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Abstract 

 

Watermelon production is frequently constrained by soil-borne fungal diseases, particularly those caused by Fusarium fujikuroi, which have 

been shown to severely impair plant growth and productivity. The objective of this study is to isolate, identify, and evaluate the antifungal 

potential of Streptomyces strains associated with watermelon-growing soils and to explore their functional traits related to biological control. A 

total of 22 actinomycete isolates were recovered and screened for chitinolytic and antifungal activities, leading to the selection of three promising 

strains designated NVC-TL3, strain 4, and NVC-TX. Morphological characterization and 16S rRNA gene sequencing identified these isolates 

as Streptomyces cyaneochromogenes NVC-TL3, Streptomyces toxytricini strain 4, and Streptomyces lydicus NVC-TX. All strains exhibited 

extracellular chitinase activity and significantly inhibited the growth of *F. fujikuroi* under in vitro conditions. Among them, S. lydicus NVC-

TX demonstrated the strongest antagonistic activity, achieving 74.9% mycelial growth inhibition after 7 days of incubation. The efficacy of the 

substances was further confirmed by greenhouse experiments, which demonstrated a reduction in disease severity to 14.9% and a significant 

enhancement in plant vigor in comparison to the pathogen-inoculated control. The study revealed substantial functional variation among 

phylogenetically distinct Streptomyces isolates and demonstrated a close association between chitinolytic capacity and disease suppression. 

These findings contribute to the existing body of knowledge concerning the biodiversity of Streptomyces associated with watermelon and 

highlight the potential of S. lydicus NVC-TX as a promising biological control agent. The application of this strain could contribute to the 

reduction of dependence on synthetic fungicides, thereby promoting environmentally sustainable disease management, and supporting healthier 

and more productive watermelon cultivation systems. 
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1. Introduction 

Watermelon (Citrullus lanatus L.) is a horticultural crop of 

significant economic importance, cultivated extensively in 

tropical and subtropical regions. The fruit is highly valued for 

its nutritional composition, including vitamins, minerals, 

antioxidants, lycopene, and citrulline, which contribute to 

human health and disease prevention [1]. In many developing 

countries, the cultivation of watermelon also plays a crucial role 

in supporting farmer livelihoods and rural economies. Despite 

the increasing global demand and expansion of cultivation 

areas, watermelon production is severely affected by various 

biotic stresses, particularly soilborne diseases that reduce yield 

and fruit quality [1,2]. Among the diseases that impact 

watermelon cultivation, those caused by Fusarium species are 

considered a significant constraint. Members of this fungal 

genus are widely distributed in agricultural soils and are 

responsible for destructive diseases such as wilt, root rot, and 

vascular infections in numerous crop species [3–5]. In 

watermelon, Fusarium infections have been shown to cause 

degradation of root tissue, impaired nutrient uptake, stunted 

growth, and plant death, resulting in significant economic losses 

[6,7]. Recently, Fusarium fujikuroi has emerged as a significant 

phytopathogen capable of infecting several economically 

valuable crops [8]. This fungus has the capacity to colonize root 

tissues and produce phytotoxic metabolites that disrupt normal 

physiological processes in plants [9]. The development of 

disease in intensive watermelon production systems is further 

accelerated by favorable environmental conditions, including 

high soil moisture, warm temperatures, and poor aeration 

[10,11]. 
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The management of soilborne fungal diseases has 
conventionally relied on the utilization of chemical fungicides 
and soil fumigants. Despite the capacity of these chemicals to 

temporarily suppress pathogen populations, their continuous 
application may cause environmental pollution, pathogen 
resistance, and adverse effects on beneficial soil 
microorganisms [12]. Increasing concerns regarding food safety 
and environmental sustainability have prompted the 
development of eco-friendly alternatives for disease 

management [13-15]. Consequently, the utilization of 
biological control through the implementation of beneficial 
microorganisms has gained considerable attention as a 
sustainable strategy for the mitigation of plant pathogens [16]. 
Endophytic microorganisms, which colonize internal plant 
tissues without causing harm, are recognized for their ability to 

enhance plant growth and protect plants against pathogens [17]. 
These beneficial microbes can promote plant health through 
multiple mechanisms, including the production of antimicrobial 
compounds, competition for nutrients and ecological niches, the 
induction of systemic resistance, and the regulation of plant 
hormonal balance [16]. Endophytes, being naturally associated 

with host plants, frequently  strong adaptability and persistence 
within plant tissues [17]. Among the beneficial 
microorganisms, species belonging to the genus Streptomyces 
are of particularly importance due to their remarkable capacity 
to produce diverse bioactive secondary metabolites [17,18]. 
These filamentous actinobacteria are commonly found in soil 

and plant-associated environments and are renowned for 
producing of antibiotics, antifungal compounds, siderophores, 
lytic enzymes, and volatile organic compounds [19]. In 
agricultural systems, several *Streptomyces* strains have 
demonstrated notable antagonistic activity against fungal 
pathogens. This attribute renders them promising candidates for 

the applications of biological control [20,21]. 
Endophytic Streptomyces strains isolated from plant tissues 

are of particular value due to their adaptation to the internal 
plant environment. Their capacity to colonize roots and vascular 
tissues has facilitated close interaction with host plants and 
direct suppression of invading pathogens [22]. As demonstrated 

in previous studies, endophytic Streptomyces have been shown 
to inhibit fungal pathogens through various mechanisms 
including the degradation of fungal hyphae, the disruption of 
cell membranes, and the inhibition of spore germination 
[23,24]. In addition to their antifungal properties, these bacteria 
may also promote plant growth by producing phytohormones 

and improving nutrient availability [25,26]. However, the 
diversity and functional potential of endophytic Streptomyces 
associated with watermelon roots remain insufficiently studied, 
particularly under local agricultural conditions [27,28]. The 
present study therefore sought to isolate and identify endophytic 
Streptomyces strains from watermelon roots and evaluate their 

antifungal activity against root pathogenic fungi under both 
laboratory and greenhouse conditions. Molecular identification 
was performed by means of 16S rRNA gene sequencing, while 
the antifungal potential of the selected isolates was assessed 
through in vitro antagonistic assays and greenhouse 
experiments. The findings of this study may contribute to the 

development of sustainable biological control strategies for the 
management of fungal diseases in watermelon cultivation. 

2. Materials and Methods 

2.1. Isolation of streptomyces strains 

Samples of Rhizosphere soil were collected from with 

healthy watermelon plants in Can Tho. Soil samples exhibiting 

a high degree of adhesion to the roots was collected at a depth 

of 5–10 cm, a region where microbial activity and beneficial 

actinomycete populations are typically abundant [29]. The 

entire plants were carefully extracted, and the rhizosphere soil 

was aseptically transferred into sterile polyethylene bags. The 

samples were then transported to the laboratory and air-dried at 

room temperature for 24 hours purposely to suppress the growth 

of rapidly growing bacteria and fungi [29,30]. The dried soil 

samples were subjected to a process of homogenization, 

followed by sieving to remove any debris. Subsequently, 1 g of 

each sample was suspended in sterile distilled water and serial 

dilutions ranging from 10⁻⁵ to 10⁻⁷ were prepared. For the 

isolation of actinomycete, 100 μL aliquots from appropriate 

dilutions were spread onto Gause I agar medium and incubated 

at temperatures ranging from 28 to 35 °C for a period of 

between 5 and 7 days. Colonies exhibiting morphological 

characteristics typical of actinomycetes were purified through 

repetitive subculturing until contamination-free isolates were 

obtained. A total of 22 isolates were initially recovered, of 

which 17 Gram-positive isolates were retained after Gram 

staining. These isolates were then screened for chitinolytic and 

antifungal activities, leading to the selection of three promising 

isolates, designated NVC-TL3, NVC-TX, and NVC-4, for 

further characterization and subsequent analyses [15,29,30]. 

2.2. Morphological characterization of three selected strains 

Pure actinomycete isolates were subcultured on Gause I agar 

medium to obtain cultures free from contamination. Colonies 

exhibiting typical actinomycete characteristics, including 

filamentous growth, distinct pigmentation, and earthy odor, 

were selected for further purification and identification [31,29]. 

Morphological characterization was performed based on aerial 

mycelium color, substrate mycelium color, and diffusible 

pigment production in accordance to the classification system 

of El-Naggar et al. [32]. The spore chain morphology and spore 

surface characteristics were examined after 7 and 14 days of 

incubation utilizing Gram staining and light microscopy. Gram 

staining was conducted following the method as described by 

Chuong [33]. In summary, bacterial smears were heat-fixed, 

stained with gentian violet, treated with Lugol’s iodine, 

decolorized with 95% ethanol, and counterstained with 

safranin. Gram-positive isolates retained the purple color, 

whereas Gram-negative bacteria appeared pink. Colony 

morphology and stained samples were observed under a light 

microscope with an oil immersion objective at 100× 

magnification. Purified isolates with well-developed colonies 

were subsequently preserved on agar slants at a temperature of 

4 °C for further studies [34,35]. 

2.3. Molecular identification of three selected strains  

The morphological and biochemical characteristics of the 

bacterial isolates were evaluated with reference to the 

procedures as outlined by Antido et al. [36]. To achieve a more 

accurate taxonomic identification, molecular characterization 

was conducted utilizing 16S rRNA gene sequencing. Genomic 

DNA was extracted from pure bacterial cultures by means of a 

QIAGEN genomic DNA extraction kit for Gram-positive 

bacteria in adherence to the manufacturer’s instructions. The 

amplification of nearly full-length 16S rRNA gene fragments 
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was achieved through the universal primer pair RP1 (5ʹ-

AGAGTTTGATCATGGCTCAG-3ʹ) and FD2 (5ʹ-

ACGGTTACCTTGTTACGACTT-3ʹ). The process of PCR 

amplification was conducted in a final reaction volume of 50 µL 

containing 25 µL Taq master mix (Genet Bio, Seoul, South 

Korea), 2 µL of each primer (10 µM), 2 µL template DNA (50 

ng µL⁻¹), and 19 µL nuclease-free water. The thermal cycling 

conditions included an initial denaturation at 95 °C for 4 min, 

followed by 35 cycles of denaturation at 94 °C for 1 min, 

annealing at 51 °C for 1 min, and extension at 72 °C for 2 min, 

with a final extension step at 72 °C for 10 min. The purification 

of PCR products was conducted using the QIAGEN PCR 

purification kit and the sequencing was performed in both 

directions with the same primers. The obtained sequences were 

then compared with reference sequences in the GenBank 

database using the NCBI BLAST algorithm. Multiple sequence 

alignment was performed using CLUSTALW [37]. Sequence 

editing and quality assessment were conducted with software 

program Chromas (Technelysium Pty Ltd., Australia). 

Phylogenetic relationships were inferred using reference 16S 

rRNA gene sequences, including Streptomyces toxytricini strain 

4 (GenBank: PX830249.1; bases 1–1395), Streptomyces 

griseoruber strain NVC-TL3 (GenBank: PX986382.1; bases 1–

1193), and Streptomyces lydicus strain NVC-TX (GenBank: 

PX982647.1; bases 1–1151). A phylogenetic tree was 

subsequently constructed using MEGA X software [38] based 

on the Neighbor-joining method with bootstrap analysis of 100 

replications. 

2.4. Determination of Chitinolytic Activity of Actinomycete 

Isolates 

The evaluation of the chitinolytic activity of the 

actinomycete isolates was conducted employing the colloidal 

chitin agar method as previously described by Hsu and 

Lockwood [39] with slight modifications. Colloidal chitin was 

prepared from commercial chitin powder by subjecting it to 

treatment with concentrated HCl followed by repeated washing 

with sterile distilled water until neutral pH was obtained. The 

screening medium comprised colloidal chitin (5 g L⁻¹), K₂HPO₄ 

(0.7 g L⁻¹), KH₂PO₄ (0.3 g L⁻¹), MgSO₄·7H₂O (0.5 g L⁻¹), 

FeSO₄·7H₂O (0.01 g L⁻¹), ZnSO₄ (0.001 g L⁻¹), MnCl₂ (0.001 g 

L⁻¹), agar (20 g L⁻¹), and distilled water (1000 mL), adjusted to 

pH 7.0 prior to the process of sterilization [40]. Actinomycete 

isolates were spot-inoculated onto the surface of colloidal chitin 

agar plates and subsequently incubated at temperatures ranging 

from 28 to 30 °C for a period of 5 to 7 days. The assessment of 

chitinolytic activity was conducted based on the formation of a 

clear hydrolysis zone surrounding the colonies, which is the 

indication of chitin degradation. The diameter of the clear zone 

and colony growth were measured, and the chitinolytic index 

was calculated as the ratio of total halo diameter to colony 

diameter [41]. Isolates demonstrating larger hydrolysis zones 

were considered to possess more potent chitin-degrading 

activity and were selected for further experiments. 

2.5. Collection of diseased samples and isolation of F. fujikuroi 

A total of five watermelon root samples exhibiting the 

symptoms of root rot, plant wilting, basal stem rot, and 

occasionally infection spreading to the stem and fruit were 

randomly collected from watermelon fields in Thoi Lai 

commune, Can Tho City, Vietnam. Typically, watermelon roots 

infected by Fusarium exhibit symptoms such as brown necrotic 

lesions, discoloration of vascular tissues (xylem region), and 

potential extension of infection to the root crown or the lower 

stem near the soil surface. The root cortex frequently becomes 

easily detached, while tissues surrounding the vascular bundles 

may thicken or degrade, forming hollow cavities. The samples 

were collected and placed in sealed plastic bags prior to be 

transported to the laboratory within 4 hours of collection [41]. 

In the laboratory, root regions exhibiting visible indications of 

disease were selected for processing. Tissue segments 

measuring approximately 2 mm × 2 mm were excised from the 

boundary between healthy and infected tissues. These were then 

washed under running tap water to remove any adhering debris. 

The segments were subjected to a process of surface 

sterilization with ethanol followed by 2% sodium hypochlorite 

(NaOCl) for 2 minutes and rinsed three times with sterile 

distilled water. The infected tissue suspension was then serially 

diluted up to 10⁻⁷ and spread onto potato dextrose agar (PDA) 

medium to isolate root-infecting Fusarium fungi [42]. 

Following incubation under light conditions at room 

temperature for 3–5 days, the emerging fungal colonies were 

aseptically subcultured to obtain pure isolates. Preliminary 

identification of the fungal isolates was performed based on 

standard taxonomic keys and morphological characteristics, 

including colony appearance, mycelial pigmentation, and spore 

morphology. These characteristics indicated that the isolates 

belonged to the genus Fusarium. Following morphological 

characterization, the purified isolates were maintained on PDA 

slants and stored at a temperature of 4 °C for subsequent 

antagonistic assays [43]. 

2.6. Antagonistic activity of isolated actinomycetes against 

Fusarium fungi  

This experiment was conducted with the objective of 

screening and selecting three isolates of actinomycete that 

demonstrated strong chitinolytic activity and pronounced 

antagonistic effects against the root pathogen Fusarium for 

further investigations. The study was arranged in a completely 

randomized design (CRD) with three replications on PDA 

medium. Antifungal activity was determined by measuring the 

inhibition zone, defined as the distance between the advancing 

margin of the fungal mycelium and the well that contained the 

actinomycete suspension. The evaluation of antagonistic 

potential of the selected actinomycete isolates against Fusarium 

was conducted through a combination of agar well diffusion and 

dual-culture techniques on PDA plates. A pathogenic Fusarium 

isolate obtained from diseased watermelon roots was inoculated 

at the center of each Petri dish and incubated for a duration of 

24 hours to allow initial mycelial growth. Subsequently, sterile 

wells (8 mm in diameter) were aseptically punched at a distance 

of 2 cm from the fungal inoculum [44]. Each well was filled 

with 100 µL of actinomycete suspension (10⁹ CFU mL⁻¹) 

prepared from ISP2 broth cultures grown on a rotary shaker at 

150 rpm. Plates inoculated solely with Fusarium served as 

untreated controls [45, 46]. 

The inhibition zone diameter was measured after incubation 

at a temperature of 28 °C for a period of 7 and 14 days. The 

percentage of fungal growth inhibition (GI) was calculated 

through the following equation [47]. The diameter of the 

inhibition zone was measured recorded after incubation at 28 °C 

for 7 and 14 days. The percentage of growth inhibition (GI) of 
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Fusarium was calculated according to the following Eq. (1) 

[47]. 

GI (%) = (D - D1) D-1 *100  (1) 

 

where D is the colony diameter (mm) of the fungal control 

(without actinomycetes) at the same observation time, and 

D₁ is the colony diameter (mm) of the fungus in the treatment 

plates containing actinomycetes at the same observation time. 

2.7. Antagonistic activity of actinomycete isolates against 

Fusarium sp. under greenhouse conditions 

The watermelon cultivar Hac My Nhan F1 AFTA NP414 

(Tan Nong Phat Company, Vietnam) was utilized in all 

greenhouse pot experiments. Prior to sowing, seeds were 

surface-sterilized with 75% ethanol for 30 seconds, followed by 

five rinses with sterile distilled water. The seeds were then sown 

in sterilized soil that had undergone two autoclaving at 121 °C 

for 30 minutes. Seedlings at the 2–3 true-leaf stage (10–15 days 

after sowing) were selected for the experiments, as this 

developmental stage is highly susceptible to Fusarium infection 

[48]. The greenhouse experiment was conducted using a 

completely randomized design (CRD) comprising five 

treatments, each with four independent replicates. Each 

replicate consisted of three watermelon plants cultivated in 

plastic pots (120 mm diameter × 105 mm height), resulting in a 

total of 12 plants per treatment. The following treatments were 

administered: NT1, plants inoculated with Fusarium fujikuroi 

without the application of actinomycete for the purpose of 

pathogen control; NT2, F. fujikuroi in combination with 

Streptomyces cyaneochromogenes NVC-TL3; NT3, F. fujikuroi 

in combination with  Streptomyces toxytricini strain 4; NT4, F. 

fujikuroi  in combination with Streptomyces lydicus NVC-TX; 

and NT5, non-inoculated and untreated plants (healthy control). 

All pots were cultivated under greenhouse conditions and 

randomly arranged throughout the experimental period. The 

severity of disease was evaluated within 14 days after the 

inoculation of inoculation on all experimental units. The 

resulting data were then utilized to evaluate the biocontrol 

efficacy of the tested actinomycete strains. 

2.8. Experimental procedure 

The three Streptomyces isolates that were selected on the 

basis of their strong antagonistic activity against Fusarium spp. 

that were prepared from cultures grown in liquid ISP2 medium 

at 150 rpm for 5–7 days. The actinomycete suspensions were 

adjusted to a final concentration of 108 CFU mL-1. Similarly, 

Fusarium spore suspensions were cultivated in PDB medium 

and adjusted to 106 CFU mL-1 [49]. 

For NT1, 20 mL of Fusarium spore suspension (106 CFU 

mL-1) was applied uniformly to the soil surface of each pot 

containing a two-week-old watermelon seedling. In NT5, 

instead of the fungal suspension, sterile distilled water was 

applied. For NT2–NT4, 20 mL of each actinomycete suspension 

(108 CFU mL-1) was applied separately to the rhizosphere of 15-

day-old watermelon seedlings according to the respective 

isolate. Following a 24-hour period, 20 mL of Fusarium spore 

suspension (106 CFU mL-1) was inoculated into the soil near the 

roots. Each treatment comprised three plants, which were 

replicated four times [50]. The severity of disease was evaluated 

two weeks after inoculation using a 0–5 disease rating scale that 

was based on leaf wilt symptoms. A value of 0 indicates a 

healthy plant; whereas a value of 1 indicates ≤10% wilting. A 

value of 2 indicates 11–20% wilting, a value of 3 indicates 21–

50% wilting, a value of 4 indicates 51–100% wilting, and a 

value of 5indicates a dead plant. The Disease Severity Index 

(DSI) and biological control efficacy were calculated according 

to the method outlined by Al-Mutar et al. [51] and Hanson et al. 

[52]: 

Disease severity was assessed visually 14 days after the 

inoculation of Fusarium fujikuroi based on the presence of leaf 

wilting symptoms and the overall plant condition of the plant. 

The evaluation of individual plants were conducted using a 0–5 

disease severity scale, and the Disease Severity Index (DSI) was 

subsequently calculated according to the following Eq. 2. 

DSI (%) = [Σ (d × n) / (D × N)] × 100 (2) 

In this equation, “d” denotes the disease rating, “n” is the 

number of plants assigned to a given rating class, “D” is the 

maximum disease rating (5), and “N” is the total number of 

plants evaluated in each treatment. The mean DSI value of the 

four replicates was then utilized for the purpose of statistical 

analysis. 

The biocontrol efficacy (BCE) of each actinomycete 

treatment was determined through the following Eq. 3. 

BCE (%) = [(DSI₍control₎ − DSI₍treatment₎) / DSI₍control₎] 

× 100   (3) 

In this equation, “DSI₍control₎” represents the disease 

severity index of the pathogen-inoculated control treatment, and 

“DSI₍treatment₎” represents the disease severity index of the 

corresponding actinomycete-treated treatment. It is posited that 

higher BCE values indicate greater suppression of Fusarium 

wilt symptoms and enhanced disease control performance. 

2.9. Statistical analysis 

All experiments were conducted in a completely randomized 

design with three replications. The analysis of the was 

undertaken using Statgraphics Centurion XVI software, and the 

treatment means were compared by analysis of variance 

(ANOVA) followed by Duncan’s multiple range test at p ≤ 0.05. 

3. Results and discussion 

3.1 Molecular isolation of three Streptomyces strains 

The colony morphology and microscopic observations 

presented in Fig. 1 revealed that strain NVC-TL3 exhibited the 

characteristic features of the genus Streptomyces. When 

cultivated on Gause I agar medium, the isolate produced dry, 

powdery colonies with well-developed aerial mycelia and 

irregular colony margins (see Fig. 1(a)). These morphological 

characteristics are commonly associated with Streptomyces 

species and reflect their capacity to yield abundant spores and 

filamentous structures. Microscopic examination further 

demonstrated a dense network of branched substrate and aerial 

hyphae, which are the distinctive taxonomic features of 

filamentous actinomycetes (Fig.1(b)). The extensive mycelial 

development suggests active physiological growth and 

adaptation to the culture medium. It has been established 

through earlier studies that the presence of well-developed 

aerial mycelia and spore-forming structures in Streptomyces are 
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frequently associated with the synthesis of diverse secondary 

metabolites, encompassing antibiotics and antifungal 

compounds. Therefore, the morphological characteristics 

observed for strain NVC-TL3 not only support its preliminary 

identification as a member of the genus Streptomyces but also 

indicate its potential as a promising biological control agent 

against plant pathogenic fungi. These findings provide a 

significant basis for subsequent molecular identification and 

evaluation of its antimicrobial activities [53]. 

 

(a) 

 

(b) 

Fig. 1. Morphological characteristics of Streptomyces cyaneochromogenes strain NVC-TL3 cultured on Gause I agar medium. (a) Colony 

morphology showing well-developed aerial mycelia; (b) Microscopic observation at 100× magnification showing branched hyphal structures 
characteristic of Streptomyces 

Fig. 2 illustrates the colony morphology and microscopic 

characteristics of S. toxytricini strain 4 grown on Gause I agar 

medium. The isolate developed compact, dry, and chalky-white 

colonies with abundant aerial mycelia that covered the colony 

surface (Fig. 2(a)). Such morphological traits are typical of 

members of the genus Streptomyces and indicate active 

sporulation and robust vegetative growth under laboratory 

conditions. Microscopic examination revealed an extensive 

network of filamentous hyphae with pronounced branching 

patterns (Fig. 2(b)), a defining feature of filamentous 

actinomycetes. The well-organized mycelial structure suggests 

that there is efficient nutrient acquisition and adaptation to the 

growth medium. Furthermore, extensive hyphal development in 

Streptomyces species is habitually associated with the 

biosynthesis of secondary metabolites, including antibiotics, 

antifungal compounds, and extracellular enzymes. Therefore, 

the observed morphological characteristics provide substantial 

evidence to support the taxonomic affiliation of strain 4 to the 

genus Streptomyces. Furthermore, these characteristics indicate 

its potential as a promising source of bioactive metabolites for 

agricultural and biotechnological applications. These 

observations provide a morphological basis for subsequent 

molecular identification and functional characterization of the 

isolate [53,54]. 

 

(a) 

 

(b) 

Fig. 2. Morphological characteristics of Streptomyces toxytricini strain 4 grown on Gause I agar medium. (a) Colony morphology with well-

developed aerial mycelia; (b) Light microscopic image at 100× magnification showing the branched hyphal network typical of Streptomyces 

genera 
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Fig. 3 presents the morphological features of S. lydicus strain 

NVC-TX cultivated on Gause I agar. The isolate formed 

distinct, dry, and opaque colonies with a dense aerial mycelial 

layer covering the colony surface (Fig. 3(a)). Such colony 

characteristics are typical of Streptomyces genera and indicate 

vigorous vegetative growth and active differentiation under 

culture conditions. Microscopic examination at 100× 

magnification revealed a complex network of filamentous 

hyphae with extensive branching patterns (Fig. 3(b)), 

confirming the filamentous nature of the isolate. The presence 

of well-developed aerial and substrate mycelia is considered a 

key diagnostic trait for members of the genus Streptomyces. 

Moreover, the highly branched hyphal system increases the 

surface area available for nutrient absorption and is typically 

associated with enhanced production of secondary metabolites. 

It is suggested that these morphological attributes suggest that 

strain NVC-TX possesses strong physiological adaptability and 

may have considerable potential for synthesizing bioactive 

compounds that could be useful in biological control and 

sustainable agricultural application [53,54]. 

 

(e) 

  

(f) 

Fig 3. Morphological characteristics of S lydicus strain NVC-TX cultured on Gause I agar medium. (e) Colony morphology exhibiting 
abundant aerial mycelial development; (f) Microscopic observation at 100× magnification showing branched filamentous hyphae 

characteristic of Streptomyce 

The phylogenetic tree based on 16S rRNA gene sequences 

revealed that the three isolates belonged to distinct clades within 

the genus Streptomyces (Fig. 4). The strain NVC-TL3 

demonstrated a high degree of genetic similarity with S. lydicus 

ATCC 25470, as evidenced by a high bootstrap value, indicating 

strong phylogenetic relatedness and genetic similarity. This 

clustering suggests that NVC-TL3 may share similar biological 

and antagonistic characteristics with previously reported S. 

lydicus strains. Strain 4 formed a stable branch with S. 

toyocaensis strain NBRC 15428, a finding supported by high 

bootstrap confidence, thus demonstrating its close evolutionary 

relationship within this lineage. Concurrrently, the NVC-TX 

strain, which was grouped with S. griseoruber strain NBRC 

12873, formed a distinct subcluster that was separated from the 

other isolates. The phylogenetic distances observed among the 

three strains indicate considerable genetic diversity despite their 

classification within the same genus. Overall, the tree topology 

confirmed that the isolates represent Streptomyces lineages that 

are distinct from one another in terms of their phylogeny. The 

phylogenetic relationships observed among the isolates are 

consistent with the high genetic diversity commonly reported 

within the genus Streptomyces. The clustering of NVC-TL3 

with S. lydicus is particularly significant, given the frequent 

association of this species with antimicrobial activity and 

biological control potential. Similarly, the close association of 

strain 4 with S. toyocaensis suggests possible similarities in 

metabolic capacity and secondary metabolite biosynthesis. The 

separation of NVC-TX into an independent branch related to S. 

griseoruber further highlights the genetic heterogeneity of the 

isolates. High bootstrap support values have been demonstrated 

to strengthen the reliability of the phylogenetic placement and 

support the molecular identification of the three strains [55,56]. 

3.2 Molecular characterization of F. fujikuroi 

Fig. 5(a) illustrates the morphological characteristics of F. 

fujikuroi exhibiting the rapid radial expansion of the fungal 

colony grown on Potato Dextrose Agar (PDA) with abundant 

aerial mycelium. The colony surface exhibited a cottony and 

fluffy appearance, forming a dense network of hyphae with a 

white to light pink coloration. The colony margin was irregular 

and filamentous, indicating an active hyphal growth. As the 

culture matured, slight pigmentation developed towards the 

center of the colony, a phenomenon that is commonly observed 

in many Fusarium species. Microscopic observation at 100× 

magnification (Fig 5(b)) revealed hyaline and septate hyphae 

forming a branched mycelial structure. The presence of 

characteristic spindle-shaped macroconidia was observed, 

typically characterized by slightly curved, tapered ends and the 

presence of several septa. These spores were produced from 

specialized conidiogenous cells found along the hyphae. The 

presence of elongated macroconidia and septate hyphae is a 

distinctive feature associated with fungal species belonging to 

the genus Fusarium. Phylogenetic analysis based on rDNA 

sequences demonstrated that the studied strain is clearly 

affiliated with the genus Fusarium.
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Fig. 4. Phylogenetic tree based on 16S rRNA gene sequences showing the taxonomic relationships of three Streptomyces isolates with closely related reference 

strains retrieved from GenBank. The tree illustrates the phylogenetic positions of strains NVC-TL3, strain 4, and NVC-TX within the genus Streptomyces. 

Bootstrap values (%) based on 1,000 replications are indicated at branch nodes 

 

(a) 

 

(b) 

Fig. 5. (a) Colony morphology of F. fujikuroi on PDA after 7 days; (b) Microscopic observation at 100× magnification 

 

In the phylogenetic tree (see Fig. 6), the strain clustered 

tightly with F. fujikuroi CBS 221.76, supported by a high 

bootstrap value of 100%. This finding indicates a highly robust 

and reliable relationship. This close association suggests a high 

degree of genetic similarity and provides a strong support for its 

identification as F. fujikuroi. The cluster containing F. fujikuroi 

is closely related to F. annulatum and F. acutatum, forming a 

well-supported subgroup within the Fusarium fujikuroi species 

complex (FFSC). It is evident that other species such as F. 

dlaminii and F. nygamai are positioned in adjacent branches, 

thereby reflecting moderate evolutionary divergence. Taxa 

exhibiting a more distant relationship, including F. 

concentricum, F. humuli, and F. ipomoeae, constitute separate 

clades that demonstrate robust bootstrap support (100%). 

Overall, the tree topology confirms the taxonomic placement of 

the studied strain and highlights its close evolutionary 

relationship within the FFSC (Fig 6). 

3.3. Colony morphology and chitinolytic activity of selected 

Streptomyces strains 

Strain NVC-TL3 (Fig. 7(a)) formed a compact colony with 
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dense white aerial mycelia and regular circular margins, 

indicating stable growth and moderate sporulation ability. In 

contrast, strain 4 (Fig. 7(c)) exhibited rapid radial expansion 

with abundant cottony mycelia and irregular colony edges, 

suggesting vigorous vegetative development. Conversely, strain 

NVC-TX (Fig. 7(e)) produced a well-developed colony 

characterized by dense aerial hyphae and a distinct central 

elevation, reflecting robust physiological adaptation and 

sporulation potential. The chitin hydrolysis assay revealed that 

all three strains were capable of degrading chitin, as evidenced 

by the clear halo zones surrounding colonies on chitin agar 

plates (Fig 7(b, d, and f)). Among them, strain 4 exhibited the 

largest hydrolysis zone, indicating the strongest chitinolytic 

activity, whereas strains NVC-TL3 and NVC-TX showed 

moderate but distinct halo formation. The results suggest that 

the selected Streptomyces strains possess extracellular chitinase 

activity, which may contribute to their antagonistic effects 

against fungal pathogens through degradation of fungal cell 

wall components. 

 
Fig. 6. Phylogenetic tree based on 16S rRNA gene sequences. Bootstrap values (100%) calculated from 1000 replicates are indicated at the branch nodes. The F. 

fujikuroi isolate obtained in this study is highlighted in red 

Fig. 7. Colony morphology and chitin-solubilizing activity 

of three selected Streptomyces strains. Colony morphology of 

(a) strain NVC-TL3, (c) strain 4, and (e) strain NVC-TX 

cultured on Gause 1 medium, and chitin hydrolysis activity of 

the corresponding strains shown in (b), (d), and (f), respectively. 

The colony morphology observed in the present study is 

consistent with the typical characteristics of antagonistic 

Streptomyces species reported previously. As posited by Barka 

et al. [57], the formation of abundant aerial mycelia and 

powdery colonies is commonly associated with active 

secondary metabolite production and enhanced biocontrol 

potential. In addition, the degradation of chitin is considered as 

a significant antifungal mechanism, given its role as a 

constituent of substantial proportions within the fungal cell 

walls.  Similar findings were reported by Umar et al. [58], who 

demonstrated that chitinase-producing actinomycetes generated 

clear hydrolysis zones on colloidal chitin medium and 

effectively suppressed several soil-borne fungal pathogens. 

Furthermore, Streptomyces isolates exhibiting strong 

chitinolytic activity demonstrated greater antagonistic effects 

against Fusarium sp. [58]. Consequently, the observed chitin 

hydrolysis activity may represent one of several mechanisms 

involved in fungal suppression. Other mechanisms, including 

the production of antifungal secondary metabolites and 

competition for nutrients, were not investigated in the present 

study. 

3.4 Antagonistic activity of three selected strains against F. 

fujikuroi 

As depicted in Table 1, the antagonistic activity of the three 

Streptomyces strains against Fusarium fujikuroi increased 

progressively with incubation time. Among the tested isolates, 

strain NVC-TX exhibited the strongest inhibitory effect 

throughout the experiment, reaching growth inhibition (GI) 

values of 45.6%, 69.2%, and 74.9% after 3, 5, and 7 days, 

respectively. This strain was also found to yield the largest 

inhibition zone (SI), particularly on day 3 (14.5 mm), indicating 

rapid antifungal activity. Strain NVC-TL3 exhibited moderate 

antagonistic performance with GI values ranging from 40.6% to 

73.6%, whereas strain 4 demonstrated comparatively lower 

levels of inhibition, particularly on day 3 (37.2%). However, 

strain 4 demonstrated a gradual increase in antifungal activity 

over time, suggesting stable inhibitory capacity during 

prolonged incubation. Statistical analysis revealed significant 

differences among treatments across all observation periods (p 

≤ 0.01). The relatively low coefficient of variation values 

further confirmed the reliability and consistency of the 

experimental data. 

Similar findings were reported by Umar et al. [58], who 

observed that Streptomyces isolates producing extracellular 

enzymes and antibiotics effectively suppressed several 

Fusarium species. Similarly, Eichfeld et al. [59] demonstrated 

that chitinase-producing actinomycetes significantly reduced 

fungal mycelial growth through the degradation of fungal cell 

walls. In addition, Barka et al. [57] emphasized the significance 

of Streptomyces spp. as biocontrol agents, owing to their 

capacity to produce a wide range of bioactive metabolites with 

antifungal properties. Therefore, the strong inhibitory activity 

observed in strain NVC-TX suggests its promising potential for 

utilization as a biological control agent against F. fujikuroi in 

sustainable crop protection strategies. 

3.5 Effects of three selected Streptomyces strains on the 

pathogenicity of F. fujikuroi 

The greenhouse experiment demonstrated that all three 

Streptomyces strains significantly reduced Fusarium wilt 
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severity and improved watermelon growth in comparison with 

the infected control (NT1). The pathogen-inoculated control 

recorded the highest disease severity index (DSI) at 91.7%, with 

severe wilting and poor plant growth observed in Fig. 8. In 

contrast, Streptomyces-treated plants exhibited reduced disease 

symptoms and enhanced vegetative development. 

 
(a)  

(b) 

 
 (c) 

 
(d) 

  
(e) 

 
(f) 

Fig. 7. Colony morphology and chitin-solubilizing activity of three selected Streptomyces strains. Colony morphology of (a) strain NVC-TL3, 

(c) strain 4, and (e) strain NVC-TX cultured on Gause 1 medium, and chitin hydrolysis activity of the corresponding strains shown in (b), (d), 

and (f), respectively 
 

Table 1. Inhibitory activity of three Streptomyces strains against F. fujikuroi under in vitro conditions at different incubation periods 

Strains  SI (mm) 

D1 (mm) GI (%) 

Inoculation days 

3 5 7 3 5 7 

strain NVC-TL3 12.8±0.07b 18.7±0.4b 21.9±1.89b 23.7±0.17b  40.6±1.29b 64.1±0.11b 73.6±0.19b 

strain 4 12.6± 0.03b 19.8±0.49a 22.8±0.07a 25.8±0.66a 37.2±1.54c 63.4±0.64b 71.2±0.74c 

strain NVC-TX 14.5±0.55a 18.7±0.40b 21.9±1.89b 23.7±0.17b  45.6±2.14a 69.2 ± 0.48a 74.9±0.18a 

Ftest ** ** ** ** ** ** ** 

CV(%) 9.30 8.70 8.30 12.2 14.2 4.51 15.0 
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Fig.8. Effects of selected Streptomyces strains on the growth and disease suppression of watermelon plants challenged with Fusarium sp. under greenhouse 

conditions 

 

Table 2. Disease severity and antagonistic activity of three selected strains against F. fujikuroi 

Treatment 
DSI AE 

(%) 

NT1 (F. fujikuroi) 91.7 ± 3.33a Without AE  

NT2 (F. fujikuroi + strain NVC-TL3) 30.0 ± 3.85c 55.1±2.57b 

NT3 (F. fujikuroi + strain 4) 43.3 ± 6.67b 46.59c ± 4.22c 

NT4 (F. fujikuroi + strain NVC-TX) 14.9 ± 3.34d 66.22a ± 2.72a 

NT5 (without F. fujikuroi and Streptomyces) 6.67±7.70e Without AE 

Ftesst ** ** 

CV(%) 8.23 15.9 

Note: Values are presented as mean ± standard deviation. Different lowercase letters within the same 

column indicate significant differences at p ≤ 0.05. AE is percentage of antagonistic efficiency 

 

As presented in Table 2, among the treatments, strain NVC-

TX (NT4) exhibited the most pronounced biocontrol activity, 

resulting in the lowest DSI (14.9%) and the highest antagonistic 

efficiency (66.22%). The application of this strain to plants 

demonstrated healthier stems, greener leaves, and increased 

vigor. Strain NVC-TL3 (NT2) also effectively suppressed 

disease, reducing DSI to 30.0% with 55.1% antagonistic 

efficiency. In contrast, strain 4 (NT3) exhibited lower activity, 

characterized by a DSI of 43.3%. Overall, all isolates 

demonstrated biocontrol potential, particularly NVC-TX 

against Fusarium wilt. 

The combined results from Table 2 and Fig. 8 confirmed that 

the three Streptomyces strains effectively suppressed F. 

fujikuroi infection and enhanced watermelon growth under 

greenhouse conditions. Among the isolates that were tested, 

strain NVC-TX exhibited the strongest biocontrol activity, as 

evidenced by the lowest DSI value and the highest antagonistic 

efficiency. This superior performance may be associated with 

multiple antagonistic traits commonly found in Streptomyces 

spp., including extracellular lytic enzymes and antifungal 

metabolites. However, these mechanisms were not examined 

directly in the present study and require further investigation. 

Similar findings were reported by Eichfeld et al. [59], positing 

that Streptomyces spp. significantly reduced soil-borne fungal 

diseases through antibiotic production and rhizosphere 

colonization. Similarly, Eichfeld et al. [59] and Zeyad et al. [60] 

reported that antagonistic Streptomyces strains suppressed 

Fusarium pathogens by degrading fungal cell walls and 

competing for nutrients. Although NVC-TL3 and strain 4 also 

reduced disease severity, their antagonistic effects were 

comparatively lower, suggesting variability in metabolite 

production and root colonization efficiency among the isolates. 

The healthier morphology and improved vigor of treated plants 

observed in Fig. 7 further support the role of Streptomyces in 

enhancing plant resistance and reducing pathogen damage 

under greenhouse conditions. 

Among the three selected isolates, Streptomyces lydicus 

NVC-TX was identified to consistently exhibited superior 
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performance in both in vitro antagonism and greenhouse disease 

suppression assays. This enhanced efficacy may be attributed to 

its stronger chitinolytic activity than that of other isolates, 

suggesting a greater capacity to degrade fungal cell wall 

components. The consistency of strain NVC-TX performance 

across diverse experimental conditions further indicates that its 

antagonistic potential is not solely dependent on direct fungal 

inhibition but may also involve improved adaptation and 

persistence in the rhizosphere environment. Although the 

specific mechanisms were not investigated in the present study, 

the enhanced disease suppression achieved by strain NVC-TX 

suggests that this strain may possess a more extensive repertoire 

of bioactive compounds or antagonistic traits than the other 

isolates. The observed differences among the three 

phylogenetically distinct Streptomyces species highlight the 

significance of strain-level variation in determining biocontrol 

efficacy, even among closely related actinomycetes. 

4. Conclusion 

This present study successfully isolated and characterized 

three indigenous Streptomyces strains associated with 

watermelon-growing soils, specifically S. cyaneochromogenes 

NVC-TL3, S. toxytricini strain 4, and S. lydicus NVC-TX. All 

isolates exhibited chitinolytic activity and significant antifungal 

effects against F. fujikuroi under both laboratory and greenhouse 

conditions, signifying their potential as biological control 

agents. The integration of morphological, molecular, enzymatic, 

and biocontrol assessments revealed considerable functional 

variation among the isolates, with S. lydicus NVC-TX that 

demonstrated the strongest antagonistic activity and the greatest 

reduction in disease severity. These findings indicate that 

Streptomyces associated with watermelon represent a valuable 

source of beneficial microorganisms for sustainable disease 

management. The positive correlation between chitinolytic 

activity and the suppression of pathogen further suggests that 

extracellular lytic enzymes contribute to the observed 

biocontrol effects. Overall, S. lydicus NVC-TX is a promising 

candidate for the development of eco-friendly biocontrol 

products, despite the necessity for further studies on its 

metabolites, genomic traits, and field performance.  
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