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Introduction
Salinity stress, caused by excessive salt in soil and water, 
hinders plant growth and reduces productivity [1, 2]. 
Higher levels of dissolved salts lead to degradation of 
agricultural land and decreased crop yield [3]. This stress 
affects plants by inhibiting water uptake and causing spe-
cific ion toxicity [4, 5], resulting in metabolic changes 
and decreased chloroplast activity [6–8]. Exacerbated 
by drought, global warming, and human activities, salin-
ity poses a global challenge [9]. Addressing its impacts is 
crucial for food security and environmental sustainability 
[10]. Enhancing plant stress tolerance is essential for agri-
culture [11–13]. To combat salinity, cobalt sulfate supple-
mented with proline is gaining traction [14, 15].

Studies revealed that cobalt has dual role i.e., nutrients 
and stress producing metals [16–20]. Its application can 
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Abstract
Salinity stress ranks among the most prevalent stress globally, contributing to soil deterioration. Its negative 
impacts on crop productivity stem from mechanisms such as osmotic stress, ion toxicity, and oxidative stress, all 
of which impede plant growth and yield. The effect of cobalt with proline on mitigating salinity impact in radish 
plants is still unclear. That’s why the current study was conducted with aim to explore the impact of different 
levels of Co and proline on radish cultivated in salt affected soils. There were four levels of cobalt, i.e., (0, 10, 15 and 
20 mg/L) applied as CoSO4 and two levels of proline (0 and 0.25 mM), which were applied as foliar. The treatments 
were applied in a complete randomized design (CRD) with three replications. Results showed that 20 CoSO4 with 
proline showed improvement in shoot length (∼ 20%), root length (∼ 23%), plant dry weight (∼ 19%), and plant 
fresh weight (∼ 41%) compared to control. The significant increase in chlorophyll, physiological and biochemical 
attributes of radish plants compared to the control confirms the efficacy of 20 CoSO4 in conjunction with 10 mg/L 
proline for mitigating salinity stress. In conclusion, application of cobalt with proline can help to alleviate salinity 
stress in radish plants. However, multiple location experiments with various levels of cobalt and proline still needs 
in-depth investigations to validate the current findings.
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increase water content in plants under salinity condi-
tions. Its application can improve plant stress tolerance, 
enhancing growth and yield in agriculture and horticul-
ture. Studies show that cobalt increases water content in 
plants under salinity conditions while decreasing pho-
tosynthesis and transpiration rates [16–18]. However, 
stomatal resistance increases. It might stimulate the syn-
thesis or activation of antioxidant enzymes under salinity 
stress. These enzymes are crucial in neutralizing reactive 
oxygen species (ROS) and protecting cells from oxida-
tive damage. It mitigates these adverse effects and main-
tains macro and micronutrient levels. Cobalt is essential 
for higher plants, synthesizing vitamin B12 for human 
and animal nutrition [21]. It does not accumulate in the 
human body with age, and its potential use in agricul-
ture suggests avenues for addressing salinity hazards and 
improving crop productivity [22].

Plants have evolved defense mechanisms to survive in 
salt-stress environments [23–25]. They increase osmo-
lytes like proline and ions to prevent water loss and tox-
icity [26–28]. Additionally, plants produce compatible 
osmolytes, low-molecular-weight organic molecules, in 
the cytosol and organelles, effectively functioning with-
out disrupting intracellular biochemical processes. 
Proline, a crucial plant osmolyte, accumulates during 
stressful conditions such as salinity, oxidative stress, 
drought, and heavy metal exposure [29–32]. It helps 
plants tolerate stress by reducing reactive oxygen species 
and stabilizing membranes [33, 34], also acting as a regu-
latory molecule to trigger stress-alleviating responses [29, 
30]. During salt stress, plants synthesize and accumulate 
proline to protect membranes, enzymes, and osmotic 
adjustment [35]. Foliar application of proline during 
seedling stages influences plant growth and physiological 
processes under salinity stress [36–40].

Radish (Raphanus sativus L.) is a valuable root veg-
etable crop belonging to the Brassicaceae family, widely 
grown worldwide due to its nutritional and medicinal 
benefits [41]. It is either an annual or biennial plant. This 
plant is known for its rich nutrition and therapeutic value 
[41]. Radishes are generally low in calories and rich in 
as calcium, magnesium, copper, manganese, potassium, 

vitamin B6, vitamin C, and folate. Its leaves and sprouts 
are commonly consumed as salads [42].

Considering the importance of the radish plant, this 
study investigates the effects of applying cobalt sulfate 
and proline as foliar on radish plant grown in salt affected 
soil. The aim of study is to assess cobalt and proline influ-
ence on radish growth, chlorophyll levels, antioxidant 
enzyme activity, and biochemical attributes when culti-
vated under salt stress conditions. It is hypothesized that 
combining cobalt with proline might mitigate salinity 
stress in radish. Current research is filling the knowledge 
gap regarding understanding the effectiveness of different 
concentrations of cobalt, individually and in combina-
tion with proline, as a foliar treatment to alleviate salinity 
stress.

Materials and methods
Experimental site
An experiment was done in 2023 at the ResearchSolution 
experimental site (30°09’41.6"N 71°36’38.0” E). The soil 
samples were collected from the research site for char-
acterization. These samples were subjected to air-drying 
and passed through a 2-mm mesh to assess their physico-
chemical properties. Table 1 presents the physiochemical 
attributes of both the soil and irrigation water.

Cobalt sulfate and Proline
The Cobalt (II) sulfate heptahydrate, specifically iden-
tified as Product Number C6768-2.5KG with Batch 
Number 0000300865, was acquired from a certified 
Sigma dealer in Multan. This product originates from 
Source Batch 0000266495 and was associated with a 
CAS Number of 10026-24-1 and an MDL Number of 
MFCD00149657.  The proline was identified as L-Pro-
line ReagentPlus,  Product Number: P0380-100G,  Batch 
Number: 0000321643,  Source Batch: SLCR1010,  CAS 
Number: 147-85-3 and MDL Number: MFCD00064318.

Treatment plan and experimental design
There were two proline levels, i.e., No proline and with 
proline (0.25 mM). Four treatments, i.e., control, 10 mg/L 
CoSO4, 15  mg/L CoSO4 and 20  mg/L CoSO4, were 

Table 1  Pre-experimental soil and irrigation characteristics
Soil Values References Irrigation Values References
pH 8.29 [43] pH 7.34 [44]
ECe (dS/m) 5.09 [45] EC (µS/cm) 612
SOM (%) 0.65 [46] Carbonates (meq./L) 0.05
TN (%) 0.025 [47] Bicarbonates (meq./L) 7.66
AP (µg/g) 8.34 [48] Chloride (meq./L) 0.05
EK (µg/g) 143 [49] Ca + Mg (meq./L) 1.62
ENa (µg/g) 231 [50] Sodium (mg/L) 154
Texture Clay Loam [51]
AP = Available Phosphorus; TN = Total Nitrogen; ENa = Extractable Sodium; EK = Extractable Potassium; SOM = Soil Organic Matter
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applied in 4 replicates following a completely randomized 
design (CRD).

Seed collection and sterilization
The radish seeds utilized in the study were purchased 
from a local seed supplier. The seeds were sterilized 
with a 5% sodium hypochlorite solution, followed by 
three washes using 95% ethanol. Subsequently, the seeds 
underwent three rinses in deionized water to remove 
residual sterilizing agentsClick or tap here to enter text.

Seeds sowing and thinning
A total of 4 seeds were sown on 15 February 2023, with 
each pot containing 12  kg of soil. After germination, 
the number of seedlings in each pot was reduced to 2 
through thinning.

Fertilizer
During sowing, it is advisable to incorporate well-decom-
posed cow dung into the soil along with specific amounts 
of nutrients per acre. This includes nitrogen at a rate of 
25  kg (0.37  g/12 kg soil)  using urea and phosphorus at 
12 kg (0.18 g/12 kg soil) using single superphosphate.

Irrigation
The trial aimed to replicate normal soil moisture con-
ditions (65% Field Capacity) using a moisture meter 
(YIERYI 4 in 1; Shenzhen, Guangdong Province, China), 
following a methodology recommended by the study 
[52].

Harvesting and data Collection
After 60 days of sowing, plants were harvested for data 
collection. The fresh weights of both shoots and roots 
were promptly measured post-harvest. Subsequently, 
samples were subjected to oven-drying at 65 °C for 72 h 
to ensure consistent weight for determining the dry mass 
of both the shoot and root components.

Chlorophyll contents
We measured chlorophyll levels in fresh plant leaves 
using the Arnon method [53]. We used 80% acetone to 
extract chlorophyll and then measured absorbance at 663 
and 645 nm wavelengths. Specific formulas were used to 
calculate the amounts of chlorophyll a, chlorophyll b, and 
total chlorophyll.

 
Chlorophyll a (mg/g) = ((12.7 × A663) – (2.69 × A645) 
×V)/ (1000 ×W)
Chlorophyll b (mg/g) = ((22.9 × A645) – (4.68 × A663) 
×V)/ (1000 ×W)
Total Chlorophyll (mg/g) = 20.2(OD 645) + 8.02(OD 663) 
×V/1000 (W)

Antioxidants
SOD activity was measured by observing the reduction of 
nitro blue tetrazolium (NBT) at 560 nm [54]. POD activ-
ity was determined by following the method outlined by 
[55] and measuring absorbance at 420 nm. CAT activity 
was assessed by observing the decrease in absorbance at 
240 nm during the breakdown of H2O2 [56]. APX activity 
was determined by monitoring ascorbate oxidation in the 
presence of H2O2 at 290 nm [57]. MDA levels were evalu-
ated by mixing the sample extract with thiobarbituric 
acid (TBA) to create a colored complex. The absorbance 
of this complex was measured at 532  nm to determine 
MDA content [58]. We measured the proline content 
in plant tissue using a colorimetric assay. This involved 
reacting proline with ninhydrin, following a method out-
lined by [59]. The activity of GR can be measured spectro-
photometrically by monitoring the reduction of oxidized 
glutathione (GSSG) to reduced glutathione (GSH) using 
NADPH as a cofactor [60, 61]. The content of GSH can 
be determined using spectrophotometric methods based 
on its reaction with 5,5’-dithiobis-(2-nitrobenzoic acid) 
(DTNB), as described by [60]. The content of ASA can be 
measured spectrophotometrically based on its oxidation 
to dehydroascorbic acid (DHA) using 2,6-dichloropheno-
lindophenol (DCPIP), as described by [62].

Electrolyte Leakage
We rinsed the leaves with deionized water to conduct 
electrolyte leakage analysis to remove any surface impu-
rities. We then obtained uniform leaf segments weighing 
approximately one gram each using a steel cylinder with a 
1 cm diameter. These leaf segments were placed individu-
ally in test tubes containing 20 ml of deionized water. The 
test tubes were maintained at 25 °C for 24 h to allow elec-
trolytes to diffuse from the leaf tissues into the surround-
ing water. After the incubation period, we measured the 
water solution’s electrical conductivity (EC1) using a pre-
calibrated EC meter. Next, the test tubes were heated in a 
water bath at 120 °C for 20 min, and the second electrical 
conductivity (EC2) was determined [63].

	Electrolyte Leakage (%) = (EC1/EC2) × 100

Relative water content
Relative water content (RWC) in plant tissue is deter-
mined by comparing the water content of a sample with 
its fully hydrated weight and its turgid weight after water 
immersion [64, 65]. The formula for calculating RWC is:

	 RWC = (TW −DW ) / (FW −DW ) × 100
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Statistical analysis
The linear mixed model was used. The cobalt and proline 
were considered fixed effects, and replication was con-
sidered random. The analysis was performed in Origin 
software [66]. Means were compared using Tukey’s mul-
tiple comparison tests at a significance level of p ≤ 0.05. 
The statistical analysis was conducted using OriginPro 
2021 [67]. Paired comparisons and cluster plots were also 
made using OriginPro 2021.

Results
Shoot and root length, plant fresh and dry weight
In no proline, 10 CoSO4 (∼ 7%, ∼ 14%, ∼ 16%, and ∼ 38%) 
and 15 CoSO4 (∼ 14%, ∼ 27%, ∼ 12%, and ∼ 69%) showed 
an increase in shoot and root length, plant fresh and dry 
weight, over control respectively. The 20 CoSO4 (∼ 23%, 
∼ 42%, ∼ 22%, and ∼ 101%) showed maximum increase in 
shoot and root length, plant fresh and dry weight, respec-
tively, compared to control. Under proline, a signifi-
cant enhancement of ∼ 8%, ∼ 9%, ∼ 5%, and ∼ 15% in 10 
CoSO4, 14%, ∼ 16%, ∼ 13%, and ∼ 24% in 15 CoSO4 and 
∼ 20%, ∼ 23%, ∼ 19%, and ∼ 41% in 20CoSO4 from con-
trol in shoot and root length, plant fresh and dry weight, 
respectively (Table 2).

Chlorophyll a, b, total chlorophyll, and carotenoid
Applying 10 CoSO4 showed ∼ 9%, ∼ 29%, ∼ 15%, and 
∼ 26%, 15 CoSO4 caused ∼ 20%, ∼ 53%, ∼ 31%, and ∼ 49%, 
while 20 CoSO4 resulted ∼ 36%, ∼ 73%, ∼ 48%, and ∼ 79% 
enhancement compared to control in chlorophyll a, chlo-
rophyll b, total chlorophyll, and carotenoid respectively 
without proline. A significant enhancement was observed 
under proline in chlorophyll a, chlorophyll b, total chlo-
rophyll, and carotenoid where 10 CoSO4 ∼ 11%, ∼ 12%, 
∼ 11%, and ∼ 10%, 15 CoSO4 ∼ 20%, ∼ 26%, ∼ 22%, and 
∼ 21% and 20CoSO4 ∼ 28%, ∼ 37%, ∼ 32%, and ∼ 33% 
were applied over control respectively (Fig. 1).

Relative water content, Electrolyte leakage, H2O2 and MDA
Without proline, 10 CoSO4 treatment resulted in ∼ 15% 
enhancement in relative water content, respectively, 
than control. Treatment 15 CoSO4 showed ∼ 13%, and 20 
CoSO4 caused a ∼ 49% increase over control in relative 
water content, respectively. Furthermore, with proline, 
10 CoSO4 showed ∼ 10% while 15 CoSO4 caused ∼ 17% 
while 20 CoSO4 acid resulted in ∼ 26% increase in rela-
tive water content, respectively, compared to the control 
(Fig. 2).

Without proline, 10 CoSO4 treatment resulted in ∼ 6% 
reduction in electrolyte leakage, respectively, than con-
trol. Treatment 15 CoSO4 showed ∼ 14%, and 20 CoSO4 
caused a ∼ 25% decrease over control in electrolyte leak-
age, respectively. Furthermore, under proline, 10 CoSO4 
showed ∼ 16%, 15 CoSO4 caused ∼ 29%, while 20 CoSO4 
acid resulted in ∼ 41% decrease in electrolyte leakage, 
respectively, compared to the control (Fig. 2).

In the presence of proline, 10 CoSO4 treatments they 
resulted in ∼ 11% and ∼ 11% enhancement in H2O2 and 
MDA, respectively, than control. Treatment 15 CoSO4 
showed ∼ 21% and ∼ 25%, and 20 CoSO4 caused ∼ 29% 
and ∼ 38% increase over control in H2O2 and MDA, 
respectively. Furthermore, with proline, 10 CoSO4 
showed ∼ 9% and ∼ 27%, 15 CoSO4 caused ∼ 18% and 
∼ 52%, while 20 CoSO4 acid resulted in ∼ 35% and ∼ 78% 
increase in H2O2 and MDA, respectively, compared to 
control (Fig. 2).

SOD, POD, CAT, and APX
A significant increase was noted in SOD, POD, CAT, 
and APX when 10 CoSO4 ∼ 13%, ∼ 8%, ∼ 11%, and 
∼ 11%, 15 CoSO4 ∼ 30%, ∼ 13%, ∼ 20%, and ∼ 24% and 20 
CoSO4 ∼ 47%, ∼ 18%, ∼ 30% and ∼ 38% were applied to 
control respectively under no proline. In the case of Pro-
line, SOD, POD, CAT, and APX showed an enhancement 
of ∼ 20%, ∼ 15%, ∼ 12%, and ∼ 20% in 10 CoSO4 ∼ 51%, 

Table 2  Impacts of different levels of cobalt sulphate (10, 15, 20 mg/L) without and with proline on shoot and root length, 
plant fresh and dry weight, protein, and carbonyl content attributes of radish cultivated in salinity stress. Values are means of 3 
replicates ± standard deviation (SD).
Applications of cobalt sulphate Shoot length (cm) Root length (cm) Plant fresh weight (g)

No Proline Proline No Proline Proline No Proline Proline
Control 14.82 ± 0.33a 19.62 ± 0.45a 6.79 ± 0.35a 10.54 ± 0.33a 9.49 ± 0.28a 12.48 ± 0.30a
10CoSO4 15.83 ± 0.45b 21.15 ± 0.45b 7.76 ± 0.19b 11.48 ± 0.40b 10.08 ± 0.16b 13.14 ± 0.23b
15CoSO4 16.92 ± 0.48c 22.45 ± 0.55c 8.62 ± 0.26c 12.18 ± 0.15c 10.66 ± 0.27c 14.12 ± 0.26c
20CoSO4 18.28 ± 0.41d 23.49 ± 0.43d 9.65 ± 0.23d 12.98 ± 0.33d 11.54 ± 0.25d 14.85 ± 0.28d

Applications of cobalt sulphate Plant dry weight (g) Protein content (mg/g FW) Carbonyl content (µmol/g FW)
No Proline Proline No Proline Proline No Proline Proline

Control 1.33 ± 0.20a 3.12 ± 0.14a 4.34 ± 0.78a 12.25 ± 0.74a 0.41 ± 0.04a 0.8 ± 0.04a
10CoSO4 1.84 ± 0.06b 3.57 ± 0.09b 6.02 ± 0.52b 14.02 ± 0.45b 0.54 ± 0.04b 0.89 ± 0.04b
15CoSO4 2.26 ± 0.12c 3.87 ± 0.06c 7.46 ± 0.52c 15.25 ± 0.50c 0.62 ± 0.03c 0.98 ± 0.01c
20CoSO4 2.68 ± 0.20d 4.39 ± 0.06d 9.85 ± 0.93d 17.26 ± 0.84d 0.72 ± 0.03d 1.08 ± 0.06d
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∼ 31%, ∼ 24%, and ∼ 40% in 15 CoSO4 and ∼ 87%, ∼ 42%, 
∼ 36% and ∼ 63% in 20CoSO4 over control (Fig. 3).

GR, proline, GSH and AsA
For GR, proline, GSH, and AsA concentration at no pro-
line, an increase was noted in 10 CoSO4 (∼ 10%, ∼ 11%, 
∼ 16%, and ∼ 11%), 15 CoSO4 (∼ 18%, ∼ 20%, ∼ 43%, and 
∼ 21%) and 20 CoSO4 (∼ 33%, ∼ 29%, ∼ 58%, and ∼ 32%) 
than control respectively. On the other hand, at proline, 
an enhancement of ∼ 20%, ∼ 10%, ∼ 30%, and ∼ 17% in 10 
CoSO4, ∼ 49%, ∼ 24%, ∼ 69%, and ∼ 34% in 15 CoSO4 and 

∼ 70%, ∼ 37%, ∼ 108%, and ∼ 62% in 20 CoSO4 was noted 
in GR, proline, GSH and AsA concentration over control 
(Fig. 4).

Protein and carbonyl content
Results showed that protein and carbonyl content was 
significantly improved where 10 CoSO4 (∼ 39% and 
∼ 33%), 15 CoSO4 (∼ 72%, and ∼ 54%) and 20 CoSO4 
(∼ 127%, and ∼ 78%), respectively, over control under 
no proline. At proline, applying 10 CoSO4 (∼ 14% and 
∼ 11%), 15CoSO4 (∼ 24% and ∼ 23%), and 20CoSO4 

Fig. 1  Effect of different levels of CoSO4 (10, 15 and 20 mg/L) on chlorophyll a (a), Chlorophyll b (b), Total chlorophyll (c) and Carotenoids (d) of radish 
plant with and without the application of proline. Bars are means of 4 replicates ± SE. Difference letters on bars showed significant changes at p ≤ 0.05: 
Tukey’s test. CoSO4: Cobalt Sulphate
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(∼ 41% and ∼ 35%) caused significant enhancement in 
protein and carbonyl content over control, respectively 
(Table 2).

Convex Hull
Samples labelled as no proline exhibit negative scores 
on both PC1 and PC2, indicating lower proline con-
tent, while samples labelled proline display positive 
scores on both components, suggesting higher proline 
content. This separation explains that proline content 
contributes to the observed variability among samples. 

Specifically, the PC1 axis, which accounts for 76.18% of 
the total variance, appears to reflect differences related 
primarily to proline content. The PC2 axis, responsible 
for 23.32% of the variance, represents additional vari-
ability beyond proline content (Fig. 5A). In the plot, it is 
observed that the control group is clustered separately 
from the groups treated with different concentrations 
of cobalt sulfate (CoSO4). Specifically, the control group 
is characterized by negative scores along both PC1 and 
PC2 axes, indicating lower levels of the analyzed param-
eters. In contrast, treatments with CoSO4, particularly at 

Fig. 2  Effect of different levels of CoSO4 (10, 15 and 20 mg/L) on Relative water content (a), Electrolyte leakage (b), Hydrogen per oxide (c) and MDA (d) 
of radish plant with and without the application of proline. Bars are means of 4 replicates ± SE. Difference letters on bars showed significant changes at 
p ≤ 0.05: Tukey’s test. CoSO4: Cobalt Sulphate, H2O2: Hydrogen Peroxide, MDA: Malondialdehyde
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higher concentrations, show positive scores along both 
axes, suggesting elevated levels of the measured param-
eters. Among the CoSO4 treatments, there appears to 
be a trend of increasing scores with increasing concen-
tration of CoSO4, indicating a dose-dependent response 
(Fig. 5B).

Hierarchical cluster plot
The analysis indicates varying levels of similarity among 
physiological parameters. CAT activity and proline 
content show a low similarity (0.09517), while MDA 

concentration and APX activity exhibit slightly higher 
similarity (0.11681). Chlorophyll a and total chlorophyll 
closely resemble each other (0.1182); shoot length, plant 
fresh weight, and root length/relative water content share 
similarities (0.15281 and 0.16208). Superoxide dismutase 
activity and hydrogen peroxide concentration show simi-
larities of 0.1736 and 0.18088, respectively. Plant dry 
weight/carotenoid content have relatively higher similari-
ties (0.20733 and 0.22728). Ascorbate concentration/pro-
tein content share higher similarity (0.2494 and 0.25318), 
with chlorophyll b notably similar (0.3156). Peroxidase 

Fig. 3  Effect of different levels of CoSO4 (10, 15 and 20 mg/L) on SOD (a), POD (b), APX (c), and CAT (d) of radish plant with and without the application 
of proline. Bars are means of 4 replicates ± SE. Difference letters on bars showed significant changes at p ≤ 0.05: Tukey’s test. CoSO4: Cobalt Sulphate, POD: 
Peroxidase, SOD: Superoxide Dismutase, APX: Ascorbate Peroxidase, CAT: Catalase

 



Page 8 of 14Inayat et al. BMC Plant Biology          (2024) 24:287 

(POD) activity/glutathione reductase activity exhibits 
relatively high similarity (0.41363), while carbonyl con-
tent/glutathione concentration shares notable similarity 
(0.42957 and 0.44247). Electrolyte leakage demonstrates 
exceptionally high similarity (29.69999). Treatments 41 
and 43 reveal extraordinarily high similarity coefficients 
of 99.57043 and 70.30001, suggesting potential correla-
tions between them (Fig. 5C).

Discussion
Salinity stress
Salinity, drought, and global warming pose significant 
challenges to agricultural productivity worldwide [15]. 
Among these environmental stressors, soil salinity is 
a prominent issue affecting crop growth, production, 
and yield. Addressing salinity is imperative for ensur-
ing food security in the face of these challenges [68, 69]. 
The effects of salinity stress on plants encompass various 
alterations in morphological parameters and biochemical 
processes. These alterations include reductions in root 

Fig. 4  Effect of different levels of CoSO4 (10, 15 and 20 mg/L) on GR (a), proline (b), GSH (c), and ASA (d) of radish plant with and without the application 
of proline. Bars are means of 4 replicates ± SE. Difference letters on bars showed significant changes at p ≤ 0.05: Tukey’s test. CoSO4: Cobalt Sulphate, GR: 
Glutathione Reductase, GSH: Reduced Glutathione, ASA: Ascorbic Acid
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Fig. 5  Convex hull cluster plots for treatments (A), proline (B), and hierarchical cluster plots for the studied attributes (C)
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and shoot length, vegetable production, chlorophyll con-
tent, and changes in secondary metabolites such as oxi-
dative compounds, signal molecules, and hormones [70, 
71]. Salinity adversely affects the germination rate, ger-
mination percentage, and growth of seedlings.

Moreover, salinity induces oxidative stress within 
plants, disrupting plant metabolism, reducing soluble 
sugar content, and decreasing chlorophyll content [72]. 
Mechanistically, the impact of salinity stress on rad-
ish plants involves several interconnected pathways and 
physiological responses [73, 74]. Firstly, salinity stress 
disrupts the osmotic balance within plant cells, lead-
ing to water loss and impaired nutrient uptake [75]. This 
disruption triggers oxidative stress, where the excessive 
accumulation of reactive oxygen species (ROS) dam-
ages cellular components, including proteins, lipids, and 
DNA. Additionally, salinity stress alters hormonal bal-
ances, such as abscisic acid (ABA), which regulates plant 
responses to environmental stresses [73].

Furthermore, salinity stress influences the expression 
of genes involved in ion homeostasis, osmotic regula-
tion, and stress responses [76]. For instance, the upregu-
lation of genes encoding ion transporters facilitates the 
removal of toxic ions from cells, while the activation of 
stress-responsive genes helps plants cope with adverse 
conditions. In response to salinity stress, plants accu-
mulate compatible solutes, such as proline and glycine 
betaine, to maintain cellular osmotic balance and protect 
against dehydration [77]. Moreover, the modulation of 
antioxidant defense systems, including enzymes such as 
catalase, superoxide dismutase, and peroxidase, is cru-
cial for scavenging ROS and mitigating oxidative damage 
under salinity stress conditions. These mechanisms col-
lectively enable radish plants to adapt to and mitigate the 
detrimental effects of salinity stress, although with vary-
ing degrees of success depending on the plant’s genetic 
makeup and environmental conditions. In the control 
treatment, similar results were observed, wherein salin-
ity stress significantly decreased the growth attributes, 
chlorophyll contents, relative water content and various 
physiological and biochemical processes in the roots and 
shoots of radish.

Cobalt sulfate
In our investigation of the application of cobalt foliar for 
alleviating salinity stress in Radish plants, we observed 
significant positive effects across various parameters. 
Cobalt sulfate application notably enhanced shoot length, 
root length, plant fresh weight, and plant dry weight in 
radish plants under salt stress conditions. This enhance-
ment suggests that cobalt is pivotal in promoting overall 
plant growth and development, even in salinity stress [18, 
78]. Mechanistically, cobalt likely influences cell divi-
sion and elongation processes, thereby contributing to 

increased shoot and root length and enhanced plant fresh 
and dry weight [79, 80]. Additionally, Cobalt-treated rad-
ish plants exhibited improved chlorophyll a, chlorophyll 
b, total chlorophyll, and carotenoid contents, indicating 
enhanced photosynthetic efficiency and stress tolerance. 
Cobalt may enhance chlorophyll synthesis and protect 
chlorophyll molecules from degradation, thereby main-
taining optimal photosynthetic activity under stressful 
conditions [78, 81].

Moreover, cobalt foliar treatment positively influenced 
relative water content (RWC) and reduced electrolyte 
leakage (EL), indicative of improved water status and 
membrane integrity [82]. Furthermore, Cobalt applica-
tion increased levels of hydrogen peroxide (H2O2) and 
malondialdehyde (MDA), markers of oxidative stress-
induced damage. Cobalt likely enhances the activity of 
antioxidant enzymes and scavenges reactive oxygen spe-
cies, thereby protecting plant cells from oxidative dam-
age and maintaining cellular integrity [83]. In the case 
of Biochemical parameters, the mechanism of action 
for GSH, ASA, GR, and similar compounds involves 
their functions in regulating oxidative stress and cellu-
lar balance. GSH acts as an antioxidant, protecting cells 
from damage caused by reactive oxygen species (ROS) 
under stress conditions [84]. ASA is a cofactor for vari-
ous enzymes involved in antioxidant defence and other 
metabolic processes [85]. GR helps recycle oxidized GSH 
to its reduced form, replenishing the cell’s antioxidant 
defences under stress conditions [86]. These compounds 
play critical roles in maintaining cellular health and pro-
tecting against oxidative damage in plants under stress 
conditions. Biochemically, cobalt foliar treatment influ-
enced protein, proline, glutathione (GSH), and ascorbate 
(ASA) contents in radish plants under salt stress condi-
tions, suggesting improved stress tolerance and meta-
bolic activity [87]. Cobalt may enhance protein synthesis, 
stimulate osmoprotectant accumulation, and modulate 
the antioxidant defence system, enhancing stress toler-
ance and overall plant health [88]. Its foliar application 
shows significant potential in alleviating the adverse 
effects of salinity stress on radish plants through multi-
faceted mechanisms. These mechanisms include growth 
promotion, photosynthesis enhancement, oxidative 
stress reduction, and modulation of stress-responsive 
biochemical pathways. These pathways involve regulating 
and adjusting various biochemical pathways within the 
plant in response to stress conditions. They encompass 
the alteration of gene expression, enzyme activity, and 
metabolite levels to assist the plant in adapting and cop-
ing with environmental stresses such as salinity [21, 89]. 
This pathway enables the plant to optimize its response 
mechanisms and maintain cellular homeostasis under 
challenging conditions. Through these mechanisms, 
cobalt supplementation proves effective in enhancing the 
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salt stress tolerance of radish plants, as observed in vari-
ous parameters studied. Our finding also validates the 
above arguments, where a significant increase in chlo-
rophyll contents and growth attributes was noted where 
cobalt sulphate was applied as sol amendment in differ-
ent levels with proline. The highest results are observed 
when applying 20 CoSO4 in radish plants, particularly in 
terms of proline content.

Proline
Proline, a natural compound found in plants, plays a cru-
cial role in helping them cope with stressful conditions 
like salinity [90, 91]. When plants face salinity stress, they 
accumulate proline as a protective mechanism. Proline 
acts as an osmolyte, helping to regulate water balance 
within the plant cells [92, 93]. It also serves as an antioxi-
dant, scavenging harmful reactive oxygen species (ROS) 
that can damage cellular structures [94]. Salinity stress 
occurs when soil or water contains high salt levels, which 
can disrupt normal plant functions [95]. Under salinity 
stress, radish plants experience reduced growth, chloro-
phyll content, and cellular damage due to oxidative stress 
[74].

However, several positive effects are observed when 
proline is applied as a foliar spray to radish plants experi-
encing salinity stress. Proline helps to maintain shoot and 
root length, as well as plant fresh and dry weight. Salin-
ity stress significantly reduces shoot and root length and 
the fresh and dry weight of radish plants. Proline foliar 
application mitigates these effects by promoting elon-
gation and biomass accumulation [96]. Proline acts as 
an osmolyte, regulating water balance and maintaining 
turgor pressure, thus facilitating root and shoot growth 
even under stressful conditions [32]. It also preserves 
chlorophyll and carotenoid levels, which are essential for 
photosynthesis. Salinity stress decreases chlorophyll and 
carotenoid contents, impairing photosynthetic efficiency 
[97]. Proline foliar application helps maintain chlorophyll 
and carotenoid levels, possibly by stabilizing thylakoid 
membranes and preserving pigment synthesis pathways 
[92]. This ensures optimal light absorption and energy 
transfer, crucial for photosynthesis. Proline foliar appli-
cation enhances the plant’s ability to retain water and 
reduces damage to cell membranes caused by electrolyte 
leakage under salinity stress [98, 99]. It also helps main-
tain protein levels within the cells and prevents oxida-
tive damage to cellular proteins. Reduced water content 
(RWC) and increased electrolyte leakage (EL) are indi-
cators of cellular dehydration and membrane damage 
under salinity stress. Proline application enhances RWC 
and reduces EL, suggesting improved water retention and 
membrane integrity [100]. Proline’s role as an osmopro-
tectant and antioxidant helps scavenge reactive oxygen 

species (ROS) and lipid peroxidation products, thus pre-
serving cellular structure and function [101].

Furthermore, proline boosts the activity of antioxidant 
enzymes. These enzymes are crucial in scavenging ROS 
and maintaining cellular redox balance [94]. Antioxidant 
enzyme activities such as superoxide dismutase (SOD), 
peroxidase (POD), catalase (CAT), ascorbate peroxi-
dase (APX), and glutathione reductase (GR) increase in 
response to salinity stress to counteract ROS accumula-
tion. Proline application enhances antioxidant enzyme 
activities, facilitating ROS scavenging and redox regula-
tion [102]. Proline’s role as an antioxidant and osmopro-
tectant supports antioxidant enzyme function, ensuring 
cellular redox homeostasis and stress tolerance. Salinity 
stress often leads to protein degradation and carbonyl-
ation, indicative of oxidative damage to cellular proteins 
of plant cells [103]. Proline application maintains pro-
tein content and reduces carbonyl levels, likely by stabi-
lizing protein structures and inhibiting ROS-mediated 
protein modifications [104]. Proline ability to scavenge 
ROS and regulate redox balance contributes to protein 
homeostasis under stress. Salinity stress induces proline 
accumulation, which serves as a compatible solute and 
ROS scavenger to protect cellular structures [94]. Proline 
application further increases proline content, enhanc-
ing osmotic adjustment and ROS detoxification. Proline 
also influences the levels of other antioxidants such as 
reduced glutathione (GSH) and ascorbate (ASA), con-
tributing to overall stress tolerance mechanisms. Proline 
foliar application effectively alleviates salinity stress in 
radish plants by promoting growth, maintaining photo-
synthetic efficiency, preserving cellular integrity, regulat-
ing protein homeostasis, enhancing antioxidant defenses, 
and modulating osmotic balance and redox status [105]. 
These mechanisms collectively contribute to improved 
stress tolerance and overall plant health in salinity-
stressed environments.

In the current study, applying cobalt sulfate (20 CuSO4) 
combined with Proline foliar application proves to be an 
effective strategy for mitigating the harmful effects of 
salinity stress on radish plants. This combined treatment 
helps to preserve plant growth, photosynthetic capacity, 
and cellular integrity under challenging environmental 
conditions, such as salinity stress.

Conclusion
The study concludes that applying cobalt sulfate with 
proline demonstrates the potential to reduce salinity 
stress in radish plants. Applying cobalt sulfate (20 mg/L) 
with proline as a foliar treatment appears more effec-
tive in enhancing vegetable growth and increasing nutri-
ent concentrations in radish plants under salinity stress. 
Growers are recommended to utilize this foliar applica-
tion of cobalt sulfate with proline to improve chlorophyll 
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content and regulate antioxidants such as POD, SOD, 
CAT, and APX in radish plants facing salinity stress. 
Further investigations at the field level on various crops 
are necessary to confirm the efficacy of cobalt sulfate 
(20  mg/L) with proline (0.25  mM)  as the optimal treat-
ment for alleviating salinity stress.

Acknowledgements
This project was supported by Researchers Supporting Project number 
(RSP2025R5), King Saud University, Riyadh, Saudi Arabia.

Author contributions
Conceptualization; S.D.; H.I.; H.M.; Conducted experiment; H.I.; S.D.; M.J.A.; 
Formal analysis; H.I.; S.A.A.; H.M.; Methodology; R.D.; H.M.; Writing—original 
draft; R.D.; S.D.; Writing—review & editing; M.J.A.; S.D.; S.A.A.

Funding
This project was supported by Researchers Supporting Project number 
(RSP2025R5), King Saud University, Riyadh, Saudi Arabia.

Data availability
All data generated or analysed during this study are included in this published 
article.

Declarations

Ethics approval and consent to participate
We all declare that manuscript reporting studies do not involve any human 
participants, human data, or human tissue. So, it is not applicable.
Study protocol must comply with relevant institutional, national, and 
international guidelines and legislation.
Our experiment follows the relevant institutional, national, and international 
guidelines and legislation.

Consent for publication
Not Applicable.

Competing interests
The authors declare no competing interests.

Received: 16 February 2024 / Accepted: 8 April 2024

References
1.	 Ali M, Zafar S, Ashraf MY. Assessment of maize genotypes for salt tolerance 

based on physiological indices. Pakistan J Bot. 2022;54:1613–8.
2.	 Rafay M, Usman M. Soil salinity hinders plant growth and development and 

its remediation-A review. J Agric Res. 2023;61:189–200.
3.	 Khan RWA, Awan FS, Iqbal RK. Evaluation and identification of salt toler-

ant wheat through in vitro salinity induction in seeds. Pakistan J Bot. 
2022;54:1987–93.

4.	 Munns R. Comparative physiology of salt and water stress. Plant Cell Environ. 
2002;25:239–50.

5.	 Rasool S, Hameed A, Azooz MM, Siddiqi TO, Ahmad P. Ecophysiology and 
responses of plants under salt stress. New York, NY: Springer New York; 2013.

6.	 Dietz K-J, Turkan I, Krieger-Liszkay A. Redox-and reactive oxygen species-
dependent signaling into and out of the photosynthesizing chloroplast. Plant 
Physiol. 2016;171:1541–50.

7.	 Mansoor S, Ali Wani O, Lone JK, Manhas S, Kour N, Alam P, et al. Reactive 
oxygen species in plants: from source to sink. Antioxidants. 2022;11:225.

8.	 Foyer CH. Reactive oxygen species, oxidative signaling and the regulation of 
photosynthesis. Environ Exp Bot. 2018;154:134–42.

9.	 Foroumandi E, Nourani V, Kantoush SA. Investigating the main reasons for 
the tragedy of large saline lakes: Drought, climate change, or anthropogenic 
activities? A call to action. J Arid Environ. 2022;196:104652.

10.	 Vos R, Bellù LG. Global trends and challenges to Food and Agriculture into 
the 21st Century. Sustainable food and agriculture. Elsevier; 2019. pp. 11–30.

11.	 Ahammed GJ, Li X. Dopamine-induced abiotic stress tolerance in horticul-
tural plants. Sci Hortic (Amsterdam). 2023;307:111506.

12.	 Hanaka A, Ozimek E, Reszczyńska E, Jaroszuk-Ściseł J, Stolarz M. Plant toler-
ance to drought stress in the presence of supporting bacteria and fungi: an 
efficient strategy in horticulture. Horticulturae. 2021;7:390.

13.	 Drobek M, Frąc M, Cybulska J. Plant biostimulants: importance of the quality 
and yield of horticultural crops and the improvement of plant tolerance to 
abiotic stress-a review. Agronomy. 2019;9:335.

14.	 Ehrlich PR, Ehrlich AH, Daily GC. Food Security, Population and Environment. 
Popul Dev Rev. 1993;19:1–32.

15.	 Mukhopadhyay R, Sarkar B, Jat HS, Sharma PC, Bolan NS. Soil salinity under 
climate change: challenges for sustainable agriculture and food security. J 
Environ Manage. 2021;280:111736.

16.	 Gad N. Interactive effect of salinity and cobalt on tomato plants. II. Some 
physiological parameters as affected by cobalt and salinity. Res J Agric Biol 
Sci. 2005;1:270–6.

17.	 Gad N, Hassan NM, Sayed S. Influence of Cobalt on tolerating climatic 
change (Salinity) in onion plant with reference to physiological and chemical 
approach. Plant Arch. 2020;20:1496–500.

18.	 Gad N, Abdel-Moez MR, Fekry Ali ME, Abou-Hussein SD. Increasing salt toler-
ance in cucumber by using cobalt. Middle East J Appl Sci. 2018;8:345–54.

19.	 Zahid A, ul din K, Ahmad M, Hayat U, Zulfiqar U, Askri SMH, et al. Exogenous 
application of sulfur-rich thiourea (STU) to alleviate the adverse effects of 
cobalt stress in wheat. BMC Plant Biol. 2024;24:126.

20.	 Ali Q, Zia MA, Kamran M, Shabaan M, Zulfiqar U, Ahmad M, et al. Nanoreme-
diation for heavy metal contamination: a review. Hybrid Adv. 2023;4:100091.

21.	 Hu X, Wei X, Ling J, Chen J. Cobalt: an essential micronutrient for Plant 
Growth? Front Plant Sci. 2021;12:768523.

22.	 Hayat K, Bundschuh J, Jan F, Menhas S, Hayat S, Haq F, et al. Combating soil 
salinity with combining saline agriculture and phytomanagement with salt-
accumulating plants. Crit Rev Environ Sci Technol. 2020;50:1085–115.

23.	 Husen A. The harsh environment and resilient plants: an overview. In: Husen 
A, editor. Harsh environment and plant resilience. Cham: Springer Interna-
tional Publishing; 2021. pp. 1–23.

24.	 Thakur P, Nayyar H. Facing the cold stress by plants in the changing environ-
ment: sensing, signaling, and defending mechanisms. Plant acclimation to 
environmental stress. Springer; 2012. pp. 29–69.

25.	 Devi EL, Kumar S, Basanta Singh T, Sharma SK, Beemrote A, Devi CP, et al. 
Adaptation strategies and defence mechanisms of plants during envi-
ronmental stress. Medicinal plants and Environmental challenges. Cham: 
Springer International Publishing; 2017. pp. 359–413.

26.	 Giordano M, Petropoulos SA, Rouphael Y. Response and defence mechanisms 
of vegetable crops against drought, heat and salinity stress. Agriculture. 
2021;11:463.

27.	 Nahar K, Hasanuzzaman M, Fujita M. Roles of Osmolytes in Plant Adaptation 
to Drought and Salinity. In: Iqbal N, Nazar RA, Khan N, editors. Osmolytes and 
plants acclimation to changing Environment: emerging Omics technologies. 
New Delhi: Springer India; 2016. pp. 37–68.

28.	 Atta N, Shahbaz M, Farhat F, Maqsood MF, Zulfiqar U, Naz N, et al. Proline-
mediated redox regulation in wheat for mitigating nickel-induced stress and 
soil decontamination. Sci Rep. 2024;14:456.

29.	 Mansour MMF, Salama KHA. Proline and Abiotic stresses: responses and 
adaptation. In: Hasanuzzaman M, editor. Plant Ecophysiology and Adaptation 
under Climate Change: mechanisms and perspectives II. Singapore: Springer 
Singapore; 2020. pp. 357–97.

30.	 Zulfiqar F, Ashraf M. Proline alleviates abiotic stress Induced oxidative stress in 
plants. J Plant Growth Regul. 2023;42:4629–51.

31.	 Spormann S, Nadais P, Sousa F, Pinto M, Martins M, Sousa B, et al. Accumula-
tion of proline in plants under contaminated soils—are we on the same 
page? Antioxidants. 2023;12:666.

32.	 Hosseinifard M, Stefaniak S, Ghorbani Javid M, Soltani E, Wojtyla Ł, Garnc-
zarska M. Contribution of exogenous proline to abiotic stresses tolerance in 
plants: a review. Int J Mol Sci. 2022;23:5186.

33.	 Gill S, Tuteja N. Reactive oxygen species and antioxidant machinery in abiotic 
stress tolerance in crop plants. Plant Physiol Biochem. 2010;48:909–30.

34.	 Velikova V, Sharkey TD, Loreto F. Stabilization of thylakoid membranes in 
isoprene-emitting plants reduces formation of reactive oxygen species. Plant 
Signal Behav. 2012;7:139–41.

35.	 El Moukhtari A, Cabassa-Hourton C, Farissi M, Savouré A. How does proline 
treatment promote salt stress tolerance during crop plant development? 
Front Plant Sci. 2020;11:1127.



Page 13 of 14Inayat et al. BMC Plant Biology          (2024) 24:287 

36.	 Mahboob W, Khan MA, Shirazi MU. Induction of salt tolerance in wheat (Triti-
cum aestivum L.) seedlings through exogenous application of proline. Pak J 
Bot. 2016;48:861–7.

37.	 Soroori S, Danaee E, Hemmati K, Ladan Moghadam A. Effect of foliar applica-
tion of proline on morphological and physiological traits of Calendula 
officinalis L. under drought stress. J Ornam Plants. 2021;11:13–30.

38.	 Hassan A, Fasiha Amjad S, Hamzah Saleem M, Yasmin H, Imran M, Riaz M, 
et al. Foliar application of ascorbic acid enhances salinity stress tolerance 
in barley (Hordeum vulgare L.) through modulation of morpho-physio-
biochemical attributes, ions uptake, osmo-protectants and stress response 
genes expression. Saudi J Biol Sci. 2021;28:4276–90.

39.	 Sheteiwy MS, Shao H, Qi W, Daly P, Sharma A, Shaghaleh H, et al. Seed prim-
ing and foliar application with jasmonic acid enhance salinity stress tolerance 
of soybean (Glycine max L.) seedlings. J Sci Food Agric. 2021;101:2027–41.

40.	 Sultan I, Khan I, Chattha MU, Hassan MU, Barbanti L, Calone R, et al. Improved 
salinity tolerance in early growth stage of maize through salicylic acid foliar 
application. Ital J Agron. 2021;16:1–11.

41.	 Ali MS, Zahid ZH, Siddike MN, Bappi ZH, Payel NA, Islam T, et al. Effect of 
different levels of organic fertilizer on growth, yield and economic benefits of 
radish (Raphanus sativus L). J Biosci Agric Res. 2023;30:2533–40.

42.	 Gamba M, Asllanaj E, Raguindin PF, Glisic M, Franco OH, Minder B, et al. 
Nutritional and phytochemical characterization of radish (Raphanus sativus): 
a systematic review. Trends Food Sci Technol. 2021;113:205–18.

43.	 Page AL, Miller RH, Keeny DR. Soil pH and lime requirement. In: Page AL, edi-
tor. Methods of Soil Analysis: Part 2 Chemical and Microbiological Properties, 
9.2.2/Agronomy Monographs. 2nd edition. Madison: American Society of 
Agronomy, Inc. and Soil Science Society of America, Inc.; 1983. pp. 199–208.

44.	 Estefan G, Sommer R, Ryan J. Methods of Soil, Plant, and Water Analysis: A 
manual for the West Asia and North Africa region. 3rd edition. Beirut, Leba-
non: International Center for Agricultural Research in the Dry Areas (ICARDA); 
2013.

45.	 Rhoades JD. Salinity: electrical conductivity and total dissolved solids. In: 
Sparks DL, Page AL, Helmke PA, Loeppert RH, Soltanpour PN, Tabatabai MA, et 
al. editors. Methods of Soil Analysis, Part 3, Chemical methods. Madison, WI, 
USA: Soil Science Society of America; 1996. pp. 417–35.

46.	 Nelson DW, Sommers LE, Total, Carbon. Organic Carbon, and Organic Matter. 
In: Page AL, editor. Methods of Soil Analysis: part 2 Chemical and Microbio-
logical properties. Madison, WI, USA: American Society of Agronomy, Crop 
Science Society of America, and Soil Science Society of America; 1982. pp. 
539–79.

47.	 Bremner M. Nitrogen-total. In: Sumner DL, Sparks AL, Page PA, Helmke RH, 
Loeppert NP, Soltanpour AM, et al. editors. Methods of Soil Analysis Part 3. 
Chemical Methods-SSSA Book Series. Volume 5. Madison, WI, USA: John Wiley 
& Sons, Inc.; 1996. pp. 1085–121.

48.	 Kuo S. Phosphorus. In: Sparks DL, Page AL, Helmke PA, Loeppert RH, 
Soltanpour PN, Tabatabai MA, et al. editors. Methods of Soil Analysis Part 3: 
Chemical methods. Madison, Wisconsin: John Wiley & Sons, Ltd;: SSSA; 2018. 
pp. 869–919.

49.	 Pratt PF. Potassium. In: Norman AG, editor. Methods of Soil Analysis, Part 2: 
Chemical and Microbiological properties. Madison, WI, USA: John Wiley & 
Sons, Ltd; 2016. pp. 1022–30.

50.	 Donald AH, Hanson D. Determination of potassium and sodium by flame 
emmision spectrophotometery. In: Kalra Y, editor. Handbook of Reference 
Methods for Plant Analysis. 1st edition. Washington, D.C.: CRC Press; 1998. pp. 
153–5.

51.	 Gee GW, Bauder JW. Particle-size Analysis. In: Klute A, editor. Methods of soil 
analysis. Part 1. Physical and mineralogical methods. 2nd edition. Madison, 
WI, USA: John Wiley & Sons, Inc.; 2018. pp. 383–411.

52.	 Boutraa T, Akhkha A, Al-Shoaibi AA, Alhejeli AM. Effect of water stress on 
growth and water use efficiency (WUE) of some wheat cultivars (Triticum 
durum) grown in Saudi Arabia. J Taibah Univ Sci. 2010;3:39–48.

53.	 Arnon DI. Copper enzymes in isolated chloroplasts. Polyphenoloxidse in beta 
vulgaris. Plant Physiol. 1949;24:1–15.

54.	 Durak I, Yurtarslanl Z, Canbolat O, Akyol Ö. A methodological approach to 
superoxide dismutase (SOD) activity assay based on inhibition of nitroblue 
tetrazolium (NBT) reduction. Clin Chim Acta. 1993;214:103–4.

55.	 Cakmak I, Strbac D, Marschner H. Activities of hydrogen peroxide-scavenging 
enzymes in germinating wheat seeds. J Exp Bot. 1993;44:127–32.

56.	 Aebi H. Catalase in vitro. Methods Enzymol. 1984;105:121–6.
57.	 Nakano Y, Asada K. Hydrogen peroxide is scavenged by ascorbate-specific 

peroxidase in spinach chloroplasts. Plant Cell Physiol. 1981;22:867–80.

58.	 Hernández JA, Almansa MS. Short-term effects of salt stress on antioxidant 
systems and leaf water relations of pea leaves. Physiol Plant. 2002;115:251–7.

59.	 Bates LS, Waldren RP, Teare ID. Rapid determination of free proline for water-
stress studies. Plant Soil. 1973;39:205–7.

60.	 Griffith OW. Determination of glutathione and glutathione disulfide using 
glutathione reductase and 2-vinylpyridine. Anal Biochem. 1980;106:207–12.

61.	 Carlberg I, Mannervik B. Glutathione reductase. Methods in Enzymology. 
Elsevier Inc.; 1985. pp. 484–90.

62.	 Kampfenkel K, Vanmontagu M, Inzé D. Extraction and determination of ascor-
bate and dehydroascorbate from plant tissue. Anal Biochem. 1995;225:165–7.

63.	 Lutts S, Kinet JM, Bouharmont J. NaCl-induced Senescence in leaves of 
Rice (Oryza sativa L.) cultivars Differing in Salinity Resistance. Ann Bot. 
1996;78:389–98.

64.	 Loka DA, Oosterhuis MD, Ritchie GL. Water stress and reproductive develop-
ment in cotton. Stress Physiol Cott. 2011;7:37–72.

65.	 Barrs HD, Weatherley PE. A re-examination of the relative turgidity technique 
for estimating water deficits in leaves. Aust J Biol Sci. 1962;15:413–28.

66.	 Steel RG, Torrie JH, Dickey DA. Principles and Procedures of Statistics: A Bio-
metrical Approach. 3rd edition. Singapore: McGraw Hill Book International 
Co.; 1997.

67.	 OriginLab Corporation. OriginPro. Northampton. MA, USA.: OriginLab; 2021.
68.	 Atta K, Mondal S, Gorai S, Singh AP, Kumari A, Ghosh T, et al. Impacts of 

salinity stress on crop plants: improving salt tolerance through genetic and 
molecular dissection. Front Plant Sci. 2023;14:1241736.

69.	 Godfray HCJ, Garnett T. Food security and sustainable intensification. Philos 
Trans R Soc B Biol Sci. 2014;369:20120273.

70.	 Munns R, James RA, Läuchli A. Approaches to increasing the salt tolerance of 
wheat and other cereals. In: J Exp Bot. 2006. p. 1025–43.

71.	 Abdelaal K, Alsubeie MS, Hafez Y, Emeran A, Moghanm F, Okasha S, et al. 
Physiological and biochemical changes in vegetable and field crops under 
drought, salinity and weeds stresses: control strategies and management. 
Agriculture. 2022;12:2084.

72.	 Khan I, Muhammad A, Chattha MU, Skalicky M, Bilal Chattha M, Ahsin Ayub 
M, et al. Mitigation of salinity-induced oxidative damage, growth, and yield 
reduction in fine rice by sugarcane press mud application. Front Plant Sci. 
2022;13:840900.

73.	 Fahad S, Hussain S, Matloob A, Khan FA, Khaliq A, Saud S, et al. Phytohor-
mones and plant responses to salinity stress: a review. Plant Growth Regul. 
2015;75:391–404.

74.	 Yildrim E, Donmez MF, Turan M. Use of bioinoculants in ameliorative effects 
on radish plants under salinity stress. J Plant Nutr. 2008;31:2059–74.

75.	 Arif Y, Singh P, Siddiqui H, Bajguz A, Hayat S. Salinity induced physiological 
and biochemical changes in plants: an omic approach towards salt stress 
tolerance. Plant Physiol Biochem. 2020;156:64–77.

76.	 Amin I, Rasool S, Mir MA, Wani W, Masoodi KZ, Ahmad P. Ion homeosta-
sis for salinity tolerance in plants: a molecular approach. Physiol Plant. 
2021;171:578–94.

77.	 Singh M, Kumar J, Singh S, Singh VP, Prasad SM. Roles of osmoprotectants in 
improving salinity and drought tolerance in plants: a review. Rev Environ Sci 
Bio/Technology. 2015;14:407–26.

78.	 Akeel A, Jahan A. Role of cobalt in plants: its stress and alleviation. Con-
taminants in Agriculture. Cham: Springer International Publishing; 2020. pp. 
339–57.

79.	 Ali S, Gill RA, Mwamba TM, Zhang N, Lv MT, Ul Hassan Z, et al. Differential 
cobalt-induced effects on plant growth, ultrastructural modifications, and 
antioxidative response among four Brassica napus (L.) cultivars. Int J Environ 
Sci Technol. 2018;15:2685–700.

80.	 Roychoudhury A, Chakraborty S. Cobalt and molybdenum: deficiency, toxic-
ity, and nutritional role in plant growth and development. Plant nutrition and 
food security in the era of climate change. Elsevier; 2022. pp. 255–70.

81.	 Jahani M, Khavari-Nejad RA, Mahmoodzadeh H, Saadatmand S. Effects of 
foliar application of cobalt oxide nanoparticles on growth, photosynthetic 
pigments, oxidative indicators, non-enzymatic antioxidants and compatible 
osmolytes in canola (Brassica napus L). Acta Biol Cracov Ser Bot. 2019;61.

82.	 Brengi SH, Khedr AAEM, Abouelsaad IA. Effect of melatonin or cobalt on 
growth, yield and physiological responses of cucumber (Cucumis sativus L.) 
plants under salt stress. J Saudi Soc Agric Sci. 2022;21:51–60.

83.	 Tourky SMN, Shukry WM, Hossain MA, Siddiqui MH, Pessarakli M, Elghareeb 
EM. Cobalt enhanced the drought-stress tolerance of rice (Oryza sativa L.) by 
mitigating the oxidative damage and enhancing yield attributes. South Afr J 
Bot. 2023;159:191–207.



Page 14 of 14Inayat et al. BMC Plant Biology          (2024) 24:287 

84.	 Hasanuzzaman M, Raihan MRH, Masud AAC, Rahman K, Nowroz F, Rahman M, 
et al. Regulation of reactive oxygen species and antioxidant defense in plants 
under salinity. Int J Mol Sci. 2021;22:9326.

85.	 Sofo A, Scopa A, Nuzzaci M, Vitti A. Ascorbate peroxidase and catalase activi-
ties and their genetic regulation in plants subjected to drought and salinity 
stresses. Int J Mol Sci. 2015;16:13561–78.

86.	 Raj Rai S, Bhattacharyya C, Sarkar A, Chakraborty S, Sircar E, Dutta S, et al. 
Glutathione: role in oxidative/nitrosative stress, antioxidant defense, and 
treatments. ChemistrySelect. 2021;6:4566–90.

87.	 Salam A, Afridi MS, Khan AR, Azhar W, Shuaiqi Y, Ulhassan Z et al. Cobalt 
induced toxicity and tolerance in plants: insights from omics approaches. 
Heavy Met Toxic Toler Plants Biol Omi Genet Eng Approach. 2023;:207–29.

88.	 Gómez-Merino FC, Trejo-Téllez LI. The role of beneficial elements in triggering 
adaptive responses to environmental stressors and improving plant perfor-
mance. Biot Abiotic Stress Toler Plants. 2018;:137–72.

89.	 Isah T. Stress and defense responses in plant secondary metabolites produc-
tion. Biol Res. 2019;52:39.

90.	 Siddique A, Kandpal G, Kumar P. Proline accumulation and its defensive role 
under diverse stress condition in plants: an overview. J Pure Appl Microbiol. 
2018;12:1655–9.

91.	 Mansour MMF, Ali EF. Evaluation of proline functions in saline conditions. 
Phytochemistry. 2017;140:52–68.

92.	 Hayat S, Hayat Q, Alyemeni MN, Wani AS, Pichtel J, Ahmad A. Role of proline 
under changing environments: a review. Plant Signal Behav. 2012;7:1456–66.

93.	 Khanna-Chopra R, Semwal VK, Lakra N, Pareek A. Proline–A key regulator 
conferring plant tolerance to salinity and drought. Plant tolerance to environ-
mental stress. CRC; 2019. pp. 59–80.

94.	 Hossain MA, Hoque MA, Burritt DJ, Fujita M. Proline protects plants against 
abiotic oxidative stress: biochemical and molecular mechanisms. Oxidative 
damage to plants. Elsevier; 2014. pp. 477–522.

95.	 Carillo P, Annunziata MG, Pontecorvo G, Fuggi A, Woodrow P. Others. 
Salinity stress and salt tolerance. Abiotic Stress plants-mechanisms Adapt. 
2011;1:21–38.

96.	 Yaqoob H, Akram NA, Iftikhar S, Ashraf M, Khalid N, Sadiq M, et al. Seed 
pretreatment and foliar application of proline regulate morphological, 
physio-biochemical processes and activity of antioxidant enzymes in plants 
of two cultivars of Quinoa (Chenopodium quinoa Willd). Plants. 2019;8:588.

97.	 Leiva-Ampuero A, Agurto M, Matus JT, Hoppe G, Huidobro C, Inostroza-
Blancheteau C, et al. Salinity impairs photosynthetic capacity and enhances 
carotenoid-related gene expression and biosynthesis in tomato (Solanum 
lycopersicum L. Cv. Micro-tom). PeerJ. 2020;8:e9742.

98.	 Zahedi SM, Abolhassani M, Hadian-Deljou M, Feyzi H, Akbari A, Rasouli F, et 
al. Proline-functionalized graphene oxide nanoparticles (GO-pro NPs): a new 
engineered nanoparticle to ameliorate salinity stress on grape (Vitis vinifera l. 
Cv sultana). Plant Stress. 2023;7:100128.

99.	 Irshad I, Anwar-Ul-Haq M, Akhtar J, Maqsood M. Enhancing maize growth 
and mitigating salinity stress through foliar application of proline and glycine 
betaine. Pakistan J Bot. 2024;56:9–17.

100.	 Semida WM, Abdelkhalik A, Rady MOA, Marey RA, Abd El-Mageed TA. 
Exogenously applied proline enhances growth and productivity of 
drought stressed onion by improving photosynthetic efficiency, water use 
efficiency and up-regulating osmoprotectants. Sci Hortic (Amsterdam). 
2020;272:109580.

101.	 Shafi A, Zahoor I, Mushtaq U. Proline accumulation and oxidative stress: 
diverse roles and mechanism of tolerance and adaptation under salinity 
stress. Salt stress, microbes, and plant interactions: mechanisms and molecu-
lar approaches. Springer; 2019. pp. 269–300.

102.	 Rohman MM, Begum S, Akhi AH, Ahsan A, Uddin MS, Amiruzzaman M, et 
al. Protective role of antioxidants in maize seedlings under saline stress: 
exogenous proline provided better tolerance than betaine. Bothalia J. 
2015;45:17–35.

103.	 Hussain RA, Anjum S, Khalid MA, Saqib MF, Zakir M. Oxidative stress and anti-
oxidant defense mechanisms in plants under salt stress. Plant abiotic stress 
tolerance. Cham: Springer International Publishing; 2019. pp. 191–205.

104.	 Liang X, Zhang L, Natarajan SK, Becker DF. Proline mechanisms of stress 
survival. Antioxid Redox Signal. 2013;19:998–1011.

105.	 Khalid M, Rehman HM, Ahmed N, Nawaz S, Saleem F, Ahmad S, et al. Using 
exogenous melatonin, glutathione, proline, and glycine betaine treatments 
to combat abiotic stresses in crops. Int J Mol Sci. 2022;23:12913.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in 
published maps and institutional affiliations.


	﻿Impact of cobalt and proline foliar application for alleviation of salinity stress in radish
	﻿Abstract
	﻿Introduction
	﻿Materials and methods
	﻿Experimental site
	﻿Cobalt sulfate and Proline
	﻿Treatment plan and experimental design
	﻿Seed collection and sterilization
	﻿Seeds sowing and thinning
	﻿Fertilizer
	﻿Irrigation
	﻿Harvesting and data Collection
	﻿Chlorophyll contents
	﻿Antioxidants
	﻿Electrolyte Leakage
	﻿Relative water content
	﻿Statistical analysis

	﻿Results
	﻿Shoot and root length, plant fresh and dry weight
	﻿Chlorophyll a, b, total chlorophyll, and carotenoid
	﻿Relative water content, Electrolyte leakage, H﻿2﻿O﻿2﻿ and MDA
	﻿SOD, POD, CAT, and APX
	﻿GR, proline, GSH and AsA
	﻿Protein and carbonyl content
	﻿Convex Hull
	﻿Hierarchical cluster plot

	﻿Discussion
	﻿Salinity stress
	﻿Cobalt sulfate
	﻿Proline

	﻿Conclusion
	﻿References


