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ABSTRACT  Article History 

Salinity is a major constraint limiting crop productivity in suboptimal lands, necessitating the 

development of sustainable strategies to improve plant performance. This study evaluated the 

combined effects of endophytic bacteria and biochar on the morphophysiological traits, ionic 

homeostasis, and grain quality of sweet sorghum under saline soil conditions (electrical 

conductivity 5 dS m⁻¹) in North Sumatra, Indonesia. The experiment was conducted using a 

factorial randomized block design with two factors, namely endophytic bacteria (0, 5, 10, and 15 

mL polybag⁻¹) and biochar (80 and 120 g polybag⁻¹). Unlike previous studies that mainly 

examined either microbial inoculants or biochar separately, this study provides an integrated 

evaluation of their synergistic effects across morphological, physiological, anatomical, ionic, and 

grain biochemical responses under saline conditions. The combined application significantly 

enhanced plant growth, yield components, chlorophyll content, nutrient uptake, and grain 

nutritional quality while reducing Na accumulation and improving the K⁺/Na⁺ ratio, indicating 

better ionic homeostasis. These improvements were accompanied by increased stomatal 

density, optimized cuticle thickness, and enhanced carbohydrate, protein, and amylose 

contents, demonstrating coordinated structural and metabolic adaptation to salinity stress. The 

synergistic interaction between endophytic bacteria and biochar effectively mitigated the 

adverse effects of salinity by improving physiological function, nutrient balance, and grain 

quality. These findings highlight the potential of integrating endophytic bacterial inoculants 

with biochar as a sustainable management strategy for enhancing sweet sorghum productivity 

on salt-affected soils and provide a promising approach for climate-resilient agriculture. 
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INTRODUCTION 
 

 Sorghum (Sorghum bicolor L. Moench) is a versatile 

cereal crop widely recognized for its dual function as a food 

and bioenergy resource (Ameen et al., 2024). Its grains 

contain high levels of carbohydrates (68%), protein (9.5%), 

and crude fiber (2.3%), along with essential minerals such as 

calcium (0.11%) and amino acids including methionine 

(0.35%), cysteine (0.35%), and lysine (0.22%) (Rajalakshmi et 

al., 2021). In addition to its nutritional value as a food 

source, sweet sorghum is also valued for its high 

fermentable sugar content in the stalk, which can be 

utilized for bioethanol production, providing a sustainable 

alternative to fossil-based energy (Oktem & Oktem, 2024). 
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 Sorghum has considerable potential for development 

in Indonesia as an alternative crop. However, its cultivation 

remains limited, with a total planting area of approximately 

8,000 hectares distributed across various regions. Despite 

its nutritional and economic potential, the average national 

productivity is still relatively low, at around 2.68 t ha⁻¹, 

compared to its potential yield of 5–7 t ha⁻¹. In regions 

such as North Sumatra, efforts to expand sorghum 

cultivation are increasingly directed toward suboptimal 

lands (Yusuf et al., 2025), including saline soils. Such 

expansion requires the development of cultivation 

technologies that can improve sorghum adaptation and 

productivity under salinity stress. 

 Soil salinity refers to the accumulation of soluble salts 

in the soil, primarily dominated by NaCl, but also NaSO, 

MgSO, NaHCO, NaCO, CaSO, and CaCO, which collectively 

determine the electrical conductivity (EC) of the soil 

solution (Choudhury et al., 2026). High salinity levels 

impose significant constraints on plant growth through 

ionic toxicity, osmotic imbalance, and nutrient disruption 

(Zaque, 2025). Saline soils are often characterized by visible 

salt crusts, pH values below 5.5, and electrical conductivity 

exceeding 4 mmhos cm⁻¹ at 25°C (Shrivastava & Kumar, 

2015). These conditions interfere with water uptake, 

damage cellular structures, and impair key physiological 

processes such as photosynthesis and protein synthesis. 

Consequently, salinity stress affects plants at multiple 

levels, including reduced morpho-agronomic performance, 

altered physiological responses such as chlorophyll 

degradation and proline accumulation, disruption of ionic 

balance (particularly the K⁺/Na⁺ ratio), as well as changes in 

anatomical traits and grain biochemical composition 

(Balasubramaniam et al., 2023; Barus et al., 2023; Pandit et 

al., 2024). 

 A central aspect of plant adaptation to salinity is ionic 

homeostasis, especially the maintenance of a favorable 

K⁺/Na⁺ ratio. Potassium is essential for enzyme activation, 

stomatal regulation, osmotic adjustment, and 

photosynthetic metabolism, whereas excessive Na⁺ 

competes with K⁺ for uptake and transport, leading to 

metabolic dysfunction and growth inhibition (Talakayala et 

al., 2025). Salt-tolerant plants are generally able to restrict 

Na⁺ accumulation while maintaining adequate K⁺ levels in 

their tissues, thereby preserving cellular functions under 

saline conditions. This regulation is mediated through 

coordinated ion transport systems, including selective K⁺ 

uptake, Na⁺ exclusion from the cytoplasm, vacuolar Na⁺ 

sequestration, and long-distance ion transport between 

roots and shoots. Efficient operation of these mechanisms 

maintains membrane integrity, stabilizes enzyme activities, 

and prevents ionic toxicity in metabolically active tissues 

(Ma et al., 2026). Thus, plants with superior ionic 

homeostasis are better able to sustain photosynthetic 

activity, maintain water relations, and support biomass 

accumulation and reproductive development under saline 

environments (Hassan, 2024). 

 Strategies to mitigate the adverse effects of salinity 

are increasingly being explored such as organic 

amendments. The use of plant growth-promoting 

rhizobacteria (PGPR), particularly endophytic bacteria 

isolated from saline environments, has received 

considerable attention as a sustainable strategy to 

enhance plant tolerance to salinity stress (Jabborova et al., 

2025). These microorganisms can improve plant 

performance through multiple mechanisms, including 

enhanced nutrient acquisition, phytohormone production, 

and osmotic adjustment via the accumulation of 

compatible solutes such as proline (Bhat et al., 2023; Zhang 

et al., 2025; Fouad et al., 2026). Recent studies have further 

confirmed that halotolerant PGPR can regulate stress-

responsive metabolites, improve antioxidant systems, and 

enhance nutrient uptake, thereby increasing plant 

resilience under saline conditions (AbuQamar et al., 

2024). In crops, microbial inoculation has been associated 

with improved chlorophyll retention, proline 

accumulation, and maintenance of ionic balance under 

salt stress (Witzel et al., 2026). 

 Biochar has also been widely recognized as an 

effective soil amendment due to its high carbon content 

(Tang, 2025), water-holding capacity (Hien et al., 2021) and 

cation exchange capacity (Shyam et al., 2025). These 

properties contribute to improved soil physicochemical 

characteristics (Adekiya et al., 2025), nutrient retention and 

microbial interaction (Samaraweera et al., 2023), and soil 

health (Bera, 2024), thereby supporting plant growth in 

saline soils. Recent findings indicate that biochar can 

function as a carrier for beneficial microbes while 

improving soil quality, organic matter stability, and plant 

productivity under salinity stress (Abbas et al., 2026; Wang 

et al., 2026). 

 Previous studies have shown that both endophytic 

bacteria and biochar play important roles in alleviating 

salinity stress (Akhtar et al., 2015; Liu et al., 2025a; Zhao et 

al., 2025). However, their synergistic effects remain 

insufficiently explored in sorghum. Most existing studies 

have focused on either microbial inoculation or biochar 

application alone, and many have evaluated only a limited 

set of response variables, primarily growth and yield. 

Consequently, there is still limited understanding of how 

the interaction between endophytic bacteria and biochar 

influences multiple biological levels simultaneously, 

including morphological performance, physiological 

regulation, ionic homeostasis, anatomical adaptation, and 

grain biochemical composition under saline conditions. 

This knowledge gap is particularly important for sweet 

sorghum because its value depends not only on biomass 

production but also on grain quality and physiological 

resilience in salt-affected soils. 

 In the present study, the Soper 6 sorghum variety, 

previously identified as a promising genotype for saline 

environments (Tarigan et al., 2025), was used to evaluate 

the integrated application of endophytic bacteria and rice 

husk biochar. We hypothesized that the combined 

application of endophytic bacteria and biochar would exert 

synergistic effects in enhancing salinity tolerance of sweet 

sorghum by improving growth performance, chlorophyll 

retention, osmotic adjustment, ionic homeostasis, 

anatomical stability, and grain biochemical quality under 

saline soil conditions. This study aimed to evaluate the 

effects of endophytic bacteria enriched with biochar on 
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growth performance, physiological responses, ionic 

balance, and grain quality of sweet sorghum under saline 

soil conditions. 

 

MATERIALS & METHODS 

 

Study Area 

 Sorghum cultivation was carried out in the 

experimental field of the Faculty of Agriculture, Universitas 

Muhammadiyah Sumatera Utara, on Tuar Street Medan, 

North Sumatra, Indonesia (3°32'09.0" N, 98°42'40.0" E) 

(Fig. 1). The experimental site is located at an altitude of 

approximately 27 m above sea level and is characterized 

by a tropical humid climate. The soil used in this study was 

classified as an Inceptisol with saline characteristics 

(electrical conductivity of 5 dS m⁻¹). The soil had a pH of 

6.9, organic C of 3.07%, total N of 0.32%, total P of 726.76 

mg kg⁻¹, and exchangeable K of 0.90 cmol kg⁻¹. The 

research was conducted from June to September 2024. 

Physiological analysis was conducted in the Analysis 

laboratory, Faculty of Agriculture, Universitas 

Muhammadiyah Sumatera Utara, Indonesia. Anatomical 

analysis was conducted in the Plant Physiology laboratory, 

Faculty of Mathematics and Natural Sciences, and plant 

nutrient uptake analysis was conducted in the Research 

and Technology laboratory, Faculty of Agriculture, 

Universitas Sumatera Utara, Indonesia. Biochemical 

analysis and biochar content were conducted in the Soil, 

Plant, Fertilizer, and Water Laboratory of BSIP (Badan 

Standardisasi Instrumen Pertanian), Medan, North 

Sumatra, Indonesia. 

 

Materials and Tools 

 The materials used were sorghum seeds of the Soper 

6 variety obtained from the Maros Cereal Research 

Institute, Makassar, Indonesia, saline soil, rice husks, NPK 

fertilizer, endophytic bacteria, insecticides with the active 

ingredient emamectin benzoate and fungicides with the 

active ingredient tebuconazole. The tools used were tape 

measure, hoe, scissors, analytical balance, research 

nameplate, treatment label, envelope, handspreader, cutter 

knife, 40 x 50 cm polybag, microscope, spectrophotometer, 

and several other tools used for laboratory analysis. 

 

Method 

 The study was conducted using a factorial 

Randomized Block Design (RBD). The first factor was 

endophytic bacteria (M), consisting of 4 levels, namely 0, 5, 

10, and 15 mL/polybag. The second factor was biochar (B), 

consisting of 2 levels, namely 80 and 120 g/polybag. This 

resulted in 8 treatment combinations (M0B1: 0 mL/polybag 

endophytic bacteria + 80 g/polybag biochar; M0B2: 0 

mL/polybag endophytic bacteria + 120 g/polybag biochar; 

M1B1: 5 mL/polybag endophytic bacteria + 80 g/polybag 

biochar; M1B2: 5 mL/polybag endophytic bacteria + 120 

g/polybag biochar; M2B1: 10 mL/polybag endophytic 

bacteria + 80 g/polybag biochar; M2B2: 10 mL/polybag 

endophytic bacteria + 120 g/polybag biochar; M3B1: 15 

mL/polybag endophytic bacteria + 80 g/polybag biochar; 

M3B2: 15 mL/polybag endophytic bacteria + 120 g/polybag 

biochar), each repeated 3 times. Each plot measured 1.5 m 

x 1.5 m, and each treatment plot consisted of 4 polybags. 

 

Procedures 

 Biochar is produced using the pyrolysis method using 

a retort kiln (pyrolysis drum) that utilizes rice husks as the 

raw material. Dried rice husks with a moisture content of 

<15% are placed in a drum or kiln and then sealed with 

limited ventilation to control oxygen. Heating is carried out 

at a temperature of 400–600°C for 2–5 hours. After the 

carbonization process is complete, the drum is cooled with 

a tightly closed lid, deprived of oxygen, to prevent 

combustion from turning to ash. Next, the biochar nutrient 

content is analyzed (Table 1). 

 

 

Fig. 1: Map of study area. 
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Table 1: Nutrient content in rice husk biochar 

Nutrient content Value Test Method 

C-organic (%) 17.82 Spectrophotometry 

N-total (%) 1.59 IK 0.3.14.0 (Kjeldahl) 

P2O5 (%) 0.28 IK 0.3.15.0 (Spectrophotometry) 

K2O (%) 0.75 IK 0.3.16.0 (A.A.S) 

pH 7.5 IK. 0.3.12.0 (Electrometry) 

 

 The endophytic bacteria used in this study was 

obtained from our previous study (Tarigan et al., 2023). 

The isolates were originally recovered from sorghum 

plants growing under saline conditions in North Sumatra, 

Indonesia, and were identified using morphological. Based 

on the previous characterization, the selected isolates 

exhibited multiple plant growth-promoting traits, including 

phosphate solubilization, nitrogen fixation, and tolerance 

to saline conditions. 

 Saline soil weighing 10 kg was placed in polybags. 

Biochar was added to the saline soil medium two weeks 

before planting, mixed evenly into the medium. Sorghum 

seeds were planted 1-2 cm deep from the soil surface, with 

2 seeds sown in each planting hole. After the plants 

reached 2 weeks after planting, thinning was carried out, 

leaving 1 plant per polybag, and an initial application of 

NPK fertilizer of 2.5 g/polybag was applied. Further NPK 

fertilization was carried out at 6 and 10 weeks after 

planting at 3.5 g/polybag. The endophytic bacteria 

application was carried out twice, at 40 days after planting 

and 60 days after planting, with doses according to the 

treatment, by watering around the roots. Plant 

maintenance was carried out manually and chemically, 

depending on the condition of the plants in the field. 

 The parameters observed included morpho-

agronomic characters (plant height, number of leaves, 

stem diameter, panicle length, panicle weight, number of 

seeds/panicle, seed weight/panicle, seed weight/plant, 

weight of 100 seeds), anatomical characters (number of 

stomata, stomata density, cuticle thickness), physiological 

characters (chlorophyll content), proline content, and 

nutrient absorption of N, P, K, Na, K/Na ratio and 

biochemical characters (water content, protein, fat, ash, 

amylose and carbohydrates). 

 

Data Analysis 

 The morpho-agronomical data were statistically 

analyzed using analysis of variance (ANOVA). Prior to 

analysis, the data were tested for normality using the 

Shapiro–Wilk test and for homogeneity of variance using 

Levene's test. The significant mean differences were further 

compared and separated with Duncan's Multiple Range 

Test (DMRT) at the 5%. Statistical analyses were performed 

using IBM SPSS Statistics version 28.0. 

 

RESULTS & DISCUSSION 

 
Morpho-Agronomical Traits 

 Salinity stress significantly influences plant growth and 

yield formation by disrupting water uptake, nutrient 

balance, and metabolic activities. The combined application 

of endophytic bacteria and biochar affected several 

morpho-agronomic traits of sweet sorghum grown under 

saline soil conditions. Significant differences among 

treatments were observed for plant height, stem diameter, 

panicle length, panicle weight, number of seeds per panicle, 

seed weight per panicle, and 100-seed weight (Table 2). 

 The combined application of endophytic bacteria and 

biochar generally improved vegetative growth under saline 

conditions, as reflected by increased plant height, leaf 

number, and stem diameter, with the highest in M2B2. 

Enhanced growth may be associated with improved 

nutrient availability, water uptake, and physiological 

activity in the rhizosphere. Endophytic bacteria are known 

to stimulate plant growth through phytohormone 

production, particularly indole-3-acetic acid (IAA), and 

improved nutrient acquisition under stress conditions (Eid 

et al., 2021), whereas biochar contributes through 

improved soil structure, aeration, water retention, and 

cation exchange capacity (Tang, 2025). The relatively stable 

leaf production across treatments also suggests that the 

Soper 6 genotype possesses adaptive characteristics that 

enable maintenance of vegetative development under 

saline environments, likely supported by improved osmotic 

adjustment and water-use efficiency (Dehnavi et al., 2024). 

In addition, the greater stem diameter observed in 

combined treatments indicates enhanced vascular 

development and assimilate transport capacity, which are 

essential for sustaining biomass accumulation and plant 

productivity under salinity stress (Pandit et al., 2024). 

 Yield-related traits, including panicle length, panicle 

weight, number of seeds per panicle, and seed weight per 

panicle, were markedly improved by the combined 

application of endophytic bacteria and biochar. The M2B2 

treatment consistently produced the highest yield 

components, indicating that the integrated treatments 

effectively maintained reproductive development under 

saline conditions. Salinity stress commonly disrupts 

flowering and grain filling through reduced photosynthetic 

activity  and  assimilate partitioning (Aninbon et al., 2023). 

 
Table 2: Morpho-agronomical traits 

Treatment Plant height 

(cm) 

Number of 

leaves (leave) 

Stem diameter 

(mm) 

Panicle lenght 

(cm) 

Panicle 

weight (g) 

Number of seeds/ 

panicle (seed) 

Seed weight/ 

panicle (g) 

Weight 100 

seeds (g) 

M0B1 169 e 9 b 31 c 21.6 d 15.7 e 84 e 17.5 f 19.6 e 

M0B2 170 d 9 b 33 bc 22.6 c 17.1 d 90 d 18.3 ef 21.2 d 

M1B1 173 d 9 b 34 b 22.9 c 18.3 c 93 d 19.5 de 21.7 d 

M1B2 175 cd 9 b 34 b 24.4 b 20.2 b 99 bc 21.0 cd 22.6 bc 

M2B1 173 d 9 b 34 b 23.4 c 20.0 b 98 c 20.9 d 22.5 c 

M2B2 193 a 10 a 37 a 25.6 a 22.6 a 134 a 25.6 a 24.7 a 

M3B1 177 bc 9 b 36 a 25.0 a 20.3 b 103 b 22.4 bc 23.1 bc 

M3B2 179 b 9 b 36 a 25.5 a 21.9 a 131 a 23.8 b 23.4 b 

Note: Numbers followed by different letters in the same column and row indicate significant differences according to Duncan’s  Multiple Range 

Test's at α = 5%. 
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The improved reproductive performance observed in 

treated plants suggests that enhanced physiological 

stability, nutrient balance, and photosynthetic efficiency 

supported more effective grain development. Increased 

potassium availability under biochar-amended conditions 

likely contributed to assimilate transport and starch 

synthesis, while reduced Na⁺ toxicity helped maintain 

pollen viability and reproductive tissue development (Xiu 

et al., 2025). Similar findings were reported by Nehela et al. 

(2021), who demonstrated that biochar and beneficial 

microbial applications improved grain yield and 

reproductive performance under abiotic stress conditions. 

 The 100-seed weight showed a similar trend, with 

M2B2 producing the highest value that significantly higher 

than the other treatment. Seed weight is an important 

indicator of grain filling efficiency and overall plant 

metabolic performance (Cao et al., 2025). Increased seed 

weight suggests that plants treated with endophytic 

bacteria and biochar maintained more efficient 

photosynthetic activity and nutrient assimilation during the 

reproductive phase. This finding is consistent with reports 

by Liu et al. (2025b), who showed that biochar-based soil 

amendments improved grain filling and yield stability in 

cereal crops grown under saline environments. 

 

Anatomical Traits 

 Leaf anatomical traits are closely associated with plant 

adaptation to salinity stress because they directly influence 

transpiration, gas exchange, and water conservation. The 

combined application of endophytic bacteria and biochar 

affected the anatomical traits of sweet sorghum grown 

under saline conditions. Variations were observed in the 

number of stomata, stomata density, and cuticle thickness 

among treatments, as presented in Fig. 2. 

 

 
 

  
 

Fig. 2: Anatomical traits of sweet sorghum under different endophytic 

bacteria and biochar treatments in saline soil conditions. 

 

 The number of stomata and stomata density increased 

markedly following the application of endophytic bacteria 

and biochar. The highest stomata density was recorded in 

M2B2 and M3B2, whereas the M0B1 showed the lowest value 

(Fig. 2). Stomata play a central role in regulating CO₂ 

diffusion and transpiration, and their density is highly 

responsive to environmental stress (Haworth et al., 2021). 

Under saline conditions, excessive salt accumulation often 

reduces stomata development as a protective mechanism 

to minimize water loss (Bawa et al., 2023). The improved 

stomata characteristics were closely associated with 

enhanced ionic balance, particularly increased K uptake 

and higher K⁺/Na⁺ ratio in plants treated with endophytic 

bacteria and biochar. The combined treatment likely 

improved ionic homeostasis through greater Na⁺ 

adsorption and cation exchange capacity provided by 

biochar, while endophytic bacteria enhanced nutrient 

mobilization and stress adaptation in the rhizosphere. 

Similar findings were reported by Chen et al. (2023), who 

showed that biochar-assisted microbial amendments 

improved stomatal conductance and maintained leaf 

structural integrity in salt-stressed plants. 

 Cuticle thickness showed an opposite trend, where 

combined treatments reduced cuticle thickness compared 

to the control. According to Srivastava (2022), plants 

frequently develop thicker cuticles in saline environments 

as a structural defense mechanism to reduce excessive 

transpiration and water loss. Although thicker cuticles can 

protect leaf tissues under stress, they may also limit gas 

exchange and reduce photosynthetic efficiency. The 

thinner cuticle observed under combined treatments 

indicates that plants experienced lower stress intensity and 

maintained better physiological activity. This response 

suggests that endophytic bacteria and biochar effectively 

alleviated osmotic and ionic stress, thereby reducing the 

need for excessive structural protection. Similar 

observations were reported by El-Tarabily et al. (2021), 

who found that beneficial rhizobacteria improved leaf 

anatomical flexibility and reduced stress-induced structural 

abnormalities under saline conditions. 

 The anatomical observations of leaf stomata further 

confirmed the effects of endophytic bacteria and biochar 

on the adaptive responses of sweet sorghum to salinity 

stress (Fig. 3). Clear differences in stomata distribution and 

density were observed among treatments. Plants grown 

under the control treatment (M0B1) exhibited fewer 

stomata with relatively wider spacing between epidermal 

cells, indicating restricted stomata development under 

saline conditions. In contrast, treatments receiving 

combined applications of endophytic bacteria and biochar, 

particularly M2B2 and M3B2, showed a greater number of 

stomata distributed more uniformly across the leaf surface. 

This response may indicate improved epidermal cell 

stability and water balance within leaf tissues. Enhanced 

stomata organization under saline conditions is important 

for maintaining transpiration efficiency and regulating gas 

exchange without excessive water loss (Hasanuzzaman et 

al., 2023). Previous studies have shown that plants capable 

of maintaining stomata functionality under salinity stress 

exhibit better photosynthetic efficiency and higher 

biomass production (Mohamed et al., 2020).  

 Microscopic observations of leaf cuticle structure 

revealed clear anatomical differences among treatments 

under saline conditions (Fig. 4). Control plants exhibited 

thicker and more irregular cuticle layers, whereas plants 

treated with endophytic bacteria and biochar showed 

thinner, more organized, and compact epidermal tissues. 

These anatomical improvements were likely associated 

with enhanced water relations, ionic regulation and 

reduced     oxidative    damage    under    saline    stress. 
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M0B1 M0B2 M1B1 M1B2 

M2B1 M2B2 M3B1 M3B2 

 

Fig. 3: Stomata structure and 

density of sweet sorghum leaves 

under different endophytic bacteria 

and biochar treatments in saline soil 

conditions. 

 

 

 

 
 

M0B1 M0B2 M1B1 M1B2 

M2B1 M2B2 M3B1 M3B2 

 

Fig. 4: Leaf cuticle structure of 

sweet sorghum under different 

endophytic bacteria and biochar 

treatments in saline soil conditions. 

 

Endophytic bacteria may have contributed through 

osmotic adjustment and antioxidant activity (Ali et al., 

2022), while biochar improved soil moisture retention, Na⁺ 

adsorption, and cation exchange capacity, thereby 

reducing physiological drought stress (Dey et al., 2023). 

The improved cuticle organization observed in treated 

plants was also consistent with higher chlorophyll content 

and improved K⁺/Na⁺ ratio, indicating a close relationship 

between anatomical adaptation and physiological stability 

under saline conditions. 

 Visual examination of the microscopic also suggests 

that plants treated with higher biochar doses possessed 

more organized and compact epidermal tissues. This 

response may indicate improved cellular integrity and 

tissue hydration under saline stress. Previous studies have 

shown that improved epidermal organization under stress 

conditions is often associated with enhanced nutrient 

status and better maintenance of photosynthetic activity 

(Yavas et al., 2024). In the present study, treatments 

exhibiting thinner cuticles were also associated with higher 

chlorophyll content and improved K⁺/Na⁺ ratio, indicating 

that anatomical adaptation was closely linked to 

physiological performance. 

 

Physiological Traits 

 Physiological performance is one of the most sensitive 

indicators of plant adaptation to salinity stress because it 

directly reflects the ability of plants to maintain 

photosynthetic activity, osmotic balance, and nutrient 

homeostasis under stress environments. The combined 

application of endophytic bacteria and biochar markedly 

influenced chlorophyll content (Fig. 5), proline 

accumulation (Fig. 6), and nutrient uptake (Fig. 7) in sweet 

sorghum grown under saline soil conditions. 

 

 

 
Fig. 5: Chlorophyll content of sweet sorghum under different endophytic 

bacteria and biochar treatments in saline soil conditions. 

 

 Chlorophyll content increased markedly following 

the combined application of endophytic bacteria and 

biochar. Total chlorophyll increased, largely due to 

greater chlorophyll b accumulation relative to chlorophyll 

a across treatments (Fig. 5). Chlorophyll retention is 

considered a key indicator of salinity tolerance because 

excessive Na⁺ accumulation and oxidative stress 

commonly accelerate chlorophyll degradation through 

lipid peroxidation, chloroplast membrane disruption, and 

activation of chlorophyll catabolic enzymes (Nounjan et 

al., 2020; Wang et al., 2024). The higher chlorophyll 

content observed in the present study suggests that the 
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integrated treatments alleviated these detrimental effects 

by preserving chloroplast integrity and reducing oxidative 

damage. Endophytic bacteria likely contributed by 

producing phytohormones and stimulating antioxidant 

defense systems that scavenge reactive oxygen species 

(ROS), thereby protecting photosystem II and thylakoid 

membranes from oxidative injury (Linh & Duc, 2025). 

Meanwhile, biochar may have enhanced chlorophyll 

biosynthesis by improving the availability of nitrogen and 

magnesium, the principal structural elements required for 

chlorophyll formation, while simultaneously enhancing 

nutrient retention and reducing Na⁺ toxicity (Murtaza et 

al., 2024). 

 

   
 

Fig. 6: Proline content of sweet sorghum under different endophytic 

bacteria and biochar treatments in saline soil conditions. 

 

 
 

Fig. 7: Nutrient uptake of sweet sorghum under different endophytic 

bacteria and biochar treatments in saline soil conditions. 

 

 The improved K⁺/Na⁺ ratio observed in this study may 

have further supported chlorophyll stability by maintaining 

ionic homeostasis and reducing ion-induced chloroplast 

damage. Similar findings were reported by AbuQamar et 

al. (2024) and Bagnazari et al. (2025), who demonstrated 

that microbial inoculation enhanced chlorophyll retention 

and photosynthetic activity under salinity stress. Moreover, 

the predominance of chlorophyll b may represent an 

adaptive adjustment that expands light-harvesting capacity 

and stabilizes light-harvesting complex proteins, thereby 

sustaining photosynthetic efficiency under osmotic and 

ionic stress (Tamiaki & Kichishima, 2025). 

 Higher proline contents were consistently observed in 

treatments receiving combined applications compared 

with the control. The highest proline accumulation was 

recorded in M2B2, followed by M3B2, while the M0B1 

treatment exhibited the lowest proline content (Fig. 6). 

Increased proline accumulation in treated plants indicates 

that the combined application of endophytic bacteria and 

biochar enhanced the osmotic adjustment capacity of 

sweet sorghum. Endophytic bacteria likely promoted this 

response by regulating stress-responsive signaling 

pathways and phytohormone-mediated activation of 

proline biosynthesis (Sharaya et al., 2023), whereas biochar 

improved soil water availability and root-zone moisture, 

reducing the severity of osmotic stress while supporting 

osmolyte production (Ali et al., 2025). This coordinated 

response likely contributed to the improved physiological 

performance observed in treated plants, including higher 

chlorophyll content, better ionic homeostasis, and 

enhanced growth under saline conditions. Similar 

mechanisms have been reported by Abulfaraj & Jalal 

(2021) reported that use of plant growth-promoting 

bacteria under salinity stress enhanced proline 

biosynthesis and antioxidant defense, thereby improving 

plant tolerance to salinity stress. 

 The combined treatments also markedly improved 

nutrient uptake, particularly nitrogen, phosphorus, and 

potassium (Fig. 7). The highest uptake values were 

recorded in M2B2, whereas Na accumulation was reduced, 

significantly lower than the control treatment. The 

improved nutrient status suggests that the combined 

application of endophytic bacteria and biochar enhanced 

rhizosphere conditions and nutrient availability. Endophytic 

bacteria may facilitate nutrient mobilization through 

nitrogen fixation and phosphate solubilization (Sen et al., 

2026). In addition, based on the analysis results, the rice 

husk biochar used in this study contained appreciable 

levels of organic carbon, nitrogen, potassium, and alkaline 

pH, which likely contributed to reduced Na toxicity and 

improved nutrient dynamics in the root zone. Sultan et al. 

(2024) reported that biochar amendments improved 

nutrient uptake and reduced ionic toxicity under saline 

conditions. 

 Salinity stress frequently disrupts nutrient acquisition 

because excessive Na⁺ competes with essential nutrients 

for uptake and transport processes. Under saline 

conditions, elevated Na⁺ concentrations can inhibit K⁺ 

absorption by roots, resulting in ionic imbalance and 

metabolic dysfunction in plant tissues (Rauf et al., 2024). 

This effect was clearly reflected in the K⁺/Na⁺ ratio, which 

increased substantially (Fig. 7). According to Assaha et al. 

(2017), maintenance of a high K⁺/Na⁺ ratio is widely 

recognized as one of the most important physiological 

indicators of salinity tolerance because potassium is 

required for enzyme activation, stomata regulation, 

osmotic adjustment, and photosynthetic metabolism. 

Excessive Na⁺ accumulation disrupts these functions by 

displacing K⁺ from cellular binding sites and damaging 

membrane stability. The improved K⁺/Na⁺ ratio observed 

following the combined application of endophytic 

bacteria and biochar suggests that the treatments 

effectively limited Na⁺ accumulation while enhancing 

potassium uptake and retention. Similar findings have 

been reported in wheat treated with biochar and PGPR 

under salinity stress, where improved ionic homeostasis 

was closely associated with enhanced stress tolerance and 
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yield stability (Malik et al., 2024). 

 The maintenance of ionic homeostasis may also 

involve coordinated regulation of ion transport and 

compartmentalization within plant cells (Balasubramaniam 

et al., 2023). Under saline conditions, salt-tolerant plants 

minimize cytosolic Na⁺ toxicity by restricting Na⁺ influx at 

the root surface, actively extruding Na⁺ through plasma 

membrane Na⁺/H⁺ antiporters, and sequestering excess 

Na⁺ into vacuoles via tonoplast transport systems. 

Simultaneously, selective K⁺ transporters facilitate 

preferential potassium uptake and retention, ensuring 

adequate cytosolic K⁺ concentrations required for 

enzymatic activity and cellular metabolism (Mansour, 2022; 

Zhou et al., 2024). Although the expression of these ion 

transport systems was not examined in the present study, 

the marked increase in the K⁺/Na⁺ ratio strongly suggests 

that the combined application of endophytic bacteria and 

biochar promoted more efficient ionic regulation.  

 

Biochemical Traits 

 Salinity stress not only affects plant growth and 

physiological processes during vegetative development, 

but also assimilate accumulation and grain quality at the 

reproductive stage. The combined application of 

endophytic bacteria and biochar not only improved plant 

growth and physiological performance, but also markedly 

influenced grain biochemical composition under saline soil 

conditions (Fig. 8). 

 

 
 

Fig. 8: Biochemical composition of sweet sorghum grains under different 

endophytic bacteria and biochar treatments in saline soil conditions. 

 

 Water content in sorghum grains responded to the 

combined application of endophytic bacteria and biochar, 

although the magnitude of change was relatively smaller 

compared with other biochemical parameters. A consistent 

trend was observed between biochar levels, where 

treatments receiving the higher biochar dose (B2) generally 

showed greater grain water content than the 

corresponding B1 treatments at the same bacteria level. 

This pattern suggests that increased biochar application 

improved soil moisture retention and water availability 

under saline conditions, thereby supporting better grain 

filling and assimilate deposition during seed development. 

According to Schaffert et al. (2022), biochar possesses a 

porous structure and strong water-holding capacity, which 

enable it to retain soil moisture and improve water 

availability in saline environments. In addition, biochar can 

enhance soil aggregation and reduce osmotic stress by 

adsorbing excess Na⁺ ions, thereby improving root water 

uptake and maintaining plant water balance (Arkian et al., 

2025). Enhanced proline accumulation and improved 

stomata regulation observed in previous sections further 

support the role of integrated treatments in maintaining 

cellular hydration under saline conditions. 

 The combined treatments influenced the 

accumulation of nitrogen-derived and mineral-associated 

biochemical components in sorghum grains, particularly 

protein, fat, and ash contents. The components increased 

consistently in response to the combined treatments, with 

the highest values consistently recorded in M2B2. These 

findings suggest that the combined application of 

endophytic bacteria and biochar improved nutrient 

acquisition, assimilation, and metabolic efficiency under 

saline conditions. Enhanced nitrogen uptake likely 

contributed to greater protein accumulation, while 

improved potassium availability and ionic balance may 

have supported enzymatic activities associated with lipid 

metabolism. The increased ash content further indicates 

enhanced mineral accumulation in grains, which was likely 

associated with improved nutrient retention and cation 

exchange capacity provided by rice husk biochar, as well as 

microbial-mediated nutrient mobilization in the 

rhizosphere. According to Vacheron et al. (2013), PGPR 

inoculation can stimulate nitrogen metabolism and amino 

acid synthesis through enhanced nutrient acquisition and 

phytohormone-mediated root activity, while biochar 

improves nutrient availability and enzymatic processes 

involved in carbon and lipid metabolism under saline 

conditions (Gao et al., 2024). 

 Carbohydrate and amylose contents at treatments 

receiving combined applications, particularly M1B2, M2B2, 

and M3B2, consistently higher compared with the control. 

These findings indicate that the integrated treatments 

improved photosynthate production and starch 

biosynthesis during grain filling. Salinity stress commonly 

suppresses carbohydrate accumulation through impaired 

photosynthesis, ionic toxicity, and restricted assimilate 

translocation. The higher carbohydrate and amylose 

contents observed in treated plants were consistent with 

the increased chlorophyll content and improved K⁺/Na⁺ 

ratio recorded in physiological observations, suggesting 

that better ionic regulation and photosynthetic efficiency 

supported more effective carbon metabolism. Endophytic 

bacteria inoculation and biochar application can enhance 

carbohydrate metabolism by improving leaf 

photosynthetic capacity, stimulating carbon assimilation 

enzymes, and maintaining source–sink translocation under 

abiotic stress conditions (Che et al., 2024; Su et al., 2024). 

Similar responses have been reported in rice (Hafez et al., 

2019) and barley (Gul et al., 2023). 

 

Conclusion 

 The combined application of endophytic bacteria and 

rice husk biochar effectively improved 

morphophysiological traits, ionic homeostasis, and grain 

biochemical quality of sweet sorghum cultivated under 

saline soil conditions. Treatments receiving integrated 

applications, particularly M2B2, consistently showed 
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superior responses in morpho-agronomic traits, 

chlorophyll content, proline accumulation, K⁺ uptake and 

K⁺/Na⁺ ratio, stomata development, and grain nutritional 

composition, including increased protein, carbohydrate, 

amylose, fat, and mineral contents. These improvements 

indicate that the synergistic interaction between 

endophytic bacteria and biochar enhanced plant tolerance 

to salinity through better osmotic adjustment, ionic 

homeostasis, nutrient acquisition, and photosynthetic 

efficiency. The findings highlight the potential of 

integrated endophytic bacteria with rice husk biochar as 

sustainable approaches for improving sorghum 

productivity and grain quality on salt-affected lands. 

However, this study was conducted under a single salinity 

level and on one sorghum variety. Therefore, future 

research should evaluate the long-term effectiveness of 

this integrated approach across different salinity levels, 

sorghum genotypes, soil types, and agroecological 

environments, while further investigating the underlying 

molecular and microbiome-mediated mechanisms of 

salinity tolerance. 
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