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Highlights
e ABA-deficient sitiens mutant of tomato was more sensitive to salt stress than WT
e Sitiens mutant exhibited severe osmotic and moderate ionic stress under salt stress
e Mutants displayed higher decrease in net CO> assimilation rate under high salinity
e Cyclic electron transport was severely reduced under salt stress in sitiens mutants

¢ Proline could alleviate salt stress injury at sublethal salt stress in the mutants
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Abstract

Abscisic acid (ABA) regulates many salt stress-related processes of plants such as water
balance, osmotic stress tolerance and photosynthesis. In this study we investigated the
responses of wild type (WT) and the ABA-deficient sitiens mutant of tomato (Solanum
lycopersicum cv. Rheinlands Ruhm) to sublethal and lethal salt stress elicited by 100 mM and
250 mM NaCl, respectively. Sitiens mutants displayed much higher decrease in water
potential, stomatal conductance and net CO> assimilation rate under high salinity, especially
at lethal salt stress, than the WT. However, ABA deficiency in sitiens caused more severe
osmotic stress and more moderate ionic stress, higher K*/Na* ratio, in leaf tissues of plants
exposed to salt stress. The higher salt concentration caused irreversible damage to
Photosystem 1 (PSII) reaction centres, severe reduction in the linear photosynthetic electron
transport rate and in the effective quantum yields of PSII and PSI in sitiens plants. The cyclic
electron transport (CET) around PSI, which is an effective defence mechanism against the
damage caused by photoinhibition in PSI, decreased in sitiens mutants, while WT plants were
able to increase CET under salt stress. This suggests that the activation of CET needs active
ABA synthesis and/or signalling. In spite of ABA deficiency, proline accumulation could
alleviate the stress injury at sublethal salt stress in the mutants but its accumulation was not

sufficient at lethal salt stress.

Keywords
Abscisic acid-specific changes in photosynthesis; cyclic electron flow; ionic stress; proline;

salt stress; sitiens mutant

Abbreviations

A, net CO- fixation rate; ABA, abscisic acid; CAB, chlorophyll a/b binding protein; CET,
cyclic electron transport around PSI; DW, dry weight; FW, fresh weight; ETR, linear electron
transport rate; gs, stomatal conductance; NDH, NAD(P)H-dependent dehydrogenase complex;
Pro, proline; sit mutant, sitiens mutant; P5CS, A'-pyrroline-5-carboxylate synthetase; P5CR,
A'-pyrroline-5-carboxylate reductase; PPFD, photosynthetic photon flux density; PSII and
PSI, photosystem Il and I; RH, relative humidity; RUBISCO, ribulose-1,5-bisphosphate
carboxylase/oxygenase; RBCL and RBCS, RUBISCO large and small subunits, RWC,

relative water content; WT, wild type; Yw, water potential
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1. Introduction

Soil salinity caused by excess of Na* is one of the major abiotic stress factors that limits
sustainable development in agriculture (Rengasamy, 2006). Salt stress disrupts plant ion
homeostasis resulting in the accumulation of toxic Na* in the cytoplasm with a concomitant
deficiency of K*, which induces osmotic, ionic and oxidative stress in plant tissues. Since the
inhibition of photosynthesis and the degradation of the photosynthetic apparatus are among
the first targets of salt stress, high salinity reduces growth and productivity of crop plants
(Chaves et al., 2009). The initial growth reduction by salt stress seems to be driven by water
relations and can be prevented by keeping the plants at full turgor, however, after several
hours the cell elongation remains reduced and shoot growth is hormonally regulated. Later the
growth is mostly constrained by high foliar Na* accumulation (Munns and Tester, 2008).

The phytohormone abscisic acid (ABA) plays an important role in alleviating salt
stress injury in many ways (Javid et al., 2011). ABA is newly synthesized from xanthophylls
under water-deficit conditions e.g. under drought or salinity stress and regulates plant water
balance and osmotic stress tolerance (Zhu, 2002). Several tomato mutants expressing mutant
alleles of various ABA biosynthesis genes have already been characterized. These ABA-
deficient wilty mutants, such as sitiens (sit), flacca and notabilis can serve as a model system
for studying the role of ABA in developmental processes or in stress acclimation. Sit mutants
impaired in ABA-aldehyde oxidation to ABA possessed about 15-30 % of the wild type (WT)
ABA content in the leaves under control conditions (Mékeld et al., 1998; Hlavinka et al.,
2012; Muiioz-Espinoza et al., 2015) and the increase in ABA level was also much higher in
WT (from 400 to 660 ng g* FW) than in sit mutants (from 80 to 100 ng g* FW) under salt
stress (Mikelad et al., 1998). The same authors investigated and compared the growth and
water status parameters of WT and sit mutants exposed to 75 mM NaCl and proved that the
mutant plants were more sensitive to high salinity at 70 % relative humidity (RH) (Mikela et
al., 2003).

Salt stress triggers the production of ABA in the root, which then is immediately
transported to the shoot causing stomatal closure. ABA can also be synthesized in leaf
vascular tissues and after entering the xylem sap, it may diffuse out to the leaf apoplast and
may control stomatal aperture (Fricke et al., 2004; Cabot et al., 2009; Dodd, 2013; Kohli et
al., 2013). Therefore, the salinity-induced ABA can influence the assimilation of CO. by
stomatal closure that decreases the availability of CO (Li et al., 2015).

4
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Previously it was observed that short- and long-term ABA treatments had no effects
on Photosytem Il (PSIl) photochemistry but induced a decrease in CO2 assimilation and
stomatal conductance in maize (Jia and Lu, 2003). In another study exogenous ABA at 107'-
10° M concentration range inhibited net CO, assimilation rate and decreased mesophyll
conductance to CO: in the leaves of pea and wheat plants, which was most prominent one day
after the treatment, but the quantum yields of photosystems and the linear electron transport
rate were not affected by ABA (Sukhov et al., 2017). The same authors found increased cyclic
electron transport (CET) upon 10° M ABA treatment in pea leaves, while there were no
changes in CET in wheat plants under the same experimental conditions. CET around PSI
transfers electrons from PSI to cytbe/f complex via reduced ferredoxin and through the
plastoquinone cycle, and it contributes to lumen acidification. It serves only to support the
proton motive force across thylakoid membranes, thus ATP generation without net formation
of reductants such as NADPH. CET in higher plants consists of two pathways mediated by
PGR5/PGRL1 (PROTON GRADIENT REGULATIONS and PGR-LIKE1) and NAD(P)H-
dependent dehydrogenase (NDH) complexes. Both of them are ferredoxin-dependent, form
supercomplexes with PSI and cytbe/f and redirect electrons from reduced ferredoxin to
plastoquinone pool. Moreover, NDH complex pumps protons directly to the lumen and
increases the proton motive force across thylakoid membranes leading to excess ATP
production (reviewed by Li et al., 2018). Thus CET provides possibility to adjust the ratio of
ATP and NADPH production to the demand of tissues in changing environment (reviewed by
Foyer et al., 2012).

Although light is a driving force of photosynthesis, excess light energy can cause a
fast degradation of D1 protein in the PSII reaction centres and the imbalance between
photodamage and the repair mechanisms results in photoinhibition. Under high light, CET is
thought to be essential for protecting PSI and PSII from photodamage via acidification of the
thylakoid lumen, which down-regulates the electron flow from PSII to PSI and activates
regulated non-photochemical quenching (NPQ). At low light intensity, however CET plays an
important role in optimizing photosynthetic CO> assimilation probably via the supply of extra
ATP (Huang et al., 2015). It was also found that CET was significantly stimulated at low light
after chilling-induced photoinhibition of PSIl and the authors hypothesized that this CET
stimulation mainly enhanced the synthesis of ATP for the fast repair of PSIl (Huang et al.,
2010; Huang et al., 2018). Cytbe/f complex, which is needed for both linear electron transport
and CET is also very sensitive to photoinhibition. The PetD subunit of cytbs/f complex and

5
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the PGRLL1 protein show much faster turnover rate than the other proteins involved in CET,
and the repair mechanisms need extra ATP generated by cyclic electron transport (Li et al.,
2018).

Exogenous ABA also decreased the CO, assimilation and transpiration rates in WT
tomato (S. lycopersicum cv. Moneymaker) and in corresponding sit mutants (Herde et al.,
1997). In accordance with the above-mentioned findings, the steady state stomatal
conductance (gs) and the net CO- assimilation rate (A) were significantly higher in sit mutants
in Moneymaker background than in WT (Hlavinka et al., 2012). The higher gs of mutant
plants could be explained not only by the reduced ABA content but also by a higher number
of stomata per unit leaf area, which is a morphological feature of the mutants (Tal, 1966;
Nagel et al., 1994).

However, the effect of ABA on the photosynthetic activity in plants exposed to salt
stress is often contradictory. Gomez-Cadenas et al. (2002) found that exogenously applied
ABA did not modify the water potential in citrus plants under salt stress but improved the net
CO: fixation rate and gs and decreased the 100 mM NaCl-induced CI" accumulation.

Nevertheless, the most important role of ABA in salt stress acclimation is the control
of osmotic adaptation by inducing the synthesis of compatible osmolytes (Zhu, 2002). In
response to different stresses plants accumulate large quantities of different types of
compatible solutes. These solutes provide protection to plants during stress conditions by
contributing to cellular osmotic adjustment, detoxification of reactive oxygen species (ROS),
maintenance of membrane integrity and enzyme/protein stabilization.

A large body of data suggests a positive correlation between proline (Pro)
accumulation and plant stress. Besides acting as an excellent osmolyte, the amino acid Pro
plays a role during stress as a metal chelator, an antioxidative defence and a signalling
molecule. It can also function in photosynthetic electron transport by maintaining appropriate
NADP*/NADPH ratio in chloroplasts since the enzymes (A'-pyrroline-5-carboxylate
synthetase (P5CS) and A'-pyrroline-5-carboxylate reductase (P5CR)) participating in Pro
biosynthesis from glutamate consume NADPH. This pathway functions predominantly under
osmotic stress, contributes to the maintenance of the oxidized NADP* pool and prevents over-
reduction of NADP* and thus photoinhibition in chloroplasts exposed to abiotic stress (Hayat
etal., 2012).

Some of the ABA-mediated effects in stressed plants are well documented, but the role
of ABA in the activity and cooperation of Photosystem Il (PSII) and I (PSI) under salt stress

6
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in WT and ABA-deficient mutants is not known. Moreover, little is known about the effects
of salt stress in correlation with changes in photosynthetic activity and Pro accumulation in
the presence or absence of ABA and we have little information about the differences between
the effects of tolerable (100 mM) or cell death-inducing (250 mM) concentrations of NaCl in
ABA-deficient sit mutants.

In this work, short-term changes in water status, ion accumulation and the most
important photosynthetic and fluorescence induction parameters were studied in WT tomato
and in ABA-deficient sit mutants exposed to tolerable or cell death-inducing concentrations of
NaCl.

2. Materials and methods

2.1. Plant materials and growth conditions

Seeds of wild type tomato (Solanum lycopersicum L. cv. Rheinlands Ruhm) and ABA-
deficient sitiens mutants in Rheinlands Ruhm background were germinated for 4 days in the
dark and transferred to perlite for 2 weeks (Seeds obtained from C. Rick, University of
California, Davis). Plants were grown in a controlled environment under 200 pmol m2 s’
light intensity (F36W / GRO lamps, Sylvania, Germany), 12 h light /12 h dark period, 2422
°C day / night temperature and 55-60 % relative humidity for 8 weeks in hydroponic culture
containing 2 mM Ca(NOs)2, 1 mM MgSOs, 0.5 mM KH2POs4, 0.5 mM NaxHPO4, 0.5 mM
KCI, micronutrients (0.001 mM MnSO4, 0.005 mM ZnSQO4, 0.0001 mM CuSOg4, 0.0001 mM
(NH4)6M07024, 0.01 mM H3BO4) and 0.02 mM Fe(l11)-EDTA at pH 6.8 (Poor et al., 2011).
The nutrient solution was changed every second day.

Plants were treated with 100 mM or 250 mM NacCl for 6 h through the root system in
the hydroponic culture solution. Salt concentrations were chosen on the basis of our earlier
experiments (Poor et al., 2014; Takacs et al., 2015). It was found that WT plants were able to
acclimate to 100 mM NaCl but they show the symptoms of cell death at 250 mM NaCl. The
samples were prepared from the second, fully expanded young leaves in three replicates. The
experiments were performed at 9 o’clock a.m. and repeated 3-4 times in independent

experiments.

2.2. Water status parameters
The leaf water potential (Ww) was measured on the second fully expanded leaf with a

pressure chamber (PMS Instrument Co., Corvallis, WA, USA), as described earlier by Gallé
7
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et al. (2013). Relative water content (RWC) of the leaves was determined according to Corréa
de Souza et al. (2013). RWC was calculated as follows: RWC (%) = 100 x (fresh weight — dry
weight)/(turgid weight — dry weight).

2.3. Stomatal conductance and gas exchange

Stomatal conductance (gs; mol H20 m2 st) and CO; assimilation rate (A; umol COz m? s)
were measured on the second, fully expanded leaves with a portable photosynthesis system
(LI-6400, LI-COR, Inc., Lincoln, NE, USA), as described by Poor et al. (2011).
Measurements were carried out on a 2 cm? leaf area, with the controlled CO- flow at the
concentration of 400 pmol mol™. Photon flux density (PPFD) was the same as in the growth

chamber (200 pmol m s) and the leaf temperature was also controlled (25 °C).

2.4. Chlorophyll a fluorescence measurements and PSI activity
Chlorophyll a fluorescence and P700 redox state were analysed with Dual-PAM-100 (Heinz-
Walz, Effeltrich, Germany) (Klughammer and Schreiber, 1994). Leaves were dark-adapted
for 20 min before the determination of the minimal fluorescence (Fo), using weak measuring
light. The maximal fluorescence (Fm) was measured by applying 800 ms pulse of saturating
light (12000 umol m™ s*). Leaves were then illuminated continuously with 220 pmol m™ s’
actinic light. After 20 min the light-adapted steady-state fluorescence (Fs) was recorded and
the maximum fluorescence level (Fm’) in the light-adapted state was determined with the help
of extra saturating pulses. The actinic light was next turned off and the minimum fluorescence
level in the light-adapted state (Fo’) was determined by illuminating the leaf with far-red light
(5 umol m s1) for 3 sec. The following chlorophyll fluorescence parameters were calculated:
FV/Fm=(Fm-Fo)/Fm, Y(I)=(Fm’—Fs)/Fm’, Y(NO)=Fs/Fm, and Y(NPQ)=1-Y(I1)-Y(NO),
ETR 11=0.84x0.5xPPFDxY (Il) and ETR 1=0.84x0.5xPPFDxY (I) (Huang et al., 2018). Fv/Fm
is the maximal quantum vyield of PSII in dark-adapted and Y(Il) and Y(I) are the effective
quantum yields of PSIlI and PSI in light-adapted state, respectively. Y(NO) is the non-
regulated quantum yield and Y(NPQ) is the regulated quantum yield of non-photochemical
energy dissipation. ETR Il and ETR | represent the photosynthetic electron flow through PSII
or PSI, respectively (Genty et al., 1989; Kramer et al., 2004).

The quantum vyield of PSI [Y(I)] is defined by the proportion of the overall P700,
which is reduced at a given state and not limited by the acceptor side. It was calculated from

the complementary PSI quantum yields of non-photochemical energy dissipation, Y(ND) and
8
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Y(NA). Y(I)=1-Y(ND)-Y(NA), where Y(ND) and Y(NA) are the quantum yields of non-
photochemical energy dissipation in PSI due to donor and acceptor side limitations,
respectively. Y(ND)=1-P700rq and Y(NA)=(Pm—Pm’)/Pm. Pm was determined by applying
a saturation pulse after pre-illumination with far-red light and it represents the level where
P700 is fully oxidized. Pm’ was defined in the same way as the fluorescence parameter Fm’
and was determined in a given state with the help of a saturation pulse using actinic light
instead of far-red light (Klughammer and Scheiber, 1994; Schreiber and Klughammer, 2008;
Zhang et al., 2014). Cyclic electron transport around PSI is calculated as (PSI ETR)—(PSII
ETR) (Laisk et al., 2010).

2.5. Photosynthetic pigments

Twenty-five mg of leaf samples were homogenized in 1 ml of 100% acetone and extracted for
24 h, then samples were centrifuged (12000 g for 15 min at 4 °C). The pellet was extracted
again with 1 ml of 80% (v/v) acetone for 24 h. After centrifugation (12000 g, 15 min, 4 °C),
the supernatants were collected and the pigment content was measured by a
spectrophotometer (KONTRON, Milano, Italy) according to Wellburn and Lichtenthaler
(1984).

2.6. RUBISCO content

Leaf protein content was determined according to the method of Bradford (Bradford, 1976).
Separation of proteins occurred by SDS-PAGE (6% stacking gel, 20% separating gel, 200 V,
60 min), then the large subunit of ribulose-1,5-bisphosphate carboxylase/oxygenase
(RUBISCO) protein was detected by Western blot using rabbit polyclonal antibody (Agrisera,
Vinnids, Sweden) based on Meng et al. (2016).

2.7. RNA extraction, expression analyses by qRT-PCR

Quantitative real-time reverse transcription-PCR (qRT-PCR; Piko Real-Time qPCR System,
Thermo Scientific, Waltham, MA, USA) was used to detect the expression pattern of the
selected tomato RUBISCO large subunit (RBCL) gene mined from Sol Genomics Network
(SGN; http://solgenomics.net; accessed 23 September 2018) (Horvath et al., 2015). Primers

were designed using NCBI and Primer 3 software (http://frodo.wi.mit.edu/; accessed 23

September 2018). The gRT-PCR reaction consisted of 10 ng cDNA template, 400-400 nM

forward and reverse primers (R: 5-CTGCGTGATGATTTTGTTGAA-3’; F: 5’-
9
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TGAATACCTCCTGAAGCCACA-3’), 5 uL of Maxima SYBR Green qPCR Master Mix
(2X) (Thermo Scientific, Waltham, MA, USA), and nuclease-free water in a total volume of
10 uL. After denaturation at 95 °C for 7 min, followed by 40 cycles of denaturation at 95 °C
for 15 s and annealing extension at 60 °C for 60 s, a melting curve analysis of the products
was performed (increasing the temperature from 55 to 90 °C (0.2 °C s)) to determine the
specificity of the reaction. Data analysis occurred by PikoReal Software 2.2 (Thermo
Scientific, Waltham, MA, USA). Tomato 18S rRNA and elongation factor-1o subunit genes
were applied as the reference genes and 2022Y formula was used to calculate data from the

gRT-PCR. Each reaction was repeated at least three times.

2.8. Sugar and starch content

Carbohydrate (soluble sugars and starch) analysis was performed according to Hansen and
Moller (1975). Briefly, soluble sugars were extracted from 100 mg of grinded leaf samples
with 1 ml of 80% ethanol at 80 °C for 30 min. The homogenate was centrifuged at 2600 g for
10 min and the supernatant was used for determination of sugar content at 630 nm after
reaction with anthrone (Normapur, VWR Int., Leuven, Belgium) dissolved in 72% sulphuric
acid. Then, the pellet was cleaned with 1 ml of deionized water, digested with 1 ml of 1.1%
HCI at 100 °C for 30 min, and centrifuged for 10 min at 2600 g. Starch concentration was also
determined spectrophotometrically at 630 nm with anthrone reagent using starch (Normapur,
VWR Int., Leuven, Belgium) dissolved in 1.1% HCI as a standard.

2.9. Proline accumulation

Pro content was determined with the modified acid-ninhydrin method (Bates et al., 1973). Pro
was estimated spectrophotometrically (KONTRON, Milano, Italy) at 520 nm after extraction
with 3% sulfosalicylic acid and reaction with acid ninhydrin reagent (3% ninhydrin in 6 M
phosphoric acid and 60% acetic acid). The calibration curve was prepared with standard Pro
(Sigma-Aldrich, St. Louis, MO, USA).

2.10. Macroelement content

Macroelements of the leaf tissues were determined by XSeries Il ICP-MS (Thermo Scientific,
Bremen, Germany) according to Tari et al. (2013). 6 mL of 70 % HNOs (Reanal, Budapest,
Hungary) and 2 mL of 30 % H20. (Reanal, Budapest, Hungary) were added to 100 mg dried
leaf samples for 20 h. The samples were digested in microwave destructor (MarsXpress CEM,

10
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Matthews NC, USA) at 200 °C for 25 min and after cooling they were diluted with 12 mL
double distilled water.

2.11. Statistical analysis

Data presented are mean values of at least three independent experiments. Statistical analysis
was carried out with Sigma plot 11.0 software (Systat Software Inc., Erkrath, Germany). After
analysis of variance (ANOVA), Duncan’s multiple comparisons were performed. Differences

were considered significant if P < 0.05.

3. Results
3.1. Salt stress induced changes in water homeostasis
To examine the role of ABA in salt-induced stress responses in the leaves of WT and ABA-
deficient sit tomato, the water status was determined after treatments with different
concentrations of NaCl. The relative water content (RWC) was lower in the leaves of sit than
in the WT plants (Fig. 1A) and it significantly decreased both in WT and sit leaves as a
function of increasing NaCl concentration, but the change was more pronounced in the mutant
(Fig. 1A).

Salt stress also reduced the water potential (\Yw) of leaf tissues in WT and sit plants
after 6 hours (Fig. 1B). However, the reduction of Ww was much stronger in the leaves of sit
mutants after both NaCl treatments (Fig. 1B).

3.2. Salt stress-induced ionic stress

Salt stress induced significant Na* accumulation in concentration-dependent manner in the
leaves of the two tomato genotypes (Table 1). Surprisingly, the basic K* level was
significantly higher in the leaves of ABA-deficient plants than in those of WT. Although
potassium content was reduced as a function of increasing NaCl concentrations, the leaf
tissues of the mutants contained much more K* even at 250 mM NaCl. The accumulation of
Na* increased during salt exposure in both genotypes and was significantly higher in the
mutants, nevertheless, K*/Na* ratio remained higher in sit leaf tissues. This suggests that
ABA-deficient mutants were exposed to much stronger osmotic (Fig. 1) but less severe ionic
stress than WT plants (Table 1).

3.3. Effects of salt stress on photosynthetic activity
11
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In parallel with the decrease in RWC and Yw, changes in stomatal response were rapid and
considerable. Basically, gs was higher under the control condition in sit plants than in WT,
which implied that the stomata in ABA-deficient plants were much open. Salt stress induced a
decrease in gs in both genotypes, but this parameter remained higher in sit mutants after
exposure to NaCl (Fig. 2A). While mutant plants had almost two times higher transpiration
rate than the WT under control conditions and transpired stronger under salt stress, the
transpiration rate declined also significantly upon salt treatments in both genotypes (Fig. 2B).

Since stomatal opening influences the uptake of CO: into the mesophyll cells and
photosynthetic activity depends on CO- availability, the net CO assimilation rate was also
reduced under salt stress in both genotypes (Fig. 2C). It has to be mentioned that in spite of
higher gs, the decline in net CO> assimilation rate at 250 mM NaCl was much dramatic in sit
mutants than in WT. At the same time, the intercellular CO, concentration decreased
significantly only in the WT leaves under salt stress (Fig. 2D).

Interestingly, the level of RUBISCO large subunit (RBCL), which is a part of the key
enzyme in Calvin-cycle, decreased after treatment with 250 mM NaCl in WT leaves but was
not reduced upon salt exposure in sit plants (Fig. 3A). In contrast to protein level, the
expression of RBCL gene did not change under salt stress either in the presence or in the
absence of an effective ABA biosynthesis (Fig. 3B).

Chlorophyll a fluorescence induction parameters are useful tools to detect salt stress-
induced damage in the photosynthetic apparatus. The maximal quantum efficiency of PSII
(Fv/Fm) decreased significantly in ABA biosynthetic mutant plants exposed to lethal salt
stress, while it remained constant in WT plants (Fig. 4).

The effective quantum yield of PSII (Y1) exhibited a steep decline (Fig. 5A) and the
regulated Y(NPQ) and especially the non-regulated non-photochemical energy dissipation,
Y(NO) increased at much higher rate in sit leaves under high salinity than in the WT (Fig. 5C,
E). Similar tendencies were observed in the effective quantum vyield of PSI (YI), which
decreased significantly only in sit leaves at 100 mM NaCl at this time point after NaCl
treatments (Fig. 5B). Moreover, the non-photochemical energy dissipation originated from the
limitation of PSI at both acceptor Y(NA) and donor sides Y(ND) was much higher in ABA-
deficient mutants than in the WT under salt stress, while these parameters did not change in
WT as a function of NaCl concentration (Fig. 5D, F). Y(NA) exhibited a maximum at the

smaller salt concentration in sit leaves (Fig. 5F).

12
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The linear electron transport (ETR 11) between the two photosystems and CET around
PSI were calculated in the two genotypes. In contrast to mutant plants ETR 11 was not affected
in WT, but salt stress had an opposite effect on CET in mutant and WT leaves. CET was
significantly enhanced by 250 mM NaCl in WT but was reduced at the same concentration in
sit leaves (Fig. 6).

Photosynthetic pigment content can determine the efficiency of photosynthesis.
Chlorophyll a+b level remained constant upon salt exposure in the leaves of WT plants but
decreased significantly upon 250 mM NaCl treatment in the mutants (Fig. 7A), however,
carotenoids were significantly degraded in sit leaves compared to the control plants under salt
stress (Fig. 7B).

To detect the key products of photosynthesis after salt treatments, starch and sugar
contents were also measured. Both NaCl treatments reduced starch accumulation in the leaves
of both genotypes after 6 hours (Fig. 8A). However, 100 mM NaCl treatment incerased
soluble sugar content in WT leaves (Fig. 8B) while soluble sugar accumulation was lower in
control plants and at 100 mM NaCl in the mutants. High salt treatment reduced the sugar
accumulation in both genotypes (Fig. 8B).

Pro accumulation in plant tissues plays a role in osmoprotection and water stress
tolerance under drought and salinity stress. Both NaCl treatments significantly enhanced Pro
levels in sit leaves, but the change was much moderate at 250 mM NaCl, while in the WT

leaves Pro accumulation was negligible upon salt treatment (Fig. 9).

4. Discussion

Plants have developed a wide range of strategies to minimize the negative effects of high
salinity, among others the imbalance of ion and water homeostasis, inhibition of
photosynthetic activity and generation of oxidative stress (Munns and Tester, 2008). The
complex network of this defence system is mediated by hormonal interactions, where ABA
plays an important role in the adaptive responses (Ismail et al., 2014). Thus, the study of ABA
effect during the early stage of salt stress in WT and ABA-deficient mutants could help to
distinguish between common and ABA-specific responses.

The changes in growth parameters, water relations and ion content are well
documented in ABA-deficient sit tomato mutants in Moneymaker (Nagel et al., 1994) and in
Rheinlands Ruhm (Makeld et al., 1998; 2003) backgrounds. The deficiency in ABA
influenced the relative growth rate, which was 22% lower than that of the WT, but the net
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CO. assimilation rate was not affected. The sit mutant showed a much higher transpiration
rate and lower hydraulic conductance in the roots and consequently a significantly lower leaf
water potential and turgor relative to the WT (Nagel et al., 1994). Maikela et al. (2003) found
similar changes in growth rate under moderate salt stress at 70% RH. Moreover, they did not
find significant differences between the WT and mutant plants grown at 95% relative
humidity in Na* accumulation and only slight differences in potassium accumulation of old
and young leaves under salt stress. Moreover, chloride accumulation was well below the level
likely to affect enzyme activities. We found similar differences between RWC and Ww of WT
and mutant plants, which were severely reduced further at both salt concentrations.
Surprisingly, the ion accumulation of plants grown in hydroponic culture for 8 weeks, then
exposed to salt stress for 6 h, exhibited an interesting change. Mutant plants with high gs
accumulated much more potassium than the WT, which was maintained in the early period of
salt stress. So in spite of higher Na* accumulation, the K*/Na* ratio, which is a measure of
ionic stress, was lower in sit leaves than in WT plants. Thus ABA deficiency caused more
severe osmotic stress (decrease in Ww) and more moderate ionic stress in sit mutants than in
WT when exposed to high salinity.

It is well-known that after imposition of salinity the osmotic stress dominates, which is
a consequence of the Na* accumulation in the apoplast of root and shoot tissues. During this
phase higher cytoplasmic K* concentrations in sit cells may alleviate the intracellular effects
of Na*, since the two cations compete with the same binding sites. lonic stress develops later
with increasing Na® accumulation in the cytoplasm, which results in ion imbalance,
disintegration of proteins structure, oxidative damage of cell constituents and disturbance of
metabolic processes such as limitation of photosynthesis (Pérez-Alfocea et al., 2010).

Based on our results, it can be concluded that salt stress-induced imbalance in water
homeostasis is more significant in the case of ABA-deficient plants. ABA plays pivotal role in
controlling the fast closure of stomata, which is one of the first physiological response of
stressed plants (Bright et al., 2006). Both NaCl treatments decreased gs and promoted closure
of stomata in WT tomato plants, but induced stomatal closure in ABA-deficient sit plants, too,
where the disturbance in ABA biosynthesis should weaken ABA-controlled closure. This
suggests that other factors, e.g. severely reduced water potential or accumulation of reactive
oxygen species in mutant plants may also contribute to stomatal closure under salt stress.

Since closure of stomata limits not only transpiration but also net CO> assimilation
rate, as it was expected, salt stress reduced photosynthetic activity in parallel with the decline
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in gs in both genotypes. However, in spite of higher gs, this decline was significantly higher in
mutant leaves exposed to 250 mM NaCl.

ABA may directly affect CO, assimilation since it could directly bind to RUBISCO
protein and could cause a weak inhibition of its catalytic activity and a more potent inhibition
of RUBISCO activation in Arabidopsis leaves (Galka et al., 2015). Thus higher net CO>
assimilation rate is expected in the mutant plants in the absence of ABA, as it was observed
under control conditions.

In tomato the inhibiting effect of ABA on photosynthesis was closely related with
down-regulation of important photosynthetic genes encoding small subunit of RUBISCO
(RBCS) and chlorophyll a/b binding (CAB) proteins (Bartholomew et al., 1991). In this
species RBCS is encoded by five nuclear genes and the large subunit (RBCL) by one
chloroplast gene. ABA-mediated down-regulation of RBCS genes was observed in WT plants,
but only minor effects could be detected in RBCS expression in sit mutants under water deficit
in this system (Sugita and Gruissem, 1987). However, water stress and ABA had little effect
on RBCL transcript level in the same tomato genotypes. We found a significant decrease in
the amount of RBCL in WT plants but not in the mutants at lethal salt stress. It is in
accordance with the results of Nakano et al. (2006) who found that the direct degradation of
RBCL by reactive oxygen species occurred in intact leaves under abiotic stress. The
explanation for the higher stability of RBCL protein in the mutants is not clear but it can be a
consequence of slower activation of specific proteases. However, we did not find changes in
the expression of RBCL gene in the two genotypes during early stages of salt stress.

The decline in CO> assimilation has been coupled with an increase in intercellular CO>
concentration in sit mutants under salt stress indicating that CO. assimilation was severely
inhibited and/or CO- generating processes increased in the mutants. This higher intercellular
CO:- level can also influence stomatal behaviour, leading to much higher reduction in stomatal
pores in the absence of ABA as it was detected in sit leaves.

According to the significant reduction in Fv/Fm, the higher salt concentration caused
irreversible damage to the reaction centres of PSII in sit mutants, while in WT plants they
remained intact during this early period of salt stress. To best of our knowledge, the
comparison of the photochemical efficiency of the two photosystems in WT and sit mutants
under salt stress has not been performed yet. Surprisingly, we found that PSI was more
sensitive to 100 mM NaCl in mutant plants than in WT since the effective quantum yield of
PSI decreased by more, than 60% at sublethal salt stress while that of WT plants was not

15



488
489
490
491
492
493
494
495
496
497
498
499
500
501
502
503
504
505
506
507
508
509
510
511
512
513
514
515
516
517
518
519
520

affected. At the same time, the effective quantum yield of PSII decreased step by step with
increasing NaCl concentration. A very pronounced increase in Y(NO) also suggests a
significant damage to photosynthetic apparatus in the mutant plants at 250 mM NacCl, while
Y(NPQ) efficiently developed at sublethal salt stress. Similarly, the non-photochemical
energy dissipation due to donor side limitation of PSI, Y(ND) increased as a function of NaCl
concentration, but Y(NA) exhibited a maximum at 100 mM NaCl in sit plants. These
parameters remained unchanged under salt stress in WT plants. Similar results were described
by Huang et al. (2010), who found that in a chilling-sensitive tropical tree Dalbergia
odorifera chilling induced photoinhibition, depressed electron flow from PSII to PSI and
increased the oxidation ratio of P700, which was manifested in higher Y(ND).

These observations are in accordance with the changes in electron transport rate
(ETRII) between PSII and PSI in our system. It was much more inhibited in the mutant plants
than in the WT under salt stress, and WT plants were able to increase CET in order to prevent
photoinhibition at 250 mM NaCl. In contrast to this activation, CET was reduced in the
mutants, which led to photoinhibition-caused damage manifested in the decline in Fv/Fm or
increase in Y(NO). However, the activation of CET in WT plants could not prevent the death
of plants exposed to 250 mM NacCl.

The molecular background of the changes in photosynthetic efficiency in sit mutants is
far from clear. Carotenoid biosynthesis in ABA biosynthesis mutants of tomato is seriously
affected. High pigment 3 (hp3) mutant, which has a mutation in zeaxanthin epoxidase (ZEP)
gene, lacks violaxanthin and neoxanthin in the leaves and the tissues contain by 75% lower
ABA than the WT. Significant reduction was also found in zeaxanthin pool in the fruits of sit
and flacca mutants in mature green stage (Galpaz et al., 2008). The reduced pool of the
xanthophyll cycle components, such as violaxanthin or zeaxanthin, may restrict the
development of NPQ under high salinity. Surprisingly, the lycopene content increased in
fruits of these ABA biosynthesis mutants on fresh mass basis. However, on dry mass basis we
found lower total carotenoid level in sit leaves in our experiments. Since carotenoids are
effective non-enzymatic antioxidants, this may determine the oxidative stress response of
these tissues.

In spite of their significantly lower catalase activity, sit mutants in Micro-Tom
background did not show the symptoms of oxidative stress, e.g. increased H-O> and
malondialdehyde content under control conditions (Monteiro et al., 2012), however, they can
increase H>O, accumulation and antioxidant enzyme activities during Cd-induced abiotic
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stress (Pompeu et al., 2017) or the accumulation of reactive oxygen species (ROS) during
high salinity (Kovacs, 2017; Kovacs et al., 2017). However, the non-enzymatic antioxidants
(e.g. carotenoids, ascorbate or glutathione) may be temporarily exhausted in tomato tissues
exposed to salt stress (Flors et al., 2007).

Since salt stress is one of the abiotic stress factors, which generates considerable
amount of ROS and induces intensive oxidative stress, the enzymatic and non-enzymatic
antioxidant capacity of tomato genotypes will determine the acclimation of plants. It was
found that the expression of the genes encoding proteins involved in CET are regulated by
redox signals (Queval and Foyer, 2012) and most of them are over-expressed under
photorespiratory conditions (Foyer et al., 2012). However, the transcriptome pattern of the
leaves of catalase (cat2), ascorbate (vtcl and vtc2) or glutathione deficient (rml) Arabidopsis
mutants showed only partial overlap. Low ascorbate decreased the expression of f-carotene
hydroxylase which participates in the biosynthesis in carotenoids but violaxanthin de-
epoxidase, which catalyzes the synthesis of zeaxanthin, the intermediate of xanthophyll cycle
was down-regulated by low GSH. Low ascorbate or low GSH also decreased the expression
of NDH subunits, NDF5 and NDHJ or CCR1 and CCR3 (CHLORORESPIRATORY
REDUCTIONL1 and 2), respectively. One essential subunit of cytbe/f complex, PETG was also
down-regulated in vicl mutant (Queval and Foyer, 2012). However, the direct role of
ascorbate in photoprotection has recently been questioned (Plumb et al., 2018).

We have only few data about the effect of ABA on the linear or cyclic electron
transport components at protein level. The quantitative proteomic analysis of the ABA-
deficient maize mutants vp5 and its WT counterpart VP5 grown under control conditions and
under osmotic stress, was performed by Zhao et al. (2016). The CAB protein and the ¢ chain
of the chloroplastic ATP synthase were up-regulated by osmotic stress in WT but it did not
take place in the mutants, while the amount of cytbe/f complex subunit 6 protein decreased in
the WT but not in the mutant plants 8 h after the exposure to -0.7 MPa PEG6000-induced
osmotic stress. This suggests that the photosynthetic electron transport may be regulated at the
level of ATP-ase protein in ABA biosynthesis vp5 mutant.

Moreover, the ABA-insensitive ABI4 transcription factor, a component of ABA
signalling has been implicated in the retrograde signal transduction, which conveys
information from the chloroplast to the nucleus and coordinates the expression of

photosynthetic genes encoded by the nuclear genome with chloroplast functions
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(Koussevitzky et al., 2007). This means that the communication between chloroplast and
nuclear gene expression needs active ABA signalling.

It can be concluded that ABA deficiency may control the components of linear and
cyclic electron transport at transcriptional level or at the level of protein stability, which can
lead to the absence of the activation of CET under high salinity.

It has to be mentioned that the biosynthesis of other stress hormones, jasmonic acid
and salicylic acid was induced in ABA-deficient flacca mutants under water stress, these
hormones may also contribute to the regulation of photosynthesis (Mufioz-Espinoza et al.,
2015).

These processes suggest that the efficiency of Calvin-cycle is limited by the rate of
both linear and cyclic electron transport in ABA-deficient mutants under salt stress. The result
is that total soluble sugar content is lower in the mutant under control conditions and at 100
mM NaCl, while starch accumulation exhibited more steep decline with the severity of salt
stress. This deficiency of soluble carbohydrates may contribute to the decline in water
potential of tissues under salt stress.

ABA activates the biosynthesis of compatible osmolytes such as Pro and chaperones
that protect proteins and membranes under water-deficit conditions (Shinozaki and
Yamaguchi-Shinozaki, 2007). Since the main enzymes in Pro biosynthesis are induced by
ABA (reviewed by Szabados and Savouré, 2009), it was expected, that Pro content will be
reduced in sit mutant under salt stress. However, we found that Pro accumulated under salt
stress in the mutants, but not in the WT during the first 6 h of salt exposure, but this increase
was much higher at sublethal stress. This suggests that the biosynthesis of Pro can be induced
by other factors than ABA (e.g. by reactive oxygen species) during early stage of salt stress
acclimation or at the same time the degradation of Pro is inhibited. It is well documented that
in Arabidopsis a stress-specific isoform of the P5CS1 protein is localized to the chloroplast
and the P5CS1 gene is induced by osmotic and salt stress, and is activated by ABA-dependent
and ABA-independent regulatory pathways. Pro synthesis from glutamate generates not only
NADP* for the electron transport chain in the chloroplasts but also consumes ATP and
produces ADP for the chloroplastic ATP synthase (reviewed by Szabados and Savouré,
2009). Thus Pro accumulation may contribute to the maintenance of the electron transport
between photosystems and may serve as an osmoprotectant in chloroplast during stress
conditions. This alleviating effect of Pro accumulation was much moderate at 250 mM NacCl

treatment in sit mutants.
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5. Conclusions

It can be summarized that ABA deficiency in sit mutants caused more severe osmotic
stress and more moderate ionic stress in salt stressed tomato plants than in the WT. However,
the mutants displayed severe salt stress symptoms such as high decrease in water potential, gs
and net CO; assimilation rate under high salinity, especially at lethal salt stress. Exposure of
mutants to 250 mM NaCl caused irreversible damage to PSII reaction centres, severe
reduction in the photosynthetic electron transport rate and effective quantum yields of PSlI
and PSI. These parameters were less affected in WT plants under salt stress. The CET, which
is an effective defence mechanism for the two photosystems to avoid the damage caused by
photoinhibition, was severely reduced under salt stress in sit plants. This suggests that the
activation of cyclic electron transport around PSI needs active ABA synthesis and/or
signalling. In spite of ABA deficiency Pro accumulation could alleviate the stress injury at

sublethal salt stress in the mutant but its accumulation was not sufficient at lethal salt stress.
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Fig. 1. Effect of salt stress elicited by 100 mM or 250 mM NaCl on the relative water content
(A) and on the water potential (B) in the leaf tissues of wild type (black columns) and sitiens
mutants (open columns) of tomato. Means + SE, n=6. Means denoted by different letters are

different at P<0.05 level (Duncan’s multiple range test).

Fig. 2. Effect of salt stress elicited by 100 mM or 250 mM NaCl on the stomatal conductance
(A), transpiration rate (B), net CO> assimilation rate (C), and intercellular CO> concentration
(D) in the leaf tissues of wild type (black columns) and sitiens mutants (open columns) of
tomato. Means + SE, n=5. Means denoted by different letters are different at P<0.05 level

(Duncan’s multiple range test).

Fig. 3. Effect of salt stress elicited by 100 mM or 250 mM NaCl on the protein content of
RUBISCO large subunit (RBCL) (A) and the relative expression levels of RBCL (B) in wild
type (black columns) and sitiens mutants (open columns) of tomato. Means + SE, n=3

(Duncan’s multiple range test; ns: not significant).

Fig. 4. Effect of salt stress elicited by 100 mM or 250 mM NaCl on the maximal quantum
efficiency of PSII (Fv/Fm) in wild type (black columns) and sitiens mutants (open columns)
of tomato. Means = SE, n=5. Means denoted by different letters are different at P<0.05 level

(Duncan’s multiple range test).

Fig. 5. Effect of salt stress elicited by 100 mM or 250 mM NaCl on the effective quantum
yield of PSII (A), on non-regulated (C) and regulated (D) energy dissipation as well as on the
effective quantum yield of PSI (B), on non-photochemical quenching originated from the
limitation of PSI at donor (D) and acceptor sites (F) in wild type (black columns) and sitiens
mutants (open columns) of tomato. Means + SE, n=5. Means denoted by different letters are
different at P<0.05 level (Duncan’s multiple range test).

Fig. 6. Effect of salt stress elicited by 100 mM or 250 mM NaCl on the linear (A, ETR 1I) and
cyclic electron transport (B, CET) in wild type (black columns) and sitiens mutants (open
columns) of tomato. Means = SE, n=5. Means denoted by different letters are different at

P<0.05 level (Duncan’s multiple range test).
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Fig. 7. Effect of salt stress elicited by 100 mM or 250 mM NaCl on the chlorophyll a+b (A)
and carotenoids content (B) in wild type (black columns) and sitiens mutants (open columns)
of tomato. Means + SE, n=5. Means denoted by different letters are different at P<0.05 level

(Duncan’s multiple range test).

Fig. 8. Effect of salt stress elicited by 100 mM or 250 mM NaCl on the starch (A) and total
sugar content (B) in wild type (black columns) and sitiens mutants (open columns) of tomato.
Means + SE, n=5. Means denoted by different letters are different at P<0.05 level (Duncan’s

multiple range test).

Fig. 9. Effect of salt stress elicited by 100 mM or 250 mM NaCl on proline content in the leaf
tissues of wild type (black columns) and sitiens mutants (open columns) of tomato. Means +
SE, n=6. Means denoted by different letters are different at P<0.05 level (Duncan’s multiple

range test).
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Table 1. Changes in K* and Na* contents and the K*/Na™ ratio in the leaves of wild type (WT)

and sitiens tomato after exposure to 100 or 250 mM NacCl.

Treatments
Elements Control 100 mM NacCl 250 mM NacCl
(umol gDW) — — —
WT Sitiens WT Sitiens WT Sitiens
K* 626.82+4.93° 1086.39+5.53% 651.37+29.75° 1133.96+5.53% 584.88+2.94% 1022.09+28.17"
Na* 50.50+0.63" 85.51+0.39¢ 90.79+0.46¢ 128.69+2.26° 151.06+0.23° 213.19+0.55°

K*/Na* 12.41+40.05*  12.70+0.03% 7.17+0.30° 8.81+0.19° 3.87+0.03° 4.79+0.14¢

(Means = SD, n=6). Bars with different letters are significantly different at 0.05 levels

(Duncan’s multiple range test).
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