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ABSTRACT

Exposure to salinity induces a burst in ethylene synthesis in the wild tomato halophyte plant species
Solanum chilense. In order to gain information on the role of ethylene in salt adaptation, plants of Solanum
chilense (accession LA4107) and of cultivated glycophyte Solanum lycopersicum (cv. Ailsa Craig) were cul-
tivated for 7 days in nutrient solution containing 0 or 125 mM NaCl in the presence or absence of the
inhibitor of ethylene synthesis (aminovinylglycine (AVG) 2 wM). Salt-induced ethylene synthesis in S.
chilense occurred concomitantly with an increase in stomatal conductance, an efficient osmotic adjust-
ment and the maintenance of carbon isotope discrimination value (A'3C). In contrast, in S. lycopersicum,
salt stress decreased stomatal conductance and A'3C values while osmotic potential remained higher
than in S. chilense. Inhibition of stress-induced ethylene synthesis by AVG decreased stomatal conduc-
tance and A'3C in S. chilense and compromised osmotic adjustment. Solanum chilense behaved as an
includer and accumulated high amounts of Na in the shoot but remained able to maintain K nutrition in
the presence of NaCl. This species however did not stimulate the expression of genes coding for high-
affinity K transport but genes coding for ethylene responsive factor ERF5 and JREF1 were constitutively
more expressed in S. chilense than in S. lycopersicum. It is concluded that ethylene plays a key role in salt

tolerance of S. chilense.

© 2016 Published by Elsevier GmbH.

1. Introduction

Soil salinization is a major environmental stress affecting plant
productivity. Salinity can cause nutritional imbalance, ion toxic-
ity, water deficit and oxidative damage in plants (Munns 2002;
James et al,, 2011). Tomato (Solanum lycopersicum) is one of the
most important crops in the world but is considered to be salt-
sensitive and encounters drastic yield decrease in response to NaCl
(Chen et al., 2015).

Some plants, however, are able to cope with high levels of NaCl
in the surrounding media and for this purposes induce different
mechanisms allowing adaptation against the stress (Ruan et al.,
2010). Analysis of wild-related halophytes species can be consid-
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ered as a useful tool to improve the salt tolerance of cultivated
plant species (Munns, 2005). Several halophyte plant species are
available within the genus Solanum and could be considered as a
valuable source of salt tolerance genes for transfer to the cultivated
tomato (Albacete et al., 2009; Fischer et al., 2013). In its natu-
ral environment (salt desert of Atacama, Chile), the wild tomato
species Solanum chilense is frequently exposed to extreme temper-
atures, drought, and high salt concentrations in the soil (Chetelat
et al., 2009; Nakazato et al., 2010). This species is considered as a
good model to study adaptation to biotic stress and as a source of
genes coding for resistance to several pathogens such as Topovirus
species and Pseudomonas syringae (Dianese et al.,2011; Thapaetal.,
2015). It also displays a promising behavior in relation to drought
tolerance (Fischer et al., 2013; Tapia et al., 2016). Considering its
halophytic nature, salinity resistance in S. chilense also recently
started to be studied. Martinez et al. (2014) reported that salt-
resistance in S. chilense can be related to the optimal management
of the water and the oxidative status compared with S. lycopersicum.
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Our previous results confirmed that S. lycopersicum and S. chilense
exhibited contrasting levels of salt-resistance. In S. chilense, salinity
induces a marked burst in ethylene synthesis occurring concomi-
tantly with ACCS2 gene induction (Gharbi et al., 2016). These data
are contrasting with those obtained in the cultivated glycophyte
S. lycopersicum. Indeed, Albacete et al. (2008) and Ghanem et al.
(2008) demonstrated that the accumulation of the ethylene precur-
sor 1-aminocyclopropane-1-carboxylic acid (ACC) may explain the
onset of salt-induced oxidative damage in the leaves of cultivated
tomato preceding massive Na* accumulation.

Ethylene involvement in salinity resistance is highly complex
and still remains unclear. Although ethylene is commonly consid-
ered as a senescing stress hormone, some recent data also suggest
that it may have a dual impact in salt resistance (Amjad et al., 2014;
Kazan, 2015; Pan et al., 2016). Ethylene was reported to induce sto-
matal closure through NADPH oxidase activation leading to H,0, in
the guard cells (Desikan et al., 2006). According to Ge et al. (2015),
ethylene-induced stomatal closure is mediated through the het-
erotrimetric G protein Ga subunit GPAT1. In contrast, Tanaka et al.
(2005) reported that ethylene inhibits abscisic acid-induced stoma-
tal closure in Arabidopsis. Benlloch-Gonzalez et al. (2010) provided
evidences that K* starvation inhibits water-stress-induced stoma-
tal closure via ethylene synthesis in sunflower plants.

Potassium deficiency is commonly observed as a consequence
of salt stress in plants but Jiang et al. (2013) reported that in Ara-
bidopsis, ethylene promotes soil-salinity tolerance via an improved
Na/K homeostasis associated with elevated HIGH-AFFINITY K*
transporter5 (HAK5) transcripts levels. Besides HAKS5, the inward-
rectifier Shaker K* channel AKT1 also mediates K* uptake and the
expression of the corresponding gene is mainly detected in the root
epidermal cells (Aleman et al., 2011).

Gharbi et al. (2016) demonstrated that leaf sodium concen-
tration of salt-treated plants was higher in S. chilense than in
S. lycopersicum, while an opposite trend was recorded for the
roots. According to this study, salicylic acid (SA) may positively
influence K* nutrition in salt-treated plants. Exogenous SA how-
ever decreased ethylene production in S. chilense but increased
polyamine (PA) content. Polyamine and ethylene share a com-
mon precursor (S-adenosylmethionine) and the two corresponding
biosynthetic pathways are therefore often considered to be com-
petitive (Lutts et al., 2013). Polyamines are thought to assume key
functions in mineral nutrition of salt-stressed plants and a specific
interaction of PAs with several types of cation channels may con-
tribute to salt stress resistance (Pandolfi et al., 2010). Both salicylic
acid and PAs should thus be regarded as important determinants
of salinity resistance in S. chilense but the influence of ethylene on
their synthesis still requires further investigations.

Beside ethylene synthesis itself, transduction through ethylene
responsive factors (ERFs) may also assume crucial functions in the
tomato plant response to NaCl stress. Zhang et al. (2004) demon-
strated that the ethylene- and NaCl responsive tomato transcription
factor JERF1 modulates expression of GCC box-containing genes
and salt resistance in tobacco. Similarly, ectopic overexpression of
tomato JERF3 in tobacco activates downstream gene expression and
enhances salt resistance (Wang et al., 2004) while ERF5 is promot-
ing adaptation to drought and salt tolerance in tomato (Pan et al.,
2012). By contrast, mutants deficient for ethylene responses dis-
play salt hypersensitivity at different developmental stages (Achard
et al, 2006; Lei et al., 2011).

The present work was undertaken in order to confirm the puta-
tive involvement of ethylene in salinity resistance exhibited by
the halophyte wild tomato Solanum chilense. Since no mutants
impaired in ethylene synthesis are available in this species, the
potent inhibitor of ethylene production aminovinylglycine (AVG),
which inhibits ACC synthase (Amrhein and Wenker, 1979) was
applied on plants cultivated in the absence or presence of salt.

Stomatal conductance and water use efficiency estimated through
carbon isotope discrimination were analyzed in relation to mineral
nutrition, endogenous SA and PAs concentration and expression of
genes coding for ethylene responsive factors.

2. Material and methods
2.1. Plant material and growth conditions

Seeds of tomato Solanum lycopersicum L. cv. Ailsa Craig (TGRC
accession number LA2838A) and of the wild species Solanum
chilense (TGRC accession number LA4107) were obtained from the
Tomato Genetics Resource Center (University of California, Davis,
USA). Seeds were germinated in peat compost in a germination
chamber at 25 °C. Sixteen-day-old seedlings of the two species were
transferred to a hydroponic culture system into a growth cham-
ber at 24°C/22 °C under a 16 h day/8 h night period. Light intensity
was 245 pmol m? s~! provided by fluorescent lamps (Master TL-D
reflex Super 80 58W/840 from Philips) and relative humidity was
maintained at 70 + 5%. Seedlings were fixed on polystyrene plates
floating on aerated half-strength Hoagland nutrient solution con-
taining (inmM): 5 KNO3, 5.5 Ca(NO3);, 1 NH4H;PO4, 0.5 MgSOy4,
and (in M) 25 KCl, 10H3BO4, 1 MnSOy, 0.25 CuSO4, 1 ZnSOy,
10 (NH4)sMo,0 and 1.87gL~! Fe-EDTA. Solution was renewed
every week and pH was adjusted daily to 5.5-6 using 5M KOH.
For each treatment, seedlings were distributed among four tanks
(six seedlings per tank) containing 1.5L of solution in a complete
randomized block design. After 7 days of acclimatization in control
conditions the seedlings were randomly divided into four groups:
(1) control: plants grown in half-strength Hoagland solution, (2)
NaCl: plants grown in half-strength Hoagland solution containing
125mM NadCl, (3) AVG: plants grown in half-strength Hoagland
solution containing 2 WM AVG, (4) NaCl + AVG: plants grown in half-
strength Hoagland solution containing 125 mM NaCl+2 uM AVG.
Two actively growing leaves, present at the moment of treatment
application (leaf number 3 and 4, numbering from the base of the
plant) were tagged for subsequent physiological measurements
and biochemical analysis. After 7days of treatment, the plants
(30days old) were harvested and divided into roots and leaves for
physiological and biochemical parameter determinations.

2.2. Plant growth, water content, and osmotic potential

Plant growth was determined on the basis of the shoot and
root dry weight (DW) per plant (estimated on 6 individual plants
per treatment). Roots of harvested plants were quickly rinsed in
deionised water, blotted dry and weighed for fresh weight (FW)
determination. For dry weight determination, roots and shoots
were incubated in an oven at 70 °C for 72 h. Water content (WC) was
calculated as WC=(FW — DW)/FW x 100.To determine leaf osmotic
potential (¥s), leaves were cut into small pieces and immediately
frozen into a perforated Eppendorf tube. After two thaw-freezing
cycles, sap was collected after 15 min of centrifugation (15,000g) at
4°C.Leafand root osmotic potential was estimated on the extracted
sap using a Wescor 5500 vapour pressure osmometer as previously
detailed (Lutts et al., 1999).

2.3. Gas-exchange parameters, stomatal conductance and carbon
isotope discrimination

The instantaneous CO, assimilation under ambient conditions
(400 ppm CO;) (A), the instantaneous transpiration (E) and inter-
cellular CO, concentration (Ci) were taken from the fourth fully
expanded leaf of six plants per treatment using an infrared gas
analyser (LCA4 8.7 ADC, Bioscience, Hertfordshire, UK). The gas
exchange was measured using a Parkinson leaf cuvette, on intact
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leaves for 1 min (20 records min—1) with an air flow of 300 mL
min~!. Leaf stomatal conductance (gs) was measured on the fourth
fully expanded leaf on 6 plants per treatment using an AP4 diffusion
porometer (Delta-TDevices Ltd., Cambridge, UK). All measurements
were performed on leaf 4 between 2 p.m. and 4 p.m.

For carbon isotope discrimination, approximately 5 mg of tis-
sue for each sample were ground to a fine powder. Measurements
were performed using an IsoPrime100 isotope ratio mass spec-
trometer (Isoprime, UK) coupled to a vario MICRO cube C-N-S
elemental analyzer (Elementar Analysensysteme GMBH, Germany)
for sample transformation and automated analysis. Isotopic ratios
were expressed using the & notation (8'3C) (%.). Certified Refer-
ence Materials (CRM) was IAEA-C6 (sucrose; 8'3C=—10.8 £ 0.5%.;
mean +SD). CRM is calibrated against the international refer-
ences Vienna Pee Dee Belemnite. Standard deviations on replicate
measurements of a randomly selected sample were inferior
to 0.2%.. Carbon isotope discrimination (A13C) was calculated
according to the formula of Farquhar and Richards (1984):
ABC=[(8,—8p)/(1+8p)] x 10* where 8, is the 813C of the leaf
sample and 8, is the 813C of the atmospheric CO; (—8%.).

2.4. Chlorophyll and malondialdehyde quantification

Chlorophyll a, b and carotenoid concentrations were measured
on the fourth leaf from 6 plants per treatment using 100 mg FW of
leaf material placed in prechilled mortar in the presence of 8 mL
of acetone 80% (v/v). The absorbance of the extract was read using
a Shimadzu UV-1800 spectrophotometer (Kyoto-Japan), and pig-
ment contents were calculated according to Lichtenthaler (1987).

Malondialdehyde (MDA) was quantified in the leaves and the
roots of 6 plants per treatment using the method of Heath and
Packer (1968). Frozen 250 mg were homogenized in prechilled
mortar with a solution of 0.5% TBA in 20% trichloroacetic acid (TCA)
and were heated to 95 °C for 30 min and then samples were cooled
at room temperature. After centrifugation at 3000 rpm for 5 min the
absorbance of supernatant was read at 532 nm, and the values of
the non-specific absorbance were taken at 600 nm and subtracted
from the original (532 nm).

2.5. Determination of Na*, K*

For Na* and K* quantification, the third leaf and root tissues
of three plants per treatment were oven-dried at 70°C for 3 days
and 50 mg of DW were incubated in 4mL of 35% HNOs3 at 80°C.
The residue was dissolved with aqua regia (HCl 37%: HNO3 65%
3:1) and filtered (Whatman, 11 mm). Elements were quantified
by flame atomic absorption spectrophotometry (ICE 3300; Thermo
Scientific; Waltham, MA).

2.6. Ethylene, salicylic acid and polyamine quantification

The ethylene production was measured by ethylene detector
ETD-300 (Sensor Sense, Nijmegen, The Netherlands). Leaves har-
vested on treated plants were placed in glass bottle dishes on two
layers of filter paper moistened with 5mL of water. As a control
from the obtained emission rates, the levels of ethylene were mea-
sured in a cuvette containing moistened filter papers with 5mL
of water without leaves. Samples were treated with the method
detailed by Cristescu et al. (2002). The measurements were con-
ducted as described in Gharbi et al. (2016). Measurements were
performed in triplicates; each replicate consisted of a pool of 3
leaves.

Free PAs were extracted and dansylated according to Quinet
et al. (2014) from approximately 500 mg FW of shoots and 250 mg
FW of roots. Samples were re-suspended in methanol, filtered
(Chromafil PES-45/15, 0.45 wm; Macherey-Nagel, Duren, Germany)

and injected onto a Nucleodur C18 Pyramid column (125 x 4.6 mm
internal diameter, 5um particle size; Macherey-Nagel) main-
tained at 40°C. Analyses were performed by a Shimadzu HPLC
system coupled to a RF-20A fluorescence detector (Shimadzu,‘s-
Hertogenbosch, The Netherlands) with an excitation wavelength
of 340nm and an emission wavelength of 510nm. The mobile
phase consisted of a water/acetonitrile gradient from 40 to 100%
acetonitrile and the flow was 1.0mLmin~!. For a given sam-
ple, quantifications were performed in triplicates as described by
Gharbi et al. (2016).

Endogenous SA was extracted according to Molinari and
Loffredo (2006). The procedure was modified as described by
Gharbi et al. (2016). Salicylic acid quantification was performed on
6 independent samples by high performance liquid chromatogra-
phy (HPLC) (5 pL of sample was injected). The system consisted of
an Agilent 1260 series equipped with an automatic injector and
a column (Inertsil ODS-3; 250 x 3.0mm, 3 pm) oven both ther-
mostated at 30°C. Salicylic acid was detected by a fluorescence
detector at 315 nm emission and 408 nm excitation wavelengths.
The mobile phase was a water/ACN gradient from 10 to 100% ACN
and the flow was 1.0 mL min—!. Quantification of SA was performed
by external calibration using SA standards with concentrations
from 0.78 to 100 M.

2.7. Reverse transcription-PCR (RT-PCR)

Total RNA was isolated from 150 mg tomato leaves or roots
and cDNA was synthetized using 1 g of total RNA as described in
Quinet et al. (2014). Expression of ERF5, ERF3, JERF1 and ACCS2 was
analyzed in the leaves and the expression of HAK5 and AKT1 was
investigated in the roots. Amplifications (33 cycles) were conducted
using GoTaq DNA polymerase (Promega Benelux b.v., Leiden, The
Netherlands). Primers and annealing temperature conditions were
listed in Table S1. The PCR products were resolved on agarose
gels and expression differences were analyzed by gel densitometry
using Image] software and expressed as relative values compared
to EF1 o expression (Table S1, Gharbi et al., 2016). For a given sam-
ple, gene expression analyses were repeated three times and gave
similar results.

2.8. Statistical treatment

For each treatment, 6 individual plants were considered. Nor-
mality distributions and homoscedasticity were verified using
Shapiro-Wilk and Levene’s tests respectively and data were trans-
formed when required. Data were analyzed using two-way analysis
of variance (ANOVA). When the ANOVA was significant at P < 0.05,
differences between means were scored for significance accord-
ing to Student-Newman-Keuls test. Data were analyzed using SAS
Enterprise Guide 6.1 (SAS 9.4 system for windows). Two indepen-
dent experiments were performed and provided similar trends.
Results hereafter are from one experiment and are presented as
means =+ standard errors.

3. Results
3.1. Plant growth and water status

Salinity reduced the shoot DW of the salt-sensitive S. lycoper-
sicum while it significantly increased the shoot DW of the halophyte
wild tomato species S. chilense. Application of the ethylene biosyn-
thesis inhibitor (AVG) in the absence of salt reduced the shoot DW
in S. lycopersicum but not in S. chilense compared to control plants.
In contrast, application of AVG in salt-treated plants suppressed the
salt-induced growth stimulation in S. chilense. (Fig. 1A). All treat-
ments induced a significant decrease in root DW in S. lycopersicum
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Fig. 1. Shoot (A) and root (B) dry weight of S. chilense and S. lycopersicum cultivated
for 7 days in control or salted nutrient solution (125 mM NacCl) in the absence or in
the presence of 2 WM aminovinylglycine (AVG). Each value is the mean of 6 replicates
and vertical bars are standard errors. For a given species, means exhibiting different
letters are significantly different at P<0.05.

(Fig. 1B) while the root DW remained statistically unaffected in S.
chilense (Fig. 1B).

As shown in Table 1, leaf and root WC were not affected by salt
stress in S. chilense and in S. lycopersicum. The AVG and AVG + NaCl
treatment similarly had no impact on the leaf WC. Salinity reduced
the leaf and root ¥s to a higher extent in S. chilense than in S.
lycopersicum. The addition of AVG to salt-containing solution had
contrasting effect on ¥sin the two species since it slightly increased
itin S. chilense while it reduced it in S. lycopersicum for both shoots
and roots.

3.2. Ethylene production, ACCS2 and ethylene responsive factor
gene expression

Salinity had no impact on ethylene production in S. lycopersicum
(Fig. 2A), while ethylene synthesis strongly increased in response
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Fig. 2. Leaf ethylene production (A) and ACCS2 relative expression (B) in S. chilense
and S. lycopersicum cultivated for 7days in control or salted nutrient solution
(125 mM Nacl) in the absence or in the presence of 2 WM aminovinylglycine (AVG).
Each value is the mean of 6 replicates and vertical bars are standard errors. For a
given species, means exhibiting different letters are significantly different at P<0.05.

to salt in S. chilense. In this species, salt-treated shoots produced
up to 6 times more ethylene than controls. However, application of
exogenous AVG alone or combined with NaCl strongly decreased
the level of ethylene in S. chilense compared to salt stressed plants.

Relative expression of ACCS2, mainly involved in NaCl-induced
synthesis in S. chilense (Gharbi et al., 2016) (Fig. 2B) remained
always low in S. lycopersicum. In the absence of NaCl, this expres-
sion was higher in S. chilense than in S. lycopersicum and it was
strongly increased in salt-treated plants of the halophyte plant
species. Exogenous AVG slightly stimulated ACCS2 relative expres-
sion in S. chilense while the concomitant presence of AVG and NaCl
completely abolished such ACCS2 expression in S. chilense.

As far as genes coding for Ethylene Responsive Factors are con-
cerned (Fig. 3), ERF5 was similarly expressed in the two species
under control conditions but it then dropped to a low level in
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Table 1

Water content (WC) and osmotic potential (Ws) in the leaves and the roots of Solanum chilense and Solanum lycopersicum cv Ailsa Craig plants exposed during 7 in control
or salted nutrient solution (125 mM NacCl) in the absence or in the presence of 2 wM aminovinylglycine (AVG). Six different plants were considered for each treatment, and
fourth leaves were pooled. Each value is thus the mean of 6 replicates + S.E. Values exhibiting different letters are significantly different at P<0.05.

Leaves Roots

S. chilense S. lycopersicum S. chilense S. lycopersicum
WC (%)
Control 93.5+0.8A 93.0+0.83a 91.8+1.5A 94.8+0.28a
NaCl 94.8+24A 929+12a 94.7+1.7A 94.74+0.33 a
AVG 91.2+0.64A 93.1+1.2a 94.4+ 0.16A 96.9+0.42 a
AVG +NaCl 89.5+0.68A 923+0.63a 92.8+0.13A 95.4+045a
W, (MPa)
Control —0.90+ 0.02D -0.90+0.01d —0.73+0.004 D -0.72+0.05d
NacCl -1.56+0.02 B -1.32+0.002 b -1.44+0.01B —1.25+0.009 b
AVG -1.16£0.009 C -1.13+£0.01¢ —0.65+0.003C —0.84+0.004 c
AVG +NaCl -1.46+0.003 A -1.59+0.001 a -1.39+0.01A -1.38+0.001 a

response to NaCl or to AVG in S. lycopersicum but not in S. chilense.
In response to NaCl + AVG, however, ERF5 expression was similar to
controlinS. lycopersicum and significantly decreased in S. chilense. A
strong difference between the two considered species was recorded
for JERF1 whose expression was always higher in S. chilense than
in S. lycopersicum. Salinity however decreased JERF1 expression in
S. chilense while AVG treatment increased it. No significant differ-
ence was recorded between the two considered species for ERF3
expression which decreased in response to NaCl and AVG.

3.3. Sodium and potassium content

Sodium accumulated in response to salt stress in both species
but to a significant higher extent in the shoot of S. chilense than
in the shoot of S. lycopersicum (Fig. 4A). The application of AVG to
salt-treated plants had no significant impact on the pattern of Na*
accumulation. In the presence of salt, the root Na* concentration
was higher in S. lycopersicum than in S. chilense but AVG abolished
the difference between the two species (Fig. 4B).

The leaf potassium concentration (Fig. 4C) increased in response
to NaCl in S. chilense while it decreased in S. lycopersicum. Exoge-
nous application of AVG in the absence of salt increased the leaf K*
concentration in both species but the effect was more marked in S.
chilense than in S. lycopersicum. In the presence of NaCl, however,
AVG had the opposite effect and reduced the leaf K concentration in
S. chilense but not in S. lycopersicum comparatively to salt-treated
plants. The root K* concentration (Fig. 4D) decreased in S. lycop-
ersicum in response to NaCl and AVG had no impact on the root
K* concentration of salt treated plants. However, in S. chilense only
AVG +NaCl treatment decreased root K* compared to salt stressed
plants.

3.4. Expression of genes coding for HAK5 and AKT1

Only a faint signal was detected for the high-affinity K* trans-
porter HAK5 transcripts in both species and its intensity was not
modified by the various treatments (detailed data not shown). The
expression of gene coding for the inward-rectifier K* channel AKT1
was also investigated and its expression level depended on the
species and the treatment. The AKT1 was expressed to a higher
extent in S. lycopersicum than in S. chilense under control condi-
tion (Fig. 4E). Both NaCl and NaCl + AVG decreased AKT1 transcript
level in the root of S. lycopersicum compared to control plants. In
the root of S. chilense, salt did not markedly affect ATK1 expression
compared to control plants (Fig. 4E), while exogenous AVG applied
alone or in combination with NaCl increased the expression of ATK1
compared with control and salt-stressed plants.

Table 2

Carbon isotope discrimination (A'3C; in %o) in the fourth leaf of Solanum lycoper-
sicum and S. chilense exposed during 7 days in control or salted nutrient solution
(125 mM Nacl) in the absence or in the presence of 2 WM aminovinylglycine (AVG).
Six different plants were considered for each treatment, and fourth leaves were
pooled. Eachvalue is the mean of 6 replicates + S.E. Values exhibiting different letters
are significantly different at P<0.05.

Treatment S. lycopersicum S. chilense

Control 25.78+0.05a 25.62+0.04 a
NaCl 21.47+0.05f 2536+0.02b
AVG 24.15+0.02 ¢ 24.18 +0.06 ¢
AVG +NaCl 23.18+0.04d 22.64+0.03e

3.5. Gas exchange parameters, stomatal conductance and carbon
isotope discrimination

In S. lycopersicum salt stress decreased the net photosynthesis
compared to control plants and the application of AVG under salt
condition had a similar effect (Fig. 5A). In S. chilense, NaCl treatment
had no significantimpact on CO, assimilation compared to controls.
The net CO, assimilation rate (A) remained unaffected by exposure
to AVG + NaCl compared to salt stressed plants for both species. Salt
stress also induced a decrease of instantaneous transpiration (E)
comparatively to unstressed controls while AVG application under
non saline condition increased E value in both species compared
to salt stress condition (Fig. 5B). In contrast, AVG did not modify
the transpiration rate of salt-treated plants. Instantaneous water
use efficiency (WUEI, defined as A/E) was higher in response to
NacCl in both species compared to control (Fig. 5C) and application
of AVG with NaCl decreased A/E in both species compared to salt
stressed plants. Salt also decreased the intercellular CO, (Fig. 5D)
in the two species compared to controls plant but the application
of AVG reduced the impact of NaCl on this parameter.

InS. lycopersicum NaCl applied separately or with AVG decreased
gs by more than 93% compared to control plants (Fig. 5E). It is note-
worthy that S. chilense displayed an opposite behavior and that salt
stress strongly increased gs values. Such anincrease was completely
abolished by the addition of AVG in the NaCl-containing solution.

Carbon isotope discrimination values (A13C; Table 2) were sim-
ilar in the two species. However, A13C dropped to low value in S.
lycopersicum while only small differences were recorded between
control and salt-treated plants in S. chilense. Exogenous application
of AVG in the absence of salt also decreased A13C which reached
similar values in S. lycopersicum and S. chilense. It is noteworthy,
however, that AVG application on salt-treated plants increased
A13C comparatively to plants exposed to NaCl in the absence of
AVG in S. lycopersicum while it had an opposite effect in S. chilense.
In this latter species, the lowest A13C values were indeed recorded
for NaCl + AVG-treated plants.
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Fig. 3. Leafrelative expression of ERF5 (A), JREF1 (B) and ERF3 (C) in S. chilense and
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3.6. Chlorophyll and malondialdehyde content

Chlorophyll a (Chl a) increased in response to salt in S. lycop-
ersicum and even more in response to AVG+NaCl application
(Fig. 6A). In contrast, neither NaCl nor AVG had any impact on Chl a
concentration in S. chilense (Fig. 6A). Chlorophyll b (Chl b) was not
markedly affected by the treatments whatever the species (Fig. 6B).

The Chla/Chlb ratio remained stable in response to NaCl and
AVG +NaC(l in both species (Fig. 6C). However in S. lycopersicum
we noticed that application of AVG decreased Chla/Chlb ratio
compared with control plants. Carotenoids content decreased in
response to NaCl compared to control in the salt sensitive species
S. lycopersicum and AVG did not significantly abolished the nega-
tive impact of salt (Fig. 6D). In S. chilense salt slightly decreased the
carotenoid content compared to control while AVG reduced this
NaCl impact.

Salinity had no significant effect on leaf MDA content compared
with control plant (Fig. 6E). Application of AVG in the absence
of stress decreased MDA in S. lycopersicum but increased it in S.
chilense. In the presence of NaCl, AVG increased leaf MDA con-
tent in both species. Salt stress decreased MDA in the root of S.
lycopersicum (Fig. 6F) and application of AVG combined with NaCl
increased MDA. In S. chilense, salt had no significant effect on root
MDA content compared to control plant, while application of AVG
and AVG +NaCl caused significant increase in MDA compared to
salt stressed plants (Fig. 6F).

3.7. Polyamine and salicylic acid quantification

The leaf Put concentration was always higher in S. chilense than
in S. lycopersicum (Fig. 7). It slightly decreased in response to salt
stress in the former but not in the latter. Exogenous AVG applica-
tion increased leaf and root Put concentration to a higher extent
in the presence than in the absence of salt (Fig. 7A-B). The leaf
Spd concentration was not affected by the treatments (Fig. 7C).
The root Spd concentration was higher in S. lycopersicum than in S.
chilense in control plants. Salt stress increased the root Spd (Fig. 7D)
concentration in the halophyte S. chilense but decreased it in the
glycophyte S. lycopersicum. Salt-induced increase in root Spd was
completely abolished by AVG in S. chilense. Salt stress also clearly
increased the leaf Spm in S. chilense but had no impact in S. lycoper-
sicum (Fig. 7E). Exogenous application of AVG had no impact on this
observed trend. The root Spm was in the same range for the two
considered plant species and remained unaffected by the treatment
(Fig. 7F).

The leaf SA concentration increased in response to NaCl in
S. chilense but not in S. lycopersicum (Fig. 8A). Conversely, AVG
increased leaf SA concentration in S. lycopersicum but not in S.
chilense. Exposure to AVG abolished the NaCl-induced SA increase
in S. chilense. Although NaCl did not increase root SA concentra-
tion in S. chilense, AVG significantly reduced SA concentration in
the roots of this halophyte species exposed to the salt treatment
(Fig. 8B).

4. Discussion

Improvement of salinity tolerance in tomato is a major goal for
plant breeders. Interspecific crosses between cultivated Solanum
lycopersicum and wild-relative halophytes may be considered as a
promising option for this purpose. Fig. 9 is providing a comparative
overview of the plant response exposed for 7 days to a moderate
NaCl dose in S. lycopersicum and S. chilense. The present work con-
firms the halophytic nature of Solanum chilense. In this species,
a moderate dose of salt indeed improved the shoot dry weight
and had no deleterious impact on net photosynthesis in contrast
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to the domesticated S. lycopersicum (Fig. 9). Salt stress is consid-
ered to induce both an osmotic stress related to the decrease in
water availability, and an ionic stress in relation to the accumula-
tion of toxic Na* and Cl~ ions (Munns, 2002). Solanum chilense was

able to efficiently perform osmotic adjustment when exposed to
NaCl and the recorded ¥s values in salt-treated plants were lower
in both roots and shoots of salt-treated plants of S. chilense than
the values recorded for S. lycopersicum. Solanum chilense also typ-
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ically behaves as an includer species and accumulates more Na* to accumulated ions which could be, at least partly, related to its
in the shoot parts than S. lycopersicum, suggesting that the halo- ability to also increase K absorption under NaCl conditions (Fig. 9).
phyte species displayed interesting properties in terms of tolerance Although Solanum chilense produces small white fruits which are
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not valuable from a commercial point of view, those fruits exhibit pounds (Martinez et al., 2012) and this species thus appears as a
interesting qualitative properties in terms of antioxidant com- promising candidate for improvement of cultivated S. lycopersicum.
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As previously noticed (Gharbi et al., 2016), the response of S. one week exposure in order to identify the first events triggering
chilense to NaCl is directly associated with a salt-induced burst subsequent responses in salt-treated plants. Under these circum-
in ethylene synthesis in relation to ACCS2 overexpression. The stance, ethylene commonly known as senescing hormone was not
present work suggests that some of the properties sustaining plant yet overproduced in S. lycopersicum, which is in line with other data

resistance to NaCl in S. chilense are related to such ethylene over- revealing the absence of other senescing symptoms such as chloro-
synthesis since exogenous application of the ethylene synthesis phyll breakdown or MDA accumulation. Moreover, the cultivated
inhibitor AVG mitigated the response. The present study consid- plant species did not experience any decrease in leaf water content

ered a moderate NaCl dose directly relevant from salt concentration but already closed its stomata and performed osmotic adjustment
experienced by the plants in field conditions and it focused on a to maintain the plant water status (Fig. 9). Carbon isotope dis-



E. Gharbi et al. / Journal of Plant Physiology 210 (2017) 24-37 35

crimination (A13C) is providing a time-integrated estimation of
water use efficiency in relation to coordination between stoma-
tal conductance and photosynthesis (Cernusak et al., 2013). Carbon
isotope discrimination drastically decreased in response to NaCl
which could be related to a decrease in Ci/Ca resulting from partial
stomatal closure as well as a decrease in carboxylation efficiency
suggested by the NaCl-induced decrease in net photosynthesis
(Sharkey, 2012; Cernusak et al., 2013). Solanum chilense displayed
a different behavior: beside ethylene oversynthesis, salt-treated
plants obviously increased their stomatal conductance but this had
no deleterious impact on the leaf WC (Fig. 9). Similarly, A13C was
only slightly reduced by NaCl in S. chilense despite a decrease in
Ci/Ca recorded in these plants after one week of treatment. Such a
decrease could not be ascribed to stomatal closure but rather to a
possible increase in carboxylation efficiency which is supported by
the maintenance of net photosynthesis in salt-treated plants of S.
chilense (Fig. 9).

The NaCl-induced increase in gs recorded in S. chilense should
be regarded as a transient response occurring on a short term
basis. Tapia et al. (2016) reported that S. chilense efficiently closes
its stomata when exposed to long term water stress. Although it
does not modify stomatal density, the species is able to change
stomatal distribution between adaxial and abaxial surfaces in new
formed leaves experiencing water stress during their growing pro-
cess (Tapia et al., 2016). On a short term basis, as it is the case in
our work, the recorded increase in stomatal conductance corre-
lated with an increase in ethylene synthesis, and the application
of ethylene synthesis inhibitor AVG completely abolished the pro-
cess suggesting that ethylene might be, to some extent, involved
in stomatal regulation in the halophyte plant species. Chen et al.
(2013) reported that ethylene may inhibit the ABA-stomatal clo-
sure in wheat. According to this study, stomata of older leaves are
more sensitive to ethylene than those of younger leaves and the
different behavior between leaves is due to altered stomatal sen-
sitivity rather than to ethylene production. Tanaka et al. (2005)
reported that in Arabidospsis, ethylene delays stomatal closure by
inhibiting the ABA-signaling pathway. In the present study, only the
fourth leaf was considered but the differences recorded between
salt-treated species for g5 regulation were clearly related to differ-
ences in ethylene synthesis. In contrast, according to Desikan et al.
(2006) and Ge et al. (2015), ethylene may induce stomatal closure
via hydrogen peroxide synthesis generated by NADPH oxidase Atr-
boK in Arabidopsis guard cells. Further works are required to assess
if such a mechanism is absent or less efficient in S. chilense than
in the model plant species. Whatever the underlying mechanisms
involved, it could be hypothesized that maintenance of stomatal
conductance during the first stages of stress exposure may allow a
more efficient sugar synthesis for osmotic adjustment, as soluble
sugars were recently reported to play a key role in osmotic adjust-
ment of halophyte species S. peruvianum and S. chilense (Tapia et al.,
2016).

Potassium starvation may also inhibit water stress-induced sto-
matal closure via ethylene synthesis (Benlloch-Gonzalez et al.,
2010).Itis well established that salt stress compromises K nutrition
(Munns, 2002, 2005). Salinity indeed reduced the leaf K concen-
tration in S. lycopersicum but not in S. chilense (Fig. 9). Thus, K
concentration was probably not involved in stomatal opening of
salt-treated S. chilense. In fact, under our experimental condi-
tions, even S. lycopersicum salt-treated plants did not suffer from
K starvation. According to Britto and Kronzucker (2008), cytoso-
lic concentration should be at least 100 mM to allow metabolic
processes. Considering that cytosol occupies more or less 10% of
the cell volume and taking into account the mean K concentration
and WC of plants, the cytosolic K concentration always remained
higher than 100 mM in our plants. The external K concentration in

the nutrient solution was 5 mM and these observation may explain
the absence of clear influence of our treatments on gene expression
coding for HAK5 and AKT1, which are the two major physiologically
relevant molecular entities mediating high affinity K uptake into
roots during young plant growth. Jiang et al. (2013) reported that
ethylene promoted salinity tolerance via a decrease in Na accumu-
lation and an improved K nutrition leading to an improved Na/K
homeostasis. These authors demonstrated that gene coding for
HAKS5 was directly regulated by ethylene. This, obviously, should
not have occurred in S. chilense as ethylene synthesis was associ-
ated with an increase and not with a decrease in Na content. Rubio
et al. (2014) confirmed that a low K signal is required for transcrip-
tional activation of HAK5 while both exogenous and endogenous K
concentration were too high in the present study to directly impact
this process. At an external K concentration higher than 500 wM,
AKT1 is the major system mediating K uptake (Rubio et al., 2014).
Even if K content increased in salt-treated Solanum chilense, AKT1
gene expression in salt-treated was not stimulated by salinity. Con-
versely, although AVG decreased K accumulation in salt-treated
S. chilense, it paradoxically increased the AKT1 transcripts in this
species (Fig. 4). It has to be mentioned, however, that AKT1 chan-
nels are mainly post-translationally regulated by a CBL interacting
protein kinase and an impact of ethylene on this target cannot be
ruled out (Jung et al., 2009). Beside ethylene, SA which is also pro-
duced by S. chilense in response to NaCl (Fig. 8) may also improve
K nutrition in salt-treated plants (Jayakannan et al., 2013).

Inhibition of ethylene synthesis may have an impact on
endogenous concentration of a plethora of hormonal compounds.
Polyamine synthesis is especially related to ethylene synthesis
as ethylene on the one hand, Spd and Spm on the other hand,
share a common precursor S-adenosyl-methionine (SAM) (Lutts
et al., 2013). Polyamines are known to assume numerous posi-
tive functions in stressed tissues contributing to redox hemeostasis,
protection of cellular structures, regulation of osmotic adjustment
and mineral nutrition (Lutts et al., 2013). The present work shows
that shoot Put and Spd were constitutively higher in S. chilense than
in S. lycopersicum. The fact that Put accumulated in AVG-treated
plants of S. chilense remains however puzzling as decarboxylated
SAM (SAMdc) is expected to increase as a consequence of ACC syn-
thase inhibition and allows subsequent conversion of Put to Spd
under these circumstances. In salt-treated plants of S. lycopersicum,
Spd was reported to assume photoprotective roles in relation to
maintenance of the zeaxanthin content (Hu et al., 2014), regulation
of chloroplast antioxidant system and chlorophyll metabolism (Li
etal., 2015), and D1 protein stabilization (Hu et al., 2016). It is note-
worthy, however, that in the halophyte S. chilense exposed to NaCl,
the Spd content rose in the roots but not in photosynthetic organs
(Fig. 7). Considering that polyamines, especially Spd and Spm, are
regulating numerous aspect of ion transport (Pandolfi et al., 2010),
and owing to the fact that Na* appeared more efficiently translo-
cated to the shoots in S. chilense than in S. lycopersicum, the putative
involvement of Spd in ion absorption by the roots of the halophyte
plant species S. chilense requires further investigation. Spermine is
also known to protect cellular structures against the stress, espe-
cially in the presence of high concentration of Na* toxic ions (Lutts
et al,, 2013). Spermine concentration clearly increased in NaCl
treated shoots of the halophyte S. chilense comparatively to S. lycop-
ersicum.

The Ethylene Responsive Factors (ERF) are important plant-
specific transcription factors positioned downstream of the
ethylene signaling pathway and modulating ethylene-responsive
resistance gene. Pan et al. (2015) reported that ERF5 modulates
high tolerance to drought and salt stress in tomato: we noticed
that ERF5 gene expression drastically decreased in S. lycopersicum
exposed to NaCl (Fig. 3) but still remained highly expressed in S.
chilense. Another transcription factor JERF1 is known to modulate
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expression of GCC box-containing genes involved in salt toler-
ance of the glycophyte species Nicotiana tabacum (Zhang et al.,
2004). In the absence of NaCl, this transcription factor was highly
expressed in the halophyte S. chilense but NaCl drastically decreased
JERF1 expression in this species. Hence, it still remains possible
that JERF1 does not assume exactly similar function in glycophyte
and halophyte species exposed to NaCl. Beside ethylene synthe-
sis, the efficiency of ethylene perception and transduction of the
signal also need to be analyzed in the future. In the specific case
of S. chilense, Tapia et al. (2005) recently identified four members
of Ty1/copia-like retrotransposon families (TLC1, TLC2, TLC3 and
TLC4); these authors found that TLC1:1 is transcriptionally active
and may be induced by high salt concentration. According to this
study, ethylene is directly involved in salt induction through puta-
tive ethylene-responsive elements present in the U3 region.

5. Conclusion

Taken together, these data support the hypothesis that ethylene
may assume positive function in salt-adaptation of Solanum chilense
in relation to maintenance of stomatal conductance, water use effi-
ciency and osmotic adjustment. However, one single accession of
S. chilense was analyzed in the present work and further studies are
thus required to precisely identify modalities of ethylene action in
this species.
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