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Abstract Results showed that the incorporation of soybean cultivars with microbial and 
bioenzyme-based biofertilizers markedly improved soil quality, plant growth, and macronutrient 
absorption in comparison to inorganic fertilizers. Anjasmoro had the most biomass and nutrient 
buildup, while Dega I and Dering I had moderate responses. Biofertilizer treatments raised the 
pH of the soil, as well as the levels of nitrogen, phosphorus, and potassium in the tissue. They 
also made better use of nutrients overall. These results showed that combining better cultivars 
with biofertilizers could be a long-term way to improve soybean growth and reduce the need for 
chemical inputs. 
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Introduction 
 

The coastal areas have high agricultural potential, but several land 
limitations exist that inhibit productivity. Coastal soils usually show low organic 
content, are sandy, have low ability to retain water and nutrients, and cause salt 
stress to crops (Sarkar et al., 2025; Tarolli et al., 2024). Such soil conditions 
directly affect the nutrient availability and make nutrients like nitrogen, 
phosphorus, and potassium less available in the soil. The deficiency in nutrient 
availability makes nutrient uptake by plants difficult, hence contributing to poor 
productivity of agricultural products, including soybean production in the coastal 
area (Guo et al., 2025; Miller et al., 2025). There is therefore a need for 
innovation and sustainable soil fertility improvement practices in the coastal 
lands to ensure efficient nutrient uptake and hence soybean productivity. 

Traditionally, using inorganic fertilizers has been a quick way to deal with 
nutrient shortages in coastal soils. While these chemical fertilizers can quickly 
boost crop growth, their excessive use often leads to negative effects. These 
include lower soil fertility, soil structure deterioration, environmental pollution, 
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and a drop in the diversity of microorganisms that are vital for soil health (Howe 
et al., 2024; Li et al., 2023). Therefore, we need alternative methods that improve 
crop yield and support the sustainability of coastal ecosystems. One promising 
option is using biofertilizers. Biofertilizers contain living microorganisms that 
enhance nutrient availability, improve the physical, chemical, and biological 
qualities of soil, and promote plant growth (Bertham et al., 2025; Samantaray et 
al., 2024; Zhang et al., 2025). Using biofertilizers can help you use less chemical 
fertilizers, make fertilization more effective, and keep the soil healthy (Mahmud 
et al., 2021; Zhao et al., 2024). Biofertilizers have two uses for coastal lands: 
they provide nutrients and help plants deal with salinity stress and low levels of 
organic matter (Alotaibi et al., 2024; Ding et al., 2024; Shan et al., 2023). 

A number of soil microbes have been found to be very useful as bio-
fertilizers, including arbuscular mycorrhizal fungi (AMF), Bradyrhizobium, 
phosphate-solubilizing bacteria, and potassium-solubilizing bacteria. The former 
helps plants absorb nutrients via their external hyphae through the extension of 
the root zone. As a result, the absorption of water and phosphorus (P) is 
improved, especially in poor soils. Not only do AMF assist in nutrient absorption, 
but they also boost plant tolerance to environmental stresses, such as salinity and 
drought, through maintaining osmotic balance and stress-induced signaling 
(Ghorui et al., 2025; Singh et al., 2025). At the same time, Bradyrhizobium forms 
nodules within leguminous plants like soybean. This leads to the biologically-
based nitrogen (N) fixation process that provides a sustainable nitrogen supply 
and reduces the use of artificial fertilizers, thus preventing soil acidification and 
contamination (DelPercio et al., 2025; Figiel et al., 2025). 

The phosphate solubilizing bacteria are significant in converting insoluble 
or immobilized phosphorus to plant-available phosphorus, which is crucial for 
photosynthesis, ATP synthesis, and reproduction such as flower and seed 
formation (Damo et al., 2024; Silva et al., 2023). Similarly, the potassium 
solubilizing bacteria make potassium ions available through its action of 
mobilization of potassium ions from insoluble soil minerals. This makes 
potassium available for osmoregulation, stomatal movement, enzyme activation, 
and metabolic processes (Damathia et al., 2025). 

The efficacy of biofertilizers could be enhanced by incorporating 
substances such as bioenzymes and humic acid. The role of bioenzymes is that 
they accelerate the degradation of organic material as well as nutrient release. 
Thus, nitrogen (N), phosphorus (P), and potassium (K) become easier to uptake 
from the soil by plants. Moreover, bioenzymes stimulate the processes occurring 
in soil microorganisms. Hence, they provide favorable conditions for nutrient 
uptake in the rhizosphere (Jia et al., 2025). Humic acids improve the physical 
properties of soil and increase its ability to retain cations. They also promote 
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nutrient chelation in the rhizosphere, which enhances nutrient availability for 
plants (Fan et al., 2023; Rathor et al., 2025). The combination of humic acids 
and soil microorganisms increases the availability of macronutrients and makes 
the plant root system stronger for more effective uptake. 

Therefore, a biofertilizer consortium of AMF, Bradyrhizobium, bacteria 
that solubilizes phosphorus and potassium, bioenzymes, and humic acids are 
expected to work synergistically in enhancing the availability and uptake of NPK 
in soybean. Quite apart from its usefulness in supporting vegetative and 
reproductive growth, enhanced nutrient uptake has also been found to have 
potentials of improving efficiency of in-organic fertilizer application, enhancing 
soil fertility in coastal soils, and sustainable agriculture on marginal lands. 
Hence, this study examined the impacts of integrated applications of 
biofertilizers on nutrient uptake and growth performance of three different 
soybean cultivars in coastal agroecosystems. 

 
Materials and methods  
 

The study was carried out between May and August 2025 in the coastal 
region of the Pasar Pedati village, Central Bengkulu regency. The preparation of 
biofertilizer inoculants was conducted at the Soil Biology Laboratory, Faculty of 
Agriculture, Universitas Bengkulu, while analyses of soil, plant tissues, 
microbial populations, and carbon stock assessments were conducted at the Soil 
Science Laboratory, Faculty of Agriculture, Universitas Bengkulu. A split plot 
design was used, with the main plot consisting of three soybean cultivars: 
Anjasmoro, Dering I, and DEGA and the sub-plots consisting of fertilizer inputs: 
(P1) recommended inorganic fertilizer; (P2) arbuscular mycorrhizal fungi (AMF) 
+ Bradyrhizobium + potassium-solubilizing bacteria + bioenzyme; (P3) 
Bradyrhizobium + phosphate-solubilizing bacteria + potassium-solubilizing 
bacteria + bioenzyme; (P4) Bradyrhobium + potassium-solubilizing bacteria + 
humic acid; and (P5) Bradyrhibium + phosphate-solubilizing bacteria + 
potassium-solubilizing bacteria + humic acid. These factors were combined to 
give 15 treatment combinations, each replicated three times giving a total of 45 
experimental units. The data collected were analyzed using an analysis of 
variance (ANOVA) at a 5% significance level. For the treatments that 
demonstrated a significant difference, Duncan’s Multiple Range Test (DMRT) 
was used at the 5% level. 

The experiment began with clearing the field of shrubs and weeds at the 
study site. Prior to land preparation, soil samples were collected randomly from 
five points within the experimental area and composited for initial analysis of 
soil physical, chemical, and biological properties. The soil was then tilled 
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manually using hoes, and plots measuring 1.5 m × 3 m were established, with 50 
cm spacing between plots and 100 cm between replications. 

Soil amendments were applied, consisting of coffee pulp compost at 10 t 
ha⁻¹ and dolomite at 200 kg ha⁻¹, to improve soil chemical properties and enhance 
Bradyrhizobium colonization. Base inorganic fertilizer was applied at 25% of the 
recommended dose. Urea (46% N) was applied in two stages: half at planting 
and the remaining half one month later, whereas triple superphosphate (44%-
48% P₂O₅) and potassium chloride (60%-63% K₂O) were applied entirely at 
planting. The recommended inorganic fertilizer rates were 75 kg ha⁻¹ of urea, 
100 kg ha⁻¹ of SP-36, and 100 kg ha⁻¹ of KCl (Ferayanti et al., 2020). 
Additionally, bioenzymes were applied at a rate of 1 L per 20 L of water by 
evenly spraying the soil surface two days before planting. 

Planting holes were made using a wooden dibbler to a depth of 
approximately 5 cm, with two soybean seeds sown per hole. The planting 
distance was 30 cm × 30 cm (Bertham et al., 2020). Prior to sowing, soybean 
seeds were inoculated with biofertilizers containing phosphate-solubilizing 
bacteria and Bradyrhizobium using a triple-coating strategy with 40% gum 
powder as an adhesive (Bertham et al., 2025). Potassium-solubilizing inoculants 
and arbuscular mycorrhizal fungi (AMF) were applied directly into the planting 
holes at rates of 50 mg per hole for potassium-solubilizing bacteria and 2.5 g per 
hole for AMF (Bertham et al., 2019). 

Crop management involved watering, filling in gaps, removing weeds, and 
controlling pests and diseases. Watering was done every afternoon if there was 
no rain. Gaps were filled by planting seeds that hadn’t sprouted. Weeding was 
done using machinery. For pests and diseases, an organic method using soursop 
leaf extract was applied. Harvesting happened in two rounds, matching the 
plant’s growth stages. The first harvest took place 40 days after planting, when 
about 10% of the plants started to flower. At this time, five plants from the middle 
of each plot were collected, along with mixed soil samples from each plot. The 
second harvest happened once the soybean pods dried out and turned brown, 
showing they were fully mature. 

The parameters which are measured are: soil chemical characteristics, plant 
nutrient content and uptake and plant growth parameter. The chemical 
characteristics of soil such as Soil Organic Carbon was determined by using 
walkley black method. Soil pH was determined in HO and KCl solution. The 
nutrients present in plant tissues were determined after being digested by using 
HSO, such as N, P, and K. The nutrients were then calculated as concentration 
in plant tissues. Also, plant growth parameter as plant height, shoot dry weight 
and root dry weight was determined. Plant nutrient uptake was calculated as 
concentration in plant tissues multiplied with corresponding dry biomass. 
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Results 
 

The study was conducted on coastal soils with relatively low fertility. Total 
nitrogen and organic carbon were measured at 0.23% and 1.96%, respectively, 
placing both in the low category. The soils also showed a limited ability to retain 
nutrients, as reflected by a cation exchange capacity of 15.47 me 100 g⁻¹. The 
availability of macronutrients was also low with exchangeable potassium (K-dd) 
and available phosphorus levels of 0.24 me 100 g⁻¹ and 5.19 ppm, respectively. 
There was slight acidity in soils with pH levels of 5.89 in H₂O and 5.63 in KCl. 
Further, the presence of mild salinity (2.07 dS m⁻¹) could lead to physiological 
stress in plants grown on such soils. The texture of the soil was sandy loam with 
sand, clay, and silt contents of 73.96%, 20.21%, and 5.84%, respectively. 
Together with the low nutrient status, these characteristics highlighted the 
difficulties of maintaining sustainable crop production in coastal areas. 

The results revealed that the interaction between soybean varieties and 
fertilizer inputs had a significant effect on soil pH (KCl) and phosphorus content 
in plant tissue. Soybean varieties significantly affected only phosphorus uptake 
and the dry weight of plants. In contrast, fertilizer inputs exhibited a significant 
effect on all observed variables (Table 1). 
 
Table 1. Summary of analysis of variance 

Observation Variables 
Calculated F Value 

Soybean Varieties Fertilizer Inputs Interaction 
pH H2O 1.03 ns 15.31* 1.37 ns 
pH KCl 2.70 ns 3.20* 2.50* 
Organic Carbon 0.43 ns 67.13* 1.23 ns 
Nitrogen Content in Tissue 0.49 ns 38.90* 1.08 ns 
Phosphorus content in 
tissue 

4.49 ns 34.35* 3.31* 

Potassium Content in 
Tissue 

3.92 ns 20.45* 1.08 ns 

Nitrogen uptake 2.18 ns 35.80* 0.99 ns 
Phosphorus uptake 11.01* 37.57* 1.41 ns 
Potassium uptake 5.74 ns 18.71* 0.55 ns 
Plant height 3.66 ns 50.07* 1.11 ns 

Dry weight of plants 9.45* 17.83* 0.47 ns 
Notes = * significant different at p < 0.05, ns = not significant different at p ≥ 0.05 
 

The combination of soybean cultivars and fertilizer inputs resulted in 
significant variations in soil pH (KCl) and phosphorus content in plant tissues 
(Table 2). The combination of Anjasmoro with AMF + Bradyrhizobium + 
potassium-solubilizing bacteria + bioenzyme (V1P2) produced the highest pH 
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value of 6.21 and a tissue phosphorus content of 0.36%. In general, treatments 
with microbial consortia resulted in higher pH values and tissue phosphorus 
content compared to the recommended inorganic fertilizer (P1), which showed 
the lowest values, ranging from 5.60 to 5.72 for pH and 0.24–0.25% for tissue 
phosphorus. Among the three soybean cultivars evaluated, Anjasmoro (V1) 
showed the best response to biofertilizer application, while Dega I (V2) and 
Dering I (V3) responded moderately and accumulated comparatively lower 
amounts of phosphorus. 

Plant dry weight was highest in Anjasmoro cultivar (28.10 g), while Dega 
and Dering had lower values of 27.55 g and 25.41 g, respectively (Table 3). The 
pattern of phosphorus uptake was similar to that of the plant dry weight with the 
significant higher in Anjasmoro at equal to 0.09 ns significantly different from 
both Dega and Udini which is at equal to nether found not significantly different 
from each other although has a lowest value(0.08 g ) than anjasmor o (Table 3). 
These results suggested differences between cultivars for their ability to use the 
available P for biomass production. 
 
Table 2. Effect of the combination of soybean varieties and fertilizer inputs on 
pH KCl and phosphorus content in tissue 

Treatment pH KCl Phosphorus content in tissue (%) 
V1P1 5.72 bcd 0.24 h 
V1P2 6.21 a 0.36 a 
V1P3 5.81 bcd 0.33 abcd 
V1P4 5.94 ab 0.34 abc 
V1P5 5.64 cd 0.36 ab 
V2P1 5.60  cd 0.25 gh 
V2P2 5.86 bcd 0.32 cde 
V2P3 5.67 bcd 0.28 fgh 
V2P4 5.61 cd 0.32 bcde 
V2P5 5.90 bc 0.30 def 
V3P1 5.60 d 0.24 h 
V3P2 5.74 bcd 0.37 a 
V3P3 5.86 bcd 0.28 efg 
V3P4 5.84 bcd 0.30 def 
V3P5 5.90 bc 0.30 def 

Notes: Values with the same letter at the same column show that they are not significantly 
different at 5% in the DMRT test. V1 = Anjasmoro, V2 = Dega I, V3 = Dering I, P1 = 
recommended inorganic fertilizer; P2 = AMF + Bradyrhizobium + potassium solubilizing + 
bioenzyme, P3 = Bradyrhizobium + phosphate solubilizing + potassium solubilizing bacteria + 
bioenzyme; P4 = Bradyrhizobium + potassium solubilizing + humic acid, and P5 = 
Bradyrhizobium + phosphate solubilizing + potassium solubilizing + humic acid 
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Table 3. Effect of soybean varieties on dry weight of plants and phosphorus 
uptake 

Soybean varieties Dry weight of plants (g) Phosphorus uptake (g) 
Anjasmoro 28.10 a 0.09 a 

Dega 27.55 a 0.08 b 
Dering 25.41 b 0.07 b 

Notes: Values with the same letter at the same column show that they are not significantly 
different at 5% in the DMRT test. 
 

Fertilizer treatments had differential effects on soil pH (H₂O), soil organic 
carbon content, plant height, and soybean dry weight (Table 4). Treatment P2 
(AMF + Bradyrhizobium + potassium-solubilizing bacteria + bioenzyme) 
produced the highest soil pH and the greatest plant dry weight, whereas P5 
(Bradyrhizobium + phosphate-solubilizing bacteria + potassium-solubilizing 
bacteria + humic acid) resulted in the tallest plants. Treatments P3 and P4 also 
improved soil quality and plant growth compared to the inorganic fertilizer 
treatment. In contrast, P1 (recommended inorganic fertilizer) consistently 
produced the lowest values across all observed parameters. These results 
indicated that biofertilizers are more effective than the recommended inorganic 
fertilizer in enhancing soil chemical properties while simultaneously promoting 
soybean growth. 

 
Table 4. The effect of fertilizer inputs on pH H2O, organic carbon, plant height 
and dry weight of plants 

Fertilizer 
Inputs pH H2O Organic Carbon 

(%) 
Plant height 

(cm) Dry weight of plants (g) 

P1 5.81 c 2.14 b 29.11 b 19.90 c 
P2 6.48 a 3.08 a 55.51 a 30.78 a 
P3 6.37 ab 2.99 a 52.81 a 26.54 b 
P4 6.36 ab 3.06 a 55.01 a 27.82 ab 
P5 6.25 b 2.95 a 56.78 a 30.07 a 

Notes: Values with the same letter at the same column show that they are not significantly 
different at 5% in the DMRT test. P1 = recommended inorganic fertilizer; P2 = AMF + 
Bradyrhizobium + potassium solubilizing + bioenzyme, P3 = Bradyrhizobium + phosphate 
solubilizing + potassium solubilizing bacteria + bioenzyme; P4 = Bradyrhizobium + potassium 
solubilizing + humic acid, and P5 = Bradyrhizobium + phosphate solubilizing + potassium 
solubilizing + humic acid 
 

Biofertilizer treatments based on microbial consortia and bioenzymes 
significantly increased tissue nitrogen and potassium content, as well as N, P, 
and K uptake in soybean plants. Treatment P2 (AMF + Bradyrhizobium + 
potassium-solubilizing bacteria + bioenzyme) produced the highest values across 
all parameters, followed by the combination of Bradyrhizobium + phosphate-
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solubilizing bacteria + potassium-solubilizing bacteria + humic acid (P5). 
Treatments P3 and P4 also improved tissue nutrient status and nutrient uptake 
compared to the recommended inorganic fertilizer, although their nutrient uptake 
values were lower than those of P2 and P5. In contrast, the recommended 
inorganic fertilizer (P1) consistently produced the lowest values for all 
parameters (Table 5). These results indicated that biofertilizers can enhance 
nutrient availability and uptake efficiency more effectively than inorganic 
fertilizers, thereby supporting more optimal soybean growth. 

 
Table 5. The effect of fertilizer inputs on nitrogen content in tissue, potassium 
content in tissue, nitrogen uptake, phosphorus uptake and potassium uptake 

Fertilizer 
Inputs 

Nitrogen 
Content in 
Tissue (%) 

Potassium 
Content in 
Tissue (%) 

Nitrogen 
uptake (g) 

Phosphorus 
uptake (g) 

Potassium 
uptake (g) 

P1 1.89 b 0.81 b 0.38 d 0.05 d 0.16 c 
P2 2.57 a 1.09 a 0.79 a 0.11 a 0.34 a 
P3 2.51 a 1.05 a 0.67 c 0.08 c 0.28 b 
P4 2.49 a 1.02 a 0.69 bc 0.09 b 0.29 b 
P5 2.54 a 1.06 a 0.76 ab 0.10 b 0.32 ab 

Notes: Values with the same letter at the same column show that they are not significantly 
different at 5% in the DMRT test. P1 = recommended inorganic fertilizer; P2 = AMF + 
Bradyrhizobium + potassium solubilizing + bioenzyme, P3 = Bradyrhizobium + phosphate 
solubilizing + potassium solubilizing bacteria + bioenzyme; P4 = Bradyrhizobium + potassium 
solubilizing + humic acid, and P5 = Bradyrhizobium + phosphate solubilizing + potassium 
solubilizing + humic acid 
 
Discussion  
 

These findings suggested that the effect of interactions between soybean 
cultivars and different biofertilizer treatments (microbial consortia and 
bioenzymes) significantly influences the soil chemical characteristics and the 
content of nutrients in plants. The increased soil pH and tissue phosphorus 
contents in the presence of microbial consortia and bioenzyme treatments prove 
the ability of biofertilizers in promoting soil characteristics and nutrient uptake. 
This is similar to other studies that have found that biofertilizers could enhance 
phosphorus solubility as well as nutrient mineralization from soil through various 
activities of soil microorganisms (Le et al., 2025). In addition, some research has 
been carried out regarding the influence of microbial consortia and bioenzymes 
on soil quality, where soil microorganism populations as well as nutrients and 
water contents are improved (Bertham et al., 2025). 

There were variations among the different varieties of soybeans used in 
terms of their responsiveness to the application of biofertilizers, especially when 
considering biomass and phosphorus accumulation. Anjasmoro variety 
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demonstrated the greatest degree of responsiveness to biofertilizers such as 
Rhizobium, contributing to increased nodule formation, height growth, nitrogen 
absorption, and dry seed yields. On the other hand, Dega I and Dering I had 
average responses, indicating variation among soybeans in terms of using 
phosphorus in growth and development processes. This observation is supported 
by other research studies that have found evidence of cultivar variation when it 
comes to nutrient absorption and the physiological response to the application of 
biofertilizers that include phosphate-solubilizing bacteria and mycorrhizae that 
increase phosphorus concentration in the soil (Mu et al., 2024; Peng et al., 2025). 

Inoculation of arbuscular mycorrhizal fungi (AMF), Bradyrhizobium, 
potassium-solubilizing bacteria, and bioenzymes had a major impact on 
vegetation, including plant height, dry weight, and nutrient content in plant 
tissues. The interaction between the described microbes increases nutrients in the 
soil, enhances its structure, and improves enzyme activities in the soil. All these 
processes promote vegetative development and facilitate the maintenance of a 
chemical balance within the soil by increasing pH level and nutrient absorption 
(Ansabayeva et al., 2025). Certain inoculation treatments were more successful 
in increasing the plant height, proving the effectiveness of certain microbes' 
action. As AMF facilitates the process of phosphorous absorption, while 
Bradyrhizobium and potassium-solubilizing bacteria ensure the presence of 
necessary nutrients in the soil, they all promote increased production of growth 
hormones, such as auxins and cytokinins (Ahemad and Kibret, 2014). Thus, the 
described combination contributes to an increased biomass and better root system 
(Ahemad and Kibret, 2014). On the other hand, the use of the recommended 
inorganic fertilizer resulted in poor outcomes across the majority of metrics. It 
proves the lack of effectiveness in terms of soil quality improvement and plant 
development, as such fertilizer cannot affect any parameters related to microbial, 
physical, and chemical soil. 

The biofertilizer preparations containing microbial consortia and 
bioenzymes increased nitrogen and potassium levels in plant tissues. In addition, 
they had an impact on the effectiveness of nitrogen, phosphorus, and potassium 
uptake by soybean plants. The preparation with the most significant 
improvements in all parameters included arbuscular mycorrhizal fungi (AMF), 
Bradyrhizobium, potassium-solubilizing bacteria, and bioenzymes. Another 
treatment with high impact involved Bradyrhizobium, phosphate-solubilizing 
bacteria, potassium-solubilizing bacteria, and humic acid. It is worth noting that 
other types of biofertilizers also helped improve plant tissue nutrient levels and 
nutrient uptake efficiency, but they did not show as good results as the above-
listed variants. Thus, it is possible to state that microbial consortia contribute to 
nutrients' availability. Overall, it is evident that the use of biofertilizers can help 
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make nutrients more available to the plants due to such mechanisms as phosphate 
and potassium solubilization, activation of soil microorganisms, improved 
metabolism, and symbiotic effects (Ajeng et al., 2020; Kumar et al., 2022; 
Nosheen et al., 2021). 

In general, the above-mentioned findings indicate that the use of bio-
fertilizers composed of microbial populations and bioenzymes can help improve 
soil characteristics, enhance plant growth, and make nutrient uptake processes 
more effective. As for the real-life implications of this study, they include making 
fertilizer production processes more environmentally friendly, cutting the use of 
inorganic fertilizers, and increasing soybean yields. At the same time, the above 
findings provide valuable insights into conducting future research aimed at 
examining how cultivars, microbial populations, and bioenzymes affect plant 
growth and development processes. 
 The utilization of biofertilizers and bioenzymes in soybean cultivars 
improves the soil’s chemical characteristics, crop growth, and macro-nutrient 
absorption compared to the use of inorganic fertilizers. In terms of biomass 
production and nutrient absorption, Anjasmoro showed the highest values, while 
Dega I and Dering I showed average performance. The biofertilizer treatments 
enhanced soil pH, dry biomass, tissue nitrogen, phosphorus, and potassium 
concentrations, as well as the efficiency of nutrient uptake. Based on the findings, 
combining advanced cultivars with biofertilizers might serve as an effective 
strategy for increasing soybean growth, reducing the use of artificial fertilizers, 
and managing nutrients in each cultivar. 
 
Acknowledgements 
 

The authors thank the Ministry of Education, Culture, Research, and Technology of the 
Republic of Indonesia for their financial support through the Fundamental Research scheme 
(Contract No. 062/C3/DT.05.00/PL/2025; Sub-contract No. 2864/UN30.15/PT/2025). The 
authors also want to thank the Institute for Research and Community Service at Universitas 
Bengkulu for their help and advice during the research process. The help from both institutions 
has been very important in finishing this study. 
 
Conflict of interest 
 

The authors declare no conflict of interest. 
 
References 
 
Ahemad, M. and Kibret, M. (2014). Mechanisms and applications of plant growth promoting 

rhizobacteria: Current perspective. Journal of King Saud University - Science, 26:1-20. 
https://doi.org/10.1016/j.jksus.2013.05.001 

 



International Journal of Agricultural Technology 2026 Vol. 22(3):1063-1076 
 

1073 
 
 

 

Ajeng, A. A., Abdullah, R., Malek, M. A., Chew, K. W., Ho, Y.-C., Ling, T. C., Lau, B. F. and 
Show, P. L. (2020). The effects of biofertilizers on growth, soil fertility, and nutrients 
uptake of oil palm (Elaeis guineensis) under Greenhouse Conditions. Processes, 8:1681. 
https://doi.org/10.3390/pr8121681 

 
Alotaibi, M. M., Aljuaid, A., Alsudays, I. M., Aloufi, A. S., AlBalawi, A. N., Alasmari, A., 

Alghanem, S. M. S., Albalawi, B. F., Alwutayd, K. M., Gharib, H. S. and Awad-Allah, 
M. M. A. (2024). Effect of bio-fertilizer application on agronomic traits, yield, and 
nutrient uptake of barley (Hordeum vulgare) in Saline Soil. Plants, 13:951. 
https://doi.org/10.3390/plants13070951 

 
Ansabayeva, A., Makhambetov, M., Rebouh, N. Y., Abdelkader, M., Saudy, H. S., Hassan, K. 

M., Nasser, M. A., Ali, M. A. A. and Ebrahim, M. (2025). Plant Growth-Promoting 
Microbes for Resilient Farming Systems: Mitigating Environmental Stressors and 
Boosting Crops Productivity—A Review. Horticulturae, 11:260. 
https://doi.org/10.3390/horticulturae11030260 

 
Bashan, Y., de-Bashan, L. E., Prabhu, S. R. and Hernandez, J. P. (2014). Advances in plant 

growth-promoting bacterial inoculant technology: formulations and practical 
perspectives (1998–2013). Plant and Soil, 378:1-33. https://doi.org/10.1007/s11104-013-
1956-x 

 
Bertham, Y. H., Arifin, Z. and Nusantara, A. D. (2019). The improvement of yield and quality of 

soybeans in a coastal area using low input technology based on biofertilizers. 
International Journal on Advanced Science, Engineering and Information Technology, 
9:787-791. https://doi.org/10.18517/ijaseit.9.3.6247 

 
Bertham, Y. H., Nusantara, A. D., Andani, A., Anandyawati, A. and Herman, W. (2020). The 

improvement of coastal soil fertility using soil conditioner from biocompost inoculated 
with phosphate-solubilizing microbes, Bradyrhizobium and arbuscular mycorrhizal fungi 
to increase soybean production. International Journal of Agricultural Technology, 
16:575-588. 

 
Bertham, Y. H., Utami, K., Putri, E. L., Arifin, Z. and Kamarudin, K. N. (2025). Enhancing soil 

carbon stocks and soybean yields in coastal areas through the application of biofertilizers. 
SAINS TANAH - Journal of Soil Science and Agroclimatology, 22:64-74. 
https://doi.org/10.20961/stjssa.v22i1.95531 

 
Damathia, B., Pathania, D., Jha, A., Sable, H., Sonu, Singh, P., Singh, V., Rustagi, S. and 

Chaudhary, V. (2025). Emergence of potassium solubilizing microbes-assisted crop 
processing for sustainable food production and microbial complexities. Food and 
Bioproducts Processing, 153:521-535. https://doi.org/10.1016/j.fbp.2025.08.003 

 
Damo, J. L. C., Pedro, M., & Sison, M. L. (2024). Phosphate solubilization and plant growth 

promotion by Enterobacter sp. isolate. Applied Microbiology, 4:1177-1192. 
https://doi.org/10.3390/applmicrobiol4030080 

 
DelPercio, R., McGregor, M., Morley, S., Nikaeen, N., Meyers, B. and Baldrich, P. (2025). 

Transcriptional dynamics of nitrogen fixation and senescence in soybean nodules: A dual 



1074 
 
 

 

perspective on host and bradyrhizobium regulation. Molecular Plant-Microbe 
Interactions®. https://doi.org/10.1094/MPMI-04-25-0037-R 

 
Ding, B., Cao, H., Bai, Y., Guo, S., Zhang, J., He, Z., Wang, B., Jia, Z. and Liu, H. (2024). Effect 

of biofertilizer addition on soil physicochemical properties, biological properties, and 
cotton yield under water irrigation with different salinity levels in Xinjiang, China. Field 
Crops Research, 308:109300. https://doi.org/10.1016/j.fcr.2024.109300 

 
Fan, Q., Jiu, Y., Zou, D., Feng, J., Zhao, M., Zhang, Q., Lv, D., Song, J., Xu, Z. and Ye, H. 

(2023). Alkaline humic acid fertilizer alters the distribution, availability, and 
translocation of cadmium and zinc in the acidic soil–Sauropus androgynus system. 
Ecotoxicology and Environmental Safety, 268:115698. 
https://doi.org/10.1016/j.ecoenv.2023.115698 

 
Ferayanti, F., Idawanni, Ismail, M., Asis, Pakpahan, L. E., Andriani, R., Bakar, B. A., Fitria, E., 

Rahmi, C. H. and Syarif, A. S. (2020). Growth and results response of two soybean 
varieties toward fertilizing package at acid dry land in Aceh Province. IOP Conference 
Series: Earth and Environmental Science, 484:012080. https://doi.org/10.1088/1755-
1315/484/1/012080 

 
Figiel, S., Rusek, P., Ryszko, U. and Brodowska, M. S. (2025). Microbially enhanced 

biofertilizers: technologies, mechanisms of action, and agricultural applications. 
Agronomy, 15:1191. https://doi.org/10.3390/agronomy15051191 

 
Ghaderimokri, L., Rezaei-Chiyaneh, E., Ghiyasi, M., Gheshlaghi, M., Battaglia, M. L. and 

Siddique, K. H. M. (2022). Application of humic acid and biofertilizers changes oil and 
phenolic compounds of fennel and fenugreek in intercropping systems. Scientific 
Reports, 12:5946. https://doi.org/10.1038/s41598-022-09645-4 

 
Ghorui, M., Chowdhury, S. and Burla, S. (2025). Recent advances in the commercial formulation 

of arbuscular mycorrhizal inoculants. Frontiers in Industrial Microbiology, 3. 
https://doi.org/10.3389/finmi.2025.1553472 

 
Guo, X., Wu, Q., Wang, L., Zhou, G., Zhu, G., Suliman, M. S. E. and Nimir, N. E. A. (2025). 

Optimum nitrogen and phosphorus combination improved yield and nutrient use 
efficiency of sorghum in saline soil. Plants, 14:102. 
https://doi.org/10.3390/plants14010102 

 
Howe, J. A., McDonald, M. D., Burke, J., Robertson, I., Coker, H., Gentry, T. J. and Lewis, K. 

L. (2024). Influence of fertilizer and manure inputs on soil health: A review. Soil 
Security, 16:100155. https://doi.org/10.1016/j.soisec.2024.100155 

 
Jia, X., Hong, L., Wang, Y., Zhang, Q., Wang, Y., Jia, M., Luo, Y., Wang, T., Ye, J. and Wang, 

H. (2025). Effect of microbial diversity and their functions on soil nutrient cycling in the 
rhizosphere zone of Dahongpao mother tree and cutting Dahongpao. Frontiers in Plant 
Science, 16. https://doi.org/10.3389/fpls.2025.1574020 

 



International Journal of Agricultural Technology 2026 Vol. 22(3):1063-1076 
 

1075 
 
 

 

Kumar, S., Diksha, Sindhu, S. S. and Kumar, R. (2022). Biofertilizers: An ecofriendly technology 
for nutrient recycling and environmental sustainability. Current Research in Microbial 
Sciences, 3:100094. https://doi.org/10.1016/j.crmicr.2021.100094 

 
Le, T. Y. L., Lee, J., Shim, S. Y., Jung, J., Kim, S. R., Hong, S. H., Lee, M. G. and Hwang, S. G. 

(2025). Effects of liquid bio-fertilizer on plant growth, antioxidant activity, and soil 
bacterial community during cultivation of chinese cabbage (Brassica rapa L. ssp. 
pekinensis). Microorganisms, 13:1036.  
https://doi.org/10.3390/microorganisms13051036 

 
Li, A., Shi, Z., Yin, Y., Fan, Y., Zhang, Z., Tian, X., Yang, Y. and Pan, L. (2023). Excessive use 

of chemical fertilizers in catchment areas raises the seasonal pH in natural freshwater 
lakes of the subtropical monsoon climate region. Ecological Indicators, 154:110477. 
https://doi.org/10.1016/j.ecolind.2023.110477 

 
Mahmud, A. A., Upadhyay, S. K., Srivastava, A. K. and Bhojiya, A. A. (2021). Biofertilizers: A 

Nexus between soil fertility and crop productivity under abiotic stress. Current Research 
in Environmental Sustainability, 3:100063. https://doi.org/10.1016/j.crsust.2021.100063 

 
Miller, J. O., de Barros, P. R., Schulenburg, A. N. and Tully, K. L. (2025). Coastal stressors 

reduce crop yields and alter soil nutrient dynamics in low-elevation farmlands. Discover 
Agriculture, 3:119. https://doi.org/10.1007/s44279-025-00303-7 

 
Mu, P., Ding, G., Zhang, Y., Jin, Q., Liu, Z., Guan, Y., Zhang, L., Liang, C., Zhou, F. and Liu, 

N. (2024). Interactions between arbuscular mycorrhizal fungi and phosphate-soluble 
bacteria affect ginsenoside compositions by modulating the C:N:P stoichiometry in 
Panax ginseng. Frontiers in Microbiology, 15. 
https://doi.org/10.3389/fmicb.2024.1426440 

 
Nosheen, S., Ajmal, I. and Song, Y. (2021). Microbes as Biofertilizers, a Potential Approach for 

Sustainable Crop Production. Sustainability, 13:1868. 
https://doi.org/10.3390/su13041868 

 
Peng, Z., Xing, Y., Ma, Y., Li, S., Jia, Y., Yang, H. and Zhang, F. (2025). Arbuscular mycorrhizal 

fungi enhance soybean phosphorus uptake and soil fertility under saline-alkaline stress. 
Scientific Reports, 15:31792. https://doi.org/10.1038/s41598-025-15910-z 

 
Rai, P. K., Rai, A., Sharma, N. K., Singh, T. and Kumar, Y. (2023). Limitations of biofertilizers 

and their revitalization through nanotechnology. Journal of Cleaner Production, 
418:138194. https://doi.org/10.1016/j.jclepro.2023.138194 

 
Rathor, P., Gorim, L. Y., Chen, G. and Thilakarathna, M. S. (2025). The effect of humalite on 

improving soil nitrogen availability and plant nutrient uptake for higher yield and oil 
content in Canola. Physiologia Plantarum, 177. https://doi.org/10.1111/ppl.70201 

 
Samantaray, A., Chattaraj, S., Mitra, D., Ganguly, A., Kumar, R., Gaur, A., Mohapatra, P. K. D., 

Santos-Villalobos, S. de los, Rani, A. and Thatoi, H. (2024). Advances in microbial based 
bio-inoculum for amelioration of soil health and sustainable crop production. Current 
Research in Microbial Sciences, 7:100251. https://doi.org/10.1016/j.crmicr.2024.100251 



1076 
 
 

 

 
Sarkar, S. K., Haydar, M., Rudra, R. R., Mazumder, T., Nur, Md. S., Islam, Md. S., Sany, S. M., 

Noor, T. Al, Ahmed, S., Ahmad, M., Sakib, A. and Ravela, S. (2025). A topsoil salinity 
observatory for arable lands in coastal southwest Bangladesh. Scientific Data, 12:1204. 
https://doi.org/10.1038/s41597-025-05447-1 

 
Shan, S., Wei, Z., Cheng, W., Du, D., Zheng, D. and Ma, G. (2023). Biofertilizer based on 

halotolerant microorganisms promotes the growth of rice plants and alleviates the effects 
of saline stress. Frontiers in Microbiology, 14. 
https://doi.org/10.3389/fmicb.2023.1165631 

 
Silva, L. I. da, Pereira, M. C., Carvalho, A. M. X. de, Buttrós, V. H., Pasqual, M. and Dória, J. 

(2023). Phosphorus-solubilizing microorganisms: A key to sustainable agriculture. 
Agriculture, 13:462. https://doi.org/10.3390/agriculture13020462 

 
Singh, M., Jha, S., Pathak, D. and Maisnam, G. (2025). Advancing biofertilizers: the evolution 

from single-strain formulations to synthetic microbial communities (SynCom) for 
sustainable agriculture. Discover Plants, 2:226. https://doi.org/10.1007/s44372-025-
00318-w 

 
Tarolli, P., Luo, J., Park, E., Barcaccia, G. and Masin, R. (2024). Soil salinization in agriculture: 

Mitigation and adaptation strategies combining nature-based solutions and 
bioengineering. IScience, 27:108830. https://doi.org/10.1016/j.isci.2024.108830 

 
Zhang, X., Zhang, L., Liu, J., Shen, Z., Liu, Z., Gu, H., Hu, X., Yu, Z., Li, Y., Jin, J. and Wang, 

G. (2025). Biofertilizers enhance soil fertility and crop yields through microbial 
community modulation. Agronomy, 15:1572. 
https://doi.org/10.3390/agronomy15071572 

 
Zhao, G., Zhu, X., Zheng, G., Meng, G., Dong, Z., Baek, J. H., Jeon, C. O., Yao, Y., Xuan, Y. 

H., Zhang, J. and Jia, B. (2024). Development of biofertilizers for sustainable agriculture 
over four decades (1980–2022). Geography and Sustainability, 5:19-28. 
https://doi.org/10.1016/j.geosus.2023.09.006 

  
 
 

(Received: 23 September 2025, Revised: 13 April 2026, Accepted: 10 May 2026) 
 


