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ABSTRACT

BRITO, Fred Augusto Lourédo de, D.Sc, Universidade Federal de Vigcosa, November, 2020.
Effects of salt stress on growth and metabolism of tomato (Solanum lycopersicum)

plants associated with high concentration of carbon dioxideAdvisor: Dimas Mendes
Ribeiro. Co-advisor: Agustin Zs6gon.

Soll salinity is an important environmental factor that limits the crop yield. On the other hand,
the elevated C@concentration (e[C§)) is able to mitigate the negative effects of salt stress on
crop yield by stimulating photosynthetic rate in many C3 species, including Solanum
lycopersicum. However, the impact of soil salinization on the relationship between biomass
allocation, hormone biosynthesis and the primary metabolism of tomato plants undgr e[CO
are hitherto not well understood. In this context, tomato plants grown under salt stress showed
high N& concentration in tissues under both ambient JC@Q[CO;]) and e[CQ]. Under

a[CQy), plants treated with NaCl showed lower accumulation of biomass compared to untreated
plants. However, e[COZ2] restored the growth of tomato plants under saline stress by reducing
concentration of abscisic acid (ABA) and the ethylene precursor l-aminocyclopropane-1-
carboxylic acid in leaves and roots. In addition, plants treated with NaCl undei] af@©@Wed
reduction of the concentration of Krebs Cycle intermediates and increase of amino acids glycine
and serine, while the plants under epfC@eated with NaCl presented the recovery of these
parameters to the levels of the control plants. These findings led to a new questioning whether
plants with alterations in ABA biosynthesis present differential strategies of tolerance to saline
stress under e[CGD Thus, we analyzed tomato plants cv. Micro-Tom (MT), ABA-deficient
mutant notabik (not) and plants with high ABA concentration (NCED) submitted to salt stress.
The growth of not plants was more affected in relation to MT and NCED plants, mainly under
conditions of salt stress under both [fLGn the other hand, e[GCDled to increases in total
biomass and leaf area for all genotypes under saline stress, compared Ao la[@@dition,

NCED mutants showed greater growth in relation to the MT and not genotypes undgr e[CO
in control and saline conditions. e[@@aused an increase in photosynthesis and reduction of
photorespiration in the MT, not and NCED treated with NaCl compared tepl@@ddition,

e[CO] induced changes in the primary metabolism which were associated with increases in
dark respiration, especially of MT and not genotypes under saline stress. Taken together, our

results suggest that e[GCalleviates the effects of saline stress on plants through increased



photosynthesis, reduced photorespiration and reprogrammed primary metabolism by
mechanisms independent of ABA concentration.

Keywords: Photosynthesis. Respiration. Primary metabolism. Hormonal regulation. Salt stress
Tomato plant



RESUMO

BRITO, Fred Augusto Lourédo de, D.Sc, Universidade Federal de Vigosa, novembro de 2020.
Efeitos do estresse salino no crescimento e metabolismo de plantas de tomate (Solanum
lycopersicum L.) associados coma elevada concentracdo de dioxido de carbono
Orientador: Dimas Mendes Ribeiro. Coorientador: Agustin Zs6gon.

A salinidade do solo é um importante fator ambiental que limita a produtividade das culturas.
Por outro lado, a elevada concentragdo de (E€[C(]) é capaz de mitigar os efeitos negativos

do estresse salino no rendimento da producéo, estimulando a taxa fotossintética em muitas
espécies C3, incluindo Solanum lycopersicum. No entanto, o impacto da salinizacdo do solo
nas relacdes entre alocacdo de biomassa, biossintese de horménios e o metabolismo primario
de plantas de tomate sob e[ &té agora ndo sdo bem compreendidos. Nesse contexto, plantas
de tomate crescendo sob estresse salino apresentaram elevada concentracaosde didos

em ambas concentracdes ambiente (a[lC®©e[CQ]. Sob a[CQ], plantas tratadas com NaCl
mostraram menor acumulo de biomassa em relacdo as plantas nédo tratadas. No entgnto, e[CO
restaurou do crescimento de plantas de tomate sob estresse salino através da reducdo de
concentracdo de acido abscisico (ABA) e do acido 1-aminociclopropano-1-carboxilico (ACC),
precursor do etileno em folhas e raizes. Além disso, plantas tratadas com NaCl s§b a[CO
apresentaram reducao dos niveis de intermediarios do ciclo de Krebs e aumento de aminoacidos
glicina e serina, enquanto as plantas sob gf@&adas com NaCl apresentaram recuperacéo
desses parametros aos niveis de plantas controle. Esses achados levaram a um novo
guestionamento se as plantas com alteracdes na biossintese de ABA apresentam estratégias d
tolerancia diferenciais ao estresse salino em gfd®sse modo, nés analisamos plantas de
tomate cv. Micro-Tom (MT), mutantes de tomate notabilis (not) deficientes em ABA e
mutantes com alta concentracdo de ABA (NCED) submetidas a estresse salino. O crescimento
de plantas not foi mais afetado em relacéo as plantas MT e NCED, principalmente em condi¢gbes
de estresse salino em ambas §fCOor outro lado, a e[C{Plevou aumentos na biomassa total

e area foliar para todos os genotipos sob estresse salino, em relacao]a AfE@ais,
mutantes NCED apresentaram maior crescimento em relacdo aos genotipos MT e not em
tratamentos controle e salino. A e[gf@romoveu aumento da fotossintese e reducéo da
fotorrespiracdo nos genoétipos MT, r@NCED tratados com NaCl em comparacdo com a
a[CO]. Além disso, a e[Cg) induziu alteracdes no metabolismo primario as quais foram

associadas com incrementos da respiracéo, especialmente nos genoétipos MT e not sob estress:



salino. Em conjunto, nossos resultados sugerem que a]elia os efeitos do estresse salino
nas plantas pelo aumento da fotossintese, reducdo da fotorrespiracdo e reprogramacao do

metabolismo primario por mecanismos independentes da concentracdo de ABA.

Palavras-chave: Fotossintese. Respiragdo. Metabolismo primario. Regulacdo Hormonal.
Estresse salino. Tomateiro
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GENERAL INTRODUCTION

Crop exposure to salt stress under elevated COphysiological, biochemical and

molecular responses

Growth and yield of most crop plants are affected by saline soils, generating negative
impacts in economic, environmental and social terms (Z6rb et al., 2019). Salt accumulation in
soils is a result of irrigation water that contains sodium chloride (NaCl), inadequate drainage of
irrigated land and high temperatures (Minhas et al., 2020). High salt levels in soils lead to
accumulation oNa" and Ci in the roots, reducing the ability of a plant to take up water (van
Zelm et al., 2020). High concentrations of salt ions in plant tissues inhibit crop growth by
impairing metabolic functions and photosynthetic carbon assimilation. In this context, elevated
atmospheric C®concentration could mitigate the negative effects of salinity on growth and
crop yield by increasing photosynthetic rate in manggcies (Poorter and Pérez-Soba, 2001;
Geissler et al., 2009; Pifiero et al., 2016). On the other hand, risingog@€entrations will be
accompanied by increases in atmospheric temperature, which generally have a negative impact
on crop yield (Ruiz-Vera et al., 2013). Moreover, elevated €@centration could reduce the
nutritional quality of crops, through decreased mineral composition and increased caloric levels
(Smith and Myers., 2018; Ebi and Loladze., 2019). Atmosphericdd@centration currently
sits at a record high level of 415 ppm and is expected to reach 685 ppm by 2050 (Tans and
Keeling, 2020). Thus, a deeper understanding of how multiple environmental factors such as
CO, concentration, temperature and salinity interact to regulate plant growth, yield and
nutritional content is urgently required to ensure food security over the coming decades. In this
chapter, we review how plant growth may be modulated in response to salinity and ambient
CO, concentration. We also discuss how the combined effect of salinity and elevated CO

concentration regulates crop yield.

1 Salt stress and the regulation of crop development under ambient and elevated £0

concentration

Salt accumulation in arable soil causes osmotic stress and ion imbalance to roots,
disrupting plant growth and metabolism (van Zelm et al., 2020). Moreover, plant responses to
salinity stress are influenced by rising atmospheric; @0ncentration (Figure 1). Root

responses to salt stress include the production of reactive oxygen species (ROS), phospholipids
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and alteration of cytoplasmic free €awhich may transduce the salt stress signal to
downstream protein activity and gene transcription (Bai et al., 2018). The resulting alteration
of gene expression at the cellular level then influences metabolism and development of the
whole plant in response to salt stress. Salt stress increases abscisic acid (ABA) concentration in
plants by regulating the expression of 9-cis-EP OXYCAROTENOID DIOXYGENASE (NCED),

a gene encoding the key enzyme for ABA biosynthesis (Wang et al., 2015; Silva et al., 2018).
Interestingly, high C@concentration alters the capacity for salt-induced ABA biosynthesis
(Figure 1). In tomato, the largest horticultural crop in the world, atmosphes@@@hment
decreased ABA and also ethylene production by roots, leading to maintenance of metabolic
processes and sustained root growth under salt stress conditions (Brita@2@&L Moreover,

tomato plants grown under elevated £Oncentration tolerate higher root-zone salinity levels
than plants grown under ambient £Concentration (Maggio et al., 2002). Whether the
production of ABA and ethylene was responsible for tolerance of tomato plants to salt stress
under high CQremains to be determined. In addition to the changes in hormone levels, NaCl
treatment resulted in lower mineral uptake and translocation in roots of barley (Hordeum
vulgare L.)grown under ambient COwhich were restored by elevated £ncentration, also

salt stress combined with high €€bncentration leads to increased carbon allocation to roots,
contributing to nutrient uptake (Pérez-Lopez et al., 2014). Furthermore, the greater sugar
allocation from source leaves to roots under elevated €0Id stimulate enzymatic and
metabolic antioxidative defenses in roots, allowing ROS homeostasis during salt stress (Keunen
et al., 2013). Taken together, these studies demonstrated that there is a close interplay between
salt stress, carbon availability and root development. However, there is a need for a deep
understanding on the molecular mechanisms by which salt stress and higho@i®y root
development.

Plant shoots exhibit many physiological responses to high salt apddd@entration
(Figure 1). The mitigating effect of elevated £€oncentration on growth of many species of
crop plants suffering from salt stress is attributed to increased photosynthetic efficiency (Poorter
and Pérez-Soba., 2001, Geissler et al., 2009). For instance, the net photosynthetic rates of musk
melon (Cucumis melo) plants upon treatment with 50 mM NaCl were found to be 75% greater
under 800 ppm Cg&xhan in 400 ppn€O. (Mavrogianopoulos et al., 1999). Although salt stress
still inhibited photosynthetic carbon fixation in barley under high,GOremarkable increase
in the maximal rate of net photosynthesis was observed in plants treated with 80, 160 and 240
mM NaCl grown at 700 ppm CQPérezkopez et al., 2012). Moreover, tomato plants grown
at 400 ppm C@in soil supplemented with 150 mM NaCl showed a 17% reduction in net CO
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assimilation rate compared to untreated control plants, while at 750 pprpHo@synthesis

was not reduced in the presence of salt stress (Brito et al., 2020). The increased net CO
assimilation rate described above was accompanied by an increase in shoot growth rate. Taken
together, it appears that an increased €apply for photosynthesis is essential to maintain
plant growth under salt stress conditions.

Salt stress increases the concentration of ROS and thus inhibits the development of root
and shoot by impairing enzymatic, cell wall and membrane functions (Huang et al., 2019). In
tomato, elevated COconcentration induced the expression of RESPIRATORY BURST
OXIDASE 1 (SIRBOHL1), which regulates tolerance to oxidative stress (Yi et al., 2015). The
increased expression of SIRBOH1 reduced leaf transpiration, decreased root-to-shoot Na
transport and subsequently inhibited the negative effect of salt stress on photosynthesis and
biomass production in tomato plants under elevated ¢@@centration (Yi et al., 2015). Salt
stress also increased the concentration of ABA and ethylene in shoots of tomato plants (Figure
1); however, high C®concentration resulted in a lower concentration of these hormones in
leaves, which allows for plant growth even under soil salinity (Brito et al., 2020). In addition,
high CQ alleviates the effect of salinity in tomato plants by maintaining the metabolic
processes that, in turn, increase rates of photosynthetic carbon assimilation as compared to
plants under ambient G@oncentration (Brito et al., 2020). Efforts to enhance vyield of crops
grown under salt stress conditions must, therefore, be accompanied by an improved
understanding of the contribution of ROS and hormone signaling to the coordination of carbon

metabolism and growth in response to increasing atmosphesic@@@entration.

2 Salt-tolerance of crops in response to high GGand modifying factors

Crop plant responses to salinity are influenced by several factors, including the severity,
duration and rate athich salt stress is imposed (Figure 2). Hence, excess concentration of
several salts present in the rhyzosphere may cause a substantial reduction in crop yield. For
instance, muskmelon productivity was affected by increasing NaCl concentration of irrigation
water. On the other hand, whereas yield of muskmelon plants was strongly increased when
elevatedCO, concentration was added to plants treated with 25 mM NaCl, there was only a
slight stimulation of yield by higtCO, at 50 mM NaCl (Mayrogianopoulos et al., 1999).
Moreover, increasin@O» concentration leads to enhanced growth of most plants in situations
of mild to moderate salt stress, while at high salt concentrations the effects @®@igin

growth are marginal (Poorter and Perez-Soba., 2001). Nevertheless, salt concentration in the
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soil is highly dynamic, with warm temperatures and evaporation/transpiration of soil water,
soluble salts move to the upper soil layers and generate increasing salt stress in the active root
zone (Nachshon., 2018). Therefore, in agricultural environments, plants are usually exposed to
gradualy increasing salt concentrations. The common practice of using saline groundwater in
irrigated agriculture drives faster soil salinization in regions faced with water scarcity, as the
rate at which salt accumulates in the rootzone may exert a differential response on plant
metabolism. This can be illustrated by the tomato plants exposure to gradual or acute increasing
concentration of NaCl under elevat€®, concentration. It was reported that hig: (760

ppm) decreased stomatal conductangedigtomato plants treated with 100 mM NaCl, when

salt was applied in a single initial step in the nutrient solution (Yi et al., 2015). This observation
was accompanied by a decrease in toeathoot NA& transport, correlating with the
improvement in salt tolerance (Yi et al., 2015). A different response occurs under conditions of
gradual application of NaCl, 50 mM increments of NaCl every second day, until a
predetermined salt concentration is reached. In this way, when 150 mM NaCl was applied
gradually to tomato plants, elevat€®. (750 ppm) kept the gs of salt-treated plants similar to

the values observed in plants grown without salt stress under afGieabncentration (Brito

et al., 2020 As a result, the gradual application of NaCl did not altetrl®eels in leaves of
tomato plants growth under botBO: concentrations. In the same study, the reason for
restoration of tomato plant growth under salt stress in Gighwas a consistent maintenance

of primary metabolism in combination with reduced biosynthesis of ABA and ethylene. These
observations highlight the flexibility of plants’ response to the rate at which salt stress is
imposed and imply that salt stressed-plants are able to adjust their growth patterns in distinct
ways to elevate@O, concentration.

Tolerance to salt stress varies according to species, genotype and developmental age of
the plant (Figure 2). Tolerance of different plants to salt stress varies substantially across crop
species and, to a lesser extent, between genotypes (Minhas et al., 2020). This becomes clear
when looking at the effects of salinity on tomato plants, modern tomato cultivars are sensitive
to moderate levels of salt stress, but there is considerable variation in the salt tolerance in wild
tomato species such as S. galapagense, S. cheesmaniae, S. chmielewskii, S. hab&chaites,
lycopersicoides, S. pennellii and S. pimpinellifolium (Li et al., 2011; Pailles et al., 2020). For
instance, salt-tolerant accessions of S. cheesmaniae resporidaizcMaulation by producing
more leaves than non-tolerant accessions. S. galapagense tolerance, on the other hand, is

characterized by increased leaf succulence (Pailles et al., 2020). Additionally, mechanisms of
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tolerance to salt stress in tomato plants can also be found in structural characteristics, cellular
changes, responsive genes and signaling pathways.

To develop a salt tolerant cultivar in a future with rising atmosplkdioconcentration,
more knowledge is needed on the integrative effects of salt tolerant mechanisms &1high
In this context, leaf gas exchange and water relations are of special importance B&gause
mainly influences salinity tolerance mechanisms associated to the osmotic effect of salinity
rather than to ion specific effects. The effects of salt stress on crop plants growth are also
dependent on the plants’ developmental age. In maize (Zea mays), salinity response of growing
leaf cells was linked to cell age, since the size of younger cells increased upon salt stress through
the increased protection from ROS, while intercellular accumulation of ROS decreased growth
of older cells during leaf growth (Kravchik et al., 2013). In general, crop plants at early growth
stages are more sensitive to increases in soil salinity than plants at later stage, which could have
a negative impact on crop yield (Arzani et al., 2008; van Zelm et al 2020). Interestingly,
elevatedCO, concentration also has effects on plant development at early stages. Thus, the
response taCO; is age-dependent, as the plants have a limited window of responsivity for
acclimation. Gasparini et al. (2019) found that elev&@d could increase growth of tomato
plants deficient in gibberellins synthesis, but this effect varied dramatically depending on the
stage of plant development at whi€l©, was applied. The extent to which elevat@d,
concentration contributes to growth regulation of crop plants during development under salinity
conditions still needs to be explored.

Salt tolerance mechanisms and their interaction with elea@dconcentration is not
straightforward, because fluctuations in temperature and light intensity influence plant response
to salinity under highCO, (Figure 2). For instance, hig8O, maintains homeostasis of
antioxidant system and carbon metabolism of tomato plants under salt stress grown in
environment with fluctuations in irradiance and temperature (Brito et al., 2020). On the other
hand, tomato plants exposed to constant irradiance and temperature during the day may
encounter disturbances in homeostasis of antioxidant system and activate general responses to
salt stress under elevat€®, concentration, thus, stress tolerance mechanisms could represent
additional costs to the plants (Munns and Gilliham., 2015; Yi et al., 2015). In addition to these
alterations on plant metabolism, evidence shows that phenotypes of plant grown in controlled
conditions under constant irradiance and temperature are significantly different from plants of
the same genotype grown in natural environments (Mishra et al., 2012; Bruce et al., 2015).
Screening experiments focusing on plant performance under salt stress often involve the

introduction of the candidate plants in hydroponic systems or in soil containing high salt
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concentration in controlled environment chambers under constant irradiance and temperature
(Bado et al., 2016 Since the results obtained from plants grown in controlled environments
might not be representative of natural conditions, plant growth in more natural conditions seems
to be crucial in crop breeding for salinity tolerance (Poorter et al., 2016; Annunziata et al.,
2017).

3 Mechanisms of crop tolerance to salt stress in response to eleva®&d:

3.1 Regulation of photosynthetic carbon metabolism

Given its close similarity to the'kcation, Na enters the shoot symplast from the xylem
apoplast passively via nonselective cation channels (NSCC), and subsequently moves into
mesophyll cells (Figure 3). The Npermeable aquaporins in the plasma membrane of bundle
sheath cells represent a likely entry point of o the cell. Hyperosmotic stress caused by
salinity increases the concentration of ABA, ethylene af@Hand reduces Kavailability in
shoots (Hedrich et al., 2018). As a result, stomata close, reducing gas exchange, growth and
crop yield. Elevated C&£concentration also leads to reduced stomatal conductance, however,
plant growth is maintained or increased (Ainsworth and Rogers., 2007). This can be explained
by variation in Ribulose-1,5-bisphosphate carboxylase/oxygeiaggs(CO) carboxylation
efficiency under high C&(Figure 3). Elevated C{roncentration increased the photosynthetic
rate in soybean (Glycine max) by 20% over the course of the growing season in the field
(Bernacchi et al., 2005). High G@esulted in a decrease in the concentration of both ABA and
1-aminocyclopropane-1-carboxylic acid (ACC), a precursor of ethylene, in tomato leaves of
plants grown under high salinity, which led to an increase in stomatal aperture when compared
to plants treated with NaCl at ambient £@rito et al., 2020). This suggests that leaves under
high CQ are poised to generate hormone signals more slowly during salt stress (Figure 3).
Consequently, the hormone sensitivity of guard cells should differ between ambient and
elevated C@concentration. In this context, fine-tuning of guard cell activity of plants grown
under elevated C{£concentration could increase yield under salinity conditions, the result of
an increased ability for CQassimilation. In fact, atmospheric @énrichment leads to a higher
rate of photosynthesis for many C3 species under salt stress (Poorter and Pérez-Soba., 2001;
Geissler et al., 2009; Pifiero et al., 2016). In the Calvin cycle, RGluatalyzes the addition
of CO, to ribulose-1,5-bisphosphate (RuBP) to generate two molecules of glyceraldehyde-3-
phosphate, which are then used to either regenerate RuBP or to synthesize sucrose, starch anc

amino acids (Stitt et al., 2010). Increased photosynthesis in salt-stressed plants under elevated
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COz2 may be due to increased intercellular @0Oncentration, in line with a partial increase in
stomatal aperture resulting from factors such as low concentration of ABA and ethylene (Brito
et al., 2020). Salt stress also affects chloroplast ultrastructure and mesophyll conductance to
CO (gm), indicating that modification of leaf structural characteristics could reduce plant
salinity tolerance (Chaves et al., 2009; Geissler et al., 2009). Higlsé&nhed to mitigate the
negative effects of salinity on photosynthesis. Therefore, the diffusion limitation through the
stomata and the mesophyll, along with the alterations in photosynthetic metabolism, is tightly
regulated by salt stress, and elevated @@Quces specific alterations to allow growth under
salinity conditions.

Increased soil salt concentration decreases the Calvin cycle activity, which results in
reduced energy production and NADPegeneration, leading to over-reduction of the
photosynthetic electron transport chain and to ROS production. Moreover, mitochondrial
respiration is perturbed in plants under salt stress, which also increases ROS production in
respiratory electron transport (Choudhury et al., 2017). Salinity increases photorespiration,
leading to the production ofJ- by glycolate oxidase in the peroxisome (Figure 3). Thus, salt
stress that limits C@availability due to stomatal closure enhances the production of ROS in
shoot tissues that, in turn, can cause oxidative damage to proteins, membranes, RNA and DNA
molecules. The ROS detoxifying proteins such as superoxide dismutase, ascorbate peroxidase,
catalase, glutathione peroxidase and peroxiredoxin, as well as antioxidants present in
subcellular compartments, play a key role in mitigating the oxidative process in cells and in
preventing the harmful effects of salt stress (Hasanuzzaman et al., 2019). Genes traditionally
associated with the response to ROS detoxification have been cloned from SR3 wheat, a hybrid
with a high tolerance to salt stress (Dong et al., 2013). In this context, the importance of these
pathways to prevent ROS toxicity is illustrated by the finding that overexpression of genes
involved in ROS scavenging resulted in the maintenance of photosynthetic energy capture and
yield improvement under salt stress (Siddiqui et al., 2017). Interestingly, many of these
transgenic lines have reduced growth under non-saline conditions. One reason for this may be
the energetic costs associated with ROS detoxification mechanisms (Munns et al., 2020). Since
a higher CQ concentration maintains sufficient energy reserves in the cells (Figure 3), it can
be considered as a positive factor for future crop productivity. Moreover, the ability of elevated
COx concentration to adjust patterns of assimilation, storage and utilization of carbon in
response to salt stress may determine the reproductive success of crops.

The growth response to salt stress under ambient d@@centration indicates that

increases in both photorespiration and the oxygenase reaction oCRuUbeds to decreased



16

biosynthesis of sucrose and starch, thereby reducing plant growth (Figure 3). By contrast,
elevated C®@ concentration stimulates carbohydrate biosynthesis because photosynthesis is
COy-limited in the vast majority of plants under ambient.@@ncentration (~415 ppm). In this
context, plant growth is dictated by the rate of metabolites exported from the Calvin cycle,
hence, suboptimal usage of carbon reserves would affect crop yield. On the other hand, if carbon
export is increased in leaves under elevated €C@ncentration, then the limitation of
biosynthesis by carbon supply may be alleviated in plants under salt stress. Takagi et al. (2008)
found that photosynthetic capacity and transport of carbon assimilates were increased in tomato
plants treated with NaCl under elevatedGfOncentration, in line with an increase in sink
capacity resulting from factors such as decreased carbon accumulation in leaves and limited
root growth. Thus, increased crop yield under salt stress can only be achieved when a plant has
sufficient capacity to use the increased supply of carbon available at higlal@Qhis can be

limited by the availability of minerals. Therefore, efficient nutrient acquisition is of prime
importance for salinity tolerance. Mineral nutrition experiments revealed that highaD&ed
adjustments in root size to maintain the uptake and transport efficiency of nutrients in barley
plants under saline conditions (Perez-Lopez et al., 2014). The tonoplast-localiZzeti Na
exchanger (NHX) regulates Naletoxification via sequestration of Naithin the vacuole

(Apse et al., 1999). Interestingly, overexpression of the NHX1 in tomato increasés sbobt

K™ transport, which improves plant salt tolerance due to the increased intercellMar tatios

(Leidi et al., 2010). In halophytes, reduction inéfflux is associated with decreasetigfflux,

which is an energy-saving strategy, allowing the distribution of more resources for plant growth
(Percey et al., 2016). The most salt tolerant accessions of S. cheesmaniae and S. galapagense
show high K levels in their roots, providing strong evidence of the relation betwéepteke

and tolerance to salt stress (Pailles et al., 2020). Together, these observations indicate that the
adjustment of growth to salt stress conditions is not only dynamic but also highly flexible at

elevated C@concentration.

3.2 Functional role of carbohydrate metabolism in adaptation of roots to salt stress in response
to high CQ

Most of the research into the role high Ofays on salinity tolerance has shown that
the increase in the rate of carbon assimilation in crop plants was accompanied by an increase in
root biomass (Brito et al., 2020; Garcia-Sanchez and Syvertsen., 2006; Pérez-Lopez et al., 2014;
Syvertsen and Levy, 2005). These results indicate that a supply of sugars from shoots is

essential for the maintenance of root growth under saline conditions. In this context, sucrose-
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derived glucose activates the protein kinase Target of Rapamycin (TOR) to control nutrient
status and energy signaling and promote cell proliferation in the root meristem (Figure 4). Soil
salinization inhibits primary root elongation by inhibiting cell proliferation in the root meristem
(Liu et al., 2015). On the other hand, TOR modulates root meristem activity during salt stress
(Fu et al., 2020). Since elevated £an result in higher levels of carbon in crop plants, efforts

to improve crop performance in saline soil must be accompanied by an increased understanding
of how the additional photosynthate will be used to control TOR signaling not only in roots but
in organs such as flowers, fruits and seeds, which is core to agricultural productivity. Glucose
also stimulates lateral root formation through interaction with brassinosteroids (Gupta et al.,
2015). There is evidence that the lateral root formation is promoted whdeweghis low in

the soil but inhibited when Ndevels are high (Ji et al., 2013). High £ncentration can
influence root system architecture by increasing carbon allocation to the roots (Freixes et al.,
2002; Butterly et al., 2015). Thus, carbohydrate levels, together with hormones may be crucial
for salt-regulated lateral root formation dynamics.

Salt stress induces biosynthesis of ABA and ethylene in tomato roots, which leads to
root growth inhibition in response to ambient afncentration (Brito et al., 2020). Ethylene
inhibits root cell elongation and cell proliferation by modulating auxin level, distribution and
signaling (Mendez-Bravo et al., 2019). It has also been shown that auxin acts downstream of
ethylene in mediating ABA-induced root inhibition (Qin et al., 2019). High Caxfers salt
tolerance in tomato plants by decreasing the biosynthesis of ABA and ethylene in roots. The
decrease in root accumulation of ABA and ethylene led to maintenance of carbon metabolism
in roots, increased root growth and subsequently enhanced salinity tolerance (Brito et al., 2020).
Nutrient uptake is closely linked to carbon availability in roots as sugars regulate the expression
of genes that encode transporters or channels for ions sucH3sSK@4, K* and PQ* (Lejay
et al., 2003). Moreover, salinity increases ROS production in roots of crops and thereby restricts
cell proliferation and cell elongation (Zhang et al., 2016). On the other hand, sugars stimulate
enzymatic and metabolic antioxidative defense system in roots (Keunen et al., 2013). Thus, it
is plausible that root sensitivity to ROS will differ between plants grown under ambient and
elevated C@concentration, as a result of their differences in carbohydrate levels. Therefore,
the participation of sugars in ion uptake and antioxidant defenses might be an important salt
tolerance strategy. However, how carbon acquired through photosynthesis coordinates the

effects of sugar sensing in roots is hitherto not well understood.
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4 Future prospects

Research into growth regulatory processes, under influence of salinity and in interaction
with increasing atmospheric GCQconcentration, indicates that high €@ncreases the
photosynthetic carbon gain of crops, mitigates oxidative stress, and can thus enhance yield in
saline soils. The challenge is to understand how the increased amounts of carbohydrates are
integrated with the rest of plant metabolism under salt stress conditions. Therefore, efforts to
improve crop Yyield in saline soils must be accompanied by knowledge of signaling pathways at
the core of resource sensing, carbon allocation, source-sink relations, and plant development.
Growth measurements and molecular analyses of regulatory processes triggered by salt stress
under CO. enrichment will need to consider the natural fluctuations in irradiance and
temperature as well as the severity of salt stress. A deeper understanding of the physiological
basis for salinity tolerance and the response to increaseg ¢@0ld also inform
biotechnological approaches to manipulate wild relatives of crops and accelerate crop breeding
to meet future challenges using state-of-the-art gene editing technologies (Zsdgon et al., 2017;
Zs6gon et al., 2018). Thus, both molecular breeding and advanced biotechnology methods
should help researchers understand the effects of salinity on metabolism and growth of crop
plants under future C{roncentrations.

References

Ainsworth, E.A., Rogers, A., 2007. The response of photosynthesis and stomatal conductance
to rising [CQJ: mechanisms and environmental interactions. Plant. Cell Environ. 30, 258
270. https://doi.org/doi:10.1111/j.1365-3040.2007.01641.x.

Apse, M.P., Aharon, G.S., Snedden, W.A., Blumwald, E., 1999. Salt tolerance conferred by
overexpression of a vacuolar Md" antiport in Arabidopsis. Science 285, 125858.
https://doi.org/10.1126/science.285.5431.1256.

Arzani, A., 2008. Improving salinity tolerance in crop plants: a biotechnological view. In Vitro
Cell. Dev. Biol. - Plant 44, 37383. https://doi.org/10.1007/s11627-008-9157-7.

Bado S., Forster B.P., Ghanim A.M., Jankowicz-Cieslak J., Berthold G., Luxiang L., 2016.
Protocols for pre-field screening of mutants for salt tolerance in rice, wheat and barley.
Cham: Springer. https://doi.org/10.1007/978-3-319-26590-2.

Bai, Y., Kissoudis, C., Yan, Z., Visser, R.G.F., van der Linden, G., 2018. Plant behaviour under
combined stress: tomato responses to combined salinity and pathogen stress. Plant J. 93,
781-793. https://doi.org/10.1111/tpj.13800.

Bernacchi, C.J., Leakey, A.D.B., Heady, L.E., Morgan, P.B., Dohleman, F.G., McGrath, J.M.,



19

Gillespie, K.M., Wittig, V.E., Rogers, A., Long, S.P., Ort, D.R., 2006. Hourly and seasonal
variation in photosynthesis and stomatal conductance of soybean grown at futamedCO
ozone concentrations for 3 years under fully open-air field conditions. Plant. Cell Environ.
29, 20772090. https://doi.org/10.1111/j.1365-3040.2006.01581.x.

Brito, F.A.L., Pimenta, T.M., Henschel, J.M., Martins, S.C. V, Zs6gon, A., Ribeiro, D.M.,
2020. Elevated COimproves assimilation rate and growth of tomato plants under
progressively higher soil salinity by decreasing abscisic acid and ethylene levels. Environ.
Exp. Bot. 176, 104050. https://doi.org/https://doi.org/10.1016/j.envexpbot.2020.104050.

Bruce, T.J.A., Aradottir, G.I., Smart, L.E., Martin, J.L., Caulfield, J.C., Doherty, A., Sparks,
C.A., Woodcock, C.M., Birkett, M.A., Napier, J.A., Jones, H.D., Pickett, J.A., 2015. The
first crop plant genetically engineered to release an insect pheromone for defence. Sci. Rep.
5, 11183. https://doi.org/10.1038/srepl11183.

Butterly, C.R., Armstrong, R., Chen, D., Tang, C., 2015. Carbon and nitrogen partitioning of
wheat and field pea grown with two nitrogen levels under elevated Rlént Soil 391,
367-382. https://doi.org/10.1007/s11104-015-2441-5.

Chaves, M.M., Flexas, J., Pinheiro, C., 2009. Photosynthesis under drought and salt stress:
regulation mechanisms from whole plant to cell. Ann. Bot. 103, -5&1
https://doi.org/10.1093/aocb/mcn125.

Choudhury, F.K., Rivero, R.M., Blumwald, E., Mittler, R., 2017. Reactive oxygen species,
abiotic stress and stress combination. Plant  J. 90, 8896
https://doi.org/10.1111/tpj.13299.

Dong, J., Gruda, N., Lam, S.K., Li, X., Duan, Z., 2018. Effects of elevatecb@@uitritional
quality of vegetables: A  review. Front. Plant  Sci. 9, 924
https://doi.org/10.3389/fpls.2018.00924.

Dong, W., Wang, M., Xu, F., Quan, T., Peng, K., Xiao, L., Xia, G., 2013. Wheat
oxophytodienoate reductase gene TaOPR1 confers salinity tolerance via enhancement of
abscisic acid signaling and reactive oxygen species scavenging. Plant Physiol. 161, 1217
1228. https://doi.org/10.1104/pp.112.211854.

Freixes, S., Thibaud, M.-C., Tardieu, F., Muller, B., 2002. Root elongation and branching is
related to local hexose concentration in Arabidopsis thaliana seedlings. Plant. Cell
Environ. 25, 13571366. https://doi.org/doi:10.1046/j.1365-3040.2002.00912.x.

Fu, L., Wang, P., Xiong, Y., 2020. Target of rapamycin signaling in plant stress responses.
Plant Physiol. 182, 1633623. https://doi.org/10.1104/pp.19.01214.

Garcia-Sanchez, F., Syvertsen, J., 2006. Salinity tolerance of Cleopatra mandarin and Carrizo
citrange rootstock seedlings is affected by.@Arichment during growth. J. Am. Soc.
Hortic. Sci. 131, 2431. https://doi.org/10.21273/JASHS.131.1.24.

Gasparini, K., Costa, L.C., Brito, F.A.L., Pimenta, T.M., Cardoso, F.B., Araudjo, W.L., Zs6g6n,
A., Ribeiro, D.M., 2019. Elevated G@nduces age-dependent restoration of growth and
metabolism in gibberellin-deficient  plants. Planta 250, 11481.



20

https://doi.org/10.1007/s00425-019-03208-0.

Geissler, N., Hussin, S., Koyro, H.-W., 2009. Elevated atmospheri¢ c@@centration
ameliorates effects of NaCl salinity on photosynthesis and leaf structure of Aster tripolium
L. J. Exp. Bot. 60, 137151. https://doi.org/10.1093/jxb/ern271.

Gupta, A., Singh, M., Laxmi, A., 2015. Interaction between glucose and brassinosteroid during
the regulation of lateral root development in Arabidopsis. Plant Physiol. 16832307
https://doi.org/10.1104/pp.114.256313.

Hasanuzzaman, M., Bhuyan, M.H.M.B., Anee, T.l., Parvin, K., Nahar, K., Mahmud, J. Al,
Fujita, M., 2019. Regulation of ascorbate-glutathione pathway in mitigating oxidative
damage in plants under abiotic stress. Antioxidants (Basel, Switzerland) 8, 384.
https://doi.org/10.3390/antiox8090384.

Hedrich, R., Mueller, T.D., Becker, D., Marten, I., 2018. Structure and function of TPC1
vacuole SV channel gains shape. Mol. Plant 11, 763
https://doi.org/https://doi.org/10.1016/j.molp.2018.03.017.

Huang, H., Ullah, F., Zhou, D.-X., Yi, M., Zhao, Y., 2019. Mechanisms of ROS regulation of
plant development and stress responses. Front. Plant Sci. 10, 800.
https://doi.org/10.3389/fpls.2019.00800.

Ji, H., Pardo, J.M., Batelli, G., Van Oosten, M.J., Bressan, R.A., Li, X., 2013. The salt overly
sensitive (SOS) pathway: established and emerging roles. Mol. Plant 628875
https://doi.org/https://doi.org/10.1093/mp/sst017.

Keunen, E., Peshev, D., Vangronsveld, J., Van Den Ende, W., Cuypers, A., 2013. Plant sugars
are crucial players in the oxidative challenge during abiotic stress: extending the traditional
concept. Plant. Cell Environ. 36, 124255. https://doi.org/10.1111/pce.12061.

Kravchik, M., Nirit, B., 2013. Effects of salinity on the transcriptome of growing maize leaf
cells point at cell-age specificity in the involvement of the antioxidative response in cell
growth restriction. BMC Genomics 14, 24. https://doi.org/10.1186/1471-2164-14-24.

Leidi, E., Barragan Borrero, V., Rubio, L., EI-Hamdaoui, A., Ruiz, M., Cubero, B., Fernandez,
J., Bressan, R., Hasegawa, P., Quintero, F., Pardo, J., 2009. The AtNHX1 exchanger
mediates potassium compartmentation in vacuoles of transgenic tomato. Plant J-61, 495
506. https://doi.org/10.1111/j.1365-313X.2009.04073.x.

Lejay, L., Gansel, X., Cerezo, M., Tillard, P., Mller, C., Krapp, A., von Wirén, N., Daniel-
Vedele, F., Gojon, A., 2003. Regulation of root ion transporters by photosynthesis:
functional importance and relation with hexokinase. Plant Cell 15, 221382.
https://doi.org/10.1105/tpc.013516.

Li, J., Liu, L., Bai, Y., Zhang, P., Finkers, R., Du, Y., Visser, R.G.F., van Heusden, A.W., 2011.
Seedling salt tolerance in tomato. Euphytica 178, -408.
https://doi.org/10.1007/s10681-010-0321-x.

Liu, W., Li, R.-J., Han, T.-T., Cai, W., Fu, Z.-W., Lu, Y.-T., 2015. Salt stress reduces root



21

meristem size by nitric oxide-mediated modulation of auxin accumulation and signaling in
Arabidopsis. Plant Physiol. 168, 343-356. https://doi.org/10.1104/pp.15.00030.

Maggio, A., Dalton, F.N., Piccinni, G., 2002. The effects of elevated carbon dioxide on static
and dynamic indices for tomato salt tolerance. Eur. J. Agron. 16,2087
https://doi.org/https://doi.org/10.1016/S1161-0301(01)00128-9.

Mavrogianopoulos, G., Spanakis, J., Tsikalas, P., 1999. Effect of carbon dioxide enrichment
and salinity on photosynthesis and vyield in melon. Sci. Hortic. 79,631
https://doi.org/10.1016/S0304-4238(98)00178-2.

Méndez-Bravo, A., Ruiz-Herrera, L.F., Cruz-Ramirez, A., Guzman, P., Martinez-Trujillo, M.,
Ortiz-Castro, R., Lépez-Bucio, J., 2019. CONSTITUTIVE TRIPLE RESPONSE1 and
PIN2 act in a coordinate manner to support the indeterminate root growth and meristem
cell proliferating activity in Arabidopsis seedlings. Plant Sci. 280, —186.
https://doi.org/https://doi.org/10.1016/j.plantsci.2018.11.019.

Minhas, P.S., Ramos, T.B., Ben-Gal, A., Pereira, L.S., 2020. Coping with salinity in irrigated
agriculture: Crop evapotranspiration and water management issues. Agric. Water Manag.
227, 105832. https://doi.org/https://doi.org/10.1016/j.agwat.2019.105832.

Mishra, Y., Johansson Jankanpaa, H., Kiss, A.Z., Funk, C., Schrbéder, W.P., Jansson, S., 2012.
Arabidopsis plants grown in the field and climate chambers significantly differ in leaf
morphology and photosystem components. BMC Plant Biol. 12, 6.
https://doi.org/10.1186/1471-2229-12-6.

Munns, R., Day, D.A., Fricke, W., Watt, M., Arsova, B., Barkla, B.J., Bose, J., Byrt, C.S., Chen,
Z.-H., Foster, K.J., Gilliham, M., Henderson, S.W., Jenkins, C.L.D., Kronzucker, H.J.,
Miklavcic, S.J., Plett, D., Roy, S.J., Shabala, S., Shelden, M.C., Soole, K.L., Taylor, N.L.,
Tester, M., Wege, S., Wegner, L.H., Tyerman, S.D., 2020. Energy costs of salt tolerance
in crop plants. New Phytol. 225, 1672090. https://doi.org/doi:10.1111/nph.15864.

Munns, R., Gilliham, M., 2015. Salinity tolerance of crepghat is the cost? New Phytol. 208,
668-673. https://doi.org/doi:10.1111/nph.13519.

Nachshon, U., 2018. Cropland soil salinization and associated hydrology: Trends, processes
and examples. Water 10. 1030 https://doi.org/10.3390/w10081030.

Pailles, Y., Awlia, M., Julkowska, M., Passone, L., Zemmouri, K., Negrao, S., Schmaockel, S.,
Tester, M., 2020. Diverse traits contribute to salinity tolerance of wild tomato seedlings
from the galapagos islands. Plant Physiol. 182, 534-546.
https://doi.org/10.1104/pp.19.00700.

Percey, W.J., Shabala, L., Wu, Q., Su, N., Breadmore, M.C., Guijt, R.M., Bose, J., Shabala, S.,
2016. Potassium retention in leaf mesophyll as an element of salinity tissue tolerance in
halophytes. Plant Physiol. Bioch. 109, 346-354.
https://doi.org/10.1016/j.plaphy.2016.10.011.

Pérez-Lépez, U., Miranda-Apodaca, J., Mena-Petite, A., Mufioz-Rueda, A., 2014. Responses
of nutrient dynamics in barley seedlings to the interaction of salinity and carbon dioxide


https://doi.org/10.1016/j.plaphy.2016.10.011

22

enrichment. Environ. Exp. Bot. 99, g10.
https://doi.org/https://doi.org/10.1016/j.envexpbot.2013.11.004.

Pérez-Lépez, U., Robredo, A., Lacuesta, M., Mena-Petite, A., Mufioz-Rueda, A., 2012.
Elevated CQ reduces stomatal and metabolic limitations on photosynthesis caused by
salinity in Hordeum vulgare. Photosynth. Res. 111, -288.
https://doi.org/10.1007/s11120-012-9721-1.

Pifiero, M.C., Pérez-Jiménez, M., Lépez-Marin, J., Del Amor, F.M., 2016. Changes in the
salinity tolerance of sweet pepper plants as affected by nitrogen form and high CO
concentration. J. Plant Physiol. 200-28. https://doi.org/10.1016/}.jplph.2016.05.020.

Poorter, H., Pérez-Soba, M., 2001. The growth response of plants to elevatedde®©non-
optimal environmental conditions. Oecologia 129, -2
https://doi.org/10.1007/s004420100736.

Qin, H., He, L., Huang, R., 2019. The coordination of ethylene and other hormones in primary
root development. Front. Plant Sci. 10, 874. https://doi.org/10.3389/fpls.2019.00874.

Ruiz-Vera, U.M., Siebers, M., Gray, S.B., Drag, D.W., Rosenthal, D.M., Kimball, B.A., Ort,
D.R., Bernacchi, C.J., 2013. Global warming can negate the expectesti@Olation in
photosynthesis and productivity for soybean grown in the midwestern United States. Plant
Physiol. 162, 41:0423. https://doi.org/10.1104/pp.112.211938.

Siddiqui, M.N., Mostofa, M.G., Akter, M.M., Srivastava, A.K., Sayed, M.A., Hasan, M.S,,
Tran, L.-S.P., 2017. Impact of salt-induced toxicity on growth and yield-potential of local
wheat cultivars: oxidative stress and ion toxicity are among the major determinants of salt-
tolerant capacity. Chemosphere 187, -3
https://doi.org/https://doi.org/10.1016/j.chemosphere.2017.08.078.

Silva, N.C.Q., de Souza G.A., Pimenta, T.M., Brito, F.A.L., D.M. Ribeiro, 2018. D.M. Salt
stress inhibits germination of Stylosanthes humilis seeds through abscisic acid
accumulation and associated changes in ethylene production. Plant Physiol. Biochem., 130,
399-407. https://doi.org/https://doi.org/10.1016/j.plaphy.2018.07.025.

Stitt, M., Lunn, J., Usadel, B., 2010. Arabidopsis and primary photosynthetic metabolism -
more than the icing on the cake. Plant J. 61, 10891. https://doi.org/10.1111/}.1365-
313X.2010.04142.x.

Syvertsen, J., Levy, Y., 2005. Salinity interactions with other abiotic and biotic stresses in
citrus. HortTechnology 15, 16@03. https://doi.org/10.21273/HORTTECH.15.1.0100.

Takagi, M., EI-Shemy, H.A., Sasaki, S., Toyama, S., Kanai, S., Saneoka, H., Fujita, K., 2008.
Elevated CQ concentration alleviates salinity stress in tomato plant. Acta Agric. Scand.
Sect. B - Soil Plant Sci. 59, 896. https://doi.org/10.1080/09064710801932425.

Tans, P., and Keeling, R., 2020. Trends in atmospheric carbon dioxide [Online]. NOAA.
Available online at: http://www.esrl.noaa.gov/gmd/ccgg/trends.

van Zelm, E., Zhang, Y., Testerink, C., 2020. Salt tolerance mechanisms of plants. Annu. Rev.
Plant Biol. 71, 403433. https://doi.org/10.1146/annurev-arplant-050718-100005.


https://doi.org/10.1016/j.plaphy.2018.07.025

23

Wang, T., Tohge, T., Ivakov, A., Mueller-Roeber, B., Fernie, A.R., Mutwil, M., Schippers,
J.H.M., Persson, S., 2015. Salt-related MYB1 coordinates abscisic acid biosynthesis and
signaling during salt stress in Arabidopsis. Plant Physiol. 169, -10217.
https://doi.org/10.1104/pp.15.00962.

Yi, C., Yao, K., Cai, S., Li, H., Zhou, J., Xia, X., Shi, K., Yu, J., Foyer, C.H., Zhou, Y., 2015.
High atmospheric carbon dioxide-dependent alleviation of salt stress is linked to
RESPIRATORY BURST OXIDASE 1 (RBOH1)-dependeniQd production in tomato
(Solanum lycopersicum). J. Exp. Bot. 66, 73B404. https://doi.org/10.1093/jxb/erv435.

Zhang, M., Smith, J.A.C., Harberd, N.P., Jiang, C., 2016. The regulatory roles of ethylene and
reactive oxygen species (ROS) in plant salt stress responses. Plant Mol. Biol-859651
https://doi.org/10.1007/s11103-016-0488-1.

Zorb, C., Geilfus, C.M., Dietz, K.J., 2019. Salinity and crop yield. Plant Biol J, 21, 31-
38. https://doi.org/10.1111/plb.12884.

Zsogon, A., Cermék, T., Naves, ER., Notini, M.M., Edel, K.H., Weinl S, Freschi L., Voytas,
D.F., Kudla, J., Peres, L.E.P., 2018. De novo domestication of wild tomato using genome
editing. Nat Biotechnol 36, 1211216. https://doi.org/10.1038/nbt.4272.

Zs6gon A., Cermak T., Voytas D., Peres L.E.P., 2017. Genome editing as a tool to achieve the
crop ideotype and de novo domestication of wild relatives. Plant Sci. 256, 120-130.
https://doi.org/10.1016/j.plantsci.2016.12.012.



https://doi.org/10.1038/nbt.4272
https://doi.org/10.1016/j.plantsci.2016.12.012

24

Figures
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ROS accumulation ROS homeostasis

Gene responses Gene responses

Root growth inhibition Sustained root growth
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ROS accumulation ROS homeostasis
Gene responses Gene responses

Salinity stress

Figure 1. Salinity action and crop responses to incre&@giconcentration. Salt stress triggers

a wide range of plant responses, from alterations in gene expression and cellular metabolism to
changes in growth and yield. The atmospherie €@hcentration influences how a crop plant
responds to salt stress. Overall, plants show a salt-sensitive phenotype under ampient CO
concentration, whereas elevateé@, improves the performance of crops under salt stress.
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Figure 2. Physiological responses of crops to salt stress are determined by several factors.
Plants respond to salt stress depends on severity, duration of exposure, age, species and
genotype. Moreover, tolerance and susceptibility to salinity vary according to the atmospheric
CO, concentratiorard fluctuations in irradiance and temperature.
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Figure 3. Salinity modifies the relationships between the availability of, Cahd
photoassimilate partitioning in leaves. Compared with aml@€nhtconcentration, higicO,
increases carbon uptake, while often decreasing stomatal conductance in leaves of crops. Crop
species respond to salinity by an increase in the expression of genes associated with ABA and
ethylene biosynthesis. As a result, salt stress increases the production of ABA and ethylene,
which induces stomatal closure an in turn, reduces assimilation rate of crops under@@bient
concentration. However, leaves under elev&€d concentration respond to NaCl exposure

with marginal ABA and ethylene accumulation, adjusting the size of the stomatal pore.
Consequently, the ABA and ethylene sensitivity of the guard cell should differ between crops
under ambient and elevat&€tlO, concentration. Under ambie@O, concentration, lower

Calvin cycle activity in crops grown under salinity conditions results in less energy production
and less NADPregeneration, leading to over-reduction of the photosynthetic electron transport
chain and ROS production. Thus, the oxygenase reaction of Glgiad photorespiration
represent a waste of energy and carbon. In addition, enhanced photorespiration of salt-stressed
plants under ambie@O, concentration produces an additional load of ROS, thereby perturbing
enzyme, cell wall and membrane functions. On the other handCigleads to higher rate of
photosynthesis increasing the availability of carbohydrate in leaves of crops under salt stress.
Hence, carbohydrates export is increased in elev@tegd concentration in mature leaves
resulting increase in growth and crop yield. The mechanism of salinity action in response to
increased atmosphel@O, concentration can differ, depending on the concentration of salt, the
duration of exposure, the age of the plant, and the genotype. Abbreviations: ABA, abscisic acid;
ACO, 1-aminocyclopropane-1-carboxylic acid oxidase, ACS, 1-aminocyclopropane-1-
carboxylic acid synthase, ET, ethylene; NCED, nine-cis-epoxycarotenoid dioxygenase; NHX,
Na'/H* exchanger; NSCC, nonselective cation channels; ROS, reactive oxygen species; RuBP,
ribulose-1,5-bisphosphate.
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Figure 4. Salt stress and the control of root growth under ambient and eleGaed
concentration. Sugars exported from the shoot to root regulate root system development in
response to salt stress. Source leaves maintain sucrose production and phloem export during
salt stress to support the development of root system, even though rates of photosynthesis and
leaf growth are reduced. Here, sugars content in leaves of crops grown under &@bient
concentration is much lower than in crops under I@gh, which suggests that the effects of
sugars on root development are compromised in plant grown under a@Btecdncentration
compared to elevate@O,. Abbreviations: ABA, abscisic acid; AUX, auxin; ET, ethylene;

ROS, reactive oxygen species, TOR, Target of Rapamycin.
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CHAPTER 1

Research article accepted by the journal Environmental and Experimental Botany (ISSN: 0098-
8472). Volume 176, August 2020, 104050. https://doi.org/10.1016/j.envexpbot.2020.104050

Elevated CQO» improves assimilation rate and growth of tomato plants under
progressively higher soil salinity by decreasing abscisic acid and ethylene levels

Highlights
» Salt stress stimulates ABA and ACC biosynthesis in tomato plants
* The [eCO2] determines the stomatal responses to ABA and ACC under salt stress
* The [eCO2] decreases ABA and ACC biosynthesis in tomato plants under salt stress

* Metabolic alterations contributes to the restoration of plant growth under salinity in

[eCO]

Abstract
High salinity in the soil hampers crop performance. In this context, elevated atmosphgric CO
concentration can alter plant responses to excess salinity, as shown by studies exposing plants
to high concentration of NaCl (osmotic shock) in controlled conditions under constant
irradiance and temperature. These experiments, however, may not reflect the conditions that
occur in natural environments. Here, we studied the impact of progressively imposed salt stress
on tomato plant biomass, hormone biosynthesis and primary metabolism under eated
concentration with fluctuating irradiance and temperaturé chiacentration and N&™ ratios
in plant tissues were increased by high salinity under both ambient and elevaited CO
concentration. Elevated G@d to enhanced growth in tomato plants under salt stress through
stimulation of photosynthesis and reduced concentrations of abscisic acid and the ethylene
precursor l-aminocyclopropane-1-carboxylic acid in both leaves and roots. Furthermore,
whereas high salinity reduced the concentration of Krebs Cycle intermediates and increased the
concentration of photorespiratory metabolites glycine and serine, all were restored to control
levels by elevated COOur results demonstrate a beneficial effect of rising atmospheric CO
concentration for crops and reveal new interactions in the physiological network controlling

salinity stress responses.

Keywords:
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Climate change; hormones; primary metabolism; salt stress; Solanum lycopersicum

Abbreviations:

ABA, abscisic acid; ACC, 1-aminocyclopropane-1-carboxylic acid; aGbient [CQ];
eCQ, elevated [CG]; A net CQ assimilation rate, @C, internalto-ambient CQ
concentration ratio; E, transpiration rate; stomatal conductance; NPQ, non-photochemical
guenching coefficient; &8 mitochondrial respiration rate; DW, dry weight; qRT-PCR,

guantitative real-time PCR; TCA, tricarboxylic acid.

1 Introduction

Soil and water salinity represent a serious challenge for world agriculture. Salt hampers
plant growth due to osmotic effects, ion toxicity, restriction of gas exchange capacity and
nutrient imbalances in the cytosol (Ismail and Horie, 2017; Stepien and Johnson, 2009). On the
other hand, elevatedO, concentration ([eCg)) often leads to stimulation of photosynthesis
and growth potential of C3 plants (Kant et al., 2012; Morales et al., 2018). In this context, there
is extensive evidence, obtained from experiments conducted in controlled environmental
chambers, that the negative effects of salinity on plant growth may be mitigated by [eCO
(Pifiero et al., 2016, 2014; Teng et al., 2006; Yi et al., 2015). However, plants growing in natural
conditions are exposed to frequent diurnal fluctuations in irradiance and temperature. Plants in
natural environments show clear differences on primary metabolism and growth compared to
plants grown in controlled environments (Annunziata et al., 2017). Therefore, an important
question is how central metabolism and plant growth under salt stress condition are adjusted
with the availability of [eC@ in an environment with frequent changes in irradiance and
temperature.

The ameliorative effect of [eGPon tomato plants suffering from salinity stress is
associated with reduced transpiration rates, which leads to decreased leafideémtration (Yi
et al., 2015). However, stomatal conductanggtémds to increase as leaf temperature increases
under both [aCg) and [eCQ] (Urban et al., 2017). As a result, higher evaporative cooling can
revert the negative impacts of supra-optimal ambient temperature on photosynthetic
performance during heat waves in plants under well-watered conditions (Ameye et al., 2012)
Notably, heat stress ameliorates the effect of salinity in tomato plants by maintainiay/#e
homeostasis that, in turn, enhances photosynthetic rate per unit leaf area as compared with

salinity alone (Rivero et al., 2014). On the other hand, high temperature decreases growth (sink
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activity) of tomato plants under salt stress by inhibiting leaf expansion and internode length
(Chen et al., 2015; Najla et al., 2009). These experimental results suggest that growth itself
(sink activity) is more limited than carbon availability (source activity). There is compelling
evidence that higher G@oncentration leads to stimulation of plant growth by influencing cell
division and cell expansion (Luomala et al.,, 2005; Taylor et al., 2003). Moreover, C3
photosynthesis is usually not saturated at current faBDsch and Sage, 2017; Sharwood et

al., 2016). Thus, it seems likely that [e§f@vould rebalance growth and carbon supply of
tomato plants grown under high soil salinity.

Hormones play an important role in controlling plant-environment interactions (Nguyen
et al., 2016). For example, salt stress leads to stimulation of ethylene and abscisic agid (ABA
biosynthesis, which can directly inhibit growth by negatively regulating cell expansion (Silva
et al., 2018; Park et al., 2012). The accumulation of ABA under high salt also induces stomatal
closure, decreasing the rate of leaf gas exchange and growth of tomato plants (Lovelli et al.,
2012). Interestingly, it was shown that [e£@ould inhibit ABA production in roots of sweet
pepper plants grown under salt stress, which, in turn, is correlated with the stomatal response
(Pifiero et al., 2014). Ethylene and its direct precursor 1-aminocyclopropane-1-carboxylic acid
(ACC) also influence stomatal closure (Desikan et al., 2006; He et al., 2011). Salinity stimulates
ACC biosynthesis, which impairs growth of tomato plants (Albacete et al., 2009). Moreover,
ACC accumulation in tomato leaves appears to be associated with the onset of oxidative stress
ard the decline in chlorophyll fluorescence under salt stress (Ghanem et al., 2008). Intriguingly,
[eCO] may influence the ethylene signaling pathway in a yet unknown way (Guo et al., 2014)
Overall, these observations indicate that the regulation of ABA and ethylene biosynthesis by
[eCOy] provides a framework to understand how plant growth is ajustder salt stress.

Here, we investigated the response of tomato plants to a combination of progressively
higher soil salinity and [eC{in an environment with fluctuating irradiance and temperature.
We focused on the hormonal (ABA and ethylene), metabolic (amino acids and Krebs Cycle
intermediates) and physiological (photosynthesis, respiration) changes induced by gradual
exposure to increasing concentration of NaCl during growth of tomato plants unde}. (@O
discuss the potential impact of rising [ag ©n the plants’ response to high salinity and how

this knowledge could be exploited to engineer salt tolerance in crops.

2 Materials and methods

2.1 Plant material and experimental design
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Seeds of tomato plants (Solanum lycopersicum L.) cv. Santa Clara were sown on a 1:1
(v/v) mixture of commercial substrate (Tropstrato HT, Mogi Mirim, Brazil) and vermiculite
supplemented with 1 ¢*110:10:10 NPK and 4 g'ldolomite limestone (MgC&+ CaCQ) in
plastic pots with a 3.5 | capacity. Plants were first established by growth undei] jaGO
greenhouse at the Universidade Federal de VicosaYA) 42°15°W, 650 m altitude) in
southeastern Brazil. When the first true leaves appeared, seedlings grown singly in pots were
watered with deionized water (control) or 50 mM NaCl solution. Afterwards, NaCl
concentration was gradually increased by 50 mM every 2 days, until NaCl concentrations
reached 150 mM. Two days after reaching this concentration, plants used in the assays were
placed in open-top chamber (4.2 m diameter and 2.4 m high) in a random arrangement with 18
pots per chamber under either [a£ @00 + 20 pumol mot) or [eCQ] (750 + 30 pmol mot).
Plants in the open-top chambers were watered at 2-days intervals with deionized water (control)
or 150 mM NacCl solution for 21 days. Three independent experiments were carried out from
June 2016 to August 2018 in open-top chambers inside the same greenhouse of Universidade
Federal de Vicosa, under natural photoperiod. The temperature, relative humidity and
photosynthetic photon flux density (PPFD) inside the chambers were recorded at intervals of
30 min by sensors coupled to a data logger (Li-1400CQ@R, Lincoln, NE, USA).
Environmental conditions (DLI, daily light integral; VPD, vapour pressure deficit; and air
temperaturginside the chambers during the course of the experiment are shown in Fig. S3. The
CQ; level in the enriched chamber was maintained by constantly injecting o{92@ %)
from a compressed gas cylinder into the chamber. Moreover, thé&e@ were monitored
using an infrared gas analyser (Li-840, LI-COR, Lincoln, NE, USA).

2.2 Vegetative growth assessment

The number of leaves on the main stem with a length > 1 cm was recorded. At each
harvest, the roots, stem and leaves of each plant were separated with scissors and the leaf arec
was determined by using a Li-Cor 3100 area meter (LI-COR, Link&nUSA). Root systems
were collected using the procedure as described by Ribeiro et al. (2016). Afterwards, the roots,
stems and leaves of each plant were oven dried for at least 3 day*cdbi7@etermining dry
weight (DW). The relative growth rate (RGR) was calculated from the equation (Hunt; 1990)
RGR = [(InW - INWA)/(t2 - t1)], where W and W are plant dry weights at time. and £.

Tomato plants were harvested at day:)lgihd 21 () after transfer to the open-top chambers.
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2.3 Gas exchange and chlorophyll fluorescence measurements

The net CQ@ assimilation rate (A), intercelluldao-atmospheric C® ratio (G/Cy),
stomatal conductancesfgtranspiration rate (E), mitochondrial respiration rate in the dayk (R
were determined simultaneously with chlorophyll a fluorescence measurements using an open-
flow gas exchange system infrared gas analyzer (LI-6400XT, LI-COR, Lincoln, NE, USA)
equipped with an integrated with a fluorescence chamber head (LI-6400-40, LI-COR, Lincoln,
NE, USA). The A and gmeasurements were made on the third fully expanded leaf between
09:00 and 11:30 h. The values of the intercepted PPFD, measured with a photometer/radiometer
(Li- 185, LI-COR, Lincoln, NE, USA) were, on average, 1000+102 pmdlshat the leaf
level. Therefore, measurements of gas exchanges were conducted using the average values of
PPFD (mentioned above) intercepted by the sampled leaves in their natural angles. Moreover,
the conditions in the leaf chamber consisted of a VPD of 1.0 kPa and air temperdi@re 25
which corresponded to the average values of VPD and temperature obtained inside the open-
top chambers. The GQ@oncentration in the cuvette was set at 400 pmal @ar? air (for
plants under [aCg)) and 750 pmol Cemol? air (for plants under [eCf)) using a CQinjector
and compressed G@artridge. The Rwas measured using the same gas exchange system
described above after at least two hours into the dark period in the same leaf previously used to
determine gas exchange parameters.

The background fluorescence signab)(Was determined illuminating dark-adapted
leaves (2 h) with weak modulated measuring beams (0.03 umol m? s1). The maximum
fluorescence (k) was measured with a saturating white light pulse of 8000 pmol m™ s for 0.8
s. The maximal efficiency of PSII photochemistry was calculatg&E[(Fm — Fo)/Fm)]. The
coefficient of non-photochemical quenching (NPQ) was calculated as previously described
(Martins et al., 2014). The AlCurves were determined as previously detailed (Long and
Bernacchi, 2003; Pérez-Lopez et al., 2012).

2.4 Metabolite analysis

Roots and fully expanded third leaves of tomato plants were harvested at the end of the
photoperiod andmmediately frozen in liquid nitrogen and stored at —80 °C until analysis.
Sucrose, fructose and glucose were measured in ethanol-water extracts prepared from freeze-

dried and homogenized sample material of roots and leaves, approximately 50 mg dry weight,
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as described by Cross et al. (2006). Starch and total protein levels were determined for the
residual fractions of ethanol-water extracts suspended in NaOH 100 mM. Protein levels were
assessed with the Bio-Rad Bradford reagent (Bio-Rad Laboratories) according to the
manufacturer’s instructions. Assays were performed in 96-well microplates and absorbance was
determined using a VersaMax ELISA microplate reader (Molecular Devices, Sunny Valle,
EUA).

Extraction and derivatization of metabolites from tissues for gas chromatography-mass
spectrometry (GC-MS) were performed exactly as described by Lisec et al. (2006). The GC-
MS system was comprised of an AOC-20i autosampler and a QP2010 SE gas chromatograph-
guadrupole mass spectrometer (Shimadzu, Tokyo, Japan) equipped with a column Rtx-5MS
(Restek, Bellefonte, CA, USA). The GC-MS analysis were performed as described previously

in Luedemann et al. (2008).

2.5 Na and K concentrations

Soluble ions jla" and K) were extracted and assayed as described by Munns et al
(2010). The dried plant samples (roots, stems and leaves) were ground using a Wiley mill
(Cienlab CE-438, 8 blades, 1,725 rpm 20 mesh size) and approximately 0.5 g of each samples
were digested with HN&HCIOs (2:1, v/v). N& and K concentrations were determined by
using an inductively coupled plasma optical emission spectrometer (ICP-OES, Perkin Elmer
Optima 3000 XL).

2.6 ABAand ACC analysis

ABA and ACC was quantified using the methods described by Miiller and Munné-Bosch
(2011). The samples were automatically injected (5 pL) in the system LC - MS/MS using an
Agilent 1200 Infinity Series coupled to a Mass Spectrometry type triple Quadrupole (QqQ),
model 6430 (Agilent Technologies, Palo Alto, CA, USA). Chromatographic separation was
carried out on a column Zorbax Eclipe Plus C18 (1.8 um, 2.1 x 50 mm; Agilent Technologies,
Palo Alto, CA, USA) in series with a guard column Zorbax (SB C18, 1.8 um; Agilent
Technologies, Palo Alto, CA, USA).

2.7 Gene expression quantification
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Total RNA was isolated from leaves of tomato plants using an RNeasy Plant Mini Kit
(Qiagen) and cDNA was synthesized from 2 pg total RNAs using SuperScript TM Ill reverse
transcriptase (Invitrogen), followingie manufacturer’s protocol. Quantitative real-time PCR
(qRT-PCR) reactions were performed as described by Zanor et al. .(Ral&@jve transcript
abundance was calculated by the comparative cycle threshold (CT) method (Livak and
Schmittgen, 2001). Each sample was normalized using ACTIN as an internal control. The gene-

specific primers used for qRT-PCR are shown in Table S1.

2.8 Stomatal aperture bioassays

Lateral leaflets of the'8leaf from tomato plants were floated in buffer solution (10
mM MES, 5 mM KCI, 50 uM CaGJ pH 6.15) with abaxial side down in Petri dishes under
light for 2.5 h. Following this, leaflets were treated with 100 uM ABA, 100 pM ACC and 100
MM ABA+100 pM ACC supplemented in the same buffer medium for a further 2.5 h. After
ABA and/or ACC treatment, the stomatal apertures were performed as described by Ribeiro et
al. (2009).

2.9 Statistical analysis

The experiments were designed in a completely randomized distribution. For
guantification of metabolites, ACC and ABA six independent samples containing five leaves
or five root systems per samples were assayed. For real-time gPCR analysis three independent
replicates were assayed. Two-way analysis of variance (ANOVA, P < 0.05) was used to
determine effects of salt and €€bncentration. Difference among treatment means (P < 0.05)
was evaluated using Tukey or t-test. Scott-Knott test (P < 0.05) was used for comparison data
of stomatal aperture width. All statistical analyses were performed using the SPSS statistical

package.

3 Results

3.1 Enhanced growth of salt-treated plants under @&Mot associated with inhibition of

Na" transport from roots to leaves
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Salt stress decreased growth of tomato plants under[a®@ich was restored by high
COz concentrations (Fig. 1A). Elevation of @€oncentration led to an increase of dry weight
of leaves, stems and roots as well as total biomass and total leaf area in tomato plants grown in
soil without NaCl supplementation (-NaCl) (Fig. 1B-F). However, the RGR was not
significantly affected in -NaCl plants under [egf@s compared to plants under [a {Fig.
1G). Moreover, the inhibitory effect of salt stress on growth of tomato plant undes][a@®
overcome in plants grown at elevated [C(Fig. 1A-G).

In order to investigate whether [e@@ould promote a selective control on the ion
absorption, we measured the levels of Biad K in leaves, stems and roots. Plants treated with
NaCl showed a marked increase in tissué ¥eels under both C{concentrations (Fig. 2A-

C). Moreover, treatment of plants with either [af@ [eCQ] did not alter the levels of Na

in leaves, stems and roots under non-saline or saline conditions. The levéis ¢éd¢ves did

not differ between -NaCl and +NaCl plants under both, @Oncentrations (Fig 2D).
Additionally, the levels of Kin stems and roots were unaffected in all treatments (Fig. 2E-F).
NaCl treatment led to increased N@' ratio, but the C@concentrations did not influence the

Na’:K" ratio either in non-saline or saline conditions (Fig. 2G-I).

3.2 Salt stress modifies the biosynthesis of ABAand ACC in response tg][eCO

Salt stress increased concentrations of ABA and ACC, the immediate precursor of
ethylene, in leaves and roots of tomato plants grown under batlt@©entrations (Fig. 3A,
B). Moreover, NaCl promoted a larger increase of ABA and ACC in leaves and roots of tomato
plants grown at [aCg€) than at [eC(@]. The expression of ethylene biosynthesis genes ACS1,
ACS2, ACO1 and ACO4 as well as ABA biosynthesis genes NCED1 and ZEP was upregulated
in leaves of tomato plants treated with NaCl both under ph&@ [eCQ] (Fig. 3C). However,
the expression of genes associated with biosynthesis of ethylene and ABA was lower in plants
treated with NaCl grown under [eGlGas compared with plants at [agO

3.3 Changes on photosynthetic performance and stomatal aperture are interlinked with saline
condition and [eCg)

Under [aCQ] several gas-exchange parameters (i.e., iKCaCg, E and B) were
decreased by the NaCl treatment but no difference was observed for these parameters under
[eCO] (Fig. 4A-E). Moreover, NPQ decreased in plants treated with NaCl under;][eCO
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compared with plants under [ag)Owhile NPQ was not significantly affected-#NaCl plants

under both C@concentrations (Fig. 4F). On the other hand, the maximum rate of carboxylation
(Vemay, maximum rate of carboxylation limited by electron transpastdJand k/Fm were
neither significantly affected by the NaCl treatment under both c@@centrations (Fig. S1).

In our experimental setup, the specific leaf area (SLA) stomatal index and chlorophyll levels
were not affected by the treatments performed (Fig. S1).

In general, ABA and/or ACC treatment resulted in a decrease on the stomatal aperture
in leaves of tomato plants grown under control and saline conditions under botfj fa@O
[eCO] (Fig. 4G). However, the stomatal apertures of leaves upon salt stress treated with either
ABA or ACC were found to be 32% and 36% greater, respectively, unden|¢Qad in
[aCOy]. Under salt stress conditions, ABA treatment combined with ACC treatment also further
reduced the stomatal aperture of plants under pa€d@npared with plants under [eGJ@Fig.
4G).

3.4 Changes in metabolite profiles in leaves and roots of tomato plants in response to salt stress
and [eCQ]

In non-saline condition, [eCPdid not significantly influence the levels of hexoses in
both leaves and roots, as compared with tomato plants grown undes] [6Eg 5A).
Moreover, hexoses levels decreased by 36% in leaves of plants treated with NaCl unger [eCO
compared with plants under [ag]OIn contrast to the observed in leaves, the levels of hexoses
in roots of plants treated with NaCl under [ef@ere higher than plants under salt stress
condition at [aC@] (Fig. 5A). Treatment with NaCl solution tended to increase sucrose levels
in leaves and roots under both £&f@ncentrations compared with contraN@ClI) under [aCg]

(Fig. 5B). Under [eCg), starch levels increased in leaves and roots of plants grown under both
non-saline and saline conditions compared with untreated plants undei [&ZO5C). Salt
stress did not influence the levels of protein in roots under bothc@i@entrations compate

with untreated plants-NaCl) (Fig. 5D). There was only a small decrease in protein levels for
leaves of plants treated with NaCl unde€{®] compared with controHNaCl) under [aCg]

(Fig. 5D).

Under salt stress conditions, there was an increase in levels of alanine, asparagine,
aspartate, glycine, glutamate, glutamine, serine and tyrosine in leaves of plants undgr [aCO
whereas those amino acids showed a decrease undei] [@dpared with control-(NaCl)

under [aCQ] (Fig. 6A). There was an increase of arginine in leaves of plants treated with NaCl
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under [aCQ)], but not under [eCg). Levels of valine, tryptophan, threonine, lysine, methionine,
ornithine, phenylalanine, GABA and cysteine in leaves were unaltered between treatments
under both C@concentrations (Fig. 6A). Salt stress increased levels of proline in leaves of
plants grown under both G@oncentrations compared with contrdN@CI) under [aCg]. On

the other hand, levels of alanine, arginine, asparagine, aspartate, GABA, glycine, glutamate,
glutamine, serine and threonine increased significantly in roots of plants treated with NacCl
under [aCQ], while these amino acids remained at the same levels in roots undes [eCO
concentrations compared with controN@Cl) under [aCg] (Fig. 6B). Moreover, salt stress
decreased the tryptophan levels in roots of plants grown undep]ja@@e tryptophan was
unaltered by NaCl in roots under [eg(Proline levels were increased in roots of plants treated
with NaCl under both C&concentrations compared with contraN@Cl) under [aCg). Levels

of lysine, methionine, ornithine and phenylalanine in roots remained steady across all
treatments (Fig. 6B).

Elevation of CQ concentration had no effect in the levels of TCA cycle intermediates,
namely, oxaloacetate, isocitrate, 2-oxoglutarate, fumarate and malate in leaves of tomato plants
untreated with NaCl, whereas the levels of citrate and succinate were increased in such plants
compared with controHNaCl) under [aCg]. (Fig 7A). A significant increase in citrate level
was also observed in roots of tomato plants untreated with NaCl undeg] [EG§ 7B).
Moreover, the levels of isocitrate, 2-oxoglutarate, succinate, fumarate, malate and oxaloacetate
did not differ in roots of plants untreated with salt under [§@€@mpared with controH{NaCl)
under [aCQ] (Fig. 7B). Interestingly, salt stress resulted in decreased levels of isocitrate, 2-
oxoglutarate, fumarate and malate in leaves of plants grown undes][d@©@ever, [eCQ
restored these metabolites to control levels (Fig. 7A). The levels of oxaloacetate, citrate and
succinate in leaves were reduced by salt stress under][al® increased during [eCGD
conditions compared with untreated plartdgCl) under [£€O;] (Fig. 7A). In roots, the levels
of citrate, isocitrate and 2-oxoglutarate were increased by NaCl treatment undelr (RGO
7B). On the other hand, salt stress decreased the levels of succinate, fumarate, malate and
oxaloacetate in roots of plants grown under [alGf@mpared with untreated plantsNacCl)
under [&£0O;]. The levels of isocitrate, 2-oxoglutarate, succinate, fumarate, malate and
oxaloacetate in roots of plants treated with NaCl under jp@€re similar to those observed
in plants untreated with salt under [aQ-ig. 7B).

4 Discussion
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Plant responses to [eG0and salinity have been mostly investigated in controlled
environment chambers under constant irradiance and temperature (Pérez-Lopez et al., 2015;
Pifiero et al., 2014; Zaghdoud et al., 2013). However, plants grown in controlled environments
can show different responses from plants grown in natural conditions (Annunziata et al., 2017;
Mishra et al., 2012). In our experimental setup with free fluctuation of irradiance and
temperature, we found that [egOeads to a stimulation of photosynthesis, metabolic
homeostasis and increases growth in tomato plants under salt stress. These changes were
accompanied by reductions in concentrations of ABA and ACC, the precursor of ethylene, and
their respective biosynthesis genes.

There is evidence that salinity increases the level of ABA in tomato leaves, which causes
stomatal closure (Lovelli et al., 2012). Moreover, ACC also induces stomatal closure in
Arabidopsis (Desikan et al.,, 2006) and tomato (Borbély et al., 2019). Under salt stress
conditions, leaves of plants grown under [eC@tained 52 % and 62 % of the concentration
of ABA and ACC, respectively, of leaves under [af(Fig. 3). However, gs increased in
plants treated with NaCl under [egOwhen compared with plants incubated with salt under
[aCOy] (Fig. 4). This might indicate a certain guard cell flexibility of plants grown under
[eCOy], which allows for an increased stomatal aperture under salt stress conditions. In fact,
treatment of leaflets of thé“Jeaf from tomato plants grown under [eg@ith ABA and/or
ACC has less effect on stomatal closure under salt stress conditions (Fig. 4).

It was previously reported that the decline afigder [eCQ] improves salt tolerance in
tomato plants by decreasing rdotshoot Na transport and, thus, the accumulation of Ba
toxic levels in leaves (Yi et al., 2015). Our data from tomato plants grown under fluctuation of
irradiance and temperature indicate that [eld@pt the gand E of plants treated with NaCl
similar to the values observed in plants grown without salt stress undes] [(Ex 4). As a
result, NaCl treatment did not alter Niavels and NaK* ratio in plants growth under both
[aCO] and [eCQ] (Fig. 2). It has been found that elevation of leaf temperature increased g
under both [aCg) and [eCQ] (Urban et al., 2017). However, our analyses revealed that salt
stress did not change leaf temperature under both c@@centrations (Fig. S2). Raising
atmospheric vapour pressure deficit (VPD) causes an increase in ABA biosynthesis in
Angiosperms (McAdam and Brodribb, 2016). We did not observe any drastic differences in
VPD among chambers (Fig. S3). Hence, the increase in gs and E was not caused by differences
in leaf temperature and VPD, but was driven by decreases in concentrations of ABA and ACC
in leaves of plants treated with NaCl under [elC&3sociated to the limited effect of ABA and
ACC on stomatal closure under [eg}O
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High soil salinity has a major influence on the plants photosynthetic performance (Wang
et al., 2018). In our study, salt stress did not lead to significant changes in the NPQ in plants
grown under either [aC{or [eCO] compared with control plantsaCl) under [aC¢g] (Fig.

4). In addition, the highwkxvalues measured even for plants in whalkias impaired indicates

that the capacity for synthesis of both ATP and NADPH required to fuel carbon fixation
reactions was not affected in plants grown under saline conditions. Furthergiaxeyas not

altered by salt stress in plants grown under both €@@Qcentrations (Fig S1), showing the
maintenance of ribulose-1,5-bisphosphate carboxylase/oxygenase (Rubisco) capacity to fix
CO. Thus, restoration of plant growth under salt stress by @@y be related to a decreased
photosynthetic limitation by COdiffusion mediated by lower concentrations of ABA and
ACC. Consistent with this view, ABA-deficient tomato mutant showed increasaddyG
(Bradford, 1983). Moreover, the low gf tomato plants treated with 100 uM ACC resulted in

a low G (Borbély et al., 2019). Under [aGP dark respiration decreased more than
photosynthesis under salt stress (Fig 4). There was a stimulation of A in plants treated with
NaCl under [eCg), while dark respiration remained similar to control (-NaCl) under [§CO

(Fig. 4). These results suggest that salinity was not pitiyragsociated with down-regulation

of carbon metabolism, independently of £ncentration. In fact, starch accumulation at the

end of the day was similar in controls (-NaCl) and plants treated with NaCl undef] [@CO
[eCO] (Fig. 5). In this context, our results differ from part of the literature, which suggests
carbon shortage under salt stress (Pérez-Lopez et al., 2012; Reef et al., 2015), most likely in
response to a rapid imposition of salt stress. However, in our study salt stress was progressively
established by increasing NaCl concentrations under stress conditions, which could have
contributed to metabolic adaptation to the full salt concentration. Indeed, the metabolic
adjustment was reported to be apparent when salt stress was imposed progressively in Zea mays
(Richter et al., 2015).

Sugars, amino acids and organic acids have a central regulatory function in the control
of plant growth (Smith and Stitt, 2007). Biomass was increased in NaCl-treated plants growth
under [eCQ] as compared to [aGP(Fig. 1). This was due to a significant increase in the RGR
(Fig 1), suggesting an improvement of the fluxes in central carbon and nitrogen metabolism
under salt stress. Our analysis indicates that the levels of sucrose in leaves and roots tends to
increase under salt stress both under [§@@d [eCQ] (Fig. 5). However, the high levels of
amino acids in leaves and roots of plants treated with NaCl grown undes] [@€f@ not
maintained under [eCQ(Fig. 6), indicating that amino acids are likely being a source of carbon

and nitrogen for growth under [eGJOArginine and asparagine act as an important nitrogen
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storage compound in plants (Winter et al., 2015). The increased levels of arginine and
asparagine in leaves and roots of plants treated with NaCl undet] [aGiCate that both amino
acids are being utilized more slowly for growth of tomato plants (Fig. 6). This is supported by
the decrease of the arginine and asparagine pool and increase in growth of plants treated with
NaCl under [eCg]. There was also an increase in levels of aspartate, glutamine and glutamate
in leaves and roots of plants treated with NaCl under pGich fell under elevated GO
concentration (Fig. 6). Together, these data indicate that JJe@€&@mit an appropriated
modulation of energy metabolism and growth under salt stress conditions. In this respect,
alanine levels increased in leaves and roots of plants treated with NaCl grown undgyr [aCO
which might contribute to explain the decrease in growth of tomato plant grown during salt
stress under [aC{since increased alanine levels has been associated with decreased growth
of plants (Miyashita et al., 2007). In line with this, [eL{creased growth and decreased the
levels of alanine in tomato plants treated with NaCl (Figs 1 and 6). Proline is often associated
with protective functions, despite the fact that proline can inhibit plant growth (Maggio et al.,
2002). Ethylene and ABA leads to an increase of levels of proline in plants (Cui et al., 2015;
Pal et al., 2018). In light of this, the shifted relationship observed between proline and growth
in the NaCl-treated plants under [eg@night be a result of reduction in ACC and ABA
biosynthesis (Figs 1, 3 and 6).

Photorespiration can lead to the additional amounts of glycine and serine in leaves of
C3 plants (Brautigam and Gowik, 2016). The levels of glycine and serine increased in leaves
of NaCl-treated plants [aCPand decreased under [eg}QFig. 6). However, photorespiration
was not significantly altered in plants treated with NaCl under ph€@npared with control
(Fig. S1). The activity of antioxidant enzymes (ascorbate peroxidase, glutathione reductase,
catalase and superoxide dismutase) was unaffected in leaves of plants treated with NaCl under
[aCOy] or [eCQ] (Fig. S2), indicating that salt stress was not primary associated with oxidative
stress. The avoidance of oxidative stress may be further corroborated by the similar levels of
protein and total chlorophyll in tomato leaves regardless of NaCl treatment (Figs 5 and S1).
Our results differ from previous studies which suggest a major reprograming of antioxidant
system under salt stress under both [g@0d [eCQ] (Pérez-Lopez et al., 2012; Woodrow et
al., 2017; Yi et al.,, 2015). However, several of those studies were performed by rapidly
imposing salt stress and in controlled growth conditions.

The present data also show higher levels of glycine and serine in roots of NaCl-treated
plants under [aCg) than in [eCQ] (Fig 6). This was accompanied by an increase in level of
GABA in roots of plants treated with NaCl under [aL.Qt is known that NaCl induces an
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increase in levels of GABA in roots of various plant species, including Arabidopsis (Renault et
al., 2010) and tomato (Bolarin et al., 1995). Salt stress also led to increases biosynthesis of
glycine and serine in plant roots (Wu et al., 2013). Thus, our results imply that there is a lesser
effect of the salt stress on synthesis of glycine, serine and GABA as well as growth of tomato
plants under [eCg). Consistent with this view, [eCPdecreased the levels of glycine, serine
and GABA and increased root growth of plants undierssieess as compared with plants under
[aCO;] (Figs 1 andb).

The TCA cycle plays an important role in plant salt tolerance (Batista-Silva et al., 2018;
Li et al., 2017). In roots, the alterations in the TCA cycle intermediates, namely, isocitrate, 2-
oxoglutarate, succinate, fumarate, malate and oxaloacetate by NaCl treatment under [aCO
were not observed upon [e@@Fig. 7). Furthermore, NaCl treatment resulted in lower levels
of TCA cycle intermediates in leaves of plants grown under faGmhich were restored by
[eCO] (Fig. 7). Interestingly, salinity led to an increase in levels of citrate, succinate and
oxaloacetate in leaves of plants grown under [#CBut did not affect dark respiration
compared with control (Figs 4 and 7). Thus, it is possible that the large variety of metabolic
pathways makes plant respiration flexible, particularly in a continuously changing environment
Since organic acids of the TCA cycle were increased in leaves of NaCl-treated plant under
[eCOy] as compared with plants under [agl,Onore energy in the form of NADH, FAD+Hnd
ATP may be available to support plant growth under a saline condition. In agreement with these
observations, the decrease in RGR, leaf area, dry weight in leaves, stems and roots of NaCl-
treated plants grown under [ag]Qvas not found when NaCl-treated plants were grown in
[eCO] (Fig. 1). It should be noted that under [e;(plants treated with NaCl displayed a
greater stimulation in growth of leaves, stems and roots as compared with planfa@Q@der
(Fig. 1). The ability to increase sink size could partially explain the effect ofJe@plant
growth in the saline environment. ACC and ABA can directly inhibit plant growth (Luo et al.,
2014; Dias et al., 2010). Thus, the decrease in levels of ABA and ACC undei] jestd@

contribute to the increase sink activity of tomato plants under salt stress conditions.

5 Conclusions

We have shown that [eGDmitigates the effect of high soil salinity in tomato plants
under variable irradiance and temperature conditions (Fig. 8). We ascribe this effect to a
combination of reduced ABA and ACC, which leads to higher assimilation rate driven mostly

by higher stomatal conductance (Fig. 8). Furthermore, metabolic alterations such as increased
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Krebs Cycle intermediates and reduced glycine and serine may contribute to the restoration of
plant growth under high salinity in [eGOconditions. Thus, our study highlights the role of
[eCOy] in modulating plant growth under salt stress conditions through alterations in ABA and
ACC, leading to metabolic homeostasis in leaves and roots of tomato plants (Fig. 8).
Atmospheric CQ@ concentration has recently reached a record high level of 415 ppm and is
expected to reach 685 ppm by 2050. Thus, crop breeding for salinity tolerance needs to be
informed by this key environmental variable. Our results provide an insight into the

physiological networks involved.
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Fig. 1. Phenotypic changes of tomato plants caused by treatment with NaCl growsh a0
[eCO). (A) Phenotype of tomato plants grown for 21 days under fh@a@l [eCQ]. The scale

bar represents 10 cm (B) Leaves dry weight. (C) Stems dry weight. (D) Roots dry weight. (E)
Total plant dry weight. (F) Total leaf area. (G) Relative growth rate (on a dry weight basis)
Bars labelled with thdifferent letters indicate significant differences by Tukey’s test at 5%
probability. Data are the means * standard error of three separate experiments, and in each
experiment 10 plants were harvest for each treatment shown.
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Fig. 6. Changes in the levels of amino acids in leaves and roots of tomato plants treated with
NaCl grown under [aCgand [eCQ]. Measurements were done using (A) leaves and (B) roots
harvested at the end of the light period from plants treated with water (control) or NaCl. Data
are normalized with respect to mean response calculated for the control treatment (plants grown
in soil without NaCl supplementation under [a§)On each organ. Asterisks indicate values
determined by the Student’s t-test to be significantly different from control (P < 0.05). Data are
means = standard error of three separate experiments, with six replicates each
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Fig. 7. Changes in the levels of tricarboxylic acid cycle intermediates in leaves and roots of
tomato plants treated with NaCl grown under [aCé&nd [eCQ]. Metabolites inside grey
squares indicate that they were not measured. Measurements were done using leaves and roots
harvested at the end of the light period from plants treated with water (control) or NaCl. Data
are normalized with respect to mean response calculated for the control treatment (plants grown
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determined by the Student’s t-test to be significantly different from control (P < 0.05). Data are
means = standard error of three separate experiments, with six replicates each.
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Fig. S1. Physiological parameters observed in leaves of tomato plants treated with NaCl grown
under [aCQ@] and [eCQ]. (A) Maximum rate of carboxylation. (B) Maximum rate of
carboxylation limited by electron transport. (C) Variatdenaximum fluorescence ratio. (D)
Photorespiration. (E) Specific leaf area. (F) Stomatal index. (G) Total chlorophyll
concentration. Bars labelled with téferent letters indicate significant differences by Tukey’s

test at 5% probability. Data are means + standard error of three separate experiments (n = 6 for
stomatal index, n = 6 for total chlorophyll concentration and n = 10 for the other parameters).
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Fig. S2.Leaf temperature and enzyme activities in leaves of tomato plants treated with NaCl
grown under [aCg) and [eCQ)]. (A) Leaf temperature. (B) Ascorbate peroxidase (APX). (C)
Catalase (CAT). (D) Glutathione reductase (GR). (E) Superoxide dismutase (SOD). One unit
of SOD was defined as the amount of enzyme that inhibited the reduction of p-nitro-blue
tetrazolium by 50 %. Bars labelled with the different letters indicate significant differences by
Tukey’s test at 5% probability. Data are means + standard error of three separate experiments

(n = 10 for leaf temperature and n = 6 for enzyme activities).
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Table S1.Primers sequences used for qRT- PCR analysis

Gene Locus ID Primer sequence
ACS1  Solyc08g081550 Fwd5’- TCGTTTCGAAGATTGGATGA3’
Rev 5°- CAACAACAACAAATCTAAGCCATT-3’
ACS2  Solyc01g095080 Fwd 5’- CTACGCAGCCACTGTCTTTGACY’
Rev 5°- TGATTCCGACTCTAAATCCTGGTAAZ’
ACO1 Solyc07g049530 Fwd5’- ACTATCCACCATGTCCTAAGCCCG?’
Rev 5’- TCTGTTTGTGCAATTACTCTGTGCAGC3’
ACO4  Solyc02g081190 Fwd 5’- ACTATCCACCATGTCCTAAGCCCG?’
Rev 5°- ACCACACAACAATCACACACA-3’
ZEP Solyc02g090890 Fwd 5’ -ATGATAGACCGCCAACCTTTAGTTS’
Rev 5’-CCATGCATCCCCCTTGAC?’
NCED Solyc079g056570 Fwd 5’ -CTGAGAACTTCGTCGTCATTCC3’
Rev 5’ -CCCATCTTTCGCGTACTTATCC3’
Actin Solyc03g078400 Fwd5’-GGTCCCTCTATTGTCCACAG3’
Rev 5’-TGCATCTCTGGTCCAGTAGGA3’
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Table S2.Relative metabolitéevel in leaves and roots of tomato plants treated with NaCl under
[aCO)] and [eCQ]. Data are normalized with respect to mean response calculated for the
control treatment (plants grown in soil without NaCl supplementation underJai@@ach

organ. Values set in bold type were determined by the Student’s t-test to be significantly
different from control (P < 0.05). Data are means * standard error of three separate experiments,
with six replicates each.

Treatment
Metabolite - Leaves [aCOy [eCO)
- NaCl + NaCl - NaCl + NaCl

Fructose 1.00+0.06 0.89+0.07 1.04+0.16 0.60+0.05
Glucose 1.00+0.08 0.88+0.11 0.85+0.13 0.47+0.06
Glycerate 1.00+£0.09 0.79+0.07 0.26+0.03 0.12+0.02
3-P-glycerate 1.00+0.10 0.61+0.05 1.21+0.11 1.9840.14
Lactic acid 1.00+£0.08 1.15+£0.14 0.95+0.07 0.99+0.10
Myo-inositol 1.00+0.04 1.63+0.02 0.89+0.06 1.03+0.12
Alanine 1.00+0.13 1.97+0.10 1.04+0.15 0.44+0.08
Arginine 1.00+0.05 1.34+0.08 0.96+0.04 1.12+0.14
Asparagine 1.00+0.04 1.23+0.05 0.77+0.04 0.64+0.05
Aspartate 1.00£0.07 1.42+0.09 0.86+0.05 0.36x0.07
Cysteine 1.00£0.11 1.22+0.06 1.01+£0.10 0.92+0.12
Glutamate 1.00+0.08 1.74+0.07 0.71+0.05 0.65+0.11
Glutamine 1.00+0.10 1.33+0.05 0.69+0.11 0.58+0.04
Glycine 1.00+0.09 1.31+0.04 0.30£0.02 0.42+0.04
Lysine 1.00£0.12 0.88+0.16 0.91+0.10 1.04+0.03
Methionine 1.00+£0.05 1.09+0.04 1.1440.12 0.91+0.06
Ornithine 1.00+0.06 0.85+0.10 0.90+0.11 1.12+0.09
Phenylalanine 1.00+0.14 0.78+0.12 0.89+0.08 1.04+0.07
Proline 1.00+0.10 6.88+0.19 1.23+0.12 2.01+0.02
Serine 1.00+0.08 1.66+0.08 0.35+0.04 0.38+0.06
Threonine 1.00%0.07 1.11+0.09 0.76+0.12 0.79+0.14
Tryptophan 1.00+0.12 0.89+0.10 1.05+0.04 0.98+0.05
Tyrosine 1.00+£0.07 1.90+0.05 0.70%0.06 0.64+0.08
Valine 1.00+0.14 1.16+0.08 0.8310.11 1.11+0.12
Citrate 1.00+0.11 0.37+0.07 1.34+0.12 1.66+0.14
Fumarate 1.00+0.07 0.23+0.03 0.95+0.08 1.05+0.07
GABA 1.00£0.10 0.84+0.14 0.77+0.10 0.86+0.15
Isocitrate 1.00+0.09 0.44+0.07 0.88+0.16 1.14+0.10
Malate 1.00+0.06 0.33+0.04 1.07+£0.05 1.13+0.04
2 0G 1.00+0.07 0.37+0.03 0.89+0.12 1.02+0.16
Oxaloacetate 1.00+0.08 0.58+0.07 1.02+0.10 1.53+0.12
Pyruvate 1.00+0.05 0.78+0.14 0.93+0.07 1.12+0.06
Succinate 1.00+£0.08 0.41+0.05 1.42+0.10 1.57+0.13




Treatment
Metabolite - Roots [aCOy] [eCO]
- NaCl + NaCl - NaCl + NaCl

Fructose 1.00+0.07 1.26+0.17 1.08+0.09 1.74+0.14
Glucose 1.00+0.06 1.16+0.13 1.04+0.11 1.86+0.10
3-P-glycerate 1.00+0.10 2.85+0.16 1.11+0.10 1.15+0.08
Lactic acid 1.00+0.15 1.17+0.13 1.14+0.10 1.23+0.17
Mannose 1.00£0.04 1.21+0.09 0.92+0.06 1.03%£0.09
Alanine 1.00+0.07 1.41+0.08 1.13+0.14  1.25+0.16
Arginine 1.00+0.05 1.35+0.04 1.04+0.06 1.12+0.10
Asparagine 1.00+0.12 1.62+0.09 0.89+0.13  1.05+0.08
Aspartate 1.00+0.05 1.21+0.04 0.94+0.06  0.90+0.10
Glutamate 1.00+0.10 1.96+0.04 1.21+0.09 1.15+0.07
Glutamine 1.00+0.04 1.3940.05 0.94+0.10 1.08+0.09
Glycine 1.00+0.06 1.52+0.07 1.13+0.12 1.18+0.10
Lysine 1.00+0.08 1.07+0.05 1.1840.14  1.12+0.10
Methionine 1.00+0.05 0.89+0.09 1.02+0.06  0.92+0.05
Ornithine 1.00+0.11 1.16%0.10 0.97+0.09 1.06+0.10
Phenylalanine 1.00+0.09 1.05+0.05 1.14+0.10  0.88+0.08
Proline 1.00+0.05 25.18+1.02 1.17+#0.12 11.63+0.07
Serine 1.00+0.11 1.90+0.04 1.1940.11 1.12+0.06
Threonine 1.00+0.13 1.82+0.10 0.98+0.07  0.94+0.12
Tryptophan 1.00+0.04 0.67+0.05 1.08+0.08 1.14+0.12
Citrate 1.00+0.12 2.08+0.15 1.40+0.11 1.81+0.07
Fumarate 1.00+0.10 0.44+0.05 1.07+£0.10  0.89+0.12
GABA 1.00+0.06 1.83+0.10 1.05+0.14  1.07+0.08
Isocitrate 1.00+0.05 1.77+0.09 1.09+0.09 1.11+0.13
Malate 1.00+0.09 0.57+0.06 1.16+0.12 1.05+0.08
2 0G 1.00+0.08 1.59+0.10 1.14+0.06 1.18+0.15
Oxalacetate 1.00+0.11 0.61+0.05 0.92+0.09 1.08+0.07
Pyruvate 1.00+0.05 1.11+0.09 1.14+0.10  0.98%0.03
Succinate 1.00+0.09 0.62+0.04 1.16+0.15 0.91+0.12
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CHAPTER 2

Elevated CO: enhances growth of tomato plants under salt stress through changes in

photosynthesis and primary metabolism, independently of ABA

Abstract
Abscisic acid (ABA) is one of the main regulators of plant tolerance to salt stress conditions.
In addition, the elevated concentration of G&[CQy]) is able to stimulate plant growth and
mitigate the effects of salinity in plants. However, physiological mechanisms involving]e[CO
and endogenous levels of ABA under salinity conditions remain poorly understood. In this
study, we investigated how carbon assimilation and biomass accumulation are affected by
e[COy] in wild type tomato (Solanum lycopersicum) cv. Micro-Tom and in mutants
producing low (notabilis, not) and high (NCED) endogenous levels of ABA. These responses
were also investigated under salinity stress (75 mM NaCl in soil). Growth of ABA-deficient
(not) plants was strongly reduced compared to MT and NCED plants in botj, [@&nly
when not plants were submitted to treatment with NaCl. However, 2[@€reased total
biomass and leaf area of MT, not and NCED plants under saline stress compared to ambient
[CO7] (a]CCy]). Moreover, NCED plants under e[@Gshowed higher growth performance
compared to WT and not mutant in non-saline and saline conditionsy]eg@®ulated gas
exchange accompanied by low photorespiration rates in all genotypes under salinity. In
addition, e[CQ] was able to improve the water status of MT and not plants treated with NaCl
in relation to a[C@]. e[CO] also induced changes in primary metabolism of MT, not and
NCED plants, which was associated with an increase in dark respiration, especially of MT and
not mutant under saline stress. Collectively, our results suggest that ABA is essential to support
plant growth under saline stress, but efC€an mitigate the effects of salt stress through
increasing photosynthesis and adjustments in primary metabolism by mechanisms independent

of ABA concentration.

Keywords Hormones, Micro-Tom, notabilis, Primary metabolism, Salt stress, Solanum

lycopersicum L.

1 Introduction
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The elevation of th€O; concentration (e[Cg&)) in the atmosphere is one of the main problems
contributing to global warming and it is estimated that, with the continuous advance of
anthropogenic activities, the [GOwill be around 800 ppm by the end of this century (IPCC,
2014). Studies show that e[G]Jhas positive impacts on plant growth, often associated with
increases in the net G@ssimilation rates in plants with C3 metabolism (Kaiser et al., 2017,
Xu et al., 2015). e[Cg&) also affects cell division and cell expansion as well as hormone
metabolism (Gupta et al., 2005; Kiba et al., 2019; Masle, 2@il)in the scenario of climate
change, inadequate soil cultivation and the use of saline water for irrigation causes soil salinity,
reducing the productivity of agricultural crops. In this respect, plant growth is impaired in saline
soils due to unbalanced water and nutrient absorption, which induces ionic toxicity and
metabolism disorders (Munns e Tester, 2008; Ismail e Horie, 2017; Wang et al., 2017). A range
of studies show that salinity damage can be mitigated in plants grown undet 6Be@sler

et al., 2010; Li et al., 2013ifiero et al., 2014). The stimulus of plant growth provided by
e[CO] under salinity condition involves increase in photosynthetic rate, nutrient absorption
and assimilation, and reduction of oxidative stress (Pérez-Lépez et al., 2015, 2009; Yu et al.,
2015). In addition, plants under e[lQend to partially reduce stomatal conductancg, (g
which may increase water use efficiency and reduce salt transport to leaves (Del Amor, 2013;
Gao et al., 2015; Yi et al., 2015). Despite the well-known roke{@0;] in the mitigation of

saline stress, its interrelationships in the control of hormonal regulatory pathways remains
hitherto unclear.

The acclimation responses of plants to saline stress are controlled mainly by abscisic
acid (ABA) concentrations (Suzuki et al., 2016; Zhang et al., 2016). The 9-cis-epoxycarotenoid
dioxygensase (NCEplays a key role in ABA biosynthesis during stress conditions such as
water deficit and salinity (Huang et al., 2018). The accumulation of ABA in the leaves induces
rapid stomatal closure and modulates plant growth through gene expression (Kuluev et al.,
2017). The reduction ofsginduced by ABA, in saline stress condition under ambient]CO
(@[COy)), is associated with the decrease of photosynthetic rate and consequently, with the
inhibition of plant growth (Hayat et al., 2011; Pifiero et al., 2014). Under non stressed
conditions, plants grown under e[g@an reduce the expression of ABA biosynthesis genes
and the total ABA levels in tissues (Teng et al., 2006; Wei et al., 2013). Other results about the
co-action between ABA and e[GDunder non stressing conditions indicates that ABA
participates, at least partially, in the stomatal closure induced by(Chater et al., 2015)
Moreover, there is a convergence point between the signal transduction pathways induced by

e[CO] and ABA that promotes stomatal closure (Engineer et al., 2016; Hsu et al., 2018; Merilo
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et al., 2013). In saline stress, ABA levels were reduced in Capsicum annuum roots submitted
to e[CQ]. This reduction in root ABA concentration was associated with improved stomatal
control and, consequently, the tolerance of plants to salinity (Pifiero et al., 2014). In this context,
the effect of ABA and e[Cg) on the rapid reduction of conductance could be useful to ensure
the development of plants under saline stress. Nevertheless, tomato plants (Solanum
lycopersicum L. cv. Santa Clara) grown under efC@ith fluctuating irradiance and
temperature in soil with saline irrigation showed recovery of biomass and metabolic
homeostasis, which was accompanied by maintenancgeuridgr e[CQ (Brito et al., 2020).
These data were associated with the reduction of NCED expression which resulted in lower
levels of ABA allowing the best stomatal opening in saline stress andjgBrio et al., 2020).
In this context, the flexibility in stomatal response with respect to g[ié@ds to new questions
about the ABA role in responses to saline stress and variations in environmental conditions.
Tomato plants with manipulations in the ABA biosynthesis pathway are relevant
strategies for understanding the role of this hormone in saline stress (Martinez-Anddjar et al.,
2020a; Mulholland et al., 2003). In order to investigate whether plants with alteration in ABA
biosynthesis present different tolerance strategies to salt stress under &j@@[L0O;], we
analyzed physiological parameters and growth of mutants with low (notabilis, not) and high
(NCED) endogenous ABA concentration, all in the same background (cv. Micro-Tom). The
present study shows that ABA biosynthesis is essential for the development of plants under
saline stress, but the induction of plant growth by e]@®salinity is dependent on alterations

in photosynthetic capacity, maintenance of water status and changes in carbon metabolism.

2 Materials and methods

2.1 Plant material and experimental design

Seeds of tomato plants (Solanum lycopersicum L.) cv. Micro-Tom (MT) and near
isogenic lines notabilis (not) and NCED in the same background, were obtained as previously
described by Carvalho et al. (2011) and Robledo et al. (2020). Seeds were surface-sterilized
with 5% sodium hypochlorite for 10 min and then washed with running distilled water and
subsequently sogd in trays containing commercial substrate (Tropstrato HT, Mogi Mirim,
Brazil). Around 7 days after germination, seedlings were transferred to plastic pots with a 1.2
L capacity, contained the commercial substrate (Tropstrato HT) supplemented witht 1 g L
10:10:10 NPK and 4 gt dolomite limestone (MgCO+CaCQ). Seedlings were established
under a[CQ] in greenhouse at the Universidade Federal de Vi@¥a5’ S, 42° 15° W, 650
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m altitude) in southeastern Brazil. When the third true leaves appeared, seedlings were watered
with deionized water (control) or 75 mM NaCl solution and were placed in open-top chamber
(4.2 m diameter and 2.4 m high) in a random arrangement with 42 pots per chamber under
a[CQy] (400 + 20 pmol mot) or e[CQ] (750 + 30 pmol mot). Plants in the open-top chambers

were watered at 2-days intervals with deionized water (control) or 75 mM NaCl solution for 21
days, under natural photoperiod. Compressed gas cylinder was used to constantly enrich the
atmosphere with COin the open top chamber. The [gQvas monitored by infrared gas
analyzer (Li-840, LI-COR, Lincoln, NE, USA). Four independent experiments were carried out

in the months of December 2018 and August 2019 with monitoring of temperature, relative
humidity and photosynthetic photon flux densiBFAED), recorded every 30 min by sensors
linked to data logger (Li-1400, Li-COR, Lincoln, NE, USA). The vapour-pressure deficit
(VPD), daily light integral (DLI) and air temperature were averaged for both open top chambers

during the period of the experiments (Fig S3).

2.2 Analysis of plant growth

At the end of each experiment (at 21 days of» GOpplementation in open top
chambers), the height of the plants was measured from ground level to the upper apical node.
The number of leaves longer than 1 cm were counted and roots, stem and leaves were separatec
and the total leaf area was determined by area meter (Li-Cor 3100, LI-COR, Lincoln, NE,
USA). Roots were washed with water over a 0.5 mm mesh sieve (Ribeiro et al., 2016)
Subsequently, the leaves, stems and roots were oven dried at 65 °C until constant mass for
determining dry weight@§W). The relative growth rate (RGR) was estimated as descriped b
Hunt (1990): RGR = [(IBW-> — INDW4)/(t2 — t1)]. WhereDW: and DW- are total plant dry
weights at respective time (plants harvested at day 1) aadplants harvested at day 21) on
open-top chambers. The relative water content (RWC) was performed by collecting leaves at
pre-dawn and at midday and was calculated from the equation: RWRA=[DW)/(TW —
DW)] x 100. Where FW is leaf fresh weight, DW is leaf dry weight and TW is leaf turgid weight
achieved by floating leaves on petri dish with distilled water for 12 h (Ribeiro et al., 2009).

2.3 Chlorophyll fluorescence and gas exchanges measurements

The net carbon assimilation rate (A), the stomatal conductargeir(ggrnal CQ
concentration ({, ratio between the internal and external.@©Oncentration (C/Cs) were
determined simultaneously with chlorophyll a fluorescence parameters using an infrared gas

analyzer [(1-6400XT, LI-COR, Lincoln, NE, USA) equipped with an integrated fluorescence
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chamber (LI-6400-40; LI-COR Lincoln, NE, USA). Gas exchange was measured between 9:00
and 11:00 h, under photosynthetically active radiation equivalent to environment{1000

umol m? s1). The reference C{oncentration was 400 pmol g@ol? air for plants under
a[CQy] and 750 pmol C@motl? air for plants under e[C The initial fluorescence @ was
obtained by lighting leaves adapted to the dark for two hours, using low intensity modulated
red light (0.03 pmol photons fs?). Then, a pulse of 0.8 s of saturated actinic light (8000 pmol
photons it sY). It was applied to determine the maximum fluorescengg. (Fhe maximum
photochemical efficiency of photosystem Il (FSII) was calculateF.= [(Fm — Fo)/Fm)] and

the non-photochemical extinction coefficient (NPQ) were estimated, as described by Martins
et al. (2014). The dark respirationn)Rvas quantified using the same equipment described

above, two hours after the end of the light period, as described by Brito et al. (2020).

2.4 Metabolite assays

Leaves and roots were collected at the end of the light period and immediately frozen in
liquid nitrogen and stored at a temperature of -80 °C to continue the analyses. A fraction of the
lyophilized samplest{20 mg) was used for ethanolic extraction, as described by Geigenberger
et al. (1996). Hexoses (glucose + fructose) and sucrose were determined using a continuous
enzymatic substrate assay, as described by Fernie et al. (2001), from the extracted supernatant.
Amino acids levels were measured as previously described by Cross et al. (2006). For the
guantification of starch and proteins, the precipitated residue from ethanol extraction was
solubilized in 0.1 M NaOH, at 95 °C. Afterwards, for determining starch levels the acetic acid
(1 M) was added and the starch content was determined as glucose equivalents, according to
Fernie et al. (2001). Protein levels were quantified using the Bradford technique (Bradford,
1976) using the Bio-Rad Bradford reagent (Bio-Rad Laboratories). Total chlorophyll levels
were extracted in 80% acetone from the 0.5 leaf disc section and quantified as described
by Porra et al. (1989). Proline levels in leaves and roots were measured using 50 pL aliquot of
the ethanolic extract and reacted with the reaction medium containing 20% (v/v) ethanol and
1% (w/v) ninhydrin diluted in 60% (v/v) glacial acetic acid. To start the reaction, the samples
were shaken and heated to 95 °C for 20 minutes in the dark (Carillo et al., 2008).

2.5 Quantification of Na K" and Total N

The levels of Naand K in leaves were determined following the protocol described
by Munns et al. (2010) was carried out. Samples of dried leaves were crushed using a Wiley
mill (CINELAB CE-430; 8 blades, 1,725 rpm, 20 mesh size) and + 0.5 g of leaves were digest



67

with HNOs/HCIOs (2:1, v/v) and subsequently, the analysis was performed on an induced
plasma optical emission spectrophotometer (ICP-OES, Perkin Elmer Optima 3000 XL). Total
nitrogen was extracted by sulfuric digestion and measured by Kjeldahl method (Baethgen and
Alley, 1989).

2.6 Stomatal index and stomatal pore aperture

Portions of five central leaflets of fully expanded leaves were collected at the end of the
light period and diaphanized in 95% (v/v) methanol for 48 h, followed by 100% lactic acid at
95 °C in a water bath until they were totally translucent (Zs6gon et al., 2015). The leaflets were
arranged on glass slides, and the images of the abaxial epidermis were obtained under a light
microscope (AX-70 TRF, Olympus Optical, Tokyo, Japan), coupled to the digital camera (Zeiss
AxioCam HRc, Goéttinger, Germany). The stomatal index was performed by counting the
stomdain 3 images 0.58 7 for each replicate and the stomatal pore aperture was quantified
by measuring 30 stomata per image. The microscope images were captured on a computer with

Axion Vision software and stored for measurements in the ImageFus (version 4.5).

2.7 Experimental design and statistical analysis

The experiments were performed in a completely randomized design. For the
metabolites assays, 6 independent replicates of leaves and roots collected from 3 experiments
were used. To the determination of mineral elements independent samples of 4 leaves from 3
experiments were used. In the gas exchange and chlorophyll fluorescence experiments, the
average of two experiments was carried out with sampling of 6 independent plants per
treatment. Data were subjected to three-way analysis of variance (ANOVA,[) and the
treatment means were compared by the Tukegst (P< 0.05) using the SPSS statistical

package software.

3 Results

3.1 Elevated [Cg) stimulates plant growth, regardless of ABA levels in tissues

Plants with low ABA concentrations (not) had limitations in the growth and
maintenance of water status in relation to MT and NCED plants, regardless of the levels of
atmospheric C®(Fig. 1A). NaCl supplementation reduced the performance of tomato plants
in most of analyzed morphological parameters. The interaction analysis indicates that the leaf

area (LA) has only a significant effect between the genotype and the salinity treatment (Table
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1). Plants with reduced (not) and increased (NCED) expression of ABA biosynthesis showed
reductions inLA under salinity conditions and a[GIOwhile e[CQ] stimulated gain irLA

only in plants MT and NCED, in -NaCl and +NaCl treatments (Fig. 1B). There was a reduction
in the LA of +NaCl plants in a[C£) while e[CQ] allowed higher LA in saline conditions (P

= 0,0001). There was no significant interaction between the factors in plant height (Table 1).
However, the height of +NaCl plants under apfP@as lower than those of the control (-NaCl),

for all observed genotypes (Fig. 1C). On the other hand,£[€®to an increase in height for

all plants treated with NaCl (Fig. 1C).

The analysis of the mass parameters of leaves, stems and rootsl #ievtherdas an
interaction effect between [GDx genotypes, and for the stem there was a significant
interaction between treatments x genotypes (Table 1). MT +NaCl plants showed reductions in
the mass of leaves (34 %), stems (48 %) and roots (43 %) undes],afG@pared to -NaCl
plants (Fig. 1 DF). Once subjected to e[G[ahere was recovery in the mass of leaves (54 %),
stems (100 %) and roots (72 %), compared to -NaCl plants undes]dfg 1F).In not plants
the development of leaf, stems and roots was less in relation to the MT and NCED genotypes
showing no significant differences when evaluated by triple factorial statistics (Fig. 1 D-F). In
contrast, when analyzed in one-way ANOVA, followed by Tukey's test (p <0.05), it is observed
that there are statistical differences for all parameters of leaf (55 %; P = 0,0001), stems (99%;
P =0,0001) and roots mass (64 P& 0,0001). In this way, not plants with drastic reductions
in the mass of leaves, stems and roots under saline stress, restored, at least in part, their mass
under e[CO2] (Fig. 1A). Leaves of NCED plants were not affected by +NaCl undes]a[CO
however an increase in leaf dry mass was observed when subjected tpue{@#D non-saline
conditions (Fig. 1D). On the other hand, dry mass of the stems and roots of NCED mutants were
significantly increased by e[CGPfor both -NaCl and + NaCl treatments (Fig. 1E-F). The
interaction analysis indicates that the relative growth rate (RGR) is dependent on genotype and
treatments with NaCl (Table 1). The RGR of MT and not plants was affected by salt stress in
a[CO], however e[CQ stimulated the growth of all genotypes, including plants treated with
NaCl (Fig. 1G).

3.2Na" foliar absorption is not modulated by ABA and £16vels

The interaction analysis indicates that the absorption &éfiséNentirely dependent on
genotype and [Cg) (Table 1). Under salt treatment (+NacCl), not plants showed higher levels
of Na" in leaves tanMT and NCED plants under a[G[JFig. 2A). On the other hand, under
salt stress and e[G{all genotypes showed high levels of'Niathe leaves (Fig. 2A) indicating
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that the concentration of Nan the leaves is independent on the transpiration ratéevels

were not affected by salinity under a[g©@onditions for all evaluated genotypes (Table 1). In
contrast, under e[C) only not mutant showed higher levels of il leaves compared to other
genotypes under non-saline treatment (Fig. 2B). Moreover, the supplementation with NaCl did
not inhibit the transport of Kby the leaves in both [GP(Fig. 2B). Additionally, salt stress
increased the Na:K ratio for the three genotypes evaluated without influencep(fgO2C).

3.3 Photosynthetic parameters

Treatment with NaCl provoked decreases in MT and not plants grown under a[g]O
(Fig. 3A). NCED mutants showed lowawvalues than MT(-NaCl) under a[GPbut were not
affected by treatment with NaCl (Fig. 3A). Increases in Ain plants underpj@e observed
for all genotypes in -NaCl and +NaCl treatments (FA&).. 2[CQ] resulted in high levels ofC
for all genotypes evaluated under -NaCl and +NaCl conditions compared tg &{203B).
Under a[CQ], NaCl reduced gand E in MT and not plants, bu§ was not affect by salt stress
in NCED plants (Fig. 3(D), indicating that the stomatal regulation under these conditions may
be influenced by other factors in addition to ABA. Nevertheless, partial recoveryasfdg
increases in E in not plants when grown in efB@as observed (Fig. 3M).

Factorial analysis indicates that dark respiratiay) (s significantly altered by e[GD
(Table 1; Fig. &). e[CQ] stimulated an increase innfih +NaCl MT and not plants under -
NaCl and +NaCl treatments (Fig. 3E). In general, saline stress did not influeimc®IRand
not plants under a[C{) but R was increased in NCED mutants in agP®ig. 3F). In contrast,
e[CO] led to a decrease irpkh all genotypes grown under control and saline conditions (Fig.
3F). Re values for NCED plants treated with NaCl under afC@ay be associated with
increases in ETR under these conditions (F®&). &/nder a[CQ], not plants treated with NaCl
exhibited reductions in /#m compared to other genotypes under the same conditions (Fig.
3H). In contrast, there was an increase @Ff in not plants treated with NaCl grown under
e[CO2], when compared with not plants under aflCOhanges in #Fm were not observed for
plants MT and NCED treated with NaCl under epfC®ig. 3H).

3.4 The water status impaired by the low levels of ABAis minimalized under e[CO?2].

There were no differences in stomatal index in any genotype in relation tp Gder
treatments of -NaCl and + NaCl (Fig. 4A). Under non-saline and saline stress ABA-deficient
mutant have a higher stomatal index compared to MT and NCED plants in bot}] af@O
e[CO] (Fig. 4A). Salinity reduced stomatal opening for not, MT and NCED genotypes under
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both [CQ] (Fig. 4B). However, the stomatal opening of not plants was greater than MT and
NCED plants under a[C{pand e[CQ], regardless of treatment with NaCl (Fig. 4B). Plants
under salt stress had lower RWC in all genotygtgge-dawn under a[C{and e[CQ] (Fig.

4C). However, under e[CDthere was an increase in RWC in MT +NaCl and not -NaCl plants
(Fig. 4C). Salinity intensified the reduction of RWC in MT, not and NCED genotypes under
a[CO] and e[CQ] (Fig. 4D). However, under a[GPthe not plants in control and NaCl
conditions showed lower RWC at midday compared to MT and NCED plants under the same
conditions (Fig. 4D). In addition, it is noteworthy that MT and not plants grown under control

(-NaCl) and salinity conditions were able to increase RWC at midday undes] g 4D).

3.5 ABA and CQ modify the metabolite production ratio in plants under salt stress.

In leaves there was a notable difference in the total content of free hexoses between the
genotypes (Fig. 5A). The not plants showed low levels of hexoses in relation to MT and NCED
plants grown under control and saline conditions under both A[@®@ e[CQ] (Fig. 5A).
However, MT and NCED plants under e[gf@nd control and +NaCl treatments increased the
hexose content in leaves in relation to ajfC®ig. 5A). By contrast, under a[G]) roots of
NCED plants grown under -NaCl and +NaCl conditions showed higher concentration of
hexoses compared to the MT and not genotypes in non-saline and saline conditions (Fig. 5A).
Under e[CQ], hexoses levels remained stable in roots of NCED plants (-NaCl and +NacCl) in
relation to a[CQ)| (Fig. 5A). In addition, concentrations of hexoses increased in roots of MT
plants irrigated with non-saline and saline solution under gj@fnpared to a[Cg&) (Fig. 5A).

An increase in hexose was observed in the not roots (-NaCl) undes] efC@lation to its
control under a[C¢) (Fig. 5A).

Leaves of not plants (-NaCl and +NaCl) showed higher sucrose concentration under
both a[CQ] and e[CQ] compared to MT and NCED plants (Fig. 5B). In addition, sucrose was
reduced by 15 % for not -NaCl and 12 % for not +NaCl when subjected te]g&Q 5B).

There were no changes in concentrations of sucrose in leaves of MT and NCED plants under
both [CQ). Under a[CQ], the sucrose concentration was higher in roots of NCED (+ NaCl and
-NaCl) and MT (+NaCl) plants compared to MT (-NaCl) and not plants in non-saline and saline
treatments (Fig. 5B). Moreover, concentrations of sucmoseots of plants MT and NCED
treated with NaCl increased under eff@ompared to a[Cg) (Fig. 5B). Under e[Cg),
concentrations of sucrose increased in roots of not plants grown under control and saline
conditions, when compared with not plants under aJGElg. 5B). Regarding starch, saline

stress impaired its biosynthesis in all genotypes, under[@@vever, considerable increases
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were observed in MT and not plants under -NaCl and +NaCl conditions, as well as in NCED
plants treated with NaCl under e[@@Fig. 5C). There were no significant changes in starch
levels in roots of not plants in relation to both [L@&nd non-saline and saline conditions (Fig.
5C). Under aJCg], roots of NCED untreated with NaCl showed higher levels of starch
compared to +NaCl NCED plants and the MT and not genotypes under non-saline and saline
treatments (Fig. 5C). On the other hand, efJG@duced an increase of starch in MT roots
untreated with NaCl and in NCED roots under non-saline and saline conditions (Fig. 5C).
Under control conditions (-NacCl), there were no changes in leaf amino acid levels of the
3 genotypes in a[C£ (Fig. 6A), while under e[Cg) higher values of total amino acids were
observed in MT leaves under non-saline conditions (Fig. 6A). By contrast, saline treatment
resulted in leaves with remarkable accumulation of amino acids for MT, not and NCED plants
under a[C@], while a significant reduction in amino acids was observed in all genotypes treated
with NaCl under e[Cg} (Fig. 6A). Under a[CQ, roots of NCED plants untreated and treated
with NaCl showed lower amino concentration compared to MT plants grown under control
conditions and not mutant untreated and treated with NaCl (Fig. 6A). Saline stress did not alter
the concentrations of amino acids in roots of the genotypes grown undes] 820 6A).
Moreover, e[C@Q)] did not influence amino acid levels as observed in a]@®MT and NCED
roots, however there was a reduction in concentrations of amino acids in not plants in both non-
saline and saline conditions (Fig. 6A). Plants irrigated with saline solution showed high proline
accumulation in leaves and roots of all genotypes under[E(Q. 6B). Under e[CQ] and
salt stress, the increase in leaf proline was lower for MT and not plants compared to plants
under a[CQ)] (Fig. 6B). Among all genotypes grown in a[gJOno differences were observed
in protein concentration in leaves of plants grown under non-saline and saline conditions (Fig.
6C). Under a[C@], the roots of not mutants grown under control and saline conditions, showed
higher concentrations of proteins than the other genotypes (Fig. 6C). In]efl@Omutants
accumulated more proteins in leaves in relation to the MT and NCED plants grown under non-
saline and saline conditions. Salinity reduced the total N concentration only in not plants treated
with NaCl under a[Cg} (Fig. 6D). Furthermore, no change in total N concentration was found
in other genotypes and treatments (Fig. 6D). Regarding the total chlorophyll concentration
salinity affected its concentration in MT plants grown under aJGElg. 6E). NCED plants
showed lower chlorophyll values under non-saline and g[G&hditions compared to MT and
not genotypes under control treatment (Fig. 6E). However, the concentration of chlorophyll in
NCED plants under control condition (-NaCl) was increased under[€@lation to a[CQ]
(Fig. 6E).



72

4 Discussion

Plant responses to environmental stimuli rexé#he physiological role of ABA as a
central regulatory mechanism for growth acclimation processes under abiotic stress
(Vishwakarma et al., 2017). Moreover, several studies have shown that the inhibitory effect of
salinity on plant growth is mitigated in e[G)Qlue to the C input which promotes an increase
in photosynthesis and a reductiog thereby increasing water use efficiency (Pifiero et al.,
2014; Zaghdoud et al., 2016). Stomatal closure induced by pM&3 associated with the
accumulation of ABA in the xylem and leaves (Fang et al., 2019; Wei et al., 2020). Recently,
Brito et al. (2020) pointed out that e[g)@estored the growth of tomato plants cv. Santa Clara
under saline stress by increasing of photosynthesis, maintaining metabolic homeostasis and
stomatal opening. The growth restoration of tomato plants treated with NaCl grown under
e[COy] was associated with a reduction in concentrations of ABA and ACC. However, the role
of ABA in regulating the plant development under efC@mains poorly defined. The results
of the present study have revealed that ABA is required for plant development under non-saline
and saline conditions, but it is not directly necessarg[fo0,]-induced growth.

The relationship between ABA and plant growth seems to be very restricted to its
endogenous concentration (Humplik et al., 2017). Here, we provide evidence that endogenous
ABA is required for establishment of tomato plants under non-saline and saline conditions (Fig.
1). ABA plays an essential role in natural and stress conditions as it leads to the maintenance
of water status and leaf expansion (Martin et al., 2017; Thompson et al., .Z0Bigayvas
visible in not plants with compromised biomass accumulation compahkéd {&ig. 1). On the
other hand, previous studies have shown that increased NCED transcript levels resulted in
increased ABA biosynthesis, which can impair plant growth (Luo et al., 2014; Tung et al.,
2008). However, the growth of tomato plants with overexpression of NCED was not inhibited
by salt stress under a[GPQsince these plants presented growth parameters similar to MT in
the control (-NaCl) under a[GP(Fig. 1). When NCED plants treated with NaCl were grown
under e[CQ] they showed increases in leaf area, height and dry mass of leaves and stems
compared to MT control plants (-NaCl) (Fig. 1). The ABA content in leaves and xylem of
tomato plants with overexpression of NCED1 (sp12 line) is slightly higher compared to cv.
Ailsa Craig (Martinez-Andujar et al., 2020b; Thompson et al., 2007b). The small increment in
ABA content of NCED plants in relation to MT may explain the small variation in relation to

their growth under a[Cg. NCED andMT plants reduced shoot and root biomass when
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subjected to salinity (Fig. 1) indicating that high ABA levels is necessary for plants to maintain
their growth in salinity conditions (Martinez-Andujar et al., 2020).

Here, all genotypes showed partial recovery from the effects of salinity inje(Ei@
1). Tomato plants WT and mutants grown under eJGBowed an increase in Ain line with
high value of €and a reduction in RFig. 3), but the maintenance of growth in efC®as
not directly associated with the control of ABA levels in tissues. The ABA-deficient tomato
mutant showed increases in biomass under g[@Onditions possibly associated with
increased in A and low R(Fig. 3A), while NCED mutants showed greater increments in
biomass than MT plants under non-saline and saline conditions (Fig. 1). Thus, the increase in
ABA levels in leaves of NCED plants may have resulted in the maintenance of water status due
to greater control of stomatal closure, which allowed an efficient balance between carbon input
and use for biomass gain under epfCS@tomatal closure induced by e[gl@ay be associated
with ABA-dependent signaling mechanisms that act in the guard cells (Chater et al., 2015; Hsu
et al., 2018; Tian et al., 2015). In addition, epfCEould induce biosynthesis of ABA in the
tissues which would promote better regulation of plants to stress due to stomatal closure and
improved water status (Fang et al., 2019; Yan et al., 2017). Indeed, plants overexpressing NCED
grown under e[Cg) showed significant increases in photosynthesis accompanied by@a 50
reduction in g (P = 0,0009) when compared to their control (-NaCl) under aJGEg. 3),
suggesting that the e[GPpotentiated stomatal closure in these conditions. Moreoyen, g
NCED plants (+NaCl) was kept, in relative terms, equal to its controO@£[ No significant
gs reduction in MT plants (-NaCl) under e[G]Qvas observed and the op MT under saline
stress remained at the same levels as control plants (-NaCl), which was also observed in a
previous study that showed that the stomatal response of plants t§ e{&Cbe more flexible
in conditions of fluctuating temperature and irradiance conditions (Brito et al., 2020).

not plants showed highsyalues and stomatal aperture width in relation to the other
genotypes (Fig. 3 and 4). Moreover, it is also noted that@hand K concentration in tomato
leaves was the same for both genotypes independent of ABA concentration in tissues under
both a[CQ] and e[CQ] in saline conditions (Fig. 2), even with high transpiration rates due to
high index and stomatal aperture in not mwgéiAty. 3, 4). Furthermore, leaves of not plants (-
NaCl) under e[Cg] showed an increase in the absorption 6f iK relation to the other
genotypes treated with NaCl (Fig. 2). ABA-deficient sitiens mutants of tomato under NaCl
stress and a[C{exhibit low Na/K ratio compared to WT (cv. Rheinlands Ruhm), since the K
transport from root to leaf was facilitated through the transpiration stream in the xylem (Poor

et al., 2019). The low Na/K ratio in sitiens mutants suggests that the ionic stress was minimized
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in relation to WT (Péor et al., 2019). In addition, the modulation of stomatal closure induced
by ABA may reduce the transpiration flow under epfC@nd regulate the absorption N&"

and K" in leaves, decreasing the Na/K ratio (Pifiero et al., 2014; Yi et al., 2015; Yu et al., 2015).
Here, we found that the stomatal regulation modulated by ABA and-gHo®s not directly
control the selective transport of Nand K to the leaves through the transpiration stream under
natural environmental conditions.

The reduction in ginduced by saline stress observed here mainly in not plants suggests
that other factors than ABA can induce stomatal closure in not mutants under salinity. The not
mutants shoeddrastic reductions in the RWC compared to MT and NCED plants treated with
NaCl grown undera[CO;] or e[CO;] conditions in the period from 10 am to midday.
Interestingly, these plants were able to recover their water status at times with less transpiration
demand, as in the pre-dawn (Fig. 4). ABA plays an essential role in the control of stomatal
closure under saline stress (Osakabe et al., 2014). Plants with inefficient stomatal regulation, as
in ABA-deficient mutants, tend to reduce their RWC throughout the day (Mulholland et al.,
2003; Poor et al., 2019), and have lower cell pressure potential, due to intense dehydration
caused by highgy(Fang et al., 2019; Manzi et al., 2016). However, the imbalance of water
status under water deficit events resuftgeduction in leaf turgor pressure, which causes
stomatal closure (Mulholland et al., 2003; Wei et al., 2020). Accordingly, the improvement of
leaf water status by the increase of RWC in not plants w@j@€x] may explain the greatesg
under salt stress (Fig. 3C, 4B), which indicates that stomatal control in plants deficient in ABA
under e[CQ] was the result of improved leaf water status under saline stress conditions.

Tomato mutants with altered ABA levels showed changes in the availability of
carbohydrates in leaves and roots coupled with changes in biomass gain, under control and
saline conditions, independently of [dFig. 1 and 5). Under both [G) ABA-deficient
(not) plants grown under control and saline conditions showed a lower leaf concentration of
soluble hexoses than MT and NCED plants (Fig. 5). Furthermore, not plants grown under both
[CO.] had high concentrations of sucrose compared to MT and NCED plants in non-saline and
saline conditions (Fig. 5). The plant growth is the result of the balance between the sugars
production from photosynthesis and their efficient relocation to thetisgues, of which they
will be respiratory substrates and signals of cell division and expansion processes (Balibrea et
al., 2000; Osorio et al., 2014). The accumulation of sucrose and the low concentrations of
hexoses in leaves of not plants under aflCind e[CQ], at the end of the light period is a
strong indication that low [ABA] may impair the sink activity, in parallel with the decrease in

photosynthesis and the low growth, especially under saline stress (Fig. 1 and 5). However,
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NCED plants under control (-NaCl) and saline conditions had lower sucrose concentration at
the end of the day and high growth and assimilation rates under both 8f&ch, one of the
end products of photosynthesis, is synthesized and reserved in chloroplasts throughout the light
period and its breakdown into free sugars during the night is necessary for regulation the growth
of sink tissues (Stitt and Zeeman, 2012; Sulpice et al., 2009), and salinity may cause limitations
in its metabolism, compromising the growthe@empa et al., 2008; Pooér et al., 2019). In turn,
not plants treated with NaCl under e[g§f®Ghowed a slight reductian sucrose concentration
and increase in starch concentration anduntRese effects were accompaniedaldgw gain
in leaf area and the total biomass (Fig. 1; 3; 5, S2). Higher growth of not plants treated with
NaCl under e[Cg] (Fig 1, S2) may provide evidence of reprogramming of carbohydrate
metabolism connected to increase of sink activity and mitochondrial respiration. In plants under
e[CQy), the greater photoassimilates supply leads to the stimulation of respiratory metabolism
for biomass gains (Gasparini et al., 2019; Leakey et al., 2009; Markelz et al., 2014), which
contributes to mitigate the effects of sain (Li et al.,, 2020). Furthermore, the different
availability of hexoses in leaves, high in NCED and low in not plants under salinity in]Je[CO
may be attached to the accumulation of carbohydrates and its efficient allocation to roots,
controlling the growth of plants with high ABA levels (Fig. 1, S2). Sucrose is the main sugar
to be remobilized from the source to sink in most plants via phloem (Lawson and Matthews,
2020). In addition to the energy role, sucrose from mesophilic cells is discharged into the
apoplast and can act as an osmoregulator, which leads to stolosuad in high light demand
(Daloso et al., 2016; Lawson et al., 2014). NCED plants showed low levels of sucrose at the
end of the day as well as lowes, gghen compared to not plants under both {IC&nd under
non-saline and saline conditions (Fig. 3; 5), whidticate that ABA is necessary for stomatal
closure mediated by the action of sucrose, irrespective of its osmotic effect. This is consistent
with previous reports showing that ABA-deficient (sitiens) mutants are insensitive to increased
sucrose concentration in the apoplast (Kelly et al., 2013). This insensitivity occurs because the
sucrose act as a signaling molecule instead of an osmolyte during stomatal closure. When
sucrose is degraded, hexokinases from guard cells sense the free hexoses through an ABA-
dependent mechanism, triggering the stomatal closure (Kelly et al., 2013). Collectively, these
data suggest that ABA modulates vegetative growth by differentiated allocation of
cabohydrates and e[CP can reduce the limitations of sink activity from the increased
carbohydrates availability under saline stress.

The central metabolism, and consequently plant growth, is strongly regulated by the fine

balance between the availability of carbon and nitrogen. Amino acids are important reserves of
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C and N that regulate the survival of plants under stress conditions (Batista-Silva et al., 2019;
Hildebrandt et al., 2015). Plants treated with NaCl under g[€l®wed a reduction in biomass

and RGR accompanied by an increase in concentration of free amino acids, such as proline in
leaves and roots (Fig. 1 and 6). Moreover, a visible decrease in the concentrations of amino
acids was observed in all genotypes treated with NaCl undere[@Dpled with improved

growth ability (Fig. 1 and 6). Under saline stress, the carbon deprivation for metaioodibm
genotypes under a[GPmay have resulted in plants with a high free amino acids concentration.
Amino acids are important stocks of C and N that can be remobilized to intermediates of the
TCA cycle and electron donors to sustamtochondrial respiration under abiotic stress
conditions (Bandehagh and Taylor, 2020; Woodrow et al., 2017). Proline is an important
indicator of salt stress which it plays a role in reducing damage to cell membranes and act as a
ROS scavenger (Almeida et al., 2014; Zhu et al., 2020). However, undeif] eg@@entrations

of proline were reduced in MT and not leaves, as well as in NCED roots under saline conditions
(Fig. 6). Thus, it is reasonable to assume that plants undes]dj@@ efficient reprogramming

of energy metabolism to coordinate the use of amino acids and direct them to growth under

conditions of salt stress.

5 Conclusions

Our results demonstrated that ABA biosynthesis plays a role in growth control and salt
stress tolerance of tomato plants under fluctuating environment. However, the enhance of
growth of NaCl-treated plants by e[@Qs not directly regulated by ABA. These findings
provide some insight into how e[G[Ocan modulate photosynthetic rates and improve water
status for growth of plants with altered ABA levels under salt stress conditions. Also, the
metabolic rearrangement in the levels of sugars and amino acids, coupled with increased dark

respiration are necessary to optimize growth of tomato plants under salinity undgr e[CO
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Fig. 1. Phenotypic changes in tomato plants cv. Micro-Tom (MT) and its respective notabilis
(not) and LeNCED1 (NCED) mutants treated with NaCl grown under 4[@@l e[CQ]. (A)
Phenotypes of tomato plants after 21 days of 75 mM NaCl application grown unde} @GO
e[COy]; bar represents 10 cm scale. (B) Total leaf area. (C) Height of plants. (D) Weight of dry
leaf. (E) Dry stem weight. (F) Weight of dry roots. (G) Relative growth rate (on a dry weight
basis). Bars with different uppercase letters indicates significant differences between genotypes
with the same treatment, lower case letters represent significant differences within genotypes
with different treatment and asterisks (*) indicates differences between conditions undgr a[CO
and e[CQ] by Tukey's test at 5% probability. The symbol # indicates significant difference
within one genotype by simple ANOVA, not observed by triple factor analysis, by the Tukey
test at 5% probability. Data are means and standard error of three separate experiments, and for
each experiment 10 plants were harvested from each treatment.
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Fig. 2 Na" and K concentration and N&K™ ratio in leaves of tomato cv. Micro-Tom (MT),
notabilis (not) and LeNCED1 (NCED) treated with NaCl grown under g[@ e[CQ]. (A)

Na" in leaves. (B) Kin leaves. (C) NaK™ ratio in leaves. Bars with different uppercase letters
indicates significant differences between genotypes with the same treatment, lower case letters
represent significant differences within genotypes with different treatment and asterisks (*)
indicates differences between conditions under a[G@d e[CQ] by Tukey's test at 5%
probability. Data are means and standard error of three separate experiments, and for each
experiment 6 plants were harvested from each treatment.
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Fig. 3. Physiological parameters in leaves of tomato cv. Micro-Tom (MT), notabili} #ndt
LeNCED1 (NCED) treated with NaCl grown under aff@nd e[CQ]. (A) Net CQ
assimilation rate. (B) Intercellular GOconcentration. (C) Stomatal conductance. (D)
Transpiration rate. (E) Dark respiration. (F) Photorespiration rate. (G) Electron transport rate.
(H) Maximum photochemical efficiency of photosystem Il. Bars with different uppercase
letters indicates significant differences between genotypes with the same treatment, lower case
letters represent significant differences within genotypes with different treatment and asterisks
(*) indicates differences between conditions under aJ@@d e[CQ] by Tukey's test at 5%
probability. The symbol # indicates significant difference within one genotype by simple
ANOVA, not observed by triple factor analysis, by the Tukey test at 5% probability. Data are
means and standard error of three separate experiments, and for each experiment 6 plants were
harvested from each treatment.
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conditions under a[C£) and e[CQ] by Tukey's test at 5% probability. Data are means and
standard error of three separate experiments with 6 replicates each.
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Fig. 5. Carbohydrate levels in leaves and roots of tomato plants cv. Micro-Tom (MT), notabilis
(not) and LeNCED1 (NCED) treated with NaCl grown under af[cdnd e[CQ]. (A) Hexoses
(Glucose + Fructose). (B) Sucrose. (C) Starch. Bars with different uppercase letters indicates
significant differences between genotypes with the same treatment, lower case letters represent
significant differences within genotypes with different treatment and asterisks (*) indicates
differences between conditions under ajCand e[CQ] by Tukey's test at 5% probability

Data are means and standard error of three separate experiments with 6 replicates each.
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Fig. 6. Changes in the levels of nitrogen metabolites in leaves and roots of tomato plants cv.
Micro-Tom (MT), notabilis (not) and LeNCED1 (NCEDreated with NaCl grown under
a[CO] and e[CQ]. (A) Total amino acids. (B) Proline. (C) Total soluble proteins. (D) Total
nitrogen in leaves. (E) Total chlorophyll in leaves. Bars with different uppercase letters
indicates significant differences between genotypes with the same treatment, lower case letters
represent significant differences within genotypes with different treatment and asterisks (*)
indicates differences between conditions under aJ@G@Dd e[CQ] by Tukey's test at 5%
probability. Data are means and standard error of three separate experiments with 6 replicates
each.
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Table 1 Three-Way ANOVA (P-values) of significances and interactions between genotype
(MT, not and NCED), treatment (-NaCl and + NaCl) and ambient (g[@@l e[CQ]). Data
from replicates are analyzed from three separated experiments.

Source of Variation (P value)

Genotype Ambient Treatment Genx Genx Treatx Erﬁg);
yp Amb Treat Amb

Treat
Leaf area 0.0000 0.0000 0.0000 0.0574 0.0002 0.6569 0.4476
Height 0.0000 0.0000 0.0000 0.2863 0.5988 0.2199 0.0773

Dry Mass - Leaf 0.0000 0.0000 0.0000 0.0005 0.2354 0.3425 0.0716
Dry Mass - Stem 0.0000 0.0000 0.0000 0.0039 0.0001 0.8956 0.0903
Dry Mass - Root 0.0000 0.0000 0.0002 0.0001 0.4531 0.5469 0.826

RGR 0.0000 0.0000 0.0000 0.0515 0.0155 0.2393 0.2169
N 0.3125 0.2932 0.5954 0.8819 0.0339 0.2169 0.9688
Na’ 0.3217 0.0013 0.0000 0.0013 0.5232 0.0192 0.0003
K* 0.0033 0.0622 0.4428 0.4313 0.0195 0.3825 0.3931
Na:K 0.4387 0.0402 0.0000 0.8701 0.794 0.0248 0.9885
A 0.0036 0.0000 0.0923 0.0286 0.0007 0.0061 0.479
Os 0.0000 0.5816 0.0000 0.0126 0.0025 0.0518 0.9114
Ci 0.0000 0.0000 0.0000 0.0037 0.0073 0.0098 0.1584
FV/IFm 0.0000 0.1662 0.4928 0.0443 0.0000 0.4911 0.2128
Ro 0.2558 0.0000 0.1913 0.6181 0.7442 0.4152 0.5739
E 0.0000 0.0549 0.0000 0.001 0.0008 0.0327 0.6533
Ci/Ca 0.0000 0.1114 0.0000 0.0726 0.0192 0.7231 0.1165
ETR 0.4007 0.2715 0.1644 0.9806 0.0002 0.5395 0.364
Re 0.0301 0.0000 0.0273  0.3747 0.0804 0.4809 0.5843

Stomatal index 0.0000 0.5435 0.119 0.5202 0.0245 0.8882 0.041
Stomatal aperture ~ 0.0000 0.1383 0.0000 0.5712 0.5107 0.9668 0.4428
RWC pre-dawn 0.6058 0.0000 0.0000 0.0434 0.0000 0.7837 0.0157
RWC midday 0.0000 0.0000 0.0000 0.0118 0.0555 0.7771 0.8257
Hexoses - Leaf 0.0000 0.0000 0.0633 0.0000 0.0000 0.0025 0.012
Hexoses - Root 0.0000 0.0007 0.0903 0.0001 0.7055 0.6666 0.7421
Sucrose - Leaf 0.0000 0.0583 0.0001 0.0069 0.9705 0.545 0.3011
Sucrose - Root 0.0000 0.0000 0.0000 0.0349 0.0000 0.0000 0.2206
Starch - Leaf 0.0001 0.0000 0.0001 0.1565 0.9284 0.0000 0.1406
Starch - Root 0.0000 0.0000 0.0876  0.2164 0.0791 0.7777 0.1627
Amino acids - Leaf  0.0006 0.0002 0.0000 0.1149 0.0381 0.0000 0.4892
Amino acids - Root  0.0000 0.0276 0.6446 0.011 0.0000 0.7645 0.845
Protein - Leaf 0.0002 0.4458 0.4603 0.0015 0.0761 0.0572 0.0191
Protein - Root 0.0000 0.0000 0.0000 0.0315 0.0000 0.0914 0.0008
Proline - Leaf 0.0000 0.0036 0.0000 0.4122 0.0162 0.0116 0.4168
Proline - Root 0.0000 0.0003 0.0000 0.0005 0.0000 0.1649 0.0001
Chlorophylls 0.002 0.1221 0.6022 0.1173 0.0492 0.823 0.0085
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Supplementary material
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Fig. S1 Phenotypic changes in tomato plants cv. Micro-Tom (MT) and its respective notabilis
(not) and LeNCED1 (NCED) mutants treated with NaCl grown under (@@l e[CQ]. (A)

Number of leaves. (B) Total dry mass. (C) Specific leaf area. Bars with different uppercase
letters indicates significant differences between genotypes with the same treatment, lower case
letters represent significant differences within genotypes with different treatment and asterisks
(*) indicates differences between conditions under aJ@@d e[CQ] by Tukey's test at 5%
probability. The symbol # indicates significant difference within one genotype by simple
ANOVA, not observed by triple factor analysis, by the Tukey test at 5% probability. Data are
means and standard error of three separate experiments, and for each experiment 10 plants were
harvested from each treatment.
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Fig. S2 Leaf mineral composition of tomato cv. Micro-Tom (MT), notabilis nand
LeNCED1 (NCED) treated with NaCl grown under agfénd e[CQ]. (A) C&" in leaves. (B)

P3*in leaves. (CMg?* in leaves. Bars with different uppercase letters indicates significant
differences between genotypes with the same treatment, lower case letters represent significant
differences within genotypes with different treatment and asterisks (*) indicates differences
between conditions under a[gJ@nd e[CQ] by Tukey's test at 5% probability. Data are means

and standard error of three separate experiments, and for each experiment 6 plants were
harvested from each treatment.
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top chambers supplemented with ambient (aJCénd elevated (e[C4) CO. concentration.

(B) Vapour pressure deficit inside the two open-top chambers supplemented with ambient
(a[CQO)) and elevated (e[C£D CO» concentration. (C) Air temperature inside the two open-

top chambers supplemented with ambient (aJC&nd elevated (e[C£§) CO. concentration.



94

Table S1 Three-Way ANOVA (P-values) of significances and interactions between genotype
(MT, not and NCED), treatment (-NaCl and + NaCl) and ambient (g[@@l e[CQ]). Data
from replicates are analyzed from three separated experiments.

S.V. (P Value)
Genotype Ambient Treatment c;\&r‘:bx ?_f:af[( TA?E)X Erﬁgi
Treat
Total dry Mass 0 0 0 0 0.0465 0.4987 0.0105
SLA 0.0007  0.0009 0 0.0003 0.0012 0.7421 0.4156
Number of Leaves 0 0.0026 0.0046  0.4921 0.2636 0.5621 0.7137
Ca 0 0.5996 0.1331 0.02 0.5067 0.6865 0.0116
P 0.0001 0.0011 0.9794  0.1949 0.2452 0.1675 0.4036

Mg 0 0.236 0.4786 0.0221 0.9462 0.5204 0.1118
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GENERAL CONCLUSION

The present study demonstrated that the negative effects of salinity on tomato plants
were minimized by e[Cg& under conditions of environmental fluctuations of irradiance,
humidity and temperature. e[GI®nhances photosynthesis associated with reductions of ABA
and ACC, which allowed plants under saline stress to maintain a high stomatal conductance. In
addition, growth increments in plants under saline stress is determined by increases in
respiratory activity under e[C In relation to the ABA content in tissues, e[§@llows an
increase in photosynthesis and gains in biomass of plants deficient in the biosynthesis of ABA
(not) and plants with higher biosynthesis of ABA (NCED) under salinity conditions. Saline
stress tolerance of not and NCED plants under ¢]@@s mediated by changes in the primary
metabolism associated with the induction of sink capacity. This suggests thatmjiGitizes

the effects of salt stress by ABA-independent mechanisms.
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