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Canola (Brassica napus L.) is an important oil seed crop globally. Currently, the
impact of sulphur feeding on physiological, phytohormonal, and yield aspects of
canola (var. Pakola) under chromium (Cr) stress is being investigated. The pot trial
was carried out in a completely randomized design (CRD). The pot soils were treated
with two levels of chromium, low (40 ppm) and high (160 ppm), as well as two levels

Keywords of sulphur, low (50 ppm) and high (150 ppm). Plants were sampled at both
Phytohormones vegetative and reproductive phases. The results showed that chromium had a
Abiotic stress detrimental effect on relative water content, chlorophyll content, protein content,
Proline indole acetic acid (IAA), gibberellic acid (GA), 100 seed weight, and pod length
Chlorophylls compared to control plants. However, under chromium stress, sugar and proline
Carotenoids levels, as well as abscisic acid (ABA), increased dramatically. However, sulphur

supplementation, especially under low chromium stress, resulted in considerable
improvements in relative water content, chlorophyll and carotenoid levels, protein
content, number of branches/plants, number of pods/branches, number of
seeds/pod, and 100 seed weight (g).The current study's findings show that sufur
feeding helps to mitigate the negative effects of chromium stress on the
physiological, biochemical, and yield aspects of canola.
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INTRODUCTION environment, contributing to soil and water

Extensive industrialization has led to the release of
substantial substantial amounts of chromium into the
soil and water bodies, posing a serious environmental
threat due to its toxicity and persistance (Srivastava et
al, 2021). Chromium contamination especially from
industries like metal plating, tanning, and wood
preservation, results in significant stress on crops,
reducing growth and productivity through physiological
disruptions, including impaired water relations, nutrient
imbalances, and diminished photosynthetic capacity
(Ghorbani et al., 2021; Junaid et al., 2017; Mushtaq et al,,
2021). Industrial activities have resulted in the release
of significant concentrations of chromium into the
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contamination (Kotas et al., 2000; Sanjay et al., 2020).
For instance, a report highlights that approximately
962,335 million gallons of wastewater from municipal
and industrial sectors in Pakistan are discharged daily
into water bodies (Muhammad and Usman, 2022). In
Pakistan, for instance, chromium-laden watewater is
frequently discharged into agricultural fields, affecting
approximately 32,500 hectares and further exacerbating
the contamination of croplands (Khalid et al, 2018;
Qadir et al, 2000). While the detrimental effects of
chromium on crops are well documented, strategies to
mitigate these effects in oilseed crops, particularly
canola, remains limited.
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Canola (Brassica napus L.), an economically significant
oilseed crop with high oil content (42-45%), is widely
cultivated to meet domestic demand for edible oil
(Chaganti et al, 2021). Its oil is rich in mono- and
polyunsaturated fats (Hayward, 2012). However, its
growth is heavily dependent on sulfur, a nutrient crucial
not only for maximizing yeild but also for bolstering
defense mechanism against abiotic stressors, including
heavy metals (Capaldi et al., 2015; Hrivna et al.,, 2001).
Sulfur enhances the synthesis of cysteine-rich peptides
and glutathione, which play crucial roles in detoxifying
heavy metals like cgromium, thereby improving plant
stress tolerance (Singh et al., 2017). Despite the growing
recognition of sulfur’s role in heavy metal stress
tolerance, there remains a noteable gap in
understanding how application specifically
impacts canola resilience to chromium-induced stress.
Additionaly, sulfur deficiency in soils is a rising consern
in agricultural systems, further highlighting the need for
optimized nutrient strategies to support crop health
under metal toxicity (Cobbett, 2000; Jahan et al., 2015).

Given the potential of sulfur to enhance plant tolerance
to heavy metals, it is important to further explore its
impact on canola, particularly under chromium stress
(Zhong et al,, 2011). This study addresses this research
gap by systematically evaluating the effects of sulfur
supplementation on canola under chromium stress. By

sulfur

examining physiological, phytohormonal, and yield-
related parameters, this research provides insights into
sulfur’s role in enhancing chromium tolerance in canola,
offering a potential strategy to improve crop resilience
and productivity in contaminated soils. The findings
could contribute significantly to reducing the edible oil
supply-demand gap in Pakistan by increasing the yield of
canola under adverse conditions.

MATERIALS AND METHODS

The pot experiment was carried out in triplicate with the
following treatments: control (Cr0S0), chromium treated
(Cr40S0 and Cr160S0), sulphur treated (Cr0S50 and
Cr0S150), and sulphur supplementation under
chromium stress (Cr40S50, Cr40S150, Cr160S50 and
Cr160S150). The seeds of the Pakola variety of canola,
which is a species of Brassica napus L., were received
from the National Agriculture Research Centre (NARC)
in Islamabad. The seeds were planted in 30 cm earthen
pots with sandy loam soil, pH=7.5, EC= 0.86 dm/cm,
organic matter=0.35%, sulfur=8 mg/kg. Before sowing,
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the soil was mixed with 40 ppm and 160 ppm chromium
in the form of potassium dichromate salt, as well as 50
ppm and 150 ppm sulphur in the form of calcium
sulphate. The plants were watered twice a week. Leaf
sampling for physiological and biochemical analysis was
performed during the vegetative and reproductive
stages of canola, whereas yield analysis samples were
collected at maturity.

The method of Wheatherley (1950) was employed to
ascertain the relative water content (RWC) of leaves. For
chlorophyll analysis, Arnon (1949) was used, while for
carotenoids, Lichtenthaler and Wellburn's (1983)
method was employed. The 25 mL of acetone (80%) was
used to grind 0.5 g of leaf material. After filtration, the
absorbance values at 470, 645, and 663 nm were
measured using a spectrophotometer (BMS UV 2600).
The sugar content in canola leaves was determined
using the method described by Dubois et al. (1956). The
foliage material (0.5 g) was ground and subsequently
homogenised with 10 mL of distilled water before being
filtered. The filtrate (0.1 mL) was collected in a separate
test tube and combined with 1 mL of phenol (5% v/v).
The test tube was incubated at room temperature for 60
minutes, and 5 mL of 100% H2S0s4+ was added. The
absorbance was measured at 420 nm.

The method developed by Bates et al. (1973) was used
to determine the proline (Pro) content of the leaves. The
leaf material (0.1 g) was pulverised and combined with 4
mL of sulfosalicylic acid (3%). The mixture was then
stored at 4 °C overnight. Then the extract was
centrifuged for 5 minutes. The supernatant (2 mL) was
combined with 4 mL of acidic ninhydrin reagent and
heated at 100°C for 1 hour. After cooling, 4 mL of toluene
was added, agitated thoroughly, separated, and the
absorbance was measured at 520 nm. The protein
content of the canola leaf was analysed using the Lowry
et al. (1951) method and the standard curve of bovine
serum albumin (BSA).

For hormone extraction, the leaves (1g) were pulverised
in a clean pestle and mortar and stored in an ice box at
4°C. Some BHT crystals were added as an antioxidant.
The leaf material was then mixed with 10 ml of methanol
(80%)
transferred to the test tubes.

and homogenised. The suspension was
The extraction of
phytohormones was conducted at 4 °C for a period of 72
hours using 10 mL of methanol (80%). The methanol
was removed every 24 hours. The methanolic extract

was centrifuged, and the supernatant was collected. The
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supernatant (30 mL) was converted to an aqueous phase
at 35 °C using a rotary thin film evaporator (RFE). The
film was then mechanically shaken for 1 minute with 10
mL of distilled water added. To estimate ABA, GA, and
IAA, pH was standardised to 2.5-3.0 using 0.1 N HCL The
mixture was then partitioned four times by % volume of
ethyl acetate until a translucent layer was achieved. A
rotary thin film evaporator was then used to completely
dry up the ethyl acetate. 1 mL of 100% methanol
dissolved the thin film and was put into Eppendorf tubes
and refrigerated until HPLC analysis (Kettner and
Doerffling, 1995). The C-18 column was employed to
evaluate the samples using HPLC. For HPLC, the mobile
phase was made up of 30 parts methanol and 70 parts
double-distilled water.

For IAA and GA detection, isocratic elution was used. The
wavelength used to find IAA was 280 nm (Sarwar et al.,
1992), and the wavelength used to find GA was 254 nm.
Abscisic acid (ABA) was eluted using gradient elution for
30 minutes, at a wavelength of 254 nm (Li et al., 1994).
Growth hormones were classified according to their
retention time and peak area. Pure IAA, GA, and ABA
were used as standards to find and measure
phytohormones. Plants were harvested (165-180 DAYS)
from all nine treatment trials, and yield-related
characteristics such as the number of branches per plant
(BPP), pod length (PL), number of pods per branch
(PPB), number of seeds per pod (SPP), and 100 seed
weight (HSW) were determined. ANOVA was employed
to statistically analyse the data, and the mean values
were contrasted using Duncan's Multiple Range Test
(DMRT) in COSTAS software (Duncan, 1955).

RESULTS

The carotenoid (Caro) content in the leaves of plants
(Figure 1 a and b) grown with Cr0So and Crie0So was 1.2-
1.6-folds higher at the vegetative stage and 2-2.6%
higher at the reproductive stage than the plants under
control treatment. While plants grown under CraoSso,
Cr40S150, Cri160Ss0, and CrieoS1s0 had significantly lower
Caro content, i.e., 20%-24% reduced at vegetative stage
and 13%-21% reduced at reproductive stage than in
the non-sulfur supplemented soil under CrsoSo and
Cr160So treatment. Chl a (chlorophyll a) content (ug/ g)
(Figure 1 c and d) was significantly lowered (48%-
58%) in plants treated by both concentrations of
chromium (40 and 160 ppm) at both growth stages.
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While Chl a content was significantly higher (34-68%)
in Cr40Sso, Cr40S1s0 in contrast to CraoSo. Similarly, Chl a
content in the leaves of plants grown in CrisoSso and
Cri160S150 treated soil was significantly higher (36% to
52%) compared to non-sulfur-supplemented soil plants
under Cri60So at both growth stages.

The Chl b (chlorophyll b) content (Figure 1 e and f) in
plants treated with Crs4oSso and Crs0Sis0 was
considerably higher, ie., 15.2-48% at the vegetative
stage and 20-27% at the reproductive stage, than the
plants without sulfur supplementation under CraoSo
stress. While it had significantly higher Chl b content
than Cr4oSo treated plants at the reproductive stage.
Likewise, Chl b content in the plants grown in Cris0Sso
and Cri60S150 treated soil was significantly higher (46-
48% at vegetative stage and 20-24% at reproductive
stage) compared to plants of non-sulfur-supplemented
soil under Cri60So stress.

The T Chl (total chlorophyll) content (Figure 1 g and h)
was found to be significantly lower under chromium
stress in canola plants, i.e., 46-59% decreased at the
vegetative stage, and 47-57% decreased at the
reproductive stage under CrsSo and CrieoSo,
respectively than the plants grown under control
conditions. However, T Chl content was significantly
enhanced by 55-64% at the vegetative stage and 40-
44% at the reproductive stage with
supplantation in Crs0Sso and CrsoSis0 treatments,
respectively, than in the plants grown with sulfur
supplantation in CrsoSo treatment. Likewise, in contrast
to plants grown only in CrisoSo stress, T Chl content
improved in the plants of Cri160Sso and CrieoS1s0 treated
soil, i.e., 38-44% at the vegetative stage and 32-35% at
the reproductive stage, respectively.

Leaf osmotic potential (Figure 2 a, b) was significantly
more negative under chromium stress (43-91% at the
vegetative stage; 59-75% at the reproductive stage
with CrsSo and CrieoSo, respectively) than control
grown. While plants grown under CrsoSso, and CrsoS1s0
had less negative osmotic potential, i.e.,, 25% and16%
less negative at the vegetative stage and 15% and 8%
less negative at the reproductive stage. Similarly, plants
grown in Cri60Sso and Crie0S1s0 had 15% and 8% less
negative osmotic potential at the vegetative stage and
10% and 40% less negative osmotic potential at the
reproductive stage in contrast to the plants under
Cr160So stress.

sulfur
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Figure 1. Influence of Sulfur on photosynthetic pigments a) Carotenoid content at vegetative b) Carotenoid content at
reproductive stage c) Chlorophyll a at vegetative d) Chlorophyll a at reproductive e) Chlorophyll b at vegetative f)
Chlorophyll b at reproductive g) Total chlorophyll at vegetative h) Total chlorophyll at reproductive stage of Canola

(Brassica napus L.) under Chromium Stress.

Where, T1= CroSo, T2= Cr40So, T3= Cri60So, T4= CroSso, T5= CroSis0, T6= Cr40Ss0, T7= Cr40S1s0, T8= Cri60Ss0, T9= Cri60S15s0.

At the vegetative growth stage (Figure 2c and d), plants
grown with chromium 40 ppm (Cr40So) and chromium
160 ppm (CrieoSo) had significantly (P< 0.05) low
relative water content respectively in comparison to
control. Plants grown with sulfur 50 ppm (Sso) under
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chromium 40 ppm (Cr40Sso), sulfur 150 ppm (S1s0) under
chromium 40 ppm (Cr40S1s0) had significantly higher (
22%-24%) relative water content than CrsoSo treated
plants. The Cri60Sso and CrieoSiso had significantly
increased relative water content, i.e., 35.4% and 27%
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higher in contrast to Crieo. Similarly, at the reproductive
stage (Figure 2d), relative water content was increased
in Crs0Ss0 and Cr40S1s0 from 27-32%, in contrast to non-
sulfur-supplemented soil under chromium stress.
Similarly, CrieoSso and CrieoS1s0 treatment had
significantly improved relative water content, i.e., 48-
52% enhanced than plants of non-sulfur-supplemented
soil under Crieo.

Chromium stress in treatments Cr4oSo and CrieoSo
resulted in significantly high proline content (46-87% at
vegetative and 23-42% at reproductive stage,
respectively) than in control plants (Figure 2 e and f). At
the vegetative stage, sulfur supplementation under
chromium stress in treatments CrsSso caused a
reduction in proline content by 12%, while Cr4oSiso
treatment resulted in significantly higher leaf proline
content (9.7% increased) in comparison to plants under
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Cr4oSo stress. However, at the reproductive stage, a
considerable decline in leaf proline content was
observed, i.e., 29% and 5% lower in Cr40Sso and Crso0S1so,
respectively, than in the plants exposed to chromium
stress without sulfur supplementation. Similarly, proline
content was also lower in plants grown under CrieoSso
and Cri60S150 in contrast to those under Cri60So alone.
Plants with Cr4So and CrieoSo had significantly higher
sugar content (59-17.4% enhanced at the vegetative
stage and 28-66% enhanced at the reproductive stage)
in contrast to the plants under control treatment (Figure
2 g and h). CrsoSso and CrsoS1s0 had significantly lower
leaf sugar content, i.e.,, 11-17.4% when compared to the
treatment of CroSo at both growth stages. Similarly, the
leaf sugar content was 8-24% lower in CrieoSso, and
Cri160S150 treatments, respectively, compared to CrisoSo
treated plants.
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Figure 2. Influence of Sulfur on photosynthetic pigments a) osmotic potential at vegetative b) osmotic potential at
reproductive stage c) relative water content at vegetative d) relative water content at reproductive e) proline content
at vegetative f) proline content at reproductive g) sugar content at vegetative h) sugar content at reproductive stage of

Canola (Brassica napus L.) under Chromium Stress.

Where, T1= CroSo, T2= Cr40So, T3= Cr160So, T4= CroSso, T5= CroSis0, T6= Cr40Sso, T7= CraoS1s0, T8= Cri60Ss0, T9= Cri60S1so0.

At both growth stages (Figure 3 a, b), there was
significantly lower protein content (44.5-67% reduced
at the vegetative stage and 12-21% reduced at the
reproductive stage) in treatment Cr4oSo and Crieo,
respectively, in comparison to the control. Considerably
higher leaf protein content was observed in plants
treated with Cr40Sso, Crs4oSso (2-3-folds enhanced at
vegetative stage and 15-20% enhanced at reproductive
stage); Cr160S50 and CrieoSis0 (5-6-folds higher at
vegetative stage and 22-23% enhanced at reproductive
stage) in comparison to those with Cr0So as well as
Cri160So treatment.

Abscisic acid (ABA) found to be
significantly higher under chromium stress in canola
plants, i.e., 1-2-folds higher at both growth stages
under Cr40So and Crie0So, respectively, than the plants
grown under control conditions (Figure 3 ¢ and d).

content was

However, leaf ABA content was significantly enhanced
by 70-75% at the vegetative stage while declined by
33% and 23% at the reproductive stage with sulfur
supplantation in CrsSso and CrsoSis0 treatments,
respectively, compared with Cr4oSo treatment. In
contrast to plants grown only in Cris0So stress, ABA
content significantly declined by 56-66% at the
vegetative stage and by 11-16% at the reproductive
stage, respectively improved in the plants of CrieoSso
and Crie60S1s0 treated soil.

Chromium stress in treatments CrsSo and Cris0So
resulted in significantly reduced leaf gibberellic acid
(GA) content (26-50% at vegetative and 87% and 71%
lower at reproductive stage, respectively) than in
control plants (Figure 3 e and f). At the vegetative
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stage, GA content was significantly enhanced by 7-57%
in Cr40Sso and CrsoSis0, 2-folds and 45% Cri60Sso and
Cr160S150 in comparison to plants under Cr4oSo and
Cri60So, respectively. However, at the reproductive
stage, a considerable decline in leaf GA content was
observed, i.e., 32-675% in CrsoSis0, CrisoSso and
Cri60S150, than in the plants exposed to CrsoSo and
Cri160So stress alone.

There was significantly lower indole acetic acid (IAA)
content by 90-94% at the vegetative stage and by 75-
86% lower at the reproductive stage in Cr40So and Criso,
respectively, in comparison to the control (Figure 3 g
and h). However, significantly enhanced leaf I1AA
content was observed in plants treated with CraoSso,
Crs0Sso (4-folds and 44% Zhigher at the vegetative
stage and 1.1-1.2-folds enhanced at reproductive
stage); CrieoSso and CrisoSiso (1-3.4-folds higher at
vegetative stage and 4-86% enhanced at reproductive
stage) in comparison to those with Cr0So as well as
Cri60So treatment.

Regarding yield attributing parameters the
harvesting stage (Table 1), both treatments, Cr40So and

at

Cr160So0, significantly reduced the number of branches
per plant (i.e., 71-88% lower) in contrast to the control.
Sulfur supplementation in treatments Cr4oSso and
Crs0S1s0 caused a considerable improvement in the
number of branches per plant, i.e., 73-120%, in contrast
to non-sulfur-supplemented plants under Cr40So stress.
Similarly, in CrieoSso and CrieoS1is0 treatments, there
of 1.2-folds, and 80%,
respectively, compared to the plants of non-sulfur-
supplemented soil under Cri60So stress.

was an improvement
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Figure 3. Influence of Sulfur on photosynthetic pigments a) protein content at vegetative b) protein content at
reproductive stage c) abscisic acid at vegetative d) abscisic acid at reproductive e) gibberllic acid at vegetative f)
gibberllic acid at reproductive g) indole acetic acid at vegetative h) indole acetic acid at reproductive stage of canola
(Brassica napus L.) under chromium Stress.
Where, T1= CroSo, T2= Cr40So, T3= Cr160So, T4= CroSso, T5= CroS1s0, T6= Crs0Sso, T7= Cra0S1s0, T8= Cr160Ss0, T9= Cri60S1so0.
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Table 1. Influence of Sulfur on Yield attributes i.e.,, Number of Branches per plant, Number of pods per branch, Number
seeds per pod, Pod length and 100 seeds Weight (g) of Canola (Brassica napus L.) under Chromium Stress.

Number of

Treatments branches per Number of pods =~ Number seeds per Pod length (cm) 100 seeds weight
per branch pod (g)
plant
CroSo 8+0.12c 21+22c 26+18c 75+04b 0.35+0.21b
Cra0So 23+£0.15f 13+ 1.5ef 20£2.1f 57+03e 0.18+0.14f
Cri60So 1+0.13h 8+09¢g 5+13h 34+0.1g 0.15+0.18¢g
CroSso 85+0.11b 34+21b 29+23b 78+03b 0.37+0.28b
CroS1s0 9.6+0.25a 41+25a 34+x21a 85+0.2a 042+031a
Cra40Sso 4+0.38e 19+2.4cd 23+1.9de 6.5+0.2d 0.29+0.18cd
Cr40S150 5+£0.45d 21+1.6c 24+1.5d 69+04c 0.31+0.21c
Cri160Sso 22+0.14f 15+23e 14+13¢g 55+0.2ef 0.22+0.26e
Cri160S150 1.8+0.23fg 13+1.3ef 15+19¢g 56+0.7e 0.21+0.28¢

Different alphabets (a-h) with standard deviation values indicates level of significance at 95% confidence interval.

The number of pods per branch (PPB) was also reduced
significantly, i.e., 38-62% lower with Cr40So and CrieoSo
treatments compared to control. However, sulfur
supplementation caused a considerable improvement in
the PPB in canola, i.e., 2.1-folds and 46% higher Cr4oSso
and Cr40S150 in contrast to CraoSo stress. Similarly, 160%
and 88% improvement was observed in the PPB in
Cri160Sso and Cri60S150 treatments compared to the non-
sulfur-supplemented plants under CrieoSo stress.

In contrast, to control, CrsSo and CrisoSo treatments
caused a significant decline in the number of seeds per
pod (SPP), i.e., 23-81% lower, respectively. However,
the SPP improved considerably in CrsoSso and CraoSi1so
treatments (i.e., 15-20% higher) than in the non-sulfur-
supplemented plants in the Crs0So treatment. Likewise,
in Cri60Ss0 and Cri60S150, an improvement of 1.2-2-folds
in SPP was noticed respectively than alone CrieoSo
plants.

Pod length (PL) was 24-55% lower in the plants
exposed to Cr40So and Crie0So stress than in the control
plants. However, sulfur supplementation in CrsoSso and
Cr40S150 treatments caused an improvement of 14-21%
in PL, respectively, in contrast to plants that received
no sulfur supplementation and were exposed to CraoSo
stress. Similarly, CrieoSso and CrieoS1s0 treatments
caused a considerable improvement of 62% and 41% in
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PL, respectively, compared with the plants of sulfur
supplementation under chromium stress (Crieo).

In Cr40So and Crie60So treatments, a significant decline in
HSW was recorded, i.e., 49-57% lower, respectively,
than in the control plants. In Cri60Sso and Cri60S1s0, an
improvement of 47% and 40% was noticed in HSW,
respectively, than the non-sulfur supplemented plants
under Cri60So stress.

Principal component analysis (PCA) described the
relationship between treatments and physiological,
phytohormonal, and yield attributes of canola (Figure
4). The first component (PC-1) described a total of
79.4% variance, while the second component (PC-II)
described a variance of 8%. In PC-I, IAA, PPB, BPP, T
Chl, Chl b, T Chl, Chl a, RWC, SPP, HSW, OP, PL, GA, and
protein content are positively correlated for enhancing
growth in control plants (Cr0S0), plants with sulfur
and Cr0S150) without
chromium stress. While ABA, protein, and GA content

supplementation (Cr0S50

are positively correlated with the plants of Cr40S50
and Cr40S150 treatments. However, PC-II's Caro, Pro,
SC, ABA, and Prot content negatively correlates with all
other physiological and yield attributes and treatments
Cr0S0, Cr0S50, and Cr0S150. However, these attributes
positively correlate with Cr40, Cr160, Cr160S50, and
Cr160S150.
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Figure 4. Biplot of principle component analysis showing relationship between treatments and canola physiological,
biochemical and yield parameters.

Where, T1= CroSo, T2= Cr40So, T3= Cri60So, T4= CroSso, T5= CroSis0, T6= CraoSso, T7= CraoS1s0, T8= Cr160Ss0, T9= Cri60S1s0
V= vegetative stage, R= reproductive stage, SC= sugar content, Pro= proline content, ABA= abscissic acid, Caro=
carotenoid content, IAA= indole acetic acid, PPB= pods per branch, BPP= branches per plant, T Chl= total chlorophyll
content, Chl b= chlorophyll b, Chl a = chlorophyll a, RWC= relative water content, SPP= seeds per pod, HSW= hundred

seed weight, OP= osmotic potential, PL= pod length, GA= gibberellic acid, Prot= protein content.

DISCUSSION

The present study evidenced the more negative leaf
osmotic potential and decrease in relative water content
due to chromium stress, and this decline increases with
chromium concentration in soil (Vishnupradeep et al,
2022). The reason might be that heavy metals can
reduce water uptake in plants by modulating osmotic
potential. Moreover, root damage caused by chromium is
another reason for impeding water uptake in plants and
decreasing leaf tissue water content which triggers
plasmolysis in the tissues (Fahr et al,, 2013). However,
sulfur nutrition under chromium stress in Cr40S50 and
Cr40S150 facilitated relatively high water content
during both stages of growth. This increase in relative
water content could be because of increased ABA under
stress conditions in plants as a defense mechanism.
Sulfur also leads to glutathione, cysteine, methionine,
and biotin (Sanita di Toppiet al, 2002). These
compounds play a critical role during stress conditions
such as glutathione in combination with ABA, reducing
the stomatal aperture size, minimizing the excessive loss
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of water through transpiration, and preventing the plant
from dehydration (Chen et al, 2012).

Chromium stress caused a reduction in chlorophyll and
carotenoid content of canola. This decline in the
chlorophyll content caused by chromium might be due
to the shrinkage of the marginal part of the antenna
complex of photosystems. Besides, Cr also triggers
protein deterioration and collapse in the antenna
complex's peripheral part, which might be responsible
for reduced chlorophyll content. Moreover, chromium
stress also affects the chlorophyll biosynthetic
machinery through enzyme inactivation, such as &-
acid dehydratase. This
inactivation is mainly responsible for most plants'
substantially reduced chlorophyll content (Ashraf et al.,
2022; Diwan et al, 2012).

Furthermore, hexavalent chromium usually substitutes

aminolevulinic enzymatic

Mg ions from the active sites of many essential enzymes
involved in the synthesis of chlorophyll content and
eventually reduces chlorophyll content in the leaves
(Vajpayee et al, 2000). Sulfur interaction with chromium
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might have increased the chlorophyll content in canola.
Similar results have been reported by Schiavon et
al, (2008) that sulfur supplementation under chromium
stress in B. junceae plants enhanced chlorophyll a and
chlorophyll b content (Chandel et al, 2002).

An increase in proline content
chromium stress might be due to the reduction in
proline degradation, an increased biosynthesis of
proline, a lapse in the production of protein, or their
utilization in the hydrolysis of proteins (Charest and
Phan 1990). Sulfur supplementation under chromium
stress in plants also enhanced sugar concentrations.
Chromium stress also triggered a reduction in the
protein content of canola plants; it might be due to the
chromium-associated reduction in nitrate reductase
activity, which might affect the production of amino
acids which ultimately caused a decline in protein
content (Panda and Choudhary 2004). The increase in
protein content under sulfur nutrition with or without
chromium stress in canola might be due to the sulfur-
mediated biosynthesis of cysteine (Cys), which is also a
vital amino acid in the synthesis of proteins and impart
stress tolerance in plants.

Plants exposed to chromium stress accumulated high
levels of ABA; this might be due to the role of ABA in
stress tolerance, and its metabolism becomes higher
during stress leading to increased production of ABA
(Igbal and Ashraf 2007). The
production of ABA under sulfur supplementation might
be caused by sulfur metabolism, which ABA regulates,
and it is also involved in sulfur homeostasis by

in canola under

slightly increased

enhancing the concentration of GSH, an intermediate in
sulfur metabolism (Chen et al, 2012). It was noted that
gibberellic acid (GA) levels declined under Cr stress. This
decline in GA might be linked with a decline in growth
due to a decline in physiological functioning (low
photosynthetic pigments and relative water content) of
plants, as evidenced at present under Cr stress
(Hamayun et al, 2010).
supplementation also enhanced the IAA level in canola
plants. This pattern of phytohormone under chromium
stress in canola might be due to the central relationship
of phytohormones with sulfur metabolism for stress

Similarly, sulfur

tolerance. The sulfur metabolism produces secondary
metabolites such as cysteine and glutathione, which
reduce the reactive oxygen species produced through
heavy metal stress and assist in maintaining the levels of
GA and IAA (Szalai et al, 2009).
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In the present study, there was found a decrease in No.
of branches per plant, No. of pods per branch, No. of
seeds per pod, pod length, 100 seeds weight in canola
under chromium stress. Chromium toxicity in the plant
developmental processes during the early growth period
resulted in yield reduction because of the reduced
production of photo-assimilates and their translocation
and transport to the plant's reproductive parts
(Barcelo et al,, 1986; Jahan et al.,, 2015).

Additionally, the selective inorganic nutrient uptake
mechanism may have been disturbed by the larger
quantities of hexavalent chromium in the soil. Its large
quantities were then transported to the shoot, producing
oxidative damage in the photosynthetic mitochondrial
machinery, finally ending in poor growth. However,
sulfur supplementation enhanced the yield attributes of
canola. This increase in yield parameters in canola might
be due to its large requirement for synthesizing cysteine
and methionine content (Hrivna et al, 2001). Sulfur is
also an essential constituent of seed and enhances the oil
percentage of the seed (Chaudhary et al, 1992).

The PCA analysis shows that different physiological and
yield-related traits respond differently to chromium
stress and sulphur supplementation, which is consistent
with previous research on plant physiological responses
to heavy metal stress and the modulatory role of sulphur
(Yang et al, 2020; Hussain et al, 2021). Sulfur-
supplemented, non-stressed plants have better
chlorophyll  production, water relations, and
phytohormonal levels, which are essential for plant
health and productivity (Shah et al., 2022; Wei 2020).
Moderate during low
chromium

sulphur  supplementation
been found to

development by increasing ABA and GA levels, all of

stress has preserve
which play important roles in stress adaption and
growth control (Zhang et al., 2019). However, at greater
chromium levels, an increase in stress markers such as
carotenoids and proline indicates a shift in defence from
growth to survival, emphasising the function of sulphur
in antioxidant synthesis while simultaneously
demonstrating its limitations in stress tolerance
(Mehmood et al, 2021; Ahmad et al, 2022). These
findings indicate that sulphur serves a dual function: as a
growth enhancer in non-stressful conditions and as a
protective factor in mild stress. However, it is
insufficient to protect against severe chromium toxicity,
thereby highlighting the necessity of integrated stress

management in agriculture (Yang et al., 2020; Hussain et
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al, 2021).
CONCLUSION

The results of this study demonstrate that sulfur
supplementation significantly mitigates the detrimental
effects of chromium stress in canola plants across both
vegetative and reproductive growth stages. Specifically,
sulfur supplementation in treatments Cr40S50,
Cr40S150, Cr160S50, and Cr160S150 led to notable
improvements in chlorophyll a, chlorophyll b, total
chlorophyll content, and relative content
compared to plants under chromium stress without
sulfur. Sulfur supplementation also lowered the
accumulation of carotenoids and proline, which are
typically elevated under chromium stress, while
enhancing leaf protein content, leaf gibberellic acid, and
indole acetic acid levels. These physiological
adjustments facilitated improved water retention and
osmotic regulation, ultimately enhancing plant growth
under chromium stress conditions. The PCA analysis
further confirmed the positive correlation of sulfur-
supplemented treatments with critical physiological and
yield parameters, indicating that sulfur supplementation
not only alleviates chromium-induced stress but also
enhances crop productivity. These findings underscore
the potential of sulfur supplementation as a practical
approach for improving chromium tolerance and overall
yield in

water

canola cultivation under chromium-
contaminated soils. Moreover, optimum sulfur levels
required for this variety should be investigated under
field conditions and recommended to the farmers to
obtain maximum yields under normal and chromium-

contaminated soils.
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