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Abstract: The deposition of salts in soil seems likely to become a significant barrier for plant devel-
opment and growth. Halophytes that flourish in naturally saline habitats may sustain extreme salt
levels by adopting different acclimatory traits. Insight into such acclimatory features can be useful for
devising salt-resilient crops and the reclamation of saline soil. Therefore, salinity-induced responses
were studied in two halophytes, i.e., Suaeda nudiflora and Suaeda fruticosa, at a high soil salinity
level (ECe 65) to explore their possible tolerance mechanisms in their natural habitat. Samples of
different tissues were collected from both Suaeda species for the determination of physio-biochemical
attributes, i.e., ionic (Na+, K+, Ca2+, Cl−) content, osmo-protective compounds (proline, soluble
sugars, soluble proteins), total phenolic content, and antioxidant components. Heavy metal composi-
tion and accumulation in soil and plant samples were also assessed, respectively. Fourier transform
infrared spectroscopy (FTIR) analysis was conducted to explore cellular metabolite pools with respect
to high salinity. The results showed that both species considerably adjusted the above-mentioned
physio-biochemical attributes to resist high salinity, demonstrated by quantitative differences in their
above-ground tissues. The FTIR profiles confirmed the plants’ differential responses in terms of
variability in lipids, proteins, carbohydrates, and cell wall constituents. The high capacity for Na+

and Cl− accumulation and considerable bioaccumulation factor (BAF) values for metals, mainly Fe
and Zn, validate the importance of both Suaeda species as phytodesalination plants and their potential
use in the phytoremediation of salt- and metal-polluted soils.

Keywords: antioxidants; adaptive mechanism; halophytes; phytoremediation; soil salinity

1. Introduction

Soil or land salinization is a severe ecological problem worldwide that consistently
increases nearly 10% annually. Nowadays, more than 3% (424 mha) of global topsoil
(0–30 cm) and more than 6% (833 mha) of global sub-soil (30–100 cm) are affected by
salinity or sodicity. Remarkably, more than two-thirds of global salt-contaminated soils are
established in arid and semi-arid climatic zones, of which 64% are located in arid deserts
and steppes [1]. Individually, Europe has a maximum share of saline land, which accounts
for nearly 3.3% of the world’s total saline land. In the rest of the world, including Asia,
Africa, America, and Australia, the majority of cultivated land has been salinized and
become uncultivable [2]. Salt accumulation in the soil constrains agricultural production
and the global economy. It has been estimated that the per hectare cost of salinity-induced
land degradation is approximately USD 441, which is further responsible for the loss of
USD 27 billion per annum [3]. In India, soil salinization is highly worrisome in arid and
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semi-arid areas as it obstructs plant growth and can ultimately limit the distribution of
plant communities [4,5].

Salinity imposes deleterious impacts on plants’ basic physiology and metabolism in
the form of ionic toxicity and osmotic and oxidative stress [6]. Halophytes are plants that
grow throughout salty environments and are able to not only sustain but also proliferate
by implementing distinct adaptive mechanisms, such as (a) accumulation, exclusion, or
compartmentalization of toxic ions at the cellular or whole-plant level, (b) synthesis and
accumulation of osmo-protective compounds, i.e., proline, glycine betaine, etc., (c) activa-
tion of enzymatic and non-enzymatic antioxidant activities, and (d) modulation of various
metabolic cascades, such as the photosynthetic pathway, plant hormones, and signaling
molecules [7–9]. In addition, salinity tolerance varies among species of taxonomically
identical or related taxa, which should be attributed to plant habitat, growth form, and
some specialized structures such as the salt gland, salt bladder, and Kranz anatomy [10,11].
Several studies have reported that halophytes of the same habitat, even the same taxa,
respond differently to salinity levels through quantitative and qualitative differences in
their response mechanisms [12–14].

The present study explored two species of Suaeda (Figure 1), namely Suaeda nudiflora
(Willd.) Moq., and Suaeda fruticosa (L.) Forssk., that dominate a hypersaline region close to
the Thar Desert. Despite being genetically identical, these species differ slightly in their
aerial morphology, which has been reported as an adaptation to saline conditions [15].
Suaeda nudiflora is a perennial under-shrub with smooth stems, elliptic-oblong or linear-
obovate glabrous leaves, like spike inflorescences, and black seeds with curved embryos.
Suaeda fruticosa is a perennial shrub with an erect glabrous stem, usually about 3 m tall,
with fleshy and subsessile oblong or elliptic leaves and black seeds. They are considered
cash crops because of their medicinal, nutritional, and economic value, as well as their
potential use in phytoremediation [16–18].
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Several investigations have described salinity-induced modulations, particularly in
Suaeda species [19,20]. A few studies have examined these two species under controlled
laboratory conditions [21–23]. However, there is scant information about their responses
in habitats with high salt exposure and which acclimatory mechanisms help the plants
complete their life cycle under high salinity circumstances. Studies on the differential
behavior of halophytes in their natural habitats can help explain species-specific salt
tolerance and provide a framework for the development of salt-resilient crops and a
restoration strategy for saline soils [24–26].

The current study aimed to assess the influence of soil salinity on the differential
physiological traits of both Suaeda species. The hypothesis expressed here is that the
successful adaptation of different Suaeda species to high salinity conditions is determined
by both the magnitude of salinity in their rhizosphere soil as well as their individual salt
tolerance evolutionary strategies. Furthermore, species-specific and common physiological
responses may operate within the species. In order to gain insight into possible common
and species-specific tolerance mechanisms in these species, a comparative study of their
physiological responses to the physicochemical attributes of rhizospheric soil would be
a useful approach. This study is designed specifically to (i) identify key biochemical
indicators and cellular metabolites of Suaeda nudiflora and Suaeda fruticoca relevant to their
tolerance mechanism towards high salinity, and (ii) determine the bioaccumulation capacity
of salts and heavy metals by both species for phytoremediation purposes in the future.

2. Materials and Methods
2.1. Description of Sampling Site

The sampling site, Sambhar Salt Lake (26◦58′0” N to 75◦5′0” E), which is recognized as
India’s largest inland salt lake, was chosen to represent high soil salinity levels. The lake is
elliptically shaped, with a length of approximately 36 km, a breadth varying 3–11 km, and
located in the Rajasthan state of India (Figure 2). It is an extensive saline wetland, receiving
water from six rivers, including the Medtha, Samaod, Mantha, Rupangarh, Khari, and
Khandela. The eastern area of the lake is accompanied by numerous salt reservoirs, canals,
salt pans, and halophyte vegetation [27]. It is estimated that silt from the Aravalli hills,
which is generally encrusted in schists (medium-grade metamorphic rock) and gneisses
(high grade regional metamorphic rock), is the major source of the salt composites. The
sodium composites in the silt dissolve in rainwater and enter the lake via rivers, and the
salt remains in the lake after the rainwater evaporates [28]. Extremely hot summers and
mild winters are features of the temperate-continental environment. The average annual
temperature was 25.1 ◦C with a multiannual minimum of 5 ◦C and maximum of 50 ◦C in
May/June.

2.2. Collection and Analysis of the Samples

In the month of May 2019, soil and plant samples (sampled area; 10 m × 15 m, sample
weight; 100 g) were collected in order to ascertain the physicochemical properties. The soil
samples were drawn from a depth of 20–25 cm, carefully packed inside polybags, and sent
to the laboratory for further examination and analysis. The experiments were performed
in triplicate. At the same location, 12 plants of each species were carefully taken out of
the soil and maintained at 4 ◦C to prevent the destruction of the sample’s constituents
until analysis.

2.3. Soil Analysis

Standardized protocols described in the USDA Handbook were applied to calculate
the pH, electric conductivity (ECe), and organic carbon (OC) content of the soil [29]. The
accessibility of phosphorous (available form P2O5) and potassium content (available form
K2O) were determined by the methods described by Olsen [30] and Merwin and Peech [31],
respectively. According to the method described by Prakash and Prathapasenan [32], the
soluble salt content was determined after extraction with distilled water (soil: water ratio,
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1:5) using a flame photometer (Eppendorf; Na+ and K+), atomic absorption spectrometer
(Perkin Elmer, Analyst 200, Rodgau, Germany; Ca2+), and chloridometer (Buchler-Cotlove;
Cl). With the use of an atomic absorption spectrometer (Perkin Elmer, Analyst 200 Ger-
many), the availability of iron (Fe), zinc (Zn), manganese (Mn), and copper (Cu) was
assessed following digestion with a di-acid mixture (HCl/HNO3 mixture and concentrated
HClO4) according to Tüzen’s technique [33].

Horticulturae 2023, 9, x FOR PEER REVIEW 4 of 19 
 

 

 
Figure 2. GIS map of the sampling site. 

2.2. Collection and Analysis of the Samples 
In the month of May 2019, soil and plant samples (sampled area; 10 m × 15 m, sample 

weight; 100 g) were collected in order to ascertain the physicochemical properties. The 
soil samples were drawn from a depth of 20–25 cm, carefully packed inside polybags, and 
sent to the laboratory for further examination and analysis. The experiments were per-
formed in triplicate. At the same location, 12 plants of each species were carefully taken 
out of the soil and maintained at 4 °C to prevent the destruction of the sample’s constitu-
ents until analysis. 

  

Figure 2. GIS map of the sampling site.

2.4. Determination of Soluble Ions in Plants

Plant parts such as the leaves and stem were cleaned and dried inside an oven at
60 ◦C for 72 h. The completely dried leaves and stem were ground into a fine powder
using a mortar and pestle. The extracts were prepared by digestion with HNO3, according
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to Prakash and Prathapasenan [32]. Similar to the soil above, the concentrations of Na+,
K+, Ca2+, and Cl− in the plant extract were determined using a flame photometer, atomic
absorption spectrometer, and chloridometer, respectively.

2.5. Determination of Osmo-Protective Compounds

The ninhydrin technique was utilized to quantify the proline content [34]. Soluble
proteins were assessed according to the Bradford method [35] using bovine serum albumin
as the standard. A modification of the phenol–sulfuric acid method was used to determine
the total soluble sugar content [36].

2.6. Determination of Total Phenolic Content (TPC) and Antioxidant Activity

A 250 mg sample of dried powdered plant material was extracted with 5 mL of 70%
methanol and dried in test tube rotator at room temperature for 12 h. The total phenolic
content (TPC) and antioxidant activity of the extract were determined in triplicate. Phenolic
compound analysis was performed using Foline-Ciocalteu reagent with the Farkas and
Kiraly method [37]. TPC was calculated using a calibration curve for gallic acid at 650 nm
and represented as mg gallic acid equivalents (GAE g−1 DW). The method described by
Hatano et al. [38] was used to measure the 1.1-diphenyl-2-picrylhydrazyl (DPPH) radical
scavenging activity. DPPH scavenging activity (%) was calculated as (%) = 100(A B)/A,
where A and B are the control and corrected absorption of the sample reaction mixture at
517 nm, respectively. The Benzie and Strain technique [39] was applied to calculate the
ferric reducing power (FRAP).

2.7. Determination of Metal Contents and Bioaccumulation Factor in Plants

After separating the plant parts (leaves and stem), they were completely cleaned with
distilled water and then dried in an oven at 65 ◦C. The dried plant organs (0.5 g) were heated
in a muffle furnace at 550 ◦C for 12 h. Subsequently, an extract was made in accordance with
the method described by Tuzen [33], and an atomic absorption spectrometer was employed
to measure the amount of metals in the plant sample extract (Perkin Elmer, Analyst 200
Germany). The ratio of the concentrations of metal in various parts of the plant is known as
the bioaccumulation factor (BAF). BAF refers to the ability of plants to take up, transport,
and store metals in its above-ground tissue [40], and it was determined as follows:

(BAF) Leaves: [Metal in leaves tissue]/[Metal in soils]
(BAF) Stem: [Metal in stem tissue]/[Metal in soils]

2.8. Fourier Transform Infrared Spectroscopy (FTIR) Analysis

FTIR analysis was used to identify functional groups in the leaves and stem parts of the
plants. Three different samples of leaves and stem were taken from both species for FTIR
analysis. Thereafter, pelleted samples of leaves and stem were scanned in the mid-infrared
region (4000–400 cm−1) using an FTIR spectrometer (Bruker, Model OPUS 7.5.18). These
samples contributed to the generation of three unique FTIR spectra. Analysis software was
used for the identification of functional groups in the leaves and stem samples.

2.9. Experimental Design and Statistical Analysis

The study was carried out using a complete randomized block design (CRBD), which
was performed twice. In every test, soil and plant samples were replicated at least three
times (n = 3). Duncan’s multiple range test as used to determine whether there was a
statistically significant difference (p < 0.05) between the means of the different species. The
results are presented as the mean ± SD of three separate trials, which were then analyzed
using one-way analysis of variance (ANOVA). Statistical analysis was performed using
SPSS version 17 software (SPSS Inc., Chicago, IL, USA).
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3. Results
3.1. Soil Physicochemical Properties

The physicochemical properties of the soil at the sampling sites are summarized in
Table 1. The soil in the study area had an alkaline nature with high values for pH (9.89)
and ECe (65 dS/m−1). The average available organic carbon content and phosphorous and
potassium concentrations were 0.19%, 8.49 kg/ha, and 84.13 kg/ha, respectively. Among
the soluble cations, the concentration of Na+ was relatively high (1485 mg/100 g) followed
by K+ (41.23 mg/100 g) and Ca2+ (19.51 mg/100 g). The average Cl− concentration was
1.02 mg/100 g. Heavy metal analysis of the soil sample revealed Fe as the major metal
ion with the highest concentration (4185 mg/kg), followed by Zn (38.64 mg/kg), Mn
(131.9 mg/kg), and Cu (6.47 mg/kg).

Table 1. Physiochemical properties of the soil at the collection sites (mean ± SD, n = 3).

S. No. Parameters Values

1 Soil pH 9.89 ± 0.6
2 ECe (dS/m−1) 65 ± 0.7
3 Organic carbon (%) 0.19 ± 0.04
4 P2O5 (kg/ha) 8.49 ± 0.32
5 K2O (kg/ha) 84.13 ± 0.79
6 Na+ (mg/100 g dry soil) 1485 ± 16.11
7 K+ (mg/100 g dry soil) 41.23 ± 2.4
8 Ca2+ (mg/100 g dry soil) 19.51 ± 1.8
9 Cl− (mg/100 g dry soil) 1.02 ± 0.74
10 Iron (mg/kg) 4185 ± 70.4
11 Zinc (mg/kg) 38.64 ± 1.85
12 Manganese (mg/kg) 131.9 ± 4.6
13 Copper (mg/kg) 6.47 ± 0.97

3.2. Accumulation of Soluble Ions in Plants

The amount of solubilized ions in the different tissues of both species was affected
by the salinity, as indicated in Table 2. Measurement of cation (Na+, K+, Ca2+) and anion
(Cl−) concentrations in the plants revealed clear differences between the species, with
relatively high concentrations in S. fruticosa. The corresponding value was higher in the
leaves than in the stem and was higher in S. fruticosa leaves. Except for Ca2+, the mean
concentrations of soluble ions were approximately 1.5-fold higher in the S. fruticosa leaves
(Na+ 71.01 mg/g; K+ 19.54 mg/g; Cl− 14.02 mg/g) than in the S. nudiflora leaves (Na+

45.56 mg/g; K+ 12.65 mg/g; Cl− 11.68 mg/g).

Table 2. Deposition of various ions in leaves and stem parts of the plants.

Species Plant Parts Na+ K+ Ca2+ Cl− Na+/K+

Ratio

S. nudiflora Leaves 45.56 ± 1.34 b 12.65 ± 1.05 b 11.72 ± 1.12 b 11.68 ± 1.21 b 3.60
Stem 21.32 ± 1.08 d 7.63 ± 0.98 d 6.89 ± 0.65 d 5.56 ± 0.99 d 2.79

S. fruticosa Leaves 71.01 ± 1.71 a 19.54 ± 1.45 a 11.54 ± 0.91 a 14.02 ± 1.01 a 3.63
Stem 23.84 ± 1.19 c 8.55 ± 0.77 c 7.90 ± 0.84 c 7.11 ± 1.18 c 2.78

Note: Statistically significant differences (p ≤ 0.05) between plant parts are marked with superscripts a, b, c, and d.

In the stem, the concentrations of soluble ions were approximately 1.2-fold higher
in S. fruticosa (Na+ 23.84 mg/g; K+ 8.55 mg/g; Ca2+ 7.90 mg/g; Cl− 7.11 mg/g) than in
S. nudiflora (Na+ 21.32 mg/g; K+ 7.63 mg/g; Ca2+ 6.89 mg/g; Cl−; 5.56 mg/g). Given the
Na+ and K+ accumulation patterns in the different tissue, the Na+/K+ ratio was relatively
high in the leaves (3.6 on average) compared to that in the stem tissue (2.8) of both species.
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3.3. Accumulation of Osmo-Protective Compounds

Measurements of common osmo-protective compounds in plants, including proline,
total soluble sugar (TSS), and total soluble proteins (TSP), are presented in Table 3. Proline
and TSS were probably the dominant osmo-protective compounds in both species. The
absolute concentrations of accumulated proline in the stem were significantly greater than
in the leaves, by nearly 2-fold, and were highest in the S. nudiflora stem (22.41 µmoles/g).
The corresponding values of TSS were higher in the leaves than in the stem, with minor
quantitative differences between species.

Table 3. Deposition of osmo-protective chemicals in leaves and stem parts of halophytes.

Species Plant Part Proline Content
(µmoles/g)

Soluble Sugar
Content (mg/g)

Soluble Protein
Content
(mg/g)

S. nudiflora Leaves 7.99 ± 0.20 d 9.87 ± 0.36 a 7.23 ± 0.91 a

Stem 22.41 ± 0.30 a 6.35 ± 0.38 b 3.24 ± 0.13 c

S. fruticosa Leaves 8.82 ± 0.14 c 9.43 ± 0.24 d 4.37 ± 0.41 b

Stem 18.57 ± 0.90 b 6.02 ± 0.26 d 1.98 ± s0.12 d

Note: Statistically significant differences (p ≤ 0.05) between plant parts are marked with superscripts a, b, c, and d.

The highest value of TSS was in the S. nudiflora leaves (9.87 mg/g), followed by that in
S. fruticosa leaves (9.43 mg/g). The absolute concentration of accumulated TSP in the leaves
was higher than in the stem, by approximately 2.2-fold, and was highest in the S. nudiflora
leaves (7.23 mg/g), followed by that in the S. fruticosa leaves (4.37 mg/g).

3.4. Estimation of TPC and Antioxidant Activity

The variations in TPC and antioxidant potential of the studied species are illustrated
in Figure 3.

The mean values of TPC were significantly greater in the leaves than in the stem and
were 1.7-fold higher in the S. nudiflora leaves than in the S. fruticosa leaves (Figure 3a). In
the case of the stem, its corresponding value was greater in S. fruticosa than in S. nudiflora
by 2-fold.

Remarkably, both species displayed differential trends to scavenge the free ferric and
DPPH radical ions. In S. nudiflora, the free ferric radical ion scavenging potential was
significantly greater in the leaves than in the stem, while in S. fruticosa, it was greater in the
stem than in the leaves, by 1.7- and 1.45-fold, respectively (Figure 3b). Similarly, the DPPH
radical scavenging potential was significantly greater in the leaves of S. nudiflora, while it
was greater in the stem in the case of S. fruticosa by 1.03-fold (Figure 3c).

3.5. Estimation of Metal Concentrations in Leaves and Stem Parts of Plants

The concentrations of several metals, such as Zn, Mn, Fe and Cu, in the leaves and
stem parts of the two species of plant with similar habitat are shown in Figure 4. The metal
analysis of the plants revealed Fe as the major metal ion, followed by Zn, Mn, and Cu.

The mean Fe concentration ranged from 59.91 to 61.37 mg/kg and was highest in the
S. nudiflora leaves. Nevertheless, its corresponding BAF value was similar in both species
and remained very low (0.014). The Zn concentration ranged from 15.61 to 17.59 mg/kg
and was highest in the S. nudiflora stem. The bioaccumulation factor (BAF) values for Zn
ranged from 0.403 to 0.455 and were highest in the S. nudiflora stem (Table 4). The mean
Mn concentration varied from 11.23 to 12.22 mg/kg and was highest in the S. fruticosa
leaves. The BAF value for Mn was low, ranging from 0.085 to 0.094. Similarly, the mean
Cu concentration varied from 2.13 to 2.89 mg/kg and was highest in the S. fruticosa leaves.
The corresponding BAF value for Cu ranged from 0.329 to 0.446 and was highest in the
S. fruticosa leaves.
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Table 4. Bioaccumulation factor (BAF) values for metals in leaves and stem of plants species.

Species Plant Parts Metals

Zn Fe Mn Cu

S. nudiflora Leaves 0.435 ± 0.17 0.014 ± 0.01 0.092 ± 0.05 0.438 ± 0.21
Stem 0.455 ± 0.23 0.014 ± 0.01 0.086 ± 0.03 0.329 ± 0.14

S. fruticosa Leaves 0.404 ± 0.15 0.014 ± 0.01 0.094 ± 0.07 0.446 ± 0.20
Stem 0.403 ± 0.11 0.014 ± 0.01 0.085 ± 0.03 0.341 ± 0.16

Note: Data are presented as the mean ± SD of three separate trials.

3.6. FTIR Analysis

The major FTIR spectra peaks and possible functional groups present in the leaves
and stem parts of both plant species are shown in Table 5 and Figure 5. The wavenumber
region 3000–2000 cm−1 was assigned to lipids. In this region, both species showed a
similar FTIR profile, except for a peak at 2921 cm−1, which was not present in the leaves of
S. nudiflora (Figure 5a). This peak indicated the presence of O-H stretch (Alcohols), S, O–H
stretch (carboxylic acids), and =C–H (benzene, alkynes, alkenes). Additionally, the peak at
2854 cm−1 was not present in the stem of both species (Figure 5b,d). This peak indicated
the presence of C–H stretch (alkenes) and H–C=O:C–H stretch (aldehydes).



Horticulturae 2023, 9, 74 10 of 18

Table 5. FTIR spectra illustrating various peaks of functional groups in leaves and stem parts of
the plants.

Cellular Metabolites

Wavenumber (cm−1)

Probable Functional GroupS. nudiflora S. fruticosa

Leaves Stem Leaves Stem

Lipids
(3000–2000 cm−1)

3853.16 3825.61 3853.00 3852.86 O–H stretch (alcohols, phenols)±0.94 ±0.91 ±1.02 ±0.98
3737.46 3738.90 3737.97 3739.05 O–H stretch (alcohols)±0.72 ±0.51 ±0.64 ±0.85

*
2921.35 2921.95 2923.88 O–H stretch (alcohols), S, O–H stretch (carboxylic acids), =C–H (benzene,

alkynes, alkenes)±0.63 ±0.41 ±0.33
2853.13

*
2854.78

* C–H stretch (alkenes), H–C=O:C–H stretch (aldehydes)±0.55 ±0.61
2383.62 2383.79 2384.10 2383.87 P–H (phosphine)±0.52 ±0.49 ±0.52 ±0.37
2312.77 2312.64 2312.28 2312.42 C=C stretch (alkynes)±0.43 ±0.64 ±0.50 ±0.73

Proteins
(1800–1500 cm−1)

1724.21 1728.73
* * C=O (esters, carboxylic acids, ketones, aldehydes), C=C (benzenes)±0.39 ±0.42

1638.44 1643.27 1641.08 1642.24 N-H bend (nitro compounds, amides), C–C stretch (amides), C=O stretch
(carboxylic acid, ketone), C=C (benzene, alkenes)±0.13 ±0.28 ±0.21 ±0.26

1517.62 1515.17 1517.66 1514.58 N-H bend (nitro compounds), C–O stretch (amides), C=C (benzenes), C=O
(ketones)±0.18 ±0.25 ±0.10 ±0.14

Carbohydrates
(1500– 1000 cm−1)

1455.04 1457.20 1460.25 1457.18 C–C stretch (aromatics), C–H bend (alkanes), N–O stretch (nitro compounds),
C-O stretch (esters), CO–H bend (aldehydes), O–H bend (alcohols±0.16 ±0.23 ±0.24 ±0.20

*
1377.69

*
1377.27 N=O, CO–H band, O–H band±0.57 ±0.13

1322.34 1322.34 ±0.27
1323.60 S(=O)2 stretch (sulfones), N=O stretch (nitro compounds), O–H bend (carboxylic

acids, alcohols)±0.27 ±0.63
1240.17 1237.21 1237.34 1233.55 C–N stretch (amines), C–O stretch (esters), C–O stretch (ethers, alcohols), O–H

band (carboxylic acids)±0.31 ±0.29 ±0.25 ±0.54
1021.99 1029.64 1030.39 1030.27 S=O stretch (sulfoxides), C–N stretch (amines), C–O stretch (esters, ethers,

alcohols), =C–H bend (benzene, alkenes) (cellulose)±0.18 ±0.23 ±0.12 ±0.20

Cell wall components
(1000– 600 cm−1)

* *
818.93 830.21 C–N stretch (amines), =C–H bend (benzene, alkynes) (xyloglucan)±0.11 ±0.16

777.99 787.99 775.31 782.15 C–N stretch (amines), =C–H bend (benzene), C–C stretch±0.08 ±0.15 ±0.12 ±0.16

*
639.39

*
649.96 C–N stretch (amines), =C–H bend (Bbenzene), C–C stretch (chloride)±0.23 ±0.31

Note: Data are presented as the mean ± SD of three separate trials, * = not determined.
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The wavenumber region 1800–1500 cm−1 was assigned to proteins. In this region,
both species showed a similar FTIR profile, except for a peak at 1724 cm−1 that com-
pletely disappeared in S. fruticosa (Figure 5c,d). These peaks were characteristic of C=O
(esters, carboxylic acids, ketones, aldehydes) and C=C (benzenes). The wavenumber region
1500–1000 cm−1 represented carbohydrates. Except for the peak at 1377 cm−1 (characteris-
tic of N=O, CO–H band, and O–H band), both species displayed similar FTIR profiles. The
wavenumber region 1000–600 cm−1 was assigned to cell wall components. In both species,
a major peak has appeared at 775 cm−1. These peaks were characteristic of C–N stretch
(amines), =C–H bend (benzene, alkenes), and C–C (chlorides).

4. Discussion

In arid and semi-arid climates, soil salinization is a vital stress factor that impedes the
physiological, biochemical, and molecular attributes of plants and can affect the distribution
of plant communities [4,41]. In this study, the sampling site was located near the hyper-arid
climate of the Thar Desert, which possesses an alkaline nature with a high ECe value, likely
due to the presence of inherent salt sources, a high evaporation rate, and poor surface
drainage conditions [15,42]. The ECe value was approximately 17-fold greater than that
of cultivated land; therefore, the sampling site could be considered to be a hypersaline
habitat. By definition, soil is considered saline when its ECe value is above 4 dS m−1 [43].
The higher amount of Na+ among major cations and Cl− among anions confirmed the
abundance of NaCl salt, which might be responsible for the expansion of hyper salinity at
this site. However, its concentration may be subject to seasonal variations due to intricate
evaporative mechanisms, particularly during the dry period [28].

pH and ECe values are dominant factors determining the binding and retention
capacity of metal ions in soil. They can be used as potential indicators for metal/metalloid
pollution [44]. At this site, the corresponding concentrations of metal ions, particularly Fe
and Zn, confirmed that metal ions became less mobile and were effectively retained in the
soil under high salinity conditions. Although the amounts of all studied metal ions were
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within the range of threshold values of Indian standards, their corresponding values may
threaten soil fertility and productivity [45].

In this study, a series of acclimatory responses of two halophytes, namely S. nudiflora
and S. fruticosa, were investigated to quantify the impact of high salinity on both species in
their natural habitat. It was found that both species adjusted several physio-biochemical
attributes to survive in the hypersaline habitat. The results also supported the hypothesis
that plants of the same taxa respond differently to salinity levels by means of quantitative
and qualitative differences in their response mechanisms [25,26]. Adjustment to ionic
toxicity is usually achieved through accumulation or compartmentalization of toxic ions in
specific plant cells, tissues, or organs, without affecting plant growth and development [46].

In this study, corresponding concentrations of cations (Na+, K+, and Ca2+) and anion
(Cl−) were higher in the leaves than in the stem of both species. Additionally, the high Na+

level was accompanied by elevated levels of K+ and Ca2+, which might be associated with
the conjoint action of anions to confer some degree of halo-tolerance [47]. The facts that
K+ and Ca2+ counteract the harmful effects of Na+ and are essential to sustaining various
turgor-driven movements in salt-stressed plants are well clarified and documented [48–50].
A lower Na+/K+ ratio in the stem than in the leaves in both species could be part of the
constitutive mechanism to maintain ionic homeostasis under high salinity conditions [51].
These findings are consistent with the fact that the internal molecular ratio of Na+/K+

in the shoots of dicot halophytes was lower than that of halophyte grasses, indicating
some specific features that enabled these dicot species to accumulate, absorb, and com-
partmentalize Na+, thus providing inexpensive osmotic particles for adjusting osmotic
pressure [52,53]. Thus, these Suaeda species may prove to be beneficial for their possible use
in the phytoremediation of saline soils since they accumulate high concentrations of Na+

and Cl− ions in comparison with several halophytes that have been previously explored
for their potential use in reclaiming saline soil [54–56].

Osmo-protective compounds or osmolytes are well known to accumulate in response
to a plant’s exposure to abiotic stress conditions [57]. Proline accumulates in the cell as a
molecular chaperone, playing a vital role in osmotic stress tolerance by protecting cellular
structures and metabolic pools [58]. At the same time, sugars directly contribute to osmotic
adjustment and can regulate the expression of stress-responsive genes [59]. In the present
study, both species accumulated a significantly high amount of proline in the stem, while
accumulating TSS and TSP in the leaves. This finding emphasized that such components
are efficient osmoprotectants that help Suaeda species tolerate high salinity levels. The high
proline level in Suaeda species could be associated with the plant’s ability to reallocate
osmolytes in distinct subcellular compartments in order to compensate for water loss
and ionic toxicity [60]. The greater accumulation of TSS in the leaves may be important
to stabilize protein structures, thereby increasing protein levels when exposed to salt
stress conditions [61,62]. Many halophytes have demonstrated similar osmotic adjustment
patterns in salty or alkaline habitats [63,64]. There has been evidence that Suaeda species
collected from sites with high salinity retain higher amounts of soluble protein, sugars,
proline, and total organic osmolytes in their aerial tissues than those collected from low
salinity sites [65–67].

Under salinity stress, oxidative damage imposed by reactive oxygen species (ROS)
is mitigated through enzymatic and non-enzymatic antioxidants machinery [68]. Among
several secondary metabolites, polyphenolic bioactive compounds play crucial roles as
hydrogen donors, singlet oxygen quenchers, and reducing agents, which makes them one
of the most interesting metabolites of antioxidants [69]. In the present study, the TPC of
leaves was significantly higher in comparison to the stem, with 1.7-fold higher levels in
the S. nudiflora leaves than in the S. fructicosa leaves. While in the stem, TPC was 2-fold
greater in S. fruticosa than S. nudiflora. The observed differential accumulation of TPC under
salinity stress is an indication that TPC is capable of mitigating the effects of oxidative
stress in these species. Moreover, its robust accumulation and synthesis could be dependent
on the salt sensitivity of the considered species [70]. Contrary to the accumulation of
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phenolic content, both species showed differential trends in order to scavenge the free
ferric (Figure 3b) and DPPH radical ions (Figure 3c). In the case of S. nudiflora, FRAP and
DPPH scavenging activity were significantly higher in the leaves than in the stem, while in
S. fruticosa, they were much greater in the stem than in the leaves. These results suggest
a differential mechanism for FRAP and DPPH scavenging under high salinity conditions
in these species. This could be attributed to the fact that halophytes have developed
different strategies to avoid cellular oxidative damage by enhancing the phenolic content
and other ROS-detoxifying agents combined with enzymatic antioxidants [68,71]. As these
plants contain polyphenolic compounds with high antioxidant activities, they should be
considered for cultivation in saline soil in order to achieve a sustainable income for farmers
living in arid and semi-arid regions.

Salinity can help to improve the mobility of metals/metalloids in plants, mainly
because of the structural complexity and antagonistic actions between metal ions and salt-
derived anions or cations for sorption sites [72,73]. In the present study, the plant species
accumulated Fe as the major metal ion, followed by Zn, Mn, and Cu, while the accumulation
patterns significantly differed between species and tissues. This indicated that high salinity
positively influenced the mobility of all four elements, and species-specific translocation
mechanisms may lead to their significant accretion in different tissues [74]. Moreover, both
species efficiently took up Fe, Zn, Mn, and Cu, but none reached BAF values higher than 1.
The BAF is widely used to characterize a plant as phytoremediator, and its value (higher
than 1) is a crucial feature to ascertain a feasible hyperaccumulator [75]. In comparison
with previous studies investigating the phytoremediation potential of halophytes [76–78],
our results demonstrated that the investigated Suaeda species cannot be considered as metal
accumulators, but they can be used for phytosequestration, especially for Zn and Cu.

FTIR is recognized as a non-destructive technique for exploring structural and chem-
ical changes in plants under salinity stress conditions [79,80]. In this study, both species
showed changes in the structural composition and functional groups of primary cellular
metabolites, including lipids, proteins, and carbohydrates, detected as variable peaks in the
FTIR spectra that are unique to bioactive metabolites found within both leaves and stem
parts of plant species. Interestingly, the differential peaks at 1000–600 cm−1 revealed the
significance of cell wall components in salinity tolerance. It can be argued that the differ-
ential responses of cellular metabolites may prevent the adverse impact of high salinity.
Previous studies have revealed the application of FTIR-based metabolic analysis to infer
salinity-induced responses in halophytes [14,81].

5. Conclusions

The findings of the present study suggested that a high salt content in soil threatens
soil fertility and makes it highly susceptible to metal/metalloid corrosion. In the case
of Suaeda plants, the presented results showed that both species considerably adjusted
distinct physiological and biochemical attributes to tolerate high salinity via quantitative
differences in their above-ground tissues. The high Na+ level was accompanied by elevated
K+ and Ca2+ levels, which confirmed specific absorption and translocation mechanisms to
avoid Na+ toxicity. Proline acted as an efficient osmo-protective compound in both species
to compensate for water loss and ionic toxicity, particularly in the stem. The presence
of improved concentrations of soluble sugars and proteins implied a synergistic impact
on osmotic adjustment in the leaves of both species. The observed accumulation of TPC
was associated with robust antioxidant activity to reduce the oxidative damage caused
by free radical ions. The FTIR profiles revealed differential cellular macromolecules that
contribute to salinity tolerance. Due to the high capacity of Na+ and Cl− accumulation and
considerable BAF values for metals, particularly Fe and Zn, Suaeda species (S. nudiflora,
S. fruticosa) would be advisable for possible use in the phytoremediation of salt- and
metal/metalloid-polluted soils.
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