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Abstract

Worldwide over 30% of irrigated and 7% of rainfed agriculture has been limited by salinity stress. Tolerance of crops to
salinity varies and negatively affects agricultural productivity. Despite the plethora of information on NaCl tolerance
mechanisms, it is still not completely elucidated. The purpose of this research was to determine NaCl tolerance of eight
tomato varieties (Tropic, Feroz, Ace, Super Rio Grande, Yaqui, Missouri, Vita and Floradade) by evaluating their
physiological traits. These varieties were exposed to salinity stress by the addition of NaCl (0, 50, 100, 150 and 200 mM).
The physiological variables measured were stomatal conductance, water potential, chlorophyll a, b, total, indirect
chlorophyll content, leaf temperature, transpiration and relative water content. The results showed differences in tolerance
between varieties in terms of NaCl concentrations and there was interaction between varieties x NaCl in the majority of
physiological variables. Symptoms of NaCl stress in the tomato plants were leaf wilting, desiccation, necrosis, and death. All
measured variables decreased as salinity increased, except for relative water content and leaf temperature, values of both
these variables increased with higher concentrations of NaCl. Physiological traits may be used as an effective means for
screening for salinity tolerance in tomato varieties. Amongst the tomato varieties evaluated were Missouri the most tolerant,
and Rio Grande the least tolerant. The results indicate that the varieties best tolerant to NaCl conditions from most to least

tolerant in successive orderare: Missouri, followed by Ace, Yaqui, Tropic, Floradade, Feroz, Vita and Rio Grande.
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Introduction

Our planet is a brackish biosphere with the majority of
its water in its oceans with around 30-35g of NaCl L*
(Flowers, 2004). Worldwide NaCl is a ubiquitous chemical
plant stressor. Salinity stress affects around 20% of all
agricultural areas cultivated in the world. In terms of
percentages, 30-50% of the irrigated crops and 7% of rainfed
agriculture (Kaya et al., 2002; Schroeder et al., 2013). NaCl
effects agricultural soils throughout the world (~45 million
ha) to some degree and this is estimated to increase because
of global climate changes, irrigation practices, as well as sea
water intrusion to aquifers from coastal areas. NaCl can
cause negative impacts in plant development, growth,
production, yield and the overall health. According with
Munns & Tester (2008), NaCl inhibits growth by first
affecting its osmotic phase and later as salinity increases,
accelerating senescence. How plants reply to NaCl stress is
different according to the developmental plant stage
(Rzepka-Plevnes et al., 2008) and generally is more sensitive
during the younger seedling phase (Cuartero & Fernandez-
Mufoz, 1999; Alian et al., 2000; Rzepka-Plevne$ et al.,
2007). Some plants with tolerance in early growth stages
demonstrate enhanced NaCl tolerance when fully developed
(Akinci et al., 2004). Undoubtedly, plants have undergone a
complex evolutionary response to salinity through cell, organ
and whole-plant processes. These adaptations use metabolic
and signaling pathways and networks that at present are not
completely understood. In general terms, the processes of
plant NaCl tolerance involve balancing ionic and osmotic
components to permit water flow even under these
conditions.

Tomatoes are a valuable worldwide cultivated
horticultural crop because of its nutritional and
commercial value, as well as its great yield, playing an
important role in the human diet, since it is consumed in
variety of forms: consumed fresh or modified and
preserved (i.e. tomato sauce and ketchup).

Tomatoes cultivation can be found in arid zones that
have water scarcity and high NaCl content. Due to its
value in human diet many tomato genotypes have been
studied for its tolerances to NaCl stress; results have
shown that a great genetic variation of NaCl tolerance
occurs among tomato cultivars. As in many other crops,
NaCl affected soils or waters alters tomato development,
production and yield around the world. To counteract
NaCl stress, plant breeding programs have been initiated.
However, in general they have not generated a sufficient
number of NaCl tolerant varieties (Foolad & Lin, 1998).

Thus, finding NaCl tolerant tomato genotypes in the
germplasm is desired to improve production (Foolad,
1996; Kaveh et al., 2011). Many tomato genotypes are
able to grow with normal yield even if NaCl is present;
this is known to be true since tomato has been long
cultivated successfully in some regions although impacted
by NaCl (Cuartero et al., 2006; Frary et al., 2010). It
would be useful to find NaCl tolerant varieties, in order to
use somewhat brackish water to grow tomatoes. To do
this it is critical to understand the biochemical, genetic
and physiological mechanisms of NaCl tolerance, and as a
first step it is necessary to find the tolerant varieties.
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Hence, a wide variety of research has been done to
search for NaCl tolerant tomatoesgrown in moderate
salinity soils or watered by brackish water that produce
appropriate vegetative growth in a temporal scale with
good yields. According to Hartz (1990) some commercial
genotypes of tomato show no or slight productivity losses
and can tolerate modest NaCl levels as high as 2.5 dS m™.
There are quite limited numbers of studies of tomato
genotypes at higher dosages of salinity. In this sense,
more research is needed to evaluate tomato genotypes at
higher salinity concentrations in order to produce plants
that maintain vegetative growth and yield. Research with
the tomato should focus on improving vyield while
examining genetic, cellular, molecular, biochemical,
morphometric and physiological responses.

Based on these factors, the purpose of this research
was to take the first step in searching for tomato varieties
that are NaCl tolerant at higher dosages than previously
reported, by evaluating physiological traits in eight
tomato varieties. The varieties that were stressed with
different concentrations of NaCl were Tropic, Feroz, Ace,
Super Rio Grande, Yaqui, Missouri, Vita and Floradade.
This research was done to provide the data for selecting
tomato varieties that are less impacted or if possible
perform better with NaCl, especially with respect to early
vegetative growth and its physiological traits, with the
ultimate goal of finding a variety or varieties with higher
production yields.

Materials and Methods

Study area: The research was conducted in a shade-
enclosure located in the city of La Paz, Baja California
Sur, Mexico (24°08' 09.73” N, 110°25' 41.73” W) at 7
m.a.s.l. (Fig. 1), with fabric made of monofilament
stabilized polyethylene, with a filament density of 160
filaments cm , with a square aperture of 0.4 x 0.8 mm
(model 1610 PME CR). The mean temperature in shade-
enclosure was 29.0°C, with average maximum and
minimum 29.0°C and 40.0°C, respectively with 60%
relative humidity during tomato early vegetative growth
stage (May to July). All weather-related measurement
data was captured with a weather station located at the
study area (Vantage Pro2® Davis Instruments, USA). The
site Kdppen climate classification is Bw (h”) hw (e), i.e.
semiarid with xerophytic vegetation (Garcia, 2004). The
water retention in the ground was low to medium, at high
sand content (< 1% organic matter), with neutral to
alkaline pH, good permeability and aeration.

Plant material and experimental conditions: The
physiological traits in the early vegetative growth phase
of eight tomato varieties of Solanum lycopersicum L.
were evaluated: Missouri, Super Rio Grande, Yaqui
(Saladette type), Tropic, Feroz, Ace, Vita and Floradade
(Ball type). On May 1, seeds of each tomato variety
were placed in shade-enclosure for about 20 days in a
peat moss based medium. Watering was carried out as
required to maintain moisture of soil and fertilization
was done once every 5 days with a Hoagland solution
(Hoagland & Arnon, 1950).
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On May 22, plants were transplanted (seedlings with
approximately 4 or 5 leaves and 10-15 cm of height) into
plastic pots with drainage holes where 25 cm high, 20 cm
wide on the upper surface with approximately 4 kg of
capacity, containing a blend of peat-moss (Sunshine® Peat
Moss Grower Grade White, Sun Gro Horticulture Canada
Ltd.) and sand(1:1). These seedlings were then placed in a
shade-enclosure with mesh which allowed filtered sunlight.
To allow for plant root establishment the seedlings were
irrigated for 10 days with 1 L of tap water every second
day. Uniform plants were chosen to be treated with NaCl.
Watering was carried out daily for all plants with tap water
that was mixed with one solution with concentrate nutrients
(stock solution) containing (g in 3 L of distilled water):
168 of KNO3, 30.6 of (NH4) (NOs), 44.4 of (NHs) H2POs,,
180.6 of Ca (NOs)2, 126 of MgSQs, 6.0 of FeSQs, 1.5 of
MnSOQs, 0.3 of ZnSO,, 0.3 of CuSO4 and 0.3 of H3BOs
according to the recommendation of Samperio-Ruiz (1997)
for tomatoes. A methodology by Murillo-Amador et al.
(2007) was followed during the second week that
implemented NaCl treatments gradually to elude sudden
change in solute concentration and its negative impacts
(osmotic stress). Briefly, the Murillo-Amador et al. (2007)
methodology involves flushing the soil with a surplus of
solution (500 mL) at the NaCl level of interest. The NaCl
treatments applied were as follows: 0, 50, 100, 150 and 200
mM of NaCl (0.3, 2.6, 51, 7.6 and 10.3 dS m¥,
respectively). Water draining from the pots was collected
and the pH and electrical conductivity was measured for all
treatments. This was done to verify that drained water was
similar to applied water. By addition of H,SO. or KOH the
pH was maintained at 6.0. The plants received a calculated
average a daily dose of 393 + 65 pmol m2 s* of sunlight.

Stomatal conductance, transpiration rate and leaf
temperature: All variables were measured twice in the
shade-enclosure with saturated light (June and July) using
a handy porometer sensor (Model Li-1600, Li-COR Inc.)
with typical cuvette temperature range of 35.9 + 1.5°C,
with a flux of 1.4 + 1.5 cm® s and a relative humidity of
37.0 + 5.6%. Stomatal conductance (Gs= cm? s?),
transpiration rate (E= ug cm? s?) and leaf temperature
(°C) were measured at 10:00-13:00 hours (4 replicates) on
a clear, cloud-less day in fully expanded, healthy, turgid,
flat and uniform in color and size leaves of each tomato
variety and NaCl treatment, respectively.

SPAD-readings: SPAD readings of leaves were taken
twice (June and July) using a handy SPAD 502 chlorophyll
meter (Minolta Camera Co., Ltd., Japan). The methodology
followed was that of Ruiz-Espinoza et al. (2010). Briefly,
on the left and right of the midrib three measurements are
made |[from uniform healthy leaf for a total of 6
measurements and the samples were gathered from three
different plants per plot treatment and the control plot in the
early morning between 08:00 and 10:00 h. One youngest,
fully expanded, healthy, turgid, flat and uniform in color
and size leaf from three different plants per plot was
selected. A total of 720 leaves were measured.
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Fig. 1. Study area (red point) located at Centro de Investigaciones Bioldgicas del Noroeste, S.C. in La Paz, Baja California Sur, Mexico.

Leaf water potential (LWP): A dew-point psychrometer
(WP4-T, Decagon Devices, Pullman, Washington, USA)
was used to measure the leaf water potential. This
measurement was carried out twice (June and July) in one
plant per variety and NaCl treatment that had been in
direct sunlight for a minimum of 1 h before being
measured and these were healthy fully developed leaves.

Relative water content (RWC): The mean ofrelative
water content was calculated based on averaging two
measurements (June and July). Leaves were collected at
mid-plant height. Individual leaves were selected and

three samples circular in form were hole-punched from
the same leaves (total area of 5.10 cm?). For (fresh mass,
FM) leaves were weighed upon removal from plant in the
field. Turgid mass (TM) was obtained by floating disk
leaf samples in water on a petri dish, removing sample,
gently removing excess water and weighing until constant
weight was achieved. During this process lead was in dim
light (approximately 20 pmol mw?) and laboratory
temperature varied between 25+2 °C. At the end of the
imbibition period, leaf samples were placed in a pre-
heated oven (Shel-Lab®, model FX-5, serie-1000203), at
80 °C until constant weight (approximately 72 h), in order
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to obtain the dry mass (DM) (Catsky, 1974; MacNicol et
al., 1976; Turner, 1979). An analytical scale with
precision of 0.0001 g (Mettler Toledo®, model AG204)
was used for weighing of all samples. Values of FM, TM,
and DM were used to calculate RWC, using the equation:

RWC (%) = [(FM-DM)/(TM-DM)] x 100.

Chlorophyll a, b and total: Chlorophyll a, b and total
content (Chl a + Chl b) was determined by the method of
Arnon (1949) and expressed on a leaf area basis (mg cm-
2). The procedure followed is described in detail by Ruiz-
Espinoza et al. (2010), The procedure involved
macerating leaves in aqueous acetone (80 %), centrifuged
to transparency (typically 2 to 3 min) and absorbance
measured with spectrophotometer (Spectronic Unicom®,
Cambridge, UK) at 645 nm and 663 nm. Leaves measured
for chlorophyll were the same leaves that were used by
the SPAD.

Experimental design: A factorial experimental with two-
ways of classification was carried out, with eight tomato
varieties (Missouri, Super Rio Grande, Yaqui, Tropic,
Feroz, Ace, Vita and Floradade) as a first factor and five
NaCl levels (0, 50, 100, 150 and 200 mM NaCl) as a
second factor, were arranged in a completely randomized
design with four replicates and each replicate consisted of
one pot with three plants per pot, that is to say, twenty
pots per variety or 160 pots in total.

Statistical analysis: For statistical analysis Statistica
version 10 was used. First the homogeneity of variance
was confirmed for the data set by employing Bartlett’s
test. Once it was found that the homogeneity of variance
was within adequate ranges a two way ANOVA was
carried out for growth parameters with tomato variety as
one factor and the other factor being salinity
concentrations. In addition, MANOVAs were run for
measuring shared/related constructs. Tukey test where run
to test for mean differences at p<0.05. Relative water
content received a special statistical treatment that
required that it be arcsine transformed prior to ANOVA
(Sokal and Rohlf, 1988).

Results

Analysis of MANOVA revealed that there were
significant  differences  between tomato  varieties
(Wilks=0.000030; F=18.50; p=0.000001), NaCl treatments
(Wilks=0.003943; F=14.8; p=0.000001) and the interaction
of varieties x NaCl (Wilks=0.000370; F=2.0; p=0.000001)
including all physiological variables. Wilks was significant
(0.01) indicating that ANOVA results are not random
results of false positive (Johnson, 1988).

Stomatal conductance, transpiration rate and leaf
temperature: After one week of NaCl treatments, the
leaves of of some varieties that were subjected to 200 mM
NaCl had signs of necrosis and wilting, while other
genotypes took longer than two weeks to reach necrosis
and wilting (at 150 or 200 mM NaCl), while other
varieties simply dried up and died in less than a week. In
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general, the primary leaves had more damage than the
first and second trifoliate leaves. Stomatal conductance
displayed significant differences between NaCl treatments
(F4,80=64.83; p<0.0001) but did not show differences
between varieties (F7,80=1.47; p=0.18) and the interaction
of varieties x NaCl (Fzsg0=1.14; p=0.32). The Gs values
decreased as NaCl levels increased and although varieties
as factor did not show significant differences, the values
of Gs varied by tomato cultivar from 1.14 to 2.37 cm? s,
where Feroz was the variety with highest Gs (Table 1).
Although Gs did not show significant statistical
interaction differences between varieties x NaCl, all
varieties had a trend of decreasing Gs as NaCl levels
increased from 0 mM to 100 mM, while Gs differences at
higher values (100mM, 150 mM and 200 mM) were
virtually identical in the eight cultivars (Table 2).
Transpiration rate exhibited significant differences
between varieties (F7,80=5.74; p<0.0001), NaCl treatments
(Fa,80=247.08; p<0.0001) and the interaction of varieties x
NaCl (F2s80=2.73; p<0.0001). As expected, Feroz had the
highest values of E because of this variety had higher
values of Gs, while Tropic had the lowest E (Table 1).
Transpiration decreased as NaCl levels increased (Table
1). When the interaction varieties x NaCl was analyzed,
all varieties displayed a similar trend when NaCl levels
increased, although some varieties such as Tropic,
Floradade and Rio Grande had E values that were very
similar at 150 or 200 mM or with just slightly higher
valuesat 200 mM NaCl (Table 2). Leaf temperature had
significant differences between varieties (F7.g0=44.5;
p<0.0001) and NaCl treatments (F4g=11.00; p<0.0001)
while the interaction of varieties x NaCl did not show
significant differences (F2sgo=1.40; p>0.12). The variety
Vita followed by Rio Grande and Feroz had higher LT
while Ace had the lowest leaf temperature (Table 1). Leaf
temperature increased as NaCl levels increased (Table 1).
Even though LT did not show significant differences
between the interaction varieties x NaCl, all varieties
showed a similar trend of increasing values of LT as NaCl
levels increased, however, different responses are
observed at each NaCl levels of every variety, e.g.
Missouri had the lowest LT at 100 mM NaCl, while the
highest LT was for Vita at 150 mM NaCl (Table 2).

SPAD readings:SPAD readings exhibited significant
differences between varieties (F780=6.61; p<0.0001)
revealing higher and similar values the varieties
Floradade, Ace, Tropic, Missouri and Vita, while Rio
Grande had the lowest values of this variable (Table 1).
Also, SPAD displayed significant differences between
NaCl treatments (Fsg0=48.35; p<0.0001), showing a
decrease of SPAD values as NaCl levels increased (Table
1). This variable revealed significant differences between
the interaction of varieties x NaCl (F2g8=1.95; p<0.01),
displaying differential response of varieties at the NaCl
levels, e.g. SPAD values generally decreased with
increasing concentrations of NaCl for all cultivars, at the
highest concentration of 200 mM NacCl all cultivars had
the lowest SPAD reading, except Rio Grande which had
the lowest at 150 mM NaCl, but statistically insignificant
since the SPAD value is very close to the value of 200
mM NaCl (Table 2).



PHYSIOLOGICAL RESPONSES TO SALINITY IN SOLANUM LYCOPERSICUM 813
Table 1. Physiological response of tomato varieties under NaCl stress.
Varieties  Chla (u(;hclnk:z) Chl total r?;?ngs Fil’/\:)c ('R/Ivgz) LTCC) E(ugem?sl) Gs(cm?s
Missouri 3.48b 1.25 ab 4.73b 30.32a 80.21bc -2.32a  34.04c 25.80 bcd 1.60 a
Ace 3.63ab 128ab  491ab 30.83a 78.18bc -2.38a 32.31d 27.04 bed 194 a
Yaqui 36lab 125ab 4.86ab 29.17ab 79.19bc -250a 35.82b 2351cd 1.35a
Feroz 3.64 ab 1.24 ab 4.89 ab 28.96ab 76.13bc -2.60ab 36.64 ab 35.57 a 237a
Tropic 3.94a 137a 53la 30.80a 75.19c¢ -26lab 333lc 22.23d 1.46a
Rio Grande 2.82b 1.03¢ 3.85¢ 27.00b 8142a -272ab 36.68ab 27.90 abcd 147 a
Floradade 275b 101c 3.77¢c 31.15a 80.47bc -291b  3583b 30.58 abc 1.14a
Vita 347b 1.20b 4.68b 30.02a 77.48bc -3.55c 37.17a 31.78 ab 1.63 a
(;&“:‘gél) Chla (;;hcl ntjz) Chl total rs;?r'%s R(X/\:)C (IK/IVg:) LT(C) E(ugem?sl)  Gs(cm?sh)
0 36la 1.26 ab 4.87a 3354a 8168a -20la 34.20d 66.27 a 511a
50 350ab 1.23ab 4.73 ab 3151b 75.15b -220a 35.01cd 3257b 151b
100 3.64a 1.28a 492a 2955¢ 7375b -252b 35.15hbc 1750 ¢ 0.61 bc
150 3.24ab  1.16bc 4.40 be 2845c 7953a -3.00c 3592ab 12.68 cd 0.43c
200 3.11b 1.09¢ 4.20c 2585c 8256a -3.77d 36.09a 11.24d 0.43c

Chl a= chlorophyll a; Chl b= chlorophyll b; Chl total= chlorophyll total; RWC= relative water content; LWP= leaf water potential;
LT= leaf temperature; E= transpiration; Gs= stomatal conductance. Values within the same column with same letter(s) are not
significantly different at p = 0.05 (Tukey’s HSD multiple range test)

Table 2. Effects of the interaction varieties x NaCl in the physiological variables of tomato varieties.

Varieties Leaf water potential (MPa) Relative water content (%) Leaf temperature (°C)

0o [ 50 [ 100 [ 150 [200 | o [ s0 | 100 | 150 [ 200 | o | s0 [ 100 | 150 | 200
Missouri -1.84a -2.14a -2.08a -2.38a -3.17a 84.55a 75.99a 77.8la 79.03ab 83.67a 33.22bc 34.19c 31l.4la 35.41bc 35.99d
Ace -1.85a -2.15a -2.34ab -2.42a -3.15a 81.87ab 75.35a 73.59a 78.85ab 81.32a 31.16d 32.02e 32.53a 31.89d 33.98e
Yaqui -2.03ab -2.37a -2.37ab -2.74ab -2.98a 82.92ab 75.14a 70.48a 82.29ab 85.14a 34.63ab 35.78b 35.88a 36.21abc 36.61c
Feroz -2.05ab -2.25a -2.73b -2.88ab -3.08a 82.96ab 73.69a 70.6la 75.58ab 77.8la 35.63a 35.64b 36.43a 37.4lab 38.10a
Tropic -1.85a -2.11a -2.55ab -2.94ab -3.63a 79.55bc 73.47a 71.35a 73.00b 78.57a 32.94c 33.41d 33.86a 34.29bc 34.07e
Rio Grande -2.17b -2.05a -2.59ab -3.14ab -3.65a 83.98a 77.53a 80.65a 82.57ab 82.38a 34.82ab 36.83a 37.37a 37.12ab 37.26b
Floradade -2.24b -2.38a -2.18b -3.34ab -3.77a 81.27ab 77.29a 76.06a 79.05ab 88.70a 35.12a 35.55b 36.20a 36.70ab 35.60d
Vita -2.07ab -2.16a -2.66b -4.14b -6.74b 76.41c 72.78a 69.44a 85.85a 82.92a 36.13a 36.7l1a 37.58a 38.34a 37.11b

Stomatal conductance (cm?s™) Transpiration (ug cm?2s?) SPAD readings

0o [ 50 [ 100 [ 150 [200 ] o [ s0 | 100 | 150 [ 200 [ o | s0 [ 100 | 150 | 200
Missouri 493a 1.86a 0.55ab 0.36bc 0.33ab 60.72a 34.36abc 14.48ab 10.57b 8.91b 34.09a 31.60ab 31.28a 27.65ab 26.96a
Ace 50la 230a 0.89a 0.70a 0.82a 50.43a 33.22abc 20.70ab 19.21a 11.64b 33.54a 34.15a 30.63a 29.85ab 26.00a
Yaqui 482a 0.76a 0.44b 043bc 0.30b 62.18a 20.29c 12.87b 12.58b 9.66b 33.0l1a 28.91b 30.65a 26.96ab 26.34a
Feroz 865a 1.74a 0.85a 0.34bc 0.28b 84.4l1a 46.75a 25.09a 11.81b 9.81b 31.04a 29.28b 30.78a 27.52ab 26.19a
Tropic 429 133a 0.67ab 0.50b 0.53ab 48.73a 24.03c 15.44ab 11.53b 11.45b 34.56a 31.76ab 28.75ab 32.47a 26.46a
Riogrande 5.34a 0.93a 041b 0.32c 0.36ab 73.40a 30.76bc 12.22b 10.70b 12.45ab 32.33a 29.56b 25.08b 23.69b 24.33a
Floradade 293a 1.16a 0.54ab 0.51b 0.56ab 72.28a 28.36bc 18.88ab 15.21ab 18.15a 35.11a 31.75ab 31.79a 31.27ab 25.85a
Vita 496a 2.06a 0.55ab 0.30c 0.28c 78.05a 42.80ab 20.37ab 9.86b 7.81b 34.65a 35.11a 27.48ab 28.18ab 24.67a

Chlorophyll a (ug cm?) Chlorophyll b (ug cm?) Chlorophyll total (ug cm?)

0o [ 50 [ 100 [ 150 [200 | o [ s0 | 100 | 150 [ 200 | o | s0 [ 100 | 150 | 200
Missouri ~ 3.43abc 3.38abc 3.55a 3.4lab 3.62a 1.24ab 1.24abc 1.26a 1.19ab 1.3la 4.68abc 4.63abc 4.8la 4.6labc 4.94a
Ace 3.89ab 390a 3.89a 3.23abc 3.24a 1.36ab 1.35a 1.36a 1.14ab 1.18ab 5.26ab 5.26a 5.25a 4.37abc 4.43ab
Yaqui 4.04a 3.60ab 391a 3.18abc 3.34a 1.40a 1.26ab 1.37a 1l.15ab 1.07ab 5.45a 4.87ab 5.28a 4.32abc 4.4lab
Feroz 3.63abc 3.84a 4.06a 35lab 3.17a 1.24ab 1.28ab 1.42a 1.20ab 1.06ab 4.87abc 5.12a 549a 4.72ab 4.24ab
Tropic 427a 4.02a 4.10a 4.14a 317a 143a 1382 143a 149a 1.12ab 570a 540a 554a 5.63a 4.30ab
Riogrande 3.0lbc 2.83bc 2.98a 2.77bc 252a 1.07b 1.06bc 1.05a 1.06b 092b 4.08bc 3.89bc 4.04a 3.83bc 3.45b
Floradade 2.84c 2.66c 3.20a 240c 2.67a 1.04b 0.97c 1.18a 0.89b 0.98ab 3.88c 3.63c 4.38a 3.30c 3.65ab
Vita 3.82abc 3.74a 3.42a 3.26abc 3.14a 1.28ab 1.30ab 1.19a 1l.14ab 1.09ab 5.1labc 5.04a 4.62a 4.40abc 4.23ab

Values within the same column with same letter(s) are not significantly different at p = 0.05 (Tukey’s HSD multiple range test)
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Relative water content (RWC): Significant differences
between varieties (F7,g=4.25; p<0.001) were had for this
variable, displaying Rio Grande the higher values while
Tropic had the lowest values (Table 1). This variable
exhibited significant differences between NaCl treatments
(Fa,80=21.78; p<0.0001) but contrary to expected the
higher values were at 200 mM NaCl, followed by 0 and
150 mM NaCl and the lowest values were observed at 100
mM NaCl (Table 1). Despite no significant differences
between the interaction of varieties x NaCl (Fzsg0=1.39;
p=>0.13), the response of the varieties to NaCl varied and
did not follow a linear trend of either increasing or
decreasing NaCl increased, it varied as function of
concentration. For example, of all cultivars Floradade had
the highest RWC at 200 mM NacCl, followed by Vita and
Yaqui at 150 and 200 mM NaCl, respectively, while from
all varieties, Vita had the lowest RWC at 100 mM NaCl
followed by Yaqui, Feroz and Tropic at the same 100 mM
NaCl (Table 2).

Leaf water potential (LWP): Significant differences of
LWP were exhibited between varieties (F78=18.26;
p<0.0001), with Vita having the most negative values and
Missouri, Yaqui and Ace the less negative values (Table
1). Also, this variable had significant differences between
NaCl treatments (F450=95.02; p<0.0001) and the LWP
values were most negative as NaCl levels increased
(Table 1). Furthermore, LWP revealed significant
differences between the interaction of varieties x NaCl
(F28.80=7.01; p<0.0001) and when this interaction was
analyzed, the varieties Missouri, Tropic and Ace
displayed less negative values at 0 mM NaCl, while the
most negative values were for the Vita variety at 150 and
200 mM NaCl (Table 2).

Chlorophyll a, b and total: For Chl a ANOVA shows
significant differences between varieties (F7,=19.49;
p<0.0001). Tropic had the highest value followed by Feroz,
Ace and Yaqui, while the rest of varieties had lowest values
(Table 1). This variable exhibited significant differences
between NaCl treatments (Fsg=10.06; p<0.0001) but
contrary to expected, the higher values of Chl awere at 100
mM NaCl followed by control (0 mM NaCl), while the
lowest values were at 200 mM NaCl (Table 1). Even though
this variable did not display significant differences between
the interaction of varieties x NaCl (Fzg0=1.13; p>0.32) the
higher values were exhibited by Tropic at 0 mM NaCl,
Tropic at 100 or 150 mM NacCl, while Floradade at 150 mM
NaCl had the lowest Chl a values. Table 2 shows that the
varieties did not follow a specific monotonic linear trend of
decreasing Chl a as NaCl dosages increase, even varieties
such as Missouri had higher values with respect to the
control at 200, 150 or 100 mM NaCl, Feroz had higher Chl a
values at 50 or 100 mM NaCl or Yaqui with the highest
values at 200 mM NaCl than at 150 mM NaCl. For Chl b,
ANOVA revealed significant differences between varieties
(F780=14.43; p<0.0001), displaying higher values were
Tropic, while Rio Grande and Floradade had the lowest
values (Table 1). This variable shows significant differences
between NaCl treatments (F4g=9.15; p<0.0001) finding
higher Chl b values at 100 mM NaCl followed by the control
and from this NaCl level, the Chl b values decreased as NaCl
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increased (Table 1). This variable did not show significant
differences between the interaction of varieties x NaCl
(F2s20=1.23; p>0.23), despite this, exhibited higher values
Tropic at 150 mM NacCl, followed by Tropic, Feroz and
Yaqui at 0 and 100 mM NaCl, while Floradade at 150 mM
NaCl had the lowest values (Table 2). In general terms, the
varieties do not follow a specific linear trend of decrease Chl
b as NaCl increase. For total Chl content, ANOVA revealed
significant  differences between varieties (F7g=18.42;
p<0.0001), displaying higher values Tropic while Rio
Grande and Floradade had the lowest values (Table 1). This
variable displays significant differences between NaCl
treatments (Fag=9.99; p<0.0001) with higher total Chl
content at 100 mM NaCl followed by the control and from
this NaCl level, the total Chl content values decreased as
NaCl increased (Table 1). Notwithstanding, this variable
failed to show any significant differences between the
interaction of varieties x NaCl (Fsg0=1.15; p>0.30). This
variable exhibited similar response to Chl b with higher
values Tropic at 0 mM NaCl followed by Tropic and Feroz at
100 or 150 mM NaCl, while Floradade had the lowest total
Chl content of tomato plants under NaCl treatments. This
variable do not shows a trend to exhibit lowest values as
NaCl levels increased (Table 2).

Discussion

Because salinity in soils and water is a common
environmental condition worldwide, salinity studies in all
types of plants have been carried out. One of the main
goals is to understand the changes induced in plant
physiology related to salinity tolerance in plants. Another
goal is the development of tolerant genotypes to salinity
by plant breeders. To date, a number of tomato genotypes
partially tolerant to salinity have been developed
(Cuartero et al., 2006), but none that are highly tolerant.
To find a more tolerant tomato variety or varieties, the
morphological variables selected to be measured were
plant height, number of leaves, chlorophyll content,
chlorophyll fluorescence, days to flowering, days to
fructification, days to ripening, number of flowers, fruit
sets of the second and sixty cluster, weight of fruit,
diameter of fruit, and total production (Ezin et al., 2010).
While for changes in physiological parameters in the
varieties due to salinity the following variables were
measured: leaf water potential (¥w) and osmotic (¥n),
gas exchange, stomatal density, the Na content (Romero-
Aranda et al., 2001), water consumption, efficiency of
water use (Reina-Sanchez et al., 2005) as well as other
physiological variables have been used to characterize
plant stress due to lack of water or salinity (Alian et al.,
2000; Bahaji et al., 2002; Rzepka-Plevnes et al., 2007;
Rzepka-Plevne§ et al., 2008). The present study had
significant differences between tomato varieties, salinity
and the interaction of varieties x NaCl (salinity) for the
majority of physiological variables measured. Although
the growth was not reported here, after one week of NaCl
treatments application, the leaves of certain plants of
some varieties subjected to 200 mM NaCl started showing
stunted growth, necrosis and even death compared to
other genotype varieties at 150 or 200 mM of NaCl.
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A possible stunted growth with NaCl is possible
caused by lower stomatal conductance (Table 2), and
thereby limiting CO plant consumption (Hayat et al.,
2009; Karlidag et al., 2011). Wang et al. (2011) indicates
that causes stomata closure. This research, has shown that
stomatal conductance varies with NaCl (Table 1). The
stomatal conductance of genotypes at 200 mM NacCl
varied from highest to lowest as follows: Ace > Floradade
> Tropic > Rio Grande > Missouri > Yaqui > Feroz > Vita
(Table 2), indicating that the varieties with highest
stomatal conductance could possibly have a higher
relative water content. For example, Rio Grande had
higher stomatal conductance, its relative water content
was higher than Feroz, which had lower stomatal
conductance (Table 1). This result could be due to
transpiration or evapotranspiration genetic differences of
the varieties in relation to stomatal conductance and the
number and distribution of stomata in the leaves
(Miglietta et al., 2011) and consequently affected relative
water content or efficiency of water use.

The tomato species is moderately sensitive to salinity
(Katerji et al., 2003) and the maximum level of salinity
tolerated by the plants without a reduction in production
yield has been reported to be 2.5 dS m?, after this level, a
reduction of 10% in production occurs per each unit
increase in electrical conductivity (Maas & Hoffman,
1977). When salinity increases, the leaf water potential
decreases reducing water availability for the plants, causing
a water deficit to the plants, which in turn affects the
stomatal conductance, transpiration, relative water content,
chlorophyll and leaf water potential (Katerji et al., 2003).

This research confirms tomato stomatal closure is
apparently the first stress response to NaCl in the varieties
tested. The plant carries out this strategy to retain water
this causes a decrease in transpiration when NacCl
increases. Other studies (Giorio et al., 1996; Guerfel et
al., 2009; Ozfidan et al., 2013) have reported a significant
correlation between stomatal conductance, osmotic
potential and relative water content. The response of
stomatal conductance in the present study could be due to
the antagonistic influence of Na to that of K, which has
been demonstrated in other studies that Na did not
directly affect the stomatal conductance if the ratio K/Na
decreased (Shahid et al., 2011; Sabra et al., 2012).

Excess NaCl in the water medium decreases the
partial CO, pressure, increasing internal CO;
concentration as a result of stomatal closure (Tiwari et al.,
2005; Abbruzzese et al., 2009). Leaf water potential under
different salinity dosages was most negative for Vita at
150 and 200 mM NaCl than all other varieties, while
Missouri, Yaqui and Ace had the least negative values.
Leaf water potential decreased considerably with
increasing NaCl and was directly proportional to the
amount of NaCl added, especially in Vita. Leaf water
potential of varieties at 200 mM NaCl varied from highest
to lowest as follows: Yaqui > Feroz > Missouri > Ace >
Rio Grande > Tropic > Floradade> Vita (Table 2).
Retention of water as measured by leaf water potential is
believed to be one of the important indicators to NaCl
stress (Ashraf & Harris, 2004). In the present study, leaf
water potential significantly decreased with NaCl stress in
Vita, which can be linked to salt-induced water loss that
has been reported previously in tomato (Chen et al., 2010)
and other species (Kav et al., 2004).

The mechanisms of NaCl tolerance depend on the
ability of the plant to carry out osmotic adjustment which
permits growth to continue under NaCl conditions. In this
sense, in the present study, variability in terms of
transpiration and relative water content in response to
different NaCl concentrations was noticeable among the
varieties of tomato. Transpiration decreased as salinity
increased while relative water content was highest at the
highest salinity dosage (200 mM NacCl) follow by 0 and
150 mM NaCl (Table 1).

At higher NaCl concentration transpiration of
varieties differed from high to low transpiration (worst to
best water retention performance) as follows: Floradade >
Rio Grande > Tropic> Ace > Feroz > Yaqui > Missouri >
Vita (Table 2). While relative water content of varieties at
200 mM NacCl contrasted from highest to lowest values as
follows: Floradade > Yaqui > Missouri > Vita > Rio
Grande > Ace > Tropic > Feroz (Table 2).

Efficiency of water use, production of dry biomass
and relative water content are usually used to measure the
water status of plants, considering that salinity reduce the
osmotic potential of the substrate and makes more
negative the soil water potential hence limiting water
uptake by the plants (Chen et al., 2010). The increase of
electrical conductivity due to salinity in the substrate
induces a reduction in efficiency of water use in tomato
hybrids (Mori et al., 2008). This is caused by the
reduction of osmotic potential of the substrate due to plant
stunted growth lowers water demand (Maggio et al.,
2004). Also, in other studies the reduction in efficiency of
water use and relative water content has been correlated
with an increase in stomatal conductance as a result of the
exposition of tomato plants to salinity and due to the
reduction in leaf area and dry biomass production (Mori
et al., 2008). Furthermore, the change in relative water
content and other water storage changes in plants exposed
to NaCl are considered to be related to stomata response
to changes of electrical conductivity in the substrate
(Cuartero & Fernandez-Mufioz, 1999).

Physiological disorders produced by salinity in some
cases might be attributed to changes in water uptake and
storage. This research shows that relative water content
maintains the turgor of the leaves occurred not only at 0
mM NaCl but also at 150 and 200 mM NaCl (Table 1).
Storey & Walker (1999) when evaluating citrus under
moderate NaCl stress (50 mM NaCl) or at high levels
(Hasegawa et al., 1986) reported similar results.

According to Hasegawa et al. (1986) NaCl tolerance
appears to be related to the capacity to resist dehydration.
As was previously mentioned, in this present study
relative water content decreased and it was induced by
NaCl at 50 and 100 mM NacCl, however the trend notably
inverts and relative water content increases at the higher
concentration of 200 mM NaCl.

Moreover, the Chla, b and total in all varieties did not
follow a specific linear trend of decreasing Chl as NaCl
increases, although the lower values of Chl a, b and total
were found at 200 mM NaCl, revealing that NaCl stress
caused a reduction in these variables (Table 1). The
decrease of chlorophyll content has been reported to be
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related to a chlorophyll-degrading enzyme, e,
chlorophyllase, and inhibition of chlorophyll synthesis: 5-
aminolevulinic acid (ALA) synthase, under NaCl stress
conditions (Santos, 2004). The damage in chlorophyll
content is caused indirectly by Na* in the medium
inhibiting activities of certain key enzymes, specifically
related to Rubisco and PEP carboxylase (Soussi et al.,
1988), as well as causing damage to cell membranes (Sabra
et al., 2012) and the photosynthetic electron transport chain
(Sudhir & Murthy, 2004). Also, one of the contributing
causes that has been reported in regard to the decrease in
the level of photosynthetic pigments is salinity-induced
inhibition of chlorophyll biosynthesis which leads to
nutrient deficiency (Khan, 2006). It is also known that
NaCl injury affects the photosynthetic apparatus at multiple
levels such as the production of enzymes, thylakoid
membrane performance, pigment biosynthesis, stomatal
closing/opening, gas exchange, structure and role of
thylakoid membranes (Sudhir & Murthy, 2004).

Variability in terms of Chl a, Chl b and total Chl
content attributes between the varieties of tomato in
response to different NaCl levels was significant (Table
1). Chl a content in the varieties at 200 mM NaCl
fluctuated from highest to lowest values as follows:
Missouri > Yaqui > Feroz > Ace > Tropic > Vita >
Floradade> Rio Grande (Table 2). Chlorophyll b content
of varieties at 200 mM NaCl changed from highest to
lowest values as follows: Missouri > Ace > Tropic > Vita
> Yaqui > Feroz > Floradade > Rio Grande (Table 2).
Similarly, total chlorophyll content at 200 mM NaCl
varied from highest to lowest values as follows: Missouri
> Ace > Yaqui > Tropic > Feroz > Vita > Floradade > Rio
Grande (Table 2).

When the chlorophyll was measured indirectly
using SPAD-502, Chl attributes among the varieties of
tomato in response to NaCl was noticeable and
decreased as NaCl concentrations increased (Table 1).
The response in the varieties when SPAD chlorophyll
fluorescence readings were measured at 200 mM NacCl
(from highest to lowest values) were: Missouri > Tropic
> Yaqui > Feroz > Floradade > Ace > Vita > Rio Grande
(Table 2). The effect of NaCl stress on the physiological
variables were evident in the present study, in addition
to Chl, another variable well documented to change due
to salinity effects is leaf temperature, it increases with
NaCl stress as a result of stomatal closure (Table 1). The
variability of leaf temperature among varieties of tomato
in response to different NaCl levels was noticeable. Leaf
temperature increased as salinity increased (Table 1). At
200 mM NaCl leaf temperature of varieties changed
from highest to lowest values as follows: Feroz > Rio
Grande > Vita > Yaqui > Missouri Floradade > Tropic
>Ace (Table 2). The higher NaCl concentration caused
some varieties to close their stomata more than others
causing leaf temperature to increase.

Other studies with cereals under salinity stress have
reported the best-accepted effect with the increases in leaf
temperature due to stomatal closure (Sirault et al., 2009). In
addition, temperature increased have been found to be
associated with the inhibition of shoot elongation (Munns
& Passioura, 1984; Rajendran et al., 2009). Characteristics
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related to yield due to salinity tolerance are important in the
plant breeding studies; however they are not the only
variable that can be measured when evaluating salinity
tolerance. For example, it is been found that for evaluating
salinity tolerance it is not only important to measure Na
content, but other variables as well such as Na/K ratio,
osmotic potential, as well as lipid peroxidation (important
in assessing secondary oxidative stress), although this
variable is less critical.

Morphological, physiological and biochemical
characteristics have been found to be useful for inferring
the outcome of plant developmental growth due to NaCl.
In this study, to determine the degree of NaCl tolerance
both  morphological as well as physiological
characteristics were measured. These include, not only
variables that directly influence the performance of
biomass yield or quantity, but quality since biomass
quality in terms of biochemical characteristics will also be
affected (Cuartero & Fernandez-Mufioz, 1999). Based on
the aforementioned, the present study, instead of
measuring standard Na content and Na/K ratio, and
osmotic potential to evaluate salinity tolerance, selected
the following physiological characteristics, such as
chlorophyll content, relative water content, leaf
temperature, leaf water potential, transpiration and
stomatal conductance,. These parameters have been used
in other studies as a guide to evaluate potential yield of
crops under limited water conditions, as well as under
abiotic stress such as salinity (Lovelli et al., 2012). Based
on the measured results, it is possible to infer the varieties
tolerant to salinity in the concentrations tested from most
to least. This classification was carried out by generating
a tolerance indicator and the methodology involved given
a score of 1 to 8 for each physiological variable measured,
with a score of 8 being the highest and a score of 1 being
the lowest. The total score of each variety was summed
and the variety with the highest total score was considered
to be the most tolerant variety to salinity stress. Based on
this methodology the following order of NaCl tolerance in
the varieties tested was determined from most to least:
Missouri > Ace > Yaqui > Tropic > Floradade > Feroz >
Vita > Rio Grande. It is recognized that this methodology
is subjective because all nine physiological variables were
weighted equally and summed, but nevertheless this
indicator provides a first order qualitative approximation
of salinity tolerance which will provide guidance to plant
breeders growing tomatoes under NaCl conditions.

All tomato varieties evaluated here are commercial
and most of them are moderately tolerant to salinity and
the degree of tolerance is growth stage dependent. Plant
developmental stages involve germination, emergence,
vegetative growth, flowering and reproductive stage;
however, the variation for NaCl tolerance within these
commercial varieties is limited. Future studies related to
salinity tolerance in tomato will be carried out to
examine wild species, since they represent a potential
source of untapped genes for breeding plants tolerant to
this abiotic factor.

Conclusions
The reaction of tomato plants to salinity is a complex

trait. In the present study, the eight varieties subjected to
non-lethal NaCl concentrations had different responses.
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Probably in most cases, tomato variety tolerance or higher
sensitivity to NaCl stress is due to the genetic variability.
As NaCl levels increased in tomato varieties well known
signs of NaCl stress were measured, such as necrosis,
wilting leaves, plants drying up; decrease of chlorophyll
content, chlorophyll SPAD readings, leaf water potential,
transpiration, leaf temperature increases and stomatal
conductance. Increases of relative water content occurred
with NaCl dosages of 150 and 200 mM. All differences
were associated with different degrees of NaCl sensitivity
tolerance in the varieties studied. Physiological traits are
useful for finding tolerant strains. Amongst the tomato
varieties evaluated (Missouri, Super Rio Grande, Yaqui,
Tropic, Feroz, Ace, Vita and Floradade), Missouri resisted
better to salinity stress while Rio Grande was the least
tolerant. The variety or varieties suggested for growing in
soil or areas where water is affected by NaCl is Missouri
followed by Ace and in decreasing order Yaqui, Tropic,
Floradade, Feroz, Vita and Rio Grande.

Acknowledgements

Authors are grateful to CONACYT (grant numbers
245853 and 224216) for providing financial support for
this research. The authors acknowledge and are grateful
for the technical help provided by Carmen Mercado-
Guido and Lidia Hirales-Lucero. Also, the authors
acknowledge the help of Prof. Diana Leticia Dorantes-
Salas and Ira Fogel (Native English editor) for English
review of the manuscript.

References

Abbruzzese, G, I. Beritognolo, R. Muleob, M. Piazzaia, M.
Sabattia, G.S. Mugnozza and E. Kuzminsky. 2009. Leaf
morphological plasticity and stomatal conductance in three
Populus alba L. genotypes subjected to salt stress. Environ.
Exp. Bot., 66: 381-388.

Akinci. L.LE., S. Akinci, K. Yilmaz and H. Dikici. 2004. Reponse
of eggplant varieties (Solanum melongena) to salinity in
germination and seeding stages. New Zeal. J. Crop and
Hort., 32: 193-200.

Alian, A., A. Altman and B. Heuer. 2000. Genotypic difference
in salinity and water stress tolerance of fresh market tomato
cultivars. Plant Sci., 152: 59-65.

Arnon, D.l. 1949. Copper enzymes in isolated chloroplasts.
Polyphenoloxidase in Beta vulgaris. Plant Physiol., 24: 1-15.

Ashraf, M. and P.J.C. Harris. 2004. Potential biochemical indicators
of salinity tolerance in plants. Plant Sci., 166: 3-16.

Bahaji, A., L. Mateu, A. Sanz and M.J. Cornejo. 2002. Common
and distinctive responses of rice seedlings to saline- and
osmotically-generated stress. Plant Growth Reg., 38: 83-94.

Catsky, J. 1974. Water content. Methods of studying plant water
relations. (Ed.): Slavik, B. pp. 121-156. Academia
Publishing House of the Czechoslovak Academy of
Science, Springer, Berlin, Germany.

Chen, W,, Z. Hou, L. Wu, Y. Liang and C. Wei. 2010. Effects of
salinity and nitrogen on cotton growth in arid environment.
Plant Soil, 326: 61-73.

Cuartero, J. and R. Fernandez-Mufioz. 1999. Tomato and
salinity. Sci. Hort., 78: 83-125.

Cuartero, J., M.C. Bolarin, M.J. Asins and V. Moreno. 2006.
Increasing salt tolerance in the tomato. J. Exp. Bot., 57:
1045-1058.

Ezin, V., R.D.L. Pefia and A. Ahanchede. 2010. Physiological
and agronomical criteria for screening tomato genotypes

for tolerance to salinity. Electronic J. Environ. Agri. Food
Chem., 9: 1641-1656.

Flowers, T.J. 2004. Improving crop salt tolerance. J. Exp. Bot.,
55: 307-319.

Foolad, M.R. 1996. Response to selection for salt tolerance
during germination in tomato seed derived from P.I 174263.
J. Amer. Soc. Hort. Sci., 121:1006-1011.

Foolad, M.R. and G.Y. Lin. 1998. Genetic analysis of low
temperature tolerance during germination in tomato,
Solanum lycopersicum Mill. Plant Breed., 117: 171-176.

Frary, A., D. Gol, D. Keles, B. Okmen, H. Pinar, H.O. Sigva, A.
Yemenicioglu and S. Doganlar. 2010. Salt tolerance in
Solanum pennellii: antioxidante response and relate QTL.
BMC Plant Biology, 10: 58.

Garcia, E. 2004. Modificaciones al sistema de clasificacion
climatica de Koppen. Instituto de Geografia. Universidad
Nacional Autonoma de México, México. 98 pp.

Giorio, P., G Sorrentino, P. Caserta and P. Tedeschi. 1996. Leaf area
development of field-grown sunflower plants (Helianthus
annuus L.) irrigated with saline water. Helia, 24: 17-28.

Guerfel, M., O. Baccouri, D. Boujnah, W. Chaibi and M.
Zarrouk. 2009. Impacts of water stress on gas exchange,
water relations, chlorophyll content and leaf structure in the
two main Tunisian olive (Olea europaea L.) cultivars. Sci.
Hort., 119: 257-263.

Hartz, T.K. 1990. Minimizing environmental stress in field
establishment of vegetable crops. Hort. Sci., 25: 1179.
Hasegawa, P.M., R.A. Bressan and A.K. Handa. 1986. Cellular
mechanisms of salinity tolerance. Hort. Sci., 21: 1317-1324.
Hayat, S., A. Masood, M. Yusuf, Q.bFariduddin and A. Aqil.
2009. Growth of Indian mustard (Brassica juncea L.) in
response to salicylic acid under high-temperature stress.

Braz. J. Plant Physiol., 21: 187-195.

Hoagland, D. and D.I. Arnon. (Eds.) 1950. The water culture
method for growing plants without soil. Calif AES Bull.
Berkeley, U.S.A.

Johnson, D.E. 1988. Applied Multivariate Methods for Data
Analysis. Brooks Cole Publishing Company, U.S.A.

Karlidag, H., E. Yildirim and M. Turan. 2011. Role of 24-
epibrassinolide in mitigating the adverse effects of salt stress
on stomatal conductance, membrane permeability, and leaf
water content, ionic composition in salt stressed strawberry
(Fragaria x ananassa). Sci. Hort., 130: 133-140.

Katerji, N., J.W. van Hoorn, A. Hamdy and M. Mastrorilli. 2003.
Salinity effect on crop development and yield, analysis of
salt tolerance according to several classification methods.
Agri. Water Manag., 62: 37-66.

Kav, N.N.V,, S. Srivastava, L. Goonewardene and S.F. Blade. 2004.
Proteome-level changes in the roots of Pisum sativum L. in
response to salinity. Ann. Appl. Biol., 145: 217-230.

Kaveh, H., H. Nemati, M. Farsi and S.V. Jartoodeh. 2011. How
salinity affect germination and emergence of tomato lines.
J. Biol. Environ. Sci., 5: 159-163.

Kaya, C., H. Kirnak, D. Higgs and K. Saltati. 2002.
Supplementary calcium enhances plant growth and fruit
yield in strawberry cultivars grown at hight (NaCl) salinity.
Sci Hortic., 26: 807-820.

Khan, N.A. 2006. NaCl-Inhibited chlorophyll synthesis and
associated changes in ethylene evolution and antioxidative
enzyme activities in wheat. Biol. Plantarum, 47: 437-440.

Lovelli, S., A. Scopa, M. Perniola, T. Di Tommaso and A. Sofo.
2012. Abscisic acid root and leaf concentration in relation
to biomass partitioning in salinized tomato plants. J. Plant
Physiol., 169: 226-233.

Maas, E.V. and GJ. Hoffman. 1977. Crop salt tolerance. Current
assessment. J. Irrig. Drain. Div., 103 (IR2): 115-134.



818

MacNicol, P.K., M.l. Dudzinski and B.N. Condon. 1976.
Estimation of chlorophyll in tobacco leaves by direct
photometry. Ann Bot., 40: 143-152.

Maggio, A., S. De Pascale, G. Angelino, C. Ruggiero and G
Barbieri. 2004. Physiological response of tomato to saline
irrigation in long-term salinized soils. Eur. J. Agron., 21:
149-159.

Miglietta, F., A. Peressotti, R. Viola, C. Kdrner and J.S. Amthore.
2011. Stomatal numbers, leaf and canopy conductance, and the
control of transpiration. Proc. Natl. Acad. Sci. U.S.A. 108(28):
E275. www.pnas.org/cgi/doi/10.1073/pnas.1105831108.

Mori, M., M. Amato, I. Di Mola, R. Caputo, F. Quaglietta
Chiarandéd and T. Di Tommaso. 2008. Productive behaviour
of “cherry”-type tomato irrigated with saline water in
relation to nitrogen fertilization. Europ. J. Agronomy, 29:
135-143.

Munns, R. and J.B. Passioura. 1984. Hydraulic resistance of
plants. 3. Effects of NaCl in barley and lupin. Aust. J. Plant
Physiol., 11: 351-359.

Munns, R. and M. Tester. 2008. Mechanisms of salinity
tolerance. Annu. Rev. Plant Biol., 59: 651-681.

Murillo-Amador, B, S. Yamada, T. Yamaguchi, E. Rueda-Puente, N.
Avila-Serrano, J.L. Garcia-Hernandez, R. Lopez-Aguilar, E.
Troyo-Diéguez and A. Nieto-Garibay. 2007. Influence of
calcium silicate on growth, physiological parameters and
mineral nutrition in two legume species under salt stress. J.
Agron. Crop Sci., 193: 413-421.

Ozfidan, C., I. Turkan, A.H. Sekmen and B. Seckin. 2013. Time
course analysis of ABA and non-ionic osmotic stress-
induced changes in water status, chlorophyll fluorescence
and osmotic adjustment in Arabidopsis thaliana wild-type
(Columbia) and ABA-deficient mutant (aba2). Environ.
Exp. Bot., 86: 44.

Rajendran, K., M. Tester and S.J. Roy. 2009. Quantifying the
three main components of salinity tolerance in cereals.
Plant Cell Environ., 32: 237-249.

Reina-Sanchez, A., R. Romero-Aranda and J. Cuartero. 2005.
Plant water uptake and water use efficiency of greenhouse
tomato cultivars irrigated with saline water. Agric. Water
Manag., 78: 54-66.

Romero-Aranda, R., T. Soria and J. Cuartero. 2001. Tomato
plant-water uptake and plant-water relationships under
saline growth conditions. Plant Sci., 160: 265-272.

Ruiz-Espinoza, F.H., B. Murillo-Amador, J.L. Garcia-
Herndndez, L. Fenech-Larios, E.O. Rueda-Puente, E.
Troyo-Diéguez, C. Kaya and A. Beltran-Morales. 2010.
Field evaluation of the relationship between chlorophyll
content in basil leaves and a portable chlorophyll meter
(SPAD-502) readings. J. Plant Nutr., 33: 423-438.

BERNARDO MURILLO-AMADOR ET AL.,

Rzepka-Plevne$, D., D. Kulpa, M. Smolik and M. Glowka.
2007. Somaclonal variation in tomato L. pennelli and L.
peruvianum f. glandulosum characterized in respect to salt
tolerance. J. Food Agric. Environ., 5: 194-201.

Rzepka-Plevnes, D., M. Krupa-Matkiewicz, M. Twardowska, J.
Kurek and K. Wyborska. 2008. Variability of rye varieties
and breeding strains tested for tolerance to drought in in
vitro cultures. J. Food Agric. Environ., 6: 265-271.

Sabra, A., F. Daayf and S. Renault. 2012. Differential physiological
and biochemical responses of three Echinacea species to
salinity stress. Sci. Hortic., 135: 23-31.

Samperio-Ruiz, G 1997. Hidroponia Basica. Edit. Diana,
México. 176 p.

Santos, C.V. 2004. Regulation of chlorophyll biosynthesis and
degradation by salt stress in sunflower leaves. Sci. Hort.,
103: 93-99.

Schroeder, J.1., E. Delhaize, W.B. Frommer, M.L. Guerinot, M.J.
Harrison, L. Herrera-Estrella, T. Horie, L.V. Kochian, R.
Munns, N.K. Nishizawa, Y.F. Tsay and D. Sanders. 2013.
Using membrane transporters to improve crops for
sustainable food production. Nature, 497: 60-66.

Shahid, M.A., M.A. Pervez, R.M. Balal, N.S. Mattson, A.
Rashid, R. Ahmad, C.M. Ayyub and T. Abbas. 2011.
Brassinosteroid (24-epibrassinolide) enhances growth and
alleviates the deleterious effects induced by salt stress in
pea (Pisum sativum L.). Aust. J. Crop Sci., 5: 500-510.

Sirault, X.R.R., R.A. James and R.T. Furbank. 2009. A new
screening method for osmotic component of salinity
tolerance in cereals using infrared thermography. Funct.
Plant Biol., 36: 970-977.

Sokal, R.R. and F.J. Rohlf. 1988. Biometry: the principles and
practice of statistics in biological research. Third edition.
Freeman & Co, San Francisco, CA, U.S.A.

Soussi, M., A. Ocana and Lluch. 1988. Effects of salt stress on
growth, photosynthesis and nitrogen fixation in chickpea
(Cicer arietinum L.). J. Exp. Bot., 49: 1329-1337.

Storey, R. and R.R. Walker. 1999. Citrus and salinity. Sci. Hort.,
78: 39-81.

Sudhir, P. and S.D.S. Murthy. 2004. Effects of salt stress on
basic processes of photosynthesis. Photosynthetica, 42:
481-486.

Tiwari, A., P. Kumar, S. Singh and S.A. Ansari. 2005. Carbonic
anhydrase in relation to higher plants. Photosynthetica, 43: 1-9.

Turner, N.C. 1979. Drought resistance and adaptation to water
deficit in crop plants. In: Stress Physiology in Crop Plants.
(Eds.): Mussell, H. and R.C. Staples. Wiley Interscience,
New York, pp. 343-372.

Wang, X., S. Geng, Y.J. Ri, D. Cao, J. Liu, D. Shi and C. Yang.
2011. Physiological responses and adaptive strategies of
tomato plants to salt and alkali stresses. Sci. Hort., 130:
248-255.

(Received for publication 31 March 2016)


http://www.nature.com/nature/journal/v497/n7447/full/nature11909.html?WT.ec_id=NATURE-20130502#auth-1
http://www.nature.com/nature/journal/v497/n7447/full/nature11909.html?WT.ec_id=NATURE-20130502#auth-2
http://www.nature.com/nature/journal/v497/n7447/full/nature11909.html?WT.ec_id=NATURE-20130502#auth-3

