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ABSTRACT

LUZ, Luana Moraes da, D.Sc., Universidade Federal de Vigosa, February, 2019. On
the function of guard cell transporters in the response of Arabidopsis thaliana
to changes in CO2 and water availability. Advisor: Wagner Luiz Araudjo. Co-advisor:
Samuel Cordeiro Vitor Martins.

Plants represent the major sources worldwide of human foods and livestock feeds.
Thus, future food security will clearly depend on how plant species respond to global
environmental changes. Increases in carbon dioxide concentration [CO2] in the
atmosphere and fluctuations in rain patterns are amongst the main climate changes
affecting crop yield. Notably, crop yield decreases under drought, yet elevated [COz],
when associated with drought, may mitigate the negative effects of drought. Among
the physiological effects of elevated [COz2], partial stomatal closure and synergistically
increased water use efficiency (WUE), leading to higher growth, are usually observed.
However, either higher growth or survival of plants under high [COz2] will directly depend
on the degree of water availability into the soil. Water losses are controlled directly by
the stomata, functionally specialized microscopic pores in leaf surface, that regulates
the flow of gases between plants and atmosphere. Accordingly, stomata are the key
entry point for CO2 assimilation and water losses, controlling the essential exchange
of CO2 and H20 with the environment in land plants. Stomatal movements occur in
response to the activation and inactivation of membrane proteins present in the guard
cells. The relationship between stomatal aperture and photosynthesis/transpiration is
linear over a wide range of environmental conditions. Thus, a better understanding of
stomatal regulation by environmental stimuli represents an important step for
developing plants in which WUE and photosynthesis capacity are optimized, once the
maintenance of photosynthesis, one of the main events of the primary metabolism, and
its capacity may directly influence crop yield. This thesis is largely focused on the role
of proteins involved in the stomatal movements in response to changes in both [COz2]
and water availability. To this end, two stomatal proteins in Arabidopsis thaliana,
namely the slow-type anion channel (SLAC1) and the ATP-binding cassette B14
transporter (ABCB14) were used to further investigate the duality of the efficiency
between the CO:2 influx and the water efflux by the stomata under elevated [CO2] and
water limitation. SLAC1 is considered a key protein for stomatal closure in response to
drought and [COz2], while ABCB14 is the sole influx transporter of malate of the guard
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cell and is only responsive to increased COz. The main goal of this study is to increase
our understanding of the stomatal regulation in response to a realistic future climate
change scenario using a metabolic, physiological, anatomical and molecular
characterization of mutant plants with opposite stomatal responses. First, our results
demonstrated that slac? mutant plants are seemingly constantly under stress effect,
regardless of the water restriction, since to sustain the increased stomatal conductance
(gs) slac-1 mutant plants display an elegant metabolic reprogramming that is
apparently crucial for growth survival under moderate water limitation. Here we further
hypothesized that ABCB14 may play an important role while allowing a modest
stomatal opening that may be essential for continuity of gas exchanges under high
[CO2] conditions. In the second part, it was demonstrated that despite the reductions
in the stomatal opening, the absence of a functional guard cell ABCB14 protein does
not compromise overall photosynthetic activity and growth and that an exquisite
metabolic and genetic regulation occurs in guard cells likely compensating, at least
partially, the functional lack of abcb14. The data obtained here are discussed in the
context of the role of each guard cell transport both generally to guard cell and
photosynthetic metabolism and specifically with respect to its function in the regulation

of stomatal aperture.
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RESUMO

LUZ, Luana Moraes da, D.Sc., Universidade Federal de Vigosa, fevereiro de 2019.
Funcao de transportadores de células-guarda na resposta de Arabidopsis
thaliana as mudancas na concentracao de CO:2 e disponibilidade de agua.
Orientador: Wagner Luiz Araujo. Coorientador: Samuel Cordeiro Vitor Martins.

As plantas representam as principais fontes mundiais de alimentos e ragbes para
animais. Assim, a segurancga alimentar futura dependera claramente de como as
espécies de plantas respondem as mudancas ambientais globais. O aumento da
concentracdo de CO2 [COz2] na atmosfera e as flutuagdes nos padrdes de chuva estao
entre as principais mudangas climaticas que afetam o rendimento das culturas.
Notavelmente, o rendimento das culturas diminui sob a seca, ainda que a elevada
[CO2], quando associado a seca, pode mitigar os efeitos negativos da seca. Entre os
efeitos fisiolégicos do elevado [CO2], o fechamento parcial dos estbmatos e o aumento
sinérgico da eficiéncia do uso da agua (WUE), levando a um maior crescimento, sdo
geralmente observados. No entanto, o crescimento mais alto ou a sobrevivéncia de
plantas sob alta [COz2] dependerao diretamente do grau de disponibilidade de agua no
solo. As perdas de agua sao controladas diretamente pelos estébmatos, poros
microscépicos funcionalmente especializados na superficie foliar, que regulam o fluxo
de gases entre as plantas e a atmosfera. Assim, os estdbmatos s&o o principal ponto
de entrada para a assimilagdo de CO:z e as perdas de agua, controlando as trocas
essenciais de CO2 e H20 com o meio ambiente nas plantas terrestres. Os movimentos
estomaticos ocorrem em resposta a ativacao e inativacao de proteinas de membrana
presentes nas células-guarda. A relagao entre a abertura estomética e a fotossintese
/ transpiracao € linear em uma ampla gama de condigcbes ambientais. Assim, uma
melhor compreensao da regulacdo estomatica por meio de estimulos ambientais
representa um passo importante para o desenvolvimento de plantas em que a
capacidade de fotossintese e WUE é otimizada, uma vez que a manutencdo da
fotossintese, um dos principais eventos do metabolismo primario, e sua capacidade
pode influenciar diretamente a producdo de cultura agricolas. Esta tese esta
amplamente focada no papel das proteinas envolvidas nos movimentos estomaticos
em resposta a mudancas na disponibilidade de [COz2] e na disponibilidade de agua.
Para este fim, duas proteinas estomaticas de Arabidopsis thaliana, nomeadamente
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slow-type anion channel (SLAC1) e o transportador ATP-binding cassette B14
(ABCB14) foram utilizadas para investigar a dualidade da eficiéncia entre o influxo de
CO2 e o efluxo de agua pelos estdmatos sob elevado [COz2] e limitacdo de agua. O
SLAC1 é considerado uma proteina chave para o fechamento estomatico em resposta
a seca e [COz], enquanto o ABCB14 é o unico transportador de influxo de malato das
células-guarda e responde apenas ao aumento de CO2. O principal objetivo deste
estudo é aumentar nossa compreensao da regulacdo estomatica em resposta a um
cenario realista de mudancas climaticas futuro, utilizando uma caracterizagéo
metabdlica, fisioldégica, anatbmica e molecular de plantas mutantes com respostas
estomaticas opostas. Primeiro, nossos resultados demonstraram que as plantas
mutantes de slac?! aparentemente estao constantemente sob efeito de estresse,
independentemente da restricdo hidrica, pois as plantas mutantes slac? ao sustentar
maiores condutancias estomaticas (gs), exibem uma elegante reprogramacao
metabdlica que é aparentemente crucial para a sobrevivéncia do crescimento sob
moderada limitacdo hidrica. Aqui, hipotetizamos ainda que o ABCB14 pode
desempenhar um papel importante, ao mesmo tempo em que permite uma modesta
abertura estomatica que pode ser essencial para a continuidade das trocas gasosas
sob condicbes de elevada [COz2]. Segundo, demonstrou-se que, apesar das reducdes
na abertura estomatica, a auséncia da proteina ABCB14 de célula guarda nao
compromete a atividade fotossintética geral e o crescimento e que uma regulacao
genética e metabdlica ocorre em células-guarda provavelmente compensando, pelo
menos parcialmente, a falta funcional de ABCB14. Os dados obtidos s&o discutidos
no contexto do papel de cada transporte de células de guarda, tanto emcélulas-guarda
e metabolismo fotossintético e, especificamente, em relacdo a sua funcdo na

regulacao da abertura estomética.
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GENERAL INTRODUCTION

Plants represent the major sources worldwide of human foods and livestock
feeds. Thus, future food security will clearly depend on how plant species respond to
global environmental changes. Therefore, it is not surprising, that the acclimation
mechanisms of plants under future realistic climate scenarios, such as increased
climatic atmospheric [CO2] and water limitation, are currently intensively investigated.
Increased [COz] in the atmosphere and fluctuations in rain patterns are amongst the
main climatic changes affecting crop yield (Lobell et al., 2011; Pefiuelas et al., 2013;
Ruiz-Vera et al., 2013; IPCC, 2014; Bagley et al., 2015). In this context, it is estimated
that, due to current human activities, the current concentration of CO2 (~400 ppm)
could reach ~ 900 ppm by the end of the 21st century in parallel with increases in
temperature of up to 5.0 °C if global greenhouse gas emissions continue (IPCC, 2013).

Stomata, functionally specialized microscopic pores surrounded by two guard
cells in the leaf epidermis, regulates the flow of gases between plants and atmosphere.
Accordingly, stomata are the key entry point for CO2 assimilation and water losses,
controlling the essential exchange of CO2 and H20 with the environment in land plants.
Several environmental cues such as light quantity/ quality, CO2 concentration, relative
humidity and vapour pressure deficit induce changes in stomatal aperture throughout
the diel course (Merilo et al., 2013, 2015; Aliniaeifard and van Meeteren, 2013; Creese
et al., 2014; Wang et al., 2017).

The relationship between stomatal aperture and photosynthesis/transpiration is
linear over a wide range of environment conditions (Gago et al, 2016). Indeed, it seems
reasonable to assume that C3 photosynthesis improvements can be achieved by
modifying stomatal behaviour (Lawson et al., 2014; Flexas, 2016). That being said, a
better understanding of stomatal regulation and how it is influenced by the surrounding
mesophyll cells and environmental stimuli represents an important step for developing
plants with enhanced water use efficiency (WUE) (Gago et al., 2016; Lawson et al.,
2014; Flexas, 2016). Since stomata movements are of pivotal significance for the
overall crop yield, their genetic manipulation may allow enhanced WUE and soil
moisture conservation (Leakey et al., 2006; Bernacchi et al., 2007).

It is widely accepted that elevated [COz] not only promotes reductions in gs
(Ainsworth et al., 2002; Rogers et al., 2004; Bernacchi et al., 2006, 2007), but also
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increases net photosynthesis rate (An), growth rate and biomass in several species
(Curtis e Wang, 1998; Long et al., 2004; Nowak et al., 2004; Ainsworth e Long, 2005;
Ainsworth e Rogers, 2007), a fact that only not occurs when there is an acclimation
response. It has been reported that the enhancement of An does not persist and it
declines below its maximum potential after a long time under high COz2, in a process
described as acclimatization (Jifon and Wolfe, 2002; Long et al., 2004; Rosenthal et
al., 2014). During this process, in response to the reduction of Vemax, Jmax (Ainsworth
and Long, 2005; Bernacchi et al., 2005), decreased leaf rubisco content and total
nitrogen concentration (Stitt and Krapp, 1999, Long et al., 2004; Gutierrez et al., 2013)
are also observed. Notwithstanding, elevated [COz], when associated with drought
episodes, may mitigate the negative effects in plants (Araus et al, 2002; Zinta et al.,
2014). It is important to mention that crop yield may decrease under a combination of
high [COz2] and severe drought (Leakey et al., 2012). Thus, either higher growth or
survival of plants under elevated [CO2] will be directly dependent on the degree of
water limitation (Poorter and Perez-Soba, 2001; Ameye et al., 2012; Bauweraerts et
al., 2013; Naudts et al., 2013).

It has been recently demonstrated that in response to soil drying stomatal
closure is one of the initial events (Osakabe et al., 2014, Pustovoitova et al., 2003;
Antonio et al., 2008; Maurel et al., 2016; Pinheiro et al., 2019), but it is reasonable to
suggest that many other metabolic adjustments may also occur. For instance, under
moderate water limitation, carbon metabolism is altered, as depicted by changes in
COz assimilation as well as in sucrose and starch synthesis and allocation (Pinheiro et
al., 2011; Bechtold et al., 2016). In addition, water deficit is usually associated with
increases in the content of sucrose, glucose, fructose (Rizhsky et al., 2004; Mane et
al., 2008; Fumagalli et al., 2009), proline (Rizhsky et al., 2004; Lugan et al., 2009),
phenolic compounds (Rivas-Ubach et al., 2012), and organic acids (Naya et al., 2007;
Fumagalli et al., 2009; Sanchez et al., 2012). Moreover, water limitation is also
accompanied by increased levels of sulfate transporter proteins and the expression of
genes related to stomatal control (Cuming et al., 2007; Foito et al., 2009; Aubert et al.,
2010; Cohen et al., 2010; Batool et al., 2018).

Although several changes in the metabolism are expected under water
limitation, the maintenance of photosynthesis is of crucial importance, since it is one of
the main events of the primary metabolism, and its capacity may directly influence crop
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yield (Lawlor and Tezara, 2009; Pinheiro e Chaves, 2011). Indeed, there are two
biochemical processes that limit the photosynthesis, the maximum rate of
carboxylation capacity of Rubisco (Vemax) and the rate of regeneration of RuBP
associated with the maximum linear electron flux via photosystem |l (Jmax) (Wong,
1979; Sage et al., 1989; Tissue et al., 1993; Vu et al., 1997; Sims et al., 1998).
Decreases in Vemax are positively correlated with gs and chloroplastidic CO:2
concentration (Cc), suggesting that the deactivation of Rubisco sites could be induced
by low Cc as a result of water stress (Flexas et al., 2004; Galmés et al., 2010).
Therefore, decreased COz diffusion from the atmosphere to the carboxylation site is
considered the main cause of decreased photosynthesis under mild to moderate water
limitation (Chaves et al., 2003, 2009; Grassi and Magnani, 2005). Thus, it seems that
the biochemical component of the photosynthetic limitations is relatively less imposed
by the stomata than the diffusive limitation (Galmés et al., 2007; Flexas et al., 2008).
This fact apart, stomatal pores, which are structurally simple, are surrounded by guard
cells, one of the most specialized cell types in land plants (Bergmann and Sack, 2007).
It is equally important to mention that stomatal are morphologically different from other
epidermal cells. Perhaps, most importantly, stomatal movements are regulated by an
exquisite signal transduction network, containing both a tightly regulated membrane
ion transport system, and specialized metabolic pathways that are able to finally
modulate guard cell turgor, subsequently, promoting stomatal opening and closure
(Santelia and Lawson, 2016).

Stomatal pores open in response to increases in guard cell volume generated
by reductions in water potential (Ww) of the guard cell as a result of the osmolytes
accumulation and subsequently water influx. On the other hand, during stomatal
closure, an efflux of osmolytes from guard cells is required with an associated increase
in guard cell Yw and in turn water efflux (Assmann and Wang, 2001). Stomatal
movements occur in response to the activation and inactivation of membrane proteins
presentin the guard cells. These proteins are responsible for the transport of molecules
and ions between the guard cell cytosol and the mesophyll. In the presence of light,
activation of channels carrying ions to the cytosol occurs (Ueno et al., 2005; Van and
Raschke, 1978; Schroeder et al., 2001; Kim et al., 2010; Vahisalu et al., 2010).
Potassium (K*) and chloride (CI) act as the main inorganic ions, while malate and
sucrose are considered as the main organic osmolytes associated with stomatal
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movements (Amodeo et al., 1996; Kelly et al., 2013; Santelia and Lawson, 2016;
Daloso et al., 2016; Inoue and Kinoshita, 2017; Medeiros et al., 2018).

Layout and aims of the chapters

This thesis is largely focused on the role of proteins involved in the stomatal
movements in response to changes in both [CO2] and water availability. Among the
proteins involved in the transport of molecules for stomatal movement, this work is
focused on the use of mutants of two stomatal proteins in Arabidopsis thaliana, SLACA
(slac1-3 and slac1-4) and ABCB14 (abcb14-1 and abcb14-2). The main goal of this
study is to increase our understanding of the stomatal regulation in response to a
realistic future climate change scenario using a metabolic, physiological, anatomical
and molecular characterization of mutant plants with opposite stomatal responses.
Increases in atmospheric [COz2] and water restrictions are known to individually have
effects on plant development and metabolism, but their interactive effects have not
been largely investigated under restrictive conditions.

Here, a combination of physiological, metabolic, and biochemical approaches
was undertaken to understand how and to which extent changes in stomatal
conductance caused by the specific mutations affect plant responses to [CO2] and
water availability. To this end, two mutants were used to further investigate the duality
of the efficiency between the CO:2 influx and the water efflux by the stomata under
elevated [COz2] and water limitation. SLAC1 is considered a key protein for stomatal
closure in response to drought and [COz2] (Negi et al., 2008; Vahisalu et al., 2008),
while ABCB14 is the sole influx transporter of malate of the guard cell and is only
responsive to increased COz (Lee et al., 2008). It was hypothesized that slac1 plants
will present higher gs and will be lower sensitive to [COz] and water restriction, whereas
abcb14 plants will present lower gs under elevated [CO2]. To clarify this, water
restriction was imposed as much as capable of affecting stomatal conductance without
being drastic enough to paralyze growth. This approach was taken to answer the
following questions: (/) independent of the growth condition, will the greater gs of slac1
promote higher An and growth? (ii) Does the reduced gs of abcb 14 mutant plants under
high [COz] allow the maintenance of An and greater WUE under water restriction?



CHAPTER 1: Enhanced stomatal aperture due to the functional lack of SLAC1
modifies guard cell metabolism without impacting photosynthesis under elevated [CO2]
and moderated water restriction

A coupled regulation of photosynthesis and WUE is directly influenced by the
aperture of the stomatal pore, which is actively regulated by the metabolism of the
surrounding guard cells. In Arabidopsis, the ABA-sensitive channel is the SLAC1 that
plays a central role in the control of stomatal closure and higher WUE. Mutant plants
with loss of SLAC1 function showed a lower sensitivity to ABA, compromising stomatal
closure in response to COz and drought. Thus, our main goal was to investigate the
independent and combined effects of elevated CO2 and water limitation by comparing
plants with a constitutive increase of the stomatal opening (slac’ mutant plants) with
Arabidopsis thaliana wild type (WT) plants. Our results demonstrated that slac7 mutant
plants are seemingly constantly under stress effect, regardless of the water restriction,
since to sustain the increased gs slac-1 mutant plants display an elegant metabolic
reprogramming that is apparently crucial for growth survival under moderate water

limitation.

CHAPTER 2: The functional lack of ABCB14 impacts stomatal responses but does not
compromise photosynthetic capacity and growth under elevated [CO2] and water
restriction
Water limitation is one of the most factors influencing plant productivity.
Simultaneously, the future higher levels of atmospheric COz, will likely also affect plant
growth and development. As well as both water limitation and high [COz2] are known to
show distinct effects when each factor is applied separately. Thus, here we
hypothesized that ABCB14 may play an important role while allowing a modest
stomatal opening that may be essential for continuity of gas exchanges under high
[CO2] conditions. Our results demonstrate that despite the reductions in the stomatal
opening, the absence of a functional guard cell ABCB14 protein does not compromise
overall photosynthetic activity and growth and that an exquisite metabolic and genetic
regulation occurs in guard cells likely compensating, at least partially, the functional
lack of abcb14.
During the increase of [COz], SLAC1 and ABCB14 are activated, but they work
by transporting ions in opposite directions. While SLAC1 is activated for the transport
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of chloride (CI?) and nitrate (NO?3) from the cytosol to the apoplast, ABCB14 is
activated for the transport of malate from apoplast to the cells of guards (Negi et al.,
2008; Vahisalu et al., 2008, Lee et al., 2008). The transport performed by SLAC1
induces stomatal closure, while transport of malate by ABCB14 keeps the stomata
partially open. Thus, SLAC1 operation is essential for reducing water loss, while
ABCB14 allows the COz2 entry. It is important to point out that previous works have
contributed to our understanding of SLAC1 and ABCB14. However, the metabolic
impact of changes in stomatal conductance caused mutations in the genes encoding
SLAC1 and ABCB14 was not comprehensively evaluated. The reason for working with
the two mutations is to investigate the duality of the efficiency between the COz input
amplitude and the water output by the stomata under high water restriction and [COz].
Thus, slac1 plants present higher gs and are lower sensitive to [CO2] and water
restriction, while abcb14 plants will have lower gs under high [COz2]. As the imposed
water restriction can affect gs without being drastic enough to paralyze growth, we tried
to answer the following questions: (i) independent of the condition, will the greater gs
of slac1 promote higher An and growth? (ii) Does the reduced gs of plants abcb14
under high [COz] allow to maintain An and greater WUE under water restriction? Thus,
the present study aimed to investigate the importance of stomatal conductance in a
future climate change scenario using a metabolic, physiological, anatomical and
molecular characterization of mutant plants with opposite functions in WUE.
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CHAPTER 1: Enhanced stomatal aperture due to the functional lack of SLAC1
modifies guard cell metabolism without impacting photosynthesis under
elevated [CO2] and moderated water restriction

ABSTRACT

Understanding changes in stomatal movement in response to fluctuations in
atmospheric carbon dioxide concentration [CO2] and water deficit is crucial to
predicting the overall impacts of global changes on plants. In Arabidopsis, the main
COg2- and drought-sensitive channel is the slow-type anion channel (SLAC1) that plays
a central role in the control of stomatal closure and higher water use efficiency (WUE).
In order to examine the stomatal limitations to photosynthesis, we postulated that
plants with higher stomatal conductance (gs; slac? mutants) of moderate water
restriction might sustain higher An and continuous growth. Together, the results
demonstrated that under moderate water limitations and elevated [COz2], plants with
higher gs are characterized by similar photosynthetic performance and growth to plants
with unaltered stomatal control under enriched CO2 and water deficit conditions.
Furthermore, our results also suggest that the constitutive increased stomatal aperture
observed in slac-1 mutant plants is associated with an exquisite reorganization of
primary metabolism in guard cells, increasing mainly sugars, amino acids, and organic
acids. Thus, the results presented here indicate the higher stomatal conductance of
mutant slac1 plants, independent of CO2 and water conditions, does not always result
into better photosynthetic performance and that mutant plants slac? naturally produce
key metabolites to overcome water deficiency stress.

Key-words: Arabidopsis thaliana, guard cell metabolism, stomatal conductance, water
use efficiency.
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INTRODUCTION

Stomata, pairs of specialized epidermal guard cells which are often
surrounded by subsidiary cells, function as major gateways for both CO2 influx from
the atmosphere and transpirational water loss of plants (Brodribb and McAdam, 2011).
The precise combination of adjustable stomata with an internal water transport system
was a turning point in plant evolution that enabled vascular plants to invade most
terrestrial environments (Raven, 2002). Thus, a coupled regulation of photosynthesis
and WUE is directly influenced by the aperture of the stomatal pore, which is actively
regulated by the metabolism of the surrounding guard cells. Accordingly, increased gs
may lead to increased photosynthesis in plants under well-irrigated growth conditions
(Buckley and Mott, 2013). However, elevated CO2z concentration and soil water
restriction may induce partial stomatal closure and synergistically increase WUE
(Pazzagliet al., 2016; Kumar et al., 2014). This is possible because gs is more sensitive
to elevated [CO2] and water restriction than An. In such conditions, reductions of
biomass production are generally lower than the reduced percentage of water supplied
(Liu et al., 2005, 2006). In this case, CO2 enrichment may prolong assimilation periods
during episodes of moderate and temporary drought (Vu and Allen, 2009; Nackley et
al., 2014). Despite the significant breakthrough obtained during the last decades, the
knowledge concerning the guard cell metabolic changes following stress condition
remains largely elusive. Therefore, understanding how changes in stomatal movement
in response to fluctuations in the atmospheric concentration of CO2 and water deficit
is crucial for predicting the overall impacts of global climate changes on plants.

Stomatal movement is performed through the reprogramming of cellular
processes triggered by a network of signaling events (Fujita et al., 2013; Vishwakarma
et al., 2018). The increase in abscisic acid (ABA) concentration is one of the main
routes of signal transduction under drought and high [COz2] (Schroeder et al., 2001;
Schachtman and Goodger, 2008). Thus, it is not surprising that the mechanisms by
which ABA control stomatal closure have been widely investigated at the
transcriptional level given its potential to identify and to produce drought tolerant
genotypes (Gago et al., 2014; Flexas, 2016). In Arabidopsis, the ABA-sensitive
channel is the SLAC1 that plays a central role in the control of stomatal closure channel
controlling the stomatal closure is the SLAC1 (Negi et al., 2008; Vahisalu et al., 2008).
SLAC1 functioning is relatively well characterized and it is activated by the ABA
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signaling cascade binds to the pyrabactin resistance/regulatory components of ABA
receptor (PYR1/PYL) in guard cells, sequestering the protein type 2C phosphatases
(PP2Cs). The formation of this heteromeric complex PYR-ABA-PP2C releases the
negative regulation of ABA exerted by PP2C on the open stomatal/ sucrose
nonfermenting 1-related protein kinase 2-6 (OST1/SnRK2.6) protein kinase (Yoshida
et al, 2006; Yamamoto et al., 2016). Accordingly, SLAC1 is activated when
phosphorylated by certain kinases (e.g OST1, calcium-dependent protein kinases -
CDPKs) and thus a conformational change allows the channel pore closure (Chen et
al., 2010; Maierhofer et al., 2014). Once SLAC1 is active, it transports chloride and
nitrate to the apoplastic direction, resulting in the stomatal closure (Geiger et al., 2009,
Lee et al., 2009; Pilot et al., 2001). In good agreement with this, mutant plants with loss
of SLAC1 function showed lower sensitive to ABA compromising stomatal closure in
response to CO2 and drought (Negi et al., 2008). Other studies also revealed an ABA-
independent pathway, where high [CO2] and high activity of B-carbonic anhydrases
(BCA) activates the resistant to high CO2 (RHC1), a membrane protein that functions
as a bicarbonate sensor (Tian et al., 2015; Yamamoto et al., 2016). Once activated,
RHC1 repress high leaf temperature (HT1), a kinase that negatively regulates stomatal
closure by inhibiting OST1 (Hashimoto et al., 2006). After HT1 repression, OST1
autophosphorylates and phosphorylates SLAC1 by activating stomatal closure (Tian
et al, 2015; Yamamoto et al., 2016). It is worth to mention that, regardless of the
signaling pathway, SLAC1 loss-of-function Arabidopsis plants showed a lower
sensitivity to ABA and constitutively higher gs in response to elevated CO2 and drought
as well as higher water loss from detached rosettes (Negi et al, 2008, Vahisalu et al.,
2008). Recently, Mizokami et al. (2018) demonstrated that in slac1 knockout plants the
elevated [CO2] decreased mesophyll conductance (gm) whereas gs remained
unchanged, assuming independence of the responses between gs and gm. In addition,
rice plants with mutation in SLAC1 cultivated under greenhouse showed higher gs, net
photosynthesis rate (An) and ratio between substomatal CO2 concentration and the
atmospheric concentration of CO2 (Ci/Ca) as well as low leaf temperature (Kusumi et
al., 2012), showing that the higher gs increases the COz fixation in rice plants.

While some of the role surrounding stomata movement mediated by SLACH1
has been dissipated by the considerable knowledge obtained about this important
transport during recent years, a number of key questions still remain unanswered. In
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order to examine the stomatal limitations to photosynthesis, we postulated that plants
with higher gs (slac? mutant) under conditions of moderate water restriction might
sustain higher An and continuous growth (higher photosynthetic performance). Due to
the increasing occurrence of moderate drought episodes and the expected rise in
[CO2], we hypothesized that the manipulation of stomatal conductance will facilitate
increases in photosynthesis, leading to higher water use efficiency. Thus, our main
goal was to investigate the independent and combined effects of elevated CO2 and
water limitation by comparing plants with a constitutive increase of the stomatal
opening (slac-1 mutant plants) with Arabidopsis thaliana wild type (WT) plants. To this
end, a range of parameters including gas exchange, growth, metabolism and gene
expression were analyzed. Our results demonstrated that to sustain the increased gs
slac-1 mutant plants display an elegant metabolic reprogramming that is crucial for
growth survival under moderate water limitation. The data obtained are discussed in
the context of the roles of SLAC1 on both generally with respect to photosynthetic
metabolism and specifically with respect to its function in the regulation of stomatal

aperture.

MATERIAL AND METHODS
Plant material

All Arabidopsis thaliana plants used here were ecotype Columbia (Col-0)
background. The T-DNA lines slac1-3 (SALK _099139) and slac1-4 (SALK_137265)
were identified and characterized as described by Vahisalu et al. (2008). Both knockout
lines contain T-DNA insertion into exons of SLAC1 gene (for details, see Vahisalu et
al., 2008). The expression of the mutant lines was identified by PCR using specific
primers for slac1-3 (forward - GTTTCTCAGTGCTCAACAGAG and reverse-
CTTCTCCCTGGTAAGTTTCC) and slac1-4 (forward -
ATCTACGGGCAATGGCTTTCGG and reverse -
ACCACGCCACTGAGAACTTAAATC).

The Arabidopsis Genome Initiative locus numbers for the major genes
discussed in this study are as follows: SLAC1, At1g12480 (The Arabidopsis Genome
Initiative; http://www.arabidopsis.org/).
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Growth conditions

Seeds of Arabidopsis were sown on a commercial substrate (Carolina soil®) in

plastic pots and two weeks after sowing, plants were transferred to individual 0.08 dm?3
pots containing also Carolina soil®. WT and slac? plants were grown under short-day
conditions (8h light/16h dark) and light intensity of 150 umol m? s, at a temperature
of 23 2C/18 °C throughout the day/night cycle, and 65+10% relative humidity.
For examination of phenotype including both gas exchange and metabolism along the
day, plants with 14 days were transferred to chambers with modified carbon dioxide
concentration [COz2]. CO2was injected only during daylight hours corresponding to the
period when the plants are photosynthetically active. Plants were kept under optimum
growth conditions with fully available water regime. In a second moment, we decided
to associate [COz] with water restriction. To this end, plants were transferred to
chambers with either 400+£50 ppm (ambient - aCOz2) or 800+£50 ppm of CO:2 (elevated
- eCO2). After two weeks, half of the plants at both aCO2 and eCO2were submitted to
water restriction (WR). For this assay, half of the plants cultivated at both ambient
(aC0z2_100%) and elevated CO2 (eCOz2_100%) were cultivated to 100% of the substrate
water capacity, equivalent to the tension of 10 kPa (CET), corresponding to control
group. The water replenishment was suspended for 7 days until the substrate reached
50% (CET) water availability for the remaining half of the plants. After the 7t" day, the
amount of water lost by evapotranspiration was daily replaced, maintaining 50% water
availability. Both control and water limited-plants were cultivated up to 4-5 weeks at
aCO2 and eCO:a.

To summarize, at 14 days after transplanting seedlings growing in either
environment [COz] or elevated [COz] was submitted to water limitation conditions.
Thus, four different treatments were applied: Control (ambient [CO2] and 100% of the
water capacity- aCOz_100%), elevated [CO2] and 100% of the water capacity-
eCOz2_100%), ambient [COz] and 50% of the water capacity- aCOz2 s0%) and elevated
[CO2] and 50% of the water capacity- eCOz2 s0%). Measurements were performed
during vegetative growth and the interaction treatments were maintained for the
minimum of 17 days. Additionally, the experiments were repeated at least two times,
even in different growth facilities, with similar phenotypes observed each time.
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Growth analyses

Whole rosettes from at least 4-week-old plants were harvested and rosette dry
weight (RDW), rosette fresh weight (RFW), rosette area (RA), total leaf area (LA),
specific leaf area (SLA) and number of rosette leaves were evaluated. To determine
dry weight, rosettes were dried in an oven with forced air circulation at 60 °C until
constant weight. LA was estimated by digital image method where the images were
obtained using a scanner and later processed in Imaged software (Schindelin et al.,
2015). SLA was estimated as described by Hunt et al. (2002).

Water loss measurements

Rosettes of four-week-old plants grown at aCO2 were detached and incubated
with abaxial surface turned to up. For the estimation of water loss, the weight of
detached rosettes was determined over 4 h at the indicated time points. Water loss
was calculated as a percentage of fresh weight loss relative to the initial fresh weight
(Arauvjo et al., 2011).

Relative water content (RWC)

The relative water content was determined at the middle of the light period. To
this, one leaf of each plant was detached and then immediately weighed to obtain the
fresh weight (FW). Thereafter, the leaves were hydrated for 2 h in Petri dish containing
distilled water until saturation, when the turgid (TW) weight was recorded. Finally, the
leaves were oven dried at 60 °C for 72 h; next, the leaves were weighted, obtaining
thus dry weight (DW). The relative water content was calculated according to the
equation: RWC = (FW - DW) / (TW - DW).

Morpho-anatomical traits

The median region of the 9™ leaf totally expanded of 4,5-week-old plants from
WR experiment was collected. These samples were immediately fixed at
formaldehyde-acetic acid-ethanol (FAA) 50% (Johansen, 1940) for 24 h and
subsequently stored in 70% alcohol. This material was included in methacrylate
(Historesin-Leica), according to manufacturer's recommendations and transversely
sectioned (5um thick) in an auto-feed rotary microtome (model RM2155, Leica
Microsystems Inc., Heidelberg, Germany), and stained with toluidine blue (O’'Brien et
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al., 1964). Each sample was represented by the average of five replicates, each
replicate being composed of measurements in three distinct points. The material was
photographed under a light microscope (AX-70 TRF, Olympus Optical, Tokyo, Japan)
coupled to a digital photographic camera (Zeiss AxioCam HRc model, Géttinger,
Germany) and computer with Axion Vision image capture program. Finally, in the
internerval region, the palisade and lacunaceous parenchyma thickness, mesophyll
thickness, leaf thickness, and mesophyll intercellular spaces were analyzed using
Image-Pro® Plus software (version 4.1, Media Cybernetics, Inc., Silver Spring, USA).

Stomatal opening and closing kinetics measurements

The stomatal responses to ABA were evaluated in the 9™ fully expanded leaf of
each genotype grown at either 400 or 800 ppm. First, leaves were cut and maintained
in opening buffer (10 mM KCI, 50 uM CaClz, and 5 mM MES-Tris, pH 6.15) for 15 min
(150 umol m? s') to stimulate the stomatal opening (Azoulay-Shemer et al., 2015).
Finally, 1 uM of ABA solution was added to the opening buffer. Stomatal conductance
(gs) values were recorded at intervals of 40 s for over 25 min 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; LI-COR Inc.).

Gas exchange parameters

Gas exchange parameters were determined simultaneously with chlorophyll a
(Chl a) fluorescence measurements using the same gas exchange system described
above. Instantaneous gas exchanges, including net assimilation rate of carbon (A),
stomatal conductance (gs) and the internal carbon dioxide concentration (Cj), were
measured after 1 h illumination during the light period under 150 pmol m=2 s ' (light of
growth) or 1000 umol m=2 s ' (non-photoinhibitory light saturation) at the leaf level of
photosynthetically active photon flux density (PPFD). The reference CO2 concentration
was set at 400 or 800 pmol CO2 mol~' air under ambient or elevated [COz2] conditions,
respectively. All measurements were performed using the 2 cm? leaf chamber at 25
°C, as well as a 0.5 stomatal ratio (amphistomatic leaves), and leaf-to-air vapor
pressure deficit, was kept between 1.0-1.5 kPa, while the amount of blue light was set
to 10% PPFD to optimize stomatal aperture. The WR experiment, the gas exchange
was measured only in the flux intensity of 150 umol m2 s-'. Dark respiration (Rd) was
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measured using the same gas exchange system as described above on leaves
adapted to the dark for at least 2 hours after the end of the light period. In complement,
the mitochondrial respiration in light (R) was estimated as half of Ry (Pinelli and Loreto,
2003; Centritto et al., 2009). The photorespiratory rate (Rp) of Rubisco was estimated
according to Valentini et al. (1995), as Ro=1/12[ETR — 4(A+R))].

Photosynthetic light-response curves (A/PPFD) were determined in plants from
at least 4-week-old varying the PPFD from 0 to 1400 pymol (photons) m-2 s*' under
growing ambient CO2 concentration (Ca) of 400 or 800 umol mol. Likewise, the
responses of Ax to Ci (An /Ci curves) were performed at saturated light of 1000 pumol
m=2 s at 25°C under ambient Oz. Briefly, the measurements started at ambient CO2
concentration (Ca) of 400 umol mol' and when the steady state was reached, Ca was
decreased stepwise to 50 pmol mol-'. Upon completion of the measurements at low Ca,
Cawas returned to 400 umol mol to restore the original An. Next, Ca was increased
stepwise to 1600 pmol mol ™ in a total of 13 different Ca values (Long and Bernacchi,
2003). Corrections for the leakage of COz2 into and water vapor out of the leaf chamber
of the LI-6400 have been applied to all gas-exchange data, according to Rodeghiero et
al. (2007).

From the A/Ci curves, the maximum carboxylation rate (Vemax-ci) and maximum
rate of electron transport (Jmax-ci) were calculated by fitting the mechanistic model of
CO2 assimilation proposed by Farquhar et al. (1980) using the temperature
dependence of the kinetic parameters of Rubisco (Bernacchi, 2002). The Michaelis-
Menten constants used for CO2 and Oz were Kc= 265 pbar and Ko= 201000 pbar, while
the CO2 compensation point (™) was 36.4 pbar, as previously demonstrated by Walker
et al. (2013). Curve-fitting procedures are detailed elsewhere (Martins et al. 2013).
Afterward, the photosynthetic parameters Vemax and Jmax were normalized to 25 °C
using the temperature response equations from Sharkey et al. (2007). Cc and gm were
estimated according to Martins et al. (2013). Using Cc data, A/Cc curves were
performed and the values of maximum carboxylation rate (Vemax-cc) and maximum rate
of electron transport (Jmax-cc) were estimated. The observed photosynthetic limitations
were estimated based on the method previously described (Grassi and Magnani,
2005). This method uses values of A, gs, gm, Vemax-ce, I'*, Cc, Km = Kc (1+ O/Ko) and
allows the partitioning of functional components that limit photosynthesis relative to
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stomatal (SL), mesophilic (ML) and biochemical (BL) limitations. The water use
efficiency was estimated as the ratio between photosynthesis and gs.

The initial fluorescence (Fo) was measured by illuminating previously dark-
adapted leaves (1 h) with weak modulated measuring beams (0.03 pmol m2 s).
Saturating white light pulses (8000 umol photons m2 s') was applied for 0.8 s to obtain
the maximum fluorescence (Fm), from which the variable-to-maximum Chl
fluorescence ratio, was then calculated: F/Fm= [(Fm - Fo)/Fm)]. In light-adapted leaves,
the steady-state fluorescence yield (Fs) was measured with the application of a
saturating white light pulse (8000 pmol m= s~', 0.8 s) to achieve the light-adapted
maximum fluorescence (Fm'). The actinic light was then turned off and a far-red
illumination (2 pmol m2 s') was applied to measure the light-adapted initial
fluorescence (Fo'). The capture efficiency of excitation energy by open photosystem
(PSII) reaction centers (Fv'/Fm") was estimated following Logan et al. (2007) and the
actual PSII photochemical efficiency (6PSIl) was estimated as 6PSIl = (Fm'- Fs)/Fm’
(Genty et al., 1989). In addition, the coefficients of photochemical quenching (gP), non-
photochemical quenching (NPQ) and the electron transport rate (ETR) were

determined as previously described (Martins et al., 2013).

Determination of metabolite levels

In order to evaluate metabolic changes during the light/dark cycle, whole
rosettes were collected at the beginning, middle and end of the light period. For the
WR experiment, plants were collected only in the middle of the day. In addition,
harvesting were carried out in three distinct moments after the imposition of WR as
follow: (/) end of the second week (when the restriction was started); (/i) end of the third
week (when the plants reached 50% of water into the soil) and 17 days after WR, while
plants were maintained at 50% of water into the soil. All samples were immediately
flash frozen in liquid nitrogen and stored at -80 °C until analysis.

Samples were submitted to methanolic hot extraction, and the levels of
photosynthetic pigments (Porra et al., 1989), glucose, fructose and sucrose (Fernie et
al., 2001), malate and fumarate (Nunes-Nesi et al., 2007), total amino acids (Yemm et
al., 1955), and nitrate (Mori, 2000) levels were quantified insoluble fraction, while starch
(Fernie, et al., 2001) and total protein contents (Bradford, 1976) were determined in
insoluble fraction.
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Isolation of guard cell-enriched epidermal fragments

Isolation of guard cell enriched epidermal fragments was performed as
previously described by Pandey et al. (2002) with minor modifications. Briefly, 4 to 5
whole rosettes per sample were rendered for approximately 1 min with a blender
containing an internal filter that separates the epidermal fragments from mesophilic
and fibrous cells. Subsequently, the epidermal fragments were collected on a nylon
membrane (200 um mesh) and washed with rinsing water and were immediately flash
frozen in liquid nitrogen and stored at -80 °C until analysis. The fragments were used
for both gene expression and metabolic profile.

Metabolic profile of guard cell-enriched epidermal fragments

Metabolites profile performed by gas chromatography coupled to mass
spectrometry (GC-MS) and it was carried out in samples (leaves and epidermal
fragments) harvested at the middle of the day. The extraction was performed using
1mL of methanol and shaking (800 rpm) at 70 °C during 15 min, 60 pL of Ribitol (0.2mg
mL") was added as an internal standard, as previously described by Lisec et al. (2006).
The chromatograms and mass spectra generated were manually annotated, and ion
intensity was determined by the aid of TagFinder software (Luedemann et al., 2008),
based on the FAME MDNS35 reference library from the Golm Metabolome Database
(http://gmd.mpimp-gol.mpg.de/download/) (Kopka et al., 2005) and following the
reporting recommendations (Fernie et al.,, 2011). This analysis allowed the
determination of approximately 20 different metabolites, representing the main classes
of compounds (amino acids, organic acids, sugars, among others).

Gene expression analysis

Total RNA was extracted from the samples with TRIzol reagent (Ambion, Life
Technology). After purification, the RNA was quantified by NanoDrop ND-2000
spectrophotometer (Thermo Scientific NanoDrop Technologies, Wilmington, Delaware,
United States) and analyzed on a 1% (w/v) agarose gel. A total of 0.5 pg of RNA was
treated with DNAse | (Invitrogen®, Carlsbad, California, United States) to remove
potential contamination with genomic DNA. The cDNA synthesis was performed using
0.5 pg of total RNA using SuperscriptTM Ill reverse transcriptase (Invitrogen®,
Carlsbad, California, United States). For analysis of gene expression, the Fast SYBR®
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Green PCR Master Mix was used with the MicroAmp™ Optical 96-well Reaction Plate
(both from Applied Biosystems, Singapore, China) and MicroAmp™ Optical Adhesive
Film (Applied Biosystems, Foster City, CA, USA). The R? from the regression equation
was calculated for each gene in order to verify the reaction efficiency. Standard curves
were prepared for each pair of primers using serially diluted cDNA to calculate the
relative amount values for each sample. A standard curve was used to calculate the
relative quantification values of each sample for each gene (Larionov et al., 2005).
The relative expression levels were normalized using the constitutively
expressed genes ACTIN (Czechowski et al., 2005). The primers used for gqRT-PCR
were designed using the QuantPrime software (Arvidsson et al., 2008) or taken from
those described by Laanemets et al. (2013). Detailed primers information is described
in the Supplemental Table S2. The following genes related to water deficiency, [CO2],
signaling and transport of ions through guard-cell membranes were analyzed:
aluminum activated malate transporter 6 and -9, ALMT6 and ALMT9; ATP-binding
cassette B14, ABCB14 (Lee et al., 2008); H*-ATPase 1, -2 and -5, AHA1, AHAZ2 and
AHAS (Ueno et al., 2005); potassium channel 1, KAT1 (Nakamura et al., 1995) and
KATZ2 (Pilot et al., 2001); K* transporter 1, AKT1 (Cao et al., 1995); K* rectifying channel
1, KC1 (Reintanz et al., 2002); K+ gated outwardly-rectifying K* channel, GORK (Ache
et al., 2000); two-pore channel 1, TPC1 (Peiter et al., 2005); high leaf temperature 1,
HT1 (Hashimoto et al., 2006); resistant to high CO2, RHCT1 (Tian et al., 2015); B-
carbonic anhydrases 1, BCA4 (Hu et al., 2010); response to dehydration A and B,
RD29A/RD29B (Narusaka et al., 2003; Dong et al., 2004); 9-cis-epoxycarotenoid
dioxygenase 5, NCEDS5 (Qin et al, 1999; Barrero et al., 2006); open stomata 1, OST1
(Belin et al., 2006). The independent genotypes were represented by at least three
plants and the mean value of the expression was calculated. The results were analyzed

using Student's t-test.

Experimental design and statistical analysis

All experiments were performed in a completely randomized experimental
design. All data are expressed as the mean + standard error (SE) of 3-6 independent
replicates per genotype, and when was the case, over time. All data was submitted to
an unpaired two-tailed Student t-test used for the comparative analysis between the
two treatments or genotypes, and an ANOVA was used for three or more treatments
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or genotypes. The comparison of the means was performed through the Tukey HSD
(honestly significant difference) test for balanced data and Tukey-Kramer for
unbalanced data. P-values lower than 0.05 (P<0.05) were considered statistically
significant. All the statistical analyses were performed using the statistical software R

version 3.3.2 (R Foundation for Statistical Computing, Vienna, Austria).

RESULTS
slac1 mutants are poorly sensitive to ABA and display higher water loss

To investigate the impact of CO2 on the ABA sensitivity, WT and slac1 were
grown at aCOz and eCO2 and then 1 yM ABA was applied. While both slac7-3 and
slac1-4 mutant lines showed only relatively small reductions in gs (~ 25% and 35 % at
aCOz and eCOg, respectively), in WT plants a much strong reduction was observed (~
60% and 70% at aCOz2 and eCOz2, respectively) in response to exogenous ABA
application (Supplemental Fig. S1, A and B). This incapacity to closing stomata in
response to ABA was further confirmed by the greater fresh mass loss in detached
rosettes in both mutant lines (74 and 79% for slac1-3 and slac1-4, respectively)
growing at aCO2 when compared to WT (only 55%; Supplemental Fig. S1C).

Increasing gs results in higher Ci and decreased photosynthesis in slac1
mutants

Regardless of [COz] and light, An and Ci/Ca ratio were similar between WT and
slaci. In addition, gs remained higher in slac1, which led to a lower WUE as compared
to WT. A//Fm"and ETR did not vary between genotypes (Supplemental Fig. S2, A-F).
In order to better understand the mechanisms underlying changes of gs in response to
the variation of [COz2], we performed An/Ci and An/Ce curves under saturating light
conditions (Supplemental Fig. S3 A-D). Mutant plants did not present higher
photosynthetic activity as compared to WT, while both stomatal limitation and Ci were
significantly altered. Irrespective of [COz2], Vemax and Jmax in both Ci and Cc basis tended
to be smaller in slact than in WT (Table 1). All the other parameters were virtually
invariable between genotypes. We evaluated also the photosynthesis as a function of
PPFD. Mutant plants exhibited An similar to WT, independently of PPFD and [COz2]
(Supplemental Fig. S3, E and F).
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Irrespective of changes found in gs, when we analyzed A/PPFD responses Amax
(only higher for slac1-4 at aCQOz2) and the light use efficiency (1/®) were similar among
the studied genotypes (Supplemental Table S1), as well as were the compensation
irradiance (k) and the saturation irradiance (k); they averaged respectively on 10.3,
20.0, 15.0 and 560 pmol m=2s~' at aCO2and 17.0, 14.3, 9.0 and 625 pmol m=2s™"' at
eCO:z2 (Fig. 3).

Higher gs did not lead to changes in growth in slac1

All genotypes studied showed similar values of leaf RWC (approximately ~93%)
even under moderate water limitation (Fig. 1), without the appearance of early
symptoms of leaf wilting. Plant growth phenotype between slac? and WT plants
showed little difference under similar CO2 and water conditions (Fig. 1). Rosette area
(Fig. 2A) and leaf area (Fig. 2B) significantly reduced in slac7-4 plants as compared to
WT under aCOz2_100%. Similarly, RFW reduced in two mutant lines under aCOz2_s0%, as
well as the number of leaves (only in slac-4) when compared to WT (Fig. 2, C and F).
SLA and RDW did not change significantly between genotypes (Fig. 2, D and E).

Water restriction decreases leaf blade thickness in slac71-3, without impacting
intercellular spaces.

To enhance our understanding of the significance of slac1 on Arabidopsis
plants, anatomical parameters were analyzed in plants cultivated under fluctuating
conditions of [CO2] and water availability (Fig. 3). Briefly, leaf lamina thickness (LLT),
mesophyll thickness (MT), palisade mesophyll thickness (PMT), spongy mesophyll
thickness (SMT), adaxial epidermis thickness (AdET) and abaxial epidermis thickness
(AbET) significantly reduced in slac1-3 plants under aCOz_s0% as compared to slac1-3
plants at aCOz2_100% (Fig. 3, A, B, D E and F). SMT tended to be higher in slac?-3
mutant plants under eCOz_100% in comparison to WT plants (Fig. 3D). Overall, WT
plants did not show any major changes in the analyzed anatomical parameters, yet
AdET and intercellular space (IS) were significantly reduced under eCOz2 s0% when
compared to aCO2 100% (Fig. 3E and G). By comparing the genotypes used here, it
was observed that only AJET was significantly higher in slac7-3 plants than in WT
under eCO2z_100% (Fig. 3E). Notably, IS was almost invariant regardless of [CO2] and
WR (Fig. 3G).
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Table 1. Response of the photosynthesis parameters to CO: curve. aCO. and eCO: represent plants grown at ambient and elevated [CO2],
respectively. Values are presented as means = SE (n = 4). Lowercase letters compare a genotype under different conditions of [CO2] and
uppercase letters compare the three genotypes under the same treatment condition. Means followed by the same letter not differentiated by a
one-way ANOVA followed by Tukey test (P< 0.05) between genotypes or treatments.

WT slac1-3 slac1-4

Parameters’

aCOq eCO2 aCO2 eCO2 aCO2 eCO2
C (umol CO2 mol1) 320.17 +7.37 Aa 630.74 + 12.54 Ab 335.16 +8.71 Aa 667.29 + 4.98 ABb 338.21 +4.81 Aa 686.40 + 12.91 Bb
Cc (umol CO2 mol) 168.22 +5.80 Aa 504.92 + 16.89 Ab 187.48 + 7.96Aa 538.25 +64.81Ab 184.42 + 11.51 Aa 529.54 + 33.83 Ab
Cc:Ci 0.52 £ 0.01 Aa 0.80 +0.01 Ab 0.56 £ 0.02 Aa 0.80 + 0.09 Ab 0.54 +0.03 Aa 0.77 £ 0.03 Ab
gm_Harley (Mol CO2 m2?s' bar-) 0.095+0.010 Aa 0.101 £0.025 Aa 0.090 £ 0.003 Aa 0.065 + 0.002 Ab 0.078 £0.006 Aa  0.091 +0.005 Ab
gm_Ethier (Mol CO2 m2sbar-')  0.063 £0.003 Aa 0.072 £ 0.007 Aa 0.051 £0.005 Aa 0.066 +0.015 Aa 0.056 £ 0.005 Aa 0.067+0.011 Aa

chaxici (umol m-2 3_1)
chax_Cc (umol m-2 3_1)
Jmax_ci (umol m=2 g )

Jmax_cc (Umol m=2 s1)

JmaxﬁCi : chaxici
Jmax_Cc : chax_Cc

Stomatal limitation

Mesophyll limitation

Biochemical limitation

44.28 + 3.08 Aa
67.44 +5.33 Aa
94.41 +8.28 Aa
118.74 + 13.78 Aa
2.12 £ 0.064 Aa
1.77 £ 0.193 Aa
0.25 + 0.024 Aa
0.35 + 0.023 Aa
0.37 + 0.026 Aa

46.66 + 3.09 Aa
69.65 £ 2.20 Aa
104.33 £ 2.89 Aa
107.76 + 3.61 Aa
2.25+0.105 Aa
1.55 +0.04 Aa
0.18 £0.0177 Ab
0.23 £ 0.042 Ab
0.69 £ 0.031 Ab

40.37 + 3.03 Aa
65.19 +5.23 Aa
86.95 + 7.26 Aa
95.06 +7.86 Aa
2.16 £ 0.085 Aa
1.47 + 0.084 Aa
0.21 £ 0.022 ABa
0.38 £ 0.016 Aa
0.44 +0.018 Aa

45.32 +2.89 Aa
66.46 + 2.55 Aa
98.07 +2.22 Aa
101.86 +2.59 Aa
2.18 £ 0.096 Aa
1.54 + 0.039 Aa
0.078 + 0.006 Bb
0.32 £ 0.033 Aa
0.69 = 0.053 Ab

35.45 +1.48 Aa
61.58 +4.26 Aa
81.58 £ 3.66 Aa
90.26 +4.93 Aa
2.30 £ 0.047 Aa
1.47 +0.043 Aa
0.149 £ 0.004 Ba
0.41 +£0.033 Aa
0.44 +0.032 Aa

42.31 +1.48 Ab
72.90 £ 7.50 Aa
94.41 £2.85 Ab
105.15 £ 5.64 Aa
2.23 £ 0.052 Aa
1.47 +0.078 Aa
0.10+0.01 Bb
0.25+0.017 Ab
0.64 +0.017 Ab

*Ci, Substomatal CO2 concentration; Cc, chloroplastic CO2 concentration; Cc/Ci, ratio between chloroplastic CO2 concentration and substomatal CO:2
concentration; gm, mesophyll conductance to CO2 estimated according to the Harley or Ethier method; Vemax_ci or Cc, maximum carboxylation capacity based on
Ci or Cc; Jmax_ciorce, maximum capacity for electron transport rate based on G or Ce.
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Figure 1. Water status and growth phenotype of slac’ mutant plants in response to isolated
or combination of water restriction and elevated [CO2]. Relative water content (RWC) (A) and
phenotype (B) of 4,5-week-old, short-day-grown Arabidopsis mutants and wild-type (WT).
Plants growing under either ambient (aCOz) (A) or elevated [CO2] (eCO,) after water limitation.
Water suspension was imposed on 2-week-old plants after transplanting. The parameters were
analyzed 10 days after the plants reached 50% of water in the soil. The water was replenished
daily in order to maintain 50 and 100% of water in the soil. aCO2 100%, plants were grown at
ambient [CO.] and with 100% water content replenished daily; aCO: so%, plants were grown at
ambient [CO.] and with 50% water content replenished daily; eCO2 100%, plants were grown at
elevated [CO2] and with 100% water content replenished daily; eCOx s0%, plants were grown
at ambient [CO2] and with 50% water content replenished daily. Values are presented as
means = SE (n = 5). Means followed by the same letter are not different by a one-way ANOVA
followed by the Tukey test between genotypes or treatments. Dashed line compares the three
genotypes under the same condition. Continuous line compares a genotype under different
conditions. An asterisk (*) indicates a significant difference (P<0.05). White scale bar = 2 cm.

Changes in gs did not affect photosynthesis impacting water use efficiency

The functional lack of the protein SLAC1 had little, if any, the effect on
photosynthetic parameters; this fact apart, eCOz2 increased significantly A whereas
middle and slow water limitation did not promote reductions in An in all genotypes (Fig.
4A). Interestingly, under aCOz2_so% it was possible to observe that A was similar to the
values found at aCOz2_100% in the mutants suggesting a mitigatory role of CO2 under
water limitations (Fig. 4, A and C). In WT plants it was observed a significant reduction
in AN aCO2 s0% when compared to aCO2_100% (Fig. 4A). On the other hand, no
differences in slac1 lines were observed when the same conditions are compared.
slac1 lines cultivated under aCOz2 100% display relatively minor increased Ci when
compared to WT (Fig. 4B). While gs is reduced under all conditions in WT plants, only
under eCO2_s0% it was observed significant reductions in gs of slac1 mutant lines. Lower
reductions in gs observed in WT plants led to higher WUE (Fig. 4, C and D). R4 was
virtually unaffected in slac1 plants under either aCOz2 or eCOz2, whereas major changes
were observed in WT plants (Fig. 4E). Accordingly, Ry was affected mainly under WR
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conditions in all genotypes, being significantly smaller in slac7-4 under eCOz_s0% when
compared to WT (Fig. 4F). ETR and F./Fm were not modified when comparing either
treatments or genotypes (Fig. 4, G and H).
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Figure 2. Differential responses of biomass accumulation and growth of slac? mutant plants
in response to isolated or combination of water restriction and elevated [CO:]. (A) RA, Rosette
area; (B) LA, Leaf area; (C) RFW, Rosette fresh weight; (D) RDW, Rosette dry weight; (E)
SLA, Specific leaf area; (F) NRL, Number of rosette leaves. Detail as in Figure 1. Values are
presented as means + SE (n = 5-6). Dashed line compares the three genotypes under the
same condition. Continuous line compares a genotype under different conditions.
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Figure 3. Data of leaf anatomical traits in light micrographs. Differential responses of the leaf
anatomy to the combination of water restriction under ambient and elevated CO:
concentrations in both WT and slac7-3 plants. (A) LLT, Leaf lamina thickness; (B) MT,
Mesophyll thickness; (C) PMT, Palisade mesophyll thickness; (D) SMT, Spongy mesophyll
thickness; (E) AdET, Adaxial epidermis thickness; (F) AbET, Abaxial epidermis thickness; (G)
IS, Intercellular space. Detail as in Figure 1. Values are presented as means + SE (n = 5-6).
Dashed line compares the three genotypes under the same treatment condition. Continuous
line compares a genotype under different conditions.
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Figure 4. Photosynthetic characterization of slac? mutant plants in response to isolated or
combination of water restriction and elevated [CO2]. (A) An, Net photosynthesis rate; (B) G/ Cs,
ratio between concentration internal carbon and atmospheric carbon; (C) gs, stomatal
conductance; (D) WUE, intrinsic water use efficiency; (E) R4, dark respiration; (F) R,
photorespiration; (G) ETR, electron transport rate estimated by chlorophyll fluorescence
parameters(H) F/Fn, maximum PSIl photochemical efficiency. Gas exchange parameters
were obtained in 4week-old-plants cultivated under either ambient (aCO3) (A) or elevated [CO;]
(eCOy) after water limitation. Detail as in Figure 1. Values are presented as means + SE (n =

5-6).
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Mutation in SLAC1 little affects the metabolism of leaves in both elevated [CO2]
and water restriction

Chlorophyll content was not greatly altered between treatments and genotypes
(Supplemental fig. S5 A and B). Significant changes were observed in glucose,
fructose and sucrose in all genotypes, mainly under both aCOz2_s0% and eCO2_so% (Fig.
5, A, B and C), which means that water availability is rather important in the regulation
of the sugar levels. For example, glucose levels were generally to be higher in the
slac1 mutant lines as compared to WT plants after 17WR, irrespective of [CO2] (Fig.
5C). The starch level also tended to be higher in slac1-4 when compared to WT under
aCOz_s0%, with no changes under the other conditions (Supplemental Fig. S5 E). No
changes in the levels of malate and fumarate were observed (Fig. 5, A and B). On the
other hand, nitrate levels reduced under both aCOz2 100% and eCOz2 100% in at least one
of the mutant lines (Fig. 5C). The content of amino acids, as well as proteins, increased
under both eCO2 100% and eCO2 s0%, and it was observed that slac7-3 showed a
significant increase in amino acids levels as compared to WT under aCOz2_s0% (Fig. 5,
D and E).

The metabolic profile of guard cells was affected by the mutation of SLAC1
Further metabolic characterization of the stomatal phenotype in the mutants was
performed by a detailed analysis of the primary metabolism in guard cell-enriched
epidermal fragments by using the established GC-MS approach (Lisec et al., 2006).
Our metabolite analysis revealed that, among the 20 successfully annotated
compounds, considerable changes in amino acids, as well as in both tricarboxylic acid
cycle and photorespiratory intermediates, were observed. Thus, the functional lack of
SLACH1 greatly affected the metabolic profile in guard cells (GC) of mutant lines (Fig. 6
and Supplemental Table S3). Briefly, all metabolites identified were significantly
increased in guard cells of slac7-3 under aCOz_100%. Similarly, almost all metabolites
were increased in slac1-3 plants under eCOz2_s0%, an exception was methionine and
sucrose levels which reduced, and glycerol, that was invariant. Sucrose was the only
metabolite that decreased in all genotypes under eCOz2. Highest levels of fructose,
glucose, and rhamnose were observed at eCOz2, regardless of water conditions.
Interestingly, proline remained higher in slac1-3, irrespective of [CO2] or WR (Fig. 6).
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Figure 5. Metabolic responses of leaves slac? mutant plants in response to isolated or
combination of water restriction and elevated [CO]. (A) Glucose; (B) Fructose; (C) Sucrose;
(D) Nitrate; (E) Amino acids; (F) Proteins. 7 days: plants analyzed 7 days after reaching 50%
of water in the soil; 10 days: plants analyzed 10 days after reaching 50% of water in the soil.
Detail as in Figure 1. Values are presented as means + SE (n = 5). Dashed line compares the
three genotypes under the same condition. Continuous line compares a genotype under
different conditions.
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Figure 6. Changes in the relative metabolite content in guard cell-enriched epidermal
fragments from slac1 mutant plants in response to isolated or combination of water restriction
and elevated [CO2]. The full data sets from these metabolic profiling studies are additionally
available in Supplemental Table S3. Data are normalized with respect to the mean response
calculated for the wild-type (WT) growing under ambient and fully available water (aCOx 100%).
To allow statistical assessment, individual plants from this set were normalized in the same
way. Detail as in Figure 1. Values are presented as means * SE (n = 4-5). The results from
plants slac1-3 and WT were compared with WT aCOz 1002 by Student's t-test. An asterisk (*)
indicate significantly different by the Student’s t test (P<0.05).

NCED5 gene expression increased in slac1-3 independently of either [CO2] or
water restriction.

We next evaluated whether the metabolic perturbations observed were
accompanied by changes in the expression of important stomata related genes in
guard cell-enriched epidermal fragments, which are several genes encoding ion
channels, transporters and signaling proteins in guard cells as well as stress markers
(Supplemental Table S3). To our surprise, gene expression pattern was highly similar
in both slac1-3 and WT plants. Accordingly, the expression of genes involved in either
stomatal closure or opening did not present a clear response to the variation of either
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[COz2] or water restriction. Thus, CA4, OST1, KAT2, and ALMT6 expression decreased
regardless of growth conditions; by contrast, AHA2 was increased. It was also
observed that the expression of ABCB14 and NCEDS displayed a negative correlation
with eCOz2 only in WT under eCOz2_100%. Interestingly, NCED5 expression increased in
slac1-3when compared to WT under aCOz2_100%, irrespectively of the growth conditions
(Fig. 7).
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Figure 7. Changes in relative transcript levels of genes involved in stomatal responses in slac
mutant plants. Selected genes are associated with the opening (O) or closing (X) stomatal
responses. RNA was isolated from guard cell-enriched epidermal fragments isolated from 4-
week-old plants from WT and slac7-3 mutant. Data are normalized with respect to the mean
response calculated for the corresponding constitutively expressed ACTIN gene. In addition,
data are normalized with respect to the mean response calculated for the corresponding WT
of each growth condition. The full data sets from these gene studies are additionally available
in Supplemental Table S4. Detail as in Figure 1. Values are presented as means + SE (n = 4-
5). The results from plants slac1-3 and WT were compared with WT aCO2 100% by Student's
test. An asterisk (*) indicate significantly different by the Student’s ttest (P<0.05).
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DISCUSSION

Stomata pores, formed by two surrounding guard cells in the epidermis of plant
leaves, act as the pressure regulator of the xylem, preventing vessels cavitation under
limited water availability (David et al., 2007). Simultaneously, this highly specialized
cell type allows the influx of atmospheric COz2 in exchange for transpirational water
loss. Notably, under optimal growth conditions, plants with increased gs have been
characterized by increased photosynthetic rates and growth as well as a reduction in
leaf temperature (Araujo et al., 2011; Medeiros et al., 2016; Chaves et al., 2016). On
the other hand, both stomatal and mesophyll limitations (Flexas et al., 2008) may
decrease the COz2 diffusion from the atmosphere to the carboxylation site being the
major cause of decreasing in photosynthesis under mild to moderate water limitation
(Chaves et al., 2009; Flexas et al., 2004; Grassi and Magnani, 2005). Accordingly, the
aperture of stomatal pores is effectively regulated by the transport of osmotically active
ions and metabolites across guard cell membranes. S-type anion channels are directly
modulated by the signaling cascade mediated by ABA and contribute to chloride and
nitrate release from guard cells, which in turn initiates stomatal closure (Negi at al.,
2008; Yamamoto et al., 2016). SLAC1 was the first component of the guard cell S-type
anion channel identified and showed be essential in response to elevated [COz2] (Negi
et al., 2008), low air humidity and high vapor pressure difference (VPD; Wang et al.,
2012), ozone (Vahisalu et al, 2010), drought-stress (Geiger et al., 2009) and
microorganism infection (Deger et al., 2015). Despite the vital role of guard cells in
controlling plant water loss, and established knowledge that rate of photosynthesis is
directly modulated by distinct diffusive conductances that govern the COztransfer from
the atmosphere to the carboxylation sites, it still remains unclear how changes in
stomatal function respond to environmental fluctuations. To further enhance our
understanding of the stomatal regulation we compared plants that (/) have normal
control of the stomatal movement (wild type; WT) and (ii) plants that have constitutively
high gs and low sensitivity to ABA (slac1 mutants). Collectively, the results presented
here demonstrate the combined or isolated impact of decreased water availability on
the soil and increased [COz2] on both leaf morphology and leaf metabolism.
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Enhanced gs does not lead to changes in gm and An in slac1

The functional lack of the SLAC1 protein lead to plants with low sensitivity to
ABA in either aCO2 or eCOz2 (Supplemental Fig. S1 A end B), in good agreement with
previous results obtained by independent studies (Negi at al., 2008; Vahisalu et al.,
2008; Tian et al., 2015; Yamamoto et al., 2016; Wang et al., 2016). This response
favors a higher water loss of detached rosette leaves in two slac? lines (Supplemental
Fig. S1 C), indicating that the absence of SLAC1 is likelily unfavorable in an
environment with the occurrence of water restriction, an inevitable problem worldwide.
This fact apart, our results demonstrate that, under a mild/moderate water restriction,
slac1 plants may be rather favorable due to the fact that higher gs sustain
photosynthetic rates. In the agreement, we observed that increased gs (~60%) did not
influence the photosynthesis in slac1 plants compared to WT under aCOz2_100% and
eCOz_100% (Fig. 4A and C). Perhaps more importantly, this indifference in Ax among
genotypes are not due to limiting light issues (Supplemental Fig. S2 A). Interestingly,
it has been previously demonstrated that quac? mutant plants displaying ~ 31% higher
gs were characterized by increases in both Axn and growth compared to WT under
ambient conditions of water and [COz2] (Medeiros et al., 2016). Despite the smaller
increase in gs of quac1 plants in comparison to slac1 mutant plants, an increased gm,
Vemax, and Jmax were observed in quac1, whereas these parameters did not significantly
vary between WT and slac1 mutant plants (Table 1). In addition, neither leaf anatomical
constraints nor mesophyll limitations were observed in slac? plants that would explain,
at least partially, the absence of changes in gm in plants with higher gs (Fig. 3; Table 1;
Ouyang et al., 2017). Our study also shows that slac? plants were characterized by
higher gs without impacts in both gn and A, in good agreement with previous results
(Mizokami et al., 2018). These authors did not observe significant changes between
WT and mutant plants with higher gs (ost? and slac1-2) and provided compelling
evidence that reductions in gm are not conditional on reductions of gs under high [COz].
Furthermore, the highest gs maintained by slac? plants under all growth conditions
were coupled with relatively minor increases in the Ci/Ca ratio and a subtle increase in
An under aCO2_50%, €CO2_100%, and eCO2_s0% compared to WT plants under the same
conditions. Together, the results obtained here demonstrated that under moderate
water limitations, plants with higher gs are characterized by similar photosynthetic
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performance and growth to plants with unaltered stomatal control, despite lower WUE
(Fig 2, Fig 4A, C, D).

Collectively, our results indicate that drought-tolerant plants can be developed
by genetically modulating change in stomatal response. Although several independent
studies have reported transgenic plants with improved drought tolerance under either
laboratory conditions (Van Houtte et al., 2013; Matsuda et al., 2016; Kuromori et al.,
2017; Li et al., 2017; Kaundal et al., 2017) or field trials (Selvaraj et al., 2017; Parent
et al., 2015), further research is clearly required to uncover the regulatory mechanism
of drought response and tolerance under field conditions, particularly, in the context of
future global climate change. Efforts to develop cultivars having high water usage
flexibility should aid in the generation of high-yield performance crops under at least

moderate drought conditions.

slac1 guard cells accumulate higher levels of proline and galactinol

Biochemical analyses were performed with both 7 and 17 days of water
restriction, while analyses of the epidermal fragments occurred with 17 days. It should
be borne in mind that the water replenishment was performed daily to maintain 50%
and 100% of the water into the soil whereas the [COz] was imposed from the beginning
of the transplant. It is equally important to highlight that most of the differences in
metabolite levels were observed in more advanced stress (17 days, Fig. 5). Thus, after
17 days, slac1 tended to display higher content of glucose, sucrose and amino acids
under aCO2 s0% likely allowing a greater osmoprotective function (Granda and
Camarero, 2017; Galili et al., 2016), which might be associated with the maintenance
of stomatal opening in those plants. In guard cells, the metabolic modifications were
mostly marked between WT and s/ac7-3 under aCOz_100% and eCO2_s0%. Under these
conditions, there was an overall increase in metabolites content in slac7-3. Noteworthy,
one of the metabolites characterized by a highly significant accumulation was proline
in slac1-3 under all experimental conditions. It seems reasonable to suppose that the
increased proline (up to 7 times fold) is likely due to the constitutive stomatal opening
of slact independent of the soil water supply. Furthermore, proline formation can
function as an electron dissipation mechanism (Liang et al., 2013) by reducing the
amount of singlet oxygen, which causes lipid peroxidation of thylakoid membranes

(Alia et al., 1997), providing evidence that proline is an important contributor to cellular
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redox balance (Szabados and Savoure, 2010). Another stress-relieving substance
found in almost all conditions except eCOz2_100% was galactinol, that reached
concentration up to 7x higher than the levels found under control (aCOz_100%; Fig. 6).
Galactinol was detected only in seeds and flowers under stressful conditions but
showed significant accumulation of galactinol in transgenic plants of AtGolS2
overexpression under normal conditions (Taji et al., 2002). The increased levels of
galactinol in slac1 probably performed a similar function as in the AtGolS2 mutants,
since the overexpression of AtGolS2, a key enzyme for galactinol production, was
associated with reduction in leaf transpiration improving drought tolerance in
Arabidopsis (Taji et al., 2002) and rice (Selvaraj et al., 2017). Other common stress-
related amino acids, such as gamma-aminobutyric acid (GABA), serine, valine, and
threonine, in addition to sugars and organic acids, increased significantly in slact
plants under aCO2_100% €CO2 50%. It seems therefore that the constitutive increase of
the stomatal opening observed in slac-1 mutant plants is associated with an exquisite
reorganization of primary metabolism, increasing mainly sugars, amino acids, and
organic acids, and represent another likely adaptive mechanism for maintaining the
rate of respiration in guard cells of these mutant genotypes. Strong connections of the
plant metabolic network have been previously observed (Lawson et al., 2014; Daloso
et al., 2017), and it does, however, clearly mean that considerable work is still required
to achieve a mechanistic understanding of the significance of stomatal movements in

governing plant growth from a metabolic perspective.

The lower sensibility of slac1 to ABA is not related with changes in the
expression of ABA-related genes

Changes in gene expression were similar between slac? and WT. Interestingly,
the KCT gene, the negative regulator of KATs and AKT1 (Zhang et al., 2016), was
downregulated in slac7-3 plants in all treatments. It is known that SLAC1 regulates the
activity of K* channels along with KC1 (Zhang et al., 2016), thus, we expected that
SLAC1 have some regulatory action on KC1 and therefore it would be upregulated in
an attempt to inhibit the transport of K+ ions into the guard cells of slac7-3 mutants.
This premise would work as a compensatory measure for the stomatal closure since
this gene is upregulated under water restriction in WT. In addition, increased

expression of genes indicative of water stress RD29A and NCED5 (Xiong et al., 1999;
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Sussmilch et al., 2017), in slac1-3 plants under normal water and COz2 conditions is
likely in agreement with this assumption. In addition, NCED5 was upregulated in slac1-
3 under all conditions, assuming that these plants already have intrinsic ABA
production. Likewise, study with mutants slac7-2 and ost1 showed ABA increment of
5-6x greater than in WT (Mizokami et al., 2018). It evidences again, that plants slac1
are under stress effect constantly, regardless of the water restriction. Although the
greater gs in slac1 did not provide a significant increase in Ax in any of the experimental
conditions tested here, it seems to have greatly altered the metabolism of guard cell,
as well as the expression of key genes of the stomatal closure in order to compensate
for the probable constitutive stress caused by the maximum of the stomatal opening.

In summary, the results presented here indicate the greater stomatal
conductance of mutant s/ac? plants, independent of CO2 and water conditions, does
not always result in greater photosynthetic capacity and higher growth. We have also
observed that slac’ mutant plants naturally produce metabolites designed to cope with
water deficiency. This response may be related to a high and constitutive stomatal
opening which instead of benefiting the plant with greater absorption of CO2 promotes
metabolic responses in guard cells that are highly similar to the ones observed
following stress conditions. It appears that in slac? the leaf loses water faster than its
replenishing capacity from the water uptake by the roots. This allows us to speculate
there is a limit on the increase in conductance that is able to increase photosynthesis
and growth. When this limit is extrapolated, the effect seems to be opposite and
changes in the guard cell metabolism to tolerate the water restriction are observed, as
the great increase in proline and galactinol in addition to the high expression of NCED
- directly related to ABA biosynthesis. The metabolic reprogramming observed in slac1
plants appears to be important in inducing water retention and maintaining water
content in leaves similar to wild type, especially when elevated CO2 and water
deficiency are associated.
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SUPPLEMENTAL DATA

Supplemental Table S1. Photosynthetic parameters from light-response curves in WT and slac1 plants. Values are presented as means + SE
(n = 4-5). Lowercase letters compare a genotype under different conditions of [CO2] and uppercase letters compare the three genotypes under
the same treatment condition. Means followed by the same letter not differentiated by a one-way ANOVA followed by Tukey test (P< 0.05) between
genotypes or treatments.

WT slac1-3 slac1-4
Parameters*
aCOq eCO2 aCO2 eCO2 aCO2 eCO2
Amax (umol CO2 m2 s1) 9.81 +£0.21 Aa 16.27 £ 0.62 Ab 9.94 + 0.07 Aa 18.519 +0.71 Ab 11.2 £ 0.46 Ba 16.305 + 1.09 Ab
I (umol m2 1) 11.59 +0.09 Aa 4.48 +1.74 Ab 1417 £ 0.74 Aa 9.875 +2.61 Ab 19.24 + 1.58 Aa 13.119 £+ 0.32 Ab
Is (umol m2 1) 358.3+20.3 Aa 568.9 +66.06 Ab 459.0 +9.42 ABa 659.7 £+41.17 Ab 860.21 +60.65Ba 643.4+73.11 Ab

1/¢ (umol photons mol' CO2) 21.5+0.84 Aa 15.36 £ 2.07 Ab 19.07 £ 0.62 Aa  13.353+1.48 Ab 19.53 £1.11 Aa 14.292 + 0.56 Ab

*Amax: Net CO; assimilation rate saturated by light; £: light compensation point; k: light saturation point; 1/¢: light use efficiency.
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Supplemental Figure S1. Water loss from whole rosettes and analyses of ABA-induced
stomatal conductance kinetics is altered in slac1 mutant plants. Stomatal closing kinetics in
response to exogenous ABA application in plants growing under either ambient [aCO2] (A) or
elevated [CO;] (eCO2) (B), and fresh weight loss from detached whole rosettes in WT (wild-
type) and slac1 mutant plants growing under ambient [CO2] (C). In A and B the arrow indicates
the application of exogenous ABA 1 um on petri dishes where the leaf petiole was immersed.
During the first initial minutes, the petiole was immersed only in the opening buffer (see
Material and Methods for details). Ambient and elevated CO: represents plants grown at 400
and 800 ppm, respectively. IRGA analyzes were performed with the respective CO:2
concentration in which the plants were cultivated. The means of each genotype was relativized
by their respective initial conductance. The data were submitted an unpaired two-tailed Student
t-test used for the comparison between WT and slac1. An asterisk (*) indicates a significant
difference (P<0.05).
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Supplemental Figure S2. Photosynthetic characterization of slac? mutant plants. Gas
exchange and chlorophyll fluorescence parameters were determined in plants under growth
irradiance (150 umol photons m= s™') and saturation, but not photoinhibitory, irradiance (1000
umol photons m™2s7"). (A) An, Net photosynthesis rate; (B) gs, stomatal conductance; (C) C/C,,
ratio between concentration internal carbon and atmospheric carbon; (D) WUE, intrinsic water
use efficiency; (E) F//Fn’, actual PSIl photochemical efficiency; (F) ETR, electron transport
rate estimated by chlorophyll fluorescence parameters. Values are presented as means = SE
(n = 5). Means followed by the same letter are not different by a one-way ANOVA followed by
Tukey test between genotypes or treatments. Dashed lines compare the three genotypes
under the same condition. Continuous line compares a genotype under different conditions.
An asterisk (*) indicates a significant difference (P<0.05).
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Supplemental Figure S3. Net photosynthesis (An) curves in response to changes in
substomatal (C) or chloroplastic (Cc) CO2 concentrations and photosynthetically active photon
flux density (PPFD) of rosettes from at least 4-week-old. Ambient (aCOy) or elevated (eCOy)
represents plants which were cultivated at either 400 and 800 ppm, respectively.
Photosynthetic light-response curves (A/PPFD) were performed under growing ambient CO»
concentration (Ca,) of 400 or 800 umol mol™. Ax/Ci curves were performed at saturated light of
1000 umol m2 s at 25°C under ambient Oz and started at ambient CO, concentration (Ca) of
400 ymol mol™ independent of the growing conditions. Values were compared between WT
(wild-type) and slac? mutant plants by Student's ttest (P<0.05). Values are presented as
means + SE (n = 4) obtained using the ninth leaf totally expanded from different plants per
genotype in two independent assays.
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Supplemental Figure S4. Influence of [CO2] on the metabolism along the day in mutant plants
4,5-week-old. Dawn, midday, and dusk represent plants collected before, in the middle and
end of the photoperiod. Values are presented as means + SE (n = 5). The means comparison
was performed through a one-way ANOVA followed by Tukey test. Dashed line compares the
three genotypes under the same treatment condition. Continuous line compares a genotype
under different conditions. * indicates a significant difference (P<0.05).
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Supplemental Figure S5. Metabolic responses to a combination of water restriction under
concentrations ambient and elevated of COz.Detail as in Figure 2. Values are presented as
means * SE (n = 5). Means followed by the same letter not differentiated by a one-way ANOVA
followed by Tukey test between genotypes or treatments. Dashed line compares the three
genotypes under the same treatment condition. Continuous line compares a genotype under
different conditions. * indicates a significant difference (P<0.05).

54



Supplemental Table S2. Primers utilized to qRT-PCR.

Gene Locus Efficiency Sequence

wie e TS SCCGTOTIOCCMGETT O

NEGRASE0 8T8 GAGGATOAAMGAGGTAAA -
W e s oS ACNCOTIIOMOSOMGO ¢
wuts s see o 3 SSCoMICTOCTIOSIGCTC 5
wate o s [ 3 ASCOTCCONSGCOTTIONS 5
sow ey sem el TeSTeMaTIcacconoe 1
om0 Lo £ SOTCATOCGOSCOMONT
I Ao el
AUGISZS0 10328 L AACAGTGTCACCRARATGA -3
NEDS  AGIOTOD 884 T COGOCOAATTCACOAMA -3
oSt mamorenas LT OACCCTOOMIGASGITONT
IR Bl s bt
s w0 ey 0SS ATOATOCACGIATIMGGTG
mor e ey [T TSCCTIOMTGETSCTEOTICS ¢
SLACT  ANOIE BT ACGOCACTOAGMCTTARATG - 3
TPC1 At4g03560 86.45 Forward 5' - CGCTTGATATCGAAGAAAGCTC - &

Reverse 5' - TCTCCAACACATATATCCAACCA - 3'
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Supplemental Table S3. Relative abundance of primary metabolite levels in guard cell-
enriched epidermal fragments from slac7-3 mutant plants in response to isolated or
combination of water restriction and elevated [CO2]. Data are normalized with respect to the
mean response calculated for the wild-type (WT) growing under ambient and fully available
water (aCO2 100%). To allow statistical assessment, individual plants from this set were
normalized in the same way. Detail as in Figure 1. Values are presented as means = SE (n =
4-5).

WT slac1-3
METABOLITE aC02_100% aCOz2.50% €COz2_100% €CO2 50% | aCO2 100% aCOz2 s50% €CO2 100% €CO2 50%
Fumarate 1.00 1.48 1.24 1.31 3.50 1.31 1.98 3.73
Threonate 1.00 0.99 1.26 0.95 1.82 1.07 1.03 2.29
GABA 1.00 1.47 1.73 0.86 2.01 1.03 1.14 2.21
Threonine 1.00 0.93 1.54 1.21 2.20 1.48 1.49 2.13
Serine 1.00 0.94 1.81 1.1 3.49 1.69 1.66 2.81
Succinate 1.00 1.23 1.42 1.40 2.61 1.41 1.41 1.71
Malate 1.00 1.58 1.03 1.60 2.68 1.98 0.98 2.48
Fructose 1.00 1.84 2.95 2.65 3.21 0.84 2.29 3.70
Rhamnose 1.00 1.27 4.54 4.78 4.69 1.42 3.82 5.87
Inositol 1.00 1.30 2.62 0.87 1.56 1.38 1.32 2.63
Glucose 1.00 1.23 4.51 1.68 2.37 3.12 2.29 4.82
Glutamine 1.00 1.35 2.19 0.72 2.11 2.07 1.32 2.69
Methionine 1.00 1.03 1.19 1.17 1.99 0.91 0.82 0.88
Mannitol 1.00 1.04 1.95 1.62 2.63 1.00 1.27 1.32
Glycerol 1.00 0.73 2.84 0.82 3.35 0.83 1.43 1.12
Valine 1.00 1.09 1.91 0.87 1.94 1.10 1.14 1.47
Proline 1.00 1.78 1.36 3.15 1.92 3.87 2.09 714
Galactinol 1.00 3.93 0.80 3.48 2.81 4.19 1.54 6.79
Eé:jog'“tam'c 1.00 1.85 1.52 0.80 2.37 2.38 1.12 1.55
Sucrose 1.00 1.03 0.44 0.71 1.01 1.02 0.77 0.74
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Supplemental Table S4. Changes in relative transcript levels of genes involved in stomatal
responses in slac1 mutant plants. Selected genes are associated with the opening (O) or
closing (X) stomatal responses. RNA was isolated from guard cell-enriched epidermal
fragments isolated from 4-week-old plants from WT and slac7-3 mutant. Data are normalized
with respect to the mean response calculated for the corresponding constitutively expressed
ACTIN gene. In addition, data are normalized with respect to the mean response calculated
for the corresponding WT of each growth condition. Detail as in Figure 1. Values are presented
as means * SE (n = 4-5).

GENE WT slac1-3
aCO2_100% aCO250% €CO02 100% €CO250% | aCO2 100% aCOz2 50% €CO2 100% €CO2 50%
ABCB14 1.00 0.47 2.37 1.68 0.90 1.18 1.36 1.07
ALMT12 1.00 0.96 1.67 1.36 0.71 0.89 1.65 0.68
AHAA1 1.00 1.30 1.64 1.00 1.06 0.77 1.02 0.85
ALMT9 1.00 1.30 1.07 1.07 0.54 1.00 1.77 0.91
KAT1 1.00 1.53 1.46 1.40 0.49 0.62 2.01 1.26
GORK 1.00 0.76 1.84 0.77 1.09 1.23 0.81 0.95
HT1 1.00 0.81 1.96 0.74 1.44 1.54 0.89 0.75
AHA5 1.00 1.00 1.98 0.97 3.13 1.24 0.78 1.02
AHA2 1.00 4.53 4.68 2.26 4.51 5.26 4.00 4.02
KC1 1.00 1.80 0.47 243 0.61 0.67 0.69 0.44
RD29A 1.00 1.69 0.58 3.26 1.23 1.49 0.91 1.45
NCEDS5 1.00 2.36 0.72 2.85 1.94 1.30 2.07 2.90
AKT1 1.00 1.28 0.49 1.07 0.22 1.82 0.77 1.02
ALMT6 1.00 0.65 0.58 0.96 0.26 0.83 0.41 0.67
RHC1 1.00 3.97 2.10 0.61 1.12 1.36 1.14 1.20
RD29B 1.00 5.13 0.49 5.56 2.04 0.32 1.03 4.56
TPCAH 1.00 2.03 1.14 1.41 1.11 0.83 1.07 1.51
CA4 1.00 1.28 0.58 0.63 0.64 0.40 0.50 0.61
OST1 1.00 0.57 0.40 0.35 0.50 0.42 0.38 0.43
KAT2 1.00 0.55 0.91 0.81 0.41 0.47 0.44 0.37
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Chapter 2

The functional lack of ABCB14 impacts stomatal responses but does
not compromise photosynthetic capacity and growth under elevated
[CO2] and water restriction
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CHAPTER 2: The functional lack of ABCB14 impacts stomatal responses but
does not compromise photosynthetic capacity and growth under elevated [CO2]

and water restriction

ABSTRACT

The majority of the effects caused by the increased carbon dioxide concentration [COz2]
are derived from two classical responses: increased photosynthesis and reduced
stomatal conductance, while drought reduces both parameters. The molecular
identification and characterization of the ATP-binding cassette B14 (ABCB14)
transporter demonstrated that its function under high [COz2] is associated with the
stomatal opening by modulating the transport of malate into the guard cell. Thus our
efforts were devoted to the investigation at the physiological, metabolic and molecular
responses of two mutant lines (abcb14-1 and abcb14-2) and WT in a future a scenario
of low water availability and elevated [COz2]. Our results demonstrate that despite the
reductions in the stomatal opening, the absence of a functional guard cell ABCB14
protein does not compromise overall photosynthetic activity and growth and that an
exquisite metabolic and genetic regulations occur in guard cells likely compensating,
at least partially, the functional lack of abcb74. Thus, the stomata may be benefiting
partially of a metabolic and genetic regulation differentiated in guard cells, probably to
keep higher stomatal conductance (gs), that compensates part of the functional of
abcb14. When considered together, this most likely indicates a relatively minor
influence of ABCB14 on the growth of Arabidopsis plants and supports the notion that
redundancy among guard cell transporter is likely in the species.

Key-words: Arabidopsis thaliana, apoplastic malate, low stomatal conductance,
metabolism of guard cell.

59



INTRODUCTION

Water limitation is one of the most stressful factors often reduces plant growth
and productivity. Stronger effects of drought are expected due to the occurrence of
longer, more frequent and more intense drought episodes associated with climate
changes (IPCC, 2014; Fang and Xiong, 2015; Pefuelas et al., 2013; De Souza et al.,
2015). Simultaneously, the future atmosphere is also expected to contain considerably
higher levels of COz2, affecting plant growth and development. Both water limitation and
high COz are known to show distinct effects when each factor is applied separately
(Roy et al., 2016; Robredo et al., 2011; Bauweraerts et al., 2013; Feng et al., 2014;
Zinta et al., 2014, 2018). COz and drought are usually investigated as isolated factors
(Ainsworth and Long, 2005; Claeys, 2013; Terashima et al., 2014; Han et al., 2018).
The common effects of drought include biomass reduction, inhibition of photosynthesis
and induction of oxidative stress (Smirnoff, 1993; Liu and Huang, 2000; Wang et al.,
2003; Salvucci and Craft-Brandner, 2004). Notably, a growing body of evidence
demonstrated that elevated CO2 mitigates these negatives effects by ameliorating soil
water stress through increased plant water use efficiency (WUE) (Geissler et al., 2009;
Van den Berge et al., 2011; Farfan-Vignolo and Asard, 2012; Salazar-Parra et al.,
2012; Ameye et al., 2012, Bauweraerts et al., 2013, Naudts et al., 2013 and 2014),
although both the strength and predictability of this mitigations is apparently widely
variable both within and between experiments.

The majority of the effects caused by the increased [COz2] are derived from
two classical responses: increased photosynthesis and reduced stomatal conductance
(Long et al., 2004). This fact apart, it is the combination of gs and gm that predominantly
determines not only An but also WUE. Primarily, the response to CO: is detected by
the stomata, microscopic pores surrounded by two specialized guard cells, based on
intracellular [CO2] (Ci) (Mott 1988). Distinct factors influence stomatal opening in land
plants, including cytosolic calcium concentration, apoplast pH, membrane potential,
phosphorylation/dephosphorylation of proteins and ion channels (Hetherington and
Woodward, 2003; Daloso et al., 2017). Guard cells integrate all of these signals and
convert them into appropriate turgor pressure changes by regulating the correct
movement of ions and organic solutes into guard cells (Assmann, 1999). Remarkably,
guard cells continuously respond to signals from the leaf environment, including abiotic
and biotic stimuli, as well as long-distance signals from roots (Kim et al., 2010). It is
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expected that long term increases in atmospheric [CO2] would lead to reductions of
both stomatal apertures and stomatal density (Hetherington and Woodward, 2003). In
turn, substantial reductions on gas exchange coupled with increases on intrinsic WUE
and plant leaf temperatures are also expected, affecting ultimately crop yields. Due to
the positive effects of elevated [CO2], it is also expected that increased plant biomass
may occur. This fact apart, climate changes are also associated with increased
occurrence of abiotic stress, including drought, and as such elevated [COz2] might not
necessarily increase crop yield (Ruiz-Vera et al., 2015).

Stomatal responses are mediated by the transport of ions and water through
transport proteins across the plasma and vacuolar membranes which in turn changes
turgor and guard cell volume, thereby regulating stomatal aperture (Pandey et al.,
2007). The main inorganic ions are potassium (K*) and chloride (Cl~) whereas malate
and sucrose are considered as the main organic osmolytes associated with stomatal
movements (Kollist et al., 2014). Compelling evidence has recently demonstrated that
malate and, to a lower extent, fumarate act as important players during stomatal
movements (Aradjo et al., 2011; Medeiros et al., 2016). As such, channels and
transporters were recently identified and functionally characterized to be involved with
organic acid transport at both plasma membrane and tonoplast of guard cells
(Martinoia, 2018). The efflux of malate to the apoplast stimulates the activity of the
anion channel quick-activating anion channel 1 (QUAC1) maximizing stomatal closure
(Hedrich and Marten, 1993; Hedrich et al., 1994; Meyer et al., 2010). In addition,
elevated [COz2] also induces the release of malate by mesophyll cells into the apoplast
(Hedrich and Marten, 1993; Hedrich et al., 1994; Hedrich et al., 2001) by activating the
inflow channel of malate in the opposite direction to QUAC1. This transport partially
increases the osmotic pressure of the guard cells and leads to the partial stomatal
opening. In Arabidopsis, the influx of apoplastic malate is mediated by the ABCB14.
The activation of ABCB14 appears to occur from the increased concentration of malate
in the apoplast caused by high intracellular [COz] (Hedrich et al., 1994; Lohaus et al.,
2001; Lee et al., 2008). The molecular identification and characterization of the
ABCB14 transporter demonstrated that its function under high [COz2] is associated with
stomatal closure by modulating the transport of malate into the guard cell (Lee et al.,
2008). Interestingly, under normal conditions, abcb14 mutant plants exhibit stomatal
behavior similar to wild type (WT), revealing unnoticed importance of this carrier under
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ambient [COz] (Lee et al., 2008). This fact aside, the mechanisms by which CO2z
regulates stomatal movements and how exactly ABCB14 respond to changes in [CO2]
remains unknown.

Thus, here we hypothesized that ABCB14 may play an important role while
allowing a modest stomatal opening that may be essential for continuity of gas
exchanges under high [COz] conditions. Yet, the impacts of the reduced stomatal
aperture provided by abcb14 on photosynthetic rates, WUE and growth under high
[CO2] and water limitation were not investigated to update from a metabolic and
molecular perspective. Insights from such studies can further enhance our
understanding of how plants are currently processing the rising COz2 levels and might
allow further engineering of crop plants to adapt to climate change. Thus, here our
efforts were devoted to the investigation of the physiological, metabolic and molecular
responses of two mutant lines (abcb14-1 and abcb14-2) and WT in a future a scenario
of low water availability and elevated [COz].

MATERIAL AND METHODS
Plant material

All Arabidopsis thaliana plants used here were ecotype Columbia (Col-0)
background. The T-DNA lines abcb14-1 (SALK_099139) and abcb14-2
(SALK_137265) were identified and characterized as described by Lee et al. (2008).
Both knockout lines contain T-DNA insertion into exons of ABCB14 gene (for details,
see Vahisalu et al., 2008). The expression of the mutant lines was identified by PCR
using specific primers for abcb14-1 (forward - TGGTCAAGTTAGGGAAACCGGA and
reverse - GCAAGAACGGCACCAATTGAG) and abcb14-2  (forward-
GCAGACACAATCGTTGTATTGC and reverse-
CCCAACACAATCGTATAACAAGTC).

Growth conditions

Seeds of Arabidopsis were directly sown on a commercial substrate (Carolina
s0il®) in plastic pots and two weeks after sowing, plants were transferred to individual
0.08 dm? pots containing also Carolina soil®. Wild-type (WT) and abcb14 plants were
grown under short-day conditions (8h light/16h dark) and light intensity of 150 pmol m-
2 g1, at a temperature of 23 2C/18 °C throughout the day/night cycle, and 65+10%
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relative humidity. For examination of phenotype including both gas exchange and
metabolism along the day, plants with 14 days were transferred to chambers with
modified carbon dioxide concentration [CO2]. CO2 was injected only during daylight
hours corresponding to the period when the plants are photosynthetically active. Plants
were kept under optimum growth conditions with fully available water regime. In a
second moment, we decided to associate [COz] with water restriction. To this end,
plants were transferred to chambers with either 400+50 ppm (ambient - aCOz2) or
800x50 ppm of CO:2 (elevated - eCO2). After two weeks, half of the plants at both aCOz2
and eCO2 were submitted to water restriction (WR). For this assay, half of the plants
cultivated at both ambient (aCOz2_100%) and elevated CO2 (eCOz2_100%) were cultivated
to 100% of the substrate water capacity, equivalent to the tension of 10 kPa (CET),
corresponding to control group. The water replenishment was suspended for 7 days
until the substrate reached 50% (CET) water availability for the remaining half of the
plants. After the 7" day, the amount of water lost by evapotranspiration was daily
replaced, maintaining 50% water availability. Both control and water limited-plants
were cultivated up to 4-5 weeks at aCO2 and eCO..

To summarize, at 14 days after transplanting seedlings growing in either aCOz2]
or eCO2 were submitted to water limitation conditions. Thus, four different treatments
were applied: Control (ambient [CO2] and 100% of the water capacity- aCOz2_100%),
elevated [COz] and 100% of the water capacity- eCO2_100%), ambient [CO2] and 50%
of the water capacity- aCO2 s0%) and elevated [COz] and 50% of the water capacity-
eCOz 50%). Measurements were performed during vegetative growth and the
interaction treatments were maintained for the minimum of 17 days. Additionally, the
experiments were repeated at least two times, even in different growth facilities, with

similar phenotypes observed each time.

Growth analyses

Whole rosettes from at least 4-week-old plants were harvested and rosette dry
weight (RDW), rosette fresh weight (RFW), rosette area (RA), total leaf area (LA),
specific leaf area (SLA) and the number of rosette leaves were evaluated. To
determine dry weight, rosettes were dried in an oven with forced air circulation at 60
°C until constant weight. LA was estimated by digital image method where the images
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were obtained using a scanner and later processed in Imaged software (Schindelin et
al., 2015). SLA was estimated as described by Hunt et al. (2002).

Water loss measurements

Whole rosettes from at least 4-week-old plants were detached and incubated
with abaxial surface turned to up. For the estimation of water loss, the weight of
detached rosettes was determined over 4 h at the indicated time points. Water loss
was calculated as a percentage of fresh weight loss relative to the initial fresh weight
(Araujo et al., 2011).

Relative water content (RWC)

The relative water content was determined in the middle of the light period. To
this, one leaf of each plant was detached and then immediately weighed to obtain the
fresh weight (FW). Thereafter, the leaves were hydrated for 2 h in Petri dish containing
distilled water until saturation, when the turgid (TW) weight was recorded. Finally, the
leaves were oven dried at 60 °C for 72 h; next, the leaves were weighted, obtaining
thus dry weight (DW). The relative water content was calculated according to the
equation: RWC = (FW - DW) / (TW - DW).

Morpho-anatomical traits

The median region of the 9" leaf totally expanded of rosettes from at least 4-
week-old plants from WR and [COz2] experiment was collected. These samples were
immediately fixed at formaldehyde-acetic acid-ethanol (FAA) 50% (Johansen, 1940)
for 24 h and subsequently stored in 70% alcohol. This material was included in
methacrylate (Historesin-Leica), according to manufacturer's recommendations and
transversely sectioned (5 uym thick) in auto-feed rotary microtome (model RM2155,
Leica Microsystems Inc., Heidelberg, Germany), and stained with toluidine blue
(O’Brien et al., 1964). Each sample was represented by the average of five replicates,
each replicate being composed of measurements in three distinct points. The material
was photographed under a light microscope (AX-70 TRF, Olympus Optical, Tokyo,
Japan) coupled to a digital photographic camera (Zeiss AxioCam HRc model,
Gottinger, Germany) and computer with Axion Vision image capture program. Finally,
in the internerval region, the palisade and lacunaceous parenchyma thickness,
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mesophyll thickness, leaf thickness, and mesophyll intercellular spaces were analyzed
using Image-Pro® Plus software (version 4.1, Media Cybernetics, Inc., Silver Spring,
USA).

Stomatal opening and closing kinetics measurements

To assess the stomatal behavior in response to light/dark transition, stomatal
conductance variations were recorded every 20 seconds using the same gas analyzer
described above. Plants dark-adapted (at least 1h) were exposed to dark/light/dark
transitions by 5/20/30 min, respectively, under CO2 concentration of 400 umol mol
(Meyer et al., 2010). To evaluate stomatal response to CO2 concentration, leaves were
exposed to transitions of 400/800/400 umol CO2 mol' by 5/40/40 min, respectively,
under a light intensity of 150 umol m?2 s (Meyer et al., 2010). The stomatal responses
to abscisic acid (ABA) were evaluated in the 9" fully expanded leaf of each genotype
grown at either 400 or 800 ppm. First, leaves were cut and maintained in opening buffer
(10 mM KClI, 50 uM CaClz, and 5 mM MES-Tris, pH 6.15) for 15 min (150 pmol m? s-
) to stimulate the stomatal opening (Azoulay-Shemer et al., 2015). Finally, 1 uM of
ABA solution was added to the opening buffer. Stomatal conductance values were
recorded at intervals of 40 for over 25 min 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; LI-COR Inc.).

Gas exchange parameters

Gas exchange parameters were determined simultaneously with chlorophyll a
(Chl a) fluorescence measurements using the same gas exchange system described
above. Instantaneous gas exchanges, including net assimilation rate of carbon (An),
stomatal conductance (gs) and the internal carbon dioxide concentration (Ci), were
measured after 1 h illumination during the light period under 150 umol m=2 s~ (light of
growth) or 1000 pmol m=2 s ~' (non-photoinhibitory light saturation) at the leaf level of
photosynthetically active photon flux density (PPFD). The reference CO2 concentration
was set at 400 or 800 pmol CO2 mol~" air under ambient or elevated [COz2] conditions,
respectively. All measurements were performed using the 2 cm? leaf chamber at 25
°C, as well as a 0.5 stomatal ratio (amphistomatic leaves), and leaf-to-air vapor
pressure deficit, was kept between 1.0-1.5 kPa, while the amount of blue light was set
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to 10% PPFD to optimize stomatal aperture. The WR experiment, the gas exchange
was measured only in the flux intensity of 150 ymol m2 s-'. Dark respiration (Rd) was
measured using the same gas exchange system as described above on leaves
adapted to the dark for at least 2 hours after the end of the light period. In complement,
the mitochondrial respiration in light (R) was estimated as half of Ry (Pinelli and Loreto,
2003; Centritto et al., 2009). The photorespiratory rate of Rubisco (Rp) was estimated
according to Valentini et al. (1995), as Ro=1/12[ETR — 4(A+R))].

Photosynthetic light-response curves (A/PPFD) were determined in plants from
at least 4-week-old varying the PPFD from 0 to 1400 umol (photons) m2 s™' under
growing ambient CO2 concentration (Ca) of 400 or 800 umol mol. Likewise, the
responses of Ax to Ci (An /Ci curves) were performed at saturated light of 1000 pumol
m=2 s at 25°C under ambient Oz. Briefly, the measurements started at ambient CO2
concentration (Ca) of 400 umol mol' and when the steady state was reached, Ca was
decreased stepwise to 50 pmol mol-'. Upon completion of the measurements at low Ca,
Cawas returned to 400 ymol mol to restore the original An. Next, Ca was increased
stepwise to 1600 umol mol ™ in a total of 13 different Ca values (Long and Bernacchi,
2003). Corrections for the leakage of COz into and water vapor out of the leaf chamber
of the LI-6400 have been applied to all gas-exchange data, according to Rodeghiero et
al. (2007).

From the A/Ci curves, the maximum carboxylation rate (Vemax-ci) and maximum
rate of electron transport (Jmax-ci) were calculated by fitting the mechanistic model of
COz assimilation proposed by Farquhar et al. (1980) using the temperature
dependence of the kinetic parameters of Rubisco (Bernacchi, 2002). The Michaelis-
Menten constants used for CO2 and Oz were Kc= 265 pbar and Ko= 201000 pbar, while
the CO2 compensation point (/™) was 36.4 pbar, as previously demonstrated by Walker
et al. (2013). Curve-fitting procedures are detailed elsewhere (Martins et al. 2013).
Afterward, the photosynthetic parameters Vimax and Jmax were normalized to 25 °C
using the temperature response equations from Sharkey et al. (2007). Cc and gm were
estimated according to Martins et al. (2013). Using Cc data, A/Cc curves were
performed and the values of maximum carboxylation rate (Vemax-cc) and maximum rate
of electron transport (Jmax-cc) were estimated. The observed photosynthetic limitations
were estimated based on the method previously described (Grassi and Magnani,
2005). This method uses values of A, gs, gm, Vemax-ce, I, Cc, Km = K¢ (1+ O/Ko) and
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allows the partitioning of functional components that limit photosynthesis relative to
stomatal (SL), mesophilic (ML) and biochemical (BL) limitations. The water use
efficiency was estimated as the ratio between photosynthesis and gs.

The initial fluorescence (Fo) was measured by illuminating previously dark-
adapted leaves (1h) with weak modulated measuring beams (0.03 pmol m=2 s).
Saturating white light pulses (8000 umol photons m2 s') was applied for 0.8 s to obtain
the maximum fluorescence (Fm), from which the variable-to-maximum Chl
fluorescence ratio, was then calculated: Fv/Fm=[(Fm - Fo)/Fm)]. In light-adapted leaves,
the steady-state fluorescence yield (Fs) was measured with the application of a
saturating white light pulse (8000 pmol m= s~', 0.8 s) to achieve the light-adapted
maximum fluorescence (Fm'). The actinic light was then turned off and a far-red
illumination (2 pmol m2 s') was applied to measure the light-adapted initial
fluorescence (Fo'). The capture efficiency of excitation energy by open photosystem
(PSII) reaction centers (Fv'/Fm") was estimated following Logan et al. (2007) and the
actual PSII photochemical efficiency (6PSIl) was estimated as 6PSIl = (Fm’'- Fs)/Fm’
(Genty et al., 1989). In addition, the coefficients of photochemical quenching (gP), non-
photochemical quenching (NPQ) and the electron transport rate (ETR) were
determined as previously described (Martins et al., 2013).

Determination of metabolite levels

In order to evaluate metabolic changes during the light/dark cycle, whole
rosettes were collected at the beginning, middle and end of the light period. For the
WR experiment, plants were collected only in the middle of the day. In addition,
harvesting were carried out in three distinct moments after the imposition of WR as
follow: (/) end of the second week (when the restriction was started); (/i) end of the third
week (when the plants reached 50% of water into the soil) and 17 days after WR, while
plants were maintained at 50% of water into the soil. All samples were immediately
flash frozen in liquid nitrogen and stored at -80 °C until analysis.

Samples were submitted to methanolic hot extraction, and the levels of
photosynthetic pigments (Porra et al., 1989), glucose, fructose and sucrose (Fernie et
al., 2001), malate and fumarate (Nunes-Nesi et al., 2007), total amino acids (Yemm et
al., 1955), and nitrate (Mori, 2000) levels were quantified in soluble fraction, while
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starch (Fernie, et al., 2001) and total protein contents (Bradford, 1976) were determined

in insoluble fraction.

Isolation of guard cell- enriched epidermal fragments

Isolation of guard cell enriched epidermal fragments was performed as
previously described by Pandey et al. (2002) with minor modifications. Briefly, 4 whole
rosettes from at least 4-week-old per sample were ground for approximately 1 min with
a blender containing an internal filter that separates the epidermal fragments from
mesophilic and fibrous cells. Subsequently, the epidermal fragments were collected on
a nylon membrane (200 um mesh) and washed with rinsing water, dried in paper and
were immediately flash frozen in liquid nitrogen and stored at -80 °C until analysis. The
fragments were used for both gene expression and metabolic profile.

Metabolic profile of guard cell-enriched epidermal fragments

Metabolites profile performed by gas chromatography coupled to mass
spectrometry (GC-MS) and it was carried out in samples (leaves and epidermal
fragments) harvested at the middle of the day. The extraction was performed using
1mL of methanol and shaking (800 rpm) at 70 °C during 15 min, 60 pL of Ribitol (0.2mg
mL') was added as an internal standard, as previously described by Lisec et al. (2006).
The chromatograms and mass spectra generated were manually annotated, and ion
intensity was determined by the aid of TagFinder software (Luedemann et al., 2008),
based on the FAME MDNS35 reference library from the Golm Metabolome Database
(http://gmd.mpimp-gol.mpg.de/download/) (Kopka et al., 2005) and following the
reporting recommendations (Fernie et al., 2011). This analysis allowed the
determination of approximately 20 different metabolites, representing the main classes

of compounds (amino acids, organic acids, sugars, among others).

Gene expression analysis

Total RNA was extracted from the samples with TRIzol reagent (Ambion, Life
Technology). After purification, the RNA was quantified by NanoDrop ND-2000
spectrophotometer (Thermo Scientific NanoDrop Technologies, Wilmington, Delaware,
United States) and analyzed on a 1% (w/v) agarose gel. A total of 0.5 pg of RNA was
treated with DNAse | (Invitrogen®, Carlsbad, California, United States) to remove
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potential contamination with genomic DNA. The cDNA synthesis was performed using
0.5 pg of total RNA using SuperscriptTM 1ll reverse transcriptase (Invitrogen®,
Carlsbad, California, United States). For analysis of gene expression, the Fast SYBR®
Green PCR Master Mix was used with the MicroAmp™ Optical 96-well Reaction Plate
(both from Applied Biosystems, Singapore, China) and MicroAmp™ Optical Adhesive
Film (Applied Biosystems, Foster City, CA, USA). The R2 from the regression equation
was calculated for each gene in order to verify the reaction efficiency. Standard curves
were prepared for each pair of primers using serially diluted cDNA to calculate the
relative amount values for each sample. A standard curve was used to calculate the
relative quantification values of each sample for each gene (Larionov et al., 2005).

The relative expression levels were normalized using the constitutively
expressed genes ACTIN (Czechowski et al., 2005). The primers used for gqRT-PCR
were designed using the QuantPrime software (Arvidsson et al., 2008) or taken from
those described by Laanemets et al. (2013). Detailed primers information is described
in the Supplemental (Supplemental Table S2). The following genes related to water
deficiency, [COz], signaling and transport of ions through guard-cell membranes were
analyzed: aluminum activated malate transporter 6 and -9, ALMT6 and ALMT9; slow-
type anion channel, SLAC1 (Negi et al., 2008); H*-ATPase 1, -2 and -5, AHA1, AHAZ2
and AHA5 (Ueno et al., 2005); potassium channel 1, KAT1 (Nakamura et al., 1995)
and KAT2 (Pilot et al., 2001); K* transporter 1, AKT1 (Cao et al., 1995); K* rectifying
channel 1, KC1 (Reintanz et al., 2002); K+ gated outwardly-rectifying K* channel,
GORK (Ache et al., 2000); two-pore channel 1, TPC1 (Peiter et al., 2005); high leaf
temperature 1, HT1 (Hashimoto et al., 2006); resistant to high CO2, RHC1 (Tian et al.,
2015); B-carbonic anhydrases 1, BCA4 (Hu et al., 2010); response to dehydration A
and B, RD29A/RD29B (Narusaka et al., 2003; Dong et al., 2004); 9-cis-
epoxycarotenoid dioxygenase 5, NCED5 (Qin et al, 1999; Barrero et al., 2006); open
stomata 1, OSTT7 (Belin et al., 2006). The independent genotypes were represented by
at least three plants and the mean value of the expression was calculated. The results
were analyzed using Student's t-test.

Experimental design and statistical analysis
All experiments were performed in a completely randomized experimental

design. All data are expressed as the mean + standard error (SE) of 3-6 independent
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replicates per genotype, and when was the case, over time. All data were submitted to
an unpaired two-tailed Student t-test used for the comparative analysis between the
two treatments or genotypes, and an ANOVA was used for three or more treatments
or genotypes. The comparison of the means was performed through the Tukey HSD
(honestly significant difference) test for balanced data and Tukey-Kramer for
unbalanced data. P-values lower than 0.05 (P<0.05) were considered statistically
significant. All the statistical analyses were performed using the statistical software R
version 3.3.2 (R Foundation for Statistical Computing, Vienna, Austria).

RESULTS

The functional absence of ABCB14 does not impair sensitivity to ABA and
dark, but affect CO2 sensitivity

Due to the previously recognized function of ABCB14 on stomatal responses,
here we further investigated the effects of COz, dark, light and ABA on gs in abcb14-1
and abcb14-2 plants by using the same gas exchange system described above. Firstly,
we evaluated the stomatal kinetics following changes from normal-to-high and high-to-
normal CO2 concentrations. After reaching a steady state of gs at normal CO:z
concentrations (400 ppm CO:z2), the rising to high CO2 concentrations (800 ppm of COz2)
decreased gs similarly in both WT and mutant lines. Afterward, gs increased in all
genotypes following the return to normal COz2 concentration (Supplemental Fig. S1 A).
Second, the stomatal kinetics during dark-to-light and light-to-dark transitions were
evaluated showing that the functional absence of ABCB14 did not compromise the
stomatal responses to dark-light transitions, as compared to WT (Supplemental Fig.
S1 B). Given to the fact that the stomatal responses are also associated with changes
in leaf concentrations of ABA, we next investigated the response of excised leaves
from plants cultivated in either aCO2 or eCOz2 following incubation with ABA in an
opening buffer solution. Notably, no effect on the stomatal aperture as measured by gs
following the incubation with ABA was observed in all conditions used here
(Supplemental Fig. S1 C and D). Finally, to further assess the impact of the lack of a
functional ABCB14 on water loss in Arabidopsis plants, a time scale water loss
experiment from excised rosettes was performed by analyzing fresh weight loss.
Consistent with the aforementioned results, we did not observe any apparent effect of
the mutation on the water loss in detached rosettes at aCOz (Supplemental Fig. S1 E).
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The degree of stomatal opening does not affect photosynthesis, but promotes
different effects on water use efficiency

To further investigate the significance of the lack of a functional ABCB14 on gas
exchange parameters were analyzed at growth light (150 pmol m?2 s) and light
saturating light, but not photoinhibitory conditions (1000 pmol m?2 s) in plants
cultivated at either aCO:2 or eCO2 conditions (Supplemental Fig. S3). The An did not
differ among genotypes (Supplemental Fig. S3 A), however, it was observed the
combined effect of eCO2 and high luminosity caused a greater increase in An than
isolated effects. Although it was observed that C/Cawas slightly reduced in abcb14
lines at eCOz/saturating light, Ci/Cawas virtually unchanged (Figure 4B). The effect of
the eCO2 on gs was observed in both mutant lines at both light conditions
(Supplemental Fig. S3 B and C). Despite the increased An at eCOz2, decreased gs was
observed in both light conditions leading to higher WUE (Supplemental Fig. S3 C
and D). Under both light conditions, abcb14 mutant lines tended to display higher WUE
when compared to WT plants. This fact aside, ETR was similar between genotypes
and increased in response to high light conditions similarly between genotypes
(Supplemental Fig. S3 D and E). The observed differences in An cannot be related to
photochemical constraints given that capture efficiency of excitation energy (F//Fm’)
remained stable (Supplemental Fig. S3 F).

Photosynthetic parameters responsive to CO2 and light curves

In order to better understand the mechanisms underlying photosynthesis and
the involvement of gs in response to changes in CO2 concentration, response of Ax to
the internal CO2 concentration (Anx/Ci curves, Supplemental Fig. S2, A and B) was
obtained and then converted into responses of Anto chloroplast CO2 concentration
(AN/Cc curves; Supplemental Fig. S2, C and D). Interestingly, Ci and Cc estimations,
as well as gn and gs, were found to be similar between WT and abcb14 mutants,
regardless growth conditions (Table1). In addition, Vemax, Jmax, and Jmax/ Vemax under
either Ci or Ccbasis did not show significant differences between genotypes. Moreover,
the similarities in these parameters suggest that an adequate functional balance
between carboxylation and electron transport rates probably occurred despite changes
in gs (table 1).
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By further analyzing gas exchange under photosynthetically active photon flux
density that ranged from 0 to 1200 umol m=2s™', we observed that overall mutant plants
exhibited no changes in the parameter obtained regardless of the CO2 concentration
(Supplemental Fig. S2 A and B). Indeed, the parameters derived from this analysis
shown that both CO:z assimilation rate saturated by light (Amax) was higher and light
compensation point (k) lower at aCO2 when compared to eCOz2 in all genotypes. It is
important to mention that both light saturation points (k) increased whereas light use
efficiency (1/¢) reduced only for WT at eCO:2 being virtually invariant for the abcb14
mutant lines (Supplemental Table S1).

Phenotype of abcb14 plants under conditions of water deficit and high [CO2]
Given the ABCB14 is a guard cell protein that responds to eCOz2, we next investigated
whether the functional absence of ABCB14 in plants at eCOz2 in association with WR
may affect plant growth. After 17 days in water restriction (50%) and without the
appearance of leaf wilt symptoms, 4-5-week-old plants were evaluated for relative
water content (RWC) and growth parameters (Fig. 1). Only in WT plants a minor
reduction of 6% and 4% in RWC was observed at aCOz_s50% and at eCO2 50% ,
respectively, in comparison to their respective control plants at aCOz2_100% and at
eCOz_100% (Fig. 1A). There was no significant difference in RWC between mutant
plants in all growth conditions (Fig.3 B). Differences in growth were observed between
treatments for all genotypes, mainly in LA and RA (Fig. 2 A and B). The reduction in
both FW and DW of the rosette under WR was similar for all genotypes, although the
DW in abcb14 lines was higher in plants under eCOz2_100% than in aCO2_100%.
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Figure 1. Water status and growth phenotype of abcb 14 mutant plants in response to isolated
or combination of water restriction and elevated [CO.]. Relative water content (A) and
phenotype (B) of 4,5-week-old, short-day-grown Arabidopsis mutants and wild-type (WT).
Plants growing under either ambient (aCO-) (A) or elevated [CO2] (eCOy) after water limitation.
Water suspension was imposed on 2-week-old plants after transplanting. The parameters were
analyzed 10 days after the plants reached 50% of water in the soil. The water was replenished
daily in order to maintain 50 and 100% of water in the soil. aCO2 100%, plants were grown at
ambient [CO2] and with 100% water content replenished daily; aCO: so%, plants were grown at
ambient [CO2] and with 50% water content replenished daily; eCO: 100%, plants were grown at
elevated [CO2] and with 100% water content replenished daily; eCOz so%, plants were grown
at ambient [CO2] and with 50% water content replenished daily. Values are presented as
means = SE (n = 5). Means followed by the same letter are not different by a one-way ANOVA
followed by the Tukey test between genotypes or treatments. Dashed line compares the three
genotypes under the same condition. Continuous line compares a genotype under different
conditions. An asterisk (*) indicates a significant difference (P<0.05). White bar = 2 cm.
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Table 1. Response of the photosynthesis parameters to CO: curve. aCO. and eCO: represent plants grown at ambient and elevated [CO2],
respectively. Values are presented as means £ SE (n = 4). Lowercase letters compare a genotype under different conditions of [CO2] and
uppercase letters compare the three genotypes under the same treatment condition. Means followed by the same letter not differentiated by a
one-way ANOVA followed by Tukey test (P< 0.05) between genotypes or treatments.

Jmax_ci (Umol m2 s1)

Jmax_cc (Umol m=2 s1)

JmaxCi :chax_Ci
Jmax_Cc : chax_Cc
Stomatal limitation

Mesophyll limitation

Biochemical limitation

94.41 + 8.28 Aa
118.74 + 13.78 Aa
2.12 £ 0.064 Aa
1.77 £ 0.193 Aa
0.254 £ 0.024 Aa
0.348 + 0.023 Aa
0.369 + 0.026 Aa

104.33 + 2.89 Aa

107.76 + 3.61 Aa
2.25+0.105 Aa
1.55 +0.04 Aa

0.179 £0.0177 Aa

0.229 £ 0.042 Ab
0.687 £ 0.031 Ab

98.29 + 3.74 Aa
108.47 +2.42 Aa
2.22 £ 0.063 Aa
1.44 + 0.058 Aa
0.217 £0.034 Aa

0.382 +0.005 ABa

0.395 £ 0.021 Aa

103.06 + 3.79 Aa
111.85+2.74 Aa
2.25 +0.025 Aa
1.44 + 0.039 ABa
0.179 £0.0162 Aa
0.239 £ 0.055 Ab
0.623 £ 0.0499 Ab

96.21 +2.13 Aa
108.31 £ 3.41 Aa
2.16 £ 0.033 Aa
1.39 £ 0.03 Aa
0.237 £0.012 Aa
0.417 £ 0.007 Ba
0.415+0.031 Aa

WT abcb14-1 abcb14-2
Parameters*
400 ppm 800 ppm 400 ppm 800 ppm 400 ppm 800 ppm
Ci (umol CO2 mol) 320.17 +7.37 Aa  630.74 £ 12.54 Ab 301.89 +7.76 Aa 661.26 + 6.51 Ab  308.77 £+4.59 Aa  639.64 + 10.24 Ab
Cc (umol CO2 mol) 168.22 £+5.80 Aa  504.92 + 16.89 Ab 166.63 £ 3.78 Aa 549.16 +41.47 Ab  159.51 £+4.83 Aa  542.67 + 34.60 Ab
C./Ci 0.52 £ 0.01 Aa 0.80 + 0.01 Ab 0.55 +0.02 Aa 0.82 + 0.05 Ab 0.51 £ 0.01 Aa 0.84 + 0.08 Ab
Gm_Harley (Mol CO2 m2s™' bar ") 0.095 £ 0.01 Aa 0.101 £ 0.025 Aa 0.086 + 0.004 Aa 0.107 £0.035 Aa  0.077 £0.004 Aa  0.088 £0.014 Ab
gm_Eethier (Mol CO2 m2s" bar 1) 0.063 = 0.003 Aa 0.072 = 0.007 Ab 0.054 +0.003 Aa 0.064 £ 0.005Ab  0.051 +0.001 Aa  0.058 £0.011 Aa
Vemax_ci (umol m2 s 44.28 +3.08 Aa 46.66 = 3.09 Aa 44.38 £1.81 Aa 45.87 £2.13 Aa 44.53 £ 1.51 Aa 43.73 £1.23 Aa
Vemax_ce (Hmol m2 s71) 67.44 +£5.33 Aa 69.65 +2.20 Aa 76.08 + 4.66 Aa 77.68 £3.14 Aa 78.13 £2.81 Aa 75.07 £4.27 Aa

99.78 + 4.37 Aa
104.12 £+ 4.81 Aa
2.29 £0.123 Aa
1.39 + 0.031 Ba
0.185 + 0.003 Aa
0.205 +0.045 Ab
0.609 +0.049 Ab

*Ci, Substomatal CO2 concentration; Cc, chloroplastic CO2 concentration; Cc/Ci, ratio between chloroplastic CO2 concentration and substomatal CO:2
concentration; gm, mesophyll conductance to CO2 estimated according to the Harley or Ethier method; Vemax_ci or Cc, maximum carboxylation capacity based on
Ci or Cc¢; Jmax_ciorce, maximum capacity for electron transport rate based on G or Ce.
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Despite of the changes in both RA and DWR, there was no significant difference in
SLA between genotypes. Interestingly, abcb14-1 under eCO2_100% had larger RA than
WT (Fig. 2B), despite of reductions in gs (Fig 4C).

High CO2 concentration decreases leaf thickness and intercellular spaces more
in WT than in abcb14-1 plants

To further understand the effects of the functional lack of ABCB14 on
Arabidopsis plants, a range of visual and anatomical parameters were analyzed (Fig.
3). Briefly, mesophyll thickness (MT) and palisade mesophyll thickness (PMT)
significantly increased in abcb14-1 mutant plants as compared to WT under eCOz2_100%
(Fig. 3 B and C). Likewise, spongy mesophyll thickness (SMT) tended to be larger in
abcb14-1 plants with significant differences between WT and abcb14-1 under
aCOz_s0% (Fig. 3D). On the other hand, adaxial epidermis thickness (AdET) and abaxial
epidermis thickness (AbET) decreased significantly only in abcb14-1 mutant plants
under aCO2_s0% as compared to aCO2_100% Whereas AbET was higher in abcb14-1than
in WT under eCO2_s0% (Fig. 3 E and F). By analyzing intercellular spaces (IS), strong
reductions were observed in both abcb14-1 and WT under eCO2_s0% when compared
to aCOz2_100% (Fig. 3A). By comparing genotypes, it was observed that ISs were higher
in abcb14-1 mutant plants as compared to WT under aCO2_s0%. However, IS was
higher in WT than in abcb4-1 under eCOz2 s0% (Fig. 3A).

abcb14 plants exhibit higher photosynthetic capacity at elevated CO:2
concentration and water restriction

Gas exchange results indicates that abcb14 plants at eCO2_s0% showed higher
An than WT plants (Fig. 4A). Significant changes in An were also observed at
eCOz_100% as compared to the other treatments, for all genotypes. In addition, for all
genotypes An had a compensatory response by the eCO2 when aCOz2 s0% and
eCO2 s0% were compared (Fig. 4A). Although differences in An between conditions
were observed, no changes in Ci/Ca ratio were identified (Fig. 4B). On the other hand,
eCO2and water restriction led to significant reductions in gs for all plants; nevertheless,
only at aCO2_100% and eCO2_100% WT plants differed from the two mutant lines (Fig.
4C). Together, these results led to higher WUE at eCO2 50, compared to other
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conditions for all genotypes. Despite the similarity between genotypes in WUE,
abcb14-1 had higher WUE than WT at eCOz. In addition, abcb14-2 plants had higher
WUE at both eCO2 conditions (Fig. 4D).
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Figure 2. Differential responses of biomass accumulation and growth of abcb14 mutant plants
in response to isolated or combination of water restriction and elevated [COz]. (A) RA, Rosette
area; (B) LA, Leaf area; (C) RFW, Rosette fresh weight; (D) RDW, Rosette dry weight; (E)
SLA, Specific leaf area; (F) NRL, Number of rosette leaves. Details as in Figure 1. Values are
presented as means + SE (n = 5-6). Dashed line compares the three genotypes under the
same condition. Continuous line compares a genotype under different conditions.
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Figure 3. Differential responses of the leaf anatomy to the combination of water restriction
under ambient and elevated CO: concentrations in both WT and abcb14-1. (A) IS, Intercellular
space; (B) MT, Mesophyll thickness; (C) PMT, Palisade mesophyll thickness; (D) SMT, Spongy
mesophyll thickness; (E) AdET, Adaxial epidermis thickness; (F) AbET, Abaxial epidermis
thickness. Detail as in Figure 1. Values are presented as means + SE (n = 5-6). Dashed line
compares the three genotypes under the same treatment condition. Continuous line compares
a genotype under different conditions.

Different behavior was observed for both R4 and Rp. While Rs decreased at
aCOz2 s0%, Rp was increased as compared to aCOz2_100%. On the other hand, R4 was
maintained while Rp decreased in all genotypes at eCOz2. In general, there was no

difference in R4 between genotypes; whereas Rp differed between WT and abcb14-1
plants at eCOz2 s0% (Fig. 4, E and F). Despite the reduction of almost all parameters
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evaluated, ETR did not change in response to WR and CO:z. Furthermore, F/Fm
differed in plants at eCO2 and WR together (Fig. 4, G and H).

Metabolism of abcb14 plants at elevated CO2 concentration and water restriction

In order to evaluate the metabolic effects of functional lack in ABCB14 under
eCO2 and WR, we further explored the metabolic changes by conducting a detailed
metabolic analysis in both entire leaves and guard cell-enriched epidermal fragments
of the mutant and wild-type plants. First, the results obtained with leaf samples are
described. Relatively minor changes in both total chlorophyll content and chlorophyll
a/b ratio were observed (Supplemental Fig. S5, A and B). Glucose levels increased
after 7 days under WR (7WR). After 17 days in WR (17WR), glucose levels increased
significantly only in abcb74 mutant lines at aCOz2 s0% in relation to aCOz2_100%.
Additionally, fructose levels significantly increased in mutant lines at eCOz2_100%/17WR
as compared to WT plants (Fig. 5 A and B). In most treatments, sucrose increased
significantly in both mutant lines and WT, mainly under WR (Fig. 5C). Starch level
decreased in both mutant lines at eCOz_100% when compared to WT, with significant
differences only for abcb14-1. Finally, starch metabolism was not affected after 17WR
(Supplemental Fig. S5 E). Malate levels increased significantly at the onset of WR at
aCOz_100% for abcb14-2 when compared to WT plants. An increased in malate was
also observed levels at the end of 177WR when eCO2 100% and aCO2 100% were
compared in both mutant lines (Supplemental Fig. S5 C). In addition, fumarate levels
increased significantly at 7WR in all genotypes by comparing aCOz2_s0% and eCOz2_100%.
Differences in fumarate levels were also observed for both abcb74 mutant lines in
comparison to WT at eCO2 so0% after 17WR (Supplemental Fig. S5 D). Nitrate, amino
acids, and proteins had major changes after 17WR in all genotypes. Thus, nitrate levels
decreased in WR as compared to plants under 100% water, independently of the [COz2]
(Fig. 5F).
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Figure 4. Photosynthetic characterization of abcb14 mutant plants in response to isolated or
combination of water restriction and elevated [CO2]. (A) An, net photosynthesis rate; (B) C/Cs,,
ratio between concentration internal carbon and atmospheric carbon; (C) gs, stomatal
conductance; (D) WUE;, intrinsic water use efficiency; (E) Rg, dark respiration; (F) R,
photorespiration; (G) ETR, electron transport rate estimated by chlorophyll fluorescence
parameters, and (H) F/Fn, maximum PSIl photochemical efficiency. Gas exchange
parameters were obtained in 4week-old-plants cultivated under either ambient (aCO.) (A) or
elevated [CO;] (eCO.) after water limitation. Detail as in Figure 1.
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Although amino acids content was invariant after 17 days at aCOz2_s0% when
compared to their respective controls, an increase in amino acid content was observed
in mutant lines at aCOz_100% and aCOz_s0% in comparison to WT (Fig. 5D). Finally, the
protein content in both mutant lines was higher in aCO2_s0% than in aCO2_100%. The
increase in protein content at both eCO2_100% and eCOz2_s0% was a general trend for all
plants when compared to aCOz_100% plants (Fig. 5E). In addition, sugar content
increased during the day; however, no significant alterations in response to eCO2 were
observed (Supplemental Fig. S4).

GC metabolism in abcb14 plants at elevated [CO2] and water restriction

Given the changes in both gs and metabolic compounds previously observed in
entire leaves of abcb14 mutant exposed to eCO2 and WR events, we next evaluate
the metabolite profile in guard cell-enriched epidermal fragments of both WT and
abcb14-1 plants by using an established GC-MS approach (Lisec et al., 2006). Our
metabolite analysis revealed that, among the 20 successfully annotated compounds,
considerable changes in amino acids, as well as in both tricarboxylic acid cycle and
photorespiratory intermediaries, were observed. All data were compared to the results
obtained for samples from WT at aCOz2_100%. Increased levels of the most sugars and
amino acids identified was observed at eCO2 and WR (Fig. 6). The levels of organic
acids had no significant difference between abcb14-1 and WT at aCO2_100%, with
exception of myo-inositol that was higher in abcb14-1 under the same conditions.
Nevertheless, at eCOz_so% the levels of both fumarate and malate increased in GC of
abcb14 plants while myo-inositol increased at aCOz independent of WR (Fig. 6). On
the other hand, fructose, mannitol, rhamnose increased in both abcb14 and WT plants
at both eCO2_100% and eCO2_s0%; otherwise, sucrose decreased at eCOz regardless of
water availability. Glucose and galactinol increased in both genotypes under WR (Fig.
6). Finally, proline increased under all growth conditions and genotypes at eCO2 and
WR. The levels of threonate decreased in abcb14 plants under aCOz2_100%; moreover,
gamma-aminobutyric acid (GABA) and serine increased in abcb14-1 plants at both
aCOz_s50% and eCOz_100%. Despite the slight increase observed in most of the amino
acids, no significant changes in the GC of WT at eCO2 and WR were observed when
compared to WT at aCOz2_100%, (Fig. 6).
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Figure 5. Metabolic responses of leaves of abcb74 mutant plants in response to
isolated or combination of water restriction and elevated [COz2]. (A) Glucose; (B)
Fructose; (C) Sucrose; (D) Nitrate; (E) Amino acids; (F) Proteins. 7 days: plants
analyzed 7 days after reaching 50% of water in the soil; 10 days: plants analyzed 10
days after reaching 50% of water in the soil. Detail as in Figure 1. Values are presented
as means + SE (n = 5). Dashed line compares the three genotypes under the same
condition. Continuous line compares a genotype under different conditions.
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Figure 6. Changes in the relative metabolite content in guard cell-enriched epidermal
fragments from abcb 14 mutant plants in response to isolated or combination of water restriction
and elevated [COz]. The full data sets from these metabolic profiling studies are additionally
available in Supplemental Table S3. Data are normalized with respect to the mean response
calculated for the wild-type (WT) growing under ambient and fully available water (aCO2 100%).
To allow statistical assessment, individual plants from this set were normalized in the same
way. Detail as in Figure 1. Values are presented as means + SE (n = 4-5). The results from
plants abcb14-1 and WT were compared with WT aCO: 100% by Student's t-test. An asterisk
(*) indicate significantly different by the Student’s t test (P<0.05).

The functional lack of ABCB14 effects on the expression of genes at elevated
CO:2 concentration and water restriction

To better understand the interaction between eCO2 and WR from a molecular
perspective, the expression of stomatal related genes was evaluated in guard cell-
enriched epidermal fragments (Figure 7 and Supplemental Table S2). All statistical
comparisons were made in relation to the values obtained for WT samples at
aCOz_100%. Firstly, four genes (AKT1, ALMT9, KAT2, and GORK) showed altered
expression at least in one of the conditions, independently of the genotype. Thus, the
expression of AKT1, ALMT9, KAT2, and GORK were reduced in abcb14-1 plants at
aCOz_100% in comparison to WT under the same condition. On the other hand, NCED,
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RD29A, and RHC1 expression were increased in at least two WR events (aCO2_50%
and eCO2 s0%), independently of the genotype. Interestingly, genes involved with
stomatal closure in response to eCO2, namely GORK, SLAC1, CA4, KC1, had their
expression reduced in abcb14-1 plants at aCO2_100%. In addition, reductions in the
expression of stomatal closure related-genes which are associated to CO2 and stress
responses (NCED5, RD29A, RHC1, TPC1) were observed in abcb14-1 plants at
eCOz2_s0% (Fig. 7).

3 1 0 1 3
log,
WT abcb14-1
AHA1 0]
‘ * * AHA2 0]
* ALMT12 X
HT1 X
= ¥ * AHA5 O
| * * * x+ |GORK X
* * * KAT2 O
| OSTH X
; * N * [NCED5 X
: * * |RD29A X
* ALMT9 O
*L * * * AKT1 X
— * ALMT6
— * * * * KC1 X
RD29B X
I * * [SLAC1 X
_ * * [RHC1 O
— L * |TPC1 X
L * * CAM X
* KATA 0]
100% 50% 100% 50% 100% 50% 100% 50%
aCOQ eC02 aC02 6002

Figure 7. Changes in relative transcript levels of genes involved in stomatal responses in
abcb14-1 mutant plants. Selected genes are associated with the opening (O) or closing (X)
stomatal responses. RNA was isolated from guard cell-enriched epidermal fragments isolated
from 4-week-old plants from WT and abcb14-1 mutant. Data are normalized with respect to
the mean response calculated for the corresponding constitutively expressed ACTIN gene. In
addition, data are normalized with respect to the mean response calculated for the
corresponding WT of each growth condition. The full data sets from these gene studies are
additionally available in Supplemental Table S4. Detail as in Figure 1. Values are presented
as means = SE (n = 4-5). The results from plants abcb14-1 and WT were compared with WT
aCO:z 100% by Student's ttest. An asterisk (*) indicate significantly different by the Student’s t
test (P<0.05).
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DISCUSSION

Historically speaking, the atmospheric CO2 concentrations [CO2] worldwide
remained below 300 ppm for the vast majority of the last 800,000 years. This fact apart,
the advent of the industrial revolution has led to a rapid rising of atmospheric [COz2]. It
is important to mention that increments of the atmospheric [CO2] is not only associated
with global warming, but it also affects the physiology and development of plants.
Accordingly, it has been demonstrated that [COz] elevation triggers stomatal closure in
leaves, a situation that might further impact leaf temperatures, plant growth, and water-
use efficiency, ultimately impacting crop yield. Notably, the underlying mechanisms
behind this coupled phenotype still remain unknown. Nevertheless, stomatal closure is
usually mediated by anion efflux governed by anion channels localized in the plasma
membrane of guard cells (Schroeder et al., 2001; Jezek and Blatt, 2017). This allows
plants to continually balance the influx of CO2 for photosynthesis against the loss of
water vapor through stomatal pores in their leaves. This fine balance is usually
achieved by regulating the aperture of the stomatal pores in response to several
environmental stimuli, including [CO2] and water limitation (Sirichandra et al., 2009; Xu
et al., 2016). As such, to understand how guard cells adjust their physiology and
metabolism in response to changes in [COz] and water restrictions is of paramount
significance for the development of plants better adapted to the shifting climate
condition.

In our attempts to further elucidate the physiological functions of ABCB14, a
gene strongly expressed in guard cells (Lee et al., 2008), here we analyzed the
responses of abcb 14 mutant plants to CO2 and water restriction through gas exchange,
growth and metabolic analyses. To this end, we first hypothesized that by applying a
moderate and slow water restriction (50%) it should be enough to reduce stomatal
closure, with minimal interference in RWC, no PSIl damage, and no alteration in leaf
turgor, as it indeed occurs (Fig. 1A and B; Fig. 4C and H). It has been previously
demonstrated that stomatal closure is higher in abcb14 mutants in response to
elevated [CO2] (Lee et al., 2008). By changing [CO2] and restricting water availability
in 2-week-olds plants and maintaining it for two extra weeks we could observe not only
the metabolic alterations in plants with distinct gs but also the long-term growth

acclimation.
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The functional absence of ABCB14 reduces stomatal response without affecting
An

It was previously demonstrated that ABCB14 modulates stomatal movements
by transporting malate from the apoplast into the guard cells during the transition to
elevated [COz2] (Lee et al., 2008). Here, we first confirmed that the functional absence
of ABCB14 alters the stomatal response pattern under eCO2 whereas it does not
impact the ABA or light responses that display behaviour similar from that of the WT
plants, independently of growth conditions (Supplemental Fig. S1; Fig. 4C). Overall,
despite relatively few distinctions between genotypes, the water restriction leads to
reduced biomass accumulation, growth, An, gs, and Rad; by contrast, eCOz2 leads to
general increases in growth, An and WUE with the reduction in gs in all evaluated
genotipes (Figure 4). Further, it was also observed that the combination of elevated
[CO2] under water restriction conditions, eCO2 mitigated the negative effects of the
water restriction by decreasing gs, R and increasing Ax and WUE with slight increases
in growth between aCO2_s0% and eCO2_s0% (Fig. 4 and 5).

The main reason for the increase in photosynthesis in eCO:z is likely the higher
carboxylation efficiency of Rubisco coupled with the availability of N to additional
photoassimilates and the reduction of the photorespiration rate (Figure 4 A and F; Fig.
5F; Bowes, 1991; Sims et al., 1998; Hymus et al. 2001). In addition, PSII efficiency
was increased under eCOz2, leading to the production of more energy and reducing
power which is necessary to activate photosynthetic enzymes (Fig. 4H; Van Heerden,
Swanepoel end Kruger, 2007; Zhang et al., 2008). Altogether, the results obtained here
coupled with evidence found in the literature (e.g., Proietti et al., 2013), it seems
reasonable to suggest that improving photosynthesis under eCO2 most likely occurs
independently of light intensity (Supplemental Figure S3). Based on the maintenance
of Vemax and Jmax (Table |) associated with the low carbohydrate accumulation (Fig. 5
A-C), it seems that there was neither photosynthetic acclimation (Tissue et al., 1993;
Sage, 1994; Woodrow, 1994; Ghannoum et al., 1997; Sims et al., 1998) nor
downregulation of photosynthesis (Fig 4A; Kramer, 1981; Mott, 1990; Stitt, 1991) in
plants under eCO2 as compared to aCOz. These results are in good agreement with
the relatively small response to high [COz2] found in soybean plants (Bernacchi et al.,
2005).
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Although gs varied by up to 60% between abcb14 and WT plants under
eCO2_100% (Fig. 4C), the intracellular and chloroplastic concentration of CO2 varied
much less by up to 8 and 6%, respectively (Table 1), showing that the reduction of gs
is not proportional to the reduction of both Cc and Ci. The tendency to increase Cc in
abcb14 plants may explain, at least partially, similar Axn and higher WUE in all growth
conditions (Fig. 4A and D; Table 1). The maintenance of gm (Table I) coupled with
increased An (Fig 4A) is likely associated with anatomical trait responses, such as
greater mesophyll thickness, palisade parenchyma and greater intercellular space (IS)
and lacunar parenchyma (SMT) observed in abcb14-1 plants when compared to WT
under eCO2_100% (Fig. 3 A and D; Evans et al., 2009). Despite the lower photosynthesis,
we observed significant increased growth in abcb74 mutant plants under eCOz2_100%
compared to aCOz2_100% (Fig 4A, B and D). By comparing genotypes, it was possible to
observe that despite the higher LA in abcb14 under eCOz2_100%, we did not observe a
behavior different from that of WT for most of the growth and gas exchange parameters
in any evaluated growth condition. When considered together, this most likely indicate
a relatively minor influence of ABCB14 on growth of Arabidopsis plants and supports

the notion that redundancy among guard cell transporter is likely in Arabidopsis.

Primary metabolism is more affected by moderate drought than by elevated
[CO2]

Given the lower gs and higher WUE of the abcb14 mutants under elevated
[COz2], we next decided to further analyze the metabolism of plants under combined or
isolated water restriction and elevated [COz]. Metabolic analyses performed on both
leaves and guard cells indicate that most of the modifications observed in abcb14 and
WT plants were apparently more affected by treatments than mutation (Fig. 5 and 6).
In leaves, the content of the majority of sugars was affected by water restriction,
especially glucose and sucrose, with no differences in starch content among
genotypes (Fig. 5A-C; Supplemental Fig. S5 E). From the reduction in growth, the
accumulation of sugar is important because it participates in the osmotic adjustment to
maintain the hydraulic integrity in response to drought (Fig. 1B; Zhang et al., 1999;
Sala et al., 2012). In addition, it appears that abcb 14 plants also induced the synthesis
of both amino acids and proteins to a higher extent than WT under aCOz2_s0%. Although

there is only minor variation in leaf RWC (Fig. 1A), it is reasonable to suggest that
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plants that experienced water limitation were able to raise the levels of metabolites
which was possibly related to osmoprotection and stress defense (Fig. 5; Tarczynski
et al., 1993; Gomez-Ariza et al., 2007; Sanchez et al., 2012; Bonhomme et al., 2009;
Obata and Fernie, 2012). In addition, low soil moisture may hinder nitrogen
mineralization, and consequently, reduce the uptake of this element by roots. This
reduction caused a modest decrease in the photosynthetic potential of plants, mainly
in WT, as observed by Takatani et al. (2014). N limitation in soil is one of the main
causes of acclimation that restricts the potential for yield increase in response to high
COz2 (Lou et al., 2004; et al., 2006; Reich et al., 2006). However, it seems that here
there was no nitrogen limitation in eCOz_100% that have directly compromised rubisco
biosynthesis (Fig. 5F; Woodrow, 1994). In guard cell-enriched epidermal fragments,
the differences between the genotypes occurred mainly under water deficient
conditions and at aCOz2 (Fig. 6). One conspicuous feature about the relatively high gs
in abcb14 plants under eCO2_s0% (Fig. 4C) is that it correlated well with higher levels
of malate and fumarate in guard cells (Fig. 6), raising one intriguingly question: why do
abcb14 plants accumulate more malate and fumarate in guard cells than WT whether
they actually stopped the transport of these metabolites caused by mutation? Although
ABCB14 seems not to play an important role for stomatal opening under aCOzg, it
clearly functions on overall guard cell metabolism as observed by the different levels
of glucose, fructose, inositol, GABA and proline under aCO2_s0%. Moreover, under
aCOz2_100%, there was a tendency in the reduction of several metabolites, with no great
alterations in conditions of elevated COz. Collectively, these results indicated that
under aCOz2 conditions the plants overcome the functional absence of ABCB14 by an
extensive metabolic reprogramming. In the future, time-resolved live imaging of
metabolites in guard cells (Bjarnhold et al., 2014) will likely advance our understanding
of how and to which extent guard cells achieve their fine-tuned metabolic integration

to ensure growth optimization.

Downregulation of stomatal closure related genes in abcb74 under high [COz2]
In this study, we were interested in establishing the physiological significance

of the ABCB14, which is a malate importer that modulates stomatal response to COz,

in the functioning of the illuminated leaf. Following the demonstrating that knockout

mutant lines had an altered metabolism in both leaves and guard cells with no changes
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in photosynthetic rates, we concentrated our study in the expression of a range of
genes involved on a stomatal function of the mutants. To this end, we further selected
20 genes related to stomatal functions and assessed their expression profile in guard
cell enriched epidermal fragments under conditions of high [CO2] and water limitation.
Our analyze revealed little changes in expression levels of stomata related genes in
abcb14 mutant plants regardless of growth conditions. Thus, the majority of the genes
showed similar patterns of transcript accumulation, and while some quantitative
differences were apparent and significant, only those that were consistent within the
genotypes evaluated here are briefly discussed below. As can be seen in Figure 7,
AHAS, GORK, HT1, ALMT12, AHA1, NCEDS5, and SLACT display an opposite
behavior between abcb14 and WT under eCOz2_100% (Fig. 7), notably, the only condition
where gs differentiates between genotypes (Fig. 4C). Remarkably, the
abovementioned genes are involved in the process of stomatal closure in response to
high CO2 (Hashimoto et al., 2006; Negi et al., 2008; Frey et al., 2012; Tian et al., 2015;
Yamamoto et al., 2016) being mostly downregulated in abcb14. It seems reasonable
to anticipate that this response is likely to prevent an extreme gs reduction in abcb14,
which would strongly limit photosynthesis under aCOz_100%. Another interesting feature
is that under eCOz_s0% the expression of GORK, AHA1, ALMT12, and SLACT1 all
remain downregulated (Fig. 6), justifying the occurrence of higher gs in WT than in
abcb14 plants (Fig 4C).

In summary, our results demonstrated that the reduction of gs in abcb14 plants
does not affect photosynthesis, gm, and growth. In addition, abcb14 stomata may be
benefiting partially of a differential metabolic and genetic regulation in guard cells,
probably to keep higher gs, that compensates part of the functional of abcb74.
Collectively, the results presented here indicated that although manipulation of
stomatal function is a promising approach for crop yield improvement further studies,
the complexity of the interconnected networks governing stomatal movements under

varying conditions still requires further investigation, particularly field-grown crops.
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Supplemental Figure S1. CO:-induced (A) conductance kinetics and transition light-dark-
induced (B) conductance kinetics. Stomatal closing kinetics in response to exogenous ABA
application in plants growing under either ambient [CO2] (aCO>) (C) or elevated [CO2] (eCO.)
(D), and fresh weight loss from detached whole rosettes in WT (wild-type) and abcb14 mutant
plants growing under ambient [CO2] (E). In A and B the arrow indicates the application of
exogenous ABA 1 um on petri dishes where the leaf petiole was immersed. During the first
initial minutes, the petiole was immersed only in the opening buffer (see Material and Methods
for details). Ambient and elevated CO- represents plants grown at 400 and 800 ppm,
respectively. IRGA analyzes were performed with the respective CO; concentration in which
the plants were cultivated. The means of each genotype was relativized by their respective
initial conductance. The data were submitted an unpaired two-tailed Student t-test used for the
comparison between WT and abcb14.
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Supplemental Figure S2. Net photosynthesis (An) curves in response to changes in
substomatal (C) or chloroplastic (Cc) CO2 concentrations and photosynthetically active photon
flux density (PPFD) of rosettes from at least 4-week-old. Ambient (aCO.) or elevated (eCOy)
represents plants which were cultivated at either 400 and 800 ppm, respectively.
Photosynthetic light-response curves (A/PPFD) were performed under growing ambient CO»
concentration (Cs) of 400 or 800 umol mol™. Ax/Ci curves were performed at saturated light of
1000 umol m2 s at 25°C under ambient Oz and started at ambient CO, concentration (C,) of
400 ymol mol ™ independent of the growing conditions. Values were compared between WT
(wild-type) and abcb14 mutant plants by Student's t-test (P<0.05). Values are presented as
means + SE (n = 4) obtained using the ninth leaf totally expanded from different plants per
genotype in two independent assays.
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Supplemental Figure S3. Photosynthetic characterization of abcb14 mutant plants. Gas
exchange and chlorophyll fluorescence parameters were determined in plants under growth
irradiance (150 umol photons m= s™') and saturation, but not photoinhibitory, irradiance (1000
umol photons m™2s7). (A) Ax, net photosynthesis rate; (B) gs, stomatal conductance; (C) C/Ca,,
ratio between concentration internal carbon and atmospheric carbon; (D) WUE, intrinsic water
use efficiency; (E) F//Fv’, actual PSII photochemical efficiency; (F) ETR, electron transport
rate estimated by chlorophyll fluorescence parameters. Values are presented as means + SE
(n =5). Dashed lines compare the three genotypes under the same condition. Continuous line

compares a genotype under different conditions. An asterisk (*) indicates a significant
difference (P<0.05).
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Supplemental Table S1. Photosynthetic parameters from light-response curves in WT and abcb14 plants. Values are presented as means + SE
(n = 4-5). Lowercase letters compare a genotype under different conditions of [CO2] and uppercase letters compare the three genotypes under
the same treatment condition. Means followed by the same letter not differentiated by a one-way ANOVA followed by Tukey test (P< 0.05) between
genotypes or treatments.

WT abcb14-1 abcb14-2
Parameters®
aCoO; eCO; aCO. eCO2 aCoO; eCO2
Anmax (umol COz m2 s7) 9.81+0.21Aa 16.27+0.62Ab 11.32+0.21 Aa 15.07+0.67Ab 10.82+0.67Aa 17.99+1.13 Ab
I (umol m2 ) 11.59+0.09 Aa 4.48+1.74 Ab 13.74+ 097 Aa 7.65+1.84 Ab 1443 +122Aa 553+1.70 Ab
Is (umol m2 s 358.3+20.3Aa 568.9+66.0Ab 3504+225Aa 542.0+406Aa 331.9+46.0Aa 463.6+61.8Aa

1/¢ (umol photons mol™" CO.) 21.5+084Aa 1536+2.07Ab 164+t0.62Aa 16.84+1.06Aa 1823+1.58Aa 15.10+1.44 Aa
*Amax: Net CO» assimilation rate saturated by light; /: light compensation point; /: light saturation point;1/¢: light use efficiency.
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Supplemental Figure S4. Influence of [CO2] on the metabolism along the day in mutant plants
4,5-week-old. Dawn, midday, and dusk represent plants collected before, in the middle and
end of the photoperiod. Values are presented as means + SE (n = 5). The means comparison
was performed through a one-way ANOVA followed by Tukey test. Dashed line compares the
three genotypes under the same treatment condition. Continuous line compares a genotype
under different conditions. * indicates a significant difference (P<0.05).
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Supplemental Figure S5. Metabolic responses to a combination of water restriction under
concentrations ambient and elevated of COz.Detail as in Figure 1. Values are presented as
means + SE (n = 5). Means followed by the same letter not differentiated by a one-way ANOVA
followed by Tukey test between genotypes or treatments. Dashed line compares the three
genotypes under the same treatment condition. Continuous line compares a genotype under
different conditions. * indicates a significant difference (P<0.05).
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Supplemental Table S2. Primers utilized to gRT-PCR

Gene Locus Efficiency Sequence
Actina (control) At2g37620 108.4 Forward 5'- CTTGCACCAAGCAGCATGAA -3
Reverse 5' - CCGATCCAGACACTGTACTTCCTT - 3
ABC14 At1g28010 113.35 Forward 5'- AGCTTTTCTACAGACCCGAATGCC - 3'
Reverse 5' - TGCATCCAACAAGCAACTCCAATC - 3'
AHA1 At2g18960 103.89 Forward 5'- CTGGGAGGCTACCAAGCCA - 3
Reverse 5' - CTCACACCGAACTTGTCCGA - 3'
AHA2 At4g30190 107.49 Forward 5'- CCGGAGTCTTCCCAGGTT- 3'
Reverse 5' - TTTAGAGCAGGGGCATCATT- 3'
AHA5 At2g24520 97.39 Forward 5'- GGCTGTTGCAAGACAGGAA - 3'
Reverse 5' - CGGAGGATCAAAAAGAGGTAAA - 3'
AKT1 At2g26650 90.49 Forward 5'- ACATCCTTGTGAACGGAACC - 3'
Reverse 5' - CCTCTCTCACAATGCTTTCTGTT - 3
ALMT12 At4g17970 98.66 Forward 5'- CGGCAAAGTCCTTCGAGCTATC - 3'
Reverse 5' - ATATAAGTAGCAGCCGCTCCAATG - 3'
ALMT6 At2g17470 140.83 Forward 5'- AGCCTCCACATGGACCTTACAG - 3'
Reverse 5' - CGTTTCTCTGGAGCTGCCTGTATC - 3'
ALMT9 At3g18440 117.08 Forward 5'- TCTCTCAGAAATCCAGGCACCAG - 3'
Reverse 5' - ACGCCCACTCTCTGAAGTTCTTG - 3'
BCA4 At1g70410 90.22 Forward 5' - TGGGTGAAGATAGGCGCATCAG - 3'
Reverse 5' - AGCGATACGTTCACAGCTTCCTTC - &'
GORK At5g37500 102.21 Forward 5'- GCATCAATCCGCGCCAAGATT - 3'
Reverse 5' - GTGGAGCAGCCTTTGAAGAGA - 3'
HT1 At1g62400 102.16 Forward 5' - AGTTTAAGTCCGAGGTTGCTCTGC - 3'
Reverse 5' - CATTCGGAGGTTTCCTTGTGACA - 3'
KAT1 At5g46240 95.07 Forward 5'- AGCATGGGATGGGAAGAGTGGAG - 3'
Reverse 5' - AGAGCAGTGTCGGAAGTCGGAT - 3'
KAT2 At4g18290 103.24 Forward 5'- TAGCTCGCTGTTTGCAAGG - 3'
Reverse 5' - CAAACAGTGTCACCGAAATGA - 3'
KC1 At4g32650 115.09 Forward 5'- CTCAAGACATGAAAATGGACAGAT- 3'
Reverse 5' - GAATCACCATTGTTTTTGTTATCTTG - 3'
NCED5 At1g30100 83.84 Forward 5' - ACGCCGTTACGTTGGAACTAGAAG - 3'
Reverse 5' - AACATATCCGCCGAATTCACGAAA - 3'
OSTH1 At4g33950 157.15 Forward 5' - GACCCTGCAAAGAGGATATCAAT - 3'
Reverse 5' - TTTGGCCCGGTTGATCCGATTC - 3'
RD29A At5¢g52310 105.7 Forward 5' - TGGACAAAGCAATGAGCATGAGC - 3'
Reverse 5' - AGGTTTACCTGTTACGCCTGGTG - 3
RD29B At5¢g52300 160.03 Forward 5' - ACTGATCCCACGCATAAAGGTG - 3'
Reverse 5' - CTCGTCGGAAAGTCTTCTTCGC - 3'
RHCA1 At4g22790 92.99 Forward 5' - TGCCTTGAATGGTGGTGCTACG - 3'
Reverse 5' - AGCTTGCACCGGGTTTGGTAAC - 3'
SLACH1 At1g12480 118.71 Forward 5'- ATGGCCAATTCGACGGATGTTC - 3'
Reverse 5' - ACCACGCCACTGAGAACTTAAATC - 3'
TPCH At4g03560 86.45 Forward 5'- CGCTTGATATCGAAGAAAGCTC - 3'

Reverse 5' - TCTCCAACACATATATCCAACCA - 3'
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Supplemental Table S3. Relative abundance of primary metabolite levels in guard cell-
enriched epidermal fragments from abcb14-1 mutant plants in response to isolated or
combination of water restriction and elevated [CO2]. Data are normalized with respect to the
mean response calculated for the wild-type (WT) growing under ambient and fully available
water (aCO2 100%). To allow statistical assessment, individual plants from this set were
normalized in the same way. Detail as in Figure 1. Values are presented as means + SE (n =
4-5).

WT abcb14-1
METABOLITE aC02_100% aCOz2.50% €COz2_100% €CO2 50% | aCO2 100% aCOz2 s50% €CO2 100% €CO2 50%
Threonine 1.00 0.93 1.54 1.21 0.61 1.20 1.29 1.50
Serine 1.00 0.94 1.81 1.1 0.82 1.27 1.50 1.61
Glucose 1.00 1.23 4.51 1.68 1.05 3.33 1.81 3.72
Mannitol 1.00 1.04 1.95 1.62 0.94 1.19 1.26 1.45
Rhamnose 1.00 1.27 454 4.78 0.83 3.13 3.65 4.81
Glycerol 1.00 0.73 2.84 0.82 0.90 1.37 1.18 1.16
Valine 1.00 1.09 1.91 0.87 0.84 1.17 1.08 0.92
Fructose 1.00 1.84 2.95 2.65 1.06 3.81 2.40 3.50
Succinate 1.00 1.23 1.42 1.40 0.90 1.81 1.60 1.59
Threonate 1.00 0.99 1.26 0.95 0.42 1.93 1.24 1.50
Inositol 1.00 1.30 2.62 0.87 0.46 2.89 1.26 2.10
Glutamine 1.00 1.35 2.19 0.72 0.44 2.47 0.67 1.82
GABA 1.00 1.47 1.73 0.86 0.79 1.71 1.06 1.35
Fyroglutamic | g9 1.85 152 0.80 0.60 132 0.90 1.39
Methionine 1.00 1.08 1.19 1.17 0.86 0.90 0.95 1.07
Malate 1.00 1.58 1.03 1.60 0.76 1.80 1.03 2.84
Proline 1.00 1.78 1.36 3.15 0.93 2.91 1.31 4.56
Fumarate 1.00 1.48 1.24 1.31 0.75 212 2.07 3.55
Galactinol 1.00 3.93 0.80 3.48 1.34 3.47 1.19 2.46
Sucrose 1.00 1.038 0.44 0.71 0.91 0.90 0.70 0.71
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Supplemental Table S4. Changes in relative transcript levels of genes involved in stomatal
responses in abcb14-1 mutant plants. Selected genes are associated with opening (O) or
closing (X) stomatal responses. RNA was isolated from guard cell-enriched epidermal
fragments isolated from 4-week-old plants from WT and abcb14-1 mutant. Data are normalized
with respect to the mean response calculated for the corresponding constitutively expressed
ACTIN gene. In addition, data are normalized with respect to the mean response calculated
for the corresponding WT of each growth condition. Detail as in Figure 1. Values are presented
as means * SE (n = 4-5).

GENE WT abcb14-1
aCO2 100 aCO2 500 €CO2 100 €CO2 s0% | aCO2 1000 aCO2 50, €CO2 100 €CO2 s0%
AHA1 1.00 1.30 1.64 1.00 0.76 0.89 0.65 0.55
AHA2 1.00 4.53 4.68 2.26 1.82 2.53 1.96 1.93
ALMT12 1.00 0.96 1.67 1.36 1.40 0.78 0.63 0.82
HT1 1.00 0.81 1.96 0.74 1.18 1.65 0.43 0.67
AHA5 1.00 1.00 1.98 0.97 0.93 1.30 0.59 1.14
GORK 1.00 0.76 1.84 0.77 0.58 3.03 0.29 0.56
KAT2 1.00 0.55 0.91 0.81 0.48 0.61 0.54 0.50
OSTH1 1.00 0.57 0.40 0.35 0.51 0.54 0.14 0.40
NCED5 1.00 2.36 0.72 2.85 0.83 0.92 1.29 3.32
RD29A 1.00 1.69 0.58 3.26 0.67 1.37 0.78 3.95
ALMT9 1.00 1.30 1.07 1.07 0.55 0.90 0.74 1.87
AKT1 1.00 1.28 0.49 1.07 0.50 0.69 0.78 1.15
ALMT6 1.00 0.65 0.58 0.96 0.49 0.77 0.22 1.27
KC1 1.00 1.80 0.47 2.43 0.88 0.52 0.55 1.18
RD29B 1.00 5.13 0.49 5.56 0.53 0.69 1.17 2.18
SLACH1 1.00 4.46 1.64 0.62 0.63 2.02 0.25 0.26
RHCA1 1.00 3.97 2.10 0.61 0.86 1.17 1.00 2.06
TPCA 1.00 2.03 1.14 1.41 0.75 1.14 1.15 1.36
CA4 1.00 1.28 0.58 0.63 0.83 0.52 0.57 0.89
KAT1 1.00 1.53 1.46 1.40 0.77 1.91 1.64 1.84
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CHAPTER 3

GENERAL CONCLUSIONS
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GENERAL CONCLUSIONS

Collectively the results of this study comprehensively increased our metabolic
and molecular understanding of stomatal regulation in response to a future climate
change scenario by using slac? and abcb14 mutant plants which display opposite
stomatal responses. Our results indicate that the constitutive increase of the stomatal
opening observed in slac-17 mutant plants is associated with an exquisite
reorganization of primary metabolism, increasing mainly sugars, amino acids, and
organic acids. Furthermore, it also represents another likely adaptive mechanism for
maintaining the rate of respiration in guard cells of these mutant genotypes. Similarly,
the reductions in a stomatal opening in plants with loss of functionality of the guard cell
ABCB14 protein does not compromise overall photosynthetic activity and plant growth.
We also observed that an exquisite metabolic and genetic regulations occur in guard
cells in order to compensate, at least partially, the functional lack of ABCB14. When
considered together, this most likely indicates a relatively minor influence of ABCB14
on the growth of Arabidopsis plants and supports the notion that there is redundancy
among guard cell transporters in Arabidopsis. Together, the results presented here
indicated that although manipulation of the stomatal function is a promising approach
for crop yield improvement, the complexity of the interconnected networks governing
stomatal movements under varying conditions still requires further investigation,

particularly in field-grown crops.
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