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Abstract

The utilisation of biofertilisers in food crops has gained significant attention, as cultivation practices now focus not only on
increasing productivity but also on promoting environmental sustainability. In this study, we evaluated the effectiveness of the
phosphate-solubilising bacterium Bacillus pumilus (BP) in edamame cultivation using different types of phosphate (P)
fertiliser: rock phosphate (RP) and superphosphate (SP-36). The bacterial strain isolated from the ebb-tide peatlands of
South Kalimantan, Indonesia, was tested in a pot experiment conducted under 65.75 % shading, with both SP-36 and RP
applied at 100 kg ha™. Our bacterial strain exhibited moderate phosphate solubilisation ability. The strain exhibited greater
effectiveness when combined with SP-36, a highly water-soluble P fertiliser, rather than RP, both in enhancing edamame
yield to a potential yield of 13.08 t ha® and in increasing available P in the growing media by 63.10 %. The primary yield
contributing components were the number of pods (122.67) and seeds (275.67) per plant. A synergistic relationship between
the number of nodules and yield improvement was observed in this treatment. Our strain enhanced nodule formation even in
the absence of P fertiliser. Limited light intensity delayed flowering, which normally occurs 30 days after planting (DAP).
However, the earliest flowering period was obtained when the bacterial strain was incorporated with SP-36 (39.67 days). The
increase in yield associated with bacterial inoculation was accompanied by a slight increase in total chlorophyll content. In
conclusion, BP has strong potential as an inoculant to optimise edamame yield, particularly when used in conjunction with a
highly water-soluble P fertiliser. However, because this study was conducted under controlled pot and shaded conditions,
further field-scale evaluation under different environmental conditions is required before these findings can be broadly
applied.
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sustainable soybean production remains a critical
issue in Indonesia.

1. Introduction

The demand for soybeans in Indonesia continues to
rise as the population grows, driven by their versatility
in various processed products such as soy sauce,

Phosphorus is an essential nutrient for
soybean growth, promoting root development,

tempeh, tofu and soy milk (1). However, a significant
gap exists between soybean consumption and
domestic production in Indonesia. In 2022, total
domestic production was 241434.18 metric tons,
whereas demand reached 1303605.31 metric tons,
resulting in a substantial deficit of 81.48 % (2). On the
other hand, productivity across Indonesian provinces
from 2010-22 showed almost no significant increase. It
remained relatively stable at 1.50-1.62 t ha™ (2, 3),
while edamame was approximately 3.5 t ha® (3). A
significant supply shortage would leave the Indonesian
government with no choice but to implement an import
policy. This situation is typically influenced by the
agricultural sector's contribution to a country’s gross
domestic product (GDP) (4). Therefore, increasing

improving yield and seed quality and enhancing nodule
nitrogen (N) fixation (5, 6). Indonesian farmers
commonly use two types of phosphate (P) fertilisers,
rock phosphate (RP) and superphosphate (SP-36) (7).
Rock phosphate is derived from sedimentary rocks
with phosphorus pentoxide (P-Os) content up to 27 %.
It provides phosphorus in a poorly soluble form and is
primarily recognised as a slow-release fertiliser (8).
Due to its low solubility, it is generally not
recommended for direct application as a P source for
crops (9). However, its residual effects can be
beneficial for subsequent planting seasons (10). The
SP-36 was chosen because it contains about 36 %
P.Os that is easily soluble, so phosphorus becomes
available quickly and provides a stable plant response.
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Conversely, the effectiveness of natural P depends on
mineral reactivity, particle size, plant type and soil
conditions and is usually most optimal in acidic soils
(pH < 5.5). Although natural phosphate offers residual
effects and longer-term amelioration benefits, SP-36 is
more suitable for short-term crops that require
immediate phosphorus. Its use in this study is based
on consistent solubility and daily content, rather than
always being superior to natural P (7).

Studies on Bacillus-based biofertilisers,
coupled with fertiliser applications, including P fertiliser,
to enhance soybean yield have been well reported.
Bacteria in the genus Bacillus are recognised as
efficient P-solubilising microbes (8). Their activity can
enhance P availability by accelerating the conversion
of non-available inorganic P to its soluble form, thereby
improving plant P uptake (11). Treatments containing
Bacillus haynesii, Bacillus circulans and Bacillus
subtilis with the addition of Priestia aryabhattai and
Priestia megaterium applied to soybeans result in 3.7 t
grain yield ha® (12). Bacillus strains significantly
enhance grain weight when applied with 100 kg P.Os
ha*, although their effects on the number of pods per
plant and grains per pod remain negligible (13).

Within the genus Bacillus, several species
have shown promise as plant growth-promoting
bacteria; however, the genetic basis of their beneficial
effects remains poorly understood. This study
employed comparative genomic analysis to investigate
four maize rhizosphere strains, revealing key
molecular  distinctions in  nutrient  utilisation,
phytohormone production, iron acquisition and stress
tolerance that underscore their potential as
bioinoculants for sustainable agricultural practices. The
application of 107 colony-forming units (CFU) mL™
bacterial spore solution to seeds in a plant box
significantly improved the initial growth of rice (14).
Soybean yield and quality improve when inoculated
with arbuscular mycorrhizal fungi (15). Many research
studies have assessed the potential of
Bacillus pumilus (BP) to enhance plant growth. Bacillus
pumilus is a bacterium that naturally colonises the
potato rhizosphere and has been widely used since
1995 to enhance potato tuber yield (16). Several
strains of BP have been reported to promote plant
growth by producing phytohormones such as indole-3-
acetic acid, solubilising P, producing siderophores,
stimulating root development and improving nutrient
uptake. Bacillus pumilus inoculation has also
enhanced rice growth, yield and tolerance to salinity
stress (17-20). In addition, BP can suppress fungal
phytopathogens, including  Rhizoctonia  solani,
Fusarium oxysporum, Fusarium solani and Fusarium
equiseti, through antagonistic mechanisms such as
antimicrobial metabolite and hydrolytic enzyme
production and induced systemic resistance (21, 22).
This study shows that applying Rice-husk biochar and
BP TUAT-1 improve rice growth and nutrient uptake,
but the effects vary by rice genotype, highlighting the
importance of considering plant genetics before large-
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scale use (17). There are still a few studies exploring
the use of Bacillus sp. in edamame, though several
studies on fertiliser application to maximise yield have
been conducted. The yield of edamame, without co-
inoculation with BP, can be increased to around 6.8
-8.9 t ha™ (18, 19). Applying 171.5 kg of SP-36 ha®,
combined with a nano foliar application at a
concentration of 0.45 % cattle bone ash, results in an
average pod weight of 81.88 g plant™ (18). However, a
higher result of 109.4 g plant® is achieved when
soybeans are co-inoculated with B. subtilis and
incorporated with 75 % of the recommended P fertiliser
dose (20).

Bacillus sp. exhibits different responses to RP
fertiliser, depending on its P>.Os content. When applied
to RP with 13 % P,0s, this results in a lower P
solubilisation index (2.13) than RP with 28 % P,Os
(3.13) or 30 % P,0s (2.93) (21). Given SP-36's higher
P.Os content than RP and the Bacillus sp. ability to
solubilise P, their combined application could
significantly enhance edamame vyield. This paper
presents a novel approach to exploring a strain of BP
from Indonesia’s tropical peatlands and to examining
its ability to solubilise P when incorporated with two
types of P fertilisers (SP-36 and RP), with the aim of
maximising edamame vyield. Limited information exists
regarding the interaction between P-solubilising B.
pumilus and phosphorus fertilisers with varying
solubilities in edamame cultivation. SP-36 provides
readily available phosphorus, while the release of
phosphorus from RP is primarily dependent on
microbial solubilisation. Consequently, we
hypothesised that inoculation with B. pumilus would
improve phosphorus availability, plant growth and
edamame vyield, with the extent of the response
varying between SP-36 and RP.

2. Materials and Methods
Experimental details and treatments
Time and venue

This experiment was conducted at the screen house of
the Faculty of Animal and Agricultural Sciences,
Universitas Diponegoro, Semarang City, Indonesia. It
lasted for about 10 months, from March 2024 to
January 2025. The experimental site was located at
7°03'07.82604" S latitude and 110°26'31.42932" E
longitude. The altitude was 183 m above sea level.
The average annual rainfall at the study location is
approximately 1500 mm. This study consisted of two
separate experiments. In experiment 1, a study was
conducted to identify phosphate-solubilising bacteria
(PSB) isolated from tropical peat in 2023. They were
then propagated in the laboratory and used as
biofertilisers as the research material for experiment 2.
Experiment 2 aimed to study the application of the
identified PSB in soybean incorporated with two
different types of P fertilisers, SP-36 and RP, in a pot
experiment.
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Experiment 1: Identification of
solubilising bacteria

phosphate

Process of isolation and multiplication of the
phosphate solubilising bacteria

Phosphate solubilising bacteria exploration was
conducted in ebb-tide peatlands in South Kalimantan,
Indonesia. Soil samples were isolated from the
rhizosphere of a rambai tree (Baccaurea sp.). Microbial
isolation was performed using nutrient agar (NA)
medium at 20 g L?, supplemented with 8 g agar. A
total of 10 g of the soil sample was diluted in 90 mL of
sterile water and homogenised using a shaker for
30 min at 120 rpm. The isolation procedure involved
serial dilution from 10*-107. From the 10*%, 1073, 10°
and 107 dilutions, 0.1 mL aliquots were separately
collected and spread onto NA medium to obtain well
separated and countable colonies. Bacterial colonies
that grew after 48 hr were purified by aseptically
transferring each bacterial isolate using a loop. The
purification technique involved streaking each bacterial
colony onto a new NA plate. Pure isolates were stored
in test tubes containing 6 mL of NA medium. Purified
microbes were tested on Pikovskaya agar medium.
The presence of the PSB was recognised by the
presence of a clear zone that developed around the
bacterial colonies. Pikovskaya (PVK) medium was
prepared with the following composition per litre:
glucose, 10 g; calcium phosphate [Cas(POu4):], 5 g;
ammonium sulphate [(NH.).SO4], 0.5 g; sodium
chloride [NaCl], 0.2 g; magnesium sulphate [MgSQO.4],
0.2 g; potassium chloride [KCI], 0.2 g; yeast extract,
0.5 g; manganese sulphate [MnSO,], 0.002 g; and
ferrous sulphate [FeSO,], 0.002 g (22). Agar was
added when solid medium was required.

The P dissolution index (DI) was calculated to
assess the phosphate-solubilising ability (PSA) of
bacteria. Sl was calculated using the following formula,
(22)

_ Diameter of colony+ Diameter of clear zone
Diameter of colony

The PSA is categorised into three groups: low
(DI < 2), moderate (DI 2-4 mm) and high (DI > 4 mm).
The bacteria's ability to solubilise P was determined
using the DI calculation and PSA categories.

The PSB inoculum was prepared by
transferring bacterial isolates from stock culture slants
into 200 mL of potato dextrose broth (PDB). Although
PDB is commonly used for fungi, its carbohydrate-rich
composition provides an effective carbon source for
bacterial growth and metabolic activity, thereby
supporting both bacterial biomass and extracellular
metabolite production. The mixture was then shaken
in a shaker incubator for 48 hr. Plating was carried
out to determine the bacterial cell density of the PSB
to be inoculated. Colony density was determined by
serial dilution: 0.1 mL from each dilution was plated
on NA medium. Bacterial cell density (CFU mL™) was
determined by plate counting, as described below.

DI

Number of colony
Volume of the sample taken

Bacterigl cell density= x Dilution factor
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The bacterial density of the biofertilisers reported in
our study was based on the minimum technical
requirements for biological fertilisers set by previous
researchers, which specified a minimum of >1 x 108
CFU g* (22). The PSB inoculum was then transferred
to PDB. 200 mL of PDB medium was inoculated with
20 loops of PSB, collected from an aseptically pure
bacterial culture. The bacteria were activated by
shaking them for 48 hr. The PSB inoculum prepared in
PDB media resulted in a bacterial density of 1.8 x 108
CFU mL™. The bacterial genera were identified based
on their morphological characteristics.

Identification of bacterial morphology

Bacteria were identified using macroscopic and
microscopic observations. Macroscopic observations
were carried out by examining the colony colour,
shape, edge shape, elevation and surface of the
bacteria. Microscopic observation was performed
under a microscope connected to the display (Olympus
C X 21) to obtain a detailed visual representation of the
object. The object was prepared on semi-permanent
slides using the standard method used in the
microbiology laboratory.

Identification of bacterial molecular DNA

DNA from the bacterial isolates was extracted and
purified using a DNeasy Plant Mini Kit (Qiagen,
Germany). Bacterial DNA amplification was performed
on a Thermo Cycler polymerase chain reaction (PCR)
machine using the universal 16S rRNA primer. The
purified isolates were submitted to the International
Center for Biodiversity and Biotechnology (ICBB) for
molecular identification.

Electrophoresis and DNA visualisation

The amplified products were analysed on a 1 %
agarose gel in 1x Tris(hydroxymethyl)aminomethane-
boric acid-ethylenediaminetetraacetic acid [Tris-borate-
EDTA (TBE)] buffer. Electrophoresis was set at 50
volts for 60 min. The agarose gel was immersed in
ethidium bromide (EtBr) for 15 min, then in sterile
water for 5 min. Electrophoresis results were visualised
using a UV transilluminator and documented using a
digital camera. DNA sequencing of the PCR products
was performed by First-BASE Laboratories (Malaysia).
The sequencing results were analysed using the
multiple alignment program ClustalW with Bioedit 7.2.5
and nucleotide sequences published on the GenBank
site were aligned using the basic local alignment
search tool-nucleotides (BLAST-N) program on the
National Center for Biotechnology Information (NCBI)
website. ClustalX 2.1, a Windows interface for the
ClustalW multiple-sequence alignment program was
used to determine the homology values for each
sample. A phylogenetic tree was constructed in Mega
7.0 using the neighbour-joining method with 1000
bootstrap replicates (23).

Experiment 2: Application of identified phosphate
solubilising bacteria and phosphate fertilisers in
soybean
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Microclimate inside the screen house

The screen house had a 50 mesh. Fluctuations in air
temperature and relative humidity (RH) at 08.00 am,
12.00 and 16.00 pm were measured using a data logger
(GM-1365 Benetech, China) during the experiment from
November 2024-January 2025. The light intensity at
08.00, 10.00 pm, 12.00 and 16.00 pm, both inside and
outside the screen house, was measured and
compared to determine the shading level inside the
screen house.

Planting media and their physicochemical properties

The planting media consisted of mineral soil and well
composted animal manure with a composition ratio of
2 : 1. Prior to use as planting media, approximately 1 kg
of soil and mixed media (soil + animal manure) were
sampled separately to describe their chemical
properties, such as pH, C-organic, N-total, K-potential,
P-available, K;O and P.Os. After the media were
uniformly mixed, they were placed into a polybag
measuring 30 cm in height and 30 cm in diameter. Each
polybag weighed approximately 3 kg. Thereafter, the
media were sterilised by placing them inside a drum and
steaming for 8 hr.

Experimental design

The soybean variety used in this study was Dega 1. The
plants were planted in polybags. One seed was used
per polybag. The experiment was statistically conducted
using a completely randomised design with two factors
and 3 replications. The first factor was the application of
PSB, with two levels: absence and presence. The other
factor was P fertiliser, with three levels: no P fertiliser, P
fertiliser from SP-36 (100 kg SP-36 ha™) and P fertiliser
from RP (100 kg RP ha). The RP fertiliser used in our
study contained 27 % P.Os. We reduced the dose of P
fertiliser to 100 kg ha® from the recommended dose
(150 kg ha?), as described in a previous study to
determine the effectiveness of PSB (24). The doses of
SP-36 and RP were equivalent to 1.2 and 1.6 g per
plant, respectively. The PSB applied consisted of 10 mL
of PSB inoculum collected from PDB media with a
bacterial density of 1.8 x 10s.

Maintenance and harvest during the experiment

Urea was applied at a rate of 75 kg ha™, while KCI was
applied at 100 kg ha™. A planting space of 40 x 30 cm,
equivalent to 83333 plants ha*, was set to calculate the
fertiliser requirements per plant, resulting in total doses
of 0.9 g urea and 1.2 g KCI per plant. SP-36 and RP
fertilisers were applied seven days before planting. Two-
thirds of the urea and KCI doses were applied at
planting, with the remaining one-third administered at 35
days after planting (DAP). Harvesting was conducted at
100 DAP, following the edamame harvest standard,
when the pods were firm and still green.

Variables measured during growth and at harvest
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Several variables related to shoot growth and yield
components, as well as total chlorophyll, were
measured at both stages.

The variables plant height, number of living
leaves and stem diameter were measured at 7-day
intervals from 14-35 DAP. Stem diameter was
measured using a calliper at 5 cm above the solil
surface. The days to flowering ranged from 35-60 DAP.
The flowering period was recorded from the first flower's
appearance after planting. The plant height, number of
living leaves, stem diameter, total shoot biomass (stem
and leaves), shoot dry matter percentage (stem and
leaves), root nodule weight, total leaf chlorophyll and P
content in harvested seeds were measured at 100 DAP.
The yield components included the total number of pods
and seeds per plant, the total pod and seed weight per
plant and the average pod and seed weight. The dry
weight of plant shoots was determined after oven-drying
at 80 °C for 24 hr.

Changes of organic carbon and available phosphate on
the media

To examine the effectiveness of PSB in solubilising P in
the growing media, organic C and available P were
measured across all treatments at 100 DAP. Organic C
levels were compared with pre-treatment values, while
available P was evaluated relative to the treatment
without PSB and P fertiliser.

Analysis method
Soil chemical properties

pH was measured using the H,O method (25). Organic
carbon (C-Organic) was analysed using the Walkey and
Black method. The sample was measured using a
spectrophotometer at 561 nm. Total nitrogen (N-total)
was analysed using the wet combustion method with
sulphuric acid [H2S0O4] (25), while P.Os and K,O were
analysed using nitric acid [HNOs] (26). The value of P
was determined from a spectrophotometer reading at
889 nm.

Total chlorophyll

The chlorophyll content was calculated at 35 DAP using
the method described by previous researchers (27). A
total of 250 mg of a fresh leaf sample was ground in a
mortar and added to 25 mL of 80 % acetone. The

vV
(100xW )
green-coloured solution was then filtered using
Whatman 42 filter paper. A total of 3 mL of the solution
was placed in a cuvette and spectrophotometric
measurements were conducted at 663 nm (A663) and
645 nm (A645). Total chlorophyll concentration (mg g™)
was measured using the formula.

Total chlorophyll=(202.2x A645+(8.02 x A663)x

where,
A645 = Absorption value at wavelength of 645 nm.

A663 = Absorption value at wavelength of 663 nm.
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V = Volume of acetone used to dissolve chlorophyll
(mL)

W = Fresh leaf biomass (g)
Statistical analysis

The data obtained in this study were analysed using
factorial two-way analysis of variance (ANOVA) with
Statistix version 9.1 to determine the main effects of
PSB, P source and their interaction (PSB x P source).
When significant effects were detected, treatment
means were compared using the least significant
difference (LSD) test at the 5 % significance level
(p <0.05).

3. Results
Identification of bacterial isolates

Purification in Pikovskaya medium vyielded eight
potential strains: 1-5-A-PSB, 1-1-B-PSB, 1-3-A-PSB,
2-3-G-PSB, 2-3-D-PSB, 1-3-F-PSB, 2-1-A-PSB and 1-
3-B-PSB. From these 8 strains, isolate 1-3-B-PSB was
selected because it exhibited the largest halozone
around its colony. This isolate was then subjected to a
guantitative PSA assay. The measurement of the PSA
for isolate 1-3-B-PSB is presented in Fig. 1. Isolate 1-3-
B-PSB had a colony diameter of 2 mm and a halozone
diameter of 4 mm, resulting in a DI of 3. This result
indicated a moderate PSA.

The laboratory test results in Fig. 1 indicated
that the bacterial strain 1-3-B-PSB had a rod-shaped
morphology (Bacillus) and belonged to the Gram-
positive  bacteria group. The  morphological
characteristics of strain 1-3-B-PSB included a milky
white colour, a round shape, wavy colony edges and
a raised elevation. Another notable characteristic was
the presence of endospores, which served as a
survival mechanism under stressful conditions.
Bacteria with these traits belong to the genus
Bacillus. Based on molecular and phylogenetic tests,
our isolated PSB showed 99.34 % similarity to the B.
pumilus strain BAP 11 (Fig. 2). The 16S rRNA
sequence was 826 bp long and showed 99.34 %
query coverage with its closest reference sequence in
the NCBI GenBank database. The sequence has
been submitted to GenBank under accession nhumber
OMO039405.1.

Microclimate inside the screen house

Large differences in light intensity were observed
between the outside and inside at several measurement
periods. On average, light intensity outside the screen
house was 135750 lux, whereas inside, it was only
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51467 lux (Table 1). This contrast led to soybean
cultivation at a 65.75 % shading level. The average air
temperature fluctuated throughout the day, measuring
approximately 30 °C at 08:00 am and 16:00 pm, with a
peak of 36.87 °C at 12:00 pm (Fig. 3a). Relative
humidity (RH) was the highest in the morning (78.79 %)
but sharply declined at noon (55.21 %), before rising
again to 69.86 % by 16:00 pm. As the rainy season
commenced, air temperature gradually decreased, while
RH steadily increased (Fig. 3b).

Physicochemical properties of planting media

The soil used as the growing media was predominantly
sandy (61.67 %), with smaller proportions of silt
(27.50 %) and clay (10.83 %) (Table 2). It contained
12.59 ppm of available P and 114.2 ppm of K-potential.
The incorporation of approximately 33 % well-
composted animal manure (by weight) did not alter the
pH of the media (5.8-5.9), but it increased the contents
of C-organic, N-total and available P by 85, 97 and
around 100 % respectively, compared to untreated
soil. The increased levels of these soil chemical
properties did not significantly alter the media's C/N
ratio (9.00) compared with untreated soil (9.55). The
concentrations of KO and P.Os were 16000 and
10700 ppm respectively.

Effect on shoot growth

Differences in plant height, leaf number and stem
diameter among soybeans treated with and without
BP became noticeable around 21-24 DAP (Fig. 3).
While plant height showed minor variation between
treatments, differences in the other two variables
were more pronounced, particularly at 35 DAP.
However, the application of BP combined with P
fertiliser did not significantly affect soybean shoot
growth, although shoot biomass in treatments with
PSB was higher than in treatments without BP
(Table 3). The average plant height, number of leaves
and stem diameter ranged from 68.67-80.67 cm,
16.33-20.67 and 5.10-6.77 mm respectively.

Effects on flowering period, phosphate content in
seeds and total chlorophyli

None of the tested treatments significantly affected
flowering duration or total chlorophyll levels.
However, combining BP with SP-36 accelerated
flowering, with plants blooming one day earlier than
the control and nine days earlier than treatments
without BP and P fertiliser. Soybeans co-inoculated
with  BP  exhibited higher total chlorophyll
(2.45-2.49 mg g*) and P content in harvested seeds
(2.47-2.80 mg g*) compared to those without PSB,
which  showed values of 2.01-240 and
2.10-2.39 mg g™ respectively (see Table 4).
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Fig. 1. A measurement of phosphate solubilising ability (PSA) on phosphate solubilising bacteria (PSB) isolate.

Effect on the yield component

The addition of SP-36 to BP-treated soybeans was
more effective at increasing yield than the addition of
RP fertiliser. This treatment significantly increased the
number of pods and seeds per plant (Table 5) and
boosted fresh seed biomass per plant by 90-119 %,
92-138 % and 117-149 % respectively, compared
with the control (Fig. 4). Those yield components
were not improved if P fertilisers were absent in the
media. These results were clearly observed when
compared with the treatment in which both PSB and
P fertilisers were absent.

Effect on nodule formation

A synergistic increase in both yield and nodule
number was observed in the treatment with BP and
SP-36. It was not observed in the weight of nodules.
BP itself was quite impressive in enhancing nodule
formation. However, the increased yield in BP and RP
treatments was not associated with nodulation. The
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number and weight of nodules were much lower than
those in the treatment groups for BP and SP-36.

Changes of organic carbon and available
phosphate in the media at 100 days after planting

Changes in C-organic and available P in the growing
media from 0 to 100 DAP are presented in Table 6.
Soil chemical properties increased across all
treatments relative to pre-treatment levels, though the
rate of increase varied among treatments (Table 6).
The highest increase in C-organic was observed in
soybeans treated with BP and SP-36. This treatment
also resulted in the highest soil P availability
(855.95 ppm), representing a 63 % increase over the
treatment without BP and P fertiliser. In contrast, the
combination of BP and RP showed a comparatively
lower increase of only 18 % (623.86 ppm).
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99%

100%

100%

BPF DSF

’—JF935095.1:959-13?1 Bacillus pumilus strain ChST1.7
KJ626430.1:5-417 Bacillus pumilus strain SKC PK18
ON564873.1:934-1346 Bacillus pumilus strain ETMC-1
KJ534471.1:952-1364 Bacillus stratosphericus strain RD56
0OP345353.1:940-1352 Bacillus pumilus strain UTB 46
KF933629.1:959-1371 Bacillus pumilus strain BDH8
KC771036.1:961-1374 Bacillus pumilus strain GR21
KT895851.1:916-1320 Bacillus pumilus strain NT R
KF552068.1:915-1336 Bacillus flexus strain TG1
OR121740.1:938-1359 Bacillus aerius strain Y270
MW186181.1:963-1375 Bacillus stratosphericus strain CR50
KY621522.1:958-1370 Bacillus pumilus strain IP5
MW130983.1:947-1359 Bacillus safensis strain 179-C-3B3 HS
PP257692.1:929-1341 Bacillus aerius strain V6353
KT986129.1:952-1374 Bacillus pumilus strain Lmb054

MT436097.1:925-1337 Bacillus pumilus strain AB276

PQ782890.1:960-1372 Bacillus pumilus strain ZT123
OR455453.1:145-556 Bacillus pumilus strain AB18 F3

e

CP123010.1:4778462-4778865 Escherichia coli strain K4 substr.

Fig. 2. A dendrogram of the Bacillus strain and the similarity of phosphate solubilising bacteria (PSB) isolate (red square) with

another Bacillus species.

Table 1. Light intensity and shading level inside the screen house

Light intensity (lux)

Indonesian Time -
Outside screen house

Shading level inside screen house (%)

Inside screen house

08.00 am 130000
10.00 am 182000
12.00 pm 198000
16.00 pm 33000
Mean 135750

35333 72.82
74800 58.90
87667 55.72

8067 75.56
51467 65.75

4. Discussion

The identified Bacillus bacteria showed a close
similarity to the BP strain BAP 11. However, limited
information is currently available regarding this strain.
The ability of our BP strain to dissolve P was
moderate, as indicated by the DI of 3. A higher
solubilisation capability, with a DI of 6, has been
previously reported for BP isolated from the potato
rhizosphere. Phosphate-solubilising bacteria,
B. pseudomycoides, may boost potato yields. The
combination of chicken manure and

HePG

B. pseudomycoides enhanced potato production by
33.79-56.24 %. It also increased the proportion of
large tubers to 32.60-70.23 %, while reducing the
share of small tubers to 43.61-72.32 %, compared to
conditions without PSB. (28). Bacillus pumilus strain
TUATL1 is a plant growth-promoting bacterium (PGPB)
used as a biofertiliser containing its spores for rice
(29).

In our study, the application of BP combined
with SP-36 resulted in a potential edamame vyield of
13.07 tons ha™, surpassing the yields, even under
limited light intensity (18, 19).

© The Author(s) 2026. Creative Commons CC BY 4.0. Published by Horizon e-
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Fig. 3. Changes of means of air temperature and relative humidity inside the screen house. (a) day time, (b) during the period of
experiment.

Table 2. Soil chemical and physical properties of the media

Soil properties Soil Soil + animal manure (2 : 1)
Chemical

-pH 5.80 5.90
-C-organic (%) 3.63 6.75
-N-total (%) 0.38 0.75
-C/N 9.55 9.00
-Available P (ppm) 12.59 25.33
-P20s (ppm) 16000
-K-Potential (ppm) 114.20

-K20 (ppm) 10700
Physical

-Silt (%) 27.50

-Sand (%) 61.67

-Clay (%) 10.83

Composition ratio 2 : 1 based on the weight of the media. From total 3 kg media, it comprises 2 kg soil and 1 kg animal manure; C:
carbon; N: nitrogen; P: phosphorus; K: potassium; P205: phosphorus pentoxide; K20: potassium oxide.

Table 3. Effect on shoot growth

Plant height (cm) Number of total Stem diameter Fresh shoot Shoot dry matter*
Treatment living leaves (mm) biomass'(g) percentage (%)
At 35 DAP At 100 DAP

No BP+No P fertiliser 68.67+12.58 16.33+4.93 5.10+1.13 102.27+34.10 25.19+12.43
No BP+100 kg SP-36 ha** 80.67+10.12 19.00£3.46 5.60+0.69 106.70£24.33 21.83+2.98

No BP+100 kg RP ha™* 71.33+3.21 18.33+5.03 5.40+0.80 118.11+38.17 23.65+7.46
BP+No P fertiliser 71.33+4.93 19.67+2.08 5.83+0.95 138.11+3.71 19.27+0.49
BP+100 kg SP-36 ha* 73.67+3.21 20.67+4.04 6.77+0.25 135.71+26.00 22.65+7.20
BP+100 kg RP ha* 70.67+5.51 18.33+2.52 6.40+0.60 140.27+£27.86 20.41+1.94
Significant ns ns ns ns ns

*. control; ns: not significant; 1shoot biomass comprised of leaf and stem; DAP: days after planting. +: standard deviation; BP:
Bacillus pumilus.
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Table 4. Effect on flowering period, phosphate content in seed and total chlorophyll at 100 days after planting (DAP)

P content in seed (mg g?) Total chlorophyll (mg g?)

Treatment Start of flowering (DAP)
No BP+No P fertiliser 48.33+4.73

No BP+100 kg SP-36 ha™* 41.67+6.66

No BP+100 kg RP ha** 41.00+1.73
BP+No P fertiliser 44.67+4.51
BP+100 kg SP-36 ha™ 39.67+3.21
BP+100 kg RP ha* 45.67+9.02
Significant ns

2.10+0.03 2.32+0.14

2.39+0.05 2.01+0.37

2.31+0.03 2.40+0.40

2.80+0.02 2.47+0.25

2.47+0.01 2.45+0.19

2.60+0.04 2.49+0.21
ns ns

*: control; ns: not significant; DAP: days after planting. +: standard deviation; BP: Bacillus pumilus.

Table 5. Effects on yield components

Number of pods per Number of seeds

Number of seeds Average pod Average seed

Treatment plant per plant per pod weight (g) weight (g)
No BP+No P fertiliser 65.67+18.34 b 148.00+42.30 b 2.25+0.03 ab 1.19+0.02 0.19+0.01
No BP +100 kg SP-36 ha™* 64.33x14.01 b 143.67+35.47 b 2.23+0.11 ab 1.04+0.45 0.23+0.01
No BP +100 kg RP ha** 56.00+4.00 b 116.00+11.27 b 2.07+0.10 bc 1.29+0.05 0.25+0.00
BP +No P fertiliser 67.67+4.73 b 135.33+9.29 b 2.00£0.05c 1.20+0.05 0.23+0.03
BP +100 kg SP-36 ha™ 122.67+25.72 a 275.67+58.40 a 2.25+0.01 ab 1.24+0.33 0.25+0.02
BP +100 kg RP ha* 72.33+28.92 b 167.67+49.90 b 2.38+0.23 a 1.56+0.08 0.28+0.07
Significant S S ns ns

*: control; ns: not significant; s: significant; means followed by the same alphabetical letters are not significantly different by the LSD

test at 5 %; BP: Bacillus pumilus.

This yield is more than three times the average
edamame productivity in Indonesia. Using BP as a
biofertiliser, combined with P fertiliser from either SP-36
or RP, was more effective in enhancing yield
components than the sole application of optimal fertiliser
doses (29). The application of 107 colony-forming units
(CFU) mL* bacterial spore solution to seeds in a plant
box significantly improved the initial growth of rice (30).

These treatments resulted in a significantly higher
number of pods per plant (72.33-122.67) and pod
weight per plant (111.47-156.92 @), exceeding the
previous results at 45.58 pods and 106.22 g of pods per
plant, who recorded 104.9 g of pods per plant (19). The
increased yield was primarily attributed to a higher
number of pods per plant rather than the number of
seeds per pod or the average seed weight (Table 6).
Our findings align with those of early researchers, who
studied co-inoculation with Bacillus strains and
arbuscular mycorrhiza both in the presence and
absence of P fertiliser (13). Since pod quantity directly
influences the total seed quantity plant per plant, flower
production and fruit set are essential components in
determining soybean productivity (Fig. 5).

The ability of BP to solubilise P was enhanced by
the addition of P fertiliser, particularly the highly water-
soluble P fertiliser (Table 6).

Its effectiveness in transforming insoluble P into soluble
P forms within a growth medium consisting of soil and
well-composted animal manure into available P was
38.86 % higher than that of the treatment without PSB

HePG

and P fertiliser at 100 DAP. When SP-36 was added,
the available P increased by 63.10 %. These results
may also have been influenced by seasonal factors, as
the experiment was conducted during the rainy season.
A previous study reported that SP-36 outperformed RP
in enhancing maize productivity in Ultisol soils under wet
conditions, whereas PR was more effective when
combined with manure and applied in the dry season
(7). The high concentration of available P in our media
prior to treatment (25.33 ppm) might have effectively
facilitated P transformation. In a no-tillage system, when
soil P levels are naturally low (5.8 ppm), vyield
components show no significant response, even when
co-inoculated with B. subtilis and B. megaterium
supplemented with 150 kg P.Os per ha from triple
superphosphate (TSP) (31). Co-inoculation with BP
integrated with SP-36 increased soil organic C content
by 59 % relative to pre-treatment levels, achieving the
greatest improvement among all tested treatments.
According to a previous study, BP enhances nutrient
availability by increasing soil organic C, T-nitrogen and
extractable P (32). The beneficial effects of B. pumilus
may involve several mechanisms beyond the direct
solubilisation of inorganic P. The production of low-
molecular-weight  organic acids can decrease
rhizosphere pH and chelate calcium (Ca), iron (Fe) or
aluminium (Al) ions bound to P, thereby releasing P into
forms that are more readily available for plant uptake.
This mechanism is supported by early results (32).
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Fig. 4. Plant height (a), number of living leaves (b) and stem diameter (c) in soybeans treated with No BP+No P fertiliser, BP+No P

fertiliser and BP+100 kg SP-36 ha™.
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Table 6. Changes of organic carbon and available phosphate (P) before and after treatments

Treatment C-organic (%) Available P (ppm) Percentage of increase of avaiable P in the media* (%)
Before treatment (0 DAP) 6.75 25.33

After treatment (100 DAP)

No BP+No P fertiliser 7.58 524.79 0.00

No BP+100 kg SP-36 ha* 8.31 738.97 40.63

No BP+100 kg RP ha™* 7.12 407.69 -

BP+No P fertiliser 7.53 727.69 38.66

BP+100 kg SP-36 ha* 10.75 855.95 63.10

BP+100 kg RP ha* 5.31 623.86 18.88

Significant

DAP: days after planting; BA: biofertiliser application; SP: superphosphate; RP: rock phosphate; P: phosphate.
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fertiliser kg SP-36/ha* kg RP/ha*  fertiliser SP-36/ha RP/ha

Fig. 5. Effect on fresh seed biomass per plant yield in ton pod ha™.

*: control; yield in ton pod ha is calculated based on pod weight per plant and 83333 plant population ha™ (planting space of 40 x 30
cm). Means followed by the same alphabetical letters are not significantly different by the LSD test at 5 %; +: standard deviation; BP:
Bacillus pumilus.
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The increased vyield from BP co-inoculation
was accompanied by a slight increase in total
chlorophyll content, although the difference was not
statistically significant (Table 5) or visually apparent
(Fig. 6). The limited light intensity in the screen house
may have contributed to this (33). The chlorophyll
content and leaf colour index in soybean, measured
with a SPAD meter, tended to decrease with
increasing shading levels. However, the chlorophyll
levels in BP-treated soybeans (2.47-2.49) in our
present study at 35 DAP were almost comparable
with those of 45-day-old soybeans cultivated in the
field with 40 kg P.Os ha™ from single SP (2.36) (34).
Approximately 65 % shade during cultivation delays
flowering. Under normal conditions, our cultivar was
expected to flower approximately 30 DAP. The
shortest flowering period in our study was observed
for the treatment co-inoculated with BP and SP-36
(39.67 DAP). The exceptionally late flowering period
at 48.33 DAP observed in soybeans grown without
BP and P fertiliser was associated with a higher
percentage of shoot dry matter at 100 DAP. Different
soybean cultivars exhibit distinct flowering timelines.

For instance, the Ryokkoh cultivar begins to produce
50 % of its flowers at 30 DAP (19). Other studies
have reported that certain local Indonesian cultivars
flower within 35-40 DAP. The PGPB strains of
B. pumilus have been described, including B. pumilus
LZP02, B. pumilus JPVS11l, B. pumilus TUAT-1,
B. pumilus TRS-3 and B. pumilus EU927414 (35).
These strains have been shown to produce a wide
range of phytohormones and other plant growth-
promoting substances. Bacillus pumilus, a resilient
spore-forming bacterium within the Firmicutes, shows
promise as a PGPB by producing phytohormones
and enhancing plant traits, but further research is
needed to understand its impact on native soil
microbial communities and optimise its effectiveness
in agriculture (35). Bacillus pumilus may also promote
plant growth through the production of indole-3-acetic
acid, which stimulates root elongation and branching
and consequently increases the root surface area
available for phosphorus and nutrient uptake.
Siderophore production may further influence nutrient
acquisition and suppress competing phytopathogens
(35).

3.67b 367b

159 a

6.67b

BP+NoP  BP+100kgSP- BP+100kg
fertilser 36ha RP/ha

— —
NoBP+NoP NoBP+100kg NoBP+100kg
fertilser SP-36/ha* RPha*
=
| 66 b 082b
NoBP+NoP NoBP+100kg NoBP+100kg
fertilser SP-36/ha* RP/ha*

BP+No P

244a

s

BP+100kgSP-  BP+100 kg
fertilser 36/ha RP/ha

Fig. 6. Effect on nodule formation.

*. control; Means followed by the same alphabetical letters are not significantly different by the LSD test at 5 %; =:

standard

deviation; BP: Bacillus pumilus.+: Standard deviation; BP: Bacillus pumilus.
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Nutrient availability, particularly P, is one of the
most crucial factors influencing nodulation and
efficiency of biological N fixation in soybeans (6, 36).
Synergistic increases in soybean nodule formation
and N fixation are consistently observed when acidic
soils are limed to raise pH and P is supplied together
with  effective  inoculant strains, such as
Bradyrhizobium (37). However, when the soil pH
approached alkalinity (7.58), nodule formation was
inhibited, even when co-inoculated with saline
resistant rhizobacteria and treated with 100 kg
RP ha® (38). In our case, BP alone was effective in
enhancing nodule formation, in both number and
weight, even without the addition of P fertiliser. A
synergistic increase in the number of nodules and
soybean yield was observed when co-inoculated with
BP and supplemented with highly water-soluble P
fertiliser. However, it was not produced to its
maximum when the RP was applied. This might have
been due to insufficient P solubilisation from the RP
fertiliser, as indicated by the concentration of
available P in the media at 100 DAP. Compared with
the treatment with BP and SP-36, the available P
derived from RP, even with the addition of BP, was
lower (18.88 %). No increase in available P was
observed when RP was applied alone. Nevertheless,
the number of nodules in our highest yield (159) was
much higher than that in previous studies using

various doses of B. japonicum supplemented with
100 or 200 kg P,Os ha* (7-17) at 45 DAP (39) and
with BP (30) at 35 days after emergence (40) (Fig. 7).

Soybean productivity issues require intensive
research that relies not only on chemical fertilisers but
also on the effective use of biofertilisers to maximise
yield. Our findings highlight the crucial role of BP in
optimising soybean yield, particularly when combined
with a highly water-soluble P fertiliser. This potential
is particularly evident in controlled environments.
However, because co-inoculation studies tend to be
more pronounced in pots than in field trials (40), it is
essential to conduct field experiments on BP
co-inoculation with highly water-soluble P fertiliser
(41). Linking these findings to economic feasibility will
provide valuable insights for practical agricultural
applications. Nevertheless, organic acid production,
phosphatase activity, phytohormone production and
siderophore production were not directly quantified in
the present study. Therefore, these mechanisms
should be regarded as plausible explanations that
require confirmation through further biochemical and
molecular analyses.

BORO: BP+No P fertiliser

(SP-36)

BOR1: BP+100 kg/ha P fertiliser (SP-36)
BOR5: BP+100 kg/ha P fertiliser (RP)

B1R1: BP+100 kg/ha P fertiliser

B1RO0: BP+No P fertiliser
B1R5: BP+100 kg/ha RP fertiliser (RP)

Fig. 7. Shoot performances of treated soybeans at 35 days after planting (DAP).
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5. Conclusion

Bacillus pumilus (BP) showed potential as a
bioinoculant for improving soybean yield under the
experimental conditions, although the identified strain
exhibited a moderate phosphate (P)-solubilisation
index. Its P-solubilising potential appeared to be more
effective when combined with a highly water-soluble
P fertiliser. This treatment significantly improved
several yield-related traits, including the number of
pods and seed biomass per plant and promoted
earlier flowering.

These findings suggest that BP may contribute to
improving soybean productivity in Indonesia. However,
field validation across different environmental conditions
and comprehensive economic feasibility studies are
required before its large-scale application can be
recommended.
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