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Introduction 

For centuries, farmers have relied on organic residues to replenish 

soil fertility and sustain crop productivity. With rapid urbanization 

and industrialization, however, the generation of municipal SSL, a 

nutrient-rich by-product of wastewater treatment which has 

substantially increased worldwide. Traditionally considered a waste 

material, SSL has gradually shifted into focus as a potential 

bioresource for sustainable agriculture due to its considerable 

content of organic matter (OM), macro and micronutrients (1-3). In 

many countries, applying SSL to croplands is seen as a dual strategy, 

reducing the burden of waste disposal while enhancing soil fertility 

and crop yields.  

 The conversion of wastewater into SSL encompasses a 

series of mechanical, biological and chemical processes, 

producing a semi-solid matrix enriched with essential nutrients 

such as nitrogen, phosphorus, potassium and micronutrients 

critical for plant development (4). Numerous studies have shown 

that amendments with sewage SSL enhance soil physical 

properties, including structure, porosity and water-holding 

capacity, as well as nutrient availability, thereby promoting 

improved growth and yield in crops such as wheat (Triticum 

aestivum L.), faba bean (Vicia faba L.), spinach (Spinacia oleracea 

L.) and cucumber (Cucumis sativus L.) (5-9).  
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Abstract  

Sewage sludge (SSL), historically regarded as an environmental challenge, is increasingly recognized as a nutrient-rich organic 

amendment with considerable potential for sustainable agricultural use. This study evaluated the combined effects of SSL and chemical 
fertilizers (CF) on the growth, physiological performance and biochemical characteristics of rice (Oryza sativa L.) and wheat (Triticum 

aestivum L.) cultivated under a rice-wheat cropping system. The experiment, conducted over two consecutive cropping seasons, 

demonstrated that integrated nutrient management involving SSL and CF significantly improved plant height, tiller number, chlorophyll 

concentration, protein and starch contents, membrane stability index (MSI) and chlorophyll stability index (CSI). The most pronounced 
improvements were observed under the treatment comprising 30 t ha-1 SSL in combination with 100 % of the recommended dose of fertilizer 

(RDF). Furthermore, stress-associated metabolites such as proline, phenolics and malondialdehyde (MDA) were significantly lower under SSL-

CF treatments, indicating reduced oxidative and abiotic stress and enhanced physiological resilience. These findings reveal that SSL not only 

supplies essential nutrients but also enhances physiological efficiency and stress tolerance in cereal crops. Nonetheless, the potential risks 
associated with heavy metal accumulation underscore the need for systemic monitoring and regulated application strategies. Collectively, 

the study provides robust evidence that the integration of SSL with CF improves soil fertility, maintains crop productivity and supports 

environmentally sound nutrient management for long-term agricultural sustainability in intensive cereal-based systems. 
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 In particular, the synergistic application of SSL and CF has 

been shown to optimize nutrient supply and promote sustainable 

productivity in intensive cropping systems, including the                 

rice-wheat rotation prevalent in South Asia (10, 11). Beyond 

agronomic benefits, SSL use significantly alters plant biochemical 

responses. Carbohydrates, proteins, lipids, proline and phenolic 

compounds-key metabolites regulating growth and stress 

responses-are often influenced by SSL addition. For instance, 

carbohydrate accumulation, closely tied to nitrogen and 

phosphorus availability, has been widely observed in                          

SSL-amended soils (12). Similarly, increased proline accumulation 

under environmental stress has been reported in crops grown with 

wastewater and sludge treatments, highlighting its role as a 

biochemical protectant (13).  

 Phenolic compounds, central to plant defence against 

abiotic and biotic stresses, also exhibit variability under SSL 

application (14). Thus, studying the biochemical responses of 

cereal and vegetable crops to SSL is critical, especially given their 

direct implications for human and animal consumption. However, 

the advantages of SSL application must be carefully weighed 

against environmental risks. Continuous use or excessive 

application rates may lead to soil acidification, salinity and the 

accumulation of potentially toxic heavy metals such as Pb, Cr and 

Hg, which adversely affect soil microbial communities and may 

bioaccumulate in edible plant parts (13). These risks necessitate 

the development of region-specific guidelines and monitoring 

frameworks that account for soil type, climate variability and crop 

sensitivity to ensure safe and sustainable SSL utilization (15).  

 Within this context, the rice-wheat cropping system provides 
a particularly relevant model for studying SSL integration, as it 

underpins food security for nearly half of the world’s population. 

Intensive cultivation of rice and wheat has led to widespread 

nutrient depletion and soil degradation, necessitating sustainable 

soil fertility management strategies. While previous studies have 

explored the role of SSL in enhancing crop yields, limited research 

has comprehensively assessed its impact on both growth 

parameters and biochemical responses in the rice-wheat system.  

 Therefore, the present study was undertaken to investigate 

the combined effects of SSL and CF on growth attributes, 

physiological parameters and biochemical composition of rice and 

wheat. Specifically, aimed to evaluate plant height, tiller number, 

chlorophyll, protein, starch, proline, phenols and stress 

biomarkers such as MDA under integrated nutrient management. 

By linking agronomic performance with physiological and 

biochemical responses, this study provides novel insights into the 

safe and effective use of SSL in cereal-based cropping systems. 

 

Materials and Methods 

Experimental site 

The experiment was performed at the Agricultural Research Farm 
of Banaras Hindu University, Varanasi, India                                                

(25°19′ N, 83°00′ E; 128.93 m asl), located in the Northern Gangetic 

Alluvial Plain (Inceptisol). The study comprised two consecutive 

rice-wheat cropping cycles during 2019-2020 (cycle I: rice and 

wheat) and 2020-2021 (cycle II: rice and wheat), following four 

earlier cycles (2015-2019) established under the same 

experimental layout (Table 1, Fig. 1). The rice cultivar O. sativa 

(hybrid ‘Arize 6444’) and wheat cultivar T. aestivum (‘HD 2967’) 

were used consistently throughout the experimental period. 

 

Fig. 1. Location of experimental trial. 
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Soil and sewage sludge characteristics 

SSL was air-dried, thoroughly homogenized and applied to the 

experimental field before rice transplanting. Organic carbon was 

determined using the Walkley-Black wet oxidation method, while 

total nitrogen was estimated by the Kjeldahl method. The initial 

soil was alkaline, with a pH of 8.24, low electrical conductivity 

(  0.15 dS m-1) and low organic carbon content (4.60 g kg-1) as well 

as limited available nitrogen (141.72 kg ha-1). Available phosphorus 

(17.42 kg ha-1), potassium (132.74 kg ha-1) and sulphur                    

(14.65 mg kg-1) were within moderate levels. Micronutrient 

concentrations in the soil were 42.65 mg kg-1 Fe, 2.17 mg kg-1 Cu, 

1.02 mg kg-1Zn and 11.41 mg kg-1 Mn.  

 The SSL applied in this study had a slightly acidic pH of 6.6, 
electrical conductivity of 3.17 dS m-1, organic carbon 8.67 %, total 

nitrogen 1.76 %, total phosphorus 1.29 % and total potassium            

1.15 %. Total micronutrient and heavy metal contents (mg kg-1) in 

the SSL were Fe 490.27, Cu 240.63, Zn 184.27, Mn 246.08, Cd 7.30, 

Cr  49.20, Ni 27.43 and Pb 39.53. 

Experimental design and treatments 

The present study was integrated into an ongoing long-term field 

experiment initiated during 2015-2016. Treatments were arranged 

in a randomized block design (RBD) with three replications. Ten 

treatment combinations comprising the RDF and graded levels of 

SSL were evaluated (Table 2). 

 The SSL was applied only during the first year at the time 
of rice establishment. Basal applications included half of the 

nitrogen along with the full recommended doses of phosphorus 

and potassium, while the remaining nitrogen was top-dressed in 

two equal splits at 30 and 60 days after transplanting or sowing 

(DAT/DAS). 

Plant sampling 

Fully expanded leaves were sampled from each plot at 30 DAT/
DAS. Leaves were washed thoroughly under tap water, portions 

were preserved at -20 °C for biochemical analyses (proline, phenols 

and MDA), while the remaining were oven-dried at 60 °C and 

ground (< 0.4 mm particle size) for carbohydrate analysis. 

Physio-biochemical analyses 

Chlorophyll, starch, total soluble protein content, MSI and CSI 

Total chlorophyll content was quantified according to the protocol 

(16). Starch was estimated by anthrone method. Total soluble 

protein content (TSPC) was estimated using the Lowry method 

(17). MSI and CSI of leaves were determined (18, 19). 

Stress markers (proline, phenolic and MDA) 

Proline content was estimated and expressed as µg g-1 fresh weight 

(FW), while total phenols were quantified in shoots (20, 21). MDA 

content was measured using the thio-barbituric acid (TBA) reactive 

substance (TBARS), the degree of lipid peroxidation in the shoots 

was assessed and was determined by the TBA reaction method. 

Principal component analysis (PCA), grid correlation matrix, 

heat map, scatter plot and dose response curve  

PCA was used to examine relationships among all parameters in 

different seasons. Pearson’s correlation analysis, performed using 

Origin Pro 2025b, evaluated correlations between all parameters, 

ranging from +1 to -1 and visualized with colour coding. 

Additionally, a heat map (olive green to yellow) was used to display 

the various growth attributes, physio-biochemical parameters and 

key stress indicators. Dose response curve and scatter plot with 

linear relationship between parameters were analysed using 

Origin Pro and R-studio. 

Statistical analysis 

Data were subjected to one-way analysis of variance (ANOVA) 

using OriginPro 2025b and differences among treatments were 

evaluated for significance using Tukey’s test at the 5 % probability 

level. Heat maps were generated by normalizing the values and 

applying a colour scale, olive green (100 %, high), light green          

(50 %, medium) and yellow (1 %, low).  

 

Results 

Growth attributes  

The integrated application of SSL and CF exerted a significant 
influence on plant height and tiller production in both rice and 

wheat across growing seasons (Table 3, Fig. 2, 3). Instead of 

reiterating individual numerical values, the results are presented in 

terms of treatment-wise trends. In both crops and seasons, 

treatments receiving full RDF in combination with SSL consistently 

outperformed reduced-RDF, indicating a synergistic interaction 

between organic and inorganic nutrient sources. The tallest plants 

were recorded under T3 (100 % RDF + 30 t ha-1 SSL), followed 

closely by T2 (100 % RDF + 20 t ha-1 SSL), while the control (T0) 

showed the lowest growth. Where applicable, statistical 

significance was carefully interpreted in accordance with ANOVA 

results. In several cases, T3 was statistically comparable to T1       

(100 % RDF) but remained numerically superior, suggesting 

enhanced nutrient availability rather than a simple substitution 

effect.  

 Tiller number exhibited a trend similar to that observed for 
plant height. Maximum tillering occurred under integrated SSL-

RDF treatments, with T3 producing the highest tiller density in both 

crops. Reduced RDF treatments (T4-T9) showed a decline in tiller 

production, indicating that SSL alone was insufficient to fully 

compensate for reduced mineral fertilizer inputs. 

 

Year Kharif Rabi 

2014-2015 Rice Wheat 

2016-2017 Rice Wheat 

2017-2018 Rice Wheat 

2018-2019 Rice Wheat 

2019-2020 Rice Wheat 

2020-2021 Rice Wheat 

Table 1. Cropping history of the experimental field 

Treatments number Treatment description 

T0 Control 

T1 100 % RDF 

T2 100 % RDF + 20 t ha-1 SSL 

T3 100 % RDF + 30 t ha-1 SSL 

T4 50 % RDF + 20 t ha-1 SSL 

T5 60 % RDF + 20 t ha-1 SSL 

T6 70 % RDF + 20 t ha-1 SSL 

T7 50 % RDF + 30 t ha-1 SSL 

T8 60 % RDF + 30 t ha-1 SSL 

T9 70 % RDF + 30 t ha-1 SSL 

Table 2. Treatment details of the experiment 
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Treatments 
Plant height (cm) Tillers per running (m) 

2019  
I-rice 

2019-2020 
I-wheat 

2020 
II-rice 

2020-2021 
II-wheat 

2019 
I-rice 

2019-2020 
I-wheat 

2020 
II-rice 

2020-2021 
II-wheat 

T0 44.77 ± 2.58d 17.77 ± 0.42e 43.61 ± 1.15e 17 ± 0.65e 20.89 ± 0.25e 32.98 ± 2.23e 20.53 ± 0.85c 30.36 ± 1.78e 

T1 73.13 ± 1.58ab 29.4 ± 2.05bcd 66.67 ± 1.11bc 29.93 ± 2.06bc 53.66 ± 4.02abc 65.77 ± 2.15ab 54.1 ± 2.54a 65.67 ± 2.37ab 

T2 73.33 ± 2.03ab 33.27 ± 2ab 72.31 ± 1.21a 31.87 ± 0.81ab 56.91 ± 0.98ab 67.28 ± 1.85ab 55.15 ± 0.68a 66.24 ± 0.92ab 

T3 78 ± 2.52a 37.27 ± 0.85a 70.16 ± 1.59ab 36.24 ± 1.74a 59.24 ± 1.94a 71.82 ± 1.23a 56.01 ± 0.45a 69.91 ± 1.53a 

T4 62.47 ± 1.13c 23.87 ± 1.01d 60.9 ± 1.18d 22.98 ± 1.24d 44.34 ± 1.22d 54.06 ± 1.2d 42.94 ± 0.79b 52.17 ± 1.3d 

T5 64.37 ± 3.15bc 25.93 ± 1.16d 62.85 ± 0.42cd 25.32 ± 0.19cd 46.42 ± 1.74cd 55.95 ± 1.51cd 44.47 ± 1.2b 54.36 ± 1.1cd 

T6 67 ± 0.46bc 27.3 ± 0.4cd 65.13 ± 1.29bcd 26.63 ± 0.47bcd 49.74 ± 0.5bcd 59.84 ± 1.22bcd 49.28 ± 2.52ab 57.76 ± 1.89cd 

T7 64.23 ± 1.08bc 26.04 ± 0.54cd 63.67 ± 0.5cd 25.54 ± 0.58cd 46.85 ± 0.68cd 59.12 ± 3.06bcd 44.69 ± 1.54b 57.43 ± 1.3cd 

T8 67.47 ± 1.54bc 27.83 ± 0.92bcd 66.23 ± 0.88bcd 27.43 ± 0.5bcd 54.2 ± 1.48abc 61.97 ± 1.15bcd 48.98 ± 2.75ab 60.19 ± 1.2bc 

T9 69.93 ± 0.92abc 31.83 ± 0.88abc 68.18 ± 0.89abc 29.9 ± 1.03bc 55.09 ± 1.52abc 64.42 ± 0.84abc 50.74 ± 0.31ab 61.86 ± 1.55bc 

Table 3. Effect of conjoint application of sewage sludge and fertilizer on growth attributes of rice and wheat  

Mean values within the same column having alike alphabets differ non-significantly (p ≤ 0.05), while different alphabets show a significant 
difference (p ≤ 0.05). Mean (±SE) was taken from three replicates for each treatment.Treatments : T0 -without Fertilizer, T1 - 100 % RDF, T2 -            

100 % RDF + 20 t ha-1 SSL, T3 - 100 % RDF + 30 t ha-1 SSL, T4-50 % RDF + 20 t ha-1 SSL, T5 -60 % RDF + 20 t ha-1 SSL, T6 - 70 % RDF + 20 t ha-1 
SSL, T7 - 50 % RDF + 30 t ha-1 SSL, T8 - 60 % RDF + 30 t ha-1 SSL and T9 - 70 % RDF + 30 t ha-1 SSL. 

Fig. 2. Heat map of growth attributes, physio-biochemical parameters and stress indicators observed under different treatments in rice crop 
under two seasons. Olive green is for higher value (100 %), light green is for medium (50 %) and yellow is for the lowest values (1 %). All the 

data obtained were first normalized to bring the value of the parameters in the range of 0-1 to provide an unbiased colour code. (T0-I to T9-I 
denotes treatments of season I and T0-II to T9-II denotes treatments of season II). 

Fig. 3. Heat map of growth attributes, physio-biochemical parameters and stress indicators observed under different treatments in wheat 
crop under two seasons. Olive green is for higher value (100 %), light green is for medium (50 %) and yellow for the lowest values (1 %). All the 

data obtained were first normalized to bring the value of the parameters in the range of 0-1 to provide an unbiased colour code. (T0-I to T9-I 
denotes treatments of season I and T0-II to T9-II denotes treatments of season II).  
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Physio-biochemical parameters (Chlorophyll, TSPC, 

Starch, MSI and CSI) 

Integrated nutrient management significantly enhanced 

chlorophyll concentration, TSPC, starch accumulation, MSI and 

CSI in both crops (Tables 4, 5, Fig. 2, 3). Chlorophyll content 

increased markedly under SSL-RDF combinations, with T3 

consistently exhibiting the highest values across seasons. This 

enhancement reflects improved nitrogen and magnesium 

availability, essential for chlorophyll biosynthesis, supported by 

the slow mineralization of organic nitrogen from SSL. Protein 

accumulation followed a similar trend. Higher TSPC under 

integrated treatments indicates improved nitrogen assimilation 

efficiency, resulting from the combined effect of readily available 

mineral nitrogen and sustained organic nitrogen release from SSL.  

 Starch content increased significantly under SSL-RDF 

treatments, particularly T3 and T2. The positive linear relationship 

between starch concentration and tiller number highlights 

carbohydrate availability as a key physiological driver of tiller 

Table 4. Effect of conjoint application of sewage sludge and fertilizer on physio-biochemical parameters of rice and wheat  

Treatment   
       Total chlorophyll content (mg g-1 FW)     TSPC (mg g-1 FW) 

2019 
I-rice 

2019-2020 
I-wheat 

2020 
II-rice 

2020-2021 
II-wheat  

2019 
I-rice 

2019-2020 
I-wheat 

2020 
II-rice 

2020-2021 
II-wheat 

T0 1.02 ± 0.02F 1 ± 0.003f 1 ± 0.02g 0.99 ± 0.015g 7.69 ± 0.01e 8.58 ± 0.19f 7.1 ± 0.04c 8.15 ± 0.06e 
T1 1.58 ± 0.01cd 1.34 ± 0.025c 1.45 ± 0e 1.33 ± 0.024bcd 11.42 ± 0.36cd 12.31 ± 0.11cd 9.83 ± 0.09b 11.66 ± 0.24d 
T2 1.7 ± 0.03b 1.46 ± 0.021b 1.69 ± 0.01b 1.42 ± 0.018ab 13.8 ± 0.33ab 14.69 ± 0.3ab 12.14 ± 0.09ab 13.54 ± 0.04ab 
T3 1.82 ± 0.02a 1.56 ± 0.012ab 1.79 ± 0.01a 1.49 ± 0.022a 14.88 ± 0.26a 15.67 ± 0.1a 13.38 ± 0.1a 14.64 ± 0.32a 
T4 1.39 ± 0.02e 1.2 ± 0.019e 1.35 ± 0.01f 1.14 ± 0.021f 11.63 ± 0.32d 11.19 ± 0.03e 10.17 ± 0.07b 11.34 ± 0.55d 
T5 1.51 ± 0.02d 1.27 ± 0.019cde 1.52 ± 0de 1.2 ± 0.026ef 11.74 ± 0.22cd 11.63 ± 0.17de 11 ± 0.96ab 11.5 ± 0.31d 
T6 1.64 ± 0.01bc 1.27 ± 0.005de 1.6 ± 0.02bcd 1.24 ± 0.031def 12.66 ± 0.32bcd 12.55 ± 0.3cd 11.54 ± 0.61ab 12.04 ± 0.17cd 
T7 1.55 ± 0.01d 1.29 ± 0.008cd 1.53 ± 0.03cde 1.24 ± 0.021def 12.86 ± 0.32bcd 12.75 ± 0.36c 11.35 ± 0.72ab 12.52 ± 0.16bcd 
T8 1.66 ± 0.02bc 1.34 ± 0.017e 1.62 ± 0.01bc 1.29 ± 0.001cde 12.96 ± 0.27bcd 13.85 ± 0.22b 12.19 ± 0.45ab 13.02 ± 0.19bc 
T9 1.68 ± 0.02b 1.49 ± 0.011ab 1.66 ± 0.03b 1.37 ± 0.016bcd 13.26 ± 0.47bc 14.58 ± 0.19b 12.65 ± 0.56a 13.48 ± 0.06ab 

Starch content (mg g-1 FW) CSI  (%) 
Treatment   2019 

I-rice 
2019-2020 

I-wheat 
2020 

II-rice 
2020-2021 

II-wheat 
2019 
I-rice 

2019-2020 
I-wheat 

2020 
II-rice 

2020-2021 
II-wheat 

T0 17.49 ± 0.35f 14.5 ± 0.35f 18.1 ± 0.25g 14.6 ± 0.16g 49.5 ± 0.35f 46.35 ± 0.83f 48.5 ± 0.93f 47.4 ± 0.56f 
T1 24.13 ± 0.43cd 23.4 ± 0.43cd 25.13 ± 0.54d 24.5 ± 0.47bc 76.52 ± 0.52cd 73.37 ± 0.27cd 71.4 ± 0.6c 70.3 ± 1.61cd 
T2 31.77 ± 0.08a 26.4 ± 0.08a 29.99 ± 0.53b 25.1 ± 0.1b 86.65 ± 1.4a 83.5 ± 0.09a 79.4 ± 1.22ab 76.97 ± 0.74b 
T3 33.6 ± 0.12a 29.5 ± 0.12a 32.09 ± 0.52a 27.5 ± 0.7a 89.47 ± 0.65a 86.32 ± 0.9a 83.8 ± 0.04a 82.7 ± 0.56a 
T4 21.05 ± 0.14e 20.5 ± 0.14e 19.6 ± 0.46g 18.6 ± 0.11f 69.28 ± 1.01e 66.13 ± 1.58e 64.4 ± 1.34e 63.3 ± 1.38e 
T5 23.43 ± 0.44d 22 ± 0.44d 21.96 ± 0.3f 21.4 ± 0.03e 73.16 ± 0.53de 70.01 ± 0.07de 65.3 ± 0.68e 64.2 ± 0.53e 
T6 25.81 ± 0.34cd 23 ± 0.34c 25.52 ± 0.15d 21.8 ± 0.18de 78.2 ± 1.06bc 75.05 ± 1.56bc 70.5 ± 0.7d 69.4 ± 0.51d 
T7 23.88 ± 0.46d 22.5 ± 0.46d 22.94 ± 0.05ef 22 ± 0.03de 78.41 ± 0.65bc 75.26 ± 0.27bc 72.3 ± 1.05cd 71.2 ± 0.41cd 
T8 25.16 ± 0.21cd 23.7 ± 0.21cd 24.57 ± 0.59de 23.2 ± 0.37cd 80.77 ± 1.05bc 77.62 ± 0.65b 76 ± 1.11bc 74.9 ± 1.09bc 
T9 29.19 ± 0.68b 25.5 ± 0.68b 27.58 ± 0.34c 23.8 ± 0.09bc 82.03 ± 1.11b 78.88 ± 0.33b 78 ± 0.56b 76.57 ± 1.04b 

Mean values within the same column having alike alphabets differ non-significantly (p ≤ 0.05), while different alphabets show a significant 
difference (p ≤ 0.05). Mean (±SE) was taken from three replicates for each treatment.Treatments : T0 -without Fertilizer, T1 - 100 % RDF, T2 -             
100 % RDF + 20 t ha-1 SSL, T3 - 100 % RDF + 30 t ha-1 SSL, T4-50 % RDF + 20 t ha-1 SSL, T5 -60 % RDF + 20 t ha-1 SSL, T6 - 70 % RDF + 20 t ha-1 
SSL, T7 - 50 % RDF + 30 t ha-1 SSL, T8 - 60 % RDF + 30 t ha-1 SSL and T9 - 70 % RDF + 30 t ha-1 SSL. 

Treatment 
Proline content (μg mg-1 FW) Phenol content (μg mg-1 FW) 

2019 
I-rice 

2019-2020 
I-wheat 

2020 
II-rice 

2020-2021 
II-wheat 

2019 
I-rice 

2019-2020 
I-wheat 

2020 
II-rice 

2020-2021 
II-wheat  

T0 89.67 ± 0.93a 91.67 ± 0.6a 92.22 ± 1.3a 94 ± 1.2a 6.77 ± 0.1a 6.0 ± 0a 6.5 ± 0.1a 6.1 ± 0.08a 
T1 85.43 ± 1.35abc 86 ± 0.58abc 86.12 ± 0.7bc 86.36 ± 0.98bc 5.6 ± 0.11b 5.3 ± 0.12b 5.3 ± 0.1b 5.4 ± 0.13b 
T2 82.67 ± 2.35bcd 81.67 ± 3.26bcd 84 ± 2.08bc 83.33 ± 2.65bcd 4.5 ± 0.08de 4 ± 0.08d 4.9 ± 0.01c 4.8 ± 0.07cd 
T3 77.33 ± 0.72d 74.67 ± 30d 78.33 ± 0.65de 77.67 ± 0.79d 3.3 ± 0.04g 3.0 ± 0.04f 4 ± 0.04g 3.5 ± 0.03g 
T4 86.50 ± 0.2ab 87.17 ± 1.02ab 88.37 ± 0.24ab 88.17 ± 0.39ab 5.9 ± 0.09b 4.6 ± 0.09c 6.15 ± 0.05a 5.1 ± 0.03bc 
T5 83.17 ± 1.3abcd 84.17 ± 1.28abcd 84.34 ± 0.62bc 84.17 ± 0.72bcd 5 ± 0.11c 4.5 ± 0.01c 5.4 ± 0.04b 4.8 ± 0.11cd 
T6 81 ± 0.87bcd 80.6 ± 1.15bcd 83.57 ± 0.69bcd 83.6 ± 0.58bcd 4.6 ± 0.06cd 4.1 ± 0.04d 4.8 ± 0.11cd 4.5 ± 0.1de 
T7 80.30 ± 2.78bcd 78.63 ± 2.73bcd 81.35 ± 1.4cde 80.97 ± 1.5cd 4.3 ± 0.08def 4 ± 0.07d 4.5 ± 0.09de 4.4 ± 0.11de 
T8 79.07 ± 0.45cd 77.07 ± 1.61cd 78.54 ± 0.95de 79.4 ± 1.68d 4.1 ± 0.08ef 3.8 ± 0.03de 4.4 ± 0.09ef 4.2 ± 0.04ef 
T9 76.63 ± 0.37d 75.63 ± 1.46d 76.97 ± 1.02e 77.63 ± 1.19d 4 ± 0.09f 3.5 ± 0.06e 4.1 ± 0.03fg 3.9 ± 0.09fg 

Treatment 
MDA (mg g-1)  (MSI) (%) 

2019 
I-rice 

2019-2020 
I-wheat 

2020 
II-rice 

2020-2021 
II-wheat 

2019 
I-rice 

2019-2020 
I-wheat 

2020 
II-rice 

2020-2021 
II-wheat  

T0 0.06 ± 0a 0.055 ± 0a 0.06 ± 0a 0.06 ± 0a 45.89 ± 0.84g 43±0.96h 45.89 ± 0.32f 40.5 ± 0.53h 
T1 0.045 ± 0b 0.048 ± 0b 0.043 ± 0cdef 0.051 ± 0cdef 57.66 ± 1.29ef 55.4±1.15de 59.4 ± 1.51cd 52.9 ± 0.69de 
T2 0.041 ± 0cde 0.046 ± 0bc 0.04 ± 0fg 0.048 ± 0fg 66.91 ± 0.03bc 61.51±1.25bc 63.4 ± 0.59bc 59.01 ± 1.44bc 
T3 0.038 ± 0e 0.04 ± 0d 0.038 ± 0g 0.046 ± 0g 73.5 ± 1.07a 68.1±1.03a 71.8 ± 1.61a 65.6±1.16a 
T4 0.044 ± 0bc 0.045 ± 0bc 0.049 ± 0b 0.057 ± 0ab 54.34 ± 0.85f 48.94±0.1g 54.34 ± 1.02de 46.44 ± 0.63g 
T5 0.044 ± 0bc 0.045 ±0bc 0.046 ± 0bc 0.054 ± 0bc 56.42 ± 0.91ef 51.02±0.48fg 51.3 ± 0.27e 48.52 ± 0.13fg 
T6 0.043 ± 0bc 0.048 ±0b 0.044 ± 0cde 0.052 ± 0cde 59.74 ± 1.15de 54.34±1.1def 56.5 ± 1.38de 51.84 ± 0.84ef 
T7 0.042 ± 0bcd 0.045 ± 0bc 0.045 ± 0cd 0.053 ± 0cd 59 ± 1.47def 53.6±0.78ef 58.3 ± 0.52cd 51.1 ± 0.37ef 
T8 0.039 ± 0de 0.043 ± 0cd 0.042 ± 0def 0.05 ± 0def 63.5 ± 0.03cd 58.1±0.33cd 62 ± 1.16bc 55.6 ± 0.09cd 
T9 0.038 ± 0e 0.041 ± 0d 0.041 ± 0efg 0.049 ± 0efg 68.7 ± 0.32b 63.3±0.26b 66 ± 0.96b 60.8 ± 0.13b 

Table 5. Effect of conjoint application of sewage sludge and fertilizer on stress markers parameters of rice and wheat  

Mean values within the same column having alike alphabets differ non-significantly (p ≤ 0.05), while different alphabets show a significant 
difference (p ≤ 0.05). Mean (±SE) was taken from three replicates for each treatment.Treatments : T0 -without Fertilizer, T1 - 100 % RDF, T2 -           

100 % RDF + 20 t ha-1 SSL, T3 - 100 % RDF + 30 t ha-1 SSL, T4-50 % RDF + 20 t ha-1 SSL, T5 -60 % RDF + 20 t ha-1 SSL, T6 - 70 % RDF + 20 t ha-1 SSL, T7 - 
50 % RDF + 30 t ha-1 SSL, T8 - 60 % RDF + 30 t ha-1 SSL and T9 - 70 % RDF + 30 t ha-1 SSL. 
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initiation and maintenance, especially pronounced in                       

(Fig. 2,3). MSI and CSI were significantly improved under integrated 

treatments. Higher MSI and CSI values indicate reduced 

membrane injury and better preservation of photosynthetic 

pigments, reflecting lower oxidative damage and improved 

cellular integrity under balanced nutrient supply. 

Stress markers (phenol, proline, MDA) 

Stress-related metabolites responded inversely to growth and 

physiological parameters (Table 5, Fig. 2, 3). Proline and phenolic 

contents were highest in the control and declined significantly 

under SSL-RDF treatments, with T3 consistently recording the 

lowest values. This reduction reflects decreased stress severity 

rather than suppression of metabolic activity, indicating improved 

nutrient and osmotic balance. MDA, a marker of lipid peroxidation, 

was significantly reduced under integrated treatments. Lower 

MDA content under SSL-RDF combinations indicates mitigation of 

oxidative stress and enhanced membrane protection, consistent 

with higher MSI values. 

Multivariate and dose-response analyses 

PCA explained > 94 % of the total variance in both crops (Fig. 4, 5). 

Quadrants dominated by growth and physiological traits 

represent nutrient sufficiency and low stress, whereas quadrants 

associated with proline, phenolics and MDA represent stress-

dominated conditions. Treatments T2, T3 and T9 clustered with 

positive growth and biochemical attributes, indicate superior 

nutrient management efficiency, while T0 clustered with stress 

indicators, confirms nutrient deficiency-induced stress. Correlation 

matrix analysis (Fig. 6A, B) reveals a positive correlation between 

growth attributes and physio-biochemical parameters in both 

crops in every season. Further correlation matrix showed a 

negative correlation between stress indicators and other 

parameters in both crops. In addition, the scatter plot illustrates 

the relationship between starch concentration (mg g-1 FW) and 

tiller number per running meter (Fig. 7A – D). This emphasizes the 

pivotal role of starch in promoting tiller formation, suggesting that 

relatively small increments in starch concentration can lead to 

 

Fig. 4. PCA with various combinations of RDF and SSL treatment conditions in rice under two seasons. Arrows represent the parameters on the 
corresponding dimensions (PC1 and PC2), where PC2 expressed most of the variability in the data. (T0-I to T9-I denotes treatments of season I 

and T0-II to T9-II denotes treatments of season II). 

 

Fig. 5. The principal component analysis with various combinations of RDF and SSL treatment conditions in wheat under two seasons. Arrows 
represent the parameters on the corresponding dimensions (PC1 and PC2), where PC2 expressed most of the variability in the data. (T0-I to T9-I 

denotes treatments of season I and T0-II to T9-II denotes treatments of season II). 
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Fig. 6. Grid correlation matrix shows the correlation between all parameters with colour code (A) rice and (B) wheat. 

Fig. 7. The scatter plot indicating a linear relationship between the number of tillers per running meters and starch content (mg g-1 FW), during 
I season rice (A), wheat (C), II season rice (B) and wheat (D). 
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substantial increases in tiller number. Dose-response curves 

demonstrated a clear stimulatory response up to T3, followed by a 

decline under reduced RDF treatments and partial recovery at 

higher SSL doses (Fig. 8). This confirms an optimal SSL-RDF 

interaction threshold rather than a linear response. 

 

Discussion 

Growth attributes 

These findings demonstrate that wheat and rice exhibit differential 

responses to escalating SSL application rates. The significant 

improvement in plant height observed under SSL application can 

be attributed to its ability to enhance soil OM content, physical 

structure and the availability of essential nutrients, including 

nitrogen and phosphorus and micronutrients. These factors 

stimulate cell division and elongation, ultimately promoting vertical 

growth. Comparable results have been observed in cereals, where 

the application of SSL, alone or in combination with chemical 

fertilizers, enhanced vegetative growth by improving nutrient 

availability and soil health (7, 22).  

 Evidence from rice and wheat further supports that SSL-CF 
integration optimizes nutrient uptake, leading to significant 

improvements in plant height (11, 23). The increase in tiller number 

under SSL treatments is likely due to a combination of factors, 

including improved soil fertility, increased microbial activity and 

gradual nutrient release, which collectively enhance tiller initiation 

and survival. SSL also improves root proliferation, thereby 

facilitating efficient water and nutrient uptake that directly 

supports tiller production (24). These findings align with earlier 

reports in cereals, where SSL combined with CF resulted in higher 

vegetative branching and tillering capacity due to sustained 

nutrient availability (7, 11). 

Physiological and biochemical responses 

The physiochemical parameters (chlorophyll, starch, proteins, CSI 

and MSI) displayed great significant changes with treatment of SSL 

with CF. The addition of SSL generally enhances soil texture, 

increases OM content and improves total sugar and protein levels 

in plants (25). Similarly, it was observed that cucumber plants 

grown in SSL exhibited higher soluble protein content (26). The use 

of SSL in forest plantations has also been shown to promote tree 

growth, enhance wood production and improve several soil 

properties (27). SSL applications positively influenced the 

biochemical composition of maize plants, including sugars, 

proteins, free amino acids, proline and antioxidant enzyme activity 

(28).  It was also found that increasing sludge levels led to enhanced 

sugar and protein content in Brassica juncea (29).  

 The increase in chlorophyll concentration under integrated 

nutrient management highlights the importance of balanced 

nitrogen and magnesium availability for chlorophyll biosynthesis. 

The slow-release nature of SSL nutrients, together with the 

immediate availability of CF, ensures a steady supply for chlorophyll 

formation. These results agree with earlier studies reporting 

synergistic effects of organic-inorganic nutrient sources on 

chlorophyll accumulation in cereals (30). The increased protein 

accumulation under combined SSL-CF treatments is likely 

attributable to enhanced nitrogen availability and improved 

nitrogen assimilation efficiency. The combination of quickly 

available nitrogen from CF and the slow mineralization of SSL-

derived nitrogen sustains protein synthesis during active vegetative 

growth. Additionally, SSL improves microbial activity and 

enzymatic processes related to nitrogen metabolism, which further 

supports protein accumulation in plant tissues (31, 32).  

 The rise in starch levels suggests that integrated nutrient 

management enhances photosynthetic performance and 

assimilate partitioning. Nitrogen plays a crucial role in regulating 

starch biosynthesis via the activation of key enzymes, while SSL 

improves soil conditions and microbial processes that sustain 

carbohydrate metabolism (33, 34). This dual mechanism likely 

explains the higher starch accumulation in SSL-CF treatments 

compared to sole applications. The scatter plot demonstrated the 

linear relationship between starch concentration and tiller number 

per running meter in both crops. Together, these findings reinforce 

the notion that enhanced carbohydrate accumulation not only 

provides energy but also serves as a regulatory factor influencing 

the capacity of cereals to initiate and sustain productive tillers, 

highlighting starch metabolism as a key physiological determinant 

of crop productivity. 

 Higher MSI values under integrated nutrient management 

indicate greater membrane stability, reflecting improved 

antioxidant defence and osmotic adjustment. The combined 

nutrient availability from SSL and CF reduces oxidative stress, 

protecting membrane lipids and proteins from peroxidation. These 

findings are consistent with previous reports that organic 

amendments improve cell integrity by enhancing antioxidant 

Fig. 8. The dose response curve of tiller numbers of (A) rice and (B) wheat cultivars at different combinations of CF and SSL (T0-T9) at two sea-
sons (SI and SII).  
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activity (35, 36). CSI improvement under SSL-CF integration 

suggests better preservation of chlorophyll pigments and 

thylakoid membranes due to reduced oxidative degradation. Such 

stability under integrated nutrient regimes indicates that 

improved soil fertility and reduced stress enhance the persistence 

of photosynthetic machinery (37, 38).  

 Proline, known for its role as an osmoprotectant in plant 
metabolism, was found to decrease in treatments with SSL (39). 

This reduction suggests that plants experienced less stress under 

these conditions and thus, proline cannot be used as a stress 

marker in these cases. Conversely, proline levels were higher in 

control treatments, indicating its typical role as a stress indicator 

under nutrient-deficient conditions. Proline accumulation is a well-

documented plant response to abiotic stress, functioning as an 

osmolyte, membrane stabilizer and enzyme protector (40). The 

observed decline in proline levels under SSL-CF treatments may 

reflect reduced stress severity due to better water and nutrient 

availability. Similar reductions have been reported in wheat, where 

adequate nutrient management suppressed stress-induced proline 

accumulation (41). 

 Phenolics are vital defence metabolites that provide 

resistance against pathogens and abiotic stress factors (1). The 

reduced phenol levels in SSL-amended plants may suggest lower 

stress intensity, but this could also compromise plant defence 

capacity against pathogens, necessitating careful management of 

SSL inputs to balance growth and defence trade-offs.  

 MDA is a biomarker of lipid peroxidation and oxidative 
stress (42). Lower MDA content in SSL-CF treatments indicates 

reduced oxidative damage, likely due to enhanced antioxidant 

capacity and better cellular stability (43, 44). Previous reports 

confirm that organic amendments mitigate ROS-mediated stress 

by strengthening antioxidant defences, which aligns with the 

present observations (45). However, cautioned that while SSL 

offers benefits as organic compost, it may also cause genetic 

damage in plants (46). There are potential health risks associated 

with consuming crops grown in sewage SSL-amended soils, as 

sludge may contain harmful substances like heavy metals, organic 

pollutants and pathogens (47). In the current study, treatments         

T3 and T9, which included RDF at 70 % and 100 % along with 30 % 

SSL, showed significant increases in chlorophyll, soluble sugar and 

protein contents, with T3 displaying the most pronounced 

improvement. The C: N ratio of the SSL was not determined, which 

may influence decomposition dynamics and nutrient 

mineralization patterns. 

 

Conclusion 

This study demonstrates that integrated application of SSL with CF 

provides synergistic benefits to rice and wheat by enhancing 

growth, photosynthetic efficiency, carbohydrate accumulation 

and cellular stability while reducing oxidative stress. The combined 

use of 100  % RDF with 30 t ha-1 SSL (T3) consistently produced the 

most favourable physiological and biochemical responses. 

Reductions in proline, phenolics and MDA under integrated 

treatments reflect reduced nutrient and osmotic-stress severity, 

rather than metabolic suppression, confirming the role of 

balanced nutrient availability in stress mitigation. From a practical 

perspective, SSL should be applied at moderated rates in 

combination with mineral fertilizers rather than as a sole nutrient 

source. While higher SSL rates improved plant performance, field-

scale feasibility, transportation costs, regulatory thresholds and 

farmer adoption must also be considered. Although heavy-metal 

concentrations in soil and grains were not quantified in this study, 

their potential accumulation remains a critical concern. Regular 

monitoring of soil and crop metal content is therefore 

recommended when SSL is used repeatedly. Overall, integrating 

SSL with RDF represents a viable strategy for improving nutrient 

use efficiency, sustaining productivity and supporting circular bio-

economy practices, if application rates are regulated and long-

term soil health is monitored.  
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