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This study was carried out to isolate and characterize rhizosphere bacterial strains with 
antagonistic activity against Fusarium spp., the causal agents of fruit rot in  lime (Citrus 
latifolia (Christm.) Swingle) orchards in Can Tho City, Vietnam. A total of 20 rhizosphere 
soil samples and 20 diseased fruit samples were collected for pathogen and antagonist 
isolation. Fourteen Fusarium spp. isolates were obtained, of which ten were further 
evaluated for pathogenicity on  lime fruits. Strains NBA7 and NBD1 produced typical 
fruit rot symptoms, with lesion diameters of 3.30 and 2.90 cm, respectively, at 240 h 
after inoculation, i.e. the pathogen was re-isolated from symptomatic tissues, satisfying 
Koch’s postulates. Based on morphological characteristics and ITS-region sequencing, 
isolates NBA7 and NBD1 were preliminarily identified as Fusarium oxysporum, showing 
100% ITS sequence similarity to reference sequences in GenBank. Thirty-nine bacterial 
strains were isolated from the rhizosphere of  lime, and five strains showing strong 
antagonistic activity against F. oxysporum NBA7 (37.3–45.2%) and NBD1 (34.5–63.8%) 
were selected. These strains were identified by 16S rDNA sequencing as Bacillus 
siamensis CT08 and KS03, Bacillus velezensis CT19, Bacillus aryabhattai CT11, and 
Bacillus amyloliquefaciens CT10. The selected strains produced chitinase (0.102–0.203 
IU/mL), endo-β-1,3-glucanase (0.096–0.392 IU/mL), and exo-β-1,3-glucanase (0.150–
0.413 IU/mL), and showed siderophore production ranging from 7.06% to 19.8%. These 
findings identify indigenous Bacillus strains with promising in vitro antagonistic traits 
and provide a basis for subsequent detached-fruit, greenhouse, and field validation. 
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INTRODUCTION 

Citrus crops, belonging to the Rutaceae family, are among 

the most important fruit crops worldwide and are highly 

valued for their nutritional potential (Yu et al., 2025). 

Citrus fruits are widely used in various sectors, including 

healthcare, industry, and food processing (Piattino et al., 

2024). In Vietnam, citrus cultivation is concentrated in 

several regions, particularly in the Mekong Delta, where 

favorable conditions support good adaptation to natural 

environments (Tran Nguyen et al., 2020). Lime is a 

prominent citrus crop with high agricultural potential in 

the Mekong Delta. In 2020, lime accounted for 20.2% of 

the citrus cultivation area and 18.4% of total citrus 

production in Vietnam (Liem et al., 2022).  

Despite its economic importance, citrus production is 

currently facing serious challenges from pests such as 

insects, nematodes, and especially microbial pathogens 

that adversely affect crop productivity (Nguyen et al., 
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2024; Bua et al., 2025; Pe rez-Hedo et al., 2025). Notably, 

several common diseases have been reported in lime 

cultivars, including citrus scab caused by Elsinoe fawcettii 

(Pham et al., 2025), citrus canker caused by Xanthomonas 

citri (Chen et al., 2025), and citrus tristeza virus disease 

(Sun et al., 2024). In particular, lime crops are severely 

affected by Fusarium oxysporum which significantly 

reduces yield and market value (Hasan et al., 2023).  

F. oxysporum has been increasingly reported as an 

important pathogen in citrus production systems in 

recent years. Typical disease symptoms include soft fruit 

rot, foul odor, and fruit surface discoloration ranging from 

yellow to brown, leading to serious losses in yield, 

postharvest quality, storage, and marketability (Ezrari et 

al., 2022; Hasan et al., 2023). Fruit rot caused by F. 

oxysporum adversely affects cultivation and crop 

management practices, reduces fruit quality, and 

ultimately decreases yield (Fogliata et al., 2013).  

In commercial production, chemical fungicides are 

commonly applied to control fruit rot and other diseases. 

However, the excessive use of pesticides has resulted in 

negative impacts on the environment and human health 

(Zhou et al., 2025). As a result, the demand for safe and 

sustainable biological solutions has increased and 

become a major priority in modern agriculture (Yildiz et 

al., 2025). Among these approaches, the application of 

antagonistic microorganisms represents a promising 

research direction (Monjezi et al., 2025).  

Rhizosphere bacteria are particularly valued due to their 

dual role in promoting plant growth and suppressing 

plant pathogens through mechanisms such as nutrient 

competition, antibiotic production, and induction of plant 

resistance (Thepbandit & Athinuwat, 2024; Mon et al., 

2021). Plant growth–promoting rhizobacteria (PGPR) are 

recognized as beneficial microorganisms that enhance 

nutrient availability through both direct and indirect 

mechanisms. Notably, direct mechanisms include 

pathogen suppression via the production of siderophores, 

antimicrobial compounds, and hydrolytic enzymes 

(Espinosa-Palomeque et al., 2025). Through these 

activities, PGPR can effectively inhibit soilborne and 

postharvest pathogens, including Fusarium species. 

Although numerous studies have demonstrated the 

antagonistic potential of rhizosphere bacteria against F. 

oxysporum in various crops, information regarding 

rhizosphere bacteria associated with lime and their 

antagonistic activity against F. oxysporum causing fruit rot 

in the Mekong Delta remains limited. In particular, the 

diversity of indigenous rhizosphere bacteria and their 

enzymatic and siderophore-producing abilities have not 

been sufficiently explored in lime orchards in Can Tho 

City, Vietnam. Therefore, this study aimed to isolate and 

identify fungi associated with fruit rot of lime, isolate and 

identify rhizosphere bacterial strains from lime fields, 

and evaluate their antagonistic activity against the causal 

pathogen. 

 

MATERIALS AND METHODS 

Duration, Study Site and Materials 

The experiment was conducted from October 2024 to 

December 2025. All experiments were carried out at the 

Mycology Laboratory, Faculty of Crop Science, College of 

Agriculture, Can Tho University, Vietnam. 

Soil and diseased samples were collected from six citrus-

growing households located in Dong Phuoc Commune 

and Nga Bay Ward, Can Tho City. Potato Dextrose Agar 

(PDA) medium was prepared for fungal cultivation 

following Beever and Bollard (1970). King’s B liquid and 

solid media were prepared according to King et al. (1954) 

and used for bacterial isolation and cultivation. 

Collection and Isolation of Fusarium spp. Samples 

Both diseased and healthy  lime fruits were collected from 

multiple locations within Dong Phuoc Commune and Nga 

Bay Ward, Can Tho City. Diseased samples were selected 

based on visible disease symptoms from local lime 

collection center. All samples were placed in nylon bags, 

transported to the laboratory, and processed following 

the protocol described by Burgess et al. (2009). Briefly, 

plant tissues were surface-cleaned with 70% ethanol to 

eliminate epiphytic microorganisms. Small tissue 

segments were excised from the interface between 

diseased and healthy tissues, surface-sterilized in 70% 

ethanol for 3–5 s, air-dried, and then placed onto Petri 

dishes containing 2% water agar (WA) at five diagonal 

positions. The plates were incubated at room 

temperature for 3–5 days. Emerging fungal mycelia were 

transferred to potato dextrose agar (PDA), and pure 

cultures were obtained using the single-spore isolation 

technique as described by Burgess et al. (2009). Fungal 

isolates were coded according to their collection sites, 

with “NB” representing Nga Bay Ward and “CT” 

representing Dong Phuoc Commune (formerly Chau 

Thanh District). The final two digits of each code 

represented the sequential isolate number. 

Pathogenicity of the selected Fusarium isolates was 

confirmed on healthy lime fruits following Koch’s 
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postulates. Healthy fruits were washed, surface-

disinfected with 70% ethanol, rinsed with sterile distilled 

water, and air-dried. Each fruit was wounded using a 

sterile needle bundle, and a 5-mm-diameter mycelial plug 

from a 7-day-old Fusarium culture grown on PDA was 

placed on the wound. Sterile PDA plugs were used as the 

negative control. The inoculated fruits were kept in sterile 

plastic containers lined with moist sterile filter paper to 

maintain high humidity and incubated at room 

temperature. Disease symptoms were observed daily 

after inoculation. After symptom development, fungal re-

isolation was carried out from the lesion margins. Re-

isolated colonies were purified and compared with the 

original isolates based on colony morphology and 

microscopic characteristics.  

Evaluation of the Growth of Fusarium spp. Isolates 

The experiment was arranged in a completely 

randomized design (CRD), with each fungal isolate 

considered as one treatment with three replicates. Each 

replicate consisted of four independently prepared Petri 

dishes used as biological replicates. Fungal isolates were 

inoculated onto PDA medium, and colony growth was 

evaluated by measuring colony diameter at 48, 96, 120, 

and 144 hours after inoculation (HAI), following Nguyen 

et al. (2024). Colony growth was calculated using the 

following formula: D = (d1 + d2)/2, where d1 and d2 

represent two perpendicular measurements across the 

colony. In addition, colony morphology, including 

mycelial growth pattern and surface and reverse colony 

coloration, was visually recorded. The mean spore size 

was determined based on measurements of two 

perpendicular diagonal axes of the spores (Burgess et al., 

2009). 

Evaluation of the Pathogenicity of Fusarium spp. 

Isolates under Laboratory Conditions  

Experimental procedure 

The experiment was arranged in a completely 

randomized design with four independent fruit replicates 

per fungal isolate. Artificial inoculation was carried out by 

rinsing healthy fruits with water and disinfecting them 

with 70% ethanol. Wounds were created at the 

inoculation sites using a needle bundle, after which 20 µL 

of sterile distilled water was applied. A 5-mm-diameter 

fungal mycelial plug from an actively growing culture was 

placed onto each wound. The inoculated fruits were then 

placed in containers where high humidity was maintained 

using filter paper moistened with sterile distilled water 

(Burgess et al., 2009). 

Assessment parameter 

Lesion diameter (cm) was measured at 3, 5, and 10 days 

after inoculation (72, 120, and 240 HAI). 

Characteristics and morphology of spores 

The morphology of spores, including macroconidia, 

microconidia, conidiophores, and hyphae, was observed. 

The sizes of macroconidia and microconidia were 

measured following the criteria described by Nelson 

(1983). Spore dimensions were measured under a light 

microscope at 1000× magnification using ToupView 

software equipped with an ocular micrometer.  

Identification of Fusarium spp. isolates  

Genomic DNA was extracted from fungal mycelia obtained 

from colonies grown on PDA for 7–10 days. Mycelial 

samples were transferred into 2.2 mL microcentrifuge 

tubes, vortexed thoroughly, and incubated at room 

temperature for 10 min. The samples were then 

centrifuged at 13,000 rpm for 5 min, and the DNA pellet 

was washed with 500 µL of 70% ethanol, followed by 

centrifugation at 13,000 rpm for 5 min and vacuum 

drying. The DNA was subsequently resuspended in 100 

µL of 0.1× TE buffer.  

PCR amplification of the ITS region was performed using 

the primer ITS1 (5′-TCCGTAGGTGAACCTGCGG-3′) and 

ITS4 (5′-TCCTCCGCTTATTGATATGC-3′) (White et al., 

1990). Each PCR reaction was carried out in a total 

volume of 50 µL under the following conditions: initial 

denaturation at 95°C for 5 min; 30 cycles of denaturation 

at 95°C for 90 s, annealing at 52°C for 60 s, and extension 

at 72°C for 90 s; followed by a final hold at room 

temperature. PCR products were purified and sequenced 

using an automated DNA sequencer. The obtained 

sequences were compared with reference sequences in 

the GenBank database of the National Center for 

Biotechnology Information (NCBI) using the Basic Local 

Alignment Search Tool for nucleotides (BLASTN), version 

2.14.0 (National Library of Medicine, MD, USA). Multiple 

sequence alignment was performed using ClustalW 

algorithm implemented in MEGA version 12 (Molecular 

Evolutionary Genetics Analysis, PA, USA). Phylogenetic 

trees were constructed in MEGA 12, with genetic 

distances calculated using Jukes–Cantor model and tree 

robustness assessed by bootstrap analysis with 1,000 

replicates (Eboigbodin & Biggs, 2008). 

Collection and Isolation of Rhizosphere Bacteria with 

Antagonistic Potential against Fusarium oxysporum 

on Citrus Plants 

Rhizosphere soil samples were collected from healthy  lime 
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plants in An Lac Thon Commune, Dong Phuoc Commune, 

and Nga Bay Ward. Approximately 5 g of soil was collected 

from the rhizosphere of each plant and transported to the 

laboratory for processing (Mosca et al., 2024). For bacterial 

isolation, three grams of soil was suspended in 30 mL of 

distilled water and shaken for 30 min (Abdulkadir & 

Waliyu, 2012). The suspension was subsequently serially 

diluted to 10-2, and 20 µL of each dilution was plated onto 

Petri dishes containing King’s B medium, with two plates 

prepared per sample. The Petri dishes were incubated for 

2–3 days, after which single colonies were purified and 

preserved in glycerol stocks at 4°C. 

Screening of Rhizosphere Bacteria with Antagonistic 

Activity against Fusarium oxysporum 

Antagonistic activity against F. oxysporum was evaluated 

using a dual-culture assay with four replicates per 

treatment. A 5-mm-diameter fungal mycelial plug was 

placed at the center of PDA plates, and bacterial isolates 

were streaked at three equidistant positions opposite the 

fungal plug, approximately 1 cm from the edge of the dish 

(Yoon et al., 2012). 

Assessment parameters 

• Radius of the inhibition zone (RIZ) 

• Antagonistic efficiency (AE), calculated using 

Abbott’s formula (1925): 

 𝐺𝐼 (%)  =  
𝐶−𝑇

𝐶
 𝑥 100 

where GI (%) represents antagonistic efficiency; C is the 

radius of fungal colony growth toward the control side 

(cm); and T is the radius of fungal colony growth toward 

the side treated with the antagonistic agent (cm). 

Evaluation of the Antagonistic Activity of Rhizosphere 

Bacterial Isolates against Fusarium oxysporum under 

Laboratory Conditions 

Further antagonistic activity assays were conducted in 

which each treatment consisted of one bacterial isolate 

with four replicates, each replicate represented by four 

independently prepared Petri dishes as biological 

replicates. In the first step, a dual-culture setup was 

established by placing a 5-mm-diameter fungal mycelial 

plug at the center of a Petri dish containing PDA medium. 

Subsequently, sterile filter paper discs (5 mm in 

diameter) impregnated with bacterial suspensions at a 

concentration of 107 CFU mL-1 were placed on the 

medium, positioned symmetrically on two opposite sides 

of the fungal plug and approximately 1 cm from the edge 

of the dish. In some treatments, bacterial inoculum was 

directly applied by piercing the fungal plug. Distilled 

water was used as a negative control (Iqbal et al., 2024). 

Assessment parameters 

• Radius of the inner inhibition zone (RIZ) 

• Antagonistic efficiency (AE), calculated according to 

Abbott (1925):         

𝐺𝐼 (%)  =  
𝐶 − 𝑇

𝐶
 𝑥 100 

where GI (%) denotes antagonistic efficiency; C is the 

radius of fungal colony growth toward the control side 

(cm); and T is the radius of fungal colony growth toward 

the side treated with the antagonistic agent (cm). 

Molecular Identification of Bacterial Isolates with 

High Antagonistic Potential 

The extracted DNA was subjected to PCR amplification of 

the 16S rRNA gene using primers 8F and 1492R (Turner 

et al., 1999), as described in the iProof™ High-Fidelity 

PCR Kit protocol (Bio-Rad), and amplified using a T100™ 

thermal cycler (Bio-Rad, Hercules, CA, USA). PCR product 

sizes were verified by comparison with a DNA ladder. The 

PCR products were purified using TIANquick Midi 

Purification Kit (Tiangen Biotech Ltd., Beijing, China) 

according to the manufacturer’s instructions and re-

evaluated for purity by electrophoresis on a 1.0% (w/v) 

agarose gel. Purified PCR products were sequenced using 

an automated DNA sequencer at Macrogen DNA 

Sequencing Service (Macrogen, Seoul, Korea). Sequence 

chromatograms were analyzed using BioEdit software 

version 7.0.5.3 (Hall, 1999) and ChromasPro version 1.7. 

The resulting bacterial sequences were compared with 

reference sequences available in the GenBank database 

using Basic Local Alignment Search Tool (BLAST) of the 

National Center for Biotechnology Information (NCBI) to 

determine sequence similarity. 

Evaluation of the In Vitro Antagonistic Potential of 

Rhizosphere Bacteria 

Evaluation of the Production of Degradative Enzymes 

Determination of chitinase activity: Chitinase activity 

was assayed following the method of Bruce et al. (1995), 

based on the amount of reducing sugars released and 

quantified using the Nelson–Somogyi reagent. Reducing 

sugars react with copper reagent upon heating to form a 

brick-red precipitate, which subsequently reacts with the 

arsenomolybdate reagent to produce a blue color, with 

absorbance measured at 520 nm. Chitinase activity was also 

verified by measuring optical density at 490 nm. Chitinase 

activity was determined by incubating 1 mL of enzyme 

solution with 1 mL of chitin substrate (1% chitin in acetate 

buffer, pH 6.0) at 40°C for 60 min. The amount of reducing 
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sugars released during the reaction was recorded. According 

to the Nelson method, one unit of enzyme activity (IU mL-1) 

was defined as the amount of reducing sugar released per 

minute by 1 mL of enzyme at 40°C and pH 6.0. 

Determination of endo-β-1,3-glucanase and exo-β-

1,3-glucanase activities: 

Enzyme activities were determined according to the method 

described by Nelson (1944). For each assay, 1 mL of enzyme 

solution was incubated with 1 mL of carboxymethyl cellulose 

(CMC; 1% in acetate buffer, pH 5.0) at 40°C for 60 min, after 

which the amount of glucose released was quantified using 

the Nelson–Somogyi method. One IU of β-1,3-glucanase 

activity was defined as the amount of enzyme releasing 1 

µmol of glucose equivalent per minute under the assay 

conditions. Activities were expressed as IU/mL of enzyme 

solution. 

Evaluation of siderophore production 

Determination of siderophore activity: The experiment 

was arranged in a completely randomized design using 

liquid King’s B medium supplemented with siderophore 

precursors, including 1 g L-1 succinate and 0.5 µM FeCl3 

·6H2O. After 96 h of incubation, the culture broth was 

centrifuged at 3,500 rpm for 5 min. Subsequently, 1 mL of 

the supernatant was mixed with 1 mL of the color 

indicator solution, and absorbance was measured at 630 

nm using a spectrophotometer (Schwyn & Neilands, 

1987). The color indicator solution consisted of 6 mL of 

10 mM hexadecyltrimethylammonium bromide 

(HDTMA), 1.5 mL of 1 mM FeCl3 ·6H2O (prepared in 10 

mM HCl), and 7.5 mL of 2 mM chrome azurol S (CAS). In 

addition, 4.307 g of anhydrous piperazine was added to 

the mixture, and the pH was adjusted precisely to 5.6. 

Distilled water was then added, and the solution was 

mixed thoroughly. Finally, 0.1017 g of 5-sulfosalicylic acid 

was accurately weighed, dissolved in the solution, mixed 

well, and brought to a final volume of 100 mL with 

distilled water in a volumetric flask. Siderophore 

production was expressed as percent siderophore units 

(PSU) using the following formula: 

PSU (%) = [(Ar − As) / Ar] × 100 

where: Ar is the absorbance of the reference solution and 

As is the absorbance of the sample supernatant mixed 

with CAS reagent. Both absorbance values were measured 

at 630 nm. 

Data Analysis  

Data were analyzed using SPSS statistical software 

version 13.0. Analysis of variance (ANOVA) was 

performed, and differences among mean values were 

compared using Duncan’s multiple range test at the 5% 

significance level. Mean values, significance levels, and 

coefficients of variation (CV) are reported in the tables. 

Experimental units were independent Petri dishes or 

fruits, as described above, whereas repeated 

measurements within a dish or fruit were treated as 

technical observations and averaged before analysis. 

Because enzyme and siderophore assays were performed 

only on the selected strains, these traits were interpreted 

as associative indicators of potential mechanisms rather 

than as direct proof of causality. 

 

RESULTS 

Fusarium spp.  

Collection and isolation of Fusarium spp. 

Disease symptoms on infected fruits collected from local 

lime collection center in Dong Phuoc Commune and Nga 

Bay Ward included large, raised lesions at a single point 

surrounded by smaller rough protuberances, with pale 

yellow margins. Additional symptoms included irregular 

shapes and dark brown to black lesions along the fruit 

surface, often with lighter centers and light brown 

margins.  

A total of 20  lime fruit samples were collected, from 

which 14 Fusarium spp. isolates causing fruit rot were 

obtained, including 13 isolates from Nga Bay Ward, Can 

Tho City and one isolate from Dong Phuoc Commune, Can 

Tho City. The isolated fungi exhibited relatively similar 

morphological characteristics and growth characteristics. 

When cultured on PDA medium at room temperature, 

colonies grew relatively slowly and completely covered 

the Petri dishes after approximately 8 days. Colony colors 

ranged from creamy white to dark purple, light purple, 

and reddish-orange. The mycelial surface was smooth and 

closely appressed to the medium, forming concentric 

rings on the reverse side of the Petri dishes. Some 

colonies exhibited fine white mycelia, sparse white 

mycelia, or interwoven white and purple mycelial growth. 

Growth ability of Fusarium spp. 

Colony diameters of the fungal isolates were recorded at 

different observation times when cultured on PDA medium. 

At 48 h after inoculation (HAI), the growth of isolates NBA2, 

NBD1, and NBD7 was relatively high, with colony diameters 

of 2.57, 2.42, and 2.48 cm, respectively. In contrast, isolates 

NBA4, NBD8, and NBD9 exhibited the smallest colony 

diameters at 48 HAI, measuring 1.88, 1.93, and 1.88 cm, 

respectively. At 96 HAI, colony growth among the isolates 

was relatively uniform. Isolate NBA2 showed the largest 
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colony diameter (5.47 cm), whereas isolate NBC9 exhibited 

the smallest diameter (4.10 cm). The remaining isolates had 

colony diameters ranging from 4.23 to 5.42 cm. At 120 HAI, 

isolate NBD6 exhibited the greatest colony diameter (8.18 

cm), followed by isolates NBA7 and NBD7, which showed 

identical diameters of 7.58 cm. Isolate NBD9 had the 

smallest colony diameter at this time (6.10 cm), while the 

other isolates ranged from 6.18 to 7.53 cm. At 144 HAI, no 

substantial differences in colony diameter were observed 

among most isolates. Isolates CTH3, NBA2, NBA3, NBA3(2), 

NBA7, NBC7, NBD1, NBD6, NBD8, and NBD9 did not differ 

significantly, all reaching a colony diameter of 9.00 cm. In 

contrast, isolate NBC1(1) exhibited the smallest diameter at 

144 HAI, measuring 8.07 cm (Table 1). 

 

Table 1. Diameter of the pathogenic fungus (cm) on Petri dishes at different growth stages of Fusarium oxysporum. 

No. Isolate’s name 
Hours after inoculation 

48 96 120 144 

1 CTH3 2.00cde 4.35de 7.01d 9.00a 

2 NBA2 2.57a 5.47a 7.33c 9.00a 

3 NBA3 2.15bc 4.67cd 7.00d 9.00a 

4 NBA3(2) 1.95de 4.92bc 6.48f 9.00a 

5 NBA4 1.88e 4.55cde 6.18h 8.67b 

6 NBA7 2.23b 5.25ab 7.58b 9.00a 

7 NBC1(1) 2.20b 4.73cd 6.25gh 8.07c 

8 NBC7 2.23b 5.25ab 7.58b 9.00a 

9 NBC9 2.10bcd 4.10e 6.77e 8.08c 

10 NBD1 2.42a 5.30ab 7.53bc 9.00a 

11 NBD6 2.02cde 5.42ab 8.18a 9.00a 

12 NBD7 2.48a 5.32ab 7.58b 8.20c 

13 NBD8 1.93e 4.58cde 6.25gh 9.00a 

14 NBD9 1.88e 4.23de 6.10h 9.00a 

Significance * * * * 

CV (%)  4.03 5.52 1.96 1.06 

 Notes: *: Within a column, means followed by different lowercase letters differ significantly at P < 0.05 according to 

Duncan’s multiple range test. * = significant at the 5% level. 

 

Pathogenicity of Fusarium spp. isolates on  lime Fruits 

At 72 HAI, a total of 80% of the fungal isolates exhibited 

disease symptoms, characterized by a color change of 

lime fruits from green to yellow, with brown lesions at the 

infection sites. Lesion diameters differed among fungal 

isolates. Notably, isolate NBD6 produced the largest 

lesion diameter (1.05 cm), whereas isolates CTH3, 

NBA3(2) and NBD8 exhibited the smallest lesion 

diameter (0.39-0.44 cm) (Table 2). At 120 HAI, lesions 

expanded further, and the lime fruits turned uniformly 

yellow, lesion diameters ranged from 0.53 to 1.64 cm. 

Among the isolates, NBD1 and NBD6 showed the highest 

pathogenicity, producing the largest lesion diameter of 

1.63-1.64 cm (Table 2). However, by 240 HAI, lesions had 

enlarged into extensive brown necrotic areas, 

accompanied by soft rot and the development of white 

mycelia on the fruit surface. The isolate NBA7 produced 

the largest lesion diameter (3.30 cm), which was 

significantly greater than those caused by the remaining 

isolates NBC7, NBD6, NBA3, NBD1, NBA3(2), NBA2, 

NBD8, NBD9, and CTH3 (Table 2). In summary, 80% of the 

Fusarium spp. isolates were capable of causing fruit rot in 

lime, exhibiting typical disease symptoms with varying 

levels of severity as reflected by lesion diameter. At 240 

HAI, isolate NBA7 showed the highest pathogenicity 

among the 10 isolates evaluated and was therefore 

selected for subsequent experiments.
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Table 2. Diameter of lesions (cm) on fruits at different days after inoculation with Fusarium oxysporum. 

No. Isolate’s name 
Hours after inoculation 

72 120 240 

1 CTH3 0.39f 0.44g 0.65g 

2 NBA2 0.69d 0.98d 2.10c 

3 NBA3 0.84b 0.84c 1.80d 

4 NBA3(2) 0.40f 0.80e 1.10f 

5 NBA7 0.74c 1.25b 3.30a 

6 NBC7 0.64d 1.08c 1.60e 

7 NBD1 0.53e 1.64a 2.90b 

8 NBD6 1.05a 1.63a 1.92d 

9 NBD8 0.40f 0.53f 0.70g 

10 NBD9 0.44f 0.48fg 0.62g 

Significance * * * 

CV (%) 6.02 4.68 5.50 

Notes: *: Within a column, means followed by different lowercase letters differ significantly at P < 0.05 according to 

Duncan’s multiple range test. * = significant at the 5% level. 

 

Spore morphology of Fusarium spp. 

Microscopic observations revealed the presence of chlamydospores, characterized as thick-walled, spherical structures 

occurring singly or in clusters. In addition to chlamydospores, microconidia were also observed, appearing straight to 

slightly, oval to elliptical in shape, or nearly straight forms and slightly rounded ends (Figure 1). 

(a) (b) 

  
(c) (d) 

  
(a) (b) Spores of fungal strain NBA7 after 8 days of incubation; (c) (d) spores of fungal strain 

NBD1 after 8 days of incubation 

Figure 1. Spore morphology of Fusarium oxysporum. 
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Molecular identification of Fusarium spp. isolates 

Phylogenetic analysis based on the ITS region using the 

Maximum Likelihood method showed the two fungal 

isolates, NBA7 and NBD1, clustered with F. oxysporum 

with 100% sequence similarity. Isolate names highlighted 

in bold represent F. oxysporum reference sequences 

(OM514896; OM514897; PP944822; ON334167). 

Bootstrap support values from 1,000 replicates are 

indicated at each node. The scale bar represents 0.01 

substitutions per nucleotide position (Figure 2). In 

addition, these two isolates were clearly differentiated 

from other species within the genus, such as F. solani. The 

closest related species was F. proliferatum (AB106228; 

AB106224), showing 100% sequence similarity, while a 

more distant relationship was observed with Alternaria 

longipes (OM398738).

 

 

 
Figure 2. Phylogenetic tree constructed based on ITS sequences of Fusarium spp., compared with closely related strains 

available in the GenBank database. Note: Accession numbers are shown in parentheses. Alternaria longipes (OM398738) 

was used as the outgroup. 

 

Isolation of rhizosphere bacteria  

Thirty-nine bacterial strains were isolated from the 

rhizosphere soil of healthy  lime plants. Among them, four 

strains exhibited Pseudomonas-like colonies 

characterized by opaque, glossy, and smooth morphology. 

The remaining 35 bacterial isolates formed circular or 

irregular colonies with dry and wrinkled surfaces, 

predominantly white to creamy yellow in color, which are 

characteristic of Gram-positive bacteria. 

Screening of rhizosphere bacteria antagonistic to F. 

oxysporum  

A total of 39 rhizosphere bacterial strains isolated from 

lime rhizosphere soil were used to evaluate their 

inhibitory activity against F. oxysporum under in vitro 

conditions. Fifteen bacterial isolates showed antagonistic 

activity against F. oxysporum and were classified 

according to inhibition levels as follows: 0–20 (no 

antagonism, +), 21–49 (moderate antagonism, ++), and 

≥50 (strong antagonism, +++) (Table 3). These 15 

bacterial isolates were selected for further evaluation of 

antagonistic activity over time against two selected 

fungal strains, NBA7 and NBD1 (Figure 3). Following the 

screening of potential antagonistic bacteria against F. 

oxysporum, the colony morphology of the 15 selected 

strains grown on King’s B agar at 7 DAI was characterized 

by opaque white, dull, or pale yellow colonies. The 

colonies exhibited a dry, rough, and uneven surface with 

dense growth, which is characteristic of Gram-positive 

bacterial groups (Figure 3). 
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Table 3. Antagonistic activity of rhizosphere bacteria against the fungal strain Fusarium oxysporum NBA7. 

No. Strain name 
Hours after inoculation 

72 96 120 

1 CT01 + + + 

2 CT02 + + + 

3 CT03 ++ ++ ++ 

4 CT04 +++ +++ +++ 

5 CT05 + + + 

6 CT06 + + + 

7 CT07 + + + 

8 CT08 +++ +++ +++ 

9 CT09 + + + 

10 CT10 + + + 

11 CT11 + + + 

12 CT12 ++ ++ ++ 

13 CT13 + + + 

14 CT14 ++ ++ ++ 

15 CT15 ++ ++ ++ 

16 CT16 + + + 

17 CT17 + + + 

18 CT18 ++ ++ ++ 

19 CT19 ++ ++ ++ 

20 CT20 + + + 

21 CT21 + + + 

22 CT22 + + + 

23 CT23 + + + 

24 KS01 +++ +++ +++ 

25 KS02 +++ +++ +++ 

26 KS03 +++ +++ +++ 

27 KS04 + + + 

28 NB01 + + + 

29 NB02 + + + 

30 NB03 ++ ++ ++ 

31 NB04 + + + 

32 NB05 +++ +++ +++ 

33 NB06 +++ +++ +++ 

34 NB07 + + + 

35 NB08 + + + 

36 NB09 + + + 

37 NB10 + + + 

38 NB11 + + + 

39 NB12 ++ ++ ++ 
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(a)  (b)  

  

(c)  (d)  

  

(e) (f) 

  

(a) Control (b) NB01 and CT11 (c) CT17 and CT08 (d) KS03 and KS02 (e) CT03 and CT19 (f) NB08 and CT10  

Figure 3. Rhizosphere bacterial strains antagonistic to the Fusarium oxysporum strain NBA7. Notes: 0–20% = low or no 

antagonistic activity (+); 21–49% = moderate antagonistic activity (++); ≥50% = strong antagonistic activity (+++). 

 

Antagonistic Activity of Rhizosphere Bacteria against 

F. oxysporum Causing Citrus Fruit Rot using the Dual 

Culture Method 

Antagonistic activity of rhizosphere bacteria against 

F. oxysporum NBD1 

Antagonistic efficiency (%): At 72 HAI, the mean 

antagonistic efficiency (AE) was 9.48%. Among the tested 

strains, KS03 exhibited the strongest antagonistic activity 

with an AE of 30.5%. In contrast, strain CT04 did not show 

any inhibitory ability. The remaining strains showed 

moderate AE values ranging from 5.00% to 11.4%. At 96 

HAI, the mean AE increased to 17.7%. Strain KS03 showed 

the highest AE (51.1%), which was markedly higher than 

that of the other strains. Meanwhile, strain CT23 

exhibited the lowest AE at this time  (9.04%), whereas 

strain CT04 showed improved growth compared with 72 

HAI, indicating the expression of antifungal activity. By 

120 HAI, the mean AE reached 24.1%, representing an 

increase compared with 96 HAI. Antagonistic efficiency 

differed among the bacterial strains. Strains KS03, CT19, 

and CT10 exhibited significant inhibition of the fungus, 

with AE values of 58.1%, 41.4%, and 39.2%, respectively. 

In contrast, strains CT04, CT23, and NB08 maintained low 

AE values ranging from 10.8% to 16.7%. At 144 HAI, the 

mean AE reached its highest level at 30.7%. Strain KS03 

maintained the highest antagonistic efficiency (63.8%), 

followed by strains CT19 (47.4%), CT10 (43.6%), and 

CT11 (40.2%). Conversely, strains CT04, CT23, and NB08 

maintained lower AE levels, ranging from 15.6% to 18.0% 

(Figure 3; Table 4).
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Table 4 Antagonistic efficiency (%) of rhizosphere bacteria against Fusarium oxysporum NBD1. 

No. Strain name 
Hours after inoculation 

72 96 120 144 

1 CT03 10.5bcd 10.1ef 16.3efg 22.6h 

2 CT04 0.0e 13.8ef 15.9efg 15.6i 

3 CT08 11.4bc 11.7ef 20.7d 34.5ef 

4 CT10 5.71cd 26.2c 39.2b 43.6c 

5 CT11 12.1b 19.7d 33.7c 40.2cd 

6 CT17 8.57bcd 10.6ef 20.7d 30.5g 

7 CT19 11.4bc 31.4b 41.4b 47.4b 

8 CT23 6.43bcd 9.04f 10.8hi 18.0i 

9 KS02 8.57bcd 11.7ef 16.7efg 32.5fg 

10 KS03 30.5a 51.1a 58.1ab 63.8a 

11 NB01 10.0bcd 10.6ef 7.37i 11.0j 

12 NB02 7.86bcd 14.9e 18.4ef 22.9h 

13 NB04 5.00de 10.6ef 15.6efg 24.0h 

14 NB05 5.52cd 21.5d 33.9c 37.2de 

15 NB08 8.57bcd 12.1ef 13.3gh 16.4i 

Average 9.48 17.7 24.1 30.7 

Significance * * * * 

CV (%) 38.1 18.3 12.8 8.15 

Note: Within a column, means followed by different lowercase letters differ significantly at P < 0.05 according to Duncan’s 

multiple range test. * = significant at the 5% level. 

 

Radius of the inhibition zone (RIZ): Across the 

observation times of 72, 96, 120, and 144 hours after 

inoculation (HAI), the RIZ values of the 15 rhizosphere 

bacterial strains ranged from 0.10 to 1.56 cm, reflecting 

varying levels of pathogen inhibition among the strains 

(Table 5). At 72 HAI, the highest RIZ was observed in 

strain NB01 (1.56 cm), followed by strains CT08 and 

CT11, both with RIZ values of 1.50 cm, indicating strong 

inhibitory effects. In addition, strain CT17 showed a RIZ 

of 0.82 cm, whereas strain KS03 exhibited a lower value 

of 0.35 cm. At 96 HAI, RIZ values ranged from 0.23 to 1.00 

cm. Strain NB01 again showed the highest RIZ (1.00 cm), 

while strain CT17 exhibited the lowest value (0.23 cm). 

The remaining strains showed RIZ values as follows: CT11 

(0.35 cm), CT08 (0.48 cm), CT04 (0.50 cm), CT23 (0.48 

cm), NB02 (0.57 cm), NB04 (0.35 cm), KS03 (0.33 cm), 

KS02 (0.85 cm), CT19 (0.44 cm), CT03 (0.28 cm), CT10 

(0.50 cm), NB08 (0.85 cm), and NB05 (0.52 cm). At 120 

HAI, three rhizosphere bacterial strains, NB05, CT08, and 

KS02, maintained stable antagonistic activity, with RIZ 

values of 0.50 cm, 0.48 cm, and 0.48 cm, respectively. 

Similarly, strains CT17 and CT03 did not exhibit 

antagonistic activity at this time point, with RIZ values of 

0.00 cm. By 144 HAI, antagonistic activity decreased in 

most strains. Notably, strain CT08 maintained a relatively 

high RIZ (0.46 cm), followed by strain KS03 (0.45 cm), 

indicating continued inhibition of the fungal pathogen. 

However, several strains, including CT17, CT04, CT23, and 

NB02, did not show any inhibitory activity. Overall, results 

recorded from 72 to 144 HAI indicated that strains NB01, 

CT08, and KS02 consistently exhibited strong 

antagonistic potential (Figure 4). 

Antagonistic activity of rhizosphere bacteria against 

F. oxysporum NBA7 

Antagonistic efficiency (%): The antagonistic ability of 

rhizosphere bacterial strains against F. oxysporum NBA7 

was evaluated based on antagonistic efficiency (AE) 

(Table 6). At 72 hours after inoculation (HAI), the mean 

AE reached 11.9%. The bacterial strains NB05 and KS03 

exhibited strong antagonistic activity against F. 

oxysporum NBA7, with AE values ranging from 7.02% to 

23.7%. Among them, strain KS03 showed significantly 

higher antagonistic efficiency compared with the other 

strains. In addition, several strains such as CT04, CT10, 

CT08, and CT11 also showed relatively high AE values of 

14.9%, 14.9%, 13.2%, and 11.8%, respectively.  
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Table 5. Radius of the inhibition zone (cm) against Fusarium oxysporum NBD1 at different observation times. 

No. Strain name 
Hours after inoculation 

72 96 120 144 
1 CT03 0.86fg 0.28ef 0.00j 0.00f 
2 CT04 1.19c 0.50cd 0.17gh 0.00f 
3 CT08 1.50ab 0.48cd 0.48ab 0.46a 
4 CT10 1.05de 0.50cd 0.43bc 0.35bc 
5 CT11 1.50ab 0.35e 0.23fg 0.24d 
6 CT17 0.82g 0.23f 0.00j 0.00f 
7 CT19 0.50h 0.44d 0.29ef 0.38b 
8 CT23 1.11cd 0.48de 0.05ij 0.00f 
9 KS02 1.44b 0.85b 0.48ab 0.34c 
10 KS03 0.35i 0.33e 0.38cd 0.45a 
11 NB01 1.56a 1.00a 0.47ab 0.10e 
12 NB02 1.13cd 0.57c 0.17gh 0.00f 
13 NB04 0.92fg 0.35e 0.10hi 0.00f 
14 NB05 0.95ef 0.52cd 0.50a 0.33c 
15 NB08 1.48ab 0.85b 0.35de 0.10e 

Average 1.09 0.51 0.27 0.18 
Significance * * * * 

CV (%) 6.49 11.0 17.6 15.4 
Note: Within a column, means followed by different lowercase letters differ significantly at P < 0.05 according to Duncan’s 

multiple range test. * = significant at the 5% level. 

 

(a)  (b)  

(c)  (d)  

(e)  (f)  

(a)Control (b) CT11 and NB01 (c) CT08 and CT17 (d) KS03 and KS02 (e) CT19 and CT03 (f) CT10 and NB08  

Figure 4. Rhizosphere bacterial strains antagonistic to the fungal strain NBD1. 

In contrast, strains CT03 and NB05 exhibited the lowest AE at 72 HAI, with values of 7.89% and 7.02%, 
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respectively. At 96 HAI, the mean AE was 16.9%, 

indicating that the bacterial strains maintained their 

inhibitory activity against the pathogen. Strain KS03 

showed a markedly higher AE (39.4%) than the 

remaining strains. Similarly, strains with moderate AE 

included CT10, CT11, and CT19, with values of 25.0%, 

24.6%, and 24.2%, respectively. However, strains CT17 

and CT03 maintained low AE levels, ranging from 

approximately 8.22% to 9.68%. By 120 HAI, the mean AE 

increased to 21.4%, higher than that at 96 hours. Strain 

KS03 exhibited the highest AE (47.6%), followed by 

strains CT11, CT10, CT19, and CT08, with AE values of 

36.2%, 35.1%, 33.3%, and 27.4%, respectively. In 

contrast, strains CT17 (7.10%) and CT23 (9.50%) 

showed the lowest AE values. At 144 HAI, the mean AE 

reached 30.7%, the highest among the four observation 

times. Strain KS03 achieved an AE of 45.2%, maintaining 

strong antagonistic activity, followed by strain CT11 with 

44.0%. Other strains with high activity included CT10 

(39.3%), CT19 (37.3%), and CT08 (36.3%), which 

differed significantly from strains KS03 and CT11. 

Conversely, strains KS02, CT04, and CT23 exhibited the 

lowest AE values, at 11.9%, 18.3%, and 19.3%, 

respectively (Figure 5).

 

Table 6. Antagonistic efficiency (%) of rhizosphere bacteria against Fusarium oxysporum NBA7. 

No. Strain name 
Hours after inoculation 

72 96 120 144 

1 CT03 7.89ef 9.68de 11.9e 23.1ef 

2 CT04 14.9b 16.2c 10.3ef 18.3h 

3 CT08 13.2bc 14.1cd 27.4c 36.3bc 

4 CT10 14.9b 25.0b 35.1b 39.3b 

5 CT11 11.8bcd 24.6b 36.2b 44.0a 

6 CT17 8.22def 8.2e 7.10f 29.8d 

7 CT19 11.4b-e 24.2b 33.3b 37.3bc 

8 CT23 11.2b-e 11.8cde 9.50ef 19.3gh 

9 KS02 9.21def 11.1de 10.1ef 11.9j 

10 KS03 23.7a 39.4a 47.6a 45.2a 

11 NB01 11.2b-e 15.8c 12.5e 21.9fg 

12 NB02 10.5c-f 14.1cd 18.5d 25.7e 

13 NB04 9.65c-f 12.6cde 20.8d 34.3c 

14 NB05 7.02f 15.9c 21.4d 34.3c 

15 NB08 13.2bc 10.4de 19.2d 39.3i 

Average 11.9 16.9 21.4 30.7 

Significance * * * * 

CV (%) 19.6 16.7 9.81 7.22 

Note: Within a column, means followed by different lowercase letters differ significantly at P < 0.05 according to Duncan’s 

multiple range test. * = significant at the 5% level. 

 

Inhibition zone (RIZ): The antagonistic ability of 

rhizosphere bacteria against Fusarium oxysporum NBA7 

was also evaluated based on the radius of the inhibition 

zone (RIZ) (Table 7). At 72 HAI, most strains showed 

relatively large inhibition zone radii, ranging from 0.37 

cm to 1.47 cm. Among them, strains NB01, NB08, and 

KS02 exhibited high RIZ values of 1.47 cm, 1.42 cm, and 

1.36 cm, respectively. In contrast, strains NB02 and KS03 

showed lower values of 0.63 cm and 0.37 cm, 

respectively. The remaining strains ranged from 0.83 cm 

to 1.10 cm (Table 7). At 96 HAI, strain NB01 maintained 

a high RIZ value of 1.21 cm, while NB08 reached 0.93 cm, 

followed by KS02 at 0.83 cm. In contrast, strain CT17 

exhibited the lowest value (0.22 cm). Meanwhile, the 

remaining strains showed moderate values with no 

marked differences. By 120 HAI, strain NB01 reached 

0.70 cm, indicating strong antagonistic activity. This was 

followed by strains NB05, CT08, and NB08, with RIZ 

values of 0.50 cm, 0.48 cm, and 0.46 cm, respectively. 

Conversely, strain CT17 showed a very low RIZ value 
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(0.10 cm), and strain NB04 did not exhibit clear 

antagonistic activity. These results indicate that by 120 

HAI, variability occurred and some strains no longer 

showed antagonistic activity. At 144 HAI, three strains 

showed relatively high RIZ values, including NB05 (0.47 

cm), CT10 (0.41 cm), and CT08 (0.41 cm). In contrast, 

four strains (CT17, CT23, CT03, and NB04) no longer 

exhibited inhibitory activity. The remaining strains, 

including CT11, CT04, NB02, KS03, KS02, and CT19, 

showed RIZ values of 0.31 cm, 0.10 cm, 0.05 cm, 0.23 cm, 

0.23 cm, and 0.36 cm, respectively (Figure 5).

(a)  (b)  

  

(c)  (d)  

  

(e) (f) 

  

(a) Control (b) NB01 and CT11 (c) CT17 and CT08 (d) KS03 and KS02 (e) CT03 and CT19 (f) NB08 and CT10  

Figure 5. Rhizosphere bacterial strains antagonistic to the fungal strain NBA7. 

 
Table 7. Radius of the inhibition zone (cm) against Fusarium oxysporum at different observation times. 

No. Strain name 
Hours after inoculation 

72 96 120 144 

1 CT03 1.00d 0.43hi 0.15f 0.00f 

2 CT04 1.08bc 0.74cd 0.32d 0.10e 

3 CT08 1.10bc 0.59efg 0.48b 0.41ab 

4 CT10 0.70e 0.59efg 0.46b 0.41ab 

5 CT11 0.83d 0.68de 0.40c 0.31d 

6 CT17 1.02c 0.22j 0.10f 0.00f 

7 CT19 0.69e 0.52fgh 0.38cd 0.36bc 
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8 CT23 1.13b 0.50ghi 0.13f 0.00f 

9 KS02 1.36a 0.83bc 0.33d 0.23d 

10 KS03 0.37f 0.38i 0.25e 0.23d 

11 NB01 1.47a 1.21a 0.70a 0.40b 

12 NB02 0.63e 0.44hi 0.11f 0.05ef 

13 NB04 0.73de 0.64def 0.00g 0.00f 

14 NB05 0.83d 0.53fgh 0.50b 0.47a 

15 NB08 1.42a 0.93b 0.46b 0.20d 

Average 0.96 0.61 0.32 0.31 

Significance * * * * 

CV (%) 7.78 13.9 13.0 19.1 

Within a column, means followed by different lowercase letters differ significantly at P < 0.05 according to Duncan’s 

multiple range test. * = significant at the 5% level. 

 

Bacterial isolates selected for molecular identification 

and biochemical characterization were chosen primarily 

based on their antagonistic efficiency against both 

representative F. oxysporum isolates, NBA7 and NBD1, 

particularly at the later observation time of 144 HAI. The 

radius of the inhibition zone was not used as the sole 

selection criterion because a large inhibition zone did not 

always correspond to strong suppression of fungal radial 

growth; therefore, it was considered as a secondary 

criterion. Therefore, CT08, KS03, CT19, CT11, and CT10 

were selected because they showed relatively consistent 

antagonistic efficiency against both pathogen isolates and 

represented promising candidates for further enzymatic 

and siderophore assays. 

Identification of rhizosphere bacterial strains: 

Phylogenetic analysis based on the 16S rRNA gene region 

was performed using the Maximum Likelihood method, in 

which the names of Bacillus strains are shown in bold. 

Bootstrap percentages from 1,000 replicates are 

indicated at each node. The scale bar represents 0.02 

substitutions per nucleotide site. Strains KS03 and CT08 

showed 100% sequence similarity with published 

sequences of Bacillus siamensis (KY962337; KY962331). 

In addition, strain CT19 exhibited 100% similarity with 

published sequences of Bacillus velezensis (MT436091; 

MH166800). These results indicate that strain CT19 has 

potential to antagonize fruit rot disease caused by the 

fungal pathogen Fusarium oxysporum. Furthermore, 

strain CT11 showed 100% similarity with Bacillus 

aryabhattai sequences (KU161278; KJ206082), with a 

level of similarity comparable to that of strains KS03, 

CT08, and CT19. Finally, the 16S rRNA–based 

phylogenetic tree indicated that strain CT10 had 100% 

similarity with published sequences of Bacillus 

amyloliquefaciens (OM101144; PQ312879.1; MN176421), 

suggesting its potential for antagonizing diseases caused 

by Fusarium oxysporum (Figure 6). 

Enzyme production and plant growth–promoting 

activity of selected rhizosphere bacterial strains 

Activities of chitinase, endo-β-1,3-glucanase, and exo-

β-1,3-glucanase: 

Chitinase activity among the rhizosphere bacterial strains 

ranged from 0.102 to 0.203 IU/mL. Among them, strain 

CT10 exhibited the highest chitinase activity (0.203 

IU/mL), followed by strain CT19 with an activity of 0.102 

IU/mL. The remaining three strains, CT11, CT08, and 

KS03, showed activities ranging from 0.102 to 0.110 

IU/mL (Table 8). The highest endo-β-1,3-glucanase 

activity was observed in strain CT10 (0.392 IU/mL), 

followed by strain CT11, which showed a lower activity of 

0.096 IU/mL. The other three strains, CT19, CT08, and 

KS03 exhibited activities of 0.110 IU/mL, 0.124 IU/mL, 

and 0.100 IU/mL, respectively (Table 8). 

Exo-β-1,3-glucanase activity differed among the strains, 

ranging from 0.150 to 0.413 IU/mL. The highest exo-β-

1,3-glucanase activity was recorded in strain CT11 (0.413 

IU/mL), followed by strains CT10 and CT08 with activities 

of 0.270 and 0.283 IU/mL, respectively. Next was strain 

CT19 with an activity of 0.198 IU/mL, while the lowest 

activity was observed in strain KS03 (0.150 IU/mL) 

(Table 8). These results indicate that the selected strains 

differed in putative antifungal traits and may suppress F. 

oxysporum through different mechanisms.
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Figure 6. Phylogenetic tree constructed based on 16S rRNA gene sequences of rhizosphere bacteria, compared with 

closely related strains retrieved from the GenBank database.  

Notes: Accession numbers are indicated in parentheses. Xanthomonas oryzae (AB680094) was used as the outgroup strain.  

 

Table 8. Enzyme activities of the selected rhizosphere bacterial strains. 

No. Strain name 
Content (IU/mL) 

Chitinase  Endo- β-1.3 glucanase Exo-β-1.3 glucanase 

1 CT08 0.119b 0.124b 0.283b 

2 CT10 0.203a 0.392a 0.270b 

3 CT11 0.110bc 0.096d 0.413a 

4 CT19 0.102d 0.110c 0.198c 

5 KS03 0.113bc 0.100cd 0.150d 

Significance * * * 

CV (%) 5.20 3.84 3.69 

Within a column, means followed by different lowercase letters differ significantly at P < 0.05 according to Duncan’s 

multiple range test. * = significant at the 5% level. 

 

Evaluation of siderophore production 

The evaluation of siderophore secretion revealed 

differences among the five bacterial strains. Strain CT19 

showed the highest siderophore production (19.8%), 

followed by strain KS03 with 12.8%. In contrast, strain 

CT11 exhibited the lowest siderophore-producing ability. 

The siderophore production of the remaining strains 

ranged from 7.06% to 10.9%, corresponding to strains 

CT08, CT11 and CT10, respectively. Overall, siderophore 

production among the bacterial strains was not markedly 

different, except for strain CT19, which exhibited notably 

higher siderophore secretion (Figure 7). The ranking of 

siderophore production did not completely correspond to 

the ranking of antagonistic efficiency, suggesting that 

siderophore-mediated iron competition may contribute 

to antagonism but is unlikely to be the only mechanism 

involved.
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Figure 7. Siderophore production of bacterial strains. 

Notes: Columns with the same letters above them are not significantly different at the 5% level according to Duncan’s 

multiple range test. 

 

DISCUSSION 

Colonies of Fusarium spp. typically display cottony or 

fluffy mycelial growth with coloration ranging from white 

to pale purple and forming concentric rings on culture 

media, with milky-white margins frequently observed 

(Yang et al., 2023). Pigmentation in shades of pink, yellow, 

or purple is common among Fusarium isolates 

(Ekwomadu & Mwanza, 2023). In citrus, Fusarium spp. 

have been shown to cause fruit rot, with lesion diameters 

averaging 21.01 ± 2.52 mm under controlled conditions 

(Yang et al., 2023), demonstrating their pathogenic 

relevance to fruit crops. Microscopic characteristics 

observed in this study, including sickle-shaped 

macroconidia and oval microconidia, correspond to 

previously described morphological traits of F. oxysporum 

(Ajmal et al., 2022; Harish et al., 2023; Ekwomadu & 

Mwanza, 2023). Pathogenicity tests on healthy lime fruits 

produced typical fruit rot symptoms, and the inoculated 

fungus was re-isolated from symptomatic tissues, 

supporting Koch’s postulates.  

In addition, early lesion development may have been 

influenced by differences in initial pathogen vigor among 

Fusarium isolates. As disease progressed, lesion 

expansion became more evident, allowing clearer 

differentiation among isolates. Therefore, the higher 

variation observed during the early stage should be 

interpreted as a biological response of the detached-fruit 

pathogenicity assay rather than as a lack of pathogenic 

activity.  

ITS-based phylogenetic analysis placed the 

representative pathogenic isolates NBA7 and NBD1 with 

F. oxysporum reference sequences. Indigenous 

rhizosphere spore-forming Bacillus spp., which have 

strong environmental tolerance and can produce 

extracellular enzymes, siderophores, and antimicrobial 

metabolites, may be formulated as cell suspensions or 

cell-free metabolites for fruit-surface application. 

However, because the ITS marker has limited 

discriminatory power within the Fusarium oxysporum 

species complex, the identification should be considered 

preliminary (Zhang et al., 2026). Additional loci such as 

TEF-1α (Chen et al. 2026), together with broader 

sampling, will be required to confirm species-level 

placement and clarify whether the isolates belong to a 

specific lineage or forma specialis. 

Morphological characteristics of rhizosphere bacteria 

varied among genera, Pseudomonas colonies appeared 

abundant, opaque, shiny, smooth, and convex (Bhuiya et 

al., 2018), while Bacillus spp. typically formed large, dry 

white colonies with irregular, wavy margins (Boottanun 

et al., 2017). Previous studies have demonstrated that 

Bacillus strains can inhibit Fusarium species by up to 60% 

(Chen et al., 2025) and suppress F. oxysporum isolated 

from chili pepper through dual-culture assays (Iqbal et al., 
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2024). In the present study, a total of 39 rhizosphere 

bacterial isolates were obtained from healthy lime plants. 

Of these, 15 isolates inhibited F. oxysporum in vitro, 

demonstrating that antagonistic rhizosphere bacteria are 

indeed present in  lime orchards. KS03 consistently 

showed higher inhibition against pathogen isolates, while 

CT10, CT11, CT19, and CT08 displayed antagonistic 

effects at different evaluation times. Therefore, the 

novelty of the present work is not the discovery of Bacillus 

antagonism in general, but the recovery of indigenous 

Bacillus strains from lime orchards in the Mekong Delta, 

their evaluation against locally isolated fruit-rot-

associated Fusarium isolates, and the comparison of 

multiple antagonistic traits among strains. 

Previous reports indicate that Bacillus amyloliquefaciens 

and Bacillus siamensis exhibit antifungal activity through 

the production of hydrolytic enzymes such as chitinase 

and β-1.3-glucanase (Li et al., 2024; Zhang et al., 2024), 

while B. velezensis produces β-1.3-glucanase that 

suppresses phytopathogenic fungi (Vela-Corcia et al., 

2025). Rhizosphere-derived Bacillus isolates have also 

been associated with enzymatic degradation of fungal cell 

walls (Rumandani, 2025). In the current study, CT10 

expressed relatively high chitinase activity, whereas CT11 

revealed stronger β-1.3-glucanase activity, suggesting 

that enzymatic hydrolysis may contribute to fungal 

suppression. CT19 produced the highest siderophore 

levels, indicating that iron competition could be another 

antagonistic mechanism (Schwyn & Neilands, 1987; Saini 

et al., 2024). These results align with previous 

observations that antagonistic traits in rhizosphere 

bacteria are multifactorial and may involve both 

enzymatic and non-enzymatic pathways. The enzyme and 

siderophore results provide possible explanations for the 

observed inhibition but do not prove causality. CT10 

showed the highest chitinase and endo-β-1,3-glucanase 

activities, CT11 produced the highest exo-β-1,3-glucanase 

activity, and CT19 produced the highest siderophore level. 

These traits may contribute to degradation of fungal cell-

wall components or competition for iron (Terra et al., 

2023). However, KS03 showed strong antagonistic 

efficiency despite only moderate enzyme and siderophore 

activities, indicating that additional mechanisms, such as 

lipopeptide antibiotics, volatile compounds, competition 

for nutrients, or synergistic metabolite production, may 

also be involved (Li et al., 2022; Al-Mutar et al., 2023; Fan 

et al., 2025). Thus, the relationship between measured 

traits and fungal inhibition should be regarded as 

associative. Future studies should include correlation 

analyses using a larger set of isolates, cell-free filtrate 

assays, enzyme-inhibition assays, metabolite profiling, or 

mutant/knockout approaches to determine which 

mechanisms are directly responsible for suppression. 

Although the antagonistic potential of rhizosphere 

bacteria has been demonstrated in vitro, further research 

is needed to determine whether these properties remain 

stable under environmental conditions encountered in 

orchards or during postharvest stages. Variations in 

temperature, humidity, nutrient availability, and 

microbial community composition may influence 

antagonistic activity, as suggested by previous studies on 

fungal suppression in field environments (Khuong et al., 

2023; Saini et al., 2024; Mon et al., 2021). Additional work 

involving metabolite profiling, genomic analyses, and 

greenhouse or field trials will be required to clarify the 

reliability of antagonistic traits under practical conditions 

and to evaluate the feasibility of incorporating these 

isolates into biological control programs. Nevertheless, 

this study did not directly test colonization or survival on 

lime fruit surfaces. Therefore, the present results should 

be interpreted as a screening step for identifying 

candidate strains or metabolites, rather than as evidence 

that rhizosphere bacteria will automatically function on 

fruit under orchard or postharvest conditions. Moreover, 

because the ITS region alone has limited resolution for 

members of the Fusarium oxysporum species complex, 

ITS-based identification was considered preliminary 

(Zhang et al., 2026). In this study, isolates NBA7 and NBD1 

were therefore assigned to F. oxysporum/FOSC based on 

morphology, pathogenicity, and ITS sequence similarity. 

Further confirmation using more informative loci, such as 

TEF-1α, RPB1, RPB2, or multilocus sequence analysis, is 

recommended for precise taxonomic placement. 

 

CONCLUSIONS AND SUGGESTIONS  

This study isolated Fusarium spp. from lime fruit rot in 

Can Tho City and showed that representative isolates 

produced typical symptoms on inoculated fruits, with re-

isolation supporting Koch’s postulates. Morphology and 

ITS sequencing supported placement of NBA7 and NBD1 

within F. oxysporum, although multilocus confirmation is 

still required. Thirty-nine rhizosphere bacterial isolates 

were obtained from healthy seedless lime plants, and in 

vitro screening identified several Bacillus strains capable 

of inhibiting the growth of F. oxysporum isolates. Among 

these, KS03, CT10, CT11, CT19, and CT08 showed the 
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most relevant antagonistic performance and were 

identified as B. siamensis KS03, B. amyloliquefaciens CT10, 

B. aryabhattai CT11, B. velezensis CT19, and B. siamensis 

CT08. Enzyme and siderophore assays indicated that the 

selected strains possess different putative antagonistic 

traits, but these traits should be interpreted as 

preliminary mechanistic indicators rather than direct 

proof of disease control. 

Future research should first validate the selected strains 

in detached-fruit assays, followed by greenhouse, 

postharvest, and field evaluations under conditions 

relevant to citrus production. These studies should test 

fruit-surface colonization, persistence, application 

timing, formulation stability, compatibility with existing 

disease-management practices, and effects on fruit 

quality during storage. Molecular confirmation of 

Fusarium isolates using TEF-1α or multilocus sequencing 

is also recommended. In addition, metabolite profiling, 

cell-free culture filtrate assays, and functional validation 

of enzymes, siderophores, and antimicrobial compounds 

will be needed before these indigenous Bacillus strains 

can be considered reliable biological control agents for 

seedless lime fruit rot. 
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