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Bioorganic fertilizers from
agricultural waste enhance rice
growth under saline soil conditions

Nuntavun Riddech?™, Piyada Theerakulpisut?, Yen Nhi Ma? & Pornrapee Sarin?

Agricultural waste (AW) presents significant environmental challenges if not effectively managed.
Recycling AW as bio-organic fertilizers (BIOs) offers a sustainable solution, improving soil health,
reducing dependence on chemical fertilizers, and stimulating crop growth. This study investigated
the effectiveness of BIOs generated from AW composted with plant growth-promoting rhizobacteria
(PGPR), including Enterobacter sp. R24, Bacillus tequilensis P8, and Pseudomonas azotoformans S81.
BIOs produced from peanut shell, rice straw, duckweed, and rice bran were applied to rice seedlings
under normal and saline (85 mM NaCl) conditions. The results revealed that PGPR-fermented BIOs
utilized for only 15-30 days significantly improved seed germination and root length. BIO-duckweed
and BIO-peanut proved high in nitrogen, phosphate, and potassium content, thereby increasing
total biomass by 188% and 85%, respectively. In non-saline soil, BIO-peanut shell outperformed
chemical fertilizers, promoting root growth and chlorophyll content. Additionally, BIO-rice straw
gave a 58% reduction in proline levels under saline conditions, indicating stress reduction capacity.
BIOs treatments demonstrated significant improvements in both nutrient availability and microbial
diversity. Specifically, BIO-peanut shell and BIO-duckweed increased phosphate availability in soil
by 143.26%, 13.80% over control soil and 7.23%, 30.69% over chemical treatment, respectively.

The denaturing gradient gel electrophoresis (DGGE) analysis further revealed a noticeable increase
in microbial diversity in soils treated with BIOs, which was absent in untreated soil. Indeed, BIO-rice
straw promoted the development of five distinct bacterial genera in saline condition, underscoring
BIOs’ ability to enhance the microbial community structure. The study highlights the potential of BIOs
from AW combined with PGPRs to enhance rice growth under extreme salt stress. This sustainable
alternative to chemical fertilizers enhances soil health by increasing nutrient availability, microbial
diversity, and promoting beneficial soil microbes, ultimately improving long-term soil resilience and
fertility.
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Abbreviations

AW Agricultural waste

BIOs Bio-organic fertilizers

BIO-duckweed Bio-organic fertilizers made from duckweed
BIO-peanut shell ~ Bio-organic fertilizers made from peanut shell
BIO-rice bran Bio-organic fertilizers made from rice bran
BIO-rice straw Bio-organic fertilizers made from rice straw
DGGE Denaturing gradient gel electrophoresis

EC Electrical conductivity

FDA Fluorescein diacetate

LSD The least significant difference method

N Nitrogen

OM content Organic matter content

P Phosphorus

PGPR Plant growth promoting rhizobacterial

K Potassium
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TSB Tryptic soy liquid medium

Rice (Oryza sativa L.) is a critical food source, providing sustenance for over half of the global population.
Its importance extends beyond food security, contributing significantly to the economies of many countries.
Despite its ability to thrive in waterlogged conditions, rice is highly sensitive to salinity, with a threshold electrical
conductivity (EC) of 3 dS m™'". This salt sensitivity poses a major challenge to rice production, especially as
salinity becomes a more prevalent issue due to climate change and poor agricultural practices. In addition to
salinity, rice and other crops face a range of abiotic stresses that threaten yields and overall food security®. As the
world’s population grows, agriculture is under more pressure to fulfill rising food demand. Improving the stress
tolerance of crops such as rice is critical to guarantee future food security. However, the prolonged and excessive
application of chemical fertilizers to achieve ever-higher production targets has prompted concerns about
detrimental effects on soil quality, water pollution, and human health?. Over time, these fertilizers may damage
soil structure, accumulate dangerous chemicals in water sources, and endanger human health by contaminating
water and food*. Thus, sustainable options that lessen reliance on chemical inputs are critical for ensuring long-
term agricultural output.

One potential solution is the use of agricultural waste (AW) with plant growth-promoting rhizobacteria
(PGPR) to create bio-organic fertilizers (BIOs)®. In recent years, the amount of AW generated globally has
expanded dramatically, with most of the waste mismanaged owing to a lack of suitable management procedures®.
This mishandling causes environmental issues, emphasizing the importance of appropriate repurposing solutions
for AW. If not adequately handled, these large quantities of solid waste pose a danger to the environment and
food security’. As a result, there is an increasing interest in converting AW into useful resources such as organic
fertilizers, cultivation materials, and soil additives. BIOs, which are produced by inoculating PGPR with agro-
industrial waste, are emerging as a viable way to increase soil health while lowering chemical inputs. They increase
microbial diversity, creating a more robust ecosystem that enhances nutrient cycling and soil structure®. BIOs
make important minerals such as phosphorus and potassium more available to plants, resulting in increased
growth and more abundant harvests. Furthermore, the organic matter in BIOs strengthens soil structure by
encouraging aggregation, which promotes aeration, drainage, and water retention. BIOs also promote beneficial
microbial activity, inhibit soil-borne illnesses, buffer soil pH, and aid carbon sequestration, making them a viable
alternative to chemical fertilizers in sustainable agriculture’.

By recycling AW, agribusinesses follow circular economy concepts by producing sustainable energy and
bio-based products from biomass feedstock!®. AW materials including peanut shells, rice straw, duckweed,
and rice bran are high in cellulose, hemicellulose, and lignin, making them great options for organic fertilizer
production!!. Previous studies found that composted AW increases soil carbon content, improves nitrogen
cycling, and boosts plant development!2. Specific AW materials have been shown to yield unique advantages.
Peanut shells demonstrated the ability to aid seedling development in salty soils, duckweed provides a long-
term supply of nitrogen and phosphate, and rice straw increases soil organic carbon and nutrient recycling'?.
For example, Sharm et al.!* noted that incorporating nitrogen and rice straw affects nitrogen use efficiency, soil
nitrogen pools and enzyme activity in rice-wheat. Enhancing the quality and efficiency of AW compost can be
accomplished by adding vital nutrients, bioactive substances, or microorganisms. Prior studies demonstrated
that the addition of PGPR to AW compost makes it biologically active and effective for seed germination and
plant growth, soil rehabilitation and disease suppression'>!6. Bibi et al.!” reported that using black gram husks
and peanut shell compost with PGPR as BIOs positively affects maize germination parameters and growth.

In addition, PGPR colonies form in plant roots, interacting with the plant, and operating as a biofertilizer
by modifying the soil to be more favorable for plant growth'8. Moreover, they produce certain substances and
enzymes that mitigate the high oxidative stress under drought and salt stress'®. Abiotic stress causes a variety of
changes in plant growth due to effects on the overall morphological, biochemical, and molecular mechanisms in
plants?. PGPRs interact with plants to greatly increase the accumulation of proline, a crucial osmo-protectant, in
plant tissues under abiotic stress conditions such as salinity and dehydration. Proline is essential for maintaining
cell osmotic balance, safeguarding cellular structures, and stabilizing proteins and membranes against stress-
induced damage?!. PGPRs promote proline biosynthesis by activating the expression of proline synthesis-related
genes, allowing plants to adapt to and endure adverse situations®2. PGPRs, specifically Bacillus and Pseudomonas
strains, can increase plant proline accumulation by altering stress-related signaling pathways, particularly the
abscisic acid (ABA) pathway, which is essential for plant stress responses®*. The increased proline content caused
by PGPRs mitigates the negative effects of stress by maintaining turgor and cellular integrity and contributes
to the scavenging of reactive oxygen species (ROS), thereby lowering oxidative stress?*. Studies have revealed
that PGPR, such as Bacillus and Enterobacter species, can withstand salt and drought stress, while Pseudomonas
species are an excellent alternative to chemical fertilization under saline circumstances?. Furthermore,
PGPR accelerates the breakdown and nutrient release of AW compost, making it more biologically active and
thus useful for seed germination, plant development, and soil repair. While previous study has proven the
individual advantages of AW and PGPR, the combined impacts of various BIO formulations on soil microbial
composition, crop production, biomass, and nutrient absorption in rice grown under saline conditions have yet
to be investigated?®. However, Yu et al.”” reported that combining organic fertilizers, such as spent mushroom
substrate compost, with beneficial microbes promoted pepper plant growth and suppressed plant disease by
maintaining soil fertility.

This study aimed to create a novel BIO that reduces reliance on chemical fertilizers while also addressing
environmental concerns about AW management. The BIOs were designed to improve soil organic matter,
enhance physical and chemical soil properties, and boost enzyme activity and microbial diversity, all of which
contribute to long-term soil sustainability. The strategy entailed combining PGPR with AW materials like
peanut shells, rice straw, duckweed, and rice bran to produce biologically active BIOs. PGPRs were chosen for
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their capacity to improve nutrient availability, root growth, and stress tolerance in rice under saline conditions
by increasing proline buildup and antioxidant activity. This method not only increases plant growth and soil
health but also promotes sustainable agriculture concepts by lowering chemical inputs and mitigating the
environmental impact of AW.

Results

Increased microbial proliferation and survival in BIOs after one month of assessment

The microbial growth and survival of a co-inoculum containing three PGPR strains- Enterobacter sp. R24,
Bacillus tequilensis P8, and Pseudomonas azotoformans S81 strains at a concentration of 108 CFU/ml in four
distinct AW composition are illustrated in (Fig. 1). The objective was to determine the adaptation and resilience
of these PGPR strains in different AW composts. Following the initial inoculation, all BIO formulations exhibited
a significant rise in bacterial populations, peaking on day 7. Despite successive declines in microbial counts, log
CFU ml! remained consistently between 10.89 and 11.25. This finding suggests that specific developmental
stages or microbial life cycles are accomplished occur within BIOs formulations, emphasizing the variable
responses of PGPR strains to distinct AW sources.

Characterization of the physical and chemical properties of BIOs after one month of
decomposition by co-inoculating three PGPR strains

The physical and chemical features of biofertilizers produced from AW sources (peanut shell, rice straw,
duckweed, and rice bran) and co-inoculated with three kinds of PGPR strains (Enterobacter sp. R24, Bacillus
tequilensis P8, and Pseudomonas azotoformans S81) are presented in (Table 1). Over 30 days, the BIO-rice straw
consistently maintained the highest moisture content, ranging from 53 to 61%. Incorporating BIO-duckweed led
to a significant increase in moisture content, from 37% on day 0 to 48% on day 15, while BIO-peanut shell kept
moisture levels between 35 and 44%.

All BIOs formulations maintained a consistent neutral pH throughout the trial, maintaining soil pH
compatibility with no acidity or alkalinity variations. In terms of EC, BIO-duckweed exhibited the greatest
variation, ranging from 6.4 to 7.5 dS m™!. In contrast, BIO-rice straw, BIO-peanut shell, and BIO-rice bran had
lower EC values, ranging from 2.0 to 3.8 dS m™'. BIO-duckweed possessed high EC due to its aquatic origin
and nutrient-dense composition, which allows it to absorb soluble salts and release minerals such as potassium,
calcium, and magnesium?®. These findings suggest that different AW sources, when utilized to make fertilizer
and co-inoculated with PGPR strains, have distinct physical and chemical properties. BIO-rice straw consistently
had the greatest moisture content, while BIO-duckweed showed considerable changes in both moisture content
and EC values due to its nutrient-rich aquatic nature. The capacity of these BIOs formula to sustain neutral pH
levels reinforces their viability for agricultural application.

Table 2 highlights variations in organic matter (OM), total nitrogen (N), phosphate (P), and potassium (K)
content after 30 days of self-fermentation among four distinct BIOs. BIO-peanut shell (F1) had the highest OM
content at 66.28%, followed by BIO-rice straw (F2) at 60.09%. BIO-duckweed (F3) exhibited the highest total
N content at 2.54%, emphasising its potential as a nitrogen-rich biofertilizer, while F1 had the lowest nitrogen
content at 1.23%. Additionally, F3 was found to have the greatest phosphate and potassium content at 0.46%
and 3.74%, respectively, indicating its efficacy as a phosphorus and potassium-enriched biofertilizer. These
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=
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Fig. 1. PGPR population (log cfu/ml) survival ability after 30 days in four different agricultural waste
components (F1: BIO-peanut shells, F2: BIO-rice straw, F3: BIO-duckweed, F4: BIO-rice bran).
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Fermentation time | Formula | Moisture content (%) | pH Electrical conductivity (dS m™")
F1 43+1.8° 6.6+0.1* |3.8+0.1°
F2 53+2.3 6.4+0.1° |3.4+0.5°
0 day F3 37+2.4° 6.1£0.1° | 7.5+£0.2°
F4 39+5.20 5.8+0.0¢ |2.3+0.2¢
F-test p” o -
F1 44+1.7° 65+0.1 |2.7+0.7°
F2 61+2.9° 6.6+0.0 |2.9%0.7°
15 days F3 48+7.5° 62+0.1 |6.9+04°
F4 46+1.0° 6.4+0.5 |3.8+0.4°
F-test e ns ot
F1 35+2.0° 6.8+0.0* |2.0£0.3¢
F2 57+3.0° 6.6+0.0° | 2.9+0.4°
30 days F3 42+0.6° 6.3+0.0° |6.4+0.2°
F4 32+4.0° 6.4+0.2% | 3.3£0.3°
F-test o " P

Table 1. Physical and chemical properties of BIOs over the incubation period of 30 days with PGPRs. "The
data non-significant difference. **Significant different at 95% (p <0.01). Different letters in the column
represent significant differences among treatments (P<0.05) according to the HSD test. F1: BIO-peanut shells,
F2: BIO-rice straw, F3: BIO-duckweed, F4: BIO-rice bran.

Formula OM (%) Total N (%) | P (%) K (%)
F1: BIO-peanut shells | 66.28+£0.65* | 1.23 +£0.00° 0.11+0.004 | 0.80+0.004

F2: BIO-rice straw 60.09+£0.09° | 1.20£0.00° | 0.16+0.00° | 1.55+0.00
F3: BIO-duckweed 50.48 £0.06¢ | 2.540.02° | 0.46+0.00" | 3.74%0.04°
F4: BIO-rice bran 54.04+0.30° | 2.11£0.00° | 1.31+0.00* | 1.37%0.00°

Table 2. Organic matter, total nitrogen, phosphate, and potassium content after 30 days of self-fermentation in
four distinct BIOs. Different letters in the column represent significant differences among treatments (P <0.05)
according to the HSD test.

differences highlight the distinct nutritional profiles of each BIO, implying that formulations may be customized
to better match varying soil and crop requirements, increasing their value in sustainable agriculture operations.

Application of BIOs on rice seedling stage in pot expertiment

Impact of four BIO formulations on the rice seed germination index

We investigated the effect of four distinct BIOs formulations, fermented for varying lengths of time (0 days,
15 days, and 30 days) following a 7-day growth phase, on rice seedlings (Fig. 2). Seed germination rates varied
from 80% to 100% across all treatments, indicating a strong germination impact even at the initial stages of
BIOs synthesis (Fig. 3A). The seed germination index (GI) data suggested that BIO-peanut shell had the greatest
influence on GI and root elongation after 15 days of fermentation, while another formulation outperformed
the others after 30 days of fermentation (Fig. 3B, C). However, BIO-rice bran consistently showed weaker
performance in promoting root elongation and germination index over the 30-day period. These findings imply
that BIOs should be fermented for 15-30 days to efficiently enhance rice development, with BIOs generated
from peanut shells and duckweed being particularly beneficial. These differences underline the need to choose
optimal BIO formulations based on unique soil and crop requirements in order to enhance agricultural output
and sustainability.

Impact on rice growth development
In a 30-day trial with rice plants in normal and saline soil (85 mM NaCl) (Fig. 4), the growth-promotion
performance of BIOs was assessed through changes in plant height, root length, and biomass (Table 3). In
normal soil, the chemical fertilizer treatment (T6) resulted in the most statistically significant plant height
(91.3 cm). However, BIO-peanut shell (T2) boosted both plant height (73 cm) and root length considerably
(32.6 cm), demonstrating its ability to promote root development within 30 days. In saline soil, no significant
variations in root length were observed between the BIOs and chemical fertilizer treatments. Notably, the use of
BIO-peanut shell and BIO-duckweed resulted in a 24% increase in shoot length compared to the control. These
findings highlight the capacity of BIOs to help rice plants tolerate salt stress as a viable alternative to conventional
fertilizers.

In terms of total biomass, the chemical treatment had the highest value, with a mean dry weight of 7.71 g dry,
followed by BIO-peanut shell, with a mean dry weight of 5.89 g across both soil conditions (Table 3). All four
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Fig. 2. Impact of four BIOs formulations (Day 30) on germination index values. The control treatment using
distilled water (DW) is also included for comparison. Noted that F1: BIO-peanut shells, F2: BIO-rice straw, F3:
BIO-duckweed, F4: BIO-rice bran.

BIOs formulations significantly raised biomass considerably compared to the control group that did not receive
BIOs, demonstrating their capacity to promote plant development. Specifically, the BIO-peanut shell, BIO-rice
straw, BIO-duckweed, and BIO-rice bran formulations increased total mean biomass by 188%, 45%, 85%, and
66%, respectively.

Chlorophyll concentration is an important measure of plant health; it varied significantly between treatments
under both soil conditions in this research. In normal settings, BIO-peanut shell (T2), BIO-duckweed (T4), BIO-
rice bran (T5), and chemical fertilizer (T6) had greater total chlorophyll levels than the control (T1). Treatment
T2 exhibited the highest concentration (1.19+0.22 mg g~! FW), aligning with trends in chlorophyll a and b.
Under saline soil conditions, BIO-duckweed (T10) showed the greatest total chlorophyll content (1.54 +0.40 mg
g1 FW). The present data demonstrate that BIOs treatments, particularly those derived from peanut shells and
duckweed, effectively promote rice growth and resilience under both normal and saline conditions.

Effect of BIOs on Fluorescein Diaceatate (FDA) Hydrolysis and proline content under normal and salt stress
Under typical soil conditions, the BIO-rice bran treatment (T5) yielded the greatest FDA hydrolysis content
(6.3 ug/mL) (Fig. 5). Both BIO-peanut shell and BIO-rice straw formulations outperformed the chemical fertilizer
treatment (T6) in terms of FDA content, demonstrating the effectiveness of our biofertilizer formulations in
making nutrients available to plants. However, salt stress caused a considerable drop in FDA content for both the
BIO-peanut shell and BIO-rice straw treatments, showing that enzyme activity is limited under saline conditions.
In contrast, the BIO-rice bran maintained a higher FDA concentration, indicating that this treatment was more
robust and better sustained microbial populations. .

In both soil conditions, all BIOs had considerably lower proline levels than the chemical fertilizer treatment
or control (Fig. 5). The BIO-rice straw treatment had a proline level of 20.5 ug/ml, which is 58% lower than the
control in saline conditions, indicating that rice straw biofertilizer might help mitigate salt stress. The observed
increase in proline concentration in salt-stressed rice plants may be due to an adaptive response to salt stress?2.
The use of BIOs treatment mitigated the severity of salt stress in rice and has the potential to retain enzyme
activity and the stability of microbial populations, hence improving plant health.
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Fig. 3. Impact of four different BIOs formulations on rice seedling growth across various fermentation periods
(0 days, 15 days, 30 days). Different letters in the column represent significant differences among treatments
(P<0.05) according to the HSD test. Noted that F1: BIO-peanut shells, F2: BIO-rice straw, F3: BIO-duckweed,
F4: BIO-rice bran.

Change in soil properties and soil microbial community affected by BIOS

This study examined the effects of applying BIOs on soil properties over a 30-day period. The results revealed
that using BIOs considerably enhanced organic content, available phosphorus, and exchangeable potassium
compared to the control and chemical fertilizer. Under normal soil conditions, the application of various BIOs
resulted in significant increases in OM content: 205.56% for BIO-peanut shell, 115.56% for BIO-rice straw,
51.11% for BIO-duckweed, and 103.33% for BIO-rice bran formulations. These data show that BIOs, particularly
those derived from peanut shell, rice straw, and rice bran, were much more effective than chemical fertilizers in
raising OM content.

Similarly, in saline soil conditions, BIOs dramatically enhanced OM content, with the BIO-peanut shell
formula increasing organic matter by 43.75% compared to chemical treatment. Unexpectedly, there was no
discernible difference in total nitrogen levels between normal and saline conditions. However, Fig. 6 reveals a
considerable increase in exchangeable potassium (K) values with the addition of BIO-peanut shell in normal soil
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Saline soil

Fig. 4. A photograph of rice plants and rice roots after 30 days of planting. Note that T1: Control in normal
soil, T2: BIO-peanut shell treatment in normal soil, T3: BIO-rice straw treatment in normal soil, T4: BIO-
duckweed treatment in normal soil, T5: BIO-rice bran treatment in normal soil, T6: Chemical fertilizer

in normal soil, T7: Control in saline soil, T8: BIO-peanut shell treatment in saline soil, T9: BIO-rice straw
treatment in saline soil, T10: BIO-duckweed treatment in saline soil, T11: BIO-rice bran treatment in saline
soil, T12: Chemical fertilizer in saline soil.

Condition | Treatments RL (cm) SL (cm) SDW (g) | RDW (g) Biomass (g) | Chla (mg g FW) | Chlb (mgg™! FW) | Chl (a+b) (mgg™! FW)
T1: Control 223+1.5%® | 61.0+1.0°% | 0.3+£0.08¢ | 0.6+0.168 |0.9+0.24C | 0.48+0.06 % 0.74+0.09 % 0.74+0.09 ®
T2: BIO-peanut shells | 32.6+5.5* | 73.0+7.0° |1.4+024%> | 1.940.3% [34+077> |1.02+0.18% 0.05+0.05° 1.19+0.22%®
| T3: BIO-rice straw 23.6+4.0° | 446445 | 03+0.05¢ | 1.6+0.18"7¢ | 1.6+0.24° | 0.43+0.04 & 0.07:£0.05 % 0.65+0.19°
Normal soi T4: BIO-duckweed 26.6+4.6® | 68.0+1.7° | 0.7£0.09°¢ | 0.9+£0.19°8 | 1.7+£0.28%¢ | 0.77+0.10 >¢ 0.06+£0.04 % 0.97+0.21 %
T5: BIO-rice bran 25.6+4.1° | 58.6+4.5°7¢ | 0.6+0.11¢¢ | 1.6+0.21°"9 | 2.3+0.32¢¢ | 0.83+0.12°¢ 0.07+£0.01 % 1.07+0.08 %
T6: Chemical fertilizer | 23.0+1.0° | 91.3+3.0° |2.7+£045 [23+0.17° |50£0.63* |0.75+0.12>< 0.08+£0.01 1.00£0.17 %
T1: Control 25.6+3.7° | 483+6.9% | 0.4£0.07¢ | 1.7£0.10% | 1.0£0.17¢ | 0.65%0.06¢ 0.05+0.02 % 0.83+0.14%
T2: BIO-peanut shells | 26.3+3.5® | 60.0+5.5" | 0.5+£0.10¢¢ | 0.5+£0.26*F |2.4+0.32¢¢ | 0.60+0.07 d¢ 0.08+£0.03 0.85+0.16 %
Saline soil T3: BIO-rice straw 26.0+5.1% | 50.0+5.7¢% | 0.5+0.14¢ | 0.7+0.12¢8 | 1.2+027% |0.33+0.02°¢ 0.03+0.00° 0.45+0.02°
T4: BIO-duckweed 26.0+2.0° | 60.3+4.0°¢ |0.6+£0.07°¢ | 1.5£0.31°¢ | 2.0£0.35¢ | 1.19+£0.23° 0.11+0.06° 1.54+0.40°
T5: BIO-rice bran 183420 [47.6+32% |0.2+0.06¢ |0.8+0.19¢ | 1.0£0.26° | 0.74+0.09 >4 0.09+0.00 % 1.01£0.12%
T6: Chemical fertilizer | 26.3+3.5® | 63.6+4.7°¢ | 1.0+£0.11% | 1.6+0.33*¢ | 2.6+0.32> | 0.49+0.11 ¢ 0.05+0.01 % 0.66+0.16"°

Table 3. Effect of agricultural waste biofertilizer - BIOs on different growth parameters of rice plant after 30
days planting. Data are represented as average of five replicates. RL root lengthm, SL shoot length, SDW root
dry weight, SFW shoot dry weight. Different letters in the column represent significant differences among

treatments (P <0.05) according to the HSD test.
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Fig. 5. The Fluorescein diaceatate hydrolysis and proline content of rice plant under 2 kinds of soil conditions.
Small alphebetic letters indicat significant differences among the means of all treatment by HSD, P<0.05. (T1:
Control in normal soil, T2: BIO-peanut shell treatment in normal soil, T3: BIO-rice straw treatment in normal
soil, T4: BIO-duckweed treatment in normal soil, T5: BIO-rice bran treatment in normal soil, T6: Chemical
fertilizer in normal soil, T7: Control in saline soil, T8: BIO-peanut shell treatment in saline soil, T9: BIO-rice
straw treatment in saline soil, T10: BIO-duckweed treatment in saline soil, T11: BIO-rice bran treatment in
saline soil, T12: Chemical fertilizer in saline soil).

(94.74%) and BIO-duckweed in saline soil (13.08%) as compared to untreated soil. Furthermore, using BIO-
peanut shell increased phosphate (P) availability by 143.26% compared to untreated soil and 7.23% compared to
chemical treatment under standard conditions. Meanwhile, BIO-duckweed enhanced P availability by 13.80%
compared to the control treatment and 30.69% compared to chemical treatment under standard conditions.
These findings demonstrate the efficacy of BIOs in enhancing soil characteristics and nutrient availability,
establishing them as a viable alternative to traditional chemical fertilizers for sustainable agriculture.

DGGE analysis of microorganism’s communities in soil samples

Denaturing gradient gel electrophoresis (DGGE) is a powerful molecular technique for separating DNA
fragments of equal lengths but different sequences. When applied to 16S rRNA genes, DGGE allows for a
thorough phylogenetic investigation of microbial communities?. Each DGGE band typically represents at
least one ribotype®®. According to the study, BIOs had significant effects on the structure of the soil bacterial
population, enhancing bacterial diversity. For example, around five bacterial genera developed in the T9
treatment (BIO-rice straw in saline soil) and the T12 treatment (chemical fertilizer in saline soil), while the
BIO-rice bran formulation treatment exhibited around four bacterial groups in both situations (Fig. 7). This
increase in diversity is most likely due to the direct influence of the inoculated microorganisms in the BIOs or
their ability to promote the growth of indigenous soil microorganisms. In addition, distinct band patterns in the
DGGE profiles from the BIOs treatment, which were lacking in the control, showed the development of new
ribotypes. This demonstrates the potential of BIOs to increase microbial diversity in soil, which can be beneficial
for rice cultivation.

Discussion

Soil salinization remains one of the most critical obstacles to agricultural production and food security,
particularly in Southeast Asia. The Mekong Delta, a major rice-producing region, is becoming increasingly
vulnerable to salinity intrusion, which reached record levels in 2020, extending over 110 km inland and
damaging roughly half a million hectares of agricultural land®. By 2050, salinity is expected to affect up to
half of the world’s arable land®2. Rising groundwater salinity, poor drainage and irrigation infrastructure, and
excessive use of chemical fertilizers are among the key causes of soil salinization®. These difficulties necessitate
the development of techniques to improve rice plant tolerance to salinity, ensuring crop survival and yield in
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Fig. 6. The effect of BIOs from various agricultural waste material on organic matter content, total nitrogen,
available phosphate, and exchangeable potassium in normal and saline soils after 30 days of rice plant
cultivation. Small alphebetic letters indicat significant differences among the means of all treatment by HSD,
P<0.05. Noted that F1: BIO-peanut shells, F2: BIO-rice straw, F3: BIO-duckweed, F4: BIO-rice bran.

affected areas. One effective approach is to introduce organic amendments such as animal manure, compost,
and cover crops, boost soil microbial activity by providing carbon sources that encourage organic matter
decomposition and the release of vital nutrients>!. This procedure not only promotes plant growth but also raises
soil organic carbon levels, improving soil structure and water retention capacity®!. Furthermore, halotolerant
plant growth-promoting rhizobacteria (PGPR), especially when combined with organic amendments, might
enhance plant resistance to salt stress>”. The use of organic fertilizers, such as biofertilizers (BIOs), can lower
salt levels by improving soil structure and nutrient cycling. The organic matter (OM) in BIOs acts as a nutrient
reservoir, slowly releasing nutrients over time and reducing the likelihood of leaching and runoff*®. This efficient
nutrient management helps maintain a balanced soil ecosystem by preventing salt accumulation, which is a
major contributor of soil salinity.

In this context, the current study investigated the efficacy of BIOs derived from diverse agricultural waste (AW)
materials in promoting rice development and reducing soil salinity. The results showed that using specific BIOs,
such as those generated from peanut shells, rice straw, and duckweed, greatly improved microbial proliferation,
soil characteristics, and plant growth. Specifically, the BIOs supported the growth and survival of PGPR strains
including Enterobacter sp. R24, Bacillus tequilensis P8, and Pseudomonas azotoformans S81, which showed a
substantial increase in bacterial populations, peaking at day 7 and maintaining elevated CFU levels throughout
the 30-day trial. These data imply that BIOs promote the proliferation and robustness of PGPR, resulting in
improved plant growth under both normal and saline circumstances. Many studies have reported a significant
increase in agricultural productivity with the co-application of AW and PGPR rather than the sole application of
PGPR or AW materials®’. BIO-rice straw maintained the highest moisture content, while BIO-duckweed showed
a considerable increases in both moisture content and EC due to its nutrient-rich aquatic nature (Table 1). In
addition, in terms of nutrient content, BIO-duckweed formula exhibited the highest levels of total nitrogen,
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Fig. 7. DGGE banding patterns of bacterial 16 S rRNA gene contained in soil samples planting rice plant 30
days. Note that T1: Control in normal soil, T2: BIO-peanut shell treatment in normal soil, T3: BIO-rice straw
treatment in normal soil, T4: BIO-duckweed treatment in normal soil, T5: BIO-rice bran treatment in normal
soil, T6: Chemical fertilizer in normal soil, T7: Control in saline soil, T8: BIO-peanut shell treatment in saline
soil, T9: BIO-rice straw treatment in saline soil, T10: BIO-duckweed treatment in saline soil, T11: BIO-rice
bran treatment in saline soil, T12: Chemical fertilizer in saline soil.

phosphate, and potassium, making it an effective phosphorus and potassium-enriched biofertilizer (Table 2).
The distinct nutritional profiles of each BIO formulation offer the potential for customization to address various
soil fertility and crop needs, enhancing their value in agricultural applications.

Soil salinity has been shown to diminish rice output by around 29.29% compared to non-saline soils, with
technical efficiency decreasing in saline soils. Rice cultivation with saline soil has an average technical efficiency
of just 73%, whereas with non-saline soil that figure might approach 80%?3¢. This emphasizes the necessity of
devising measures that not only minimize the immediate consequences of salinity but also improve long-term
soil health and microbial biodiversity. Zhang et al. discovered that the application of composted poultry manure
as an organic fertilizer is an effective measure for remediating saline-alkali soil and enhancing rice growth®.
Xiao et al. proposed that organic fertilizer mixed with soil amendments significantly improves soil quality,
promoting rice growth and production by reducing soil salinity and increasing soil biochemical features in
coastal saline soil*’. In line with this, our study demonstrated that the application of BIOs led to significant
improvements in seed germination, plant height, root length, and biomass. Moreover, the BIO-peanut shell and
BIO-duckweed formulations showed notable increases in shoot length and biomass under both normal and
saline soil conditions (Fig. 3). This indicates their potential to enhance rice growth and resilience, offering a viable
alternative to traditional chemical fertilizers. Moreover, BIO-peanut shell and BIO-duckweed formulations were
especially effective in enhancing soil properties, further supporting their role in sustainable agriculture. These
formulations also enhanced soil organic matter content, available phosphorus, and exchangeable potassium,
highlighting their importance in promoting soil health and fertility (Fig. 6).

The accumulation of proline, an amino acid that functions as an osmoprotectant, is an important physiological
indicator of salinity-induced plant stress*!. The reduction in proline levels seen after BIOs treatment can be
explained by proline’s dual role as an osmoprotectant and a stress signal (Fig. 5). Plants often store proline in
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response to stress, such as salt stress, to protect cellular structures and maintain osmotic equilibriumzo. However,
the lower proline accumulation seen in BIO-treated plants shows that they endured less salt stress than the
untreated control. This suggests that the BIOs were efficient at mitigating the effects of salt, reducing the need for
excessive proline accumulation?2. This study concludes that using BIOs to promote a healthier root environment,
increase nutrient availability, and boost beneficial microbial activity likely helped plants manage high salinity
more effectively, reducing the physiological stress response. Lower proline levels in treated plants are thus a
positive signal, indicating reduced stress exposure and enhanced plant resilience, ultimately leading to better
plant growth and production under saline circumstances.

Previous research has highlighted the effectiveness of co-applying organic materials like rice straw, PGPR,
and other AW resources to enhance soil fertility and mitigate salinity effects*2. Moreover, inoculation promotes
the breakdown of complex chemical compounds, releasing nitrogen and other nutrients for plant absorption; the
carbon-to-nitrogen ratio in rice straw stimulates microbial activity, which improves nutrient cycling and increases
total nitrogen in fields**.Ibrahim et al.** discovered that BIO-peanut shell improved nutrient mobilization and
solubilization, resulting in the release of phosphorus from organic sources. Our research supports previous
findings, highlighting BIOs’ potential as an alternative to traditional chemical fertilizers. Furthermore, the use
of AW materials improves nutrient cycling while also reducing nitrogen, phosphorus, and potassium leaching,
resulting in increased soil fertility and lower environmental contamination.

Indeed, the utility of duckweed has emerged as a viable AW resource, with earlier studies revealing its role
in enhanced nutrient absorption, higher chlorophyll content, and increased plant biomass in treated crops®.
Duckweed is well-known for its ability to accumulate phosphorus and its high in protein and free nitrogen®.
Fall et al.!’ reported that the use of peanut shell amendments improved plant growth, enhanced soil chemical
properties, and reduced soil salinity by increasing total soil carbon, total N, P and FDA, regardless of salinity. Rice
straw contains beneficial nutrients that aid in plant growth and maintain soil fertility. Liang et al.*” demonstrated
that a special compound fertilizer incorporated with rice straw increased fruit yield by altering soil carbon
fractions. Adegoke et al.*® found that rice bran and cow dung compost boosted soybean yields. While the
benefits of BIOs are evident, some formulations, such as BIO-rice bran, did not exhibit the same level of efficacy
in promoting plant development as others (Fig. 3). Such variation implies that the intricate interactions between
organic amendments and PGPRs may affect biofertilizer effectiveness. Rice bran’s rich organic makeup may
aid in microbial hydrolysis, but certain compounds or allelopathic substances may impede plant development,
emphasizing the need for further research into the optimal formulation and mix of BIOs*.

The present study supports the hypothesis that using AW such as rice straw, duckweed, peanut shell for
BIOs formulation effectively promotes rice plant growth and resilience under both normal and severely saline
conditions. Indeed, the application of these BIOs formulations on rice seedlings demonstrated significant
improvements in seed germination, plant height, root length, and biomass (Table 3). BIO-peanut shell and
BIO-duckweed formulations showed notable increases in shoot length and biomass even under salinity
stress. Moreover, BIOs treatments resulted in increased organic matter content, available phosphorus, and
exchangeable potassium in the soil (Fig. 6). BIO-peanut shell and BIO-duckweed formulations were especially
effective in enhancing these soil properties, further supporting their role in sustainable agriculture. The
application of organic fertilizer improves leaf water content, nutrient uptake, nutrient homeostasis, synthesis of
chlorophyll, osmolytes, hormones, secondary metabolites, antioxidant activities and gene expression, resulting
in improved tolerance against drought, salinity, heat, and heavy metals®. The study also discovered increases in
all photosynthetic pigments in rice plants under salinity stress conditions. An increase in chlorophyll content in
PGPR-treated plants could be attributed to the formation of a number of microbial metabolites that arise during
water and mineral absorption and aid in the facilitation of photosynthetic material in plant cells>'. These results
suggest that BIOs represent a viable and sustainable alternative to chemical fertilizers in rice cultivation, offering
multiple benefits, including improved plant growth, enhanced soil fertility, and reduced environmental impact.

Several studies have demonstrated that mixing PGPR with organic substrates to create BIOs can boost PGPR
activity!%%3, Sritongon et al.>* found that these PGPR strains boost rice growth under stress and improve
nutrient availability in the rhizosphere. Ansari et al.>® reported that Pseudomonas azotoformans effectively
alleviated drought stress in wheat plants via a variety of biochemical processes. Liquid organic fertilizer mixed
with Enterobacter cloacae enhanced P solubility, resulting in an increase in soil available P, reducing P fertilization
by 50% and increasing maize production®. Bacillus tequilensis suppressed fungal Fusarium solani growth by
releasing antifungal chemicals and proteins linked with plant stress resistance/tolerance, making it a viable
candidate biocontrol agent against Rehmannia glutinosa root-rot disease®. However, the efficiency of PGPRs
may vary depending on the climate and ecological zone. In field-growing conditions, some bacterial strains may
struggle to colonize plant roots successfully. To mitigate such issues, crop types and salt-tolerant PGPR strains
must be carefully chosen. It is also critical to find the optimal ratio and formula of PGPR and BIOs to promote
plant growth in saline circumstances. This investigation confirmed that the addition of Enterobacter sp. R24,
Bacillus tequilensis P8, and Pseudomonas azotoformans S81 increased nutrient solubility in AW. Furthermore, the
utilization of indigenous PGPR strains as fertilizers may address concerns about bringing microbial inoculants
into new environments.

The study of soil nutrients after 30 days of rice planting found that BIOs generated from peanut shells, rice straw,
and rice bran were more effective than chemical fertilizers in boosting the organic matter (OM) content (Fig. 6).
The integration of AW materials, as well as the reported improvements in rice growth and total plant biomass,
likely contributed to this development. This growth may result from greater photosynthesis, as well as improved
nutrient transport and accumulation®®. The use of AW materials not only increased total organic carbon, total
nitrogen, and total phosphorus levels in the soil, but also enhanced the availability of plant-accessible nutrients.
Organic fertilizers reduced leaching losses of nitrogen, phosphorous, and potassium while increasing soil
fertility retention capacity®. Moreover, microorganisms found in the BIOs performed a key role in transforming
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otherwise inaccessible nutrient into plant-available forms, resulting in higher levels of available phosphorus (P)
and exchangeable potassium (K) compared to untreated soil conditions®. This nutrient transformation and
improvement might be critical in rehabilitating degraded soil, making BIOs viable alternative to conventional
chemical fertilizers for sustainable agriculture. Denaturing Gradient Gel Electrophoresis (DGGE) is a useful
approach for comparing bacterial community structures after soil treatment or under diverse land uses®’. DGGE
analysis indicated that adding BIOs boosted microbial diversity, which is good for soil health and plant growth
(Fig. 7). The findings demonstrate that BIOs increase soil nutrient availability and foster a more diverse and
resilient microbial ecology.

Bio-based fertilizers improve soil health and nutrient mineralization while offering long-term benefits to agri-
businesses. Crucially, this study demonstrates the effectiveness of BIOs in reducing the negative consequences
of salt stress. However, widespread adoption requires assessment of scalability, cost-effectiveness, and policy
integration. It is worth noting that governments the world over are progressively supporting organic farming
through subsidies and regulatory incentives, with frameworks such as those in the European Union identifying
bio-based fertilizers (BBFs) as critical components of sustainable agriculture®?. Bio-based fertilizers offer major
advantages over conventional mineral fertilizers since they recycle nutrient-rich wastes while consuming less
energy and nonrenewable resources®’. However, issues such as heavy metal and pathogen contamination must be
addressed by technical innovation and rigorous environmental assessment. Furthermore, bio-waste products can
pollute the air due to odor emissions, particularly ammonia, if stored poorly. Additives used in composting can
reduce emissions by increasing porosity and absorbing gases, resulting in higher product quality®*. To stimulate
widespread uptake of BIOs, streamlined regulatory frameworks, pilot trials, and public awareness activities are all
required. Developing BIOs can be challenging but profitable, offering the ability to generate economic benefits.
comprehensive approach that combines sustainable agriculture with ecological and social considerations is
necessary. Future study should focus on economic viability, social acceptance, and obtaining policy backing to
increase BIO production while formulating a comprehensive approach that combines sustainable agriculture
with ecological and social considerations. Evaluating the techno-environmental performance of these fertilizers
is critical for maximizing their long-term value. Ultimately, expanding BIOs research and development will
unlock their full potential for increasing plant productivity and promoting environmental sustainability.

Conclusion

This study proved the potential benefits of bio-organic fertilizers (BIOs) in reducing salt stress in rice plants,
improving crop growth and production. It introduced a novel way to producing BIOs from agricultural waste,
providing a sustainable and long-term alternative to chemical fertilizers. The 30-day fermented BIOs, particularly
those derived from rice straw, peanut shells, and duckweed, significantly improved soil fertility and rice
development under salt stress. The BIO-duckweed and BIO-peanut shell formulations performed particularly
well, resulting in considerable improvements in plant biomass, nutrient uptake, and stress tolerance. The
observed decrease in proline levels demonstrated the efficacy of these BIOs to reduce plant stress. These findings
present a route to sustainable agriculture by providing farmers with nutrient-rich, ecologically friendly solutions
that improve soil health, boost crop productivity, and minimize pollution. The utilization of agricultural waste
in the creation of BIOs promotes circular economy principles by providing a practical solution for recovering
degraded soils and enhancing crop resilience. Nonetheless, more study into the scalability and flexibility of BIOs
across various soil types, crops, and environmental circumstances is needed to fully realize their potential in
sustainable agricultural systems. The long-term use of BIOs in rice cultivation shows potential for improving
soil health, boosting nutrient availability, and increasing crop resilience. Future studies should examine the
cumulative impacts of BIOs across numerous cropping cycles, specifically their impact on soil structure, organic
matter content, and microbial diversity under continuous flooding circumstances. Furthermore, combining
BIOs with other abiotic stress mitigation measures, such as employing salt- or drought-tolerant crop types, as
well as biotic treatments, such as biological pest control or mycorrhizal fungi, may result in synergies. Field trials
and multi-season research are critical for validating the practical viability, cost-effectiveness, and environmental
impact of BIOs in real-world agricultural contexts. Furthermore, the performance of BIOs should be evaluated
across different climatic zones and soil types to verify their efficacy and adaptability. By resolving these issues,
BIOs have the potential to become a dependable option for increasing rice output under saline conditions,
thereby contributing to agricultural sustainability and environmental protection.

Materials and methods

Collection of agricultural waste (AW) materials

Agricultural waste materials were collected from farms in Khon Kaen province, Thailand (the geographical
coordinates are at 16.4837° N latitude and 102.7480° E longitude), including peat moss, peanut shells, rice straw,
duckweed, and rice bran. All materials were dried at 100 °C for 48 h, ground into a fine powder, and sterilized at
121 °C for 1 h, repeated 2-3 times.

Plant growth promoting rhizobacterial (PGPR) inoculum

The PGPR strains (Enterobacter sp. R24, Bacillus tequilensis P8, and Pseudomonas azotoformans S81) were
sourced from the Microbial Fertilizer Laboratory of the Department of Microbiology, Faculty of Science, Khon
Kaen University>*. PGPR strains were cultured in Trytic Soy Broth (TSB) at 30 °C for 24-48 h. The supernatant
was collected by centrifugation at 4025 g, and the cell suspension was diluted with 0.85% NaCl, adjusted to a
concentration of 108 CFU/ml for further experiments.
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F1 F2 F3 F4
BIOs composition peanut shells | rice straw | duckweed | rice bran
Peanut shell/ Rice straw/ Duckweed, Rice bran (g) | 50 50 50 50
Peat moss (g) 30 30 30 30
Sodium alginate (g) 10 10 10 10
PGPRs (ml) 10 10 10 10
Water (ml) 40 40 40 40

Table 4. The compositions of BIOs formulation.

Agricultural waste bio-organic fertilizer (BIOs) production
The three PGPRs were mixed in a 1:1:1 ratio. BIOs compositions were prepared as outlined in (Table 4). The
BIOs substrates were stored at room temperature, and microbial survival and humidity were monitored.

Characterization of BIOs

Using a pH meter and an EC meter, the pH and electrical conductivity (EC) of each BIOs formulation was
evaluated in water extracts (BIOs: water ratio of 1:5 v/v). For moisture content, 10 g of sample BIOs was collected
and distributed on a tray, then placed in a hot air oven at 105°C for 24 h. The sample weight after drying was
measured and computed according to the formula:

Fresh weight — D ight
moisture content (%) = res erigsh weig:z:i WINPT % 100

The organic matter (OM) content in the BIOs was measured using the method outlined by Benton Jones®. Total
nitrogen content was determined using the Kjeldahl method®. Available phosphorus was assessed via the ClO,-
H,SO,-molybdenum-antimony resistance colorimetric method®.

Microbial survivial ability test for BIOs

To assess microbial survival, samples were obtained on days 0, 5, 7, 15, and 30. Approximately 10 g of BIOs
samples were combined with 90 ml of distilled water and shaken at 2.52 g for 30 min. Serial dilutions were
made, and the diluted samples were distributed onto plate count agar. After 24-48 h of incubation at 30 °C, total
microbial counts were calculated and represented as log CFU ml™.

Effect of BIOs fermentation on seed germination and root elongation

Rice seedlings (RD6 Glutinous Rice) were provided by Salt-tolerant Rice Research Group, Faculty of Science,
Khon Kaen University, Thailand (16°28°15.82"N, 102°49°11.48"E). All methods were performed in accordance
with relevant guidelines and regulations of the Rice Department of Thailand. At specific intervals (day 0, day
15, and day 30), approximately 10 g of each BIOs formulation was mixed with 90 ml of distilled water, shaken at
2.52 g for 15-30 min, and filtered using No.1 filter paper to eliminate any residual substrates, yielding a filtered
biofertilizer solution. Using a filtered biofertilizer solution during rice germination guarantees that seeds have
access to beneficial microorganisms and dissolved nutrients without interference from leftover substrates. This
avoids seed rot, fungal growth, and mechanical damage from solid particles, resulting in perfect conditions
for uniform and healthy germination. For the germination test, ten rice seeds were uniformly placed on sterile
petri dishes lined with sterilized tissue paper. The Ragdoll method, with appropriate modifications, was applied
by sandwiching the seeds between two layers of sterilized tissue paper moistened with 3 mL of specific filtered
biofertilizer solutions (F1, F2, F3, F4). For the control treatment, the seeds were moistened with 3 mL of distilled
water. The Petri dishes were incubated in a dark environment for 5-7 days to promote germination under
controlled conditions. The formula was as follows:

Seed germination (%) = % X100

Root length of treatment

Root elongation = x 100

Root length of control

Seed germination x Root elongation of treatment < 100

Germination index (%) =
(%) Seed germination x Root elongation of control

Effect of BIOs on rice growth in pot experiment

A pot experiment was conducted in a greenhouse under controlled settings, with temperatures ranging from
25 to 35 °C and daily irrigation. The objective was to assess the effect of bio-organic fertilizers (BIOs) on rice
development in both normal and saline soils, with salinity generated by modifying the soil with 85 mM NaCl.
The experiment used a randomized complete block design (RCBD) with five replications to ensure statistical
rigor and reduce experimental error. The soil samples were collected from Khon Kaen province, Thailand
(located on 16° 26" N, 102° 50" E), and contained 0.51% OM, 0.02% total N, 10.6 mg kg™' available P and 25 mg
kg™! exchangeable K. Rice seedlings (RD6 Glutinous Rice) aged 15-20 days were transplanted into plastic pots
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with a height of 30 cm and a diameter of 15 cm with each containing 1 kg of soil. Subsequently, 5 g of each BIOs
formulation was applied according to the following treatments:
Normal soil (N) treatments:

Control pot in normal soil.
BIO-peanut shell formula (F1) (N).
BIO-rice straw formula (F2) (N).
BIO-duckweed formula (F3) (N).
BIO-rice bran formula (F4) (N).
Chemical fertilizer treatment (N).

R LN

Saline soil (S) treatments:

7. Control pot in saline soil.

8. BIO-peanut shell formula (F1) (S).

9. BIO-rice straw formula (F2) (S).
10. BIO-duckweed formula (F3) (S).
11. BIO-rice bran formula (F4) (S).
12. Chemical fertilizer treatment (S).

After one month of growth, the rice plants were harvested and various plant parameters were measured.
Additionally, key soil properties, such as pH, EC were analyzed. To measure soil pH, 10 g of soil sample was
mixed with 10 ml of distilled water (1:1). The mixture was allowed to stand for 5 min, after which the pH was
determined using a pH meter. For EC analysis, 5 g of soil was mixed with 25 mL of distilled water in a 1:5 ratio.
After thorough stirring, the EC was measured using an electrical conductivity meter. Soil enzyme activity was
assessed using the fluorescein diacetate (FDA) method. One g of soil was mixed with 7.5 ml 60 mM sodium
phosphate buffer (pH 7.6) and 0.1 ml fluorescein diacetate. The mixture was shaken at 150 rpm for 40 min. The
reaction was then terminated by adding 7.5 mL of a chloroform: methanol solution (2:1). The resulting mixture
was centrifuged at 8,000 rpm for 10 min. The absorbance of the upper layer of the solution was measured at
490 nm using a spectrophotometer, and FDA activity was quantified by comparing the absorbance values with
a standard FDA calibration curve®. All methods were performed in accordance with relevant guidelines and
regulations of the Rice Department of Thailand.

Proline content determination in rice leaves

Leaf proline content was determined following a modified procedure by Bates et al.%%. A 0.5 g sample of leaves
was extracted with 10 ml of 3% sulfosalicylic acid, filtered, and combined with 2 mL of the extracted solution,
2 mL of acid ninhydrin, and 2 mL of glacial acetic acid. The mixture was heated at 100 °C for an hour, and after
cooling, toluene was added. The organic phase was measured using a spectrophotometer at 520 nm.

Chlorophyll content determination in rice leaves
Chlorophyll pigments were extracted using the method outlined by Palta’. Chlorophyll a and b levels in the
samples were calculated using the following formula:

mg\ _ (12.7 x A663 — 2.69 x A645) x V
chlorophyll a ( 7 ) = 1000 x W

mg\ _ (22.9 x AG45 — 4.86 x A663) x V
chlorophyll b ( p ) = 1000 < W

(Where: V =volume of the extraction solvent in each sample (ml), W =weight of fresh leaf (g))

Evaluation of soil nutrient availability

The organic matter (OM) content in the soil was measured using the method outlined by Benton Jones®. Total
nitrogen content was determined using the Kjeldahl method®. Available phosphorus was assessed via the ClO,-
H,SO,-molybdenum-antimony resistance colorimetric method®”. Exchangeable potassium was measured using
NH,OAc extraction by flame photometry”’.

Detection of microorganisms in soil using denaturing gradient gel electrophoresis (DGGE)
DNA extraction

Rhizosphere soil samples (0.1-0.5 g) were subjected to DNA extraction using a Quick-DNATM Fecal/Soil
Microbe Miniprep kit (Zymo Research, UK) following the manufacturer’s instructions. Each sample was
extracted twice using DNA extraction kit, and the resulting DNA extracts were pooled together. The genomic
DNA of each sample was eluted with 60 pL TE buffer. Subsequently, genomic DNA (3 pL) was mixed with loading
dye (2 L) and loaded into the wells prepared from a 1.5% (w/v) agarose gel. Electrophoresis was performed with
a 1.5% (w/v) agarose gel at 100 V for 1 h.

Polymerase chain reaction (nested PCR)
The 16 S rRNA genes were amplified using the extracted DNA as a template in PCR amplification conducted
with a FlexCycler2 PCR thermal cycler (Analytix Jena, Germany). The primers utilized in this study were the
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8 F primer (5-AGA GTT TGA TCM TGG CTC AG-3’) and the 1512R primer (5-ACG GYT ACC TTG TTA
CGA CTT-3")7273, The PCR conditions were as follows: pre-denaturation at 95 °C for 10 min, denaturation at
94 °C for 1 min, annealing at 55 °C for 1 min, extension at 72 °C for 1.3 min, and a final extension at 72 °C for
10 min. PCR products were visualized using gel electrophoresis. The 16 S rRNA was then subjected to the V3
region step reaction with the Forward primer 318 F (GC-clamp) (5-ACTCCTACGGGAGGCAGCAG-3’) and
the Reverse primer 518R (5-ATTACCGCGGCTGCTGG-3")*, with PCR consisting of the following steps: pre-
denaturation at 94 °C for 10 min, denaturation at 94 °C for 30 s, annealing at 55 °C for 30 s, extension at 72 °C
for 45 s, and final extension at 72 °C for 7 min. PCR products were detected by DNA band visualization using
gel electrophoresis (Amresco, USA).

DGGE

The V3 region of 16 S TRNA genes was analyzed by the DGGE technique, which involved 40-60% urea-formamide
denaturing gradients. Subsequently, 20 ul of each DNA sample was loaded onto well of a 1.5% (w/v) agarose gel.
The gel was run in 1X TAE buffer at 90 V and a temperature of 60 °C for 8 h. Following electrophoresis, the gel
was stained with ethidium bromide (10 pg/ml) to visualize the DNA bands under UV light (QUANTUM-ST4
1100/26MX, France).

Statistical analysis

One way ANOVA analysis was performed on the data. Post-hoc analysis, such as Tukey’s HSD, was conducted to
identify which specific treatments differed significantly. Statistical significance was set at p <0.05, and all analyses
were carried out using STATISTIC 10© program (1985-2013) (Analytical Software, Tallahassee, FL, USA). This
separation was performed at both the 95% and 99% confidence levels.

Data availability

All data in this study are available upon request from the corresponding author at nunrid@kku.ac.th.

Received: 26 June 2024; Accepted: 7 March 2025
Published online: 15 March 2025

References

1. Korres, N. E. et al. Salinity effects on rice, rice weeds, and strategies to secure crop productivity and effective weed control. Review
https://doi.org/10.1007/s13593-022-00794-4i

2. Rezvi, H. U. A. et al. Rice and food security: climate change implications and the future prospects for nutritional security. Food
Energy Secur. 12, (2023).

3. Jote, C. A. The impacts of using inorganic chemical fertilizers on the environment and human health. Org. Med. Chem. Int. J. 13,
(2023).

4. Sharma, A, Shukla, S. & Kumar, S. Application of cyanobacteria in soil health and rhizospheric engineering. Rhizosph. Eng. 113—
127. https://doi.org/10.1016/B978-0-323-89973-4.00024-7 (2022).

5. Naher, U. A. et al. Bio-organic fertilizer: A green technology to reduce synthetic N and P fertilizer for rice production. Front. Plant.
Sci. 12, 602052 (2021).

6. Zhang, . et al. Cellulose-hemicellulose and cellulose-lignin interactions during fast pyrolysis. ACS Sustain. Chem. Eng. 3,293-301
(2015).

7. Koul, B, Yakoob, M. & Shah, M. P. Agricultural waste management strategies for environmental sustainability. Environ. Res. 206,
112285 (2022).

8. Kumar, S., Diksha, Sindhu, S. S., Kumar, R. & Biofertilizers An ecofriendly technology for nutrient recycling and environmental
sustainability. Curr. Res. Microb. Sci. 3, 100094 (2022).

9. Cui, Z. et al. Agronomic cultivation measures on productivity of oilseed flax: A review. Oil Crop Sci. 7, 53-62 (2022).

10. Kapoor, R. et al. Valorization of agricultural waste for biogas based circular economy in India: A research outlook. Bioresour.
Technol. 304, (2020).

11. Chojnacka, K., Moustakas, K. & Witek-Krowiak, A. Bio-based fertilizers: A practical approach towards circular economy. Bioresour.
Technol. 295, (2020).

12. Grover, M. et al. PGPR mediated alterations in root traits: way toward sustainable crop production. Front. Sustain. Food Syst. 4,
1-28 (2021).

13. Fall, D. et al. Effect of peanut shells amendment on soil properties and growth of seedlings of Senegalia Senegal (L.) Britton,
vachellia Seyal (Delile) P. Hurter, and prosopis Juliflora (Swartz) DC in salt-affected soils. Ann. Sci. 75, (2018).

14. Sharma, S., Singh, P, Choudhary, O. P. & Neemisha Nitrogen and rice straw incorporation impact nitrogen use efficiency, soil
nitrogen pools and enzyme activity in rice-wheat system in north-western India. Field Crops Res. 266, (2021).

15. Zahir, Z. & Ahmad, R. Enrichment of recycled organic waste with N fertilizer and PGPR containing ACC-deaminase for improving
growth and yield of tomato. Soil. Environ. (2006).

16. Kaur, M., Kaur, S., Devi, R. & Kapoor, S. Wheat straw and maize stalks based compost for cultivation of agaricus bisporus. Pharma
Innov. J. 8,393-397 (2019).

17. Bibi, F. et al. Formulation and efficacy testing of bio-organic fertilizer produced through solid-state fermentation of agro-waste by
burkholderia cenocepacia. Chemosphere 291, 132762 (2022).

18. Sheteiwy, M. S. et al. The effects of microbial fertilizers application on growth, yield and some biochemical changes in the leaves
and seeds of Guar (Cyamopsis Tetragonoloba L). Food Res. Int. 172, 113122 (2023).

19. Nader, A. A., Hauka, E I. A, Afify, A. H. & El-Sawah, A. M. Drought-tolerant bacteria and arbuscular mycorrhizal fungi mitigate
the detrimental effects of drought stress induced by withholding irrigation at critical growth stages of soybean (Glycine max, L.).
Microorganisms 12, (2024).

20. Nader, A. A, Hauka, E I. A,, Afify, A. H. & El-Sawah, A. M. Drought-tolerant bacteria and arbuscular mycorrhizal fungi mitigate
the detrimental effects of drought stress induced by withholding irrigation at critical growth stages of soybean (Glycine Max, L).
Microorganisms 12, 1123 (2024).

21. Lehmann, S., Funck, D., Szabados, L. & Rentsch, D. Proline metabolism and transport in plant development. Amino Acids. 39
https://doi.org/10.1007/s00726-010-0525-3 (2010).

22. Nguyen, H. T. T. et al. Rapid accumulation of proline enhances salinity tolerance in australian wild rice oryza australiensis domin.
Plants 10, (2021).

Scientific Reports |

(2025) 15:8979 | https://doi.org/10.1038/s41598-025-93619-9 nature portfolio


https://doi.org/10.1007/s13593-022-00794-4ï
https://doi.org/10.1016/B978-0-323-89973-4.00024-7
https://doi.org/10.1007/s00726-010-0525-3
http://www.nature.com/scientificreports

www.nature.com/scientificreports/

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.
33.

34.

35.

36.
37.

38.

39.

40.

41.
42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.
54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.
65.

Chieb, M. & Gachomo, E. W. The role of plant growth promoting rhizobacteria in plant drought stress responses. BMC Plant. Biol.
23, (2023).

Sachdev, S., Ansari, S. A., Ansari, M. L, Fujita, M. & Hasanuzzaman, M. Abiotic stress and reactive oxygen species: generation,
signaling, and defense mechanisms. Antioxidants 10, 1-37 (2021).

Ma, Y. N, Theerakulpisut, P. & Riddech, N. Pesticide tolerant rhizobacteria isolated from rice (Oryza sativa) overcomes the effects
of salt and drought stress in pesticide contaminated condition. 490, 521-539 (2023).

Wang, Y., Li, W,, Du, B. & Li, H. Effect of Biochar applied with plant growth-promoting rhizobacteria (PGPR) on soil microbial
community composition and nitrogen utilization in tomato. Pedosphere 31, 872-881 (2021).

Yu, Y. Y. et al. Combination of agricultural waste compost and biofertilizer improves yield and enhances the sustainability of a
pepper field. J. Plant Nutr. Soil Sci. 182, 560-569 (2019).

S6 nta, M. et al. Duckweed from a biorefinery system: nutrient recovery efficiency and forage value. https://doi.org/10.3390/en13
205261 (2020).

Brons, J. K. & Van Elsas, J. D. Analysis of bacterial communities in soil by use of denaturing gradient gel electrophoresis and clone
libraries, as influenced by different reverse primers. Appl. Environ. Microbiol. 74, 2717-2727 (2008).

Muyzer, G., De Waal, E. C. & Uitterlinden, A. G. Profiling of complex microbial populations by denaturing gradient gel
electrophoresis analysis of polymerase chain reaction-amplified genes coding for 16S rRNA. Appl. Environ. Microbiol. 59, 695
(1993).

Tarolli, P,, Luo, J., Park, E., Barcaccia, G. & Masin, R. Soil salinization in agriculture: mitigation and adaptation strategies combining
nature-based solutions and bioengineering. iScience 27, 108830 (2024).

Hoque, M. N. et al. Organic amendments for mitigation of salinity stress in plants: A review. Life 12, 1632 (2022).

Shahid, S. A., Zaman, M. & Heng, L. Introduction to soil salinity, sodicity and diagnostics techniques. Guide. Salinity Assess.
Mitigat. Adapt. Using Nuclear Relat. Tech. 1-42 https://doi.org/10.1007/978-3-319-96190-3_1 (2018).

Xu, H., Huang, X,, Zhong, T., Chen, Z. & Yu, ]. Chinese land policies and farmers’ adoption of organic fertilizer for saline soils.
Land. Use Policy 38, 541-549 (2014).

Al-Turki, A., Murali, M., Omar, A. F, Rehan, M. & Sayyed, R. Z. Recent advances in PGPR-mediated resilience toward interactive
effects of drought and salt stress in plants. Front. Microbiol. 14, 1-20 (2023).

TISDALL, J. M. & OADES, J. M. Organic matter and water-stable aggregates in soils. J. Soil Sci. 33, 141-163 (1982).

Malik, L. et al. Unlocking the potential of co-applied biochar and plant growth-promoting rhizobacteria (PGPR) for sustainable
agriculture under stress conditions. Chem. Biol. Technol. Agric. 9, 1-29 (2022).

Oelviani, R. et al. Effects of soil salinity on rice production and technical efficiency: evidence from the Northern coastal region of
central Java, Indonesia. Case Stud. Chem. Environ. Eng. 10, 101010 (2024).

Zhang, Z. et al. Organic fertilizer enhances rice growth in severe saline-alkali soil by increasing soil bacterial diversity. Soil. Use
Manag. 38, 964-977 (2022).

Xiao, M. et al. Synergistic effects of bio-organic fertilizer and different soil amendments on salt reduction, soil fertility, and yield
enhancement in salt-affected coastal soils. Soil. Tillage Res. 248, 106433 (2025).

Mansour, M. M. E. & Alj, E. E Evaluation of proline functions in saline conditions. Phytochemistry 140, 52-68 (2017).

Goyal, S. & Sindhu, S. S. Composting of rice straw using different inocula and analysis of compost quality. Microbiol. J. 1, 126-138
(2011).

Sharma, A., Dev, K., Sourirajan, A. & Choudhary, M. Isolation and characterization of salt-tolerant bacteria with plant growth-
promoting activities from saline agricultural fields of Haryana, India. J. Genet. Eng. Biotechnol. 19, 1-10 (2021).

Ibrahim, M. et al. Phosphorus mobilization in plant-soil environments and inspired strategies for managing phosphorus: A review.
Agronomy 12, 1-17 (2022).

Regni, L. et al. Biostimulant effects of an aqueous extract of duckweed (Lemna minor L.) on physiological and biochemical traits in
the Olive tree. Agric. (Switzerland) 11, (2021).

Igbal Id, J., Javed Id, A. & Baig, M. A. Growth and nutrient removal efficiency of duckweed (lemna minor) from synthetic and
dumpsite leachate under artificial and natural conditions. https://doi.org/10.1371/journal.pone.0221755 (2019).

Liang, X. et al. Effects of soil amendments on soil fertility and fruit yield through alterations in soil carbon fractions. J. Soils Sed.
21, 2628-2638 (2021).

,J. et al. Effects of rice-bran compost on growth and yield of soybean (glycine max) on an Alfisol in Ibadan, Nigeria. Nigerian J. Soil.
Sci. 25-30. https://doi.org/10.36265/NJSS.2018.280203 (2019).

Sapwarobol, S., Saphyakhajorn, W. & Astina, J. Biological functions and activities of rice Bran as a functional ingredient: A review.
Nutr. Metab. Insights 14, (2021).

Liu, Y. et al. Multifaceted ability of organic fertilizers to improve crop productivity and abiotic stress tolerance: review and
perspectives. Agronomy 14, 1141 (2024).

Omer, A. M., Osman, M. S. & Badawy, A. A. Inoculation with azospirillum Brasilense and/or Pseudomonas geniculata reinforces
flax (Linum usitatissimum) growth by improving physiological activities under saline soil conditions. Bot. Stud. 63, 1-15 (2022).
Suthar, H., Hingurao, K., Vaghashiya, J., Parmar, J. & Fermentation A process for biofertilizer production. 229-252 https://doi.or
¢/10.1007/978-981-10-6241-4_12 (2017).

Lim, S. E & Matu, S. U. Utilization of agro-wastes to produce biofertilizer. Int. J. Energy Environ. Eng. 6, 31-35 (2015).

Sritongon, N., Boonlue, S., Mongkolthanaruk, W,, Jogloy, S. & Riddech, N. The combination of multiple plant growth promotion
and hydrolytic enzyme producing rhizobacteria and their effect on Jerusalem artichoke growth improvement. Sci. Rep. 13, (2023).
Ansari, E A., Jabeen, M. & Ahmad, I. Pseudomonas azotoformans FAP5, a novel biofilm-forming PGPR strain, alleviates drought
stress in wheat plant. Int. J. Environ. Sci. Technol. 18, 3855-3870 (2021).

Sofatin, S. & Citraresmini, A. & Sapta Sara, D. Increasing the effectivity of liquid organic fertilizer enriched with enterobacter
cloacae to increase phosphate availability and yield of maize in inceptisols. E3S Web Conf. 444, (2023).

Wang, R. et al. Antifungal activity and application of Bacillus tequilensis A13 in biocontrol of Rehmannia glutinosa root-rot
disease. Chem. Biol. Technol. Agric. 10, (2023).

Youssef, M. A. & Eissa, M. A. Comparison between organic and inorganic nutrition for tomato. J. Plant. Nutr. 40, 1900-1907
(2017).

Liu, J. et al. Long-term organic fertilizer substitution increases rice yield by improving soil properties and regulating soil bacteria.
Geoderma 404, 115287 (2021).

Al-Sayed, H. M. et al. Evaluation of quality and growth of roselle (Hibiscus Sabdariffa L.) as affected by bio-fertilizers. J. Plant. Nutr.
43,1025-1035 (2020).

Mucsi, M., Krett, G., Szili-Kovacs, T., Mdga, J. & Borsodi, A. K. Denaturing gradient gel electrophoresis and multi-SIR profiles of
soil microbial communities from a karst doline at Aggtelek National park, Hungary. Folia Microbiol. (Praha) 66, 107-114 (2021).
Kurniawati, A., Toth, G., Ylivainio, K. & Toth, Z. Opportunities and challenges of bio-based fertilizers utilization for improving soil
health. Org. Agric. 13, 335-350 (2023).

Jensen, L. S., Oelofse, M., ten Hoeve, M. & Bruun, S. Environmental impact assessment on the production and use of biobased
fertilizers. Biorefin. Inorg. 329-362. https://doi.org/10.1002/9781118921487.CH7-1 (2020).

Zhu, P. et al. Reducing odor emissions from feces aerobic composting: additives. RSC Adv. 11, 15977-15988 (2021).

Benton Jones, J. Soil analysis handbook of reference methods. Soil Analysis Handbook of Reference Methods 1-264 (2018).

Scientific Reports |

(2025) 15:8979

| https://doi.org/10.1038/s41598-025-93619-9 nature portfolio


https://doi.org/10.3390/en13205261
https://doi.org/10.3390/en13205261
https://doi.org/10.1007/978-3-319-96190-3_1
https://doi.org/10.1371/journal.pone.0221755
https://doi.org/10.36265/NJSS.2018.280203
https://doi.org/10.1007/978-981-10-6241-4_12
https://doi.org/10.1007/978-981-10-6241-4_12
https://doi.org/10.1002/9781118921487.CH7-1
http://www.nature.com/scientificreports

www.nature.com/scientificreports/

66. Séez-Plaza, P, Michalowski, T., Navas, M. J., Asuero, A. G. & Wybraniec, S. An overview of the Kjeldahl method of nitrogen
determination. Part I. Early history, chemistry of the procedure, and titrimetric finish. Crit. Rev. Anal. Chem. 43, 178-223 (2013).

67. Wieczorek, D., Zyszka-Haberecht, B., Kafka, A. & Lipok, J. Determination of phosphorus compounds in plant tissues: from
colourimetry to advanced instrumental analytical chemistry. Plant. Methods 18, (2022).

68. Adam, G. & Duncan, H. Development of a sensitive and rapid method for the measurement of total microbial activity using
fluorescein diacetate (FDA) in a range of soils. Soil. Biol. Biochem. 33, 943-951 (2001).

69. Bates, L. S., Waldren, R. P. & Teare, I. D. Rapid determination of free proline for water-stress studies. Plant. Soil. 39, (1973).

70. Palta, J. P. Leaf chlorophyll content. 5, 207-213 (2009).

71. Zebec, V. et al. Comparison of chemical extraction methods for determination of soil potassium in different soil types. Eurasian
Soil. Sci. 50, 1420-1427 (2017).

72. Weisburg, W. G., Barns, S. M., Pelletier, D. A. & Lane, D. J. 16S ribosomal DNA amplification for phylogenetic study. J. Bacteriol.
173, 697-703 (1991).

73. Kane, M. D,, Poulsen, L. K. & Stahl, D. A. Monitoring the enrichment and isolation of sulfate-reducing bacteria by using
oligonucleotide hybridization probes designed from environmentally derived 16S rRNA sequences. Appl. Environ. Microbiol. 59,
682-686 (1993).

Acknowledgements

This study was funded by the Thailand Research Fund for providing financial support through the Senior Re-
search Scholar Project of Prof. Dr. Piyada Theerakulpisut (Project no. NRCT813/2563). The authors acknowl-
edged all members of the Microbiology laboratory, Faculty of Science, Khon Kaen University for their assistance
in the laboratory work.

Author contributions
Methodology, analysis, N.R, Y.N.M and P.S; writing-original draft, N.R and Y.N.M.; funding acquisition, P.T. All
author (N.R., YN.M,, PS., and P.T.) discussed the result.

Declarations

Competing interests
The authors declare no competing interests.

Additional information
Supplementary Information The online version contains supplementary material available at https://doi.org/1
0.1038/s41598-025-93619-9.

Correspondence and requests for materials should be addressed to N.R.
Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in published maps and
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution-NonCommercial-NoDerivatives
4.0 International License, which permits any non-commercial use, sharing, distribution and reproduction in
any medium or format, as long as you give appropriate credit to the original author(s) and the source, provide
a link to the Creative Commons licence, and indicate if you modified the licensed material. You do not have
permission under this licence to share adapted material derived from this article or parts of it. The images or
other third party material in this article are included in the article’s Creative Commons licence, unless indicated
otherwise in a credit line to the material. If material is not included in the article’s Creative Commons licence
and your intended use is not permitted by statutory regulation or exceeds the permitted use, you will need to
obtain permission directly from the copyright holder. To view a copy of this licence, visit http://creativecommo
ns.org/licenses/by-nc-nd/4.0/.

© The Author(s) 2025

Scientific Reports |

(2025) 15:8979 | https://doi.org/10.1038/s41598-025-93619-9 nature portfolio


https://doi.org/10.1038/s41598-025-93619-9
https://doi.org/10.1038/s41598-025-93619-9
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://www.nature.com/scientificreports

	﻿Bioorganic fertilizers from agricultural waste enhance rice growth under saline soil conditions
	﻿Results
	﻿Increased microbial proliferation and survival in BIOs after one month of assessment
	﻿Characterization of the physical and chemical properties of BIOs after one month of decomposition by co-inoculating three PGPR strains
	﻿Application of BIOs on rice seedling stage in pot expertiment
	﻿Impact of four BIO formulations on the rice seed germination index
	﻿Impact on rice growth development
	﻿Effect of BIOs on Fluorescein Diaceatate (FDA) Hydrolysis and proline content under normal and salt stress


	﻿Change in soil properties and soil microbial community affected by BIOS
	﻿DGGE analysis of microorganism’s communities in soil samples
	﻿Discussion
	﻿Conclusion
	﻿Materials and methods
	﻿Collection of agricultural waste (AW) materials
	﻿Plant growth promoting rhizobacterial (PGPR) inoculum
	﻿Agricultural waste bio-organic fertilizer (BIOs) production
	﻿Characterization of BIOs
	﻿Microbial survivial ability test for BIOs
	﻿Effect of BIOs fermentation on seed germination and root elongation
	﻿Effect of BIOs on rice growth in pot experiment
	﻿Proline content determination in rice leaves
	﻿Chlorophyll content determination in rice leaves
	﻿Evaluation of soil nutrient availability
	﻿Detection of microorganisms in soil using denaturing gradient gel electrophoresis (DGGE)
	﻿DNA extraction


	﻿Polymerase chain reaction (nested PCR)
	﻿DGGE
	﻿Statistical analysis
	﻿References


