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ABSTRACT

Tomato (Solanum lycopersicum 1..) is one of the most important vegetables consumed globally for its culinary and
medicinal significance. However, fusarium wilt, caused by Fusarium oxysporum Schlechtendal, is a recalcitrant
limitation to tomato production. This is due to the evasive pathogenesis and systemic proliferation of F. axysporum.
Therefore, this study attempts to develop a stable, effective, passive-systemic control measure against fusarium wilt
in tomato. Tomato seeds were bioptimed with 108 CFU/mL of antifungal endophytes (Bacillus amyloliguefaciens Sa08
and Bacillus subtilis Og04). Biocontrol experiment was set up as a factorial experiment arranged in completely
randomized design involving two tomato varieties (Alausa and Ibadan-local), endophytes and carbendazim.
Endophyte colonization pattern, iz vivo fusarium-biocontrol potential, and residual wilt control efficacy were
determined. Both antifungal Bacillus species exhibited a systemic colonization pattern in treated tomato. Highest
tissue colonization (13.25 X102 CFU/g) was exptessed by Bacillus subtilis Og04 in the root of Ibadan-local tomato
variety. Bacillus endophytes also conferred systemic protection against fusarium wilt and improved yield properties
in treated plants. Bacillus amyloliquefaciens Sa08 increased fruit production in infected Alausa tomato from 0% to 79%,
while Bacillus subtilis Og04 retained 86.40% of its wilt control efficacy six months after seed treatment in Ibadan-
local variety. Seed treatment with Baci//us endophytes will limit the laborious application process associated with
previously recommended biocontrol materials against fusarium wilt. Based on their residual biocontrol potentials,
the Bacillus species should be evaluated under field conditions, as a seed pre-treatment strategy, to reduce the need

for scientific expertise by farmers and other end-users.
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INTRODUCTION

Tomato (Solanum  lycopersicum 1.) is a globally
cultivated vegetable crop. It is widely produced in
Nigeria due to its multiple culinary applications
and medicinal significance, associated with the
presence of lycopene (Przybylska and Tokarczyk,
2022). Tomato is taken raw in salad, as fermented
juice or processed into sweetened candies as well
as ketchup. Unfortunately, the production of
tomato is severely limited by both biotic and
abiotic stressors. These include insect and
microbial pests, as well as adverse environmental
factors like nutrient limitation and drought (Rai ez
al, 2023). From chronological investigation,
fusarium wilt, caused by Fusarium oxysporum f. sp.
lyeopersici (Sacc.) Snyder and Hansen (FOL) has
always been the most prevalent and destructive
fungal disease of tomato plant (Glynn and
Kavanagh, 1980; Du e a/, 2022). The pathogen
(FOL) is an ascomycete belonging to the family
Nectriaceae. Fusarium oxysporum causes extensive
tissue damage, wilt, chlorosis and necrotic
symptoms on infected tomato plants (Du ef al,
2022).

Despite extensive research over decades, effective
and sustainable management of Fusarium wilt
remains elusive. Traditional approaches, including
soil fumigation, crop rotation, and resistant
cultivars, have shown variable success (Ma e¢f al,
2013). Breeding for resistance  through
introgression of I, I-2, and I-3 genes has been a
primary strategy, yet pathogen races frequently
overcome these resistances due to high genetic
variability and the ability of FOL to evade host
recognition systems (Pincot e al, 2022; van der
Does et al, 2019; Ma et al, 2013). Chemical
fungicides are often ineffective against vascular
pathogens once systemic infection occurs, and
their repeated wuse raises concerns about
environmental contamination, non-target effects,
and the development of resistance (van der Does
et al., 2019). These limitations underscore the need
for alternative, ecologically sound strategies that
provide durable protection.

Biological control using beneficial
microorganisms, particularly endophytic bacteria,
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has emerged as a promising approach. Endophytes
colonize internal plant tissues without causing
disease, offering advantages such as direct
competition with pathogens, production of
antimicrobial compounds, induction of systemic
resistance, and promotion of plant growth (Andri¢
et al., 2020). Species within the genus Bacillus are
especially attractive due to their spore-forming
ability, which confers resilience to adverse
environmental conditions, and their capacity to
produce a wide array of bioactive metabolites,
including  chitinases, glucanases, proteases,
lipopeptides, and volatile organic compounds
(Andri¢ et al, 2020; Adedire ef al, 2023b). These
metabolites directly antagonize fungal pathogens
like FOL while enhancing host vigor through
mechanisms such as phosphate solubilization,
nitrogen fixation, and hormone production.

However, significant gaps persist in the
development and deployment of endophyte-based
biocontrol for Fusarium wilt. Conventional
screening often relies on 7z vitro antagonism assays
that may not translate to in planta efficacy (Adedire
et al., 2023a), overlooking critical factors such as
host-endophyte ~ compatibility,  colonization
efficiency, and persistence under stresses. Many
candidate biocontrol agents fail to deliver
consistent, residual disease suppression due to
poor rhizosphere or endophytic establishment and
sensitivity to environmental fluctuations (Wei ez 4/,
2019; Jaffar et al, 2023). Moreover, limited
attention has been given to seed-based delivery
systems, passive-systemic colonization patterns
across plant tissues, and the longevity of protective
effects during seed storage. These are factors
essential for efficacy and practical adoption by
farmers in resource-limited settings (Jaffar ez al,
2023).

The present study aims to addresses these
challenges within the framework of systemic
biocontrol of Fusarium wilt in tomato using
Bacillus  endophytes. It evaluates the host
colonization patterns of promising antifungal
Bacillus i1solates to confirm their endophytic
establishment in roots, stems, and leaves. It further
investigates the efficacy of seed treatment with
these endophytes in providing systemic protection
against FOL challenge, coupled with disease
assessment and evaluation of agronomic
performance in treated tomato plants. By
integrating colonization studies, 7z vivo disease
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suppression trials, and seed storage assessments,
this work aims to advance the selection and
deployment of stable, effective Bacil/us endophytes.
Such an integrated approach is expected to
contribute to sustainable tomato production by
reducing reliance on synthetic inputs while
enhancing plant resilience and productivity.

MATERIALS AND METHODS
Experimental sites

Screenhouse experiments (endophyte colonization
and biocontrol assays) were conducted at the
screenhouse of Institute of Agricultural Research
and Training, Apata, Ibadan (7°22'32.0"N;
3°50'49.7"E). Microbial cultivation and generation
of resistant Bacillus strains were done at the Seed
Health Laboratory of the National Centre for

Genetic Resources and Biotechnology
(NACGRAB), Apata, Ibadan.

Sources of soil, pathogen, antifungal tomato
endophytes and tomato varieties

Biocontrol endophytes (Bacillus strains) used in this
study were isolated from the tissues of healthy
tomato plants, growing within close proximity to
wilting plants on fusarium-infected fields. Bacillus
strains (Bacillus amyloliguefaciens Sa08 and Bacillus
subtilis Og04) were previously identified and
screened through a modified dual-culture, 7z vitro
assay (Adedire ez /., 2023b) and subjected to iz vive
wilt control assay in this study. The selected Bacillus
strains (Sa08 and Ogo4) expressed notable 7 vitro
antifungal potential against F. oxysporum. Fusarium
oxysporum 1B3q, used in this study, was isolated
from wilting tomato plant acquired from a selected
Farm at Ibadan-Ibarapa agricultural zone of Oyo
State, Nigeria (Adedire ez al, 2023b). The pathogen
caused chlorosis, necrosis vascular discolouration
and wilt in inoculated tomato varieties (Ibadan-
local: IBL.-57 and Alausa: NGB00709) (Adedire ez
al., 2023b). These tomato varieties were acquired
from the National Horticultural Research Institute,
Idi-Ishin  (IBL-57), and the Seed Bank,
NACGRAB (NGB00709), Ibadan. Samples of soil
used for the wilt biocontrol experiment and host
colonization assay were collected from Moor
Plantation Farm in Ibadan (7°22'N; 3°50'E). The
soil samples were bulked, steam-sterilized and
analysed for its physical and chemical properties.

Preparation of microbial cell suspensions
Spore suspension of F. oxysporum 1B3q was
prepared from the mycelial growth of a 10-day-old
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culture of the pathogen. Fifty milliliters of sterile
distilled water was used to flush the fungal spores,
with a scalpel, into a cheesecloth to collect spores
as a filtrate solution. Subsequently, collected
spores were quantified with a Neubauer improved,
bright-line  hemocytometer  (HBG-Germany)
(Silveira et al., 2009).

Strains of antifungal Baci//us endophytes were
harvested from a Nutrient Broth culture (24-hour-
old) through centrifugation for 10 min at 5,000
rpm.  Concentrated microbial cells were
subsequently washed in 10 mM sodium phosphate
buffer (pH 6.0) and quantified in colony forming
units using spectrophotometer (ODegoo) and
corresponding spread-plate count (Cao ef al,
2018).

Host colonization assay by endophytes

Streptomycin resistant strains of each Bacillus
endophytes (Bacz/ius Sa08 and Bacillus Og04) were
generated using Nutrient Agar (NA), amended
with an increasing concentration (50, 100 and 150
ug/mL) of streptomycin sulphate (SS) (Abdallah ez
al., 2020). Cultures of the endophytes were
inoculated on NA amended with 50 pug/mL SS,
and incubated at 30°C for 48 hours. Growing
colonies were subsequently cultured on NA
amended with 100 ng/mL SS. Bacillus strains were
thereafter subcultured on NA amended with 150
ug/mL SS. Seeds of tomato (Ibadan-local and
Alausa) were surface sterilized with 1.5% NaOCI
for 2 min and rinsed thrice with sterile distilled
water. Thereafter, seeds were bioprimed (soaked in
10® CFU/mL. microbial cell suspension for 30
minutes) with resistant Bac/lus endophytes
(O’Callaghan, 2016) generated through successive
cultivation in NA amended with streptomycin
sulphate. Bioprimed seeds were sown in pots
containing 5 kg pre-sterilized soil (Haddad ez 4.,
2013). The study was set up as a 2-factor (tomato
varieties and endophytes) factorial experiment
with 6 replications. Ibadan-local and Alausa seeds
treated with sterile distilled water served as control.
Four weeks after sowing, rhizosphere, root, stem
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and leave samples were taken from treated plants
for the re-isolation of resistant Bacz/lus endophytes
on NA amended with 150 ug/mL SS (Singh ¢ 4/,
2022; Yin et al., 2022). The SS-resistant Bacillus
strains isolated from each sample represented the
abundance of the strain and an indication of the
rate of colonization.

Systemic fusarium wilt control by antifungal
Bacillus endophytes

An in vivo fusarium wilt control experiment, using
endophytic Bacillus strains, was carried out for four
months. Surface sterilized tomato seeds were
bioprimed with Bacillus strains (Og04 and Sa08) as
described  for  host  colonization  assay
(O’Callaghan, 2016). Seeds were also soaked in
sterile  distilled water as positive control.
Subsequently, treated seeds were sown (0.5 cm
deep) in pre-sterilized soil at the rate of three seeds
per pot. Seedlings were later thinned to one plant
per pot 10 days after sowing (Borisade ez af, 2017).
Chemical fungicide (1 mL of 0.001 g/mL
carbendazim-WP50)  was applied to the
rhizosphere of an untreated plant set, 24 hours
before pathogen inoculation (Omar ef al., 2000).
Ten-day-old tomato seedlings were inoculated
with Fusarinm oxysporum 1B3q (1 mL of 10° conidia
mL") (Omar ef al., 2006; Borisade ez al., 2017). The
screenhouse study was set up as a 2 X 5 factorial
experiment arranged in CRD and replicated six
times. Treatments used included infected tomato
treated with Bacillus Sa08, Bacillus Og04 or
carbendazim, untreated infected plant set (negative
control), and uninfected control plants for both
tomato varieties (Ibadan-local and Alausa).

Disease assessment
treated tomato plants
Disease incidence and severity in treated tomato
plants were determined 5 weeks after inoculation.
Disease severity index (using a wilt scale of 0-9),
and control efficacy of each treatment were
calculated using the modified Jaiswal ef a/. (2015)
and Ganiyu, ¢/ a/. (20106) equations, respectively, as
described below:

and performance of

Severity score X Number of plants

Di ity ind 0=E( )xlOO
isease severity index (%) Highest severity score X total number of plants

Percentage control efficacy =

SIC —SIE
— X

SIC 100
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Where SIC = Severity index of control plant
(negative control); SIE = Severity index of treated
plant.

The effect of seed treatment on tomato flowering,
fruit number per plant and weight per fruit (g) were
also determined (Azad ez al., 2019; Ddamulira ez al,
2022; Feng et al., 2023).

Effect of tomato seed storage on wilt control
efficacy of endophytes

The residual biocontrol effect of seed treatment
with strains of antifungal endophytes (Bacillus
Og04 and Sa08) was determined 3 and 6 months
after seed treatment. Tomato seeds were
bioprimed with Bacillus endophytes (10° CFU/ml.)
and treated seeds were dried to 12% moisture
content, at 35°C with a seed-dryer (NIF/64/014)
(Olosunde ¢t al, 2018). Dried seeds were
subsequently stored in paper bags at 25+3.92°C.
Stored seeds were retrieved at 3 or 6 months to
investigate the residual biocontrol effect of seed
treatment against fusarium wilt disease caused by
F. oxysporum 1B3q. The wilt-control experiment
was set up as a Completely Randomized Design
with 10 treatment combinations (2 tomato
varieties and 5 wilt-control treatments).

Data collected were subjected to two-way analysis
of variance using the statistical analysis system
(SAS software, version 9.2), and means were
subsequently separated according to Duncan’s
Multiple Range Test at 5% level of significance.

RESULTS

Bulked soil sample used for the screenhouse
experiment was sufficient in essential nutritional
requirements for tomato growth (Table 1). The
sandy loam soil was slightly acidic, with a pH value
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of 6.89, available organic carbon content of 43.00
g/kg, while the nitrogen, phosphorus and
potassium contents were 3.5 g/kg, 8.50 mg/kg and
0.81 Cmol/kg, respectively.

Tomato colonization pattern by antifungal
Bacillus endophytes

The Bacillus species (Sa08 and Og04) successfully
colonized the rhizosphere, roots, stems and leaves
of both Alausa and Ibadan-local tomato varieties
through seed biopriming. Therefore, colonization
pattern of the selected endophytes in these tomato
varieties was systemic. The endophytes however
expressed different colonization levels in the
rhizosphere, and tissues of treated plants (Table 2).
Similar colonization trend (by endophytes) was
observed in the rhizosphere and leaves of both
tomato varieties. The extent of rhizosphere
colonization around Alausa tomato variety by both
Bacillus species was not significantly different.
However, Bacillus Sa08 was more abundant (71.99
X 10° CFU/g) within the rhizosphere of Ibadan-
local tomato variety. The best tissue colonization,
by Bacillus strain Og04 (13.25 X 10° CFU/g), was
observed in treated Ibadan-local tomato variety.

Systemic fusarium wilt control in tomato by
antifungal Bacillus endophytes

The variety of tomato notably influenced the
activities of  wilt-control materials  (Bacillus
endophytes and carbendazim) with respect to days
to flowering of tomato host (Table 3). Also,
applied treatments significantly affected the flower
cluster and fruit production of infected tomato
plants. Seed treatment with B. su#btilis Og04 had the
highest effect on days to flowering (45.00) of F.
oxysporum 1B3q-infected Alausa tomato variety
used in this study.

Table 1: Physical and chemical properties of experimental soil

Parameter Unit Value
pH 6.89
Available phosphorus mg/kg 8.50
Organic carbon g/kg 43.00
Organic matter g/kg 39.02
Total Nitrogen g/kg 3.50
Exchangeable bases

Sodium Cmol/kg 0.27
Potassium Cmol/kg 0.81
Calcium Cmol/kg 16.25
Magnesium Cmol/kg 2.02
CEC Cmol/kg 19.42

Particle size
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Sand
Silt g/kg
Clay g/kg

Textural class
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649.80
184.01
166.22
Sandy loam

Infected, untreated Alausa plant set (negative
control) produced the latest set of flower clusters
(50.67 days), while flowering was slightly delayed
(43.00 days) in infected, B. subtilis Og04-treated
Ibadan-local  plants. Endophyte treatment
competed favourably with carbendazim (P < 0.05)

at improving flower clusters per plant and the
number of fruits produced by fungal-infected
tomato plants (Table 3). Flower abscission was
observed in infected, flowering tomato plants at
the 7" week after sowing, especially, on F.
oxysporum 1B3g-infected, negative control plants.

Table 2: Tomato-colonization pattern of selected Baci/lus endophytes

Colony forming units per gram of soil/tissue (CFU/g)

Variety Treatment Rhizosphere (X10°)  Root (X10%) Stem (X10")  Leaf (x10")
Alausa B1 59.88+1.75% 4.2240.11¢ 7.33+0.29¢ 6.23+0.20
B2 52.88+4.70 10.10+£0.47>  18.50£0.36>  14.93%0.23"
Control 0.00£0.00° 0.00£0.00° 0.00£0.00° 0.00£0.00°
Ibadan-local ~ Bl 71.9919.94* 5.60£0.21° 9.90£0.11° 6.63+0.15
B2 51.69%1.75 13.25£0.70"  27.00%£1.58*  17.30%£4.43"
Control 0.00£0.00° 0.00£0.00° 0.00£0.00° 0.00£0.00°
Variety X Treatment ns * * ns

B1: Bacillus amyloliguefaciens Sa08; B2: Bacillus subtilis Og04; *: Significant; ns: not significant.
Mean values (* standard error) with similar letter(s) down the column are not significantly different at
5% level of significance according to Duncan’s Multiple Range Test.

This loss of flower cuts across both wilting and
some asymptomatic, infected plants (Figure 1).
The most severe effect of F. oxysporum 1B3q was,
therefore, observed on fruit production by
infected tomato plants. In addition to its effects on
flower production and fruit development, F.
oxysporum  1B3q caused severe chlorotic and
necrotic symptoms on the leaves of both Alausa
and Ibadan-local tomato varieties. However, wilt
control treatments (endophytes and carbendazim)

significantly improved the severity of wilt disease
observed in treated plants (Table 4). Disease
severity index of inoculated plants ranged between
0.00% (healthy) and 43.67% (severely infected
plants) on Ibadan-local variety and 0.00% to
36.65% on Alausa tomato variety. At the fifth week
after sowing, only the F. oxysporum 1B3q-infected,
untreated tomato plants (negative controls)
manifested significant wilt symptoms, with disease
severity index of 7.32% and 6.33%, respectively.

Table 3: Effect of seed treatment with Bacillus species on flowering and tomato yield

Days to Flower Number of
Variety Treatment flowering clusters/plant  fruits/plant Weight/fruit (g)
B1F 46.00£0.58«  15.67+£1.33"  25.67+4.91*" 18.101+3.09"
s B2F 45.00£1.73¢ 12.33+2.67"  19.67£5.17" 17.80+1.90"
Ez CF 47.67+0.33*  8.67+1.33" 24.33+48™ 17.83+£2.46"
< WF 50.67%£0.33 11.33£3.67*  0.00+0.00° 0.00£0.00¢
WW 48.3310.40° 16.33£0.67* 32.67£1.33" 16.831+2.68"
~ B1F 43.00+0.58* 13.00£1.00"*  26.01£2.00® 24.50%+0.38*
§ B2F 41.33£0.33"  14.33+£2.19®  25.83+3.47" 24.63+0.91*
g CF 42.33+0.41"  11.00£1.00"  22.00£2.06 23.73+0.22*
:cg WF 40.67£0.32° 8.67£3.71° 2.30£2.01¢ 22.5311.53"
— WW 40.33£0.34" 15.33+1.67"  29.57+5.46™ 23.67£0.87*
Variety X Treatment * ns ns ns
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B1: Bacillus amyloliquefaciens Sa08; B2: Bacillus subtilis Og04; ¥: Fusarium oxysporum 1B3q; C: carbendazim;
W: sterile distilled water; *: Significant; ns: not significant.

Mean values (£ standard error) with similar letter(s) down the column are not significantly different at
5% level of significance according to Duncan’s Multiple Range Test.

However, chemical fungicide (carbendazim) and applied endophytes expressed similar wilt reduction
potentials in treated tomato plants.

-

P

v

al: Healthy Alausa tomato

aii: Infected Alausa tomato plant

a

bi: Healthy Ibadan-local tomato plant bii: Infected Ibadan-Local tomato plant
Figure 1: Flower abscission caused by F. oxysporum t. sp. legpersia 1B3q on Alausa and Ibadan-
Local tomato varieties
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Table 4: Effect of seed treatment with Baci/lus species on severity of fusarium wilt in tomato

Disease severity index (%0)

Variety Treatment 5WAS TWAS IWAS 11WAS
B1F 0.00£0.00° 13.3310.67" 13.33+0.67* 15.0017.64°
s B2F 0.00£0.00° 10.00%5.77° 10.00£5.77* 11.67%6.01°
Eé CF 0.000.00" 13.33£0.67" 8.3310.60 8.33%0.60°
< WF 7.32£6.36* 36.6518.82* 26.67£6.67* 35.0012.89*
WW 0.00£0.00° 0.00£0.00¢ 0.00£0.00¢ 0.00£0.00¢
- B1F 0.000.00" 14.00£7.02° 15.00£5.00% 15.33%4.67"
§ B2F 0.00£0.00° 13.00%6.51° 16.67+3.33" 17.00%3.00°
g CF 0.00%0.00" 6.67£0.67" 12.33+6.36" 12.67£0.62°
E WF 6.331491a 40.00£1.15* 38.33+1.30° 43.671£9.14*
— W 0.00%0.00" 0.00£0.00¢ 0.00£0.00¢ 0.00£0.00¢
Variety X Treatment ns ns ns ns

B1: Bacillus amyloliquefaciens Sa08; B2: Bacillus subtilis Og04; ¥: Fusarium oxysporum 1B3q; C: carbendazim;
W: sterile distilled water; WAS: weeks after sowing; ns: not significant.

Mean values (* standard error) with similar letter(s) down the column are not significantly different at
5% level of significance according to Duncan’s Multiple Range Test.

Effect of storage duration on the residual control efficacy of endophytes on treated seed
Storage duration of treated seeds significantly affected the wilt-control efficacy of antifungal endophytes

used in this study (Table 5).

Table 5: Fusarium wilt control efficacy of seed treatment with Bacillus species on tomato plant

Control Efficacy (%)

Variety Treatment B1F B2F CF

s 24 Hours 73.33+13.33" 80.00£11.55* 73.33+13.33"
E 3 Months 66.62£7.99" 80.51x11.61" 78.79£10.91*
< 6 Months 61.10£8.90° 72.20£9.99 76.6716.29°

g — 24 Hours 76.78+11.66" 78.44%£10.79* 89.00£11.00"
T3 3 Months 70.3045.32 69.69+7.35" 89.65£5.41*
= 6 Months 05.5316.38° 67.77£10.58° 83.87£0.57"
Variety X Treatment * * *

B1: Bacillus amyloliguefaciens Sa08; B2: Bacillus subtilis Og04; ¥: Fusarinm oxysporum 1B3q; C: carbendazim; *:

Significant

Mean values (£ standard error) with similar letter(s) down the column are not significantly different at
5% level of significance according to Duncan’s Multiple Range Test.

Although, strains of Bacillus endophytes and
carbendazim retained significant proportion of
their wilt control potentials six months after
application, different retention patterns (P < 0.05)
were observed in Alausa and Ibadan-local tomato
varieties. Bacillus Og04 retained 90.25% of its wilt
control efficacy six months after seed treatment on
Alausa tomato, while Baci/lus strain Sa08 expressed
a lower residual control efficacy. Both Bacillus
endophytes and chemical fungicide expressed

gradual reduction in wilt control potential over a
petiod of 3-6 months after application, however,
carbendazim retained over 94% of its initial
control efficacy, 6 months after application.

DISCUSSION

The selected strains of antifungal endophytes used
in this study, exhibited a systemic colonization
pattern in host tomato varieties (Alausa and
Ibadan-local). This could improve their ability to
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control systemic phytopathogens like Fusarium
oxysporum. They also proliferated within the
rhizosphere of treated plants and such replication
could recondition the plant-health-promoting
microbial community of tomato rhizosphere (Bo ez
al., 2022). The observed endophyte colonization
pattern could be subject to availability of soil
nutrients, expression of root exudates and the
production of extracellular bioactive metabolites
by the Bacillus species. Bo et al. (2022) reported
Bacillus species as biocontrol bacteria, widely
distributed in the rhizospheres of plants. Host
plants are known to produce root exudates, rich in
complex combinations of nutrients and stimulants
that could influence the rhizosphere microbial
community. In addition, Bac/lus species produce
spores that are resistant to environmental stress
(such as drought, extreme temperature and
nutrient depletion), these aid in their ability to
readily colonize the soil (Bo et al, 2022). Bacillus
species have equally been reported to produce
root-penetrating enzymes, as well as flagellin-
masking lantibiotics, a metabolite that cloaks
potential endophytes from host’s defense
mechanisms, thereby enhancing plant-tissue
invasion (Deng e7 al., 2019).

Due to its latent phase of pathogenesis, F.
oxysporum could exhibit mild effect on the growth
properties of infected host. This could be
associated with the evasive pathogenesis of F.
oxysporum, whereby specific virulence factors are
only produced after the pathogen successfully
penetrates the xylem of host plants (Ma ez a/., 2013;
van der Does ez al., 2019). Such evasive penetration
(through the epidermis, cortex, casparian strip and
vascular bundles) requires the expression of
limited concentration of tissue-depolymerising
enzymes, thereby prolonging the onset of wilt
symptoms manifestation in infected hosts.

However, yield-associated parameters in tomato
plants were significantly affected by F. oxysporum
IB3q, particularly, in Alausa. After the penetration
of xylem, mycelial growth of F. oxysporum 1B3q
could have severely limited water and mineral
nutrient transportation within the vascular tissue,
creating water stress in the host, which could have
resulted in flower abortion. da Silva e# a/. (2021), in
their investigation on the effect of irrigation on
tomato flowering and yield, reported water stress
as a significant contributor to blossom drop in
tomato plants. However, fruit development was
significantly improved by the application of
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selected strains of antifungal Baci/lus endophytes in
this study. Bacillus species, either as endophytes or
rhizobacteria, have been reported as promising
biocontrol organisms, with potentials to improve
flower production, fruit setting, fruit quality and
yield of tomato plants (Balderas-Ruiz ez al., 2021).
These would, in turn, improve the yield and
performance of tomato in the presence biotic
stress.

Fusarium oxysporum 1B3q caused severe chlorotic,
necrotic and wilt symptoms on Alausa and Ibadan-
local tomato plants, especially, on infected,
untreated plants (negative control). However,
Bacillus  species (Sa08 and Og04) expressed
effective  biocontrol potentials  (similar  to
carbendazim) against fusarium wilt in tomato.
Bacillus  species produce antifungal, volatile
metabolites, such as hentriacontane and 24-di-
tert-butylphenol, which could reduce wilt severity
caused by F. oxysporum and equally promote
seedling growth in treated host (Ramirez ef al,
2022). The reduction of wilt severity in tomato
plants bioprimed with Bacillus Sa08 and Bacillus
Og04 could also be as a result of mycelial
inhibition and augmentation of host defense
mechanisms.  Antifungal, Baci/lus endophytes
produce cell wall-degrading enzymes (such as
chitinases, glucanases and proteases) (Adedire ef
al., 2023b), initiate competitive exclusion of
pathogens and elicit differential expression of
resistance genes (Choub e a/, 2021; Zhou et al.,
2021). Such biocontrol properties could mask the
effect of biotic stress on treated tomato plants, and
improve the tolerance of susceptible varieties to
mycopathogens. Infection severity increased up to
7 WAS in Alausa for both negative control and
carbendazim treatment, and subsequently reduced
at 9 WAS. This may be due to initial activation of
systemic defense-related genes and enzymes in
host, as well as natural drop in pathogen density
within surviving, more resilient plant tissues
(Tiwari ef al., 2024; Ye ¢t al., 2022).

Bacillus strains Sa08 and Og04 retained significant
biocontrol potentials on treated tomato seeds over
a period of six months. The endophytes were
previously isolated from healthy tomato plants
growing within close proximity to wilting plants;
while preliminary antifungal screening was done
through an improved zz vitro assay (Adedire ef al.,
2023b). These could have contributed to the
selection of endophytes with 7z w0 host-



Adedire et al.: Systemic Biocontrol of Fusarium Wilt in Tomato

compatibility, effective anti-fusarium activity and
stability in tomato varieties, as expressed by Bacillus
strains Sa08 and Og04.

The retention of biocontrol potential or viability of
Bacillus species on treated seeds could also be
attributed to their ability to produce spores
resistant to adverse environmental conditions,
initiated by seed drying before storage. In addition,
the composition and diversity of spore coat
structure could have encouraged the attachment of
Bacillus spores to seed surface for an extended
period.  Bacillus  species, under unfavorable
environmental conditions, produce spores which
are characterised by an elevated level of dipicolinic
acid, low water content, thick proteinaceous coats,
peptidoglycan  cortex, and a balloon-like
exosporium  (Bressuire-Isoard ez al, 2018).
Features like the exosporium, spore appendages
and spore coat structure could contribute to spore
attachment to abiotic and biotic surfaces. Bacillus
spores germinate from viable dormancy into
vegetative cells when conditions are favorable
(Bressuire-Isoard ez al, 2018). With soil being a
universal medium for microbial growth, spores on
treated Alausa and Ibadan-local seeds could readily
germinate (when such seeds are sown), colonize
the growing tomato seedlings and confer a
systemic protection against F. oxysporum. In
addition to the systemic protection, rhizosphere
colonization by the selected Baci/lus endophytes
could also suppress the ability of F. oxysporum to
proliferate within the rhizosphere and penetrate
the host roots. This multidimensional protective
strategy by Bacillus endophytes could be
responsible for the protection conferred on
tomato plants (through seed biopriming) after
storage.

CONCLUSION

The endophytic Bacillus strain used in this study
colonized tomato rhizosphere and proliferated
within the tissues of host plants through seed
biopriming. They (endophytes) conferred systemic
protection against fusarium wilt and improved the
yield properties of treated plants. However,
conventional determination of wilt severity, 6
weeks after sowing may not be sufficient to
establish the virulence of F. oxysporum in tomato, as
the most prominent effect of wilt infection was
observed on flower development and fruit
production, 8-10 weeks after sowing.
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Seed treatment with endophytic Bacillus strains
could limit the laborious and time-consuming
application processes (such as soil-drench, root-
dip and crown-spray) associated with previously
recommended  biocontrol —materials  against
fusarium wilt in tomato. Residual biocontrol
potentials of the endophytes should be evaluated
under field conditions and adopted to pre-treat
seeds before packaging for end users.

ACKNOWLEDGMENTS

Authors acknowledge the efforts and input of
Professor A.A. Ogunjobi (Department of
Microbiology, University of Ibadan), Dr. Mrs.
Olajumoke Y. Alabi and Dr. O.A. Dada
(Department  of  Crop  Protection  and
Environmental Biology, University of Ibadan) for
their input on the review of research concept,
experimental design and presentation of report.

CONFLICT OF INTEREST
No potential conflict of interest was reported by

the author(s).

AUTHORS’ CONTRIBUTIONS

All the authors were actively involved in this study.
Aduramigba-Modupe, A.O. and Odeniyi, O.A.
conceptualized the research work and reviewed the
first draft of Manuscript. Adedire, O.M. conducted
the 7z wivo antifungal assessment of Bacillus
endophytes, systemic colonization assay and
developed the first draft of manuscript. All authors
read and approved the final manuscript.

FUNDING
No funding was received for this study

REFERENCES

Abdallah, R.A., Jabnoun-Khiareddine, H. and
Daami-Remadi, M. 2020. Fusarium wilt
biocontrol and tomato growth stimulation,
using endophytic  bacteria  naturally
associated with Solanum:
sodomaenm and S. bonariense plants. Egyptian
Journal of Biological Pest Control, 30(113): 1-
13.
doi: 10.1186/541938-020-00313-1


https://doi.org/10.1186/s41938-020-00313-1

300

Adedire, D. E., Owoeye, T. E., Farinu, O. M.,
Ogundipe, W. F. and Adedire, O. M.
2023a. Management of fusarium wilt
disease of maize (Zea mays 1..) with selected
antimycotic plant extracts and inhibitory
Bacillus strains. Current Microbiology, 80: 204.
doi: 10.1007/500284-023-03302-3.

Adedire, O.M., Aduramigba-Modupe, A.O. and
Odeniyi, O.A. 2023b. Antifungal potential
of endophytic Bacillus species isolated from

(Solanum  lycopersicum)  against
Fusarium oxysporum collected from selected
tarms in Nigeria. Journal of Crop Improvement,
37(6): 796-820.
doi: 10.1080/15427528.2022.2155896

Akinrinola, R.J., Yuen, G.Y. Drijber, R.A.,
Adesemoye A.O. 2018. Evaluation of
Bacillus strains for plant growth promotion
and predictability of efficacy by i wvitro
physiological traits. Infernational Journal of
Microbiology, 2018: 11-22.
doi: 10.1155/2018/5686874

Andri¢, S., Meyer, T. and Ongena, M.
2020. Bacillus responses to plant-associated
fungal and bacterial communities. Frontiers
n Microbiology, 11: 1350.
doi: 10.3389/fmicb.2020.01350

Azad, M.AK, Islam, M.S., Hossen, M.L
and Eaton, T.E. 2019. Yield and fruit
quality of tomato as influenced by calcium
and mulching in rooftop cultivation.
Agricultural Science, 10(7): 893-902.
doi: 10.4236/2s.2019.107068

Balderas-Ruiz, K.A., Goémez-Guerrero, C.I.,
Trujillo-Roldan, M.A., Valdez-Cruz, N.A.,
Aranda-Ocampo, S., Juarez, A.M., Leyva,
E., Galindo, E. and Serrano-Carreén, L.

tomato

2021.  Bacillus  velegensis 83  increases
productivity and quality of tomato
(Solanum  beopersicum  L.):  Pre and

postharvest assessment. Current Research in
Microbial Sciences, 2: 100076.
doi: 10.1016/j.ctrmict.2021.100076

Bo, T., Kong, C., Zou, S., Mo, M. and Liu, Y. 2022.
Bacillus ~ nematocida  B16  enhanced the
rhizosphere  colonization of  Pochonia
chlamydosporia ZK7 and controlled the
efficacy of the root-knot nematode
Meloidogyne incognita. Microorganisms, 10: 218.
doi: 10.3390/microorganisms10020218

Adedire et al.: Systemic Biocontrol of Fusarium Wilt in Tomato

Borisade, O. A. and Uwaidem Y. I. 2018. Priming
Fl-resistant Tomato Hybrid (Lindo-F1)
Seedlings with Copper-1-Oxide Metalaxyl
Composite Fungicide before Infection
Enhanced Resistance to fusarium wilt.
International Journal of Pathogen Research, 1(3):
1-13.
doi: 10.9734/ijpr/2018/v1i329615

Bressuire-Isoard, C., Broussolle, V. and Carlin, F.
2018. Sporulation environment influences
spore properties in Bacillus: evidence and
insights on wunderlying molecular and
physiological mechanisms, FEMS
Microbiology Reviews, 42(5): 614 — 626.
doi: 10.1093/femsre/fuy021

Cao, Y., Hualiang P., Chandrangsu, P., Yongtao L.,
Yuqi W., Han Z., Hanqin X., Helmann, J.
and Yanfei C. 2018. Antagonism of two
plant-growth promoting bacillus velegensis
isolates against Ralstonia solanacearum and
Fusarinm — oxysporum. ~ Scientific  Reports, 8:
4360-43068.
doi: 10.1038/s41598-018-22782-2

Choub, V., Ajuna, H.B., Won, S.-J., Moon, J.-H.,
Choi, S.-I., Maung, C.E.H., Kim, C-W. and
Ahn, Y.S. 2021. Antifungal activity of
Bacillus — velegensis  CE 100 against
Anthracnose disease (Colletotrichum
Zloeosporioides) and growth promotion of
Walnut (Juglans regia 1.) trees. International
Journal of Molecular Sciences, 22: 10438.
doi: 10.3390/ijms221910438

da Silva, CJ., Frizzone, J.A. da Silva, L.F.M,,
Santos, Y.A., Golynski, A. and Pontes,
N.D. 2021. Flower abortion and yield of
processing tomato according to irrigation
depths. Bragilian Journal of Agricultural and
Environmental Engineering, 25(6): 415-421.
doi: 10.1590/1807-
1929 /agriambi.v25n6p415-421

Ddamulira, G., Malaala, A., Otim, A., Florence, N.
and Maphosa, M. 2022. Soil amendments
improved tomato growth, yield and soil
propetties. American Journal of Plant Sciences,
13: 960-971.
doi: 10.4236/ajps.2022.137063


https://doi.org/10.1080/15427528.2022.2155896
https://doi.org/10.1155/2018/5686874
https://doi.org/10.3389/fmicb.2020.01350
https://www.scirp.org/journal/articles.aspx?searchcode=Md.+Abul+Kalam++Azad&searchfield=authors&page=1
https://www.scirp.org/journal/articles.aspx?searchcode=Mohammad+Shafiqul++Islam&searchfield=authors&page=1
https://www.scirp.org/journal/articles.aspx?searchcode=Md.+Isrfil++Hossen&searchfield=authors&page=1
https://www.scirp.org/journal/articles.aspx?searchcode=Touria+El-Jaoual++Eaton&searchfield=authors&page=1
https://doi.org/10.4236/as.2019.107068
https://doi.org/10.3390/microorganisms10020218
http://dx.doi.org/10.9734/ijpr/2018/v1i329615
https://doi.org/10.1093/femsre/fuy021
https://doi.org/10.1038/s41598-018-22782-z
https://doi.org/10.3390/ijms221910438
https://doi.org/10.1590/1807-1929/agriambi.v25n6p415-421
https://doi.org/10.1590/1807-1929/agriambi.v25n6p415-421
https://doi.org/10.4236/ajps.2022.137063

Haddad, N., Krimi, Z.

Adedire et al.: Systemic Biocontrol of Fusarium Wilt in Tomato

Deng, Y., Chen, H,, Li, C., Xu, J., Qi, Q., Xu, Y.,

Zhu, Y., Zheng, ]., Peng, D., Ruan, L. and
Sun, M. 2019. Endophyte Bacillus
subtilis evade plant defense by producing
lantibiotic subtilomycin to mask self-
produced flagellin. Communications,
Biology 2: 368.

doi: 10.1038/542003-019-0614-0

Du, N., Guo, H., Fu, R., Dong, X., Xue, D., Piao,

F. 2022. Comparative transcriptome
analysis and genetic methods revealed the
biocontrol  mechanism  of Paenibacillus
polymyxa NSY 50 against

tomato Fusarium wilt. International Journal of
Molecular Sciences, 23: 10907,
doi: 10.3390/ijms231810907

Feng, C., Yi, Z., Qian, W., Liu, H. and Jiang, X.

2023. Rotations improve the diversity of
rhizosphere soil bacterial communities,
enzyme activities and tomato yield. PLoS
One, 18(1): €0270944.

doi: 10.1371/journal.pone.0270944

Glynn, A. N. and Kavanagh, T. 1980. Effect of

Years of prior cultivation on the incidence
of fusarium wilt of tomatoes grown in Fen
Peat. Irish Journal of Agricultural Research,
19(1): 45-51.

http:/ /www.jstor.org/stable/25555965
and Raio, A. 2013.
Endophytic bacteria from weeds promote
growth of tomato plants iz vitro and in
greenhouse: Endophytes for plant protection: the
state of the art. C. Schneider, C. Leifert and
F.  Feldmann. Eds. Braunschweig:
Deutsche Phytomedizinische Gesellschaft.
27-32.

Jaffar, N.S., Jawan, R. and Chong, K.P. 2023. The

potential of lactic acid bacteria in
mediating the control of plant diseases and
plant growth stimulation in crop
production - A mini review. Frontiers in
Plant Science, 13: 1047945.

doi: 10.3389/1pls.2022.1047945

Ma, L.J., Geiser, D.M., Proctor, R.H., Rooney,

A.P., O’Donnell K., Trail, F., Gardiner,
D.M., Manners, .M. and Kazan, K. 2013.
Fusarium pathogenomics. Annual Review of
Microbiology, 67: 399—416.

doi: 10.1146/annurev-micro-092412-
155650

301

O’Callaghan, M. 2016. Microbial inoculation of

seed for improved crop performance:
issues and  opportunities.  _Applied
Microbiology and Biotechnology, 100: 5729—
5746.

doi: 10.1007/s00253-016-7590-9

Olosunde, A., Ojo, A., Uthman, T., Olasoji, J.,

Omar,

Pincot,

Oluwadare, A. and Aliyu, T. 2018.
Germination Performance and Vigour of
Pepper Seeds Stored in Different

Environmental Conditions at Different
Storage Periods. Asian Journal of Biology,
5(2): 1-6.

doi: 10.9734/AJOB/2018/39791

1., O’Neill, T.M. and Rossall, S. 20006.
Biological control of Fusarium crown and
root rot of tomato with antagonistic
bacteria and integrated control when
combined with the fungicide carbendazim.
Plant Pathology, 55: 92-99.

doi: 10.1111/4.1365-3059.2005.01315.x
D.D.A., Feldmann, M.]., Hardigan, M.A.,
Vachev, M.V, Henry, P.M., Gordon, T.

R., Bjornson, M., Rodriguez, A., Cobo,
N., Famula, R.A., Cole, G.S.,, Coaker,
G.L. and Knapp, S.J. 2022. Novel

Fusarium wilt resistance genes uncovered
in natural and cultivated strawberry
populations are found on three non-
homoeologous chromosomes. Theoretical
and Applied Genet, 135: 2121-2145.
doi: 10.1007/s00122-022-04102-2

Przybylska, S. and Tokarczyk, G. 2022. Lycopene

Rai, G.

in the prevention of cardiovascular
diseases. International  Journal of Molecular
Sciences, 23(4): 1957.

doi: 10.3390/ijms23041957

K., Kumar, P., Choudhary, S.M., Kosser,
R., Khanday, D.M., Choudhary, S., Kumar,
B., Magotra, 1., Kumar, R.R., Ram, C.,
Rouphael, Y., Corrado, G. and Behera,
T.K. 2023. Biomimetic strategies for
developing abiotic stress-tolerant tomato
cultivars: an overview. Plants, 12: 86.

doi: 10.3390/plants12010086

Ramirez, V., Martinez J., Bustillos-Cristales,

M.D.R., Catafieda-Antonio, D., Munive,
J.A. and Baez, A. 2022. Bacillus cerens
MH778713 elicits tomato plant protection
against  Fusarium — oxysporum.  Journal — of
Applied Microbiology, 132(1): 470-482.

doi: 10.1111/jam.15179


https://doi.org/10.3390/ijms231810907
https://doi.org/10.1371/journal.pone.0270944
http://www.jstor.org/stable/25555965
https://doi.org/10.3389/fpls.2022.1047945
https://doi.org/10.1146/annurev-micro-092412-155650
https://doi.org/10.1146/annurev-micro-092412-155650
https://doi.org/10.1007/s00253-016-7590-9
https://doi.org/10.1111/j.1365-3059.2005.01315.x
https://link.springer.com/article/10.1007/s00122-022-04102-2#auth-Mishi_V_-Vachev
https://link.springer.com/article/10.1007/s00122-022-04102-2#auth-Peter_M_-Henry
https://link.springer.com/article/10.1007/s00122-022-04102-2#auth-Thomas_R_-Gordon
https://link.springer.com/article/10.1007/s00122-022-04102-2#auth-Marta-Bjornson
https://link.springer.com/article/10.1007/s00122-022-04102-2#auth-Alan-Rodriguez
https://link.springer.com/article/10.1007/s00122-022-04102-2#auth-Nicolas-Cobo
https://link.springer.com/article/10.1007/s00122-022-04102-2#auth-Randi_A_-Famula
https://link.springer.com/article/10.1007/s00122-022-04102-2#auth-Glenn_S_-Cole
https://link.springer.com/article/10.1007/s00122-022-04102-2#auth-Gitta_L_-Coaker
https://link.springer.com/article/10.1007/s00122-022-04102-2#auth-Steven_J_-Knapp
https://doi.org/10.1007/s00122-022-04102-2
https://doi.org/10.3390/ijms23041957
https://doi.org/10.3390/plants12010086

302

Adedire et al.: Systemic Biocontrol of Fusarium Wilt in Tomato

Silveira, C.P., Torres-Rodri’guez, J.M., Alvarado-

Rami‘rez, E., Murciano-Gonzalo, F.,
Dolande, M., Panizo, M. and Reviakina, V.
2009. MICs and minimum fungicidal
concentrations of amphotericin B,
itraconazole, posaconazole and terbinafine
in Sporothrix  schenckii. Journal of Medical
Microbiology, 58: 1607-1610.

doi: 10.1099/jmm.0.007609-0

Singh, R., Pandey, K.D., Singh, M., Singh, S.K,,

Hashem, A., Al-Arjani, A-B.F.,
Abd_Allah, E.F., Singh, P.K. and Kumar,
A. 2022. Isolation and characterization of
endophytes bacterial strains of Momordica
charantia 1.. and their possible approach in
stress management. Microorganisms, 10(2):
290.

doi: 10.3390/microorganisms10020290

Tiwari, 1., Bhojiya, A. A., Jain, D., Kothari, S. L.,

van

El-Sheikh, M. A., & Porwal, S. (2024).
Managing tomato bacterial wilt through
pathogen suppression and host resistance
augmentation using microbial peptide.
Frontiers in Microbiology, 15: 1494054,
doi: 10.3389/fmicb.2024.1494054
der Does, H.C., Constantin, M.E.,,
Houterman, P.M., Takken, F.L.W.,
Cornelissen, B.J.C., Haring, M.A., van der
Burg, H.A. and Rep, M. 2019. Fusarium
oxysporum colonizes the stem of resistant
tomato plants, the extent varying with the
R-gene present. European Journal of Plant
Pathology, 154: 55—65.
doi: 10.1007/s10658-018-1596-3

Wei, Z., Gu, Y., Friman, V.-P., Kowalchuk, G. A.,

Xu, Y., Shen, Q., Jousset, A. 2019. Initial
soil ~ microbiome composition and
functioning predetermine future plant
health. Sczence Advances, 5: eaaw(0759.

doi: 10.1126/sciadv.aaw0759

Ye, M., Feng, H., Hu, J., Yu, Q., & Liu, S. 2022.

Managing tomato bacterial wilt by
suppressing Ralstonia solanacearum
population in soil and enhancing host
resistance through fungus-derived furoic
acid compound. Frontiers in Plant Science,
13:1064797.

doi: 10.3389/fpls.2022.1064797

Yin, C., Hagerty, C.H. and Paulitz, T.C. 2022.

Synthetic microbial consortia derived from
rhizosphere soil protect wheat against a
soilborne fungal pathogen. Frontiers in
Microbiology, 13:908981.

doi: 10.3389/fmicb.2022.908981

Zhou, C., Zhu, J., Qian, N., Guo, J. and Yan, C.

2021. Bacillus subtilis SI.18r induces tomato
resistance against Bozrytis cinerea, involving
activation of long mnon-coding RNA,
MSTRG18363, to decoy
miR1918. Frontiers in  Plant  Science, 11:
634819.

doi: 10.3389/1pls.2020.634819


https://doi.org/10.1099/jmm.0.007609-0
https://doi.org/10.3390/microorganisms10020290
https://doi.org/10.3389/fmicb.2024.1494054
https://doi.org/10.3389/fpls.2022.1064797
https://doi.org/10.3389/fmicb.2022.908981
https://doi.org/10.3389/fpls.2020.634819

