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Abstract 

Chromium (Cr) stress significantly hinders crop production by disrupting nutrient uptake, impairing plant growth, 
and contaminating soil, posing a substantial threat to agricultural sustainability. The use of deashed biochar (DAB) 
and strigolactone can be an effective solution to mitigate this issue. Deashed biochar enhances crop production 
by improving soil structure, water retention, and nutrient availability while mitigating the bioavailability of toxic 
substances. Strigolactone boosts plant growth by stimulating root growth, branching, shoot formation, and overall 
plant physiology. Nevertheless, the scientific rationale behind their collective use as an amendment to counter Cr 
stress remains to be substantiated. Therefore, in this study, a blend of DAB and strigolactone was employed as addi‑
tives in radish cultivation, both in the absence of Cr stress and under the influence of 200Cr stress. Four treatments, i.e., 
0, 20µM Strigolactone, DAB, and 20µM Strigolactone + DAB, were applied in four replications following a completely 
randomized design. Results demonstrate that 20µM Strigolactone + DAB produced significant improvement in radish 
shoot length (27.29%), root length (45.60%), plant fresh weight (33.25%), and plant dry weight (78.91%), compared 
to the control under Cr stress. Significant enrichment in radish chlorophyll a (20.41%), chlorophyll b (58.53%), and total 
chlorophyll (31.54%) over the control under Cr stress, prove the efficacy of 20µM Strigolactone + DAB treatment. In 
conclusion, 20µM Strigolactone + DAB is the recommended amendment for mitigating Cr stress in radish. Farmers 
should consider using Strigolactone + DAB amendments to combat Cr stress and enhance radish growth, contribut‑
ing to a more resilient agricultural ecosystem.
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Introduction
The rapid growth of industrialization and urbaniza-
tion has led to increased environmental contamination, 
particularly by heavy metals [1–3]. Heavy metal pollu-
tion is distinctive because these pollutants have limited 
mobility and do not naturally degrade, resulting in their 
accumulation in soil [4–6]. This poses ongoing threats to 
the environment and human health, leading to soil deg-
radation, reduced crop yields, and reduced crop quality, 
all detrimental to human well-being [7]. The occurrence 
of heavy metal contamination in global soil and water 
sources underscores the urgent need for effective mitiga-
tion strategies. Chromium (Cr), found in trace amounts 
in the atmosphere, water, and soil, primarily affects plant 
content through soil Cr levels, with the highest concen-
trations in green plant parts [8]. Cr exists in two stable 
valence states, Cr(III) and Cr(VI), with the latter being 
more mobile, bioavailable, and considerably more toxic. 
Cr’s environmental circumstances involve dynamic 
processes influenced by redox reactions, precipitation 
dissolution, and adsorption. Certain Cr forms in soil, 
especially the water-soluble and ion-exchange states, are 
highly mobile and bioavailable [9]. While Cr is essential 
for plant growth, excessive concentrations can hinder 
development, affecting nutrient uptake and photosynthe-
sis, causing lipid peroxidation, and altering antioxidant 
activity. Excess Cr damages plant roots, reduces enzyme 
activity, and harms plant tissues. Soil microbes are also 
adversely impacted by Cr, reducing their numbers and 
enzyme activity. In humans, Cr accumulation can result 
in health problems, including anemia, neuritis, and even 
lung cancer or death. Addressing Cr pollution in the soil 
is paramount to safeguard ecosystems, crops, and human 
health [10].

While various approaches, such as phytoremedia-
tion and chemical stabilization, have been employed 
to address heavy metal contamination, these meth-
ods have limitations regarding effectiveness, cost, and 
sustainability. There is a need for innovative and eco-
friendly solutions to combat the adverse effects of 
heavy metal contamination [11, 12]. Activated carbon, 
commonly known as biochar, stands out as a prominent 
solution to combat prevalent challenges in agricul-
ture [11, 13–15]. Derived from the pyrolysis of organic 
matter like agricultural waste or wood chips, biochar, 
rich in carbon content, serves multiple purposes [12, 
16, 17]. It proves beneficial by enriching soil fertility, 
bolstering nutrient retention, and fostering microbial 
activity [18–20]. Its advantages extend to augmenting 
soil’s water-holding capacity, amplifying nutrient acces-
sibility for plants, and refining soil structure, culminat-
ing in amplified plant growth and productivity [21]. 
There remains a crucial need to thoroughly examine the 

potential of deashed biochar as an amendment against 
drought stress and Cr toxicity, warranting significant 
attention in research and application.

Strigolactone is pivotal in enhancing crop resilience 
amid drought by promoting crucial root development, 
enabling plants to explore deeper soil layers for water 
and nutrients [22]. They regulate stomatal closure, 
which is vital for reducing water loss via transpiration 
while maintaining essential gas exchange for photo-
synthesis [23]. Moreover, strigolactone bolsters overall 
stress tolerance by synthesizing stress-related proteins 
and compounds, significantly improving plant endur-
ance in adverse conditions [24].

Radish is a nutritious vegetable rich in vitamins (C 
and B-complex), minerals (potassium, calcium, iron), 
and dietary fiber, offering antioxidants like anthocya-
nins with potential health benefits [25]. It adds diver-
sity, flavor, and color to meals, making it a popular 
addition to various dishes. Agriculturally, radishes are 
significant due to their short cultivation period and 
year-round growth, serving as a valuable rotational 
crop, enhancing soil health, and breaking disease cycles 
[26]. In crop rotation, radishes aid in weed and pest 
control, soil improvement, and nutrient enrichment for 
subsequent crops. They are also environmentally cru-
cial as bio-accumulators, helping soil remediation [27]. 
Chromium can impact radish production by causing 
heavy metal uptake, direct toxicity, growth inhibition, 
nutrient imbalances, disruption of soil ecosystems, and 
food safety concerns, mainly if Cr(VI) contamination 
occurs in radish roots, posing health risks to consum-
ers [28].

This study aims to investigate an innovative approach 
to mitigate the impact of Cr contamination on radish 
cultivation. We hypothesize that combining deashed 
biochar and Strigolactone can improve radish growth 
and reduce the accumulation of Cr in radish tis-
sues. This research aims to assess the effectiveness 
of deashed biochar and Strigolactone in reducing Cr 
uptake by radishes, enhancing radish growth, and 
improving the quality of radish crops. By addressing the 
current knowledge gap and proposing a sustainable and 
eco-friendly solution to mitigate the adverse effects of 
Cr contamination on radish cultivation, this research 
contributes to the broader goal of safeguarding ecosys-
tems, crops, and human health.

Material and methods
Experimental site and climate
In 2022, a pot study was done at the research area of 
ResearchSolution, located at 30°09’41.6"N 71°36’38.0"E. 
The climate of the area was semi-arid.
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Biochar preparation
Waste materials sourced from a local market, situ-
ated at coordinates 30°11’29.8’’N and 71°28’48.8’’E, 
were utilized to produce biochar. The collected waste 
was initially sun-dried and subsequently cut into small 
pieces. These prepared waste materials underwent 
pyrolysis under aerobic conditions at a controlled tem-
perature of 325±5°C. The physicochemical proper-
ties of the biochar generated in the pre-experimental 
phase are summarized in Table 1. Following the pyrol-
ysis process, the material was allowed to cool before 
undergoing crushing and grinding to obtain particles 
with a size of <2 mm. The resultant biochar was then 
stored in plastic containers for future use in biochar 
production.

Deashing biochar
To create the biochar, it was initially washed using tap 
water to eliminate any impurities. After removing the 
ash content, the biochar was subjected to meticulous 
rinsing with deionized water to completely remove any 
residual ash residues. The biochar was allowed to air-
dry in a well-ventilated environment until it was dry. 
Subsequently, the deashed biochar was appropriately 
stored for future utilization [12, 29].

Strigolactone
A solution of strigolactone with a concentration of 
20µM was made by precisely measuring 0.012 g of the 
compound, considering its molar mass to be approxi-
mately 320 g/mol. This specific amount was dissolved 
thoroughly in 1000 mL of analytical-grade methanol, 
guaranteeing its full dissolution within the solvent.

Seed collection, sterilization, and sowing
The radish seeds utilized in this research were acquired 
from an authorized seed dealer of the Government of 
Punjab, Pakistan. The chosen seeds underwent a sur-
face sterilization process before sowing. This procedure 
entailed subjecting the seeds to a 5% sodium hypochlorite 
solution and three subsequent rinses with 95% ethanol. 
After the sterilization, the seeds underwent three washes 
with sterilized deionized water to ensure the removal of 
any residual sterilizing agents. Subsequently, ten seeds 
were planted in each pot containing 15 kg of soil. Fol-
lowing germination, a thinning process was employed to 
retain two seedlings in each pot [30].

Soil sampling and analysis
For characterization, a composite soil sample (made 
from 4 replicates) was subjected to air-drying and passed 
through a 2-mm sieve [31]. Standard protocols were 
adopted for soil pH and EC [32, 33]. For organic mat-
ter determination, potassium dichromate and ferrous 
ammonium sulfate were used [34]. However, soil total 
N [35], available P [36], and extractable K [37] were also 
analyzed using standard protocols. Particle size analysis 
was done using a hydrometer and USDA textural triangle 
[38].

Experimental design and treatment plan
The experiment followed a completely randomized 
design (CRD), incorporating four replications for every 
treatment. The treatment plan includes control with-
out any treatment, 20µM Strigolactone, 0.75%DAB, and 
20µM Strigolactone + 0.75%DAB. Furthermore, there 
were two different Cr stress levels applied, denoted as 
control (0Cr) and 200Cr (200 mg Cr/kg soil) [39]. For 
inducing artificial Cr toxicity, we utilized analytical-grade 

Table 1 Pre‑experimental soil, biochar, and irrigation characteristics

Soil Values Biochar Values Irrigation Values

pH 8.05 pH 7.07 pH 6.02

ECe (dS/m) 2.97 ECe (dS/m) 1.43 ECe (dS/m) 216

SOM (%) 0.62 Ash Content (%) 2.42 Carbonates (meq./L) 0.00

TN (%) 0.031 Volatile Matter (%) 16.82 Bicarbonates (meq./L) 3.16

EP (mg/kg) 10.11 Fixed carbon (%) 80.76 Chloride (meq./L) 0.12

AK (mg/kg) 165 TN (%) 0.18 Ca+Mg (meq./L) 1.02

Silt (%) 42 TK (%) 0.045 Sodium (mg/L) 167

Sand (%) 29 TP (%) 0.098 RSC (meq./L) 2.14

Clay (%) 36 Surface area  (m2/g) 355 TN (Total Nitrogen)

Texture Clay Loam CEC (meq./ 100 g) 413 EP (Extractable Phosphorus)

AK (Available Potassium)

CEC (Cation Exchange Capacity)

EC (Electrical Conductivity)
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potassium dichromate salt  (K2Cr2O7) following the 
method outlined by Danish et al. [40].

The  K2Cr2O7 used in this study was acquired with 
Product Number 207802, sourced from Batch Number 
MKCT4740, and produced by the SIGALD brand. The 
chemical has a CAS Number of 7778-50-9 and an MDL 
Number of MFCD00011367. Its molecular formula is 
Cr2K2O7, with a formula weight of 294.18 g/mol. The 
200 mg Cr/kg soil toxic level was selected due to the tox-
icity range (150 mg Cr/kg soil) observed by [41].

Pot preparation and sowing
A plastic container with dimensions of 15 inches in width 
and 45 inches in depth was loaded with 10 kg of soil. The 
initial physicochemical characteristics of the soil before 
the experiment are outlined in Table  1. In each con-
tainer, ten seeds were sown, and, following a period of 
seven days from germination, two robust seedlings were 
retained after thinning.

Fertilizer and irrigation
At the time of sowing, it’s recommended to combine 
well-decomposed cow dung with specific quantities of 
nutrients per acre in the soil: nitrogen at a rate of 25kg 
(using urea at 55kg/acre = 0.68g/pot) and phosphorus 
at 12kg (utilizing SSP at 75kg/acre = 0.15g/pot). In each 
pot 50% moisture was maintained based on field capacity 
(w/w).

Harvesting and data collection
The shoot and root lengths were assessed through man-
ual scale measurements, and the plant’s fresh and dry 
weights were measured through a weighing balance.

Relative water content
To assess the relative water content (RWC) of freshly 
harvested leaves, we employed the procedure outlined by 
[42]. Initially, leaf samples were collected, and their ini-
tial fresh weight (FW) was recorded. These leaf samples 
were then immersed in Petri dishes filled with distilled 
water, allowing them to absorb water until reaching full 
turgidity, and the resulting turgid weight (TW) was doc-
umented. Following the turgidity phase, the leaf samples 
were subjected to oven drying, and their final dry weight 
(DW) was determined. The RWC was calculated using 
the following formula:

Chlorophyll contents and carotenoids
We followed a procedure of Arnon method to assess 
chlorophyll a, chlorophyll b, and total chlorophyll levels 
in freshly harvested wheat leaves [43]. The extraction 

RWC(%) = (FW − DW)/(TW − DW)× 100

process involved using an 80% acetone solution, and 
absorbance measurements were conducted at distinct 
wavelengths: 663 nm for chlorophyll a, 645 nm for chlo-
rophyll b, and 470 nm for carotenoids.

Antioxidants
We evaluated SOD activity by measuring the inhibition 
of nitro blue tetrazolium (NBT) at 560 nm [44]. POD 
activity was determined at 420 nm by following the pro-
tocol of [45]. CAT activity was assessed by measuring the 
decline in absorbance at 240 nm due to  H2O2 decomposi-
tion [46]. In the case of APX activity, oxidation of ascor-
bate was assessed in the presence of  H2O2 at 290 nm [47]. 
To determine the level of MDA, we checked the sample 
extract by reacting it with thiobarbituric acid (TBA), 
forming a colored complex. The absorbance of this com-
plex was measured at 532nm, and the MDA content was 
subsequently calculated [48]. The measurement of glu-
tathione reductase (GR) activity was done at 340 nm [49].

Determination of nonenzymatic antioxidants
To assess glutathione (GSH) content, an equivalent vol-
ume of 5% sulfosalicylic acid (w/v), 100 mM phosphate 
buffer (pH 7.0) and 5.5-dithiobis (2-nitrobenzoic acid) 
were used. The final absorbance was measured spectro-
photometrically at 412 nm [50]. For the determination of 
ascorbate (AsA) 10% trichloroacetic acid was used. The 
final absorbance was taken at 525 nm [51].

Electrolyte leakage
One gram uniform size leaves were collected using a 1 cm 
diameter steel cylinder. These leaf sections were added in 
test tubes having 20 ml of deionized water and incubated 
at 25 °C for 24 hours. Following this incubation, the  1st 
electrical conductivity (EC1) was noted using a pre-cal-
ibrated EC meter. After that test tubes were heated in a 
water bath at 120 °C for 20 minutes, and  2nd electrical 
conductivity (EC2) was recorded. Electrolyte leakage was 
calculated using following equation [52].

Free proline
Free proline was quantified using sulfosalicylic acid, gla-
cial acetic acid and ninhydrin solutions [53]. The mixture 

Chlorophylla
(

mg
g

)

=
(12.7×A663)−(2.69×A645)×V

1000×W

Chlorophyllb
(

mg
g

)

=
(22.9×A645)−(4.68×A663)×V

1000×W

TotalChlorophyll
(

mg
g

)

=
20.2(A645)+8.02(A663)×V

1000×W

Carotenoids
(
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g
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= OD480+ 0.114(OD663)− 0.638(OD645)

ElectrolyteLeakage(%) =
EC1

EC2
× 100
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was heated at 100 °C and added 5 ml of toluene. The 
absorbance was measured at 520 nm.

Statistical analysis
The data were subjected to standard statistical analysis 
[54], including a two-way ANOVA, to evaluate the sig-
nificance of the treatments. To compare the treatments, 
paired comparisons were conducted using the Tukey test 
with a significance level set at p ≤ 0.05. Furthermore, 
cluster plots, convex hull plots, and pearson correlation 
analysis was assessed by using OriginPro software [55].

Results
Shoot and root length, plant fresh and dry weight
The control group had a mean shoot length of 20.11 cm 
with no Cr stress. The application of 20µM Strigolactone 
resulted in a modest 5.97% increase in shoot length over 
the control, and the combination of 20µM Strigolactone 
and DAB showed a more substantial 21.03% increase 
without Cr stress. Compared to the control in No Cr 
stress, the addition of DAB alone exhibited a 12.85% 
increase in shoot length. In 200Cr stress, the treatment 

of 20µM Strigolactone showed a 7.91% increase in shoot 
length, and 20µM Strigolactone+DAB combination led 
to the highest increase of 27.29%, while the treatment 
with DAB alone resulted in an 18.19% increase over the 
control (Fig. 1A; S1).

In No Cr, the application of 20µM Strigolactone 
led to a 13.06% increase in root length, and 20µM 
Strigolactone+DAB treatment resulted in a significant 
34.55% rise contrasted to the control. Similarly, DAB 
treatment alone showed a 23.84% increase compared 
to the control. Under 200Cr, in contrast to the control, 
applying 20µM Strigolactone increased root length by 
12.72%, while the combination of 20µM Strigolactone 
and DAB exhibited a remarkable 45.60% increase. DAB 
treatment showed a significant 31.72% increase related to 
the 200Cr stressed control group (Fig. 1B; S1).

The plant’s fresh weight showed a 7.46% increase 
with the treatment of 20µM Strigolactone, which fur-
ther increased to 22.22% when 20µM Strigolactone and 
DAB treatment were applied. When only DAB treat-
ment was applied, there was a 15.02% increase in plant 
fresh weight under no Cr stress. Under 200Cr stress, 

Fig. 1 Effect of treatments on shoot length (A), root length (B), plant fresh weight (C), and plant dry weight (D) of radish cultivated under no Cr 
stress and 200Cr stress. The bars represent the means of four replicates with standard error. The Tukey test revealed significant changes at p < 0.05, 
shown by the different letters on the bars
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the addition of 20µM Strigolactone treatment resulted 
in a 5.31% increase related to the control, and this 
increase further rose to 33.25% when 20µM Strigolac-
tone and DAB were introduced. When DAB treatment 
was applied, a 14.63% increase in fresh weight was eval-
uated to the 200Cr stressed control (Fig. 1C).

In No Cr, adding 20µM Strigolactone resulted in an 
8.59% increase in the plant’s dry weight compared to 
the control. When 20µM Strigolactone was applied 
along with DAB, the plant dry weight exhibited a sub-
stantial 33.18% increase contrasted to the control, and 
the application of DAB treatment in the absence of 
chromium led to a 20.16% increase in plant dry weight. 
In the presence of 200Cr, adding 20µM Strigolactone 
treatment resulted in a 28.19% increase in plant dry 
weight related to the control. When 20µM Strigolac-
tone was combined with DAB in the 200Cr stress, the 
plant dry weight showed a remarkable 78.91% increase, 
and the application of DAB treatment in the presence 
of 200Cr led to a substantial 54.10% increase in plant 
dry weight (Fig. 1D).

Chlorophyll and carotenoid content
Chlorophyll a content in the control group had an average 
value of 1.36 mg/g under No Cr. The addition of 20µM 
Strigolactone resulted in a 9.22% increase in chlorophyll 
a content as opposed to the control, and the combina-
tion of Strigolactone and DAB showed a more signifi-
cant 27.41% increase. The DAB treatment under No Cr 
stress conditions led to a 20.82% increase in chlorophyll 
a content. In 200Cr stress condition, the 20µM Strigolac-
tone treatment showed a 6.99% increase in chlorophyll a 
content over the control. The combination of Strigolac-
tone and DAB further improved the chlorophyll a con-
tent with a 20.41% rise. The DAB treatment under 200Cr 
stress conditions resulted in a 12.66% improvement in 
chlorophyll a content compared to the control (Fig. 2A).

In No Cr, chlorophyll b content increased by 7.73% 
with 20µM Strigolactone, 30.26% when combined with 
20µM Strigolactone+DAB, and 23.07% with DAB treat-
ment. Under chromium stress conditions (200Cr), 
chlorophyll b content increased by 14.00% with 20µM 
Strigolactone treatment, 58.53% when combined with 

Fig. 2 Effect of treatments on chlorophyll a (A), chlorophyll b (B), total chlorophyll (C), and carotenoid (D) of radish cultivated under no Cr stress 
and 200Cr stress. The bars represent the means of four replicates with standard error. The Tukey test revealed significant changes at p < 0.05, shown 
by the different letters on the bars
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20µM Strigolactone+DAB treatment, and 40.67% with 
DAB treatment (Fig. 2B).

The total chlorophyll content increased by 8.68% when 
treated with 20µM Strigolactone over the control. When 
20µM Strigolactone+DAB treatment was applied, there 
was a substantial 28.44% increase in chlorophyll content 
related to the control, and DAB treatment also resulted 
in a notable  21.63% rise in chlorophyll content. For the 
200Cr stress, a 9.03% increase in chlorophyll content was 
observed with the addition of 20µM Strigolactone related 
to the control, and the combination of 20µM Strigolac-
tone and DAB led to a significant 31.54% increase in total 
chlorophyll content. When DAB treatment was applied, 
there was 20.84% increase in chlorophyll content related 
to the 200Cr stressed control (Fig. 2C).

In No Cr, 20µM Strigolactone treatment raised carot-
enoid content by 13.76%, and when 20µM Strigolactone 
combined with DAB, it resulted in a substantial 41.70% 
increase over the control. Treatment DAB led to a 30.75% 
increase in carotenoid content contrasted to the control. 
In the presence of 200Cr, 20µM Strigolactone increased 
carotenoid content by 21.63%, and the 20µM Strigol-
actone combination with DAB resulted in a significant 
102.24% increase. Application of DAB treatment showed 
a considerable 48.19% increase in carotenoid content 
contrasted to the 200Cr stressed control (Fig. 2D).

Relative water content (RWC), protein content, 
and electrolyte leakage
The addition of 20µM Strigolactone led to an 11.06% 
increase in RWC from the control. In comparison, the 
inclusion of DAB along with Strigolactone resulted in 
a substantial 31.90% boost in RWC in No Cr. The DAB 
treatment showed a 22.54% increase in RWC from the 
control. Under 200Cr stressed conditions, adding 20µM 
Strigolactone resulted in an 8.81% increase in RWC 
related to the control, and combined with DAB, Str-
igolactone treatment resulted in a significant 34.38% 
increase in RWC. The DAB treatment led to a significant 
20.13% increase in RWC than the 200Cr stressed control 
(Fig. 3A).

The protein content in the No Cr stress showed a 6.83% 
increase when treated with 20µM Strigolactone and a 
substantial 39.18% increase when 20µM Strigolactone 
treatment was combined with DAB. The addition of DAB 
treatment resulted in a 24.20% increase in protein con-
tent related to the control. In 200Cr stress, there was a 
31.94% increase in protein content when 20µM Strigol-
actone treatment was applied and a remarkable 112.72% 
increase with 20µM Strigolactone+DAB treatment. The 
DAB treatment exhibited a 67.61% rise in protein content 
related to the 200Cr stressed control (Fig. 3B).

In No Cr, the application of 20µM Strigolactone led 
to a 16.30% decrease in EL (Electrolyte leakage), and the 
combined treatment of 20µM Strigolactone and DAB 
resulted in a significant 78.07% reduction in EL related 
to the control. When DAB treatment was applied in the 
absence of chromium, there was a 44.64% decrease in EL. 
In the presence of 200Cr stress, 20µM Strigolactone led 
to a 10.32% decrease in EL, and the combined treatment 
of 20µM Strigolactone and DAB caused a 37.83% reduc-
tion in EL compared to the 200Cr stressed control. In the 
presence of 200Cr, adding DAB treatment resulted in a 
20.75% decrease in EL evaluated to the 200Cr stressed 
control (Fig. 3C).

Proline content,  H2O2 and MDA
In No Cr, 20µM Strigolactone treatment resulted in a 
12.27% decrease in proline content more than the con-
trol, and the addition of DAB along with Strigolactone 
led to a more substantial 36.16% decrease. When only 
DAB treatment was applied, proline content decreased 
by 24.99% compared to the control. In 200Cr stress, 
20µM Strigolactone treatment showed an 8.49% decrease 
in proline content and combining Strigolactone with 
DAB resulted in a 26.80% reduction. The addition of DAB 
treatment in the 200Cr stress led to a 17.44% decrease in 
proline content (Fig. 4A).

When 20µM Strigolactone was added in No Cr,  H2O2 
levels decreased by 29.54%, and when Strigolactone and 
DAB were combined,  H2O2 levels decreased by a sig-
nificant 73.06% in comparison to the control. The treat-
ment DAB alone showed a 51.20% decrease in  H2O2 
levels more than the control. In 200Cr stress, the addi-
tion of 20µM Strigolactone resulted in a more modest 
9.90% decrease, and the combination of 20µM Strigol-
actone and DAB showed a 38.70% decrease as opposed 
to the control to the control. Compared to the control, in 
the 200Cr stressed condition,  H2O2 levels decreased by 
23.76% with the addition of DAB treatment (Fig. 4B).

In No Cr, treatment of 20µM Strigolactone reduced 
MDA levels by 20.28% from the control and combin-
ing 20µM Strigolactone with DAB resulted in an 81.88% 
decrease. The DAB treatment reduced MDA levels by 
48.13% without stress (No Cr). In chromium (200Cr) 
stress, 20µM Strigolactone decreased MDA levels by 
8.93% in contrast to the control, and when combined 
with 20µM Strigolactone+DAB, there was a 40.51% 
decrease. Adding DAB treatment in the presence of chro-
mium led to a 22.72% decrease in MDA levels above the 
control (Fig. 4C).

SOD, POD, CAT, and APX activity
When compared to the control group, the addition of 
20µM Strigolactone treatment No Cr led to a 20.37% 
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decrease in SOD activity; when DAB was added with 
20µM Strigolactone, there was a substantial 92.26% 
reduction in SOD activity. The addition of DAB treat-
ment in the No Cr group resulted in a 52.29% decrease 
in SOD activity. In the 200Cr stress, the introduction 
of 20µM Strigolactone treatment showed an 11.28% 
decrease in SOD activity over the control. When 20µM 
Strigolactone was combined with DAB in the 200Cr 
stressed group, SOD activity decreased by 50.04%, and 
the addition of DAB treatment led to a 27.36% decrease 
in SOD activity contrasted to the 200Cr control (Fig. 5A).

In No Cr stress over the control, the addition of 
20µM Strigolactone treatment showed a 4.36% decrease 
in peroxidase (POD), while the addition of 20µM 
Strigolactone+DAB treatment intensified the reduc-
tion to 18.26%. Meanwhile, the No Cr treatment with 
DAB alone resulted in a 9.16% decrease in POD activ-
ity. In the 200Cr stressed group, treatment of 20µM 
Strigolactone led to a 5.12% decrease in POD activity, 

and the addition of 20µM Strigolactone+DAB resulted 
in a more significant 17.12% decrease parallel to the 
baseline. Treatment DAB exhibited a 10.67% decrease 
in POD activity, demonstrating the impact of different 
treatments on POD activity (Fig. 5B).

Applying 20µM Strigolactone alone in No Cr demon-
strated a 14.92% drop-in CAT activity compared to the 
control. When DAB was added along with 20µM Str-
igolactone, CAT activity dropped significantly, show-
ing a 46.83% decrease contrasted to the control, and 
the DAB treatment led to a 27.37% reduction in CAT 
activity. Under 200Cr stress, the control exhibited a 
22.46 µmol H2O2 mg/protein/min CAT activity level. 
The addition of 20µM Strigolactone under 200Cr stress 
resulted in an 8.58% decrease in CAT activity compared 
to the control. In the 200Cr stressed  condition, the 
application of DAB alone resulted in a 19.50% drop-in 
CAT activity, and the combination of DAB and 20µM 

Fig. 3 Effect of treatments on Relative water content (RWC) (A), protein content (B), and Electrolyte leakage (EL) (C) of radish cultivated under no Cr 
stress and 200Cr stress. The bars represent the means of four replicates with standard error. The Tukey test revealed significant changes at p < 0.05, 
shown by the different letters on the bars
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Strigolactone caused a 30.89% decline in CAT activity 
relative to the control (Fig. 5C).

In No Cr, the control group exhibited an APX activ-
ity of 6.78 µmol AsA mg/protein/min, and the addition 
of 20µM Strigolactone treatment resulted in a 20.02% 
decrease. The combination of 20µM Strigolactone with 
DAB led to a significant decrease of 81.76% in APX 
activity above the control, and DAB treatment pro-
duced a 46.96% reduction in APX activity. When chro-
mium stress was present (200Cr), the control group 
showed an APX activity of 10.44 µmol AsA mg/protein/
min. The addition of 20µM Strigolactone resulted in a 
9.35% decrease in APX activity compared to the con-
trol, while the combination of 20µM Strigolactone with 
DAB showed a 38.25% decrease. Additionally, DAB 
treatment in the presence of chromium led to a 20.56% 
decrease in APX activity linked to the 200Cr stressed 
control (Fig. 5D).

GR, GSH, and ASA activity
Under the no Cr stress, the addition of 20µM Strigolac-
tone treatment resulted in a 20.77% decrease in GR activ-
ity, with a more significant 57.89% decrease when 20µM 
Strigolactone combined with DAB, and DAB treatment 
led to a 35.79% reduction in GR activity in comparison 
to the control group. Under 200Cr stress, GR activity 
decreased by 5.21% when 20µM Strigolactone treatment 
was added, a more substantial 32.98% reduction when 
20µM Strigolactone combined with DAB, and a 16.11% 
decrease when DAB was applied alone in contrast to the 
control treatment (Fig. 6A).

In No Cr stress, the addition of 20µM Strigolactone 
resulted in a 29.90% decrease in GSH levels related to 
the control, while the combination of 20µM Strigolac-
tone and DAB led to a substantial 150.85% decrease 
in GSH levels. In contrast, the treatment with DAB 
alone showed a 71.36% decrease in GSH levels without 

Fig. 4 Effect of treatments on proline content (A),  H2O2 (B), and MDA (Malondialdehyde) (C) of radish cultivated under no Cr stress and 200Cr stress. 
The bars represent the means of four replicates with standard error. The Tukey test revealed significant changes at p < 0.05, shown by the different 
letters on the bars
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any stress applied. In chromium (200Cr) stress, add-
ing 20µM Strigolactone resulted in a significant 7.82% 
decrease in GSH levels related to the control. The 
combination of 20µM Strigolactone and DAB showed a 
43.03% decrease in GSH levels, and the treatment with 
DAB alone exhibited a 25.27% decrease in GSH levels 
compared to the 200Cr stressed control (Fig. 6B).

Under No Cr, adding 20µM Strigolactone resulted 
in a notable 18.31% decrease in ASA levels compared 
to the control. In comparison to the control without 
any stress, the combination of 20µM Strigolactone 
and DAB, ASA levels showed a significant 144.79% 
decrease, and DAB treatment alone caused an 80.58% 
decrease in ASA. Under 200Cr stress conditions, the 
20µM Strigolactone treatment led to a modest 5.99% 
decrease in ASA when compared to the control, while 
the combination of 20µM Strigolactone and DAB 
showed a 31.04% reduction. In comparison to the 
200Cr stressed control, the DAB treatment showed a 
15.77% drop in ASA levels (Fig. 6C).

Cr uptake in radish and leaves
In comparison to the control under no Cr, the applica-
tion of 20µM strigolactone decreased Cr uptake in rad-
ish by 16.89%, while 20µM strigolactone+DAB resulted 
in an 84.21% reduction, and DAB alone led to a 42.49% 
decrease. Under 200 Cr stress, adding 20µM strigol-
actone decreased Cr uptake in radish by 23.53%, and 
20µM strigolactone+DAB resulted in a significant 
98.35% reduction. Treatment DAB alone led to a 74.45% 
decrease in Cr uptake in radish over the Cr-stressed con-
trol (Table 2).

In No Cr stress, introducing 20µM strigolactone 
showed a significant 14.83% decrease in leaf Cr uptake, 
and 20µM strigolactone+DAB exhibited a 96.77% reduc-
tion in contrast to the control. In comparison to the 
control under no Cr, adding DAB treatment resulted 
in a 47.00% drop in leaf Cr uptake. When 200 Cr was 
introduced, the 20µM strigolactone showed a 14.88% 
decrease, and the combined application of 20µM 
strigolactone+DAB signified a 55.06% reduction in leaf 

Fig. 5 Effect of treatments on SOD (Superoxide dismutase) (A), POD (Peroxidase) (B), CAT (Catalase) (C), and APX (Ascorbate peroxidase) (D) 
of radish cultivated under no Cr stress and 200Cr stress. The bars represent the means of four replicates with standard error. The Tukey test revealed 
significant changes at p < 0.05, shown by the different letters on the bars



Page 11 of 17Younis et al. BMC Plant Biology          (2024) 24:115  

Cr uptake over the control. The introduction of DAB 
alongside 200 µM Cr led to a 31.44% decrease evaluated 
to the 200 Cr-stressed control (Table 2).

Convex hull and hierarchical cluster analysis
The convex hull analysis was performed on a dataset with 
two principal components, PC1 and PC2, representing 
different treatment conditions. In the control group, the 
Convex Hull encompassed a large area, from 0.06921 
to 4.29289 on PC1 and from -0.27729 to 0.42932 on 
PC2. When treated with 20µM Strigolactone, the Con-
vex Hull narrowed, indicating a reduction in the data 
spread, as it ranged from 1.35986 to 2.40387 on PC1 and 
from -0.05497 to -0.01327 on PC2. This trend contin-
ued when 20µM Strigolactone was combined with DAB, 
further tightening the Convex Hull, showing a range 
from 4.29289 to 5.22778 on PC1 and from -0.16328 to 
-0.0553 on PC2. In contrast, the DAB treatment alone 
exhibited a Convex Hull that was separated from the 

Fig. 6 Effect of treatments on GR (Glutathione Reductase) (A), GSH (Glutathione) (B), and APX (Ascorbic acid) (C) of radish cultivated under no Cr 
stress and 200Cr stress. The bars represent the means of four replicates with standard error. The Tukey test revealed significant changes at p < 0.05, 
shown by the different letters on the bars

Table 2 Effect of treatments on Cr uptake in radish and leaf

Values are the mean of 4 replicates. Different letters showed significant changes 
at p≤ 0.05; Tukey Test. No Cr; 200 Cr

Treatment Cr in Radish (µg/g) Cr in leaf (µg/g)
No Cr

Control 6.45e 4.72e

20µM Strigolactone 5.36ef 4.11ef

20µM Strigolactone + DAB 3.50f 2.40g

DAB 4.53ef 3.21fg

200 Cr
Control 30.43a 8.78a

20µM Strigolactone 23.31b 7.64b

20µM Strigolactone + DAB 13.57d 5.66d

DAB 17.45c 6.68c



Page 12 of 17Younis et al. BMC Plant Biology          (2024) 24:115 

other treatments, covering a PC1 range from 2.97952 
to 4.03403 and a PC2 range from -0.16727 to -0.04296 
(Fig. 7A).

The convex hull analysis was performed on the given 
data, which represents stress-related scores in two prin-
cipal components (PC 1 and PC 2) for two different con-
ditions: No Cr and 200Cr. The analysis shows that in 
the No Cr condition, the data points form a convex hull 
that covers the range from approximately 0.01855 to 
4.94379 in PC 1 and from -0.16492 to 0.10496 in PC 2. 
The stress-related scores within this condition exhibit a 
compact distribution within this convex hull. In contrast, 
under the 200Cr condition, the data points from another 
convex hull that spans a broader range, from approxi-
mately -4.90501 to -0.13653 in PC 1 and from -0.27729 to 
0.61557 in PC 2. This indicates that the 200Cr condition 
results in a more scattered distribution of stress-related 
scores, suggesting greater variability in response to stress 
compared to the No Cr condition (Fig. 7B).

The hierarchical cluster analysis was conducted on a 
dataset consisting of various variables, measuring dif-
ferent physiological parameters. The analysis revealed 
distinct groupings based on the similarity of these varia-
bles. One prominent cluster includes variables 13 and 14, 
which represent MDA and CAT, showing a high degree 
of similarity (0.08608). These variables share a common 
characteristic in terms of their response. Another cluster 
combines variables 15, 22, and 23, representing SOD, an 
unspecified variable, and an unspecified variable, respec-
tively. Variable 15, representing SOD, exhibits a similarity 
of 0.09682 with variable 23, suggesting a potential rela-
tionship in their responses.

Additionally, variables 5 and 6, representing Total 
chlorophyll and RWC, respectively, have a similarity of 
0.10138, indicating their potential co-occurrence in the 
response pattern. Another cluster encompasses variables 
11 and 12 representing EL and GSH, respectively. These 
two variables show a similarity of 0.11225, suggesting a 

Fig. 7 Cluster plot convex hull for growth attributes (Shoot and root length, Plant fresh and dry weight, Chlorophyll content, Carotenoids content, 
RWC, and total protein) treatments (A), Cr levels (B), and hierarchical cluster plot (C) for studied attributes
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shared response to certain conditions. Further analysis 
reveals clusters involving variables related to proline con-
tent, root length, and plant parameters like fresh weight, 
carotenoids, shoot length, and protein content. In con-
trast, variables 21 (ASA) and 40  (H2O2) exhibit the high-
est similarity (1.46039), indicating a strong association 
between ASA and  H2O2 in the physiological response. 
Lastly, there are two groups of variables, 39 and 40, 
which have an extremely high similarity (99.24501 and 
98.53961, respectively), implying that they are nearly 
identical in their responses, possibly representing the 
same measurement under different conditions (Fig. 7C).

Pearson correlation analysis
The Pearson correlation analysis was conducted to assess 
the relationships between various physiological param-
eters. The results indicate strong positive correlations 
between several variables. For instance, shoot length (cm) 
showed a high positive correlation with root length (cm) 
(r = 0.99683), plant fresh weight (g) (r = 0.98835), and 
plant dry weight (g) (r = 0.99348). These results suggest 
that these variables are tightly associated, with increases 
in one variable generally corresponding to increases in 
the others. Chlorophyll a, chlorophyll b, and total chlo-
rophyll also displayed strong positive correlations with 
one another, with coefficients of 0.98696, 0.99464, and 
0.99501, respectively. Carotenoids exhibited positive cor-
relations with most of the chlorophyll-related variables, 
emphasizing their interrelatedness. Relative Water Con-
tent (RWC) had high positive correlations with shoot 
length, root length, and several chlorophyll-related vari-
ables, indicating a strong connection between RWC and 
these parameters.

Conversely, electrolyte leakage (EL) demonstrated 
strong negative correlations with the variables, with coef-
ficients around -0.9979, suggesting an inverse relation-
ship. Hydrogen peroxide  (H2O2) and malondialdehyde 
(MDA) exhibited negative correlations with various 
parameters, reflecting potential relationships in response 
to stress. Protein content displayed positive correlations 
with several variables, highlighting its potential associa-
tion with these physiological parameters. Enzyme activi-
ties such as superoxide dismutase (SOD), peroxidase 
(POD), catalase (CAT), ascorbate peroxidase (APX), and 
glutathione reductase (GR) also demonstrated a mix of 
positive and negative correlations with other variables, 
indicating their involvement in the overall physiological 
response to stress. Proline content and glutathione (GSH) 
showed negative correlations with most variables, sug-
gesting potential roles in stress responses. Notably, ascor-
bic acid (ASA) displayed weaker correlations with other 
variables but still had some associations, particularly 

with shoot and root length, suggesting its involvement in 
specific aspects of the response (Fig. 8).

Discussion
In this study, we investigated the impact of Strigolactone 
and deashed biochar (DAB) on radish growth under both 
non-stressed and chromium-contaminated soil condi-
tions. Strigolactone is known for its crucial role in plant 
development and stress responses. Our research aimed to 
understand how the application of Strigolactone and DAB, 
individually or in combination, influenced various aspects 
of radish growth and stress tolerance. Strigolactone is a 
plant hormone crucial in plant development and stress 
responses [56]. When 20µM Strigolactone was applied, it 
increased growth in shoots and roots by promoting cell 
elongation and division. Strigolactone interacts with aux-
ins, hormones responsible for cell elongation and differen-
tiation, resulting in enhanced shoot and root growth [57]. 
When plants were under chromium stress (200Cr), Str-
igolactone treatment helped reduce the negative effects of 
stress, possibly by improving nutrient uptake and reducing 
oxidative stress. Additionally, treating plants with biochar 
resulted in significant growth enhancement by improv-
ing soil structure and water retention, providing essential 
nutrients, and reducing the bioavailability of toxic met-
als like chromium [12, 58–60]. Combining both Strigol-
actone and DAB treatments showed the most significant 
growth improvements, suggesting that their synergistic 
effects enhance nutrient availability, water retention, and 
stress mitigation, leading to remarkable increases in plant 
growth under both stressed and non-stressed conditions. 
Strigolactone application can enhance photosynthesis by 
promoting the development of chloroplasts, leading to 
increased chlorophyll content [61]. This hormone likely 
stimulates gene expression in chlorophyll biosynthesis 
and maintenance. Biochar has a high surface area and 
porous structure that can serve as a substrate for benefi-
cial microorganisms [62–65]. These microorganisms can 
contribute to improved nutrient availability, root health, 
and overall plant performance, including chlorophyll syn-
thesis [66]. Furthermore, biochar may adsorb and immo-
bilize chromium, mitigating its toxic effects and allowing 
for increased chlorophyll production [67]. Strigolactone 
enhances plant stress tolerance by activating signaling 
pathways that improve antioxidant defenses, reducing 
oxidative damage caused by stressors like chromium [68]. 
This leads to better chlorophyll retention and photosyn-
thetic activity. Biochar materials like DAB adsorb heavy 
metals, reducing their bioavailability and enhancing chlo-
rophyll content, thus promoting plant health [69]. Strigo-
lactone has been reported to stimulate the synthesis of 
secondary metabolites, including carotenoids, which serve 
as antioxidants and play vital roles in photoprotection 
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[70]. By activating pathways related to carotenoid pro-
duction, Strigolactone contributes to the increased carot-
enoid content observed in the study, as shown in (Fig. 2D). 
DAB’s role in enhancing soil microbial activity can indi-
rectly contribute to carotenoid enhancement. Beneficial 
microorganisms can improve nutrient uptake, increasing 
carotenoid production as these compounds are involved in 
photoprotection and antioxidant defense. Applying 20µM 
Strigolactone in combination with DAB enhances plant 
water status by improving root hydraulic conductivity and 
controlling stomatal aperture, reducing water loss, and 
enhancing water uptake. This treatment also increases pro-
tein content, potentially promoting synthesis and reducing 
degradation. It improves membrane stability, reduces elec-
trolyte leakage, and decreases proline content, suggesting 
reduced stress and oxidative damage. Strigolactone and 
DAB together reduce  H2O2 levels, indicating less oxidative 
stress and lower MDA levels, signifying reduced lipid per-
oxidation and membrane damage, collectively enhancing 
plant resilience [71]. The significant decrease in SOD activ-
ity when Strigolactone is combined with DAB is due to 
Strigolactone’s influence on reactive oxygen species (ROS) 
regulation and DAB’s inhibition of H2O2 breakdown. This 
disrupts the plant’s ability to scavenge ROS effectively. 

Similarly, the reduction in POD activity is linked to Strigo-
lactone’s impact on plant signaling pathways, which DAB 
further intensifies [72]. CAT and APX activities are also 
negatively affected, with DAB intensifying oxidative stress. 
This disruption in the antioxidant defense system leads to 
increased oxidative damage in plant cells. Reductions in 
GR, GSH, and ASA levels are a result of Strigolactone and 
DAB affecting the plant’s redox balance, compromising its 
ability to detoxify ROS and scavenge free radicals. Over-
all, the combination of Strigolactone and DAB disrupts the 
plant’s antioxidant defense mechanisms and exacerbates 
oxidative stress.

Conclusion
In conclusion, 0.75%DAB with 20µM strigolactone 
amendment effectively mitigates Cr stress. Apply-
ing 20µM Strigolactone with 0.75%DAB significantly 
improved radish growth and chlorophyll content under 
Cr stress. We encourage farmers to apply 20µM Strigo-
lactone with 0.75%DAB to enhance radish resilience 
against Cr-contamination. Future research recom-
mends that 20µM Strigolactone with 0.75%DAB be the 
best possible solution to mitigate Cr stress in radish 
under different agroclimatic conditions.

Fig. 8 Pearson correlation for studied attributes
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