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Abstract

Background: Ralstonia solanacearum causes bacterial wilt disease in tomato and other crops resulting in huge
economic losses worldwide. Several measures have been explored for the control of R. solanacearum, but the
desired control level of the disease through sustainable and ecofriendly way is still awaited.

Main body: In this study, fungal metabolites produced by Trichoderma harzianum were investigated in the form of
crude extract for the management of R. solanacearum both in vitro and in planta in tomato plants. In in vitro
investigation, fungal metabolites were checked for their antibacterial potential at different concentrations (30, 60,
90, 120, 150, and 180 mg ml−1) and bacterial cell morphology was observed under scanning electron microscopy
(SEM). In a greenhouse experiment, different application times (0, 3, and 6 days before transplantation DBT) and
doses (0, 3, 6, and 9%) of the fungal metabolites were tested for their effects on soil bacterial population, disease
severity and plant growth of tomato plants. The in vitro evaluation showed a strong antibacterial activity of fungal
metabolites in concentration dependent manner. The highest concentration 180 mg ml−1 produced maximum
inhibition zone (20.2 mm) having non-significant difference with the inhibition zone (20.5 mm) produced by the
standard antibiotic streptomycin. The SEM analysis revealed severe morphological destructions of bacterial cells. In
case of greenhouse experiment, the highest decrease in soil bacterial population, lowest disease severity, and maximum
increase in plant growth parameters were obtained by highest dose (9%) and longest application time (6 DBT).

Conclusion: The fungal metabolites produced by T. harzianum could be used as low-cost, environment-friendly, and
sustainable management strategy for the control of R. solanacearum in tomato plants.
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Background
Tomato (Lycopersicon esculentum L.), a vegetable crop
cultivated commercially throughout the world, is one of
the most consumed vegetable. Because of its perennial
cultivation on large scale and perishable nature, it is
susceptible to several plant pathogens that cause poor
yield in different countries as a result of undesirable
physiological and biological changes (Tajul et al. 2011).
Among plant pathogens, the phytopathogenic bacteria
are one of the main constraints on tomato yield and
production. Ralstonia solanacearum is a G- bacterium,
which is considered as one of the highly destructive
pathogens. It is distributed worldwide and has significant
economic impact globally (Scherf et al. 2010). It is a
pathogen of many plants, causes wilting disease and
especially more destructive to tomato plants, leading
to substantial losses in tropical and other regions with
warm temperature (Huet 2014).
R. solanacearum can spread by flooding or irrigation,

agricultural equipment, weeds, workers, and soil. The
pathogen can use weeds, infected plants and plant debris
for its survival. Wide host range, complication in biology
and nature of infestation and other factors make its
management difficult (Aloyce et al. 2017). Mainly, chem-
ical control and resistant varieties are used for its
management. However, utilization of resistant varieties
has not always been beneficial as in some cases the
resistance of the plants obtained by resistant varieties
negatively correlated with yield (Yuliar and Toyota 2015).
Additionally, the resistance is usually strain-specific. Use
of chemicals is not desirable because of serious environ-
mental, human, and animal health hazards. Also, bacterial
resistance to these chemicals was reported (McDonald
and Linde 2002). Recently, some other measures have
been explored for the control of R. solanacearum but the
desired control level of the disease through sustainable
and ecofriendly way is still awaited. Therefore, the use of
integrated management strategy combining cultural prac-
tices, biologic control, and host plant resistance appears to
be more effective. Although, for the control of bacterial
wilt disease in different crops, several attempts were made
in the area of biological control with varied levels of suc-
cess but there is still a great opportunity to provide a
stable solution to this problem (Bailey and Lazarovits
2003). The use of biological control agents or their anti-
microbial products is a consumer and environment
friendly approach for managing the plant disease (Hyde
and Soytong 2008). Fungal metabolites present in the
crude extract produced by biocontrol fungus may have an
antimicrobial potential against several plant pathogens
(Mohamed et al. 2020; Konappa et al. 2020). Among
biocontrol fungi, the genus Trichoderma comprises many
effective biocontrol agents against plant pathogens. Be-
cause of their ability to produce a variety of secondary

metabolites, these fungi are now the center of attention
for many researchers (Kariuki et al. 2020; Konappa et al.
2020). The ability to promote growth and induce resist-
ance in plants has also been described for members of this
genus (Monte 2001). Among Trichoderma spp. several
antibacterial secondary metabolites such as lysosime,
viridiofungin, and trichokonin were isolated from T.
harzianum. These compounds showed an antibacterial ac-
tivity against bacterial plant pathogens such as Clavibacter
michiganensis and Erwinia amylovora (El-Hasan et al.
2009). Although, the antibacterial activity of fungal metab-
olites from this fungus was reported against some plant
bacterial pathogens, but its antibacterial evaluation was
done only in vitro studies in labs. Moreover, this fungus
was not evaluated specifically against R. solanacearum.
This study aimed to find the potential of fungal metab-

olites of T. harzianum for the management of bacterial
wilt disease in tomato plants both in vitro and in planta.
The study was also extended to investigate the effect of
fungal metabolites on morphological destruction of bac-
terial cells through scanning electron microscopy (SEM).

Materials and methods
Fungal and bacterial cultures
The pure culture of T. harzianum and phytopathogenic
bacteria, i.e., R. solanacearum, that were already identi-
fied through PCR amplification and preserved at – 80
°C, were obtained from the Institute of Vegetables and
Flowers, Chinese Academy of Agricultural Sciences
(Khan et al. 2020). Fresh culturing of the fungus and
bacteria was carried out on PDA (potato dextrose agar)
incubated at 28 °C for 7–10 days and LB media incu-
bated at 28 °C for 1–2 days, respectively.

Fungal metabolites preparations
Freshly prepared fungus was grown on wheat media for
obtaining fungal metabolites in the form of crude ex-
tract. At first, seed media of the fungus was prepared by
inoculating 5 plugs of fungal culture in to seed media
(Bacto neopeptone 10 g, Maltose 40 g, Yeast extract 10
g, and Agar 4 g/L) in 500 ml flask. Each flask was con-
taining 100 ml of seed media. The seed media obtained
after shaking incubation for 4 days at 25 °C was inocu-
lated to sterilized wheat at 5 ml/30 g of wheat in 500 ml
flasks. The flasks were incubated for 14 days and station-
ary at 25 °C. After 14 days, the 150 ml of extraction solv-
ent ethyl acetate was added to each flask and kept as
such for half hour. The solvent layer containing fungal
metabolites was separated and evaporated under reduced
pressure for the collection of fungal metabolites
(Vizcaino et al. 2006). The collected fungal metabo-
lites were preserved at 4 °C after complete dry and
use for in vitro and in planta experiments.
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In vitro antibacterial evaluation of fungal metabolites
Agar well-diffusion test
Agar well diffusion test was conducted for examining
the antibacterial potential of fungal metabolites against
R. solanacearum (Tong et al. 2018). Different concentra-
tions, i.e., 30, 60, 90, 120, 150, and 180 mg ml−1 of fun-
gal metabolites were prepared by dissolving in methanol
and checked for their activity. Briefly, a total of 8 uni-
form size wells were punched in a sterilized plastic Petri
plate having 25 ml LB medium mixed with 0.5 ml bac-
terial suspension (108 cfu). Six wells were poured with
different concentrations (30, 60, 90, 120, 150, and 180
mg ml−1) of fungal metabolites at the rate of 10 μl per
well. Two wells, one poured with 10 μl of standard anti-
biotic streptomycin, and one with 10 μl of methanol,
were used as positive and negative controls, respectively.
The antibacterial activity was checked by measuring the
zone of growth inhibition (ZI) for each treatment after
incubation for 24 h at 28 °C. The test was performed in
triplicate and mean values were presented in results.

SEM study of bacterial cell
Scanning electron microscopy (SEM) of bacterial cells
without treatment and treated with fungal metabolites
was conducted for the conformation of antibacterial ef-
fect of fungal metabolites and to observe the morpho-
logical destruction. For the preparation of samples, small
agar pieces of agar were cut out from the inhibition zone
of best treatment and from untreated control. The agar
pieces were than fixed in 2.5% (v/v) glutaraldehyde (in
phosphate buffer) at 40 °C for 1 h. Using phosphate buf-
fer, the agar pieces were washed for 10 min and fixed for
2 h with 1% (w/v) osmium tetroxide (OsO4). Afterwards,
the samples were washed 3 times in phosphate buffer
dehydrated for 15 min in each graded ethanol series, i.e.,
30, 50, 70, 90, and 95% and then they were subjected to
100% ethanol and CO2 to get the critical point. The
samples were used for SEM observations after coating
with (Kamonwannasit et al. 2013).

In planta antibacterial evaluation of fungal metabolites
Greenhouse test
In planta antibacterial potential of fungal metabolites
was evaluated for the control of bacterial wilt in tomato
through pot experiment in screen house. Stem-sterilized
soil at 1 kg pot−1 was filled in plastic pots of 15 cm
diameter. Uniform size (25 days old) and healthy tomato
seedlings were transplanted to each pot at 1 seedling
pot−1. For the initiation of bacterial wilt disease, soil in
each pot at the center was inoculated with 35 ml of R.
solanacearum suspension (108 cfu) (Najeeb et al. 2019).
Different concentrations, i.e., 0, 3, 6, and 9% w/v, of
fungal metabolites at 10 ml pot−1 were applied at rhizo-
sphere of each plant 3 days after the inoculation with

pathogenic bacteria. The treatments were applied at
3 application times, i.e., 0, 3, and 6 days before
transplantation (DBT). Horticultural recommenda-
tions were followed uniformly for fertilizer and irri-
gation requirements. The experiment was repeated
concurrently with no modification with 5 replications
for each treatment. After 60 days of transplantation,
the experiment was terminated and data on growth
parameters such as root length, plant height and
fresh biomass, soil bacterial population, and disease
severity were recorded.

Area under disease progressive curve (AUDPC)
Disease severity was measured by using a specific plant
wilting scale. Different stages of wilting were presented
by different categories of this scale: 1, without symp-
toms; 2, wilting of less than half foliage; 3, wilting of half
foliage; 4, wilting of all foliage; and 5, wilting and death
of whole plant. By using formula DS % = (∑n/5N) × 100
(Abdel-Monaaim et al. 2011). Where ∑n represents the
summation of ratings of all plants scored, i.e., ∑ (1A +
2B + 3C + 4D + 5E), where A, B, C, D, and E are the
numbers of the plants of categories 1, 2, 3, 4, and 5, re-
spectively. N is the total number of plants and 5 is the
highest category of scale. The disease severity data, taken
at 12 days interval, were converted to AUDPC value by
using formula AUDPC = ∑n = 0 (Xi + 1 + Xi)/2) (Ti + 1
− Ti). Where n = total number of assessments, Ti = time
at ith assessment, and Xi = infection expressed in quan-
tity at the ith assessment (Madden et al. 2007).

Soil population of R. solanacearum
Four samples of soil cores were collected from each pot
at the depth of 10–12 cm. A composite sample was
made by mixing all the soil cores from the same treat-
ment (Gruter et al. 2006). From the composite sample, 3
sub-samples were taken and serially diluted up to 10−7

separately. From 3 serially diluted sub-samples, 100 μl
from each was poured on TZCNA selective medium
plate separately (Goszczynska et al. 2000). The plates
were incubated for 48 h at 28 °C. After incubation, bac-
terial colonies with off-white color and red center were
counted, and soil bacterial population was calculated as
cfu g−1 of soil. The data were expressed as log cfu/g of
soil.

Statistical analysis
Data were presented as mean ± standard deviation. Stat-
istical analysis was done using IBMSPSS Statistix 20
software. Completely randomized design (CRD) was ap-
plied to in vitro data, while factorial arrangements with
2 factors was used to analyze the in planta data. In case
of significant differences, the means for treatments were
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separated by using alphabet lettering after applying Fish-
er’s protected LSD test (Gomez and Gomez 1984).

Result and discussion
In vitro study
The fungal metabolites were evaluated in different con-
centrations for their antibacterial potential against R.
solanacearum. Results revealed the strong activity of
fungal metabolites in concentration dependent manner
(Fig. 1). Generally, increase in concentration resulted in
higher activity. The highest concentration 180 mg ml−1

showed the largest IZ (20.2 mm), followed by (19.8 mm)
produced by next lower concentration 150 mg ml−1.
Notably, the inhibition zone produced by highest con-
centration of fungal extract was similar to the inhibition
zone (20.5 mm) produced by the standard antibiotic
streptomycin used as a positive control. The lowest two
concentrations, i.e., 30 and 60 mg/ml and negative
control methanol did not show antibacterial activity, and
no inhibition zone was recorded at these treatments.
Among different mechanisms of actions reported for
Trichoderma spp. against plant pathogens, the secretion
of biologically active metabolite is an important one
(Gal-hemed et al. 2011). The antibacterial activity could
be attributed to the antibacterial compounds present in
crude extract. Several antimicrobial compounds were
isolated from Trichoderma spp. against plant pathogens.
For example, lysosime, the metabolite produced T. har-
zianum-controlled Clavibacter michiganensis (Utkhede
and Koch 2004). El-Hasan et al. (2009) reported antibac-
terial effect of viridiofungin-A produced T. harzianum

T23 against C. michiganensis and Erwinia amylovora.
Suppression of bacterial growth by peptaibol metabo-
lites, i.e., Trichokonin VI, VII produced by Trichoderma
spp. was reported by Xiao-yan et al. (2006).

Morphological observation of bacterial cell
SEM helped to study the morphological destruction of
bacterial cells. A clear distinction was seen between the
treated and untreated bacterial cells. The electron mi-
crographs of bacterial cells were presented in Fig. 2. The
bacterial cells under the influence of fungal metabolites
showed a huge destruction in its morphology. The cell
wall degradation, dis-integration of membranes, and
leaking of cell content can be observed easily. While in
comparison to treated and infected cells, the untreated
cells displayed a characteristic uniform rod shape of the
bacterium without any disturbance. Different bioactive
and toxic compounds affect bacteria in different ways.
Flavonoids compounds cause coagulation of cellular
proteins and enzymes (Al-Obaidi 2014). Alkaloid
compounds by acting as DNA intercalating agents and
causing enzyme inhibition damage cell multiplication
(Tanaka et al. 2006). Inhibition of nucleic acid and cell
wall synthesis and membrane disruption are also re-
ported in several studies (Zhang et al. 2008). Saito et al.
(2019) reported that lysosime can disrupt the bacterial
membranes, causes leakage of cell contents, which con-
sequently causes cell death. The SEM analysis in this
study confirmed these mechanisms as the micrographs
showed sever membranes disruptions under the influ-
ence of fungal metabolites.

Fig. 1 Antibacterial potential of fungal metabolites against R. solanacearum. a Graphical presentation of data regarding zone of inhibition (ZI)
produced by different concentrations of fungal metabolites. b Nutrient agar plate showing ZI, 1: 30 mg/ml, 2: 60 mg/ml, 3: 90 mg/ml, 4: 120 mg/
ml, 5: 150 mg/ml, 6: 180 mg/ml, 7: Streptomycin, and 8: methanol
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In planta study
Progressive curve of diseased area
Disease severity on the tomato plants inoculated with R.
solanacearum was checked under the influence of fungal
metabolites applications. Results indicated that fungal
extract significantly affected the severity of the disease
on tomato plants. The control plants that were not
treated by the fungal extract exhibited highest AUDPC
values and the plants were completely died. In compari-
son to the control, the treated plants showed lower
AUDPC values and improved plant growth. Generally,
the higher concentration and longer application time
caused lower AUDPC values. The plants treated with
the highest concentration of fungal metabolites (9%),
applied at 6 DBT, showed the lowest AUDPC value of
1140, followed by 1260 produced by 9% of fungal extract
applied at 3 DBT. Among treatments, the lowest
concentration of 3% was applied at 0 DBT showed more
disease severity and the highest AUDPC value 1790 (Fig. 3).
More vigorous growth and lower soil population of R. sola-
nacearum caused by the highest concentration of fungal ex-
tract resulted in lower AUDPC value. The fungal extract
directly killed the bacteria in the soil due to which the plant
was not attacked by bacteria and showed lower severity of
the disease. In addition, crude extract improved plant
growth and healthy plants showed resistant to pathogen at-
tack resulting in lower AUDPC values. The improved plant
growth might be due to the more production of plant
growth promoting hormones such as gibberellins that help
in starch accumulation (Konappa et al. 2020). The soil
application of B. amyloliquefaciens inhibited bacterial wilt
in tomato and reduced disease severity because of overpro-
duction of antibiotics by induction of systemic resistance
(Yamamoto et al. 2015).

Soil bacterial population
Tomato plants were inoculated by a known concentration
of R. solanacearum in equal volume through soil, following
the application of fungal metabolites in different concentra-
tions and application times. The bacterial population was
counted per gram of soil at the start and the end of the ex-
periment. The difference in bacterial population from start
to end was considered as decrease in soil bacterial popula-
tion and expressed as log cfu/g of soil. The results showed
that fungal extracts caused a significant reduction in soil
bacterial population. Increase in concentration resulted in
decreasing soil population of R. solanacearum (Table 1).
The highest decrease in bacterial count (1.526 log cfu/g) of
soil was achieved by 9% fungal metabolites applied at 6
DBT. Next best results were shown by 9% fungal metabo-
lites applied at 3 DBT that gave 22.4 log cfu/g decrease in
pathogen soil population, while 3% fungal extract applied at
0 DBT exhibited lowest decrease (0.686 log cfu/g) of soil in
bacterial population among all treatments. The decrease in
soil bacterial population by fungal extract is due to the
presence of antibacterial compounds present in the extract.
Several antibacterial compounds from Trichoderma spp.
were reported that significantly suppress the growth of
plant pathogenic bacteria. Lysosime, viridiofungin, and
trichokonin produced by T. harzianum and other Tricho-
derma spp. are the key secondary metabolites reported to
have antibacterial effect against plant pathogenic bacteria
such as C. michiganensis, E. amylovora (Utkhede and Koch
2004; Xiao-yan et al. 2006; El-Hasan et al. 2009). The
in vitro investigation also confirmed the direct killing of
bacterial cells in which fungal extract showed a strong anti-
bacterial activity by producing bigger inhibition zones. As
discussed above, the antibacterial compounds affect the
bacterial population in a variety of mechanisms including

Fig. 2 Scanning electron images of R. solanacearum. a Control bacterial cells without treatment. b Bacterial cells treated with 9% fungal metabolites
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membranes, DNA and protein destructions (Tanaka et al.
2006; Zhang et al. 2008; Al-Obaidi 2014). This direct toxic
effect of fungal metabolites contributes largely to cause a
higher decrease in soil bacterial population. The fun-
gal extract was prepared on simple wheat media. The
extract was active at low concentration and effectively
reduced soil bacterial population and improved plant
growth. These characteristics make the use of this method
as a low-cost disease management tool against bacterial
wilt of tomato.

Plant growth
Both times of application as well as different doses of
the fungal extract differed significantly in terms of

enhancing plant growth parameters such as plant height,
root length, and fresh biomass (Table 2). All growth pa-
rameters seemed to be dose-dependent and increased
with increasing doses and time of application. The high-
est dose and longest application time exhibited best
plant growth. The maximum plant height (48.3 cm), root
length (27.4 cm), and fresh biomass (54.3 g) were ob-
tained when 9% fungal extract was applied at 6 DBT,
followed by the application of fungal extract at the same
rate (9%), but 3 DBT gave 42.6 cm, 23.6 cm, and 47.3 g
plant heights, root length and fresh biomass, respect-
ively. The lowest values for plant growth parameters
were recorded in case of control (0%), where fungal ex-
tract was not applied. In planta experiment was repeated

Fig. 3 Effect of fungal metabolites on AUDPC values of bacterial wilt in tomato plants inoculated with R. solanacearum. Each value is a mean ±
SD. Treatments having significant differences on the basis of LSD test have different lettering. a Experiment I. b Experiment II. Both experiments I
and II are the same repeated experiments without any modification. DBT, days before transplantation
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once without any modification and similar results were
noticed. The treatments significantly increased plant
growth than the control. The highest dose of the fungal
extract and longest application period showed best re-
sults in repeated experiment (Table 3).
Results from in planta trail showed that soil applica-

tion of fungal extract in different concentrations im-
proved plant growth. Higher dose was more active than
lower one. This is obviously because the higher dose had
more antibacterial metabolites than lower dose, conse-
quently giving better results. The longer application time
helped in thorough mixing as well as increasing stability

and compatibility of fungal metabolites in the soil, which
resulted in increased activity of the extract. Obtained re-
sults are in line with the findings of Khan et al. (2019),
who used organic soil amendment with different applica-
tion times for the management of R. solanacearum in
tomato and suggested that the longer application time
exhibited best results because it increased stability and
compatibility of the treatments that releases more anti-
microbial compounds in the soil. Trichoderma spp. are
prominent producers of metabolites having multiple
biological activities including plant growth promotion
effects (Ghisalberti 2002; Reino et al. 2008).
Production of antibiotics is usually related to the ability

of biological control, and it has been found that utilization
of metabolic products of fungal metabolites exhibited
similar results on pathogen and host as those obtained
with the corresponding live microorganisms (Vinale et al.
2008). Along with direct antagonistic or parasitic activity
against pathogenic microbes, Trichoderma spp. also
secrete various antimicrobial compounds that alter the
host metabolism positively and affect its development and
growth. Benitez et al. (2004) reported that plant seeds,
when exposed to conidia of Trichoderma spp., exhibited
increased productivity which suggested that metabolites
from Trichoderma spp. can act as signaling compounds in
addition to plant growth effect. Several Trichoderma
strains are capable of producing secondary metabolites in-
volving in auxin dependent mechanism to enhance root
growth and increase plant biomass (Contreras-Cornejo
et al. 2009; Hoyos-Carvajal et al. 2009). Recently, Konappa
et al. (2020) reported the role of Trichoderma spp. in
eliciting bacterial wilt resistance in tomato plants. Tricho-
caranes A, B, C, and D produced by Trichoderma virens
significantly affected growth of etiolated wheat coleoptiles

Table 1 Effect of fungal metabolites on decrease in soil
bacterial population of R. solanacearum

Application
time (DBT)

Concentration
(%)

Decrease in pathogen population

Experiment I Experiment II

0 0 0.671 ± 0.005 g 0.781 ± 0.007 h

3 0.686 ± 0.003 g 0.836 ± 0.009 h

6 0.866 ± 0.009 f 1.073 ± 0.004 fg

9 1.193 ± 0.008 cd 1.276 ± 0.006 cd

3 0 0.686 ± 0.007 g 0.789 ± 0.003 h

3 0.832 ± 0.004 f 0.973 ± 0.007 fgh

6 1.092 ± 0.005 de 1.236 ± 0.005 de

9 1.365 ± 0.009 b 1.398 ± 0.007 b

6 0 0.691 ± 0.007 g 0.797 ± 0.007 h

3 0.963 ± 0.007 ef 1.196 ± 0.003 ef

6 1.284 ± 0.004 bc 1.383 ± 0.006 bc

9 1.526 ± 0.010 a 1.591 ± 0.009 a

Each value is a mean ± SD. Treatments having significant differences on the
basis of LSD test have different lettering within a column. Both experiments I
and II are the same repeated experiments without any modification. DBT days
before transplantation

Table 2 Effect of fungal metabolites on the growth of tomato plants inoculated with R. solanacearum under greenhouse conditions
(experiment I)

Application time (DBT) Concentration (%) Plant height (cm) Root length (cm) Fresh biomass (g)

0 0 18.2 ± 2.1 g 10.2 ± 1.2 hi 28.4 ± 2.3 f

3 17.5 ± 1.5 g 12.2 ± 1.4 g 27.2 ± 2.1 f

6 21.3 ± 2.2 fg 14.5 ± 2.1 fg 28.3 ± 2.8 f

9 24.7 ± 2.8 ef 16.4 ± 1.4 def 34.1 ± 2.0 de

3 0 17.5 ± 2.1 g 11.1 ± 1.1 hi 28.2 ± 2.6 f

3 28.3 ± 2.4 e 14.2 ± 1.3 fgh 30.7 ± 3.1 ef

6 34.3 ± 2.6 d 17.7 ± 2.1 d 35.4 ± 2.8 d

9 42.6 ± 3.6 b 23.6 ± 1.8 b 47.3 ± 3.4 b

6 0 17.0 ± 1.6 g 10.2 ± 0.9 hi 29.6 ± 2.8 f

3 33.3 ± 2.5 d 18.6 ± 1.4 cd 34.4 ± 2.6 de

6 40.5 ± 2.8 bc 22.3 ± 1.8 bc 42.7 ± 3.3 bc

9 48.3 ± 3.4 a 27.4 ± 2.6 a 54.3 ± 3.9 a

Each value is a mean ± SD. Treatments having significant differences on the basis of LSD test have different lettering within a column. DBT days
before transplantation
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(Macias et al. 2000). The direct toxic effect as well as plant
growth-promoting effect of compounds present in the
fungal metabolites collectively contributed to enhanced
plant growth.

Conclusion
In this study, metabolites produced by the bio-control
fungus T. harzianum were evaluated in the form of crude
extract both in vitro and in planta in greenhouse experi-
ments. The results showed that metabolites produced by
T. harzianum had a strong antibacterial potential against
R. solanacearum. Application of T. harzianum metabolites
significantly improved growth of tomato plants by redu-
cing disease severity and soil population of R. solana-
cearum. The metabolic extracts from T. harzianum could
be used as efficient, low-cost, and environment-friendly
approach to control R. solanacearum in tomato plants.
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