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Abstract

Tetragonia decumbens is an edible halophyte that grows naturally in saline environment; however, its tolerance mechanisms
are poorly understood for bio-saline agriculture. So, this research was designed to look into how salinity affects vegetative
growth, leaf succulence, chlorophyll content, cation accumulation, oxidative stress indicators, and antioxidative defence
mechanisms involved in the salt tolerance of T. decumbens. Saline conditions were prepared by dissolving sodium chlorine
(NaCl) in the nutritive solution. The control was maintained and only watered with nutrient solution while the tested treat-
ments contained graded NaCl doses (250, 200, 150, 100, and 50 mM). Results revealed a substantial enhancement in shoot
length, number of branches, relative water content, as well as total fresh weight in plants irrigated with 50 and 100 mM
NaCl in comparison to the control, while higher saline concentrations (150-250 mM NaCl) reduced plant growth and chlo-
rophyll content. Similarly, these high salt concentrations induced more severe oxidative stress indicated by high amounts
of superoxide, cell death viability and malondialdehyde, with the most pronounced effect at the highest NaCl concentration
(250 mM). Nevertheless, T. decumbens modulated various defence mechanisms with increasing salinity stress, these include
the upregulation of superoxide dismutase, catalase, polyphenols, flavonoids, proanthocyanidins and the build-up of sodium
ions in the leaves. These results show that T decumbens can withstand salinity by modifying its morpho-physiological traits,
antioxidant defence systems, and managing ion toxicity and oxidative stress efficiently, since all plants withstand salinity
without showing signs of toxicity.
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Introduction infected by salinity is increasing and is particularly evident

in irrigated soils (Zhang et al., 2022). According to esti-

Soil salinity has been reported as one of the contributing
drivers of devastating crop production losses around the
globe (Manuel et al., 2017; Rehman et al., 2023). Although
precise measurements are unattainable, the extent of soil
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mates, salinity affects about 10% of the world’s land mass
and around half of all irrigated land (Boamah et al., 2023;
Medini et al., 2023). This has been attributed to the overuse
of low-quality water, and extensive irrigation coupled with
intensive farming and inadequate drainage systems resulting
in the built-up of soluble salt ions in the soil (Hassani et al.,
2020). These salt ions impede the roots’ ability to absorb
water, leading to osmotic stress and nutritional imbalances
that impair vital physiological functions like photosyn-
thetic activity, tissue hydration, and the initiation of oxi-
dative stress and membrane damage, resulting in reduced
plant biomass (Hussain et al., 2023; Mahmood et al., 2021).
Moreover, soil salinity and the increasing global climate
change will undoubtedly deteriorate food production in the
coming years (Mangal et al., 2022; Zuluaga et al., 2023).
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Thus, alternative use of resilient crops is crucial to fulfil
the increasing food demand in regions impacted by both
salinity and drought. This will then provide needed calories,
proteins, fats, and nutrients for inhabitants in these areas
(Rasheed et al., 2020). Nevertheless, such species are still
underutilised particularly in emerging countries where a 90%
increase in population growth predicts that food insecurity
may soon become a major concern (Ogunniyi et al., 2020).
The underutilisation of these salt-tolerant species is due to
limited research on their nutritional composition, growing
protocols, as well little urgency shown by plant biologist
and crop scientist (Salami et al., 2022). Interestingly, these
underutilised potential crops are probably present among
edible halophytes, which have been declared neglected in
most African countries including South Africa (Mokganya
& Tshisikhawe, 2019). These species can tolerate salinity
and drought and some even require sodium chloride (NaCl)
for optimum growth.

Halophytic species use different metabolic and physiolog-
ical adaptations to prevent oxidative mutilation, nutritional
imbalance, and osmotic stress (Z. Gul et al., 2022; Zhao
et al., 2020). Some species increase their roots/ shoot bio-
mass to regulate sodium (Na™) entry to the xylem or mini-
mize its transport to the shoots, thus minimizing ion toxicity
(Parvez et al., 2020). During this process, active nutrients
such as potassium, magnesium and calcium protect photo-
synthetic pigments that enable photosynthetic efficiency
throughout the process (Ma et al., 2022). Nevertheless, ion
toxicity can still occur when ion homeostasis is disrupted,
which in turn affects the photosynthetic process by destroy-
ing or altering the biosynthesis of light-trapping pigments,
thus reducing plant growth (Azeem et al., 2023).

Excessive build-up of Na* and chlorine (C17) within
plant cells induce oxidative stress by producing superox-
ide radicals via the Mehler reaction (Golldack et al., 2014,
Gonzalez-Orenga et al., 2021a, 2021b; Rodrigues de Quei-
roz et al., 2023). These free radicals disrupt the normal met-
abolic processes in cytoplasm, peroxisomes, and mitochon-
dria by causing oxidative mutilation to proteins, lipids, and
other essential biomolecules, resulting in acute impairment
and ultimately, cell death (Flowers & Colmer, 2015; Saleem
et al., 2022). To prevent the catastrophic effect of oxidative
stress, plants have established defence mechanisms such as
antioxidative enzymes followed by the synthesis of non-
enzymatic metabolites, which scavenge the excessive reac-
tive oxygen species (ROS). Of these several antioxidative
enzymes, Superoxide Dismutase (SOD) is thought to con-
stitute primary defence tool against oxidative stress in plants
(Gill et al., 2015; Zulfigar & Ashraf, 2022). This enzyme
incites the dismutation of superoxide radicals into H,0, and
O,. Subsequently, several antioxidant enzymes, such as Cat-
alase (CAT) and Peroxidase (POX), convert H,O, to water. It
has been reported in the literature that halophytic plants tend

to accumulate high amount of SOD under salt stress, a fea-
ture that provides an adaptation advantage over salt-sensitive
species (glycophytes) (Bose et al., 2014; Huang et al., 2019;
Zhao et al., 2020). Moreover, halophytes also activate the
manufacturing of non-enzymatic compounds such as phe-
nols, flavonoids, anthocyanins, and tannins to scavenge these
highly toxic species when excessive highly toxic ROS are
not eliminated by the antioxidative enzymes (Azeem et al.,
2023). These bioactive electron-donor compounds inhibit
clusters of oxidative reactions and safeguard membranes
and macromolecules from damage, thus making edible halo-
phytes good sources of nutritional antioxidants with various
benefits for overall health and illness prevention.

Tetragonia decumbens Mill (Aizoaceae), also referred
to as 'dune spinach' is an underutilised leafy vegetable that
is mainly dispersed in coastal areas of South Africa (Klak
et al., 2017). The salty leaves of this species can be eaten
raw in green salads and can also be cooked like spinach and
added to soups and stews (Sogoni et al., 2021; Tembo-Phiri,
2019). Earlier reports have shown that this species can with-
stand salinity stress (Sogoni et al., 2021). To cope with these
conditions, T. decumbens was reported to have unchanged
chlorophyll content and increased ferric reducing antioxi-
dant power under low to moderate salinity (50-100 mM).
While the highest salinity (200 mM) increased the phenolic
content, nitrogen, phosphorus, and sodium. Nevertheless,
in dept studies illuminating the molecular processes and
physiological mechanisms responsible for the tolerance of
this plant to salt levels are limited, especially on the mor-
pho-physiological features (leaf succulency, relative water
content, photosynthetic pigments), oxidative stress markers
(MDA, Superoxide radicals and etc.), antioxidant defence
systems (superoxide dismutase, Catalase, polyphenols, fla-
vonoids) and managing of ion toxicity. These adaptation
mechanisms have been documented in numerous labora-
tory experiments on halophytic plants cultivated under saline
conditions to better understand their salt defence mechanism
(Hussain et al., 2015, 2023; Peng et al., 2019). So, this study
was conceived to assess the effects of salinity on vegetative
growth, leaf pigmentation, leaf succulence, cation build-up,
oxidative stress indicators, and antioxidant defence systems,
to better elucidate the salt tolerance traits in 7. decumbens
for bio-saline agriculture.

Materials and methods

Growth conditions and experimental location

The study was executed in the research greenhouse of the
Cape Peninsula University of Technology. The greenhouse

was configured to have daytime temperatures of 21-26 °C
and nighttime temperatures of 12—17 °C, with 60% relative
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humidity. The photosynthetic photon flux density ranged
from 400-600 umol/m?2/s during the experimental period.

Preparation of plant material and saline conditions

T. decumbens plants were generated from cuttings following
the propagation method described by Sogoni et al. (2022).
Homogeneous established plants (180) were transplanted
in black plastic pots (12.5 cm) filled with a combination
of peat and sand (1:1) and stationed in the hardening off
area to acclimatize. The plants were then watered with a full
Nutrifeed™ solution produced by STARKE AYRES Pty.
Ltd. South Africa. After sixteen days of plant development,
plants were irrigated with reverse osmosis water for six days
to eliminate any salt residue before being subjected to saline
treatments, each containing ten replicates, and the study was
repeated three times. Saline conditions were established on
six treatments by elevating the concentration of NaCl in the
nutritive solution (0, 50, 100, 150, 200, and 250 mM) as
described by Sogoni et al. (2021). Each plant received 300
millilitres of nutrient solution with graded NaCl and were
irrigated every two days. The control plants were only irri-
gated with nutritive solution without salinity. To verify that
the right concentration of salinity in each pot was sustained,
drain water from each pot was collected and the electrical
conductivity was measured. After four months of salt treat-
ment, plant material was harvested, and used for further
analysis.

Plant growth evaluation
Shoot increment and the quantity of lateral branches

Shoot increment and the quantity of branches were employed
as factors to evaluate growth development. Branch numbers
were counted manually while shoot increment was deter-
mined weekly with a metre tape placed from the surface of
the growth media to the shoot tip.

Plant weight

After four months of saline treatment, plants were thor-
oughly watered to loosen the soil and harvested cautiously to
prevent damage. The harvested plants were rinsed multiple
times with RO water and dried using tissue paper. There-
after the shoots and roots were split with a sterile secateur,
and the fresh samples were weighed using a RADWAG®
laboratory scale. The fresh material was then air dried in
a LABTECH™ oven at 56 °C for 50 h, and the dry weight
was determined.

@ Springer

Leaf Hydration
Relative water content (RWC)

To evaluate variability in leaf RWC, three leaves were excised
from three distinct plants in each of the six treatments and
weighed (FW). Thereafter, were submerged in distilled water
and left in the dark for 4 h and the turgid weight (TW) was
established. Lastly, the leaves were air dried in an oven at
56 °C for 24 h to acquire the dry weight (DW). The percent-
age of RWC was computed using the approach provided by
(Bistgani et al., 2019) with the equation shown below:

(FW — DW)

RWC% = —
(TW — DW)

x 100

Leaf succulence

Leaf succulence was calculated following Mantovani’s (2011)
methodology, using the below equation:

_ (LFW — LDW)

LS n

5

Where LS is the leaf succulence (mg H,O cm?); LEW is
the leaf fresh weight (mg); LDW is the leaf dry weight (mg);
and LA is the leaf area (cm?). A portable AM350 leaf area
meter manufactured by Bio-scientific limited, London, United
Kingdom was used to measure the leaf area.

Photosynthetic pigment

Chlorophyll @ and chlorophyll b were estimated using spec-
trophotometric procedures as stated by Wang et al. (2023).
Concisely, 100 mg of fine grounded fresh leaves was extracted
with 5 ml of 99.5% dimethyl sulfoxide (DMSO; Sigma). The
determination of the photosynthetic pigment was conducted
using the absorbance of the supernatants at 649 and 665 nm, as
described in the work of Lichtenthaler and Wellburn, (1983).

Quantification of cations

The concentrations of Sodium, Calcium and Potassium were
determined in leaves and roots following the method of Bul-
awa et al. (2022).

Determination of oxidative stress markers

Cell viability

The cell viability analysis in dune spinach leaves was
assessed following the method described by Egbichi et al.
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(2014) with slight adjustment. Three leaf sections of 1
cm? were excised from three separate plants from each of
the six treatments. The removed leaf sections were then
stained for 30 min at room temperature in Eppendorf tubes
filled with one millilitre of 0.25% (w/v) Evans Blue solu-
tion. After washing the leaf samples for 30 min in distilled
water, the Evans Blue stain absorbed by dead leaf cells in the
leaf tissue was extracted with one % (w/v) sodium dodecyl
sulphate (SDS) after 1 h incubation at 55 °C. The level of
Evans Blue taken up by the leaf tissue was evaluated by
determining the absorbance of the extract at 600 nm with a
spectrophotometer.

Superoxide radical and malondialdehyde (MDA)

The superoxide radical content in dune spinach leaves was
measured following the technique reported by Gokul et al.
(2016) and the extinction coefficient of 12.8 mM cm™' was
used to calculate the superoxide radical levels in the leaves.
To quantify the MDA content within the tested samples,
the procedure explained by Gonzéalez-Orenga et al. (2021b)

was used.
Activity of antioxidant enzymes

The method outlined by Gill et al. (2015) was followed to
extract protein from the leaf samples. The protein concentra-
tion in the extracts was measured using the Bio-Rad reagent
and bovine serum albumin (BSA) as the standard. Spectro-
photometric experiments were used to assess the activity of
the selected antioxidant enzymes in protein extracts.

The activity of superoxide dismutase was determined at
560 nm spectrophotometrically by measuring the suppres-
sion and photoreduction of nitro blue tetrazolium (NBT); the
reaction solution contained riboflavin as a determinant of
superoxide radicals. A unit SOD is labelled as the quantity
of enzyme required to block NBT photoreduction by 50%
in experimental conditions as outlined in the methodology
of Brenes et al. (2020).

Catalase (CAT) activity was measured by observing a
decrease in absorbance at 240 nm following the consumption
of H,0, added to the extracts (Baureder et al., 2014). One
CAT unit was defined as the quantity of enzyme degrading
one mmol of H,0, at 25 °C per minute.

Phytochemicals and antioxidant assays

Crude extraction

Tetragonia decumbens leaves were harvested and oven-
dried (40 °C) for 7 days. A Junkel & Kunkel type A 10 mill

was used to grind the dried plant material into a fine pow-
der. Thereafter, two grams was mixed with 80% ethanol

(50 mL) for an hour for crude extraction. The supernatants
were subsequently used for all analyses after being centri-
fuged at 4000 rpm for 5 min.

Total phenol, flavonoid and proanthocyanidins (condensed
tannins)

The total phenolic content was assessed using the
Folin—Ciocalteu technique, as depicted by Ingarfield et al.
(2023) and the flavonoid content was determined using the
aluminium chloride spectrophotometric test reported by
Jimoh et al. (2019). The Condensed tannins was assessed
following the procedure reported by Jimoh et al. (2023).

DPPH

The antioxidant activity of the extract was measured
using a slightly modified version of the DPPH free radi-
cal scavenging assay as reported by Jimoh et al. (2020).
A 0.135 mM DPPH solution was made in a dark bot-
tle using ethanol. The DPPH solution was reacted with
0.2 mg mL~! of the extracts in equal volumes. Equal
amount of 0.135 mM DPPH and the solvent were used
to make the control solution. The resulting mixture was
violently agitated before being incubated at room tempera-
ture for 30 min after which the absorbance was measured
at 517 nm on a spectrophotometer. The equation below
was used to calculate the scavenging activity of the plant
extract.
% scavenging activity =

. . Absorbance of control — Absorbance of sample
%Scavenging activity =

Absorbance of control

Statistical analysis

The experimental data was analysed using STATISTICA,
version 13.5.0.17. A one-way ANOVA was conducted
to determine substantial differences between treatments,
followed by Fisher's (LSD) test at p <0.05. The Shap-
iro—-Wilk test was conducted before the analysis of vari-
ance to verify the validity of normality, while Levene's test
was employed to evaluate the homogeneity of variance.
The results gathered were expressed as mean values and
standard error.
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Table 1 Growth parameters of T. decumbens to salinity at the end of treatments

Treatments  SLI (cm) NB (n) FWL (g) FWR (g) DWL (g) DWR (g) TFW (g) TDW (g)
Control 9225+24% 3+0.14°  91.51+6° 28.44+2.06% 20.12+0.65¢ 16.7+0.9% 119.9+6.1¢ 36.8+1.1°
50 mM 93.46+24% 4+0.15% 153.7+7% 2842+1.42%  238+070°  159+08®  182.13+7.6* 39.7+1.1°%
100 mM 83.3+14% 35+02° 140.13+48% 2339+1.18% 21.6+0.71°¢ 145+£045% 164524522  362+0.8%
150 mM 76.13+23°¢ 3+0.18° 134.41+7° 237840975 22014044 143+036% 1582+6.8" 363+0.6°
200 mM 7483+1.7° 28+0.14° 133.76+52% 21.96+1.22°¢ 2476+1.6% 13.7+037°¢  1557+5.6°%  385+1.7°
250 mM 75.67+19°¢ 29+0.14° 10928+6.6° 20.71+1.81°¢ 21.01+0.85°¢ 13.35+0.7° 129.9+65°¢ 36.3+1.1°
F-statistic ~ 15.96* 8.70% 13.77% 3.16% 3.7% 2.73% 12.05% 1.59 ns

The F-statistic asterisks and different letters show that the tested treatments were significantly different at p <0.05
SLI Shoot length increment; NB Number of branches; FWL Fresh weight of leaves; DWL Dry weight of leaves; FWR Fresh weight of roots;

DWR Dry weight of roots; TFW Total fresh weight; TDW Total dry weight

Results
Plant growth response

The growth responses of T. decumbens under NaCl
concentrations varied among treatments as shown in
Table 1. Increment in shoot length and branch number
were notably influenced by NaCl, with longer shoots and
more branches obtained in plants irrigated with the low-
est dosage of salinity (50 mM). The same pattern was
also noted in fresh weight of leaves, with plants receiving

Fig. 1 Relative water content A
(A) and Leaf succulency (B) of

dune spinach leaves in response 30 1
to salinity. Means with distinct 80 1
letters vary substantially from 70 -
one another (p <0.05) 60 -

50 -
40 A
30 A
20 A
10 A

100 A

Relative water content %

30 A

25 A

20 -

15 A

10 A

Leaf Succulence (g/cm?)

35 -
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Control

50 mM of NaCl irrigation reporting the highest weight.
Conversely, the highest dry weight of leaves was noted
in plants receiving 200 mM of NaCl irrigation, but this
was comparable with those irrigated with 50 mM NaCl.
When assessing the roots fresh and dry weights, the con-
trol plants had the highest weights. Nevertheless, the total
fresh weight was positively influenced by saline treat-
ments with plants receiving 50 mM irrigation registering
the highest weight. While there was no discernible varia-
tion in total dry weight between the treatments.

100 mM 150 mM
NaCl Treatments

bc

50 mM 100 mM 150 mM

NaCl Treatments
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Leaf hydration
Relative water content (RWC) and leaf succulence

Leaf RWC and leaf succulence were notably influenced
by NaCl irrigation as shown in Fig. 1. A constant RWC
was noted in plants irrigated with 0—100 mM NacCl, then
a decline was detected in plants receiving 150-250 mM of
NaCl irrigation respectively. Conversely, leaf succulence
increased with increasing doses of NaCl. The maximum
leaf succulence was noted in plants subjected to 200 and
250 mM of NaCl irrigation and these mean values were
greater than most treatments including the control.

Photosynthetic pigment

The effects of NaCl irrigation on chlorophyll content of dune
spinach leaves are reported in Fig. 2. Results showed that
chlorophyll a and b were significantly affected and remark-
ably reduced with elevated NaCl concentrations of 100 up
to 250 mM compared with the control. While plants treated
with low NaCl concentration (50 mM) had a comparable
chlorophyll content with control plants.

Quantification of cations

High amounts of Na* were recorded with increasing NaCl
irrigation in leaves and roots as indicated in Fig. 3. The high-
est Na* concentration was noted in plants receiving 250 mM
of NaCl irrigation and the highest values were obtained in
leaves than in roots. All values obtained from other treat-
ments were notably lower than these values. On the contrary,
the concentration of K+ and Ca*" drastically decreased in
plants with increasing NaCl irrigation (Fig. 3). The control
treatments yielded the maximum values of K* and Ca®* in
both roots and leaves which were significantly higher than
the values obtained in other treatments except the roots val-
ues of plants irrigated with 50 mM NaCl which were com-
parable to the control roots.

Fig.2 Chlorophyll content of
dune spinach leaves in response
to salinity. Means with distinct
letters vary substantially from
one another (p <0.05)
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Fig.3 Sodium (A), Potassium (B) and Calcium (C) of dune spinach
leaves and roots in response to salinity. Means with distinct letters
vary substantially from one another (p <0.05)
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Oxidative stress markers
Cell viability, superoxide and malondialdehyde (MDA)

The leaf cell death and relative accumulation patterns of
superoxide and MDA in response to salt stress were similar
(Figs. 4 and 5). Increasing NaCl treatment caused leaf cell
death, with pronounced effect at highest NaCl concentration
(250 mM) (Fig. 4). This treatment had a significantly higher
cell death than all other treatments. The same pattern was
also noted for superoxide and MDA accumulation in the
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NaCl Treatments

leaves of dune spinach, where 250 mM resulted in signifi-
cantly higher oxidative stress than other treatments (Fig. 5).
However, it must be noted that plants watered with the low-
est NaCl (50 mM) had the same leaf cell death, superoxide,
and MDA content as the control plants.
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Activity of antioxidant enzymes
Superoxide dismutase and catalase

A substantial increase in catalase and superoxide dismutase
activity with elevated NaCl concentrations was observed as
illustrated in Fig. 6. The highest activities of both enzymes
were noted in plants subjected to 250 mM of NaCl irrigation.

Phytochemicals and antioxidant activity
Total phenolic content (TPC)

The phenolic content in dune spinach leaves varied sig-
nificantly among treatments as presented in Table 2. The
highest phenolic content was noted in plants irrigated with
250 mM NaCl and this was considerably higher than the
values reported in control, 50, 100 and 150 mM NaCl.

Total flavonoid content (TFC)

Increasing NaCl concentrations optimised the flavonoids
in the leaves of dune spinach. Plants irrigated with NaCl
at 250 mM had substantially higher flavonoids than other
treatments and the control (Table 2). The lowest flavonoid
content was obtained in control and was equivalent with
values reported for plants irrigated with 50 mM of NaCl.

Total proanthocyanidins (TPD)

Treatments such as the control, 50, 100 and 150 mM of NaCl
negatively affected the accumulation of proanthocyanidins
since all these treatments had negative values, implying
proanthocyanidins were not detected (Table 2). However,
proanthocyanidin content was detected in plants subjected to
200 and 250 mM of NaCl irrigation and the recorded values
were comparable.

DPPH

When assessing the DPPH scavenging activity within sam-
ples, plants irrigated with NaCl had significantly lower scav-
enging activity in comparison to the control and as such,
the highest scavenging activity was noted in control plants.

Discussion

Some plants dedicate substantial energy to multiple meta-
bolic pathways to successfully navigate and mitigate the
impact of extreme environmental challenges, such as salin-
ity. Tetragonia decumbens has been reported to with stands
both drought and salinity (Nkcukankcuka et al., 2021;
Sogoni et al., 2021; Tembo-Phiri, 2019), however, its toler-
ance mechanisms and physiological responses are poorly
understood. It therefore became imperative to research the
impacts of salinity on growth development, leaf succulence,
chlorophyll, cation concentration, oxidative stress markers,
and antioxidant defence systems to elucidate its tolerance
mechanisms. Furthermore, the antioxidant activity of salt-
stressed T. decumbens and its therapeutic potential was
assessed to obtain insight into the major processes confer-
ring tolerance to salinity in this understudied plant.

Increasing salinity induced growth inhibition

Salinity is known to disrupts respiration, photosynthesis, and
mineral uptake, resulting in decreased crop production and
quality (Farooq et al., 2022; Rhaman et al., 2024). None-
theless, halophytic species have been documented to com-
plete their life cycles in saline environments ranging from
mild to extreme salinity through osmotic adjustment (Zhao
et al., 2020). In the current study, saline treatment enhanced
growth development at 50 and 100 mM NaCl, while at
higher salinity (200 and 250 mM NaCl), growth parameters
reduced substantially in comparison to the control. However,
it should be noted that even at these high salt concentrations
(200 and 250 mM NaCl), plants stayed alive and showed no
signs of toxicity such as chlorosis and leaf necrosis. Growth
stimulation at low to moderate salinities have been reported
in T decumbens by Sogoni et al. (2021) and in close relative
species Tetragonia tetragoniodes by Atzori et al. (2020) and
Jeeva (2020). These findings suggest that 7. decumbens can
be regarded as a facultative halophyte due to its ability to
grow in moderate saline conditions.

Leaf hydration response to salinity

Relative water content (RWC) is an appropriate indicator
of plant water level in various environmental conditions
such as drought and salinity (Khatami et al., 2022). In this
study, the leaf RWC remained constant from 0 to 100 mM
of NaCl, then declined drastically at higher salinities (150,
200, and 250 mM). The capacity to maintain unaltered leaf
RWC under mild salinity (0—100 mM of NaCl) shows that T
decumbens evolved suitable mechanisms to assure adequate
water intake in saline soils. Ben Amor et al. (2020) earlier
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Fig.6 Superoxide dismutase A 15 a
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Table 2 Quantification of

! Treatments TPC (mg GAE/g DW™!) TFC (mg GE/gDW™') TPD (mg CE/g DW~') DPPH activ-
phytochemicals and DPPH ity (umol
antioxidants in leaves of T.

TE/g)

decumbens

Control 74.66+6.5 ¢ 329.8+9.4° -13.9+26°¢ 72.5+1.3°
50 mM 89.32+4.2¢ 339.9+7.3° -17.7+25°¢ 62.8+0.53
100 mM 102.09+9.7 b 44714624 -157+13°¢ 64.3+0.25°
150 mM 1144242 581.1+6.2° 3.1+09° 61.2+0.13°¢
200 mM 125.12+8.52 639.7+1.9°" 28+1.1° 59+0.84 9
250 mM 128.63+6.1 2 7984933 6.46+12% 61.5+0.53°¢
F-statistics ~ 9.84* 170.9% 6.69% 43.17%

The F-statistic asterisks and different letters show that the tested treatments were significantly different at

p<0.05

reported that the ability of dicotyledonous halophytes to tol-
erate salt is closely linked to their capacity to accumulate
large amounts of osmolytes in their tissues. This allows them
to regulate water osmotically by decreasing the osmotic
potential in the cytoplasm. Osmotic adjustment is a mecha-
nism that helps plants retain their ability to absorb water via
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their roots and keep their leaves firm even when the soil has
limited water availability (Gul et al., 2024; Paulino et al.,
2020).

Moreover, findings from this study revealed that salinity
induced an increase in leaf succulency, while specific leaf
area was reduced. These findings are corroborated by Atzori
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et al. (2020), who stated that enhanced leaf succulence (high
water storage) is one of the defence strategies facultative
halophytes deploy in response to low external water poten-
tial caused by salinity. In Mesembryanthemum crystallinum,
Sarcocornia quinqueflora, and Cakile maritima grown under
saline conditions, increased leaf succulence was reported as
a mechanism to detoxify sodium ions and maintain cytoplas-
mic salinity below toxic levels (Ahmed et al., 2022; Yasseen
& Al-Thani, 2022; Belghith et al., 2022). Based on these
findings it can be inferred that 7. decumbens plants treated
with different salt treatments used this mechanism to avoid
the toxic effect of sodium ions since all plants survived even
at a higher salinity concentration.

Salinity induced the reduction of photosynthetic
pigment

The total chlorophyll content is frequently employed as a
salt tolerance index in plant species (Banakar et al., 2022;
Sheng et al., 2024). Many plant species have been shown to
have decreased photosynthetic activity and leaf pigments
when exposed to salinity by means of reducing the leaf area
(Khatri & Rathore, 2022). The decrease in chlorophyll con-
tent in 7. decumbens under high salinity implies a method
for protecting photosynthetic features from salt-induced
damage and avoiding extreme production of reactive oxy-
gen species (ROS). Similar patterns of chlorophyll reduc-
tion in halophytes such as Nitraria schoberi and Lobularia
maritima were described by Zilaie et al. (2022) and Hsouna
et al. (2020). This decrease could be attributed to disrup-
tions in photosynthetic machinery, pigment malfunction,
pigment—protein complex instability in the light-harvesting
complex. Furthermore, high salt content causes ROS for-
mation in chloroplasts, which breaks the double bonds of
unsaturated fatty acids, causing chloroplast membrane dam-
age and chlorophyll leakage from thylakoids (Azeem et al.,
2023).

Leaf and roots cation response to salinity

When plants are exposed to salinity, ion transport and accu-
mulation are altered as a result of nutritional imbalances
induced by Na* and C1~ ions competitors, which limit the
uptake of nutrients such as Ca** and K* essential for opti-
mal growth (Abbas et al., 2024). The reduction observed in
the growth of T decumbens under high salinity could be due
to nutritional imbalances (Alabdallah et al., 2024). Increased
Na® build-up in T. decumbens leaves was associated with a
considerable decrease in K* and Ca®>" uptake, which was
countered by an increase in K™ and Ca®* usage efficiency
(Hualpa-Ramirez et al., 2024). As a result, when exposed
to salt stress, T. decumbens was able to economically uti-
lise K* for specified tasks, and K* could be substituted by

Na* for osmotic adjustment by accumulating it in the vacu-
oles. These findings suggest that 7. decumbens employs an
inclusion mechanism in which sodium ions accumulate in
the leaves and are sufficiently diluted to keep cytoplasmic
salinity below toxic levels. This suggests that efficient K*
transport systems are also at action in 7. decumbens cells to
sustain mineral nutrition as well as to retain metabolic activ-
ity under saline conditions as found in several halophytes
(Chen & Wang, 2024).

Oxidative stress and antioxidant system activation

Several biochemical markers, including cell death viabil-
ity, superoxide, and lipid peroxidation, are commonly
employed to determine the extent of oxidative stress in
plants growing under adverse conditions (Jameel et al.,
2024). In the present study, cell death viability, superox-
ide and lipid peroxidation were all increased with increas-
ing saline treatment, with a more pronounced influence at
250 mM of NaCl. High production of ROS that exceeds
the plant controllable limit is known to damage cellular
structures and membranes, which could be the reason for
the substantial decline in plant growth with increasing
salinity. These findings are respectively corroborated by
Azeem et al. (2023) and Parvez et al. (2020) on Moringa
oleifera and Chenopodium quinoa genotypes subjected
to salt stress, where increasing saline treatment caused a
substantial increase in oxidative stress markers leading to
reduced plant growth.

However, plants have evolved defence mechanisms such
as antioxidative enzymes followed by the production of
non-enzymatic compounds such as phenolic compounds to
combat the catastrophic effect of oxidative stress. Among
these different types of antioxidative enzymes, superoxide
dismutase is considered to be the primary source of defence
against oxidative stress in plants (Gill et al., 2015; Zulfiqar
& Ashraf, 2022). This enzyme catalyses the transformation
of two O, radicals into H,0, and O,. Alternatively, vari-
ous antioxidant enzymes, such as catalase and peroxidase
(POX), convert H,0O, to water. Halophytic plants tend to
accumulate high amount of SOD under salt stress, a feature
that provides an adaptive advantage over salt-sensitive spe-
cies (Huang et al., 2019; Zhao et al., 2020). In this study,
high activity of SOD and CAT with increasing saline treat-
ment was observed, confirming that 7 decumbens uses these
two enzymes as the first line of defence against ROS caused
by salinity. The same observation has been reported in other
halophytes such as Bupleurum tenuissimum, Chenopodium
quinoa, Kandelia obovate and Mesembryanthemum crystal-
linum (Gonzéalez-Orenga et al., 2021a, 2021b; Hasanuzza-
man et al., 2021; Mohamed et al., 2021; Parvez et al., 2020).

Halophytes are said to activate the accumulation of non-
enzymatic compounds to scavage these highly toxic species
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when excess toxic ROS are not eliminated by the antioxi-
dative enzymes. In this study, 7. decumbens accumulated
high quantities of polyphenols and flavonoids with increas-
ing salinity, while proanthocyanidins were only detected in
samples of T. decumbens irrigated with the highest salinities
(200 and 250 mM NaCl). This response has been reported in
many halophytes, where increasing saline irrigation induced
the increase of phenols and flavonoids to scavenge highly
toxic free radicals (Kumari et al., 2017). In contrast to the
rise in polyphenols, flavonoids, and proanthocyanidins, anti-
oxidant activity (DPHH) in T. decumbens leaves was sub-
stantially lower in saline-treated plants compared to control.
These findings substantiate previous results of Sogoni et al.
(2021) on T. decumbens where increasing NaCl treatment
lowered the antioxidant activity.

Conclusion

The results of this study revealed a substantial growth
enhancement in plants irrigated with lower or no NaCl dos-
age up to 100 mM. High concentrations of NaCl reduced
growth and total chlorophyll content, but all plants remained
alive without signs of toxicity. The reported high quantities
of Na* in the leaves than in roots of 7. decumbens indicated
an ion inclusion mechanism. In this regard, the absence of
dehydration and increased leaf succulence in salt-treated
plants could be attributed to efficient salt ion compartmen-
talization. To curb the oxidative damage in plant tissues at
high NaCl, T. decumbens regulated the production of anti-
oxidative enzymes (CAT and SOD) and non-enzymatic
compounds (polyphenols, flavonoids and proanthocyanidins)
to scavenge the reactive oxygen species liable for cellular
damage and reduced growth. These findings show that T.
decumbens can withstand salinity up to 250 mM of NaCl
by modulating morpho-physiological features, antioxidant
defence systems, and managing ion toxicity and oxidative
stress effectively. This connotes its potential use in bio-saline
agriculture, particularly in semi-arid and dry regions where
seawater could be diluted and used in the cultivation of this
species.
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