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Abstract

Salinity and drought are considered significant abiotic plant stressors with major
impact on plant development that causes serious agricultural yield losses. Amongst
the strategies to face this problem, the use of compounds capable of inducing
abiotic stress tolerance is still little explored. Menadione sodium bisulphite (MSB),
a water-soluble vitamin Kj derivative, was previously shown to prime salt stress
tolerance when Arabidopsis seeds were pre-soaked with this compound.
However, this method has some technical problems regarding seed storage and
longevity. In order to overcome these handicaps, we assessed the effect of
supplying MSB to roots to prime the response to salinity stress, analysing the effect
of two NaCl concentrations (100 and 150 mM). We selected tomato plants, the
most economically important horticultural crop, as our biological model. In this new
system, MSB primes salt tolerance in tomato plants by improving net
photosynthesis, regulating stomatal aperture and maintaining water balance.
Furthermore, MSB induces a faster proline accumulation and ion homeostasis by
up-regulating several ion transporter genes, and increases antioxidant activity. As
a result, a clear positive effect on plant growth was observed, indicated by the
relative growth rate (RGR), These findings again highlight the potential usefulness
of MSB as a priming agent for enhancing crop tolerance in the field under adverse

environmental conditions.
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1. Introduction

Global warming is possibly the most important problem faced by agricultural
production in the present century, especially due to intensified and wider-reaching
abiotic stresses (Bellard et al., 2012). Among these factors, drought and soil
salinity cause substantial losses in most important crops (Shrivastava and Kumar,
2015). Environmental conditions are expected to worsen in many regions in the
near future and it has been estimated that more than 50% of arable land may be
salinized by the year 2050 (Jamil et al., 2011). Soil salinity alone is one of the most
devastating agents, causing reductions in quality and productivity of crops
(Shahbaz and Ashraf, 2013).

Various strategies have been described to cope with salinity stress under field
conditions, such as the use of more tolerant transgenic lines (Hirayama and
Shinozaki, 2010). However, salt tolerance is not conferred by a single gene only
(Munns and Tester, 2008) and European countries now greatly limit the use of
transgenic plants. These strategies are moreover highly criticized due to poor
evaluation methodology under field conditions (Ashraf et al., 2008) and besides,
constitutive expression of a specific transgene usually leads to a decrease in yield
(Heil and Baldwin, 2002). Therefore, it would be highly desirable that defence
genes were expressed only under stress conditions. Plants have numerous
defence strategies to bear stress. Amongst them is priming, usually defined as
genetic or biochemical modifications induced by a first stress exposure that lead to
enhanced resistance to a future stress (Conrath et al., 2015). For this reason,
priming treatments constitute fruitful strategies in combatting salinity, since the
defence arsenal in primed plants remains dormant until the stress triggers them.
Interestingly, priming does not involve greater fithess costs under optimum growth
conditions (Van Hulten, et al., 2006).

Several vitamins have been tested as priming agents that can increase plant
resistance to different unrelated stresses (Boubakri et al., 2016). Among them,
previous work by our research group has demonstrated that menadione sodium

bisulphite (MSB), a water-soluble menadione (vitamin Kj) derivative previously
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reported as a plant growth regulator (Rama-Rao, et al.,1985), is capable of priming
Arabidopsis against biotic (Borges et al., 2009; Carrillo-Perdomo et al., 2016) and
abiotic stresses (Jiménez-Arias et al., 2015a,b). These previous studies suggest
that MSB produces a slight oxidative burst that develops a reactive oxygen species
(ROS) dependent signalling network. This induces an accumulation of latent
defence proteins such as ROS-scavenging and transcription factors, resulting in a
primed state and an enhanced stress response (Borges et al., 2014). Finally, we
have patented several practical applications of MSB in agriculture, including the
induction of plant tolerance to salt stress (Borges et al., 2010) and several MSB-

based formulations have been marketed for crop protection.

Soaking seeds in MSB has shown successful results against salt stress (Jiménez-
Arias et al., 2015 a,b), and against biotic stress via foliar spray (Borges et al., 2009;
Carrillo-Perdomo et al., 2016) and root application (De Nisi et al., 2006). In
Arabidopsis this priming effect against salinity stress involves a modification of the
proline accumulation dynamics after salt addition (Jiménez-Arias et al., 2015a),
caused by epigenetic changes in genes controlling proline metabolism (Jiménez-
Arias et al., 2015b). Thus, soaking seeds with MSB seems to be a potentially
beneficial treatment for use under field conditions. Despite promising results
obtained in inducing salt tolerance, from a practical point of view this method may
however have some technical problems regarding seed storage. Indeed, reduced
seed longevity (Chiu et al., 2002) and loss of the primed state with storage have
already been reported (Sliwinska and Jendrzejczak, 2002). For this reason, this
type of application is sometimes very limited (Paparella et al., 2015). Nevertheless,
the advantages of priming induced by MSB through root treatment to improve
salinity tolerance have not been studied in depth. Soil salinity adversely affects the
yield of a wide variety of crops. including tomato, which, in economic terms, is the
world’s most important horticultural crop (Bergougnoux, 2014). It was chosen for

this reason.

The main goal of this study is to assess the effect of MSB application to roots in

tomato plants exposed to salt stress and to establish some of the components
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involved in regulating plant responses to NaCl. The results obtained highlight the
potential of MSB as priming agent for improving salt tolerance in the tomato and

other horticultural crops.
2. Material and Methods

2.1. Plant material, treatments and experimental design.

Tomato (Solanum lycopersicum) plants var. Robin were provided by a local plant
nursery. Plantlets with two leaves were used. Roots were accurately washed with
water and placed in a hydroponic system. The containers were 4 L PVC boxes
accommodating 30 holders with one plant each. Plants were cultivated in a growth
chamber at 22°C, 16 h light (150-200 pymol m2 s') and 60-70% relative humidity.
The solution used was: 1.25 mM KNO3;, 0.5 mM KH,POy4, 0.75 mM MgSO,4 x 7H,0,
0.75 mM Ca (NOj3), x 4H,0, 50 yM H3BO3, 10 yM MnSO,4 x H,0, 2 uM ZnSO,4 x
7H,0, 1.5 pM CuSO, x 5H,0, 0.075 pM (NH4)eMo;O24 x 4H,0O, 44.8 uM
Sequestrene® (Syngenta, USA). After transplanting to the hydroponic conditions,
plants had two days of adaptation using half the concentration of the described
nutritive solution. After the two days, plants were treated by replacing the solution
with distilled water (treatment DW) as a control or 1.3 mg/L of MSB (M5750;
Sigma-Aldrich, St. Louis, MO, USA) diluted in water for 24 hours (treatment MSB).
After this, the treatment solution was removed and the plants were kept 24 hours in
half-concentrated nutrient solution, at this point the salinity experiment began by
adding 100 (9.7 mS/cm) and 150 mM (13.5 mS/cm) NaCl to the nutrient solution.
Salt addition established four more experimental conditions: plants exposed to 100
and 150 mM of NaCl (Salt1 and Salt2 treatments, respectively), and plants
exposed to both treatments (MSB-Salt1 and MSB-Salt2 treatments, respectively).
Salt exposure experiments were sampled at times indicated in the legends of each
figure or table. Three independent experiments were carried out and data shown
represent the average of 30 plants per treatment in growth experiments. For the
rest of measures 18 plants per treatment were used, with the exception of staining

protocols where 10 leaves per experimental treatment were used and for
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transcriptional studies were 4 replicates with 2 plants from each experimental

treatment.

2.2. Growth measurements

Plants were cut into roots, stems and leaves. First, we measured the total surface
area of leaves using the Petiole LTD smartphone application, then plants were
dried in a hot-air oven at 70 °C for 72 hours, and dry weight (DW) was determined
for all plant sections separately. The relative growth rate (RGR) was calculated

using the spreadsheet provided by Hunt (2002).
2.3. Determination of chlorophylls, proline, total carbohydrates

Fresh leaves (50 mg) were immediately ground in liquid nitrogen and chlorophylls
extracted with ice-cold acetone/water 85% (v/v). The extract was then centrifuged
at 15,000 g for 5 minutes and supernatant kept at -20 °C until the chlorophyll

pigments were quantified according to Porra (2002).

Proline content was determined as in Bates et al. (1973) with minor modifications.
Approximately 100 mg fresh tissue was used. Proline concentration was

determined from a standard curve, and calculated on a fresh weight basis.

Total carbohydrate determinations were performed by the phenol-sulphuric acid
method (Dubois et al., 1956) using a multiplate protocol set out by Masuko et al.
(200%5). Total carbohydrate was calculated on a fresh weight basis using L-glucose

as standard.

2.4. Na*, K* and Ca?* content

Tomato plants were harvested, rinsed with deionized water and dried in a hot air
oven at 70 °C for 3 days. Dry ground tissues (100 mg) were decomposed with
HNO3 (8 ml) in a microwave digestion unit (Millestone mls, 1200). The Na*, K* and
Ca?* contents were determined using an atomic absorption spectrometer
(SpectrAA 220FS; Varian, Springvale, Australia).

2.5. Gas exchange and chlorophyll fluorescence measurements
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The gas exchange of leaves was measured using an Infrared Gas Analyzer,
LCpro-SD (BioScientific Ltd., England). The photosynthetic photon flux density
(PPFD) was set at 1,000 ymol m2 s™! after optimization with a light curve. The
cuvette air flow rate was 500 mL min'. Net photosynthetic rate, stomatal
conductance, and transpiration were recorded simultaneously. Water use efficiency
(WUE) was calculated as the ratio between net photosynthesis and transpiration.
Chlorophyll fluorescence measurements were as described by Jiménez-Arias et al.
(2015a)

2.6. Antioxidant capacity and lipid peroxidation

The non-enzymatic antioxidant status of plant tissues was assayed according to
the Oxygen Radical Absorbance Capacity (ORAC) method developed by Gillespie
et al. (2007). The assay is performed in a microplate assessed with a 96-well multi-
detection plate reader (Fluorstar Omega CBMC LABTECH, Germany). ORAC was
calculated on a fresh weight basis using Trolox as antioxidant standard. Catalase,
ascorbate peroxidase and glutathione reductase were analysed following the
protocols optimized by Elavarty and Martin (2010). Lipid peroxidation was
determined by measuring the amount of malondialdehyde (MDA) according to the
method of Hodges et al. (1999).

2.7. Analysis of relative electrolyte leakage and relative water content:

Most apical leaves were used to determine Relative Water Content (RWC). This
was accomplished by excising twenty 1-cm diameter discs for each treatment. All
leaf discs were weighed immediately, providing a measure of fresh mass (FM).
After weighing, the discs were soaked in deionized water for 24 h and then
weighed again to obtain a fully turgid mass (TM). Finally, the discs were dried at
85°C and weighed to obtain a dry mass (DM). The leaf RWC was calculated as
follows: RWC = (FM - DM) / (TM- DM).

Electrolyte leakage was used to evaluate membrane permeability in the leaves. It
was determined with an electrical conductivity (EC) meter. Plants were collected

from each treatment group and samples taken from the most apical leaves. A 1-
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cm? segment was cut out at random from each leaf, washed three times with
distilled water in order to remove surface contaminants and then placed individually
in stoppered vials containing 10 mL of distilled water. The vials were incubated at
25°C on a shaker (100 rpm) for 24 h. EC of the bathing solution was measured
after incubation (EC1). Then the same vials with leaf samples were placed in an
autoclave at 120°C for 20 min and the second measurement of electrical
conductivity (EC2) was taken after cooling the solution to room temperature.
Electrolyte leakage was calculated as EC1/EC2 and expressed as percent (Lutts et
al., 1995).

2.8. In situ localization of H,0,

Leaves from each treatment at different times were excised and immersed in a 1%
solution of 3,3'-diaminobenzidine (DAB) in 10 mM MES buffer (pH 6.5), vacuum-
infiltrated for 5 min and then incubated at room temperature for 3 h in the absence
of light. Leaves were illuminated (1h) until the appearance of brown spots
characteristic of the reaction of DAB with H,O,. Leaves were bleached by
immersing in boiling ethanol to visualize the brown spots. To verify the specificity of
precipitates, before staining with DAB some leaves were immersed for 2 h in
solutions containing the H,O, scavenger 1 mM ascorbate (ASC). H,O, deposits
were quantified by scanning spots from leaf pictures and the number of pixels was
quantified with the Imaged v1.51r software (National Institutes of Health). The
results were expressed as a percentage of the ratio between spots area and total

leaf area, to compensate for differences in leaf size.
2.9. In situ localization of superoxide ions

Leaves from each treatment at different times were excised and immersed in a
0.1% solution of nitroblue tetrazolium (NBT) in 50 mM K-phosphate buffer (pH 6.4),
containing 10 mM Na-azide. They were vacuum-infiltrated for 3 hours and then
illuminated until blue spots appeared, characteristic of blue formazan precipitates.
Leaves were bleached by immersing in boiling ethanol. As negative controls before

staining with NBT, leaves were immersed in 1 mM tetramethylpiperidinooxy, an
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O,~ scavenger, for 3 h. Superoxide deposits were quantified by scanning spots

from leaf pictures as mentioned above.
2.10. Quantification of abscisic acid (ABA) by HPLC

ABA quantification was performed by an adapted procedure depicted in
Supplementary Fig.3, which was based on three previously reported methods
(Nakurte et al., 2012; Munné-Bosch et al., 2011 and Li et al. 2011). The following
instruments and reagents were employed: Shimatzu Europa modular High
Performance Liquid Chromatograph (SPD-M 10AVP diode-array detector, PF 10A
XL fluorescence detector, LC-10A two pumps, CTO-10A column oven and SIL-10A
auto injector). Milli-Q ultrapure water purification system. Standard substance of
ABA was purchased to Sigma-Aldrich company, methanol was chromatographic
pure of VWR Chemical company, acetic acid was analytical pure from MERCK

KGaA and water used in the experiment was ultrapure water.

2.12. Microscopic determinations of stomatal aperture

Five plants from each treatment were sampled and epidermis from the undersides
of two leaves of each plant was taken after 3 and 7 days of salt addition and was
observed in five different fields of view. Stomatal aperture was calculated using
one random stoma from each field of view studied, 50 stomata were measured for

each experimental condition.

2.13. Relative quantification of gene expression by RT-qPCR

Relative quantification of mRNA levels was carried out as described by Borges et
al.,(2009). Results of gene expression of each experimental time-point were
analysed as four independent biological replicas from 100 mg of roots, stem or
leaves. Internal references for normalization of mMRNA quantification were SGN-
U314153 (CAC) and SGN-U346908 (Expressed) described by Expdsito-Rodriguez
et al., (2008). Amplification primers for these references and analysed genes are

shown in Supplementary Table 1.
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2.14. Statistical procedure

Statistical analyses for growth experiments were performed by one-way ANOVA
and the significance of differences between experimental groups was calculated
using a Tamhane post-hoc test. Additionally the other parameters were analysed
using a T-Student test. All statistical tests were performed with IBM-SPSS20

software.
3. Results

3.1. Root treatment with MSB increases growth and prevents water loss

under salinity stress.

Before starting the study, we tested the effect of different MSB concentrations on

plant growth (data not shown), and finally 1.3 mg/L was used for all assays.

Root treatment with MSB increased plant dry weight after 4 days but after 7 days
DW and MSB-treated plants reached similar weights (Table 1). However,
comparison of dry weights after salt addition in DW and MSB plants revealed that
MSB led to higher dry weight values, most notably after 7 days of salt treatment
(42% for 100 mM and 29% for 150 mM NaCl). The RGR values, used as a growth
index, showed non-significant differences between DW and MSB plants in the
absence of salt during the 7 days of treatment. Nevertheless, RGR was reduced by
36% and 64% in untreated salt-stressed plants at 100 and 150 mM NaCl
respectively. In contrast, in MSB-treated plants the reduction was considerably
lower, 7 and 47% in 100 and 150 mM NacCl, respectively. This resulted in an
increase in tolerance of about 81% for 100 mM NaCl treatment and 27% for 150
mM NaCl (Table 1). Figure S1 illustrates the effect of NaCl and MSB on tomato
growth. The analyses of relative water content (RWC) showed that salinity
promoted a reduction in RWC, while in MSB-treated plants the RWC was 28% and
42% higher in 100 mM and 150 mM NaCl, respectively, in comparison to MSB-

untreated plants 7 days after salt exposure (Table 1).

10
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3.2. MSB alleviates salt-induced inhibition in photosynthesis

To assess the effect of MSB treatment on photosynthesis parameters,
measurements were performed every 24 hours after salt addition. As shown in Fig.
1, plants exposed to 100 mM NaCl reduced their photosynthesis rate after 2 days,
independently of being pretreated or not with MSB (Fig. 1), reaching their minimum
levels after 3 days. However, in MSB-treated plants the drop in photosynthetic
activity was significantly less acute. Plants exposed to 150 mM NaCl showed the
same behaviour but starting one day after salt insult (Fig. 1). Growth data (Table 1)

are consistent with the photosynthesis rates (Fig. 1) within each experimental

group.

MSB was capable of ameliorating the drops in stomatal conductance from 3 days
and 2 days in plants exposed to 100 and 150 mM NaCl respectively (Fig. 1). After
3 days, MSB plants submitted to these two NaCl concentrations had the maximum
difference in stomatal conductance between plants treated with MSB or not (Fig.
1). Concerning water use efficiency (WUE), it was interesting that the plants were
able to adapt their water balance after 3 days of salinity stress, with similar WUE
levels to DW and MSB plants (Fig. 1).

In order to confirm stomatal conductance data, we performed direct measurements
of stomatal aperture (Fig. 2). After 7 days of stress, salt clearly affected stomatal
aperture (Fig. 2) in plants untreated with MSB, which was negatively correlated
with NaCl concentration. However, MSB-primed plants exposed to salt did not
have significantly different values compared to DW or MSB plants. After 7 days
(Fig. 2), the stomatal aperture behaviour was similar to that at 3 days, except for

MSB-Salt1, which reached lower and significant values.

Total carbohydrate data presented in Table 1 are consistent with respective
photosynthesis rates. Both salt concentrations reduced the amount of
carbohydrates in plants, but MSB treatment buffered the reduction by about 28%
and 42% in 100 and 150 mM NaCl, respectively (Table 1).

11
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3.3. MSB protects plant photosynthetic machinery

To check the correct functioning of the photosystems in plants, we analysed
chlorophyll fluorescence (Fv/Fm). Figure 3 shows the reduction in Fv/Fm induced
by NaCl; the highest reduction was observed in plants treated with 150 mM NaCl
(Fig. 3). For both NaCl concentrations, a biphasic effect was observed between 1-3
days and 4-7 days. MSB significantly reduced the effect of 100 mM and 150 mM
NaCl. In addition, at 96 hours after salt addition (150 mM NaCl) the Fv/Fm ratio
dropped but MSB buffered this drop and increased these values until non-stressed
levels were reached, while in untreated plants exposed to salt these values
continued to fall. These data are consistent with the total chlorophyll amounts
(Table 1) and suggest that MSB is capable of protecting these pigments from
degradation caused by salt stress imposed by the addition of 150 mM NacCl to the

hydroponic medium.
3.4. MSB enhances antioxidant potential of plant

To assess if the MSB treatment was able to manage the increased levels of ROS
as a consequence of salt stress conditions imposed on tomato plants, we analysed
several antioxidant enzymes involved in ROS detoxification such as catalase

(CAT), ascorbate peroxidase (APX) and glutathione reductase (GR).

Plants treated with MSB only showed a difference in CAT activity in comparison
with DW control after 7 days, showing a six-fold increase in its activity (Fig. 4). Both
salt concentrations significantly increased CAT activity only after 4 days, but the

response was higher in MSB-primed plants (Fig. 4).

MSB increased APX activity, with a maximum difference of 4.5-fold over control
after 4 days (Fig. 4). Moreover, only Salt2 plants reached MSB activity levels after
7 days. Salt1 and Salt2 only showed significant changes with respect to DW
control in APX activity after 7 days, while MSB-treated plants submitted to salt had
on average 2.5 fold more APX activity than their counterparts (Fig. 4).

The GR activity increased slightly, but significantly, after 1 day in the three

experimental groups treated with MSB (Fig. 4). These differences remain after 7

12
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days of salt stress, except for plants exposed to 100 mM NacCl, which reached its

maximum GR activity at 4 days.

Furthermore, salt stress induced a significant increase in non-enzymatic
antioxidant capacity, which was higher in MSB-treated plants (Fig. 4), although the
differences were progressively reduced during the experimental period. Moreover,

MSB seems to raise antioxidant capacity under unstressed conditions (Fig. 4).

Histochemical localization of H,O, using DAB is shown in Table 2 and
Supplementary Fig. 2 (A-C). After one day of salt stress, MSB, MSB-Salt1 and
MSB-Salt2 plants show 28, 19 and 42% reduction in H,O, comparing DW-treated,
Salt1 and Salt2 plants, respectively (Table 2). These differences became greater
after 4 days of salinity stress with a 55% and 83% reduction at 100 and 150 mM,
while without NaCl the values were very similar (Table 2). After 7 days, H,O,
accumulation was very similar in MSB-primed and unprimed plants, except in those
exposed to 150 mM NaCl. In these, MSB reduced the accumulation of H,O, to
77% compared with the NaCl-treated plants (Table 2). Histochemical localization of
O, revealed the opposite trend to H,O,. Plants exposed to MSB and salt-stress
showed an increase in superoxide radical accumulation in leaves, compared to the

MSB-untreated salt stressed plants (Table 2) and Supplementary Fig. 2 (D-F).

In order to test if priming plants with MSB ameliorates oxidative damage to the
plasma membrane induced by salinity stress, the percentage of electrolyte leakage
and lipid peroxidation were measured after salt addition. Indeed, treatment with
MSB reduced electrolyte leakage and lipid peroxidation at both salt concentrations
(Table 3).

3.5. MSB regulates ion homeostasis under salt stress.

We analysed the expression of several genes involved in ion homeostasis 4 days
after salt exposure in roots, stem and leaves. At this time point, DW and MSB-
treated plants did not show significant differences in the expression of any

analysed genes (Fig. 5).

13
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Significant differences induced by salt exposure in expression of the tomato gene
encoding the Na+/H+ antiporter 2 (NHX2) were only detected in leaves, but with
different trends in plants treated or not treated with MSB (Fig. 5). While salt stress
induced a decrease in NHX2 expression in unprimed plants, reaching a two-fold
downregulation in the Salt2 group, it had the opposite effect in plants treated with
MSB.

Expression of the (Sodium/potassium)/proton exchanger 4 (NHX4) gene was
upregulated by salt stress both in roots and stems, without significant differences
between MSB-primed and unprimed plants. Nevertheless, treatment with MSB
prevented significant decrease in the NHX4 gene expression, induced by salt

exposure in leaves (Fig 5).

In contrast, expression of the plasmalemma Na*/H* antiporter (SOS7) gene in
roots was not altered in any experimental group. Both salt concentrations
increased SOS1 expression in stems, but in MSB-primed plants the response was
notably higher (Fig 5). In leaves, opposite behaviour was again observed in primed
and unprimed plants. In this plant tissue, as with NHX2 gene, expression was
downregulated in unprimed plants but upregulated by salt in plants pre-treated with
MSB.

Finally, expression of the gene HKT1,2, which encode a plasmalemma Na*/H*
antiporter, showed the greatest change in expression, in relative terms, as a
response to salt insult (Fig. 5). This increase in HKT1,2 expression was greater in
MSB-primed plants in all analysed tissues, especially in roots, reaching 22-fold

upregulation.

The values of ion concentrations after 7 days of salt stress (Table 4) indicate an
MSB-dependent increase in K* concentration in leaf and stem at both NaCl
concentrations assayed. Plants treated with MSB and exposed to 100 mM NaCl
showed 16% and 26% higher K* concentrations in leaves and stem respectively,
the differences being even higher in leaves in response to 150 Mm NacCl.

Interestingly, MSB prevented the accumulation of Na* in leaf tissue, with a 30%

14
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reduction at both NaCl concentrations (Table 4). The Na*/K* ratio in leaves was
approximately half that in MSB treated plants for both salt concentrations (Table 4).
In addition, MSB showed a 28% higher Ca2* concentration in stems and 19% less
in root tissues, as compared with untreated plants after the addition of 100 mM
NaCl. However, there were no significant differences in leaf tissues. Besides,
plants treated with MSB and exposed to 150 mM NaCl showed 10, 27 and 5% less

Ca?* in leaf, stem and root tissues, compared with untreated plants (Table 4).

3.6. MSB promotes changes in the kinetics of proline and ABA accumulation
under salinity stress

Proline levels were increased in all experimental groups submitted to salt stress, as
early as 1 day after addition of NaCl to the nutrient solution (Fig. 6). At the end of
the assay (7 days), proline levels were similar for the same NaCl concentration, but

MSB-primed plants reached these levels sooner (4 days).

Abscisic acid (ABA) is an important component in plant response to salinity. To
determine the effect of MSB on ABA production in response to NaCl addition, a
time-course analysis of this hormone was carried out. As shown in Fig. 7, salt
exposure increased ABA levels compared to the corresponding controls but, in
general, primed plants exhibited significantly higher hormone concentration. Seven
days after salt exposition, ABA levels were considerably lower than at the

beginning of the experiment.
4. Discussion

Nowadays, one of the most important challenges is to feed a growing population
that will reach 9 billion people by 2050 (Tilman et al., 2013), in a scenario where
climate change is predicted to cause a dramatic reduction in the area available for
agriculture (Rosenzweig et al., 2014). Indeed, to complicate this predicted
situation, frequent extreme weather events are expected during the 21st century.
Among them, heavy precipitation, heat waves, and rising sea level, with resulting

floods, drought, and salinity as the most critical consequences (Mba et al., 2012).
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Currently, salinity stress alone affects approx. 20% of irrigated land and reduces
crop yields significantly (Negréo et al., 2017). Moreover, the increase in salinity of
agricultural land is expected to result in up to 50% loss of cultivable lands by the
middle of the 21st century (Mahajan and Tuteja, 2005).

Soil salinity stress affects plants in two phases. 1) Around the roots it impedes
water extraction from the soil. 2) Inside plants, it can be toxic (Munns and Tester,
2008). The first (osmotic stress) affects plant-water relations through stomatal
closure and leads to growth inhibition (Munns and Termaat, 1986). The second
phase (ionic stress) is governed by a specific ion-dependent response to salinity
involving toxic accumulation of ions in the shoot. This particularly affects old
leaves, causing premature senescence of plants and finally reduction in yield, or
even plant death (Munns and Tester, 2008). Plants have evolved three distinct
strategies to face salt stress: 1) Tolerance to osmotic stress; 2) Na* exclusion from

leaf blades; 3) Tissue tolerance to Na* (Negréo et al., 2017).

Photosynthesis and cell elongation are the main processes affected by salt stress
in early growth stages (Chaves et al., 2009). This behaviour was clearly observed
in the present work (Fig. 1). Salinity considerably reduced net photosynthesis and
stomatal conductance, which have a clear negative effect on plant growth (Fig.
S1), as indicated by the RGR and total carbohydrate measured in plants submitted
to both salt concentrations assayed (Table 1). As shown in Fig. 1, net
photosynthesis and stomatal conductance were reduced by NaCl. However, MSB
treatment prevents the negative effect of NaCl on growth, as measured in dry
weight, RGR and total carbohydrate content (Table 1). However, this effect was
dependent on NaCl concentration, being more effective at moderate salt
concentrations. The protective role of MSB may be related to the improvement in
photosynthesis parameters and stomatal conductance (Fig. 1). In this sense, the
severe reduction in photosynthesis caused by NaCl would be due to the
disturbances in gas exchange because of stomatal closure, which would reduce
CO, availability. In turn, the positive effect of MSB is related to stomatal regulation

during salt stress. Net photosynthesis rates are positively correlated with stomatal
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conductance under optimal and osmotic stress conditions, thus effective stomatal
control promotes rapid growth and tolerance to osmotic stress (Haworth et al.,
2018). Comparison of water-use efficiency (WUE) values in presence of NaCl (Fig.
1C) reveals that, in general, MSB did not have a significant effect in WUE, despite
MSB-primed plants showing higher stomatal conductance and aperture (Fig. 1B,
2), suggesting that MSB has a protective effect on water balance under salinity

conditions, as indicated by higher RWC percentages (Table 1).

One of the most studied mechanisms that plants use to cope with osmotic
imbalance caused by salt stress is the accumulation of compatible low molecular
weight osmolytes, such as the amino acid L-proline (Szabados and Savouré,
2010). The cytoplasmic and intercellular accumulation of proline is able to protect
cells from damage, acting as both a radical scavenger and an osmoprotective
agent (Szabados and Savouré, 2010). Under our experimental conditions, MSB
promotes and accelerates proline accumulation, (Fig. 6). A similar effect was
observed in two previous studies using Arabidopsis seeds pre-soaked with MSB
and exposed to salinity (Jiménez-Arias et al., 2015 a,b). In those studies, MSB
showed a priming effect, improving tolerance against salinity stress in Arabidopsis
plants. It was also demonstrated that this process involves epigenetic changes in
the promoter region of genes controlling proline metabolism, in such a way that
leads to the upregulation of PYRROLINE-5-CARBOXYLATE SYNTHETASE1 gene
(P5CS1) involved in proline biosynthesis, and the downregulation of EARLY
RESPONSIVE TO DEHYDRATION 5 gene, (ERD5) involved in proline
degradation, giving rise to proline accumulation (Jiménez-Arias et al., 2015b). In
addition to its role as an osmolyte, it has been suggested that proline may be
beneficial to maintain the electron-chain of photosynthesis and respiration. Proline
acts as a sink to drain away any excess reductants, providing the NAD* and
NADP* necessary to sustain those processes (Kishor et al., 2005), which would
explain the positive effect of MSB on net photosynthesis (Fig. 1A) and on the
Fv/Fm ratio (Fig. 3).
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Concerning the effect of MSB on ion concentration, the changes observed in
accumulation and translocation of Na* and K* are noteworthy, under both 100 and
150 mM NaCl concentrations, giving rise to a reduction in Na*/K* ratio, particularly
in leaves (Table 4). A plasma membrane Na*/H* antiporter activity has been
demonstrated in tomato plants, identified as the protein SISOS1, which is involved
in Na* extrusion in tomato plants (Olias et al., 2009). De Nisi (2006) demonstrated
that MSB application within a hydroponic system increased H*-ATPase activity in
tomato roots. The H*-ATPase generates the proton motive force across the plasma
membrane necessary to activate most of the ion and metabolite transport
(Morsomme and Boutry, 2000). The role of other Na+ transporters such as
HKT1,2, recently reported to modulate Na+/K+ homeostasis, cannot be ruled out in
tomato under saline conditions (Jaime-Pérez et al., 2017). Indeed, MSB treatment
was able to activate SOS7 and HKT1,2 expression in our experimental model Fig.
6 C), especially HKT1,2 which has been reported as a key gene in Na* extrusion
from the aerial parts of tomato plants under salt stress (Jaime-Pérez et al., 2017).
MSB treatment also induced the up-regulation of SOS7 gene in stem and leaf
tissues (Fig. 6). We hypothesized that MSB could extend the half-life of SOS1
MRNA, because stress-induced SOS7 mRNA stability is mediated by reactive
oxygen species (Chung et al., 2007), and MSB is a notable superoxide generator
(Sun et al., 1999). In our conditions, expression of NHX4 gene was downregulated
in leaves by salt addition, and MSB priming prevented this (Fig. 6 B). Jaime-Pérez
et al.,, (2017) concluded that the combination of HKT1,2, SISOS1 and NHX4
proteins are required to regulate Na* and K* concentrations. Our data about gene
expression, in combination with the analysis of ion concentrations, suggest that

MSB-priming improved ion homeostasis machinery under salt stress.

It is well known that salt stress is associated with increased production of ROS,
which in turn may provoke an extended oxidative stress, resulting in peroxidation of
essential macromolecules, particularly lipids, thus affecting the plasma membrane
(Meloni et al., 2003). After 1 day of salt exposure (Table 2), significant ROS
accumulation (O, and H,0,) is observed in tomato leaves, although ROS

decrease progressively until the end of the experiment. MSB accelerates the drop
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in hydrogen peroxide content, compared to salt-treated plants (Table 2). It should
be noted that MSB-treated plants accumulated higher levels of superoxide ions
during the trial (Table 2). This is not surprising because MSB is a well-known
superoxide ion generator (Sun et al., 1999). MSB appears to promote priming by
activating the expression of key genes involved in a ROS-dependent signalling
network (Borges et al., 2014). One of them is the gene encoding the transcription
factor ZAT12, which is required for ascorbate peroxidase (APX) expression under
stress (Rizhsky et al., 2004). Herein, we present evidence of a higher activity of
APX in MSB-treated plants during the seven days of the experiment (Fig. 4), which
together with increased catalase and glutathione reductase activities at higher salt
doses and enhanced total antioxidant capacity (Fig. 4) improve the efficiency in
eliminating H,O, (Table 2). This strengthened antioxidant response can explain the
higher levels of chlorophylls at higher salt concentration (Table 1), the stability of
the Fv/Fm ratio (especially at 150 mM NaCl, Fig. 3), and the reduced damage to
plasma membranes as indicated by lower values of electrolyte leakage and lipid

peroxidation (Table 3).

Many previous works have focussed on the role of abscisic acid (ABA) and other
hormones in abiotic stresses such as drought and salinity (Vishawakarma et al.,
2017). Some contradictory results have been published regarding whether ABA
levels affect these stress responses or not, and their role as a modulator of
stomatal closure, conductance and transpiration (Jakab et al., 2005; Wan and Li,
2006; Shaw et al., 2016). Moreover, another ‘dogma’ subject to debate is the role
of ABA as a plant growth inhibitor, in contrast to the latest studies that address its
role as growth promoter (Humplik et al., 2017). In general, we detected increased
ABA levels for at least four days of NaCl exposure in MSB-treated plants (Fig. 7).
In addition, 3 days after salt addition a significantly higher level of stomatal
conductance in MSB-pretreated plants was found (Fig. 2). Under our experimental
conditions, higher values of this hormone could activate the ABA-dependent
biosynthesis of proline (Szabados and Savouré, 2010), enabling MSB-treated

plants to more rapidly adjust to osmotic imbalance caused by salt stress. However,
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ABA-independent mechanisms for regulating proline accumulation have also been

reported in conditions of low water-potential stress (Sharma and Verslues, 2010).

In summary, MSB seems to promote tolerance to NaCl by acting at different levels:
Activating important genes for ion homeostasis and antioxidant defences,
increasing photosynthesis rate, and improving osmotic and water balance.
However, whether MSB has a direct effect on each of these processes or exerts an
indirect action needs to be addressed in future studies. A hypothetical model of

MSB action is proposed in Fig. 8.

Susceptibility or tolerance of plants to high salinity is the result of a coordinated
action of many stress-responsive genes (Munns and Tester, 2008). This
complexity hinders the design of transgenic strategies in crops to overcome salinity
stress (Ashraf et al., 2008). The priming strategy to enhance stress tolerance
consists of stimulating and accelerating the plants’ defences to face further
adverse conditions sooner than unprimed plants (Bruce et al., 2008), avoiding
undesirable fitness costs (Van Hulten et al., 2006). Previous work by our group,
using an MBS seed-soaking treatment, demonstrated that this compound is
capable of inducing salinity tolerance in Arabidopsis plants (Jimenez-Arias et al.,
2015 a,b). However, this approach has some problems related to seed viability,
hampering its use in the field (Paparella et al., 2015). The present study provides
evidence for the protective effect of MSB against salt stress, using root treatment.
This highlights its potential use as a priming agent for enhancing crop plant
tolerance under adverse environmental conditions, with practical applications in

agriculture.
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Table 1

Changes in different physiological variables in normal and salt-stress conditions.

Data show the mean values plus their standard deviation.

Experimental Dry weight i 7 days Total Total

group 4 days 7 days I RGR RWC Chlorophyll | Carbohydrate
DW 103.8+(3.2)a | 142.31+(4.9)a | 0.14+(0.006)a | 87.29+(7.5)a | 1.4+(0.1)a 31.31£(3.3)a
Salt1 75.49+(2)b 94.78+(2.7)b ! 0.09+/0.004)b | 67.03+(9.5)b 1£(0.1)b 26.05+(2.2)b
Salt2 64.08+(1.9)c | 70.70+(1.6)c ! 0.05+(0.005)c | 59.92+(9.9)c | 0.50+(0.1)c 19.78£(1.9)c
MSB 122.48+(2.7)d | 144.78+(2.8)a | 0.15+(0.006)a | 90.31+(5.5)a | 1.47+(0.1)a | 32.73+(3.4)d
MSB-Salt1 103.04+(1.6)a | 134.13+(2)d | 0.14+(0.009)a | 84.47+(9.3)a | 0.99+(0.1)b | 31.89+(0.4)d
MSB-Salt2 77.64+(1.6)b | 91.17+(2.7)b | 0.08+(0.003)b | 78.4+(8.5)a | 0.66+(0.04)d | 28.45+(3.7)a

Data show the mean values plus their standard deviation. RGR Relative Growth
rate (g.g'.day'). RWC relative water content (%). Total chlorophyll mg/mg plant
fresh weight) and total carbohydrate (ug/mg plant fresh weight). Values for the
same time-point followed by different letters are significantly different at p<0.05,
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Table 2

Quantification of in situ localization of H,O, and O:=" in leaves of MSB-treated and

untreated tomato plants under salt-stress conditions

Experimental group

DW Salt1 Salt2
H.O 65.7+(4.8)a | 85.3+(4.7)a | 88.3%(2)a
22 MSB MSB-Saltl | MSB-Salt2
5‘ 47+(8.7)b | 69.3x(5.4)b | 51£(6)b
kS DW Salt1 Salt2
o 15.8+(7.1)a | 3.3%(2.5)a | 16.3%(3.9)a
2 MSB MSB-Saltl | MSB-Salt2
23+(7.3)a | 32.4%(6.4)b | 36.2+(7.3)b
DW Salt1 Salt2
HO 42+(1.7)a | 64.8+(4.5)a | 55.7+(3)a
22 MSB MSB-Saltl | MSB-Salt2
‘5 36.7+(8)a | 29+(7.2)b | 9.3+(0.4)b
2 DW Salt1 Salt2
0, 12.1%£(1.9)a | 3.2%(4.5)a 14.6(x3)a
2 MSB MSB-Saltl | MSB-Salt2
1.8+(0.3)b | 22.2+(6.6)b | 12.8%(8.5)a
DW Salt1 Salt2
HO 2.8+(2.3)a | 7.5%(2.2)a | 13.2+(2.3)a
22 MSB MSB-Saltl | MSB-Salt2
5‘ 1.5+(0.5)a | 3.9%(1.9)a | 3%(1.5)b
kS DW Salt1 Salt2
o 5.7+(3.7)a | 5.2+(4.6)a | 4.6x(3.4)a
2 MSB MSB-Saltl | MSB-Salt2
7.7+(2.5)a | 10%(7)a | 16.9+(2.2)b

Data show the mean values plus their standard deviation. Values within the same
time point and salt concentration, followed by different letters are significantly
different at p<0.05.
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Table 3

Damage measures using different variables of MSB-treated and untreated tomato

plants after 7 days under salt-stress conditions.

Experimental groups

Electrolyte leakage

Lipid peroxidation

Salt1 52.05+(5.96)a 1.55+(0.13)a

Salt2 63.37(2.17)b 2.93+(0.3)b
MSB-Salt1 36.13(8.17)c 1.152(0.13)c
MSB-Salt2 48.09+(7.81)a 0.96%(0.37)c

Data show the mean values plus their standard deviation. Values within the same

time-point followed by different letters are significantly different at p<0.05.
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Table 4

Changes in ion content of MSB-treated and untreated tomato plants after 7 days

under salt-stress conditions.

Experimental group | Tissue Na* K* Na*/K* Ca*
Leaf | 37.3+(0.3)a | 4+(0.05)a | 9.4 | 2.28+(0.002)a
Salt1 Stem | 17.5+(0.5)a | 10.3+(0.2)a | 1.7 | 1.29+(0.0001)a
Roots | 20.2+(0.2)a | 6(0.02)a | 3.4 | 1.01x(0.0001)a
Leaf | 26.3+(0.4)b | 4.6+(0.4)b 5.7 2.13£(0.0001)a
MSB-Salt1 Stem | 17.7+(0.4)b | 13.1£(0.2)b | 1.3 | 1.81£(0.0001)b
- Roots | 19.3+(0.2)b | 6.3+(0.03)a | 305 | 0.81+(0.001)b_
Leaf | 75.3+(0.6)a | 3.4#0.1)a | 19.3 | 3.91%(0.04)a
Salt2 Stem | 55.4+(0.5)a | 9.3+(0.1)a | 6.0 1.812(0.01)a
Roots | 36.4+(0.3)a | 7.6+(0.1)a | 4.8 1.73+(0.01)a
Leaf | 54.5+(0.4)b | 4.9+(0.1)b | 10.9 | 3.53%(0.01)b
MSB-Salt2 Stem | 46.12(0.4)b | 9.9+(0.1)b | 4.7 | 1.33+(0.001)b
Roots | 37.6£(0.4)b | 9.1+(0.8)b | 4.1 1.64%(0.01)b

Data show the mean values plus their standard deviation. Values within the same

salt-concentration and tissue followed by different letters are significantly different

at p<0.05.
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Figure legends

Fig. 1. Analysis of several photosynthetic parameters in MSB-treated and
untreated tomato plants under normal and salt stress conditions. Discontinuous
lines represent the average values of DW and MSB pre-treated plants without salt
stress. Values for the same time-point followed by different letters are significantly
different at p<0.05.

Fig. 2. Analysis of stomatal aperture under optical microscopy values of MSB-
treated and untreated tomato plants under normal and salt stress conditions. Data
obtained after 3 days and 7 days of salt exposure are shown. Values for the same

time-point followed by different letters are significantly different at p<0.05.

Fig. 3. Analysis of chlorophyll fluorescence values of MSB-treated and untreated
tomato plants under normal and salt stress conditions. Values for the same time-

point followed by different letters are significantly different at p<0.05.

Fig. 4. Antioxidant status of MSB-treated and untreated tomato plants under
normal and salt stress conditions. Enzymatic and non-enzymatic activities were
analysed. Values for the same time-point followed by different letters are

significantly different at p<0.05.

Fig. 5. Expression analysis of genes involved in ion homeostasis in roots, stem
and leaves of MSB-treated and untreated tomato plants under salt stress
conditions. Levels of the different mMRNA species were relativized to DW control.
Bars with different letters in the same tissue are significantly different at p<0.05.
NHX2: Na+/H+ antiporter 2; NHX4: (Sodium/potassium)/proton exchanger 4;
SOS1: plasmalemma Na+/H+ antiporter; HKT1.2: sodium transporter HKT1.2.

Fig. 6. Kinetics of proline accumulation in leaves of MSB-treated and untreated
tomato plants under normal and salt stress conditions. Values for the same time-

point followed by different letters are significantly different at p<0.05.
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Fig. 7. Kinetics of ABA accumulation in leaves of MSB-treated and untreated
tomato plants under normal and salt stress conditions. Values for the same time-

point followed by different letters are significantly different at p<0.05.

Fig. 8. Hypothetical schema of the effects of MSB on defence mechanisms against
salt stress in tomato plants. MSB promotes tolerance to NaCl by acting at different
levels: Na*/K* homeostasis; antioxidant defences; photosynthesis rate; osmotic
and water balance. Abbreviations: H*-ATPase. plasmalemma-bound H*-ATPase;

SISOS1. tomato plasma membrane Na*/H* antiporter protein.

Supplementary Fig. S1. Visual appearance of MSB-treated and untreated tomato

plants under normal and salt stress conditions.

Supplementary Fig. S2. Effects of MSB on the in situ accumulation of H,O, and
superoxide radicals. H,O, (A-C panel) and superoxide radical (D-F panel) in
tomato plant leaves under normal and salt-stress conditions. A and D show leaves
at 1 day after salt addition; B and E at 4 days after salt addition; and C and F at 7
days hours after salt addition. The average and standard deviation of three

independent experiments of each experimental group are indicated in brackets.

Supplementary Fig. S3. Summary of the extraction protocol and analysis of ABA

in tomato plants.

Supplementary Table 1. Amplification primers for gene expression analyses.
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Fig.5
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Supplementary Figure S1
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Supplementary Figure S 3. Summary of the extraction protocol and
analysis of ABA in tomato plants.

Schematic extraction diagram to analyze plant material using HPLC.

1) Ground the leaves of 6-10 fresh plants into HPLC method C8:
liquid nitrogen in a mortar and grind. Solvent (A) = MeOH:i-PrOH:AcOH (20:79:1) method C8:
l Solvent (B) = MeOH: 1%AcOH en H,O (34:66) - Isocratic solvent (C)
Solvent (C) = MeOH: 1%AcOH en H,0 (28:72) 1 mL/min

2) Introduce the grinded plants into Eppendorf (2 - Oven 33 2C
mL with screw cup) in portions of 500 mg.

Inject 45 plL/ 3 tries

l - PDA: 260 nm
3) Add 1,5 mL solvent (A} 7) Add 1,5 mL solvent (A) - Fluorescence: 282nm (Ex), 360nm (Em)
l vortex vortex - RT {IAA) = 15,1 min
RT (ABA) = 44,0-44,5min
| 4) 30 min ultra sonication (4-7 2C) | I 8) 30 min ultra sonication {4-7 2C) |

l vortex 1 vortex
I 5) Centrifugation (10,000rpmfor 15 min) I— I 9) Centrifugation {10,000rpm for 15 min} H 11) Repeat steps 7 to 9 |—)II 13) Repeat steps 7 to 9 I

6) Collect supernatant 10) Collect supernatant | 12} Collect supernatant | I 14) Collect supernatant |

(6 mL) into 15 mL Falcon tubes

I 15) Evaporated until less than one-tenth volume (50 2C, 100psi, =2,5 h) I

l

| 16} Addition of Buffer phosphate (0,1M/pH8,5) (4 mL) |

l

17) Fitration through 0,45 + ——)l 18) SPE Strata-X-AW 33um l—)l 19) Evaporated till dryness I—)| 20} Redisolved in 300 ul solvent (B} |—)| 21) HPLC I
0,2 um filters
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Supplementary Table 1. Amplification primers for gene expression
analyses

Oligos Sequence 5°-3°
SIHKT1.2f TGAGCTAGGGAATGTAATAAACG
SIHKT1.2r AGAGAGAAACTAACGATGAACC

SISOS1f TCGAGTGATGATTCTGGTGG
SISOS1r ATCACAGTGTGGAAAGGCT
LeNHX2f CCTTTGAGGGGAACAATGG

LeNHX2 r CATCTTCATCTTCGTCTCC

LeNHXA4f TGGTGGGCAGGTTTGATGAGAG
LeNHX4r TGTGGTGGCAGCAGGAGACTTA
LeCACf CCTCCGTTGTGATGTAACTGG

LeCACr ATTGGTGGAAAGTAACATCATCG

LeEXPRESSEDf GCTAAGAACGCTGGACCTAATG
LeEXPRESSEDr TGGGTGTGCCTTTCTGAATG



