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Abstract

The effects of salt stress on growth, organic and inorganic solute accumulation and chlorophyll florescence were studied on
3-month-old plants of six Tunisian wild grapevine accessions in order to identify salt tolerance mechanisms and select
tolerant genotypes. Potted plants were grown under controlled conditions and irrigated for 14 days with 0, 100 and
150 mM NaCl Long Ashton nutrient solution. Salt begins to adversely affect plant growth and plant nutrition at 100 mM
NaCl. Compared to control, shoot growth rates were 21.5% less for Khedhayria, Tebaba and Ouchteta, 33% for Djebba
and Zouarda and 49% for Houamdia. They were assigned to stomatal and non-stomatal factors. Stomatal conductance
decreased after 1 day at 150 mM NaCl in all accessions in response to reduced leaf water potential. Leaves in tolerant
accessions were well hydrated through efficient osmotic adjustment, sufficient potassium flux and selectivity of K* versus
Na*. In addition, salt tolerance of wild grapes was related to limiting Na™ transport to lamina and to compartmentalization
of C1~ on root and leaf vacuoles, improved in Tebaba and Khedhayria by the uptake of K. At the same time, disturbances
of the PSII have been noted as non-stomatal factors, and the most important photoprotective mechanism against photo-
synthetic damages was non-photochemical energy dissipation. However, chlorophyll fluorescence parameters were more
stable in Tebaba compared to Khedhayria, thus showing better salt tolerance. Based on our results, wild grapevine
accessions could be classified from most tolerant to most sensitive as follows: Tebaba > Khedhayria >
Ouchteta > Zouarda > Djebba > Houamdia.

Keywords NaCl stress - Osmotic adjustment - Photochemistry - Plant growth - Vitis sylvestris

1 Introduction

Salinity adversely affects growth (Shani and Ben-Gal 2005;
Li et al. 2006; Tungturk et al. 2008; Ashraf 2009), mineral
content and photosynthetic activity of grapevines as the
result of osmotic and ionic effects (Dardeniz et al. 2006;
Urdanoz and Aragiiés 2009; Jogaiah et al. 2014). In
Tunisia, the progression of soil and water salinization is a
serious concern for sustaining production of vineyard
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grapevines (Askri 2014). Glycophytes have developed
different mechanisms to cope with these effects. Osmotic
adjustment in both roots and leaves through solute accu-
mulation has been at least partially involved in the salt
tolerance of many plant genotypes (Munns and Tester
2008). The accumulation of inorganic ions like potassium
and calcium (Hadi and Karimi 2012) and compatible
organic solutes such as soluble carbohydrates, amino acids,
proline, betaines and others contributes to maintaining
water uptake and cell turgor, thus allowing for physiolog-
ical processes such as stomatal opening, photosynthesis
and cell expansion (Negrao et al. 2017). According to
Fisarakis et al. (2001), salt tolerance in Sultana grapevines
was related not only to their ability to limit the transport of
toxic ions to laminas but also to their ability to increase K™
concentration in leaf tissues. In this context, Upreti and
Murti (2010) associated salt tolerance in grape rootstocks
firstly to their capacity to limit the increase in Na™ in roots

@ Springer


http://orcid.org/0000-0002-2529-5488
http://crossmark.crossref.org/dialog/?doi=10.1007/s40415-018-0500-x&amp;domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1007/s40415-018-0500-x&amp;domain=pdf
https://doi.org/10.1007/s40415-018-0500-x

796

H. Askri et al.

and secondly to their capacity to decrease K* concentra-
tion and Na*/K™ ratio in root tissues. Recently, Jogaiah
et al. (2014) associated salt tolerance of the same genus to
phenol accumulation in tolerant genotypes as a cellular
adaptive mechanism for scavenging free radicals of oxygen
and preventing subcellular damage during stress. Baker and
Rosengvist (2004) considered chlorophyll fluorescence as a
rapid and non-destructive analytical tool recommended for
selection for plant tolerance to environmental stress. Zribi
et al. (2009) proposed some chlorophyll fluorescence
parameters such as maximum quantum efficiency of PSII
(Fv/Fm), photochemical quenching (qP), non-photochem-
ical quenching (NPQ) and linear electron transport rate
(ETR) as criteria to select salt tolerant genotypes of tomato.
Wild grapevines showed more tolerance than cultivated
grapevines to many biotic (Yinggiang et al. 2012) and
abiotic stresses (Askri et al. 2012; Daldoul et al. 2010).
They will be used through genetic transformations for
future selection and breeding of grapevines (Arnold et al.
2010). Increasing salt tolerance of target species might be
more successful if wild genotypes selections were based on
physiological mechanisms which confer tolerance (Gupta
and Huang 2014). However, little is known about wild
grapevine responses to salt stress and the physiological
mechanisms employed to cope with salinity. The main
objective of this investigation was to evaluate the effects of
NaCl salt stress on growth, water relations, mineral nutri-
tion, organic and inorganic compound accumulation and
chlorophyll fluorescence of different wild grapevine
accessions in order to correlate these effects for a better
understanding of the physiological mechanisms of salt
tolerance.

2 Materials and methods

Growth conditions and treatments — The experiment was
set up with six accessions of wild grapevines (Vitis vinifera
L. subsp. sylvestris (Gmelin) Hegi 1966; Arnold et al.
2010) which were: Tebaba, Djebba, Houamdia, Khed-
hayria, Ouchteta and Zouarda. They were collected from
different localities in the northwest of Tunisia and were
identified by prospection by Dr. Zoghlami (Zoghlami et al.
2003). Woody cuttings were cultivated in peat for
2 months. Single two- month-old plants were transferred
into 10-1 pots of inert sandy soil and grown for two addi-
tional months in a greenhouse (16 h light period, PAR of
300 pmol mzsfl, minimum and maximum temperatures of
19.9 and 29.5 °C, respectively, and an average humidity of
74.2%). The pots were filled with inert sandy soil and
irrigated for 30 days with a Long Ashton nutrient solution
0.6 mM K,HPO,, 1.5 mM MgSO,, 1.6 mM KH,POy,,
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90 uM  Fe-EDTA, 9.1 pM MnCl,, 0.76 pM  ZnSOy,
0.7 uM CuSO,, 46.3 uM H3BOj3 and 0.21 pM (NHy)s.
MO,0,4 with pH 6.0, electrical conductivity (EC) 2 dS/m,
Hewitt and Smith 1975). Salinization started in selected
homogenous plants at the vegetative stage with an average
length of 0.8 m and a total leaf area of 10 dm?. Salt was
added progressively in increments of 25 mM NaCl to avoid
osmotic shock, until reaching concentrations of 100 and
150 mM NaCl. Plants under all treatments (0, 100,
150 mM NaCl) were grown under the same conditions for
14 days.

Growth measurements - Growth was characterized by
relative growth rate RGR (Hunt 1990). RGR is the increase
in plant material per unit of time. It was calculated for
leaves (RGRp), stems (RGRg) and roots (RGRR) using the
following equation:

LoWf — LaWi

RGR (day ') = o

LnWi and LnWf are the neperian log of initial and final
dry weights, respectively, measured when salinization was
first initiated (ti) and 42 days later (tf).

Predawn leaf water potential, leaf osmotic potential and
stomatal conductance - Predawn leaf water potential
(Wpp) was measured weekly on three fully expanded
mature leaves per treatment using a Scholander pressure
chamber (Model 1000; PMS Instrument Co; Corvallis, OR,
USA). These measurements were taken at predawn (4 a.m.)
within 14 days of exposure to 150 mM NaCl. Care was
taken to minimize water loss during transfer of the leaf to
the chamber by enclosing it in a plastic bag immediately
after excision. Leaf osmotic potential (Ws) was determined
by an osmometer (Herman Roebling, Type 13/13 DR,
Berlin, Germany), using the leaves of the Wpp measure-
ments. After freezing the leaf blades with N, liquid, cell
sap was pressed on by a syringe (Moutinho-Pereira et al.
2001). Stomatal conductance (gs, mol H,O m? s_l) was
measured with an AP4 Delta-T Devices porometer on
leaves similar to those used for the predawn potential
measurements. Leaf and root water content (ml g~ dry
weight) were calculated by the ratio of fresh weight minus
dry weight to dry weight.

Chlorophyll fluorescence measurements — Chlorophyll
fluorescence emission from the upper leaf surface of intact
plants was measured with a modulated fluorometer (Mini
PAM Photosynthesis Yield analyser, Walz, Effeltrich,
Germany). The minimal (Fy) and maximal fluorescence
(F,) emissions were assessed in leaves at predawn. Leaves
were continuously illuminated with a white actinic light in
order to measure maximal steady fluorescence (F;) and
maximal fluorescence (F'y,)). The parameter F’y (minimal
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fluorescence level in light adapted leaves was estimated
following Baker and Rosenqvist (2004) as F'o = Fy/(F,/
Fm + Fo/F',). The quantum yield of PSII electron trans-
port (Dpsy) was calculated as Opgy= (F'yy — FO/F'm)
(Schreiber et al. 1995). Non-photochemical quenching of
fluorescence (NPQ) was calculated as NPQ = (F, — F'ny)/
F'., (Bjorkman and Demmig-Adams 1994). The coefficient
of photochemical quenching (qP) was calculated as
gP = (F', — F)/(F', — F'y) (Schreiber et al. 1986) and
the intrinsic efficiency of open PSII ((Deyo) as (exe.
= (F'n — F'o)/F 1, (Genty et al. 1989).

Determining plant organic and inorganic solute — At the
end of the experiment, dry and fresh weights were deter-
mined of the leaves (lamina and petioles), shoots and roots.
The organs were analysed for their concentration of chlo-
ride, sodium and potassium. They were dried at 60 °C for
48 h, then ground and extracted with dilute HNOj3 (0.5%).
Sodium and potassium concentrations were determined
using a flame photometer, while chloride was measured by
silver iron titration with a Buchler—Cotlove chloridometer.
Sodium, chloride and potassium fluxes during nutrient
absorption by plants were calculated based on the equation
used by Johansen et al. (1970):

Flux (mmol dry weight root ')
_ Ln (WRf — LaWRi)(Qf — Qi)
~ (tf — ti)(WRf — WRi)

WRi and WRf are the dry weights of roots at initialization
(ti) and 42 days after salinization (tf), respectively. Qi and
Qf are the total quantities of ion in the plant at ti and tf,
respectively. Selectivity of K versus Na® was determined
for the whole plant as the ratio of the amount of potassium
absorbed by the sum of the amounts of Kt and Na™t. The
concentrations of Na™ and C1~ (mmols.g_l) in laminas and
roots were expressed in mmols.] " using the water content
in dry weight matter of the organs (ml.g™"). Total soluble
carbohydrates were extracted in buffered 80% ethanol from
dried material at 70 °C and quantified by the Anthrone
method according to Staub (1963). Free leaf proline was
extracted from fresh weights according to Bates et al.
(1973).

Statistical analysis — The experiment was arranged in a
randomized complete block design (RB) with 5-10 repli-
cates. Data were expressed as mean = SD and means
compared by using the one-way and multivariate analysis
of variance (ANOVA) followed by Fisher’s LSD tests.
Differences between individual means were significant at
P < 0.05. All analyses were performed using the software
Statistica version 9.0, from Statsoft, Inc., Tulsa Oklahoma
USA, www.statsoft.com. Figures are illustrated using Sig-
maPlot version 10.0, from Systat Software, Inc., San Jose
California USA, www.systatsoftware.com.

3 Results

Growth analysis — Saline treatments of 100 and 150 mM
NaCl had a depressive effect on total plant growth, par-
ticularly on leaves and stems (Table 1). Moreover, signif-
icant variability in biomass was dependent on accession.
Three tolerance groups were obtained at 100 mM NaCl,
based on reductions in RGR; and RGRg: (1) Khedhayria,
Tebaba and Ouchteta, (2) Djebba and Zouarda and (3)
Houamdia. Similar reductions were observed in both
leaves and stems; however, there were some variations
among the accessions which were calculated at 25, 34 and
49% for groups (1), (2) and (3), respectively. The effect of
salt on RGR; increased with the NaCl level. At 150 mM,
accessions Ouchteta and Djebba were further affected by
salt resulting in the following ranking: Khedhayria +Te-
baba > Ouchteta > Zouarda > Djebba > Houamdia.

Contrary to RGR, the root/shoot ratio (DWgr/DWg)
increased significantly with NaCl, especially for accessions
Djebba, Houamdia and Zouarda. At 100 mM, the increase
in NaCl compared to the control was about 66.2% for the
sensitive accession Houamdia and varied between 10 and
21% for tolerant accessions Khedhayria and Tebaba.

Mineral and organic analysis — Regardless of accession,
increasing salinity in the growth medium significantly
raised both Na* and C1~ content in laminas and roots, but
more particularly the chloride content (Table 2). Further-
more, chloride and sodium contents in roots were always
higher than those in laminas. Both 100 and 150 mM NaCl
induced a decrease in potassium content in roots and an
increase in laminas. Sodium and chloride flux increased
significantly in treated plants of all accessions compared to
control plants (Fig. 1la, b). Simultaneously, significant
decreases were observed in potassium flux compared to the
control and the intensity of salt was elevated with salinity
level and depended on accession (Fig. Ic). At 150 mM
NaCl, K™ flux was reduced by 33% in Tebaba and Khed-
hayria, followed by Ouchteta (47%), Zouarda (55%) and
finally, Houamdia and Djebba (70%). Selectivity in the
whole plant of Kt versus Na™ (Sg/na) also decreased with
salinity treatments and was more pronounced with 150 mM
NaCl (Fig. 1d). Houamdia and Djebba were the most
affected at the highest salinity; reductions were about 60%
of those of the control. Adding 150 mM NaCl for 14 days
significantly increased leaf proline content in all accessions
(Fig. 2a). The most significant change compared to the
control was in Houamdia (438%), followed by Ouchteta
and Djebba (=~ 250%), and then Khedhayria and Tebaba
(~ 200%). The least affected was Zouarda with an
increase of about 138%. Total leaf soluble carbohydrates
increased slightly in all accessions (Fig. 2b). The most
affected accessions were Tebaba (18.5%) and Khedhayria
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Table 1 Changes in relative ]
growth rate (days~1) of leaves Acc./mMNaCl RGR, RGRg RGRy DWg/DWg
(RGR)), stems (RGRg), roots Khedhayria
(RGRR) and root/shoot dry " a cd
weight ratio (DWg/DWs) of six 0 0.049 0.058 0.049 0.179‘
wild grapevines accessions 100 0.039" 0.048° 0.046 0.197¢
(Acc.) under control, 100 and 150 0.032° 0.041b° 0.039 0.192¢
150 mM NaCl .
Houamdia
0 0.038° 0.056° 0.034 0.139¢
100 0.023¢ 0.036° 0.029 0.231%
150 0.019d 0.029¢ 0.021 0.211°
Zouarda
0 0.041% 0.052? 0.041 0.137°
100 0.028° 0.040" 0.035 0.209"
150 0.026° 0.039¢ 0.030 0.180¢
Tebaba
0 0.050° 0.055° 0.042 0.208%
100 0.040° 0.046° 0.038 0.251%
150 0.036° 0.042° 0.031 0.220°
QOuchteta
0 0.048° 0.059* 0.052 0.201%
100 0.037° 0.044% 0.048 0.276
150 0.028¢ 0.033¢ 0.039 0.225%
Djebba
0 0.034° 0.049° 0.027 0.139°
100 0.022¢ 0.034° 0.022 0.202%
150 0.016¢ 0.025¢ 0.017 0.211°
F values
Accession (Acc) 86.5%* 23.2%* 30.3%* 7.7%*
Salinity (S) 161.0%* 112.4% 26.8%% 15.0%%
Interaction (Acc x S) 0.9%* 1.9%* 0.9™ 1.7%%

Values are mean (£SD) of at least 10 replications. Data labelled with different letters are significantly

different at *P < 0.05; **P < 0.01

(13.3%), followed by Ouchteta and Zouarda (8.2%), while
the least affected were Houamdia (6.2%) and Djebba
(4.3%).

Water relations and osmotic adjustment — Concomitant
decline in stomata conductance (g, Fig. 3a, b) and pre-
dawn leaf water potential (Wpp, Fig. 3c, d) was observed
after 1 day and 14 days of exposure to 150 mM NaCl in
both tolerant accessions Tebaba and Khedhayria and sen-
sitive ones Houamdia and Djebba. Wpp values recorded
after 1 day of stress in tolerant, and sensitive accessions
were above -0.8 MPa, the threshold reported by Choné
et al. (2001) under which grapevines are submitted to
severe water stress. Advancing in salt stress, Wpp depres-
sed in sensitive accessions and exceeded critical values,
while it was steady in tolerant ones. Salt stress simulta-
neously reduced leaf osmotic potential in both tolerant and
sensitive accessions (Ws, Fig. 3e, f). However, depressions
of Wy compared to the control were significantly more

@ Springer

pronounced in Khedhayria and Tebaba (90%) than in
Houamdia and Djebba (35%).

Chlorophyll fluorescence responses — The light parame-
ters of chlorophyll fluorescence were affected differently in
wild grapevine accessions after 15 days salinization at
150 m M NaCl. Qpg;; and @, decreased significantly
compared to the control, except for Tebaba which recorded
slight increases (Fig. 4a, b). Of all of the accessions
affected, Khedhayria was the least. Moreover, photo-
chemical quenching (qP) was not significantly affected in
tolerant accessions such Tebaba, but Khedhayria was
(Fig. 4c). Decrease in Opgy, which is the product of Oy
and P, could be explained by the decrease in (g
resulting from an increase in energy dissipation (NPQ) by
antennas (Fig. 4d) on one hand and, on the other hand, by a
decrease in gqP.
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Table 2 Changes in Na™, CI~
and K™ contents in lamina and

Lamina (meq g_lDW)

Roots (meq g~ 'DW)

roots of six wild grapevines Nat Cl™ K+ Nat Cl™ Kt
after 14 days salinization at 100
and 150 mM NaCl NaCl level (mM)
0 0.030° 0.036* 0.427% 0.084% 0.101* 0.820°
100 0.169° 0.408° 0.614° 0.873° 0.874° 0.519°
150 0.331¢ 0.624¢ 0.686 0.972¢ 0.932¢ 0.427°
Accessions
Khedhayria 0.131° 0.358° 0.551° 0.537¢ 0.568° 0.552°
Houamdia 0.198* 0.323° 0.602° 0.606° 0.539¢ 0.553°
Zouarda 0.147° 0.304° 0.562° 0.577% 0.596° 0.621b
Tebaba 0.176° 0.343° 0.556% 0.568%¢ 0.600° 0.551°
Ouchteta 0.298° 0.500° 0.616 0.767° 0.739° 0.524°
Djebba 0.110¢ 0.309° 0.567° 0.802° 0.772° 0.729°
F values (ANOVA)
Accession 16.9% 5.8%% 5.06%* 22 1% 4.7 18 4%
Salinity 158.1%* 167.7%%  25].9%* 652.3% 220.7%%  229%x
Accession x salinity 5.7%% 2.9%* 2.5%% 7.5%% 1.4™ 9.4%%

Values are mean (£SD) of at least ten replications. Data labelled with different letters are significantly
different at *P < 0.05; **P < 0.01
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4 Discussion

According to our results, high concentrations of NaCl had
deleterious effects on plant growth and changed the dis-
tribution of assimilates between shoot and root organs of
wild vines. This led to decreases in relative growth rates
(RGR) and in root/shoot ratios. Changes in growth and root
to shoot dry weight ratios under salt stress have been
previously reported on grapevines (Upreti and Murti 2010;
Sivritepe et al. 2010; Hamrouni et al. 2011; Mohammad-
khani et al. 2014) as well as on other ligneous species such
as pear (Wu and Zou 2009), amaranth (Omamt et al. 2006),
olive (Melgar et al. 2008) and citrus (Syvertsen and Ban-
daranayake 2011). In this study, we used the parameters
RGR and RGRg and tow salinity levels to rank accessions
according to salt tolerance: Khedhayria + Tebaba >
Ouchteta > Zouarda > Djebba > Houamdia. Water rela-
tions and osmotic adjustment parameters showed that tol-
erant accessions, Tebaba and Khedhayria, had the lowest
osmotic potential values (Fig. 3e) but at the same time, the
highest water potentials (Fig. 3a). These latter values were
greater than those reported for grapevines under severe
stress (Choné et al. 2001; Patakas et al. 2005). We asso-
ciated this behaviour to higher leaf osmotic adjustment in
tolerant accessions compared to sensitive ones. Our results
were in agreement with those of Patakas et al. (2002) who
attributed lower leaf osmotic potential in grapevines to
active osmotic potential.

Moreover, salinity caused mineral disturbances through
increases in Na® and Cl~ content in laminas and roots,
decreases in roots’ K™ content and increases in lamina K™
content (Table 2). These results corroborated those of
Munns (2005), implying that sequestering Na* and CI~ in

@ Springer

cell vacuoles causes K™ to accumulate and organic solutes
in cytoplasm and organelles to balance the osmotic pres-
sure. Differences between accessions in potassium flux
(Fig. 1c) could explain the improved osmotic adjustment
observed in tolerant accessions, Khedhayria and Tebaba,
and better control of the stomata opening (Fig. 3c). Indeed,
increases in K* concentration in the guard cell vacuoles
lead to greater vacuolar osmotic pressure and ostioles
opening (Wang et al. 2013; Shabalaa and Pottosin 2014). In
addition, maintaining higher levels of transport and
absorption of K™ in tolerant accessions of wild vines is
attributed to higher potassium flux (Fig. 1d) and overall
selectivity of K™ versus Na™ S/na). Our results agreed
with Fisarakis et al. (2005) who reported that the ability of
vines to maintain high K* levels in leaves may act as the
major monovalent cationic osmoticum in the presence of
high external salt concentrations. In the same context,
Sivritepe et al. (2010) mentioned a significant increase in
Nat, K*, Ca®*, N, PO,>~, Mg*", Fe**, Mn*" and Zn*"
root contents and a decrease in K™ in roots when 5.45 NaCl
was applied for 60 days. They assumed that the increase in
the transport of inorganic ions up to the leaves was the
major component of osmotic adjustment in Sultana vines.
In our study, salinity levels of 100 and 150 mM NaCl
increased root fluxes of Na™ and C1~ (Fig. 1a, b) and were
more pronounced with the Khedhayria and Tebaba acces-
sions compared to sensitive accessions such as Houamdia
and Djebba. Ouchteta and Zouarda, however, had inter-
mediate responses. Mohammadkhani et al. (2014) related
the tolerance of grape genotypes to their capacity to restrict
Na™ and CI~ transport to shoots. In our experiment, high
concentrations of Na* and Cl1~ in roots compared to those
in laminas confirmed that their transport was limited and/or
they were excluded from these photosynthetic organs, this
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behaviour being more observable with Na™. These results
suggested that salt tolerance in wild vines was not corre-
lated with limiting absorption of toxic ions but with their
ability to exclude them or limit their transport to laminas.
Comparing Na* and C1~ cytosolic concentrations in lam-
inas and roots to the upper limit 100 mmol.I™" reported in
adapted or not adapted cells (Singh et al. 2013) revealed
that at 100 mM NaCl wild vine accessions recorded low
Na* cytosolic concentrations in their laminas (Askri 2014).
In laminas, CI~ contents were between 103 and
158 mmol.1™!. In roots Na* and Cl~ contents ranged
between 137 and 177 mmol.1™'. Although these estimated
values represented average concentrations in vacuole and
cytoplasm, the hypothesis can be put forward that wild
grapevine genotypes exclude Na* from laminas and com-
partmentalize Cl~ in lamina vacuoles and Na™ and CI™ in
root cell vacuoles. Azevedo-Neto et al. (2004) reported that

soluble organic solutes induced by relatively high levels of
salt in the roots of the tolerant genotypes contributed to
maintaining of root water uptake and shoot water flow by
maintaining high water potential. We observed that tolerant
accessions, Khedhayria and Tebaba, were more effective in
excluding Na* from roots and lamina cytoplasm than
sensitive ones, resulting in better absorption of K.
According to our results, tolerance to salinity in wild vines
could be partly attributed to a better adaptation of laminas
and roots to osmotic adjustment. This hypothesis is sup-
ported by better overall selectivity of potassium versus
sodium. Proline appears to play an organic osmotic role,
but the rate increases were not positively correlated to
accession tolerance, whereas total soluble sugars probably
played a minor role in the process of leaf osmotic adjust-
ment. According to Fisarakis et al. (2005), greater tolerance
of vitis genotypes is associated with decreased metabolic
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cost with osmoregulation and/or effective compartmental-
ization of inorganic solutes in vacuoles and organic solutes
in the cytosol. According to our results, not severe damages
occurred to plant growth, especially for Tebaba and
Khedhayria accessions. Growth reductions may be asso-
ciated with photosynthetic inhibitions through metabolic
disturbances resulting from ionic imbalance or toxicity of
ions (Singh et al. 2013). Decreases in photosynthetic
assimilation may be associated with stomatal (Ouerghi
et al. 2000) or non-stomatal limitation (Fisarakis et al.
2001). In the case of our experiments, significant and
concomitant reductions in growth and stomatal conduc-
tance observed in six accessions from the first day at
150 mM NacCl illustrated the contribution of the stomatal
component to photosynthetic reduction. We can attribute
the decrease in stomatal conductance to a concomitant
decrease in water potential. Nevertheless, it is due to
osmotic adjustment that the plant maintained an adequate
level of leaf hydration. Later, with the increasing salinity of
the external environment, disturbances of the PSII were
noted and could be considered non-stomatal factors.

@ Springer

According to Fisarakis et al. (2001), they may be attributed
to high accumulation of CI™ that inhibits net photosyn-
thesis by reducing root uptake of NO’~ ions, strongly
correlated with reduced net photosynthesis.

With reference to our results on chlorophyll fluores-
cence, two mechanisms were identified as protecting the
PSII system from oxidative damages under saline condi-
tions: (1) the non-photochemical energy dissipation and (2)
the photochemical regulation mechanism. However, these
photoprotective mechanisms were associated with a
decrease in plant photosynthetic yield. De Lucena et al.
(2012) reported reductions in photosynthetic yields of
mango as a response to NaCl stress to balance electron
transport and carbon metabolism. In our study, non-pho-
tochemical energy dissipation was the most active mech-
anism. The sensitive accession Houamdia recorded an
increase of 181% in non-photochemical quenching (NPQ)
compared to the control. However, tolerant accessions
Tebaba and Khedhayria were less affected by NaCl salt
and recorded reductions in NPQ of about 27 and 65%,
respectively. The second photochemical mechanism was
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involved in the decrease in the proportion of open reaction
centres, demonstrated by QOpgy and O, reductions com-
pared to the control. Furthermore, the tolerant accessions
Tebaba and Khedhayria were less affected by high salinity
levels than accessions Houamdia, Djebba and Zouarda. In
addition, fewer variations of Qpgy and O.,. parameters
recorded in accession Tebaba compared to accession
Khedhayria, justified the best tolerance of Tebaba to NaCl.
For that, a final classification was proposed for the six wild
grapevine accessions ranging from the most tolerant to the
most sensitive to salt as follows: Tebaba > Khedhayr-
ia > Ouchteta > Zouarda > Djebba > Houamdia. Salt
tolerance in many species was positively correlated to
photosystem II stability, and chlorophyll fluorescence
parameter variations have been used to rank barley lines
(Kalaji et al. 2011) and chickpea lines (Cigek et al. 2018)
according to their tolerance to salt stress.

In conclusion, salt tolerance of wild grapes was not
correlated to the absorption of Na* and Cl1~ but to the
accession ability to limit sodium transport to lamina and to
chloride compartmentalization in root and leaf vacuoles,
which is improved by sufficient uptake of K that acts as
the main osmoticum in response to massive influx of Cl™.
Tolerant accessions maintained better vigour, tissue
hydration and ensured efficient osmotic adjustment. These
characteristics imparted to tolerant accessions were
explained by a better supply of potassium (Fluxg, S (K/
Na)), a greater stomata aperture and more efficient osmotic
adjustment. Furthermore, photoprotective mechanisms
developed by wild grapevines were more efficient in tol-
erant accessions in regulating photochemistry, thus ensur-
ing better stability of light reactions of photosynthesis. The
photosynthesis process is mainly responsible for growth
reduction explained by significant stomatal closure, one
day after salt stress and 14 days later by alterations of
photochemistry (D.., Opsi; and qP) and increased energy
dissipation (NPQ) to avoid damage of PSII. Finally,
altering cationic nutrition, including that of potassium is
also involved in the decrease in growth.
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