo indican que en
condiciones en las cuales la actividad de PGI esta reducida, la respuesta de la planta
a VCs microbianos conlleva una regulacion de la expresion de proteinas relacionadas
con la fotosintesis a través de mecanismos en los que GPT2 juega un papel importante
en la provision de sustrato necesario para la produccion de citoquininas en haces
vasculares.

Trabajos llevados a cabo en el grupo de investigacion en el que he realizado este
mi tesis mostraron que la exposicion a VCs microbianos conlleva cambios globales
en el redox-proteoma de las plantas (Ameztoy et al., 2019). Tales cambios incluian
la reduccion de residuos de cisteina altamente conservados a lo largo de la evolucion
de enzimas del ciclo de Calvin-Benson. En el capitulo 2 presento los resultados de
mi investigacion sobre el papel que juega el residuo de cisteina 95 de la cFBP1 en
su actividad, en la fotosintesis y en la respuesta de las plantas a VCs microbianos.
Para realizar esta investigacion, comparé las propiedades electroforéticas y cinéticas
de cFBP1 WT y una forma mutada en la que el residuo de cisteina 95 fue sustituido
por un residuo de serina (C95S). Ademas, comparé la fotosintesis y el crecimiento de
plantas de Arabidopsis cfbp! carentes de cFBP1 endogena que expresan ectopicamente
formas WT o C95S de cFBP1. Los resultados mostraron que el residuo de cisteina 95
juega un papel importante en la actividad de cFBP1 y en la fotosintesis, pero no en el

crecimiento de Arabidopsis.
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Introduction Samuel Gamez Arcas

Plants are metaorganisms that host a complex and dynamic microbial consortium of
bacteria, fungi, archaea and protists which communicate with plants by exchanging
chemical signals throughout the phytosphere (Philippot etal., 2013; Delgado-Baquerizo
et al., 2016; Huang et al., 2019). Such interactions are important for plant productivity
and fitness (De-la-Pefia and Loyola-Vargas, 2014). In the precolonization phase,
before direct contact with plants occurs, beneficial and phytopathogenic bacteria and
fungi emit complex mixtures of volatile compounds (VCs). Depending on microbial
culture conditions, these compounds promote plant growth and photosynthesis as well
as drastic transcriptomic, proteomic and metabolic changes mediated by activation
of phytohormone signaling (Ryu et al., 2003; Zhang et al., 2007, 2009; Ezquer et
al., 2010; Kwon et al., 2010; Zhang et al., 2010; Bitas et al., 2015; Kanchiswamy
et al., 2015; Sanchez-Lopez et al., 2016a,b; Cordovez et al., 2017; Piechulla et al.,
2017; Li et al., 2018b; Tyagi et al., 2018; Ameztoy et al., 2021). These volatiles also
induce systemic drought tolerance, improve nutrient acquisition, and modulate root
system architecture (RSA) (Cho et al., 2008; Splivallo et al., 2009; Gutiérrez-Luna et
al., 2010; Ditengou et al., 2015; Garnica-Vergara et al., 2016; Camarena-Pozos et al.,
2019; Garcia-Gomez et al., 2020).

Growth and developmental changes promoted by microbial VCs have
frequently been associated with volatile organic compounds (VOCs) with molecular
masses ranging between ~45 Da and 300 Da, which belong to different chemical
classes including alkenes, alcohols, ketones, benzenoids, pyrazines, sulfides, terpenes,
etc. (reviewed in Kanchiswamy et al., 2015; Fincheira and Quiroz, 2018; Tyagi et
al., 2018). At present, more than 2000 microbial VOCs emitted by more than 1000
microorganisms are registered in the microbial VOC database (Lemfack et al., 2018;
http://bioinformatics.charite.de/mvoc). However, microorganisms also release a limited
number of VCs with molecular masses of less than ~45 Da (hereafter designated as
“small VCs”) such as inorganic VCs (e.g. hydrogen sulfide [H,S], molecular hydrogen,
nitric oxide [NO], nitrogen dioxide [NO, ], nitrous oxide, carbon monoxide [CO], carbon
dioxide [CO,], hydrogen cyanide [HCN] and ammonia) (Engel et al., 1972; Wharton
and Weintraub, 1980; Siegel and Siegel, 1987; Nandi and Sengupta, 1998; Conrath
et al., 2004; Blom et al., 2011; Shatalin et al., 2011; Schreiber et al., 2012; Weise et
al., 2013) and VOCs (e.g. ethylene, ethane, formaldehyde, methanol and acetylene)
(Schink and Zeikus, 1980; Donnelly and Dagley, 1980; Splivallo et al., 2009; Lemfack
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etal., 2018; Ballester and Gonzalez-Candelas, 2020). Some of these small VCs are very
reactive with proteins and/or act as signaling molecules that promote photosynthesis,
growth and developmental changes, and enhance tolerance to abiotic stresses when
exogenously applied in a discrete form and/or in low concentrations (Nonomura and
Benson, 1992; Dong et al., 2003; He et al., 2004; Ramirez et al., 2006; Cao et al., 2007,
Xie et al., 2008; Guo et al., 2009; Jin et al., 2009, 2013; Splivallo et al., 2009; Chen
et al., 2011; Takahashi et al., 2011; Xie et al., 2012; Dooley et al., 2013; Lisjak et al.,
2013; Han et al., 2014; Lin et al., 2014; Takahashi et al., 2014; Wang and Liao, 2016;
Yang et al., 2016; Zhu et al., 2016; Gautam et al., 2021) (Table 1). Although emissions
of some of these compounds by microbes are important determinants in plant-microbe
interactions (Weingart et al., 2001; Johnson et al., 2008; Molina-Favero et al., 2008;
Splivallo et al., 2009; van Bockhaven et al., 2015), their mechanisms of action from
perception to the processes that induce growth are still poorly understood.

In many cases, exposure of plants to VOCs with molecular masses ranging
between ~45 Da and 300 Da either failed to reproduce or only partially reproduced
the effects induced by the microbial volatile emissions (Groenhagen et al., 2013;
Naznin, et al., 2013; Cordovez et al., 2017). This indicates that VOCs with molecular
masses ranging between ~45 Da and 300 Da may be only partly responsible for the
growth-promoting effects of microbial VCs. Recently, using a “box-in-box” in vitro
co-cultivation system in which plants are grown in the vicinity of microbial cultures
covered with charcoal filters that adsorb VOCs of molecular masses higher than ~45
Da, evidence has been provided that small VCs are important determinants of plant
responses to microbial volatile emissions (Garcia-Gomez et al., 2019, 2020; Ameztoy
etal., 2019, 2021).

1.The necessity of developing a co-cultivation system to study plant responses to
VCs and circumvent microbial respiratory CO, effects

A number of studies on plant’s responses to microbial VCs under controlled laboratory
conditions have been conducted using sealed split Petri dish-based co-cultivation
systems in which plants are exposed to complex mixtures of VCs released by nearby
microbial cultures. All known microorganisms that produce plant growth-promoting
volatiles are heterotrophic and thus emit respiratory CO, when grown under aerobic

conditions. In sealed co-cultivation systems, microbial respiratory CO, can accumulate
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to high levels in the headspace (Kai and Piechulla, 2009; Venneman et al., 2020).
Similar to complex mixtures of microbial VCs, elevated CO, enhances photosynthesis,
and promotes plant growth, flowering, starch accumulation and changes in root
architecture (Makino and Mae, 1999; Ainsworth and Rogers, 2007; Song et al.,
2009; Niu et al., 2011). Several authors have therefore argued that the responses of
plants grown in the vicinity of microbial cultures in enclosed dual-culture systems, or
other experimental setups that inhibit unhindered gas exchange, could be due largely
to accumulation of elevated levels of microbial respiratory CO, (Casarrubia et al.,
2016; Piechulla and Schnitzler, 2016; Zhang et al., 2021). To circumvent respiratory
CO, effects, evaluate its contribution in VC-based microbe-plant interactions and
identify potentially bioactive VCs, a simple “box-in-box” co-cultivation system was
developed in which the plant and microbial cultures are placed in a container sealed
with a 9 Micron thickness plasticized polyvinyl chloride (PVC) wrap (Cell Ofix SLU,
Valencia, Spain) (Figure 1A). Due to its flexibility and gas permeation properties, this
type of film is normally used in food packaging. The headspace VC concentration in
the sealed container is the result of balances between fungal and plant VC emission
rates, fungal metabolization of VCs emitted by plants, plant metabolization of VCs
emitted by fungi, and the VC permeation rates through the PVC film, which in turn
depends upon the differential pressures between the gases of the headspace and outside
ambient atmosphere. Features and benefits of the “box-in-box” co-cultivation system
for studying plant responses to microbial volatile emissions are described in Garcia-
Gomez et al. (2019). Among others, the system enables the filtration of microbial
VCs according to their molecular masses and thus makes it possible to investigate
the responses of plants to VCs of defined molecular masses. In addition, the system
permits easy online monitoring of VCs in the headspace of the sealed container (Figure
1B). Due to relatively high permeability of plasticized PVC to CO, and water vapor,
the system minimizes increases in microbial respiratory CO, in the growth container’s
headspace, and prevents condensation of the respiratory water emitted by the fungal

cultures.
2. Small VCs other than CO, are important determinants of plant responses to

microbial volatile emissions

Using plants grown in the vicinity of different fungal cultures covered with charcoal
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Figure 1: Plasticized PVC wrap- and charcoal filter-based “box-in-box” co-cultivation system. (A) Illustra-
tion of the system used to characterize the response of plants to small microbial VCs. (B) Illustration of the
system used to online monitor levels of VCs emitted by microbial and/or plant cultures in the headspace of
the growth chamber. The indicated small VCs (e.g. CO, NO, H,S, ethylene, etc.) are putative biologically
active compounds emitted by a fungal culture that is included in the PVC-sealed container.

filters capturing VCs of molecular masses higher than ~45 Da, Garcia-Gomez et al.
(2019) investigated the contribution of small VCs to plant responses to microbial
volatiles. The study showed that morphological, biochemical and transcriptomic
changes in plants in response to charcoal-filtered VCs emitted by nearby microbial
cultures were identical to those of plants exposed to microbial VCs without charcoal
filtration. This strongly indicated that, in the plasticized PVC wrap- and charcoal
filter-based “box-in-box” co-cultivation system, small bioactive VCs are important
determinants of the plants” responses to microbial volatile emissions. The study also
revealed that, in this system, respiratory CO, accumulating in the headspace of the

growth chamber plays only a minor role, if any, in plant growth, developmental and
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biochemical responses to VCs emitted by adjacent microbial cultures (Garcia-Gémez
etal., 2019).

Cultures of two fungal species increased CO and NO concentrations in
the headspace of the growth chambers (Garcia-Goémez et al., 2019). Similar to the
application of small VCs emitted by diverse microorganisms, exogenous application
of low concentrations of NO and CO promotes growth, lateral root (LR) formation and
chlorophyll accumulation (He et al., 2004; Guo et al., 2008, 2009; Xuan et al., 2008).
Furthermore, as with the application of small VCs emitted by some fungal species,
application of ethylene induces LR shortening and root hair (RH) elongation (Negi
et al., 2008; Lewis et al., 2011; Garcia-Gomez et al., 2020). The response of plants
exposed to small microbial VCs may therefore be at least partly due to plant perception
of microbial CO, NO and/or ethylene.

3. Many of the transcriptional changes occurring in leaves exposed to small
microbial VCs are due to enhanced photosynthetic signaling.

Exposure to small VCs emitted by the fungal phytopathogen Alternaria alternata
promotes the accumulation of photosynthetic pigments, stimulates photosynthetic
electron transport (PET) and improves the light use efficiency (Sanchez-Lopez et al.,
2016a,b). Consistently, small fungal VCs enhance net rates of CO, assimilation and the
accumulation of primary photosynthates such as starch and soluble sugars in leaves of
exposed plants (Sanchez-Lopez et al., 2016a,b). An increase in PET promoted by small
VCs creates conditions for the production of reactive oxygen species (ROS), which
may result in photoinhibition and subsequent photooxidation. To prevent this damage,
photosynthesis is subject to feedback inhibition by elevated sugar levels through
mechanism(s) that require enhanced ABA and/or reduced cytokinin (CK) signaling
(Moore et al., 2003; Rolland et al., 2006; Kushwah and Laxmi, 2014). It is noteworthy
that exposure to small fungal VCs reduces ABA levels and enhances those of plastid-
localized 2-C-methyl-D-erythritol 4-phosphate (MEP) pathway-derived CKs in leaves
(Sanchez-Lopez et al., 2016a,b; Ameztoy et al., 2019, 2021; Garcia-Gomez et al.,
2019). It thus appears that the sustained high levels of photosynthetic activity and the
lack of photosynthetic inhibition by high sugar content in leaves of plants exposed to
small fungal VCs is due, at least partly, to enhanced CK and reduced ABA production

and signaling.
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Plants response to small VCs emitted by A. alternata is associated with
drastic changes in the leaf transcriptome, particularly in the expression of ABA- and
CK-responsive genes involved in multiple processes including light harvesting,
ROS scavenging, cell wall biosynthesis and metabolism of starch, carotenoids,
glucosinolates, anthocyanins and carotenoids (Sanchez-Lopez et al., 2016b; Ameztoy
etal.,2019; Garcia-Goémez et al., 2019). Mutants with reduced CK content or sensitivity
respond poorly to small fungal VCs (Sanchez-Lopez et al., 2016b). Plant responses
to these compounds must therefore involve, at least in part, ABA- and CK-mediated
transcriptional regulation. A striking alteration in the leaf transcriptome of small fungal
VC-treated plants is the strong up-regulation of the gene that codes for the class 1 non-
symbiotic haemoglobin (Sanchez-Loépez et al., 2006b). Non-symbiotic haemoglobins
are involved in NO scavenging and fixation, protection against nitrosative stress and
modulation of signal transduction pathways of hormones including CK and ABA
(Hebelstrup and Jensen, 2008; Hebelstrup etal.,2012; Hill, 2012; Kuruthkulangarakoola
et al., 2017). High expression of these proteins promotes early flowering and growth
(Hunt et al., 2002; Hebelstrup and Jensen, 2008). Accordingly, enhanced growth and
developmental changes promoted by small fungal VCs can be ascribed, at least in part,
to enhanced expression of non-symbiotic haemoglobins. Another striking alteration in
the leaf transcriptome of plants that is promoted by small fungal VCs involves the up-
regulation of the CPN20 gene which encodes a platidial co-chaperonin that functions
negatively in ABA signaling (Zhang et al., 2013). Small fungal VCs also up-regulate
the expression of the CK-induced GPT2 gene which encodes a plastidic glucose-6-P
(G6P)/Pi transporter (Kunz et al., 2010). This would suggest that GPT2-mediated
incorporation of cytosolic G6P into the chloroplast and subsequent conversion into
starch is involved in the starch over-accumulation process promoted by small VCs. In
line with this presumption, Sanchez-Lopez et al. (2016a) reported that VCs emitted
by A. alternata promote the accumulation of exceptionally high levels of starch in
mesophyll cells of starch-deficient pgil plants impaired in the conversion of fructose-
6-P from the Calvin-Benson cycle (CBC) into G6P, likely as a consequence of the
activation of plastidial phosphoglucose isomerasel (PGI1)-independent, non-canonical
starch biosynthetic pathway(s) that involve GPT2.

Changes in the transcriptomes of leaves of plants exposed to VCs emitted

by phylogenetically distant microbial species are quite similar (Sanchez-Lopez et
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al., 2016b), indicating that transcriptome resetting in response to small VCs involves
highly conserved regulatory mechanisms. These changes are similar to those seen
in leaves of plants briefly exposed to elevated CO, or increased irradiance (Garcia-
Gomez et al., 2019). All of these treatments promote photosynthetic CO, fixation. It is
therefore conceivable that many transcriptomic changes in the leaves of plants exposed
to small microbial VCs result from signaling of enhanced photosynthetic CO, fixation

(see below).

4. Regulation of plant responses to small microbial VCs is primarily non-
transcriptional

Small microbial VCs emitted by different microorganisms promote distinct
developmental changes in roots and leaves of exposed plants, despite inducing similar
transcriptional changes (Sanchez-Lopez et al., 2016b; Garcia-Gomez et al., 2019).
These observations suggest that the regulation of some plant responses to microbial
VCs is primarily non-transcriptional (Garcia-Gomez et al., 2019). This hypothesis is
supported by findings showing that treatment with small VCs emitted by 4. alternata
(1) do not alter the levels of transcripts encoding most proteins that are differentially
expressed following plant exposure to VCs (Sanchez-Lopez et al., 2016b; Garcia-
Gomez et al., 2020; Ameztoy et al., 2021), (ii) promote global changes in the thiol
redox proteome in leaves (Ameztoy et al., 2019), (iii) only weakly alter growth and
metabolism in plants with impaired redox regulation of photosynthesis (Ameztoy et
al. 2019, 2021) and (iv) alter the expression of proteins involved in the protein quality
control (PQC) system (Ameztoy et al., 2021).

4.1 Leaf responses to small microbial VCs involve global changes in the thiol redox
proteome that affect photosynthesis

Thioredoxins (Trxs) are important components of plants” thiol redox regulation
machinery which modulate activities of target proteins. Plastids contain an NADPH-
dependent Trx reductase, called NTRC, which has been suggested to play important
roles in the avoidance of toxic levels of ROS through reduction of H,O,-detoxifying
2-Cys peroxiredoxins (Prxs) (Pérez-Ruiz, 2006; Kirchsteiger et al., 2009; Pulido et
al., 2010; Puerto-Galan et al., 2015) and in control of PET (Naranjo et al., 2016).
NTRC also participates in the regulation of the redox status of stromal target
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proteins, including diverse Trxs that control the redox status of CBC enzymes, via
its functional relationship with 2-Cys Prxs (Yoshida and Hisabori, 2016; Nikkanen
et al., 2016; Ojeda et al., 2017; Pérez-Ruiz et al., 2017) and chlorophyll biosynthetic
enzymes (Tsuzuki et al., 2011; Du et al., 2012; Richter et al., 2013; Pérez-Ruiz et al.,
2014; Da et al., 2017). VCs emitted by A. alternata exert weak stimulatory effects
on growth, photosynthesis, leaf and root development and metabolism in NTRC
knockout (ntrc) plants (Li et al., 2011; Ameztoy et al., 2019). This indicates that (i)
NTRC is an important mediator of plant responses to small fungal VCs, probably due
to its regulatory action on photosynthesis-related mechanisms and/or the overall redox
status of the plant (Ameztoy et al., 2019), and (ii) redox activation of photosynthetic
CO, fixation is an important determinant of plant responses to small microbial VCs. In
support of the latter hypothesis, Ameztoy et al. (2021) have shown that, unlike in WT
plants, A. alternata small VCs do not stimulate growth and do not promote metabolic
and proteomic changes in ¢fbp! plants impaired in the redox-sensitive fructose-1,6-
bisphosphatase isoform 1 (cFBP1) of the CBC. Small fungal VCs poorly alter the
expression of ABA- and CK-responsive genes in leaves of ntrc plants (Ameztoy et al.,
2019), which suggests that NTRC participates indirectly in small VC signaling through
as yet to be identified mechanisms of regulation of the redox status and activity of
proteins involved in hormone signaling.

OxiTRAQ-based quantitative and site-specific redox-proteomic analyses
have revealed that small VCs emitted by A. alternata induce global reduction of the
thiol redox proteome of leaves of WT plants, and highlighted the possible involvement
of redox switching mechanisms in VC signaling (Ameztoy et al., 2019). Fungal
VC treatment promotes reduction of cysteine residues of photosynthesis-related
proteins such as CBC enzymes (e.g. cFBP1, sedoheptulose-1,7-bisphosphatase and
phosphoribulokinase), and proteins involved in photochemical reactions (e.g. PSAN
and FNRL). Small fungal VCs also promote the reduction of cysteine residues in PrxQ,
which is involved in H,O, breakdown in the thylakoids. Although highly conserved
throughout land plants and algae, cysteine residues that are reduced by small VCs are
not located in the regulatory Trx redox domains of their respective proteins (Ameztoy
et al., 2019). Thus, it was suggested that these cysteine residues could play roles in
the response to small microbial VCs by controlling the stability of the proteins and/or

formation of complexes with other proteins that influence photosynthesis (Ameztoy et
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al., 2019).

Unlike in WT plants, small fungal VCs promote global oxidation of the
redox-proteome of leaves of ntrc plants. These compounds promote oxidation of
highly conserved cysteine residues of PSAN and PrxQ in ntrc plants, which indicates
that these proteins are subject to redox regulation in VC-exposed plants through
mechanisms directly involving NTRC. In addition, small fungal VCs promote
oxidation of highly conserved cysteine residues in proteins involved in water oxidation
and formation of molecular oxygen (e.g. PSBO-1) (Murakami et al., 2005). Small
VCs also promote oxidation of highly conserved cysteine residues of FNRI that are
essential for FNR1 enzymatic activity (Aliverti et al., 1993). FNR1 is implicated
in cyclic electron transfer around PSI to produce ATP (Johnson, 2005), and in the
generation of NADPH required for stromal redox regulation, reduction of NTRC and
its target proteins, including CBC enzymes (Ceccarelli et al., 2004). It therefore seems
that the weak response of ntrc plants to small fungal VCs is at least partly due to
reduced photosynthesis as a consequence of PSAN, PSBO-1 and FNR1 oxidation and/

or H,0, overaccumulation as a result of PrxQ oxidation.

4.2 Leaf responses to small microbial VCs involve proteostatic regulation of the MEP
and shikimate pathways by enhanced photosynthesis signaling

The CBC is an essential source of substrates for the synthesis of secondary metabolites
important for growth and development such as phenylpropanoids and isoprenoids via
the plastid-localized shikimate and the MEP pathways, respectively. Modulation of
the metabolic flux towards both pathways involves the regulation of the provision
of CBC intermediates (Henkes et al., 2001; Ghirardo et al., 2010; Pokhilko et al.,
2015). Fine-tuning of the shikimate pathway involves the redox- and Clp protease
complex-mediated proteostatic regulation of the pathway’s first enzyme, phospho-2-
dehydro-3-deoxyheptonate aldolase (Entus et al., 2002; Tzin et al., 2012; Nishimura
et al., 2013). Moreover, modulation of the MEP pathway involves the transcriptional
regulation of the expression of MEP pathway genes (Carretero-Paulet et al., 2002;
Cordoba et al., 2009), the allosteric inhibition of the pathway’s first enzyme, 1-deoxy-
D-xylulose-5-phosphate synthase (DXS) by MEP pathway products (Banerjee et al.,
2013; Ghirardo et al., 2014), and the proteostatic regulation of DXS by components of
the plastidial PQC system such as chaperones and the Clp protease complex (Pulido et
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al., 2013; Llamas et al., 2017; Rodriguez-Concepcion et al., 2019).

Highly sensitive label-free high-throughput differential proteomic studies
revealed that small VCs emitted by 4. alternata reduce the levels of proteins of the
Clp protease system in leaves, and concomitantly augment those of proteins that
accumulate to higher levels in Clp-defective mutants than in WT plants (Ameztoy et
al., 2021). Proteins in this group include enzymes of the MEP and shikimate pathways,
chaperones involved in folding and assembly of newly imported plastid proteins, and
thioredoxins that participate in the redox regulation of CBC enzymes and enzymes
involved in the synthesis of photosynthetic pigments (Ameztoy etal., 2021). In addition,
small fungal VCs down-regulate the levels of enzymes involved in the carotenoid-to-
ABA conversion process. These changes in the leaf proteome could explain, at least
in part, the enhancement of photosynthetic CO, fixation, reduced ABA content, and
enhanced contents of starch, MEP-pathway derived compounds (e.g. chlorophyll and
carotenoids), and shikimate-pathway derived compounds (e.g. shikimate, flavonols
and anthocyanins) that are present in leaves of plants exposed to small VCs. Small
VCs also down-regulate the levels of transcripts that code for proteins of the Clp
protease system, and up-regulate those coding for plastidial chaperones (Ameztoy et
al., 2021). No transcriptional, proteomic or metabolic changes occur in leaves of cfbp !
mutants impaired in redox-activated cFBP1 plants upon exposure to small fungal
VCs (Ameztoy et al., 2021). The overall data indicate that adaptation of the plastid
proteome and metabolome to small fungal VCs in leaves involves redox-regulated,
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.

4.3 Small VCs modify root metabolism and architecture, and improve nutrient and
water use efficiencies in leaves through proteome resetting mechanisms

In response to environmental changes, roots adjust their metabolism and architecture
through mechanisms involving long-distance communication with the aerial part of
the plant (Gansel et al., 2001; Lejay et al., 2008; Kiba et al., 2019), and shifts in
phytohormone and ROS signaling (Tsukagoshi et al., 2010; Lan et al., 2012; Zd’arska
et al., 2013; Bouguyon et al., 2016; Mangano et al., 2017). Garcia-Gémez et al.
(2020) have shown that small VCs emitted by the fungal phytopathogen Penicillium
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aurantiogriseum promote major RSA changes (e.g. inhibition of primary root (PR)
and LR growth, stimulation de novo of LR formation and promotion of extensive
proliferation and elongation of RHs), alter root metabolism, and enhance intrinsic
water use efficiency and tolerance to drought. These responses can be accounted for
by transcriptionally and non-transcriptionally regulated changes in the expression
of proteins involved in hormone metabolism, water and nutrient transport, sucrose
breakdown, redox metabolism and signaling, and HCN scavenging (Garcia-Gomez et
al., 2020).

The fungal VC treatment augments the levels of CK and ethylene biosynthetic
enzymes, and also enhances the production and/or signaling of CK, ethylene and
auxin in roots (Garcia-Gomez et al., 2020). This treatment elicits only weak root
developmental responses in mutants impaired in signaling by auxin, ethylene and
CK, which strongly indicates that RSA changes promoted by small VCs involve the
action of these hormones. Small VCs emitted by P. aurantiogriseum down-regulate
the expression of the CK-repressed iron carrier IRT1 and auxin-repressed aquaporins
at both transcript and protein levels (Garcia-Gomez et al., 2020), which may reflect
transcriptionally regulated adjustments to reduced water and Fe demands in the leaves
caused by VC-promoted enhanced photosynthetic water and Fe use efficiencies. Small
fungal VCs also down-regulate the expression of auxin-repressed vacuolar invertases,
which together with aquaporins, control turgor pressure as a driving force for root
elongation (Sergeeva et al., 2006). This indicates that root shortening in response to
small VCs is at least partly due to reduced osmotic water uptake caused by auxin-
mediated down-regulation of the expression of aquaporins and vacuolar invertases.

O, and H,O, accumulation in the apoplast plays important roles in root and
RH growth and development (Foreman et al., 2003; Passardi et al., 2006). Small
fungal VCs enhance levels of these compounds in roots and RHs of exposed plants
(Garcia-Gomez et al., 2020). In addition, this treatment down-regulates the expression
of major determinants of apoplastic O,” and H,0O, accumulation and RH formation
and development, including plasma membrane aquaporins, apoplastic peroxidases and
plasma membrane calcium pumps (Garcia-Gomez et al., 2020). This indicates that
apoplastic oxidative bursts in RHs caused by root proteome resetting are important
determinants of the root and RH response to small fungal VCs. In support of this

hypothesis, the 74d2 mutant, which is impaired in apoplastic O,  and H,0, production
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in RHs is unresponsive in terms of O,” accumulation in RHs, stimulation of RH growth,
and PR and LR shortening promoted by small fungal VCs (Garcia-Gémez et al., 2020).

In roots of WT plants, small VCs emitted by P. aurantiogriseum enhance
the expression of CAS-C1, which converts the cysteine and HCN produced in the
last step of the ethylene biosynthetic pathway into H,S and B-cyanoalanine (Garcia-
Gomez et al., 2020). CAS-C1 has been implicated in preventing accumulation of
toxic levels of HCN that would otherwise prevent RH elongation (Garcia et al., 2010;
Arenas-Alfonseca et al., 2018). Roots of plants exposed to P. aurantiogriseum VCs
accumulate high HCN levels (Garcia-Gomez et al., 2020). In addition, exposure to
small fungal VCs does not promote RH elongation and root shortening in cas-c/ plants
(Garcia-Gomez et al., 2020). This strongly indicates that CAS-C1 operates in the RSA
changes promoted by fungal VCs through mechanisms other than by maintaining low
levels of HCN. Unlike WT plants, cas-c/ plants do not accumulate high levels of O, in
RHs. One possible explanation for the weak response of roots and non-responsiveness
of RHs to small fungal VCs in cas-c/ plants is therefore that root shortening and RH
formation and elongation promoted by fungal VCs involves enhanced O, production
by as yet to be identified CAS-C1 dependent mechanisms. Because H,S is an important
modulator of RSA (Mei et al., 2017; Zhang et al., 2017; Li et al., 2018a), another
explanation for the weak response of cas-c/ roots and RHs to small fungal VCs is that

this response is mediated by H,S produced by CAS-CI.

5. Conclusions and future considerations

Microorganisms emit small VCs other than CO, with molecular masses of less than
~45 Da that promote plant growth and developmental as well as metabolic changes.
Enough information has been compiled to propose that the response of the aerial part
of the plant to small VCs involves transcriptional and non-transcriptional regulatory
mechanisms that depend heavily on signaling of rapid redox-activated photosynthesis
and subsequent plastidial PQC system-mediated proteostatic up-regulation of
plastidial thioredoxins and enzymes of the MEP and shikimate pathways. According to
this view, rapid thiol redox activation of photosynthesis-related proteins promoted by
highly reactive small microbial VCs enhances PET and augments the photosynthetic
production of CBC metabolic intermediates to fuel the production of compounds

derived from the MEP and shikimate pathways. These compounds initiate a cascade
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of reactions leading to changes in the expression of nuclear genes, notably those
encoding proteins of the plastidial PQC system (Figure 2). The resulting reduced
protease activity and enhanced expression of chaperones in the chloroplast increase
the stability and activity of target proteins including thioredoxins that redox-activate
photosynthesis-related proteins, and enzymes of the MEP and shikimate pathways. This
situation enables high metabolic flux from the CBC towards the MEP and shikimate
pathways, and guarantees a sustained high rate of photosynthesis and accelerated
growth. Enough information has also been obtained to propose that small VCs emitted
by some fungal phytopathogens modify root metabolism and architecture, and adjust
Fe and water uptake to reduced photosynthetic water and Fe demands in the leaves
by means of transcriptionally and non-transcriptionally regulated proteome resetting
mechanisms that involve HCN scavenging, hormone and apoplastic H,O, production
and signaling and reduced expression of water and Fe transporters (Figure 2).

To our knowledge, transcriptome and proteome resetting promoted by small
fungal VCs is the first example of an environmentally triggered modulation of the
expression of genes encoding Clp protease system proteins as a way of changing
the levels of MEP and shikimate pathway enzymes and hence regulating chloroplast
metabolism. Also, small fungal VC-promoted accumulation of exceptionally high
levels of starch in mesophyll cells of PGI1-lacking plants constitutes the first clear
example of starch production through non-canonical starch biosynthetic pathway(s)
in mature leaves of plants cultured under autotrophic conditions. Investigating plant
responses to small microbial VCs is therefore an excellent way not only to understand
plant-microbe interactions, but also to unveil fundamental mechanisms involved in
metabolic regulation in plants. Some of the mechanisms involved in the response of
plants to small VCs emitted by fungal phytopathogens differ from those involved in the
response to those emitted by beneficial microorganisms (Garcia-Gomez et al., 2020),
which adds further interest in carrying out research on the mechanism(s) of action
of these compounds, and raises questions regarding the evolution of the mechanisms
involved in modulation of the response of plants to microbes and their ecological
significance.

Small VCs from different microorganisms promote distinct responses in
exposed plants (Garcia-Goémez et al.,, 2019). This indicates that microorganisms

have less that ~45 Da volatilomes with different action potentials. A big challenge
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Figure 2: Suggested model of regulation of the plant response to small fungal VCs. According to this model,
rapid thiol redox activation of photosynthesis-related proteins promoted by small microbial VCs enhances
PET, photosynthetic CO, fixation and the metabolic flux towards the MEP and shikimate pathways. The
resulting enhanced production of compounds from these pathways initiates cascades of reactions leading to
reduced Clp protease activity and enhanced expression of chaperones in the chloroplast, which increases the
stability and activity of photosynthesis-related proteins, and enzymes of the MEP and shikimate pathways.
This situation guarantees high metabolic flux from the CBC towards the MEP and shikimate pathways, and a
sustained high rate of photosynthesis and accelerated growth. Small microbial VCs modity root architecture
and metabolism to adapt Fe and water uptake to reduced water and Fe demands in the aerial part of the
plant by means of transcriptionally and non-transcriptionally regulated proteome resetting mechanisms that
involve HCN scavenging, hormone and apoplastic H,O, production and signaling and reduced expression of
water and Fe transporters. Metabolic and signaling pathways and genes up-regulated by small fungal VCs
are highlighted in red, while functions down-regulated by fungal VCs are highlighted in blue. Multistep me-
tabolic pathways and signaling cascades are indicated by dashed arrows. Illustration from Bouché¢, Frédéric
(2018): 2018 Arabidopsis_flowering plant. figshare. Figure. https://doi.org/10.6084/m9.figshare.7159937.
vl.
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in understanding how microorganisms interact with plants is identification of the
small bioactive microbial VCs that promote growth and developmental changes,
and investigating their biochemical and molecular mechanism(s) of action when
exogenously applied in discrete or combined forms in different parts of the plant and
at concentrations resembling those in natural environments. Good candidates are NO,
NO,, CO, H,S, ethylene and methanol. Several areas requiring further work in order
to understand the mechanisms of action of small VCs have been highlighted in the
text. Perhaps the greatest interest in the future may be focused on the role of GPT2
in the response of plants to small microbial VCs. GPT2 could provide G6P not only
for starch biosynthesis in leaves, but also to fuel the MEP and shikimate pathways in
roots. In addition, it could provide G6P for the oxidative pentose phosphate pathway
in roots, which has been shown to be important in generating signals involved in the
photosynthetic regulation of nutrient acquisition (Lejay et al., 2008). Investigation
of the role of GPT2 in the response of plants to small microbial VCs would require
the use of gpr2 and pgilgpt2 mutants. This topic has been treated in the first chapter
of my thesis work entitled “Glucose-6-P/phosphate translocator2 mediates the
phosphoglucose-isomerase-1 independent response to microbial volatiles". Another big
challenge is to determine the role in the response to small VCs of the cysteine residues
of photosynthesis-related proteins whose redox status is altered upon short-term
exposure to small VCs. This would require the production of genetically engineered
plants expressing photosynthesis-related enzymes mutated at the redox-sensitive
cysteine residues and the characterization of their responses to small VCs. This has
been treated in the second chapter of my thesis work entitled “The microbial volatile-
responsive redox-sensitive Cys95 residue is an important structural and functional
determinant of the Calvin-Benson fructose-1,6-bisphosphatase in Arabidopsis".
Additional research is needed to understand how signals generated in the
chloroplast upon brief VC exposure are transduced to the nucleus and to obtain a
holistic view of the molecular mechanisms involved in the plant response to these
compounds. Known signals involved in chloroplast-to-nucleus retrograde signaling
include ROS generated by photosynthesis, tetrapyrroles, the sulfur metabolism by-
product 3’-phosphoadenosine 5’-phosphate (PAP), the MEP pathway intermediate
2-C-methyl-D-erythritol-2,4-cyclopyrophosphate (MEcPP), isoprenes, and the CBC
intermediate dihydroxyacetone phosphate (Estavillo et al., 2011; Xiao et al., 2012;
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Vogel et al., 2014; Chan et al., 2016). Small fungal VCs do not promote changes in
ROS levels in leaves (Ameztoy et al., 2019), suggesting that these compounds are
not involved in retrograde signaling of redox-activation of photosynthesis promoted
by small VCs. Microbial VCs up-regulate the expression of MEP pathway enzymes
and PAP biosynthetic enzymes (Ameztoy et al., 2021). It is therefore likely that
chloroplast-to-nucleus retrograde signaling of enhanced photosynthesis triggered by
small VCs involves PAP and/or the MEP pathway intermediate MEcPP.

The lack of correlation between transcriptome and proteome changes
occurring in plants exposed to small fungal VCs strongly indicates that the regulation
of plant responses to these compounds is primarily non-transcriptional. Further studies
using mutants of the PQC system will be necessary to learn the extent to which
PQC-mediated proteostastic regulation of gene expression is involved in the plant
response to small VCs. Many studies during the last decade based on next-generation
sequencing and ribosome footprint profiling technologies have demonstrated the
relevance of translational regulation to plant growth and environmental responses
(Merchante et al., 2017). This type of study will be required in order to investigate
the contribution of translational regulation to the response to VCs and close the gap

between transcriptomic and proteomic data from small VC-exposed plants.
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Objetivos Samuel Gamez Arcas

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 especificos:

Objetivo #1: estudiar el papel que juega GPT2 en la regulacion de la respuesta a

VCs fungicos de plantas de Arabidopsis impedidas en PGI1.

Objetivo #2: estudiar el papel que juega el residuo Cys95 en la estructura y
funcion de cFBPI.

27



upna

Universidad Publica de Navarra
Nafarroako Unibertsitate Publikoa



CHAPTER1

Glucose-6-P/phosphate translocator2
mediates the phosphoglucose-isomerase-1
independent response to microbial volatiles



upna

Universidad Publica de Navarra
Nafarroako Unibertsitate Publikoa



Chapter 1 Samuel Gamez Arcas

INTRODUCTION

Phosphoglucose isomerase (PGI) catalyzes the reversible isomerization of glucose-6-P
(G6P) and fructose-6-P. This enzyme participates in the early steps of glycolysis and in
the regeneration of G6P pools in the pentose phosphate pathway (PPP). In mammals,
in addition to its role as a glycolytic and PPP enzyme, PGI plays moonlighting roles
as a cytokine and growth factor (Chaput et al., 1988; Watanabe et al., 1996; Jeffery
et al., 2000). Arabidopsis has one PGI isozyme in the plastid, i.e., PGI1, which plays
a key role in transitory starch production in mesophyll cells of leaves, connecting
the Calvin-Benson cycle (CBC) with the canonical starch biosynthetic pathway (Yu
et al., 2000; Fiinfgeld et al., 2022). Its activity is modulated by glycolytic and PPP
metabolic intermediates (Dietz, 1985; Backhausen et al., 1997) and by its redox status
(Heuer et al., 1982). PGII interacts with some plastid-localized members of the 14-
3-3 family of proteins (McWhite et al., 2020; https://thebiogrid.org/13853/summary/
arabidopsis-thaliana/pgil html), which regulate multiple biological processes by
phosphorylation-dependent protein-protein interactions (Denison et al., 2011). Some
phosphorylation sites of PGI1 are flanked by redox-sensitive cysteine residues that
respond to environmental changes (Reiland et al., 2009; Wang et al., 2013; Liu et al.,
2014; Yin et al., 2017; https://phosphat.uni-hohenheim.de/). It thus appears that PGI1
is subject to complex regulatory mechanisms.

PGI1-lacking pgil-2 plants display reduced photosynthetic capacity and slow
growth phenotypes, and accumulate low levels of starch and fatty acids in leaves
and seeds, respectively (Bahaji et al., 2015; Bahaji et al., 2018). Moreover, these
plants accumulate low levels of isoprenoid hormones derived from the plastid-
localized 2-C-methyl-D-erythritol 4-P (MEP) pathway that are important for growth,
development and photosynthesis including active forms of gibberellins (GAs) and
trans-zeatin (tZ) type cytokinins (CKs) (Bahaji et al., 2015; Bahaji et al., 2018).
PGI1 is mainly expressed in root tips and vascular tissues of cotyledons, mature
leaves and roots (Bahaji et al., 2018), where genes involved in the synthesis of MEP
pathway-derived isoprenoid hormones are strongly expressed (Silverstone et al., 1997;
Miyawaki et al., 2004; Mitchum et al., 2006; Behnam et al., 2013; Yang et al., 2020).
Thus, we have proposed that PGII is an important determinant of photosynthesis,
metabolism, growth, reproductive development and seed yield, probably due to its

involvement in the synthesis of storage reserves in the embryo and PPP/glycolytic
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metabolic intermediates necessary for the synthesis of MEP pathway-derived
isoprenoid hormones in vascular tissues (Bahaji et al., 2015; Bahaji et al., 2018).

Microorganisms emit a plethora of volatile compounds (VCs) that promote plant
growth and photosynthesis as well as strong developmental and metabolic changes
(Zhang et al., 2008; Sanchez-Loépez et al., 2016b; Martinez-Medina et al., 2017,
Camarena-Pozos et al., 2019; Baroja-Fernandez et al., 2021; Sharifi et al., 2022; Vlot
and Rosenkranz, 2022). Recently, using a “box-in-box” in vitro co-cultivation system
in which plants were grown in the vicinity of microbial cultures covered with charcoal
filters, we showed that VCs of molecular masses of less than ca. 45 Da (hereinafter
designated as “small VCs”) are important determinants of plant responses to microbial
volatile emissions (Ameztoy et al., 2019; Garcia-Gomez et al., 2019; Garcia-Gémez
et al., 2020; Ameztoy et al., 2021; Gamez-Arcas et al., 2022a). Regulation of these
responses is primarily non-transcriptional and involves global changes in the proteome
(Ameztoy et al., 2021) and thiol redox proteome, particularly in photosynthesis- and
starch biosynthesis-related proteins (Li et al., 2011; Ameztoy et al., 2019). Responses
to small VCs also involve CK-mediated mechanisms wherein long-distance
communication between roots and the aerial part of the plant play important roles
(Garcia-Gomez et al., 2019; Garcia-Gomez et al., 2020; Gamez-Arcas et al., 2022a).
Like in wild-type (WT) plants, small VCs promote growth, photosynthesis and tZ
accumulation in pgil-2 plants (Sanchez-Lopez et al., 2016a). These compounds also
promote the accumulation of exceptionally high levels of starch in pgi/-2 leaves
(Sanchez-Lopez et al., 2016a). Therefore, the response of plants to small VCs involves
PGI1-independent mechanisms, including the activation of an as-yet unidentified non-
canonical starch biosynthetic pathway(s) in mesophyll cells of leaves (Bahaji et al.,
2011; Baroja-Fernandez et al., 2012; Sanchez-Lopez et al., 2016a).

A striking alteration in the transcriptome of leaves of small fungal VC-treated
plants involves strong up-regulation of levels of transcripts of GPT2 (Atlg61800)
(Sanchez-Lopez et al., 2016b), a gene that codes for a plastidial G6P/Pi transporter
(Kammerer et al., 1998). GPT2 is implicated in dynamic photosynthetic acclimation
to environmental changes, such as increased irradiance through mechanisms involving
signalling of G6P partitioning between chloroplasts and the cytosol, and resetting of the
photosynthesis-related proteome (Athanasiou et al., 2010; Dyson et al., 2015; Miller
et al., 2017; Karim, 2021). Dyson et al. (2014) have suggested that GPT2 plays an
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important role in sugar sensing or signaling during germination and the transition from
heterotrophic to autotrophic growth in developing seedlings. At the transcript level,
GPT?2 has low, almost undetectable expression in WT leaves (Athanasiou et al., 2010;
Weise et al., 2019; https://bar.utoronto.ca/eplant), but is induced in starch deficient
mutants (Kunz et al., 2010). In leaves, different abiotic stress treatments promote
the accumulation of GPT?2 transcripts in vascular and epidermal cells, but not in the
mesophyll (Berkowitz et al., 2021). Elevated photosynthesis, phosphate starvation or
exogenous sugar supply up-regulate GPT?2 transcript levels (Hammond et al., 2003;
Gonzali et al., 2006; Athanasiou et al., 2010; van Dingenen et al., 2016; Garcia-
Gomez et al., 2019; Weise et al., 2019) and promote starch accumulation (Makino et
al., 1999; Athanasiou et al., 2010; Lei et al., 2011). In addition, 35S promoter-driven
GPT2 expression restores to WT the low starch content phenotype of pgi/-2 leaves
(Niewiadomski et al., 2005). It is thus conceivable that accumulation of high levels
of starch in leaves of WT and pgil-2 plants promoted by small microbial VCs is due,
at least partly, to enhanced GPT2-mediated incorporation of cytosolic G6P into the
chloroplasts and subsequent conversion into starch, thus bypassing the PGI1 reaction
(Sanchez-Lopez et al., 2016b). Furthermore, because PGI1 is strongly expressed
in vascular tissues and root tip cells (Bahaji et al., 2018), it is likely that changes
promoted by small VCs in leaves are due to enhanced GPT2-mediated incorporation
of cytosolic G6P into non-photosynthetic plastids of vascular tissues and root tip
cells and subsequent PGI1-mediated metabolization into growth and photosynthesis
determinants including isoprenoid hormones. To test these hypotheses and clarify the
mechanisms involved in plant responses to small microbial VCs, we compared the
growth, photosynthetic, starch and tZ contents as well as proteomic responses of WT,
GPT2-null gpt2-1, PGII-null pgil-2 and pgil-2gpt2-1 plants to small VCs emitted
by the fungal phytopathogen Alternaria alternata. We also characterized the response
of pgil-2gpt2-1 plants ectopically expressing GPT2 under the control of the vascular
tissue-specific Athspr promoter (Zhang et al., 2014) to small VCs. Moreover, using
plants transformed with constructs carrying the GPT2 promoter fused to the GUS
reporter, we examined the GPT2 expression pattern. Results presented in this work
provide strong evidence that, under conditions in which PGI1 activity is reduced, long-
distance action of GPT2 plays an important role in the response of plants to small VCs

through mechanisms involving resetting of the photosynthesis-related proteome in
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leaves. Evidence is provided that GPT?2 is subject to complex regulatory mechanisms

that impede its expression in mesophyll cells of leaves.

RESULTS

The response of pgil-2gpt2-1 plants to small fungal VCs is weaker than that of
WT and pgil-2 plants

We compared growth, starch accumulation and photosynthesis responses of WT, gpt2-
1, pgil-2 and pgil-2gpt2-1 plants (Table 1) to VCs of molecular masses of less than ca.
45 Da emitted by adjacent 4. alternata cultures. As shown in Figure 1, in the absence
of small fungal VCs, the sizes and weights of rosettes of these plants were comparable
to each other. Small fungal VCs strongly promoted rosette growth in WT, pgil-2 and,
to a lesser extent, pgil/-2gpt2-1 plants (Figure 1). The relatively weak promotion of
growth of pgil-2gpt2-1 plants by small fungal VCs could be rescued by the ectopic
expression of PGII or GPT2 under the control of the 35S promoter (Figure 1).

Table 1: Plants used in this work.

Designation Description Source
Wasilewskija-2 (Ws-2) Wild type N1601
pgil-2 PGII knockout mutant Kunz et al. (2010)
gpt2-1 GPT?2 knockout mutant GABI 454H06
pgil-2gpt2-1 pgil-2 and gpt2-1 double mutant Bahaji et al. (2015)

pgil-2gpt2-1 mutant expressing PGI1
pgil-2gpt2-1 35S:PGI1 under the control of the cauliflower This work

mosaic virus 35S promoter

pgil-2gpt2-1 mutant expressing GPT2
pgil-2gpt2-1 35S:GPT2 under the control of the cauliflower This work

mosaic virus 35S promoter

pgil-2gpt2-1 mutant expressing PGI1
pgil-2gpt2-1 promAthspr:GPT2 | under the control of the vascular tissue- This work

and root tip-specific Athspr promoter
WT plants expressing GUS under the

promAthspr:GUS control of the vascular tissue- and root tip- This work

specific Athspr promoter

WT plants expressing GUS under the
promGPT2:GUS This work
control of the GPT2 promoter

WT plants expressing translationally
promGPT2:GPT2-GUS fused GPT2-GUS under the control of the This work
GPT2 promoter

‘WT plants expressing translationally

358:GPT2-GUS fused GPT2-GUS under the control of the This work

cauliflower mosaic virus 35S promoter

34



Chapter 1 Samuel Gamez Arcas

pgi1-2gpt2-1 pgi1-2gpt2-1

pgitl-2gpt2-1  35S:GPT2(1)  35S:PGI (1)

B
140 1m ves
g 12017 %" a a 2
- a
£ 100
£
= 80 ab
=
T 60
2
g 40
g 20
0T« AR N
&g g O 0
& \@Q OQ/\W oy
QQ\ '\,bbc-" '36
AN
'\'q'QQ »\"LQQ
R N\
& P

Figure 1: The growth response of pgil-2gpt2-1 plants to small fungal VCs is weaker than that of WT and
pgil-2 plants. (A) External phenotypes and (B) rosette FW of WT, pgil-2, gpt2-1 and pgil-2gpt2-1 plants,
and plants from one representative line each of pgil/-2gpt2-1 transformed with 35S:GPT2 or 35S:PGI1
(pgil-2gpt2-1 358:GPT2(1) and pgil-2gpt2-1 35S:PGII(1), respectively) cultured in the absence or conti-
nuous presence of small fungal VCs for one week. Values in panel (B) are means + SE for three biological
replicates (each a pool of 12 plants) obtained from four independent experiments. Lowercase letters indicate
significant differences, according to Student’s #-test (P<0.05) between: “a” VC-treated and non-treated
plants, and “b” VC-treated WT and mutant plants. .

In the absence of small fungal VCs, the starch content in mature leaves of
gpt2-1 plants was comparable to that of WT plants, as revealed by starch iodine staining
(Figure 2A) and quantitative starch content measurement (Figure 2B) analyses.
In keeping with Bahaji et al. (2015), the starch content in pgil/-2 and pgil-2gpt2-1
mature leaves was ca. 15% of that of WT leaves (Figure 2). The “low starch content”
phenotype of pgil-2gpt2-1 plants could be rescued by the ectopic expression of PG/
under the control of the 35S promoter but not by that of GPT2. Small fungal VCs
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Figure 2: The starch accumulation response of pgil-2gpt2-1 plants to small fungal VCs is weaker than
that of WT and pgi/-2 plants. (A) Starch content and (B) iodine staining of leaves of WT, pgil-2, gpt2-1
and pgil-2gpt2-1 plants and plants from one representative line each of pgil-2gpt2-1 transformed with
358:GPT2 or 35S:PGII (pgil-2gpt2-1 35S:GPT2(1) and pgil-2gpt2-1 355:PGII1(1), respectively) cultured
in the absence or continuous presence of small VCs for one week. Values in panel (A) are means + SE for
three biological replicates (each a pool of 12 plants) obtained from four independent experiments. Lowercase
letters indicate significant differences, according to Student’s #-test (P<0.05) between: “a” VC-treated and
non-treated plants, “b” VC-treated WT plants and mutants, and “c” VC non-treated WT and mutant plants.

promoted the accumulation of exceptionally high levels of starch in leaves of exposed
WT and gpt2-1 plants (Figure 2). In keeping with Sanchez-Lopez et al. (2016b), these
compounds also induced strong accumulation of starch in leaves of pgi/-2 plants,
although to a lesser extent than in leaves of WT plants (Figure 2). Small VCs increased
the starch content in leaves of pgil-2gpt2-1 plants to levels much lower than those of
VC-exposed pgil-2 leaves and comparable to those of WT leaves not exposed to small
VCs (Figure 2). The weak promotion of starch accumulation by small VCs in leaves of
pgil-2gpt2-1 plants could be rescued to WT levels by the ectopic expression of either
PGII or GPT2 under the control of the 35S promoter (Figure 2).

In the absence of small VCs, values of the net rates of CO, assimilation (4,)

at all intracellular CO, concentration (C) levels, the maximum rate of carboxylation
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by Rubisco (V) and the maximum electron transport demand for RuBP regeneration
(J,,,) in gpt2-1 plants were comparable to those of WT plants (Figure 3A, D, E). In
pgil-2 plants, these values were lower than those in WT plants (Figure 3B, D, E),
consistent with Bahaji et al. (2015), and similar to those of pgi/-2gpt2-1 plants (Figure
3C, D, E). As expected, small VCs enhanced 4 values at all C, levels as well as Vemax
and Jmax values in WT plants (Figure 3A, D, E). Values of these photosynthetic
parameters in small VC-treated gpt2-1 plants were comparable to those of VC-treated
WT plants (Figure 3A, D, E). In pgi/-2 plants, small VCs enhanced values of 4 at all
C levelsaswellas ¥V, andJ _to those of VC-non-treated WT plants (Figure 3B, D,
E). Small fungal VCs induced a small, statistically non-significant increase of 4 , V',
andJ _values in pgil-2gpt2-1 plants (Figure 3C, D, E). In both presence and absence
of small fungal VCs, the “low photosynthetic capacity” phenotype of pgil-2gpt2-1
plants could be restored to almost WT levels by ectopic expression of PGII or GPT2
under the control of the 35S promoter (Supplemental Figure S1).

>
vy)
(@)

18 gwr.ves 181 mwr-ves 14
Swr =t

A gpi2-1-VCs. 161 o pgir-2-vcs

14{ & gpiz-1 +VCs

@ pgi1-2-VCs

)
N
4
P4
&8
S
il
8
<
9

% % 14| o pairzves % | < poit-2gpt2-1 +vCs
Y 12 o « 10
& E 12 E
<10 <10 < 8
Q 8 Q Q
= o8 =
5 5 5
g £ £ 4
e I e}
< < <
< 2 2 2
04 01 0+
0 200 400 600 800 1000 1200 1400 0 200 400 600 800 1000 1200 1400 0 200 400 600 800 1000 1200 1400
Ci (ppm) Ci (ppm) Ci (ppm)
D E

Vemax (umol COz .m-2.s-1)
Jmax (umol e~m-2.s1)

o
&
2

S
&

A
v

2
N
& o

Figure 3: The photosynthetic response of pgil-2gpt2-1 plants to small fungal VCs is weaker than that
of WT and pgil-2 plants. Curves of net CO, assimilation rate (4,) versus intercellular CO, concentration
(Ci) in leaves of (A) WT and gpr2-1 plants, (B) WT and pgil-2 plants, and (C) pgil-2 and pgil-2gpt2-1
plants cultured in the absence or continuous presence of small VCs released by adjacent 4. alternata
cultures for 3 days. (D) ¥, —and (E) J, values calculated from the 4 /C, curves. Treatment started 28
days after sowing plants. In (A), (B) and (C), values are means = SE for four plants. In (D) and (E), values
are means + SE for four biological replicates (each a pool of four plants) obtained from four independent
experiments. Lowercase letters indicate significant differences, according to Student’s #-test (P<0.05),

between: “a” VC-treated and non-treated plants, “b” VC-treated WT and mutants, and “c” VC non-treated
WT and mutant plants.
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Knocking out GPT2 decreases the content of tZ in pgil-2 plants

Having established GPT2's involvement in the pgi/-2 growth, photosynthetic and
starch accumulation responses to small fungal VCs, we compared the effects of
these compounds on the tZ contents in pgi/-2 and pgil-2gpt2-1 plants. For this, we
measured the tZ contents in mature leaves of pgi/-2 and pgil-2gpt2-1 plants cultured
in the absence or continuous presence of small fungal VCs. We also measured the tZ
contents in leaves of WT plants. Under both experimental conditions, the tZ content
in pgil-2gpt2-1 leaves (0.71 £ 0.10 and 1.87 £ 0.18 pmol g DW in plants cultured in
the absence and presence of VCs, respectively) was significantly lower than in pgi/-2
plants (1.59 + 0.11 and 2.34 £ 0.27 pmol g DW in plants cultured in the absence and
presence of VCs, respectively), which in turn accumulated lower levels of tZ than WT
leaves (2.54 = 0.52 and 3.60 £+ 0.05 pmol g DW in plants cultured in the absence and

presence of VCs, respectively).

Vascular tissue- and root tip-specific expression of GPT2 is sufficient to revert to
WT the poor response of pgil-2gpt2-1 plants to small VCs

PGII is strongly expressed in root tips and vascular tissues of roots, cotyledons,
hypocotyls and fully expanded mature leaves (Bahaji et al., 2018). It is thus likely that
vascular expression of GPT2 plays an important role in the response of pgi/-2 plants to
small VCs. To test this hypothesis, we characterized pgil/-2gpt2-1 plants transformed
with promAthspr:GPT2, which express GPT2 under the control of the vascular
tissue-specific Athspr promoter (Zhang et al., 2014) (Table 1). As shown in Figure
4A, preliminary histochemical analyses of promAthspr:GUS plants transformed with
promAthspr fused to the GUS reporter showed vascular tissue and root tip specificity
of promAthspr, both in the absence and presence of small VCs. Data obtained from 3
independent lines of pgi/-2gpt2- 1 plants transformed with promAthspr: GPT2 revealed
that, in the absence of small fungal VCs, vascular and root tip-specific GPT2 expression
almost completely restored to WT the photosynthetic capacity of pgil-2gpt2-1 plants
(Figure 4B) but did not restore the “low starch content” phenotype of these plants
(Figure 4C). In the presence of small fungal VCs, vascular- and root tip-specific GPT2
expression completely restored to WT the weight of VC-exposed pgil-2gpt2-1 plants
(Figure 4D) and almost completely restored to WT the photosynthetic capacity and
starch content of these plants (Figure 4B, C).

38



Chapter 1 Samuel Gamez Arcas

A VCs

14 3501 W -VCs
g O+VCs =
=12 L 300 a S
2 o ab ap ab s
o ) 2
k 10 § 250 . -+ rh °
S8 3 200 =
8 ° =
O S 150 z
2 £ 2
E 4 = 100 3
2 5 50 ap 2
< & c| 4
. » . ¢ c c
N N
& @ o W0 G0 &gt G0 G0 L0 P AOSINUING
> L & L L 2 L L
RN N O WO o R 9
QQ'\\ & & & Q\’\ S & & Qq\ S & &
S M Ry
¢ ¢ E SR & &
pgi1-2gpt2-1 pgi1-2gpt2-1 pgi1-2gpt2-1

Figure 4: Vascular tissue- and root tip-specific expression of GPT2 is sufficient to revert to WT the poor
response of pgil-2gpt2-1 plants to small VCs. (A) Expression pattern of the Athspr promoter in transgenic
promAthspr:GUS plants cultured in the absence or presence of small fungal VCs for one week, as manifested
by GUS histochemical staining of leaves and roots, (B) 4, at 400 ppm CO,, (C) starch content and (D) rosette
FW of WT, pgil-2gpt2-1 and three independent lines of pgi/-2gpt2-1 transformed with promAthspr:GPT2
cultured in the absence or continuous presence of small VCs for one week. In (B), values are means + SE
for four plants. Values in panels (C) and (D) are means + SE for three biological replicates (each a pool
of 12 plants) obtained from four independent experiments. In (B), (C) and (D), lowercase letters indicate
significant differences, according to Student’s t-test (P<0.05), between: “a” VC-treated and non-treated
plants, “b” VC-treated WT and mutants, and “c” VC non-treated WT and mutant plants.

Knocking out PGI1 and GPT2 decreases the expression of photosynthesis-related
proteins

To obtain insights into the PGIl- and GPT2- mediated molecular mechanisms
involved in the responses of plants to small VCs, we carried out high-throughput
differential proteomic analyses between leaves of (i) WT plants cultured in the absence
or presence of small VCs, (ii) VC-exposed gpt2-1 and VC-exposed WT plants, (iii)
VC-exposed pgil-2 and VC-exposed WT plants, and (iv) VC-exposed pgil-2gpt2-1
and VC-exposed WT plants. As a preliminary step to establish the VC exposure time
for harvesting leaf samples, we carried out a time-course qRT-PCR analysis of GPT2
transcript levels in leaves of WT plants cultured in the absence or presence of small

VCs. We found that the pattern of GPT2 transcript content in VC-exposed leaves was
39



Chapter 1 Samuel Gamez Arcas

similar to that previously reported in leaves of plants exposed to increased irradiance
(Athanasiou et al., 2010). During the first 16 h of VC exposure, GPT?2 transcript levels
increased rapidly, and then fell to reach a steady-state significantly greater than that of
the controls after 3 days of VC exposure (Supplemental Figure S2). Based on these
observations, we decided to conduct proteomic analyses using leaves of plants exposed
to small VCs for 2 days, which still exhibited high GPT2 transcript levels. These
analyses revealed that small fungal VCs promoted widespread proteome resetting in
all genotypes analyzed. The results obtained can be summarized as follows:

(i) 425 out of the 4188 proteins identified in the comparative study
between leaves of WT plants cultured in the absence or presence of small VCs were
differentially expressed (Supplemental Table S1). Using the broad characterizations
outlined by the MapMan tool (https://mapman.gabipd.org/) (Thimm et al., 2004), the
proteins differentially expressed by small VCs were assembled into 29 functional
groups (Supplemental Figure S3A). Predicted locations of these proteins using
the SUBA4 Arabidopsis protein subcellular localization database (Hooper et al.,
2017) included almost all cellular compartments, but the locations associated with
the greatest number of proteins were the cytosol and plastid (Supplemental Table
S1; Supplemental Figure S3B). Nearly 70% of these proteins were identified as
differentially expressed by small VCs in a previous differential proteomic study using
a Col-O background (Ameztoy et al., 2021) (Supplemental Table S1). No statistically
significant changes in the levels of GPT2 protein were observed upon small fungal VC
treatment (Supplemental Table S1).

(i1) Only 6 out of the 4187 proteins identified in the comparative study between
small VC-exposed gpt2-1 leaves and VC-exposed WT leaves were differentially
expressed (Supplemental Table S2). No statistically significant differences in GPT2
levels were observed between leaves of small VC-exposed gpt2-1 and VC-exposed
WT plants.

(iii) 64 out of the 4186 proteins identified in the comparative study between
VC-exposed pgil-2 leaves and VC-exposed WT leaves showed statistically different
expression levels (Supplemental Table S3, Figure S5A). Nearly 35% of these
differentially expressed proteins (DEPs) were predicted to have a plastidial location
and 10 of them were photosynthesis-related proteins (Supplemental Table S3, Figure
5C).
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Figure 5: Knocking out PG// and GPT2 decreases the expression of photosynthesis-related proteins in small
VC-exposed plants. The graphics represent the functional categorization and localitation of differentially
expressed proteins (DEPs) in the comparative study between leaves of pgi/-2 and WT plants (A and C)
and pgil-2gpt2-1 and WT plants (B and D) cultured in the presence of small VCs for two days. In A and
B, proteins that were significantly down- or up-regulated in mutants are arranged according to the putative
functional category assigned by MapMan software. The numbers of up- and down-regulated proteins in
each categorical group are indicated by gray and black bars, respectively. In C and D, DEPs are classified
according to their subcellular localization. DEPs discussed here are shown in the boxes. The data were
obtained from Supplemental Table S4 and Supplemental Table S6.
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(iv) 81 out of the 4148 proteins identified in the comparative study between
VC-exposed pgil-2gpt2-1 leaves and VC-exposed WT leaves showed statistically
significant different expression levels (Supplemental Table S4, Figure SB). Nearly
70% of these DEPs were predicted to have a plastidial location, and 29 of them were
photosynthesis-related proteins (Supplemental Table S4, Figure 5D).

We next considered whether differences in the proteomes of VC-exposed
pgil-2gpt2-1 leaves and VC-exposed WT leaves were due to differential perception
and/or signalling of small VC or to knocking out of both PG/ and GPT2. We thus
conducted differential proteomic analyses between leaves of pgil-2gpt2-1 and WT
plants cultured in the absence of small fungal VCs. As shown in Supplemental
Table S5 and Supplemental Figure S4, the majority of the proteins differentially
expressed between leaves of pgil-2gpt2-1 and WT plants not exposed to VCs were
also differentially expressed between leaves of small VC-exposed pgil-2gpt2-1 and
WT plants (cf. Supplemental Table S4, Figure 5B). Therefore, we concluded that the
reduced levels of photosynthesis-related proteins in VC-exposed pgil-2gpt2-1 plants
were due to the lack of PGI1 and GPT2 rather than to differences in perception and/or
signalling of small VC in the two genotypes.

GPT?2 expression regulation

Proteomic data showing that small VCs did not enhance the GPT2 protein content
in exposed leaves strongly indicated that GPT2 expression is subjected to complex
regulation. To test this hypothesis, we conducted qRT-PCR analyses of GUS transcript
levels and GUS histochemical staining analyses in WT plants transformed with
promGPT2:GUS, which expressed GUS under the control of the 1.1 kb promGPT2
region immediately upstream the translation start codon of GPT2 (Table 1). We also
characterized plants transformed with promGPT2:GPT2-GUS and 35S:GPT2-GUS,
which expressed translationally fused GPT2-GUS under the control of promGPT?2 and
the 35S promoter, respectively (Table 1).

As shown in Figure 6A, GUS transcript levels in leaves of promGPT2:GUS
plants not exposed to small VCs were ca. 2-fold lower than in 35S:GPT2-GUS leaves,
indicating that the promGPT2 sequence has strong promoter activity. However, GUS
transcript levels in promGPT2:GPT2-GUS leaves were extremely lower than in

promGPT2:GUS leaves, both in the absence and presence of small VCs. Exposure to
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Figure 6: GPT2 expression is subjected to complex regulation. (A) Relative GUS transcript levels and (B)
GUS activity in leaves of promGPT2:GPT2-GUS, promGPT2:GUS and 35S:GPT2-GUS plants cultured
in the absence or presence of small VCs for two days. (C) Histochemical localization of GUS activity
in promGPT2:GUS (Cl) and 35S:GPT2-GUS (C2) plants cultured in the absence of small VCs, and
promGPT2:GPT2-GUS plants cultured in the absence (C3-C5) or presence (C6-C8) of small VCs for two
days. In “A”, the inset shows the relative GUS transcript levels in leaves of two independent representative
lines of promGPT2:GPT2-GUS plants. Values in panels (A) and (B) are means + SE for three biological
replicates (each a pool of 12 plants) obtained from four independent experiments. bdl: below detection limit,
which was established at 2 pmol of 4-MU.min"' mg"' protein.

43



Chapter 1 Samuel Gamez Arcas

small VCs enhanced GUS transcript levels in promGPT2:GUS and promGPT2:GPT2-
GUS leaves, but not in 35S:GPT2-GUS leaves (Figure 6A), indicating that promGPT2
has the regulatory elements necessary for driving downstream gene expression
in response to small VCs. Histochemical GUS activity analyses revealed that
promGPT2:GUS and 35S:GPT2-GUS plants exhibited strong GUS activity in all
tissues and cell types of leaves and roots (Figure 6C). Regardless of the presence of
small fungal VCs, different independent lines of promGPT2: GPT2-GUS plants showed
detectable GUS activity mainly in root tips and vascular tissues around hydathodes,
but not in other tissues such as the mesophyll of leaves (Figure 6C). Consistently,
GUS activities in leaves of promGPT2:GPT2-GUS plants cultured in the absence or
presence of VCs were negligible (Figure 6B). These results strongly indicated that
GPT?2 expression is subject to complex regulatory mechanisms wherein GP72 coding

sequences play important roles.

DISCUSSION

GPT2 is an important determinant of the response of pgil-2 plants but not of WT
plants to small VCs

Plants adjust their photosynthetic processes to fluctuating environmental conditions
to avoid photoinhibition and maximize yield through changes in the structure and
composition of the photosynthetic apparatus (Gjindali et al., 2021). Such changes,
referred to as dynamic photosynthetic acclimation, alter metabolism and endow plants
with the necessary plasticity to withstand changes in their environment. Previous studies
using gpt2 plants have shown that exposure of leaves to increased irradiance enhances
photosynthesis through a GPT2-mediated dynamic photosynthetic acclimation process,
involving transient accumulation of GPT?2 transcripts and widespread reengineering of
the leaf proteome (Athanasiou et al., 2010; Dyson et al., 2015; Miller et al., 2017).
Here, we showed that enhancement of photosynthesis, growth and leaf starch content,
and changes in the leaf proteome in gp#2-1 plants promoted by small VCs are similar
to those of WT plants (Figures 1-3, Supplemental Table S2). This strongly indicates
that the molecular mechanisms involved in acclimation to increased irradiance and
response to microbial VC exposure are different. We also showed that the response
of pgil-2gpt2-1 plants to small VCs was weaker than that of pgi/-2 plants (Figure
1-3). Moreover, leaves of VC-exposed pgil-2gpt2-1 plants accumulated lower levels
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of a large number of photosynthesis-related proteins than VC-exposed pgil-2 leaves,
which in turn accumulated lower levels of some of these proteins than VC-exposed
WT leaves (Supplemental Tables S3, S4, Figure 5). The overall data indicate that
(1) unlike in WT plants, GPT2 plays an important role in the regulation of dynamic
photosynthetic acclimation, growth, metabolism and expression of photosynthesis-
related proteins in response to small fungal VCs in pgi/-2 plants, and (ii) the weak
photosynthetic, growth and starch accumulation responses of pgil/-2gpt2-1 plants to
small VCs relative to WT and pgil-2 plants can be ascribed, at least partly, to reduced

expression of photosynthesis-related proteins.

The response of pgil-2 plants to small VCs involves GPT2 but not enhanced levels
of GPT2 protein in leaves

Small VCs promoted transitory accumulation of GPT2 transcripts in leaves
(Supplemental Figure S2), which may represent a case of activation of gene expression
upon stress and subsequent decay during acclimation and restoration of homeostasis
to a prestress state (Crisp et al., 2017; Garcia-Molina et al., 2020). Although transcript
abundance on its own cannot be used to infer changes in the proteome and fluxes in
central metabolism (Nakaminami et al., 2014; Schwender et al., 2014) this indicated
that enhanced incorporation of cytosolic G6P into chloroplasts caused by increased
GPT2 expression in leaves could be involved in the plant’s response to small VCs.
However, our differential proteomic analyses did not detect any statistically significant
accumulation of GPT2 protein in leaves promoted by small VCs (Supplemental Table
S1) (Sanchez-Lopez et al., 2016b; Ameztoy et al., 2021). These analyses also did not
detect statistically significant higher levels of GPT2 protein in WT leaves than in gpt2-
1 and pgil-2gpt2-1 leaves (Supplemental Tables S2, S4). Moreover, histochemical
GUS activity analyses of leaves of plants transformed with promGPT2:GPT2-GUS did
not detect any enhancement of GUS activity promoted by small fungal VCs (Figure
6B, C). Thus, the overall data indicated that (i) in keeping with the protein abundance
database (https://pax-db.org/protein/612928), GPT2 protein levels in Arabidopsis
leaves are marginally low; and (ii) in contrast to our initial hypothesis (Sanchez-Lopez
et al., 2016b), the response of pgil-2 plants to small VCs does not involve enhanced
incorporation of cytosolic G6P into the chloroplast of leaf mesophyll cells caused by

increased GPT2 expression.
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Vascular and root tip GPT2 expression plays an important role in the PGI1-
independent response to small VCs

MEP pathway derived tZ-type CKs are mainly synthesized in the root tips and the
vascular tissues and then transported to shoots, where they regulate growth and
processes including the expression of photosynthesis-related proteins and the
photosynthetic acclimation to environmental changes (Miyawaki et al., 2004; Aloni et
al., 2005; Boonman et al., 2007; Zd’arska et al., 2013; Kieber and Schaller, 2014; Ko et
al., 2014; Cortleven and Schmiilling, 2015). Root tips, vascular tissues and hydathodes
express PGII and genes involved in rate-limiting steps of plastidic CK biosynthesis,
translocation and signaling (Biirkle et al., 2003; Miyawaki et al., 2004; Ferreira and
Kieber, 2005; Bahaji et al., 2018). Here, we showed that tZ levels in VC-exposed
pgil-2gpt2-1 leaves were lower than in VC-exposed pgil-2 leaves, which in turn
accumulated lower levels of tZ than VC-exposed WT leaves. In addition, we found
that GPT?2 is expressed in root tips and leaf vascular tissues around hydathodes, which
are considered as transfer stations of CKs between xylem and phloem (Biirkle et al.,
2003; Aloni et al., 2005; Nagawa et al., 2006). Furthermore, we found that vascular-
and root tip-specific GPT2 expression is sufficient to almost completely restore to
WT levels the poor growth, photosynthetic and starch accumulation responses of
pgil-2gpt2-1 plants to small VCs (Figure 4). Therefore, the overall data indicated
that the expression of PGI1 and GPT2 in root tips and vascular cells plays key roles
in the response of plants to small VCs through mechanisms that harmonize the carbon
status of the plant with growth, photosynthesis and metabolism. One such mechanisms
could involve the provision of plastids of vascular and root tip cells with G6P derived
from the metabolization of sucrose coming from leaves to fuel glycolysis or the PPP
and provide precursors for the synthesis of MEP pathway-derived tZ, which once
transported to leaves, initiate a cascade of signaling reactions, leading to changes in
the expression of photosynthesis- and growth-related proteins (Figure 7). According
to this view, GPT2 expression could play an important role in the response of plants to
small VCs under conditions in which G6P-metabolizing PGI1 activity is low. Yeasts,
plants and animal cells possess transporter-like proteins, designated as transceptors,
that act as receptors involved in nutrient sensing (Ho et al., 2009; Lima et al., 2010;
Yang et al., 2012; Zhang et al., 2014; Volpe et al., 2016; Steyfkens et al., 2018). So far,

no sugar transceptor has been identified in plants. We speculate that GPT2 could act
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as a GOP receptor for long-distance signaling of the carbon status of the plant under
changing environmental conditions. However, further work is necessary to test this
hypothesis.

Unlike in pgil-2gpt2-1 plants, small VCs promoted the accumulation of
exceptionally high levels of starch in the mesophyll of pgil-2 leaves (Figure 2).
This, and the fact that small VCs enhanced GPT2 transcript levels, may in principle
indicate that these compounds activate a non-canonical starch biosynthetic pathway(s)
involving GPT2-mediated incorporation of cytosolic G6P, which once in the chloroplast
of mesophyll cells of pgil-2 leaves is converted to starch. However, this idea conflicts
with the facts that (i) leaves accumulate negligible levels of GPT2 protein both in the
presence and absence of small VCs (Supplemental Tables S1, S2, Figure 6C), and (i1)
vascular- and root tip-specific GPT2 expression strongly enhanced the starch content
in leaves of small VC-exposed pgil-2gpt2-1 plants (Figure 4). It is thus conceivable
that the accumulation of high levels of starch in leaves of small VC-exposed pgi/-2
plants and pgil-2gpt2-1 plants specifically expressing GPT2 in vascular tissues is due
to both uptake of cytosolic hexoses into the chloroplast through non-GPT2 transporter
system(s) and enhanced photosynthesis promoted by proteome resetting mechanisms,
wherein vascular and root tip GPT2 expression plays an important role (Figure 7).
Regarding the mechanism(s) of uptake of cytosolic hexoses into the chloroplasts
that can act as precursors for the synthesis of starch in leaves of small VC-exposed
plants, it should be noted that plastids from Arabidopsis have two functional G6P/
Pi translocators: GPT1 and GPT2 (Kammerer et al., 1998). GPT1 plays an important
role in starch biosynthesis in floral tissues and guard cells (Fliitsch et al., 2022).
Histochemical analyses of GUS activity in plants expressing GUS under the control of
the GPTI promoter showed GUS activity in mesophyll cells of leaves, indicating that
GPT1 is expressed in the mesophyll (Niewiadomski et al., 2005). However, like GPT2,
GPT1 transcript and protein levels are extremely low in mesophyll cells, as visualized
using the Plant eFP browser (https://bar.utoronto.ca/eplant) and the PAXdb: Protein
Abundance Database (https://pax-db.org/protein/633665) and GPT1 immunoblot
analyses of leaves (cf. Figure 7 in Baune et al., 2020). Furthermore, small microbial
VCs did not enhance GPTI transcript levels and GPT1 protein content in leaves
(Sanchez-Lopez et al., 2016b) (Supplemental Table S1, S3). Further work is necessary

to test the possible involvement of GPT1 in the accumulation of exceptionally high
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levels of starch in microbial VC-exposed WT and pgil-2 leaves. Chloroplasts also
have a glucose transporter (pGlcT) (Weber et al., 2000) and hexokinase (Giese et al.,
2005), potentially enabling the incorporation of cytosolic glucose and subsequent
conversion into G6P. However, pglct mutants accumulate WT levels of starch during
the day (Cho et al., 2011), and GIcT has been shown to act in the export to the cytosol
of glucose derived from the starch breakdown during the night rather than in the
import of cytosolic glucose to the chloroplasts during illumination (Weber et al., 2000;
Cho et al., 2011). Chloroplasts also possess a yet to be identified transporter of the
starch precursor molecule, the ADPglucose (Pozueta-Romero et al., 1991; Bahaji et
al., 2014). Microbial volatiles promote the accumulation of ADPglucose and starch
in leaves of plants lacking plastidial enzymes of the canonical starch biosynthetic
pathway involved in the synthesis of this compound (Bahaji et al., 2011), which
would indicate that small microbial VCs stimulate cytosolic ADPglucose production.
One possible source of cytosolic ADPglucose in leaves is SUS (Baroja-Fernandez
et al., 2012). However, recent studies have shown that leaves of SUS-lacking plants
accumulate WT levels of ADPglucose (Fiingfeld et al., 2022). It is thus likely that
starch biosynthesis in leaves of small VC-exposed pgil/-2 plants and pgil-2gpt2-1
plants specifically expressing GPT2 in vascular tissues involves, at least partly, the
production of cytosolic ADPglucose through SUS-independent mechanisms and
subsequent transport of this hexose into the chloroplast (Figure 7). However, further

work is necessary to test these hypotheses.

GPT2 expression is subjected to complex regulation

Results presented in this work provide strong evidence that GPT2 expression is subject
to complex regulatory mechanisms. In the absence of small VCs, GUS transcript levels
in promGPT2:GUS leaves were relatively high and comparable to those of 35S:GPT2-
GUS leaves (Figure 6A). This was rather surprising, as leaves not exposed to small
VCs accumulate negligible levels of GPT2 transcripts (Supplemental Figure S2)
(Weise et al., 2019). Noteworthy, GUS transcript levels in promGPT2:GPT2-GUS
leaves were extremely lower than in promGPT2:GUS leaves (Figure 6A). Overall,
the data indicate that GPT2 expression is subject to mechanisms mediated by
cooperatively acting regulatory elements located at both sides of the translation start
ATG codon of the GPT2 gene and/or at both sides of the translation start AUG codon
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of GPT2 transcripts that impede accumulation of high GPT2 transcript levels in leaves.
The fact that small VCs enhanced GPT2 transcript levels in leaves (Supplemental
Figure S2) and GUS transcript levels in promGPT2:GPT2-GUS leaves (Figure 6A)
would indicate that such mechanisms are partially inhibited by small VCs. Unlike
355:GPT2-GUS and promGPT2:GUS leaves showing strong GUS activity in all
tissues (Figure 6C), GUS activity in promGPT2:GPT2-GUS leaves not exposed to
small VCs was detectable only in vascular tissues around hydathodes, but not in other
tissues such as the mesophyll (Figure 6C), which is consistent with the negligible
accumulation of GPT?2 transcripts and GPT2 protein in the whole leaf. Small VCs
did not promote accumulation of GPT2 protein in WT leaves (Supplemental Table
S1) or GUS activity (Figure 6B) in promGPT2:GPT2-GUS leaves despite promoting
accumulation of GPT2 and GPT2-GUS transcripts, respectively (Supplemental
Figure S2, Figure 6A). Overall, the data indicate that elements located around the
translation start AUG codon of GPT?2 transcripts cooperatively act to impede GPT2
translation in VC-exposed mesophyll cells.

Epigenetic factors of control of gene transcription, such as small RNAs and
DNA methylation, are relevant modulators of plants” responses to the environment
and their biotic interactions (Ldmke and Béurle, 2017; Alonso et al., 2019). On the
other hand, mechanisms of posttranscriptional control of gene expression, such
as N6-methylation of adenosine (mfA), are important in controlling the stability
and translatability of mRNAs (Arribas-Hernandez and Brodersen, 2020). These
mechanisms are affected by environmental factors, and strongly determine growth,
development and stress adaptation (Arribas-Hernandez and Brodersen, 2020). Unlike
WT plants, metl and mta mutants deficient in CG maintenance DNA methylation and
mCA transcript modulation, respectively, accumulate high levels of GPT2 transcripts
(Lister et al., 2008; Bodi et al., 2012). Therefore, it is highly conceivable that both
regulation of GPT2 expression and the GPT2-mediated PGI1-independent response of
plants to small VCs involves mechanisms wherein regulation of genomic GPT2 DNA
methylation and/or m°A transcript modulation play important roles. However, further

work is necessary to evaluate these hypotheses.
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Additional remarks: enhanced photosynthesis is not the sole important
determinant of enhanced growth and starch accumulation promoted by small
fungal VCs

CKs are major determinants of photosynthesis and growth (Cortleven and Valcke, 2012;
Kieber and Schaller, 2014). pgil-2 and pgil-2gpt2-1 plants exposed to small VCs were
bigger and accumulated more starch than WT plants not exposed to small VCs, despite
having comparable photosynthetic capacities (Figures 1-3). In addition, VC-promoted
relative tZ content increase in pgil-2gpt2-1 leaves (2.6-fold) was higher than in pgi/-2
and WT leaves (1.7- and 1.4-fold, respectively). This indicates that (i) factors other
than relative increase of tZ content are important for enhancement of photosynthesis
by microbial VCs, and (ii) photosynthesis is not the sole important determinant of
growth and metabolic changes promoted by small VCs. This agrees with current
ideas arguing against photosynthesis being the main rate-controlling factor for plant
growth (Korner, 2015). Starch biosynthesis is subjected to redox regulation (Hendriks
et al., 2003), and small fungal VCs redox-activate starch biosynthetic enzymes (Li
et al., 2011; Ameztoy et al., 2019; Garcia-Gémez et al., 2019), which could partly
explain why small VC-exposed pgil/-2 leaves, and to a lesser extent pgil-2gpt2-1
leaves, accumulated more starch than leaves of WT plants not exposed to VCs (Figure
2). In addition, VC-exposed WT, pgil-2 and pgil-2gpt2-1 plants accumulated more
ROS scavengers, enzymes of the MEP, shikimate and cytosolic glycolytic pathways,
proteins involved in the synthesis of photosynthetic pigments, ribosomal proteins and
chaperones than leaves of WT plants not exposed to small VCs (Supplemental Figure
S3, Figure 5). This could explain, at least in part, the higher growth of VC-treated WT,
pgil-2 and pgil-2gpt2-1 plants relative to that of non-VC-treated WT plants.

MATERIAL AND METHODS

Plants, growth conditions and sampling

The work was carried out using Arabidopsis thaliana L. (Heynh) wild-type plants
(ecotype Wasilewskija-2, Ws-2), pgil-2 knock-out mutants (Kunz et al., 2010), gpz2-
1 knock-out mutants (GABI_454H06) and pgil-2gpt2-1 plants (Bahaji et al., 2015)
(Table 1). We also used plants from three independent lines each of pgil-2gpt2-1
plants expressing PGII/ or GPT2 under the control of the cauliflower mosaic virus
35S promoter (pgil-2gpt2-1 35S:PGII and pgil-2gpt2-1 35S:GPT2, respectively)
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(Table 1). In addition, we used plants from ten independent lines each of WT plants
expressing GUS under the control of the vascular tissue-specific Athspr promoter,
which comprises the 1.67 kb region immediately upstream the translation start site
of Athspr (Zhang et al., 2014) (promAthspr:GUS) and pgil-2gpt2-1 plants expressing
GPT2 under the control of promAthspr (pgil-2gpt2-1 promAthspr:GPT2) (Table 1).
Moreover, we used plants from ten independent lines each of WT plants expressing
GUS under the control of the 1.1 kb region immediately upstream the translation start
codon of GPT2 (promGPT2:GUS) (Table 1). Furthermore, we used plants expressing
GPT2-GUS under the control of promGPT2 and the 35S promoter (promGPT2:GPT2-
GUS and 35S:GPT2-GUS, respectively) (Table 1). The 35S:PGII, 35S:GPT2,
promAthspr:GUS, promAthspr:GPT2, promGPT2:GUS, promGPT2:GPT2-GUS and
358:GPT2-GUS plasmid constructs were produced using Gateway technology as
illustrated in Supplemental Figure S5 and confirmed by sequencing. Primers used for
PCR amplification of PGII and GPT2 cDNA, GUS and the Athspr and GPT2 promoters
are listed in Supplemental Table S6. The plasmid constructs were transferred to
Agrobacterium tumefaciens EHA105 cells by electroporation and utilized to transform
Arabidopsis plants as described by Clough and Bent (1998).

Seeds were sown and plants cultured in Petri dishes (92 x 16 mm, Sarstedt,
Ref. 82.1472.001) containing half-strength agar solidified Murashige and Skoog (MS)
(Phytotechlab M519) medium in growth chambers providing ‘long day’ 16 h light (90
pumol photons sec! m?), 22 °C /8 h dark, 18 °C cycles. A. alternata was cultured in
Petri dishes containing agar solidified MS medium supplemented with 90 mM sucrose.
Effects of small fungal VCs on plants were investigated using the “plasticized PVC
wrap and charcoal filter-based box-in-box” co-cultivation system described in Garcia-
Gomez et al. (2019) and Gamez-Arcas et al. (2022a). In this method, plants are grown
in the vicinity of fungal cultures covered with charcoal filters that adsorb VCs of
molecular masses higher than ca. 45 Da. VC treatment started at 14 days after sowing
growth stage of plants. 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.

qRT-PCR analyses

Total RNA was extracted from frozen Arabidopsis leaves of in vitro cultured plants
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using the Trizol method following treatment with RNAase-free DNAase. RNA (1.5 pg)
was reverse-transcribed using polyT primers and an Expand Reverse Transcriptase kit
(Roche). RT-PCR amplification of GPT2 and GUS genes was performed using primers
listed in Supplemental Table S7, and their specificity was checked by separating the
obtained products on 1.8% agarose gels. The specificity of the PCR amplifications
was checked by measuring heat dissociation curves (from 60 to 95 °C). Comparative

threshold values were normalized to an EF-1 alfa internal control.

Determination of gas exchange rates and photosynthetic parameters

Gas exchange rates were determined as described by Sanchez-Lopez et al. (2016b)
using a LI-COR 6400 gas exchange portable photosynthesis system (LI-COR,
Lincoln, NE, USA). An was calculated as described by von Caemmerer and Farquhar
(1981). v, andJ _values were calculated from 4 /C, curves according to Long and
Bernacchi (2003).

GUS expression analysis
Expression of the GUS reporter gene was monitored using the histochemical staining

and fluorometric assays described by Jefferson et al. (1987).

Iodine staining

Iodine staining of leaves was carried out as described by Bahaji et al. (2015). Briefly,
leaves harvested at the end of the light period were fixed by immersion into 3.7%
formaldehyde in phosphate buffer. Leaf pigments were then removed in 96% ethanol.
Re-hydrated samples were stained in iodine solution (KL% (w/v) I, 1% (w/v)) for 30

min, rinsed in deionized water and photographed.

Analytical procedures

Levels of tZ were determined according to Novak et al. (2008). Recovery experiments
were conducted 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. The total photosynthetic pigments content
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was quantified according to Lichtenthaler (1987). Starch was measured with an

amyloglucosidase-based test kit (Boehringer Mannheim).

Proteomic analysis

High-throughput, isobaric labeling-based differential proteomic analyses were
conducted essentially as described in Sanchez-Lopez et al. (2016a), but with the
following modifications. The tryptic peptides were labelled using a TMT6plex Isobaric
Mass Tagging kit (Thermo Fischer Scientific). Search engines were configured to
match potential peptide candidates with a mass error tolerance of 25 ppm and fragment
ion tolerance of 0.02Da, allowing for up to two missed tryptic cleavage sites, and a
maximum isotope error (*C) of 1, fixed MMTS modification of cysteine, variable
oxidation of methionine, production of pyroglutamic acid from glutamine or glutamic
acid at the peptide N-terminus, acetylation of the protein N-terminus and modification
of lysine and peptide N-terminus with TMT6plex reagents. Statistical significance was
measured using g-values (FDR). The cut-off for identifying DEPs was established
at FDR < 0.05% and log2 ratios (+VC treatment vs. —VC treatment) of > 0.3 (for
proteins whose expression was up-regulated by fungal VCs) or < -0.3 (for proteins

whose expression was down-regulated by VCs).

Statistical analysis

Unless otherwise indicated, presented data are means (= SE) obtained from 3-4
independent experiments, with 3 replicates for each experiment. The significance of
differences between plants VCs was statistically evaluated with Student’s 7-test using

SPSS software. Differences were considered significant if P<0.05.

54



Chapter 1 Samuel Gamez Arcas

SUPPLEMENTAL MATERIAL

14 W -VCs
O +VCs

12

10 a,b ab

Ap (umol COa.m2.s7)
()]
o

Supplemental Figure S1: Net CO, assimilation rate (4,) at 400 ppm CO, of WT and pgil-2gpt2-1 plants
and plants from one representative line each of pgil-2gpt2-1 transformed with 35S:PGII or 35S:GPT2
(pgil-2gpt2-1 358:PGI1(1) and pgil-2gpt2-1 35S:GPT2(1), respectively). Values are means + SE for three
biological replicates (each a pool of 12 plants) obtained from four independent experiments. Lowercase
letters indicate significant differences, according to Student’s #-test (P<0.05), between: “a” VC-treated and
non-treated plants, “b” VC-treated WT and mutants, and “c” VC-non-treated WT plants and mutants.
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Supplemental Figure S2: Time-course of GPT2 transcript levels in leaves of WT plants cultured in the
absence or continuous presence of small VCs emitted by adjacent 4. alternata cultures for 160 hours. Values
are means = SE for three independent experiments..
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Supplemental Figure S3: Small VCs promote changes in the leaf proteome of WT plants. (A) Functional
categorization of differentially expressed proteins (DEPs) in leaves of WT plants cultured in the presence
of small VCs emitted by adjacent A. alternata cultures for 2 days. Proteins that were significantly down- or
up-regulated following VC exposure are arranged according to the putative functional category assigned by
MapMan software. The numbers of up- and down-regulated proteins in each categorical group are indicated
by gray and black bars, respectively. DEPs discussed here are shown in the boxes.
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Supplemental Figure S4: Knocking out GPT2 and PGIl decreased the expression of photosynthesis-
related proteins in leaves of plants not exposed to small VCs. The graphic represents the functional
categorization of differentially expressed proteins (DEPs) in the comparative study between leaves of WT
and pgil-2gpt2-1 plants cultured in the absence of small VCs emitted by adjacent A. alternata cultures for 2
days. Proteins that were significantly down- or up-regulated in pgil-2gpt2-1 plants are arranged according
to the putative functional category assigned by MapMan software. The numbers of up- and down-regulated
proteins in each categorical group are indicated by gray and black bars, respectively. The data were obtained
from Supplemental Table S5. DEPs discussed here are shown in the boxes, and asterisks indicate DEPs
identified in the comparative proteomic study between leaves of WT and pgi/-2gpt2-1 plants cultured in the
presence of small VCs (cf. Figure 5B).
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Supplemental Figure SS5: Stages in the construction of the 35S:PGIl, 35S:GPT2, 35S:GPT2-GUS,
promGPT2:GPT2-GUS, promGPT2:GUS, promAthspr:GPT2 and promAthspr:GUS plasmids. Plasmid
constructs were produced using Gateway technology and confirmed by sequencing. Primers used for PCR
amplification of complete PG/ and GPT2 cDNAs obtained from the RIKEN Arabidopsis cDNA collection
(Seki et al., 1998; Seki et al., 2002), the Athspr and GPT2 promoters from genomic Arabidopsis DNA and
GUS are listed in Supplemental Table S6.
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Samuel Gamez Arcas

Table S6: Primers used for PCR amplification of PGII and GPT2 cDNAs, GUS and the Athspr and GPT2
promoters. Primer sequences for attB sites (see Supplemental Figure 5) are indicated in bold.

Primer | Sequence
PGI1
attB1 PGI1 5’-gogosacaagtttgtacaaaaaagcaggcttaatgocctctctetcagge -3°
attB2 PGII 5’-ggosaccactttgtacaagaaagetggotattatocgtacaggtcatccac-3’
GPT2
attBl GPT2 5’ggooacaagtttgtacaaaaaagcaggcttaatgctttcttcaatcaaaccate-3’
attB2 GPT2 5’-gogoaccactttgtacaagaaagctggotatcactgettcgectgtgag-3’
promAthspr
attB4 ATHSPR promoter | 5’-ggggacaactttgtatagaaaagttgctcgctctttgagttctgtagttc-3”
attB1 ATHSPR promoter | 5’-ggggactgcttttttgtacaaacttgecacaaaaccacccaccttaaate-3’
promGPT2
attB4 GPT2 promoter 5’-gggoacaactttgtatagaaaagttgetgecattactttggaaaaggtee-3’
attB1 GPT2 promoter 5’-ggggactgcttttttgtacaaacttgegtgcttttttatggctaattgatg-3’
GUS

5’-ggggacaagtttgtacaaaaaagcaggettaatgttacgtectgtagaaacce-3’
attB1 GUS
AttB2 GUS 5’-ggggaccactttgtacaagaaagcetgggtatcattgtttgectcectgetg-3

Table S7: Primers used in qRT-PCR.

Gene Sequence

EF-1 alfa Forward TTCGTCTCCCACTTCAGGAT

Atlg07940 Reverse GGAGCAAAGGTCACAACCAT

GPT2 Forward TTAGACCAGATTTCGCCGTTA

At1261800 Reverse GTTGAATCGGGGTATGGAAA

GUS Forward GTAATTATGCGGGCAACGTC
Reverse TAATGAGTGACCGCATCGAA
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Chapter 11 Samuel Gamez Arcas

INTRODUCTION
Microorganisms can emit complex mixtures of volatile compounds (VCs) of
less than 300 Da that promote plant growth and photosynthesis as well as drastic
changes in the hormonome, transcriptome, proteome and metabolome (Ryu et
al., 2003; Zhang et al., 2009; Bitas et al., 2015; Sanchez-Lopez et al., 2016a,b;
Cordovez et al., 2017; Li et al., 2018b; Ameztoy et al., 2021; Gamez-Arcas et al.,
2022b). Although growth and developmental changes promoted by microbial VCs
have frequently been associated with organic VCs with molecular masses ranging
between ca. 45 Da and 300 Da, recent studies showed that microbial VCs of less
than 45 Da (hereafter designated as “small VCs”) are major determinants of plant
responses to microbial volatile emissions (Garcia-Gémez et al., 2019; Gamez-
Arcas et al., 2022a). Some of these small VCs (e.g. nitric oxide, nitrogen dioxide,
nitrous oxide, carbon monoxide, hydrogen sulfide, ethylene and methanol) play
important roles in plant-microbe interactions, are very reactive with proteins and/or
act as signaling molecules that promote photosynthesis, growth and developmental
changes when exogenously applied in a discrete form and/or in low concentrations
(Gamez-Arcas et al., 2022a). However, their mechanisms of action from perception
to the processes that enhance photosynthesis and growth are still poorly understood.
Reversible reduction-oxidation (redox) thiol modifications of Cys residues of
proteins 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 (Couturier et al.,
2013). 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. Recent OxiTRAQ-based
quantitative and site-specific redox-proteomic analyses revealed that small microbial
VCs induced global thiol redox proteome changes (Ameztoy et al., 2019). These
changes included the reduction of highly conserved Cys residues in proteins involved
in photochemical reactions and Calvin-Benson cycle (CBC) enzymes including
phosphoribulokinase, sedoheptulose-1,7-bisphosphatase and one of the two isoforms
of plastid-localized fructose-1,6-bisphosphatase (cFBP1) (Ameztoy et al., 2019). The
same studies showed that NADPH-dependent thioredoxin (Trx) reductase C (NTRC),

an especial type of Trx that participates in the regulation of the redox status and activity
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of photosynthesis-related enzymes, is an important mediator of plant responses to
microbial VCs (Ameztoy et al., 2019). It thus appears that the response of plants to
microbial VCs is due, at least partly, to redox switching mechanisms that involve rapid
thiol redox activation of the photosynthetic machinery. In support of this hypothesis, we
recently showed that small microbial VCs did not stimulate growth and did not promote
metabolic and proteomic changes in cFBP 1-lacking cfbp I plants (Ameztoy etal., 2021).

cFBP1 is a homotetrameric metal (Mg?>")-requiring enzyme of the CBC that
catalyses the hydrolytic breakdown of fructose-1-6-bisphosphate (FBP) to fructose-
6-phosphate and Pi (Villeret et al., 1995; Jacquot et al., 1995; Chiadmi et al., 1999;
Serrato et al., 2009). Unlike other CBC enzymes which are close to limiting carbon
fixation through the CBC (Harrison et al., 1998; Henkes et al., 2001), cFBP1 is
considered an “excess” enzyme of the CBC (Kossmann et al., 1994). In Arabidopsis,
the total absence of cFBPI causes dwarfism and reduced photosynthetic activity
(Rojas-Gonzalez et al., 2015). cFBPI1 is regulated by light through mechanisms
involving reduction of disulfide groups of Cys residues via the ferredoxin (Fdx)/Trx
and NTRC systems (Thorméhlen et al., 2015; Yoshida et al., 2015; Nikkanen et al.,
2016; Pérez-Ruiz et al., 2017). In addition, cFBP1 can be inactivated by S-nitrosylation
of Cys residues subjected to Fdx/Trx redox modifications (Serrato et al., 2018). In
the ca. 40 kDa constituent monomer of the Arabidopsis mature cFBP1, the residues
which define the binding domain of the catalytic cofactor Mg?" are Glul08, Asp129
and Asp132 (Supplemental Figure S1), as deduced from crystallographic and site-
directed mutagenesis studies of pig fructose-1,6-bisphosphatase (FBPase) (Chen et al.,
1993; Nelson et al., 2004) and plant cFBP1 (Villeret et al., 1995; Chiadmi et al., 1999).
From the same studies, it can be inferred that the residues which define the active FBP
binding site of Arabidopsis mature cFBP1 monomer are Asp132, Gly133, Asn238,
Arg269, Tyr270, Tyr290, Lys300 and Arg302. The active sites are located in the FBP
domain near the interface between two monomers (Supplemental Figure S1). Plant
cFBP1 monomers contain seven highly conserved Cys residues, which in Arabidopsis
are located at positions 52, 95, 156, 174, 179, 191, 307 (Supplemental Figure S1)
(Villeret et al., 1995; Rodriguez-Suarez et al., 1997). Most of these residues are not
present in the cytosolic isoform of plant FBPase (CyFBP) (Supplemental Figure S1),
which would indicate that Cys residues in cFBP1 play important roles in regulation of

FBPase activity in the chloroplastic compartment. Data obtained from studies using
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site-directed mutated variants of rapeseed (Brassica napus) cFBP1 provided evidence
that (i) none of these Cys residues are important determinants of the catalytic activity
of the enzyme and (ii) Cys52 (Cys53 in rapeseed) and Cys191 are important for cFBP1
stability (Rodriguez-Suérez et al., 1997). Furthermore, studies using site-directed
mutated pea and rapeseed cFBP1 variants showed that residues Cys156 (Cys157 in
rapeseed), Cys174 and Cys179 mediate the redox regulation of cFBP1 by the Fdx/
Trx system (Jacquot et al., 1997; Rodriguez-Sudrez et al., 1997; Serrato et al., 2018).
Given that mutation at Cys95 (Cys96 in rapeseed) neither destabilizes nor affects the
reductive modulation of cFBP1 (Rodriguez-Suarez et al., 1997), its function and the
reasons for its absolute conservation throughout plant evolution still remain unknown.

We recently showed that small fungal VCs promote the reduction of Cys95
of cFBP1 in Arabidopsis (Ameztoy et al., 2019). Although this residue is not located
in the proposed regulatory Trx redox or catalytic domains of cFBP1 inferred from
the rapeseed and pea cFBP1 studies, we still hypothesized that the redox state of
Cys95 of cFBP1 could play roles in the structural and functional properties of
cFBP1 (Ameztoy et al., 2019). To test this hypothesis, in this work we produced in
Escherichia coli mature wild type (WT) cFBP1 and a mutated form of cFBP1 (C95S)
in which the Cys95 residue has been replaced by serine, and compared their structural
and functional properties. We also produced and characterized cFBPI1-lacking
cfbpl plants ectopically expressing the WT and the C95S forms of cFBP1. Results
presented in this work provide strong evidence that the Cys95 residue of cFBP1 is

an important determinant of cFBP1 and photosynthetic activities in Arabidopsis.

RESULTS

Mutation of the Cys95 residue alters the structure of cFBP1

To investigate the possible dependence of cFBP1 structure on Cys95, we assayed
mobilities in SDS-PAGE of recombinant mature WT and C95S cFBP1 forms in the
presence or absence of different concentrations (0, 5, 10 and 100 mM) of the reducing
agent DTT. Western blot analyses revealed that, in the absence of DTT, the monomeric
WT and C95S forms of cFBP1 were fully oxidized and present as two polypeptide
species (ox1 and 0x2 in Figure 1). In addition, the C95S cFBP1 preparations presented
an additional oxidized polypeptide species (0x3 in Figure 1). With 10 mM DTT, most
C95S cFBP1 was present in oxidized state, whereas nearly half of the WT was present
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Figure 1: Western blot analysis of recombinant mature WT and C95S cFBP1 incubated with different
concentrations of DTT. Gels were loaded with 90 ng of protein per lane. Asterisks indicate the positions of
different oxidized polypeptide species of the monomeric WT and C95S cFBP1 forms.

in reduced state. In the presence of 100 mM DTT, the WT and C95S cFBP1 forms

were fully reduced and exhibited the same electrophoretic mobilities (Figure 1).

Mutation of the Cys95 residue reduces the activity and Mg?* cooperativity of
cFBP1

Whether Cys95 plays an important role in cFBP1 function was investigated by
characterizing the kinetic properties of recombinant mature WT and C95S cFBP1
forms using different concentrations of FBP and Mg?" in the presence or absence of
100 mM DTT. In the absence of DTT, the specific activity of C95S cFBP1 was ca.
20-fold lower than that of the WT cFBP1 at saturating FBP and Mg?* concentrations
(Figure 2). DTT strongly stimulated the WT and C95S cFBP1, but the specific activity
of the C95S variant was still ca. 4-fold lower than that of WT at saturating FBP and
Mg?** concentrations (Figure 2). With 100 mM DTT, Kcat of the C95S cFBP1 (2.2
+ 0.2 s!) was substantially lower than that of WT (13.2 = 1.0 s™!) (Table 1). Under
these conditions, WT and C95S cFBP1 exhibited a Michaelis Menten kinetics with

Table 1: Kinetic constants of recombinant mature WT and C95S cFBPI in the presence of 100mM DTT.
Values represent catalytic activity (K ), FOP and Mg** specificity (Km) and Mg** cooperativity (Hill

coefficient and K ;) of three independent experiments.

FBPase Koo (s Km (mM) Ks (mM) Hill coefficient K os(mM) Km (mM)
FBP FBP Mg*? Mg*? Mg*?
WT 13.2#1.0 0.20£0.09 19.7410.1 1.840.1 1.3£0.1
C958 2.240.2 0.17#0.02  not inhibited not allosteric - 47423
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Figure 2: Dependence on substrate concentration and effect of Mg?* on the activity of recombinant mature
WT and C95S cFBP1 incubated with or without DTT. The graphs represent the FBPase activity curves with
respect to (A) FBP and (B) Mg?" concentrations. In the presence of DTT, FBP and Mg? ranged concentrations
appropriate for enzymatic parameter determinations. Means of three independent experiments are indicated
in Table 1.

respect to FBP, with Km values of 0.20 + 0.09 mM and 0.17 £ 0.02 mM, respectively
(Table 1). Mg>* cooperatively activated WT cFBP1, which is consistent with previous
reports on kinetic properties of plant cFBP1s (Charles and Halliwell, 1980; Serrato
et al., 2009) and mammalian FBPases (Chen et al., 1993; Nelson et al., 2004); K
and Hill coefficient values for Mg* were 1.3 £ 0.1 mM and 1.8 + 0.1, respectively
(Table 1). In contrast, the C95S cFBP1 variant exhibited no cooperativity with respect

to Mg?*, but a Michaelis Menten kinetics with Km values for Mg** of 4.7 £ 2.3 mM.
The ectopic expression of C95S cFBP1 only partially reverted to WT the reduced

total FBPase and photosynthetic activities of cfbp1 plants
Whether Cys95 determines cFBP1 activity was further investigated by comparing the
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total FBPase and photosynthetic activities of WT, ¢fbp! and c¢fbp! plants transformed
with promcFBPI1:cFBPI and promcFBPI1:cFBPImut, which expressed the WT and
C95S cFBP1 forms under the control of the 1,094 bp promcFBP1 region immediately
upstream the translation start codon of cFBP1, respectively. The rationale behind this
experimental approach was that, if Cys95 mediates cFBP1 activity, the total FBPase
activities and netrates of CO, assimilation (4,) of WT plants and ¢fbp I plants expressing
the WT form of cFBP1 should be higher than those of cfbp ! plants expressing the C95S
cFBP1 variant. Conversely, if Cys95 is not a major determinant of cFBP1 activity, C95S
cFBP1-expressing cfbp! plants should have WT total FBPase activity and 4, values.

We characterized three independent lines each of WT and C95S cFBPI-
expressing cfbpl plants. As shown in Figure 3A, B, expression of the recombinant
proteins was confirmed by both reducing and non-reducing western blot analyses.
Notably, the ratio of reduced cFBP1 vs. oxidized cFBPI in leaves of c¢fbp/ plants
ectopically expressing C95S cFBP1 was substantially lower than in leaves of
WT plants and ¢fbp! plants expressing WT cFBP1 (Figure 3B, C). In keeping
with Rojas-Gonzalez et al. (2015), ¢fbpl leaves had reduced total FBPase activity
and 4 (45% and 60% of WT levels, respectively) (Figure 3D, E). As expected,
the ectopic expression of WT cFBP1 countered the reduced FBPase activity and
A, values of cfbpl plants, reverting them to the WT (Figure 3D, E). In contrast,
the ectopic expression of C95S cFBP1 only slightly reverted to WT the total
FBPase and photosynthetic activities of c¢fbp/ plants, as maximum total FBPase
activity and A, values in ¢fbpl leaves transformed with promcFBPI1:cFBPImut
were ca. 65% and 75% of those of WT leaves, respectively (Figure 3D, E).

The ectopic expression of C95S cFBP1 is sufficient to revert the dwarf growth
phenotype of ¢fpb1 plants back to that of WT

We compared growth rates of WT and cfbp! plants and cfbpl plants ectopically
expressing WT and C95S cFBPI. In keeping with Rojas-Gonzalez et al. (2015),

Figure 3: The ectopic expression of C95S cFBP1 only partially reverts to WT the reduced cFBP and
photosynthetic activities of ¢fbp! plants (A) Reducing and (B) non-reducing western blots of cFBPI,
(C) FBPase activities and (D) net CO, assimilation rates (4,) in leaves of WT and c¢fbp! plants and three
independent lines each of WT and C95S cFBP1-expressing cfbp! plants. In (A) and “B”, gels were loaded
with 60 ug of protein per lane. In (C) and (D), lowercase letters indicate significant differences, according
to Student’s t-test (P<0.05), between: “a” WT and mutant plants, “b” cfbp! plants and both WT and WT and
C95S cFBP1-expressing cfbp! plants
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Figure 4: The ectopic expression of C95S cFBP1 is sufficient to revert the dwarf growth phenotype of cfpb!
plants back to that of WT. (A) External phenotype and (B) time-series for fresh weight (FW) of rosettes of
WT, ¢fbpl plants and three independent lines each of WT and C95S cFBP1-expressing cfbp! plants. Days
after sowing (DAS).
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cfbp1 plants showed a slow growth phenotype when compared with that of WT plants
(Figure 4). As shown in Figure 4, not only the ectopic expression of WT c¢FBPI,
but also that of C95S cFBPI reverted to WT the dwarf phenotype of cfbp! plants.

The ectopic expression of C95S cFBP1 restores to WT the poor growth response
of ¢fbp1 plants to small microbial VCs

Small microbial VC-promoted growth is associated with global reduction of the thiol
redox proteome. Whether the Cys95 residue of cFBP1 can individually determine the
response of plants to small microbial VCs was investigated by comparing the growth
responses of WT and cfbp! plants, and c¢fbp! plants ectopically expressing WT or
C95S cFBP1 cultured in the absence or presence of small VCs emitted by Alternaria
alternata. In keeping with Ameztoy et al. (2021), small VCs did not stimulate growth
in ¢fbpl (Figure 5). Furthermore, VCs promoted similar to WT increases in growth
(Figure 5).

DISCUSSION

Cys95 is an important structural and functional determinant of cFBP1

A previous study on the structural and functional roles of the seven highly conserved
Cys residues of cFBP1 showed that Cys96 of rapeseed cFBP1 (Cys95 in Arabidopsis)
is not important for the catalytic activity, the stability and redox regulation of the
enzyme (Rodriguez-Suarez et al., 1997). However, results presented here provided
strong evidence that Cys95 is an important determinant of the structure, activity,
regulatory properties and redox state of Arabidopsis cFBP1. First, the electrophoretic
mobilities of recombinant WT cFBP1 and C95S cFBP1 were different under varying
DTT concentration conditions, the state of C95S cFBP1 being more oxidized than that
of WT cFBP1 at any DTT concentration (Figure 1). Second, mutation of the Cys95
residue strongly reduced the activity and Mg?* binding affinity and cooperativity
of recombinant cFBP1 even in fully reduced state conditions (Table 1, Figure 2).
Similar responses have been reported when mutating the metal binding sites of the
porcine FBPases (Chen et al., 1993). This would strongly indicate that Cys95 is
important for metal binding and that this site may be in some way associated with
subunit-subunit interactions, or alternatively, with metal site-metal site interaction

within a single subunit. Third, the ratio of reduced cFBPI1 vs. oxidized cFBPI in
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Figure 5: The ectopic expression of C95S cFBPI restores to WT the response of cfbpl plants to small
microbial VCs. (A) External phenotype and (B) rosette fresh weight (FW) of WT and ¢fbp! plants and WT
and C95S cFBPI1-expressing cfbp! plants cultured in the absence or continuous presence of small fungal
VCs for one week. Values in panel (B) are means = SE for three biological replicates (each a pool of 12
plants) obtained from four independent experiments.
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leaves of c¢fbpl plants ectopically expressing C95S was substantially lower than
in leaves of WT plants and c¢fbpl plants expressing WT cFBP1 (Figure 3B, C).
Fourth, the ectopic expression of C95S cFBPI only partially reverted to WT the
reduced total FBPase activity of ¢fbp! plants (Figure 3D). That Km values of WT
cFBP1 and C95S c¢FBP1 for FBPlwere comparable, and that DTT increased the
activity of cFBPImut (Table 1) strongly indicated that Cys95 is not an important
determinant of substrate affinity and does not mediate DTT reactivity with cFBP1.

Cysl156, Cysl74 and Cysl79 are the main Fdx/Trx system-mediated
redox regulatory cysteines of Arabidopsis cFBP1 (Jacquot et al., 1997; Rodriguez-
Suérez et al., 1997; Serrato et al., 2018). In Arabidopsis, much of the cFBPI is
present in oxidized state in illuminated leaves (Thorméhlen et al., 2015; Yoshida et
al., 2015; Nikkanen et al., 2016; Pérez-Ruiz et al., 2017). This would indicate that
mechanisms other than light-dependent, Fdx/Trx-mediated cFBP1 reduction may
influence in the redox state and activity of the enzyme. In line with this presumption,
Serrato et al. (2018) showed that, in vitro, some oxidizing agents promoted the
formation of different oxidized polypeptide species in recombinant pea cFBP1
forms in which the Cys153, Cys173 and Cys178 residues were replaced by serine.
Furthermore, here we found that recombinant WT ¢cFBP1 and C95S c¢FBP1 exhibited
different redox states under varying DTT concentrations conditions (Figure 1).

Previous crystallographic studies of cFBP1 showed that the contours of the
active site of oxidized cFBP1 are not compatible with the binding of Mg** to the enzyme
(Chiadmi et al., 1999). Because mutation at Cys95 promotes cFBP1 oxidation (Figure
1, Figure 3B, C), it is conceivable that the reduced activity of C95S cFBP1 is due,
at least partly, to reduced accessibility of Mg** to the enzyme, as strongly suggested
by the kinetic properties of C95S cFBP1 (Table 1, Figure 2). However, three-
dimensional structural studies of crystallized spinach cFBP1 strongly indicated that
Cys95 cannot form disulfide bridges with other Cys residues within the monomer, as
no Cys residues are present in its close neighborhood (Villeret et al., 1995). Therefore,
further crystallographic studies of C95S cFBP1 will be required to understand

how the C95S mutation affects the conformational and redox status of cFBPI.
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Cys95 of the “excess” enzyme cFBP1 can potentially act as an important
determinant of photosynthesis, but not of growth in Arabidopsis
Maximum total FBPase activities in leaves of c¢fbpl plants and cfbpl plants
transformed with promcFBPI:cFBPImut were ca. 45% and 60% of those of
WT leaves, respectively (Figure 3D), which indicated that chloroplastic FBPase
activity due to C95S cFBP1 expression in promcFBPI1:cFBPI leaves is ca. 15% of
that of WT leaves. In addition, 4, values in leaves of ¢fbpl plants and c¢fbp! plants
transformed with promcFBPI1:cFBPImut were ca. 65% and 75% of those of WT
leaves, respectively (Figure 3E). Furthermore, the ratio of reduced cFBP1 vs. oxidized
cFBP1 in leaves of ¢fbp! plants ectopically expressing C95S cFBP1 was substantially
lower than in leaves of WT plants (Figure 3C). It is thus conceivable that the Cys95
residue of cFBP1 can regulate photosynthesis through changes in its redox status.
Previous studies using antisense potato plants showed that 60% reduction of
cFBP1 activity promoted a discrete (10-15%) reduction of photosynthetic activity, but
null growth retardation (Kossmann et al., 1994). This strongly indicated that, in potato,
cFBP1 is an excess enzyme which has reduced flux-control over CO, assimilation
and growth. Here we showed that, despite having lower than WT plastidial cFBP1
and photosynthetic activities, C95S cFBP1 expressing cfbp! Arabidopsis plants did
not exhibit growth retardation under both soil culture and in vitro culture conditions
(Figures 4 and 5). This indicates that the maximal photosynthetic activity in these
plants is greater than that required for full growth and, like in potato, cFBP1 is present
in excess in Arabidopsis. Furthermore, the microbial VC treatment promoted similar
to WT growth increase in C95S cFBP1 expressing cfbp! plants (Figure 5). The latter
findings strongly indicate that (i) individually, changes in the redox state of the Cys95
residue of cFBP1 exert a minor control, if any, on plant growth and (ii) factors other
than Cys95 reduction are important for microbial VC-promoted growth. This agrees
with current ideas arguing against photosynthesis being the main rate-controlling factor
for plant growth (Korner, 2015; Gamez-Arcas et al., 2022b). In this respect, we must
emphasize that microbial VCs promoted global reduction of the thiol redox proteome
(Ameztoy et al., 2019), which probably results in the stimulation of growth-related
processes. In addition, microbial VCs enhanced the expression of proteins of growth-
related metabolic pathways such as shikimate and cytosolic glycolytic enzymes, proteins

involved in the synthesis of photosynthetic pigments, ribosomal proteins, chaperones and
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enzymes of the plastid-localized 2-C-methyl-D-erythritol 4-P pathway involved in the

production of compounds necessary for the synthesis of isoprenoid-derived hormones.

MATERIALS AND METHODS

Plants

The work was carried out using Arabidopsis thaliana L. (Heynh) WT plants
(ecotype Columbia Col-0), the ¢fbpl knockout mutant, line GK-472G06 (Rojas-
Gonzalez et al., 2015) and ¢fbp! plants transformed with either promcFBP1:cFBP1
or promcFBP1:cFBPI1mut, which express ¢FBPI1 and c¢FBPImut under the control
of the 1,094 bp promcFBPI immediately upstream the translation start codon of
cFBP1 (Supplemental Figure S2). Briefly, a complete cDNA corresponding to
the WT cFBPI gene (At3g54050) was obtained from the RIKEN Arabidopsis
cDNA collection (pda00367) (Seki et al., 1998, 2002), amplified by PCR using
specific primers “attBl ¢FBPI” and “attB2 ¢FBP1” (Supplemental Table S1) and
cloned into the pPDONR/Zeo plasmid using BP clonase (Invitrogen). The cFBPImut
cDNA was generated by site-directed mutagenesis using as template the plasmid
pDONR-cFBP1, the primers 5’-ctaatgaggtgttttccaactctttgagatcaagtggaagaac-3" and
5’- gttettccacttgatctcaaagagttggaaaacacctcattag-3”, and the QuickChange site-directed
mutagenesis kit (Stratagene) to replace the codon initially encoding Cys95 by a
codon encoding Ser95. To construct promcFBPI1:cFBP1 and promcFBP1:cFBP1mut
plasmids, pDONR-cFBP1 and pDONR-cFBPImut entry clones were subjected
to LR recombination using the R4pGWBS501 destination vector, respectively. All
plasmid constructs were electroporated and propagated in E. coli TOP 10. All final
destination vectors were confirmed by sequencing (Supplemental Figure S3) and
were transferred to Agrobacterium tumefaciens EHA105 cells by electroporation
and utilized to transform Arabidopsis plants as described by Clough and Bent

(1998). Transgenic plants were selected on hygromycin-containing medium.

Production of recombinant WT and C95S cFBP1 mature forms in Eschericia
coli and purification

Escherichia coli TOP 10 was used for gene cloning, and BL21(DE3) was employed
for recombinant WT and C95S cFBP1 expression. pPDEST17-cFBP1 and pDEST17-
cFBPImut plasmids used to express mature forms of WT and C95S cFBP1 were
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produced using the Gateway technology as shown in Supplemental Figure S2 and
confirmed by sequencing (Supplemental Figure S3). Briefly, a cDNA from c¢FBPI
and cF'BPImut were obtained by PCR using as template pPDONR-cFBP1 and pDONR
-cFBP1mut, respectively, and the specific primers “attB1 cFBPI*” and “attB2 cFBPI”
(Supplemental Table S1) and cloned into the pPDONR/Zeo plasmid using BP clonase
(Invitrogen). To produce pDEST17-cFBP1 and pDESTI17-cFBPImut , pDONR-
cFBP1 and pDONR-cFBPImut entry clones were subjected to LR recombination
using the pDEST17 destination vector, respectively. All final destination vectors
were confirmed by sequencing (Supplemental Figure S3). BL21(DE3) cells
transformed with pDEST17-cFBP1 and pDEST17-cFBPImut were grown at 37
°C in one liter of LB medium supplemented with 50 ug ml' carbenicillin to an
attenuance at 600 nm of 0.6, and then 0.4 mM isopropyl-p-D-thiogalactopyranoside
was added to the culture medium. After 3 h, the bacterial culture was centrifuged at
6,000 x g for 10 min. The pelleted bacteria were resuspended in 6 ml of HiTrap-
TALON crude binding buffer (GE Healthcare Life Sciences, Marlborough, MA,
USA), sonicated and centrifuged at 10,000 x g for 10 min. The supernatant
thus obtained was subjected to Co?*" affinity chromatography according to the
manufacturer’s instructions (GE Healthcare Life Sciences, Marlborough, MA, USA).

Growth conditions and sampling

Plants were cultured on soil or in Petri dishes (92 x 16 mm, Sarstedt, Ref. 82.1472.001)
containing half-strength agar solidified Murashige and Skoog (MS) (Phytotechlab
M519) medium in growth chambers with a 16 h light (22°C, 90 umol photons sec™
m?)/8 h dark (18°C) cycles. To investigate effects of small fungal VCs on plants we
used the “plasticized PVC wrap and charcoal filter-based box-in-box™ co-cultivation
system in which plants were grown in the vicinity of 4. alternata cultures covered with
charcoal filters that adsorb VCs of molecular masses higher than ca. 45 Da (Garcia-
Gomez et al., 2019; Gamez-Arcas et al., 2022a). 4. alternata was cultured in Petri

dishes containing agar solidified MS medium supplemented with 90 mM sucrose.
Determination of FBPase activity

We used the spectrophotometric assay method described in Sahrawy et al. (2022).

The assay was conducted using microtiter plates in a final volume of 200 ul. The
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reaction mixture contained 100 mM Tris-HCI pH 8.0, 10 mM MgCl, (or a variable
concentration for Km determination), 0.3 mM NAD, 2 mM FBP (or a variable
concentration for Km determination), 0.7 U of glucose-6-P dehydrogenase (G8404
SIGMA) and 0.3 U of phosphoglucose isomerase (P5381 SIGMA). For redox
activation assays, cFBP1 was incubated for 30 min at 22 °C with DTT (concentration
depending on the assay). The increase of absorbance at 340 nm (NADPH formation)
versus time was read with a microplate reader (Tecan Sunrise™ (Tecan Trading AG,
Mainnedorf, Switzerland). Incubations and activity assays were performed at room
temperature (22-24 °C). A plot of velocity versus substrate concentration was used
in the Km determination. Curve fitting and determination of enzyme parameters were
performed using R software (RStudio Team (2020). RStudio: Integrated Development
for R. RStudio, PBC, Boston, MA. Available online: http://www.rstudio.com/).

Western blot analyses

For immunoblot analyses, protein samples were separated on 10% SDS-
PAGE under reducing or non-reducing conditions as described in Sahrawy et
al. (2022), transferred to PVDF, and immunodecorated by using the antisera
raised against cFBP1 from pea (Rojas-Gonzalez et al., 2015) and a goat anti-

rabbit IgG horseradish peroxidase conjugate as secondary antibody (Sigma).

Determination of gas exchange rates and photosynthetic parameters

Gas exchange rates were determined as described by Sanchez-Lopez et al. (2016b)
using a LI-COR 6400 gas exchange portable photosynthesis system (LI-COR, Lincoln,
NE, USA). An was calculated as described by von Caemmerer and Farquhar (1981).

Statistical analysis

Unless otherwise indicated, presented data are means (+ SE) obtained from 3-4
independent experiments, with 3 replicates for each experiment. The significance
of differences between plants was statistically evaluated with Student’s t-test

using SPSS software. Differences were considered significant if P<0.05.
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Supplemental Figure S1: Sequence comparisons of pig fructose-1,6-bisphosphatase (FBPase), cytosolic
FBPase (cyFBPase) of Arabidopsis and cFBP1 from pea, rapeseed and Arabidopsis.
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Supplemental Figure S2: Stages in the construction of the promcFBPI1:cFBP1, promcFBPI:cFBPImut,
pDEST17-cFBP1 and pDEST17-cFBPImut plasmids. Plasmid constructs were produced using Gateway
technology and confirmed by sequencing. Primers used for PCR amplification of complete a cFBP1 cDNA

obtained from the RIKEN Arabidopsis cDNA collection (Seki et al., 1998, 2002) are listed in Supplemental
Table S1.
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Table S1: Primers used for PCR amplification of ¢FBP1, cFBPImut and cFBPI promoter to produce the
pDEST17-cFBP1, pDEST17-cFBPImut, promcFBP1:cFBP1 and promcFBP1:cFBP1mut plasmids. Primer
sequences for attB sites (are indicated in bold) see Supplemental Figure S2)

Primer

Sequence

cFBPI for promcFBP1:cFBP1 and promcFBP1:mut

attB1 ¢cFBPI

5’-ggggacaagtttgtacaaaaaageaggettaatggeageaaccgeegeaac-3’

attB2 ¢cFBP1

5’-ggggaccactttgtacaagaaagetgggtatcaagecaagtacttctccage-3’

promcFBPI for promcFBP1:cFBP1 and promcFBP1:mut

attB4 ¢FBP1 promoter

5’-ggggacaactttg

tgetggttaatcaacgattcaatgaactag-3’

attB1 ¢c/BP1 promoter

5’-ggggactgettttttgtacaaacttgetttitctgtgtigtittgaaaaaaac-3’

cFBPI* for pDEST17-cFBP1 and pDEST17-cFBP1mut

attB1 ¢FBPI*

5’-ggggacaagtttgtacaaaaaageaggettagecgtageggeggatgetg-3°

attB2 ¢FBPI

5’-ggggaccactttgtacaagaaagcetgggtatcaagecaagtacttctccage-3°
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Conclusiones Samuel Gamez Arcas

1.

GPT?2 juega un papel importante en la respuesta de plantas pgi/-2 a VCs fungicos.

Comparada con la respuesta de plantas pgi/-2, la respuesta de plantas pgil-
2gpt2-1 a VCs es reducida. Ello puede atribuirse, al menos en parte, a la reducida

expresion de proteinas relacionadas con la fotosintesis.

La sobre-acumulacion de almidén en el mesofilo de hojas de plantas pgil-2
inducida por VCs fungicos no es debida a una estimulacion de la incorporacion de
G6P citosolica a través de GPT2.

Laexpresion de PGI1 y GPT2 en las puntas de las raices y en las células vasculares,
juega un papel clave en la respuesta de las plantas a VCs a través de mecanismos
implicados en la regulacion del crecimiento, la fotosintesis y el metabolismo de

la planta.

La expresion de GPT2 esta sujeta a complejos mecanismos de regulacion mediados
por elementos ubicados a ambos lados del codon ATG de inicio de la transcripcion
de GPT2 y/o a ambos lados del codon AUG de inicio de la traduccién de transcritos
de GPT2.

El residuo Cys95 de la cFBP1 madura es un determinante importante de la

estructura, el estado redox y la actividad de cFBP1 en Arabidopsis.

Potencialmente, el residuo Cys95 de la cFBP1 puede actuar como un importante

determinante de la fotosintesis, pero no del crecimiento en plantas de Arabidopsis.

Individualmente, la reduccion del residuo de Cys95 de Arabidopsis no es un

determinante del crecimiento de Arabidopsis en respuesta a VCs fungicos.
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LISTA DE ABREVIATURAS

ABA Abscisic acid

A, Net CO, assimilation rate CO,

CBC Calvin-Benson Cycle

cFBP1 plastidial fructose-1,6-bisphosphatase
CO Carbon monoxide

CO, Carbon dioxide

CKs Cytokinins

Clp Caseinolithic protease

C Intracellular CO, concentration

DEPs Differentially expressed proteins
DXS 1-deoxy-D-xylulose-5-phosphate synthase
FBP Fructose 1,6-biphosphate

FW Fresh weight

F6P Fructose 6-phosphate

GAP Glyceraldeide-3-phosphate

GAs Gibberellins

GPT2 Plastidial glucose-6-P/phosphate translocator
GoP Glucose-6-P

H,S Hydrogen sulfide

HCN Hydrogen cyanide

IRT1 Iron-regulated transporter 1

Maximum rate of electronic transport that contributes to the

max

RuBP regeneration

K., Catalytic activity

Km Michaelis constans

Ks Substrate dissociation constant

K, Substrate concentration at half maximum velocity

LR Lateral root

MEP Plastid-localized 2-C-methyl-D-erythritol 4-phosphate
MEcPP 2-C-methyl-D-erythritol-2,4-cyclopyrophosphate
mfA Né-methylation of adenosine
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NAD
NADPH
NO
NO,
NTRC
PAP
PET
PGI1
PQC
PR
PRXS
PSI
PVC
RH
ROS
RSA
RuBisCO
RuBP
Trx

tZ
VCs
VOCs
WT

Nicotinamide adenine dinucleotide
Nicotinamide adenine dinucleotide phosphate
Nitric oxide

Nitrogen dioxide

NADPH-dependent Trx reductase
3’-phosphoadenosine 5’-phosphate
Photosynthetic electron transport
Phosphoglucose isomerase 1

Protein quality control

Primary root

H,0,-detoxifying 2-Cys peroxiredoxins
Photosystem 1

Plasticized polyvinyl chloride

Root hair

Reactive oxygen species

Modulate root system architecture
RuBP carboxylase oxygenase
Ribulose 1,5-bisphosphate
Tioredoxine

Trans-zeatin

Rubisco maximum carboxylation rate
Volatile compounds

Volatile organic compounds
Wild-type
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