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Abstract

Aims Salinity adversely affects okra [Abelmoschus esculentus (L.) Moench] plants by inducing osmotic and oxidative
stresses. This study was designed to enhance salinity-induced osmotic and oxidative stress tolerance in okra plants
by applying organic amendments.

Methods The effects of different organic amendments (municipal solid waste compost, farmyard manure (FYM)
and press mud) on osmotic potential, water use efficiency, activities of antioxidant enzymes, total soluble sugar, total
soluble proline, total soluble protein and malondialdehyde (MDA) contents of okra plants grown under saline condi-
tions (50 mM sodium chloride) were evaluated in a pot experiment. The organic amendments were applied each

at the rate of 5% and 10% per pot or in various combinations (compost+FYM, FYM+ press mud and compost + press
mud each at the rate of 2.5% and 5% per pot).

Results As compared to control, high total soluble sugar (60.41), total soluble proline (33.88%) and MDA (51%) con-
tents and increased activities of antioxidant enzymes [superoxide dismutase (83.54%), catalase (78.61%), peroxidase
(53.57%] in salinity-stressed okra plants, were indicative of oxidative stress. Salinity significantly reduced the osmotic
potential (41.78%) and water use efficiency (4.75%) of okra plants compared to control. Under saline conditions,

5% (farmyard manure + press mud) was the most effective treatment, which significantly improved osmotic poten-
tial (27.05%), total soluble sugar (4.20%), total soluble protein (73.62%) and total soluble proline (23.20%) contents
and superoxide dismutase activity (32.41%), compared to saline soil. Application of 2.5% (FYM + press mud), 5%
press mud, and 10% compost significantly reduced MDA content (27%) and improved activities of catalase (38.64%)
and peroxidase (48.29%), respectively, compared to saline soil, thus facilitated to alleviate oxidative stress in okra
plants.

Conclusions Using organic amendments (municipal solid waste compost, farmyard manure and press mud)
was a cost-effective approach to improve salinity-induced osmotic and oxidative stress tolerance in okra plants.
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Introduction

Salinity is a devastating abiotic stress and a global issue
for crop production and agriculture sustainability [1].
Salinity stress interrupts plants’ metabolic activities by
inducing osmotic stress pressure due to increased solute
concentration and specific ion effect or ion toxicity insti-
gating the secondary stress, i.e., oxidative stress in plants
[2, 3]. Salinity-induced osmotic and oxidative stresses
reduce the photosynthetic efficiency and cause damage
to plant proteins and membranes [4, 5].

Salinity stress disturbs enzymatic activities and nutri-
ent homeostasis, causing a substantial reduction in plant
growth and production [6]. Under saline conditions,
increased lipid peroxidation [7] enhances the membrane
permeability with subsequent outflow of the ions from
cells [8]. This leads to osmotic and ionic stresses as well
as the over-production of reactive oxygen species (ROS),
resulting in oxidative stress [9, 10]. The ability of plants
to detoxify ROS provides protection against oxidative
stress [11].

Plants cope with the adverse effects of salinity by
switching on adaptive mechanisms such as increas-
ing osmolyte accumulation and activities of antioxidant
enzymes, which decrease the sodium ion (Na*) absorp-
tion [12]. Plant salinity tolerance is correlated with anti-
oxidant system stimulation and oxidative impairment
attenuation [13]. Under salinity stress, enhanced activi-
ties of antioxidants in plants indicate the remediation
of oxidative stress through ROS quenching [14, 15]. The
primary antioxidant enzymes, e.g. superoxide dismutase
and peroxidase, are produced in plants under saline
conditions [16]. The osmolytes function as cytoplas-
mic osmoregulators and mitigate oxidative stress under
salty conditions [17]. Proline accumulation in plants is
ascribed to increased salinity tolerance [1]. Accumulation
of soluble sugars in response to salinity stress regulates
the structural growth of plants and contributes to allevi-
ating the adverse impacts of salinity [18].

Using recycled organic waste products for soil fertil-
ity improvment and crop productivity has been used
as a conventional agriculture approach for years [19].
Compared to high-priced inorganic fertilizers, apply-
ing organic amendments, such as press mud, farmyard
manure, and green manure, is considered a suitable and
cost-effective method for the reclamation of saline-sodic
soils [20, 21]. The application of organic amendments
alleviates salinity stress through the induction of vari-
ous mechanisms such as diminution of oxidative stress,
maintaining ionic equilibrium and induction of antioxi-
dant enzyme system.

Okra (Abelmoschus esculentus) is a highly nutritious
vegetable with reduced optimum yield per hectare due
to salinity-induced osmotic and oxidative stresses. The

Page 2 of 15

detrimental impacts of salinity on physiological attrib-
utes and metabolic and enzymatic activities of okra
plants have been documented previously [22, 23]. Several
studies have been conducted to alleviate salinity stress
in okra by application of different organic amendments.
However, there is a need to investigate the ameliorative
influence of locally available, low cost and eco-friendly
organic amendments and their combinations on osmotic
and oxidative stresses induced by salinity in okra. The
combinations might have different impacts compared to
an individual application.

Thus, the primary aim of this research work was to
improve the salinity tolerance of okra by applying organic
amendment(s) or their combination by alleviating salin-
ity-induced osmotic and oxidative stresses. Due to the
local availability of municipal solid waste compost, FYM
and press mud, this research might provide a feasible and
economical approach for small-scale farmers to increase
okra productivity under saline conditions and promote
organic agriculture.

Materials and methods

Plant material and seed sterilization

Okra (Abelmoschus esculentus (L.) Moench var. Swat
Green was used as plant material in this experiment.
Seeds of okra plants were acquired from the National
Agricultural Research Council, Islamabad (Pakistan) and
kept in air-tight bags. Before sowing, healthy okra seeds
were sorted out and surface sterilized to prevent micro-
bial infection. For surface sterilization, seeds were soaked
in 0.2% sodium hypochlorite solution for about 20 min,
with subsequent rinsing with distilled water. Afterwards,
the seeds were dried on aseptic blotting paper sheets.

Experimental design

In total, 28 treatments, with 3 replicates, were distributed
in a completely randomized design (CRD). The soil used
in this experiment was air-dried and passed through a
0.5 mm soil siever. Each pot was filled with 7 kg of soil
prior to sowing 10 okra seeds. In half of the pots, salinity
stress was applied by adding sodium chloride (Analytical
Grade, Merk) at the rate of 50 mM per pot. The organic
amendments of municipal solid waste compost, farmyard
manure (FYM) and press mud were applied each at the
rate of 5% and 10% per pot with various combinations
(compost+FYM, FYM + press mud and compost+ press
mud each @ 2.5% and 5% per pot). The application of
organic amendments was carried out 1 month before
sowing seeds. The recommended dose of NPK fertilizer
(90-45-45) was added in the form of urea, diammonium
phosphate and potassium sulphate in 2 treatments (T2
(non-saline) and T16 (saline). The control plants were left
without any treatment. On alternate days, plant irrigation



Naseem et al. BMC Plant Biology (2023) 23:522

was done using tap water. The treatments used in the
experiments are given in Table 1. For determination of
MDA content and activities of antioxidant enzymes in
okra leaves, treatments of control (T1), saline (T15), NPK
(T16), 10% compost (T18), 5% press mud (T21), 2.5%
(FYM +press mud) (T25) and 5% (FYM+press mud)
(T26) were selected. After 2 weeks of seed germination,
thinning was performed to keep only 5 plants in each
pot. For plant sampling, 3 plants were collected randomly
from each treatment, cleaned carefully, and preserved in
labelled paper bags.

Soil analysis

The soil physical and chemical properties (Tables 2 and
3) were determined using the standard methods. The soil
samples taken from each treatment were heated in an
electric oven (Hinotech, GX30B WHL-25 A) at 80 °C for
3 days before storing it for further analysis. The proper-
ties of organic amendments, i.e. compost, FYM and press
mud, were also determined and mentioned in Table 4.

Determination of osmotic potential

The osmotic potential of okra leaves was determined (30
days after germination of seeds) following the Capell and
Doerflling [24] method, using a vapour pressure osmom-
eter (Wescor model VAPRO 5520). Okra leaves were
enclosed in plastic syringes and kept in a freezer for 3 or
4 days. Cell sap was squeezed out of leaves in a container
by pressing syringes, and about 50 pL of sap was col-
lected with a micropipette. The osmolality values (mmol
Kg™) of cell sap samples were recorded with the help of
a vapour pressure osmometer. The osmotic potential of
leaves (MPa) was estimated by using the following Eq.

Table 1 List of treatments applied in the experiment
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Osmotic potential = Osmolality x 0.831 x 107> x T K (1)

Where,
T =thermodynamic temperature (T =273+t’C) expressed
in K

Determination of gas exchange parameters

The gas exchange parameters (photosynthesis rate and
transpiration rate) of okra leaves were determined 30
days after seed germination using portable IRGA (Infra-
red gas analyzer, LI-6400 XT LI-COR Inc., Lincoln, NE,
USA). The intact leaves were placed carefully in the leaf
chamber of IRGA. Gas exchange parameters were deter-
mined in the morning time (9.00 to 11.00 AM) with the
following requirements: PAR (photosynthetically active
radiation), 950 umol m™2 s7!, the temperature of leaf
chamber, 32-38 °C; atmospheric CO, concentration,
450 pumol mol~!, and atmospheric pressure, 980 mbars.
The following equation was used to calculate water use
efficiency.

p net
E

WUE =

Where,

WUE = Water use efficiency
P,.. = net photosynthetic rate
E=transpiration rate

Determination of total soluble sugar content

The total soluble sugar content in okra leaves was deter-
mined (30 days after germination of seeds) using the
method of Dubois et al. [25]. 0.5 g leaves were finely

Sr No. Non-saline soil Sr No. Saline soil

T Control T15 Saline soil

T2 NPK T16 NPK

T3 5% Compost 7 5% Compost

T4 10% Compost T18 10% Compost

T5 5% FYM T19 5% FYM

16 10% FYM 120 10% FYM

T7 59% Press mud T21 59% Press mud

T8 10% Press mud T22 10% Press mud

9 2.5% Compost+2.5% FYM 123 2.5% Compost+2.5% FYM
T10 5% Compost+5% FYM T24 5% Compost+5% FYM

T 2.5% FYM+2.5% Press mud 125 2.5% FYM +2.5% Press mud
T12 5% FYM+ 5% Press mud T26 5% FYM+ 5% Press mud

T13 2.5% Compost +2.5% Press mud 127 2.5% Compost +2.5% Press mud
T4 5% compost + 5% Press mud T28 5% compost+ 5% Press mud
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Table 2 Soil physical and chemical characteristics

Clay 38.2% Silt36.5% Sand 25.3% Soil textural class Clay loam

Non-saline soil pH E.C. TSS oM BD Salinesoil pH E.C. TSS OM BD
(dS/m) (ppm) (%) (g/cm?) (dS/m) (ppm) (%) (g/cm?)

Control 777 0.76 484.27 0.53 131 Salinesoil 775 485 3106.13 048 130

NPK 7.79 0.78 501.33 0.55 1.3 NPK 777 472 301867 051 1.29

5% 745 0.69 441.60 0.62 1.29 5% 762 253 161920 059 1.27

Comp. Comp

10% 7.69 0.63 401.07 0.63 1.29 10% 762 236 1508.27 060 1.27

Comp. Comp.

5% FYM 747 0.68 437.33 0.60 1.27 5% FYM 7.5 2.60 1666.13 056 1.26

10% 7.62 0.65 413.87 0.61 1.28 10% FYM 763 242 1546.67 057 127

FYM

5% PM 767 0.71 454.40 0.59 127 5% PM 761 261 167253 057 126

10% 7.69 0.66 42240 0.61 127 10% PM 765 257 164693 059 127

PM

2.5% 7.64 0.62 394.67 0.64 1.28 2.5% 767 24 153387 061 127

(C+h) (C+F)

5% 7.63 0.60 381.87 0.65 1.28 5% 765 232 148480 063 1.27

(C+F) (C+F)

2.5% 7.64 0.63 40533 0.63 1.28 25% (F+P) 759 234 149547 061 1.26

(F+P)

5% 7.60 061 39040 0.64 1.29 5% 763 229 14656 062 126

(F+P) (F+P)

2.5% 7.63 0.64 41173 0.63 1.29 2.5% 760 243 155520 059 1.28

C+P) C+P)

5% 7.61 0.62 398.93 0.63 1.29 5% 762 241 154240 061 1.28

C+P) C+P)

ECelectrical conductivity, TSStotal soluble salts, OM organic matter content, BD. bulk density, Comp., Ccompost, FYM F farmyard manure, PM P press mud, dS/m desi
Siemens per metre, ppm parts per million, g/cm*gram per cubic centimetre

Table 3 Soil macronutrient and micronutrient analysis

Control Saline S+NPK S+10% Comp. S+5% PM S+2.5% S+5%
FYM +2.5% PM FYM +5%
PM

N (%) 0.145d 0.135 0.148 cd 0.152 bc 0.148 cd 0.160 a 0.155 ab
P (%) 0.010c 0.002d 0.015b 0.02a 0.015b 0.022a 0.018 ab
0OC (%) 0318d 0.270e 0314d 0348b 0330c¢ 0.353ab 0359a
C:N 2.19 bc 2.00d 212c¢ 229 ab 2.23 abc 2.21 bc 232a
K*(meq/L) 1524 d 748e 2270 ¢ 2872b 2445 c 3246a 27.18b
Na*(meq/L) 132e 296 a 21.34b 1845 ¢ 20.73 b 1642d 19.78 bc
K*/Na* 1.16d 025e 1.07d 156 b 1.18d 198 a 138¢
Ca?*(meq/L) 159 ¢ 11.8d 16.35¢ 2237 b 21.56 b 24.18 a 2463 a
Mgz+(meq/L) 94e 54f 10.82d 16.05 a 11.08d 12.73 ¢ 14.55 b
SAR 371e 10.01 a 579b 422 de 513c¢ 382e 447 d
ESP (%) 403f 11.89a 6.78 b 472 de 593c¢ 4.19 of 5.06d
Cu (ppm) 3254d 2531e 3620 cd 6248 a 3861 ¢ 5275b 4973 b
Zn (ppm) 11273 e 104.64 f 178.22d 264.58 ¢ 31932b 365.14a 31829b
Fe (ppm) 1485e 857f 23.16d 32.59 bc 29.10 ¢ 4132 a 3621 Db
Mn (ppm) 154 f 1129 1890 e 2571¢ 2246d 2874b 3258a

N Nitrogen, PPhosphorus, OCorganic carbon, K Potassium, Na Sodium, Ca?* Calcium, Mg?* Magnesium, SARSodium Absorption Ratio, ESPExchangeable Sodium
Percentage, Cu Copper, Znzing, Felron, Mn Manganese, ppm parts per million, meg/L milliequivalent per litre. The values with the same letters are not significantly
different at p <0.05
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Table 4 Analysis of organic amendments

Compost FYM Press mud
pH 6.5 76 78
EC (dS/m) 84 35 23
Organic matter (%) 42 28 35
Organic carbon (%) 2436 16.24 20.30
Total Nitrogen (%) 1.36 1.5 2
Phosphorus (%) 0.278 02 134
Potassium (%) 0.52 0.57 15
C/N 17.91 10.82 10.15

ECElectrical conductivity, C/N Carbon/Nitrogen ratio, dS/mdesiSiemens per
metre

crushed using a pestle and mortar. Then, 1 mL of distilled
water was mixed with crushed leaves and filtered. The col-
lected filtrate (0.1 mL) was mixed with 1 mL of 5% phenol
solution in a test tube. After 1 h of incubation at room tem-
perature, 5 mL of concentrated Sulphuric acid was added
to it. Each sample was separately transferred to a quartz
cuvette to check the absorbance at 420 nm using a UV-vis
spectrophotometer (Shimadzu UV-2600 BMS). The total
soluble sugar content of leaves was estimated from a stand-
ard curve prepared for glucose solutions of different known
concentrations (5, 10, 15, 20 and 25 mg mL™).

Estimation of total soluble proline content

The total soluble proline content in the okra leaves was
determined 30 days after seed germination following the
method of Bates et al. [26]. The 0.1 g of 2nd or 3rd leaves
was homogenized thoroughly with 4 mL sulphosalicyclic
acid (3%) using a pestle and mortar and incubated for 24
h at 5 °C. Afterwards, samples were centrifuged at 10,000
X g for 5 min, and supernatants were collected. Then, 2
mL supernatant was mixed with 4 mL of acidic ninhydrin
reagent in a test tube, followed by vigorous shaking. The
mixture was heated in a boiling water bath (100 °C) for 1
h. After cooling, 4 mL toluene was poured into the mix-
ture and shaken well. The toluene layer was transferred to
a cuvette, and absorbance was measured at 520 nm using
a UV-vis spectrophotometer. The total soluble proline
content in okra leaves was estimated from the standard
curve for proline solutions of known concentrations (10,
20, 30, 40 and 50 pM).

(MA of sucrose at 532 nm)
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Determination of total soluble protein content

The total soluble protein content in okra leaves was
determined 30 days after seed germination following
Lowry et al's method [27]. 0.4 g sodium hydroxide, 2
g sodium carbonate and 1 g sodium potassium tartrate
were dissolved into 100 mL distilled water to prepare
reagent (A) 0.5 g copper sulphate was mixed with 100
mlL distilled water to prepare reagent (B) 50 mL reagent
A and 1 mL reagent B were mixed to prepare reagent
(C) To prepare reagent D, 3 mL Folin phenol reagent
and 3 mL distilled water (1:1) were mixed.

The finely crushed 0.2 g of okra leaves were mixed
with 1 mL sodium phosphate buffer (pH 7.5) solu-
tion. The mixture was centrifuged (10,000 X g) and fil-
tered. Approximately 0.1 mL filtrate was poured into a
test tube, and volume was raised up to 1 mL by add-
ing 0.9 mL distilled water. After that, 1 mL reagent C
was added to the mixture and stirred for 10 min. Then
0.1 mL reagent D was dissolved into the solution and
incubated for 30 min. The reaction mixture from each
sample was poured into a quartz cuvette, and absorb-
ance was recorded by using a UV-vis spectrophotome-
ter. The total soluble protein content in okra leaves was
estimated from a standard curve prepared with known
concentrations (2, 4, 6, 8, 10 mg mL™) of bovine serum
albumin solutions. For selected treatments antioxdant
analysis was performed.

Estimation of Malondialdehyde (MDA) content
Thiobarbituric acid reactive substances (TBARS) are
formed due to lipid peroxidation. The evaluation of
TBARS concentration is indicative of the level of lipid
peroxidation [28]. The crushed okra leaves (0.1 g) were
homogenized with 0.2 mL trichloroacetic acid (0.1%),
centrifuged at 10,000 X g (15 min) and filtered. In a test
tube, 4 mL thiobarbituric acid (0.5%) and 1 mL trichlo-
roacetic acid (20%) were mixed with 1 mL of the above
filtrate. The test tubes were heated in a water bath (95 °C)
for half an hour. After that, the mixture was cooled down
in an ice bath, centrifuged at 10,000 X g (10 min) and
filtered. The absorbance of the filtrate was noted at dif-
ferent wavelengths of 440, 532, and 600 nm using a dou-
ble-beam UV-vis spectrophotometer. Melondialdehyde
equivalents were calculated using the Du and Bramlage
formula [29].

(A532 — A600) — {(A440 — A600)

MA of sucrose at 440 nm

H / 157000] x 10° 3)
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Determination of antioxidant enzyme activities
Preparation of enzyme extract

To prepare enzyme extract, 0.5 g okra leaves were
homogenized with 5 mL of 50 mM potassium phosphate
buffer solution (pH: 7.00) in an ice bath. The mixture was
filtered after centrifugation (10,000 X g) at 4(C for about
20 min. The filtrate was used as an enzyme extract to esti-
mate antioxidant enzyme activities.

Determination of superoxide dismutase activity

The activity of SOD (superoxide dismutase) is a meas-
ure of enzyme capability to suppress the photochemi-
cal reduction of nitroblue tetrazolium. Beauchamp
and Fridovich [30] method was used to estimate SOD
activity in okra leaves. For preparation of 2 mL reaction
mixture, 0.5 mL phosphate buffer (50 mM, pH: 7.8), 0.2
mL methionine (13 mM), 0.1 mL nitroblue tetrazolium
(0.075 mM), 0.1 mM EDTA, 0.2 mL triton X, and 0.1
mL riboflavin (0.002 mM) mixed with 0.1 mL of enzyme
extract. The test samples were illuminated by ultravio-
let light for 15 min while the control sample remained
non-irradiated. The absorbance of sample solutions
was noted at 560 nm by using a spectrophotometer.
One unit of SOD is the amount of enzyme capable of
repressing 50% absorbance relative to control.

absorbance
U= """"410 (4)
50
Where,

IU =International unit of enzyme activity

i

Determination of catalase activity

Teranishi et al. [31] method was followed to deter-
mine catalase (CAT) activity in okra leaves. For pre-
paring the reaction mixture (3 mL), 2.6 mL phosphate
buffer (50 mM, pH 7.2) and 0.2 mL H,0, (15 mM) were
mixed with 0.2 mL of enzyme extract. The reaction was
stopped after 5 min when 3 mL titanium reagent was
added to the mixture, which reacted with the available
H,0, to form a yellow complex. The reaction mixture
was centrifuged (10,000 X g), filtered, and absorbance
was recorded at 410 nm using a a spectrophotometer.
Patty and Bonet Maury’s [32] method, as modified by
Teranishi et al. [31], was followed to prepare titanium
reagents. 1 g titanium oxide and 10 g potassium sul-
phate were mixed with 10 mL concentrated Sulphuric
acid. The mixture was heated on a heating mantle for
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2 h. The digested mixture was cooled down, and 1.5 L of
distilled water was added to dilute it.

A 410

(6)
A 410 =The variations in absorbance readily recorded

at 410 nm after the reaction between enzyme extract
and oxidants.

Determination of peroxidase activity

Peroxidase (POD) activity in okra leaves was estimated
according to the method of Vetter et al. [33] as modified
by Gorin and Heidema [34]. For preparing the reaction
mixture, 1.8 mL phosphate buffer (100 mM, pH: 7), 0.3
mL H,0, (3mM) and 0.1 mL aqueous solution of (1%)
p- phenylenediamine (w/v) were mixed with 0.2 mL of
enzyme extract. The absorbance alterations of individual
samples taken in the cuvette were traced for 3 min at 485
nm. One unit of POD was estimated by calculating mg of
protein using a standard curve.

A 485

POD activity = mg of protein

Statistical analysis

The data collected from each treatment was expressed as
mean + SE. All the data was statistically analyzed through
analytical software [35]. Statistics (ver. 8.1, 2005) and
means were compared by Least Significant Difference.
The statistical analysis (variance, simple correlations
and principal component analysis) was done at the sig-
nificance level a=0.05 using TIBCO Statistica software
(version 12.0, StatSoft Inc., Palo Alto, CA, USA). The
principal component analysis was applied to find the
associations between cases and compounds. The PCA
data matrix for the statistical analysis of results had 9
columns (names of the compounds) and 21 rows (type
of case). The input matrix was scaled automatically. The
optimal number of principal components obtained in the
analysis was determined based on the Cattel criterion.

Results

The imposition of salinity stress significantly (p<0.05)
reduced osmotic potential (41.78%) in okra plants relative
to control (Fig. 1). In saline conditions, the addition of all
organic amendments significantly improved the osmotic
potential of plants. The amender 5% (FYM + press mud)
was the most effective treatment, which significantly
(p<0.05) improved the osmotic potential (27.05%) of
plant leaves compared to saline soil. Salinity signifi-
cantly (p<0.05) reduced water use efficiency (4.75%) of
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Treatments
5% 10% 5%  10% 10%  2.5% 5% 25% 5% 2.5% 5%
Control NPK Comp. Comp. FYM FYM 5%PM PM (C+F) (C+F) (F+P) (F+P) (C+P) (C+P)
= 01
[a W)
2 05 -
=
5§ -1
=
S 15 4 a .
s, abed  bed abed abed abed  abed abcb g 2od  abed D abed  peg
g abed d d  bed d  cd % peg bed abed g d
(&}
-2.5 ~abed m Non-saline

m Saline
Fig. 1 Impact of treatments on osmotic potential of okra plants grown in saline and non-saline soil. (Comp., C = compost, FYM, F = farmyard
manure, PM, P = press mud, MPa = megapascals). The means sharing similar letters are not significantly different

H Non-saline

m Saline
55 1 ab ab

= b

5 5442 ab def a be be
X 53 A ¢ pbed ab bed bed o bed Tbe odef Ped DS
- 5 cde be bed bed bed
gz il K bede  bed 8 bede bede be cde
2% 51 A ef
5 E 50
% S 49 A
59 o1
S 2 46 A

3 45 A

Control NPK 5%  10% 5%  10% 5%PM 10% 2.5% 5% 2.5% 5% 2.5% 5%
Comp. Comp. FYM FYM PM  (C+F) (C+F) (F+P) (F+P) (C+P) (C+P)

Treatments
Fig. 2 Impact of treatments on water use efficiency of okra plants grown in saline and non-saline soil. (Comp., C = compost, FYM, F = farmyard
manure, PM, P = press mud, CO,= carbon dioxide, H,O = water, umol = micromole, mmol = millimole). The means sharing similar letters are
not significantly different

m Non-saline

m Saline

= 16 - abc abcde ab
£ a  bedef ab cdefoh cdefgh bedefg ab .. abcdef
8 4 ... bedef; g . cdefgh _ abed _  defghij
£ chehik 2% 2 dofghi defghi  defehij edefgh L 2 LT T bedef
° _ 124 - hijk ik ghijk ghyj ghij
%z 104 kg Y
a [E3
29 8
2E 61
ERE
g 2

0 u

Control NPK 5%  10% 5%  10% 5%PM 10% 2.5% 5% 2.5% 5% 25% 5%
Comp. Comp. FYM FYM PM  (C+F) (C+F) (F+P) (F+P) (C+P) (C+P)

Treatments
Fig. 3 Impact of treatments on leaf total soluble sugar content of okra plants grown in saline and non-saline soil. (Comp., C = compost, FYM, F =
farmyard manure, PM, P = press mud, mg/g milligram per gram, FW = fresh weight). The means sharing similar letters are not significantly different



Naseem et al. BMC Plant Biology (2023) 23:522

okra plants, relative to control (Fig. 2). In saline soil, the
maximum increase in water use efficiency (3.46%) of okra
plants was with application of 5% press mud.

Salinity stress significantly (p<0.05) increased total
soluble sugar content (60.41%) in okra plants compared
to control (Fig. 3). Under saline conditions, amender 5%
(FYM +press mud) effectively decreased total soluble
sugar content (4.20%) in plants, compared to salty soil.
The highest total soluble proline content in salinity-
stressed plants indicated oxidative stress. Salinity stress
significantly (p <0.05) increased total soluble proline con-
tent (33.88%) in okra plants, compared to control (Fig. 4).
Under saline conditions, amender 5% (FYM + press mud)
was the most effective treatment, which significantly

30 1 bedefghijk
bedef;
a bedef bedefghi cieie

abe cdefghijk defghijk
ghijk ijk

25 A
20 A
15 A

cdefghijk

10 A

Total soluble proline content
(uMol/g FW)

Control NPK 5% 10% 5% 10%
Comp. Comp. FYM FYM

bedefghij
bedefgh

5% PM
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(p<0.05) decreased total soluble proline content (23.20%)
in okra compared to saline soil, thus facilitated to allevi-
ate salinity stress in plants.

The imposition of salinity stress decreased total soluble
protein content (6.18%) in okra plants, compared with
control (Fig. 5). Under saline conditions, 5% (FYM + press
mud) was an effective treatment, which significantly
(p<0.05) increased total soluble protein content (73.62%)
in plants, compared to saline soil. Salinity significantly
(p<0.05) increased MDA content (51%) in okra plants,
compared with control, indicating oxidative stress
(Fig. 6). Under saline conditions, 2.5% (FYM + press
mud) was the most effective treatment, which signifi-
cantly (p<0.05) reduced MDA content (27%) in plants

® Non-saline

- m Saline
bedefghi  0edefEMUK - pede
abe . bedefghi bedefghijk efghijk .
ghijk 3 fghijk . ik - hijk defghijk

10% 25% 5% 25% 5% 25% 5%
PM  (CHF) (C+F) (F+P) (F+P) (C+P) (C+P)

Treatments
Fig.4 Impact of treatments on leaf total soluble proline content of okra plants grown in saline and non-saline soil. (Comp., C = compost, FYM, F
= farmyard manure, PM, P = press mud, uMol/g = micromole per gram, FW = fresh weight). The means sharing similar letters are not significantly

different
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. bed H Saline
= 7 abcdefg  abc abc abc b
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Fig. 5 Impact of treatments on leaf total soluble protein content of okra plants grown in saline and non-saline soil. (Comp., C = compost, FYM,
F = farmyard manure, PM, P = press mud, mg/g = milligram per gram, FW = fresh weight). The means sharing similar letters are not significantly
different
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Fig. 6 Impact of treatments on leaf MDA content of okra plants grown in saline and non-saline soil. (Comp.= compost, F = farmyard manure,
PM, P = press mud, MDA = melondialdehyde, S = saline, uMol/g = micromole per gram, FW = fresh weight). The means sharing similar letters are

not significantly different

compared to saline soil, thus contributed to alleviating
oxidative stress.

Salinity-induced increase in antioxidant enzyme activi-
ties indicated oxidative stress in okra plants. Salinity
significantly (p<0.05) increased SOD activity (83.54%)
in plants compared with control (Fig. 7). Under saline
conditions, 5% (FYM+press mud) was an effective
treatment in reducing SOD activity (32.41%) in plants

a
i ab
Cc
10 A4
5.
0 - T T T

compared to salty soil. Similarly, salinity significantly
(p<0.05) increased CAT activity (78.61%) in okra plants
compared with control (Fig. 8). Under saline conditions,
5% press mud was the most effective treatment, which
significantly (p<0.05) decreased CAT activity (38.64%)
in plants compared to saline soil. Salinity significantly
(p<0.05) increased POD activity (53.57%) in plants com-
pared with control (Fig. 9). Under salty conditions, 10%

ab
i I bc :

SOD activity (U/mg protein/min)
Iy

Control Saline S+NPK

S+10% Comp.

S+5%PM  S+2.5% (F+P) S+5% (F+P)

Treatments
Fig. 7 Impact of treatments on SOD activity in leaves of okra plants grown in saline and non-saline soil. (Comp. = compost, F = farmyard manure,
PM, P = press mud, SOD = superoxide dismutase, S = saline, U = enzyme activity, mg/min = milligram per minute). The means sharing similar letters

are not significantly different
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Fig. 8 Impact of treatments on CAT activity in leaves of okra plants grown in saline and non-saline soil. (Comp. = compost, F = farmyard manure,
PM, P = press mud, CAT = catalase, S = saline, U = enzyme activity, mg/min = milligram per minute). The means sharing similar letters are

not significantly different
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not significantly different

compost was the most effective treatment, which signifi-
cantly (p <0.05) reduced POD activity (48.29%) in plants
compared to saline soil.

The effects of organic amenders are shown in mecha-
nism form, because salinity badly reduced the biochemi-
cal contents of okra in this study. The production rate
was increased by a special type of amender used in this
study (Fig. 10). Figure 11 shows the correlation matrix

Antioxidant Enzymes
l High Sugar,
Proline,
Melondialdehyde J

B —

El'g;mic_
Amenders

s \\\ \

for the tested parameters. The correlation matrix’s
determinant defines the explanatory variables’ collinear-
ity (correlation) in which the closer to 0, the lower the
degree of mutual correlation of explanatory variables.
The closer to 1, the stronger the correlation. Employing
the principal components analysis (PCA) allowed for
obtaining nine new variables, components explaining
the system’s variability (Fig. 12A and B). Figure 12A and

Reduced Sugar
Proline, Protein. OP.
WUE. SOD. CAT

Fig. 10 The mechanism of salinity reduction by organic amenders facilitate the higher sugar, proline and melondialdehyde contents. This leads
to production of antioxidant enzymes and ROS, which ultimately reduced the salinity stress by increasing the oxidative potential, SOD, and water
use efficiency. The saline soil reduced all these contents, but highly favors the POD activity in okra leaves
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B show the variables’ projection on planes PC1 (56.98%)
and PC2 (22.87%), which describe the dependencies at
79.90%. A strong positive correlation was found between
SOD activity, CAT activity, POD activity, MDA con-
tent and proline content. The correlation between these
parameters and osmotic potential was strong and nega-
tive. A negative but weak correlation occurs between
SOD activity, CAT activity, POD activity, MDA con-
tent, proline content and protein content. The correla-
tion between sugar content and water use efficiency was
stronger and negative. In turn, there was no correla-
tion between SOD activity, CAT activity, POD activity,
MDA content, proline content, osmotic potential, sugar
content and water use efficiency. All compounds within
the two-circle region strongly influence the variability of
the system (Fig. 12A). Figure 12B shows cases. Positive
PC1 values and positive PC2 values described the cases:
S+10% comp., S+2.5% (F+P) and S+5% (F+P), but
negative PC1 values described the saline and S+NPK
cases. In turn, the positive PC1 values and negative sec-
ond principal component (PC2) explained the case of
control and S+ 5% PM (Fig. 12B).

In general, the first principal component (PC1)
explain relationship between saline, S+NPK, and the
cases: S+10% comp., S+2.5% (F+P), S+5% (F+P),
S+5% PM and control. In turn, the second main com-
ponent (PC2) describe relationship between control and

Proline

content

Water

use

Protein Sugar

content | activity | content

efficiency
0,454 0,481 | 0,209
0,347 0,451 | 0,175
0,589 |0,260 |0,197

0,301

S+5% PM, and cases: S+10% comp., S+2.5% (F+P),
S+5% (F+P).

The MDA content and the activity of SOD, CAT
and POD describe the saline; the water use efficiency
describes control, and the protein content describes
S+10% comp., S+2.5% (F+P) and S+5% (F+P).

Discussion
The accretion of soluble salts in the root zone under
osmotic stress lowers the soil water potential, thus imped-
ing water absorption and nutrient uptake by plant roots
[3]. Ionic stress drives a massive inflow of sodium ions,
causing ample outflow of potassium ions [36, 37]. Salin-
ity stress induces alterations in atmospheric vapour pres-
sure and leaf turgor pressure due to the limited opening of
stomata [38]. Hence, the retention of mesophyll cells and
restricted stomatal opening in response to stress condi-
tions lead to declined net photosynthetic rate [39]. Water
use efficiency and leaf water potential are governed by
the combined effects of net photosynthetic rate and sto-
matal conductance [40]. These changes adversely affect
plant biochemical and physiological processes, result-
ing in impaired water relations [41], oxidative stress [42],
depressed plant growth and declined productivity [43].
Salinity-induced secondary stress in plants is called
oxidative stress, which destroys cell performance [44].
Under salinity stress, deficiency of potassium ions lowers
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photosynthetic rates, instigating oxidative stress, which is
the major cause of reduced plant growth and productivity
[45, 46]. Higher concentration of sodium ions functions
as signalling molecules in transduction channels and
contributes to enhanced ROS accumulation [47], which
causes membrane injury and electrolyte leakage [1].
Membrane injury is the foremost impact of salinity stress
indicated by the estimation of malondialdehyde (MDA)
contents [47]. The results of this study showing increased
antioxidant enzyme activities in response to salinity are
similar to those of previous studies [3, 48]. The increased
MDA content and higher antioxidant enzyme (SOD,
CAT and POD) activities have been reported in lettuce
plants under salinity stress [49].

Under saline conditions, incorporation of organic
amendments has been found to be effective in alleviat-
ing the negative influence of oxidative stress by reducing
MDA content [50] in accordance with present research.
Similar to our study, the addition of organic fertilizer
(vermicompost) is reported to improve antioxidant
enzyme (SOD, CAT, POD) activities and reduce MDA
content in tomato and maize plants grown under salinity
constraints [51, 52]. The lowered electrolyte leakage by
adding press mud is ascribed to reduced MDA contents
due to improved activities of antioxidant enzymes and
increased proline and soluble sugar [53].

Salinity-induced proline production in the cytoplasm
is a vital process to manage osmotic pressure caused
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by cellular water deficit under salinity stress [54]. The
results of this study showing higher proline content
under salinity stress are similar to those in mung bean
[55], wheat [56], rice [57], faba bean [42], almonds [58]
and milk thistle [59]. This increases proline synthesis is
considered to be by the activation of pyrroline-5-
carboxylate reductase (proline synthesizing enzyme) in
response to salinity stress [53].

Under abiotic stress conditions, soluble sugars are
produced in plants to maintain turgor and allevi-
ate salinity stress by acting as a carbon reservoir [60].
In addition, sugars also regulate osmotic homeosta-
sis, shield membranes and proteins and detoxify ROS
[61, 62]. Similar to the results of this study, high solu-
ble sugar content has been reported in okra and faba
beans, respectively, under salinity stress [42, 63].

The protein concentration in leaves is considered an
important salinity stress marker [64]. Protein accumu-
lation confers plant salt tolerance by controlling meta-
bolic functions and antioxidant enzyme activities [65].
In this study, results showing the minimum protein
content in okra align with previous studies [55, 56].

In okra plants, high total soluble sugar, total soluble
proline and MDA contents and increased activities of
antioxidant enzymes compared to control indicated the
oxidative stress induced by salinity. Salinity significantly
reduced okra plants’ osmotic potential and water use
efficiency compared to control. Under saline conditions,
5% (FYM+press mud) was the most effective treat-
ment, significantly improving osmotic potential, total
soluble sugar, total soluble protein, total soluble proline
contents and SOD activity, thus contributing to alleviat-
ing oxidative stress in okra plants. Application of organic
amenders, 2.5% (FYM+ press mud), 5% press mud, and
10% compost significantly reduced MDA content and
improved activities of CAT and POD, respectively. The
combination of these amendments seems to be more
effective in mitigating the harmful influence of salinity-
induced osmotic and oxidative stress than their individ-
ual application.

Conclusion

As compared to individual applications of the stud-
ied organic amendments (compost, farmyard manure
and press mud), their different combination (i.e. 2.5%
(FYM + press mud), 5% press mud, and 10% ) have higher
potential to alleviate adverse effects of salinity-induced
osmotic and oxidative stresses in okra plants thus com-
bining these organic fertilizers can be a more practical
approach to improve salinity-induced osmotic and oxida-
tive stress tolerance in okra, which will lead to improved
crop yield under saline condition.
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Abbreviations

A Absorbance

CAT Catalase

E Transpiration rate

EDTA Ethylenediaminetetraacetic acid
FYM Farmyard manure

g Gram

H,0, Hydrogen peroxide

IRGA Infra-red gas analyzer

U Enzyme activity

K Kelvin

Kg Kilogram

MA Molar absorption

uL Microliter

pmol Micromole

mbars  Millibars

MDA Malondialdehyde

mL Milliliter

mm Millimetre

mM Millimolar

Mol Mole

MPa Megapascal

nm Nanometer

NPK Nitrogen, phosphorus and potassium
PAR Photosynthetically active radiation
PCA Principal component analysis

PM Press mud

Pret Net photosynthetic rate

POD Peroxidase

ROS Reactive oxygen species

SOD Superoxide dismutase

T Temperature

TBARS  Thiobarbituric acid reactive substances
uv Vis—ultra violet-visible

v/v Volume per volume

WUE Vater use efficiency

w/v Veight per volume

V] International unit of enzyme activity
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