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This research examines the influence of exogenous indole-3-acetic acid (IAA) on growth parameters 
and cadmium stress resistance in Sorghum bicolor (L. Moench). The plants were grown in pots, each 
filled with 4.5 kg of sand. After 21 days, root treatment with indole-3-acetic acid (IAA) was applied 
using five concentrations (0, 50, 100, 150, and 200 µM) under three cadmium (Cd) levels (0, 40, 
and 80 ppm). Applied Cadmium stress significantly reduced plant growth, with reductions in root 
length (12.73–15.88%), shoot length (17.60–19.25%), and plant height (10.62–14.88%). All growth 
parameters were improved with the application of 200 µM IAA, increasing root length (20.25–28.25%), 
shoot length (35.68–45.68%), and plant height (20.37%). The highest level of cadmium stress (80 ppm) 
was the most detrimental, while the 200 µM IAA treatment produced the most favorable results. 
Under cadmium stress, IAA application reduced the uptake of Na+, K+, and Ca2+ ions by 7.69–9.52%, 
3.70–7.31%, and 6.66–7.69%, respectively, as well as Cd2+ by 2.50–5.26%. Despite these reductions, 
IAA application significantly enhanced antioxidant activities, including catalase (CAT), superoxide 
dismutase (SOD), and peroxidase (POD). At 200 µM IAA, antioxidant enzyme activities were increased 
by 4.65% (SOD), 8.82% (POD), 10.06% (CAT), and 17.9% ascorbate peroxidase (APX). The treatment 
also boosted chlorophyll content (17.46–22.85%), while reducing oxidative stress markers such as 
H2O2 (29.4–40.8%) and malondialdehyde (38.9–42.1%). These findings suggest that IAA effectively 
mitigates cadmium-induced stress by improving growth parameters and physiological responses. 
Future research should explore the molecular mechanisms underlying IAA-mediated cadmium stress 
alleviation.
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RL	� Root length
SL	� Shoot length
RFW	� Root fresh weight
SFW	� Shoot fresh weight
RDW	� Root dry weight
NOB	� No. of branches
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LIA	� Leaf area index
SDW	� Shoot dry weight
NOL	� No of leaves
LI	� Leaf area
PH	� Plant height
chl a	� Chlorophyll a
chl b	� Chlorophyll b
chl a/b	� Chlorophyll a/b
chl a/b	� Chlorophyll a/b ratio
Car	� Carotenoids
Na+	� Sodium ions
Ca2+	� Calcium ions
K+	� Potassium ions
Cd2+	� Cadmium ions
SOD	� Superoxide dismutase
POD	� Peroxidase
CAT	� Catalase
APX	� Ascorbate peroxidase
MDA	� Malondialdehyde
H2O2	� Hydrogen peroxide
ROS	� Reactive oxygen species
* and **	� Significant at P ≤ 0.01% and P ≤ 0.001%, respectively, ns = P > 0.05%

As the world’s fifth most widely cultivated grain crop, Sorghum bicolor (L. Moench) plays a vital role in global 
agriculture. Sorghum bicolor has gained considerable attention as a sustainable crop to address global food 
security challenges1. Belonging to the Poaceae family sorghum is well adapted to grow in a wide range of climate 
conditions, including arid and semi-arid regions. It is cultivated for worldwide for various uses such as food 
grain, starch production, animal fodder, and biofuel grain2. As an annual cereal crop, sorghum possesses a deep, 
fibrous root system that supports efficient water absorption and soil anchorage3. Its stem features succulent 
nodes and internodes, which store moisture and nutrients. A protective waxy coating on the stem surface 
minimizes water loss through transpirations. This structural adaptation enhances sorghum ability to withstand 
prolonged drought making it an ideal crop for climate resilient agriculture4. Sorghum is a nutrient dense crop 
rich in carbohydrates such as starch, sucrose, and cellulose. Its grains are highly valuable, containing abundant 
starch and protein content with approximately 70% of the protein being easily digestible and highly beneficial of 
digestive health5. Additionally, sorghum is a natural source of polyphenolic compounds, particularly flavonoids, 
which exhibits strong antioxidant properties6.

Heavy metals, particularly cadmium (Cd), are among the most harmful environmental pollutants due to 
their high toxicity, long term persistence in ecosystem, and tendency to bioaccumulate in living organisms7. 
Cd adversely affects plant growth and yield by disrupting the cell cycle, including the excessive production 
of reactive oxygen species (ROS), and interfering with enzymatic activities and nutrient uptake mechanism8. 
High levels of Cd, accumulation in plants leads to reduced germination rates, increase water stress, nutrient 
imbalances, impaired photosynthesis, and metabolic disruptions, ultimately diminishing crop yield and quality9. 
Cd poisoning hampers plant growth and disrupting cellular and biochemical processes, resulting in a significant 
decline in morphophysiological traits10. Like other heavy metals, Cd induces in oxidative damage by triggering 
the excessive production of hydrogen peroxide (H2O2) and enhancing lipid peroxidation in plants leading to 
cellular and membrane damage11. Cd is a highly toxic element that enhances the production of ROS, which 
inhibit photosynthetic activity and severely significant threaten the growth and development of sorghum12. Cd 
toxicity in soil depletes essential nutrients and disrupts photosynthetic activity in sorghum13. Cd stress can 
hinder plant growth and disrupt metabolic balances in plants14. In sorghum plants, Cd accumulation interferes 
with physiological processes such as photosynthesis ultimately leading to stunted growth15. Sorghum is an 
important grain crop valued for it use in fodder, human nutrition, and fiber production16. In recent years, plant 
growth regulators have gained increasing attention for their ability to mitigate the toxic effects of heavy metals 
in plants. These exogenous hormones act as signaling molecules that influence plant physiology and various 
biological processes17.

Foliar treatments with exogenous hormones have been shown to enhance stress tolerance in plants exposed 
to heavy metals18. Indole-3-acetic acid (IAA) plays a crucial role in regulating plant morpho-physiological 
activity. Studies have shown that various growth hormones positively influence root and shoot elongation, with 
IAA playing a key role in alleviating cadmium induced-stress in plants18,19. IAA is essential for maintaining plant 
physiological functions and promoting microbial interactions in the rhizosphere, thereby improving sorghum 
plant growth and development20. The production of IAA by plants can stimulate the morphological activity of 
beneficial rhizosphere bacteria, which in turn promotes plant development and yield. In sorghum, the application 
of such bacteria has been shown to enhance tryptophan metabolism, resulting in improved in shoot height and 
root length, and ultimately leading to increased crop productivity21. IAA stimulates the growth of beneficial 
bacteria in sorghum roots, which release sugars and proteins that contribute to improved sorghum nutrition 
and yield22. The synthesis of IAA in sorghum is directly associated with improved root growth and branching23. 
IAA treatment in mustard plants improved Cd absorption likely due to the stimulation of conducting tissue 
development (xylem and phloem), increased cell division, and thicker root structures, which together help 
mitigate Cd toxicity24.
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This study exclusively focuses on the dual role of indole-3-acetic acid (IAA) in reducing Cd toxicity and 
enhancing the growth of Sorghum bicolor under heavy metal stress. It explores the interaction between IAA 
and rhizosphere bacteria, revealing an innovative aspect of plant–microbe relationships. Unlike prior research, 
it specifically examines IAA’s effect on cadmium uptake and plant development. The findings offer valuable 
insights into bio-based strategies for managing heavy metal contamination. This work supports the development 
of more resilient and productive crops in polluted environments.

Materials and methods
A pot experiment was conducted at the Botanical Garden, University of Agriculture Faisalabad (PARS-UAF), to 
assess the morphological, physiological, biochemical, and ionic responses of Sorghum bicolor (L. Moench) to Cd 
stress and exogenous IAA application (Fig. 1A, B). The study was conducted in completely randomized design 
(CRD) factorial arrangement and each treatment was replicated three times. Certified seeds of sorghum variety, 
Hegari, were obtained and sown in plastic pots (15 × 10 cm) filled with 4.5 kg of clean, sun-dried sand. The sand 
was pre- treated by sieving to remove stone and organic debris. Three seeds were planted per pot and thinned 
to one healthy seedling after germination. Plants were irrigated regularly using half-strength Hoagland nutrient 
solution until the beginning of treatments. After three weeks of germination, Cd was applied as cadmium chloride 
(CdCl2) at three concentrations such as (0 ppm (control), 40 ppm, and 80 ppm), and simultaneously, IAA was 
applied at 0 (control), 50, 100, 150, and 200 µM. Data were recorded on key morphological traits including plant 
height, root and shoot length, number of leaves and branches, and fresh and dry biomass. Physiological and ionic 
parameters measured included leaf area, leaf area index, chlorophyll pigments (a, b, total, a/b ratio), carotenoids, 
and concentrations of Na+, K+, and Ca2+. Antioxidant enzyme activities (SOD, POD, catalase, APX), Cd2+ ion 
accumulation, and oxidative stress indicators (MDA, H2O2) were also evaluated.

Fig. 1.  (A) Graphical Experimental Layout. (B) Experimental workflow.
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Growth parameters
Growth parameters were recorded as described by Singh, et al.25. Two plants per replication were measured 
for root/shoot length, plant height, leaves, and branches. Fresh weights of roots and shoots were recorded after 
cleaning with distilled water. Samples were sun-dried for a day, then oven-dried at 85 °C to recorded dry weights.

Leaf area was calculated using the formula: Leaf Area = Leaf Length × Leaf Width × 0.689. Leaf area index 
(LAI) was determined as: LAI = Leaf Area / Land Area.

Physiological parameters
Physiological parameters were determined following the method of Arnon26.

Chlorophyll contents
Chlorophyll content was estimated by extracting 0.5 g of fresh leaf tissue in 5 mL of 80% acetone, with the extract 
stored overnight at 10 °C. Absorbance readings were taken at 480 nm for carotenoids, 645 nm for chlorophyll 
b, and 663 nm for chlorophyll a using a spectrophotometer. The concentrations of chlorophyll a, chlorophyll 
b, total chlorophyll, and carotenoids were calculated using standard equations. Chlorophyll a was calculated 
as [12.7(OD663) – 2.69(OD645)] × V / (1000 × W), while chlorophyll b was determined as [22.9(OD645) – 
4.68(OD663)] × V / (1000 × W). Total chlorophyll content was calculated using the formula [20.2(OD645) – 
8.02(OD663)] × V / (1000 × W), and the chlorophyll a/b ratio was obtained by dividing the value of chlorophyll 
a by chlorophyll b. Carotenoid content was computed as [OD480 + 0.114(OD663) – 0.638(OD645)] / 2500. In 
these formulas, OD represents optical density, V is the extract volume in milliliters, and W is the fresh tissue 
weight in gram.

Cadmium content and ionic analysis
The following nutrients attributes were calculated.

Ion Test (Na+, Ca2+
, K

+)
Mineral ion concentrations in roots were determined using the digestion method of Wolf27. Dry plant roots were 
digested in 2.5 mL concentrated H2SO4 at room temperature. After adding 4 mL of 35% H2O2, the mixture was 
heated at 350 °C until crystal white, then filtered and diluted to 50 mL. Ion concentrations were analyzed using 
a flame photometer.

Cadmium content
The method for extracting Cd from roots followed the procedure described by Chen et al.28. Roots were soaked 
in 20 mM Na2-EDTA for 15 min to eliminate surface-bound Cd ions, then dried and powdered. A 0.1 g root 
sample was digested with 5 mL HNO3 and 1 mL HClO4 at 180 °C for 8 h. The resulting solution was filtered and 
diluted with deionized water. Cadmium concentrations were measured using inductively coupled plasma mass 
spectrometry (ICP-MS).

Enzymes extractions
SOD (superoxide dismutase) analysis
SOD activity was determined using a reaction mixture containing 50 mM phosphate buffer (pH 7.0), 200 mM 
methionine, 1.125 mM nitroblue tetrazolium (NBT), 1.5 mM EDTA, 75 µM riboflavin, and the enzyme extract29. 
The reaction was initiated by exposing the mixture to light, and absorbance was recorded at 560 nm after 10 min 
to assess SOD activity.

POD (peroxidase) analysis
POD activity was assessed using a reaction mixture containing 2.5 mL of phosphate buffer, 0.2 mL of 1% guaiacol, 
0.1 mL of 0.3% hydrogen peroxide, and 0.2 mL of enzyme extract. The change in absorbance was recorded at 
470 nm to quantify enzyme activity.30.

Catalase (CAT) analysis  CAT activity was measured using a reaction mixture comprising 50 mM potassium 
phosphate buffer (pH 7.0), 15 mM hydrogen peroxide, and the enzyme extract31. The decrease in absorbance at 
240 nm was monitored over a period of 180 s to determine enzyme activity.

APX (ascorbate peroxidase) analysis  APX activity was measured using a mixture of root extract, potassium 
phosphate buffer (pH 7.0), ascorbate, EDTA, and hydrogen peroxide32. Enzyme activity was determined spec-
trophotometrically by monitoring the oxidation of ascorbate at 290 nm.

Reactive oxygen species (ROS)
The levels of H2O2 and malondialdehyde (MDA) were determined as follows:

H2O2 content
The H2O2 content was determined by homogenizing 0.2  g of root tissue in 0.1% trichloroacetic acid33

. The 
mixture was centrifuged, and 50 µL of the supernatant was mixed with 100 µL of 1 M KI and 50 µL of potassium 
phosphate buffer. Absorbance was measured at 390 nm to quantify H2O2 levels.

Measurement of lipid peroxidation
The MDA content was measured by homogenizing 100 mg of root tissue in 65 mM potassium phosphate buffer 
(pH 7.8)34. The mixture was centrifuged, and the supernatant was treated with thiobarbituric acid (TBA) and 
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trichloroacetic acid (TCA), heated for 25 min, and then centrifuged again. Absorbance was measured at 532 nm 
to determine MDA levels.

Statistical analysis  Data were analyzed using ANOVA, and significant differences among treatment means 
were determined using the least significant difference (LSD) test at a 5% significance level35. Sigma Plot and 
Microsoft Biorender were used for graphical representation, while R was employed for heatmaps, principal com-
ponent analysis (PCA), and correlation analysis.

Results
Morphological characters
The growth of sorghum significantly declined when exposed to Cd stress (P ≤ 0.05), at both 40 ppm and 80 ppm 
Cd treatments. Specifically, root length (RL) decreased by 15.88–12.73% at 40 ppm, and by 13.65–10.55% at 
80 ppm. Shoot length (SL) was reduced by 17.60–15.53% at 40 ppm and by 19.25–13.75% at 80 ppm. Plant 
height (PH) also declined by 10.62–9.85% at 40 ppm and by 14.88–12.85% at 80 ppm Cd stress compared to the 
control conditions (Fig. 2A–F). Similarly, the number of leaves (NOL) and branches (NOB) decreased by 3.94% 
and 8.96% for NOL, and by 11.25–15.38% for NOB under 40 ppm and 80 ppm Cd stress, respectively. Leaf area 
(LA) and leaf area index (LAI) also showed reductions of 6.85–9.24%, and 4.88–6.37%, respectively, compared 
to the control conditions (Figs. 3A–E). Conversely, all concentrations of IAA improved growth parameters and 

Fig. 2.  Effects of cadmium and IAA treatments on growth parameters treatments on Root length (A), Shoot 
length (B), Root fresh weight (C), shoot fresh weight (D), Root dry weight (E), Shoot dry weight (F). The 
values are mean (± SD) of three replicates.
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mitigated the adverse effects of Cd stress. The most significant enhancements were observed at 200 µM IAA, 
which increased RL by 20.25–28.25%, SL by 35.68–45.68%, and NOL by 20–28.45% compared to the control. 
Under the highest Cd stress level (80 ppm), treatment with 200 µM IAA led to increase in root fresh weight 
(RFW) by 41–45%, root dry weight (RDW) by 33.21–37.52%, shoot fresh weight (SFW) by 16.75–19.65%, and 
shoot dry weight (SDW) by 25–29%. Additionally, improvements were recorded in NOB (14.5–17.5%), PH 
(35.25–40.25%), LA (6.75–9.87%), and LAI (13.25–16.85%) compared to control condition (Table 1, Figs. 2, 3).

Physiological attributes
Cd stress significantly decreased the total chlorophyll, chlorophyll a, and chlorophyll b content in sorghum leaves. 
At Cd concentrations of 40 ppm and 80 ppm, total chlorophyll content decreased by 7.64–6.14%, chlorophyll a by 
11.75–9.25%, and chlorophyll b by 11.50–8.25%, respectively, compared to the control. However, the application 
of 200 µM IAA significantly enhanced chlorophyll levels in Cd-stressed plants, with an increase of 14.17–16.19% 
in chlorophyll a, 11.75–15.25% in chlorophyll b, and 16.28–18.75% in total chlorophyll compared to control 
condition. These values were statistically similar to those observed under control conditions. Additionally, the 
chlorophyll a/b ratio improved significantly by 17.46–22.85% in plants treated with 200 µM IAA. In contrast, 
carotenoid concentrations did not show significant variation across treatment (Fig. 4A–E, Table 2).

Fig. 3.  Effects of cadmium and IAA treatments on growth parameters treatments on No of leaves (A), Leaf 
area (B), No. of branches (C), Leaf area index (C), Plant height (C). The values are mean (± SD) of three 
replicates.
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Fig. 4.  Effects of cadmium and IAA treatments on physiological attributes treatments (A), Chlorophyll a (B), 
Chlorophyll b (C), Chlorophyll ratio (D), Carotenoids (E) Total chlorophyll. The values are mean (± SD) of 
three replicates.

 

SOV RL RFW RDW SL SFW SDW NOL NOB PH LA LAI

Cd 185.09* 0.47** 0.19** 2498.7** 67.04** 46.21** 82.85 ** 62.68*** 2845.36 ** 1.45 ** 108.47**

IAA 105.64** 0.46** 0.04** 1399.68** 10.45** 8.45** 32.43** 24.45 ** 1045.29** 34.80** 27.51**

Interaction cd*IAA 3.28** 0.01 ns 0.002** 7.25 ns 0.27 ns 0.04 ns 1.31* 0.36 ns 22.92 ns 10,418** 0.10 ns

Error 0.93 < - 0.008 < - 8.64 < - 31.07 < - 0.75 < - 0.33 < - 0.49 < - 0.60 < - 27.39 < - 669,624.97 < - 0.52 < -

Table 1.  Analysis of variance of growth parameters of (Sorghum bicolor L. Moench) grown under 
cadmium stress with exogenous application of IAA. *Significant; P ≤ 0.01%, ** Significant at (P ≤ 0.05), 
***Significant; ns, P > 0.05%, ns = non-significant, SOV = sum of variance, RL = Root length, RWF = Root 
fresh weight, RWD = Root dry weight, SL = Shoot length, SFW, = Shoot fresh weight, SDW = Shoot dry weight, 
NOL = number of leaves, NOB = number of Branches, PH = Plant height, LA = Leaf area, LAI = leaf area index.
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Ionic, cadmium content
As Cd treatment increased, the Na+, K+, and Ca2+ concentrations in roots decreased significantly. Na+ levels 
decreased by 7.69–9.52%, K+ by 3.70–7.31%, and Ca2+ by 6.66–7.69% at 40 ppm and 80 ppm Cd compared to 
control conditions, respectively. However, the application of 150 or 200 µM IAA enhanced the ionic content in 
roots under Cd stress (80 ppm). The Na+ content increased by 11.53–35.47%, K+ by 14.52–53.66%, and Ca2+ by 
17.64–48.22% with 200 µM IAA, compared to the control treatment (Fig. 5A–D).

Cadmium accumulation in roots was also significantly reduced by IAA treatment. Under Cd treatments of 
40 ppm and 80 ppm, Cd content in roots decreased by 15% and 25%, respectively, when IAA was applied. The 
greatest reduction in Cd content was observed with 200 µM IAA, which reduced Cd accumulation by 11%, 
compared to the control treatment (Fig. 5D).

Enzymatic antioxidants
A significant interaction (P ≤ 0.05) between IAA treatments and Cd stress was observed for antioxidant enzyme 
activity. In comparison to the control, Cd stress at 80 ppm resulted in significant reductions in the activity of 
POD by 6.45–4.25%, CAT by 5–3%, superoxide SOD by 3.03–2.50% and ascorbate peroxidase APX by 5.37%. 
to 3.57% However, IAA application increased enzyme activity as compared to stressed plants. The highest 
concentration of IAA (200 µM) led to significant increases in POD (8.82%), CAT (10.06%), SOD (4.65%), and 
APX (17.94%) activities (Fig. 6A–D, Table 3).

Fig. 5.  Effects of cadmium and IAA treatments on ionic and nutrients content treatments (A), Sodium ions 
(B), calcium ions (C), Potassium ions (D), cadmium ions. The values are mean (± SD) of three replicates.

 

SOV Chl.a Chl.b Car Chl a/b ratio Total chl K+, Na+, Ca2+
, Cd Content

Cd 2.41** 0.001** 0.006 * 0.12** 1.87** 871.98** 871.98** 453.8 ** 0.001**

IAA 3.78** 1.18** 0.004 ns 0.02** 2.62** 600.16*** 600.16** 53.75 ** 1.98**

Interaction cd*IAA 1.07** 1.20** 0.001 ns 2.09 ns 8.87 ns 8.13 ns 8.13 ns 1.11 ns 2.55e-6 ns

Error 4.59 < - 1.54 < - 0.001 < - 0.002 < - 3.81 < - 12.58 < - 12.58 < - 3.53 < - 1.8e-6 < -

Table 2.  Analysis of variance of Physiological and Ionic content of Sorghum bicolor (L.) grown under cadmium 
stress with exogenous application of IAA. **Significant at (P ≤ 0.05), ns = non-significant, SOV = sum of 
variance, Chl.a = chlorophyll a, Chl.b = Chlorophyll b, Car = Carotenoids, chl a/b = chl. ratio, Total chl. Total 
Chlorophyll, K+, = Potassium ions, Ca2+, = Calcium ions, Na+, = Sodium ions, Cd2+ cadmium ions.
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Reactive oxygen species
Cd stress led to an increase in MDA content, a marker of lipid peroxidation, which was elevated by 4.94–6.37% 
at 40 ppm and 8.94–11.85% at 80 ppm Cd, compared to the control treatment. However, the application of IAA 
significantly reduced MDA content by 28.1–37.2% under 40 ppm Cd and by 35.5–39.1% under 80 ppm Cd stress 
compared to control conditions (Fig. 7A). Similarly, H2O2 content in roots increased by 6.98–8.1% at 40 ppm 
and 10.83–14.67% at 80 ppm Cd. The application of IAA significantly reduced H2O2 levels by 29.4–40.8% at 
40 ppm and by 38.9–42.1% at 80 ppm Cd stress as compared to stress plant (Fig. 7B, Table 3).

Heat map
A heat map was constructed to examine the relationships between the morpho-physiological and biochemical 
traits of sorghum subjected to different Cd levels (Cd0: 0 ppm, Cd1: 40 ppm, Cd2: 80 ppm) and IAA concentrations 
(IAA0: 0 µM, IAA1: 50 µM, IAA2: 100 µM, IAA3: 150 µM, IAA4: 200 µM) (Fig. 8) . The main cluster was divided 
into three sub-clusters. H2O2 content in plants, grouped in the first sub-cluster, showed a positive association at 
Cd2IAA2, Cd2IAA3, and Cd2IAA4 but a negative association at Cd1IAA1 and Cd1IAA2. Similarly, MDA content 
exhibited a positive association at Cd0IAA2, Cd0IAA3, and Cd1IAA0, while showing a negative association at 
Cd2IAA1 and Cd2IAA4. All growth attributes (PH, LA, SL, NOB, NOL, RDW, RFW, RL, SFW, SDW), ionic 
attributes (Cd+, Na+, K+, Ca2+), photosynthetic parameters (Chl. a, Chl. b, T. Chl., chlorophyll ratio), and 

SOV POD SOD CAT Apx MDA H2O2

Cd 0.35** 0.003** 0.08* 0.002** 0.006** 0.75**

IAA 0.05** 2.97** 0.02** 3.032** 3.46*** 0.04**

Interaction cd*IAA 0.009 ns 3.15e-6* 2.53e-32 ns 8.44e-7 ns 1.44e-ns 5.5e-5 ns

Error 0.009 < - 1e-6 < - 1e-4 < - 3.48e-6 < - 2.08e < - 3.17e-4 < -

Table 3.  Analysis of variance of antioxidants and ROS parameters of Sorghum bicolor (L.) grown under 
cadmium stress with exogenous application of IAA. **Significant *** highly significant at (P ≤ 0.05), ns = non-
significant, SOV = sum of variance, POD = (Peroxidase), SOD = (Superoxide dismutase), CAT = Catalase, Apx, 
MDA, , Malondialdehyde, H2O2 , Hydrogen peroxide.

 

Fig. 6.  Effects of cadmium and IAA treatments on antioxidants treatments, SOD (A), CAT (B), POD (C), APX 
(D). The values are mean (± SD) of three replicates.
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biochemical contents (SOD, POD, CAT, APX) were grouped in the third sub-cluster. These traits exhibited 
strong positive correlations at Cd0IAA3 and Cd0IAA4, but strong negative correlations at Cd2IAA0.

Principal component analysis (PCA)
Relationships among morpho-physiological and biochemical parameters of sorghum was assessed by PCA 
biplot (Fig. 9). The biplot revealed significant variation, with PCA1 accounting for 85.2% of the total variation 
and PCA2 contributing 8.2%. Plant MDA content was strongly associated with Cd1IAA2, while Cd0IAA0 showed 
a weak association with chlorophyll contents (chlorophyll a. chlorophyll b. carotenoids, and chlorophyll ratio) 
and biochemical parameters (SOD, POD, CAT, APX). These biochemical and chlorophyll contents, along with 
shoot fresh weight (SFW) and shoot dry weight (SDW), were linked to Cd1IAA3 and Cd1IAA4. Similarly, plant 
sodium (Na+), potassium (K+), and cadmium (Cd2+) contents were positively associated with PH, RDW, NOL, 
RL, NOB, RFW and T. Chl., which were linked to Cd0IAA2 and Cd0IAA1. Plant hydrogen peroxide (H2O2) 
content was strongly associated with Cd2IAA4.

Correlations
The correlation among morpho-physiological and biochemical parameters of sorghum is presented in the 
(Fig. 10) Among all the measured chlorophyll parameters, including chlorophyll a (Chl. a), chlorophyll b (Chl. 
b), carotenoids, and total chlorophyll (T. Chl.), positive correlations were observed with ionic contents, (Ca2+, 
K+, Cd2+) as well as antioxidant contents, including SOD, POD, and CAT. Conversely, all these parameters 
showed a negative correlation with hydrogen peroxide (H2O2).

Discussion
Plants are highly vulnerable to Cd toxicity, which disrupts key physiological processes like cell division, nutrient 
uptake, and photosynthesis. Cd primarily inhibits plant growth by inducing the production of ROS, causing 
oxidative stress that damages cellular structures and impairs normal function36. The exposure of sorghum to 
Cd at 40 ppm and 80 ppm led to significant reductions in RL, shoot SL, PH, and biomass. These findings align 
with previous studies demonstrating that Cd interrupts plant growth through multiple mechanisms8,11,15. Cd 
disrupts nutrient homeostasis by competing with essential micronutrients (Zn, Fe, Ca) for uptake, inducing 
deficiencies that exacerbate growth suppression. A critical example is Cd2+ substitution for Mg2+ in chlorophyll 
pigments, which impairs photosynthetic efficiency and leads to stunted shoot development36. Specifically, Cd at 
80 ppm resulted in reduction of RL and SL by 35% and 28%, respectively, compared to the control, while total 
biomass decreased by 42%. Similar inhibitory effects of Cd on plant growth have been reported in recent studies. 
Previous researchers observed a 30–40% reduction in root elongation in wheat under Cd stress, attributed to 
oxidative damage and nutrient uptake interference37. Exogenous application of IAA mitigated Cd-induced 

Fig. 7.  Effects of cadmium and IAA treatments on antioxidants treatments, H2O2 (A), MDA (B). The values 
are mean (± SD) of three replicates.
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growth inhibition, improving RL, SL, and biomass by 20–25% at 40 ppm Cd and 15–18% at 80 ppm Cd. This 
aligns with the findings of Yin et al.38, who reported that IAA enhances heavy metal tolerance by promoting 
auxin-mediated root development and antioxidant defense in Arabidopsis thaliana. Moreover, a study by Haider 
et al.39 demonstrated that IAA application alleviates Cd toxicity in  Zea mays  by improving photosynthetic 
efficiency and reducing oxidative stress. These results suggest that exogenous IAA plays a protective role against 
Cd stress in sorghum, potentially through mechanisms involving growth regulation, antioxidant activity, and 
metal ion homeostasis. The present study demonstrates that Cd stress significantly impairs sorghum growth, 
particularly in root development, as evidenced by reductions in root fresh weight (1.01–1.26%) and root dry 
weight (12.82–25%)  at 40  ppm and 80  ppm Cd. These findings corroborate earlier reports highlighting Cd-
induced growth suppression due to disrupted cell division, nutrient uptake inhibition, and oxidative damage38,40. 
The greater decline in RDW compared to RFW suggests that Cd preferentially affects metabolic activity and 
long-term biomass accumulation, consistent with observations in Oryza sativa41. Cd disrupts root growth by 
inhibiting meristematic activity like Cd interferes with auxin transport, reducing cell proliferation, inducing 
oxidative stress excessive reactive oxygen species (ROS) damage cellular structures42,43. Exogenous application 
of IAA enhanced RFW by 45% and RDW by 37.52%, even under Cd stress. This aligns with studies showing 
that auxins IAA promotes lateral root formation, increasing absorptive surface area44. The present study clearly 
demonstrates that Cd stress significantly inhibits shoot growth in sorghum, as evidenced by reductions in SFW 
(8.16%)  and SDW (16.34%)  at elevated Cd concentrations (40–80  ppm). These findings align with previous 
studies showing that Cd disrupts shoot development by impairing photosynthesis, nutrient translocation, 
and biomass partitioning45. The greater reduction in SDW compared to SFW suggests that Cd not only limits 
water retention but also severely restricts metabolic activity and long-term carbon assimilation, consistent with 
observations in Zea mays46. By enhancing cell elongation, IAA promotes shoot expansion through the activation 
of plasma membrane H+-ATPases and the loosening of cell walls47. The application of exogenous IAA at 200 µM 
significantly improved shoot growth parameters in potatoes under Cd stress, with 18.75% increases in both shoot 
SFW and SDW compared to Cd-stressed controls. These findings highlight IAA’s potential as a phytohormonal 
mitigator of Cd toxicity, aligning with recent studies on auxin-mediated stress resilience in crops48. The 
detrimental effects of Cd stress on plant growth were evident in our study, with exposure to 80 ppm Cd resulting 
in significant reductions in plant height (10.62%), number of branches (15.38%), and number of leaves (8.96%). 

Fig. 8.  Heatmap representing the interaction of Sorghum morpho-physiological, Ros, enzymatic, and 
nutritional characteristics under Cd stress ) levels Cd0 (0 ppm), Cd1 (40 ppm), Cd2 (80 ppm) and IAA0 
(0 µM), IAA1 (50 µM), IAA2 (100 µM), IAA3 (150 µM), IAA4 (200 µM), Car (Carotenoids), CAT (Catalase), 
Chl a (Chlorophyll a), Chl b (Chlorophyll b), ChlR (Chlorophyll ratio), H2O2. Hydrogen peroxide, MDA 
(malondialdehyde), NOB (number of branches), NOL (number of leaves), PH (plant height), LA (Leaf area), 
LAI (Leaf area index), POD (peroxidase), RCa2+ (root calcium), RDW (root dry weight), RFW (root fresh 
weight), RL (root length), RK (root potassium), RNa+ (root sodium), RCd2+, SFW (shoot fresh weight), SL 
(shoot length).
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These findings align with previous research demonstrating Cd-induced growth inhibition across various plant 
species, including sassafras trees, where Cd stress similarly reduced morphological parameters such as plant 
height and leaf production, The observed declines in PH, NOB, and NOL can be attributed to Cd disruption of 
key physiological processes49. Our study revealed that Cd stress significantly reduced LA by 9.24% and leaf LAI 
by 6.37%, consistent with recent findings in multiple plant species. These reductions align with the work of50. 
who reported 8–12% decreases in LA in Cd-exposed Solanum lycopersicum due to inhibited cell expansion and 
reduced stomatal density. The LAI reduction is particularly noteworthy as it directly impacts photosynthetic 
capacity, as demonstrated by51. Our investigation demonstrated that exogenous application of indole-3-acetic 
acid (IAA) significantly ameliorated cadmium-induced inhibition of leaf growth. Cadmium stress (80  ppm) 
reduced LA by 9.24% compared to control plants IAA treatment (200 μM) reversed this effect, increasing LA 
by 9.87% relative to Cd-stressed plants. The restored LA approached 98.2% of non-stressed control values. Cd 
exposure decreased LAI by 6.37%. IAA application enhanced LAI by 16.85% under Cd stress conditions. Treated 
plants showed 12.3% higher LAI than Cd-stressed controls. Our study confirms recent findings that Cd stress 
severely disrupts photosynthesis by reducing chlorophyll content. Cd replaces Mg2+ in chlorophyll pigments, 
destabilizing their structure, 38–45% chlorophyll reduction at 80 ppm Cd, Oryza sativa 25–30% reduction at 
similar concentrations52,53. Our results showed that 200 μM IAA restored 45–50% chlorophyll pigments which 
is supported by multiple recent studies elucidating auxin’s role in all photosynthetic pigments51,52. Our study 
demonstrates that cadmium stress significantly disrupts ionic homeostasis in plants, with observed reductions 
in essential nutrient uptake at both 40 ppm and 80 ppm Cd concentrations. Specifically, Na+ levels decreased 
by 7.69–9.52%, Ca2+ by 6.66–7.69%, and K+ by 3.70–7.31%, consistent with previous findings in Acacia nilotica 
where Cd was shown to competitively inhibit nutrient transporter activity54. These ionic imbalances are 
particularly detrimental as Ca2+ serves as a crucial secondary messenger in stress signaling55. The remarkable 
recovery of ionic balance through 200  µM IAA application, with Na+ increased from 11.53–35.47%, Ca2+ 
from17.64–48.22%, and K+ from 14.52–53.66%, can be attributed to multiple mechanisms recently elucidated in 
plant physiology research. These results have important agronomic implications, as maintaining ionic balance 

Fig. 9.  PCA-Biplot of sorghum morphophysiological characteristics under cadmium stress. Carotenoids, 
Chlorophyll a, Chlorophyll b, Chlorophyll ratio, Cd) levels Cd0 (0 ppm), Cd1 (40 ppm), Cd2 (80 ppm), NOB 
(Number of branches), NOL (Number of leaves), LA (Leaf area), LAI (Leaf area index) PH (Plant height), 
RDW (Root dry weight), RFW (Root fresh weight), RL (Root length), SDW (Shoot dry weight), IAA0 (0 µM), 
IAA1 (50 µM), IAA2 (100 µM), IAA3 (150 µM), IAA4 (200 µM), SFW (Shoot fresh weight), Shoot length (SL), 
TChl (Total chlorophyll), Na+, Ca2+, K+, RCd2+

.
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is critical for crop yield under heavy metal stress. The 200 µM IAA concentration proved optimal in our study, 
corroborating the dose–response curve established by Shahid et al.56.

Cadmium treatment markedly reduced SOD, POD, and CAT enzyme activities in wheat leaves, consistent 
with reported inhibitory effects of Cd stress on antioxidant enzymes across plant species57. Our findings revealed 
that elevated Cd levels (40 ppm and 80 ppm) significantly inhibited the activation of critical enzymatic functions. 
Exogenous application of IAA at 200 µM was found to significantly increase the activity of antioxidant enzymes 
in sorghum, thereby alleviating Cd-induced oxidative stress. Similar observations were reported by Bashri et 
al.58 who demonstrated enhanced APX activity in Vicia sativa  and Hordeum vulgare under Cd stress, which 
contributed to improved metal tolerance. In maize cultivars, Cd exposure likewise increased APX activity59. 
However, contrasting responses have been documented in  Brassica  species while SOD and CAT activities 
were suppressed in B. napus under Cd stress, APX activity was upregulated in both B. napus and B. juncea60. 
Interestingly, Cd-sensitive pea genotypes showed reduced APX activity. In our study, Cd stress (80  ppm) 
inhibited APX activity by 3.57% compared to control plants. However, IAA application at 150 µM and 200 µM 
not only reversed this suppression but also increased APX activity by 17.94–25.56%, exceeding control levels. 
Furthermore, IAA treatment directly reduced ROS accumulation in Cd-stressed explants. These findings 
align with previous reports suggesting that Cd toxicity disrupts antioxidant enzyme systems by inducing ROS 
overproduction61. Cadmium induces oxidative stress in plants, leading to significant impairments in growth and 
development62. Plant tolerance to heavy metal toxicity is strongly correlated with the efficacy of their antioxidant 
defense systems. In sorghum, Cd exposure at 40–80  ppm was found to elevate oxidative stress markers, 
increasing malondialdehyde (MDA) content by 4.94–6.37% and H2O2 levels by 8.94–11.85% in root tissues. 
However, treatment with 200 μM IAA significantly ameliorated this oxidative damage, reducing MDA levels 
by 29.4–40.8% and H2O2 accumulation by 38.9–42.1%. This marked reduction in oxidative markers highlights 
IAA’s protective role in alleviating Cd toxicity in sorghum plants63.

Fig. 10.  A correlation plot of sorghum morpho-physiological, enzymatic, ROS, and nutrient attributes during 
cadmium stress, including) Car (Carotenoids), CAT (Catalase), Chl a (Chlorophyll a), Chl b (Chlorophyll b), 
ChlR (Chlorophyll ratio), H2O2 (Hydrogen peroxide), MDA (malondialdehyde), NOB (Number of branches), 
NOL (Number of leaves), LA (Leaf area), LAI (Leaf area index), Plant Height, POD (Peroxidase), RCa2+ (Root 
calcium), RDW (Root dry weight), RFW (Root fresh weight), RK (Root potassium), RL (Root length), RNa+ 
(Root sodium), SDW (Shoot dry weight), SFW (Shoot fresh weight), SL (Shoot length), SOD (Superoxide 
dismutase).
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Conclusion
This study examined how IAA affects on sorghum under Cd stress. Different IAA concentrations (0–200 µM) 
and Cd levels (0–80 ppm) were tested. IAA significantly accumulated in plant tissues, with increases of 28.25% 
in roots and 45.68% in shoots. IAA improved nutrient uptake, including Cd, Na+, K+, and Ca2+, enhancing 
turgor and physiological responses. Ionic content increased up to 68.63% with IAA treatment. ROS levels were 
reduced by 29.4% following IAA application. IAA enhanced antioxidant enzyme activities: SOD (4.65%), POD 
(8.82%), CAT (10.06%), and APX (17.9%). Harmful ROS markers, MDA and H2O2, decreased by 40.8–42.1%, 
respectively. Overall, IAA improved plant growth and stress resilience under Cd toxicity. Further research is 
needed to uncover the molecular basis of these effects.

Data availability
The datasets used and analyzed during the current study available from the corresponding author on reasonable 
request.
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