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RESUMO

Os estomatos sao pequenas estruturas presentes principalmente na epiderme foliar das plantas,
composto por duas células-guarda que circundam e regulam a abertura e o fechamento do poro
estomatico. Os movimentos estomaticos regulam a entrada de CO> atmosférico para a
fotossintese e a saida de agua via transpiracao, sendo importantes na regulacao da eficiéncia do
uso da agua, sendo a razao entre a assimilagao de CO; e a perda de agua via transpiracao.
Resultados recentes indicam que a degradagao da sacarose € um mecanismo responsavel por
induzir a abertura dos estomatos. Adicionalmente, fo1 demonstrado que a manipulagao genética
do metabolismo da sacarose de células-guarda ¢ uma ferramenta potencial para a obtengao de
plantas que consomem menos agua e/ou maior eficiéncia do uso da agua. Dentro desta
perspectiva, este trabalho teve como objetivo avaliar o potencial biotecnologico da manipulagao
genética da atividade sacarolitica de células-guarda no desenvolvimento de plantas tolerantes a
seca e/ou com maior eficiéncia do uso da dgua. Diferentes analises bioquimicas e moleculares
somadas a uma extensa caracterizagao fisiologica foram desenvolvidas a fim de caracterizar o
fenotipo de plantas transgénicas de Nicotiana tabacum antisenso para o gene sacarose sintase
3 (StSUS3) de batata sob o controle do promotor KST1 especifico de estomatos. Os resultados
demonstraram que o transgene inserido (StSUS3) reduziu a expressao da isoforma NtSUS?2 de
tabaco, que, por consequéncia, alterou substancialmente o metabolismo de células guarda.
Além disso, as plantas diminuiram a condutancia estomatica e taxas de transpiragao da planta
inteira e elevou a eficiéncia do uso da agua, além das plantas apresentarem um fenétipo de
evitar a seca. Tomados em conjunto, nossos resultados indicam que o gene NrSUS2 é um

regulador chave da transpirag¢ao vegetal, sendo, assim, um importante alvo biotecnologico.

Palavras-chave: Atividade sacarolitica. Estresse de seca. Regula¢ao do movimento

estomatico. Metabolomica. Eficiéncia do uso da agua.



ABSTRACT

Stomata are small structures present primarily in the leaf epidermis of plants, composed of two
guard cells that surround and regulate the opening and closing of the stomatal pore. Stomatal
movements regulate atmospheric CO- input for photosynthesis and transpired water output,
being thus important for plant water use efficiency, defined by the ratio of CO- assimilation to
transpired water loss. Recent results indicate that the degradation of sucrose 1s a mechanism
responsible for inducing stomatal opening. Additionally, it has been shown that genetic
manipulation of guard cell sucrose metabolism 1s a potential tool for obtaining plants that
consume less water and/or having greater water use efficiency. Within this perspective, this
study aimed to evaluate the biotechnological potential of genetic manipulation of guard cells
saccharolytic activity in the development of drought tolerant and/or more water use efficient
plants. Different biochemical and molecular analyzes coupled with an extensive physiological
characterization were developed in order to characterize the phenotype of transgenic Nicotiana
tabacum plants antisense for the potato sucrose synthase 3 gene (StSUS3) under the control of
the stomatal-specific KST1 promoter. The results demonstrated that the inserted transgene
(StSUS3) reduced the expression of tobacco NtSUS2 isoform, which consequently altered
substantially guard cell metabolism. Also, the plants decreased stomatal conductance and whole
plant transpiration rates and increased the water use efficiency, besides the plants presented a
drought avoidance phenotype. Taken together, our results indicate that the NtSUS2 gene is a

key regulator of plant transpiration and is therefore an important biotechnological target.

Keywords: Saccharolytic activity. Drought stress. Stomatal movement regulation.

Metabolomics. Water use efficiency.
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1 GENERAL INTRODUCTION

Due to the current climate changes, it has been estimated that water demand for
agricultural production will increase by 17% by 2025, mostly due the increase in the average
global temperature and the fact that drought episodes will become more frequent according to
the predicted climate change scenario. The growing demand for food for the constantly growing
world population will be essentially dependent on the development of varieties with lower water
demand and on the development of varieties with higher drought tolerance (PENNISI, 2008).
Thus, i1t 1s urgently needed therefore to find strategies to improve plant water use efficiency
(WUE), which is defined as the ratio between the amount of accumulated biomass per unit of
water used at crop, whole plant or leaf level (BACON, 2004; BLUM, 2005; CONDON et al.,
2004; FLEXAS et al., 2010; MEDRANO et al., 2015). At crop level (:WUE) what matter 1s the
field production, being the ratio between the plant production and the water used during the
whole cultivation period (PASSIOURA, 2006). At whole plant level the ratio between total
accumulated biomass to water used or transpired is defined as season-long water use efficiency
(4WUE) and the ratio between individual yield production (harvestable) to water used or
transpired over a certain period of time (WUE) (MEDRANO et al., 2010). At leaf level, gas
exchange analysis is taken into account to determine instantaneous water use efficiency (LWUE
- ratio between net photosynthetic rate (4) and transpiration rate (£)) or intrinsic water use
efficiency G(WUE - ratio between 4 and stomatal conductance (gs)) (CONDON et al., 2002;
FLEXAS et al., 2013). Given that WUE depends fundamentally on the gain of carbon (C) and
the water loss by the transpiration process, it is reasonable to assume that stomata is the master
regulator of WUE (BRODRIBB; SUSSMILCH; MCADAM, 2019). However, the key
regulators of plant transpiration remain elusive.

Plant scientists are looking to understand the dynamic of plant cells under
increasing global environmental changes in order to improve plant growth and plant stress
tolerance through genetic manipulation of plant metabolism. However, plants are controlled by
modulation of complex regulatory networks acting at different spatial and temporal scales,
which makes difficult to understand plant cell functioning, specially under adverse conditions,
and to find important biotechnological targets (BERTOLLI; MAZZAFERA; SOUZA, 2014;
SOUZA; DE OLIVEIRA; CARDOSO, 2004). The importance of knowing the WUE of a
cultivar takes into consideration that when it is increased it means that the plant can produce
the same biomass with less water consumption or can accumulate more biomass using the same

amount of water. WUE measurements under water stress conditions are particularly useful in



the discovery of potential drought stress tolerance plants, as observed in low stomatal density
poplar plants with high WUE, showing low loss of biomass and 4 in drought conditions
(WANG etal., 2016). Also WUE measurements combined with drought cycles experiments are
a great way to evaluate the plant recovery and differential acclimatization behavior between
cycles (CYRIAC etal., 2018; FLEISHER et al., 2014; KELLY et al., 2019; SAINT PIERRE et
al., 2012). In this context, although WUE measurements under water deficit conditions are
particularly useful to unveil potential drought stress tolerant plants, it is important to highlight
that WUE improvement 1s not always associated to increased drought tolerance, and vice versa.
This 1s partially due the fact that with the increase of temperature and vapor pressure deficit
(VPD) under drought, plants tend to transpire more and thus consume more water. Thus,
although there are multiple ways to improve WUE (SINGH et al., 2012), one way to decrease
plant water consumption is by genetic manipulation of key regulator(s) of plant transpiration,
which 1s presumably located at the stomata (FLEXAS, 2016; GAGO et al., 2014).

Stomata are leaf epidermal structures consisting of two guard cells surrounding a
pore that enable the gas exchange between plants and the environment. Those cells are highly
specialized and the control of stomatal movements involves reversible changes in guard cell
solute concentrations caused by environmental and endogenous signals such as plant water
status, hormonal stimulus, mesophyll-derived metabolites, air humidity, light and CO;
concentration (LAWSON et al., 2014; MATTHEWS; VIALET-CHABRAND; LAWSON,
2017). Maintaining the ideal balance between CO, assimilation and water loss through
transpiration is totally dependent on stomatal movements, which is where gas exchange takes
place. During the stomatal opening process, there is an increase in guard cell volume due to the
influx and/or intracellular generation of solutes, favoring water entrance into the cell and
consequently driving stomata to open (MEDEIROS et al., 2015).

The control of stomatal pore opening involves thus reversible changes in the
concentrations of osmotically active solutes within guard cells, such as potassium (K), malate
(malate?), chloride (CI") and nitrate (NO3") (EISENACH; DE ANGELI, 2017; SHIMAZAKI et
al., 2007). By contrast, stomatal closure has been closely associated to hormonal stimulus, in
which abscisic acid (ABA) plays a central role in guard cells, mediated by Ca™, which leads to
increase pH, decrease of sugars by starch synthesis, K™-intake channels closure and inhibition
of H™-ATPases leading to stomatal closure (ROELFSEMA:; HEDRICH, 2005). Environmental
cues such as dark and high CO> concentration close stomata while light and low CO-
concentration stimulate its opening (ENGINEER et al., 2016). Light-induced stomatal opening

demands large amount of ATP and occurs when GC phototropins sense light and initiate a
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signal transduction pathway by activating H™-ATPases and K -intake channels which
ultimately leads to the vacuole accumulation of K, malate?, NO2 and Cl- (INOUE;
KINOSHITA, 2017). The mechanisms by which CO: controls stomatal movements can be
several, such as the interaction between phytohormones like ABA (WEBB;
HETHERINGTON, 1997) and enzymes such as carbonic anhydrase (HU et al., 2010) and HT1
protein kinase (HASHIMOTO et al., 2006). Thus, stomatal movements follows a circadian
rhythm according to external and endogenous stimulus (GORTON; WILLIAMS; ASSMANN,
1993; HUBBARD; WEBB, 2015), which i1s pivotal to sustain the demand of CO; for
photosynthesis and to close the stomata in periods of high photosynthetic rate (MESSINGER;
BUCKLEY; MOTT, 2006). Thus, stomatal movements 1s closely linked to the mesophyll
photosynthetic activity, in which the transport of mesophyll-derived metabolites such as
sucrose and malate and their import into guard cells seems to be key for stomatal movement
regulation (DALOSO; DOS ANJOS; FERNIE, 2016; LAWSON et al., 2014; LIMA et al.,
2018, 2019).

Numerous studies indicate the importance of carbohydrate and sucrose metabolism
in the adjustment of stomatal movements (KOPKA; PROVART; MULLER-ROBER, 1997;
OUTLAW; DE VLIEGHERE-HE, 2001; STADLER et al., 2003). Sucrose was proposed to act
as a guard cell osmolyte and its accumulation would be responsible for maintaining the stomatal
opening in substitution of K™ in periods of the day when the concentration of this ion is low
(TALBOTT; ZEIGER, 1998). However, recent studies suggest that it is not the accumulation
but the degradation of sucrose in guard cells that is an important mechanism to provide light-
induced stomatal opening, indicating that sucrose plays a major role in the regulation of guard
cells (DALOSO et al., 2017; DALOSO; DOS ANJOS; FERNIE, 2016; ROBAINA-ESTEVEZ
et al., 2017). Recent studies demonstrated through kinetic [U*C]-sucrose isotope labeling
experiments that sucrose is degraded by entering the TCA cycle and providing carbon skeletons
for Glutamine (Gln) biosynthesis.during light-induced stomatal opening (DALOSO et al., 2015;
MEDEIROS et al., 2018). Furthermore, it has been shown that plants overexpressing the gene
encoding hexokinase enzyme, one of the major enzymes of sucrose metabolism, lead to changes
in stomatal conductance and WUE (KELLY et al., 2013, 2019; LUGASSI et al., 2015).

These results suggest that sugar breakdown within guard cells plays a major role in
the regulation of stomatal movements. More importantly, these results highlight the energetic
importance of sucrose metabolism to sustain stomatal opening and refute the previous idea that
sucrose would act only as an osmolyte within guard cells (AMODEO:; TALBOTT; ZEIGER,
1996; TALBOTT; ZEIGER, 1996, 1998). Furthermore, these studies indicate that genetic
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manipulation of guard cell carbohydrate metabolism is an important approach to improve
drought tolerance and/or WUE. For instance, transgenic plants with increased expression of
hexokinase within guard cells have increased WUE and drought tolerance (KELLY et al.,
2019), and antisense construction to sucrose transporter (SUT/) lead to plants with higher
WUE, associated to reduced guard cell sucrose content and lower gs compared with WT plants
(ANTUNES et al., 2017). In addition, there are some evidence suggesting that high sucrose
concentrations may lead to stomatal closure (KANG et al., 2007; LU et al., 1995). The existence
of such contradictions in the literature and by the complexity of guard cell metabolism justifies
the need for more studies to better understand the real role of sucrose in controlling stomatal
movements.

Sucrose metabolism 1s important not only for the regulation of guard cells but
mainly to the overall C distribution throughout the plant. In the cytosol of plant cells, sucrose
1s reversible degraded into hexoses by different invertase (INV) and sucrose synthase (SUS)
1soforms (BIENIAWSKA et al., 2007; NGUYEN-QUOC; FOYER, 2001). The SUS-catalyzed
reaction to sucrose breakdown is energetically more favorable than INV, because in this
reaction it converts sucrose and UDP to fructose and UDP-glucose (GEIGENBERGER; STITT,
1993). The number and the expression of SUS isoforms vary among species and the organs,
respectively. In tobacco (Nicotiana tabacum L.), there are seven SUS isoforms (NtSUS1-7), and
isoforms 2 and 3 are the most abundant in mature leaves (WANG et al., 2015), while in potato
(Solanum tuberosum) there are 5 1soforms (StSUSI-5), and 1soform 3 1s more abundant in GC
(KOPKA; PROVART; MULLER-ROBER, 1997). In Arabidopsis, the expression of SUS3 is
nearly specifically to guard cells (DALOSO; DOS ANJOS; FERNIE, 2016), suggesting a
specific role of this isoform in stomatal movements. Indeed, constructions of transgenic plants
providing high capacity to degrade sucrose in GC exhibited higher gs rates (ANTUNES et al.,
2012; DALOSO et al., 2016; NI, 2012).

Given the need to develop plant crops with higher WUE and the existence of
contradictions found in the literature about the role of sucrose in controlling stomatal
movements, here we have characterized the phenotype of tobacco transgenic plants antisense
for the 1soform 3 of SUS gene of potato under control of the guard cell-specific KST1 promoter,
evaluating the metabolic profile and WUE of transgenic plants.

2 OBJECTIVES

2.1 General objective
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To observe the effects of genetic manipulation of guard cells saccharolytic activity

on their primary metabolism, whole plant transpiration and water use efficiency.

2.2 Specific objectives

1. To analyze the gas exchange of tobacco transgenic plants antisense to potato sucrose

synthase 3 gene compared to wild type (WT).

2 To evaluate the growth and plant transpiration in transgenic lines and WT under

urigated and water deficit conditions.

3. To investigate changes in the metabolic profile of leaves and guard cells during dark-

to-light transition in transgenic and WT plants.

3 EXPERIMENTAL STRATEGY

3.1 Plant material and growth conditions
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Were utilized the commercial Nicotiana tabacum L. cv Havana 425 plants, due the
large leaf area, wild type (WT) and transgenic genotypes antisense to sucrose synthase 3 (SUS3)
gene from Solanum tuberosum (STU24088) under control of the constitutive KST1 promoter
(X79779), that is exclusive for expression specifically in guard-cell MULLER-ROBER et al.,
1995; PLESCH; EHRHARDT; MUELLER-ROEBER, 2001). The transformation were
realized by sub-cloning of the gene in the pBinK plasmid vector, which derivates from pBinAR-
Kan (HOFGEN; WILLMITZER, 1990), which had its CaMV-35S promoter switched to KST1
promoter. A 1567 pb fragment was obtained by the digestion of SUS3 gene from potato
(ANTUNES et al., 2012) using the KnplI restriction enzyme, which was cloned in the antisense
direction in the pBinK vector, between KST1 promoter and OCS terminator. This construction
was 1nserted in Agrobacterium tumefasciens (Strain GV 3101) by electroporation and cultivated
i suspension with leaf discs from tobacco to achieve the plant transformation. The
transformation was confirmed by PCR of the marker gene NPTII that confers kanamycin
resistance.

Transgenic seeds of T3 generation were obtained and germinated in vitro. All seeds
were surface-decontaminated by shaking in 70% ethanol for 1 min and rinsed with sterile
distilled H>O. In sequence, seeds were treated with 0.2% sodium hypochlorite for 5 min and
rinsed two times with sterile distilled H>O. The seeds were then allowed to germinate in Petri
dishes containing Murashige and Skoog (MS) medium (MURASHIGE; SKOOG, 1962) with
addition of 50uM of Kanamycin® (KAN) for the transgenic lines and cultivated in vitro for 30
days under growth chamber conditions, 16 h:8 h, light : dark photoperiod, photosynthetic
photon flux density (PPFD) of 100 pumol photons m~ s!, 25 + 1 °C and relative humidity 53 =
5%. Seedlings showing KAN resistance were transferred to 0.1 liters seedbeds with substrate
composed by a mixture of vermiculite, sand and soil (1:1:1) and kept well watered for 15 days
under greenhouse conditions with natural 12 h light photoperiod, maximum PPFD of 500 pmol
photons m~ s, 30 = 4 °C and relative humidity 62 + 10%. Subsequently, plants were dived in
three groups. The first group was transferred to hydroponic system using Hoagland and Armon
nutritive solution in 2.5 L pots (HOAGLAND; ARNON, 1950), which was changed weekly
and these plants used only for the isolation of guard cell-enriched epidermal fragments. The
second group was transferred to 5.0 L pots containing the same substrate mentioned above. The
first and second groups were cultivated under greenhouse conditions. The third group was
cultivated into 2.5 L pots with the same substrate under growth chamber conditions. The plants

grown on substrate were nrigated with Hoagland and Amon nutritive solution three times per
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week. All plants were cultivated during 45 or 60 days until the beginning of each experiment

described below.

3.2 Phylogenetic analysis

To find out which tobacco SUS i1soform most likely would have its expression
decreased by the antisense sequence of SUS3 from potato, a phylogenetic tree was created in
order to reveal which primers we need to use in the gene expression analysis. Amino acids
sequences from previous work (WANG et al., 2015) were used as query sequence on tblastn
from NCBI database to found CDS of NtSUSI-7 (accession numbers: XM 016618980.1;
XM 016595403.1; XM 016627888.1; XM 016610900.1; XM 016608012.1;
XM 016585183.1; XM 016611295.1). Multiple sequence alignment was performed using
ClustalW software (Kyoto University Bioinformatics Center, Kyoto, Japan) utilizing CDS of
NtSUSI-7 and StSUS3 (accession number: AY205084.1) to build the phylogenetic tree by
FastTree tool (PRICE; DEHAL; ARKIN, 2009).

3.3 Gene expression analysis

In order to quantify the expression level of the antisense inhibition of sucrose
synthase in tobacco, an analysis of gene expression was performed. Total RNA from guard cells
and leaves of plants grown in greenhouse were isolated and cDNA synthesized using SV Total
RNA Isolation System and M-MLV Reverse Transcriptase (Promega Corporation, Madison,
Wisconsin, EUA), accordingly to the manufacturer instructions. Total RNA was quantified
(Epoch Microplate Spectrophotometer, BioTek Instruments Inc., Winooski, Vermont, EUA)
and its integrity checked in 50 pg ml™*! ethidium bromide stained 1.5% agarose gel.

The primer for protein phosphatase 2A (PP24) was designed by aligning the coding
sequence (CDS) obtained from NCBI database using the muscle tool in Mega X software
(FW,5’-CACTTCAGTCAATTGATAACGTC-3’; REV,5’-
GCAAAATCCTACCAAAGAGGG-3’). The primers NtSUS2 were constructed as in previous
work (WANG et al, 2015) (FW,5’- CACATTGATCCATACCACGGGGAT-3’; REV,5’-
ACAGCAGCCAGTGTCAACAACCGA-3’). In order to estimate SUS silencing, gQPCRs were
performed by using GoTaq® qPCR Master Mix (Promega Corporation, Madison, Wisconsin,
EUA) accordingly to the manufacturer instructions. The qPCRs were performed accordingly
the following program: initial denaturation (95 °C, 5 min), 40 X 3 steps cycle (denaturation 95
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°C 15 sec; annealing 56.3, 60.0 or 68.1 °C 15 sec; elongation 60 °C 20 sec) and final elongation
(60 °C, 2 min). Transcripts relative expression was calculated by the 222" method, in which
PP24 was used as internal control and WT was used as calibrator (LIVAK; SCHMITTGEN,
2001).

3.4 Gas exchange analysis

Photosynthetic response curves were performed using a portable infrared gas
analyzer (LiCor 6400XT, Lincoln, NE, USA) in completely expanded leaves from 45 days-old
plants of all genotypes, including WT, cultivated in hydroponic system and 5 liters pots. These
curves were carried out aiming to observe the differences in the photosynthetic capacity
between transgenic and WT plants in response to light and CO.. Photosynthetic light responsive
curve (A-PPFD) was measured using light intensities from high to low, m order: 2000, 1500,
1000, 800, 600, 400, 200, 100, 50 and 0 pmol photons m™~ s, using 10% blue light (FLEXAS
et al., 2008). For this measurement, 4 (umol CO> m™~ s') was recorded in each light intensity
when steady state was reached at constant 400 ppm CO-> and block temperature at 28 °C.
Photosynthetic CO- responsive curve (A-C;) was achieved using several CO, concentrations,
in order: 400, 300, 200, 100, 50, 400, 500, 700, 1000, 1200 and 400 ppm CO,. Substomatal
COs concentration (C;. pmol CO> mol ™) and 4 were recorded for each CO» concentration and
constant 1000 pmol photons m™~ s saturating light when steady state was reached. Also, were
measured steady state of transpiration rate (E), 4, gs, and dark respiration (Rq) by measuring
photosynthesis in dark and multiplying it by -1.

Both curves were constructed using SIGMAPLOT 14 (Systat Software Inc., San
Jose, CA, USA). A three component exponential rise to maximum equation was used to fit the
curves: 4 =a (1 - e®) + ¢, where 4 = photosynthetic rate, x = PPFD, and a, b, ¢ are parameters

estimated by the non-linear regression (WATLING; PRESS; QUICK, 2000).

3.5 Whole plant transpiration

The determination of whole plant transpiration was achieved by using a gravimetric
methodology (DALOSO et al., 2016). The whole plant transpiration was accomplished in order
to help to observe phenotypic changes in stomatal movement behavior of transgenic plants. For
45 days-old plants cultivated in 2.5 and 5 liters pots with substrate and maintained in growth

chamber and greenhouse conditions, respectively. Pots without plants were used to estimate
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evapotranspiration of the soil. The pots were filled with water at beginning of the night almost
in a daily basis, as shown in the legend of the figures. In the next day, the pots were weighted
at predawn and at the end of the day. The WPT was then obtained by the difference between
the two weights and by subtracting the evapotranspiration of the pots without plants (g H.O d-
! plant?). WPT was recorded between different time intervals in a diel course as well as in a

daily basis for eleven days and forty six days.

3.6 Growth analysis

The growth analysis was carried out in order to observe changes in development
and growth, proportional biomass gain and leaf area that the transgene may have caused. For
growth chamber and greenhouse conditions, the leaf area (LA) was estimated through a model
described previously (ANTUNES et al., 2008). This model was adapted for tobacco by the
equation: LA =0.70014 * W * L. All leaves with more than 5 cm of length from all genotypes
were measured. This model takes into account the length (L) and maximum width (W) of the
leaves, which were obtained by measuring from the lamina tip to the point of the petiole
intersection along the central nervure and by measuring at the widest point perpendicular to the
central nervure, respectively. These measurements were recorded during the whole plant
transpiration experiment on the first, middle and last day of experiment and on the days in
between the data were estimated by linear regression (1> > 0.98). The leaf area (cm”) was used
to calculate the whole plant transpiration per leaf area (mg H>O d™! cm™) and specific leaf area
(cm? gt leaf DW). For each plant, at the end of WPT experiments, was determined the total
leaf number (> Scm length), stem length, dry weigh (DW) of leaf, stem and roots by drying at
80 °C for 7 days. These parameters were used to determined total biomass DW (leaf DW +
stem DW + roots DW), harvest index (leaf DW / total biomass DW), shoot DW (leaf DW +
stem DW), shoot DW /root DW (g g!), leaves DW / root DW (g g"') and plant leaf area / roots
DW (cm?® g?). The relative growth rate (RGR, g g day™') was obtained by the equation: RGR
= In (final weigh) — In (initial weight) / final day — initial day.

3.7 Drought stress experiment
The drought stress experiment was performed in 45 days-old plants of all genotypes

cultivated in 2.5 liters pots under growth chamber conditions. This experiment was composed

by three drought cycles. These cycles were performed in order to analyze recovery effects in



17

hydric stress and to compare the possible differences in response to drought between transgenic
and WT plants. On the first cycle, the irrigation was interrupted at the day 4 of the experiment
for five days, and then urrigation was restored for seventeen days. On the second cycle, at day
26 of the experiment, the water supply was interrupted for seven days followed by seven days
of recovery. On the third cycle, at day 40 of the experiment, the irrigation was ceased for more
ten days and irrigated again. Approximately 10 leaf disks of 0.3 cm? were harvested per plant
to calculate the relative water content (RWC). It was recorded fresh weight (FW) at the same
instant the leaf disks were removed from each plant, turgid weight (TW) after the leaf disks
were added to test tubes totally covered with distilled water for 3 hours at 25 + 1 °C and DW
after the leaf disks were kept in 80 °C for 72 hours. Each them were used to calculate RWC
(RWC =100 (FW - DW)/(TW - DW)).

3.8 Water use efficiency determination

The data collected for light curves and stomatal opening kinetics were used to
calculate ;\WUE (4/gs, pmol CO mmol ! H>O). Only steady state, of 4 and g5, under 1000 pmol
photons m~ s and 400 ppm CO: from 4-PAR curves and stomatal opening kinetics were used
from plants grown in 5 liters pots under greenhouse conditions and in 2.5 liters pots under
growth chamber conditions after drought experiments. For the determination of both yWUE (g
DW leaves kg™ H,O transpired) and sWUE (g DW kg! H>O transpired), leaves DW and total
biomass at the first day of the WPT experiment were estimated. The estimative of leaves DW
at day 1 was achieved by linear regression (R? > 0.82) using the leaf area at the beginning of
the experiment. In the estimation of total biomass at day 1, were used these previous leaves DW
found in the first day to estimate by using exponential regression (R > 0.95). The results of
water use efficiency will indicate whether the transgene increased the plant productivity in

terms of biomass per water saved.

3.9 Stomatal opening kinetics during dark-to-light transition

Stomatal opening kinetics was performed utilizing fully expanded leaves of 60 day-
old plants after drought stress. Leaves were covered with aluminum foil for a few minutes
keeping the plants adapted to the dark before measurements. Only four repetitions were
performed per day at morning, thus avoiding effects caused by circadian rthythms on the

measurements. Gas exchange was recorded every 10 sec for 300 sec in the dark and for 3200
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sec under 1000 pmol photons m~ s, 400 ppm CO- and block temperature 28 °C using IRGA
(LiCor 6400XT, Lincoln, NE, USA). Steady state of 4 and gs were achieved by averaging the
last 10 points at light condition. These measurements were used to calculate the maximum slope
(Shnax) of gs, response to dark-light transition, and half-time (ts02:) needed to reach gs steady
state (ELLIOTT-KINGSTON et al., 2016; HAWORTH et al,, 2018; LIMA et al., 2019;
MCAUSLAND et al., 2016). Basically, the stomatal opening kinetics help us to quantify the

speed of stomatal movements.

3.10 Stomatal density and fresh weight loss in detached leaves

It was determined stomatal density of abaxial and adaxial leaf surfaces of 45 days-
old plants cultivated in substrate under greenhouse conditions as previously described
(DALOSO et al., 2016). The stomatal density was performed in order to observe whether
changes in transpiration behavior would be caused by alterations in the number of stomata per
leaf surface area. Colorless nail polishwas applied on both surfaces of full expanded leaves and
leave it to dry. The nail polish was removed with clear adhesive tape and placed on a microscope
slide. Epidermis photos were taken on optical microscopy and stomatal density (Number of
stomata mm~) was determined utilizing ANATI QUANTI 2.0 software (UFV, Vigosa, MG,
Brazil) (AGUIAR et al., 2007). Determination of fresh mass loss in detached leaves was
performed by measuring leaf weight every 10 minutes for 2 hours, in order to evaluate the
mutation interference on stomatal closured induced by leaf detachment. The result is

demonstrated as % of leaf weight loss (water loss) over time relative to its initial weight.

3.11 Isolation of guard cell-enriched epidermal fragments

The 1solation of guard cell-enriched epidermal fragments was realized adapting the
protocol from previous work (KRUSE; TALLMAN: ZEIGER, 1989). This methodology results
in epidermal fragments where at least 95% of the intact cells present are guard cells (ANTUNES
etal., 2017). This was performed in 60 days-old plants of all genotypes cultivated in hydroponic
system and 5 liters pots under greenhouse conditions. Samples from 5 liters pots were collected
at morning and used for PCR in gene expression analysis. Samples from hydroponic system
were harvested at dawn between 3-5 a.m. (dark) and at morming between 7-9 a.m. (light) and
used to extract metabolites. The preparation was performed using expanded leaves of all

genotypes from which main and secondary nervures were excised out and blended in wairing



19

blender (Phillips-Wallita, model RI 2044) with internal filter in distilled water for 1 minute and
4 pulses of 5 seconds at half power. After, the solution containing guard cell-enriched epidermal
fragments was filtered in 200 pm nylon membrane and the retained was rinsed vigorously with
distilled water to remove the rest of ruptured mesophyll cells and apoplastic content. This

retained was immediately frozen in liquid nitrogen and stored -80 °C freezer.

3.12 Extraction and analysis of leaf and epidermal fragments metabolites using GC-TOF-
MS

Guard cell-enriched epidermal fragments and leaf samples from genotypes L3, L13
and WT cultivated in hydroponic system collected in dark and light period were used frozen to
metabolite extraction. The line L11 was not used due to the fact that its results do not presented
a strong phenotype caused by the transgene. The extractions were performed using ~50 mg of
grinded leaf powder and ~200 mg of grinded epidermal fragments powder. The frozen powder
was shaken for 15 minutes at 350 rpm and 70 °C with methanol containing 0.2 mg ml™ of ribitol
as internal quantitative standard. After 10 min centrifugation at 11000 g, the supernatant was
collected and added to a new tube with water and chloroform. After 15 min centrifugation at
11000 g, the polar phase was separated and collected 150 pl and 1000 pl for leaf and epidermal
fragments samples, respectively. Each extracted sample was dried in a vacuum concentrator to
derivatization and analyzed by gas chromatography coupled to time of flight mass spectrometry
(GC-TOF-MS) (LISEC et al., 2006). The resulting chromatogram and mass spectral analysis
were evaluated using the TagFinder software (LUEDEMANN et al., 2008).

3.13 Statistical analyses

All data shown are the mean of four or five replicates + standard error (SE), as
indicated in the legend of each figure. The transgenic lines were statistically compared with
WT using Student’s #-test at 5% of probability (P < 0.05). These statistical analyses were
performed using Microsoft Excel (Microsoft, Redmond, WA, USA) or SIGMAPLOT 14
(Systat Software Inc., San Jose, CA, USA). The metabolomics data were analyzed using the
MetaboAnalyst platform (CHONG et al., 2018) to run multivariate analysis such as partial least
square-discriminant analysis (PLS-DA) and orthogonal partial least squares-discriminant
analysis (orthoPLS-DA). All data subjected to multivariate analysis were transformed to log

and had its mean-centered and divided by the standard deviation of each variable using auto-
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scaling mode of the MetaboAnalyst platform. These analyses were performed to reduce the

scale variability of the dataset (XIA; WISHART, 2011).
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Summary

Guard cell carbohydrate metabolism 1s key for the regulation of stomatal movements. The
sucrose synthase 3 gene (SUS3) is the most expressed SUS i1soform in potato and Arabidopsis
guard cells and encodes an enzyme that works on both sucrose synthesis and breakdown
direction. Previous results showed that plants overexpressing SUS3 specifically in guard cells
had higher stomatal conductance, transpiration rate, and growth. We thus hypothesize that
silencing guard cell SUS3 results in reduction of stomatal conductance and possibly higher water
use efficiency (WUE) and drought tolerance. Here, we characterized Nicotiana tabacum plants
antisense for the potato SUS3 gene under the control of guard cell-specific KST1 promoter.

Phylogenetic analysis using amino acid sequences of all SUS i1soforms demonstrated that potato
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SUS3 (StSUS3) 1s equivalent to tobacco SUS2 (NtSUS?2). Slight reduction in guard cell NzSUS2
expression decreased whole plant transpiration, stomatal conductance and biomass
accumulation and increased yield WUE (yWUE), defined as the ratio between yield production
and water transpired over time. NtSUS?2 silencing altered the metabolite profiling of guard cells
and leaves. Furthermore, the transgenic lines showed drought avoidance characteristics under
successive drought stress cycles. Our results revealed that NtSUS?2 1s a key regulator of whole
plant transpiration and strengthen the 1dea that engineering guard cell metabolism is an effective

strategy to decrease plant water consumption and to improve plant WUE.

Keywords: Saccharolytic activity; drought stress; stomatal movement regulation; water use

efficiency.

Introduction

It has been estimated that water demand for agricultural production will increase by
17% by 2025, mostly due the increase in the average global temperature and the fact that
drought episodes will become more frequent according to the predicted climate change scenario
(PENNISI, 2008). It is urgently needed therefore to find strategies to improve plant water use
efficiency (WUE), which is defined as the ratio between the amount of accumulated biomass
per unit of water used at crop ((WUE), whole plant or leaf level (BACON, 2004; BLUM, 2005;
CONDON et al., 2004; FLEXAS et al., 2010; MEDRANO et al., 2015). \WUE is related to the
yield and the water used during the whole cultivation period (PASSIOURA, 2006). At whole
plant level the ratio between total accumulated biomass to water used or transpired is defined

as season-long water use efficiency («WUE) and the ratio between individual yield production
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(harvestable) to water used or transpired over a certain period of time (WUE) (MEDRANO et
al., 2010). At leaf level, gas exchange analysis is taken into account to determine instantaneous
water use efficiency (tWUE - ratio between net photosynthetic rate (4) and transpiration rate
(E)) or intrinsic water use efficiency (WUE - ratio between 4 and stomatal conductance (gs))
(CONDON et al., 2002; FLEXAS et al., 2013). Given that WUE depends fundamentally on the
gain of carbon (C) and the water loss by the transpiration process, it is reasonable to assume
that stomata 1s the master regulator of WUE (BRODRIBB; SUSSMILCH; MCADAM, 2019).
However, the key regulators of plant transpiration remain elusive.

Plant scientists are looking to understand the dynamic of plant cells under increasing
global environmental changes in order to improve plant growth and plant stress tolerance
through genetic manipulation of plant metabolism. However, plants are controlled by
modulation of complex regulatory networks acting at different spatial and temporal scales,
which makes difficult to understand plant cell functioning, specially under adverse conditions,
and to find important biotechnological targets (BERTOLLI; MAZZAFERA; SOUZA, 2014,
SOUZA; DE OLIVEIRA; CARDOSO, 2004). In this context, although WUE measurements
under water deficit conditions are particularly useful to unveil potential drought stress tolerant
plants, it is important to highlight that WUE improvement is not always associated to increased
drought tolerance, and vice versa. This is partially due the fact that with the increase of
temperature and vapor pressure deficit (VPD) under drought, plants tend to transpire more and
thus consume more water. Thus, although there are multiple ways to improve WUE (SINGH et
al., 2012), one way to decrease plant water consumption is by genetic manipulation of key
regulator(s) of plant transpiration, which is presumably located at the stomata (FLEXAS, 2016;
GAGO etal., 2014).

Stomata are leaf epidermal structures consisting of two guard cells that surround a pore.
Guard cells are highly specialized and integrate endogenous and environmental signals such as
plant water status, hormonal stimulus, light quantity and quality, CO> concentration, air
humidity, among other conditions, to regulate stomatal opening (LAWSON et al., 2014;
MATTHEWS; VIALET-CHABRAND:; LAWSON, 2017). During the stomatal opening, there
1s an increase in guard cell volume due to the influx and/or intracellular generation of solutes,
favoring water entrance into the cell and consequently driving stomata to open (MEDEIROS et
al., 2015). The control of stomatal opening mvolves thus reversible changes in the
concentrations of osmotically active solutes within guard cells, such as potassium (K), malate
(malate?), chloride (CI") and nitrate (NOs") (EISENACH; DE ANGELI, 2017; SHIMAZAKI et

al., 2007). By contrast, stomatal closure has been closely associated to hormonal stimulus, in
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which abscisic acid (ABA) plays a central role (ROELFSEMA; HEDRICH, 2005).
Environmental cues such as dark and high CO- concentration close stomata while light and low
CO: concentration stimulate its opening (ENGINEER et al., 2016). Thus, stomatal movements
follows a circadian rhythm according to external and endogenous stimulus (GORTON;
WILLIAMS; ASSMANN, 1993; HUBBARD; WEBB, 2015), which is pivotal to sustain the
demand of CO> for photosynthesis and to close the stomata in periods of high photosynthetic
rate (MESSINGER; BUCKLEY:; MOTT, 2006). Thus, stomatal movements is closely linked
to the mesophyll photosynthetic activity, in which the transport of mesophyll-derived
metabolites such as sucrose and malate and their import into guard cells seems to be key for
stomatal movement regulation (DALOSO; DOS ANJOS; FERNIE, 2016; LAWSON et al.,
2014; LIMA et al., 2018, 2019).

Several studies indicate the importance of carbohydrate metabolism in the regulation of
stomatal movements (ANTUNES et al., 2012, 2017; DALOSO et al., 2016; KELLY et al.,
2013, 2019; KOPKA; PROVART; MULLER-ROBER, 1997; LUGASSI et al., 2015;
OUTLAW; DE VLIEGHERE-HE, 2001; STADLER et al., 2003; TALBOTT; ZEIGER, 1998;
WANG et al., 2019). Recent studies suggest that the degradation of sucrose within guard cell
1s an important mechanism to provide substrate for Glutamine (Gln) biosynthesis during light-
induced stomatal opening (DALOSO et al., 2015; MEDEIROS et al., 2018; ROBAINA-
ESTEVEZ et al., 2017). Furthermore, it has been shown that plants overexpressing either
hexokinase or sucrose synthase 3 (SUS3) specifically in guard cells altered stomatal movements
(DALOSO et al., 2016; KELLY et al., 2013, 2019; LUGASSI et al., 2015). These results
suggest that sugar breakdown within guard cells plays a major role in the regulation of stomatal
movements. More importantly, these results highlight the energetic importance of sucrose
metabolism to sustain stomatal opening and refute the previous idea that sucrose would act only
as an osmolyte within guard cells (AMODEO; TALBOTT; ZEIGER, 1996; TALBOTT;
ZEIGER, 1996, 1998). Furthermore, these studies indicate that genetic manipulation of guard
cell carbohydrate metabolism is an important approach to improve drought tolerance and/or
WUE. For instance, transgenic plants with increased expression of hexokinase within guard
cells have increased WUE and drought tolerance (KELLY et al., 2019), and antisense
construction to sucrose transporter (SUTI) lead to plants with higher WUE, associated to
reduced guard cell sucrose content and lower gs compared with WT plants (ANTUNES et al.,
2017).

Sucrose metabolism is important not only for the regulation of guard cells but mainly

to the overall C distribution throughout the plant. In the cytosol of plant cells, sucrose is
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degraded into hexoses by different invertase (INV) and sucrose synthase (SUS) isoforms
(BIENIAWSKA et al., 2007; NGUYEN-QUOC; FOYER, 2001). The SUS-catalyzed reaction
to sucrose breakdown is energetically more favorable than INV, because in this reaction it
converts sucrose and UDP to fructose and UDP-glucose (GEIGENBERGER; STITT, 1993).
The number and the expression of SUS isoforms vary among species and the organs,
respectively. In tobacco (Nicotiana tabacum L.), there are seven SUS 1soforms (NtSUS1-7), and
1soforms 2 and 3 are the most abundant in mature leaves (WANG et al., 2015). In Arabidopsis,
the expression of SUS3 1s nearly specifically to guard cells (DALOSO; DOS ANJOS; FERNIE,
2016), similar to the observed in potato (Solanum tuberosum L.) (KOPKA; PROVART;
MULLER-ROBER, 1997), suggesting a specific role of this isoform in stomatal movements.
Indeed, genetic manipulation of potato SUS3 substantially altered gs (ANTUNES et al., 2012;
DALOSO et al., 2016; NI, 2012). Here, we aim to contribute to a better understanding of the
role of sucrose metabolism in guard cell by the characterization of tobacco transgenic plants
antisense for the potato SUS3 gene under control of KST1 promoter. We hypothesize that
silencing the SUS3 gene within tobacco guard cell results in reduction of gs and transpiration
with possibly higher WUE and drought tolerance. Our results are discussed in the context of
stomatal movement regulation and manipulation of sucrose metabolism in guard cell as a

feasible strategy on the development of less water consuming plants.

Material and methods

Plant material and growth conditions

In this study, we used the commercial Nicotiana tabacum L. cv Havana 425 wild type
(WT) and transgenic plants antisense to sucrose synthase 3 gene (SUS3) under control of the
KST1 promoter (X79779), that drives the expression specifically to guard cells (KELLY et al.,
2017; MULLER-ROBER et al., 1995; PLESCH; EHRHARDT; MUELLER-ROEBER, 2001).
The transformation was realized by sub-cloning the SUS3 gene from Solanum tuberosum
(StSUS3) (STU24088) into the pBinK plasmid vector, which derivates from pBinAR-Kan
(HOFGEN; WILLMITZER, 1990) and had the CaMV-35S promoter replaced by the KST1
promoter. A 1567 pb fragment was obtained by the digestion of SUS3 gene using the Knpl
restriction enzyme (ANTUNES et al., 2012), which was cloned in the antisense direction in the
pBinK vector, between KST 1 promoter and OCS terminator (Figure 1A). This construction was

inserted into Agrobacterium tumefasciens (Strain GV 3101) by electroporation and cultivated
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in suspension with leaf discs from tobacco to achieve the plant transformation. The
transformation was confirmed by PCR of the marker gene NPTII that confers kanamycin
resistance (Figure S1).

Transgenic seeds of lines L3, L11 and L13 of Ts generation were obtained and
germinated in vitro. These lines were chosen based on preliminary results of transpiration and
leaf temperature (data not shown). All seeds were surface-decontaminated by shaking in 70%
ethanol for 1 min and rinsed with sterile distilled H>O. In sequence, seeds were treated with
0.2% sodium hypochlorite for 5 min and rinsed two times with sterile distilled H>O. The seeds
were then allowed to germinate in Petr1 dishes containing Murashige and Skoog (MS) medium
(MURASHIGE; SKOOG, 1962) with addition of 50 uM of Kanamycin® (KAN) for the
transgenic lines and cultivated in vitro for 30 days under growth chamber, 16 h:8 h, light:dark
photoperiod, photosynthetic photon flux density (PPFD) of 100 umol photons m? s, 25 + 1
°C and relative humidity 53 + 5%. Seedlings showing KAN resistance (Figure S2) were
transferred to 0.1 L pots with substrate composed by a mixture of vermiculite, sand and soil
(1:1:1) and kept well-watered for 15 days under greenhouse conditions with natural 12 h light
photoperiod, maximum PPFD of 500 pmol photons m~ s!, 30 + 4 °C and relative humidity 62
+ 10%. Subsequently, plants were dived in three groups. The first group was transferred to
hydroponic system using Hoagland and Amon nutritive solution in 2.5 L pots (HOAGLAND:;
ARNON, 1950) which was changed weekly and these plants used only for the isolation of guard
cell-enriched epidermal fragments. The second group was transferred to 5.0 L pots containing
the same substrate mentioned above. The first and second groups were cultivated under
greenhouse conditions. The third group was cultivated into 2.5 L pots with the same substrate
under growth chamber conditions. The plants grown on substrate were irrigated with Hoagland
and Arnon nutritive solution three times per week. All plants were cultivated during 45 or 60

days until the beginning of each experiment described below.

Gene expression and phylogenetic similarity analyses

Total RNA from guard cells and leaves of 45 days-old plants grown in substrate under
greenhouse conditions were isolated and the cDNA synthesized using SV Total RNA Isolation
System and M-MLV Reverse Transcriptase (Promega Corporation, Madison, Wisconsin,
EUA), accordingly to the manufacturer instructions. Total RNA was quantified (Epoch
Microplate Spectrophotometer, BioTek Instruments Inc., Winooski, Vermont, EUA) and its
integrity checked in 50 pg ml" ethidium bromide stained 1.5% agarose gel. The primer for
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protein phosphatase 2A (PP24) was designed by aligning the coding sequence (CDS) obtained
from NCBI database wusing the muscle tool in Mega X software (FW,5’-
CACTTCAGTCAATTGATAACGTC-3’; REV,5’-GCAAAATCCTACCAAAGAGGG-3’).
The primers used to investigate NtSUS expression were obtained from previous work (WANG
et al, 2015 (FW,5’-  CACATTGATCCATACCACGGGGAT-3’; REV,5’-
ACAGCAGCCAGTGTCAACAACCGA-3’). In order to estimate SUS silencing, qRT-PCR
was performed by using GoTaq® qPCR Master Mix (Promega Corporation, Madison,
Wisconsin, EUA) accordingly to the manufacturer instructions. The qRT-PCR was performed
accordingly the following program: initial denaturation (95 °C, 5 min), 40 x 3 steps cycle
(denaturation 95 °C 15 sec; annealing 56.3, 60.0 or 68.1 °C 15 sec; elongation 60 °C 20 sec) and
final elongation (60 °C, 2 min). Relative transcripts expression was calculated by the 244
method, in which PP24 was used as internal control and WT was used as calibrator (LIVAK;
SCHMITTGEN, 2001).

Amino acids sequences from previous work (WANG et al., 2015) were used as query
sequence on tblastn from NCBI database to found CDS of NtSUSI-7 (accession numbers:
XM 016618980.1; XM _016595403.1; XM 016627888.1; XM 016610900.1;
XM 016608012.1; XM 016585183.1; XM 016611295.1). Multiple sequence alignment was
performed using ClustalW software (Kyoto University Bioinformatics Center, Kyoto, Japan)
utilizing CDS of NtSUSI-7 and StSUS3 (accession number: AY205084.1) to build a
phylogenetic tree by FastTree tool (PRICE; DEHAL; ARKIN, 2009).

Photosynthetic light and CO; response curves

Photosynthetic response curves were performed in completely expanded leaves from 45
days-old plants of all genotypes cultivated in substrate under greenhouse conditions using a
portable infrared gas analyzer (LiCor 6400XT, Lincoln, NE, USA). Photosynthetic light
response curves (4-PPFD) was measured using light intensities from high to low, in order:
2000, 1500, 1000, 800, 600, 400, 200, 100, 50 and 0 pmol photons m2 s, using 10% of blue
light to optimize stomatal opening (FLEXAS et al., 2008). For this measurement, 4 (umol CO;
m~ s!) was recorded in each light intensity when steady state was reached at constant 400 ppm
CO:> and block temperature at 28 °C. Photosynthetic CO; response curves (A4-C;) was achieved
using several CO» concentrations, in order: 400, 300, 200, 100, 50, 400, 500, 700, 1000, 1200
and 400 ppm of CO-. Gas exchange was recorded for each CO: concentration and constant

1000 pumol photons m™ s! when steady state was reached.
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Both curves were constructed using SIGMAPLOT 14 (Systat Software Inc., San Jose,
CA,USA). A three component exponential rise to maximum equation was used to fit the curves:
A=a(l-e®)+c, where 4 = photosynthetic rate, x = PPFD, and a, b, ¢ are parameters estimated
by the non-linear regression (WATLING; PRESS; QUICK, 2000).

Whole plant transpiration and growth analysis

Whole plant transpiration (WPT) was determined by using a gravimetric methodology
(DALOSO et al., 2016). WPT was determined in 45 days-old plants cultivated in substrate
under greenhouse and growth chamber conditions. Pots without plants were used to estimate
evapotranspiration of the soil. The pots were filled with water at beginning of the night almost
1n a daily basis, as shown 1in the legend of the figures. In the next day, the pots were weighted
at predawn and at the end of the day. The WPT was then obtained by the difference between
the two weights and by subtracting the evapotranspiration of the pots without plants (g H.O d
! plant). WPT was recorded between different time intervals in a diel course as well as in a
daily basis for eleven days and forty six days.

Leaves with more than 5 cm length were used to estimate leaf area (LA) through a model
described previously (ANTUNES et al., 2008, 2017). This model takes into account the length
(L) and maximum width (W) of the leaves, which were obtained by measuring from the lamina
tip to the point of the petiole intersection along the central nervure and by measuring at the
widest point perpendicular to the central nervure, respectively. These measurements were
recorded during the WPT experiment in greenhouse in the first, middle and last day of
experiment and in growth chamber at days 1, 3 and 5, the days in between the data were
estimated by linear regression (1> > 0.98). The leaf area (cm?) was used to calculate specific leaf
area (cm’ g'! leaf DW) as well as to estimate WPT per leaf area (mg H,O d! cm™). At the end
of WPT experiments, it was determined the total leaf number (> Scm length), stem length, dry
weigh (DW) of leaf, stem and roots by drying at 80 °C for 7 days. These parameters were used
to determined total biomass DW (leaf DW + stem DW + roots DW), harvest index (leaf DW /
total biomass), shoot DW (leaf DW + stem DW), shoot DW / root DW (g g™!), leaves DW / root
DW (g g!) and plant leaf area / roots DW (cm” g!). The relative growth rate (RGR, g g day
1) was obtained by the equation: RGR = In (final weight) — In (initial weight) / final day — initial
day.

Drought stress experiment
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The drought stress experiment was performed in 45 days-old plants cultivated under
growth chamber conditions. This experiment was composed by three drought cycles. On the
first cycle, the irrigation was interrupted at the day 4 of the experiment for five days, and then
1rrigation was restored for seventeen days. On the second cycle, at day 26 of the experiment,
the water supply was interrupted for seven days followed by seven days of recovery. On the
third cycle, at day 40 of the experiment, the irrigation was ceased for more ten days and irrigated
again. These cycles were performed in order to analyze recovery effects in hydric stress. The
WPT and the relative water content (RWC) was estimated as indicated in the figures.
Approximately 10 leaf disks of 0.3 cm?” were harvested and used to determine fresh (FW), turgid
(TW) and dry weight (DW), which were then used to calculate RWC (RWC = 100 (FW - DW)
/ (TW - DW)).

Determination of plant water use efficiency

Steady state values of 4 and g; under 1000 pmol photons m™~ s and 400 ppm CO, from
A-PAR curves and stomatal opening kinetics (described below) were used to calculate ;WUE
(4/gs, pmol CO> mmol™* H-0). For the determination of both yWUE (g DW leaves kg H,O
transpired) and sWUE (g DW kg H>O transpired), leaves DW and total biomass at the first
day of the WPT experiment were estimated. The estimative of leaves DW at day 1 was achieved
by linear regression (R* > 0.82) (Figure S3) using the leaf area at the beginning of the
experiment. In the estimation of total biomass at day 1, were used these previous leaves DW

found in the first day to estimate by using exponential regression (R> > 0.95).

Stomatal opening kinetics during dark-to-light transition

Stomatal opening kinetics was performed utilizing fully expanded dark-adapted leaves
after ten days of the end of the drought stress experiment. In order to avoid circadian effects in
the measurements, only four replicates were carried out during the morning period of the day.
Gas exchange was recorded every 10 sec for 300 sec in the dark plus 3200 sec under 1000 pmol
photons m~ s!, 400 ppm CO- and block temperature 28 °C using IRGA (LiCor 6400XT,
Lincoln, NE, USA). Steady state of 4 and gs were achieved by averaging the last 10 points at
light condition. These measurements were used to calculate the maximum slope (S/max) of gs

response and half-time (tsees) needed to gs reach steady state during dark-to-light transition
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(ELLIOTT-KINGSTON et al, 2016; HAWORTH et al, 2018; LIMA et al, 2019;
MCAUSLAND et al., 2016).

Stomatal density and fresh weight loss in detached leaves

It was determined stomatal density of abaxial and adaxial leaf surfaces of 45 days-old
plants cultivated in soil under greenhouse conditions as previously described (DALOSO et al.,
2016). Colorless nail polish was applied on both surfaces of full expanded leaves and leave it
to dry. The nail polish was removed with clear adhesive tape and placed on a microscope slide.
Epidermis photos were taken on optical microscopy and stomatal density (Number of stomata
mm™~) was determined utilizing ANATI QUANTI 2.0 software (UFV, Vigosa, MG, Brazil)
(AGUIAR et al., 2007). Determination of fresh weight loss in detached leaves was performed
by measuring leaf weight every 10 minutes for 2 hours. The result is demonstrated as % of leaf

weight loss (water loss) over time relative to its mitial weight.

Isolation of guard cell-enriched epidermal fragments

The isolation of guard cell-enriched epidermal fragments was performed adapting the
protocol from previous work (KRUSE; TALLMAN; ZEIGER, 1989). This methodology results
in epidermal fragments where at least 95% of the intact cells present are guard cells (ANTUNES
et al., 2017). This was performed in 60 days-old plants cultivated under hydroponic system
under greenhouse conditions. Samples were harvested at pre-dawn between 3-5 a.m. (dark) and
at morning between 7-9 a.m. (light) and used to extract metabolites. The guard cell-enriched
epidermal fragments were obtained from expanded leaves in which main and secondary
nervures were excised out and blended in warring blender (Phillips-Wallita, model RI 2044)
with internal filter in distilled water for 1 minute and 4 pulses of 5 seconds at half power. After,
the solution containing guard cell-enriched epidermal fragments was filtered in 200 pm nylon
membrane and the retained was rinsed vigorously with distilled water to remove the rest of
ruptured mesophyll cells and apoplastic content. This retained was immediately frozen in liquid

nitrogen and stored -80 °C freezer.

Metabolite profiling analysis
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Guard cell-enriched epidermal fragments and leaf samples collected in the dark and
light during dark-to-light transition were used to metabolite profiling analysis. The extractions
were performed using ~50 mg of grinded leaf powder and ~200 mg of grinded epidermal
fragments powder. The frozen powder was shaken for 15 minutes at 350 rpm and 70 °C with
methanol containing 0.2 mg ml™” of ribitol as internal quantitative standard. After 10 min of
centrifugation at 11000 g, the supernatant was collected and added to a new tube with water
and chloroform. After 15 min of centrifugation at 11000 g, the polar phase was separated and
collected 150 ul and 1000 pl for leaf and epidermal fragments samples, respectively. Sample
were then dried in a vacuum concentrator to derivatization and subsequently analyzed by gas
chromatography coupled to time of flight mass spectrometry (GC-TOF-MS) (LISEC et al.,
2006). The resulting chromatogram and mass spectral analysis were evaluated using the

TagFinder software (LUEDEMANN et al., 2008).

Statistical analysis

All data shown are the mean of three to five replicates + standard error (SE), as indicated
in the legend of each figure. Each replicate is an individual plant. The transgenic lines were
statistically compared with WT using Student’s 7-test at 5% of probability (P < 0.05). These
statistical analyses were performed using Microsoft Excel (Microsoft, Redmond, WA, USA) or
SIGMAPLOT 14 (Systat Software Inc., San Jose, CA, USA). The metabolomics data were
analyzed using the MetaboAnalyst platform (CHONG et al., 2018) to run multivariate analysis
such as partial least square-discriminant analysis (PLS-DA) and orthogonal partial least
squares-discriminant analysis (orthoPLS-DA). All data subjected to multivariate analysis were
transformed to log and had its mean-centered and divided by the standard deviation of each
variable using auto-scaling mode of the MetaboAnalyst platform. These analyses were

performed to reduce the scale variability of the dataset (XIA; WISHART, 2011).

Results

Phylogenetic similarity among sucrose synthase isoforms from tobacco and potato and its

expression in tobacco transgenic plants

Potato sucrose synthase 3 gene (StSUS3) was cloned and inserted in the antisense

orientation into tobacco leaves via agrobacterium-mediated transformation (Figure 1A). In
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order to identify which tobacco SUS (NzSUS) 1soform corresponds to the StSUS3, we first
aligned all seven SUS CDS sequences from tobacco with SzSUS3. The phylogenetic tree
indicated that StSUS3 1s closest to NtSUS2 (Figure 1B), as previously shown (WANG et al.,
2015). Thus, the 1soform that would have its expression decreased in transgenic guard cells 1s
likely to be NtSUS2. In fact, QRT-PCR analysis showed that the expression of this isoform
decreased by almost 40% in guard cells in lines L3 and L13, whilst no difference in L11 or in
leaf gene expression was observed (Figure 1C). These results strengthen the 1dea that the KST1
promoter drives the expression specifically to guard cells, as previously demonstrated

(ANTUNES et al., 2017; DALOSO et al., 2016; KELLY et al., 2017, LUGASSI et al., 2015).

Gas exchange analysis

Photosynthetic light and CO- response curves were initially performed to characterize
the photosynthesis capacity of the transgenic lines in response to different light intensities and
CO, concentrations. Among the three transgenic lines, only L3 showed lower net
photosynthetic rate (4) compared to WT in both light and CO, response curves (Figures
S4A,B). By contrast, no difference in A4, transpiration rate (£) and dark respiration (Rg) in all
transgenic lines and reduced stomatal conductance (gs) in both L3 and L 13 was observed under
steady state condition (Figures 2A-D). Also, a positive relationship between the relative NtSUS2
expression and gs was observed among WT and the transgenic lines (Figure S5). These data
indicate that antisense inhibition of NzSUS2 did not have strong effect on the photosynthetic

capacity, despite the reduction in gs.

Antisense inhibition of NitSUS2 reduce whole plant transpiration under greenhouse

conditions

Given that plant transpiration ranges according to the environmental condition
surrounding the leaves (LUGASSI et al., 2015), gas exchange analysis may not provide a clear
picture of the transgenic phenotype given that leaf transpiration was carried out under controlled
atmosphere at the IRGA leaf chamber. Indeed, WPT have been demonstrated to be highly
sensitive to identify plants with altered stomatal behavior (ANTUNES et al., 2017; DALOSO;
DOS ANIJOS; FERNIE, 2016). We thus have used a gravimetric methodology to investigate
WPT in plants grown under non-controlled greenhouse conditions, which varies substantially

in terms of light, temperature and humidity throughout the days (Figure S6). Under these



33

conditions, both L3 and L13 showed significant lower transpiration (up to 44%) compared to
WT over eleven days of the experiment (Figures 3A B). At the days 3, 6 and 11 of the
experiment, the plants were not urrigated. Following the interruption of irrigation, WPT did not
reduce at the day 3 and slightly reduced at the day 11. At the day 5 of the experiment, plants
reached a peak of transpiration, which was associated to a sequence of sunny days (Figure S6).
Following this day, a strong reduction in WPT n WT plants was observed (from 194 to 135 g
H>O d! plant?), whilst the transgenic lines maintain stable this parameter (Figure 3A). At this
day, the percentage of WPT was not different among WT and transgenic lines (Figure 3B).
Considering the accumulated WPT over the eleven days, L3 and L13 transpired approximately
32% less (893 g H,O plant™!) than the WT (1326 g H-O plant!) (Figure 3C). Thus, L3 and L13
conserved 416 and 433 g H,O plant™ at the end of 11 days, respectively (Figure 3C). Given that
transpiration also ranges throughout the diel course, we next investigated whether the reduction
i WPT is constantly observed over a diel course. Both L3 and L13 showed reduced WPT in
all intervals analyzed (Figure S7A), although relatively greater differences in early hours of the
photoperiod were observed (Figure S7B). In summary, L3 and L13 transpired far less than WT
plants under fluctuating environmental conditions.

For the reason that leaf area and stomatal density also exert great influence on plant
transpiration (NILSON; ASSMANN, 2006), we have also determined these parameters and
expressed the WPT data per leaf area. The leaf area was initially smaller in L3 and L13
compared to WT. However, after eleven days only L13 leaf area remained smaller (Figure S8).
WPT per leaf area was also lower in L3 (28%) and L13 (22%) than WT (Figures 3D,E), which
leads to lower accumulated water loss per leaf area (Figure 3F). The differences in WPT are
thus not associated to leaf area and also to changes in leaf stomatal density, given that this
parameter showed no difference among the genotypes (Figures S8 and S9A). We further
investigate whether these differences could be associated to a disrupted stomatal signalling
mechanism. For this, we have analyzed water loss on detached leaves and no difference among
the genotypes was observed (Figure S9B).

At the end of the experiment, plants were harvested and growth parameters determined.
Both L3 and L13 presented reduced accumulated total biomass (Table 1). By contrast, all
transgenic lines showed higher % DW leaves, % DW shoots and shoot-to-root and leaves-to-
root ratios, although only L3 was statistically different from WT in all these parameters. It is
noteworthy that the leaves are the harvestable part of tobacco plants and the harvest index of
L3 reached 0.58 g g, significantly higher than WT. RGR, total leaf number, specific leaf area

and stem length were not significantly altered in the transgenic lines (Table 1). These results
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highlight the priority of transgenic lines in allocating carbon resources for the development of

the aerial part.

Whole plant transpiration under cycles of drought stress

Given that the transgenic plants have demonstrated great differences under interruption
of urrigation compared to WT plants, we next subjected the plants to grown under growth
chamber condition under three consecutive cycles of drought. Slight differences in relative
water content (RWC) among the genotypes were observed on the second and third cycle (Figure
S10). In the first days of the first cycle of drought stress, the transgenic lines behaved similarly
to that previously shown in well-watered conditions, in which the WPT was lower in L11 and
L13 compared to WT plants (Figures 4A,B). Given the milder conditions of the growth
chamber, reductions in WPT were observed only at the day 5 (second day without 1rrigation).
Similar to that observed under greenhouse conditions, WT transpiration dropped (10 g H,O d!
plant ') whilst transgenic lines tended to transpire slightly more than day 4, with a significant
increase of 8 g H,O d™! plant™” in L13 (Figure 4A). From day 5 to 8, all genotypes decreased
transpiration, but the differences among .13 and WT continued until day 8. Interestingly, L11
and L13 transpired 85% and 166% more than WT at the day 8, which highlights the capacity
of these plants to keep transpiring despite the low availability of water (Figure 4B). This leads
to a higher accumulated WPT in L13 (16.25% more) over the days (Figure 4C). At the day 3,
we have also evaluated whether the transpiration ranges through the diel course and no
statistical difference was observed among WT and transgenic lines (Figure S11). In the second
cycle, L13 transpired about 59% more than WT after four days without irrigation (day 29)
(Figure 4B). After seven days under drought stress, all genotypes reduced transpiration, but
without significant differences between them. After second recovery, the third drought cycle
was initiated and at day 43 all transgenic lines transpired less than WT, with L3 transpiring 11
g H,O d plant™ less (Figure 4A). Interestingly, until four days without water, all genotypes
transpired more than WT in the second cycle, but in the third cycle, the opposite behavior was
observed. At the third cycle, no visual differences between transgenic lines and WT over ten
days of drought were observed (Figure S12). These results contrast with those observed under
greenhouse conditions, given that the line L13 lost 48 g H>O plant™® more accumulated water
than WT under growth chamber at the end of drought cycle experiment (Figure 4C).

We next investigated the growth phenotype of the transgenic lines grown under

controlled growth chamber condition with drought cycles. The leaf area was initially lower in
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L13 compared to WT at day 1 of drought cycle, but there was no difference between the
genotypes at day 5 (Figure S13). Also, the transpiration per leaf area followed the same pattern
as on greenhouse, in which transgenic lines transpiration is not associated to leaf area (Figure
S14). After all drought cycles, the differences in growth between transgenic lines and WT have
almost disappeared compared to those previously observed under greenhouse condition.
However, some significant differences were observed in L11, such as lower stem DW and
higher % DW roots (Table 2). Because the small stem DW, the DW shoots was also
significantly reduced in L11 by 49.2%. Overall, the growth parameters of the transgenic lines
did not show any difference from WT in the growth chamber after three drought cycles.

Stomatal opening kinetics in response to light

The dynamic of gs and 4 was performed in plants that has experienced drought cycles
under growth chamber condition. Transgenic lines showed a different pattern of 4 and gs in
response to light (Figures 5A.B). While WT reached maximum gs (gsmax) at 2000 sec and then
decreased until steady state, lines L11 and L13 kept rising and took longer to reach gsmax. The
L3 gsmax Was the smallest one but was equal to WT at steady state. By remaining longer with
high gs, L13 reached elevated 4 than the other genotypes. The highest light-induced stomatal
opening velocity was observed in WT, evidenced by its tendency to has higher S/max and lower
tsoo (Figures 6A,B), suggesting that guard cell N#SUS2 and consequently sucrose breakdown

within guard cells is an important mechanism to regulate stomatal speediness.

Changes in water use efficiency

The NtSUS2 gene silencing had significant impact in yWUE under greenhouse
conditions. All transgenic lines reached higher yWUE than those observed in WT, with line L3
presenting 3.47 g kg!, approximately 0.61 g kg™ more than WT (Table 1). 4yWUE showed no
significant difference between transgenic lines and WT. However, ;WUE was lower in L3 than
WT (Table 1). Under growth chamber conditions and after drought cycles, slight differences in
iWUE between transgenic lines and WT during dark-to-light transition were observed, in which
L3 and L13 showed higher values than WT at the first 2700 sec of light (Figure S15). Taken
together, these results highlight that the decrease in NzSUS2 expression leads to increased
yWUE under well-watered and fluctuating environmental conditions, which means higher

productivity per transpirational water loss.
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Metabolic alterations in leaves and guard cells induced by NtSUS2 silencing

The analysis of metabolite profiling was carried out in leaves and guard cell enriched
epidermal fragments in order to observe the metabolic changes induced by guard cell NtSUS2
silencing. This analysis was performed only in lines L3 and L13, since L11 did not show
significant differences in whole plant transpiration and stomatal conductance. We construct
heat maps to visualize the relative changes in all metabolites in relation to WT (Figure S16A),
which presented statistically lower relative changes in the metabolites glycerol, citrate,
1socitrate, 1doise and glucose in L3 and L13. Also, trehalose was found to have higher relative
changes in both transgenic lines compared with WT. Regarding metabolite content, we were
able to see the metabolic differences in light compared with dark of each genotype (Figure
S16B). Some metabolites significantly increased/decreased from dark to light, such as fructose
and glucose, which increased in WT but not in L13 and mannitol and fumarate, which decreased
in L13 and L3, respectively, but none were altered in WT (Figure S16B). The data was also
subjected to multivariate analysis such as OrthoPLS-DA and PLS-DA. Metabolites with
variable importance in projection (VIP) scores more than 1 are the mainly responsible for
changes observed in the PLS-DA model. These multivariate analyses are useful to understand
metabolomics data, since it can identify the metabolites that contribute most to variation and/or
separation. OrthoPLS-DA (Figures 7A,B) and PLS-DA (Figures 8 A,B) demonstrated that the
relative metabolic changes during dark-to-light transition were significantly different between
the transgenic lines and WT. A total of 24 metabolites (e.g. carbohydrates, amino acids and
tricarboxylic acid (TCA) cycle intermediates) have VIP score higher than 1, in which six
(trehalose, mannitol, glycerol, alanine, lysine and dehydroascorbate) of them were observed in
both lines (Figures 8C,D). Several amino acids had low relative content compared with WT
(e.g. serine, alanine, methionine, isoleucine). A considerable number of sugars had low relative
content in the lines, such as glucose and mannitol. Glycerate also had low relative content in
both lines. The sucrose/malate ratio was also higher in lines than WT in dark-to-light transition.
Every TCA cycle intermediates (e.g. citrate, aconitate, isocitrate, fumarate) found presented
low relative content. Taken together, these differences in relative changes may explain the low
transpiration of transgenic lines by low energy availability provided by respiration in guard
cells.

Differences were also found in leaf relative changes of transgenic lines compared with

WT and metabolite content in light compared with dark, with great variability even between
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transgenic lines (Figure S17). Following these results of leaves, we have analyzed relative
changes during dark-to-light transition through multivariate analysis (Figures S18 and S19).
OrthoPLS-DA and PLS-DA analyzes suggest that the changes in guard cell sucrose metabolism
also affected leaf metabolism. Similar to that observed in guard cells, several leaf metabolites
with VIP score > 1 can be attributed to the differences found in the two transgenic lines, such
as cellobiose, rhamnose, sucrose, glucose, proline and tyamine. On the other hand, this time,

the differences are characterized by higher relative metabolite content in the lines than m WT.

Discussion

Sucrose-mediated stomatal movement regulation is related to NtSUS2 expression

Sucrose has long been pointed out as an important molecule that regulates stomatal
movements. The SUS enzyme is known as one of the key enzymes that regulate plant sucrose
metabolism (BIENIAWSKA et al., 2007), in which SUS3 isoform has been shown to be highly
expressed in guard cells (BATES et al., 2012; DALOSO; DOS ANJOS; FERNIE, 2016;
KOPKA; PROVART; MULLER-ROBER, 1997). Taking this in consideration, we generated
tobacco plants antisense for the StSUS3 gene under control of KST1 promoter, which reduced
the expression of guard cell N#SUS2 in tobacco guard cells (Figure 1B). Reductions in NtSUS2
gene expression decreased gs in both L3 and L13 with minor impact on 4 (Figures 2 and S5).
These results are in agreement with those observed in potato plants expressing an antisense
construct targeted against SUS3 (ANTUNES et al., 2012). Here, reduced guard cell NtSUS2
expression leads to substantial changes in the metabolite profile of guard cells (Figures 7 and
8), most probably due to a decreased sucrolytic capacity of transgenic guard cells, as evidenced
by the lower increase in fructose and the lower sucrose/fructose ratio during dark-to-light
transition observed in L13 and L3, respectively (Figure S16). In turn, changes in sucrolytic
activity of guard cells lead to decreased gs.

The light-induced stomatal opening is an ATP-dependent process. Given the low
photosynthetic capacity (GOTOW; TAYLOR; ZEIGER, 1988; LAWSON, 2009) and the high
respiration rate (ARAU.TO et al., 2011; WILLMER:; FRICKER, 1996) found in guard cells, it
has been increasingly recognized that the mitochondrial metabolism would be the main source
of ATP for guard cells (ARAUJO; NUNES-NESI; FERNIE, 2014; SANTELIA; LAWSON,
2016). This 1dea 1s supported by the fact that the C derived from sucrose breakdown is used to
sustain mitochondrial and glutamine metabolism (DALOSO et al., 2015; MEDEIROS et al.,
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2018) and by other studies that confirm the link between sucrose breakdown and gs in planta
by characterizing transgenic plants with altered guard cell sucrolytic activity (ANTUNES et al.,
2012, 2017; DALOSO et al., 2016; NI, 2012). Notably, previous studies showed that increased
expression of hexokinase specifically in guard cells decreased considerably stomatal aperture
and gs in Arabidopsis and citrus (KELLY et al, 2013, 2019; LUGASSI et al., 2015).
Furthermore, decreasing the expression of a guard cell plasma membrane sucrose transporter
(SUT1I) led to reduced guard cell sucrose content and lower gs and net CO; assimilation rate
compared with WT plants (ANTUNES et al., 2017), whilst the overexpression of acid invertase
1n potato by cell type-specific expression in guard cells led to increased gs and photosynthesis
(ANTUNES et al., 2012). Taken together, these studies highlight that sucrose breakdown is an
important mechanism to sustain the energetic demand of guard cells during stomatal opening.
We postulate that the low substrate availability for glycolysis due to low sucrose
degradation capacity in guard cells resulted in a decreased content of amino acids and TCA
cycle intermediates in the transgenic guard cells (Figures 8 and S16). This in turn has several
consequences for gs regulation given that organic acids are key for regulation of stomatal
movements (ARAUJ Oetal., 2012; FERNIE; MARTINOIA, 2009; NUNES-NESI et al., 2007).
Thus, our results strengthen the idea that the guard cell sucrose metabolism is closely linked to
organic acids biosynthesis and is key for the regulation of g5 and consequently plant

transpiration.

NiSUS?2 regulates whole plant transpiration

Beyond the surrounding environment, plant transpiration rate depends on stomatal
movements, stomatal density and leaf area (FRANKS; BEERLING, 2009; HETHERINGTON;
WOODWARD, 2003; VERTESSY et al., 1995). Plants with closer stomata, lower stomatal
density and smaller leaf area generally transpire less (PUTNIK-DELIC et al., 2019). Thus,
identifying the mechanisms that regulates stomatal movements and stomatal development is
pivotal for molecular breeding toward WUE improvement. In this context, the mechanisms that
regulates stomatal development have been identified (BERGMANN; SACK, 2007; CHATER
et al., 2017; TORII et al., 2007; ZOULIAS et al., 2018). However, the key regulators of WPT
have remained elusive. Here, we demonstrated that NtSUS2 is pivotal for WPT regulation.
Transgenic lines with reduced expression of NzSUS?2 have strong reductions in WPT. In certain
days, both L3 and L13 lost 40% less water than WT plants (Figures 3A-C), meaning that the

transgenic lines conserved up to 44% water compared to WT. No change in the number of



39

stomata per leaf was observed (Figure S9A), demonstrating that the lower transpiration of
transgenic lines was not influenced by changes in stomatal density. Furthermore, although leaf
area of L3 was smaller than WT in certain days (Figure S8), transpiration per leaf area remained
significantly lower than WT (Figures 3D-F), indicating that the smallest leaf area was also not
the cause of the decreased transpiration. It 1s interesting to note that with less transpiration, the
transgenic lines conserved up to 44% water compared to WT.

It has been shown that plants behave differently according to different drought cycles
(MENEZES-SILVA et al., 2017), in which priming mechanisms and a hypothetical
biochemical memory would anticipate a new stress period by inducing genetic and biochemical
mechanisms responsible for plant stress acclimation (ALVES DE FREITAS GUEDES et al.,
2019). It has been postulated that such stress memory 1s a physiological adjustment that helps
the plant to overcome successive drought periods (FLETA-SORIANO; MUNNE-BOSCH,
2016). Evaluating drought cycles are thus a great strategy to investigate plant stress acclimation
(CYRIAC et al., 2018; FLEISHER et al., 2014; SAINT PIERRE et al., 2012). Here, the
experiment in which drought cycles were imposed on the plants showed exactly this stress
memory pattern reflected in changes of transpiration behavior in WT plants (Figure 4). In short
recovery periods (7 days), WT plants adjusted the transpiration to transpire less under drought
conditions. However, given its water conservative phenotype, the transgenic lines do not change
the transpiration behavior. By contrast, in longer recovery periods of (17 days), the WT seems
to lose the drought memory and quickly depletes the water in the soil, while the transgenic lines
remain transpiring less. Interestingly, at the end of the drought cycles, the transgenic lines lost
more water than WT, but no differences in the RWC between WT and transgenic lines was
observed (Figure S10). The fact that transgenic plants transpire more in drought leads to a
greater effective use of water (EUW) that aims to optimize the water consumption by the plant,
which is the opposite of WUE (BLUM, 2009). Some authors believe that increased production
under limited water conditions should be reached by high EUW and not high WUE (BLUM,
2009; POLANIA et al., 2016). Given the water conservative phenotype of the transgenic lines,
it 1s reasonable to hypothesize that the constitutive lower WPT leads to less water used from

soil, which thus enable the plants to transpire more under drought episodes.

Guard cell metabolic engineering toward water use efficiency improvement

Plant scientists are looking to understand the dynamic of plant cells under increasing

global environmental changes in order to improve yield, WUE and/or stress tolerance through
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genetic manipulation of plant metabolism. This is extremely important given that the current
scenario of climate changes is likely to lead to increased incidence of a number of stresses
including drought, temperature extremes and flooding that are in turn expected to reduce plant
productivity. Plant stress responses represent therefore a high priority area in plant science
research. In this context, several strategies have been adopted to improve WUE, in which
stomata has received great attention. The major challenge to improve WUE by changing
stomatal movements is the direct effect on photosynthesis. When transpiration is decreased by
lowering g, it also commonly leads to decreased photosynthesis (ARAUJO et al., 2011;
FLEXASetal., 2013; FRANKS et al., 2015). For this reason, different non-stomatal approaches
have been also used to increase WUE, such as mesophyll conductance and those involved with
photosynthetic capacity such as rubisco and light use efficiency (GLOWACKA et al., 2018;
SIMKIN et al., 2015). Nevertheless, i1t 1s important to highlight that guard cell metabolic
engineering is still a possible approach to be used for WUE improvement without strongly
impacting photosynthesis. For instance, the expression of a synthetic light-induced K* channel
in Arabidopsis guard cells accelerated the stomatal opening in light with increased biomass
without impairment of water use (PAPANATSIOU et al., 2019). Furthermore, increasing
hexokinase expression within tomato and Arabidopsis guard cells reduced transpiration and
elevated the WUE (KELLY et al., 2019). The expression of maize NADP-malic enzyme in
guard cells and companion cells of tobacco plants resulted in reduced stomatal aperture and
enhanced WUE, along with increased net CO- fixation rate (MULLER et al., 2018). Similarly,
here we demonstrate that reducing guard cell NzSUS2 expression leads to a water conservative
phenotype without severe impact on photosynthesis which leads to a higher yWUE in the
transgenic plants.

The stomatal opening kinetics experiment (Figures 5B and 6) evidenced lower stomatal
velocity response of transgenic lines, which were slightly slower than WT after drought cycles.
The rapidity of gs is influenced by the anatomy, structure and biochemistry of the stomata
(LAWSON; VIALET-CHABRAND, 2019) and can contribute to ;WUE (MCAUSLAND et al.,
2016). Given that sucrose breakdown increase the glycolytic fluxes toward mitochondrial
metabolism in guard cells during dark-to-light transition (DALOSO et al., 2015; MEDEIROS
et al., 2018) and that this response is exacerbated in tobacco transgenic lines overexpressing
StSUS3 (DALOSO et al., 2016), it seems likely that antisense inhibition of NtSUS2 (StSUS3)
reduce the amount of substrate for glycolysis, which in turn would lead to lower H*-ATPase
activity due to lower mitochondrial ATP production. It is well-known that H™-ATPase is key to
induce stomatal opening (ANDO; KINOSHITA, 2018; KINOSHITA; DOI;, SUETSUGU,
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2001; TOMINAGA; KINOSHITA; SHIMAZAKI, 2001). Light-induced stomatal opening is
delayed in mutants with defected triacylglycerol catabolism due to low supply of ATP for H'-
ATPase (MCLACHLAN et al., 2016). Recently, it has been shown that guard cell starch
degradation plays an important role in providing ATP for blue light-induced stomatal opening
(HORRER et al., 2016). The overexpression of H-ATPase in Arabidopsis increased the
stomatal response with gs reaching higher values and lower WUE than WT when increase of
light intensities (WANG et al., 2014). Thus, it is reasonable to suggest that a low H -ATPase
activity in our transgenic lines would decrease stomatal opening speed and limit transpiration.
However, there 1s no evidence in literature that connects sucrose breakdown and H™-ATPase
activity; a topic that deserves special attention in future studies. Notably, the NtSUS2 gene
appears to be linked to stomatal opening speediness but probably not to stomatal closure, given
that no differences in stomatal closure in detached leaves were observed (Figure S9B). It has
been shown that mutants of the ABA-signaling pathway are unable to close their stomata in
detached leaves (LEUNG; MERLOT; GIRAUDAT, 1997; SCHROEDER et al., 2001) and the
decrease in WUE 1s the expected effect (GONZALEZ-GUZMAN et al., 2012). Thus, the fact
that transgenic stomata take longer to close during drought periods is probably not involved
with an ABA signaling mechanism.

Here, decreased saccharolytic activity of guard cells by inhibition of NtSUS2 expression
increased yWUE, which led to higher productivity in relation to water consumed by the plant
(Table 2). The small gs values of transgenic lines influenced the ;WUE in greenhouse
conditions, with line L3 showing lower ;WUE than WT (Table 1). However, the line L13 kept
iWUE similar to WT, even though it transpired less. Most studies use iWUE as a measurement
factor in water use efficiency and extrapolate to the entire plant (DA SILVA BRANCO et al.,
2017; FLEXAS etal., 2010; TOMAS et al., 20 12), but leaf level values do not always represent
what happens in whole plant level (MEDRANO et al., 2015; PONI et al., 2009). This can be
seen on the line L3, which, despite the low ;WUE, achieved significantly higher \WUE than
WT as a result of its high harvest index. These results confirm that changing guard cell

metabolism may be an effective option for increasing WUE.
Concluding remarks
Tobacco transgenic plants with antisense inhibition of the guard cell N#SUS2 had

decreased stomatal conductance, whole plant transpiration and increased yWUE, presenting a

drought avoidance phenotype. Our results indicate that NzSUS2 is a key regulator of guard cell
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metabolism and whole plant transpiration and strengthen the idea that engineering guard cell

metabolism is a promising strategy to decrease crop water consumption and increase WUE.
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Figure 1. Initial characterization of Nicotiana tabacum transgenic lines antisense for the potato
SUS3 gene under control of KST1 promoter. (A) Construction used in this study with KST1
promoter, potato SUS3 isoform (antisense direction) and OCS terminator. (B) Phylogenetic tree
of seven tobacco SUS isoforms (NtSUS1-7) (NtSUS2, grey arrow) against potato SUS isoform
3 (StSUS3, black arrow). (C) Gene expression in leaves and guard cell-enriched epidermal
fragments of wild-type (WT) and transgenic lines (L3, L11, L13) plants grown under
greenhouse conditions. NtSUS2 gene expression was analyzed by qRT-PCR normalized by
protein phosphatase 2A (PP24) gene expression as internal control. Data are shown as relative
expression normalized to WT (n = 3 + SE). Asterisks (*) indicate significant difference from
WT by Student’s 7 test at 5% of probability (P < 0.05).
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Figure 3. Effect of antisense inhibition of the NtSUS2 gene in guard cells on whole plant
transpiration in Nicotiana tabacum wild-type (WT) and transgenic lines (L3, L11, L13). (A-C)
Whole plant transpiration as water loss. (D-F) Whole plant transpiration as water loss per leaf
area. (A,D) Absolute values per individual day. (B,E) Values relative to WT. (CJF)
Accumulated absolute values. Plants were grown under greenhouse and well-watered
conditions and all measurements were taken for eleven days (n =5 + SE). Black arrows indicate
days of no watering (see the Materials and Methods section for details). Asterisks (*) indicate
significant difference from WT by Student’s 7 test at 5% of probability (P < 0.05).
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Figure 4. Whole plant transpiration of Nicotiana tabacum wild-type (WT) and transgenic lines
(L3,L11, L13) with antisense inhibition of the NzSUS2 gene in guard cells under drought cycles.
(A-C) Whole plant transpiration as water loss. (A) Absolute values per individual day. (B)
Values relative to WT. (C) Accumulated absolute values. Plants were grown under growth
chamber and drought cycles conditions and all measurements were taken for forty six days (n
= 4 = SE). White and grey bars on the x-axis indicate well-watered and no watered days,
respectively (see the Materials and Methods section for details). Asterisks (*) indicate
significant difference from WT by Student’s 7 test at 5% of probability (P < 0.05).
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Figure S. Stomatal opening kinetics during dark-to-light transition of Nicotiana tabacum plants
with antisense inhibition of the NzSUS2 gene in guard cells (L3, L11, L13) and wild-type (WT).
(A) A, net photosynthetic rate. (B) gs, stomatal conductance. Plants were grown under growth
chamber conditions and all measurements were taken in dark adapted plants ten days of
recuperation after drought cycles at morning for 300 sec of dark and 3200 sec of light (n=4 +
SE).
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Figure 6. Rapidity of light-induced stomatal opening in Nicotiana tabacum wild-type (WT)
and transgenic lines (L3, L11, L13) with antisense inhibition of the NtSUS2 gene in guard cells.
(A) The maximum slope (S/max) obtained through the linear step of light-induced stomatal
opening. (B) Half-time (ts02s) needed to gs reach steady state. Plants were grown under growth
chamber conditions and all data were plotted using stomatal opening kinetics measurements in
dark adapted plants after drought cycles (n = 4 + SE). Asterisks (*) indicate significant
difference from WT by Student’s 7 test at 5% of probability (P < 0.05).

Fonte: dados da pesquisa.



>

$ llCl

Orthogonal T score [1] (45.4 %)
0

_1‘0

=5
Q

o1

4 -3 2 -1 0 1 2
T score [1] (9.4 %)

3

(B)

Orthogonal T score [1] (30.6 %)

®L13
®WT

-15

T score [1] (14.1 %)

: 5 : 3

58

Figure 7. Orthogonal partial least squares-discriminant analysis (orthoPLS-DA) from guard
cell metabolite profile of Nicotiana tabacum wild-type (WT) and transgenic lines (L3, L13).
(A-B) OrthoPLS-DA carried out using the relative guard cell-enriched epidermal fragments
metabolic changes observed during dark-to-light transition. (A) OrthoPLS-DA line L3 against
WT. (B) OrthoPLS-DA line L13 against WT. Plants were grown under greenhouse conditions
and guard cell-enriched epidermal fragments were harvested between 3-5 a.m. (dark) and 7-9
a.m. (light) (n = 5). These analyses were performed using Metaboanalyst platform.
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Figure 8. Partial least square-discriminant analysis (PLS-DA) from guard cell metabolite
profile of Nicotiana tabacum wild-type (WT) and transgenic lines (L3, L13). (A) PLS-DA was
created using the relative guard cell-enriched epidermal fragments metabolic changes observed
during dark-to-light transition. (A) PLS-DA line L3 against WT. (B) PLS-DA line L 13 against
WT. (C-D) Variable importance m projection (VIP) scores of the respective PLS-DA with
metabolite list ranked from top to down for more important metabolites in PLS-DA models.
(C) L3 against WT. (D) L13 against WT. Plants were grown under greenhouse conditions and
guard cell-enriched epidermal fragments were harvested between 3-5 a.m. (dark) and 7-9 a.m.

(light) (n = 5). These analyses were performed using Metaboanalyst platform.
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Table 1. Biometric analysis of Nicotiana tabacum plants wild-type (WT) and transgenic lines
(L3, L11, L13) with antisense inhibition of the NzSUS2 gene in guard cells grown under
greenhouse conditions. Plants were harvested with 60 days-old (n = 5 + SE). Average points in
bold and underlined indicate significant difference from WT by Student’s 7 test at 5% of
probability (P <0.05).

Parameter wWT SE. 13 S.E. L11 S.E. L13 S.E.
Total biomass DW (g) 11.64 122 771 068 1034  0.71 8.01 0.94
Leaves DW (g) 5.93 051 450 0.40 5.48 0.36 429 050
% DW leaves 51.52 134 58.38  0.66 53.08 0.77 53.68  1.63
Stem DW {g] 3.01 0.27 Z_Ul’ 0.14 2.79 0.26 2.33 0.25
% DW stem 26.16  0.94 2631 0.70 26.89  1.08 2936  1.33
Roots DW (g) 2.69 0.45 119 017 2.07 0.20 1.39 0.24
% DW roots 2232 207 1531 108 2004 1.73 16.96  0.95
Shoots DW (g) 8.95 0.77 652 053 8.27 0.62 6.62 0.71
% DW shoots 77.68 2.07 ﬂ 1.08 79.96 1.73 ﬂ 0.95
Shoot DW/root DW (g g') 3.69 0.56 568  0.62 413 0.40 4.97 0.33
Leaves DW/root DW (g g) 2.44 0.37 391 o041 2.73 0.25 3.22 0.25
Harvest index (gg™") 0.52 0.01 058  0.01 0.53 0.01 0.54 0.02
Plant leaf area/roots DW (cm’ g™ 1257.81 340.17 2136.12 265.85 1292.05 111.24 1498.65 93.35
Total leaf number (> 5 cm length) 13.40 0.0 1475 085 13.20 0.20 13.60 098
Plant leaf area (cm?) 2791.72 118.50 2422.40 183.93 2596.96 175.53 2004.09 227.40
Specific leaf area (cm® g') 48753 52.01 54139 18.75 47393 1054 468.30 13.88
Stem length (cm) 4560 1.94 41.88 1.19 4550  1.82 43.70 2.1
Transpiration* (g) 1326.50 59.71 910.25 67.88 1214.30 66.73 893.90 111.53
RGR (g g~ day™) 0.07 0.00 0.05 0.00 0.07 0.00 0.06 0.00
JWUE (g kg™) 2.86 0.13 347 012 3.14 0.25 3.32 0.17
JWUE (g kg!) 4.41 0.48 3.74 0.32 451 0.16 4.02 0.36
WUE (pmol mmol™) 11501 2.74 104.15 2.09 11573 6.04 116.49 567

*It was not computed the water transpired between 17:00h until 06:00h on the following days.
Accumulated in eleven days. DW: dry weight; RGR: relative growth rate; \WUE: yield water
use efficiency; s WUE: season-long water use efficiency; ;WUE: intrinsic water user efficiency.

Fonte: dados da pesquisa.
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Table 2. Biometric analysis of Nicotiana tabacum plants wild-type (WT) and transgenic lines
(L3, L11, L13) with antisense mhibition of the NzSUS2 gene in guard cells grown under growth
chamber conditions. Plants were harvested after drought cycles with 100 days-old (n=4 + SE).
Average points in bold and underlined indicate significant difference from WT by Student’s ¢
test at 5% of probability (P < 0.05).

Parameter WT S.E. L3 S.E. L11 S.E. L13 SiE:
Total biomass DW (g) 15.92 1.01 16.03 0.51 16.64 0.82 15.56 131
Leaves DW (g) 6.21 0.26 6.13 0.20 6.13 0.20 5.63 0.38
% DW leaves 39.25 1.51 38.42 2.21 36.97 1.05 36.29 0.71
Stem DW (g) 2.76 0.25 2.69 0.25 2.02 0.09 3.16 0.48
% DW stem 17.34 113 16.75 1.41 12.22 0.75 20.92 3.89
Roots DW (g) 6.95 0.63 7.22 0.65 8.49 0.64 6.78 1.29
% DW roots 43.41 1.64 44.83 3.14 M 151 42.79 4.60
Shoots DW (g) 8.98 0.44 8.82 0.40 8.15 0.21 8.79 0.49
% DW shoots 56.59 1.64 55.17 314 @ 151 57.21 4.60
Shoot DW/root DW (g g‘l} 1.31 0.09 1.26 0.16 0.97 0.06 1.41 0.30
Leaves DW/root DW (g g') 0.91 0.07 0.88 0.11 R 0.04 0.88 0.13
Harvest index (g g™") 0.39 0.02 0.38 0.02 0.37 0.01 0.36 0.01
Plant leaf area/roots DW (cm?g?) 304.21 28.09 268.07 20.03 24502 24.65 287.28 30.03
Total leaf number (> 5 cm length) 12.00 0.41 12.75 0.75 11.75 0.25 13.33 0.33
Plant leaf area (cm?) 2062.24 54.80 1896.63 62.30 2034.52 57.87 1857.62 160.37
Specific leaf area (cm2 g"l 33286 9.77 31085 17.16 33368 18.90 329.38 10.50
Stem length (cm) 7.25 0.25 7.50 0.29 7.25 0.63 9.67 1.76
Transpiration® (g) 517.79 29.24 52599 13.77 509.77 6.35 566.21 6.49
WUE (umol mmol™) 62.51 5.06 67.09 5.99 55.09 217 64.40  4.80

*It was not computed the water transpired between 16:00h until 08:00h on the following days.
Accumulated in fourteen days. DW: dry weight; ;WUE: intrinsic water user efficiency.

Fonte: dados da pesquisa.
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Figure S1. PCR products (600 bp) in agarose gel evidencing the insertion of the exogenous
marker gene NPTII (kanamycin resistance) in several transgenic lines with antisense
construction for the potato SUS3 gene under control of KST1 promoter.
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Figure S2. Seedlings in vitro selection of Nicotiana tabacum plants with antisense construction
for the potato SUS3 gene under control of KST1 promoter (L3, L11, L13) showing kanamycin
(KAN) resistance compared to wild-type (WT). (A) WT plants in MS medium + 50 pm KAN.
(B) WT plants in MS medium. (C) L3 plants in MS medium + 50 pm KAN. (D) L11 plants in
MS medium + 50 pm KAN. (C) L13 plants in MS medium + 50 pm KAN. Black arrows show
KAN resistant plants and white arrows show plants without KAN resistance.
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Figure S3. Linear (A) and exponential (B) regression to estimate leaves dry weight (DW) and
total biomass, respectively, at first day of the whole plant transpiration experiment under
greenhouse conditions of Nicotiana tabacum plants wild-type (WT) and transgenic lines (L3,
L11, L13) with antisense inhibition of the NtSUS2 gene in guard cells.
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Figure S4. Photosynthetic light (4-PPFD) and CO- response curves (4-C;) curves of fully
expanded leaves of Nicotiana tabacum plants wild-type (WT) and transgenic lines (L3, L11,
L13) with antisense inhibition of the NtSUS2 gene in guard cells. (A) 4-PPFD. (B) 4-Ci. Plants
were grown in substrate under greenhouse conditions and measurements were taken at morning
(n=4 + SE). The regression line was determined using the equation 4 =a (1 — e ™) + ¢ (Watling
et al, 2000). Asterisks (*) indicate significant difference from WT by Student’s ¢ test at 5% of
probability (P < 0.05).

Fonte: dados da pesquisa.
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Figure SS. Relationship between relative NtSUS2 expression versus stomatal conductance (gs)
using data from transgenic lines and WT. Plants were grown in substrate under greenhouse
conditions (n = 3 £ SE). The regression line was determined using Microsoft Excel (Microsoft,
Redmond, WA, USA).
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Figure S6. Variation of environmental parameters under greenhouse conditions. Data are
average of light, temperature and humidity throughout eleven days during the whole plant
transpiration experiment under greenhouse conditions.
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Figure S7. Diel course of whole plant transpiration in Nicotiana tabacum wild-type (WT) and
transgenic lines (L3, L11, L13) at different time intervals under greenhouse conditions. (A)
Whole plant transpiration as water loss. (B) Whole plant transpiration as water loss (%) relative
to WT. The measurements were determined in different times after the beginning of the light
period (n =5 £ SE). Asterisks (*) indicate significant difference from WT by Student’s ¢ test at
5% of probability (P < 0.05).
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Figure S8. Total leaf area of Nicotiana tabacum plants wild-type (WT) and transgenic lines
(L3, L11, L13) with antisense inhibition of the NtSUS2 gene in guard cells cultivated in
substrate under greenhouse conditions. The measurements were taken during the whole plant
transpiration experiment (n = 5 + SE) (see the Materials and Methods section for details).
Asterisks (*) indicate significant difference from WT by Student’s ¢ test at 5% of probability
(P <0.05).
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Figure S9. Total stomatal density (A) and weight loss of detached leaves (B) of Nicotiana
tabacum plants wild-type (WT) and transgenic lines (L3, L11, L13) with antisense inhibition
of the NtSUS2 gene in guard cells. Both measurements were taken in fully expanded leaves
grown in substrate under greenhouse conditions (n = 5 + SE).
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Figure S10. Relative water content of Nicotiana tabacum plants wild-type (WT) and transgenic
lines (L3, L11, L13) during drought cycles. (A-B) Second drought cycle. (C-D) third drought
cycle. (A-C) Relative water content. (B-C) Relative water content relative to initial value at day
0. Plants were grown under growth chamber conditions and the measurements were taken in
leaf discs (n=4 + SE) (see the Materials and Methods section for details). Asterisks (*) indicate
significant difference from WT by Student’s  test at 5% of probability (P < 0.05).
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Figure S11. Diel course of whole plant transpiration in Nicotiana tabacum wild-type (WT) and
transgenic lines (L3, L11, L13) at different time intervals under growth chamber conditions.
(A) Whole plant transpiration as water loss. (B) Whole plant transpiration as water loss (%)
relative to WT. The measurements were determined in different times after the beginning of the
light period (n = 4 + SE). Asterisks (*) indicate significant difference from WT by Student’s ¢
test at 5% of probability (P < 0.05).
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Figure S12. Visual phenotype of Nicotiana tabacum plants wild-type (WT) and transgenic lines
(L3, L11, L13) with antisense inhibition of the NtSUS2 gene in guard cells during the first cycle
of drought stress under growth chamber conditions. (A) Well-watered (day 0). (B) Day 4 of no
watering. (C) Day 7 of no watering. (D) Day 10 of no watering.

Fonte: dados da pesquisa.
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Figure S13. Total leaf area of Nicotiana tabacum plants wild-type (WT) and transgenic lines
(L3, L11, L13) with antisense inhibition of the NtSUS2 gene in guard cells under growth
chamber conditions. The measurements were taken during the first cycle of the drought cycle
experiment (n = 4 + SE) (see the Materials and Methods section for details). Asterisks (*)
indicate significant difference from WT by Student’s ¢ test at 5% of probability (P < 0.05).
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Figure S14. Whole plant transpiration per leaf area in Nicotiana tabacum wild-type (WT) and
transgenic lines (L3, L11, L13) at different time intervals under growth chamber conditions.
(A) Whole plant transpiration as water loss per leaf area. (B) Whole plant transpiration as water
loss per leaf area (%) relative to WT. The measurements were taken during the first cycle of
the drought cycle experiment (n = 4 =+ SE). Black arrows indicate days of no watering. Asterisks
(*) indicate significant difference from WT by Student’s 7 test at 5% of probability (P < 0.05).
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Figure S15. Intrinsic water use efficiency (WUE) during stomatal opening kinetics through
dark-to-light transition of Nicotiana tabacum plants with antisense inhibition of the NtSUS2
gene in guard cells (L3, L11, L13) and wild-type (WT). Plants were grown under growth
chamber conditions and all data were plotted ten days after recuperation of drought cycles using
stomatal opening kinetics measurements (n =4 + SE).
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Figure S16. Guard cell metabolite profile representing the absolute differences in the content
of metabolites by clusted heat maps of NtSUS?2 gene antisense inhibited guard cells of Nicotiana
tabacum plants (L3, L13) and wild-type (WT). (A) Dark-to-light transition relative changes in
metabolite levels of guard cell-enriched epidermal fragments of transgenic lines compared to
WT. The heat map was created by dividing each content value in light by the average of
respective content value in dark, then dividing each value of transgenic lines and WT by WT
values and then log2 transformed. (B) Light metabolite content of guard cell-enriched
epidermal fragments of transgenic lines and WT compared to dark. The heat map was created
by dividing the average of each content value in light by the average of respective content values
of transgenic lines and WT in dark and then log> transformed. Plants were grown in hydroponic
system under greenhouse conditions and guard cell-enriched epidermal fragments were
harvested between 3-5 a.m. (dark) and 7-9 a.m. (light) (n = 5). Asterisks (*) on the left indicate
significant difference from WT by Student’s 7 test at 5% of probability (P < 0.05). Asterisks (*)
on the right indicate significant difference from dark by Student’s 7 test at 5% of probability (P
< 0.05). These heat maps were created using MeV software.
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Figure S17. Leaf metabolite profile representing the absolute differences in the content of
metabolites by clusted heat maps of NtSUS2 gene antisense inhibited guard cells of Nicotiana
tabacum plants (L3, L13) and wild-type (WT). (A) Dark-to-light transition relative changes in
metabolite levels of leaves of transgenic lines compared to WT. (B) Light metabolite content
of leaves of transgenic lines and WT compared to dark. Plants were grown in hydroponic system
under greenhouse conditions and leaves were harvested between 3-5 a.m. (dark) and 7-9 a.m.
(light) (n = 5). Asterisks (*) on the left indicate significant difference from WT by Student’s ¢
test at 5% of probability (P < 0.05). Asterisks (*) on the right indicate significant difference
from dark by Student’s 7 test at 5% of probability (P < 0.05). These heat maps were created
using MeV software.
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Figure S18. Orthogonal partial least squares-discriminant analysis (orthoPLS-DA) from leaves
metabolite profile of Nicotiana tabacum wild-type (WT) and transgenic lines (L3, L13). (A-B)
OrthoPLS-DA carried out using relative leaf metabolic changes observed during dark-to-light
transition. (A) OrthoPLS-DA line L3 against WT. (B) OrthoPLS-DA line L13 against WT.
Plants were grown under greenhouse conditions and leaves were harvested between 3-5 a.m.
(dark) and 7-9 a.m. (light) (n = 5). These analyses were performed using Metaboanalyst
platform.
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Figure S19. Partial least square-discriminant analysis (PLS-DA) from leaves metabolite profile
of Nicotiana tabacum wild-type (WT) and transgenic lines (L3, L13). (A) PLS-DA was created
using relative leaf metabolic changes observed during dark-to-light transition. (A) PLS-DA line
L3 against WT. (B) PLS-DA line L13 against WT. (C-D) Variable importance in projection
(VIP) scores of the respective PLS-DA with metabolite list ranked from top to down for more
important metabolites in PLS-DA models. (C) L3 against WT. (D) L13 against WT. Plants were
grown under greenhouse conditions and leaves were harvested between 3-5 a.m. (dark) and 7-
9 a.m. (light) (n =5). These analyses were performed using Metaboanalyst platform.
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S CONCLUSIONS

In summary, tobacco transgenic plants with antisense inhibition of the guard cell
NtSUS?2 gene under control of KST1 promoter showed decreased whole plant transpiration,
stomatal conductance and increased yWUE, presenting a phenotype more related to drought
avoildance. Our results suggest that NzSUS?2 1s a key regulator of guard cell metabolism and
controls stomatal movements. Overall, our findings add more steps toward understanding the
regulation of stomatal movements and indicate that engineering the guard cell metabolism 1s a

promising strategy to decrease crop water consumption and increase WUE.
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6 FUTURE PERSPECTIVES

The characterization presented in this work led to promising results regarding the
development of varieties with lower water consumption, maintenance of productivity and
drought avoidance phenotype by engineering the guard cell metabolism. Further analysis of V.
tabacum transgenic lines antisense for the potato SUS3 gene and others transgenic plants
regarding alterations on the guard cell carbohydrate metabolism are necessary to complement
our current knowledge about the role of sucrose in stomatal movements. In addition, it 1s still
necessary to analyze the economic and commercial viability of such cultivars with high water
use efficiency until the development of plants that can be used by companies and farmers in

field.



83

REFERENCES

AGUIAR, T. V. et al. ANATI QUANTI: quantitative analysis software for plant anatomy
studies. Planta Daninha, [s. L], v. 25, n. 4, p. 649-659, 2007.

ALVES DE FREITAS GUEDES, F. et al. Using transcriptomics to assess plant stress
memory. Theoretical and Experimental Plant Physiology, [s. 1.], v. 31, n. 1, p. 47-58,
2019.

AMODEQO, G.; TALBOTT, L. D.; ZEIGER, E. Use of potassium and sucrose by onion guard
cells during a daily cycle of osmoregulation. Plant and Cell Physiology, [s. 1.], v. 37, n. 5, p.
575-579, 1996.

ANDO, E.; KINOSHITA, T. Red Light-Induced Phosphorylation of Plasma Membrane H + -
ATPase in Stomatal Guard Cells. Plant Physiology, [s. 1], v. 178, n. 2, p. 838-849, 2018.

ANTUNES, W. C. et al. Allometric models for non-destructive leaf area estimation in coffee
(Coffea arabica and Coffea canephora). Annals of Applied Biology, [s.1.],v. 153, n. 1, p.
33-40, 2008.

ANTUNES, W. C. et al. Changes in stomatal function and water use efficiency in potato
plants with altered sucrolytic activity. Plant, Cell and Environment, [s. 1.], v. 35, . 4, p.
747-759, 2012.

ANTUNES, W. C. et al. Guard cell-specific down-regulation of the sucrose transporter SUT1
leads to improved water use efficiency and reveals the interplay between carbohydrate
metabolism and K+ accumulation in the regulation of stomatal opening. Environmental and
Experimental Botany, [s. 1], v. 135, p. 73-85, 2017.

ARAUJO, W. L. et al. Antisense Inhibition of the Iron-Sulphur Subunit of Succinate
Dehydrogenase Enhances Photosynthesis and Growth in Tomato via an Organic Acid—
Mediated Effect on Stomatal Aperture. The Plant Cell, [s. 1], v. 23, n. 2, p. 600-627, 2011.

ARAUJO, W. L. et al. Metabolic control and regulation of the tricarboxylic acid cycle in
photosynthetic and heterotrophic plant tissues. Plant, Cell and Environment, [s. 1.], v. 35, n.
1,p. 1-21, 2012.

ARAUJO, W. L.: NUNES-NESI, A_: FERNIE, A. R. On the role of plant mitochondrial
metabolism and its impact on photosynthesis in both optimal and sub-optimal growth
conditions. Photosynthesis Research, [s. 1], v. 119, n. 1-2, p. 141-156, 2014.

BACON, M. A. Water Use Efficiency in Plant Biology. In: BACON, M. A. (Ed.). Water Use
Efficiency in Plant Biology. Oxford, UK: Blackwell, 2004. p. 1-22.

BATES, G. W. et al. A Comparative Study of the Arabidopsis thaliana Guard-Cell
Transcriptome and Its Modulation by Sucrose. PLoS ONE, [s. 1], v.7,n. 11, p. e49641,
2012.

BERGMANN, D. C.; SACK, F. D. Stomatal Development. Annual Review of Plant
Biology, [s.1.],v. 58, n. 1, p. 163-181, 2007.

BERTOLLL S. C.; MAZZAFERA, P.; SOUZA, G. M. Why is it so difficult to identify a



84

single indicator of water stress in plants? A proposal for a multivariate analysis to assess
emergent properties. Plant Biology, [s. L], v. 16, n. 3, p. 578-585, 2014.

BIENIAWSKA, Z. et al. Analysis of the sucrose synthase gene family in Arabidopsis. Plant
Journal, [s.1.],v.49,n. 5, p. 810-828, 2007.

BLUM, A. Drought resistance, water-use efficiency, and yield potential - Are they
compatible, dissonant, or mutually exclusive? Australian Journal of Agricultural
Research, [s.1.],v. 56, n. 11, p. 1159-1168, 2005.

BLUM, A. Effective use of water (EUW) and not water-use efficiency (WUE) is the target of
crop yield improvement under drought stress. Field Crops Research, [s.1.],v. 112, n.2-3, p.
119-123, 2009.

BRODRIBB, T.J.; SUSSMILCH, F.; MCADAM, S. A. M. From Reproduction to
Production, Stomata are the Master Regulators. The Plant Journal, [s. 1], p. tp;.14561, 2019.

CHATER, C. C. C. et al. Ongins and Evolution of Stomatal Development. Plant Physiology,
[s.1],v.174,n. 2, p. 624-638, 2017.

CHONG, J. et al. MetaboAnalyst 4.0: Towards more transparent and integrative
metabolomics analysis. Nucleic Acids Research, [s.1.], v. 46, n. W1, p. W486-W494, 2018.

CONDON, A. G. et al. Improving intrinsic water-use efficiency and crop yield. Crop
Science, [s. 1.], v. 42, n. 1, p. 122-131, 2002.

CONDON, A. G. et al. Breeding for high water-use efficiency. Journal of Experimental
Botany, [s. 1], v. 55, n. 407, p. 2447-2460, 2004.

CYRIAC, D. et al. Intraspecific differences in long-term drought tolerance in perennial
ryegrass. PLOS ONE, [s.1.],v. 13, n. 4, p. e0194977, 2018.

DA SILVA BRANCO, M. C. et al. Influence of low light intensity and soil flooding on cacao
physiology. Scientia Horticulturae, [s. 1.], v. 217, p. 243-257, 2017.

DALOSO, D. M. et al. Tobacco guard cells fix CO2 by both Rubisco and PEPcase while
sucrose acts as a substrate during light-induced stomatal opening. Plant Cell and
Environment, [s. 1.], v. 38, n. 11, p. 2353-2371, 2015.

DALOSO, D. M. et al. Guard cell-specific upregulation of sucrose synthase 3 reveals that the
role of sucrose in stomatal function is primarily energetic. New Phytologist, [s. 1.], v. 209, n.
4, p. 1470-1483, 2016.

DALOSO, D. M. et al. Metabolism within the specialized guard cells of plants. New
Phytologist, [s. 1.], v. 216, n. 4, p. 1018-1033, 2017.

DALOSO, D. M.; DOS ANJOS, L.; FERNIE, A. R. Roles of sucrose in guard cell regulation.
New Phytologist, [s.1.], v. 211, n. 3, p. 809-818, 2016.

EISENACH, C.; DE ANGELL A. Ion Transport at the Vacuole during Stomatal Movements.
Plant Physiology, [s. 1], v. 174, n. 2, p. 520-530, 2017.



85

ELLIOTT-KINGSTON, C. et al. Does Size Matter? Atmospheric CO2 May Be a Stronger
Driver of Stomatal Closing Rate Than Stomatal Size in Taxa That Diversified under Low
CO2. Frontiers in Plant Science, [s. 1], v. 7, 2016.

ENGINEER, C. B. et al. CO2 Sensing and CO2 Regulation of Stomatal Conductance:
Advances and Open Questions. Trends in Plant Science, [s.1.], v. 21, n. 1, p. 1630, 2016.

FERNIE, A. R.; MARTINOIA, E. Malate. Jack of all trades or master of a few?
Phytochemistry, [s.1.], v. 70, n. 7, p. 828-832, 2009.

FLEISHER, D. H. et al. Potato gas exchange response to drought cycles under varying
radiation environment and CO2. Agronomy Journal, [s. 1], v. 106, p. 2024-2034, 2014.

FLETA-SORIANO, E.: MUNNE-BOSCH. S. Stress Memory and the Inevitable Effects of
Drought: A Physiological Perspective. Frontiers in Plant Science, [s. 1], v. 7, 2016.

FLEXAS, J. et al. Mesophyll conductance to CO2 : current knowledge and future prospects.
Plant, Cell & Environment, [s. 1.], v. 31, n. 5, p. 602-621, 2008.

FLEXAS, J. et al. Improving water use efficiency in grapevines: Potential physiological
targets for biotechnological improvement. Environmentally Sustainable Viticulture:
Practices and Practicality, [s. 1.], p. 125-166, 2010.

FLEXAS, J. et al. Diffusional conductances to CO2 as a target for increasing photosynthesis
and photosynthetic water-use efficiency. Photosynthesis Research, [s. 1.], v. 117, n. 1-3, p.
45-59,2013.

FLEXAS, J. Genetic improvement of leaf photosynthesis and intrinsic water use efficiency in
C3plants: Why so much little success? Plant Science, [s. 1.], v. 251, p. 155-161, 2016.

FRANKS, P. J. et al. Increasing water-use efficiency directly through genetic manipulation of
stomatal density. New Phytologist, [s. 1.], v. 207, n. 1, p. 188-195, 2015.

FRANKS, P. J.; BEERLING, D. J. Maximum leaf conductance driven by CO2 effects on
stomatal size and density over geologic time. Proceedings of the National Academy of
Sciences, [s. 1.], v. 106, n. 25, p. 10343-10347, 2009.

GAGO, J. et al. Opportunities for improving leaf water use efficiency under climate change
conditions. Plant Science, [s. 1.], v. 226, p. 108-119, 2014.

GEIGENBERGER, P.; STITT, M. Sucrose synthase catalyses a readily reversible reaction in
vivo in developing potato tubers and other plant tissues. Planta, [s. 1.], v. 189, n. 3, p. 329—
339, 1993.

GLOWACKA, K. et al. Photosystem II Subunit S overexpression increases the efficiency of
water use in a field-grown crop. Nature Communications, [s. 1], v. 9, n. 1, p. 868, 2018.

GONZALEZ-GUZMAN, M. et al. Arabidopsis PYR/PYL/RCAR Receptors Play a Major
Role in Quantitative Regulation of Stomatal Aperture and Transcriptional Response to
Abscisic Acid. The Plant Cell, [s. 1], v. 24, n. 6, p. 2483-2496, 2012.

GORTON, H. L.; WILLIAMS, W. E.; ASSMANN, S. M. Circadian rhythms in stomatal



86

responsiveness to red and blue light. Plant Physiology, [s. 1], v. 103, n. 2, p. 399-406, 1993.

GOTOW, K.; TAYLOR, S.; ZEIGER, E. Photosynthetic Carbon Fixation in Guard Cell
Protoplasts of Vicia faba L. Plant Physiology, [s. 1], v. 86, n. 3, p. 700-705, 1988.

HASHIMOTO, M. et al. Arabidopsis HT1 kinase controls stomatal movements in response to
CO2. Nature Cell Biology, [s. 1.], v. 8 n. 4, p. 391-397, 2006.

HAWORTH, M. et al. Allocation of the epidermis to stomata relates to stomatal physiological
control: Stomatal factors involved in the evolutionary diversification of the angiosperms and
development of amphistomaty. Environmental and Experimental Botany, [s. L], v. 151, p.
55-63, 2018.

HETHERINGTON, A. M.; WOODWARD, F. I. The role of stomata in sensing and driving
environmental change. Nature, [s. 1.], v. 424, n. 6951, p. 901-908, 2003.

HOAGLAND, D. R.; ARNON, D. I. The water-culture method for growing plants without
soil. California Agricultural Experiment Station Circular, [s. 1], v. 347, p. 1-32, 1950.

HOFGEN, R.; WILLMITZER, L. Biochemical and genetic analysis of different patatin
1soforms expressed in various organs of potato (Solanum tuberosum). Plant Science, [s. 1], v.
66, n. 2, p. 221-230, 1990.

HORRER, D. et al. Blue light induces a distinct starch degradation pathway in guard cells for
stomatal opening. Current Biology, [s. l.], v. 26, n. 3, p. 362-370, 2016.

HU, H. et al. Carbonic anhydrases are upstream regulators of CO2-controlled stomatal
movements in guard cells. Nature Cell Biology, [s. 1.], v. 12, n. 1, p. 87-93, 2010.

HUBBARD, K. E.; WEBB, A. A. R. Circadian Rhythms in Stomata: Physiological and
Molecular Aspects. In: Rhythms in Plants. Cham: Springer International Publishing, 2015. p.
231-255.

INOUE, S. I; KINOSHITA, T. Blue light regulation of stomatal opening and the plasma
membrane H+-ATPase. Plant Physiology, [s.1.],v. 174, n. 2, p. 531-538, 2017.

KANG, Y. et al. Guard-cell apoplastic sucrose concentration ? a link between leaf
photosynthesis and stomatal aperture size in the apoplastic phloem loader Vicia faba L. Plant,
Cell & Environment, [s. L], v. 30, n. 5, p. 551-558, 2007.

KELLY, G. et al. Hexokinase mediates stomatal closure. Plant Journal, [s. 1.], v. 75, n. 6, p.
977-988, 2013.

KELLY, G. et al. The Solanum tuberosum KST1 partial promoter as a tool for guard cell

expression in multiple plant species. Journal of Experimental Botany, [s.1.], v. 68, n. 11, p.
28852897, 2017.

KELLY, G. et al. Guard-Cell Hexokinase Increases Water-Use Efficiency Under Normal and
Drought Conditions. Frontiers in plant science, [s. 1.], v. 10, p. 1499, 2019.

KINOSHITA, T.; DOIL, M.; SUETSUGU, N. Regulation ofstomatal opening. Nature, [s. 1.],
v. 414, p. 04, 2001.



87

KOPKA, J.; PROVART, N. J.; MULLER-ROBER, B. Potato guard cells respond to drying
soil by a complex change in the expression of genes related to carbon metabolism and turgor
regulation. The Plant Journal, [s.1.], v. 11, n. 4, p. 871-882, 1997.

KRUSE, T.; TALLMAN, G.; ZEIGER, E. Isolation of Guard Cell Protoplasts from
Mechanically Prepared Epidermis of Vicia faba Leaves. Plant Physiology, [s. 1.], v. 90, n. 4,
p. 1382-1386, 1989.

LAWSON, T. Guard cell photosynthesis and stomatal function. New Phytologist, [s. 1.], v.
181,n. 1, p. 13-34, 2009.

LAWSON, T. et al. Mesophyll photosynthesis and guard cell metabolism impacts on stomatal
behaviour. New Phytologist, [s. 1.], v. 203, n. 4, p. 1064-1081, 2014.

LAWSON, T.; VIALET-CHABRAND, S. Speedy stomata, photosynthesis and plant water
use efficiency. New Phytologist, [s. 1], v. 221, n. 1, p. 93-98, 2019.

LEUNG, J.; MERLOT, S.; GIRAUDAT, J. ABI1 Genes Encode Homologous Protein
Phosphatases 2C Involved in Abscisic Acid Signal Transduction. The Plant cell, [s. L], v. 9,
n. May, p. 759-771, 1997.

LIMA, V.F. et al. Toward multifaceted roles of sucrose in the regulation of stomatal
movement. Plant Signaling and Behavior, [s.1.],v. 13, n. 8, p. 1-8, 2018.

LIMA, V. F. et al. The sucrose-to-malate ratio correlates with the faster CO2 and light
stomatal responses of angiosperms compared to ferns. New Phytologist, [s. 1.], v. 223, n. 4, p.
18731887, 2019.

LISEC, J. et al. Gas chromatography mass spectrometry — based metabolite profiling in
plants. Nature Protocols, [s. 1], v. 1, n. 1, p. 387-396, 2006.

LIVAK, K. J.; SCHMITTGEN, T. D. Analysis of Relative Gene Expression Data Using Real-
Time Quantitative PCR and the 2-AACT Method. Methods, [s. 1], v. 25, n. 4, p. 402—-408,
2001.

LU, P. et al. Sucrose: a solute that accumulates in the guard-cell apoplast and guard-cell
symplast of open stomata. FEBS Letters, [s. 1.], v. 362, n. 2, p. 180-184, 1995.

LUEDEMANN, A. et al. TagFinder for the quantitative analysis of gas metabolite profiling
experiments. Bioinformatics, [s. 1.], v. 24, n. 5, p. 732-737, 2008.

LUGASSI, N. et al. Expression of Arabidopsis Hexokinase in Citrus Guard Cells Controls
Stomatal Aperture and Reduces Transpiration. Frontiers in Plant Science, [s. 1], v. 6, n.
December, p. 1-11, 2015.

MATTHEWS, J. S. A.; VIALET-CHABRAND, S. R. M.; LAWSON, T. Diurnal Variation in
Gas Exchange: The Balance between Carbon Fixation and Water Loss. Plant Physiology, [s.
1], v. 174, n. 2, p. 614-623, 2017.

MCAUSLAND, L. et al. Effects of kinetics of light-induced stomatal responses on
photosynthesis and water-use efficiency. The New phytologist, [s. 1.], v. 211, n. 4, p. 1209—
1220, 2016.



88

MCLACHLAN, D. H. et al. The Breakdown of Stored Triacylglycerols is Required during
Light-Induced Stomatal Opening. Current Biology, [s. 1], v. 26, n. 5, p. 707-712, 2016.

MEDEIROS, D. B. et al. Utilizing systems biology to unravel stomatal function and the
hierarchies underpinning its control. Plant, Cell & Environment, [s. 1.], v. 38, n. 8, p. 1457-
1470, 2015.

MEDEIROS, D. B. et al. Sucrose breakdown within guard cells provides substrates for
glycolysis and glutamine biosynthesis during light-induced stomatal opening. Plant Journal,
[s.1],v.94, n. 4, p. 583-594, 2018.

MEDRANO, H. et al. Measuring Water Use Efficiency in Grapevines. In: Methodologies
and Results in Grapevine Research. Dordrecht: Springer Netherlands, 2010. p. 123-134.

MEDRANO, H. et al. From leaf to whole-plant water use efficiency (WUE) in complex
canopies: Limitations of leaf WUE as a selection target. Crop Journal, [s.1.], v. 3, n. 3, p.
220-228, 2015.

MENEZES-SILVA, P. E. et al. Photosynthetic and metabolic acclimation to repeated drought
events play key roles in drought tolerance in coffee. Journal of Experimental Botany, [s. 1],
v. 68, n. 15, p. 43094322, 2017.

MESSINGER, S. M.; BUCKLEY, T. N.; MOTT, K. A. Evidence for Involvement of
Photosynthetic Processes in the Stomatal Response to CO2. Plant Physiology, [s. ], v. 140,
n. 2, p. 771-778, 2006.

MULLER-ROBER, B. et al. Cloning and electrophysiological analysis of KST1, an inward
rectifying K+ channel expressed in potato guard cells. The EMBO Journal, [s. 1.], v. 14, n.
11, p. 2409-2416, 1995.

MULLER, G. L. et al. Improved water use efficiency and shorter life cycle of Nicotiana
tabacum due to modification of guard and vascular companion cells. Scientific Reports, [s.
1.],v. 8 n. 1, p. 1-14, 2018.

MURASHIGE, T.; SKOOG, F. A Revised Medium for Rapid Growth and Bio Assays with
Tobacco Tissue Cultures. Physiologia Plantarum, [s. 1.], v. 15, n. 3, p. 473-497, 1962.

NGUYEN-QUOC, B.; FOYER, C. H. A role for “futile cycles” involving invertase and
sucrose synthase in sucrose metabolism of tomato fruit. Journal of Experimental Botany, [s.
1.], v. 52, n. 358, p. 881-889, 2001.

NI, D. A. Role of vacuolar invertase in regulating Arabidopsis stomatal opening. Acta
Physiologiae Plantarum, [s. 1.], v. 34, n. 6, p. 2449-2452, 2012.

NILSON, S. E.; ASSMANN, S. M. The Control of Transpiration. Insights from Arabidopsis.
Plant Physiology, [s. 1], v. 143, n. 1, p. 19-27, 2006.

NUNES-NESI, A. et al. Deficiency of mitochondrial fumarase activity in tomato plants
impairs photosynthesis via an effect on stomatal function. The Plant Journal, [s. L], v. 50, n.
6, p. 1093-1106, 2007.

OUTLAW, W. H.; DE VLIEGHERE-HE, X. Transpiration Rate. An Important Factor



89

Controlling the Sucrose Content of the Guard Cell Apoplast of Broad Bean. Plant
Physiology, [s. 1.], v. 126, n.4, p. 1716-1724, 2001.

PAPANATSIOU, M. et al. Optogenetic manipulation of stomatal kinetics improves carbon
assimilation,water use, and growth. Science, [s. 1.], v. 363, n. 6434, p. 1456-1459, 2019.

PASSIOURA, J. Increasing crop productivity when water 1s scarce - From breeding to field
management. Agricultural Water Management, [s. 1], v. 80, n. 1-3, p. 176-196, 2006.

PENNISL, E. The Blue Revolution, Drop by Drop, Gene by Gene. Science, [s. 1.], v. 320, n.
5873, p. 171-173, 2008.

PLESCH, G.; EHRHARDT, T.; MUELLER-ROEBER, B. Involvement of TAAAG elements
suggests a role for Dof transcription factors in guard cell-specific gene expression. The Plant
Journal, [s. 1.], v. 28, n. 4, p. 455-464, 2001.

POLANIA, J. A. et al. Effective Use of Water and Increased Dry Matter Partitioned to Grain
Contribute to Yield of Common Bean Improved for Drought Resistance. Frontiers in Plant
Science, [s. 1.], v. 7, 2016.

PONTI, S. et al. Performance and water-use efficiency (single-leaf vs. whole-canopy) of well-
watered and half-stressed split-root Lambrusco grapevines grown in Po Valley (Italy).
Agriculture, Ecosystems & Environment, [s. 1.], v. 129, n. 1-3, p. 97-106, 2009.

PRICE, M. N.; DEHAL, P. S.; ARKIN, A. P. FastTree: Computing Large Minimum
Evolution Trees with Profiles instead of a Distance Matrix. Molecular Biology and
Evolution, [s. 1.], v. 26,n. 7, p. 1641-1650, 2009.

PUTNIK-DELIC, M. et al. Effect of low NaCl concentrations on the water relations of
rapeseed. Zbornik Matice srpske za prirodne nauke, [s. 1.], n. 137, p. 67-75, 2019.

ROBAINA-ESTEVEZ, S. et al. Resolving the central metabolism of Arabidopsis guard cells.
Scientific Reports, [s.1.],v. 7,n. 1, p. 1-13, 2017.

ROELFSEMA, M. R. G.; HEDRICH, R. In the light of stomatal opening: new insights into
‘the Watergate’. New Phytologist, [s. 1.], v. 167, n. 3, p. 665-691, 2005.

SAINT PIERRE, C. et al. Phenotyping transgenic wheat for drought resistance. Journal of
Experimental Botany, [s. 1], v. 63, n. 5, p. 1799-1808, 2012.

SANTELIA, D.; LAWSON, T. Rethinking guard cell metabolism. Plant Physiology, [s. 1.],
v.172,n. 3, p. 1371-1392, 2016.

SCHROEDER, J. I et al. G Uard C Ell S Ignal T Ransduction . Annual Review of Plant
Physiology and Plant Molecular Biology, [s. 1.], v. 52, n. 1, p. 627-658, 2001.

SHIMAZAKI, K. et al. Light Regulation of Stomatal Movement. Annual Review of Plant
Biology, [s.1.],v. 58, n. 1, p. 219-247, 2007.

SIMKIN, A. J. et al. Multigene manipulation of photosynthetic carbon assimilation increases
CO2 fixation and biomass yield in tobacco. Journal of Experimental Botany, [s. 1.], v. 66, n.
13, p. 4075-4090, 2015.



90

SINGH, A. et al. Ways to Maximize the Water Use Efficiency in Field Crops — A review.
Greener Journal of Agricultural Sciences, [s.1.],v.2,n. 4, p. 108-129, 2012.

SOUZA, G. M.; DE OLIVEIRA, R. F.; CARDOSO, V. J. M. Temporal dynamics of stomatal
conductance of plants under water deficit: Can homeostasis be improved by more complex
dynamics? Brazilian Archives of Biology and Technology, [s.1.], v. 47, n. 3, p. 423-431,
2004.

STADLER, R. et al. Diurnal and Light-Regulated Expression of AtSTPI1 in Guard Cells of
Arabidopsis. Plant Physiology, [s. 1.], v. 133, n. 2, p. 528-537, 2003.

TALBOTT, L. D.; ZEIGER, E. Central roles for potassium and sucrose in guard-cell
osmoregulation. Plant Physiology, [s.1.],v. 111, n.4, p. 1051-1057, 1996.

TALBOTT, L. D.; ZEIGER, E. The role of sucrose in guard cell osmoregulation. Journal of
Experimental Botany, [s. 1], v. 49, n. Special, p. 329-337, 1998.

TOMAS, M. et al. Water-use efficiency in grapevine cultivars grown under controlled
conditions: effects of water stress at the leaf and whole-plant level. Australian Journal of
Grape and Wine Research, [s. 1.], v. 18, n. 2, p. 164-172,2012.

TOMINAGA, M.; KINOSHITA, T.; SHIMAZAKI, K. Guard-Cell Chloroplasts Provide ATP
Required for H+ Pumping in the Plasma Membrane and Stomatal Opening. Plant and Cell
Physiology, [s. 1.], v. 42, n. 8, p. 795-802, 2001.

TORIL K. U. et al. Stomatal Development. Plant Signaling & Behavior, [s. .], v. 2, n. 4, p.
311-313, 2007.

VERTESSY, R. A. et al. Relationships between stem diameter, sapwood area, leaf area and
transpiration in a young mountain ash forest. Tree Physiology, [s. 1.], v. 15,1n. 9, p. 559-567,
1995.

WANG, C. et al. PAEPF1 regulates water-use efficiency and drought tolerance by modulating
stomatal density in poplar. Plant Biotechnology Journal, [s. 1.], v. 14, n. 3, p. 849-860,
2016.

WANG, H. et al. A Subsidiary Cell-Localized Glucose Transporter Promotes Stomatal
Conductance and Photosynthesis. The Plant cell, [s. 1.], v. 31, n. 6, p. 1328-1343, 2019.

WANG, Y. et al. Overexpression of plasma membrane H+-ATPase in guard cells promotes
light-induced stomatal opening and enhances plant growth. Proceedings of the National
Academy of Sciences of the United States of America, [s.1.], v. 111, n. 1, p. 533-538,
2014.

WANG, Z. et al. Analysis of the sucrose synthase gene family in tobacco: structure,
phylogeny, and expression patterns. Planta, [s. 1.], v. 242, n. 1, p. 153-166, 2015.

WATLING, J. R.; PRESS, M. C.; QUICK, W. P. Elevated CO 2 Induces Biochemical and
Ultrastructural Changes in Leaves of the C 4 Cereal Sorghum. Plant Physiology, [s. 1], v.
123, n. 3, p. 1143-1152, 2000.

WEBB, A.; HETHERINGTON, A. M. Convergence of the Abscisic Acid, CO2, and



91

Extracellular Calcium Signal Transduction Pathways in Stomatal Guard Cells. Plant
Physiology, [s. 1.], v. 114, n. 4, p. 1557-1560, 1997.

WILLMER, C.; FRICKER, M. Stomata. 2. ed. Dordrecht: Springer Netherlands, 1996.

XIA, J.; WISHART, D. S. Web-based inference of biological patterns, functions and
pathways from metabolomic data using MetaboAnalyst. Nature Protocols, [s. 1], v. 6, n. 6, p.
743-760, 2011.

ZOULIAS, N. et al. Molecular control of stomatal development. Biochemical Journal, [s. L],
v.475,n. 2, p. 441-454, 2018.



