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Abstract

Tomato (Solanum lycopersicum) is a widely used vegetable in Ethiopia, but its pro-
duction is severely affected by late blight, early blight and bacterial wilt. This study
aims to isolate Pseudomonas fluorescens as a bio-control agent against Alternaria
solani. Biological control using Pseudomonas fluorescens offers a potential alterna-
tive to chemical fungicides. Rhizosphere soil and healthy tomato roots were sam-
pled from three Kebeles in North Wollo, Ethiopia. P. fluorescens was isolated on
Pseudomonas Isolation Agar, while A. solani isolated from infected leaves on Potato
Dextrose Agar and confirmed pathogenic on tomato seedlings. Three isolates of

P. fluorescens (Pfs12, Pfk13, Pfsa31) were screened in vitro using the dual culture
method, and their efficacy was further tested in vivo under greenhouse conditions.
Isolates Pfs12 and Pfk13 showed moderate effectiveness against the radial growth
of A. solani, achieving percent growth inhibitions of 56.04% and 55.04%, respec-
tively. The standard chemical treatment (mancozeb) resulted in a 54.84% growth
inhibition. The control group (Pseudomonas fluorescens) also demonstrated a
moderate growth inhibition of 57.65% against A. solani. Data were gathered regard-
ing disease parameters. The day after transplanting, the percent disease index was
significantly lower in all treated groups compared to the control (water). The isolate
Pfsa31 achieved the lowest disease index of 24.733%, which was comparable to the
standard chemical treatment at 28.467%. Both treatments were significantly different
from the control (water) at 60.333%. The findings showed the bio-control potential of
selected P. fluorescens isolates as effective and environmentally sustainable alter-
natives to synthetic fungicides for the management of early blight disease in tomato
cultivation, emphasizing the importance of utilizing indigenous strains for optimal
performance.
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Introduction

Tomato (Solanum lycopersicum) is one of the most widely cultivated and consumed
horticultural crops globally. It plays a significant role in both household nutrition and
income generation for farmers due to its versatility in fresh consumption and process-
ing into products such as sauce, paste, ketchup, and juice. Tomatoes are rich in vita-
mins A, B, and C, and essential minerals, including potassium, phosphorus, and iron
[1]. They thrive across various agro-ecological zones, typically at altitudes ranging
between 700 and 2000 meters, under optimal temperatures of 21-24°C [2]. In East
Africa, and particularly in Ethiopia, tomatoes are an important vegetable crop culti-
vated by smallholders, commercial farms, and national agricultural enterprises. The
Rift Valley region, especially the Awash River Valley and lake areas, is the center of
intensive tomato production using supplemental irrigation, mainly during dry seasons
[3]. Despite the expansion in tomato cultivation and its growing economic signifi-
cance, national average yields in Ethiopia remain below the global average and lower
than those in neighboring countries [4]. According to [5], a highly significant negative
correlation with EB disease resistance was observed for leaf type, mature fruit size,
thickness of fruit pericarp, sepal length, petal width, and fruit shape characteristics.
These tomato characteristics can be considered as favorable attributes for genetic
improvement strategies through quantitative and biometrical genetics.

Several biotic and abiotic factors contribute to this yield gap, including poor agro-
nomic practices, post-harvest handling issues, and the prevalence of destructive dis-
eases. Among the biotic factors, fungal disease commonly occurs in tomato caused
by Alternaria species. Alternaria species are a diverse group of fungi known for their
role as major plant pathogens, allergens, and opportunistic pathogens in humans.
includes, because of the extant diversity in pathogenicity and genetics of A. solani
isolates, a single isolate could not be used for evaluating the resistance of potato [6].
Among the Alternaria species, Alternaria solani is one of the most damaging fungal
pathogens causing early blight. Most studies have reported yield losses of up to 80%
under severe infestation, leading to serious economic consequences for farmers [7].

To manage such diseases, many farmers rely heavily on chemical fungicides,
which can offer rapid and effective control. However, their application poses several
drawbacks: high costs, increased pest resistance, potential contamination of soil and
water, and adverse health effects on humans and non-target organisms [8]. Addition-
ally, the reduced availability of certain fungicides due to regulatory restrictions further
limits farmers’ options, especially in low-income regions. In light of these challenges,
interest has grown in biological alternatives, particularly the use of plant growth-
promoting rhizobacteria (PGPR) such as Pseudomonas fluorescens, Bacillus, Strep-
tomyces, and Trichoderma species [9]. PGPR are known not only for enhancing plant
growth but also for their ability to suppress phytopathogens through multiple mecha-
nisms. These include the production of antibiotics, siderophores, lytic enzymes, and
the induction of systemic resistance in host plants [10]. Unlike chemical treatments,
PGPR-based biocontrol is environmentally friendly, reduces chemical residue in
food, and contributes to sustainable agricultural practices [11]. Among PGPR, Pseu-
domonas fluorescens has gained considerable attention due to its broad-spectrum
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antifungal activity. It colonizes the rhizosphere effectively and suppresses pathogens through the production of secondary
metabolites such as phenazines, hydrogen cyanide (HCN), and 2, 4-diacetylphloroglucinol (DAPG), as well as through
competition for nutrients and space. Several studies have confirmed the antagonistic potential of P. fluorescens against A.
solani, reporting growth inhibition rates ranging from 50% to 60% in vitro [12].

Despite the promising potential demonstrated in earlier studies, there remains a critical gap in localized research.
Most previous investigations were conducted outside Ethiopia, under different agro-climatic conditions and using non-
native microbial strains. Very few studies have focused on identifying and evaluating indigenous P. fluorescens strains for
their bio-control efficacy against A. solani under Ethiopian conditions, particularly in North Wollo, where tomato farming
is widespread but suffers from high disease pressure and poor disease management practices. This region faces unique
challenges, including inadequate disease control strategies, limited access to biological products, and insufficient exten-
sion services, all of which contribute to yield losses. The current research aims to isolate and screen indigenous P. fluo-
rescens strains from tomato-growing areas in North Wollo, Ethiopia, and assess their in vitro antagonistic potential against
Alternaria solani by identifying effective local isolates. This study seeks to offer sustainable, eco-friendly alternatives to
chemical fungicides. Ultimately, the findings will support the development of integrated disease management strategies,
contributing to improved tomato yields, enhanced farmer livelihoods, and greater food security in the region.

Materials and methods
Description of study area

The study was conducted at Woldia University, Biotechnology Laboratory, located in the Amhara Region, Woldia town,
Ethiopia. Woldia is situated at a latitude of 11°49" N and a longitude of 39°36' E, at an elevation of approximately 2,112
meters above sea level. The area falls within the Weyna Dega (midland) agroecological zone and is characterized by
moderate temperatures and seasonal rainfall patterns. The climate in Woldia is typically subtropical highland, with aver-
age annual temperatures ranging from 10°C to 28°C and annual rainfall between 700 mm and 1,200 mm, mainly occur-
ring from June to September. The predominant soil types in the area are vertisols and cambisols, which support diverse
agricultural production under both rainfed and irrigated conditions. Agriculture is the primary livelihood activity in Woldia
and its surrounding areas, employing the majority of the population. The region is known for growing a variety of crops,
including cereals (e.g., teff, sorghum, and maize), pulses (e.g., lentils and chickpeas), and horticultural crops, particularly
tomatoes, onions, and peppers.

Study design and period

The experimental research design employed a complete randomized design (CRD) to ensure systematic and unbi-

ased results. The study took place from September 2024 to April 2025 at the Woldia University Microbial Biotechnology
Laboratory, focusing on selected tomato cultivation sites in the North Wollo Zone. The research integrated both in vitro
(laboratory) and in vivo (greenhouse) experiments to rigorously assess the efficacy of Pseudomonas fluorescens against
Alternaria solani.

Sample collection

Rhizosphere soil and infected tomato leaf samples were collected during September 2024 from three tomato-producing
Kebeles, Sirinka, Sanka, and Kobo, located in the North Wollo Zone of the Amhara Region. These sites were selected
based on a preliminary field survey assessing the prevalence and severity of early blight disease caused by Alternaria
solani. Within each Kebele, three representative tomato farmlands showing high disease incidence were purposively
selected as sampling locations. From each selected farmland, rhizosphere soil samples were collected at a depth of
approximately 5 to 15cm using sterile spatulas, and three infected tomato leaves were excised using sterilized blades. All
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samples were collected while wearing sterile gloves to avoid cross-contamination. In total, nine soil samples and nine leaf

samples were collected from Kebele. These eighteen primary samples were then triplicated to ensure statistical validity

and experimental reproducibility, resulting in fifty-four final samples (six samples per Kebele x three Kebeles x three repli-

cations), Table 1. The samples were immediately placed in sterile, labeled paper bags indicating the date and location of

collection. After collection, all samples were aseptically transported in cooled containers to the Biotechnology Laboratory

of Woldia University. Upon arrival, the samples were stored at 4°C until further microbiological and pathological analysis.
The experiment consisted of nine treatments and three replications. The total combination was 9*3 =27 trials.

Isolation of Alternaria solani

Tomato leaves exhibiting characteristic symptoms of early blight were collected from infected plants in the study area.
Using sterile blades, the infected portions of the leaves were cut into small segments (approximately 0.5—-1 cm?). These
segments were surface-sterilized by immersion in 1% sodium hypochlorite solution for one minute, followed by four suc-
cessive rinses with sterile distilled water to remove any residual disinfectant. The sterilized leaf tissues were then dried on
sterile filter paper under aseptic conditions and placed on Petri dishes containing sterilized Potato Dextrose Agar (PDA)
medium. The plates were incubated at 28°C for seven to ten days to promote the growth and sporulation of the fungal
pathogen. Fungal colonies emerging from the plated tissues were carefully sub-cultured onto fresh PDA plates using a
sterile inoculating needle. Single spore isolation was performed to obtain pure cultures. These pure isolates were main-
tained on PDA and periodically sub-cultured to preserve their viability and purity. Preliminary identification of the pathogen
was based on colony morphology and growth characteristics, including texture and growth form. Further microscopic
examination of the pure cultures was conducted using a light microscope at 40x magnification. Morphological characteri-
zation focused on the hyphae and conidia, particularly their shape, size, color, septation, and arrangement in chains [13].

Preparation of A. solani inoculum

10 mL of sterile distilled water was poured on 14-day-old single spore PDA cultures of Alternaria solani. Colonies were
scraped using a sterile glass slide. To remove debris, the resulting conidial suspension was sieved through a sterile muslin
cloth. Using a haemocytometer, the concentration of the suspension in conidia was calculated and adjusted to 3x10°
spores/ml [14].

Assessment of the pathogenicity of A. solani

A greenhouse experiment was conducted at Woldia University. Tomato seedlings were grown in 22 cm diameter plastic
pots. Each pot was filled with a sterilized potting mixture composed of sand and sandy loam in a 2:1 ratio. The soil mixture

Table 1. Pseudomonas fluorescens treatments from study areas.

Treatments Substrate code Sampling sites

Trt 1 Pfs12 Pseudomonas fluorescens From Sirinka 1
Trt 2 Pfs21 Pseudomonas fluorescens From Sirinka 2
Trt 3 Pfs22 Pseudomonas fluorescens From Sirinka 3
Trt4 Pfs13 Pseudomonas fluorescens From Kobo 1
Trt 5 Pfk21 Pseudomonas fluorescens From Kobo 2
Trt 6 Pfk22 Pseudomonas fluorescens From Kobo 3
Trt 7 Pfsa31 Pseudomonas fluorescens From Sanka 1
Trt 8 Pfsa32 Pseudomonas fluorescens From Sanka 2
Trt 9 Pfsa33 Pseudomonas fluorescens From Sanka 3

https://doi.org/10.1371/journal.pone.0341442.t001
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was autoclaved at 121°C for one hour and allowed to cool for seven days before use. Five tomato seeds were sown per
pot and thinned to three plants once the seedlings reached approximately 10cm height. Pathogenicity of Alternaria solani
was assessed following Koch’s postulates. At 40 days after sowing, healthy tomato seedlings were sprayed with a conidial
suspension (3 x 10° spores/mL) using a hand sprayer. Control plants were treated with sterile distilled water. To ensure
optimal humidity for disease development, all inoculated and control plants were covered with transparent plastic bags for
48 hours. Environmental conditions such as temperature and humidity were closely monitored throughout the experiment.
Symptoms began to appear 5-7 days post-inoculation on the lower leaves of inoculated plants. These symptoms included
small, dark brown spots that gradually expanded into concentric rings characteristic of early blight. As the disease pro-
gressed, necrotic lesions enlarged, often coalescing and causing leaf chlorosis and defoliation. To confirm infection,
symptomatic leaves were collected, and A. solani was re-isolated using standard isolation techniques. The re-isolated
pathogen was cultured on PDA and compared morphologically and culturally with the original strain used for inocula-

tion. The consistency in colony morphology and microscopic features validated the fulfillment of Koch’s postulates. Data
recorded during the experiment included the number of days until symptom onset, severity of symptom expression, lesion
diameter, percentage of infected leaves, plant height, and leaf chlorosis. These observations confirmed the pathogenicity
of Alternaria solani under controlled greenhouse conditions [15].

Isolation and purification of Pseudomonas fluorescens

Pseudomonas fluorescens was isolated from rhizosphere soil samples using the serial dilution technique. One gram of
each soil sample was suspended in 9ml of sterile distilled water and vortexed thoroughly to create a uniform suspension.
Serial dilutions were prepared up to 10-7. From each dilution, 100 yL aliquots were spread on Pseudomonas Isolation
Agar (PIA) plates using the spread plate method. The plates were incubated at 28°C for 24—48 hours to allow bacterial
growth. Following incubation, distinct bacterial colonies were observed on the agar surface. Colonies with morphological
characteristics typical of Pseudomonas fluorescens, notably their ability to fluoresce under UV light, were selected. These
colonies were aseptically transferred to fresh PIA plates using a sterile inoculating needle for purification. Sub-culturing was
repeated to obtain pure cultures [16]. The purified isolates were characterized based on their cultural and morphological
features, including colony shape, size, pigmentation, texture, and fluorescence under ultraviolet light. Colonies that exhib-
ited the typical greenish pigmentation and fluorescent glow were tentatively identified as Pseudomonas fluorescens [17].
Biochemical characterization of Pseudomonas fluorescens. To confirm the identity of the isolates, standard
biochemical tests were performed, including Gram staining, motility test [18], oxidase test, methyl red test, starch
hydrolysis test, triple sugar iron test, motility test by Nepali et al. [19], catalase test [20], gelatin hydrolysis test [21], indole
test [22], the fluorescein pigmentation test [23], and citrate utilization tests using Guler and Kiguk [24]. Confirmed isolates
were then maintained in nutrient broth supplemented with glycerol (15—20%) and stored at —20 °C for further use [25].

In vitro evaluation of Pseudomonas fluorescens against Alternaria solani

The antagonistic potential of Pseudomonas fluorescens isolates against Alternaria solani was evaluated in vitro using the
dual culture technique with three replicates per treatment. Seven-day-old cultures of A. solani were prepared by cutting
5mm agar plugs using a sterile corkborer and placing them near the edge of sterile Potato Dextrose Agar (PDA) plates.
Plugs were incubated for three days before inoculation of the bacterial antagonists. Isolates of P. fluorescens, including
both newly isolated and reference strains, were spot-inoculated on the opposite side of the same plate, approximately
2cm from the edge and equidistant from the fungal plug. Control plates with only A. solani served as a baseline. The
plates were incubated at 28°C for five- seven days, and the radial growth of A. solani was measured daily from day 3 to
day 13. Zones of inhibition between the bacterial colonies and fungal mycelium were recorded, and percent growth inhibi-
tion (PGI) was calculated using the formula PGI (%) = ((C-T)/ C) x 100, C- mycelia growth of the pathogen in the control
T- mycelia growth of the pathogen in the dual culture plate. Based on PGI values, antagonistic activity was categorized
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following the scale: very low (0-25%), low (26-50%), moderate (51-75%), and high (76—100%). This in vitro screening
was an essential step to identify the most promising P. fluorescens strains for subsequent greenhouse evaluation [26].

Design and set up of the pot experiments. Microbial antagonists selected from the in vitro screening were further
evaluated for their efficacy in vivo conditions using pot experiments. Certified tomato seeds of the susceptible variety
Roman BF, obtained from the Sirinka Agricultural Center. Seeds were sown in sterilized nursery beds, and thirty days after
sowing, healthy seedlings were transplanted into plastic pots measuring 30cm in diameter and 30cm in height, each filled
with a sterilized potting mix composed of sand and sandy loam at a 2:1 ratio, autoclaved at 121°C for one hour. Each pot
contained three rows with five plants per row, maintaining inter-row and intra-row spacing of 0.5 meters, and pots were
arranged with 0.5-meter spacing between them. The experiment was arranged in a Completely Randomized Design
(CRD) with three replicates per treatment. Treatments included tomato plants inoculated with Alternaria solani and treated
with selected Pseudomonas fluorescens isolates (experimental treatments), plants inoculated with A. solani but untreated
(negative control), and three plants neither inoculated nor treated (positive control). The antagonists were applied as
soil drench and foliar spray at specified intervals following pathogen inoculation to assess their bio-control efficacy. The
greenhouse experiment lasted for 60 days post-transplanting. Data recorded included disease incidence, severity, and
index assessed from 10" to 60" days. Final data collection occurred at the end of the 60 days, when comprehensive
assessments of disease suppression and plant growth promotion were conducted to evaluate the effectiveness of the
microbial antagonists in managing early blight in tomato under controlled conditions [27].

Preparation of standard Pseudomonas fluorescens. Standard Pseudomonas fluorescens was acquired from the
Ethiopian Public Health Institute (EPHI) referral and reference laboratory and used as a comparison. Using a sterile
micropipette, one ml of the formulation was measured and diluted as recommended for the in vitro evaluation of the
bacterium against A. solani [28].

Preparation of cultures filtrates from Pseudomonas fluorescens isolates

Culture filtrates of Pseudomonas fluorescens isolates were prepared using nutrient broth composed of 5g/L peptone, 3g/L
beef or yeast extract, and 0.5g/L sodium chloride in 1,000 mL distilled water (pH 7.0 at 25°C). Approximately 8.5g of the
medium was dissolved in 500 mL distilled water, sterilized by autoclaving at 121°C and 1 bar pressure for 15-20 minutes,
and then cooled. Seven-day-old P. fluorescens cultures grown on Pseudomonas isolation agar were suspended in 10 mL
sterile distilled water by flooding and scraping with sterile glass slides. This suspension was aseptically transferred into
500 mL of sterile nutrient broth in conical flasks, which were sealed with cotton wool and aluminum foil to prevent contam-
ination. Flasks were incubated at room temperature (24 +2°C) on laboratory benches for 9 days. The fermentation broth
was then filtered through sterile muslin cloth, and the resulting culture filtrate was collected in sterile 1,000 mL conical
flasks for further use [25].

In vivo efficacy testing of Pseudomonas fluorescens. To assess the in vivo efficacy of Pseudomonas fluorescens,
grow the tomato plants in pots under greenhouse conditions. P.fluorescens suspension was prepared by culturing it in
nutrient broth. Treatments were applied on a 10-day interval commencing 50 days after sowing in the greenhouse and
20 days after transplanting in the pot. One liter of culture filtrate from isolates of selected antagonists was prepared
and thoroughly mixed with one ml acquawet to allow it to stick on the leaf surface. The treatments were sprayed on
the leaves of tomato plants using hand sprayers. Since cases of phytotoxicity were recorded on tomato leaves for
the normal strength, the culture filtrates were diluted to half strength by adding an equal volume of sterile water. One
standard Pseudomonas fluorescens, Mancozeb or antifungal chemicals, negative control, or water, and three isolated
Pseudomonas fluorescens were applied. A total of 6 sprays were done for the whole experiment [29]. Monitor the plants
over 2—4 weeks, and signs of early blight, including leaf spots and wilting, and disease incidence were measured. Disease
severity on a scale (e.g., 0-5, where 0 indicates no symptoms and 5 indicates severe symptoms [30]. In greenhouse
trials, disease progression on tomato plants was monitored from the tenth to the sixteenth day after inoculation. Disease
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parameters such as disease incidence, severity, and disease index were recorded for each treatment group in pots,
following standard procedures [31,32].

(Number of infected leaves/plants per pot)

100
(Total number of leaves/plants observed per pot) %

Percent Disease Incidence =

(Disease rating x number of plants scored for each rating)
(Total number of leaves observed x maximum rating scale)

Percent Disease Severity = Z 100

(Percent disease incidence + Percent disease severity)
(Total number of leaves per pot observed x maximum rating scale)

Percent Disease Index = Z

Rating scale Disease severity percent Disease reaction
0 0 No symptom

1 1-10 Mild symptom

2 11-25 Moderate symptom
3 26-50 Symptom

4 51-75 Very Symptom

5 >76 Totally severe

Data analysis

The data was analyzed and interpreted using SPSS (Version 27.1). For mean comparison, Two-way ANOVA was used to
determine statistical significance among treatments and fishers protected least significance difference (LSD) test at 5%
significance level. Finally, correlation analysis was used under in vivo conditions to link the relationship between disease
parameters (Incidence, severity and Index).

Results
Isolation and morphological characterization of isolated Alternaria solani

Pure colonies of Alternaria solani that were grown on Potato Dextrose Agar (PDA) exhibited distinct characteristics for
identification. The morphological and microscopic characterization of Alternaria solani isolates revealed distinct varia-
tions across several features. Colony coloration ranged from white (Ass11, Assa12, Ask12, Ask13) to dark brown (Ass12,
Ass13, Assa13, Ask11), grey (Ass13), and blackish hues (Assa11). Colony textures varied from cottony (Ass11, Assa12,
Ask11, Ask12, and Ask13) to fluffy (Ass12, Ass13, Assa11, and Assa13). Growth patterns were predominantly fast and
smooth, with isolates showing either regular (Ass11, Ass13, Assa12, Ask11) or irregular growth (Ass12, Assal11, Ask12).
The reverse sides of the colonies exhibited primarily dark brown (Ass11, Ass13, Assa13, Ask12) or white pigmentation
(Ass12, Assa12, Ask11, Ask13), with one isolate (Assa11) displaying a yellow reverse. Colony shapes were mainly circular
and raised (Ass13, Assal11, Assa12, Assa13, Ask11, Ask12), with some exhibiting hairy margins (Ass11, Ass12, Assa13,
Ask13). Colony sizes varied significantly, ranging from 36.9 um (Ass13) to 93.2 um (Ask13). Microscopic analysis showed
that the hyphae were mostly branched filaments (Ass12, Ass13, Assa13, Ask11, Ask12, Ask13), with some isolates
forming septate hyphae with chains (Ass11) or bearing conidia with beaks (Assa11, Assa12). Septation patterns included
horizontal septation ranging from 2 to 7 and vertical septation from 1 to 4, providing a comprehensive profile of the mor-
phological and microscopic diversity among the examined A. solani isolates. A detailed morphological analysis had been
presented in Fig 1 and Table 2.
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Fig 1. Cultural and morphological characteristics of isolated Alternaria solani. (A) Alternaria solani seven- day old colony (obverse), (B) Alternaria
solani ten- day old colony (reverse), (C) Alternaria solani hyphae (x40), (D) Alternaria solani conidia (x40).

https://doi.org/10.1371/journal.pone.0341442.9001

Table 2. Cultural, morphological and microscopic characteristics of isolated Alternaria solani.

Isolate | Color Texture | Growth Reverse Shape Size (um) | Hyphae Septation

Code Form Side Horizontal | Vertical

Ass11 White Cottony | Fast, Smooth, Dark brown | hairy margin 78.4 Septate hyphae, septate 3-5 1-3
regular chain forming

Ass12 Dark brown | Fluffy Weak, Smooth, White hairy margin 42.5 branched filament 3-6 2-4
irregular

Ass13 Grey Fluffy Fast, Smooth, Dark brown | Circular, raised | 36.9 branched filament 3-5 1-2
regular colonies

Assal11 | Blackish Fluffy Fast, Smooth, Yellow Circular, raised | 38.7 Septate, Beaks — like 2-6 1-3
irregular colonies structure

Assa12 | White Cottony | Fast, Smooth, White Circular, raised | 91.5 Septate, Beaks on conidia | 3-7 1-3
regular colonies

Assa13 | Dark brown | Fluffy Fast, Flat growth Dark brown | hairy margin 75.4 branched filament 4-7 1-2
circular

Ask11 Dark brown | Cottony | Medium, Smooth, | White Circular, raised |70.3 branched filament 4-7 1-2
regular colonies

Ask12 White Cottony | Fast, Smooth, Dark brown | Circular, raised |92.3 branched filament 2-5 1-2
irregular colonies

Ask13 White Cottony | Fast White hairy margin 93.2 branched filament 2-6 1-3

https://doi.org/10.1371/journal.pone.0341442.t002

Pathogenicity of Alternaria solani

In this study, 20 days old tomato seedlings were inoculated with a conidial suspension of Alternaria solani. They
developed characteristic early blight symptoms 15 days after inoculation. Affected foliage displayed dark brown, oval
to angular lesions measuring 2—7 mm in diameter, exhibiting distinct concentric rings typical of A. solani infection.
Lesions gradually expanded, leading to complete blighting of the infected leaves. To satisfy Koch’s postulates, the
pathogen was re-isolated from symptomatic leaf tissues using standard tissue isolation techniques on Potato Dextrose
Agar (PDA). The resulting single-spore colonies exhibited cultural and morphological characteristics identical to those
of the original isolate. Microscopic examination confirmed that the hyphal and conidial features of the re-isolated fun-
gus were consistent with A. solani, thereby confirming the identity of the pathogen, Fig 2. Therefore, this re-isolated
pathogen was the causal agent.
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Fig 2. Early blight symptoms on an infected tomato leaf and a healthy tomato leaf under greenhouse. (A) Healthy tomato leaf from greenhouse
pot, (B) early blight symptoms on infected tomato leaf from greenhouse pot.

https://doi.org/10.1371/journal.pone.0341442.9002

Morphological characterization of isolated Pseudomonas fluorescens

The bacteria Pseudomonas fluorescens were isolated from rhizosphere soil using Pseudomonas isolation agar. One
gram of rhizosphere soil was collected and serially diluted up to 1077. From this dilution, 27 distinct bacterial colonies were
isolated. Among 27 Pseudomonas fluorescens isolates, only nine were morphologically characterized based on features
such as colony shape, cell shape, color, elevation, surface texture, pigmentation, and Gram reaction. In terms of surface
coloration, most isolates displayed a greenish tint (Pfs12, Pfsa31, Pfsa32, Pfsa33, and Pfk13), while others showed a
blue-green tint (Pfs21, Pfs22, Pfk21, Pfk22). The reverse side of the colonies was predominantly yellowish-green in Pfs12,
Pfs21, Pfs22, Pfsa31, Pfsa32, and Pfsa33; whereas Pfk13, Pfk21, and Pfk22 exhibited off-white reverse. Colony textures
ranged from smooth (Pfs12, Pfsa31, Pfsa32, Pfsa33, Pfk21, Pfk22) to glossy (Pfs21, Pfs22, Pfk13). The colony margins
were generally rounded, except for Pfk13, which displayed an irregular margin. All isolates were rod-shaped, with colony
sizes ranging from 1 to 3mm. Cellular arrangement of most isolates formed small clusters (Pfs12, Pfs21, Pfs22, Pfk21,
Pfk22), while Pfsa31, Pfsa32, Pfsa33, and Pfk13 appeared as single cells. Colony elevation was predominantly convex,
except in Ptk21 and Ptk22, where a flat elevation was observed. These findings provide a comprehensive morphological
profile of the isolated P. fluorescens strains, as illustrated in Fig 3 and Table 3.

Fig 3. Cultural and morphological characteristics of isolated Pseudomonas fluorescens. (A) Pseudomonas fluorescens colonies, (B) Pseudomo-
nas fluorescens subculturing, (C) Isolated Pseudomonas fluorescens under ultraviolet light, (D) Microscopic observation of Pseudomonas fluorescens.

https://doi.org/10.1371/journal.pone.0341442.9003

PLOS One | https://doi.org/10.1371/journal.pone.0341442 January 23, 2026 9/22


https://doi.org/10.1371/journal.pone.0341442.g002
https://doi.org/10.1371/journal.pone.0341442.g003

PLO\Sﬁ\\.- One

Table 3. Cultural and morphological characterization of isolated Pseudomonas fluorescens.

Sampling Code Surface Color Reverse color Texture Margin Shape Size Arrangement Elevation
Negative Control

P. fluorescens Greenish Yellowish green Smooth Round Rod 1-3 mm small cluster Convex
Pfs12 Greenish Yellowish green Smooth Round Rod 1-3 mm small cluster Convex
Pfs21 Blue Green Yellowish green Glossy Round Rod 1-3 mm small cluster Convex
Pfs22 Blue Green Yellowish green Glossy Round Rod 1-3 mm small cluster Convex
Pfsa31 Greenish Yellowish green Smooth Round Rod 1-3 mm Single cell Convex
Pfsa32 Greenish Yellowish green Smooth Round Rod 1-3 mm Single cell Convex
Pfsa33 Greenish Yellowish green Smooth Round Rod 1-3 mm Single cell Convex
Pfk13 Greenish Off white Glossy Irregular Rod 1-3 mm Single cell Convex
Pfk21 Blue Green Off white Smooth Round Rod 1-3 mm small cluster Flat
Pfk22 Blue Green Off white Smooth Round Rod 1-3 mm small cluster Flat

https://doi.org/10.1371/journal.pone.0341442.t003

Biochemical characterization of isolated Pseudomonas fluorescens

Out of the 27 Pseudomonas fluorescens isolates obtained, nine representative isolates were selected for further detailed
biochemical characterization and analysis. All nine isolates tested were positive for citrate utilization, catalase activity,
oxidase activity, motility, triple sugar iron (TSI) reactions, fluorescent pigment production, and gelatin liquefaction- traits
that are characteristic of P. fluorescens and support their species-level identification. In contrast, all isolates were nega-
tive for starch hydrolysis and indole production. They exhibited Gram-negative staining, confirming their Gram-negative
cell wall structure characterized by a thin peptidoglycan layer and an outer membrane, which indicates specific metabolic
limitations. Catalase and oxidase positivity confirmed the ability of the isolates to break down hydrogen peroxide and the
presence of cytochrome-c oxidase, respectively, hallmark features of Pseudomonas species. Motility tests revealed that
all isolates were motile and possessed flagella, suggesting enhanced adaptability to diverse environments. The starch
hydrolysis and indole tests confirmed the absence of amylase and the inability to convert tryptophan to indole, consistent
with the known biochemical profile of P. fluorescens. TSI agar tests showed that most isolates fermented glucose without
producing hydrogen sulfide (H,S) and did not ferment lactose or sucrose. However, isolates Pfsa31, Pfsa32, Ptk21, and
Pfk22 did not ferment glucose, suggesting possible strain-specific variations or experimental inconsistencies. All isolates
were gelatinase-positive, and citrate utilization confirmed their ability to use citrate as a sole carbon source. Additionally,
the methyl red test was positive in all isolates, indicating stable acid production during glucose metabolism. The pro-
duction of fluorescent pigments under UV light further confirmed the identity of the isolates as P. fluorescens. A detailed
summary of these results is presented in Table 4 and a supportive image S1 Fig in S1 Fig.

In vitro evaluation of isolated Pseudomonas fluorescens against Alternaria solani

Pseudomonas fluorescens isolates coded Pfs12, Pfs21, Pfs22, Pfk13, Ptk21, Pfk22, Pfsa31, Pfsa32, and Pfsa33 were
selected based on preliminary experiments, along with a standard P. fluorescens strain obtained from the Ethiopian Public
Health Institute (EPHI). The anti-fungal chemicals (mancozeb) were evaluated for their in vitro antagonism activity against
A. solani. Each treatment was replicated three times. The experimental design was a Complete Randomized Design
(CRD) in triplicate. Data were taken on the growth of the pathogen. The radial growth of the pathogen’s colonies (mea-
sured in centimeters) was recorded daily, beginning on the third day after the bio-control agents (BCAs) were introduced,
until the thirteenth day, when no further growth was observed in the control plates. This experimental result showed that
the selected P. fluorescens isolates, anti-fungal chemicals (mancozeb), and the standard strain significantly inhibited the
radial growth of A. solani from the third day onward, with suppression continuing until no additional colony expansion was
detected in the control plates.
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Table 4. Biochemical characteristics of isolated Pseudomonas fluorescens.

Isolate Code Gram Catalase |Oxidase |Motility | Starch Indole | Gelatin Methyl Citrate fluorescens
Staining | test Test Test hydrolysis | test liquefaction |red Utilization | Pigmentation
test Test test Test test

Negative Control

P. fluorescens - - -
Pfs12 - - -
Pfs21 - - -
Pfs22 - - -
Pfsa31 - - -
Pfsa32 - - -
Pfsa33 - - -
Pfk13 - - -
Pfk21 - - -
Pfk22 - - -

Key: +: indicates positive, -: indicates negative.

https://doi.org/10.1371/journal.pone.0341442.t004

Nine P. fluorescens isolates, standard check (mancozeb), and control (Pseudomonas) strain were screened for their
inhibitory effect on the radial growth of A. solani using the dual culture technique. All isolates demonstrated moderate
growth inhibition against A. solani. The pathogen's growth in dual culture plates continued until it reached the leading
edge of the antagonists. In the in vitro antagonism activity of the radial growth of the pathogen, radial growth of treatment
and percent growth inhibition did not significantly (at p>0.05) differ among treatments on the day after transplanting. Sig-
nificant (p <0.05) increases were recorded for the radial growth of the pathogen, radial growth of treatments, and percent
growth inhibition in all the treatments with time. Comparison of means was done using Fisher’s protected LSD test (at
p <0.05) using SPSS version 27.1, and the mean interaction effect was performed using Statstix 10. Among the different
isolates of P. fluorescens and anti-fungal chemicals (mancozeb), the standard strain exhibited the highest suppression,
recording the least pathogen colony diameter (2.40cm), followed by PFS12 (2.49cm), PFK13 (2.57 cm), and Pfsa31
(2.58cm), respectively. The standard P. fluorescens strain exhibited the highest percent growth inhibition (57.65%),
followed by PFS12 (56.04%), PFK13 (55.04%), and PFK21 showed the lowest antagonistic effect (52.91%). Isolates like
PFS12 and PFK13 displayed moderate inhibitory effects, while the standard P. fluorescens strain demonstrated a stronger
antagonistic potential. In this study, no zones of growth inhibition were observed between the colonies of P. fluorescens
and those of A. solani. The detailed in vitro antagonism activity of P. fluorescens isolates, control and standard check was
summarized in Figs 4 and 5, Tables 5 and 6.

In vivo efficacy testing of isolated Pseudomonas fluorescens in the managing of tomato early blight

In this study, six promising BCAs with notable inhibitory effects on the in vitro growth of Alternaria solani were selected for
evaluation. Among these, four treatments were chosen for greenhouse trials to assess their effectiveness in controlling
early blight pathogen in tomatoes. The BCAs included three isolates of Pseudomonas fluorescens (Pfs12, Pfk13, and
Pfsa31) and one strain of Pseudomonas fluorescens. Water served as the control treatment, while mancozeb was used as
the standard chemical check. Each treatment was replicated three times. The experiment followed by Complete Random-
ized Design with three replications. Mean comparisons were performed using Fisher’s protected LSD test (at p <0.05) with
SPSS version 27.1 and mean interaction effect was performed using Statstix 10. Results showed that percent disease
incidence was significantly lower in all BCA treatments compared to the control (water). The disease incidence observed
with mancozeb was comparable to that of BCAs. Similarly, percent disease severity and the percent disease index were
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Fig 4. Mean diameter of radial growth of pathogen in the presence of isolated Pseudomonas fluorescens.

https://doi.org/10.1371/journal.pone.0341442.9004
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Fig 5. Mean diameter of radial growth of pathogen in the presence of isolated Pseudomonas fluorescens.

https://doi.org/10.1371/journal.pone.0341442.9005

significantly lower in all treatments relative to the control (water). Disease incidence ranged from 6.26% to 7.79% across
all treatments, while the control treatment (water) had a significantly higher incidence of 15.94%. Disease severity ranged
from 5.67% to 6.75% for all treatments, whereas the control treatment recorded a significantly higher severity of 14.22%.
The percent disease index ranged from 24.29% to 28.47% for all treatments, while the control treatment had a signifi-
cantly higher disease index of 60.33%. The findings suggest that BCAs are effective in managing early blight in tomatoes
under greenhouse conditions, reducing growth with the disease.

Percent disease incidence for early blight in tomato plants treated with the various antagonists

In the greenhouse experiment, the percent disease incidence for tomato early blight did not significantly vary (at p>0.05)
among treatments starting from the day after transplanting. Over time, a significant (p <0.05) increase in disease inci-
dence was observed in all treatments. However, all treatments significantly (p <0.05) reduced the percent disease inci-
dence compared to the control treatment (water) throughout the experiment, Table 7. Specifically, on the 10", 40t, 50,
and 60" days after transplanting, the standard check (mancozeb) and P. fluorescens isolates coded Pfs12, Pfk13, and
Pfsa31 significantly (p<0.05) lowered the percent disease incidence compared to the control (water). The percent dis-
ease incidence ranged from 6.255% to 7.7889% for all treatments, while the control (water) treatment recorded a sig-
nificantly moderate disease incidence of 15.944%. Significant differences (p <0.05) in percent disease incidence were
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Table 5. Antagonistic activity of isolated Pseudomonas fluorescens, standard check (Mancozeb) and control (standard P.fluorescens) against
Alternaria solani with treatments.

Experimental site Treatments Radial growth of pathogens(cm) Radial growth of treatments(cm) Inhibition (%)
A. solani 5.81a .00e .00g
Pfs12 2.49e 3.32ab 56.04b
Pfs21 2.63c 3.18 cd 53.98e
Pfs22 2.68b 3.12¢c 53.07f
Pfk13 2.57d 3.24bc 55.04c
Pfk21 2.71b 3.10d 52.91f
Pfk22 2.60 cd 3.21a 54.23de

In vitro Pfsa31 2.58d 3.23¢c 54.65cde
Pfsa32 2.70b 3.11d 53.05f
Pfsa33 2.60 cd 3.21¢c 54.61cde
Mancozen 2.58d 3.23¢c 54.84 cd
St.P.fluorescens 2.40f 3.41a 57.65a
Grand Mean 2.8607 2.9465 50.006
C.V (%) 1.74 4.46 2.31
LSD (p<0.05) 0.0327 0.0866 0.7619

Means followed by the same letter (s) in the same column did not significantly differ (at 5%). Pseudomonas fluorescens isolates: Pfs12 (Pseudomonas
fluorecsens from Sirinka), Pfs21(Pseudomonas fluorecsens from Sirinka), Pfs22 (Pseudomonas fluorescens from Sirinka), Pfk13 (Pseudomonas fluo-

rescens from Kobo), Pfk21 (Pseudomonas fluorecsens from Kobo), Pfk22 (Pseudomonas fluorescens from Kobo), Pfsa31 (Pseudomonas fluorescens
from Sanka), Pfsa32 (Pseudomonas fluorescens from Sanka) and Pfsa33 (Pseudomonas fluorescens from Sanka), St..P. fluorescens: Positive control,
mancozeb: standard check, A A. solani: Negative control, mean: grand mean, C.V (%): coefficient of variation, LSD: least significant difference.

https://doi.org/10.1371/journal.pone.0341442.t005

Table 6. Antagonistic activity of isolated Pseudomonas fluorescens, standard check (Mancozeb) and control (standard P. fluorescens)
against Alternaria solani with days.

Experimental Site Day Mean of RGP (cm) Mean of RGT (cm) Mean of PGI (%)
13 3.9619a 4.3781a 52.487a
11 3.8475b 4.1425b 51.840b
9 3.7039c 3.8294c 50.787c
7 2.5292d 2.4708d 49.354d
In vitro (In laboratory) 5 1.6858e 1.5608e 48.038e
3 1.4358f 1.2975f 47.530e
Grand Mean 2.8607 2.9465 50.006
C.V (%) 1.74 4.46 2.31
LSD (p<0.05) 0.0231 0.0612 0.5388

Means of RGP and RGT were significantly different from one another (at 5%) but means of PGI did not significantly different from one another (at 5%).
Day: day after plating bacterial antagonists, RGP: radial growth of pathogen, RGT: radial growth of treatment, PGI: percent growth inhibition, Mean:
grand mean, C.V (%): coefficient of variation, LSD: least significance difference Fig 6.

https://doi.org/10.1371/journal.pone.0341442.t006

observed between all treatments and the control (water) from the 10" to the 60" day after transplanting (Table 6). This
study demonstrated the efficacy of selected microbial antagonists in reducing early blight on tomato plants under green-
house conditions. The application of these antagonists significantly protected tomato leaves from A. solani infection and
prevented the pathogen from spreading across leaf surfaces. By mitigating the impact of A. solani, the antagonists helped
maintain the photosynthesis process, thereby supporting overall plant health and productivity. Detailed data on the percent
disease incidence for P. fluorescens isolates, the control, and the standard check are summarized in Fig 6 and Table 7.
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Table 7. Percent disease incidence for early blight in tomato plants treated with the various antagonists with treatments and days.

Experimental site Treatments Mean of PDI Day Mean of PDI
PFS12 6.7167 cd 60 7.106d
PFK13 6.8833c 50 7.583d
PFSA31 6.2556d 40 8.511c

In vivo (Greenhouse) St.P.fluorescens 6.4778 cd 30 10.322b
Mancozeb 7.7889b 20 10.961a
Water 15.944a 10 5.583e
Grand Mean 8.3444 8.3444
C.V (%) 10.41 10.41
LSD (p<0.05) 0.5777 0.5777

Means followed by the same letter (s) in the same column and experimental site did not significantly different (at 5%) for both treatment and day. LSD:
Least significant difference, % CV: Percent of coefficient of variation, Pseudomonas fluorescens isolates: PFS12, PFK13 and PFSA31, St. P. fluo-

rescens: Standard Pseudomonas fluorescens, Mancozeb: Synthetic fungicide, water: control, PDI: percent disease index.

https://doi.org/10.1371/journal.pone.0341442.t007
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Fig 6. Effect of bio-control agents on the percent disease incidence for the tomato early blight disease progress curve of marginal mean at

the greenhouse.

https://doi.org/10.1371/journal.pone.0341442.9006

Percent disease severity for early blight in tomato plants treated with the various antagonists

In the greenhouse, the percent disease severity for tomato early blight did not significantly varied (at p>0.05) among
treatments starting from the day after transplanting. Over time, a significant (p <0.05) increase in disease severity
was observed in all treatments. However, all treatments significantly (p <0.05) reduced the percent disease sever-
ity compared to the control (water) treatment as the experiment progressed. The percent disease severity ranged
between 5.667% and 6.750% for all treatments; while the control (water) treatment recorded a significantly moderate
disease severity of 14.222%. The percent disease severity was somewhat lower in pots treated with mancozeb com-
pared to those treated with the various microbial antagonists, though the differences were not substantial. Detailed
data on the percent disease severity for P. fluorescens isolates, the control, and the standard check are summarized

in Fig 7 and Table 8.
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Fig 7. Effect of biocontrol agents on percent disease severity for tomato early blight disease progress curve of marginal mean at greenhouse.

https://doi.org/10.1371/journal.pone.0341442.9007

Table 8. Percent disease severity for early blight in tomato plants treated with the various antagonists with treatments and days.

Experimental site Treatments Mean of PDS Day Means of PDS
Pfs12 6.750b 60 6.139%
Pfk13 6.222bc 50 6.861d
Pfsa31 6.111 cd 40 7.889c

In vivo (Greenhouse) St. P. fluorescens 5.667d 30 9.611b
Mancozeb 6.389bc 20 10.333a
Water 14.222a 10 4.528f
Grand Mean 7.5602 7.5602
C.V (%) 11.05 11.05
LSD (p<0.05) 0.5552 0.5552

Means followed by the same letter (s) in the same column and experimental site did not significantly differ (at 5%) for treatment but means were signifi-
cantly different from one another (at 5%) for day. LSD: Least significant difference, % CV: Percent of coefficient of variation, Pseudomonas fluorescens
isolates: PFS12, PFK13, and PFSA31, St. P. fluorescens: Standard Pseudomonas fluorescens, Mancozeb: Synthetic fungicide, water: control, PDS:
percent disease severity.

https://doi.org/10.1371/journal.pone.0341442.t008

Percent disease index for early blight in tomato plants treated with the various antagonists

In the greenhouse, the percent disease index for tomato early blight did not significantly vary (at p>0.05) among treat-
ments starting from the day after transplanting. Over time, significant (p <0.05) increases in the percent disease index
were observed in all treatments. However, all treatments significantly (p <0.05) reduced the percent disease index
compared to the control (water) treatment as the experiment progressed. The percent disease index ranged between
24.289% and 28.467% for all treatments, while the control treatment recorded a significantly higher disease index of
60.333%. The effects of mancozeb in reducing the percent disease index were significantly (p <0.05) different from
those of the various microbial antagonists, demonstrating its superior efficacy. Detailed data on the percent disease
index for the treatments, including P. fluorescens isolates, the control, and the standard check, were summarized in
Fig 8 and Table 9. These findings underscore the effectiveness of the tested treatments in minimizing disease index
under greenhouse conditions.
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Table 9. Percent disease index severity for early blight in tomato plants treated with the various antagonists, with treatments and days.

Experimental site Treatment PDIx Day Mean of PDIx
Pfs12 26.933c 60 26.489e
Pfk13 26.211 cd 50 28.889d
Pfsa31 24.733de 40 32.800c

In vivo (Greenhouse) St.P.fluorescens 24.289% 30 39.867b
Mancozeb 28.467b 20 42.700a
Water 60.333a 10 20.222f
Grand Mean 31.828 31.828
C.V (%) 7.08 7.08
LSD (p=<0.05) 1.4974 1.4974

Means followed by the same letter (s) in the same column and experimental site did not significantly differ (at 5%) for treatments, but means were signifi-
cantly different from one another (at 5%) for day. LSD: Least significant difference, % CV: Percent of coefficient of variation, Pfs12, Pfk13 and Pfsa31, St.
P. fluorescens: Standard Pseudomonas fluorescens, Mancozeb: Synthetic fungicide, water: control, PDIx: percent disease index.

https://doi.org/10.1371/journal.pone.0341442.t009

Correlations between tomato early blight disease growth parameters

The in vitro assays demonstrated that Pseudomonas fluorescens isolates, particularly Pfs12, Pfk13, and Pfsa31, pro-
duced larger zones of inhibition against A. solani, indicating strong antagonistic potential. These results translated effec-
tively into greenhouse trials, where the same isolates significantly reduced disease incidence, severity, and index in
tomato plants. This correlation suggests that the antimicrobial compounds produced by these isolates in vitro likely play

a vital role in suppressing pathogen growth in tomato. In the greenhouse, the percent disease incidence, percent disease
severity, and percent disease index for tomato early blight did not significantly vary (at p>0.05) among treatments starting
from the day after transplanting. Correlations were recorded between different disease parameters. After a time at the
greenhouse, the percent disease incidence, percent disease severity, and percent disease index were significantly varied
(at p<0.05) and (at p<0.01), Table 10.
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Table 10. Correlations between tomato early blight disease growth parameters.

Percent Disease Incidence Percent Disease Severity Percent Disease Index

Percent Disease Incidence 1 .935™ .985™
.000 .000

108 108 108
Percent Disease Severity .935” 1 .982™

.000 .000

108 108 108
Percent Disease Index .985™ .982™ 1

.000 .000

108 108 108

Key: The table indicates correlation between tomato early blight disease parameters, **: highly Significant (at p<0.01) and *: Significant (at p<0.05).

https://doi.org/10.1371/journal.pone.0341442.t010

Discussion

The successful isolation of Alternaria solani from infected tomato leaves provided essential morphological evidence
consistent with established descriptions of this pathogen. The colonies displayed characteristic pigmentation, dark on

the reverse side and greyish on the front, which is a unique characteristic of A. solani. Microscopic examination revealed
septate, branched hyphae that darkened over time. Conidiophores were short, septate, and brownish, while the conidia
were large, brownish, and occurred singly or in pairs. The presence of 2 to 7 horizontal septa and 1 to 4 vertical septa
further supported the identification of A. solani. These morphological characteristics align with previous reports and reflect
the variation among A. solani strains, which may influence their pathogenicity and response to management strategies
[13,33,34]. A pathogenicity test conducted in a greenhouse confirmed the disease-causing ability of the A. solani iso-
lates. Fifteen days after inoculation, tomato plants exhibited early blight symptoms, including dark brown, oval to angular
lesions (2—7 mm) with concentric rings, which expanded over time and led to complete leaf blighting. The pathogen was
successfully re-isolated from the infected leaves, confirming Koch'’s postulates. These symptoms are consistent with those
reported in previous studies [35-37].

Pseudomonas fluorescens was isolated from rhizosphere soil using Pseudomonas Isolation Agar. From serial dilutions
up to 10-7. A total of 27 bacterial colonies were obtained, of which nine were selected for further morphological charac-
terization based on colony shape, cell shape, color, surface texture, pigmentation, elevation, and Gram reaction. These
features were consistent with descriptions of P. fluorescens reported in earlier studies [23,38,39]. Biochemical characteriza-
tion of the nine isolates confirmed their identity as P. fluorescens. All isolates tested positive for citrate utilization, catalase
activity, oxidase activity, matility, triple sugar iron reactions, fluorescent pigment production, and gelatin liquefaction, and
negative for starch hydrolysis, Gram staining, and indole production. This biochemical profile supports their classification
as P. fluorescens and highlights their metabolic capabilities relevant to bio-control functions [40,41]. In vitro testing of the
antagonistic potential of P. fluorescens against A. solani was carried out using the dual culture technique. Radial growth
measurements were taken from day 3 to day 13 following inoculation. All P. fluorescens treatments, along with the standard
strain and the fungicide mancozeb, significantly inhibited the growth of A. solani compared to the control. The most effective
isolates were Pfs12, Ptk13, and Pfsa31, with radial growth measurements of 2.49cm, 2.57 cm, and 2.58 cm, respectively,
compared to 2.40cm for the standard strain. Percent growth inhibition was highest for the standard strain (57.65%), fol-
lowed by Pfs12 (56.04%), Pfk13 (55.04%), and Pfsa31 (54.65%). The lowest inhibition (52.90%) was recorded for Pfk21.
These findings are consistent with those of [42], who reported growth inhibition percentages between 47% and 60%.

These results confirm the effectiveness of local P. fluorescens isolates and support their use as sustainable
alternatives to chemical fungicides. Similar outcomes were reported by [32,26], who demonstrated the efficacy of
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microbial bio-control agents, including P. fluorescens, in managing early blight. However, [32] also noted that the perfor-
mance of some isolates was comparable to the standard strain, indicating that efficacy may vary depending on the isolate.

Clear inhibition zones between Pseudomonas colonies and A. solani suggest the production of secondary metabolites
responsible for antifungal activity. This observation aligns with previous studies that documented the antifungal potential of
P. fluorescens secondary metabolites [43]. Additionally, P. fluorescens demonstrated the ability to overgrow and mycopar-
asitize A. solani, further supporting its bio-control potential.

In vivo efficacy testing under greenhouse conditions evaluated the effectiveness of microbial treatments, the standard
P. fluorescens strain, and mancozeb in managing early blight. Initially, there were no statistically significant differences
(p>0.05) among treatments in terms of disease incidence, severity, and index. However, significant differences (p <0.05)
emerged from day 10 to day 60 post-transplantation. All treatments significantly reduced disease progression compared
to the untreated control. Disease incidence in treated plants ranged from 6.25% to 7.79%, while the untreated control
showed 15.94%. Disease severity ranged from 5.67% to 6.75% in treated pots, compared to 14.22% in the control.
Although slightly less effective than the fungicide and standard strain, P. fluorescens isolates still provided substantial dis-
ease suppression. These results align with findings from [32,44], who highlighted the effectiveness of Trichoderma spp.,
Bacillus spp., and P. fluorescens in managing early blight.

Similarly, the disease index was significantly reduced (p <0.05) in treated plants, ranging from 24.29% to 28.47%,
compared to 60.33% in the control. The superior efficacy of P. fluorescens isolates, compared to chemical and standard
treatments, underscores their potential as bio-control agents [45]. While chemical fungicides achieved slightly higher
reductions (85%), the microbial treatments still provided significant disease control, supporting their integration into sus-
tainable management strategies. According to the current study, disease severity ranges from 5.667 to 14.22 at the trans-
planting stage (within 10 days). This result aligns with the study by [46], who record disease severity on different tomato
genotypes ranging from 5 (H.a.s 2274, US) to 18.5 (Ameera RZ, Netherlands). However, as the stage of the tomato plants
increases from 10 to 60, the disease severity becomes reduced, which is due to the reason that the bio-control method of
different bacteria becomes effective over such Alternaria solani disease. The reduction in disease incidence, severity, and
index suggests that microbial antagonists act through various mechanisms, including competition for nutrients, production
of antimicrobial compounds, and the induction of systemic resistance. These findings support the use of P. fluorescens as
a biological alternative to synthetic fungicides.

Overall, the results highlight the potential of P. fluorescens isolates, particularly Pfs12, Pfk13, and Pfsa31, as effective
and environmentally friendly alternatives to chemical fungicides. In vitro and in vivo experiments showed strong antagonis-
tic activity and consistent reductions in disease parameters. While initial differences among treatments were not statistically
significant (p>0.05), significant effects (p<0.05 and p<0.01) emerged over time, indicating a time-dependent impact. Cor-
relation analysis revealed strong relationships among disease incidence, severity, and index, suggesting that these param-
eters can be used collectively to assess disease progression and treatment efficacy. These findings confirm the promise of
selected P, fluorescens isolates in sustainable tomato disease management. The more the genotype is treated the more
resistance to the fungus and less infected by early blight diseases. As indicated in the use of resistance resources in breed-
ing programs will lead to the production of new cultivars with high performance and resistance to biotic stresses [46—48].

The implications of this research are significant for sustainable agriculture. The use of native microbial antagonists like
P. fluorescens offers a promising, environmentally friendly approach to managing fungal diseases such as early blight in
tomato. Incorporating such biological control agents into integrated pest management (IPM) frameworks could enhance
crop protection while minimizing ecological impact and promoting soil health. Moreover, IPM is very crucial not only for
controlling tomato but also potato. Types of irrigation play a significant role in the occurrence and development of early
blight disease. Furrow irrigation caused higher virulence of early blight disease in comparison with sprinkler and drip irriga-
tion systems. The delay in the planting date can be effective to EB disease management, based on regions condition and
cultivars maturity [49].
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Conclusion

This study successfully isolated and characterized the fungal pathogen Alternaria solani, the causal agent of tomato

early blight, along with several rhizosphere-derived strains of Pseudomonas fluorescens collected from rhizosphere soil
and infected tomato leaf samples from three major tomato-producing Kebeles, Sirinka, Sanka, and Kobo, located in the
North Wollo Zone, Ethiopia. The isolated Alternaria solani exhibited significant antagonistic potential. Morphological and
microscopic analyses confirmed the identity and diversity of the A. solani isolates, while pathogenicity tests validated their
virulence on tomato plants. Concurrently, P. fluorescens isolates were identified and biochemically characterized, confirm-
ing their suitability as biological control agents based on traits such as motility, pigment production, catalase and oxidase
activity, and citrate utilization. In vitro dual culture assays demonstrated that all tested P. fluorescens isolates suppressed
the radial growth of A. solani, with isolates Pfs12, Pfk13, and Pfsa31 exhibiting the highest levels of inhibition. These
findings were further corroborated by in vivo greenhouse experiments, wherein the same isolates significantly reduced
disease incidence, severity, and index compared to untreated controls. Their efficacy was comparable to that of the chem-
ical fungicide mancozeb, indicating their potential as effective bio-control alternatives.

The observed reduction in disease pressure under greenhouse conditions underscores the practical applicability of
these P. fluorescens strains in integrated disease management strategies. Their ability to suppress A. solani without
inducing phytotoxic effects suggests they may contribute to reducing reliance on synthetic fungicides, which are often
associated with environmental contamination, resistance development, and residual toxicity. Overall, this research demon-
strates that selected P. fluorescens isolates possess strong potential as bio-control agents against A. solani, offering a via-
ble alternative to chemical fungicides and contributing to the development of more sustainable tomato production systems.
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