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breeding strategy. In the present research, we grafted two commercial almond cultivars (‘Sahand’
and ‘TS3’) on the ‘GF677’ rootstock. Then, we monitored the impact of salinity (0.5, 6.5, and 8.5
dS m™) on the morphological, physiological, and molecular characteristics of the Sahand and TS3
cultivars. The photosynthetic rate, chlorophyll (a, b and total) content, and carotenoid content
decreased with increasing salinity levels in both cultivars, with the least decrease observed in TS3.
Under a salinity level of 8.5 dS/m, Sahand exhibited the lowest growth (8.9 cm), leaf area (5412.5
mm?), Chl, Chl,, Chlye and carotenoid contents (0.58, 0.15, 0.74 and 0.31 mg g'Fw,
respectively). Additionally, Sahand had a Fm/Fv (0.75), N content (1.33%) and Ca, B, Mg, S, Fe
and Zn values of 1654.55, 1.64, 395.28, 168.6, 10.35 and 3.05 mg L™, respectively. Furthermore,
Sahand exhibited the highest MDA level (25.17 nmol g*FW), TFC (2.95 mg GA g ‘FW), Na
content (649.84 mg L™) and Cl content (3.52%). the lowest TFC (1.75 mg GA g ‘FW) and the
highest NHX1 expression, photosynthesis rate (5.65 pmol m?s™), gs (0.1 mol m™ s™) transpiration
rate (6.08 mmol m™ s™), Ca, S and B content (1903.63, 196.9 and 2.09 mg L™ respectively) were
belonged to TS3 under 0.5 dS/m salinity. Higher levels of Mg and Fe in the TS3 cultivar resulted in
the stablization of photosynthetic pigments. Compared to Sahand, TS3 had a higher nitrogen
content, and its greater NHX1 expression was a molecular confirmation of its salt tolerance.

Introduction

Climate change and biodiversity loss are severe et al., 2019). Irrigated lands in semi-arid regions face

concerns on the global scale (Anonymus, 2022; Vahdati salinity as one of the main climate change factors (Lotfi

“Corresponding author: Email address: shamili@ut.ac.ir
Received: 16 June 2023; Received in revised form: 5 August 2023; Accepted: 9 September 2023
DOI: 10.22034/jon.2023.1988992.1226

31


mailto:shamili@ut.ac.ir

Gh. Amani et al

et al., 2009). It is estimated that 0.25 to 0.5 million
hectares become less productive every year because of
salt accumulation (FAO 2002). Salinity reduces plant
growth, development, and productivity (Tunuturk et al.,
2011).
competition of Na* and CI" with Ca®*, K* and NOj
(Alshaal et al., 2017; Forni et al., 2017). The major

strategies of salinity tolerance in plants consist of

It causes nutrient deficiency due to the

alternation in morphological characteristics such as
longer root length and dense hairy roots (Krasilnikoff et
al., 2003), as well as physiological and biochemical
responses, including the compartmentalization of salts
in vacuoles, cytosolic osmotic regulation (Munns and
Tester, 2008; Behzadi et al., 2021), enzyme activities’
changes (Helaly et al., 2018), potassium homeostasis,
and salt elimination from shoot to root (Zhu et al., 2008;
Huang et al., 2009). Some plants transport cytosolic Na*
via the Na'/H® antiporter group (encoded by NHX
genes) (Nass et al., 1997). Some fruit tree species are
sensitive to saline soil and water. The growth of
pistachios (Adish et al., 2010; Gharibiyan et al., 2023)
and peaches (Tattini, 1990) is infulenced by soil salt
concentrations (3 dS/m).

Almonds, Prunus dulcis (Mill.) D.A. Webb, a
member of the Rosaceae family, are grown worldwide
(Kester and Gradziel, 1996). Almonds possess 16 (2n =
2x = 16) small and discrete chromosomes (Corredor et
al., 2004). Almond production had an increase of 1.6-
fold 2010 to 2020

(https://www.fao.org/faostat/en/#compare).  According

from

to FAO reports (2021), total world almond production
reached nearly 4 million tons in 2021, with Iran ranked
6th worldwide (163,568 tons; cultivation area of 75,553
ha) after the United States (2,189,040 tons), Spain
(365,210 tons), Australia (285,605 tons),
(178,000 tons), and Morocco (169,255 tons) (FAO
2021).

Almonds are nut crop that consumed raw or roasted

Turkey

to prepare almond milk, oil, butter, flour, and paste
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(Ansari and Gharaghani, 2019). Almond’s nut has high
nutritional value that essential oil has been applied to
treat neurotic disorders and respiratory problems. In
addition, it has numerous biological activities such as
probiotic, antimicrobial, antioxidant, anti-inflammatory,
anti-cancer, laxative, and cardiometabolic protective
impacts (Ansari and Gharaghani, 2019; Karimi et al.,
2021).

Almond is one of the main fruit trees that it can
thrive in semi-arid areas and calcareous soils (Ansari
and Gharaghani, 2019; Imani et al., 2021). Almonds are
introduced as salt-sensitive crops (Zrig et al., 2011). Na
and CI are the most toxic ions for almond and Prunus
rootstocks (Sandhu et al., 2020). Treating with 3 dS/m
of NaCl reduced gas exchange and increased the root-to-
shoot ratio in almonds (Zrig et al., 2016). Increasing the
salt concentrations from 1 to 5 dS/m resulted in leaves
falling and reduced bitter almonds’ vegetative growth
and chlorophyll and carotenoid contents (Badran and
Savin, 2019).

Salinity considered as one of the most serious threats
limiting plant growth and development therefore in
almonds, selecting salt-tolerant rootstocks and scions is
an appropriate breeding strategy (Montaium et al., 1994;
Robatjazi et al.,, 2020). Long-term (20 years) salt
exposure on six almond rootstocks revealed that trees
grafted on peach-almond hybrid rootstocks were larger
than those on peach rootstocks. Also, peach-almond
hybrid rootstocks had lower Na and Cl contents (Doll et
al., 2014).

Plants acclimate to abiotic stresses through rootstock
to scion molecular
alterations in both parts (He et al., 2009; Li et al., 2016).

signaling and transcriptional
Investigations on the effect of abiotic stresses on
different
(Balfagdn et al., 2021), walnut (Vahdati et al., 2021)
and tomato (Rouphael et al., 2017) have revealed the

rootstock-scion combinations in  citrus

impact of each grafted unit, besides their interactions.

Studies indicate lower accumulation of Na* and/or CI°
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in the shoots and higher translocation of K*, Ca** and
Mg® in the leaves of grafted citrus, Prunus, and
cucumber cultivars (Moya et al., 1999; Massai et al.,
2004; Zhu et al., 2008; Zrig et al., 2011). Also, cultivar-
dependent responses such as altered sodium and
potassium contents (Shibli et al., 2000; Zrig et al.,
2015a), declined shoot development (Zrig et al., 2016),
and modified chlorophyll contents (Momenpour et al.,
2018) were observed in the aerial parts of salt-exposed
almond scion/rootstock combinations. Salt-tolerant
almonds upregulate genes related to cation transporters,
stress signaling, and biopolymer synthesis (Shao et al.,
2021). Also, gene expression analyses of 14 almond
genotypes showed higher expression of P5CS1, SLAH3,
NHX2, and NHX1 in the salt-tolerant genotypes (Sandhu
et al., 2020). Also BADH gene increased salt tolerance
of walnut through catalyzing the last, irreversible step in
the synthesis of the osmoprotectant glycine betaine from
choline (Rezaei Qusheh Bolagh et al., 2020).

Since the plant growth and physiology is always
affected by abiotic stress, mainly salinity, it is essential
to estimate plants responses, understand the molecular
involved-mechanisms and introduce stress-tolerant
genotypes (Lotfi et al., 2019; Gharaghani et al., 2018).
In this research, we aimed to reveal the expression
physiology,
compositions and gene expression in two selective

profiles of growth rate, elemental
candidate almond cultivars under different salt levels to
estimate their potential usage as pre-selective candidates
for future salt breeding programs. So, we grafted two
commercial almond cultivars ‘Sahand’ and ‘TS3”) on
the °GF677’ rootstock. GF677, the natural hybrid
between almond and peach, is widely utilized due to its
tolerance to iron-induced deficiency. This vigorous
rootstock has been recommended for dry, low drainage,
and saline soils (Momenpour et al., 2018). Sahand is a
high-yielding cultivar native to Iran, introduced by the
Azarshahr Research Station (lran). This low-branched

cultivar has the high pruning capability. Also, it forms
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fruits on spores. This late bloom cultivar bears about 15-
20% of double kernel nuts (Eskandari and Majidazar,
2009). TS3 is a late-blooming autogamous hybrid of
Ferragnes x Tono (Eskandari and Majidazar, 2009).
Ferragnes is a vigorous, semi-late blooming, late
bearing, woody shell, semi-stone fruit, light brown
kernel and self-incompatible almond (Eskandari and
Majidazar, 2009; Grasselly and Duval, 1997). However,
Tono is an autogame and double kernel cultivar. TS3
has intermediate characteristics of the parents
(Eskandari and Majidazar, 2009). Then, we monitored
the impact of salinity on the morphological,
physiological, and molecular behaviors of Sahand and
TS3. In growth, leaf

photosynthetic pigments,

particular, plant area,
photosynthetic parameters,
chlorophyll  fluorescence, malondialdehyde content,
glycine betaine content, total phenol content, leaf
elements, and NHX1 expression were evaluated.
Sahand, TS3 had a

photosynthesis rates, transpiration rate, N, Ca, S and B

Compared  with higher
contents, and its greater NHX1 expression was a

molecular confirmation of its salt tolerance.
Material and Methods

This experiment was carried out at the Temperate
Fruits Research Center, Karaj, Iran {51°E, 35° 48'N,
average annual temperature: 13.7°C, average rainfall:
254.5 mm/year, 1320 m elevation} during 2018-2020.

The factorial experiment involved a randomized
complete block design with six replicates. Factors were
almond cultivars ‘Sahand’and ‘TS3”) grafted on six
months old ‘GF677’ rootstock with different salt (NaCl,
Merk) levels (0.5, 6.5, and 8.5 dS/m). The 0.5 dS/m was
assumed as the control (the tap water used for regular
irrigation had the same electrolyte conductivity).

Tissue cultured GF677 rootstocks were planted in 20
kg plastic pots containing loamy soil (44% of sand, 33%
of silt, and 23% of clay) in September 2018. The soil

moisture was determined using a pressure plate device
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(Model F1 of the US Sail
Corporation). The cultivars ‘Sahand’ and ‘TS3’) were
grafted (T budding) at the beginning of September 2019.

Moisture Equipment

The soil moisture were kept under field conditions.
Following the appropriate growth of plants and
considering pests, diseases, and proper nutrition
practices, salinity treatments started in June 2020 and
lasted for ten weeks.

The salinity treatment was applied gradually to
avoid sudden shock. Hence, the treatments were
initiated with 0.5 dS/m and then 3.25 dS/m of salt.
Finally, the salt concentration rose to 6.5 and 8.5 dS/m.

The following assays were evaluated ten weeks after
the application of salinity treatment. To prepare the leaf
samples for these assays, five leaves harvested from
each plant unit, washed, dried, and ground in a pre-
cooled pestle and mortar containing liquid nitrogen. The
samples were then transferred to plastic tubes and kept

frozen at -80°C.
Plant growth

Plant height was measured before the beginning of
salinity treatment and re-measured at the end of the
experiment (Rahmani et al., 2006). The difference was
recorded as plant growth and expressed in cm.

Leaf area

Mature leaves were detached, and the leaf area was
measured using an Area Meter device (Leaf Area Meter,

Am 200, England). The leaf area was expressed in mm?.

Photosynthetic pigments: chlorophyll (a, b, and total)
and carotenoids

In order to measure chlorophyll (a, b, and total) and
carotenoid contents, 0.5 g of fresh leaf sample was
powdered. Then, 20 ml of 80% acetone was added and
centrifuged (6000 rpm, 10 min). The optical absorption
of the supernatant was recorded at 663, 645, and 470 nm
by a spectrophotometer (Canada BT600 Plus). Pigment
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contents were expressed in mg g™*FW (Lichtenthaler and
Wellburn, 1983).

Photosynthetic parameters: photosynthetic rate (A),
stomatal conductance of CO, (gs), and transpiration
rate (E)

The fully expanded upper leaves were used to
measure the photosynthetic rate (umol m™ s), stomatal
conductance of CO, (mol m? s™) and transpiration rate
(mmol m? s™) (Bastam et al., 2013) using a portable
photosynthesis meter (LCi model, ADC Bioscientific
Ltd, England).

Chlorophyll fluorescence

Mature leaves were attached to a chlorophyll
fluorescence device (OS-30p model, made in Opti-
Sciences Company, USA). The leaves were then
incubated under darkness for 30 min (Baker and
Rosenqvist, 2004). Eventually, the Fv/Fm parameter

was recorded.
Glycine betaine assay

Leaf samples (0.5 g) were homogenized in 5 ml of
toluene (0.5%) and shaken well (25 °C, 24 h). Following
the filtration, 1 ml of 2 N hydrochloric acid and 0.1 ml
of potassium tri-iodide (containing 7.5 g of iodine and
10 g of potassium iodide in 100 ml of 1 N of
hydrochloric acid) were added to 0.5 ml of the extract. It
was then shaken in a cold water bath (90 min).
Afterward, 10 ml of 1, 2 dichloroethane (cooled at -
10°C) and 2 ml of cold water were added. The
absorption of the lower phase was recorded at 365 nm.
Betaine (0, 2.5, 5, and 10 ppm) was used to draw the
standard curve (Grieve and Grattan, 1983). Glycine
betaine content was expressed in ug g'FW.

Malondialdehyde (MDA) assay

Fresh leaf samples (0.2 g) were ground and
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homogenized in 5 ml of 0.1% trichloroacetic acid and
then centrifuged (10000 rpm, 5 min). Afterward, 5 ml of
20% trichloroacetic acid solution (containing 0.5%
thiobarbituric acid) was added to 1 ml of the
supernatant. The reaction mixture was allowed to react
in a boiling water bath (95°C, 30 min) and placed in
cold water to terminate the reaction. The mixture was
re-centrifuged (10000 rpm, 10 min), and the absorption
was recorded at 532 and 600 nm. The extinction
coefficient of 155 mM™ cm™ was used to calculate the
Malondialdehyde
content was expressed in nmol g'FW (Heath and
Packer, 1968).

malondialdehyde  concentration.

Total phenol assay

The leaf total phenol content was measured using
the Folin-Siocalcu procedure (Singleton et al., 1999). In
brief, 1 g of leaf sample was homogenized with liquid
nitrogen, then 10 ml of methanol was added. Following
the filtration, 200 pl of the extract was mixed with 300
ul of distilled water and 2500 pl of foline. Then 2000 pl
of sodium carbonate (7.5%) was added, and samples
were incubated under laboratory conditions (5 min).
Subsequently, the samples were kept under dark
conditions (90 min). Ultimately, the absorption was
recorded at 760 nm. Gallic acid (0, 10, 15, 20, 25, and
50 pl) was used to draw the standard curve. Total phenol
content was expressed in mg GA g FW (Gallic acid).

Preparation of leaf powder for elements measurement

In order to evaluate elemental content, leaves were
collected, washed, and dried in an oven (75°C, 48h) and
finally powdered. The powder was used for the

following assays:
Cl measurement

Briefly, 25 ml of hot distilled water was added to 1 g
of leaf powder and shaken (120 rpm, 1 h). The extract
was then filtered. Afterward, potassium dichromate (4
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drops) was added to 10 ml of the extract, which was
then titrated with 0.05 N silver nitrate until the
appearance of red color. The CI content was expressed
in % (Benton, 2001).

Na, K, Ca, Mg, P, B, S, Fe, Zn, and Mo measurement

Leaf powder (0.5 g) was mixed with 7 ml of 65%
HNO; and 1 ml of H,0, and then digested (95°C, 10
min) using a Microwave Digestion device (Ethos Plus
model, Italy). Following the acidic digestion, Na, K, Ca,
Mg, P, B, S, Fe, Zn, and Mo were measured using an
inductively emission
spectrophotometry device (ICP-OES 730-ES, Varian,
USA).
expressed in mg L™ (Eca et al., 2014).

coupled plasma-optical

The concentrations of the elements were

N measurement

Leaf powder (0.25 g) was mixed with 10 ml of
sulfosalicylic acid (50 mg of salicylic acid per one liter
of sulfuric acid), 2 g of catalyst (100 g of potassium
sulfate, 10 g of copper sulfate, and 1 g of selenium) and
20 ml of distilled water. The solution was heated (420
°C, 3 h), then distilled water (20 ml) was added. Finally,
the titration and distillation were performed using a
kajledal device (K1100, Hanon Company, China). The
nitrogen content was expressed in % (Chapman and
Pratt, 1961).

Assessment of expression of target gene (NHX1)

Assessment of NHX1expression was carried out in

National Institute of Genetic Engineering and

Biotechnology (Iran). The frozen composite leaf
samples (at -80°C) were used to extract the total RNA.
Total RNA was extracted as described by Rubio-Pifa
and Zapata-Pérez (2011). Briefly, the leaf sample (200
mg) was homogenized in liquid nitrogen, then 900 ul of
extraction buffer (containing 0.1 M Tris-HCI, 20 mM
EDTA, 1.4 M NaCl, CTAB 2%, Polyvinylpirolidone

2%, pH:8) and 100 pl of beta mercaptoethanol were
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added to each sample. The incubation (10 min, 65°C)
was followed by adding 800 ul of phenol-chloroform
(1:1), vortexing (30 sec) and centrifuging (10000 rpm,
10 min). The then
chlorophytum- isoamyl alcohol (24:1), vortexed 30
more seconds and re-centrifuged (10000 rpm, 4°C, 10

Supernatant mixed  with

min). The next steps were adding LiCl (8 M) to
supernatant,
centrifuging (10000 rpm, 4°C, 10 min). The sediment

re-incubation (-20°C, 4 hours) and

washed with absolute and then 70% ethanol, dissolved
in 250 pl of membrane desalting buffer, 3M acetate and
absulture ethanol. The incubation (-20°C, 2 hours),
centrifuging (13000 rpm, 4°C, 15 min), washisng with
70% in 30 ul of

membrane desalting buffer, storing (-80°C) and treating

ethanol, air-drying, dissolving

by DNase were the last steps. Agarose gel,

spectrophotometric  measurement  and

(Thermo 2000C, USA) verified the quality and quantity

NanoDrop

of RNA. The primers were designed using NCBI,
GenSCAN and Oligo 7 software. After primer BLAST
using NCBI databank, the primers were synthesized by
TAG Copenhagen A/S (Frederiksberg, Denmark).
The forward and reverse sequences (5'-3”) of designed
primers for the NHX1 gene were GCA TCA TAA TTG
GTC ATT TGT and GGA AGT AGA TAG AGG AAG
AAC, (Genbank
XM_007208394.2). Moreover, GGT GTG ACG ATG
AAG AGT GAT G and TGA AGG AGA GGG AAG
GTG AAA G were the forward and reverse sequences

respectively Accession  No.

designed for the housekeeping gene, TEF2 (Genbank
Accession No. JQ_7321808.1). In this experiment, a mi-
1STEP RT-gPCR kit (Ampligon Real Q Plus 2x Master
Mix,
transcription of the target gene using a real-time
PCR cycler (CORBETT RESEARCH Rotor-Gene RG-
6000).

Denmark) was applied to investigate the
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The program was structured as reverse transcription
(50°C, 15 min), initial denaturation (95 °C, 15 min),
denaturation (95 °C, 15 sec), annealing, and elongation
(58°C,1 min). Equation of 2" (the delta-delta Ct
method) was used to calculate the relative fold
expression of the NHX1 gene using LinRegPCR and
REST 2009 softwares (Livak and Schmittgen, 2001).
Three biological samples were considered for each

experimental unit.
Data analysis

The data analysis was done using SAS version 9.1.3
(“SAS Institute Inc. Cary, NC, USA,” 1990). The
factorial experiment involved a randomized complete
block design with six replications. The factors were
cultivars and NaCl levels. Shapiro-Wilks test confirmed
the data normality (SAS: PROC UNIVARIATE).
Multivariate analysis of variance was accomplished for
the dependent variables (SAS: PROC GLM). Pillai’s
trace test confirmed the variance homogeneity (SAS:
PROC GLM). The Tukey test was used to compare
means (SAS: PROC GLM, P < 0.01).

Results

Based on the analysis of variance, NaCl levels
significantly affected all the evaluated characteristics
except for peroxidase activity. The cultivar did not
significantly affect Mg, P, and total phenolic content.
Also, the interaction effect of NaCl level and cultivar on
all traits was statistically significant (P<0.01) (Tables 1
and 2).
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Table 1. The analysis of variance of the effects of NaCl levels and cultivars on growth rate and physiology of almonds

Carotenoid Glycine MD Total_
SAY D.F growth Leaf area Chl, Chly Chlotal A gs E Fv/IFm . phenolic NHX1
S betaine A
content
Cultivars 1 +511.6* 3481281*  0.06 0.003* 0.09* 0.01* 52*  0.02* 2.19* 0.01* 0.16* 6.5* 0.04 22.2*
Block 5 0.6* 181864* 0.02 0.001* 0.02* 0.01* 0.2*  0.01* 1.03* 0.003* 0.001* 7.9% 0.07* 1.9*
NaCl 2 66.1** 1670*3858 0.2 0.05* 0.17* 0.02* 8.6 0.04* 12.02 0.08* 6.97* 165'1 1.38* 8.8*
NaCl > 2 5.1%* 930603* 0.03 0.01* 0.19* 0.12* 0.7  0.07* 0.32* 0.006* 0.02* 49.5% 0.08* 2.3*
Cultivars
Error 25 0.4 169647* 0.01 0.03 0.01 0.01 0.3* 0.01 1.25 0.005 0.0006 7.4 0.02 2.2*
+The mean square values are given., * and ** state significance at 5% and 1%, respectively, NaCl * Cultivars: states the interaction of NaCl and cultivars
Table 2. The analysis of variance of the effects of NaCl levels and cultivars on ions content and gene expression of almonds
SAY D.F Na* cr K* N Ca* Mg P S Fe Zn Mo B
Cultivars 1 150582* 2.89* 138900* 0.03 14747* 9.25 19725 329.9* 74.40* 0.85* 0.012* 0.007*
Block 5 2133* 0.05* 4385* 0.001* 1682* 576.31* 1.2* 1.3* 0.36* 0.001* 0.00006* 0.002*
NaCl 2 408561** 6.65** 59840* 0.19* 42910* 847.07* 16582.1* 452.4* 3.12* 1.57* 0.005* 0.19*
*
Na(_:l 2 39668** 1.47** 77125* 0.07* 13466* 1238.05* 9* 89.1* 26.81* 1.86* 0.005* 0.013*
Cultivars
Error 25 1556 0.09 5467 0.0002 1477 706.06 4.6 22 0.57 0.1 0.0001 0.003

+The mean square values are given.,* and ** state significance at 5% and 1%, respectively,NaCl * Cultivars: states the interaction of NaCl and cultivars
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Impact of salinity on plant growth and leaf area

Declined plant growth was observed in both
cultivars with increasing NaCl concentrations. Fig 1
elucidates the impact of 0.5, 6.5, and 8.5 dS/m of salt on
the Sahand (Fig. 1A) and TS3 (Fig. 1B) cultivars.
Although the highest plant growth was observed in
the TS3 cultivar (25.90 cm) under 0.5 dS/m salinity, it
showed a negligible decline (reached 24.75 cm) in the
6.5 dS/m of salt. However, under this condition, Sahand
expressed a remarkable reduction from 17.24 to 13.67

cm. Moreover, given the significant reduction in both

Journal of Nuts 15(1) (2024) 31-60

cultivars under 8.5 dS/m salinity, the lowest plant
growth belonged to Sahand (8.9 cm) (Fig. 2A).

Similarly, salinity stress reduced leaf area in both
cultivars, reaching significance in the Sahand cultivar.
Thus, the largest leaf area under 0.5 dS/m salt treatment
(9316.33 mm?) was recorded in the Sahand plants, while
the highest values under both 6.5 and 8.5 dS/m belonged
to TS3 (7371 and 6901.5 mm? respectively). The
smallest leaf area (5412.5 mm?) belonged to the Sahand
cultivar exposed to 8.5 dS/m of salt (Fig. 2B).

Fig. 1. Sahand (A) and TS3 (B) almonds treated with 0.5 (1), 6.5 (2), or 8.5 (3) dS/m of salt.

38



Gh. Amani et al Journal of Nuts 15(1) (2024) 31-60
30 mSahand mTS3
12000
25 a g
10000
5 2 —
< T 8000 b
S £
215 =
= S 6000
c _
S <
3 k]
@ 10 S 4000
5 2000
0 0
05 6.5 8.5 05 6.5
Salinity (dS/m)
A B

Fig. 2. Impact of salinity on growth (A) and leaf area (B) of Sahand and TS3 cultivars. The mean + SD of six replicates is given. The same letter denotes a
lack of a statistically significant difference (Tukey, p<0.01).

Impact of salinity on chlorophyll a (Chl,), chlorophyll
b (Chly), total chlorophyll (Chl), and carotenoid
content

According to the results, the interaction of salinity
and cultivar was statistically significant on Chl,, Chl,,
Chly, and carotenoids (P<0.01). Declined Chl, and
Chl, contents were observed in both cultivars. However,
the reduction severity was greater in Sahand. The
highest Chl, and Chl, contents (0.99 and 0.25 mg g™ FW,

respectively) belonged to the TS3 cultivar under 0.5
dS/m of salt (Fig. 3A and B). However, the lowest Chl,
and Chl, contents (0.58 and 0.15 mg g'FW,
respectively) belonged to Sahand under 8.5 dS/m
salinity (Fig. 3A and B).

1.2 mSahand = TS3

1 ab

bc

0.8

0.6

Chl, (mg.g-‘FW)

0.4

0.2

0.5

03| .,
c

§ 0.25 c d
ES
> 0.2 e
(=)
E s
5 o1

0.05

0
0.5 6.5 8.5
Salinity (dS/m)

A

B

Fig. 3. Impact of salinity on chlorophyll, (A) and chlorophyll, (B) of Sahand and TS3 cultivars. The mean + SD of six replicates is given. The same letter
denotes a lack of a statistically significant difference (Tukey, p<0.01).
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The Chlyyy content followed a similar trend with
increasing salt levels. The highest Chly, content (1.25
mg g'FW) was observed in TS3 plants treated with 0.5
dS/m salinity, and the lowest Chl, content (0.74 mg g
'FW) was observed in Sahand plants treated with 8.5
dS/m of salt (Fig. 4A).

The carotenoid content in Sahand featured a

significant difference at 0.5 dS/m salinity compared
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with other levels. The highest (0.53 mg g'FW) and
lowest (0.31 mg g™*FW) carotenoid contents belonged to
the Sahand cultivar under 0.5 and 8.5 dS/m salinity,
In TS3,
differences in carotenoid contents between 0.5 and 6.5

respectively. there were no significant

dS/m salinity levels. However, 8.5 dS/m salinity
significantly reduced the carotenoid content in this
cultivar (Fig. 4B).
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Fig. 4. Impact of salinity on chlorophyll (A) and carotenoids (B) of Sahand and TS3 cultivars. The mean + SD of six replicates is given. The same letter
denotes a lack of a statistically significant difference (Tukey, p<0.01).

Impact of salinity on photosynthesis rate (A), stomatal
conductance (gs), transpiration rate (E), and Fm/Fv

The salt treatments caused a significant decline in
photosynthesis rate, stomatal conductance (gs), and
transpiration rate (E) in both cultivars, with TS3
featuring higher values (Figs. 5A, 5B, 6A).

The highest and the lowest photosynthesis rates
(5.65 and 2.14 pmol m™ s™, respectively) belonged to
TS3 under 0.5 dS/m salinity and Sahand under 8.5 dS/m
salinity, respectively (Fig. 5A). The highest gs (0.1 mol
m™ s) belonged to TS3 under 0.5 dS/m of salt. In
Sahand, the lowest gs value (0.03 mol m™ s) was
recorded in response to both 6.5 and 8.5 dS/m salinity

(Fig. 5B). The highest transpiration rate was observed in
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TS3 (6.08 mmol m™ s™) under 0.5 dS/m salt treatment,
while the minimum (2.91 mmol m™ s™) was observed in
Sahand at 8.5 dS/m salinity (Fig. 6A).

The impact of salinity on chlorophyll fluorescence
was not significant in the TS3 cultivar. That is, it
exerted no significant effect on this parameter at 0.5 or
6.5 dS/m of salt. However, in the Sahand cultivar,
Fm/Fv decreased significantly at 8.5 dS/m salinity.
Therefore, the lowest Fm/Fv (0.75) was observed in
Sahand at the 8.5 dS/m salt level. In contrast, the highest
value (0.85) was recorded in TS3 under 6.5 dS/m
salinity (Fig. 6B).
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Fig. 5. Impact of salinity on photosynthesis rate: A (A) and stomatal conductance: G (B) of Sahand and TS3 cultivars. The mean + SD of six replicates is

given. The same letter denotes a lack of a statistically significant difference (Tukey, p<0.01).
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Fig. 6. Impact of salinity on transpiration rate: E (A) and chlorophyll fluorescence (B) of Sahand and TS3 cultivars. The mean + SD of six replicates is
given. The same letter denotes a lack of a statistically significant difference (Tukey, p<0.01).

Impact of salinity on glycine betaine (GB),
malondialdehyde (MDA), and total phenolic content
(TFC)

Both cultivars indicated a remarkable rise in GB
value under 6.5 dS/m of salt. Hence, the highest GB
(2.81 pg g'FW) was demonstrated in Sahand at 6.5
dS/m salinity. There was a slight decline in GB value in
both cultivars under 8.5 dS/m of salt. However, the
lowest GB (0.61 pg g'FW) was recorded in TS3 under
0.5 dS/m salinity (Fig. 7A).

Salt treatments increased the MDA content in both
cultivars. TS3 demonstrated the least MDA (10.58 nmol
g'FW) under 0.5 dS/m of salt, ascending with

increasing salinity. In Sahand, the MDA increment was
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insignificant up to 6.5 dS/m of salt. However, the
highest MDA value (25.17 nmol g™"FW) was recorded in
Sahand exposed to 8.5 dS/m salinity (Fig. 7B).

Higher salinity levels boosted the TFC in both
cultivars. The TPC was not significantly different in
TS3 under 6.5 and 8.5 dS/m salinity. However, the
lowest TFC (1.75 mg GA g ‘FW) was recorded in TS3
under 0.5 dS/m ™ salt. In contrast, the highest TFC (2.95
mg GA g 'FW) belonged to the Sahand cultivar at 8.5
dS/msalinity (Fig. 7C).
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Fig. 7. Impact of salinity on glycine betaine (A), malondialdehyde (B), and total phenol contents (C) of Sahand and TS3 cultivars. The mean + SD of six
replicates is given. The same letter denotes a lack of a statistically significant difference (Tukey, p<0.01).

Impact of salinity on leaf Cl, Na, K, Ca, Mg, N, P, B, S,
Fe, Zn, and Mo content

In the present study, Na and CI levels significantly
increased in both cultivars with rising salt levels. The
highest Na (649.84 mg L™) and CI (3.52%) levels were
observed in Sahand at 8.5 dS/m salinity (Fig. 8 A and
B).

Salt treatment increased the K content in both
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cultivars; the highest K content (1575.8 mg L™) was
recorded in TS3 under 8.5 dS/m salinity. In Sahand, the
K content increased from 1157.55 under 0.5 dS/m of
salt to 1317.03 mg L™ under 6.5 dS/m of salt, before
declining to 1138.36 mg L™ at 8.5 dS/m salinity (Fig.
8C).
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Fig. 8. Impact of salinity on Na (A), Cl (B), and K (C) content of Sahand and TS3 cultivars. The mean + SD of six replicates is given. The same letter
denotes a lack of a statistically significant difference (Tukey, p<0.01).

in both
with  Sahand
demonstrating a greater reduction. Thus, the maximum

The N content significantly declined

cultivars with rising salt levels,
(1.90%) and minimum (1.33%) N contents were
recorded in Sahand plants exposed to 0.5 and 8.5 dS/m
NaCl levels, respectively (Fig. 9A).

Salinity led to a reduction in Ca in both cultivars.
However, this decrement was significant in Sahand

plants under 8.5 dS/m of salt. The highest (1903.63 mg
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L™ and lowest (1654.55 mg L™ Ca concentrations
were observed in TS3 under 0.5 and Sahand under 8.5
dS/m salinity (Fig. 9B).

The Mg content was not influenced significantly by
salt levels, though a slight decline was observed. The
highest (441.79 mg L™) and lowest (395.28 mg L™) Mg
contents were observed in Sahand under 0.5 and 8.5
dS/m salinity, respectively (Fig. 9C).
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and Mg (C) of Sahand and TS3 cultivars. The mean + SD of six replicates is given. The same letter denotes a

lack of a statistically significant difference (Tukey, p<0.01).

Similar to N, significant reductions occurred in leaf
P contents in both cultivars in response to rising salt
levels. The highest P concentration (163.12 mg L) was
recorded in Sahand under 0.5 dS/m of salt. The lowest P
content (138.5 mg L™) was observed in the TS3 cultivar
under 8.5 dS/m salinity (Fig. 10A).

Reduced S concentrations were recorded in both
almond cultivars with rising salt levels. The minimum S
level (168.6 mg L™) was observed in Sahand under 8.5
dS/m salinity, while the highest S content (196.9 mg L™)
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was recorded in TS3 under 0.5 dS/m salinity (Fig. 10B).

Fe concentrations indicated different trends in
Sahand and TS3 cultivars. In Sahand, declining Fe
concentration was observed with increasing salt levels
and reached the minimum value (10.35 mg L™) under
8.5 dS/m salinity. Conversely, in TS3, increasing
salinity augmented the Fe concentration; the highest Fe
content was recorded in TS3 under 8.5 dS/m of salt (Fig.

10C).
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Fig. 10. Impact of salinity on k and Ca of Sahand and TS3 cultivars. The mean + SD of six replicates is given. The same letter denotes a lack of a
statistically significant difference (Tukey, p<0.01).

Regarding Zn content, in TS3, increased Zn content
was obtained by exposure to higher salt concentrations.
In the Sahand cultivar, this increment was observed
under 6.5 dS/m salinity. However, the Zn level of
Sahand decreased to 3.05 mg L™ under 8.5 dS/m salinity
(Fig. 11A).

Mo remained unchanged in Sahand up to 8.5 dS/m

of salt, whereas a significant increase was observed in
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TS3 with increasing salinity up to 6.5 dS/m (0.2 mg L™)
(Fig. 11B).

The B concentration in both cultivars showed a
slight descending trend. However, the highest B content
(2.09 mg L™) belonged to TS3 under 0.5 dS/m of salt.
On the other hand, the lowest B (1.64 mg L) content
was recorded in Sahand under 8.5 dS/m salinity (Fig.
11C).
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Fig. 11. Impact of salinity on Zn (A), Mo (B), and B (C) contents of Sahand and TS3 cultivars. The mean + SD of six replicates is given. The same letter
denotes a lack of a statistically significant difference (Tukey, p<0.01).

Impact of salinity on NHX1 expression

The NHX1 gene showed different expression
patterns in the two cultivars. There was a significant
difference in the expression level of the gene under

different salinity levels. The Sahand cultivar exhibited a
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slight but non-significant increase in gene expression
under 8.5 dS/m salinity. Gene expression in TS3
significantly increased by raising the salt level to 6.5
and 8.5 dS/m (Fig. 12).
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Fig. 12. Impact of salinity on the expression of the almond NHX1 gene involved in Na+ transport of Sahand and TS3 cultivars. The mean + SD of six
replicates is given. The same letter denotes a lack of a statistically significant difference (Tukey, p<0.01).

Discussion

Salinity causes gradual cell water loss and reduces
cell division and elongation, producing smaller and
thicker leaves with lower leaf area (Tattini et al., 1995).
Decreases in stem growth were found in salt-exposed
pistachios (Adish et al., 2010) and almonds (Najafian et
al., 2008; Shibli et al., 2003). It must be noted that salt-
tolerant plants can retain their growth rate when exposed
to saline conditions (Tester and Davenport, 2003).
Significant differences were reported in the stem height
and diameter of almond species and cultivars (Rahmani
et al., 2006; Zrig et al., 2016). In this study, plant
growth and leaf area were less influenced by salt levels
in the TS3 cultivar.

Salinity decreases chlorophyll content by inducing
its destruction, decreasing its synthesis (or both), and
reducing the strength of the thylakoid membrane
(Ashraf and Harris, 2013). Reduced chlorophyll levels
have been reported in red raspberries (Necleous and
Vasilakakis, 2007), pomegranates (Khayyat et al.,
2014), and almonds (Zrig et al., 2011; Zrig et al., 2016)
under saline conditions.  Carotenoids  protect
chlorophylls from oxidative damage by inhibiting ROS
and peroxide radicals (Stahl and Sies, 2005). NaCl (5
dS/m) reduced the carotenoid content of almonds
(Badran and Savin, 2019). According to our findings,

the chlorophyll (chl,, chl, and chly,) and carotenoid
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contents were reduced significantly in both TS3 and
Sahand cultivars under different salt concentrations,
with TS3 showing less of a drop.

Photosynthetic parameters such as photosynthetic
rate [A], intercellular CO, [Ci], transpiration rate [E],
stomatal conductance [gs], and maximum efficiency of
photosystem Il [Fv/Fm] are generally limited by salinity
(Yang et al., 2008; Wei and Zimmermann, 2017). Such
limitations are due to declined CO, permeability and
conductance, increased transpiration rate, stomatal
closure, cell membrane dehydration, cytoplasm structure
changes, chlorophyll degeneration (Reza et al., 2006;
Tabatabaei, 2006), photosynthetic electron transport
chain disruption, and enzyme inhibition (such as
phosphoenolpyruvate carboxylase, ribulose-5-phosphate
kinase, and glyceraldehyde 3-phosphate dehydrogenase)
(Parida and Das, 2005; Meloni et al., 2008). Some
reports have illustrated the suppressive effects of
salinity on the photosynthetic parameters of almonds
(Isaakidis et al., 2004; Karimi et al., 2015; Zrig et al.,
20153, Zrig et al., 2016), the stomatal conductance of
pistachios (Adish et al., 2010) and almonds (Wang et
al., 2016, Mohammadi et al., 2020), and the leaf
transpiration rate of pomegranates (Bhantana and
Lazarovitch, 2010) and almonds (Amiri et al., 2016;

Zrig et al.,, 2015b). Also, the Fv/Fm of almond
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genotypes decreased from 0.79 to 0.55 when exposed to
10 dS/m of NaCl (Ranjbar, 2006). According to our
data, the photosynthetic parameters and Fv/Fm were
affected by higher levels of NaCl. The TS3 cultivar
showed better photosynthetic parameters, indicating a
preserved photosynthetic assimilation rate.

Glycine betaine is involved in the stability and
synthesis of proteins and enzymes (Carillo, 2018). It
maintains the photosynthetic rate (Yang et al., 2008;
Fan et al., 2012), regulates ion channels (Wei and
Zimmermann, 2017), and enhances plasma membrane
H'-ATPase activity (Li et al., 2019). According to our
findings, the glycine betaine content of both cultivars
was augmented by higher salt levels.

Salt-sensitive plants generally accumulate higher
amounts of MDA due to lipid peroxidation (Ashraf and
Harris, 2004; Sorkheh et al., 2012). In our research, the
MDA content showed a greater increment in the Sahand
cultivar under 8.5 dS/m of NaCl. This finding is in line
with the results of Sorkheh et al. (2012) and Zrig et al.
(2015a) on almonds. Also, the total phenolic content
(TPC), which plays an important role against abiotic
stresses (Lattanzio, 2013), varied significantly in leaves
of different almond graft combinations (Zrig et al.,
2016; Sandhu et al., 2020). According to our results,
Sahand showed more phenol accumulation than TS3.

By increasing the sodium and chlorine content, soil
salt accumulation decreases potassium availability,
2010), and
ultimately declines plant productivity (Grattan and

disturbs calcium absorption (Gcaber,

Grieve, 1999). According to reports, salinity stress
amplifies the sodium content in almond leaves (Zrig et
al., 2016; Pitt et al., 2018). According to our results,
Sahand cultivar showed higher leaf Na* content.
Potassium plays a major role in osmotic balance and
ion homeostasis (Devi et al., 2012; Wang et al., 2013).
Maintaining the K' balance is essential for plant
adaptation to environmental stresses (Shabala and

Pottosin, 2014). Lower K levels in leaves lead to
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stomatal closure and transpiration inhibition
(Hasanuzzaman et al., 2018). However, potassium and
sodium have some similar bonding sites to plasma
membrane carriers. Hence, the competition of the two
ions causes a decline in K content (Gaber, 2010).
Potassium loss in salt-sensitive crops is considerably
higher than in salt-tolerant crops (Shabala and Pottosin,
2014). According to our findings, TS3 cultivar had
higher leaf potassium content.

High levels of CI interrupt K*, Ca®" and NOj
homeostasis; this reduces enzymes’ activity, causes
membrane destruction, and lessens plants’ effectiveness
(Ashraf and Ahmad, 2000). Salt-tolerant plants transfer
less chlorine into aerial organs (Munns, 2002). Salinity
tolerance in citrus is related to low transportation of Na
and Cl into the shoot (Marschner, 2012); in grape
rootstocks, this issue is essentially related to low CI
transfer (Luachli and Wteneke, 1979). According to
reports, sodium chloride causes increases in the CI
content of the roots and aerial parts of almonds (Zrig et
al., 2016; Pitt et al., 2018). In our case, TS3 had a lower
leaf chlorine content than Sahand.

Nitrogen is essential to generate cellular elements
such as RuBisCO, which assimilates carbon dioxide.
Reduced N uptake under salinity stress is due to the
antagonistic effects between Na® with NH," and CI”
with NO; (Parihar et al., 2015). Salinity stress disturbs
photosynthesis by restricting N uptake, thereby
decreasing both vegetative and reproductive growth
(Marschner, 2012; ZarataValdez et al., 2015). Our
results confirmed the decremental impact of salt on the
leaf nitrogen content of both almond cultivars, agreeing
with previous work on bitter almonds (Shibli et al.,
2003).

Calcium is known for its metabolic and structural
2007).

concentrations not only reduce the availability of Ca?*

functions (Jin et al, Increased Na*

but also limit the transportation of extracellular Ca®*
(Hadi and Karimi, 2012). High salt levels induced Ca**
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deficiency in Vigna unguiculate (Murillo-Amador et al.,
2006), tomatoes (Tuna et al., 2007), and almonds (Zrig
et al., 2015a, Zrig et al., 2016). We found decreases in
the Ca content of both almond cultivars.

Magnesium, the central atom of chlorophyll, plays a
role in the accurate functioning of carboxylases,
ATPases, RNA polymerases, proteins Kkinases, and
phosphatases (Shaul, 2002). Chlorophyll biosynthesis
and Mg® concentrations decreased with higher salt
levels in salt-sensitive rice cultivars (Lutts et al., 1996),
Atriplex (Hussin et al., 2013), and almonds (Zrig et al.,
2016). The lower transportation of Na" and CI to the
aerial parts and the higher K* Ca' or Mg™
translocation to the leaves are associated with the salt
tolerance of Prunus cultivars (Dejampour et al., 2012;
Soliman and Farhan, 2021). Our results indicated a
slight decline in Mg*? levels of both almond cultivars.

The phosphorus content of chloroplasts is essential
for photosynthesis; its deficiency restricts carbon
assimilation and stomatal function (Singh and Prasad,
2014; Zhang et al., 2014). NaCl treatment reduced the P
content of bitter almonds (Shibli et al., 2003). Tolerant
plants exhibit less decline in leaf P content when
exposed to salt stress (Mahajan and Tuteja, 2005),
explaining our results in almonds.

Sulfur improves photosynthesis by augmenting
chlorophyll formation and promoting plant growth
(Osman and Rady, 2012). In addition, S is involved in
maintaining the K'/Na’ balance (Abdelhamid et al.,
2013). It has been suggested that SO,* may be involved
in Cl homeostasis in salt-exposed almonds (Sandhu et
al., 2020). Boron maintains the membrane structure and
protects the cell membrane against ROS (Yu et al.,
2002). Boron deficiency alters the membrane potential
and H" efflux, resulting in membrane dysfunction
(Archana et al., 2017). Our findings exhibited declined
S and B with rising salt levels in both almond cultivars,
though the decrement was less in the TS3 cultivar.
involved in mitochondrial

Iron is respiration,
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photosynthesis, nitrogen assimilation, phytohormones’
biosynthesis, osmotic protection, and ROS suppression
(Hansch and Mendel, 2009). Salinity disturbs iron
2008). We found
increased Fe levels in Sahand up to 6.5 dS/m salinity

absorption (Munns and Tester,

and then declined levels under 8.5 dS/m salinity.
However, in TS3, the levels were boosted by salt.

Zinc reduces cell damage caused by the over-
generation of ROS (Cakmak, 2000; Pandey et al., 2002).
The effect of Zn deficiency on photosynthesis may
include changes electron
CO,

photochemical function of membranes (Salama et al.,

in chloroplast structure,

transfer, stabilization  ability, and the
2006) and the photosystem Il complex (Chen et al.,
2008). Ascending Zn levels were observed with salt
treatment, reported previously by Shibli et al. (2003).
TS3 had the highest Zn content in comparison to Sahand
at all salt levels. This may be due to the activity of
carbonic anhydrase, a zinc metalloenzyme that buffers
the pH in the stroma, thereby preventing the
denaturation of chloroplast proteins.

Members of the molybdenum-containing aldehyde
oxidase multigene family (aldehyde oxidase, xanthine
dehydrogenase, and nitrate reductase) are involved in
plant adaptation to environmental stresses (Brychkova et
al., 2008; Ventura et al., 2010) via the synthesis of
abscisic acid (involved in the response of plants to
freezing, cold, drought, and salinity) and indole-3-acetic
acid (involved in the response of plants to water deficits
and salinity) (Koshibu et al., 1996). According to our
results, salinity caused a significant enhancement in Mo
content, and TS3 exhibited greater Mo accumulation.

The genetic diversity in plants’ salt tolerance is
connected to a variation in Na* secretion by retaining
high K* and low Na* levels in the cytosol (Rai et al.,
2011) or CI" excluding strategies (Murkute et al., 2005;
2003). Na'/H*

antiporters attached to tonoplasts (NHX transporter

Tester and Davenport, vacuolar

family) play an important role in the distribution of Na
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inside the vacuole (Chakraborty et al., 2018), prevention
of Na-induced cell toxicity, and maintenance of the
intracellular osmotic potential (Bassil et al., 2012;
Pasapula et al., 2011). Overexpression of NHX1 in salt-
exposed rice (Ohta et al., 2002), maize (Yin et al.,
2004), and Rosa rugos (Feng et al., 2015) enhanced the
salt tolerance responses. Also, salt-tolerant cultivars of
almonds (‘Empyrean 1’ and ‘Cornerstone’) showed high
NHX2, NHX1, AVP1, SERF1, and SAL1 expression,
while salt-sensitive cultivars (‘Guardian’ and ‘Lovell’)
had low NHX1, NHX2, and HKT1 expression (Sandhu et
al., 2020). According to our expression analysis, the
NHX1 gene was expressed more in leaves of TS3 under
salinity, which represents its capability to endure under
salinity stress.

Under salinity stress, excess Na" and CI" lead to cell
membrane destruction, osmotic stress, reactive oxygen
(ROS)
malfunction, cell

species accumulation, photosynthesis
division prevention, and growth
decline (White and Broadley, 2001; Volkov and
Amtmann, 2006; Kusunoki, 2007; Amtmann, 2009).
Plants’ ability to efflux chlorine into roots (Melgar et
al., 2008) or allocate sodium into vacuoles (Munns and
Tester, 2008) is diverse due to their differences in
growth habits, root morphology, elemental absorption,
and molecular basis (Fernandez-Ballester et al., 2003).
We found that Sahand, as a salt-sensitive cultivar, could
not inhibit the sodium flux from root to shoot,
explaining why it accumulated more Na in the foliar
part. In addition, we suggest the higher potassium
content of the salt-tolerant cultivar, TS3, may be
motivated by an increase in selective uptake of
potassium, a rise in sodium removal from the root,
better activity of Na'/H" carriers, and greater activity of

NHX1 (Chakraborty et al. 2016).
Conclusions

The current research was conducted to estimate the
responses of two selected candidate almond genotypes
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to different salinity levels. The aim was to understand
the growth, physiology, and molecular mechanisms
involved, as well as to introduce a stress-tolerant
genotype. Salinity significantly affects the metabolic
processes and nutritional status, leading to a reduction in
the growth of Sahand (a salt-sensitive cultivar). The
photosynthetic rate, chlorophyll (a, b, total) content, and
carotenoid content decreased with increasing salinity
levels in both cultivars, with the decrease being less
pronounced in TS3 (a salt-tolerant candidate cultivar).
Sahand could not inhibit the sodium flux from the root
to the shoot and accumulated more Na in the leaves.
TS3 had a higher leaf potassium content and efficiently
transported sodium from the root to the shoot. Higher
levels of Mg and Fe (structural elements of chlorophyll)
in TS3 resulted in the stability of photosynthetic
pigments. Compared to Sahand, TS3 had a higher
nitrogen (N) content, and its increased expression of
NHX1 served as molecular evidence of its salt
tolerance.
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