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Abstract

Large samples of citrus genotypes need to be evaluated to find and improve the genetic resources for producing better
hybrid rootstocks. Two well-known tolerant (‘Cleopatra’ mandarin) and sensitive (‘Troyer’ citrange) cultivars, and 10
genetically diverse citrus genotypes from Iran were examined under four sodium chloride (NaCl) levels, including 0, 2,
4, and 6dSm™', to screen and discover salt-tolerant genotypes. Salinity (especially at 6dSm"') had a detrimental effect on
plants by reducing relative water content (RWC; —27.34%), water potential (—220%), total chlorophyll content (—61.97%),
and enhancing Na* (500%), Cl- (136%) concentration, as well as cell oxidative level (electrolyte leakage [EL; 61.92%],
malondialdehyde [MDA; 64.05%]). In reaction to salinity, osmoprotectant content (soluble sugars [163%] and proline
[101%]) and antioxidant enzymes activity (superoxide dismutase [SOD; 336%], catalase [CAT; 53.54%], peroxidase
[POD; 77.06%], and ascorbate peroxidase [APX; 421%]) increased dramatically especially at 6dSm™'. In addition, under
different salinity levels, genotypes exhibited different responses, but ‘Cleopatra’ mandarin and G5 exhibited the highest
RWC, water potential, chlorophylls, soluble sugars, proline, and antioxidant enzymes activity, as well as the lowest Na*,
CI- concentrations, EL, and MDA. Overall, G5 was identified as the genotype with the highest salt tolerance and can be
used in gardens that have salt stress problems.

Keywords Antioxidant enzymes - Cell oxidative - Malondialdehyde - Osmoprotectants - Water potential

Introduction under salinity stress (Aparicio-Durén et al. 2021; Ullah
et al. 2021).

Citrus is a subtropical crop with little tolerance for less-
than-ideal circumstances. Its cultivation has been expanded

to varied climatic locations between 40° north and south

In recent decades, there have been significant climatic
changes. Climate change has raised the likelihood of abiotic
stressors (flooding, drought, salt, etc.) and has a negative

impact on agricultural growth and development. One of the
most significant effects of global climate change is salinity.
It is also a significant negative abiotic factor in worldwide
agricultural crop production. More than 6% of the Earth’s
total land area and about 20% of its arable land area are
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latitudes, where citrus output is exceptionally high in dry
and semiarid regions. In key citrus-producing areas, salinity
limits its productivity, and since citrus is a ‘“salinity-sensi-
tive” crop, excessive salt concentrations have a negative
effect on its yield (Colmenero-Flores et al. 2020).

Conversely, Iran is one of the leading citrus-producing
nations (FAO 2020). According to reports, 20% of Iran’s
overall landmass is saline or alkaline. Due to too much
evaporation and transpiration, not enough rain, and poor
irrigation water quality in drylands, the salinity of inland
water is steadily getting worse (Raoufi et al. 2021). It has
been found that a high concentration of sodium (Na*) and
chloride (CI") causes salinity stress. For every one dSm™!
rise in salinity over 1.3dSm™ in the saturated soil extract,
citrus output decreases by about 13%; salinity levels above
three dSm-! are crucial for citrus production (Vincent et al.
2020; Colmenero-Flores et al. 2020).
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In abiotically damaging circumstances, plants react with
a variety of measures to meet the anticipated impact of
stress, ensuring a new stage of development. Plants miti-
gate the detrimental effects of abiotic stress by undergoing
morphophysiological, biochemical, and metabolic changes,
as well as by achieving an adapted state. The key character-
istics associated with abiotic stress tolerance in plants in-
clude osmoprotectants and compatible solutes (proline and
soluble sugars), water potential, antioxidant enzyme activ-
ity, and changes in plant pigment content (Latef 2021).

Citrus genotypes with a high tolerance capacity may
escape saltwater because they can exclude Na* and CI-,
exhibiting different responses than salt-sensitive genotypes
(dos Santos et al. 2021). In this instance, Etehadpour et al.
(2019) showed that salt-tolerant genotypes had lower leaf
Na* and CI- content and increased antioxidant enzyme ac-
tivity, protein, and chlorophyll content compared to salt-
sensitive genotypes.

Physicochemical methods are used to evaluate plants un-
der salinity stress because these methods provide a compre-
hensive understanding of the physiological and biochemical
characteristics of the plants, which are crucial for assess-
ing their response to stress conditions. These analyses help
in identifying the specific physiological and biochemical
traits that contribute to stress tolerance in citrus cultivars,
enabling a more targeted approach towards breeding and
selecting plants with enhanced resilience to salinity stress
(Vives-Peris et al. 2023).

Considering the possibility of interspecific hybridization
in citrus and the mutations that might lead to desirable
features, salinity-tolerant accessions are likely to be found
among the genetically diverse germplasm. Consequently,
the purpose of this study was to evaluate the salinity re-
sponses of many citrus genotypes from Iran based on their
physicochemical properties.

Materials and Methods
Plant Material and Treatments

At a commercial greenhouse in Tonekabon province,
Mazandaran, Iran, seeds of 10 Persian citrus cultivars,
‘Cleopatra’ mandarin (tolerant) and ‘Troyer’ citrange (sen-
sitive), were planted. Half-strength Hoagland’s solution
was used to irrigate the plants twice each week. For
12 weeks, 8-month-old well-grown seedlings were sub-
jected to salinity treatment. Seedlings treated with salinity
solution contained 0, 2, 4, and 6dSm™" NaCl (Merk). The
soil of each plant was flushed with 3L of tap water 2 days
prior to treatment. Using the following formula (Etehad-
pour et al. 2019), the quantity of water or salt solution was
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determined with three replications based on sandy loam
soil and field capacity:

B = d(FC - PWP) x 0.5 x A

where d is the soil depth (pot), FC is the field capacity,
PWP is the permanent wilting threshold, 0.5 is the permit-
ted shortfall for management, and A is the soil area. The
quantity of irrigation solution equals B minus 30% leach-
ing.

To avoid osmotic shock from high concentrations, treated
plants began with lower salt concentrations, which were
gradually raised until each group achieved the treatment-
specific concentration. Following salt treatments, the elec-
trical conductivity (EC) of the solution in the pots was
tested, and if the EC increased, the plants were watered
with non-saline water.

The leaf Na* and Cl- concentration was measured
3 weeks after salinity treatments. Just ripe leaves from
the stem’s center were harvested.

Measurements

All measurements were repeated in three replications. After
salinity treatment for 12 weeks, specific parameters were
assessed. Five leaves were similarly removed from each tree
to determine the relative water content (RWC). The petiole
was immediately placed in distilled water in a sealed glass
tube after being sliced. The increased weight of the tubes
was then used to calculate leaf fresh weight (FW) in the
laboratory. After 48h in dim light, the leaves were weighed
to determine their turgidity. After oven drying at 80 °C for
48h, the dry weight was measured, and the relative water
content was determined according to the Wahbi et al. (2005)
method.

Using a pressure chamber (Scholander pressure bomb,
Soil Moisture Equipment Corp., USA), the leaf water po-
tential of outer canopy leaves at midday was determined as
described by Turner (1981). Chlorophylls content of fresh
leaf tissue was measured at 470, 645, and 663 nm using
a spectrophotometer (NanoDrop® ND-1000 UV-Vis, USA)
(Arnon 1967). Using the anthrone reagent, soluble sugars
were quantified at 625 nm (Irigoyen et al. 1992). The pro-
line content was determined using the Bates et al. (1973)
technique at 520 nm. Electrolyte leakage (EL) was assessed
in accordance with Shi et al. (2006). Using a thiobarbituric
acid reaction, the concentration of malondialdehyde (MDA)
was measured (Tajvar et al. 2011).

For enzyme extractions, 0.5 g leaf samples were homog-
enized with 50 mM potassium phosphate buffer (pH="7) in-
cluding 0.5 mM EDTA and 2% (w/v) polyvinylpolypyrroli-
done (PVPP). Samples were centrifuged at 14,000rpm for
15 min, and supernatants were used for measurement of en-
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zyme activity (Tajvar et al. 2011). Superoxide dismutase
(SOD) activity was measured by its ability to inhibit the
photochemical reduction of nitro blue tetrazolium (NBT)
at 560nm. Catalase (CAT) activity was determined by the
initial rate of disappearance of H,O, at 240 nm. Peroxidase
(POD) activity was determined by formation of tetragua-
iacol at 470nm. One unit of enzyme was defined as the
amount of enzyme to decompose 1uM of H,O, per min at
25°C. Ascorbate peroxidase (APX) activity was estimated
according to Tajvar et al. (2011). The measure depends on
the decrease in absorption at 290nm as ascorbate is oxi-
dised. The Na* and CI- content were evaluated based on the
Waling et al. (1989) method.

Experimental Design and Statistical Analysis

Our investigation was conducted as a factorial experiment
with three replications using a random design. Using SAS
software, the PROC ANOVA approach was used to analyze
the data (ver. 9.1 2002-2003, SAS Institute, Cary, NC).
The data were examined for normality and homoscedas-
ticity using the Kolmogorov—Smirnov and Cochran tests
prior to variance analysis. After a significant ANOVA ef-
fect, Duncan’s multiple range test was computed to assess
the differences between means.

Results and Discussion

The main impact and interaction effect of genotype and
salinity were found to influence all examined characteristics
substantially (P<0.01) (Table 1).

Na* concentration enhanced considerably from 15.76%
under non-salinity circumstances (0dSm") to 31.68% at
the maximum salinity level (6dSm™") (Table 1). At various
salinity settings, ‘Cleopatra’ mandarin and G5 exhibited the
lowest Na* concentration (Table 2). According to Table 1,
the CI- content increased considerably (P < 0.01) from 0.79
to 1.89% under non-saline circumstances at the maximum
salinity level. ‘Cleopatra’ mandarin and G5 had the lowest
CI- concentrations among examined genotypes at almost
all salinity conditions (Table 2). ‘Cleopatra’ mandarin and
G5 accumulated less Na* and Cl- than other genotypes,
indicating their suitability for regions with salt-rich soils
and water.

All citrus genotypes had distinct Na* and CI- concentra-
tions, which may be attributed to their unique absorption
capabilities and root structures. Na* and Cl- ions may gen-
erate lethal circumstances for plants, although Cl- is more
hazardous. Instead, nutritional imbalance during salt ex-
posure seems to be caused by membrane selectivity and
competitive antagonist interactions (Shelke et al. 2019; van
Zelm et al. 2020; Hasanuzzaman et al. 2021). Due to the

capacity to exclude or prevent absorption or transmit salt
ions from the roots to the shoots, citrus is tolerant to salin-
ity. Many studies demonstrate that a high Cl- concentra-
tion is connected with susceptibility to salt stress, and the
lower presence of this ion in the leaves implies an exclusion
mechanism, which is linked to a tolerant phenotype (Wu
2018; Aparicio-Duran et al. 2021). Similar to our results,
El Yacoubi et al. (2022) reported that salt stress adversely
influenced several citrus genotypes’ Na* and CI- content.

The leaf RWC content reduced considerably (P<0.01)
from 90.27% in innon-salinity conditions to 65.59% in
6dSm! of salinity (Table 1). Several genotypes responded
differently to various salt levels; however, ‘Cleopatra’ man-
darin and G5 often had the greatest leaf RWC concentra-
tion (Table 2). According to Table 1, plant water potential
reduced considerably (—0.40 to —1.28 MPa) in response to
salinity stress (—0.40 to —1.28 MPa; Table 1). Compared to
other genotypes, ‘Cleopatra’ mandarin, and G5 exhibited
the maximum plant water potential under varying salt con-
centrations (Table 2).

These findings are consistent with those of Shafieizargar
et al. (2015) and Etehadpour et al. (2019), who discovered
that salinity considerably decreased the RWC and water
potential content of several citrus genotypes. When plants
are exposed to high salinity levels, the salt concentration in
the soil increases, leading to a lower water potential than
in the plant’s root cells. This osmotic imbalance causes
water to move out of the plant cells into the soil, decreasing
the plant’s water content and potential. As a result, the
plant experiences water stress, affecting its physiological
processes and overall growth. The decrease in RWC and
water potential is a typical response to salinity stress as
plants struggle to maintain water balance and cope with
the adverse effects of high salt concentrations in the soil
(Etehadpour et al. 2019; Vives-Peris et al. 2023).

According to Table 1, the MDA concentration increased
considerably (P<0.01) from 17.16g g*! FW in non-salinity
circumstances to 28.15g g! FW at a salinity of 6dSm™".
Several genotypes responded differently to various salinity
levels; however, ‘Cleopatra’ mandarin and G5 typically had
the lowest MDA concentrations (Table 3). The leaf EL con-
tent increased considerably (P < 0.01) from 29.02% in non-
salinity circumstances to 46.99% in the most salinity condi-
tion (Table 1). ‘Cleopatra’ mandarin and G5 had the lowest
leaf EL content among investigated genotypes at almost all
salt concentrations (Table 3).

Due to the quick rise under abiotic stress, the EL and
MDA have been deemed the most sensitive indicators un-
der stressed circumstances. Additionally, EL is used as
a marker to assess cell membrane damage. In our inves-
tigation, EL in the leaves was associated with cell damage.
The rise of reactive oxygen species (ROS) generation dur-
ing cell damage causes oxidative damage to numerous cell

@ Springer
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Table2 Changes in Na, Cl,

relative water coptent <RW o Genotype Na (%) Cl (%) RWC (%) ngir) potential

and water potential of different

citrus genotypes in response to Salinity at 0dSm™

different salinity levels ‘Cleopatra’ 0.0544* 0.648; 93.65p —0.369,
Citrange 0.076p 0.880p 87.91c -0.4184
Gl 0.064. 0.778¢ 89.644 —0.388¢
G2 0.085. 0.726n 97.964 -0.419q
G3 0.075p 0.901, 91.92¢ —-0.433,
G4 0.053q4 0.8354 91.75. —-0.459¢
G5 0.069. 0.674; 94.55y -0.370p
G6 0.0544 0.771¢ 83.01¢ -0.467¢
G7 0.076p 0.869. 92.38¢ -0.331,
G8 0.065¢ 0.755¢ 89.034 -0.392.
G9 0.054q4 0.866¢ 79.09¢ -0.361y
GI10 0.062¢ 0.792, 92.39q —0.4164
Salinity at 2dSm™"
‘Cleopatra’ 0.128c¢ 0.988¢ 86.94, —0.594,
Citrange 0.173p 1.480p 85.69b —0.875¢
Gl 0.121¢, 1.652, 85.684b -0.7714
G2 0.144cq 1.110¢ 84.89; —0.827.
G3 0.134. 1.288¢ 82.85¢ca —0.929,
G4 0.146¢ 0.972, 76.68¢ —0.526,
G5 0.113¢ 0.876n 84.92, —0.694.
G6 0.183, 0.854; 79.45 —0.956n
G7 0.1354c 1.2744 82.52q -0.773q
G8 0.126¢¢ 0.826; 78.83¢ -0.58%
G9 0.113¢ 0.115. 76.53¢ -0.779
GI10 0.114, 1.2714 84.54c —0.7634
Salinity at 4dSm™
‘Cleopatra’ 0.220¢ 1.249¢ 82.60, -0.817.
‘Troyer’ 0.284 1.798, 72.08ef —0.9844
Gl 0.2684 1.489q 76.27. —1.044,
G2 0.2664 1.526¢ 82.08a —1.304;
G3 0.282, 1.768, 80.06p —1.244y
G4 0.251, 1.235¢ 71.30¢ -1.125¢
G5 0.287. 1.158, 81.85, -0.89%4y
G6 0.322y 1.259¢ 73.59e -1.187,
G7 0.334, 1.579% 80.13p -0.963.
G8 0.277ca 1.441. 73.01qer —0.965¢
G9 0.261q 1.577v 76.69¢ -0.961.
GI10 0.229¢ 1.752, 74.63c4 —1.039¢

components, such as the cell membrane, and abnormalities
in cell metabolic processes, leading to an increase in EL
level (Hernandez 2019). Less EL content is connected with
maintaining cell membrane integrity under stressful situa-
tions (Hnilickov4 et al. 2019; Maryum et al. 2022). Similar
to our results, Madani et al. (2022) and El Yacoubi et al.
(2022) reported that under salt stress, oxidative cell markers
(EL and MDA) increased in citrus genotypes.

Chl-a, Chl-b, and T-Chl levels decreased consider-
ably (P<0.01) in response to varying salt concentrations

(Table 1). ‘Cleopatra’ mandarin and G5 exhibited the maxi-
mum chlorophyll concentration at almost all salinity levels,
according to Table 3. Moreover, the ratio of Chl-a to Chl-b
(Chla/b) as a stress indicator increased considerably (P<
0.01) from 0.393 in non-salinity conditions to 0.577 in
4dSm™! of salinity and subsequently declined somewhat to
0.416 in 6dSm™! of salinity (Table 3). Under varying salin-
ity conditions, genotypes exhibited various Chla/b ratio
responses (Table 3).

@ Springer
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Table 2 (Continued)

Genotype Na (%) Cl (%) RWC (%) Water potential
(MPa)

Salinity at 6dSm™

‘Cleopatra’ 0.3124 1.476q 74.70, —1.136p
Citrange 0.426 2.1584 55.03¢ -1.372;
Gl 0.3524 2.224, 67.61cq —1.246
G2 0.473a 1.879%. 66.21cde —1.428x
G3 0.446y 1.737cq 63.57¢ —-1.394;
G4 0.330efg 2.163a 68.64cq -1.357,
G5 0.322¢n 1.5024 72.62. —1.1164
G6 0.338er 1.5544 57.56¢ -1.438
G7 0.329¢, 2.153a 65.13¢e —1.146¢
G8 0.342¢e 1.8860c 62.66¢ —1.254¢
G9 0.323gn 1.8760c 63.81 —1.1664
G10 0.341def 1.934abc 69.500c —-1.296,

*Means within each column and salinity level with different letters denote significant differences (P <0.01)
Na sodium, CI chlorine, RWC relative water content

Table 3 Changes of malondialdehyde (MDA), electrolyte leakage (EL), and chlorophyll content of different citrus genotypes in response to
different salinity levels

Genotype MDA EL (%) Chl-a Chl-b T-Chl Chl-a/b
(g ' FW) (mg g”' FW) (mg g”' FW) (mg g' FW)
Salinity at 0dSm™
‘Cleopatra’ 13.42,% 26.45, 0.664, 1.926y 2.591p 0.345,
Citrange 15.45¢ 29.264 0.5734q 1.833¢ 2.407. 0.313¢
Gl 15.50. 27.69¢ 0.492¢ 1.516; 1.009, 0.954,
G2 21.59, 35.27, 0.484, 1.843; 1.327, 0.574
G3 20.44y 28.62. 0.487¢¢ 1.540. 2.027. 0.316¢¢
G4 14.58¢ 31.43. 0.587. 1.7264 2.3144q 0.340e¢
G5 14.20¢ 31.68; 0.625p 2.030a 2.655. 0.308;
G6 14.32¢ 25.64n 0.421y 1.3104 1.730¢ 0.321efg
G7 17.344 26.19, 0.553 1.460¢ 2.013; 0.3784
G8 19.48. 22.16; 0.584. 1.426, 2.010e 0.409¢
G9 21.39, 51.56¢ 0.489¢ 1.7154 2.2044c 0.285h
GI0 17.864 32.27 0.613p 1.547. 2.1604e 0.3964
Salinity at 2dSm™"
‘Cleopatra’ 15.37¢ 28.54; 0.6064 1.510p 2.1164 0.401.
Citrange 24.86y 39.17, 0.427. 1.236. 1.663p 0.345,
Gl 20.254 33.644 0.407¢ 0.256; 0.663n 1.590,
G2 27.32. 32.48. 0.293; 0.783h 1.076¢ 0.374¢
G3 24.33, 31.21¢ 0.483¢ 0.807¢ 1.29¢e 0.599%
G4 19.304 34.80 0.4454 1.190c 1.635¢ 0.374¢
G5 17.44 29.52; 0.509 1.600. 2.109, 0.318h
G6 20.264 30.46, 0.385, 0.940¢ 1.3254 0.410q
G7 20.174q 32.47. 0.509 1.167q 1.676y 0.436,
G8 22.18¢ 36.25p 0.329, 0.803¢n 1.132¢ 0.410q
G9 27.35, 39.49, 0.592, 1.592, 2.184, 0.372¢
GI0 27.24, 39.08. 0.409¢ 1.612, 2.021, 0.254;
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Table 3 (Continued)

Genotype MDA EL (%) Chl-a Chl-b T-Chl Chl-a/b
(ug g FW) (mg g”' FW) (mg g”' FW) (mg g' FW)

Salinity at 4dSm™"

‘Cleopatra’ 17.5% 37.17¢ 0.541, 1.063, 1.6044, 0.509.
Citrange 26.94 45.164 0.285¢ 0.957p 1.242¢ 0.298;
Gl 23.484 40.41¢ 0.344¢ 0.207n 0.551; 1.662,
G2 19.36¢ 38.59. 0.213; 0.4804 0.693¢ 0.444¢
G3 27.34y 41.58y 0.192; 0.406¢ 0.598n 0.473q
G4 25.804 40.58 0.3724 1.070a 1.442, 0.348n
G5 18.66, 32.664 0.482; 1.060, 1.5424 0.455.
G6 23.384 39.654 0.357. 0.840, 1.1974 0.425,
G7 23.544 37.38¢ 0.384¢ 0.450¢ 0.834¢ 0.853p
G8 22.58¢ 41.12 0.264n 0.640. 0.904. 0.413y
G9 31.67. 44.72, 0.362. 0.410¢ 0.772¢ 0.883p
GI0 27.71p 45.034 0.393¢ 1.057., 1.450p 0.3724
Salinity at 6dSm™

‘Cleopatra’ 20.36; 43.38; 0.323, 0.993¢ 1.317 0.325¢
Citrange 30.19¢ 50.57 0.155¢ 0.7534 0.908. 0.206n
Gl 27.08¢ 52.44, 0.154, 0.170; 0.324¢ 0.912,
G2 22.63n 48.97p 0.187¢ 0.603¢ 0.787¢ 0.313¢r
G3 35.44, 44.56¢ 0.194¢ 0.327 0.521; 0.596p
G4 29.534 50.38p 0.2274 0.440, 0.667; 0.515¢
G5 21.34; 37.36n 0.305p 1.050a 1.355, 0.290¢
G6 26.40¢ 47.434 0.292¢ 0.7704 1.0624 0.379
G7 25.67¢ 45.34 0.145; 0.613; 0.745, 0.241¢
G8 30.42. 48.57¢ 0.206¢ 0.503¢ 0.709, 0.409q
G9 33.17 44.54¢ 0.160g 0.260; 0.420x 0.616p
GI0 35.61a 50.36p 0.193, 1.013p 1.206, 0.190n

*Means within each column and salinity level with different letters denote significant differences (P<0.01)
MDA malondialdehyde, EL electrolyte leakage, Chl chlorophyll

Table 4 Changes of soluble sugars, proline content, and antioxidant enzyme activity of different citrus genotypes in response to different salinity
levels

Genotype Soluble sugars Proline SOD CAT POD APX
(mg g”! FW) (mg g”! FW) (IU mg™' FW) (IU g' FW) (IU mg™' FW) (IU ¢! FW)

Salinity at 0dSm™"

‘Cleopatra’ 35.49,* 18.16¢ 10.71y 0.274, 4941, 0.817,
Citrange 14.83n 17.26¢ 4.21¢ 0.253¢ 35.38.¢ 0.705¢
Gl 27.56¢ 12.89¢ 8.32q 0.263p 38.30cd 0.784p
G2 15.95¢ 15.564 1.76n 0.256. 36.354ef 0.635;
G3 21.87¢ 23.98, 1.10; 0.265p 42.50p 0.7434
G4 43.85, 13.77¢¢ 3.25, 0.255¢ 39.51¢ 0.693¢
G5 32.76¢ 20.86p 20.27, 0.264, 48.47, 0.753¢
G6 12.91; 14.424¢ 6.85¢ 0.2454 40.11pc 0.725¢
G7 29.31q4 10.20¢ 0.88; 0.253¢ 37.54cde 0.664h
G8 29.51q 12.84¢ 8.71¢ 0.2454 34.02¢ 0.635;
G9 12.15j 12.04¢ 1.724 0.272, 39.50. 0.631;
GI0 29.59¢ 17.11¢ 4.35¢ 0.251¢ 42.73p 0.680,
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Table4 (Continued)

Genotype Soluble sugars Proline SOD CAT POD APX
(mg ¢! FW) (mg g”' FW) (IU mg™! FW) (IU g FW) (IU mg™! FW) (IU g FW)
Salinity at 2dSm™"
‘Cleopatra’ 49.51p 27.63p 23.62, 0.334y 51.30¢ 1.991,
Citrange 32.40¢ 18.03¢ 12.30, 0.3184 48.12¢ 1.128y
Gl 45.18 22.074 12.23, 0.324, 51.35b¢ 1.6714
G2 33.11¢ 20.62 12.49¢ 0.310e 50.234 1.430e
G3 29.04, 22.83c 17.934 0.326 51.53p 1.349¢
G4 44.084 15.67 6.54i 0.3164 47.67¢ 1.434.
G5 52.80, 29.83, 21.23p 0.340, 52.50, 1.964y
G6 25.50n 14.74y 16.31c 0.293; 51.26¢ 1.729.
G7 16.08; 18.23¢ 18.15¢ 0.283n 46.60, 1.360¢
G8 36.54 13.47; 12.46¢ 0.303¢ 46.26n 1.174,
G9 44.024 13.43; 11.26 1 0.297, 44.17; 1.422.
GI10 37.11e 20.37 12.51¢ 0.340, 53.18, 1.338¢
Salinity at 4dSm™
‘Cleopatra’ 58.47y 34.37, 26.34, 0.379c 82.71a 3.486,
Citrange 44.03¢ 26.084 23.874 0.373cq 52.75j 2.769¢
Gl 51.47. 23.83¢ 14.59, 0.341¢ 65.33¢ 2.8154
G2 54.11q4 19.64¢ 9.34, 0.375bcd 56.48, 2.846
G3 36.94n 28.76p 24.81¢ 0.3644e 61.904 2.521n
G4 46.14 19.49¢ 9.68; 0.386p 58.13¢ 2.631g
G5 58.88a 33.64, 25.82p 0.3405, 80.18p 3.187,
G6 31.47; 15.82n 22.92¢ 0.324, 60.25¢ 2.479;
G7 28.19; 27.28: 16.83¢ 0.336¢ 55.58n 2.692¢
G8 46.85¢ 17.04, 15.32, 0.357¢ 55.12 2.273;
G9 50.86¢ 22.70e 22.74 0.344¢ 59.83¢ 2.421;
G110 51.21e 23.45 17.21¢ 0.3124 62.51¢ 2.752¢
Salinity at 6dSm™"
‘Cleopatra’ 94.08, 40.62, 28.34p 0.454, 93.38, 4.254,,
Citrange 49.99, 30.17¢ 27.534 0.385¢ 61.60; 3.063¢
Gl 48.83; 2441, 28.26p 0.4044 75.224 3.362apc
G2 77.64y 38.85b 27.344 0.4094 66.45¢ 3.9934pc
G3 59.48, 35.58d 31.64, 0.427. 69.51¢ 3.470apc
G4 62.39. 21.72n 15.96 0.428: 62.67n 2991
G5 78.15p 40.98. 28.23p 0.453. 92.84p 4.358a
G6 70.43¢ 19.17; 28.41p 0.373¢ 64.364 3.463abc
G7 64.834 34.624 22.39, 0.392, 62.61nh 3.776apc
G8 61.34¢ 36.29. 21.23¢ 0.382¢ 61.24; 3.855abe
G9 70.92¢ 28.66¢ 27.89¢ 0.4034 69.18. 4.453,
GI10 65.074 29.06ef 27.354 0.443y 82.06¢ 3.125p¢

*Means within each column and salinity level with different letters denote significant differences (P<0.01)
SOD superoxide dismutase, CAT catalase, POD peroxidase, APX ascorbate peroxidase

These results are in agreement with Othman et al.
(2023). During abiotic stress, structural damage to chloro-
plasts due to the generation of ROS or photodegradation
of chlorophylls causes a decrease in chlorophylls (Yang
et al. 2020). The reduction in chlorophyll concentration
may be attributable to the cytotoxic effects of Na* and CI-
ions, which inhibit pigment synthesis (Yang et al. 2011;
Madani et al. 2022). Destruction of chloroplast membranes,
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severe swelling, destruction of lamellae vesiculation, and
the formation of lipid droplets have also been linked to the
salinity-induced decrease in chlorophyll content (Angon
et al. 2022). On the other hand, maintaining a low chloro-
phyll content under harsh salinity conditions may assist
plants in decreasing photo-oxidative damage, which oc-
curs when photosynthesis is inhibited, and light excitation
energy is in excess (van Zelm et al. 2020; Maryum et al.
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2022). Extra excitation energy acquired by chlorophylls
will disrupt photosynthetic capability, increasing ROS gen-
eration and oxidative stress (van Zelm et al. 2020; Pint6-
Marijuan and Munné-Bosch 2014).

At varying salinity conditions, the soluble sugar con-
tent increased considerably from 25.48 to 67.14mg g! FW
(Table 1). In addition, the soluble sugar content of ‘Cleopa-
tra’ mandarins and G5 was determined (Table 4). Proline
concentration rose considerably from 15.76 mg g! FW in
non-salinity settings to 31.68 mg g~! FW at the highest salin-
ity level. Several genotypes responded differently to various
salt levels; however, ‘Cleopatra’ mandarin and G5 had the
greatest proline concentration (Table 4).

In stressful situations, plants modify their morphological,
biochemical, physiological, molecular, and signaling levels,
among others (van Zelm et al. 2020; Maryum et al. 2022). In
stressful situations, the plant increases osmoprotectants or
osmolytes synthesis and regulates nutritional homeostasis at
the cellular level as part of its defense mechanisms. These
organic chemicals include categories such as ammonium
compounds, carbohydrates, and amino acids. Osmoprotec-
tants are ubiquitous and regulate cellular osmotic adjust-
ment, mitigate ROS-induced deleterious effects, minimize
membrane damage, and protect proteins and enzymes. Os-
moprotectants protect cellular organelles from dehydration-
induced damage and do not interfere with normal cellular
metabolic activities (Singh et al. 2015; Omari Alzahrani
et al. 2021).

In line with the results of the present study, Balal et al.
(2011) mentioned that sugars content increased during
salinity stress in some citrus rootstocks. Sugar molecules
provide carbon and energy for the normal functioning
of cellular activities, and sugars regulate plant growth
and development. Sugars are often assumed to operate as
osmoprotectants, which regulate osmotic regulation, pro-
vide membrane integrity, and detoxify ROS under various
stressful situations (Koyro et al. 2012; Singh et al. 2022).
Sugars (as osmoprotectants) were shown to raise salinity
levels considerably. In addition, higher sugar content un-
der salinity conditions might aid cellular processes such
as energy storage for stress recovery, signal transduction,
and osmoprotectant production (Ghosh et al. 2021; Omari
Alzahrani et al. 2021). Ziogas et al. (2021) and Snoussi
et al. (2022) validated the variations in sugar content under
varied salinity levels in different citrus varieties.

Proline is among the essential active amino acid molecules.
It acts as a primary osmolyte and has a molecular signaling
function that is typically located in the cytosol. It is also
involved in stabilizing and preserving membranes of vari-
ous organelles, scavenging the harmful effects of ROS, and
buffering the cellular redox capacity under different abiotic
stresses (Kavi Kishor and Sreenivasulu 2013; Singh et al.
2022). It may alleviate cytoplasmic acidosis in quantity

essential for regulating homeostasis between NADP* and
NADPH under circumstances of normal metabolism (Singh
et al. 2015; Ghosh et al. 2021). The build-up of proline
inside stressed plants is caused by an increase in proline
synthesis (due to a decrease in glutamate oxidation) and
a decrease in proline consumption for protein synthesis
(due to a halt in plant development) (Omari Alzahrani et al.
2021; Singh et al. 2022). In accordance with our findings,
Snoussi et al. (2022) reported that the proline content of
citrus rootstocks rose dramatically under various salinity
conditions.

As indicated in Table 1, the activity of all antioxidant
enzymes (SOD, CAT, POD, and APX) increased consid-
erably (P<0.01) under varied salinity levels compared to
non-salinity conditions (Table 4). In addition, among the
genotypes studied, ‘Cleopatra’ mandarin and G5 had the
maximum antioxidant enzyme activity at almost all salinity
levels (Table 4).

These findings are in agreement with Etehadpour et al.
(2019), who previously reported an increase in the activity
of antioxidant enzymes in several citrus species grown un-
der salt. Salinity stress causes ionic and osmotic imbalances
in plant cells, leading to the excessive production of ROS
like superoxide radicals, hydrogen peroxide, and hydroxyl
radicals. These ROS can damage cellular components such
as proteins, lipids, and nucleic acids. To protect against
ROS-induced damage, plants activate their antioxidant de-
fense systems. ROS also act as signaling molecules that
trigger the activation of stress-responsive genes, including
those encoding antioxidant enzymes. This signaling leads
to an increase in the synthesis and activity of these enzymes
as part of the plant’s adaptive response to salinity stress. By
enhancing the activities of these antioxidant enzymes, cit-
rus plants maintain cellular redox homeostasis, protecting
cells from oxidative stress, and ensuring normal cellular
functions (Ahmad et al. 2019; Sachdev et al. 2021). SODs
are the earliest step of cellular defense against ROSs in
a succession of detoxifying processes; they convert O, and
water (H>O) to H,O, and molecular oxygen O,. The cata-
lase activity swiftly converts the generated H,O, to H,O
and 1/2 O,. Principally active in the chloroplast organ, the
APX enzyme plays a crucial role in the conversion of H,O,
to water, using ascorbate as an electron donor. Peroxidase
is the primary protein responsible for oxidizing aromatic
electron donors, such as guaiacol and pyrogallol, at the
cost of HyO, (Hasanuzzaman et al. 2020; Hasanuzzaman
et al. 2021). Moreover, it is assumed that GPX found in
the cytosol, vacuole, cell wall, and apoplast reduces lipid
hydroperoxides to their respective alcohols and frees H,O,
to water (Gupta et al. 2018; Ahmad et al. 2019).
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Conclusion

Based on the findings, integrated selection for physico-
chemical features is more accurate. RWC, water poten-
tial, and chlorophyll content were dramatically decreased
by salinity, but Na*, Cl- concentration, EL, MDA, solu-
ble sugars, proline, and antioxidant enzyme activity were
significantly increased. G5 was superior to the other geno-
types based on several characteristics, including the lowest
Na*, CI- concentration, and cell oxidative level, as well as
the highest plant water relations, osmoprotectants content,
and antioxidant enzyme activity. Based on physicochem-
ical data, G5 was the most resistant genotype and may
be a highly promising genotype in Iran and other salin-
ity-challenged citrus-growing locations. Using some of the
more tolerant genotypes identified in this research, it may
be possible to cultivate citrus in salty water and soil for
commercial purposes.

Conflict of interest Y. Naghashi, B. Babakhani, M. Asadi, P. Rahdari
and M. A. Shiri declare that they have no competing interests.
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