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Abstract—In this study, individual and combined effects of boron and sodium chloride salinity on growth,
photosynthetic pigments (chlorophyll and carotenoids content), enzymatic activities (catalase and ascorbate
peroxidase), hydrogen peroxide content, malondialdehyde content, proline accumulation, and some ion
contents, such as B~, Na™, Cl-, K*, Ca?", Mg?" of purslane (Portulaca oleracea L.) were investigated. Five
B levels (0, 4, 8, 16, 24, 40 mg/kg) and 100 mM NaCl were applied to the soil and mixed before sowing.
Results showed that purslane growth was reduced significantly by higher B levels and salinity due to ion tox-
icity and osmotic stress. Also, content of photosynthetic pigments increased with both higher B levels and
salinity, but they were decreased with combined effects of them. Tissue B~, Na*, Cl~, K* and Ca2" levels in
shoot increased with applied NaCl, but B levels applied together with NaCl caused a decrease in B~ content
due to antagonistic effects between B~ and CI™ ions. The MDA content, proline accumulation, and H,O,
content increased with higher B levels, but salinity caused a decrease in MDA content. The catalase and
ascorbate peroxidase activities increased with B and salinity combination, but did not change with salinity.
Increasing B reduced the catalase activity. It is suggested that purslane has the potential to manage the
amount of soluble boron and also it has a promising potential that can be grown in B-rich and saline soils.
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INTRODUCTION

Purslane (Portulacca oleracea L.) is one of the most
widespread weed species in the world and has a rich
potential in terms of w-3 fatty acid, o-linoleic acid,
and some antioxidants (o-tocopherol, B-carotenes,
ascorbic acid and glutathione) [1]. This crop was rated
as a moderately salt tolerant with a threshold value of
6.3 dS/m [2], and could keep its productive capacity,
even if irrigated with waters that have sulphate salinity
and may be contaminated with potentially toxic trace
elements [3].

Boron is an essential micronutrient for plants and
has a vital role in many physiological processes, such
as synthesis and structure of the cell wall, sugar trans-
port, same metabolisms (carbohydrate, ribonucleic
acid, indole acetic acid, phenol etc.), lignification,
and respiration [4, 5]. But, excess B levels may cause a
considerable crop loses in B-rich soils, especially in
arid and semi-arid regions of the world or in soils
exposed to B-rich irrigation water, fertilizers, sewage
sludge, fly ashes [6].

! The article is published in the original.
Abbreviations: APX—ascorbate peroxidase; CAT—-catalase.

Salinity affects some of the soil properties, reduc-
ing the productivity of soils and causing yield losses in
agricultural crops. Many studies have revealed that
high concentration of soluble salt in soils plays a criti-
cal role in the mechanisms and strategies that con-
trolling uptake and accumulation of ions, osmotic reg-
ulation, antioxidant metabolism, and stress signaling
[2, 7—11].

Boron toxicity was often associated to saline soils
and crops grown in arid and semi-arid regions are fre-
quently exposed to both stresses simultaneously [4].
Although the relationship between B and salinity is
complex [12], the responses of different plant species
to concurrent behaviour of excess B and salinity has
been reported by many researchers. These stress fac-
tors may cause a reduction in shoot and root growth in
wheat [13]; an increase in membrane damage in let-
tuce [14] or in tomato and cucumber [15].

When plants are exposed to abiotic stress condi-
tions such as ion toxicity, drought, extreme tempera-
tures, high salinity, pesticide treatments etc., the bal-
ance between reactive oxygen species (ROS) produc-
tion and defensive activity of antioxidants disrupts and
results in oxidative damage. The ROS production in
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plants increases with impairment of electron transport
processes in photosynthesis and respiration [16]. Ion
toxicity and osmotic stress due to excess B and salinity
induces oxidative damage by lipid peroxidation and
H,0, accumulation; thereby, causes free proline accu-
mulation in the cell [8]. Catalase (CAT) and ascorbate
peroxidase (APX) reduce cellular H,0, to water [17], but
APX is better H,0, scavenger than CAT due to higher
affinity for H,0, [16]. Most publications regarding plant
stress tolerance mechanisms indicate a correlation
between the resistance to environmental stresses and
more effective antioxidative systems [8, 14].

The main objectives of this study are to evaluate
physiological responses of the purslane plant to salin-
ity and toxicity (i.e., B, Na, and Cl) and also, to offer
a solution proposal related to the management of
saline and B-rich soils.

MATERIALS AND METHODS

Experimental design and treatments. Seeds of purs-
lane (Portulaca oleracea L. cv. Halkapinar) were grown
in a naturally lighted greenhouse (day/night average
temperature of 27/18°C, and relative average humidity
of 70%). The seeds soaked 4 h in de-ionized water at
room temperature. Then 30 seeds were sown into each
plastic pot (16 cm deep, with diameters of 17.5 cm at
the top and 12 cm at the bottom) lined with polyeth-
ylene bags, containing 2 kg of air-dried soil under
greenhouse conditions.

Six levels of B (0, 4, 8, 16, 24, and 40 mg/kg) and
one level of salt (100 mM) were applied to the soil from
boric acid (H;BO;) and NaCl, respectively. All these
application levels were prepared as a solution and
added separately to the soil just before seed sowing and
then thoroughly mixed. For basal fertilization,
100 mg/kg nitrogen (N), 50 mg/kg phosphorus (P),
and 100 mg/kg potassium (K) were applied to the soil.
Ammonium nitrate (NH,NO;), ammonium dihydro-
gen phosphate (NH,H,PO,), and potassium sulfate
(K,S0,) were used for N, P, and K sources. Purslane
seeds were sown at the rates of 30 seeds to each pot.
After a good stands of plants had developed they were
thinned to 20 plants per pot. During the experiment,
soil in the pots was kept at approximately 70% of the
field capacity using B-free tab water.

Some properties of the experimental soil were as
follows: loam texture (sand : clay, 35.8 : 21.7 by dry wt);
pH 7.34 (1 : 2.5, soil : water); electrical conductivity
(EC), 508 uS/cm (saturation extract); calcium car-
bonate (CaCO,), 17.29 g/kg; organic carbon, 6.25 g/kg
and total N, 0.86 g/kg. Ammonium acetate
(NH,OAc)-extractable K, Ca, Mg and Na were 100,
2151, 124 and 64 mg/kg, respectively. Also, sodium
bicarbonate (NaHCO;)-available P concentration and
hot water-extractable B were 12.43 and 1.64 mg/kg,
respectively. Diethylenetriamine penta-acetic acid
(DTPA)-extractable iron (Fe), manganese (Mn), zinc
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(Zn) and copper (Cu) were 24.28, 65.27, 2.09, and
1.17 mg/kg, respectively. The soil characteristics were
determined according to methods detailed by Page
et al. [18].

Sampling and harvest of plants. After eight weeks,
plants were harvested and separated into shoots and
roots for determining fresh and dry weight of biomass.
To obtain fresh weights the shoots and roots were
washed with running tap water and three-times rinsed
with deionized water to remove any soil particles
attached to the plant surfaces and dried with paper.
Then all samples were dried in an air-forced oven at
70°C until constant mass was reached. After cooling
down till room temperature they were weighted for
shoot and root dry weights and subsequently ground to
powder for nutrient ion analysis.

Enzyme extraction and assay. For extraction and
assay of enzymes, fully matured leaves (1.0 g) were
homogenized by using Heidolph DIAX 900 homoge-
nizer (Kelheim, Germany) with 5 mL of extraction
buffer (100 mM Na-phosphate buffer, pH 7.5) con-
taining 0.5 mM EDTA-Na, at 4°C. Also, 1 mM ascor-
bate was included to extraction buffer for ascorbate
peroxidase due to instability of APX in the absence of
ascorbate [17]. The homogenate was centrifuged at
10000 g for 5 min. The supernatant was used for deter-
mining the enzymes activity analyses and a spectro-
photometer (Shimadzu UV/VIS 1201, Japan) was
used for all colorimetric measurements (including
enzyme activities) at 25°C. The activity of CAT
(EC 1. 11.1.6) was determined by using a reaction solu-
tion (2.5 mL per 0.2 mL supernatant, pH 7) contain-
ing 50 mM potassium dihydrogen phosphate (KH,.
PO,) and 1.5 mM H,0, as a decrease in absorbance at
240 nm for 1 min following the decomposition of
H,0, [19] and calculated using the extinction coeffi-
cient (¢ = 40 mM~! cm™") for H,0,. The activity of
APX (EC 1.11.1.11) was determined by using a reaction
solution (3.0 mL per 0.1 mL supernatant, pH 7) con-
taining 50 mM KH,PO,, 0.05 mM ascorbic acid,
0.1 mM EDTA-Na,, and 1.5 mM H,0, as a decrease of
ascorbate and measuring the change in absorbance at
290 nm for 1 min [20] and calculated using the extinc-
tion coefTicient (€ = 2.8 mM~! cm™') for ascorbate.

Determination of membrane damage and non-enzy-
matic antioxidants. Lipid peroxidation of leaves is a
good indicator for assessing membrane damage and
was estimated by the content of MDA, the end prod-
uct of lipid peroxidation, described by Hodges et al.
[21]. In brief, mature leaf samples (0.25 g) was homog-
enized by using Heidolph DIAX 900 homogenizer
(Kelheim, Germany) in 5 mL 0.1% trichloroacetic
acid (TCA) and the homogenate was centrifuged at
5000 g for 5 min. After that, 4 mL of 20% TCA con-
taining 0.5% thiobarbituric acid (TBA) were added to
1 mL aliquot of the supernatant. The mixture was
heated in boiling water bath (95°C) for 15 min and
allowed to cool in ice bath quickly. The supernatant
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was centrifuged at 10000 g for 5 min and resulting super-
natant was used for spectrophotometric determination
of MDA. The absorbance at 532 nm was recorded and
corrected for nonspecific absorbance at 600 nm. The
MDA concentration was calculated by means of an
extinction coefficient of (€ = 155 mM~' cm™).

The H,0, content of the leaves was extracted and
estimated as described by Mukherjee and Choudhuri
[22]. Leaf samples (0.25 g) were homogenized by a
homogenizer (Heidolph, Diax 900) in 5 mL with cold
acetone and filtered. An aliquot (1 mL) of the
extracted solution was mixed with 4 mL of titanium
dioxide (TiO,) reaction solution in TiO, (0.06%, w/v),
K,S0, (0.6%, w/v), and H,SO, (10%, v/v) and added
5 mL concentrated ammonia (NH;) solution. The
mixture was centrifuged at 10000 g for 5 min. The
intensity of yellow color of the supernatant was mea-
sured at 415 nm. The concentration of H,0, was cal-
culated from a standard curve plotted with the range of
100—1000 nM H,0,.

Free proline content was extracted from 0.25 g fresh
leaf samples homogenized with 5 mL of 3% (w/v) sul-
fosalicylic acid at 4°C and estimated by ninhydrin
reagent [23].

Determination of photosynthetic pigments. Photo-
synthetic pigments were measured in the youngest
fully expanded fresh leaves before harvest. The fresh
leaf samples (0.2 g) were cut into small pieces and were
extracted in 10 mL of acetone (90% (v/v)) with a
homogenizer. The extract was then filtered and the
absorbance of the extract was measured at 663, 645,
and 470 nm using a spectrophotometer (Shimadzu
UV-1201). The contents of Chl a, Chl b, total chloro-
phyll @ and b, and carotenoids were calculated accord-
ing to the formula reported by Lichtenthaler [24].

Determination of nutrient ions. For the measure-
ment of nutrient ion concentrations, 500 mg of each of
the shoot sample was dry-ashed in a muffle furnace at
500°C for 6 h and then the cooled ash was dissolved in
5 mL, 0.1 M hydrochloric acid (HCI) solution. The
nutrient ions were analyzed using Inductively Coupled
Plasma-Optical Emission Spectrometry (ICP-OES,
Perkin Elmer Optima 2100 DV; Waltham, MA). Chlo-
ride (Cl) concentration of the sample was determined
by titration with silver nitrate (AgNO;) using potas-
sium chromate (K,CrO-) indicator according to the
Mohr’s method described by Johnson and Ulrich [25].

Statistical analysis. The experimental design was a
completely randomized factorial design with three
replicates. Obtained data were analyzed by ANOVA
and the differences were compared by Duncan’s mul-
tiple-range test (o0 = 0.05). The levels of significance
are represented by * at P < 0.05, ** at P < 0.01, *** at
P < 0.001, and ns: not significant. The statistical tests
were performed by using MINITAB Statistical Soft-
ware (Minitab Corp., State Collage, PA).
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RESULTS
Boron Toxicity

The symptoms of boron toxicity appeared at
8 mg/kg boron level and increased at higher B levels.
Typical symptoms were visible in leaf burn (chlorotic
and necrotic patches in older leaves), decreased leaf
number, small younger leaves, and delayed develop-
ment in purslane [6].

Salinity has been reported to affect plant growth in
two phases. These are (1) the osmotic phase that affects
mainly young leaves and (2) the ionic phase that causes
a reduction in the photosynthetic area in older leaves
due to accumulation of Na* and CI~ ions [26].

The visible leaf damage due to B toxicity was
reduced by salinity application. But, plant height
shortened, leaf size shrinks, and leaf color became
darker (Fig. 1).

Plant Growth

The changes in shoot and root fresh and dry
weights of purslane plant are exhibited on the Table 1.
The fresh and dry weights in both shoot and root
decreased significantly with increasing B levels, espe-
cially in the higher B levels (16, 24, and 40 mg/kg),
compared to control. The decreases in these levels
were found by 37.7, 52.3 and 75.9% in shoot fresh
weight; 52, 64.8, and 81.6% in root fresh weight; 50.17,
66.4, and 84.1% in shoot dry weight; and 60.2, 68.1,
and 87.4% in root dry weight, respectively. In the pres-
ence of salinity, decreases in growing parameters were
not significant; except for in shoot fresh weight with
the highest B level. Besides, regardless of B applica-
tions, plant biomass decreased by 62.3% in shoot fresh
weight; 65.5% in root fresh weight; 68% in shoot dry
weight; and 63.6% in root dry weight, respectively
(Table 1).

Photosynthetic Pigments

The interaction between increasing B and salinity
on photosynthetic pigments (chlorophyll and carot-
enoids contents) were significant (Fig. 2). The Chl a,
Chl b, total chlorophyll a and b, and carotenoids (Car)
contents increased remarkably with the higher B levels
and salinity, compared to the control. In the presence
of salinity, Chl b and Car contents decreased with all
B levels, except for 4 mg/kg B level. Also, Chl a and
Chl (a + b) did not change with 4, 8 and 40 mg/kg
B levels, but 16 and 24 mg/kg B level caused a decrease
in Chl a by 11.0 and 24.7%; in Chl (a + b) 9.6 and
29.7% contents, respectively (Figs. 2a, 2c).

Ion Concentrations
A significant interaction between B levels and
salinity application on the ion concentration was seen
in the Table 2. In the absence and presence of salinity,
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NaCl + B4 NaCl+B,, | NaCl+ By,

Fig. 1. The toxic effects of B on purslane growth (a) and interaction between increasing B levels and salinity (b) in purslane. By—
control, B;—4 mg/kg B, Bg—8 mg/kg B, B{c—16 mg/kg B, B,4,—24 mg/kg B, B4y—40 mg/kg B, NaCl—100 mM NaCl.
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Fig. 2. The effects of increasing B levels on the contents of Chl a (a), Chl b (b), Chl (a + b) (c), and Car (d) of purslane leaves in
the absence and presence of salinity. /—Control, 2—4 mg/kg B, 3—8 mg/kg B, 4—16 mg/kg B, 5—24 mg/kg B, 6 —40 mg/kg B.
The values (means = SD, n = 3) followed by the different letter on the bars indicates significant differences according to the Dun-
can Multiple Range Test (o < 0.05).
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Table 1. The effects of increasing B levels and salinity on biomass production in purslane shoots and roots

Applications Fresh weight, g/pot Dry weight, g/pot
NaCl, mM B, mg/kg shoot root shoot root
0 0 174.0 £ 16.19a 17.9 + 3.38a 14.38 + 1.68a 1.91 £ 3.38b
4 175.3 £ 11.14a 18.5 £ 0.55a 14.28 + 1.68a 2.11 £0.55a
8 164.1 £+ 8.42a 15.8 £ 3.71a 12.22 £ 0.09b 1.44 + 3.71c
16 118.8 £ 7.11b 8.6 £0.76b 7.17 £ 0.54c 0.76 £ 0.76d
24 83.0 £ 13.0c 6.3 +0.27bc 4.83 +0.99d 0.61 = 0.27de
40 42.0 £ 6.21de 3.3+0.43d 2.29 + 0.36e 0.24 + 0.43h
100 0 55.4 +£10.51d 3.6 £ 0.31cd 3.25 £ 0.50e 0.40 £ 0.31fgh
4 56.0 + 7.40d 4.1 £0.59cd 3.38 + 0.46¢ 0.45 £ 0.59%efg
8 49.1 £ 8.73de 5.4 +0.86cd 3.11 £0.57e 0.55 £ 0.86ef
16 46.6 + 2.60de 4.3 +1.28cd 2.90 + 1.78e 0.44 + 1.28efg
24 43.9 + 3.22de 3.9+ 0.54cd 2.82 +0.24e 0.38 &+ 0.54fgh
40 34.6 £ 0.76e 2.8 +0.41d 2.17 £ 0.11e 0.33 £0.41gh
F-test significance ok HHE ok HoHE
0 126.2 11.69 9.20 1.18
100 47.6 4.03 2.94 0.43
F-test significance xRk HoHE ok HHE
0 114.7a 10.8a 8.81a 1.16a
115.7a 11.3a 8.83a 1.28a
8 106.6a 10.6a 7.67b 0.99b
16 82.7b 6.5b 5.03c 0.60c
24 63.5¢ 5.1b 3.83d 0.50c
40 38.3d 2.9¢ 2.23e 0.28d
F-test significance ok ok ok ok

The values in columns followed by different letters, where available according to F-test significance, are significantly different. The val-
ues (means = SD, n = 3) followed by the same letter in the same column do not differ significantly according to the Duncan Multiple

Range Test (o < 0.05).

increasing B levels caused a notable increase in B con-
tent. But, salinity application decreased considerably
the endogenous B contents in all B levels. These
decreases were by 10.2, 56.3, 69.1, 71.4, 58.2, and
57.4% in the application of 0, 4, 8, 16, 24, and
40 mg/kg B, respectively. On the other hand, non-sig-
nificant increases in the Na and the Cl concentrations
were found with increasing B levels in the absence of
salinity. However, with the combined effect of B and
salinity, B content decreased significantly, whereas Na
and ClI contents increased (Table 2).

Asseen in Table 3, the K concentration in purslane
increased considerably with 8, 16, 24, and 40 mg/kg
B levels in the absence of salinity; however, in the
presence of salinity, 4 and 8 mg/kg B levels caused a
notable increase in K concentration by 42.7 and
25.1%, respectively. Besides, shoot Ca concentration
in purslane decreased considerably with only 16 and
24 mg/kg B levels, compared to control. But, in the

presence of salinity, it increased significantly with 4, 8,
16, 24, and 40 mg/kg B levels and these increases were
found by 75.0, 40.0, 91.6, 66.7, and 34.9%, respec-
tively. On the other hand, the changes in shoot Mg
concentration showed differences depending on
increasing B levels. While 4, 16, and 24 mg/kg B levels
decreased the Mg content, 40 mg/kg B level increased
considerable it by 25.0%. But, salinity application
caused significant decreases in Mg content with all
B levels. These decreases were by 42.7, 33.6, 50.4,
49.5, 44, and 60% in 0, 4, 8, 16, 24, and 40 mg/kg B
levels, respectively.

MDA Content and Proline Accumulation

The effects of increasing B levels and salinity on
MDA content and proline accumulation of purslane
leaves were exhibited in Fig. 3. In the absence of salin-
ity, the levels of 8, 16, and 24 mg/kg B increased sig-
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Table 2. The effects of increasing B levels and salinity on the contents of boron, sodium, and chloride in purslane shoot

Applications B Sodi Chlorid
NaCL mM B ma/ke oron, ug/g odium, mg/g oride, mg/g
0 0 46.3 £ 2.27i 2.7 +£0.09d 5.0 £ 0.00c
4 157.1 =+ 1.11h 2.5+ 0.03d 8.3+2.89%¢
8 388.2 = 0.49f 2.9+0.17d 8.3+2.89%¢
16 867.9 + 78.6¢ 3.4+ 0.04d 8.3+2.89%¢
24 1318.0 + 20.5b 3.4+ 0.02d 5.0 £ 0.00c
40 1921.0 + 23.4a 3.4+0.12d 6.7 £2.89¢
100 0 41.6 £ 7.29i 473+ 2.51a 75.0 £ 5.00a
4 68.6 = 1.72i 479 *+ 1.17a 73.3 £ 2.89a
8 120.0 £ 2.20h 42.8 £ 0.28c 66.7 + 2.89b
16 248.1 £ 3.10g 44.6 £ 1.94bc 66.7 £2.89b
24 550.3 &+ 37.4¢ 46.0 £ 0.90ab 73.3 £ 2.89a
40 817.7 £ 4.52d 43.1 + 1.52¢ 65.0 £ 0.00b
F-test significance ok ok ok
0 783.1 3.0 6.9
100 307.7 45.7 70.0
F-test significance ok HoHH o
0 44.0f 25.0a 40.0a
4 112.9¢ 25.2a 40.8a
8 254.1d 22.9b 37.5ab
16 558.0c 24.0ab 37.5ab
24 934.2b 24.7a 39.2ab
40 1369.3a 23.2b 35.8b
F-test significance o ok *

The values in columns followed by different letters, where available according to F-test significance, are significantly different. The val-
ues (means + SD, n = 3) followed by the same letter in the same column do not differ significantly according to the Duncan Multiple

Range Test (o < 0.05).

nificantly the MDA content by 33, 22, and 33%,
respectively. But, it was decreased with the highest B
level by 45%. When B applied together with NaCl, the
MDA content decreased significantly with 4, 8, 16, 24,
and 40 mg/kg B levels by 61.3, 60.1, 59.3, 65.3 and
36.1%, respectively. Also, salinity application caused a
notable decrease in MDA content by 72.1%, com-
pared to control (Fig. 3a).

Proline accumulation in purslane increased sig-
nificantly in both excess B levels and salinity. These
increases were 4-, 9-, 12-, 10-, and 14-fold with 4, 8,
16, 24, and 40 mg/kg B levels and applied NaCl,
respectively. In the presence of salinity, it also
increased considerably with all B levels, except for
8 mg/kg B (Fig. 3b).

Hydrogen Peroxide Content, Catalase
and Ascorbate Peroxidase Activities

A significant interaction between increasing B lev-
els and salinity was found in the H,O, content and
antioxidant features (CAT and APX activities) of purs-
lane leaves (Fig. 4). The H,O, content was increased
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considerably with increasing B levels and salinity.
When B applied together with NaCl, 4, 8, 16, 24, and
40 mg/kg B levels increased remarkably the H,0, con-
tent by 7.7-,4.5-, 3.0-, 2.0-, 1.8-, and 1.7-fold, respec-
tively (Fig. 4a).

On the other hand, the CAT activity was dimin-
ished with higher B levels. But, in the presence of
salinity, it increased significantly 2.1-, 1.9-, 2.5-, 2.2~
and 2.1-fold in 4, 8, 16, 24, and 40 mg/kg B levels,
respectively (Fig. 4b). The APX activity tended to
decrease in the absence of salinity and it showed a ten-
dency of increase with salinity. However, it increased
significantly in all B levels applied together with salin-
ity (Fig. 4c).

DISCUSSION

Excess B and salinity could cause simultaneous
stress in plants grown in saline and B-rich soils. Both
stress factors are likely to occur in the soils character-
ized by low rainfall and poor drainage in both arid and
semiarid regions [6]. Our results showed that increas-
ing B levels and applied NaCl caused significant
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Table 3. The effects of increasing B levels and salinity on the contents of potassium, calcium, and magnesium in purslane
shoot
Applications P ) Calci M )
NaClL mM B me/ke otassium, mg/g alcium, mg/g agnesium, mg/g
0 0 36.3 £ 0.62d 10.2 £ 0.10d 1.24 £ 0.05b
4 39.1 £ 1.91d 9.6 + 0.26de 1.13 £ 0.09¢c
8 47.5 £ 3.55¢ 9.5+ 0.10de 1.29 £ 0.01b
16 59.0 £ 0.93ab 8.3t 0.12¢ 1.11 £ 0.10c
24 61.7 £2.74a 8.4+ 0.04e 1.09 £ 0.02¢
40 60.8 + 8.09ab 10.6 £ 0.30d 1.55 £ 0.15a
100 0 54.4 £ 0.35b 18.7 £ 0.49a 0.71 £ 0.05de
4 55.8 £ 2.35ab 16.8 £ 0.42b 0.75x£0.01d
8 59.4 £ 5.80ab 13.3 £ 1.09¢ 0.64 £ 0.05def
16 56.6 + 1.18ab 15.9 = 1.83b 0.56 £ 0.03f
24 55.9 £ 2.08ab 14.0 £ 1.12¢ 0.61 £ 0.0lef
40 56.9 £ 2.96ab 14.3 £ 0.14c 0.62 £+ 0.02ef
F-test significance ok ok ok
0 50.7 9.4 1.23
100 56.5 15.5 0.65
F-test significance ok ok ok
0 45.3c 14.5a 0.97b
4 47.5¢ 13.2b 0.94b
8 53.5b 11.4d 0.96b
16 57.9a 12.1cd 0.83¢
24 58.8a 11.2d 0.85¢c
40 58.8a 12.5bc 1.09a
F-test significance ok ok ok

The values in columns followed by different letters, where available according to F-test significance, are significantly different. The val-
ues (means + SD, n = 3) followed by the same letter in the same column do not differ significantly according to the Duncan Multiple

Range Test (a < 0.05).

decreases in shoot and root fresh and dry weights of
purslane (Table 1). Ion toxicity and osmotic stress are
the problem sourced by salt stress and excess B [14, 25].
Moreover, excess B causes a reduction of leaf area and
also inhibited the load photosynthetic products to
growing parts [6]. On the other hand, salinity caused a
significant reduction in biomass production of purs-
lane as a parallel to findings reported by Kafi and
Rahimi [11] and Grieve and Suarez [3]. But, salinity
application alleviated the toxic effects of B in biomass
production (Table 1). This result could be associated
with the reduction in shoot B contents with salinity
(see Fig. 1 and Table 2). Also, Baetz et al. [27] revealed
sequestering of Na* and CI~ into the vacuole to help
maintain cytosolic ion homeostasis and avoid cellular
damage during salt stress. Besides, applied NaCl to the
root media reduces the ability of plants to take up water,
causing a rapid decrease in growth parameters [26].

Chlorophyll content, a good indicator for determi-
nation of abiotic stress effects [10], was measured in
young leaves of the plants. Considering B toxicity and
salinity effect on purslane physiology, increase in chlo-
rophylls content was seen at higher B levels (Fig. 2).

Alam et al. [9] revealed an increase in chlorophyll con-
tent of purslane at 16 dS/m salinity level. Also, purslane
exhibited a pattern of deeper green color combined
with thicker and narrow leaves in presence of salinity
(Fig. 1). This indicates that purslane could better adapt
to stress conditions and has the ability to grow and
reproduce at even high salinity conditions as already
reported by Munns and Tester [26].

The B contents of purslane were increased with all
B levels in the absence and presence of salinity
(Table 2). However, in the presence of salinity,
increasing B levels decreased B content. Reduction of
B toxicity in the presence of salinity could be
explained with antagonistic effects between B and the
salt ions (Na* and CI7). Eraslan et al. [14] explained
that stomatal resistance, and also B uptake and tran-
spiration rate could be influenced negatively by salin-
ity in rooting media of lettuce.

In the absence of salinity, the tendency of the con-
centrations of Na (at high boron levels) and CI (at low
boron levels) to increase can be explained by the toxic
effects of B on plasma membrane (Table 2). Excess B
may reduce toxic effects of ClI~ with the anion compe-
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tition as reported by Kafi and Rahimi [11] in purslane.
High Na* concentration sourced by salinity not only
interferes with K uptake at root level but also causes
alterations in the integrity and selectivity of mem-
branes [2].

K* plays a critical role for cell expansion, osmoreg-
ulation and homeostasis in cell and whole plant [11].
Purslane has high content of K, Mg, and Ca in stems
and leaves, even if K and Ca level reduced by high
salinity [2]. Our results showed that excess B increased
the K content of purslane, but it was not changed with
both excess B and salinity applications (Table 3).
Apparently, Na* in the rooting media affected the K*
uptake by plants. And also, the Na* competes with K*
in plant uptake due to their similar physicochemical
properties, especially through high-affinity potassium
transporters and nonselective cation channels [28].
Furthermore, membrane injury may accelerate
increase the K efflux from roots to growth media [15].

Both B and Ca stabilize the pectin fractions in cell
wall and these two ions must co-exist in the cell
wall [12]. The Ca content was decreased with excess
B in the absence and presence of salinity; however, it
was increased significantly with salinity application
(Table 3).

The observed increase in Ca?* content in the pres-
ence of salinity may be alternation of the Ca" content
in the apoplastic space where mainly Ca?" localization
area and there could be a tendency of increase in Ca**
content under both salinity and B-toxic conditions [13].
In addition, an increase in Na* around the root causes
increase in cytosolic free Ca?* [26]. The other reason
could also be a notable role of Ca in maintaining the
membrane integrity, to control membrane permeabil-
ity, osmoregulation, and to improve resistance of plants
to salt stress [5].

Magnesium is a component of chlorophyll and
required for photosynthesis and protein synthesis, and
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also it serves as a regulator of cation—anion balance in
plant cell [5]. The Mg content showed differences
depending on B levels; however, salinity application
caused significant decrease (Table 3). Reductions in
Mg content could be often associated with ion imbal-
ance resulted from high content of Ca in purslane
leaves. Excess B and salinity increased the Ca’" in
leaves; thereby, Mg?* was excluded by Ca?* from root
plasma membrane binding sites [5]. Non-significant
increase in Mg content with salinity reported by
Teixeira and Carvalho [2] for purslane is parallel to
our results.

The MDA level is a good indicator for membrane
integrity and lipid peroxidation [8]. Results showed
that MDA level was increased considerably with
higher B due to detrimental effects of B on cell mem-
brane. But, the highest B level and salinity applica-
tion caused a significant decrease in MDA level
(Fig. 3a). This result is in line with the report of Sud-
hakar et al. [7]. They reported that MDA content
increased in susceptible mulberry variety, but tolerant
one did not exhibit any increase in lipid peroxidation
with exposure to salinity stress. The other reason also
could be related to its rich antioxidant capacity as
already revealed by Yazici et al. [8] for purslane. Also,
this plant contains o-tocopherol, ascorbic acid, -car-
otene and glutathione [1] and these antioxidants may
act as a scavenger of ROS for mitigating the injury on
biomembranes under salt stress. Besides, previous stud-
ies showing a toxic ion- and/or salt-induced decrease of
MDA contents in barley [29] and lettuce [14] are in
agreement with our study.

Proline is one of the most accumulated osmolytes in
plants exposed to abiotic stress [11] and due to its intra-
cellular osmotic adjustment it might be playing a critical
role in protecting photosynthetic activity under salt
stress [10]. Results showed that higher B levels caused
an increase in proline accumulation due to detrimental
effects of excess B [14]. Similarly, salinity application
remarkably increased proline accumulation, compared
to non-saline conditions (Fig. 3b). These increases in
proline accumulation depending on stress factors may
be explained by the plant’s ability to protect itself
against osmotic potential changes due to NaCl toxicity.
Bonilla et al. [30] stated that the high proline accumu-
lation and Ca content (Table 3) in both salinity condi-
tions and toxic B levels may be related to enhancing
plant tolerance to salinity and toxicity.

The H,0, is a non-radical ROS and its concentra-
tion can be given rise by biotic and abiotic stress condi-
tion, resulting in oxidative damage at cellular level [17].
At the same time, plants are equipped with H,0O,-
metabolizing enzymes (CAT, APX, etc.) and these
scavenging enzymes reduce H,0, to water in these cell
organelles [16, 17].

The results revealed notable increases in the H,0,
content in both stress conditions (excess B and salin-
ity) due to detrimental effects of toxicity (Fig. 4a). Sig-
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nificant decreases in CAT activity (Fig. 4b) and ten-
dency of decrease in APX activity (Fig. 4c) indicated
the peroxidation of lipid membranes in purslane leaves
due to excess B. Considerable increases in CAT and
APX activities under salinity conditions possibly
showed that purslane, a moderately salt tolerant plant,
exhibited a better protection mechanism against salin-
ity-induced oxidative damage of the cell membrane.
Similar results in relation with enhanced enzyme
activity and improved protection against stress condi-
tions were revealed by researchers for lettuce [14] and
purslane [8] under salinity stress.

In conclusion purslane has the potential for
becoming a highly nutritious vegetable for human and
animal. This plant is able to survive under stress con-
ditions derived from toxic B levels and salinity. Higher
B levels caused a significant increase in shoot B, K,
and Mg contents. The Na* and Cl~ contents increased
with the application of B and NaCl together and this
caused ion toxicity and osmotic stress. Toxic effects of
B on biomass production and mineral composition in
purslane were partly ameliorated by NaCl application.
On the other hand, the positive or negative relation-
ships between B and salinity come from the increase of
Na* and CI~ ions in the rooting media. Other than the
antagonistic effects between B and Cl, there are no
satisfactory findings explaining uptake mechanism of
these ions in plants. Our result revealed that purslane
responded to excess B and salinity stress by enhancing
their antioxidative capacity (CAT and APX activity)
and proline accumulation. Purslane is a candidate to
further investigation because of rich nutrient content,
having antioxidative capacity, and coping with various
stress conditions. In addition, it is suggested that purs-
lane has the potential to manage the amount of soluble
boron and also it has a promising potential that can be
grown in B-rich saline soils.
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