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ABSTRACT

OLIVEIRA, Hellen Oliveira, D.Sc., Universidade Federal de Vigosa, December, 2022.
Understanding the functional role of the organic acids for stomatal movements and stress
responses in Arabidopsis thaliana. Advisor: Wagner Luiz Aradjo. Co-advisor: David
Medeiros Barbosa.

Organic acids (OAs) are central to cellular metabolism performing several functions: beyond
their role as intermediates of the tricarboxylic acid cycle and precursors for the biosynthesis of
other molecules, they are also a predominant part of root exudates, modulators of redox states
between cellular compartments, and key regulators in the response of guard cells to
environmental stimuli. In this thesis, we present distinct aspects of the complex regulation of
OAs and how their transport mediates stomatal movements in guard cells. We initially
summarize the current molecular advances underlying the complex regulation of stomatal
development and movements to dynamic environmental conditions. In doing so, we were able
to showcase that (i) stomatal closure in response to abscisic acid (ABA) depends on the
disassembly of microtubules by the degradation of a stabilizing protein during the stomatal
opening, (if) sucrose supply in short days results in the accumulation of an conserved energy
sensor kinase that promotes stomatal development, and (iii) that production of a non-protein
amino acid gamma-aminobutyric acid (GABA) is necessary to reduce stomatal opening and
transpirational loss through down-regulation of a vacuolar anion transporter (ALMT9) of
stomatal cells in response to drought. In chapter 3, we addressed the importance of OAs for
plant performance in the context of mitochondrial and guard cell metabolism under abiotic
stress conditions. Accordingly, we reviewed the role of OAs as root chelating agent, in
biosynthesis of stress signaling and osmoregulatory solutes during stomatal movements. We
conclude that plants use different mechanisms to regulate and accumulate OAs, depending on
the cell organ, cell compartment, and stress condition, allowing the proper functioning of
physiological and biochemical responses in plants following stress conditions. In chapter 4, to
obtain a more comprehensive picture of the vacuolar transport of OAs in guard cells, we
analyzed how the impaired malate accumulation impacts effects on stomatal behavior,
photosynthetic capacity and primary metabolism in leaves of plants with individual and
combined repression of tonoplast dicarboxylate transporter (tDT), ALMT6 and ALMT4

channels. Briefly, the results presented here provide evidence on (i) the inefficiency of stomatal



opening caused by ALMT®6 repression in almt6, almt6 tdt-1 and almt6 almt4 lines suggesting
that, ALMT6 compensates for vacuolar malate transport in guard cells upon tDT repression
with respect to the stomatal opening. However, tDT and ALMT4 are important in the proper
storage of dicarboxylates in the vacuole of mesophyll cells. In addition, (ii) we also observed
that almt6 almt4 plants maintained growth by increasing dark respiration and sugar
accumulation, whereas in almt6 and almt4 plants this accumulation maintained respiration
rates, with unchanged and impaired growth, respectively; (iii) repression of ALMT6 and
ALMTH4 channels led to slower stomatal kinetics and lower stomatal conductance, highlighting
the importance of ALMT6 for stomatal opening, and that non-functional ALMT4 likely
downregulates the activity of other ion and solute transport channels in guard cells during
stomatal opening. Despite that, we did not observe effects on stomatal behavior under high
CO», and, as a result, all mutants were responsive to ABA during stomatal closure, indicating
the possible activity of OAs and other ion channels in the guard cell plasma membrane. Future
analyses are required to determine if alternative ALMT family members and/or others ions
transporters are functioning at guard cell transcriptional levels. This input knowledge will be
necessary for a better understanding of the mechanisms used to bypass the impaired

accumulation of organic acids in these plants.

Keywords: Environmental stress. Mitochondrial metabolism. Vacuolar transport. Organic
acids. Respiration. Stomata.



RESUMO

OLIVEIRA, Hellen Oliveira, D.Sc., Universidade Federal de Vigosa, dezembro de 2022.
Entendendo o papel funcional dos acidos orginicos para os movimentos estomaticos e
respostas ao estresse em Arabidopsis thaliana. Orientador: Wagner Luiz Aratjo.
Coorientador: David Medeiros Barbosa.

Os dacidos organicos (AOs) sdao fundamentais para o metabolismo celular desempenhando
diversas funcdes: além de seu papel como intermedidrios do ciclo dos 4cidos tricarboxilicos na
producdo de poder redutor e precursores para a biossintese de outras moléculas, eles também
sdo parte predominante dos exsudados radiculares, capazes de modular os estados redox entre
os compartimentos celulares e estdo envolvidos como reguladores chaves na resposta das
células guarda aos estimulos ambientais. Nesta tese, apresentamos aspectos distintos da
complexa regulamentacdo dos AOs e como o seu transporte medeia os movimentos estomaticos
em células guarda. Inicialmente reunimos os avancos moleculares subjacentes a complexa
regulamentacdo do desenvolvimento e movimentos estomdticos para condigdes ambientais
dinamicas. Ao fazer isso, conseguimos demonstrarque (i) o fechamento estomatico em resposta
ao 4cido abscisico (ABA) depende da desmontagem dos microtibulos pela degradacdo de uma
proteina estabilizadora durante a abertura estomatica, (ii) o fornecimento de sacarose em dias
curtos resulta no acimulo de uma quinase sensorial conservada de energia que promove 0
desenvolvimento estomadtico, e (iii) que a produ¢do de um aminoédcido ndo proteico acido-
aminobutirico (GABA) é necessdria e suficiente para reduzir a abertura estomdtica e perda
transpiracional através da desregulamentagdo de um transportador vacuolar de anions
(ALMT9) de células estomdticas em resposta a seca. Além disso, fornecemos novos
conhecimentos sobre a sinalizacdo energética e formacdo dos estdmatos, bem como a
regulamentacdo dos movimentos estomdticos € mecanismos moleculares para o estresse
ambiental nas plantas. No capitulo 3, abordamos a importancia dos AOs para o desempenho
das plantas em um contexto de metabolismo mitocondrial e de célula guarda sob condic¢des de
estresse abidtico. Dessa forma, revisamos o papel dos AOs na tolerdncia ao aluminio como
agentes quelantes radiculares, na biossintese da sinalizacdo de estresse e solutos
osmorregulatérios durante os movimentos estomaticos. Concluimos que as plantas utilizam de
diferentes mecanismos para regular e acumular AOs, dependendo do 6rgdo celular, do

compartimento celular e da condi¢do de estresse, permitindo o funcionamento adequado das



respostas fisioldgicas e bioquimicas nas plantas apds condigdes de estresse. No capitulo 4, para
obter um quadro mais abrangente do transporte vacuolar de AOs em células guarda, analisamos
como o actimulo prejudicado de malato impacta nos efeitos sobre o comportamento estomatico,
a capacidade fotossintética e metabolismo primdrio em folhas de plantas com repressao
individual e combinada do transportador de dicarboxilatos do tonoplasto (tDT), ALMT6 e
ALMT4. Resumidamente, os resultados aqui apresentados fornecem evidéncias sobre (i) a
ineficiéncia da abertura estomadtica causadas pela repressao de ALMT6 em linhas almt6, almt6
tdt-1 e almt6 almt4, sugerindo que, ALMT6 compensa o transporte de malato vacuolar em
células guarda em relacdo a repressao de tDT no que respeita a abertura estomatica. Entretanto,
tDT e ALMT4 sdo importantes no armazenamento adequado de dicarboxilatos no vacuiolo das
células mesofilicas; (ii) observamos também que plantas almt6 almtd mantiveram o
crescimento aumentando a respira¢cdo noturna e acimulo de agucares, enquanto que em plantas
almt6 e almt4 este acimulo manteve as taxas respiratorias, com crescimento inalterado e
prejudicado, respectivamente; (iii) a repressao dos canais ALMT6 e ALMT4 levou a uma
cinética estomdtica mais baixa, destacando a importincia de ALMT6 para a abertura
estomdtica, e que ALMT4 ndo funcional desregula a atividade de outros canais de transporte
de fons e solutos em células guarda durante a abertura estomadtica. Apesar disso, nao
observamos efeitos sobre o comportamento estomatico sob alto nivel de CO; e, como resultado,
todos os mutantes foram responsivos ao ABA durante o fechamento estomético, indicando a
possivel atividade dos AOs e outros canais de {ons na membrana plasmatica da célula guarda.
Anélises futuras sdo necessarias para determinar se os membros alternativos da familia ALMT
e/ou outros transportadores de fons estdo funcionando em niveis de células guarda e de
transcricdo. Esse conhecimento de entrada serd necessario para uma melhor compreensdo dos

mecanismos usados para contornar o acimulo prejudicado de dcidos organicos nessas plantas.

Palavras-chave: Estresse ambiental. Metabolismo mitocondrial. Transporte vacuolar. Acidos

organicos. Respiracdo. Estdmato.
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1. GENERAL INTRODUCTION

Stomata, microscopic structures located in the leaf epidermis, are formed by two
specialized guard cells and, a sub-stomatal intercellular space (called pore) that is continuous
to the mesophyll tissue and controls the opening and closing of the stomas through which land
plants exchange gases with the atmosphere. Accordingly, stomata are the predominant sites of
CO; uptake during photosynthesis and water loss through transpiration, also supporting leaf
cooling and overall metabolic flux (Lawson, 2009).

Phylogenetic studies revealed that stomata are ancient structures present in the earliest
land plants and predate the divergence of bryophytes and tracheophytes (Clark et al., 2022). In
response to environmental variations, carbon uptake and water use efficiency were optimized
through the formation of a diversity of stomata sizes, densities, and morphologies (Franks and
Beerling, 2009; Franks and Farquhar, 2007). The formation of stomata is well understood in
dicotyledons, such as Arabidopsis, which briefly involves key processes such as asymmetric
divisions from a committed protodermal cell, called a meristemoid mother cell (MMC) that
divides asymmetrically to form a meristemoid (Zhao and Sack, 1999). This meristemoid is
regulated by the transcription factor SPEECHLESS (SPCH) and undergoes consecutive
asymmetric cell divisions until it differentiates into a guard mother cell (CMG) promoted by
MUTE, which in turn lead to two symmetric guard cells produced by further regulating FAMA,
thus completing the development of stomata (Casson and Hetherington, 2010; Zhao and Sack,
1999).

The mechanisms that determine the degree of stomatal opening and closing are
associated with the adjustment of guard cell turgor and are controlled by various environmental
stimuli such as light, air temperature, CO> concentration, relative humidity, and plant hormones
such as abscisic acid (ABA) (Assmann and Jegla, 2016; Hsu et al., 2021). One of the signals
perceived by plants is very well elucidated by their effects triggered by blue or red light detected
by the chloroplast and photoreceptors (Shimazaki et al., 2007). Phototropins drive H*ATPase
activation and proton extrusion that hyperpolarize the guard cell plasma membrane (Kinoshita
and Hayashi, 2011) and provide the driving force for potassium (K*) uptake by activation of
KATI1/2 K* channels that, together with their counter chloride (CI") ion, malate, and sugars
promote osmolyte accumulation in the vacuole, changing guard cell turgor and leading to
stomata opening (Assmann and Jegla, 2016). Regarding red light, it remains unknown whether
its contribution is first perceived by the mesophyll cells and then transmitted as a signal to the

guard cells or whether this signal is directly associated with the guard cells (Busch, 2014). In
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contrast, ABA inhibits proton extrusion and activates other calcium (Ca*) uptake channels as
well as slow (S-Type) anion channels and fast (R-type) anion efflux channels (Dreyer et al.,
2012) leading to membrane depolarization and activation of an external GORK voltage-
dependent K* efflux channel (Hosy et al., 2003). Together, this combined regulation drives the
decrease in guard cell vacuolar volume, and consequent loss of water from the apoplastic space
causing stomatal closure (Hedrich, 2012).

Guard cell metabolism 1s likely affected by multiple endogenous signals and
environmental stimuli that regulate the concentrations of metabolites and ions that are
fundamental to the mechanism of stomatal opening and closing (Pandey et al., 2007; Roux and
Leonhardt, 2018; Yu and Assmann, 2014). Among these factors, the accumulation of organic
acids (OAs) is a key point that links gas exchange and photosynthetic activity to the
mitochondrial metabolism (Daloso et al., 2017a; Fernie and Martinoia, 2009). Briefly, OAs act
as intermediates and enzymatic regulators of the tricarboxylic acid (TCA) cycle (Aradjo et al.,
2012; Nunes-Nesi et al., 2013) and serve as a carbon skeleton for the biosynthesis of amino
acids, sugars, and nucleotides (Fernie and Martinoia, 2009). Furthermore, OAs perform
multiple functions such in the photosynthesis of C4 and Cam plants (Maier et al., 2011) and
also work as chelating agents in nutrient and heavy metal uptake (Weisskopf et al., 2006) .
Among the OAs, malate is considered the most abundant being present in all cell types, yet its
levels are rather variable to species, cultivar or even among individual leaves of a single plant
(Fernie and Martinoia, 2009). During the night, C3 plants can reach concentrations above
350mM of malate, and during the day, decarboxylation of malate can decrease its levels to
200mM in leaves (Martinoia and Rentsch, 1994). Furthermore, malate has pKa values of
approximately 3.1 and 5.1 depending on the salt concentration in the medium, giving the
possibility that, at physiological pH, malic acid is found in the form of Mal, but it may also be
present in the vacuoles of plants at acid pH as Hmal or Homal (Martinoia and Rentsch, 1994;
Raven, 1990). These characteristics make it a crucial element in cellular pH regulation (Hurth
etal., 2005), osmoregulation, and stomatal movement signaling (Daloso et al., 2017a), and it is
also involved in responses to both biotic (Bolwell et al., 2002) and abiotic stresses (Finkemeier
and Sweetlove, 2009; Panchal et al., 2021).

The regulation of malate levels in the cell is closely tied to a refined control of its
concentrations within the various cellular compartments. Thus, the malate produced by the TCA
cycle, or coming from starch degradation and B-oxidation (Daloso et al., 2017a) can be

transported to the vacuole where it will be stored, having its concentrations increased or

13



decreased to maintain optimal cytosolic conditions (Hurth et al., 2005). In this context, the
exchange of molecules through the inner membranes of the mitochondria, chloroplast and
vacuole is impermeable to the most metabolites and, therefore, it is necessary to use specific
proteins to import and export these molecules and compounds. In the plasma and vacuole
membranes malate transport can be mediated by carrier proteins and specific transporters
extensively investigated at the guard cell level (Imes et al., 2013; Luu et al., 2019; Medeiros et
al., 2018; Sasaki et al., 2022).

It has been recently shown that cytosolic malate concentrations influence the activity of
"S-type" anion channels which are those dependent on a slower depolarization voltage (Wang
et al., 2018). Accordingly, the SLAC and SLAH genes in Arabidopsis thaliana are
characterized by encoding channels responsible for chloride and nitrate (NOs") transport in the
plasma membrane of guard cells during stomatal movement (Geiger et al., 2011; Vahisalu et
al., 2008). These genes dramatically inhibit K* channel (KAT1) activation during stomatal
closure, acting as regulators and signals for stomatal movement by SLACI/SLAH3 KATI1
protein-protein interaction in Arabidopsis (Zhang et al., 2016). Wang et al. (2018) further
observed that malate at 1mM concentration indirectly activates S-type channels in guard cells.
During stomatal closure, malate, temporarily accumulated in the vacuole, metabolized or
directed to the apoplast by activation of channels and transporters (Daloso et al., 2017a).
Therefore, it is possible that malate concentrations in the cytosol reach low values and that high
cytosolic malate concentrations (>10mM), derived from starch degradation, inhibit the
activation of these channels, consequently leading to stomatal opening (Wang and Blatt, 2011).
The malate channel AtABCBI14 is a positive regulator of stomatal opening involved in
apoplastic malate transport when cytosolic malate concentrations are reduced and under high
CO> concentrations (Lee et al., 2008). Similarly, during ABA-mediated stomatal closure,
darkness and high CO», fast "R-type" channels of the ALMT (Aluminum Activated malate
Transporter) family AtALMT12/ AtQUACI (Quick Anion Channel) mediate malate export
into the apoplastic space (Meyer et al., 2010; Sasaki et al., 2010). Malate transport does not
only occur at the plasma membrane but it is also directed into the guard cell vacuole, mainly by
channels of the ALMT family and by the Tonoplast Dicarboxylate transporter (tDT)
(Kovermann et al., 2007a; Liu and Zhou, 2018). In Arabidopsis, ALMT9 was the first member
of the ALMT family to be shown to mediate malate and fumarate currents directed into the
vacuole of mesophyll cells (Kovermann et al., 2007a). Subsequently, it was found that ALMT9

is a Cl" channel and that its activity is governed by cytosolic malate concentrations, which
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stimulates Cl influx currents from the cytosol into the vacuole by AtALMT9 (Zhang et al.,
2013). It should be noted that malate also regulates channel activity, in addition to serving as a
signaling molecule. AtALMT?9 is expressed in various cell types, including guard cells, and has
also been shown to be important during the stomatal opening in response to light thus, knockout
mutants of this channel, exhibit reduced stomatal opening (De Angeli et al., 2013a) and are
negatively regulated by y-aminobutyric acid (GABA) to control stomatal closure mainly under
water stress (Xu et al., 2021). Another member of the ALMT family, specific to guard cells,
ALMT6 mediated malate inward currents dependent on micromolar Ca?* concentrations, and
vacuolar pH and cytosolic malate regulate the activation threshold of AtALMT6-mediated
currents, showing to be involved in both malate influx and efflux, depending on the tonoplast
potential. These stimuli will induce ALMT®6 regulation during stomatal opening and closing
with the combined action of other channels and transporters (Meyer et al., 2011a). Although
its activity is bidirectional on malate currents in the tonoplast of guard cells, al/mt6 mutant plants
are characterized by a more impaired response during the opening movement, presenting
reduced stomatal conductance when compared to plants with the functional gene in A. thaliana
(Meyer et al., 2011a). Stomatal movements also utilize ABA-stimulated phosphorylative
pathways to regulate the activity of anion channels such as ALMT4, characterized mainly by
mediating malate currents from the vacuole towards the cytosol during stomatal closure
(Eisenach et al., 2017a). This channel seems to exert a strong influence on stomatal movements,
as plants with functional loss of this gene show a much slower stomatal closure when exogenous
ABA is applied (Eisenach et al., 2017a). Additionally, tDT was the first transporter identified
and characterized to be involved in malate transport in the tonoplast of guard cells (Emmerlich
et al., 2003a), being an antiport in the entry of malate to the vacuole in exchange for fumarate
and/or citrate to the cytosol, with its affinity for malate being reduced at declining cytosolic pH
(Freietal., 2018a). Although its functionality does not directly impact stomatal movement even
under high CO,, light intensity, concentrations of ABA and organic acids (Medeiros et al.,
2017b), this transporter exhibits a significant impact on mitochondrial metabolism by the
accumulation of malate and fumarate in the vacuole of mesophyll cells (Medeiros et al., 2017b),
participating in the regulation of cytosolic pH homeostasis (Hurth et al., 2005), and during
nitrate assimilation in plants (Hu et al., 2009).

Taken together, the aforementioned studies suggest that the metabolism and transport
of OAs, specifically malate, plays a key role in the regulation of stomatal movements and that,

probably, there is a functional redundancy of the specific vacuole transporter proteins of guard
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cells. Furthermore, it is seemingly that this accumulation of ions and osmoregulatory is
dependent on endogenous and exogenous stimuli such as light, ABA, CO» concentration, pH,
and apoplastic/cytosolic malate concentrations. Therefore, we posit that understanding OAs
metabolism and guard cells involves a precise and refined regulation of multiple factors, and
thus future studies are required to decipher their importance in responses to different
environmental stimuli and stressors for the proper growth and development of resilient crops in

a scenario of climate changes.

Layout chapter objectives

This thesis is largely focused on the role of vacuolar transport of organic acids in guard cells
and their metabolism under environmental variations. That said, the main objectives of this
work were: (i) to highlight advances in the mechanisms related to microtubule dynamics and
energy sensing within guard cells to environmental perturbations; (ii) to revisited the
contributions of OAs metabolism in plant responses to abiotic stresses; (iii) to investigate the
functional redundancy of vacuolar OAs transporter, related to stomatal movements and central
metabolism of A. thaliana. To achieve these objectives, several complementary biometric,
physiological, metabolic, and molecular approaches were used in previously characterized
mutant plants with distinct stomatal responses. The first two chapters are subdivided into
specific sections, whereas the last chapter contain an introduction, material and methods, and a
discussion of the results obtained. In the end, I further highlight the concluding remarks of this
thesis, within the conclusions and perspectives on the regulation of stomatal movements in

guard cells.

Chapter 2. Guard cell regulation: pulling the strings behind the scenes

Guard cell metabolism is precisely refined during stomatal opening and closing in
response to environmental signals, therefore, those cells need to develop precise mechanisms
of when and where stomatal cell proliferation is established in the face of the surrounding
environment. Interestingly, there are several genes involved in cell proliferation that resemble
those in stomatal development and movement. In this chapter, current studies involving the role
of microtubules and the novel function of the non-protein amino acid y-aminobutyric acid
(GABA) in modulating stomatal closure and opening are discussed, providing new insights into
the highly exquisite molecular mechanisms of guard cells in the face of environmental and

stress responses.
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Chapter 3. Understanding the dynamics of plant organic acids metabolism following
abiotic stresses

Although several molecular and physiological approaches already demonstrate the
importance of OAs for cellular metabolism, their role in responses to distinct abiotic stresses is
highly dynamic and versatile. In this chapter, we address the established roles of OAs and
highlight recent findings comprising the synthesis and regulation of OAs, their contribution as
root exudates in stress tolerance, their supply of reductants for detoxification of reactive oxygen
species (ROS), and biosynthesis of stress signaling solutes. We argued that metabolic
complexity and broad pathway and networks are affected in response to changes in OAs
metabolism in response to physiological and environmental factors. In summary, a detailed
understanding of OAs metabolism is likely able to help us to improve the growth and

performance of crops.

Chapter 4. On the significance of vacuolar transport of malate in guard cells during
stomatal regulation

Vacuolar malate transport has been characterized at the molecular level and is carried
out by channels of the Aluminum Activated Malate Transporter (ALMT) family and the
Tonoplast Dicarboxylate Transporter (tDT). tDT knockout mutant plants (¢df) show no impact
on stomatal function, although presented decreased malate and fumarate accumulation in
leaves, mainly in the mesophyll cells. The ALMT6 channel is guard cell-specific, and acts on
both malate influx and efflux during stomatal movements. Interestingly, the absence of
functional ALMT6 in Arabidopsis thaliana plants has a greater impact on stomatal opening,
which is highly impaired by the lower accumulation of malate in the vacuole. Here, we
hypothesize that vacuolar malate transport in plants with non-functional tDT is supported by
the ALMT6 channel, whereas tDT does not compensate for malate accumulation in guard cells
in almt6 knockout plants. Being aware that the guard cell possesses the AtALMT4 channel,
involved specifically in the efflux of malate into the cytosol, almt4 mutant plants were also
used. Mutants plants show a slower and lesser degree of stomatal closure in the absence of
ALMTH4, highlighting it as a crucial malate channel involved in stomata regulation. It seems
reasonable to suggest that although ALMT6 is present in almt4 knockout lines and regulates
malate currents into the cytosol, highlighting a greater contribution of ALMT6 in stomatal

opening and ALM4 in stomatal closure. Next, we investigated the functional redundancy of
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vacuolar malate transport in the combined absence of these channels. To answer this, double
knockout mutant plants for ALMT6 and tDT and non-functional ALMT6 and ALMT4 were
investigated regarding stomatal movements, photosynthetic capacity and guard cell

metabolism.
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The precise regulation of stomata is
critical to plant growth and devel-
opment, especially under drought
conditions. Two recent studies
(Dou et al., Xu et al.) shed new
light on stomata physiology in re-
sponse to dynamic environmental
conditions, revealing novel key
mechanisms related to microtubule
dynamics and energy sensing
within the guard cells.

Terrestrial plants produce microscopic
structures called stomata on the surface of
their leaves, which are precisely regulated
to facilitate their opening or closing in
response to environmental conditions or
stressors [1]. Stomatal cells have developed
a complex system designed to recognise
and respond to optimal conditions and
facilitate the precise regulation of stomatal
cell proliferation.

Environmental factors (e.g., light, tempera-
ture, and water availability) frequently affect
stomatal development, leading to differen-
tial patterns in stomatal number and distri-
bution across leaves [2]. Stomatal cells are
characterised by a predefined set of rules
that determine their origin and develop-
ment. Briefly, the founder cell of stomata,
the meristemoid mother cell, undergoes
an asymmetric entry division to form a
meristemoid. This meristemoid then ex-
periences two distinct cell fates, undergoing
subjacent asymmetric cell divisions facili-
tating its proliferation or the differentiation
of the guard mother cell (GMC), which in

turn produces parallel guard cells, thus
completing the stomata [2]. The transcrip-
tion factor, speechless (SPCH) coordinates
the expression of hundreds of genes that
trigger cell fate determination within the sto-
matal lineage differentiation that culminates
in the establishment of the GMC [2]. Despite
the singularity of stomatal development and
function, several genes involved in cell pro-
liferation have similar effects on stomatal
movement. Here, we highlight: () the con-
served role of the microtubules [3], and
(i) the function of the non-protein amino
acid gamma-aminobutyric acid (GABA) in
regulating stomatal movements [4].

Pulling the strings: the significance
of microtubules in modulating
guard cell dynamics

Research into stomatal biology has led to
significant advances in our understanding
of the dynamic nature of stomatal pores in
response to endogenous and environmen-
tal variations. Recent evaluations of the
data from 599 plant species revealed an
important balance in stomatal develop-
ment and highlighted the importance of
dynamic stomatal regulation in plant health.
Namely, the balance between photosyn-
thetic efficiency and pathogen infection
[5]. Similar stomatal densities on both the
upper and lower surfaces (amphistomy) of
the leaf are assumed to maximise photosyn-
thesis while simultaneously increasing path-
ogen susceptibility [5]. Given this balance,
the question arises: How do plants maxi-
mise photosynthesis without increasing
their risk of infection with leaf pathogens?
Significant advances have been made in
describing the molecular shifts that culmi-
nate in actin cytoskeletal rearrangements in
guard cells following bacterial infection in
Arabidopsis thaliana [6]. Briefly, Lu et al.
showed that calcium-dependent protein
kinase 3 (CPK3) phosphorylates actin-
depolymerization factor 4 (ADF4), which
mediates actin filament organisation in
the guard cells following infection with
Pseudomonas syringae pv. tomato DC3000
(Pst DC3000) [6]. Furthermore, the authors
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demonstrated that cpk3-2 knockout mu-
tants display inefficient stomatal closure
during Pst DC3000 infection, which leads
to bacterial susceptibility [6]. Consequently,
this study represents a significant advance
in our understanding of the framework
underlying the common machinery asso-
ciated with immunity and photosynthesis.

Further progress on stomatal cytoskeletal
dynamics was demonstrated by revealing
that stomatal closure in response to abscisic
acid (ABA) depends on microtubule dis-
assembly [3]. Investigations using the
A. thaliana mutant, ronia-4, which exhibits
a deficiency in the 26S proteasome, re-
vealed that ABA-induced stomatal closure
is most likely the result of microtubule dis-
assembly [3]. After 10 minutes of treatment
with oryzalin, which is known for its disrup-
tion of microtubule dynamics, wild type
plants were characterised by a decrease
in the density of cortical microtubules,
which did not occur in the guard cells of
the rpn1a-4 plants. Prolonged drug expo-
sure culminated in the disappearance of
most microtubules in the wild type guard
cells [3]. In an expansion of this assay, the
addition of a microtubule-stabilizing drug
(Taxol), which suppresses microtubule
disassembly, revealed that the temporal
degradation of Wave-dampened2 (\WVD2)/
WVD2-Like 7 (WDL7) precedes stomatal
closure. Stomatal closure based on ABA
signalling is also dependent on WDL7
degradation, as revealed by a reduction
in ABA responsiveness in WDL7 overex-
pressing plants, which causes hypersen-
sitivity to soil drying and reduced survival
under drought [3]. Taken together, these
studies revealed that ABA alters ubiquitin
26S proteasome activity, triggering WDL7
proteolysis in guard cells and promoting
microtubule disassembly, leading to stoma-
tal closure in response to ABA treatment
and soil drying (Figure 1A). Proteolysis is
an energetic, expensive process; thus
WDLY7 turnover may impact overall cell
cycle progression, further affecting plant
stress responses. Similarly, the protein
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Figure 1. Strings and curtains
mediating stomatal movement and
development in response to
environmental and stress stimuli.
(A) Disassembly of the microtubules
(strings) is mediated by a proteasome-
dependent ubiquitin-26S pathway.
Protein WDL7 promotes the stabilisation
of microtubules triggering stomatal
opening under optimal conditions.
However, ubiquitin E3 ligase protein
MRELS7 ubiquitinates and targets
WDLY7 protein for degradation, which
triggers the disassembly of guard cell
microtubules, promoting stomatal
closure in response to ABA and water
deficits. (B) KIN10, the catalytic a-
subunit of the SnRK1 energy sensor,
interacts with transcription factor
speechless (SPCH) to induce stomata
formation. Moderate energy stress
following shortened days leads to
reduced sucrose supply and results in
the accumulation of KIN10 in the
epidermal cells (curtains). This results
in KIN10 translocation to the nucleus,
where it phosphorylates and stabilises
SPCH, which in turn coordinates the
expression of the genes that promote
stomatal development. (C) GABA
appears to regulate ALMT activity,
inducing stomatal closure under drought
conditions. Water deficit enhances GABA
synthesis and its accumulation in the
leaves directly impacts the activity of
anionic  ALMT9. It remains unclear
whether increased GABA synthesis in
response to drought conditions occurs in
the guard or epidermal cells. Water
limitations and GABA concentration work
together to negatively regulate ALMT9,
causing the inhibition of CI™ influx from the
cytosol to the vacuole, culminating in
stomatal closure. GABA is also likely to
be involved in the regulation of ALMT12,
which seems to affect stomatal closure,
at least in epidermal cells dealing with
dark-to-light transitions. This figure
was created using BioRender (https://
biorender.com). Abbreviations: ABA,
abscisic acid; ALMT, ALUMINUM-
ACTIVATED MALATE TRANSPORTER;
GABA, y-aminobutyric acid; GMC,
guard mother cell; MMC, meristemoid
mother cell; MREL57, MICROTUBULE-
RELATED E3 LIGASE57; WDL7,
WAVE-DAMPENED2-LIKE?.
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JAV1-ASSOCIATED UBIQUITIN LIGASE1
(JUL1), which was previously associated
with the jasmonate signalling pathway, also
plays a positive role in stomatal closure [7].
In addition, JUL1 is involved in ABA-
mediated microtubule disorganisation and
stomatal closure [7]. It seems reasonable
that microtubule dynamics may fine-tune
guard cell responses to both biotic
(herbivores) and abiotic (drought, atmo-
spheric CO,, and temperature) environ-
mental cues. Nevertheless, it remains
contentious whether microtubule dynam-
ics and the jasmonate signalling pathway
are connected and can further modify
stomatal responses. Further investiga-
tions into how these key pathways modu-
late plant growth and stress response
should expand our understanding of sto-
matal responses and their benefit to plants
as a whole.

New players in the metabolic
regulation of guard cells

Sugars provide a connection between
energy metabolism and stomatal regulation,
but the mechanisms underlying energy
sensing and stomatal development remain
unclear. Arecent study by Han et al. demon-
strated that during shorter days, when
energy is a limiting factor, the stomatal
index is largely reduced [8]. Interestingly,
under these conditions, KIN10, the catalytic
a-subunit of the sucrose non-fermenting-1
(SNF1)-related kinase 1 (SnRK1) complex,
moves to the nucleus of stomatal lineage
cells [8]. In these cells, SnRK1 phos-
phorylates and stabilises SPCH, ulti-
mately boosting stomatal development
[8] (Figure 1B). The same study also
demonstrated that, among the sugars,
including glucose, fructose, glucose-6-
phosphate, and fructose bisphosphate,
sucrose exhibits the most influence on
stomatal development because it increases
stomatal cell proliferation under both low-
light and short-day conditions. Higher sto-
matal proliferation was shown to be directly
related to the in vivo interaction between
KIN10 and SPCH [8] (Figure 1B). In fact,
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sucrose breakdown in the guard cells was
demonstrated to regulate stomatal dy-
namics during transitions from dark to
light, elevating the levels of tricarboxylic
acid cycle intermediaries [9]. The metabolic
signature associated with stomatal aper-
ture and closure under light/dark cycles is
substantially different for angiosperms and
ferns, revealing faster light stomatal re-
sponses in angiosperms [10]. Remarkably,
the slower light stomatal responses in ferns
(Microsorum scolopendria and Phlebodium
aureum) are seemingly related to a differen-
tial metabolic cluster that includes the non-
protein amino acid GABA [10].

Although GABA has been proposed as a
signalling molecule in previous studies, it
was only recently reported that the activity
of aluminium-activated malate transporters
(ALMTSs) might be regulated by GABA [11].
Interestingly, Xu and colleagues revealed
that GABA antagonises light- and dark-
induced stomatal movements [4]. By using
a multispecies assay, they further demon-
strated that GABA is likely the master me-
tabolite modulating stomatal closure [4].
Interestingly, GABA accumulates in guard
cells in response to water limitation, helping
to regulate water loss by arresting stoma-
tal opening via ALMT9, which improves
drought resilience in A. thaliana [4]. It
was also verified that both ALMT9 and
ALMT12 are involved in guard cell GABA
signalling, revealing that GABA acts on
stomatal opening via ALMT9 and on stoma-
tal closure via ALMT12 [4]. Taken together,
these findings clearly show that GABA is
an in planta signalling molecule that

modulates stomatal movement (Figure 1C).
Notably, disruption of GABA biosynthesis
was shown to severally inhibit the organisa-
tion of actin filament dynamics and impair
pollen tube growth, emphasizing the im-
portance of GABA signalling to cytoskele-
ton organisation [12]. This means that it
might be very interesting to investigate the
connections between GABA signalling
and the cytoskeleton in guard cells. This
may provide valuable insights into stomatal
regulation in response to changing envi-
ronmental conditions, helping in the de-
velopment of resilient crops for (a)biotic
stresses.

These aforementioned findings provide
novel insights into the regulation of stomatal
movement and deepen our understanding
of the molecular mechanisms underlying
plant responses to environmental stress. It
is now necessary to elucidate how and
whether GABA and the cytoskeleton are
interconnected and whether these interac-
tions affect only the stomata or the whole-
plant response to drought.
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Abstract: Plants experience many adverse environmental stressful conditions during their develop-
ment (e.g. shade, high light, drought, hypoxia, temperature, and metal toxicity), which impact neg-
atively their growth and productivity. In addition to their roles as intermediates of the tricarboxylic
acid (TCA) cycle, organic acids (OAs), have been suggested to perform several functions in overall
plant metabolism. It has been shown that OAs assist in stress tolerance as root-chelating agents,
provide reducers to contribute to reactive oxygen species (ROS) detoxification, and operate in the
biosynthesis of stress-signaling and osmoregulatory solutes during stomatal movements. Here, we
revisited the mechanisms by which OAs regulate the metabolism of plants in response to specific
abiotic stresses. Within such a multi-layered understanding scenario, the wide range of pathways
and networks that are affected in response to changes in OAs metabolism offers interesting and not
yet fully explored applications in agriculture following abiotic stresses. Finally, we consider how
understanding stress response may benefit strategies for designing new resilient crops by targeting
OAs metabolism.

Keywords: stomata; organic acids; respiration; environmental stress

1. Introduction

Plants are constantly facing adverse environmental conditions, including abiotic
stress such as drought, salinity, heat, heavy metals etc. To cope with such different abiotic
stimuli, plants have developed diverse mechanisms that are highly distinct according to
the species, developmental stages, tissue, and cell type [1]. Among a wide variety of strat-
egies, metabolic adjustment is a common mechanism of plant response to abiotic stress
conditions [2]. More specifically, the biosynthesis, accumulation, transport, and exudation
of organic acids (OAs) have been associated to plant adaptation to environmental stimuli
[3,4]. Organic acids are mainly produced in the mitochondria through tricarboxylic acid
(TCA) cycle, and they have recognized roles in primary processes such as reduced coen-
zymes production and energy conversion, and supply of carbon precursors for several
biosynthetic pathways [5]. Organic acids can form active cytosolic and storage vacuolar
pools that can maintain the redox balance, ATP production, acidification of extracellular
spaces, and ionic balance in plant cells [6]. It has been proposed that the coordinated ac-
cumulation of OAs in certain plant tissues or compartments, as well as their exudation,
represent a pivotal strategy to meet the metabolic and physiological cell demands under
different environmental conditions [4,5,7]. In this mini-review, we cover the current un-
derstanding of the contribution of OAs metabolism in plant responses to abiotic stress
conditions. We additionally discuss the importance of OAs for plant performance with a
particular emphasis on the mitochondrial and guard cell contexts. Finally, we discuss how
and to which extent enhancing our understanding of stress response from a metabolic
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perspective may be of significance for designing resilient crops by specifically targeting
OAs metabolism.

2. Organic acids metabolism in plants

For a better understanding of OAs’ roles in plant metabolism, we first described how
they are synthesized and their main regulation points within plants. Organic acids can be
formed within distinct cycles, metabolic pathways, and cellular compartments [8-11]. The
main production site of OAs is well elucidated through the TCA cycle reactions that occur
in the mitochondrial matrix. This pathway is composed of a set of eight enzymes that act
after decarboxylation of pyruvate to Acetyl-CoA by pyruvate dehydrogenase, releasing
COg, producing flavin adenine dinucleotide (FADH2) and nicotinamide adenine dinucle-
otide (NADH) that will be used in the mitochondrial electron transport chain (mETC) [9].
In the "cyclic" mode of TCA cycle, Acetyl-CoA is converted to citrate by citrate synthase,
which is followed by the isocitrate production pathway by aconitase. From that moment,
two successive oxidative decarboxylation reactions occur, one by the conversion of iso-
citrate to 2-oxoglutarate (2-OG) by isocitrate dehydrogenase, and the other by the action
of 2-OG dehydrogenase (2-OGDH) that converts 2-oxoglutarate to Succinyl-CoA, wherein
each of the decarboxylation reactions producing a molecule of NADH and CO: [12,13].
Subsequently, the enzyme Succinyl-CoA ligase combined ATP synthesis from ADP and
Pi converting Succinyl-CoA to succinate, which in turn is oxidized to fumarate by the suc-
cinate dehydrogenase and undergoes a reversible reduction to FADHb>, revealing the
unique enzyme to function both within the TCA cycle and the mETC [12,13]. Fumarase
catalyzes the reaction of fumarate to malate [14,15], and then the NAD* dependent-malate
dehydrogenase (MDH) mediates the reversible oxidation of malate to oxaloacetate and
production of another NADH molecule. Finally, oxaloacetate react again with Acetyl-CoA
to replenish the TCA cycle [12,13].

Tricarboxylic acid cycle intermediates can act in alternative pathways as precursors
in the biosynthesis of other molecules, as well as to balance the levels of OAs in plant
overall metabolism. Deviations from the standard pathway ("non-cyclic' mode of TCA
cycle) can also occur during stress conditions, in which plants require fine-tuned regula-
tion to meet the constant energy changes and demand for OAs to cope with these multiple
environmental stimuli. That said, certain enzymes including as 2-OGDH, fumarase, and
MDH have been suggested as major checkpoints for TCA cycle regulation (Table 1) [12].

Table 1. Organization of key enzymes regulating tricarboxylic acid (TCA) cycle interme-
diates and alternative pathways.

Enzymes Conversion Regulation Metabolic pathways

Citrate synthase Acetil-CoA—Citrate n.d n.d

Aconitase Citrate — Isocitrate n.d n.d

Isocitrate Isocitrate—2-Oxoglutarate  n.d n.d

dehydrogenase

2-Oxoglutarate 2-Oxoglutarate— Succinyl-  Ca+2, ATP, ADP, AMP, C and N metabolism,

dehydrogenase CoA thiamine, TRX, PHY Amino Acid biosynthesis

Succinil-CoA ligase Succinyl-CoA—Succinate n.d Glyoxylate cycle

Succinate Succinate—Fumarate n.d nd

dehydrogenase

Fumarase Fumarate—Malate Pyruvate, 2-OG, ATP, Amino Acid and N Metabolism,
ADP, AMP, TRX, PHY  Glyoxylate cycle

Malate Malate—Oxaloacetate NADH, ADP, Redox homeostasis,

dehydrogenase ATP, AMP Photosynthesis, Photorespiration

1 n.d: not determined; TRX: thioredoxins; PHY: phytochrome

2-Oxoglutarate dehydrogenase directly links central metabolism to carbon (C) and ni-
trogen (N) metabolism by the biosynthesis of primary metabolites synthesized from 2-OG,
such as the amino acid glutamate (Glu), from other amino acids and proteins, but also
assists in the maintenance of the TCA cycle with the generation of a new 2-OG molecule
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[16]. 2-OGDH complex can be allosterically regulated by Ca+2, ATP/ ADP, NADH/NAD+, 87
and thiamine pyrophosphate[13,17], and also by the thioredoxin (TRX) system [18] and the 88
phytochrome system [19]. In a study using specific inhibitors of the 2-OGDH, it was pos- 89
sible to observe marked reductions in respiration rates, changes in the levels of TCA cycle 9
intermediates, and amino acids that are crucial for nitrate assimilation, in potato tubers 91
[20]. This reduction in respiration is associated with an imbalance in C-N metabolism and 92
cellular homeostasis by altered expression of genes associated with amino acid networks, 93
plant respiration, and sugar metabolism [21] . Furthermore, studies using transgenic and 94
mutant lines of the E1 and E2 subunit of 2-OGDH demonstrated its importance in fruit 95
maturation and leaf senescence [22] , as well as in plant growth and seed production 96
[23,24]. In addition, 2-OG is linked to Glu-derived gamma-aminobutyric acid (GABA 97
shunt) synthesis in the cytosol, which in turn can be catabolized into succinic semialde- 98
hyde (SS5A) by GABA transaminase, subsequently converted to succinate by SSA dehydro- 99
genase, which enters the mitochondria to replenish the TCA cycle [25]. GABA plays an 100
important role in various physiological and molecular processes in plants, suchasinCand 101
N balance [26], control of ROS levels [27], reproductive function of plants under heat stress 102
[28], osmotic adjustment [29], and acts as a signaling molecule to abiotic stresses [30]. Suc- 103
cinate, on the other hand, is a major rhizospheric root exudate, with a repressive effecton 104
phosphorus (P) solubilization in N-fixing bacteria [31], in addition to acting in cell elonga- 105
tion, and participating in the glyoxylate cycle in glyoxysomes [32]. Although to a lesser 106
extent, the latter is also known to produce OAs during germination of oil plant seeds. No- 107
tably, this occurs by the need for carbohydrate formation from lipids, which occurs via the 108
synthesis of succinate by glyoxysomal succinate oxidase from acetyl-CoA of fatty acids 109
from the breakdown of lipids, followed by the production of other OAs, such as malate 110
and oxaloacetate in the TCA cycle. 111
Another branch point of TCA cycle is associated with mitochondrial fumarase 112
(fumarate hydratase; EC 4.2.1.2), responsive both for maintaining balance of the TCA cy- 113
cle, but also for conserving and diverting C to amino acid metabolism [33-35] and glyox- 114
ylate cycle, where succinate is converted to fumarate and then malate via succinate dehy- 115
drogenase and fumarase [36]. Fumarase has its regulation controlled by concentrations of 116
pyruvate, 2-OG, and adenine nucleotides ATP, ADP, and AMP [37] and by TRXs that act 117
to adjust its activity to modulate the redox status of TCA cycle [18,38]. This enzyme can 118
also be regulated by phytochrome-mediated Ca*? concentrations in response to light in 119
Arabidopsis [39]. Furthermore, fumarase activity can be regulated by epigenetic mecha- 120
nisms of methylation of its gene promoter in response to salinity [40], but not under anoxic = 121
conditions, where its expression is mainly affected by atmospheric N2 and COz [41]. An 122
approach using transgenic tomato (Solanum lycopersicum) plants of fumarase antisense 123
lines revealed reductions in respiration, but also their detrimental impact on photosyn- 124
thetic rates marked by lower stomatal aperture, decreased fruit production, and root ar- 125
chitecture [14,42]. This corroborates with previous studies, where fumarase activity was 126
seen to be higher in guard cells compared to cells in the mesophyll of Vicia faba and Pisum 127
sativum [43,44]. 128
The enzyme malate dehydrogenase (MDH) is involved both in central metabolism 129
by catalyzing the reversible reduction of oxaloacetate to malate, and in redox homeostasis 130
between cellular compartments, which through different isoforms performs the indirect 131
transfer of reducing equivalents NADH (mitochondria, cytosol, peroxisome plastids) and = 132
NAD(P)H (chloroplasts) that serve as a substrate that play important roles in all plant 133
metabolism [45-48]. Mitochondrial MDH (mMDH) can be regulated by levels of NADH 134
[13], ADP, ATP, and AMP [49], and unlike the other key enzymes mentioned above, itis 135
not regulated by TRX [18], whereas NADP-MDH is regulated by light through this ferre- 136
doxin-Trx system [50-52]. During photorespiration the mMDH is also involved in the con- 137
version of glycine (Gly) to serine (Ser), which reduces oxaloacetate to malate and regen- 138
erates NAD for glycine oxidation by the Gly decarboxylase [53]. Single and double mu- 139
tants of mMDH are characterized by impacts not only in respiration rates but also 140
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photorespiration and growth of Arabidopsis plants [54]. Indeed, overexpression of differ- 141
ent MDH isoforms (mitochondrial and cytosolic) significantly increased malate levels in = 142
leaves, roots and root exudates, that conferred higher P availability in cotton (Gossypium 143
L.) [55] and enhanced Al tolerance in tobacco (Nicotiana tabacum L.) [56], respectively. All 144
these examples considered; it seems rather clear that the TCA cycle function is of key im- 145
portance to cellular metabolism. Notwithstanding, further studies should be devoted to 146
identifying whether, and to what extent, plant species-specific factors and/or experi- 147

mental conditions affect in vivo respiratory pathways, particularly the TCA cycle. 148
149
3. Interactions between CO: assimilation and mitochondrial metabolism 150

The importance of the TCA cycle and mitochondrial OAs metabolism in various met- 151
abolic processes, including energy production, reducing equivalents, biosynthesis of other 152
molecules such as amino acids, and their relative participation in photosynthetic perfor- 153
mance has been explored in the previous section. Within this section we will address, in 154
more detail, the interaction of the TCA cycle with the photosynthetic process, and how 155
OAs interact with mesophyll cells and guard cells during these processes. Although mi- 156
tochondrial metabolism and photosynthesis are in two distinct subcellular compartments, 157
both are highly correlated and regulated within the plant cell, acting as both substrate and = 158
product for their functioning [11]. The latter is responsible for assimilating atmospheric 159
CO:z that diffuses into the cells through the stomatal pore, for the production of carbohy- 160
drates, where part of these sugars can be catabolized into ATP and reducing power by 161
oxidative respiration in response to cellular energy demand. Mitochondria have been pro- 162
posed to provide large amounts of ATP to sustain sucrose synthesis rates during the pho- 163
tosynthetic process in both plants [57] and microalgae [58,59]. Its contribution is due to 164
the regulation of the cellular redox status in the dissipation of excess reducing power, 165
especially in leaves under high light incidence, which by the activity of the chloroplast 166
NADP-MDH enzyme uses the excess NADPH to import malate into the mitochondriain 167
exchange for oxaloacetate and regenerate the electron acceptor NADP, and through this 168
transfer of reducing equivalents ATP synthesis is supported via the mETC [11,60,61]. As 169
well as providing reducing equivalents via malate to the photorespiratory pathway inthe 170
peroxisomes [62]. Recently it was also seen that photorespiration supplies a large amount 171
of reducing equivalents to mitochondria during whole-plant photosynthesis, which ex- 172
ceeds the NADH dissipation capacity of mETC [63]. Parallel to this, the activity of TCA 173
cycle enzymes tends to be reduced in illuminated leaves compared to leaves in the dark, 174
a fact that occurs primarily due to the inhibition of pyruvate dehydrogenase and theneed 175
for carbon skeletons derived from 2-OG.[5,11]. A range of mutants with deficient expres- 176
sion and activity of TCA enzymes has been well characterized demonstrating the im- 177
portance of mitochondrial OAs metabolism in photosynthetic performance. For example, 178
tomato plants with disrupted fumarase activity exhibit considerable reductions in mito- 179
chondrial activity and impaired photosynthesis triggered by reductions in stomatal con- 180
ductance [14]. Similarly, a deficiency of succinate dehydrogenase expression leads to de- 181
creased malate and fumarate levels in conjunction with an increase in stomatal conduct- 182
ance and carbon assimilation in tomato plants [64]. Reduced expression and activity of 183
mitochondrial malate dehydrogenase results in increased carbon assimilation and shoot 184
growth [65], as well as altered growth and root architecture [42]. In contrast, antisense 185
mutants for the mitochondrial citrate synthase gene showed no changes in photosynthetic 186
rates but were characterized by altered leaf pigment levels and impaired nitrate assimila- 187
tion [66]. Thus, it has been shown that photosynthesis is largely dependent on OAs pro- 188
duced in the mitochondria, contributing to the precise regulation of the energy balance 189
within a plant cell. 190

At the level of energy conversion and reducing equivalents production, we some- 191
what understand the contribution of these two processes concomitantly, but at the level 192
of CO2 assimilation OAs have already been widely described for their crucial role in the 193



31

Plants 2022, 11, x FOR PEER REVIEW 5 of 20

photosynthesis of C+ and CAM (Crassulacean Acid metabolism) plants as intermediates 194
in CO: fixation [67,68]. Briefly, in CAM plants, CO: is captured during the night by open 195
stomata and can be mainly incorporated into malate by the cytosolic phosphoenolpy- 19
ruvate carboxylase (PEPcase) and stored in vacuoles, and during the daytime period, CO2 197
decarboxylation and refixation occur by the Calvin-Benson cycle with closed stomata [69]. 198
In the case of C4 plants, the alternative source of malate in the light may occur by the 199
anaplerotic fixation of COz, in the mesophyll cells, catalyzed by the PEPcase. This enzyme 200
is responsible for the carboxylation of PEP that produces OAA, which in turn is rapidly 201
reduced to malate by NADP-MDH and diffuses to the vascular bundle sheath cells where 202
it is decarboxylated in the chloroplasts by the enzyme NADP-malic enzyme (NADP-ME) 203
and then the COz2 is finally refixed by Rubisco [70,71]. Malate derived from mesophyll cells 204
has been described to directly influence stomatal conductance [64,72]. During stomatal 205
opening the cell stores can be regulated by apoplastic malate concentration through acti- 206
vation of voltage-dependent properties of anion channels in the guard cell plasma mem- 207
brane or as a product of star5ch breakdown and anaplerotic CO: fixation [73-75]. There- 208
fore, OAs, especially malate, can be imported from the apoplastic space to support the 209
accumulation of this OA in guard cell metabolism, which we will address in the following 210
topic. Notably, compelling evidence has revealed that fluctuations in environmental con- 211
ditions disrupt not only photosynthesis but also respiration, ultimately impacting plant 212
growth [7,54,66,76], revealing that OAs are key to ensuring abiotic stress tolerance and the 213

development of resistant crops. 214

215
4. Organic Acids modulate stomatal function and its responses under stressful condi- 216
tions 217

In plants, stomatal movements are tightly controlled by changes in cell turgor pres- 218
sure and OAs play an important role as osmotically active solutes and regulators of cell 219
turgor under different environmental conditions. The vacuole plays an important role in 220
the storage of organic compounds such as sugars and OAs and ions e.g. nitrate (NOs’), 221
chloride (Cl') and potassium (K*). During stomatal closure, these solutes leave the vacuole = 222
towards the guard cell cytosol and there to outside the guard cells [77,78]. This stomatal 223
movement can be regulated by the controlled transport of osmoregulatory ions through 224
various ion channels and pumps [79-83] (Fig. 1). Abscisic acid (ABA) synthesis and sig- 225
naling, dark, high concentrations of COz2, and ozone [84,85] are common stimuli inducing 226
stomatal closure. Upon stomatal closure induction, the regulation of various ion channels 227
and transporters that induce the depolarization of the plasma membrane promotes the 228
stomatal closure [86-88]. Malate channels located either at the plasma membrane or at the 229
tonoplast play a major role in this process. Among these channels the ABC transporter 230
AtABCB14 was shown to control the transport of malate from the apoplast to the cytosol 231
of guard cells [80]. Thus, AtABCB14 would play a role as a negative modulator of stomatal 232
closure induced under high CO: concentrations, and that the exogenous application of 233
malate minimizes this response [80]. In addition, members of the Aluminum Activated 234
Malate Transporter (ALMT) family have been characterized in Arabidopsis as mediators 235
of malate currents during stomatal movements [89,90]. The AtALMT12/ AtQUACI (Quick 236
Anion Channel) is an R-type channel located at the plasma membrane of guard cells being 237
responsible for outward malate transport during stomatal closure in response to high CO2, 238
darkness, and ABA [82,83]. Another member of this family is AtALMT6, which is located 239
at the tonoplast and is regulated by cytosolic calcium, pH, light, and ABA concentrations 240
[81]. AtALMT4 is a malate efflux channel from the vacuole to cytosol in ABA-induced 241
stomatal closure and its activity depends on the phosphorylation [91]. Although the 242
AtALMT9 channel is a Cl- influx channel located also in the vacuole membrane, its regu- 243
lation is controlled by cytosolic concentrations of malate mediating the stomatal opening 244
[77]. Recently, the ALMT9 channel was shown to be negatively regulated by y-aminobu- 245
tyric acid (GABA) under water restrictions, increasing drought tolerance and water use 246
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efficiency in Arabidopsis [29]. Similarly, GABA may also be involved in the regulation of =~ 247
ALMT12, although, under the conditions tested, stomatal closure was not observed inin- 248
tact leaves dealing with the dark-to-light transition and may be limited to epidermal cells. 249
Therefore, further assays with epidermal cells may unravel whether ALMT12 may have 250
an inhibitory effect of GABA on the stomatal closure [29]. GABA appears to exert multiple 251
physiological effects by regulating the ALMT channels activity, including regulation of 252
the pollen tube [92] and root growth with the regulation of ALMT1 activity in the malate 253
flow in wheat roots, causing less malate exudation to chelate with Al 3 and impair root 254
growth [93]. Therefore, it has been proposed that the regulation by GABA of anion-acti- 255
vated currents is a characteristic of the ALMT family and that this relationship may have 256
a highly important role in the C:N balance, in the regulation of cytosolic pH, and protec- 257
tion against oxidative stress, as well as in salinity and drought tolerance [94]. 258

259

N Guarq Cell

Opening [CO,]

Closing

f [GABA] Apoplast

o x

Figure 1. Transport and regulation of organic acids from the apoplastic space into the guard cells. 275
Malate influx from apoplast to guard cell (GC) is mediated by ABCB14 located at the plasma mem- 276
brane, and has its regulation controlled by malate levels and elevated CO2. ALMT6 participates in 277
malate influx and efflux in the GC vacuole and can be activated by Ca*?, light, pH, and ABA. ALMT9 278
can be regulated by malate concentrations and import Cl- ions into the GC vacuole during stomatal =~ 279
opening, and be negatively regulated by y-aminobutyric acid (GABA) at stomatal closure in re- 280
sponse to water stress. The Tonoplast Dicarboxylate Transporter (tDT) imports malate into the GC 281
vacuole in exchange for citrate and/or fumarate, and its activity is regulated by pH and NOs. ALMT4 282
is specific in the efflux of malate from the GC vacuole into the cytosol and is ABA-dependent. An- 283
other channel involved in stomatal closure is AMT12 responsible for exporting malate into the apo- 284
plastic space depending on CO2, ABA, dark and possibly GABA concentrations. The arrows in blue 285
indicate positive regulation, and the inhibitors, in red, indicate negative regulation of the channels 286
and transporters. Created with BioRender.com. 287
288

As aforementioned, malate appears to be the major OA involved in the regulation of 289
stomatal opening by anion channels. However, a Tonoplast Dicarboxylate Transporter 290
(tDT) was the first vacuolar malate transporter characterized at the molecular level [79]. 291
Although present in the guard cell vacuole, plants with functional loss of tDT did not 292
exhibit impaired stomatal movement when exposed to different stimuli [95], yet they 293
showed significant metabolic reprogramming due to the reduced malate and fumarate 294
accumulation in mesophyll vacuoles, which is not observed in guard cells [95]. Subse- 295
quently, Frei et a., 2018 [###] characterized tDT as malate and citrate antiport, and thatits 29
affinity for malate decreases with decreasing pH, while the affinity for citrate increases. 297
In addition, this transporter exhibits affinity for fumarate and succinate as substrates, but 298
not for 2-OG [96]. It has been further demonstrated that tDT is essential for the regulation 299
of pH homeostasis [97]. In addition, tDT may also play an important role during NOs~ 300
assimilation, being regulated by a calcineurin B-like gene (CLB) that interacts with a 301
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protein kinase (CIPK), CIPK8 when induced by NOs [98]. During nitrate-dependent 302
amino acid synthesis, there is a release of OH- ions and consequently an increase in pH, 303
and under these conditions, tDT appears to increase its expression and malate transport 304
to bind to OH- ion and balance the cytosolic pH [98]. That said, tDT may have a major 305
contribution, especially under salt stress conditions associated with NOs- assimilation, by 306
precisely regulating malate- and fumarate-mediated pH when NOs- is taken up [15,99]. 307

308

5. Organic acids shape responses to environmentally stressful conditions 309

Plants are organisms with a sessile lifestyle that have developed complex signalling 310
pathways to mediate survival under stress conditions. A highly intriguing and enigmatic =~ 311
case of plants' responses to abiotic stress is related to its metabolic adjustment, wherein 312
thousands of metabolites may be produced in response to a specific environment. One of 313
many classes of versatile compounds linking plant physiology to environmental re- 314
sponses is the OAs which are synthesized on distinct cell compartments, including mito- 315
chondria, cytosol, and chloroplasts. The coordination of energy homeostasis is widely re- 316
lated to ATP production and OAs are directly involved in this network, contributing to 317
several functions in the cell metabolism [33,72]. Exportation of OAs from mitochondria to 318
other organelles is associated with multiple functions including the biosynthesis of amino 319
acids and osmoregulatory molecules. Therefore, diverse stress responses are directly con- 320
nected to OAs metabolism in plant cells which are involved in the regulation of stomatal 321
behaviors, redox balance, and nutritional adjustments [75,100-102]. Given the flexibility 322
of OAs around subcellular compartments, it is of extreme importance to understand how 323
OAs regulate metabolism and physiology in response to environmentally stressful condi- 324
tions (Fig. 2). Within the next sections, we discuss the importance of OAs metabolism in 325
response to specific stress conditions, including acid soils, hypoxia, flooding and drought. 326

Soil

Osmotic
acidificatio!

adjustment and
maintenance of
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Nutrien uptake
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Malic .
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Figure 2. Reprogramming organic acids metabolism in response to abiotic stresses. Organic acids 344
(OAs) can be synthesized in the mitochondria and follow the cyclic flow of TCA cycle or divert to 345
alternative pathways for biosynthesis of other molecules and to maintain Oas levels under adverse 346
environmental conditions. Organic acids can be secreted by roots and bind to toxic cations such as 347
AlP* and Mn?* to alleviate toxicity in acidic soils, as well as aid in the uptake of nutrients such as Fe*3. 348
Under conditions with low O2 concentrations, 2-oxoglutarate (2-OG) and succinate provide energy 349
in the form of ATP for the maintenance of plant metabolism and survival. Under drought stress, the 350
reprogramming of Oas metabolism is more complex. Citrate and malate serve as carbon skeletons 351
for the biosynthesis of proline, an osmoregulatory, stress-signaling, and proton removal agent that 352
prevents cell damage; isocitrate, succinate, and fumarate confer drought tolerance by accumulating 353
predominantly in roots. Malate helps control the redox balance in chloroplasts by the action of 354
MDH-NADP providing reducing power in the form of NADPH and thus the redistribution of re- 355
duction equivalents to prevent the excess of reactive oxygen species (ROS) in chloroplasts. The 356
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enzymes PEPcase and NADP-dependent malic enzyme also assist in the production of NADPH to 357
contain ROS production. In addition, PEPcase synthesizes oxaloacetate and next malate is produced =~ 358
by MDH and assists in stomata opening, and malic enzyme increases osmotic pressure to prevent 359

water loss under water-restricted conditions. Created with BioRender.com. 360
361
5.1. Soil acidification 362

Tropical and subtropical farmlands usually experience environmental adversities 363
that reflect from acid soils (pH< 5.5), culminating in the so-called “acid soil syndrome”. 364
These phenomena involve nutritional disturbances that include toxic levels of aluminium 365
(Al), manganese (Mn), and iron (Fe) as well as limitations in phosphorus (P) and nitrogen 366
(N) availability [3,103]. Notably, responses to Al toxicity and low P directly involve Oas 367
homeostasis, emerging the central importance of the TCA cycle to ensure plant survival 368
under these conditions. 369

Roots produce Oas in an attempt to ensure nutritional homeostasis, in which some 370
of these Oas may bind to Al and sustain root development under P limitations [104,105]. 371
Thus, the most accepted mechanism to improve Al tolerance is based on the metal neu- 372
tralization in both intracellular spaces and around the rhizosphere [105,106]. These toler- 373
ance mechanisms involve the transport of organic acids through aluminum-activated an- 374
ionic efflux channels. Al has been reported to induce expression of the ALMT1 gene of the 375
ALMT (Aluminum-activated Malate Transporters) family and the MATE gene for malate 376
and citrate exudation, which bind to Al while still in the rhizosphere and prevent its entry 377
via the root, but also once in contact with the extracellular space Al can still be stored in 378
the vacuole of the cells [107,108] 379

The mitochondrial metabolism reprogramming upon Al toxicity involves the non- 380
cyclic functioning of the TCA cycle to maximize the production of citrate, malate, and 381
oxaloacetate and reducing thus impairments on other pathways [105,106]. It is postulated 382
that root exudates mediate Al exclusion boosting root elongation under Al toxicity [109]. 383
Intriguingly, the overproduction of malate and citrate does not always result in higher Al ~ 384
tolerance, once sensitive genotypes produce and exudate a large amount of Oas [110,111]. 385
Repression of organic acid biosynthesis enzymes, such as MDH, results in decreased root 386
length and decreased exudate pH, associated with reduced flexibility of root respiratory 387
rates [12,42], so this enzyme plays substantial contribution in root elongation Further- 388
more, the exudation of organic acids, mainly citrate, confers a dual advantage to plants 389
from acidic soils, linking aluminium tolerance and increased insoluble Al-P [3]. Enzymes 390
such as PEP carboxylase and citrate synthase have increased levels in response to lack of = 391
P, much of which is diverted from TCA to root exudation [112,113]. Tobacco plants over- 392
expressing citrate synthase grow efficiently in alkaline soils with low insoluble P content 393
(Lopez-Bucio et al., 2000), further demonstrating their role under limiting conditions. Re- 394
markably, crop yield impacts following the occurrence of TCA cycle non-cyclic fluxes un- 395

der Al toxicity must be properly determined to minimize yield penalties. 396
397
5.1. Flooding 398

Humans have been selecting plants based on stem elongation, which reaches a climax 399
during the Green Revolution of the 1960s. This selection resulted, for instance, in cultivars 400
wheat (Triticum aestivum) and rice (Oryza sativa) with a reduced stature but extremely pro- 401
ductive. Nevertheless, flooding events have increased from 1985 to 2010 in countries with 402
large productions of these grains [114], wherein the shorter height of the modern varieties 403
impairs the flood scape largely. Responses to flooding stress may limit the production 404
beyond 30% even on flooding-resilient species such as rice [115]. In this context, metabolic 405
shifts related to Oz occurred in plants coping with flood stress, in which Oas improve plant 406
survival under this condition. The transcriptional factor SUBMERGENCE 1 (SUB1) acti- 407
vates several genes involved in starch breakdown and sugar metabolism [116]. Following 408
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these modifications, fermentation pathways shape differentially energy metabolism 409
across species, highlighting the early induction of Alcohol dehydrogenase (ADH) inflood- 410
tolerant species [117]. Loss of function of ADH and Pyruvate decarboxylase (PDC) leads 411
to rapid death under flooding of rice, Arabidopsis, and maize (Zea mays) [118-121]. More- 412
over, Lotus japonicas grown under flooding demonstrated a non-cyclic operational mode 413
for the TCA cycle, showing a large accumulation of succinate [122]. It was assumed that 414
channeling between 2-OG and succinate improves ATP production under flooding, en- 415
hancing overall plant survival [122]. Altogether, the fermentation metabolism imposed by 416
flood conditions seems to reorganize the TCA cycle as well as other related pathways (e.g. 417
photosynthesis, photorespiration, and redox metabolism), which ultimately improve 418
plant survival under these conditions. 419

5.1. Drought 420

Drought is probably the environmental factor that limits plant growth and develop- 421
ment the most [123,124]. It triggers physiological and metabolic changes that lead to ABA 422
synthesis and responses, which in turn causes stomatal closure, suppression of cell 423
growth, and reduced photosynthesis [125,126]. In response to drought plants accumulate 424
compatible solutes and Oas from oxidative respiration that can serve as direct sources for 425
signalling metabolites under abiotic stresses [127]. For instance, bean plants (Vicia faba L.) 426
grown under field conditions exhibited high levels of Oas such as citrate, malate, and lac- 427
tate which may act as carbon sources for proline biosynthesis under water deficit [128]. 428
Under adverse conditions glutamate is synthesized through glutamate dehydrogenase 429
and links Oas from oxidative respiration and proline synthesis, increasing the efficiency 430
in removing excess H* [128]. The accumulation of malate and proline also protects young 431
tissues from damage caused by progressive soil drought, as observed in pea plants [129]. 432
In agreement, in sunflower (Helianthus annuus L.) plant organs have different regulatory 433
mechanisms, where water stress-sensitive lines accumulated Oas such as maleate, glu- 434
conate, and malonate, as well as amino acids in shoots whereas tolerant lines were char- 435
acterized by decreased levels of isocitrate, succinate, and fumarate, and sugars, predomi- 436
nantly in the roots [130]. These findings suggest that accumulation of OAS, together with 437
changes in amino acids and sugars, confer high osmotic adjustment under water-re- 438
stricted conditions and allow the plants to withstand water deficiency for a certain period 439
of time. Another common response to abiotic stresses in plants is the enhanced synthesis 440
of ROS. Reactive oxygen species production in the chloroplast has been proposed as one 441
of the main drivers of redox signaling responses or damage in plant cells during water 442
stress [131,132]. In this context, malate export helps to control the redox balance in chlo- 443
roplasts by the action of the NADP-MDH, a key enzyme in the malate valve between the 444
chloroplast and cytosol. This enzyme is responsible for converting oxaloacetate into mal- 445
ate using NADPH as electron source and facilitating the regeneration of NADP* the final 446
electron acceptor in the light reactions of photosynthesis. Following water deficit condi- 447
tions, there is a shortage of NADP+ and increased activity of NADP-MDH to regulate the 448
maintenance of redox homeostasis under adverse environmental conditions [133]. There- 449
fore, the circulation of malate between cell compartments allows the redistribution of re- 450
ducing equivalents favoring ROS detoxification in the chloroplasts [134]. It has been in- 451
vestigated that tobacco plants submitted to drought significantly increase the level of tran- 452
scripts encoding PEPcase and the plastid isoform of the NADP-dependent malic enzyme 453
(NADP-ME), generating higher amount of NADPH to deal with the overproduction of 454
ROS under drought [135]. This is because during adverse abiotic stress conditions, the 455
redox response of plants usually requires additional supply of NADPH needed by the 456
parthways that utilize it. NADP-ME can provide the reductive coenzyme NADPH active 457
in the antioxidant system, mainly in the metabolism of ROS by the ascorbate-glutathione 458
parthway and NADPH-dependent thioredoxin reductase [136,137]. In addition, NADP- 459
ME activity can increase osmotic pressure to decrease water loss [138]. The reduced ex- 460
pression of chloroplast NADP-ME in tobacco plants shows that malate content is reduced 461



Plants 2022, 11, x FOR PEER REVIEW 10 of 20

in guard cells, with consequent lower stomatal aperture and higher water use efficiency,
early flowering and shorter life cycle under water stress [139]. Whereas Arabidopsis over-
expressing cytosolic NADP-ME has it increased malate levels and great sensitivity to PEG
treatment [140]. These works show the different modulations of this enzyme expression
and malate accumulation in responses to environmental changes and plant homeostasis.
The PEPcase synthesizes malate to contribute to osmotic maintenance in stomatal opening
under either optimal conditions or under osmotic stress [141,142], but especially under
condition it is enzyme that acts in the replacement of intermediates of the TCA cycle and
thus provides metabolites for nitrogen assimilation and amino acid synthesis [143] ######

6. Concluding remarks and perspectives

Organic acids are of great importance in the central metabolism of plants, integrating
several strategies to alleviate the tensions caused by abiotic stresses. Within this review,
we provided circumstantial evidence that plants present different mechanisms to regulate
and control the levels of OAs depending on the cell organ, organell, and most importantly
on stressful conditions. Organic acids metabolism and its associated metabolic responses
are also associated with the biosynthesis of stress signaling related molecules such as pro-
line and GABA. Among the OAs discussed here, although they exhibit similar biological
functions, malate appears to be the major connection to stomatal movements, operating
as active osmolyte and regulator of influx and efflux channels, whereas fumarate has been
widely described previously for exhibiting specific respondes regarding pH maintenance
during nitrate assimilation and as a temporary carbon semidrain analogous to sucrose
and starch. However, among the OAs discussed here, malate and its related enzymes ap-
pear to have greater prominence in the overall regulation of responses and metabolism,
and it is important to emphasize that it is necessary to have a balance between OAs for
better functioning of physiological and biochemical responses in plants. The significance
and potential of these notions in shaping a tailored developmental program for plants
facing environmental stress are of agronomical importance and may contribute to improv-
ing plant fitness under stressful conditions worldwide.
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Chapter 4

On the significance of vacuolar transport of malate in guard cells during stomatal
regulation
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4.1. ABSTRACT

Organic acids (OAs) play several functions in plant cell metabolism and, among them, malate
has been suggested to govern the regulation and signaling of stomatal movements through
specific channels and transporters located in the plasma membrane and vacuole of mesophyll
and guard cells. The functional redundancy between the tonoplast dicarboxylate transporter
(tDT) and ALMT (Aluminium-Activated Malate Transporter) family channels concerning
stomatal movements has been previously suggested. Here we addressed the combined function
of tDT, ALMT6 and ALMT4, using both single (tdt-1, almt6, almt4) and double mutants
(almt6::tdt-1-1, almt6::tdt-1-2, almt6::4-1, and almt6::4-2), from a biometric, physiological
and metabolic perspective. The malate influx mutants almt6, almt6::tdt-1-1, and almt6::tdt-1-
2 were characterized by reduced malate levels and impaired photosynthetic rates, leading to
lower growth in double mutants. Although lower photosynthetic rates were observed in almt6,
extensive metabolic and respiratory reprogramming sustained its growth yet almt6 plants
showed a slower stomatal opening in response to dark-to-light transition. Therefore, our results
suggest that ALMT6 plays a key role in malate transport in guar cells and is able to compensate
for the absence of functional tDT with respect to stomatal opening. The almt6::4-1 and
almt6::4-2 mutants showed impaired stomatal opening phenotype under normal conditions,
possibly due to ALMT6 repression, and slower stomatal closure kinetics in response to
light/dark stimulus. In addition, almt6 almt4 plants-maintained growth by increased dark
respiration and sugar accumulation. Collectively, our results indicate that tDT and ALMT4 are
important for adequate dicarboxylate storage in the vacuole of mesophyll cells, supported
observed changes in growth and metabolism. Although I did not observe overt phenotypes on
stomatal behavior under various stimuli, future analyses will be needed to determine whether
members of the ALMT family and/or other ion transporters are functioning at the guard cell
and transcript level for better understanding of the mechanisms used to compensate for impaired

malate accumulation in these plants.

Keywords: organics acids, anion channel, stomatal movement, photosynthesis
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4.2. INTRODUCTION

Stomata, structures located in the leaf epidermis, are formed by a pair of guard cells that
allow the absorption of CO; for photosynthesis and the release of water vapor by transpiration
(Lawson, 2008). The degree of stomatal opening and closing is driven by changes in the
concentration of osmotically active solutes in the guard cell vacuoles. Among them, malate has
been characterized as an important regulator and signaling molecule of this mechanism (Daloso
etal., 2017b), playing a role in the osmotic control, activity of anionic channels, and the energy
metabolismof the guard cells (Aradjo et al., 2011; Nunes-Nesi et al., 2007).

The tonoplast dicarboxylate transporter (tDT) was the first characterized vacuolar
malate transporter (Emmerlich et al., 2003b) being able to mediate an antiport transport of
malate citrate (1:1) from the cytosol to the vacuole (Frei et al., 2018b). The tDT is expressed
both in guard cells, and in mesophilic cells; however, it is more expressed in mesophyll cells
compared to guard cells (Bates et al., 2012; Medeiros et al., 2017a). Plants with reduced tDT
expression exhibited substantially reduced levels of malate and fumarate (Emmerlich et al.,
2003b). Regarding stomatal movements, no expressive changes in tDT responses were
observed even when subjected to different stimuli, such as CO» transition, light / dark response,
and abscisic acid (ABA) (Medeiros et al., 2017a). It is important to note that knockout plants
for tDT presented residual malate activity (Emmerlich et al., 2003b), suggesting that other
malate carrier proteins are activated to compensate the lack of tDT.

It has been therefore suggested that the inflow and outflow of malate occurs through
proteins belonging to the ALMT (Aluminum-Activated Malate Transporter) family. In
Arabidopsis thaliana 14 members of the ALMT family are subdivided into three clades. Clade
Ilincludes AtAMLT 4, 5, 6, and 9, which are directed towards vacuole membranes (Kovermann
et al., 2007b; Sharma et al., 2016). ALMT9 was the first member of the ALMT family
characterized by mediating the flux of malate and fumarate directed to the vacuole of mesophyll
cells (Kovermann et al., 2007b). It was further demonstrated that ALMT9 is a chloride (CI")
inflow channel from the cytosol to the vacuole and that its activity is regulated and signaled by
cytosolic concentrations of malate during stomatal opening (De Angeli et al., 2013b).
Accordingly, the almt9 knockout mutant is characterized by a reduced stomatal opening (De
Angeli et al., 2013b).

The ALMTO6 channel is guard cell-specific and operates in the transport of malate
between the cytosol and the vacuole. This channel has been described as a modulator of both

stomatal opening and closure, being induced not only by Ca’* pH, and cytosolic malate
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concentrations, in addition to being mediated by light and ABA (Meyer et al., 2011b).
Arabidopsis mutant plants with reduced expression of ALMTG6 (almt6) did not show changes
in stomatal conductance compared to wild-type plants, suggesting a functional redundancy with
other malate transport proteins in guard cells. The malate efflux required for stomatal closure
can be conducted by ALMT4, which is activated by phosphorylation of the MPK4 and MPK6
kinases, and indirectly regulated by ABA(Eisenach et al., 2017b). Furthermore, Knockout
plants for ALMT4 showed impaired growth and stomatal closure (Eisenach et al., 2017b).
Collectively, these studies suggest that the functional redundancy of vacuolar malate transport
in guard cells appears to be essential for maintaining stomatal function. However, it is believed
that different malate transporters may be of relative importance in response to the various
metabolic stimuli and necessary adjustments during the regulation of stomatal movements.
We focused to investigate whether changes in malate levels promote impairments in
stomatal movements, photosynthetic capacity, and central metabolism in plants with functional
loss of vacuolar organic acids transporters guard cells. For that, a range of physiological and
biochemical factors were analyzed in both single and double mutants involved in stomatal
responses, namely almt4, almt6,tdt-1, almt6::tdt-1-1, almt6::tdt-1-2, almt6::4-1-1 and
almt6::4-1-2. All mutants were characterized by reduced leaf malate levels, except for the
almt6bamt4 double mutants which display leaf malate accumulation. Plants with functional loss
of ALMT6 showed reduced photosynthetic rates (Ax) and stomatal conductance (gs), and
impaired growth in the almt6 tdt-1 double mutants. We highlight ALMTG6 as essential during
stomatal opening, being able to compensate the absence of functional tDT, at least with respect
to stomatal regulation. Although almt6 and almt6 almt4 have impaired stomatal function,
metabolic and respiratory reprogramming were able to kept growth unchanged, most likely
related to higher sugar accumulation in the leaves of these plants. Our results suggest that
repression of ALMT4 is able to promote a metabolic readjustment that impacts stomata opening

by the activity of efflux channels in the plasma membrane of guard cells.

4.3. MATERIALS AND METHODS
Isolation of T-DNA insertion mutants and genotypic characterization

Arabidopsis T-DNA-insertion lines for tDT (At-5g47560) gene encoding the vacuolar
dicarboxylate transporter (tdt-1; SAIL_681_C09) were obtained from the SAIL collection
(Syngenta Arabidopsis Insertion Library), while the ALMT family mutants, specifically the line
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ALMT6 (At2g17470) was obtained from the GABI-KAT collection (almt6-1; GABI_259D05)
and the line ALMT4 (At1g25480) was obtained from Salk Institute Genome Analysis
Laboratory - SIGn23 (almt4-1; SALK_086236),. For genotyping the T-DNA insertion lines,
leaf samples of plant from each genotype were collected separately, and genomic DNA was
extracted for PCR analysis.

The PCR resulted in a genomic fragment of the target gene using left primer (LP) and
right primer (RP) and the T-DNA insertion using a T-DNA specific left border primer (LB).
The primers used were: for Artdt-1, LP (5'- AAG AGA AAA CTC ACC AGT CAC CAC-3Y;
RP (5'- AAG TGA ACT CTG TGA TGG TAG CAG-3") and LB3 (5'- GAA TTT CAT AAC
CAA TCT CGA TAC AC-3'; for almt6-1, LP (5'- GCA TTC AGG GTG TTC TTG TTG-3"),
RP (5'-GAT TGA ATA GCG GAC CTG TAC C - 3") and LB08409 (5'— ATA TTG ACC ATC
ATA CTC ATT GC - 3"); for almt4-1, LP (5'-ATA ACC ATT ATA GCA CCT CAT TTG C-
3", RP (§'- ATC TTC CGG ATT TTG ATT AAA AAT C-3'),and LB1.3 (§'- GAT TTT GCC
GAT TTC GGA ACC ACC AT-3").

After initial screening, knockout lines were isolated and homozygous plants were
selected for further analyses. To obtain two double mutant lines, crossings were performed
using homozygous mutant almt6-1 and tdt1-1, and homozygous mutant almt6-1 and almt4-1,
respectively. The double-mutant F1 generation was confirmed by PCR and the heterozygous
lines were selected. The seeds of these plants were harvested and placed to germinate; the F2
plants were analyzed by PCR until homozygous F2 plants were confirmed by PCR and the
reduced gene expression pattern was further analyzed by qRT-PCR. The primers used were: for
Attdt-1,LP (5 — AAG AGA AAA CTC ACC AGT CAC CAC-3"); RP (5 — AAG TGA ACT
CTG TGA TGG TAG CAG - 3’); for almt6, LP (5> — AGC CTC CAC ATG GAC CTT ACA
G-3’); RP (5’ - GAT ACA GGC AGC TCC AGA GAA ACG -3’); for almt4,LP (§* - - TCT
TTC GGA AAT TCA GGC AGC TC —3’); RP (5> — AAC GTT CCC TGG GCT TAG CTT
C —3’); for actin endogenous control LP ( 5> — ACG GTA ACA TTG TGC TCA GTG GTG —
3’); RP (5’ — CTT GGA GAT CCA CAT CTG CTG GA - 3°).

Growth conditions and evaluation of biometrics parameters

All Arabidopsis plants used in this study were of the Colombia ecotype (Col-0)
background. Seeds from homozygous plants were surface-sterilized and incubated for 2 days at
4 °C in the dark on agar plates containing half-strength MS medium supplemented with 1%

sucrose (w/v) (Murashige and Skoog 1962). Seeds were subsequently germinated and grown
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under short-day conditions (8 h/16 h of light/dark) with an irradiance of 150 pmol photons m~2
s71, 22 °C and 20 °C in the light and dark respectively, and 60% of relative humidity. After 10
days, the seedlings were transferred to the commercial substrate (Carolina Soil, Kingston, North
Carolina, EUA) and grown in a growth chamber under the same conditions.

Whole rosettes from 4-week-old plants were harvested, and the rosette fresh and dry
weight, leaf area (LA), and specific leaf area (SLA) were measured. LA was measured by a
digital image method using a scanner (Hewlett Packard Scanjet G2410, Palo Alto, Califérnia,
EUA), and the images were processed using ImagelJ software (Schindelin et al., 2015) whereas

SLA was calculated as described by (Hunt et al., 2002).

Gas exchange and Chlorophyll Fluorescence Measurements

Gas exchange parameters were determined in 4-week-old plants, simultaneously with
chlorophyll a (Chl a) fluorescence measurements using an open-flow infrared gas exchange
analyzer system (LI-6400XT; LI-COR Inc., Lincoln, NE) equipped with an integrated
fluorescence chamber (LI-6400-40; LICOR Inc.) Instantaneous gas exchanges were measured
after 1 h of illumination during the light period under 150 mmol m~2s ! (light of growth) PPFD
(Photosynthetic Photon Flux Density) at the leaf level. The reference CO> concentration was
set at 400 mmol CO, mol™ air. All measurements were performed using the 2 cm? leaf chamber
at 25°C, while the amount of blue light was set to 10% PPFD to optimize the stomatal aperture.

Dark respiration (Rd) was measured using the same gas-exchange system as described
above after at least 1 h during the dark period.

Photosynthetic light-response curves (A/PPFD) were initiated at C, of 400 pmol mol!
and PPFD of 1,000 umol m? s, Then, the PPFD was increased to 1,200 umol m? s! and
afterward decreased stepwise to 0 pmol m? s! (12 different PPFD steps). Simultaneously, Chl
a fluorescence parameters were obtained (Yin et al., 2009). The responses of An to C; (An/C;
curves) were determined at saturated light of 1,000 umol m s at 25°C under ambient oxygen.
Briefly, the measurements started at C, of 400 umol m? s, and when the steady-state was
reached, C, was decreased stepwise to 50 umol m™!. Upon completion of the measurements at
low C,, C, was returned to 400 umol m s™! to restore the original Ax. Next, C, was increased

stepwise to 1.200 umol m2 s in a total of 11 different C, values (Long and Bernacchi, 2003).

Estimation of gm, Vcmax, Jmax, and Photosynthetic Limitations

The C. was calculated following (Harley et al., 1992) as:

52



Co=I*(Um+8 AN+ RL))/ (Ju—4 (AN + RL)
where the conservative value of ™* for Arabidopsis was taken from (Mott et al., 2008). Then,
gm was estimated as the slope of the AN versus Ci — C. relationship
as:

gm=An/(Ci - C)

From An/Ci and An/Cc curves, the Vemax and the Jmax were calculated by fitting the
mechanistic model of CO2 assimilation (Farquhar et al., 1980) using the C; - or C. -based
temperature dependence of kinetic parameters of Rubisco (K¢ and K,) (Mott etal., 2008). Then,
Vemaxs Jmax, and gm were normalized to 25°C using the temperature-response equations from

(Sharkey et al., 2007).

Determination of metabolite levels

Whole rosettes from 4-week-old were harvested in the middle of the day. Rosettes were
flash-frozen in liquid nitrogen and stored at - 80°C, and subsequently lyophilized for one week
until further analyses. The sample was macerated and approximately 10 mg of dry matter was
subjected to methanolic extraction, as described by (Lisec et al., 2006). The levels of starch,
sucrose, fructose, and glucose were determined as described previously (Fernie, 2001). Proteins
and amino acids were determined as described previously (Gibon et al., 2004). Malate and
fumarate were determined as detailed by (Nunes-Nesi et al., 2007). The photosynthetic

pigments were determined as described (Porra et al., 1989).

Stomatal opening and closing kinetics measurements

To evaluate the kinetics of stomatal opening and closing, the gs values were recorded at
intervals of 30 seconds using an open-flow infrared gas-exchange analyzer system (LI-6400XT;
LI-COR) equipped with an integrated fluorescence chamber (LI-6400-40; LI-COR). The g
responses to dark/light and light/dark transitions were measured in plants acclimated to dark or
light for at least 2 h. The light in the chamber was kept turned off/then turned on for 10/40 min
and turned on/turned off 10/40 min. The CO; concentration in the chamber was kept at 400

umol mol™! air.

Experimental Design and Statistical Analysis
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The data were obtained from the experiments using a completely randomized design
using eight genotypes, with the except for the stomatal opening and closing kinetics, which
were performed in a randomized block design. Additionally, the experiments were repeated at
least three times with similar phenotypes observed each time. All data are expressed as means
+ SE (n = 5). Data were tested for significant (P < 0.05) differences using Student’s tests. All

the statistical analyses were performed using the algorithm embedded into Microsoft Excel.

4.4. RESULTS
Genotyping of T-DNA insertional mutants of malate transporters

To investigate the tDT and vacuolar ALMT channels are potentially involved in
stomatal movements, we characterized plants with functional loss of tDT, ALMT6 and ALMT4
in independent T-DNA insertion lines for each gene. First, tDT and ALMT4 mutants were
screened. The homozygosity of each mutant line was confirmed using primer pairs designed to
span the T-DNA insertion sites of each gene (Fig. 1a). The reduction of transcripts levels was
further confirmed in all homozygous mutant lines by RT-qPCR(Fig. 1b,c,d). Furthermore, we
generated two double mutant lines for ALMT6 and tDT genes, and two double mutant lines for
the ALMT6 and ALMT4 genes, which were named almt6::tdt-1-1, almt6 :: tdt -1-2, almt6 ::
4-1 and almt6 :: 4-2. Consequently, the mutant lines almt6::tdt-1-1 and almt6: :tdt- 1-2 exhibited
reducedtranscripts for the ALMT6 and tDT genes when compared to the wild type (Fig. 1b and
Ic). Similarly for the ALMT6 and ALMT4 genes, the two isolated lines almt6::4-1 and almt6

:: 4-2 showed low levels of normalized gene expression for both genes (Fig. 1¢ and 1d).
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Figure 1: tDT, ALMT6 and ALMT4 expression in Arabidopsis leaves of tdt-1, almt6, almt4, almt6::tdt-1,
almt6::tdt-2, almt6::4-1 and almt6::4-2 mutant lines. (A) Schematic representation of the tDT, ALMT6 and
ALMT4 gene structure. T-DNA insertion sites of the selected mutant lines are indicated. (B) qRT-PCR gene
expression analysis of tDT, ALMT6 and ALMT4 in leaves of tdt-1, almt6, almt4, almt6::tdt-1, almt6::tdt-2,
almt6::4-1 and almt6::4-2 mutant lines. An asterisk denotate values which were determined by the Student's t-
test to be significantly different from wild-type (P < 0.05). Values are presented as mean + SE (n = 4).
The almt6, almté6::tdt-1-1 and almt6::tdt-1-2 mutants show differences in vegetative
growth under short-day conditions

Given that malate accumulates within the guard cell vacuole during stomatal opening
and serves as a source of carbon skeletons for other molecules, we assessed the impact of
mutations in tDT, ALMT6 and ALMT4 on the vegetative growth of Arabidopsis plants. We
observed evident changes in 4-week-old plants growing under short-day conditions (8§ h/ 16 h),
wherein the mutant lines related to stomatal opening, namely tdt-1, almt6::tdt-1-1 and almt6.:
tdt-1-2, were characterized by reductions of the rosette fresh weight, rosette dry weight , leaf
area and number of leaves compared to wild type (Fig. 2). Concerning the to mutants related to
stomatal closure, almt4 plants exhibited reductions in fresh weight, dry weight, leaf area and
the number of leaves. Surprisingly, almt6 plants and double mutants almt6::4-1 and almt6::4-
2 did not differ in the analyzed growth parameters (e.g. dry rosette weight, fresh weight of the

rosette, leaf area and number of leaves). Despite the evident differences in terms of total leaf

area between mutant and wild-type plants, the specific leaf area (SLA) was not altered by the
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lack of expression of tDT, ALMT6 and ALMT4 in both single and double mutant lines (Fig.
2.9).
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Figure 2: Growth phenotype of Arabidopsis tDT, ALMT6 and ALMT4 mutant lines. (A) tDT, ALMT6 and
ALMT4 mutant plants after 4 weeks of cultivation. (B) Total rosette fresh weight, (C) total rosette dry weight, (D)
rosette area, (E) number of leaves, (F) specific leaf area leaf, (G) stomata density. An asterisk denotate values
which were determined by the Student's t-test to be significantly different from wild-type (P < 0.05). Values are
presented as mean + SE (n = 6).

We further evaluated the impact of mutations on the stomatal density, and observed that the
lines almt6, almt4 and almé6::tdt-1-1 showed significantly reduced stomatal density compared

towild type, whereas the almt6::4-2 line presented higher stomatal density values, , compared
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to wild type. Otherwise, no differences were observed in the stomatal density for almt6::tdt-1-

2 and the single mutant line #dt-1 (Fig. 2g).

Photosynthetic capacity Is altered in almt6 and almt6 x tdt-1 mutants plants

We further conducted a characterization of the photosynthetic capacity by first analyzing the
instantaneous gas exchange parameters under growth radiation (150 umol m™* s™). The double mutants,
almt6::tdt-1-1, almt6::tdt-1-2 and almt6::4-1 showed reductions in net photosynthesis (Ax), stomatal
conductance (gs), intercellular CO2 concentration (Ci) and transpiration (E) compared to the wild type,
while almt6::4-2 showed also significant reductions in An and gs, with no impact on Ci and E (Fig.3).
For single mutants, almt6 showed reductions in gs, Ci and E, however, these changes did not reflect in
An changes, while photosynthetic parameters remained unchanged in tdz-1 and almt4 compared to the
wild type. Regarding dark respiration rates (Ra), tdt-1 and the double mutants almtz6 :: 4-1 and almt6 ::
4-2 showed significant increases compared to wild type, while almt6, almt4, almt6::tdt-1-1 and
almt6::tdt-1-2 did not present any differential response.To further characterize photosynthesis in
these lines we next evaluated the response of Ax to the photosynthetically active photon flux
density (PPFD) that ranged from 0 to 1200 umol m s'!. We observed that the almz6, almi6.: :tdt-
1-1 and almt6::tdt-1-2 exhibited significant changes in An right at the initial irradiance points,

while #dt-1 remained unchanged regardless of irradiance (Fig. 4).

57



(A) (8)

» o

Ay (mmol CO2 m=2 s'1)
N

© (D)
400

v_Q!/)
o
300 [ £
9\‘ * x * *
o 2
200 g
3
E 1
100 £
w
0 0

* **

¢ (mmol CO2 mol-1 air)

Ry (mmol CO2 m-2 3'1)

DA

O N
N W M
A0 o

Figure 3: Gas-exchange parameters and dark respiration in wild-type and tdt-1, almt6, almt4, almt6::tdt-1-1,
almt6::tdt-1-2, almt6.::4-1 and almt6::4-2 mutant plants measured under growth irradiance (150 umol m?2 s!). (A)
AN, Net photosynthesis; (B) gs, stomatal conductance; (C) Ci, intercellular CO;, concentration; (D) E, transpiration,
(E) R4, Dark respiration. An asterisk denotate values which were determined by the Student's t-test to be
significantly different from wild-type (P < 0.05). Values are presented as mean + SE (n = 6).
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Figure 4: Photosynthetic light-response curves in deficient mutants. WT tdt-1, almt6, almt6::tdt-1-1, almt6: :tdt-
1-2, almt4, almt6::4-1 and almt6::4-2 plants. An asterisk denotate values which were determined by the Student's
t-test to be significantly different from wild-type (P < 0.05). Values are presented as mean + SE (n = 6).



Lower rates of light-saturated An (Apprp) Were observed in the almt6, almt6::tdt-1-1 and
almt6::tdt-1-2 plants, with significant changes also for compensation irradiance (Ic) (Table 1).
The almt6 and almt6::tdt-1-1 mutants also showed lower values for light use efficiency (1 / ¢)
and saturation irradiance (/s), while no changes in these parameters were observed for
almt6::tdt-1-2 (Table 1). Concerning the mutants related to stomatal closure, almt4 plants did
not show significant differences for An regardless of irradiance when compared to wild-type
plants. On the other hand, in the double mutants almt6::4-1 and almt6::4-2 we observed
changes in Ax depending on the irradiance as revealed with the lower values of light-saturated

AN (Apprp), 1 / ¢ and I, whereas no difference was observed for I (Table 2).

Table 1: Photosynthetic parameters from light-response curves in WT tdt-1, almt6, almt6::tdt-1-1 and almt6::tdt-
1-2, plants. An asterisk denotate values that were determined by the Student's t-test to be significantly different
from wild-type (P < 0.05). Values are presented as mean + SE (n = 5).

Parameters WT tdt-1 almt6 almt6::tdt-1-1  almt6::tdt-1-2
Apppp (umol m?2s!)  11.86 £0.27 11.97 £0.59 10.36 £ 0.62 9.50 + 0.68 10.35 + 0.30
1/¢ 15.99 £ 0.66 15.99 +£0.99 18.21 £0.72 19.37 £1.11 16.27 £0.81
I (umol m?2 s 27.79 £ 1.83 26.35 £3.05 19.64 £ 2.70 18.03 £ 2.51 22.26 +1.77

I (umol m? s™) 293.99 +11.49 259.97 +10.52 297.37 £+24.70 287.76 +11.51 303.44 +25.76
*Apprp: Net CO, assimilation rate saturated by light; Ic: light compensation point; Is: light saturation point; 1/ ¢:
Light use efficiency.

Table 2: Photosynthetic parameters from light-response curves in WT tdt-1, almt6::4-1 and almt6::4-2, plants.
An asterisk denotate values that were determined by the Student's t-test to be significantly different from wild-
type (P < 0.05). Values are presented as mean + SE (n = 5).

Parameters WT almi4 almt6::4-1 almt6::4-2
Appep (umol m?2 s1)  10.60 £0.19 9.91+£0.39 9.19 £ 0.39 9.54 +0.36
1/¢ 18.40 £0.29 1827 +£0.37 17.29+0.20 14.81 +1.60
I. (umol m?2 s7!) 28.11 £2.17 2548 £2.52  22.28+0.76 20.34 £0.97

I; (umol m? sh) 252.65+£16.05 239.86 +11.63 234.77 £8.98 271.64+7.70

*Apprp: Net CO; assimilation rate saturated by light; Ic: light compensation point; /s: light saturation point; 1/ ¢:
Light use efficiency.

The Anresponses to the internal CO; concentration (An / Cicurves; Fig. 5, a and c) were
obtained, which were then converted into An responses to the chloroplast CO» concentration
(AN/Cc curves; Fig. 5 b, d). Under CO; concentration ranging from 50 to 1200 pmol of CO> m
257!, the A/Ci curves showed a moderate relation with the previous data. Under these conditions,
tdt-1, almt6, almt6::tdt-1-1 and almt6::tdt-1-2 showed significant reductions in An, when
compared to wild type. Concerning stomatal closure mutants, almt4 and alm6::4-1 did not show
any changes when compared to the wild type, unlike almt6::4-2 which presents decreases in An

following Ci; increases.
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We additionally analyzed the diffusive, photochemical and biochemical restrictions to
photosynthesis. Under the concentration of ambient CO» (400 pumol m s°!) stomatal opening
mutants, tdt-1, almt6, almt6::tdt-1-1 and almt6::tdt-1-2, exhibited smaller An, gs and E (Table
3). The double mutants almt6::tdt-1-1 and almt6::tdt-1-2 displayed lower values of
photochemical efficiency of PSII (Fy '/ Fn') and electron transport rate. Although the almt4
showed a slight increase in An, the double mutants almt6::4-1 and almt6::4-2, did not show
significant differences in the parameters represented in Table 3. No impact on the intrinsic
efficiency of water use. (WUE1) were observed for genotypes involved in both stomatal opening
and stomatal closure.

Overall, C; and C. estimates were similar for almost all genotypes and WT plants,
although an increase for C; was observed in the double mutants almt6::tdt-1-1 and almt6::tdt-
1-2, and for C. in the plants almt6 compared to the wild type (Table 4). The gm, estimated using
a combination of gas exchange and chlorophyll a fluorescence parameters using two
independent methods, was lower in tdt-1, almt6, almt6::tdt-1-1 and almt6::tdt-1-2 in
comparison to the wild type. In addition, we estimated the maximum carboxylation speed
(Vemax) and the maximum capacity for electron transport rate (Jmax). Accordingly, when
estimated on C; basis, the Vemax were lower for tdt-1, almt6, almt6::tdt-1- 1 and almit6::tdt-1-2,
while Jmax was lower for tdt-1 and almt6::tdt-1-2. On a C. basis, Vemax also decreased for these
lines, while Jmax decreased only for tdf-1. The Jmax: Vemax ratio in Cj base was higher for the
mutants tdt-1, almt6, almt6 :: tdt-1-1 and almt6::tdt-1-2, whereas in the base C. this ratio was

higher only in the double mutants almt6 :: tdt-1-1 and almt6::tdt-1-2.
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Figure 5: Net photosynthesis (An) curves in response to substomatal (C;) or chloroplastic (C.) CO, concentrations
in WT, tdt-1, almt6, almt6::tdt-1-1, almt6::tdt-1-2, almt4, almt6::4-1 and almt6::4-2 plants. Data presented are

mean + SE (n = 5) obtained in independent assays (five plants in each assay).

The analyzed photosynthetic limitations were divided into stomatal (/s), mesophilic (Im)
and biochemistry (/,) (Table 4). Photosynthetic rates in stomatal opening-related double
mutants, almt6::tdt-1-1 and almt6::tdt-1-2, were mainly restricted by /s (24% in plants similar
to WT, 20% and 19% in doubles mutants, respectively). The /i, represents, on average, 44%
wild type, and 39%, 40% and 38% in almt6, almt4 and almt6::4-2, respectively. When
analysing /v, 31% was restricted in WT, whereas almt4 and almt6::4-2 plants showed 38% and

41%, respectively (Table 4).
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Table 3: Photosynthetic characterization of tdt-1, almt6, almt4, almt6: :tdt-1-1, almt6: :tdt-1-2, almt6::4-1 and almt6::4-2 mutant plants. An asterisk denotate values which were
determined by the Student's t-test to be significantly different from wild-type (P < 0.05). Values are presented as mean + SE (n = 5).

Parameters WT tdt-1 almt6 almt4 almt6::tdt-1-1  almt6::tdt-1-2  almt6::4-1 almt6::4-2
Ax (umol CO; m?s7!) 9.99+022 7.34+032 8.57+0.26 10.64 £0.09 7.43 +0.77 7.63 +0.89 10.42 £0.30 9.45 +0.68
gs (mol CO, m?2 s 0.124+£0.00 0.10+0.00  0.10 =0.00 0.13+0.00  0.11 £0.00 0.10 = 0.00 0.13+0.00  0.13£0.00
E (mmol H20 m?2 s 350+£0.12 2.78+0.13  2.52+0.08 4.01 £0.26 2.73 £ 0.08 2.73+0.21 3.59 £0.27 3.41+0.30
WUEi (An/ g5) 80.42+1.84 77.16+£3.08 91.25+548 81.92+2.48 70.44+4.55 70.44 +4.55 81.63+1.29 7492+292
Fo/Fn 0.76 £0.00 0.75+0.00  0.75+£0.00 0.76 £0.00  0.76 £0.00 0.74 £0.01 0.80+0.04  0.76 £0.00
F)/Fy 0.50 £0.00 048 £0.00 0.48 +£0.00 0.51£0.00  0.47 £0.00 0.47 £ 0.00 0.52+0.00  0.51+£0.00
Jiu 8642 +3.16 66.40+2.54 8047+5.15 90.13+253 67.41+6.77 63.26 £ 6.73 91.68 £4.51 78.07 £6.48

AN, Net photosynthesis rate; g;, stomatal conductance; E, transpiration; WUE;, intrinsic water use efficiency; Ry dark respiration, F\/Fy,, maximum PSII photochemical
efficiency; F\,’/Fn’, actual PSII photochemical efficiency; Juy, electron transport rate estimated by chlorophyll fluorescence parameters.

Table 4: Photosynthetic characterization of tdt-1, almt6, almt6: :tdt-1-1, almt6: :tdt-1-2, almt4, almt6::4-1 and almt6::4-2 mutant plants. An asterisk denotate values which were
determined by the Student's t-test to be significantly different from wild-type (P < 0.05). Values are presented as mean + SE (n = 6).

Parameters WT tde-1 almt6 almtd almt6::tdt-1-1  almt6::tdt-1-2 almt6::4-1 almt6::4-2

G 302.31 £2.09 | 307.22+2.95 | 29327 £5.64 | 299.39+2.18 | 314.55+4.76 | 316.99 +4.88 | 300.88 +0.94 | 308.49 +3.15
C. 156.85+5.43 | 160.72+1.77 | 142,51 +1.55 | 158.35+5.98 | 157.49+4.75 | 16581 +12.84 | 151.48 +4.89 | 171.01 +3.98
8m_Harley (Mol CO, m?2s™! bar™) 0.07 +£0.00 0.05 +0.00 0.06 +0.00 0.08 +0.00 0.05 +0.00 0.05 +0.00 0.07 £ 0.00 0.07 £ 0.00
Vemax_Ci 34.89+0.68 | 24.67+1.11 | 30.14+1.28 | 37.02+0.75 | 25.11+2.67 26.73 +3.07 36.62+0.90 | 32.46+1.90
Vemax_Ce 69.66+341 | 5524+5.60 | 57.05+3.10 | 72.07+235 | 55.61+5.69 51.57 + 6.45 77.67+294 | 60.10 +4.79
Jmax_ci 7922+1.53 | 63.04+2.83 | 78.16+1.54 | 83.75+1.59 | 66.13 +6.28 75.50 + 8.08 81.81+1.73 | 80.05+7.51
Jmax_ce 91.76 £2.75 | 78.68+2.72 | 81.59+3.96 | 98.22+2.04 | 81.93+8.94 78.15 +7.50 9924 +2.28 | 84.15+3.65
Jmax_Ci: Vemax_Ci 2.27+£0.04 2.56 +0.09 2.75 +0.17 2.27 £0.04 5.65 +0.09 2.85+0.18 2.24 £0.02 248 £0.21
Jmax_Ce: Vemax_Ce 1.33 £0.06 1.43+0.03 1.45+0.02 1.37 +0.05 1.47 +0.03 1.55 +0.08 1.29 +£0.03 1.42 +£0.07
Stomatal limitation 0.24 +0.01 0.23 +0.00 0.25 +0.00 0.23 +0.01 0.20 +0.01 0.19 +0.01 0.23 +0.01 0.21 +£0.01
Mesophyll limitation 0.44 +0.02 0.44 +0.01 0.39 +0.00 0.40 + 0.02 0.46 +0.01 0.41 £0.03 0.43 £0.01 0.38 £ 0.01
Biochemical limitation 0.31 +£0.02 0.34 +0.00 0.35 +0.02 0.38 + 0.02 0.34 +0.01 0.42 +0.02 0.34 +0.01 0.41 + 0.00

Ci: sub-stomatal CO2 concentration; Cc: chloroplastic COz2 concentration; gm: mesophyll conductance to CO:2 estimated by Harley method; Vemax_ciou cc: maximum carboxylation
capacity based in Cior Cc; Jmax_ci ou ¢c: the maximum capacity for electron transport rate based in Cior Cc; stomatal limitation; mesophyll limitation and biochemical limitation.
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Changes in the accumulation of malate affects stomatal responses to different stimuli

To better assess the impact of the lack of tDT, ALMT6 and ALMT4, on stomatal
conductance (gs) in Arabidopsis plants, we investigated the behavior of stomatal responses after
dark/light transitions and following normal/high CO> concentrations changes. Additionally, we
evaluated the response of intact leaves after incubation with ABA by using isolated epidermal

fragments and analyzing the stomatal opening.
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Figure 6. Stomatal opening and closing kinetics in response to light/dark/light in the plants tdt-1, almt6, almt4,
almt6::tdt-1-1, almt6::tdt-1-2, almt6::4-1 end almt6::4-2. Data are means 5 SE (n = 5) obtained in two independent

experiments with comparable results.

Our results confirm that the stomatal opening kinetics stimulated by light was most
affected in almt6 mutants, with a noticeably slower opening and with lower g, values (Fig- 6).
For the tdt-1 line, we did not observe significant differences in kinetics in response to the
transition from light to dark. Interestingly, the opening kinetics stimulated by light were less
affected in the double mutants almt6::tdt-1-1 and almt6::tdt-1-2, with a tendency for faster

opening and higher g before gas stabilization for almt6.:tdt-1-2. For stomatal closure induced
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by the transition from light to dark, the almt4 mutant showed lower initial gs values and reached
stomatal closure with a gs similar to the wild type. About the mutant lines, almt6::4-1 had a
lower gas during stomatal closure in response to the dark, while almt6::4-2 displayed a tendence

to have lower gs when compared to the wild type (Fig. 6).
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Figure 7: Stomatal opening and closing kinetics in response CO, concentration in the plants dt-1, almt6, almt4,
almt6::tdt-1-1, almt6: :tdt-1-2, almt6::4-1 and almt6::4-2. Data are means 4 SE (n =4) obtained in two independent

experiments with comparable results.

Next, we evaluated the stomatal kinetics after changes from normal to high and high to normal
CO2 concentrations. No statistical differences (P < 0.05) were observed in any of the mutants
involved in stomatal opening and closing compared to the control. However, it is possible to
evaluate the behavior in g5 in the initial intervals (400 pmol CO, mol!) with lower values for
almt6 and almt6::tdt-1-1, as revealed by the double mutant that shows slower kinetics under
high CO, with less pronounced reductions in gs, and subsequently lower stomata opening during
the recovery to normal CO> concentrations when compared to the wild type. Although
contrasting gs behavior for the almt6::4-1 and almt6::4-2 double mutants were observed under
normal CO», similar response were observed in the transition from normal to elevated COo.
Additionally, as CO> concentration elevated, the almt6::4-1 double mutant close its stomata
more slowly, as does the single a/mt4 mutant. Upon resumption of normal CO, concentrations,

almt6::4-1 and almt6::4-2 stabilizes g, with values below wild type.
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Figure 8: Kinetics of stomatal opening and closing in response to ABA in plants tdt-1, almt6, almt4, almt6: :tdt-
1-1, almt6::tdt-1-2, almt6::4-1 and almt6::4-2. ABA or ethanol (solvent control) was added to the opening buffer.
After more than 2 h of incubation, the stomatal aperture was examined in the isolated epidermal fragments. Five
leaves from different plants were evaluated, and the apertures of at least 15 stomata per leaf were measured, totaling
at least 90 stomata per genotype. An asterisk denotate values which were determined by the Student's t-test to be
significantly different from wild-type (P < 0.05). Values are presented as mean + SE (n = 5).

Regarding stomatal opening after incubation with ABA and ethanol solvent (control),
we did not observe significant differences for most mutants with impaired malate and fumarate
accumulation in leaves, although a trend of more closed stomata was observed for 7dt-1, and
more open stomata for the single mutant a/mr4 and double mutants almt6::tdt-1-1, almt6: :tdt-
1-2 and almt6::4-2 in the control relative to wild type plants. Regarding the almt6::4-1 double
mutants, involved in stomatal closure, we observed higher stomatal opening when incubated in
the opening solvent compared to the wild type plants. Comparing genotypes when epidermal
fragments were incubated in ABA, we observed a lower degree of stomatal opening in single
mutants for tDT, ALMT6 and ALMT4 and the double mutants linked to stomatal closure
almt6::4-1 and almt6::4-2. Interestingly, non-functional ALMT6 and tDT in the alm?6::tdt-1-

1 and almt6: :tdt-1-2 lines did not confer expressive differences in the degree of stomata opening

compared to wild type when exposed to ABA (Fig. 8).

Mutations affect the primary metabolism in the leaves

Given that significant changes in vegetative growth, followed by changes in
photosynthetic rates and respiration were observed in single and double mutants, we further
investigate to which extent this response is related to carbon metabolism. We analyzed the level
of metabolites in two periods, early in the day and late in the day, to see how the impaired
organic acid accumulation of these mutant lines would interfere with the metabolic changes

throughout the day. When assessing photosynthetic pigment levels early in the day and at the
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end of the day, we observed significant differences among the genotypes (Fig. 9). The single
mutants tdt-1, almt6 and almt4, the double mutants almt6::tdt-1-1 showed higher chlorophyll a
contents early in the day (Fig. 9.a), and as it reached the end of the day, their contents did not
differ from the wild type plants (Fig. 9.b). While in the almt6::4-1 line the chlorophyll a content
was lower during the day (Fig. 9.a), both almt6::4-1 and almt6::4-2 lines reach the end of the
day with lower contents of this pigment compared to wild type (Fig. 9.b). Regarding chlorophyll
b, tdt-1 expressed no difference in both periods (Fig. 9. c and d), whereas the almt6, almt6: :tdt-
1-1 and almt6::tdt-1-2 have high pigment contents at the early in the day (Fig. 9.c), and decrease
at the end of the day, with highlights also for the double alm?6::4-1 and almt6::4-2 (Fig. 9.d).
The content of carotenoids is high in most lines early in the day (Fig 9.e), and show a reduction
at the end of the day most expressive for the lines almt6::tdt-1-2, almt6::4-1 and almt6::4-2
(Fig 9.f).

When it comes to total amino acid and protein levels, we observe that 7dz-1 has higher
levels of these metabolites in both periods, whereas almt6 and almt4 further accumulate more
amino acids (Fig. 10). In the case of the stomatal opening-related double mutants, almt6: :tdt-
1-1 and almt6::tdt-1-2 have a higher amino acid accumulation early in the day (Fig 10.c), and
the closing-related mutants, almt6::4-1 and almt6::4-2 have even lower protein contents in the

leaves at the end of the day (Fig. 10.b).
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Figure 9: Effect of reduced expression tdt-1, almt6, almt4, almt6::tdt-1-1, almt6::tdt-1-2, almt6::4-1 and
almt6::4-2 on metabolite levels in fully expanded leaves of Arabidopsis plants collected early in the day and late
in the day. (A) chlorophylla a, (C) chlorophylla b; (E) carotenoids early in the day; (B) chlorophylla a, (D)
chlorophylla b; (F) carotenoids late in the day. An asterisk denotate values which were determined by the Student's
t-test to be significantly different from wild-type (P < 0.05). Values are presented as mean + SE (n = 5).

We next extended our analyses to determine the carbohydrate content in the leaves the
single and double mutants. The #df-1 mutant lines exhibited reduced levels of starch for the
periods analyzed (Fig. 11). While almt?6::tdt-1 showed lower contents and a slight trend toward
almt6::tdt-2 early in the day (Fig. 11.a), both lines accumulated starch by the end of the day
(Fig. 11.b). The double mutants almt6::4-1 and almt6::4-2 tend to accumulate more starch

regardless of the period analyzed (Fig. 11.a and b).
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Figure 10: Effect of reduced expression tdt-1, almt6, almtd, almt6::tdt-1-1, almt6::tdt-1-2, almt6::4-1 and
almt6::4-2 on metabolite levels in fully expanded leaves of Arabidopsis plants collected early in the day and late
in the day. (A) protein (C) amino acid early in the day; (B) protein; (D) amino acid late in the day.

An asterisk denotate values which were determined by the Student's t-test to be significantly different from wild-
type (P < 0.05). Values are presented as mean + SE (n = 5).

In addition, glucose (Glu), fructose (Fruc) and sucrose (Suc) levels were measured in
the same samples. Early in the day, these analyses revealed a significant increase in Glu levels
for the single mutant almt4 and double mutants almt6::4-1 and a trend for alm6::4-2 (Fig. 11.c).
Fru was accumulated in leaves of non-functional ALMT6 and ALMT4, with consequent
accumulation also in their double mutants almt6::4-1 and almt6::4-2 (Fig. 11.e). In respect of
non-reducing sugar, Suc seems to be the main sugar to accumulate in 7dt-1 line (Fig. 11.g). At
the end of the day, the single lines almt6 and almt4 and the double lines almt6::4-1 and
almt6::4-2 represented elevated Glu and Suc levels compared to the wild type (Fig. 11.d and
h). Conversely, almt6::tdt-1-1 and almt6::tdt-1-2 lines, did not show statistical differences in

sugar accumulation (Fig. 11).
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Figure 11: Effect of reduced expression tdt-1, almt6, almt4, almt6::tdt-1-1, almt6::tdt-1-2, almt6::4-1 and
almt6::4-2 on metabolite levels in fully expanded leaves of Arabidopsis plants collected early in the day and late
in the day. (A) starch; (C) glucose; (E) fructose; (G) sucrose early in the day; (B) starch, (D) glucose; (F) fructose;
(H) sucrose late in the day. An asterisk denotate values which were determined by the Student's t-test to be
significantly different from wild-type (P < 0.05). Values are presented as mean + SE (n = 5).

With respect to organic acids, malate was significantly reduced in the all single lines
and double mutants almt6::tdt-1-1 and almt6::tdt-1-2 in leaves collected during the early part

of the day, whereas almt6::4-1 showed malate accumulation (Fig. 12.a). As it got to the end of
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the day, these levels remained reduced for tdt-1 and almt6, but not for almt4 (Fig. 12.b). While
the double mutants had contrasting responses, where almt6::tdt-1-1-1 and almt6::tdt-1-2 lines
continued to have their malate levels reduced, and almit6::4-1 and almt6::4-2 accumulated this
organic acid compared to the wild type (Fig. 12.b). For fumarate, non-functional tDT plants
showed reduced levels, and almt6::tdt-1-1 had the same behavior early in the day (Fig. 12.c).
The most significant responses of this organic acid are related to the end of the diurnal period,
represented by a decrease of its content both in non-functional tDT, ALMT6 and ALMT4, and

in the respective double mutants involved in stomatal opening and closing (Fig. 12.d).
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Figure 12: Effect of reduced expression tdt-1, almt6, almt4, almt6::tdt-1-1, almt6::tdt-1-2, almt6::4-1 and
almt6::4-2 on metabolite levels in fully expanded leaves of Arabidopsis plants collected early in the day and late
in the day. (A) malate (C) fumarate early in the day; (B) malate; (D) fumarate late in the day. An asterisk denotate
values which were determined by the Student's t-test to be significantly different from wild-type (P < 0.05). Values
are presented as mean + SE (n = 5).

4.5. DISCUSSION

We evaluated the combined action of malate influx and efflux channels of guard cell
vacuolar membrane involved in both stomatal opening and closing. The individual
characterization at the molecular level of the Tonoplast Dicarboxylate Transporter (tDT)
(Emmerlich et al., 2003; Medeiros et al., 2017; Frei et al., 2018) and the channels ALMT6
(Meyer et al., 2011) and ALMT4 (Eisenach et al, 2017), previously highlighted, substantial
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evidence of a functional redundancy in malate transport in guard cells. In order to investigate
how the combined absence of the vacuolar transporter and malate channels affect organic acid
accumulation and stomatal function, this study focused on the morphological, photosynthetic
and metabolic characterization of single mutant lines tdt-1, almt6 and almt4, but mainly

focused on the response of almt6, tdt-1 and almt6::almt4 double mutants.

Functional absence of ALMT6 alters stomatal movement and photosynthetic capacity in
almt6 tdt-1 mutant lines

Malate has been proposed to exert multiple functions, besides being an intermediate of
TCA in all plant species, it is an essential carbon molecule storagee (Fernie et al., 2004; Fernie
and Martinoia, 2009). Here, we demonstrated that the impacts caused by impaired malate
accumulation negatively affected the growth phenotype of tdt-1, almt4 and almt6 tdt-1 lines
under short day conditions with respect to dry mass, leaf area and leaf number, whereas the
almt6 and almt6 almt4 lines were unchanged (Fig. 2). Indeed, simple Arabidopsis mutants
lacking tDT transporter activity, showed the same growth pattern under short days, however,
they were independent of changes in stomatal density and photosynthetic capacity (Medeiros
et al., 2017), as also observed in our study (Fig. 3). These results are associated with a
reprogramming of guard cell metabolism to compensate for impaired vacuolar malate storage
(Medeiros et al., 2017), supported by the residual malate import activity found in fdt-1 plants
(Emmerlich et al., 2003; Hurth et al., 2005). A likely explanation is that vacuolar ALMT family
channels can partially compensate for the loss of tDT, by the activity of the ALMT6 channel,
which is expressed almost exclusively in guard cell vacuoles and mediates malate currents
activated by cytosolic Ca?* and modulated by vacuolar pH (Meyer et al., 2011). Plants almt6
showed no clear and reproducible phenotype regarding stomatal opening and conductance in
epidermal strips under the conditions analyzed, still containing residual malate currents in
isolated vacuoles, although they found no difference in mRNA levels of tDT and ALMT9
(Meyer et al., 2011). Differently, our results clearly denote negative effects on stomatal
function caused by non-functional ALMT6 in a/mt6 lines and in the double mutants almt6 tdt-
1 and almt6 almt4, since loss of ALMT4 function causes normal stomatal opening (Eisenach et
al., 2017). Unexpectedly, the growth pattern was differential between genotypes, unchanged
for almt6 and almt6 almt4 lines, but impaired for almt6 tdt-1 double mutant lines under short

day conditions. Medeiros et al (2017) revealed the high expression of ALMT6 in the tonoplast
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of guard cells, corroborating with our findings about compensation by this channel in absence
of tDT, at least with respect to adequate malate and fumarate storage in these cells.

We also performed a detailed photosynthetic characterization, in order to investigate
whether the differences on  vegetative growth were associated with changes in the
photosynthetic capacity of these mutant lines. Our results showed that net CO> assimilation
rates were reduced in almt6 plants and the almt6 tdt-1 and almt6 almt4 double mutants under
saturation irradiance, compensation and light use efficiency (Table. 1). This was also observed
when we estimated the photosynthetic capacity of the AN curves for C; or C. as well as for
PPFD (Table. 4 and 5). The photosynthetic capacity of plants can be influenced by diffusive
and biochemical constraints such as stomatal conductance (gs), mesophilic conductance (gm)
and the biochemical conductance (gp) that determine the photosynthetic performance (Flexas
et al.,, 2012). Thus, photosynthetic limitations were estimated and revealed that g, had the
greatest contribution to An observed in the almt6 tdt-1 double mutant lines, sufficiently to
decrease the intercellular CO> concentration limiting photosynthesis, which likely reflect in
reduced growth of these plants. Whereas the simple almt6 mutants have lower Ax due to lower
gm and lower C. values. Although the values of Rubisco carboxylase activity (Vemax) and
photosynthetic electron transport capacity (Jmax) were lower for the almt6 and almt6 tdt-1 lines,
greater differences observed in Ay in these plants are actually due to differences in gs and gm,
therefore, the biochemical limitations caused are mainly due to the diffusive limitations
observed. Importantly, CO; diffusion barriers can be influenced by the size of different
anatomical components, such as leaf mass per unit area (LMA), wall thickness, and stomatal
density, which can be potential targets for modifying gm and thus intrinsic water use efficiency
(Flexas et al., 2008; Niinemets et al., 2009; Niinemets et al., 2009). Our results showed that the
photosynthetic reductions observed in almt6 and almt6 tdt-1 are related not only to diffusive
limitations, but also linked to anatomical limitations, determined by the lower stomatal density
found in these plants (Fig.2).

Our results become more interesting when we further confirm that slower growth in dt-
1 plants was accompanied by enhanced dark respiration (Fig. 3e) supported mainly by the fact
that these plants have higher accumulation of malate in the cytosol and, consequently, it is used
as a supplier of intermediates to supply the demand for respiratory metabolism in the TCA cycle
(Medeiros et al, 2017), thus highlighting the connection between TCA cycle function and
growth (Aratjo et al., 2011a; Nunes-Nesi et al., 2013). Mutants of the ALMT4 channel show

impaired growth and stomatal opening, caused by a reduced ability to store malate and fumarate
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in the vacuoles of the mesophyll, as well a reduced root growth due to impaired dicarboxylate
storage or release for respiration (Eisenach et al., 2017). Thus, in mesophyll tissue, the release
of malate and fumarate from the vacuole for respiration during the night may be an important
function of ALMT4 (Eisenach etal.,2017). This is in agreement with the lower growth of almt4
plants, since vacuolar malate is not efficiently exported to the mesophyll cytosol and neither
tDT was sufficient to mediate this transport and maintain growth under the experimental
conditions. Whereas, the higher respiration observed in almt6 almt4 plants may have been
supported by functional tDT to maintain cellular homeostasis in the mesophyll cells, alter
mitochondrial metabolism and sustain growth. As observed in almt6 plants, which maintained
dark respiration, by the likely presence of the tDT transporter and its ability to accept various
dicarboxylates as transport molecules involved in the TCA cycle, in addition to malate, such as

fumarate, citrate, and succinate (Frei et al., 2018).

Stomatal opening and closing mutants maintain growth at the expense of metabolic
reprogramming

It has been described that during stomatal opening, malate accumulation in guard cells
can be derived from the mesophyll via the plasma membrane-specific transporter AtABCB14,
or as a product of starch breakdown or anaplerotic CO, fixation (Talbott and Zeiger, 1993; Lee
et al., 2008; Daloso et al., 2015). On the other hand, during stomatal closure, accumulated
malate can be metabolized, partially converted to starch, or released into the apoplastic space
by the ALMT family member efflux channel, AtQUACT (Penfield et al., 2012; Medeiros et al.,
2016). Tomato (Solanum lycopersicum) plants with constitutively reduced expression of
SISDH2-2 that encodes the iron-sulfur subunit of succinate dehydrogenase demonstrated
increased stomatal conductance and photosynthesis mediated by the effect of organic acids
(Aratjo et al., 2011b). And that constitutive inhibition of mitochondrial fumarase decreases
photosynthesis as a result of impaired stomatal function in tomato plants (Nunes-Nesi et al.,
2007). These studies indicate that apoplastic malate and fumarate content can modulate
stomatal function and in turn drive stomatal movements with effects on leaf metabolism. The
results presented here demonstrate that impaired organic acid transport culminates in changes
in gs and gm in plants with ALM6 repression, promoting changes in primary metabolism,
especially carbon metabolism, under normal growth conditions. Nevertheless, almt6 tdt-1
plants were shown to degrade more starch in the early hours of the day in order to provide

carbon skeletons to modulate stomatal aperture, to which it appears to have been remobilized,
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at least in part, into sugars during the nighttime period to maintain respiratory rates, and in
consensus impaired photosynthetic capacity (lower gs and An) and growth. Another fact
supporting the accumulation of sugars in these lines may be linked to the efflux of malate from
guard cells via the active channel ALMT4. The concomitant increase of the '3C marker in some
intermediates of the TCA cycle led to the conclusion that most of the accumulated malate is
used as a respiratory energy source during light induction (Daloso et al., 2015; Robaina-Estévez
etal., 2017). Contrasting the almt6 plants, which had high levels of sugars, mainly, glucose and
sucrose, in the very first hours of the night period, for maintenance of respiration rates and
growth of these plants, which can also be explained by the maintenance of respiration in almt4
plants. Differential sucrose accumulation in mesophyll cells, apoplast and guard cells has been
proposed to be an important key point linking photosynthesis and stomatal opening processes,
given the negative correlation between sucrose and gs contents (Gago et al, 2016), Furthermore,
sucrose can be produced within guard cells but also imported from mesophyll cells to maintain
osmotic adjustment during stomatal opening, moreover, it can be broken down to sustain
glycolysis and mitochondrial metabolism (Kang et al., 2007), thus supporting our results. In
almt6 almt4 plants the increases in hexoses and sucrose were not due to starch degradation,
since this metabolite accumulated earlier in the day. This result suggests, that much of the
sucrose found in these lines may be derived from mesophyll cells in order to maintain osmotic
balance and stomatal opening. However, were not sufficient to bypass impaired stomatal
function caused by ALMT4 and ALMT®6 repression, but efficient to provide carbon skeletons
for the maintenance of respiration and growth. In a kinetic isotope labeling approach experiment
of [U - 3C]-sucrose revealed that sucrose degraded during stomatal opening can be further
enriched in glutamate and glutamine (Medeiros et al., 2018). Confirming indeed that part of
sucrose was mainly allocated for energy metabolism, given the unchanged amino acid contents

in almt6 almt4 plants compared to wild-type plants.

Plants almt6 and almt4 exhibit impaired opening Kkinetics in response to the dark/light
transition

The extent and speed of stomatal movements are intrinsically linked to the solute
transport capacity and the speed at which transport responds to internal and external
environmental stimuli (Lawson and Blatt, 2014). Here we determined the speed of stomatal
responses with attention to variations in PPFD, CO» concentration, and ABA in lines with

impaired malate storage in the guard cell vacuole. Our results confirmed impaired stomatal
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regulation in almt6 plant, with slower opening at mainly the dark-light transition (Fig. 6),
although in both kinetics the gs value in the stationary phase was reduced. It has been described
that faster stomatal closure and slower opening are associated with tight control of water loss
which has a negative effect on leaf carbon gain, because delayed stomatal opening reduces
assimilation (Vico et al., 2011). Furthermore, there is general agreement that, when considering
fully induced leaves, delays in stomatal response to variable light are the most relevant factor
for leaf gas exchange, with biochemical delays occurring on much shorter time scales (Weber
et al., 1985; Knapp and Smith, 1988). These findings explain, at least in part, the observed
changes in Vemax on a C. basis of plants with ALMT6 repression, recurring from slower
increases in g, limiting CO, diffusion and reducing A. Another prevailing point is tied to the
lower stomatal density found in alm?6, as leaves with a higher number of stomata have faster
stomatal responses and higher overall gs, compared to leaves that have lower stomatal density
(Faralli et al., 2019). A recent study, demonstrated convincing evidence for the importance of
the ALMT6 channel during light-induced stomatal opening. Epidermal strips of the almt6
mutant opened the stomata less efficiently in response to blue light illumination and treatment
with fusicoccin, a strong activator of plasma membrane H+ -ATPase (Ye et al.,, 2021).
Additionally, almt6 shows expressive impairment in blue light-induced stomatal opening under
low CI conditions, suggesting that ALMT6, like ALMT?9 also contributes to Cl™ influx into the
vacuole during stomatal opening, with no compensation of ALMT9 expression in almt6, and it
is possible that both channels function additively and/or cooperatively. Surprisingly, the almt6
tdt-1 and almt6 almt4 double mutants did not experience the same order impact on stomatal
opening in response to PPDF variations, although the almt6::tdt-1-2 line showed a faster
opening response, gs values matched the other mutants at stationary phase (Fig. 6) .

tDT repression in Arabidopsis plants does not strongly impair either the kinetic
responses to dark, light, or high CO,, or the stomatal opening after incubation with ABA
(Medeiros et al., 2017), corroborating with the response described here. Previously, it was also
shown that almt4 mutants are insensitive to dark and light stimuli (Eisenach et al., 2017).
During stomatal opening ALMT4 should be inactivated (Eisenach et al., 2017), this implies
that stomatal opening should be faster in almt4 plants, however, here we observed reduced
opening rates at the dark-light transition whereas stomatal closure at the light-dark transition
was unaffected. Since ALMT4 mediates anion efflux, we believe that it is unlikely that impaired
ALMT4 activity is directly responsible for the slow opening phenotype observed in alm4.

Furthermore, almt4 mutant plants still demonstrate impaired stomatal closure in response to
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ABA and increased whole plant wilting in response to drought, and are therefore required for
ABA-induced stomatal closure (Eisenach et al., 2017). Similarly, mutants of the anion efflux
channel SLACI delayed light-induced stomatal opening, low CO», and high air humidity in
intact plants, which were associated with repression of the organic acid influx transporter
AtABCBI14, but primarily, due to a compensatory feedback control in slacl plants involving
the elevation of elevated cytosolic Ca* concentrations, as a mechanistic basis for the negative
regulation of K* influx channel activity, thus providing an adaptive response of guard cells to
counteract the tendency of stomata of slac/ mutants to over-open (Laanemets et al. , 2013).
Stomatal opening was reduced in epidermal fragments enriched with guard cells in all
mutant malate channels and transporters after incubation with ABA (Fig. 8), unlike what was
observed in almt4 plants (Eisenach et al., 2017). It is worth noting that activation of other S-
and R-type anion efflux channels can transmit malate efflux from guard cells in response to
ABA (Van Kirk and Raschke, 1978; Keller et al., 1989; Pandey et al., 2007). The R-type
channel, ALMT12/QUACI, has been described to mediate the release of malate from guard
cells into the apoplastic space during stomatal closure (Meyer et al., 2010). In this same study,
almt12 plants were shown to respond to exogenous ABA and stomata remained wide open, also
exhibiting a slower decline in stomatal conductance in response to light-dark and high CO»
transitions. Furthermore, in the light-dark transitions, slac! showed slow and modest response
in stomatal closure, while at high CO; (800 ppm) it invariably kept its stomata open (Negi et
al., 2008; Vahisalu et al., 2008). It is worth noting that slac! guard cells exhibit greatly reduced
S-type anion channel function, whereas R-type anion channels and ABA-activated Ca*
permeable channels remain functional (Vahisalu et al., 2008). Plants quacl slacl are nearly
insensitive to darkness, elevated CO, reduced humidity, and ABA, indicating that both types
of anion channels are required to launch the sequence of events leading to stomatal closure
(Jalakas et al., 2021). Whereas slacl slah3 double mutants exhibit reduced stomatal closure in
response to abiotic and ABA treatments, showing that S-type anion channels alone are not
sufficient to elicit response to these stimuli and that the QUAC] channel is sufficient to abolish
stomatal responses (Jalakas et al., 2021). Therefore, that guard cells exhibit greatly reduced S-
type anion channel function, whereas R-type anion channels and ABA-activated Ca* permeable
channels remain functional (Vahisalu et al., 2008). This could be the reason why the removal
of ALMT6 and ALMT4 in single and double mutants were not sufficiently affected the stomatal
responses to darkness, elevated CO, and ABA, explained by the possible activity of the QUAC1

channel. That said, we do not rule out the possibility that efflux channels for malate and other
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ions operate together to provide efficient stomatal regulation, but that different members of the
ALMT family may be specifically required under particular conditions. Gene expression
aborages related to ion transport in guard cells would add in a clearer understanding about the

compensatory and regulatory mechanisms within these cells regarding these stimuli.

4.6. LITERATURE CITED

De Angeli A, Zhang J, Meyer S, Martinoia E (2013a) AtALMT9 is a malate-activated
vacuolar chloride channel required for stomatal opening in Arabidopsis. Nature
Communications 4: 1804—1810

Araidjo WL, Nunes-Nesi A, Fernie AR (2011a) Fumarate: Multiple functions of a simple
metabolite. Phytochemistry 72: 838—843

Araijo WL, Nunes-Nesi A, Osorio S, Usadel B, Fuentes D, Nagy R, Balbo I, Lehmann M,
Studart-Witkowski C, Tohge T, et al (2011b) Antisense Inhibition of the Iron-Sulphur
Subunit of Succinate Dehydrogenase Enhances Photosynthesis and Growth in Tomato via an
Organic Acid—Mediated Effect on Stomatal Aperture. The Plant Cell 23: 600—-627

Bates GW, Rosenthal DM, Sun J, Chattopadhyay M, Peffer E, Yang J, Ort DR, Jones AM
(2012) A Comparative Study of the Arabidopsis thaliana Guard-Cell Transcriptome and Its
Modulation by Sucrose. PLoS ONE. doi: 10.1371/journal.pone.004964 1

Chater C, Peng K, Movahedi M, Dunn JA, Walker HJ, Liang Y-K, McLachlan DH,
Casson S, Isner JC, Wilson I, et al (2015) Elevated CO2-Induced Responses in Stomata
Require ABA and ABA Signaling. Current Biology 25: 2709-2716

Daloso DM, Antunes WC, Pinheiro DP, Waquim JP, AraUJo WL, Loureiro ME, Fernie
AR, Williams TCR (2015) Tobacco guard cells fix CO2 by both Rubisco and PEPcase while
sucrose acts as a substrate during light-induced stomatal opening. Plant, Cell & Environment
38:2353-2371

Daloso DM, Medeiros DB, dos Anjos L, Yoshida T, Aradjo WL, Fernie AR (2017)
Metabolism within the specialized guard cells of plants. New Phytologist 216: 1018—1033

De Angeli A, Zhang J, Meyer S, Martinoia E (2013b) AtALMT9 is a malate-activated
vacuolar chloride channel required for stomatal opening in Arabidopsis. Nat Commun 4: 1804

Eisenach C, Baetz U, Huck N V., Zhang J, De Angeli A, Beckers GJM, Martinoia E
(2017a) ABA-induced stomatal closure involves ALMT4, a phosphorylation-dependent
vacuolar anion channel of Arabidopsis. Plant Cell 29: 2552-2569

Eisenach C, Baetz U, Huck NV, Zhang J, De Angeli A, Beckers GJM, Martinoia E (2017b)
ABA-Induced Stomatal Closure Involves ALMT4, a Phosphorylation-Dependent Vacuolar
Anion Channel of Arabidopsis. Plant Cell 29: 2552-2569

Emmerlich V, Linka N, Reinhold T, Hurth MA, Traub M, Martinoia E, Neuhaus HE
(2003a) The plant homolog to the human sodium/dicarboxylic cotransporter is the vacuolar
malate carrier. Proceedings of the National Academy of Sciences of the United States of
America 100: 11122-11126

77



Emmerlich V, Linka N, Reinhold T, Hurth MA, Traub M, Martinoia E, Neuhaus HE
(2003b) The plant homolog to the human sodium/dicarboxylic cotransporter is the vacuolar
malate carrier. Proc Natl Acad Sci USA 100: 1112211126

Faralli M, Matthews J, Lawson T (2019) Exploiting natural variation and genetic
manipulation of stomatal conductance for crop improvement. Current Opinion in Plant Biology
49: 1-7

Farquhar GD, von Caemmerer S, Berry JA (1980) A biochemical model of photosynthetic
CO2 assimilation in leaves of C3 species. Planta 149: 78-90

Fernie AR, Carrari F, Sweetlove LJ (2004) Respiratory metabolism: glycolysis, the TCA
cycle and mitochondrial electron transport. Current Opinion in Plant Biology 7: 254-261

Fernie AR, Martinoia E (2009) Malate. Jack of all trades or master of a few? Phytochemistry
70: 828-832

Fernie AR, Roscher A, Ratcliffe RG, Kruger NJ (2001) Fructose 2,6-bisphosphate activates
pyrophosphate: fructose-6-phosphate 1-phosphotransferase and increases triose phosphate to
hexose phosphate cycling in heterotrophic cells. Planta 212: 250-263

Flexas J, Barbour MM, Brendel O, Cabrera HM, Carriqui M, Diaz-Espejo A, Douthe C,
Dreyer E, Ferrio JP, Gago J, et al (2012) Mesophyll diffusion conductance to CO2: An
unappreciated central player in photosynthesis. Plant Science 193-194: 70-84

Flexas J, Ribas-Carbé M, Diaz-Espejo A, Galmés J, Medrano H (2008) Mesophyll
conductance to CO2: current knowledge and future prospects. Plant, Cell & Environment 31:
602-621

Frei B, Eisenach C, Martinoia E, Hussein S, Chen X-Z, Arrivault S, Neuhaus HE (2018)
Purification and functional characterization of the vacuolar malate transporter tDT from
Arabidopsis. Journal of Biological Chemistry 293: 4180—4190

Gago J, Daloso D de M, Figueroa CM, Flexas J, Fernie AR, Nikoloski Z (2016)
Relationships of Leaf Net Photosynthesis, Stomatal Conductance, and Mesophyll Conductance

to Primary Metabolism: A Multispecies Meta-Analysis Approach. Plant Physiology 171: 265—
279

Gibon Y, Blising OE, Palacios-Rojas N, Pankovic D, Hendriks JHM, Fisahn J, Hohne M,
Giinther M, Stitt M (2004) Adjustment of diurnal starch turnover to short days: depletion of
sugar during the night leads to a temporary inhibition of carbohydrate utilization, accumulation
of sugars and post-translational activation of ADP-glucose pyrophosphorylase in the following
light period. The Plant Journal 39: 847-862

Harley PC, Loreto F, Di Marco G, Sharkey TD (1992) Theoretical Considerations when
Estimating the Mesophyll Conductance to CO2 Flux by Analysis of the Response of
Photosynthesis to CO2. Plant Physiol 98: 1429-1436

Hiyama A, Takemiya A, Munemasa S, Okuma E, Sugiyama N, Tada Y, Murata Y,
Shimazaki K (2017) Blue light and CO2 signals converge to regulate light-induced stomatal
opening. Nat Commun 8: 1284

78



Hunt R, Causton DR, Shipley B, Asken AP (2002) A Modern Tool for Classical Plant Growth
Analysis. Annals of Botany 90: 485-488

Hurth MA, Suh SJ, Kretzschmar T, Geis T, Bregante M, Gambale F, Martinoia E,
Neuhaus HE (2005) Impaired pH Homeostasis in Arabidopsis Lacking the Vacuolar

Dicarboxylate Transporter and Analysis of Carboxylic Acid Transport across the Tonoplast.
Plant Physiology 137: 901-910

Jalakas P, Nuhkat M, Vahisalu T, Merilo E, Brosché M, Kollist H (2021) Combined action
of guard cell plasma membrane rapid- and slow-type anion channels in stomatal regulation.
Plant Physiology 187: 2126-2133

Kang Y, Outlaw Jr WH, Andersen PC, Fiore GB (2007) Guard-cell apoplastic sucrose
concentration — a link between leaf photosynthesis and stomatal aperture size in the apoplastic
phloem loader Vicia faba L. Plant, Cell & Environment 30: 551-558

Keller BU, Hedrich R, Raschke K (1989) Voltage-dependent anion channels in the plasma
membrane of guard cells. Nature 341: 450453

Knapp AK, Smith WK (1988) Effect of Water Stress on Stomatal and Photosynthetic
Responses in Subalpine Plants to Cloud Patterns. American Journal of Botany 75: 851-858

Kovermann P, Meyer S, Hortensteiner S, Picco C, Scholz-Starke J, Ravera S, Lee Y,
Martinoia E (2007) The Arabidopsis vacuolar malate channel is a member of the ALMT
family. Plant Journal 52: 1169-1180

Laanemets K, Wang Y-F, Lindgren O, Wu J, Nishimura N, Lee S, Caddell D, Merilo E,
Brosche M, Kilk K, et al (2013) Mutations in the SLACI anion channel slow stomatal opening
and severely reduce K+ uptake channel activity via enhanced cytosolic [Ca2+] and increased
Ca2+ sensitivity of K+ uptake channels. New Phytologist 197: 88—98

Lawson T, Blatt MR (2014) Stomatal Size, Speed, and Responsiveness Impact on
Photosynthesis and Water Use Efficiency. Plant Physiology 164: 15561570

Lee M, Choi Y, Burla B, Kim Y-Y, Jeon B, Maeshima M, Yoo J-Y, Martinoia E, Lee Y
(2008) The ABC transporter AtABCB 14 is a malate importer and modulates stomatal response
to CO2. Nat Cell Biol 10: 1217-1223

Lisec J, Schauer N, Kopka J, Willmitzer L, Fernie AR (2006) Gas chromatography mass
spectrometry—based metabolite profiling in plants. Nat Protoc 1: 387-396

Long SP, Bernacchi CJ (2003) Gas exchange measurements, what can they tell us about the
underlying limitations to photosynthesis? Procedures and sources of error. Journal of
Experimental Botany 54: 2393-2401

Marten H, Hyun T, Gomi K, Seo S, Hedrich R, Roelfsema MRG (2008) Silencing of
NtMPK4 impairs CO2-induced stomatal closure, activation of anion channels and cytosolic
Ca2+signals in Nicotiana tabacum guard cells. The Plant Journal 55: 698-708

Medeiros DB, Barros KA, Barros JAS, Omena-Garcia RP, Arrivault S, Sanglard LMVP,
Detmann KC, Silva WB, Daloso DM, DaMatta FM, et al (2017) Impaired Malate and

79



Fumarate Accumulation Due to the Mutation of the Tonoplast Dicarboxylate Transporter Has
Little Effects on Stomatal Behavior. Plant Physiol 175: 1068—-1081

Medeiros DB, Martins SCV, Cavalcanti JHF, Daloso DM, Martinoia E, Nunes-Nesi A,
DaMatta FM, Fernie AR, Araijo WL (2016) Enhanced Photosynthesis and Growth in
atquacl Knockout Mutants Are Due to Altered Organic Acid Accumulation and an Increase in
Both Stomatal and Mesophyll Conductance. Plant Physiology 170: 86-101

Medeiros DB, Perez Souza L, Antunes WC, Araijo WL, Daloso DM, Fernie AR (2018)
Sucrose breakdown within guard cells provides substrates for glycolysis and glutamine
biosynthesis during light-induced stomatal opening. The Plant Journal 94: 583-594

Meyer S, Mumm P, Imes D, Endler A, Weder B, Al-Rasheid KAS, Geiger D, Marten I,
Martinoia E, Hedrich R (2010) AtALMT12 represents an R-type anion channel required for
stomatal movement in Arabidopsis guard cells. The Plant Journal 63: 1054-1062

Meyer S, Scholz-Starke J, De Angeli A, Kovermann P, Burla B, Gambale F, Martinoia E
(2011a) Malate transport by the vacuolar AtALMT6 channel in guard cells is subject to multiple
regulation. Plant Journal 67: 247-257

Meyer S, Scholz-Starke J, De Angeli A, Kovermann P, Burla B, Gambale F, Martinoia E
(2011b) Malate transport by the vacuolar AtALMT6 channel in guard cells is subject to multiple
regulation: AtALMT6 mediates malate transport in guard cells. The Plant Journal 67: 247-257

Mott KA, Sibbernsen ED, Shope JC (2008) The role of the mesophyll in stomatal responses
to light and CO2. Plant, Cell & Environment 31: 1299-1306

Murashige T, Skoog F (1962) A Revised Medium for Rapid Growth and Bio Assays with
Tobacco Tissue Cultures. Physiologia Plantarum 15: 473497

Negi J, Matsuda O, Nagasawa T, Oba Y, Takahashi H, Kawai-Yamada M, Uchimiya H,
Hashimoto M, Iba K (2008) CO2 regulator SLACI and its homologues are essential for anion
homeostasis in plant cells. Nature 452: 483—486

Niinemets U, Diaz-Espejo A, Flexas J, Galmés J, Warren CR (2009) Role of mesophyll
diffusion conductance in constraining potential photosynthetic productivity in the field. Journal
of Experimental Botany 60: 22492270

Nunes-Nesi A, Aradjo WL, Obata T, Fernie AR (2013) Regulation of the mitochondrial
tricarboxylic acid cycle. Current Opinion in Plant Biology 16: 335-343

Nunes-Nesi A, Carrari F, Gibon Y, Sulpice R, Lytovchenko A, Fisahn J, Graham J,
Ratcliffe RG, Sweetlove L.J, Fernie AR (2007) Deficiency of mitochondrial fumarase activity
in tomato plants impairs photosynthesis via an effect on stomatal function. The Plant Journal
50: 1093-1106

Pandey S, Zhang W, Assmann SM (2007) Roles of ion channels and transporters in guard
cell signal transduction. FEBS Letters 581: 2325-2336

Penfield S, Clements S, Bailey KJ, Gilday AD, Leegood RC, Gray JE, Graham IA (2012)
Expression and manipulation of PHOSPHOENOLPYRUVATE CARBOXYKINASE 1
identifies a role for malate metabolism in stomatal closure. The Plant Journal 69: 679-688

80



Porra RJ, Thompson WA, Kriedemann PE (1989) Determinations of accurate extinction
coefficients and simultaneous equations for assaying chlorophylls a and b extracted with four
different solvents: verification of the concentration of chlorophyll standards by atomic
absorption spectroscopy. Biochimica et biophysica acta : International journal of biochemistry
and biophysics

Robaina-Estévez S, Daloso DM, Zhang Y, Fernie AR, Nikoloski Z (2017) Resolving the
central metabolism of Arabidopsis guard cells. Sci Rep 7: 8307

Schindelin J, Rueden CT, Hiner MC, Eliceiri KW (2015) The ImageJ ecosystem: An open
platform for biomedical image analysis. Molecular Reproduction and Development 82: 518—
529

Sharkey TD, Bernacchi CJ, Farquhar GD, Singsaas EL (2007) Fitting photosynthetic
carbon dioxide response curves for C3 leaves. Plant, Cell & Environment 30: 1035—-1040

Sharma T, Dreyer I, Kochian L, Pifieros MA; (2016) The ALMT family of organic acid
transporters in plants and their involvement in detoxification and nutrient security. Frontiers in
Plant Science 7: 1-12

Talbott LD, Zeiger E (1993) Sugar and Organic Acid Accumulation in Guard Cells of Vicia
faba in Response to Red and Blue Light. Plant Physiology 102: 1163-1169

Tian W, Hou C, Ren Z, Pan Y, Jia J, Zhang H, Bai F, Zhang P, Zhu H, He Y, et al (2015)
A molecular pathway for CO2 response in Arabidopsis guard cells. Nat Commun 6: 6057

Vahisalu T, Kollist H, Wang Y-F, Nishimura N, Chan W-Y, Valerio G, Lamminmiki A,
Brosché M, Moldau H, Desikan R, et al (2008) SLACI1 is required for plant guard cell S-type
anion channel function in stomatal signalling. Nature 452: 487-491

Van Kirk CA, Raschke K (1978) Release of Malate from Epidermal Strips during Stomatal
Closure 1. Plant Physiology 61: 474—475

Vico G, Manzoni S, Palmroth S, Katul G (2011) Effects of stomatal delays on the economics
of leaf gas exchange under intermittent light regimes. New Phytologist 192: 640—652

Weber JA, Jurik TW, Tenhunen JD, Gates DM (1985) Analysis of gas exchange in seedlings
of Acer saccharum: integration of field and laboratory studies. Oecologia 65: 338-347

Ye W, Koya S, Hayashi Y, Jiang H, Oishi T, Kato K, Fukatsu K, Kinoshita T (2021)
Identification of Genes Preferentially Expressed in Stomatal Guard Cells of Arabidopsis
thaliana and Involvement of the Aluminum-Activated Malate Transporter 6 Vacuolar Malate
Channel in Stomatal Opening. Frontiers in Plant Science 12:

Yin X, Struik PC, Romero P, Harbinson J, Evers JB, Putten PEL van der, Vos J (2009)
Using combined measurements of gas exchange and chlorophyll fluorescence to estimate
parameters of a biochemical C3 photosynthesis model: a critical appraisal and a new integrated
approach applied to leaves in a wheat (Triticum aestivum) canopy. Plant, Cell & Environment

32: 448464

81



Chapter 4

Concluding g remarks

82



5. CONCLUDING REMARKS

This thesis was directed largely toward explaining how organic acid metabolism and
impaired vacuolar transport, especially malate, in guard cells disrupt stomatal movements under
proper and adverse growth conditions. In an effort to achieve the objectives, we used
complementary experimental approaches and the results were obtained in an independent
chapter.

In chapter 3, we used knockout lines for a vacuolar organic acid transporter tDT, and
two vacuolar malate channels ALMT6 (influx and efflux) and ALMT4 (efflux). Our efforts
were directed at understanding the functional redundancy suggested previously, given that
impaired malate and fumarate accumulation by tDT repression does not impact stomatal
function (Medeiros et al., 2017). Guard cell-specific ALMT6 (Meyer etal., 2011) was identified
as a potential candidate vacuolar anion channel to compensate for this transport in td¢-1 lines.
Furthermore, repression of the ALMT4 efflux channel closes stomata in a delayed and
incomplete manner in response to abscisic acid (ABA) (Eisenach et al., 2017), in contrast,
malate efflux currents by ALMT6 activity do not bypass this impaired phenotype in almt4
plants. That said, we used double mutant lines with combined action for tDT and ALMT6
(almt6 tdt-1 lines), suggested to directly impact stomatal opening; and double mutants for
ALMT6 and ALMT4 (almt6 almt4 lines) targeting stomatal closure. Our intent was to verify
whether the alteration in malate levels causes impairment to the activity of malate channels in
the vacuolar membrane of guard cells and stomatal function. As well as the possible mechanism
of compensation by this transporter and members of the ALMT family under specific
environmental conditions.

It was shown that inefficient regulation of stomatal opening through repression of the
ALMT6 channel culminates in lower photosynthetic rates through decreased gs and AN, with
impaired growth phenotypes in the almt6 tdt-1 double mutants. Differential growth was
followed by metabolic reprogramming in the accumulation of organic acids and sugars in
leaves. The absence of ALMTG6 leads to an imbalance in malate uptake and release in guard
cells, which in turn keeps stomata more closed, consequently the decreases in gs and gm
influenced lower photosynthesis. The combined action of ALMT®6 and tDT, and non-functional
ALMT6 and ALMT4, caused impacts of the same order, regarding photosynthetic parameters
in conditions for proper growth. However, primary metabolism is distinctly altered as a strategy

to avoid carbon loss and ensure respiration rates and growth. Contents of organic acids, mainly
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malate, decrease in influx mutant lines related to stomatal opening, whereas they accumulate in
leaves of the almt6 almt4 double mutants also involved in impaired malate efflux during
stomatal closure. Increased sugar and starch levels are addressed to coordinate nocturnal
respiration in tdt- 1, almt6, almt4, almt6 almt4; and almt6 tdt-1, respectively. We proposed that
ALMTG6 does indeed present a crucial role in regulating stomatal opening and compensates for
malate transport in non-functional 7dt in stomatal opening, yet this transporter is essential for
proper storage of dicarboxylates in the vacuole of mesophyll cells for maintenance of
respiration rates and growth, as is the ALMT4 channel. We extended our approach to
understanding how impaired organic acid accumulation impacts gs behavior across diverse
stimuli. Notably, lack of functional ALMT6 affected stomatal opening, with slower opening
kinetics and lower gs in response to dark-light transition, consistent with biochemical (lower
Vemax on basa a Cc basis) and anatomical (lower density) limitations found in these plants.
Interestingly, repression of the ALMT4 efflux channel also exhibits phenotype of a slower
stomatal opening response to light, and normal stomatal closure in guard cell-enriched
epidermal fragments incubated with ABA, as well as all other mutants that were responsive to
this stimulus. Unexpectedly, we observed no impact on stomatal responses under normal and
high CO> variations for individual and combined loss of function of tDT, ALMT6 and ALMT4.

We assume that, due to the high complexity of stomatal regulation in response to the
environment, the activity of influx and efflux channels of organic acids and solutes, especially
those located in the plasma membrane of guard cells, are operating by mechanisms that detect
perturbations in the water balance of guard cells to these environmental and exogenous
variations. Therefore, one should keep in mind that guard cells are able to make use of different
anions and solutes to alter their water potential and perform their movements. Thus, functional
approaches at the guard cell level and the expression of genes related to malate and ion transport
specific to guard cells may provide additional information on how the functioning of stomata
is effectively affected when malate accumulation is altered. Important to add also that, given
the metabolic particularities found for the tDT transporter and ALM6 and ALMT4 channels,

they may present relative importance under adverse abiotic stress conditions in plants.
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