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INTRODUCTION

Maize (Zea mays L.) represents one of the 
most essential cereal crops worldwide, contribut-
ing profoundly to global food security systems. In-
creasing production remains a priority as demands 
from food, feed, and industrial sectors continue to 
intensify (He et al., 2025; Ríos-Ruiz et al., 2024). 
Rapid population growth and the expansion of in-
dustrial activities have further escalated the need 
for maize (Rozi et al., 2023). Consequently, this 

crop now occupies a strategic role comparable to 
that of wheat and rice within international food 
supply chains (Khubna et al., 2021).

Hybrid maize cultivation in Indonesia shows 
strong potential, reflected in an estimated annual 
market expansion of around 5%. However, the 
scarcity of highly fertile land has encouraged the 
shift toward marginal areas dominated by acidic 
soils. Intensified and prolonged use of synthetic 
fertilizers in such landscapes can hasten soil de-
terioration and diminish crop yields (Bisht et al., 
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2025; Y. Yuan et al., 2025). Acidic soils typically 
exhibit low pH, high concentrations of phytotoxic 
ions such as Al³⁺ and Fe²⁺ (Hayet et al., 2021), and 
limited levels of key nutrients including nitrogen, 
phosphorus, and potassium (Li et al., 2024; Re-
gasa et al., 2025). These constraints collectively 
exert substantial negative impacts on maize vigor 
and productivity.

The application of plant growth-promoting 
rhizobacteria (PGPR) offers a promising ecologi-
cal approach to overcoming these limitations (Liu 
et al., 2021). These beneficial microorganisms 
support plant development by fixing atmospheric 
nitrogen, solubilizing phosphate, producing phy-
tohormones such as gibberellins, abscisic acid, 
and indole-3-acetic acid (IAA), and strengthening 
plant tolerance to environmental stresses (Orozco-
Mosqueda et al., 2023; Subair et al., 2015). PGPR 
inoculation has been shown to enhance maize 
growth while enabling reductions of up to 50% 
in chemical fertilizer requirements (Chen et al., 
2021). Moreover, integrating PGPR with organic 
amendments can restructure rhizosphere micro-
bial communities, elevate soil organic matter, and 
promote bacterial diversity (Dincă et al., 2022; 
Zhao, Mao, et al., 2021). For instance, Bacillus 
sp. SYM-4 was reported to improve antioxidant 
enzyme activities and support maize performance 
when combined with mineral fertilizers (Song et 
al., 2025). Under acidic soil conditions, genera in-
cluding Azospirillum, Bacillus, and Pseudomonas 
exhibit natural tolerance to low pH and effectively 
solubilize phosphate and fix nitrogen (Fanai et al., 
2024; Khoso et al., 2024), emphasizing their suit-
ability as localized biofertilizer resources.

Biofertilizers consist of beneficial microbial 
taxa – such as fungi, algae, and bacteria – that 
stimulate plant growth by colonizing the rhizo-
sphere and improving nutrient availability (Ri-
santi et al., 2024). These biological inputs also 
modify soil physicochemical properties and re-
organize soil microbial communities by influ-
encing microbial carbon dynamics and diversity 
(Aponte et al., 2022). Species like Chlorella vul-
garis and Spirulina platensis have been shown to 
enhance soil nitrogen and phosphorus availabil-
ity (Dineshkumar et al., 2022), whereas supple-
menting chemical fertilizers with microbial con-
sortia can reduce fertilizer requirements by up to 
25% while increasing yields (Jain et al., 2021). 
Soil microbial assemblages are sensitive to site-
specific edaphic conditions and agroecosystem 
characteristics (Ding et al., 2024; Kiprotich et 

al., 2025). While numerous PGPR investigations 
have been conducted in neutral soils, studies on 
hybrid maize grown in acidic environments re-
main limited. Indigenous microorganisms adapt-
ed to such soils therefore hold strong potential as 
effective biofertilizer candidates (Asghar et al., 
2023; Rasul et al., 2024).

This research addresses these gaps by focus-
ing on indigenous PGPR with multiple growth-
promoting capabilities associated with hybrid 
maize cultivated on acidic soils in Indonesia. 
Specifically, it examines rhizosphere bacteria 
from maize grown in acidic soils in the Moncon-
gloe District of South Sulawesi, a region where 
integrated assessments of IAA synthesis, nitro-
gen fixation, phosphate solubilization, and plant 
growth responses remain scarce. The study aimed 
to (i) identify indigenous bacterial isolates ex-
hibiting key plant growth-promoting functions – 
namely IAA production, biological nitrogen fixa-
tion, and phosphate solubilization; (ii) assess the 
effects of selected isolates on maize seedling per-
formance under acidic soil conditions; and (iii) 
determine promising strains through 16S rRNA 
gene characterization for future development of 
locally adapted, environmentally sound biofertil-
izers suitable for marginal acidic lands.

MATERIAL AND METHODS

Study site and soil sampling

The study was carried out from June 2024 
to March 2025. Rhizosphere soils were obtained 
from hybrid maize cultivation areas located in the 
Moncongloe District, Maros Regency, South Su-
lawesi, Indonesia. The research site spans roughly 
17 ha at coordinates 5°02′ S and 119°36′ E, posi-
tioned at an altitude of 25–50 m above sea level 
(Figure 1). The soil type is classified as Ultisol and 
exhibits acidic conditions (pH 5.3), characterized 
by a sandy clay texture, low organic matter, and 
restricted levels of essential macronutrients (N, P, 
and K). The Moncongloe area experiences a hu-
mid tropical climate with annual rainfall ranging 
from 2.500 to 3.000 mm, average daily tempera-
tures between 26 and 28 °C, and relative humid-
ity of 75–85%. Soil sampling was performed at 
five distinct points within the field. Subsequent 
isolation and characterization of rhizosphere-as-
sociated bacteria were conducted at the Plant Pest 
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and Disease Microbiology Laboratory, Faculty of 
Agriculture, Hasanuddin University, Makassar.

Characterization of the study site

Chemical properties of the soil at the five 
sampling locations were determined to character-
ize the rhizosphere environment of the bacterial 
isolates. The parameters measured included pH, 
organic carbon (C-organic), total nitrogen (to-
tal N), and the C/N ratio (Table 1). Soil pH was 
measured potentiometrically using a 1:2.5 soil-
to-distilled-water ratio (pH H₂O), organic carbon 
content was determined using the Walkley–Black 
dichromate oxidation method, and total nitrogen 
was analyzed using the Kjeldahl digestion–distil-
lation procedure. Soil samples from sites coded 
TJMU, TJMB, TJMS, TJMT, and TJMTE had 
pH values ranging from 5.2 to 5.4. The lowest pH 
(5.2) was recorded at the TJMB site, whereas the 
highest pH (5.4) was recorded at the TJMTE site. 
Organic C content ranged from 0.85 to 1.92%, 
total N from 0.11 to 0.31%, and the C/N ratio 
from 5.9 to 8.1.

Isolation of rhizosphere bacteria

Rhizosphere soil from each sampling point 
was homogenized and serially diluted in sterile 
distilled water up to 10⁻⁷. Aliquots (0.1 mL) from 
the 10⁻⁵–10⁻⁷ dilutions were spread onto nutrient 

agar (NA) plates using a sterile glass spreader. 
Plates were incubated at 28–30 °C for 48 h. Colo-
nies displaying distinct morphological charac-
teristics were selected and purified by repeated 
streaking on fresh NA plates until homogeneous 
colonies were obtained (Sherpa et al., 2021). 

Morphological characterization 		
of rhizosphere bacterial colonies

Pure isolates obtained from the isolation pro-
cess were characterized based on macroscopic col-
ony morphology on NA, including colony shape, 
size, elevation, margin, and color. Morphological 
observations were carried out using an image-pro-
cessing-based approach to aid in the characteriza-
tion of colony traits (Yadu et al., 2023).

Biochemical and physiological 
characterization of bacterial isolates

Gram reaction and catalase test

Biochemical characterization of the bacterial 
isolates included Gram reaction and catalase ac-
tivity. Gram reaction was assessed using the 3% 
KOH method, in which the formation of a viscous 
mucoid thread indicates Gram-negative bacteria, 
whereas the absence of mucus indicates Gram-
positive bacteria. Catalase activity was evalu-
ated by adding a drop of 3% hydrogen peroxide 
(H₂O₂) to a fresh bacterial colony on a glass slide; 

Figure 1. Location of the hybrid maize study site in Moncongloe District, Maros Regency, South Sulawesi, Indonesia



131

Journal of Ecological Engineering 2026, 27(5), 128–143

the formation of gas bubbles indicated a positive 
reaction, whereas the absence of bubbles indicat-
ed a negative result (Sudewi et al., 2020).

Hypersensitive reaction assay

A hypersensitive reaction assay was per-
formed to assess the pathogenic potential of the 
isolates in a non-host plant. Bacterial suspensions 
were adjusted to approximately 10⁸ CFU mL⁻¹ 
and infiltrated into tobacco (Nicotiana tabacum) 
leaves using a needleless syringe. A Xanthomonas 
sp. suspension was used as a positive control, and 
sterile distilled water served as a negative control. 
Leaves were observed for up to 72 h post-inocu-
lation. The appearance of necrotic lesions around 
the infiltration site was interpreted as a hypersen-
sitive response, indicating potential pathogenicity 
(Amaria et al., 2023).

Hemolysis assay

Hemolytic activity was examined using blood 
agar formulated from sterile tryptic soy agar 
(TSA) enriched with 5% goat blood. The bacte-
rial isolates were streaked onto the agar surface 
and incubated at 28 °C for 24–48 h. Hemolytic 
responses were classified according to the zones 
formed around the colonies: α-hemolysis (par-
tial) was recognized by a greenish discoloration, 
β-hemolysis (complete) by a transparent clearing, 
and γ-hemolysis (non-hemolytic) by the absence 
of visible alterations surrounding the colonies 
(Amaria et al., 2023; Mogrovejo et al., 2020).

Determination of plant growth-promoting 
traits

Indole-3-acetic acid (IAA) production

IAA synthesis was assessed in vitro using a 
colorimetric approach based on the Salkowski 
reagent. Bacterial cultures (approximately 10⁷ 
CFU mL⁻¹) were inoculated into Minimal Salt 
medium amended with L-tryptophan (1 mg 

mL⁻¹) and incubated at 28 °C on a rotary shaker 
operating at 100 rpm for up to 6 days. Aliquots 
were obtained every 2 days, centrifuged at 5.500 
rpm for 10 min, and the resulting supernatant 
was combined with Salkowski reagent at a 4:1 
ratio (supernatant:reagent). Following a 20-min 
reaction period at ambient temperature, the in-
tensity of the pink to reddish coloration was de-
termined at 535 nm using a UV–Vis spectropho-
tometer (Sudewi et al., 2020; Das et al., 2019). 
IAA concentration (y) was calculated from a 
standard calibration curve using the following 
regression equation:

	 y = 0.064x + 0.009	 (1)

where:	x – absorbance value at 535 nm, y –  IAA 
concentration (mg L⁻¹). All assays were 
performed in triplicate.

Nitrogen-fixation potential

The potential of rhizosphere bacterial iso-
lates to fix nitrogen was evaluated in vitro fol-
lowing Meng et al., (2023) with modifications. 
Isolates were inoculated into nitrogen-free Bio-
logical N₂ Fixation (BNF) medium containing 
(g L⁻¹): K₂HPO₄, MgSO₄, KH₂PO₄, FeCl₃·6H₂O, 
CaCl₂·2H₂O, and dextrose (5.0), and trace ele-
ments (µg L⁻¹): Na₂MoO₄·2H₂O (240), H₃BO₄ 
(3000), MnSO₄·H₂O, CoCl₂·6H₂O, CuSO₄·5H₂O, 
and ZnSO₄·7H₂O (Córdova-Rodríguez et al., 
2022). Cultures were incubated at 28 °C with 
shaking. Fixed nitrogen in the culture supernatant 
was determined colorimetrically, and results were 
expressed as mg L⁻¹. All tests were conducted in 
triplicate for each isolate.

Phosphate solubilization assay

Phosphate-solubilizing ability was as-
sessed in liquid Pikovskaya medium using 
the phosphomolybdate method (Pande et al., 
2017). Bacterial cultures were incubated at 28 
°C for 7 days and then centrifuged at 10.000 

Table 1. Soil characteristics at the research site

Isolate Code pH C Organic (%) N Total (%) C/N ratio

TJMU 5.3 0.85 0.11 6.5

TJMB 5.2 1.60 0.29 6.6

TJMS 5.3 1.82 0.27 7

TJMT 5.3 1.10 0.31 5.9

TJMTE 5.4 1.92 0.27 8.1
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rpm for 20 min. The supernatant was reacted 
with a mixture of ammonium molybdate, sul-
furic acid, and ferrous sulfate, and absorbance 
was measured at 693 nm. The concentration of 
dissolved phosphate (y) was calculated from a 
standard calibration curve using the following 
regression equation:

	 y = 0.191x + 0.048	 (2)

where:	x –absorbance value at 693 nm, y – con-
centration of dissolved phosphate (mg 
L⁻¹). Each treatment was performed in 
triplicate.

In vitro maize seedling assay

The influence of bacterial inoculation on the 
growth of hybrid maize seedlings was assessed 
under controlled experimental conditions. The 
bacterial isolates were cultured on NA for 24 h, 
and the resulting cell suspensions were stan-
dardized to approximately 10⁸ CFU mL⁻¹ using 
optical density readings at 660 nm. Maize seeds 
underwent surface sterilization using 70% eth-
anol followed by treatment with 2.5% NaOCl, 
after which they were thoroughly rinsed with 
sterile distilled water. The disinfected seeds 
were immersed in bacterial suspensions for 
24 h, whereas the uninoculated control group 
was soaked in sterile distilled water.

Seed germination was carried out in ster-
ile petri dishes lined with moist filter paper. 
Once the radicle and plumule emerged, seed-
lings of uniform size were transferred into 
glass bottles containing a nutrient solution and 
maintained under controlled environmental set-
tings. Seedlings were maintained at 27 ± 1 °C, 
with a 12-hour light / 12-hour dark photope-
riod, and a light intensity of approximately 200 
µmol m⁻² s⁻¹. Relative humidity was controlled 
at 70–75%. All other procedures followed the 
previously described protocol. The experiment 
followed a completely randomized design con-
sisting of one control (without inoculation) and 
ten inoculation treatments (isolates TJMU6, 
TJMB10, TJMB12, TJMS18, TJMS19, 
TJMS21, TJMT29, TJMT39, TJMTE53, and 
TJMTE54), each with three replicates. After 14 
days of growth, seedling height, root length, and 
fresh biomass were recorded for all treatments.

Genomic DNA extraction, PCR amplification, 
and sequencing

Genomic DNA from selected bacterial iso-
lates was extracted using the gSYNC™ DNA 
Extraction Kit (Geneaid, Taiwan), following the 
procedures recommended by the manufacturer. 
Amplification of the 16S rRNA gene was con-
ducted in a 50 µL PCR mixture containing Go-
Taq® Green Master Mix (Promega, USA), the 
primers 63F (5′-CAG GCC TAA CAC ATG CAA 
GTC-3′) and 1387R (5′-GGG CGG WGT GTA 
CAA GGC-3′) (Mai et al., 2023), template DNA, 
and nuclease-free water. The PCR cycling proto-
col consisted of an initial denaturation at 95 °C, 
followed by 35 cycles comprising denaturation at 
95 °C, annealing at 50 °C, and extension at 72 °C, 
with a final extension step at 72 °C for 5 min.

PCR amplicons were resolved by electropho-
resis on 2% agarose gels prepared in 1× Tris–ac-
etate–EDTA (TAE) buffer containing ethidium 
bromide. Approximately 8 µL of each PCR prod-
uct was loaded onto the gel, and electrophoresis 
was run at 100 V for 50 min. DNA fragments 
were visualized under UV illumination and pho-
tographed for documentation (Noer, 2021). The 
remaining PCR products were purified and sub-
mitted to First BASE Laboratories (Singapore) 
for Sanger sequencing. The resulting 16S rRNA 
gene sequences were then compared with refer-
ence sequences in GenBank using the BLAST al-
gorithm (https://blast.ncbi.nlm.nih.gov/Blast.cgi) 
to determine the closest phylogenetic matches.

Statistical analysis

All quantitative data (IAA concentration, fixed 
nitrogen, dissolved phosphate, and seedling growth 
parameters) were analyzed using one-way analysis 
of variance (ANOVA). When ANOVA indicated 
significant treatment effects, means were separated 
using Tukey’s test at P ≤ 0.05. Data are presented 
as mean ± standard deviation (SD).

RESULTS

Morphological characteristics 			
of rhizosphere bacterial isolates

A total of 59 bacterial colonies were ini-
tially isolated from rhizosphere soil, and 10 
representative isolates were selected for fur-
ther characterization based on distinct colony 
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morphology and consistent growth on nutrient 
agar (Table 2). The morphological characteris-
tics of the rhizosphere bacterial colonies indi-
cated clear phenotypic diversity.

As shown in Table 2, the isolates varied in 
colony size, elevation, margin, and color. Colony 
sizes ranged from punctiform to moderate, and 
all isolates exhibited circular colony forms. Col-
ony margins were entire in TJMU06, TJMS18, 
TJMS19, and TJMS21; lobate in TJMB10; 
and undulate in TJMB12, TJMT29, TJMT39, 
TJMTE53, and TJMTE54. Elevations included 
convex, raised, and flat types, with convex being 
the most common. Colony colors were cream, 
yellow, and white, with cream predominating, 
yellow occurring in TJMB12, TJMS18, and 
TJMTE53, and white in TJMT29. These charac-
teristics reflect considerable phenotypic diversity 
among the isolates, suggesting underlying taxo-
nomic differences.

Biochemical and physiological characteristics 
of rhizosphere bacterial isolates

Physiological characterization of the rhizo-
sphere bacterial isolates was carried out using 
Gram reaction and catalase tests, a hypersensitive 
reaction assay, and a hemolysis test (Table 3). 
These assays revealed variability in biochemical 
and physiological traits among the isolates.

Based on the catalase test, five isolates 
(TJMU6, TJMB12, TJMS21, TJMT39, and 
TJMTE53) showed positive catalase activity, in-
dicating their ability to decompose H₂O₂ into wa-
ter and oxygen. Gram reaction analysis indicated 
that isolates TJMS18, TJMS19, and TJMT29 

were Gram positive, whereas the remaining iso-
lates were Gram negative. In the hypersensitive 
reaction assay, none of the isolates induced ne-
crotic lesions on tobacco leaves within 72 h, in-
dicating that they did not elicit a hypersensitive 
response under the conditions tested.

Hemolysis tests on goat blood agar showed 
that most isolates exhibited γ-hemolysis (no he-
molysis), whereas TJMB12 showed α-hemolysis 
(partial hemolysis). These results indicate that the 
majority of isolates are non-hemolytic on goat 
blood agar; however, further testing would be re-
quired to comprehensively assess their pathoge-
nicity toward plants or animals.

Indole-3-acetic acid (IAA) production

One-way analysis of variance (ANOVA) 
showed that IAA production differed significantly 
among the rhizosphere bacterial isolates tested (P < 
0.05; Figure 2). Mean IAA concentrations ranged 
from 0.36 to 6.55 mg L⁻¹. Isolate TJMTE54 pro-
duced the highest IAA level (6.55 mg L⁻¹) and 
formed a distinct statistical group, indicating a very 
high auxin-producing capacity. The next highest 
IAA producers were TJMS21 (2.00 mg L⁻¹), fol-
lowed by TJMB10 (1.57 mg L⁻¹), TJMS19 (1.53 
mg L⁻¹), TJMT39 (1.23 mg L⁻¹), and TJMS18 (1.11 
mg L⁻¹), which showed intermediate IAA produc-
tion. In contrast, TJMU6, TJMB12, TJMT29, and 
TJMTE53 produced low IAA levels (< 0.5 mg L⁻¹). 
These results indicate that TJMTE54, TJMS21, 
and TJMS19 have the greatest IAA-producing ca-
pacity among the isolates evaluated.

Table 2. Morphological characteristics of rhizosphere bacterial isolates

Isolate code
Morphology

Size Colony color Colony form Height Colony edge

TJMU06 Moderate Cream Circular Convex Entire

TJMB10 Small Cream Circular Convex Lobate

TJMB12 Punctiform Yellow Circular Raised Undulate

TJMS18 Punctiform Yellow Circular Flat Entire

TJMS19 Punctiform Cream Circular Flat Entire

TJMS21 Small Cream Circular Flat Entire

TJMT29 Moderate White Circular Convex Undulate

TJMT39 Punctiform Cream Circular Convex Undulate

TJMTE53 Punctiform Yellow Circular Convex Undulate

TJMTE54 Punctiform Cream Circular Convex Undulate
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Nitrogen fixation capacity of bacterial 
isolates

Based on the results of statistical analysis, 
it was showed that nitrogen-fixation capacity 
differed significantly among the rhizosphere 
bacterial isolates tested (P < 0.05; Figure 3). 
Mean concentrations of fixed nitrogen ranged 
from 26.82 to 49.07 mg L⁻¹. Isolates TJMS19, 
and TJMTE54 produced the highest levels of 
fixed nitrogen, 49.07 and 47.30 mg L⁻¹, respec-
tively, indicating very strong nitrogen-fixation 
activity. Intermediate nitrogen-fixation values 
were recorded for isolates TJMU6, TJMB12, 
TJMS18, TJMS 21 and TJMTE53, with con-
centrations ranging from approximately 32.65 

to 42.63 mg L⁻¹. In contrast, TJMB10, TJMT29 
and TJMT 39 produced the low concentration of 
fixed nitrogen (30.14 mg L⁻¹, 26.82 mg L⁻¹, and 
29.73 mg L⁻¹). Overall, these results indicate 
that TJMS19, and TJMTE54 have the greatest 
nitrogen-fixation capacity among the isolates 
evaluated and therefore have strong potential to 
improve nitrogen availability in acidic soils.

Bars represent the mean concentration of 
fixed nitrogen produced by each rhizosphere bac-
terial isolate, with error bars indicating standard 
deviation (n = 3). Different letters (a-d) above the 
bars indicate significant differences among treat-
ments according to Tukey’s test at P ≤ 0.05

Table 3. Biochemical and physiological characteristics of bacteria

Isolate code Catalase (+/-) Gram (+/-) Hypersensitivity 
reaction (+/-) Hemolysis

TJMU6 + - - Γ

TJMB10 - - - Γ

TJMB12 + - - Α

TJMS18 - + - Γ

TJMS19 - + - Γ

TJMS21 + - - Γ

TJMT29 - + - Γ

TJMT39 + - - Γ

TJMTE53 + - - Γ

TJMTE54 - - - Γ

Note: +, positive reaction; −, negative reaction; γ, non-hemolytic; α, partial hemolysis.

Figure 2. Indole-3-acetic acid (IAA) production by rhizosphere bacterial isolates. Bars represent the mean
IAA concentration produced by each rhizosphere bacterial isolate, with error bars indicating

standard deviation (n = 3). Different letters (a–e) above the bars indicate significant differences
among treatments according to Tukey’s test at P ≤ 0.05
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Phosphate-solubilizing capacity 		
of bacterial isolates

One-way analysis of variance (ANOVA) 
showed that phosphate-solubilizing capacity dif-
fered significantly among the rhizosphere bacteri-
al isolates tested (P < 0.05; Figure 4). The concen-
trations of dissolved phosphate produced by the 
isolates ranged from 4.47 to 14.54 mg L⁻¹. Iso-
late TJMTE54 exhibited the highest phosphate-
solubilizing activity (14.54 mg L⁻¹) and formed a 
distinct statistical group, indicating a very strong 
ability to solubilize phosphate. TJMS19 ranked 
second with a dissolved phosphate concentra-
tion of 9.57 mg L⁻¹, while TJMTE53 also showed 
relatively high activity (7.53 mg L⁻¹). Isolates 
TJMU6, TJMB12, TJMT29, and TJMT39 pro-
duced intermediate levels of dissolved phosphate 
(approximately 6.03–6.28 mg L⁻¹), whereas 
TJMB10, TJMS18, and TJMS21 showed the 

lowest phosphate-solubilizing activity (4.47–
4.65 mg L⁻¹). Overall, these results indicate that 
TJMTE54, followed by TJMS19 and TJMTE53, 
are the most effective phosphate-solubilizing iso-
lates among those evaluated.

Molecular identification and phylogenetic 
relationships of superior bacterial isolates

Agarose gel electrophoresis of the 16S 
rRNA gene PCR products produced clear, well-
resolved DNA bands for the selected isolates 
(Figure 5). The strong band intensity and ab-
sence of smearing indicated that the extracted 
DNA was of good quality and suitable for fur-
ther molecular analysis. The two rhizosphere 
bacterial isolates with the highest physiological 
activity, TJMS19 and TJMTE54, were subse-
quently analyzed by 16S rRNA gene sequencing 
and phylogenetic analysis (Figures 6 and 7). The 

Figure 3. Nitrogen fixation by rhizosphere bacterial isolates

Figure 4. Phosphate solubilization by rhizosphere bacterial isolates. Bars represent the mean concentration
of dissolved phosphate produced by each rhizosphere bacterial isolate, with error bars

indicating standard deviation (n = 3). Different letters (a-d) above the bars indicate significant differences
among treatments according to Tukey’s test at P ≤ 0.05
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phylogenetic tree for TJMS19 showed that this 
isolate is most closely related to Bacillus para-
mycoides strain MCCC 1A04098, with a boot-
strap value of 61%, providing moderate support 
for this relationship. TJMS19 clustered within a 
major group containing other species of the ge-
nus Bacillus, such as B. cereus, B. paranthra-
cis, B. pacificus, and B. albus, confirming that 
TJMS19 belongs to a group of Gram-positive, 
endospore-forming bacteria.

The phylogenetic tree for TJMTE54 indicated 
that this isolate is most closely related to Pseudo-
monas sp. XY3, with a bootstrap value of 100%, 
reflecting very high sequence similarity. TJMTE54 
clustered together with Pseudomonas strains pre-
viously reported as PGPR, including P. protegens, 
P. putida, and P. lundensis. The high bootstrap val-
ues (≥97%) supporting the clustering of TJMTE54 
with these strains indicate a close phylogenetic re-
lationship and support the placement of TJMTE54 
within the genus Pseudomonas.

Effect of bacterial isolates on hybrid maize 
seedling growth

Inoculation with rhizosphere bacterial isolates 
had a significant effect on hybrid maize seedling 
growth compared with the uninoculated control, 
as reflected in plant height, root length, and fresh 
weight (P ≤ 0.05; Table 4).

For plant height, seedlings inoculated with 
TJMTE54 were the tallest (33.97 cm), and this 
value was significantly higher than all other treat-
ments, including the control (22.50 cm). Isolate 
TJMS19 also produced a marked increase in plant 
height (31.21 cm). Intermediate plant heights were 
observed in seedlings inoculated with TJMB10 
(27.93 cm), TJMT29 (27.77 cm), TJMS18 (26.07 
cm), and TJMT39 (25.90 cm), which were gen-
erally higher than or comparable to the control. 
In contrast, TJMS21 (22.74 cm), TJMU6 (23.47 
cm), TJMB12 (25.04 cm), and TJMTE53 (23.33 
cm) did not differ significantly from the control, 
as indicated by the same significance letters.

Figure 5. Visualization of 16S rRNA gene PCR products from selected rhizosphere bacterial isolates
(a) TJMS19, (b) TJMTE54

Figure 6. Phylogenetic tree based on 16S rRNA gene sequences showing the relationship of isolate TJMS19 
with Bacillus paramycoides strains
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A similar pattern was observed for root length. 
TJMTE54 and TJMS19 produced the longest 
roots (22.10 and 20.13 cm, respectively), both 
significantly greater than the control (10.27 cm). 
Isolates TJMS18 (15.30 cm), TJMT29 (15.80 
cm), and TJMT39 (14.60 cm) also increased root 
length relative to the control, whereas TJMU6 
(10.30 cm) and TJMS21 (10.10 cm) did not differ 
significantly from the control. Fresh weight fol-
lowed the same trend. The highest fresh weights 
were obtained in seedlings inoculated with 
TJMTE54 (1.87 g) and TJMS19 (1.78 g), which 
were significantly greater than the control (0.96 
g). Seedlings inoculated with TJMB10, TJMB12, 
TJMS18, TJMT29, and TJMT39 showed inter-
mediate fresh weights (1.23–1.34 g), whereas 
TJMU6 (1.05 g), TJMTE53 (0.99 g), and TJMS21 
(0.93 g) did not differ significantly from the con-
trol. Overall, these results show that TJMTE54 
and TJMS19 consistently enhanced plant height, 
root development, and biomass accumulation in 

hybrid maize seedlings and were the most effec-
tive growth-promoting isolates under the condi-
tions of this study.

DISCUSSION

Morphological and physiological diversity as 
an adaptation to acidic soils

Isolation from the rhizosphere of hybrid 
maize grown on acidic tropical soils showed 
that, from 59 initial colonies, 10 selected isolates 
exhibited clear diversity in colony morphology, 
including variations in size, color, elevation, and 
colony margin. This phenotypic diversity reflects 
a bacterial community structured by local edaphic 
conditions such as low pH, limited organic mat-
ter content, and macronutrient deficiencies. These 
findings are consistent with the reports of  (Bano 
et al., 2021) and Ren et al., (2025), who stated 

Figure 7. Phylogenetic tree based on 16S rRNA gene sequences showing the relationship of isolate TJMTE54 
with Pseudomonas sp. strains

Table 4. Effect of rhizosphere bacterial isolates on hybrid maize seedling growth

Isolate code Plant height (cm) Root length (cm) Wet weight (g)

Control 22.50 ± 0.50 a 10.27 ± 0.71 a 0.96 ± 0.02 a

TJMU6 23.47 ± 0.46 abc 10.30 ± 0.90 a 1.05 ± 0.10 a

TJMB10 27.93 ± 0.83 d 13.97 ± 0.15 bc 1.34 ± 0.04 b

TJMB12 25.04 ± 0.93 abc 13.70 ± 0.70 bc 1.23 ± 0.08 b

TJMS18 26.07 ± 1.03 cd 15.30 ± 0.36 c 1.25 ± 0.05 b

TJMS19 31.21 ± 1.01 e 20.13 ± 1.25 d 1.78 ± 0.05 c

TJMS21 22.74 ± 0.96 a 10.10 ± 1.05 a 0.93 ± 0.03 a

TJMT29 27.77 ± 0.32 d 15.80 ± 0.80 c 1.34 ± 0.04 b

TJMT39 25.90 ± 1.28 bcd 14.60 ± 0.78 c 1.30 ± 0.04 b

TJMTE53 23.33 ± 1.53 ab 11.80 ± 1.11 abc 0.99 ± 0.04 a

TJMTE54 33.97 ± 0.65 f 22.10 ± 0.46 d 1.87 ± 0.05 c

Note: Values are means ± standard deviation (n = 3). Means within the same column followed by the same letter 
are not significantly different according to Tukey’s test at P ≤ 0.05.
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that soil factors and site-specific environmental 
conditions play a crucial role in shaping soil mi-
crobial community structure.

The presence of multiple colony types in the 
hybrid maize rhizosphere indicates that several 
bacterial groups are able to adapt to environmen-
tal stresses and potentially contribute to rhizo-
sphere functioning. This supports the view that a 
diverse bacterial community in the root zone can 
serve as a “functional bank” that supports plant 
growth, directly or indirectly, through the produc-
tion and release of regulatory compounds in the 
rhizosphere (Imade and Babalola, 2021). From 
a functional perspective, this morphological and 
physiological diversity provides a genetic and 
metabolic basis for the development of biofertil-
ization functions in acidic soils (Shu and Huang, 
2021; Zhao, Sun, et al., 2021).

Biochemical characterization showed that most 
isolates were catalase-positive and Gram-nega-
tive, with several Gram-positive isolates grouped 
within the genus Bacillus. Catalase activity in the 
isolates indicates the presence of antioxidative de-
fense mechanisms against oxidative stress caused 
by H₂O₂ accumulation (Yuan et al., 2021), a con-
dition frequently encountered in acidic soils. The 
hypersensitive reaction assay showed that none of 
the isolates induced necrotic symptoms on tobacco 
leaves up to 72 h after inoculation, indicating the 
absence of a hypersensitive response and suggest-
ing a non-pathogenic nature toward plants (Balint-
Kurti, 2019; Junaid et al., 2023).

The hemolysis assay on goat blood agar 
further showed that most isolates exhibited 
γ-hemolysis (no hemolysis), and only one isolate 
exhibited partial hemolysis (α). This pattern sug-
gests that the majority of isolates are relatively 
safe in terms of potential pathogenicity to animals 
(Sudewi et al., 2020; Amaria et al., 2023). Over-
all, the combination of non-pathogenic character-
istics toward plants and animals and the ability to 
adapt to acidic environments supports the use of 
these isolates as safe PGPR candidates in sustain-
able agricultural systems.

Key physiological traits: IAA production, 
nitrogen fixation, and phosphate 
solubilization

The marked differences in IAA production, 
nitrogen-fixation capacity, and phosphate solubi-
lization among the isolates underline the need for 
a multi-trait selection strategy when identifying 

superior PGPR candidates. Among all isolates, 
TJMTE54 was clearly outstanding in IAA pro-
duction (6.55 mg L⁻¹) and phosphate-solubilizing 
capacity (14.54 mg L⁻¹). In contrast, the highest 
fixed-nitrogen concentration was recorded for 
isolate TJMS19 (49.07 mg L⁻¹), followed closely 
by TJMTE54 (47.30 mg L⁻¹). The IAA concen-
trations recorded for these isolates fall within the 
range reported for multi-trait Bacillus and Pseu-
domonas strains (approximately 3–12 mg L⁻¹ 
IAA) that have been developed as biofertilizers 
in other crops, and their phosphate-solubilization 
values are likewise comparable to those of effi-
cient phosphate-solubilizing PGPR (80–460 mg 
L⁻¹ dissolved P) described in recent studies. (Ali-
yat et al., 2022; Panichikkal and Krishnankutty, 
2022; Sun et al., 2023). This pattern indicates 
that both TJMTE54 and TJMS19 are not only 
well adapted to acidic ultisol conditions but also 
possess metabolic capacities that meet or exceed 
those of internationally recognized PGPR strains.

Rhizosphere bacteria enhance plant perfor-
mance under environmental stress primarily by 
improving nutrient acquisition (N and P), produc-
ing phytohormones such as IAA, and synthesiz-
ing siderophores and other metabolites that mod-
ulate plant physiology. In our study, the high IAA 
production by TJMTE54 and TJMS19 is consis-
tent with the pronounced increases in root length 
and fresh biomass observed in inoculated maize 
seedlings. Similar relationships between bacterial 
IAA production and stimulation of root elonga-
tion, expansion of the root exploration zone, and 
biomass accumulation have been documented for 
various PGPR associated with cereals and other 
crops. These findings support earlier reports by 
(Lata et al. (2024) and Yamini P & R (2021), who 
showed that IAA-producing rhizobacteria can 
substantially improve early root growth and nutri-
ent uptake, thereby enhancing overall plant vigor.

The high nitrogen-fixation capacities of 
TJMTE54 and TJMS19 suggest that these iso-
lates can significantly contribute to nitrogen 
inputs in acidic, nutrient-poor soils. Although 
methods and units used to quantify fixed nitro-
gen differ among studies, our values are in line 
with those reported for effective free-living and 
associative N₂-fixing PGPR that improve N status 
and growth of maize and other cereals under low-
input conditions (Kaya et al., 2022). Similarly, 
Djuuna et al., (2022) likewise emphasized that 
Bacillus and Pseudomonas strains adapted to low 
pH can remain metabolically active and enhance 
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N availability in acidic soils, which is consistent 
with the strong N-fixation performance of the in-
digenous isolates characterized here.

The phosphate-solubilizing ability of 
TJMTE54 (14.54 mg L⁻¹ in our assay) confirms 
its role as an efficient phosphate-solubilizing 
bacterium. Conversion of insoluble P into plant-
available forms is regarded as a key mechanism 
by which PGPR sustain crop production on acidic 
soils, where P is commonly immobilized by Al 
and Fe oxides. Several recent studies have shown 
that Pseudomonas and Bacillus strains with 
strong P-solubilizing activity can simultaneously 
increase plant P uptake, growth, and resistance to 
pathogens in various crops. The performance of 
TJMTE54 and TJMS19 fits well within this body 
of evidence and supports the view of Bai et al., 
(2024), N et al. (2021) and Sah et al. (2021) that 
Pseudomonas-based biofertilizers are particularly 
suitable for improving P nutrition in acidic soils. 
Taken together, the combination of robust IAA 
production, biologically meaningful nitrogen 
fixation, and effective phosphate solubilization in 
TJMTE54 and TJMS19 provides a strong physi-
ological basis for proposing these two indigenous 
isolates as multifunctional biofertilizer candidates 
for hybrid maize cultivation on acidic soils.

Significance of indigenous Bacillus 
paramycoides and Pseudomonas sp.

Molecular analysis based on the 16S rRNA 
gene confirmed that TJMS19 is closely related 
to Bacillus paramycoides, whereas TJMTE54 is 
closely related to Pseudomonas sp. XY3. Both 
isolates clustered with other Bacillus and Pseu-
domonas strains known as PGPR and biocontrol 
agents. Bacillus is a Gram-positive, endospore-
forming bacterium with broad metabolic poten-
tial, including phosphate solubilization, nitrogen 
fixation, phytohormone production, and high tol-
erance to fluctuating environmental conditions. 
Pseudomonas is recognized as a metabolically 
active rhizosphere inhabitant, with the ability to 
produce IAA, siderophores, and antimicrobial 
compounds (Mitter et al., 2021).

The moderate bootstrap value in the Bacil-
lus paramycoides cluster and the high bootstrap 
values in the Pseudomonas cluster indicate that 
both isolates have sufficiently strong phylogenet-
ic affinities with previously documented PGPR 
groups. This is important because it links the ob-
served physiological traits (IAA production, N 

fixation, P solubilization, and potential biocon-
trol activity) with a well-established evolutionary 
framework. These findings complement earlier 
reports on the roles of Bacillus and Pseudomonas 
as PGPR in various agroecosystems (Mitter et al., 
2021), while adding new evidence that indige-
nous strains from the rhizosphere of hybrid maize 
in acidic tropical soils possess similar potential.

From a novelty perspective, this study not 
only reconfirms the roles of these two genera as 
PGPR but also identifies indigenous strains that 
are specifically adapted to acidic ultisol in the 
Moncongloe region. Such local adaptation is 
important for the success of biofertilizer formu-
lations based on local microbes, whose perfor-
mance in the field is generally more stable than 
that of exotic inoculants.

Growth response of hybrid maize		
and agronomic implications

The in planta assay on hybrid maize seed-
lings showed that inoculation with TJMTE54 
and TJMS19 significantly increased plant height, 
root length, and fresh biomass compared with the 
uninoculated control. Other isolates produced in-
termediate responses or did not differ significant-
ly from the control, underscoring the importance 
of combining physiological screening with plant-
based assays to identify truly effective PGPR 
candidates. The observed improvements in veg-
etative growth are likely the result of synergis-
tic PGPR mechanisms, including phytohormone 
production such as IAA, enhanced nitrogen avail-
ability through biological fixation, and increased 
phosphorus availability through phosphate solu-
bilization. These findings are in line with Yang et 
al., (2024), who reported that PGPR application 
in maize can improve vegetative growth while re-
ducing dependence on synthetic chemical fertiliz-
ers. Thus, the in planta data in this study provide 
functional evidence that the physiological traits 
quantified under laboratory conditions are effec-
tively translated into enhanced plant growth in an 
acidic soil system.

From an agronomic standpoint, increases 
in early plant height, root length, and biomass 
may contribute to improved nutrient uptake and 
greater tolerance to abiotic stress in subsequent 
growth stages. Although this study was limited to 
the seedling stage and controlled conditions, the 
results provide strong indications that inocula-
tion with TJMTE54 and TJMS19 could form part 
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of a more efficient and environmentally friendly 
fertilization strategy for maize cultivation on 
acidic tropical soils.

Overall, the present findings demonstrate that 
TJMTE54 (Pseudomonas sp.) and TJMS19 (Ba-
cillus paramycoides.) are promising candidates 
for the development of locally adapted biofertil-
izers for acidic tropical soils. These isolates com-
bine several desirable traits: adaptation to acidic 
soil conditions, non-pathogenic behavior toward 
plants and animals, high IAA production, strong 
nitrogen-fixation capacity, efficient phosphate 
solubilization, and proven functional effects on 
hybrid maize seedlings. This study contributes 
to sustainable agriculture by (i) providing indig-
enous isolates that are physiologically and molec-
ularly characterized and can help reduce reliance 
on synthetic fertilizers, (ii) showing that acidic ul-
tisol, often considered marginal, still harbors rhi-
zosphere microbes with high biofertilizer poten-
tial, and (iii) reinforcing the concept that ecologi-
cal engineering of soil fertility can be achieved by 
exploiting local PGPR that are compatible with 
native soils and cropping systems. Nevertheless, 
this work has limitations, as it is restricted to 
the seedling stage and controlled conditions and 
does not yet address long-term interactions with 
the broader soil microbiome. Follow-up studies 
under greenhouse and field conditions, includ-
ing optimization of inoculum dose and formu-
lation and evaluation of performance stability 
across seasons and locations, are required before 
TJMTE54 and TJMS19 can be proposed as com-
mercial biofertilizer products.

CONCLUSIONS

This study demonstrates that the rhizosphere 
of hybrid maize grown on acidic ultisol in Mon-
congloe harbors a diverse community of indig-
enous bacteria with substantial morphological, 
biochemical, and physiological variability, indi-
cating strong potential to support soil fertility and 
plant growth. Among the ten isolates character-
ized, TJMTE54 and TJMS19 emerged as supe-
rior strains because they produced high levels of 
IAA, fixed nitrogen, and solubilized phosphate 
effectively, while exhibiting non-pathogenic be-
havior toward plants and being relatively safe 
for animals. Molecular analysis of the 16S rRNA 
gene identified TJMTE54 as belonging to the 
genus Pseudomonas and TJMS19 to the genus 

Bacillus, two key PGPR groups known to pro-
mote plant growth and enhance nutrient availabil-
ity. The in planta assay with hybrid maize seed-
lings confirmed that inoculation with TJMTE54 
and TJMS19 consistently increased plant height, 
root length, and fresh biomass compared with 
the uninoculated control, thereby validating their 
functional roles as growth promoters under acidic 
soil conditions. Overall, these findings indicate 
that TJMTE54 and TJMS19 are prime indigenous 
biofertilizer candidates with the potential to sup-
port the sustainable use of acidic lands and reduce 
dependence on synthetic chemical fertilizers, al-
though further greenhouse and field studies are 
required to evaluate performance stability, inocu-
lum formulation, and long-term impacts on maize 
productivity and soil ecosystem health.
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