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Abstract 

Baby maize (Zea mays L.) is one of the important food crops in Asian regions and exhibits strong 
adaptability to adverse conditions across diverse agroecological zones. However, maize is commonly 
cultivated on nutrient-poor soils and under dry conditions, resulting in low fertilizer use efficiency 
and unstable baby maize yields across cropping seasons. Excessive application of chemical fertilizers, 
particularly nitrogen and phosphorus fertilizers, not only increases production costs but also 
contributes to soil degradation and environmental pollution. Beneficial endophytic bacteria, 
especially nitrogen-fixing and phosphate-solubilizing bacteria, have been recognized as sustainable 
biological solutions to enhance nutrient acquisition and improve crop productivity. The main 
objective of this study was to isolate, identify, and biologically characterize an endophytic bacterial 
strain possessing both nitrogen-fixing and phosphate-solubilizing capabilities from baby maize root 
tissues, with the aim of promoting plant growth and increasing baby maize yield under nutrient-
deficient conditions. The study was conducted at the Central Laboratory, An Giang University, 
Vietnam. Among ten bacterial isolates screened, Bacillus stercoris CMB2 (B. stercoris CMB2) was 
successfully isolated, identified, and selected due to its outstanding abilities in atmospheric nitrogen 
fixation and solubilization of insoluble phosphorus compounds. The application of B. stercoris CMB2 
demonstrated considerable potential for sustainable baby maize cultivation by improving soil 
nutrient status, enhancing fertilizer use efficiency, and increasing baby maize productivity in 
nutrient-poor soils. 

Keywords: baby maize; Bacillus stercoris; nitrogen fixation; phosphate solubilization 
 

1. Introduction 

Baby maize (Zea mays L.), harvested at the immature stage prior to pollination and fertilization, 
has emerged as a high-value horticultural commodity in both domestic and international markets. 
Unlike grain maize, baby maize is cultivated for its tender ears, which are widely consumed as fresh 
vegetables or processed products [1]. Globally, baby maize production has expanded rapidly in Asia, 
Africa, and Latin America due to its short growth cycle (60–70 days), high market demand, and 
suitability for crop intensification systems. Countries such as India, Thailand, and China are leading 
producers and exporters, supplying fresh and canned baby corn to Europe and North America [2]. 
In Vietnam, baby maize cultivation has developed strongly in recent years, particularly in the Red 
River Delta and Mekong Delta regions, where it contributes significantly to farmer income 
diversification and rural economic development. Its adaptability to different agroecological zones 
and compatibility with crop rotation systems make it an important component of sustainable 
vegetable production chains [3,4]. 

Despite its economic importance, baby maize productivity has shown instability in recent years 
due to increasing environmental and agronomic constraints. Intensive cultivation practices aimed at 
maximizing short-term yield have led to excessive application of chemical fertilizers and pesticides 
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[5]. Nitrogen (N) fertilizers, especially urea, are often applied at rates exceeding crop requirements, 
resulting in nutrient imbalance, soil acidification, nitrate leaching, and greenhouse gas emissions. 
Similarly, high phosphorus (P) inputs can lead to nutrient fixation in soil, reducing fertilizer-use 
efficiency and increasing production costs [6,7]. Recent reports indicate that prolonged chemical 
fertilization disrupts soil microbial diversity, diminishes beneficial rhizosphere populations, and 
accelerates soil degradation processes [8,9]. In Vietnam, the trend toward crop intensification and 
multiple annual cropping cycles further exacerbates soil exhaustion. Continuous monocropping 
without adequate organic amendments reduces soil organic matter, impairs soil structure, and lowers 
microbial biomass. Additionally, climate variability particularly prolonged droughts and irregular 
rainfall patterns have intensified abiotic stress in maize-growing regions [10,11]. Water deficit 
conditions impair nutrient uptake, reduce photosynthetic efficiency, and ultimately decrease yield 
and cob quality [12]. Combined with declining soil fertility, these stress factors threaten the 
sustainability of baby maize production systems. Therefore, strategies that enhance nutrient-use 
efficiency while restoring soil biological health are urgently required [13]. 

Sustainable agricultural development increasingly emphasizes environmentally friendly 
approaches that reduce dependency on synthetic agrochemicals. Biological soil improvement 
through the application of plant growth-promoting microorganisms is gaining recognition as a viable 
alternative [14,15]. Beneficial rhizosphere and endophytic bacteria can enhance plant growth through 
multiple mechanisms, including biological nitrogen fixation, phosphate solubilization, 
phytohormone production, and stress mitigation. Among these traits, nitrogen fixation and 
phosphate solubilization are particularly critical for maize cultivation, given the high demand of this 
crop for N and P nutrients [16,17]. Nitrogen is a key macronutrient required for chlorophyll synthesis, 
protein formation, and overall plant development. Biological nitrogen fixation, mediated by 
diazotrophic bacteria possessing nitrogenase enzymes, converts atmospheric N₂ into bioavailable 
ammonium forms [18]. This process can partially substitute for synthetic N fertilizers, thereby 
reducing environmental pollution and production costs. Recent studies have demonstrated that 
endophytic nitrogen-fixing bacteria associated with maize roots can significantly improve plant 
biomass and nutrient uptake under reduced fertilizer regimes [19,20]. Phosphorus, although 
abundant in many soils, often exists in insoluble forms unavailable to plants. Phosphate-solubilizing 
bacteria enhances P availability by secreting organic acids and phosphatases that mobilize inorganic 
and organic phosphate compounds [16,21]. This microbial-mediated transformation increases P-use 
efficiency and promotes root development. Integrated N-fixing and P-solubilizing bacteria have 
shown synergistic effects in improving crop productivity while lowering chemical fertilizer inputs 
[22,23]. 

Among beneficial bacterial genera, Bacillus species have attracted considerable attention due to 
their resilience, spore-forming ability, and multifunctional plant growth-promoting traits [24]. 
Members of the genus Bacillus are well known for their capacity to colonize plant roots, tolerate 
environmental stress, and produce bioactive metabolites. Several Bacillus strains have been reported 
to possess both nitrogen-fixing and phosphate-solubilizing capabilities, making them promising 
candidates for biofertilizer development [18,24]. Furthermore, endophytic Bacillus strains can 
establish stable associations within plant tissues, offering enhanced protection and nutrient 
acquisition efficiency compared with free-living rhizobacteria [25]. However, the effectiveness of 
microbial inoculants is often strain-specific and influenced by environmental conditions. Indigenous 
microorganisms isolated from local agroecosystems are generally better adapted to regional soils and 
climatic factors [26]. Therefore, isolating and characterizing native endophytic bacteria from baby 
maize roots represents a strategic approach to identify efficient plant growth-promoting strains. 
Molecular identification, particularly through 16S rRNA gene sequencing, provides reliable 
taxonomic resolution and supports the selection of functional strains for further agronomic 
evaluation [27]. 

In this context, the present study focuses on the isolation and characterization of the endophytic 
bacterium B. stercoris CMB2 exhibiting nitrogen-fixing and phosphate-solubilizing traits. The 
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rationale is that a locally adapted multifunctional strain may enhance nutrient availability, improve 
plant growth, and contribute to sustainable baby maize production under reduced chemical input 
conditions. By integrating microbiological screening, molecular identification, and functional 
evaluation, this research aims to provide a scientific basis for developing environmentally friendly 
biofertilizer formulations tailored to Vietnamese baby maize systems. Overall, transitioning from 
chemically intensive practices to biologically enhanced production models is essential for 
maintaining soil health, ensuring long-term productivity, and mitigating environmental risks. The 
exploitation of endophytic bacteria with dual nitrogen-fixing and phosphate-solubilizing capacities 
represents a promising pathway toward sustainable baby maize cultivation in Vietnam and beyond. 

2. Materials and Methods 
2.1. Collection and Processing of Baby Maize Root Samples 

Baby maize root samples were collected from Cho Moi commune, An Giang province, Vietnam. 
Immediately after sampling, roots were aseptically cut into small segments using sterile scissors 
without prior washing to preserve the native rhizosphere soil layer. The root fragments were then 
macerated and homogenized in approximately 100 mL of sterile distilled water to release both 
epiphytic and endophytic bacterial populations. The resulting suspension was transferred into 
centrifuge tubes and agitated on an orbital shaker for 30 min to ensure adequate cell dispersion. 
Subsequently, the mixture was centrifuged at 1,500 rpm for 1 min, and the supernatant containing 
bacterial cells was collected and spread onto yeast extract mannitol agar (YMA) medium [27,28]. 
Serial tenfold dilutions ranging from 10⁻² to 10⁻⁶ were prepared, and aliquots from each dilution were 
plated in triplicate onto YMA plates. The inoculated plates were incubated at room temperature for 
4–5 days. Colony formation was monitored and recorded, and distinct colonies were repeatedly 
subcultured to obtain pure bacterial isolates [24,30]. 

2.2. Isolation and Functional Assessment of B. stercoris CMB2 

Nitrogen-fixing bacteria were isolated from rhizosphere soil and root tissues using serial 
dilution and selective culturing techniques. For rhizosphere soil, 10 g of fresh soil was suspended in 
90 mL of sterile distilled water and homogenized by shaking at 150 rpm for 20–30 min. The 
suspension was serially diluted up to 10⁻⁶. Aliquots (100 µL) of appropriate dilutions were spread 
onto nitrogen-free selective medium (N-free agar or Jensen’s medium) to screen for diazotrophic 
bacteria. Plates were incubated at 30 °C for 3–5 days under aerobic conditions. Distinct colonies 
showing typical morphological characteristics of free-living nitrogen fixers were selected and 
repeatedly streaked on fresh medium to obtain pure cultures [24]. 

For endophytic bacterial isolation, baby maize roots were first washed thoroughly under 
running tap water to remove adhering soil particles. Surface sterilization was performed by 
sequential immersion in 70% ethanol for 1 min, followed by 2% sodium hypochlorite solution for 3–
5 min, and rinsed five times with sterile distilled water. The effectiveness of surface sterilization was 
verified by imprinting sterilized roots onto nutrient agar plates to confirm the absence of microbial 
growth [28,31]. 

Sterilized root tissues (approximately 1–2 g) were aseptically macerated in sterile phosphate-
buffered saline using a mortar and pestle. The homogenate was serially diluted, and aliquots were 
spread onto nitrogen-free agar medium. Plates were incubated at 30 °C for 3–5 days. Emerging 
colonies were selected based on distinct morphology and purified through repeated streaking [20,28]. 

Pure isolates were maintained on yeast extract mannitol agar (YMA) slants at 4 °C for short-term 
storage and preserved in 20% glycerol at −80 °C for long-term storage. Preliminary screening for 
nitrogen-fixing ability was conducted by observing bacterial growth on nitrogen-free medium and 
confirming ammonia production and/or acetylene reduction activity in subsequent assays [18,28]. 

Rhizosphere Bacterial Isolation Procedure: Approximately 1–2 g of fresh baby maize root samples 
was weighed for bacterial isolation. As root tissues may harbor epiphytic contaminants, surface 
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sterilization was performed prior to isolation. Roots were carefully washed under sterile water to 
remove adhering soil particles, avoiding mechanical damage. The samples were then immersed in 
95% ethanol for 3 min, followed by surface sterilization in 0.1% HgCl₂ solution for 5 min. 
Subsequently, roots were rinsed five to six times with sterile distilled water to remove residual 
disinfectants. Sterilized root tissues were aseptically macerated using a sterile mortar and pestle, and 
2 mL of sterile distilled water was added to obtain a homogenate [20,28,32]. One milliliter of the 
suspension was transferred into a test tube containing 9 mL of sterile distilled water to obtain a 10⁻¹ 
dilution. Serial dilutions were prepared up to 10⁻⁴ and 10⁻⁵. From each dilution, 100 µL aliquots were 
spread onto yeast extract mannitol agar (YMA) plates previously sterilized at 121 °C for 15 min. Each 
dilution was plated in triplicate. The inoculated plates were incubated at 28–30 °C for 3–7 days to 
allow the development of discrete colonies [28,33]. 

Purification of Isolates: Selected colonies were repeatedly streaked onto fresh solid medium to 
obtain single colonies. The purification process was performed two to three times to ensure culture 
homogeneity. Pure isolates were subsequently transferred onto agar slants for preservation and 
further characterization [28,34]. 

2.3. Morphological Characterization of B. stercoris CMB2 

Colony morphology was examined visually after incubation on YMA medium. Characteristics 
including color, shape, elevation, margin type, surface texture, and colony size were recorded. 

Wet Mount Preparation: A wet mount slide was prepared following the drop-slide method 
described by Oyeleke and Manga (2008). A small amount of fresh bacterial culture was suspended in 
a drop of sterile distilled water on a clean glass slide and covered with a coverslip. Cell morphology 
and motility were observed under a light microscope at 400× magnification [35]. 

Measurement of Cell Size: After determining cell shape and motility, bacterial cell dimensions 
were measured using an ocular micrometer calibrated with a stage micrometer under a light 
microscope, following the guidelines of Osiro et al., [36]. 

Gram Staining: Nitrogen-fixing bacterial isolates were cultured on YMA medium, and colonies 
appearing after 2–7 days were used for staining. A small amount of bacterial biomass was transferred 
with a sterile inoculating loop into a drop of sterile distilled water on a glass slide to prepare a smear. 
The smear was heat-fixed over an alcohol flame. Crystal violet was applied to the fixed smear for 30 
s, followed by gentle rinsing with distilled water and air drying. Lugol’s iodine solution was then 
added for 1 min, rinsed with water, and allowed to dry. Decolorization was performed using ethanol 
for approximately 30 s until the stain was removed. The slide was subsequently rinsed with distilled 
water and air-dried. Counterstaining was performed with safranin for 1 min, followed by gentle 
rinsing with water and air-drying. The stained smears were examined under a light microscope to 
observe cellular morphology. Gram-negative bacteria appeared pink due to safranin uptake, whereas 
Gram-positive bacteria retained the crystal violet–iodine complex and appeared purple [37]. 

2.4. Biochemical Characterization 

Motility Test: Bacterial motility was determined using the semi-solid agar stab method. Motile 
bacteria are characterized by diffuse growth extending outward from the stab line, whereas non-
motile bacteria grow only along the line of inoculation. A sterile inoculating needle was used to stab-
inoculate the bacterial culture into semi-solid YMA medium. The tubes were kept in an upright 
position and incubated at 30 °C. Motility was assessed after 3 days based on the pattern of bacterial 
growth [38]. 

Catalase Test: The catalase test is based on the ability of bacterial isolates to produce the enzyme 
catalase, which decomposes hydrogen peroxide (H₂O₂) into water and oxygen. 

A small portion of a fresh bacterial colony was transferred onto the center of a clean glass slide 
using a sterile loop. A few drops of 3% H₂O₂ were added to cover the smear. Results were recorded 
after approximately 15 s. The formation of visible oxygen bubbles indicated a positive catalase 
reaction [39]. 
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2.5. Determination of Nitrogen-Fixing Ability 

The nitrogen-fixing potential of rhizosphere isolates was assessed using complementary 
qualitative and quantitative methods. Qualitative screening was performed by culturing the isolates 
on nitrogen-free media, including Ashby’s mannitol agar, NFb medium, and Burk’s N-free medium. 
Growth under nitrogen-deficient conditions indicated putative diazotrophic capability [28]. 

Quantitative evaluation was conducted using the acetylene reduction assay (ARA), which 
measures the conversion of acetylene (C₂H₂) to ethylene (C₂H₄) by the nitrogenase enzyme complex 
(Hardy et al., 1968). Ethylene production was quantified by gas chromatography as an indirect 
indicator of nitrogenase activity. Total nitrogen accumulation was further determined using Kjeldahl 
digestion or CHN elemental analysis to estimate biologically fixed nitrogen [40]. 

Ammonia production was qualitatively examined by incubating cultures in peptone water at 30 
°C for 60–80 h, followed by Nessler’s reagent detection. For nitrogenase analysis, cells were pre-
grown in YMA broth, transferred to nitrogen-free medium (OD₆₀₀ = 0.8), and incubated at 30 °C with 
shaking (160 rpm), including an uninoculated control. Total nitrogen content was measured 
following centrifugation as described by Kifle et al. [41]. Environmental factors such as pH, 
temperature, oxygen availability, and carbon source were considered due to their influence on 
nitrogenase activity. 

2.6. Evaluation of Phosphate-Solubilizing Capacities 

The phosphate-solubilizing capacity of the bacterial isolates was evaluated following the 
protocol described by Nautiyal [42]. The National Botanical Research Institute’s phosphate (NBRIP) 
medium developed by Nautiyal contains glucose and 5.0 g L⁻¹ tricalcium phosphate (TCP) as the 
insoluble phosphorus source, along with magnesium chloride hexahydrate, magnesium sulfate 
heptahydrate, potassium chloride, ammonium sulfate, and distilled water. This medium is widely 
applied for assessing phosphate solubilization efficiency [43]. 

Phosphate solubilization on solid medium was determined by measuring the diameter of the 
clear halo formed around colonies after inoculation of a fresh suspension of B. stercoris CMB2 onto 
NBRIP agar plates. The solubilization index (SI) was calculated after 7, 14, and 21 days of incubation 
at 28 ± 2 °C using the formula [43,44]: 𝑆𝐼 = 𝐶𝐷 + 𝐻𝐷𝐶𝐷  

where CD represents the colony diameter and HD denotes the halo zone diameter. Quantitative 
estimation of soluble phosphate was conducted using a colorimetric assay in liquid NBRIP medium. 
Fifty milliliters of NBRIP broth supplemented with 0.5% TCP was inoculated with 200 µL of a freshly 
prepared bacterial suspension adjusted to an optical density (OD₆₀₀) of 0.8 (approximately 5 × 10⁸ 
CFU mL⁻¹). Cultures were incubated at 28 ± 2 °C for 7 days under shaking conditions (180 rpm) [43–
45]. Following incubation, cultures were centrifuged at 10,000 rpm for 10 min, and the supernatant 
was collected for soluble phosphorus quantification using the vanado molybdate yellow colorimetric 
method at 430 nm [45]. Measurements were recorded at 0, 3, and 7 days of incubation. All treatments 
were performed in triplicate. 

2.7. Molecular Identification and Genetic Analysis 

A single purified colony of B. stercoris CMB2 was transferred into sterile microcentrifuge tubes 
for total genomic DNA extraction using the GeneJET Genomic DNA Purification Kit (Thermo 
Scientific™), following the manufacturer’s instructions. The 16S rRNA gene was amplified by 
polymerase chain reaction (PCR) (Figure 1c), yielding an amplicon of approximately 1,334 bp. The 
obtained sequences were subsequently edited and aligned using MEGA software and compared with 
reference sequences available in the GenBank database through the BLAST algorithm. The nucleotide 
sequence of strain CMB2 was deposited in GenBank under accession number PX795046.1 and is 
publicly accessible 
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(https://www.ncbi.nlm.nih.gov/nuccore/PX795046.1?report=gbwithparts&log$=seqview). 
Phylogenetic tree (Figure 2) analysis revealed that B. stercoris CMB2 clustered within the genus 
Bacillus, thereby confirming its taxonomic affiliation. Moreover, B. stercoris CMB2 exhibited high 
sequence similarity to stercorid species and showed a close phylogenetic relationship with Bacillus 
stercorid SG25 [9,18,27]. 

(a) 
 

(b) 

 
(c) 

 
(d) 

Figure 1. Morphological features and functional characterization of B. stercoris CMB2: (a) colony appearance on 
YMA medium; (b) cell morphology under light microscopy (100×); (c) agarose gel electrophoresis of the PCR-
amplified 16S rRNA gene fragment visualized with a gel documentation system; and (d) qualitative assessment 
of ammonia production in peptone-enriched broth. 

2.8. Phenotypic Characterization of B. stercoris CMB2 

Strain CMB2 was subjected to morphological and biochemical characterization following 
purification. Gram staining, catalase, and oxidase assays were performed to determine fundamental 
physiological traits. Colony morphology and cellular structure were examined using both 
macroscopic and microscopic observations. Growth characteristics were also evaluated on yeast 
mannitol agar (YMA) supplemented with bromothymol blue to assess metabolic activity. 
Additionally, the strain was tested for tolerance to environmental stresses, including temperature 
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and salinity, as these parameters are critical for selecting rhizosphere nitrogen-fixing bacteria (RNFB) 
suitable for degraded soil rehabilitation. 

 

Figure 2. Phylogenetic relationships inferred from 16S rRNA gene sequences demonstrating the taxonomic 
placement of B. stercoris CMB2 within the Bacillus stercoris clade. The isolate showed 100% sequence similarity 
to Bacillus stercoris SG25. Bootstrap support values (%) are indicated at the corresponding branch nodes. 

3. Results 
3.1. Evaluation of Nitrogen Fixation Capacity 

Twenty-five baby maize root samples were collected from Cho Moi Commune, An Giang 
Province, during the vegetative growth stage. Sampling targeted the rhizosphere zone by collecting 
root segments along with the closely adhering soil, which represents a biologically active interface 
characterized by intense root–microbe interactions. Compared with bulk soil, rhizosphere soil 
typically harbors a denser and more metabolically active microbial community. Immediately after 
collection, samples were transported under refrigerated conditions and processed within 24 h to 
preserve the integrity of the native microbial populations and minimize community shifts. Serial 
dilution and culture-based isolation techniques were applied, resulting in ten morphologically 
distinct bacterial colonies, designated CMB1–CMB10. Preliminary identification included Gram 
staining and detailed morphological examination, and the corresponding characteristics are 
presented in Table 1. 

Table 1. Identification of 10 selected colonies from baby maize roots. 

Strains 
Identity 

(rod shape), gram 
YMA 

(Clear pink) 
YMA-BTB 

(Yellow color) GPA Hofer agar Burk Agar 

CMB1 (+)  (+), (+)  (+) (-) (+) 
CMB2 (++) (++)  (++)  (++) (-) (-)  
CMB3 (+) (+)  (+)  (+) (-) (-)  
CMB4 (+) (+)  (+)  (+) (-) (++)  
CMB5 (+) (+)  (+)  (+) (-) (+)  
CMB6 (+) (+)  (+)  (+) (-) (+) 
CMB7 (+) (+)  (+) (+) (-) (-)  
CMB8 (+) (+)  (+)  (+) (-) (-) 
CMB9 (+) (+)  (+)  (+) (-) (-) 
CMB10 (+) (+)  (+)  (+) (-) (-)  

Note: (-) negative gram; (-): no reaction; (++); strong reaction. 
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The comparative evaluation of morphological and biochemical traits (Tables 1 and 2) revealed 
clear differences among the ten isolates. All strains exhibited rod-shaped, Gram-positive 
characteristics and typical growth on YMA; however, only CMB2 showed consistently strong 
reactions (++) across most screening media, including YMA, YMA-BTB, and GPA. Notably, CMB4 
demonstrated the highest growth intensity (++) on nitrogen-free Burk agar, suggesting strong 
diazotrophic potential, whereas most other isolates showed weak or no growth. Biochemical profiling 
further distinguished CMB2 as metabolically the most active strain, presenting strong (++) oxidase, 
catalase, urea hydrolysis, nitrate reduction, and citrate utilization activities. Although CMB4 
exhibited superior qualitative growth on nitrogen-free medium, the overall physiological robustness 
and enzymatic versatility of CMB2 indicate a broader metabolic capacity. Considering both nitrogen-
free growth and biochemical performance, CMB4 appears to possess the strongest direct nitrogen-
fixing capability, while CMB2 demonstrates the highest overall functional potential. 

Table 2. Biochemical tests of 10 selected colonies. 

Strains Oxidase Catalase Urea hydrolysis Nitrate reduction Citrate utilization 
CMB1 (+) (+) (+) (-) (+) 
CMB2 (++) (++) (++) (++) (++) 
CMB3 (++) (+) (++) (+) (+) 
CMB4 (+) (+) (+) (+) (+) 
CMB5 (+) (+) (+) (+) (+) 
CMB6 (+) (+) (+) (+) (+) 
CMB7 (+) (+) (+) (+) (+) 
CMB8 (+) (+) (+) (+) (+) 
CMB9 (+) (+) (+) (+) (+) 
CMB10 (+) (+) (+) (+) (-) 

Note:(-): no reaction; (+); reaction. 

The comparative tolerance analysis presented in Table 3 reveals clear differences in 
environmental adaptability among the ten isolates. All strains exhibited strong growth (++) at 1–3% 
NaCl and optimal temperatures of 37–40 °C, confirming their mesophilic and moderately 
halotolerant nature. However, CMB2 demonstrated superior resilience by maintaining vigorous 
growth (++) at 4% NaCl and sustaining positive growth even at 5%, whereas most other strains 
showed reduced growth or inhibition at higher salinity levels. In terms of temperature tolerance, 
CMB2 was the only strain exhibiting strong growth across the full tested range, including 15 °C and 
45 °C. Regarding pH adaptability, while most isolates performed optimally at pH 6.0–7.0, CMB2 
maintained consistent strong growth (++) across pH 5.0–8.0. Considering its broad tolerance to 
salinity, temperature, and pH stresses conditions that directly influence nitrogenase activity CMB2 
appears to possess the strongest potential for stable nitrogen fixation under variable environmental 
conditions. 

Table 3. Tolerance of ten microbial strains (V1-V10) to vary NaCl concentrations (%), temperatures (°C), and pH 
levels. 

Strains   Nacl (%) Temperature (0C) pH 
1 2 3 4 5 15 37 40 45 5.0 6.0 7.0 8.0 

CMB1 ++ ++ ++ + - + ++ ++ + ++ ++ ++ + 
CMB2 ++ ++ ++ ++ + ++ ++ ++ ++ ++ ++ ++ ++ 
CMB3 ++ ++ ++ + - ++ ++ ++ + ++ ++ ++ + 
CMB4 ++ ++ ++ + - - ++ ++ + + ++ ++ + 
CMB5 ++ ++ ++ + - + ++ ++ + ++ ++ ++ + 
CMB6 ++ ++ ++ + - - ++ ++ + - ++ ++ + 
CMB7 ++ ++ ++ + - + ++ ++ + + ++ ++ + 
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CMB8 ++ ++ ++ + + + ++ ++ + + ++ ++ + 
CMB9 ++ ++ ++ + - - ++ ++ + - ++ ++ + 
CMB10 ++ ++ ++ + - + ++ ++ + ++ ++ ++ + 

The phylogenetic tree (Figure 2) demonstrates that analysis based on 16S rRNA gene sequences 
robustly positioned strain Bacillus stercoris CMB2 within the Bacillus stercoris clade. The isolate 
exhibited 100% sequence similarity to B. stercoris strain SG25, exceeding the widely accepted 
threshold for species-level identification. High bootstrap values at the corresponding nodes further 
support the reliability and stability of this phylogenetic placement. In comparison with closely related 
taxa within the genus Bacillus, stercoris species and strain CMB2 clustered tightly with reference 
sequences of B. stercoris, indicating strong genetic relatedness and minimal sequence divergence. 
Collectively, these molecular findings substantiate the accurate taxonomic assignment of B. stercoris 
CMB2 and corroborate the previously observed morphological and biochemical characteristics. 

3.2. Assessment of Phosphate-Solubilizing Capacity 

Ten rhizospheric bacterial isolates, selected after evaluating their nitrogen-fixing capacity and 
designated CBM1 to CBM10, were further assessed for their phosphate-solubilizing ability (PSB). The 
isolates were analyzed over a period of 7 days based on the diameter of the phosphate-solubilization 
halo. After 7 days of incubation, only strain CBM2 produced a clear solubilization halo, with a 
diameter of 24.6 mm and a colony diameter of 7.2 mm, corresponding to a D/d value of 3.42 (Figure 
3). 

 
(a) 

 
(b) 

Figure 3. Phosphate-solubilizing activity of B. stercoris CMB2 on NBRIP agar showing a clear halo zone (a) and 
soluble phosphorus concentration at 3, 5, and 7 days of incubation (b). 

Figure 3 illustrates the phosphate-solubilizing capacity of strain CMB2 on NBRIP medium. The 
formation of a distinct halo zone surrounding bacterial colonies confirms the ability of B. stercoris 
CMB2 to mobilize insoluble phosphate, indicating active secretion of solubilizing agents. 
Quantitative analysis further revealed a time-dependent increase in soluble phosphorus 
concentration, with values progressively rising from day 3 to day 7 of incubation. The gradual 
enhancement suggests sustained metabolic activity and continuous release of organic acids or 
phosphatases into the medium. The highest soluble phosphorus level recorded on day 7 indicates 
that phosphate solubilization efficiency improves during the late exponential phase of growth. This 
pattern demonstrates both qualitative (halo formation) and quantitative (P concentration) evidence 
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of effective phosphate solubilization. Compared with typical phosphate-solubilizing bacteria, the 
progressive increase over time suggests strong enzymatic activity and metabolic stability of B. 
stercoris CMB2 under in vitro conditions. 

3.3. Assessment of Nitrogen Fixation Capacity of B. stercoris CMB2 

Figure 4 illustrates the nitrogen accumulation dynamics of B. stercoris CMB2 over time. 
Nitrogenase activity increased progressively during the early incubation period, reaching a peak at 
the mid-logarithmic phase, followed by a gradual decline at later stages. A parallel trend was 
observed for total nitrogen concentration in the culture medium, indicating a positive correlation 
between enzymatic activity and nitrogen fixation efficiency. The highest nitrogenase activity 
coincided with maximal metabolic growth, suggesting optimal energy availability for the nitrogenase 
complex. The subsequent decrease is likely to reflect oxygen sensitivity and feedback regulation 
associated with accumulated nitrogen compounds. 

 
Figure 4. Nitrogenase activity (nmol C₂H₄ h⁻¹ mL⁻¹) and total nitrogen concentration (mg L⁻¹) of B. stercoris CMB2 
during incubation. 

4. Discussion 
4.1. Isolation and Morphophysiological Characterization of B. stercoris CMB2 

The ability of bacterial isolates to grow vigorously on nitrogen-free media remains a 
fundamental screening criterion for identifying putative diazotrophs, as sustained colony 
development reflects the presence of an active nitrogenase complex capable of atmospheric N₂ 
reduction [46]. Recent investigations confirm that isolates demonstrating robust proliferation on 
Burk’s or Ashby’s media frequently exhibit high nitrogenase activity when quantified using acetylene 
reduction or total nitrogen assays, thereby validating the reliability of this preliminary phenotypic 
selection strategy [47,48]. In the present study, the selected strains displayed intense growth under 
nitrogen-deficient conditions, indicating strong metabolic adaptation to N limitation and suggesting 
effective biological nitrogen fixation potential. Beyond diazotrophic capacity, oxidative stress 
tolerance is increasingly recognized as a determinant of rhizosphere competence. Elevated catalase 
and oxidase activities, as observed in B. stercoris CMB2, likely enhance detoxification of reactive 
oxygen species generated during root colonization and fluctuating soil redox conditions. Recent 
studies emphasize that antioxidant enzyme systems are closely associated with improved survival, 
root adherence, and persistence of plant growth promoting bacteria under field stresses, ultimately 
sustaining nitrogenase functionality [48,49]. The concurrence of diazotrophic growth and strong 
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oxidative defense mechanisms therefore supports the classification of B. stercoris CMB2 as a 
physiologically resilient candidate for bioinoculant development [50]. 

Environmental adaptability further strengthens its agronomic relevance. Salinity tolerance up to 
moderate NaCl concentrations and growth across a broad pH and temperature spectrum suggest 
metabolic plasticity and enzyme stability under abiotic stress [51]. Recent evidence indicates that 
diazotrophs capable of tolerating 3–5% NaCl and temperature fluctuations maintain more stable 
nitrogenase activity and rhizosphere colonization efficiency, particularly in marginal soils affected 
by salinization and climate variability [18,24,27]. pH adaptability is equally important, as nitrogenase 
expression and energy metabolism are sensitive to cytoplasmic pH shifts. Strains maintaining growth 
under variable pH conditions are more likely to sustain ATP generation and reductant supply 
required for N₂ fixation [18,24,27]. Collectively, the physiological robustness observed here aligns 
with current criteria for selecting high-performance nitrogen-fixing inoculants suited to diverse 
agroecological environments. Molecular identification based on 16S rRNA gene sequencing revealed 
≥98.65% similarity with reference strains, exceeding the widely accepted threshold for species 
delineation. Contemporary taxonomic frameworks continue to endorse this cutoff for preliminary 
identification, although genome-based metrics such as average nucleotide identity (ANI) are 
recommended for resolving closely related taxa within the genus Bacillus and allied groups 
[18,20,24,27]. Nonetheless, the observed 100% sequence similarity strongly supports species-level 
assignment and provides a reliable phylogenetic basis for subsequent functional characterization. 

4.2. Evaluation of Phosphate Solubilization Potential and Nitrogen Fixation Capacity of B. stercoris CMB2 

The formation of clear halos on NBRIP agar and the progressive increase in soluble phosphorus 
concentration over time indicate efficient mineral phosphate solubilization. This phenotype is 
typically attributed to the secretion of low-molecular-weight organic acids such as gluconic, citric, or 
oxalic acids which chelate cations bound to insoluble phosphates and lower the surrounding pH, 
thereby mobilizing P into bioavailable forms. Recent studies confirm that peak phosphate 
solubilization commonly coincides with the exponential growth phase, when carbon metabolism and 
organic acid production are most active [52]. The sustained increase in soluble P up to day 7 observed 
in B. stercoris CMB2 suggests stable metabolic activity rather than transient enzymatic release, 
highlighting its suitability for prolonged rhizosphere functioning. Comparable solubilization kinetics 
have been documented in efficient strains of Bacillus and related genera applied as biofertilizers in 
sustainable cropping systems [53]. The gradual yet consistent P release pattern is agronomically 
advantageous, as it aligns nutrient availability with plant demand while minimizing fixation losses 
in soil matrices. Moreover, simultaneous nitrogen fixation and phosphate mobilization may generate 
synergistic effects on plant nutrition, enhancing both N and P uptake efficiency and promoting root 
development [54]. 

Nitrogenase activity profiling revealed a peak during the exponential phase, followed by a 
decline in stationary growth. This trend is widely reported in diazotrophic bacteria and is 
mechanistically linked to increased ATP availability and reductant flux during active cell division 
[31,55,56]. As cultures transition to stationary phase, oxygen sensitivity of nitrogenase and regulatory 
feedback mechanisms typically suppress enzyme synthesis, leading to reduced activity [57]. The 
nitrogenase activity pattern observed in B. stercoris, with a maximum during exponential growth 
followed by decline in the stationary phase, aligns with established regulatory models of biological 
nitrogen fixation. Nitrogenase expression is closely linked to ATP availability, oxygen sensitivity, and 
feedback inhibition by fixed nitrogen, as recently discussed in Nitrogen [57,58]. Beyond B. stercoris, 
the strain exhibited oxidative stress tolerance, environmental adaptability, and effective phosphate 
solubilization. The integration of these complementary traits highlights the multifunctional potential 
of CMB2 as a next-generation biofertilizer to enhance nutrient-use efficiency and reduce dependence 
on synthetic fertilizers in sustainable agricultural systems [59,60]. 
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5. Conclusions 

This study successfully isolated and characterized a multifunctional endophytic bacterium, 
Bacillus stercoris CMB2, from baby maize roots cultivated in the Mekong Delta of Vietnam. The strain 
exhibited strong growth on nitrogen-free media, significant nitrogenase activity, and a consistent 
increase in total nitrogen accumulation, confirming its effective biological nitrogen fixation capacity. 
Notably, B. stercoris CMB2 was the only isolate among ten candidates demonstrating pronounced 
phosphate-solubilizing ability, evidenced by clear halo formation on NBRIP agar and a progressive 
rise in soluble phosphorus concentration over time. The strain also showed broad tolerance to salinity 
(up to 5% NaCl), temperature (15–45 °C), and pH (5.0–8.0), indicating high environmental 
adaptability. The key novelty of this work lies in the identification of a locally adapted B. stercoris 
CMB2 simultaneously possessing strong nitrogen-fixing and phosphate-solubilizing capacities from 
baby maize tissues in Vietnam. This dual-functional trait, combined with stress resilience, highlights 
its promising potential as a sustainable biofertilizer candidate to improve nutrient-use efficiency and 
reduce chemical fertilizer dependency in baby maize production systems. 
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