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Abstract

Disease causing phytopathogens are responsible for an approximately 15%
reduction in worldwide food production. Therefore, for efficient manage-
ment of plant diseases, a systematic understanding of the harmful impacts
of pathogens on economic crops is essential. The practice of sustainable
agriculture aims at the development of a system that supports the growth of
plants but simultaneously induces adverse effects on the existence of path-
ogens. Therefore, the current research was designed to monitor the seed
priming effects of Trichoderma virens (as Biocontrol Agent, BCA) and
Jasmonic acid (a chemical inducer) in tomato plants infected with two dev-
astating soil-borne pathogens viz., Fusarium oxysporum lycopersici (Fol) and
Rhizoctonia solani. Application of these agents in infected plants alone or
together leads to the establishment of various disease-suppressive mecha-
nisms in the host plants as observed in the form of enhanced seedling vig-
our index, percentage germination, morphological growth, and a substan-
tial decrease in the percentage of disease incidence. Furthermore, pathogen
inoculation in diseased plants enhances the content of two compatible os-
molytes i.e., proline and glycine betaine which themselves serve as defen-
sive molecules by acting as osmoprotectants and signalling molecules in
the induction of various defence-related pathways in the stressed plants.
Our study provides important insights into the effectiveness of T. virens and
JA in the amelioration of pathogen-induced damage in the host plants. The
inferences obtained from this research highlight the better efficiency of
combined applications of T. virens and JA against these two soil-borne path-
ogens.
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Introduction

Tomato (Solanum lycopersicum L.) is a valuable, widely grown, horticultural
rabi crop. The growth and yield of this important horticultural crop are lim-
ited by several biotic and abiotic stresses. Abiotic stresses involve salinity,
extremes in temperature, radiation, flood, drought, heavy metal toxicity,
etc.; while biotic stress comprises pathogenic attacks by fungi, bacteria,
nematodes, and herbivores. Above all, diseases are the most common limit-
ing factors in tomato production. It is susceptible to being infected by differ-
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ent kinds of pathogens viz., viral, bacterial, nematodes,
fungal, etc. In comparison to other pathogens, fungal
pathogens are responsible to a greater extent for lowering
the quantity as well as the market value of this commercial
crop (1). In the present investigation, we have studied the
effects of two diseases i.e., fusarium wilt and damping off
on infected tomato plants in terms of growth characteris-
tics as well as some biochemical alterations.

Infection of tomato plants with Fusarium  ox-
ysporum f.s. lycopersici (Fol) causes severe water loss in
diseased plants due to the clogging of xylem vessels. Fur-
thermore, wilt-like symptoms such as defoliation, vein
clearing, and epinasty of leaves were observed on infected
plants (2). Similarly, R. solani mainly infects the crops dur-
ing the seedling stage, but can also damage the roots,
pods, leaves, and stem of affected host plants. Most peculi-
ar symptoms of plant diseases appear in the form of brown
-coloured lesions near the collar region, browning of the
root system, and chlorosis on the upper parts (3).

To adapt themselves to stressful environments,
plants produce and accumulate compatible solutes com-
monly designated as osmolytes. Numerous low molecular-
weight substances or metabolites, including sugars, poly-
amines, secondary metabolites, amino acids, and polyols;
are referred to as osmolytes (4). Numerous stress signal-
ling pathways such as hormones, mitogen-activated pro-
tein (MAP) kinase, and calcium-signalling cause excessive
formation of osmolytes. Among the several amino acids in
plants, proline, glycine betaine (GB), and Gamma-
Aminobutyric Acid (GABA) function as stress-responsive
amino acids and play a key role in oxidative and osmotic
adjustments in plants (4-7).

Even though presently a broad variety of chemical
pesticides are accessible to handle plant diseases, these
fungicides cannot be considered long-term remedies
against pathogenic fungi because of health and environ-
mental concerns (8). Furthermore, regular application of
these chemicals not only establishes tolerance in target
organisms through mutation, but their continuous appli-
cation introduces several adverse effects in the numerous
beneficial organisms also present in the rhizosphere. In
recent times, agriculturists and business-related sectors
have expressed intense concern regarding the develop-
ment of some sustainable and cost-effectual approaches
for plant disease management (9). Natural control proce-
dures are intended as substantial measures for disease
management in comparison to other approaches since the
fungicides negatively affect other beneficial organisms too
(10).

In recent years, the essential need for safe and
chemical-free food has increased the demand and market
for biopesticides. Moreover, in the pursuit of sustainable
agriculture, biopesticides serve as an eco-friendly ap-
proach by minimising the application of harmful chemicals
(11). Subsequently, the expression of many defence-
responsive genes has been upregulated following the
treatment with biotic and abiotic resistance inducers (12).
Trichoderma spp. are plant symbiotic fungi that assist the
plant in having better growth and metabolism in pathogen

-contaminated soil by inhibiting the growth of pathogens
through several mechanisms of antagonism like mycopar-
asitism, competition, and antibiosis (13). In our country,
around 250 Trichoderma-derived products are utilized as
bio-fungicides, but our farmers still rely on synthetic
chemical fungicides to a larger magnitude as compared to
biological control agents (14). During exposure to external
stimuli, plants respond to them through the operation of a
brilliant communication network of chemical messengers
known as the hormonal signal transduction pathway. Ad-
ditionally, following pathogen attack and successful recog-
nition by specific Pattern Recognition Receptors (PRR), JA
acid biosynthesis is initiated through the oxylipin biosyn-
thesis pathway (15). Under the conditions of pathogen
contamination, JA and its derivatives can instantly come
into effect, which consequently induces nearly all chief
secondary metabolites and protein expressions implicated
in defence reaction (16). The present investigation aims to
examine the ameliorative potential of T. virens and JA
against Foland R. solani-induced damage in the host to-
mato plants. We have studied the seed-priming effects of
T. virens and JA individually and in combination to de-
crease the severity of tomato fusarium wilt and damping
off caused by these two soils borne pathogens under in
vitro and in vivo conditions as well as the extent of the dis-
ease’s suppression abilities of these two stimulants.

Materials and Methods

Evaluation of antagonistic activities of T. virens and T.
viride against F. oxysporum f. sp. lycopersici and R. sola-
ni

Dual culture assay

In dual plate assay, T. virens (ITCC No. 4177) and T. viride
(ITCC 8315) were screened for assessment of antagonistic
activity against test pathogens i.e., Fusarium oxysporum
lycopersici (ITCC no. 8111) and Rhizoctonia solani (ITCC No.
1142) by inserting a 5 mm mycelial plug in the Petri plates
(17). A5 mm mycelial disc of a 5-day-old pathogen culture
was kept at a 6 cm distance on the opposite side of the
Petri dish, perpendicular to the Trichoderma fungal disc.
The same disc of test fungus was placed in another PDA
containing a Petri plate which served as untreated control.
After this, these plates were incubated in a BOD incubator
at 28 + 2°C and the growth of pathogen mycelium towards
the colonies of Trichoderma spp. was monitored and inhi-
bition percentage was measured after 7 days of incuba-
tion. The experiment was carried out in triplicate and re-
peated twice.

Calculations

To calculate the percent inhibition in the radial colony
growth, the following formula has been applied (18):

Inhibition % = “Zo T 100
Control- Control Radial
growth (cm) in the control set, Treated-Radial growth in
the treated set.

https://plantsciencetoday.online


https://plantsciencetoday.online

Screening of Trichoderma spp. for the synthesis of extra-
cellular enzyme i.e., chitinase assay

The chitinase detection medium (19) consisted of a basal
medium comprising 4.5 g of colloidal chitin, 0.30 g of
MgS04.7H,0, 3.00 g of NH4S04, 2.00 g of KH,PO., 1.00 g of
Citric acid monohydrate, 15.00 g of Agar, 0.15 g of Bromo
cresol purple, and 0.20 mL of Tween-80 per litre. The pH of
this medium was adjusted to 4.7 and then autoclaved at
121°C for 15 min. Colloidal chitin so prepared can be
stored at 4°C until further use. After cooling, the medium
was poured into Petri plates and allowed to solidify. The
actively growing T. virens and T. viride culture plugs of the
isolates to be tested for chitinase activity were inoculated
into the medium containing Petri plates and incubated at
26 + 2°C for 3-5 days, and observed for the coloured zone
formation. Chitinase activity was identified by the for-
mation of a purple-coloured zone. The Colour intensity
and diameter of the purple-coloured zone were taken as
the criteria to determine the chitinase activity.

Preparation of Colloidal chitin

In the chitinase assay, the detection medium is supple-
mented with chitin as the sole carbon precursor, and it
was prepared according to the method of Roberts and
Selitrennikoff et al., 1988 (20) with a small modification.
For this, 5 g of chitin was acid hydrolysed in 40 mL of conc.
Hydrochloric acid (HCl) by continuous stirring on a mag-
netic stirrer for 24 hours at 4°C. This step was followed by
adding 200 mL of chilled ethanol (95%) and then kept at
26°C for 24 hours. Subsequently, it was centrifuged for 20
min at 3000 rpm and 4°C. After that, the pellet so obtained
was eroded with sterile distilled water by centrifugation at
3000 rpm and 4°C for 5 min until the complete removal of
the smell of alcohol was achieved. The procured colloidal
chitin had a pasty and soft consistency with wetness up to
90-95 %. It was preserved at 4°C till further use.

Preparation of inoculum
Fusarium oxysporum lycopersici

Two mycelial plugs (0.5 cm in diameter) from the 7-day-old
culture of Fol were inoculated in 250 mL PDB (Potato Dex-
trose Broth) in an Erlenmeyer flask. This flask was incubat-
ed at 28 + 2°C, at 100 rpm for 10 days. The mycelial mat
was filtered through a double layer of sterilized cheese-
cloth to obtain conidial stock. The density of conidial stock
was counted using a hemocytometer and the desired den-
sity i.e.,, 1x10°spores/mL was obtained by diluting the
stock solution.

Rhizoctonia solani

Two mycelial plugs (0.5 cm in diameter) from a 7-day-old
culture of R. solani were transferred to a 250 mL PDB in an
Erlenmeyer flask. This flask was incubated at 28 + 2°C, at
100 rpm for 10 days. The mycelial mat was filtered out with
a double layer of sterilized cheesecloth. A known amount
of mycelial mat was blended in sterilized distilled water (2
% W/V) in a blender for 30-60 sec.

Seed source

Tomato seeds, cultivar Punjab Ratta were obtained from

the Department of Vegetable Science, Punjab Agriculture
University (PAU), Ludhiana, Punjab, India.

Seed Treatment and Germination

Tomato seeds were surface sterilized with 0.01% mercuric
chloride followed by frequent washing with double-
distilled water. Afterwards, standardization of effective
concentrations of Trichoderma virens and Jasmonic acid
for seed treatment was carried out.

Preparation of spore suspension of Trichoderma virens

Trichoderma virens with ITCC no. 4177 was grown on PDA
for 7 days at 28 # 2°C in a BOD incubator. Two mycelial
plugs (0.5 cm in diameter) from a 7-d old culture of T.
virens were transferred to 250 mL PDB in Erlenmeyer flask.
This flask was incubated at 28 + 2°C, at 100 rpm for 10
days. The mycelial mat was filtered through a double layer
of sterilized cheesecloth to get the spore suspension. This
suspension was further diluted, and the number of spores
was counted through a hemocytometer under the micro-
scope. To this spore suspension, 1% carboxy methyl cellu-
lose (CMC) was added which serves as an adherent during
seed treatment. The stock solution was further diluted to
1x106, 1x107, and 1x10%spores/mL to get the optimum
concentration for seed treatment. Sterilized tomato seeds
were treated with different concentrations of T. virens for 4
hrs (50 seeds in 20 mL) and allowed to germinate in Petri
plates at 25 + 2 °C and 80 % humidity in a seed germinator.

Jasmonic acid

A JA stock solution of concentration 10 mM was prepared.
This stock was further diluted to attain concentrations of
0.1, 1.0, and 10 pM. Sterilized tomato seeds were treated
with different concentrations of JA (50 seeds in 20 mL) for
4 hrs and allowed to germinate in Petri plates at 25 + 2 °C
and 80% humidity in a seed germinator. Each treatment
was maintained with three replicates. Seed germination
percentage and root-shoot length were monitored after 10
days of germination.

In vitro seedling germination and vigour index under
pathogens infection

Sterilized tomato seeds of uniform size were selected and
imbibed with 0.1, 1, 10 uM of JA and 1x106, 1x107, and
1x108spores/mL of T. virens for four hours to get the opti-
mum concentration for seed treatment. Then, these im-
bibed seeds were infected with the desired pathogens in-
oculum, as described previously, by soaking them in their
respective inoculum for 30 minutes. After that, the seeds
were washed with distilled water (DW) and then 20 seeds
were transferred to each Petri plate for germination. Petri
plates were lined with three layers of filter paper made wet
with 7 mL of DW. After 10 days, seedlings' growth was
measured in terms of root length, shoot length and per-
centage germination.

The seedling vigour index was measured through
the formula described by (21):

Seed germination percentage was calculated according to

Vigour Index = (Mean Root Length + Mean Shoot Length) % Germination (%)
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the following equation

Noof seeds zerminated

Seed germination percentage = ¥ 100

Total no.of seeds
Seed Priming and germination

Tomato seeds were sterilized with 0.01% mercuric chloride
followed by frequent washing with double-distilled water
and after that, these were dried in laminar air flow on auto-
claved blotting paper (22). Thereafter, these dried and sur-
face sterilized seeds were treated by immersing them for 4
hours in 1x107spores/mL in 1% CMC of T. virens and 1uM of
JA. Seed treatment in combination (T. virens + JA) com-
prised an equal volume of individually preparedT. virens
and JA. The control seeds were treated with distilled water
alone. Further, all these seeds were placed in the seed ger-
minator at 80% relative humidity, 25-27°C and kept for 24
h (23). These treated seeds were then grown in seedling
trays containing sterilized soil and vermicompost in the
ratio of 3:1 in the plant growth chamber at a temperature
between 25-27°C, 16 hours (h) light and 8 h dark cycle, and
relative humidity of 70% for thirty days. The thirty days old
tomato seedlings were then used for determining sensitivi-
ty against pathogens and for further experimentations.

Pathogen Inoculation
Fusarium oxysporum lycopersici

Thirty days old primed as well as unprimed tomato seed-
lings were treated with a conidial suspension (108
spores/mL) of Fol for 30 minutes by the standard root dip
method (24).

Rhizoctonia solani

The soil was inoculated with 2% w/v suspension of a 10-
day-old mycelial mat on PDB of Rhizoctonia solani. After
inoculation, 10 days incubation period was given for the
proliferation of pathogens in the soil. After that, the
primed and unprimed 30 days old tomato seedlings were
transplanted into pathogen-infested soil (25).

Experimental Design and treatments

The experiment of this study was conducted under open
field conditions at the experimental farm, at Lovely Profes-
sional University with latitude 31°24.500’ NS and longitude
75°69.507” EW. The design of the experiment was Random
Block Design (RBD) and a total of twelve treatments with
three replications each were distributed in a 20x20 m ex-
perimental field separated by a 60x90 cm distance from
each other. The following treatments were examined: 1)
Control, 2) T. virens (Tv), 3) Jasmonic acid (JA), 4) Tv+JA, 5)
F. oxysporum lycoprsici (Fol), 6) Fol+JA, 7) Fol+Tv, 8)
Fol+JA+Tv, 9) R. solani (Rs), 10) Rs+JA, 11) Rs+Tv, 12)
Rs+JA+Tv. Sampling was done randomly for recording var-
ious physiochemical parameters after 30 days of pathogen
inoculation.

Growth Characteristics

In sixty days old tomato plants, the effect of tomato seeds
primed with T. virens (Tv) and Jasmonic acid (JA) on differ-
ent morphological parameters were studied with and

without pathogenic stress. The root and shoot lengths
were measured in cm from the base of the stem to the tip
of the root and shoot, respectively. Fresh weight and num-
ber of leaves were taken immediately at the time of har-
vesting of the plant samples. After the estimation of fresh
weight, the plant samples with different treatments were
placed in a pre-heated hot-air oven and dried at 60°C for 6
hours and the dry weight thus obtained was recorded in g/
plant.

Disease Incidence

After thirty days of pathogen inoculation, the percentage
of disease incidence (PDI) was determined by using the
following formula:

Number of infected planta

PDI =

" Total number of chaerved plants

Free Proline content

Proline content was determined according to Bates etal.,
1973 (26). For proline estimation, 250 mg of plant tissue
was homogenized with 5 mL of 3% Sulfosalicylic acid fol-
lowed by centrifugation at 10,000 rpm for 10 minutes. 1 mL
of obtained supernatant was reacted with 1 mL each of
freshly prepared ninhydrin and Glacial Acetic Acid and
then kept in a boiling water bath for 1 h. The reaction was
instantly terminated in an ice bath and then brought to
room temperature. Subsequently, the reaction mixture
was extracted with 2 mL of toluene and then vortexed for
15-20 sec. The chromophore containing toluene was sepa-
rated from the aqueous phase and absorbance was read at
520 nm. The free proline content was quantified from the
calibration curve.

Glycine-Betaine (GB) Content

GB content was quantified by following the method of
Grieve & Grattan, 1983 (27). 1 g of dried plant sample was
crushed in 10 mL of double DW and then filtered through
Whatman filter paper (No. 1). 1 mL of this filtrate was
mixed with 1 mL of 2 M HCL. To 0.5 mL of this mixture, 0.2
mL of Lugol’s reagent was added. The constituents were
mixed properly followed by cooling for 90 min. in an ice
bath with constant shaking. After this, 2.0 mL of ice-cooled
DW and 20 mL of 1,2-dichloromethane were added to it.
The two layers produced in the mixture were combined
properly by giving a continuous flow of air to it. The upper
aqueous layer was removed and the absorbance of the
lower organic layer was recorded at 365 nm. Glycine beta-
ine content present in the given sample was quantified
against the value of the standard curve.

Statistical Analysis

All data were exposed to a one-way analysis of variance
(ANOVA) and presented as mean + standard error of three
replicates. The Tukey post hoc test at the significance level
of p = 0.05 was carried out by using the SPSS (IBM Statis-
tics version 24) software package for expressing the statis-
tical significance.
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Results

Evaluation of antagonistic activities of T. virens and T.
viride against F. oxysporum f.sp. lycopersici and R. solani
by dual culture assay

Two Trichoderma spp., namely T. virens and T. viride, were
screened for their antagonistic activity against Fol and R.
solani through a dual culture assay technique (Fig. 1.1 and
1.2). In comparison to the control, T. virens and T. viride
caused a significant reduction in mycelial growth, with a
magnitude of 76.3% and 39% for Fol, and 78.9% and 73.6%
for R. solani, respectively (Fig. 1.3)

Trichoderma, T. virens exhibited approximately 16 percent
more chitinase activity than T. viride (Fig. 2.1 and 2.2).Ten
days old pure culture of T. virens (A) and T. viride (B) was
shown in (Fig. 3).

Effect of different concentrations of JA and T. virens on in
vitro seed germination and seedling vigour of tomato
seeds under pathogen infection

In comparison to unprimed tomato seeds, pre-treatment
with T. virens and JA had significant improvement in mean
root-shoot length, percentage germination and vigour in-
dex. Under Fol-challenged tomato seedlings, the highest

Fig. 1.1 Antagonistic activity of T. virens and T. viride against Fusarium oxysporum f. sp. lycopersici in dual culture assay (A) Control, (B) T. virens and Fusarium

oxysporum f. sp. lycopersici (C) T. viride and Fusarium oxysporum f. sp. lycopersici

Screening of Trichoderma spp. for the synthesis of chi-
tinase, an extracellular enzyme assay

Chitinolytic activity was assessed by determining the re-
lease of reducing saccharides from colloidal chitin. Two
Trichoderma spp. viz., T. viride and T. virens were grown on
basal chitinase detection medium with colloidal chitin as a
sole source of carbon. Out of the two observed spp. of

improvement in growth parameters viz., mean root length,
mean shoot length, percent germination and vigour index
are achieved through priming with 1uyM JA and  1x107
spores/mL T. virens. A similar trend of improvement has
been repeated by R. solani-infected tomato seedlings with
the same concentrations of T. virens and JA as observed in
terms of different growth parameters in the case of Fol
(Table 1).

Plant Science Today, ISSN 2348-1900 (online)
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Fig. 1.2. Antagonistic activity of T. virens and T. viride against Rhizoctonia solani in dual culture assay (A) Control, (B) T. virensand Rhizoctonia solani (C) T. viride
and Rhizoctonia solani

Dual culture
9 —
— 8
57 a
£ 6 =
=
=5
2
54
= 3
K < ¢
&g
0
N e \ 2
(“f”* ° '\KQ’(& '\-\b (\,30 '\KQS\C, ‘\'\b
& - > @ > <
Radial growth F. oxysporium(cm) Radial growth R.solani (cm)
Treatments

Fig. 1.3 Screening of Trichoderma spp. against pathogens in dual culture technique. Bars represent standard error of the mean [n=3]. Different letters within the
column indicate statistically significant differences among the treatments, according to Tukey’s multiple comparison test (P < 0.05).
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Fig. 2.1. Chitinase activity of Trichoderma spp. (A) Control and (B) T. virens (C)T. viride

Chitinase Activity

O k=N WRWLUO N WO
|
T

Radial Growth showing Chitinase
Activity (cm)

Trichoderma spp.

Fig. 2.2 Screening of Trichoderma spp. for chitinase activity on medium supplemented with colloidal chitin. Bars represent standard error of the mean [n=6].
Different letters within the column indicate statistically significant differences among the treatments, according to Tukey’s multiple comparison test (P <0.05).
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Fig. 3

Pure culture of Trichoderma spp. (A) T. virens (B) T. viride

Table 1. Effect of different concentrations of JA and T. virens on in vitro seed germination and seedling vigour of tomato seeds under pathogen infection.

Pathogen Priming agent Mean R(:::)Length Mean SI;:;: Length Percen::ﬁ‘emGermi- Vigour Index

Jasmonic Acid (U M)
0 2.122+0.15 4.17+0.10 63.337+4.41 398.35
0.1 2.34°+0.07 5.10°+0.09 76.67° +4.41 570.43
1 3.01°+0.13 6.03°+£0.12 90.00° +2.89 813.6
10 2.91°+0.14 5.49°+0.14 85.00°+2.89 714

Fusarium oxysporum lycopersici

T. virens (Spores/ mL)
0 2.122+0.15 4.17+0.10 63.332+4.41 398.35
10° 2.552+0.06 5.22°+0.11 81.67°+ 1.67 634.58
107 3.30°+0.11 6.19¢+0.12 90.00° +2.89 854.1
108 3.14°+0.14 5.90°+0.11 85.00°+2.89 768.4

Jasmonic Acid (u M)
0 1.89°+0.13 3.99°+0.10 61.67°+6.67 362.62
0.1 2.21°+0.09 5.01°+0.09 80.00% +2.89 577.6
1 2.95°+0.13 5.79°+£0.15 85.00°+2.89 742.9
10 2.71°+0.15 5.52°+0.14 85.00°+2.89 700.0

Rhizoctonia solani

T. virens (Spores/ mL)
0 1.892+0.13 3.99°+0.10 61.67°+6.67 362.62
10° 2.45°+0.10 5.19°+0.09 83.33+4.41 636.64
107 3.04°+£0.12 5.95¢+0.14 88.33°+ 1.67 794.09
108 3.07¢£0.12 5.76°£0.10 85.00° +2.89 750.55

Morphological Aspects

After thirty days of pathogen inoculation, morphological
parameters viz. root-shoot length, fresh-dry weight and
the number of leaves were recorded in sixty days old to-
mato plants under different treatments.

Root-Shoot Length

Significant variations were observed among root and
shoot length in sixty days old treated/untreated tomato

plants. In contrast to non-primed control plants, seed-
primed tomato plants without any pathogenic stress ex-
press a significant enhancement in root length of 3.12,9.9
and 16.4% under the treatments JA, Tv and Tv+JA, respec-
tively. Furthermore, when compared with the control, a
remarkable decrease in root length was detected in toma-
to plants infected with Fol (45.2%) and R. solani (42.3%).
Pre-treatment of tomato seeds with T. virens and JA, either
individually or together, brought significant improvement

https://plantsciencetoday.online
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in root length in infected plants as observed in the case of
Fol-treated plants. Enhancements of 29, 37 and 53% were
observed in the case of treatments with Fol+JA, Fol+Tv and
Fol+Tv+JA, respectively. A similar trend of increase has
also been perceived in the case of R. solani inoculated to-
mato plants with the treatments  Rs+JA (38.7%), Rs+Tv
(44.6%) and Rs+Tv+JA (55.9%). The most significant in-
crease in the root length in the pathogens-infected tomato
plants has been measured in the treatments where seed-
priming with both the ameliorative agents has been per-
formed prior to the exposure of each pathogen (Fig. 4 A).
As observed in the case of root length, a similar trend of
increase in shoot length has also been depicted by inocu-
lated as well as non-inoculated tomato plants. In both cas-

length was also observed to decrease in Fol (21.6%) and R.
solani (24%) challenged tomato plants. Although under
pathogenic challenges, priming of tomato seeds individu-
ally with T. virens (except in the treatment Rs+Tv) and JA
causes a significant increase in the shoot length when
compared with non-primed plants; but the highest im-
provement in the shoot length was observed in the treat-
ments Fol+Tv+JA (17.6%) and RS+TV+JA (16.7%) in the
case of Foland R. solani diseased plants, respectively (Fig.
4 B).

Fresh-Dry Weight

Like root-shoot length, tomato plants’ fresh and dry
weights were also affected adversely due to pathogen-
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Fig. 4. Effect of Trichoderma virens (Tv) and Jasmonic acid (JA) on (A) Root length and (B) Shoot length in sixty days old tomato plants with and without patho-
genic stress. Bars represent the standard error of the mean [n=9]. Different letters within the column indicate statistically significant differences among the treat-

ments, according to Tukey’s multiple comparison test (P <0.05).

es, the most remarkable improvement has been exhibited
by tomato plants where tomato seeds were primed with
the combination of T. virens and JA. In continuation to root
length observations, in comparison to control, shoot

induced damage to them. A significant decrease in fresh
(70.8 and 73.7%) and dry weight (73.6 and 76.5%) was
monitored in the case of tomato plants challenged by Fol
and R. solani, respectively. Further, priming of tomato
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seeds with these two ameliorative agents either individu-
ally or in combination did not bring any significant im-
provement in the fresh-dry weight in the case of plants
without any pathogenic infection. In comparison to patho-
gens-stressed plants, individual treatments with T. virens
and JA also contribute towards an increase in the fresh
weight but the maximum enhancement in fresh weight of
2.3- and 2.5-fold was observed in the treatments with
Fol+Tv+JA and Rs+Tv+JA, respectively (Fig. 5A). A similar
pattern of a significant reduction in dry weight was also
observed in pathogen-infected tomato plants. However,
after the application of bio stimulators, a similar trend of
enhancement in dry weight has also been repeated in T.
virens and JA-primed tomato plants under different treat-
ments Fol+Tv+JA (123%), Rs+JA (83.9%), Rs+Tv (139.7%)
and Rs+Tv+JA (137.6%) (Fig. 5B).

Number of Leaves

As observed in the previous growth parameters, a signifi-
cant increase in the number of leaves was observed in
JA+Tv seed-primed tomato plants with and without patho-
genic stress. However, owing to fungal infections, a highly
significant decrease in the number of leaves was observed.
In pathogen-challenged plants, a percentage reduction of
approximately 43 and 46% was observed in the case of Fol
and R. solani diseased plants, respectively. However, due
to seed priming, a slight improvement of 25% was ob-
served in the treatments with Fol+Tv and Fol+Tv+JA while
a remarkable improvement of 37% was achieved in the
treatment with Rs+Tv+JA in the case of R. solani diseased
tomato plants (Fig. 6).
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Disease Incidence

Priming the tomato seeds with T. virens and JA, either
alone or in combination, did not insert any marked influ-
ence on PDI in the case of plants which were not inoculat-
ed with either of the pathogens. However, the extent of
disease suppression in tomato plants through pre-
treatment with T. virens and JA was revealed by the reduc-
tion of wilt and damping-off incidence in tomato plants
infected with F. oxysporum lycopersici and R. solani, re-
spectively. Our results revealed that the highest PDI of 85%
was detected in pathogen-challenged plants. It has been
further observed that priming the tomato seeds with T.
virens and JA, alone or in combination, significantly reduc-
es the PDI when compared to pathogen-inoculated plants.
However, in the case of Fol, the lowest PDI (40%) was ob-
served in the case of treatment with Fol+Tv+JA (Fig. 7A). A
similar trend of reduction has also been followed by the
treatment with Rs+Tv+JA, with the PDI falling to 42% (Fig.
7B).

Free Proline and Glycine Betaine Content

Compatible osmolytes play a tremendous role in plant
defence by maintaining cellular turgor through decreasing
the water potential as well as acting as signalling mole-
cules to initiate a cascade of defensive responses in dis-
eased plants. In the case of uninoculated plants, pre-
treatment of tomato seeds with T. virens and JA non-
significantly decreases the free proline accumulation in
the tomato leaves. Furthermore, in comparison to uninoc-
ulated plants, a significant increase in the levels of free
proline has been observed in the case of both wilting and
damping off stressed tomato plants. Maximum enhance-
ment in proline content was depicted in the Fol i.e., 2.64-
fold as compared to control followed by R. solani treated
plants (2.61-fold). However, pre-treatment of tomato
seeds with JA and T. virens, either individually or in combi-
nation, significantly decreases the accumulation of free
proline content in the case of both the studied pathogens
(Fig. 8A). Like proline content, seed-priming of tomato
seeds with biocontrol agent and chemical inducer either
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individually or together did not alter the glycine betaine
content to the significant level in the case of tomato plants
without any pathogenic inoculation. However, as observed
in the case of diseased plants, a marked increase of ap-
proximately 3- and 3.4-fold, as compared to control in gly-
cine betaine content, has been observed in Fol and R.
solani stressed tomato plants, respectively. Further, pre-
treatment of tomato seeds with T. virensand JA alone or
together non-significantly decreases the accumulation of
glycine betaine in diseased plants (Fig. 8B).

Discussion

In the present investigation, we have observed that prim-
ing of tomato seeds with T. virens and JA, individually as
well as in combination, was successful in defending toma-
to plants infected with two soil-borne pathogens viz.,
Fusarium oxysporum lycopersici and Rhizoctonia solani un-
der invitro and in vivo conditions. Presently, the cultivated
tomato possesses a low genetic diversity because of se-
vere selection and intensive genetic bottlenecks which
occurred over the course of evolution and domestication
(28). Due to these reasons, tomato is highly prone to be
influenced by more than 200 diseases produced by differ-
ent kinds of pathogens worldwide (29). Among these, yield
destruction of this important horticultural crop by soil-
borne pathogens is the worst as these pathogens are more
difficult to manage because of the wide range of hosts as
well as the fact that they persist in the soil for a longer du-
ration by developing different kinds of perennating struc-
tures. Fusarium oxysporum f. sp.  lycopersici and Rhi-
zoctonia solani are important soil-borne pathogens which
were identified through different methods. Further, their
disease-producing abilities were evaluated through the
pathogenicity test by perceiving symptoms like vein clear-
ing, reduced rate of photosynthesis and transpiration, dis-
ruption of leaf cell membrane permeability, wilting, leaf
epinasty, necrosis, and cell death (30, 31). Adhikari et.al.,
have sequenced and analysed the existence of fifteen
pathogenicity genes through PCR (Polymerase Chain Reac-
tion) studies and confirmed that these genes can be used
as a molecular marker to recognise and differentiate the
different isolates of Fol (30). Similarly, Abdelghany et. al.,
have examined the pathogenicity of 17 isolates of R. solani
towards Arabidopsis thaliana in Japan through the appli-
cation of soil and leaf inoculations (31).

Pathogen exposure disturbs the plant by interfering
with plant vegetative growth and numerous physiological
processes. For example, root rot disease of tomatoes
caused by Rhizoctonia solani infection results in a decline
in total root length, a decrease in the number of root tips,
as well as in the magnitude of root branching, which even-
tually makes plants incapable to access water from under-
ground soil layers and consequently, lowers the shoot
growth (32). Similar findings were also obtained with Phy-
tophthora parasitica causing infection in tomato seedlings
(33). Our study has also revealed the same results which
were measured in terms of root length, shoot length, fresh
and dry weight, and the number of leaves. Fusarium wilt
diminishes plant growth by clogging and blocking the xy-

13

lem vessels which are responsible for the translocation of
water and essential minerals through the plants. In addi-
tion to this, chlorosis, stomatal closure, etc. are the rea-
sons which might be responsible for the pathogen-induced
decrease in the growth of infected tomato plants (34). Sim-
ilarly, R. solani-infected tomato plants exhibit poor growth
of lateral roots which ultimately leads to less vigorous
plants with decreased water and nutrient uptake abilities.
Consequently, these plants look chlorotic and stunted.
Furthermore, with the subsequent decrease in access to
soil water and minerals, plants eventually begin to wilt and
die (35).

In the pursuit of sustainable agriculture, various
spp. of the genus Trichoderma serve as economically im-
portant biostimulants in terms of plant growth promotion,
induction of disease resistance and disease control. Sever-
al investigations have reported the antagonistic activities
of Trichoderma spp. against several fungal pathogens of
economically important crops through dual culture assay.
In the present research work, screening of two strains of
Trichoderma i.e., T. virens and T. viride against Fol and R.
solani was assessed through this technique. Maximum re-
duction in the in vitro radial growth of both pathogens has
been observed with T. virens. The development of an inhi-
bition zone at the contiguous spot between pathogens and
Trichoderma spp. in dual culture assay might be ascribed
to the synthesis and accumulation of mycoparasitic vola-
tile and non-volatile metabolites along with the assembly
of various extracellular hydrolytic enzymes by these spe-
cies. Antagonistic effects of T. virensin radial growth of R.
solaniin dual culture assay have been reported by Halifu
et. al., 2020 (36). Furthermore, the inhibitory action of T.
virens against fungal pathogens such as Alternaria alterna-
ta, Geotrichum candidum, Fusarium oxysporum f. sp. spina-
ciae and Macrophomina phaseolina has been confirmed in
previous investigations. In addition to this, synthesis and
release of cell wall degrading lytic enzymes like chitinase
and B-1,3 glucanases along with antibiotics are ex-
tremely valuable weapons used by Trichoderma spp. to
reduce the pathogenicity of fungal pathogens in the host
plants, as the cell wall of fungal pathogens is composed of
chitin and  -1,3 glucan. The present investigation also
explores the biocontrol potential of T. virens and T. virde
through chitinase activity in the chitinase detection media
which could be participated in the degradation of the
pathogen cell wall during antagonism. Further, these frag-
ments of pathogenic cell walls serve as ligands which by
binding with suitable receptors, initiate the downstream
signalling cascades via induction of mitogen-activated
protein kinase (MAPK) and G proteins (13).

Compatible osmolytes like proline and glycine beta-
ine serve as significant metabolites by maintaining cellular
homeostasis through various mechanisms like facilitation
of driving gradient for water absorption, regulation of cell
turgor through fine osmotic tuning, the establishment of
cellular redox status by eliminating excess ROS and
providing protection to cellular machinery from oxidative
injury and osmotic stress. Numerous stress signalling path-
ways such as hormones, mitogen-activated protein (MAP)
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kinase, and calcium-signalling cause excessive formation
of osmolytes. In the present investigation, enhancement in
the accumulation of free proline and glycine betaine
against pathogen-induced injury to the host plant might
support their osmoprotectant role under stressed circum-
stances. Similar findings were also reported by several
previous investigations (37-39).

Seed priming is an evolving technique for sustaina-
ble agricultural practices, designed particularly to increase
seed value, seedling strength, and productivity; and most
importantly to induce resistance against several kinds of
biotic and abiotic stresses by minimising the use of several
harmful chemical compounds (40). The present study pro-
vides an important insight into the seed priming-induced
ameliorative potential of T. virens and Jasmonic acid
against two devastating diseases of tomato plants. As both
our invitro and in vivo findings demonstrated, seed prim-
ing with both these biocontrol agents leads to better
growth of tomato seedlings and plants in pathogen-
contaminated conditions. The presence of Trichoderma
spp. in the plants’ rhizosphere leads to many significant
changes in plant metabolism, predominantly including the
synthesis of phytohormones, compatible osmolytes, sec-
ondary metabolites and amino acids; and regulates im-
portant physiological processes like transpiration, photo-
synthesis and water potential in host plants (13). Moreo-
ver, Trichoderma spp. are known to enhance resistance in
diseased plants by upregulating the synthesis of patho-
genesis-related (PR) proteins like chitinase and glucanase
as well as antioxidative defensive responses (41). As an
important instance, as reported in the case of potato and
tobacco plants, an increase in the expression of T. harzi-
anum-derived chitinase in these plants made them highly
resistant to many soil-borne pathogens such as R. solani
and foliar pathogens like Alternaria solani, A. alternata,
Botrytis cineria etc. (42). In addition to this, numerous pre-
vious reports highlight the mycoparasitic action of Tricho-
derma strains against several fungal phytopathogens like
Fusarium spp., Alternaria alternata, Sclerotinia scleroti-
orum, Pythium spp., Ustilago maydis, Rhizoctonia solani,
Botrytis cinerea through the mechanisms like competition,
antibiosis etc. (43).

Being a significant chemical inducer, JA and its de-
rivatives play a crucial role in plants’ immune systems to
defend them against pathogens (44). Previous studies re-
vealed that the exogenous application of JA upregulates
the expression of defence-related genes and eventually
enhances disease resistance against numerous necrot-
rophic pathogens (45). As reported in transgenic rice
plants, the constitutive expression of the Allene oxide syn-
thase (AOS) gene involved in JA biosynthesis resulted in a
higher resistance to fungal pathogens by positively regu-
lating the expression of anti-pathogen-related genes (46).
Similarly, as reported in the case of Fusarium gramine-
arum-infected wheat plants, the treatment by JA inhibits
the direct invasion by the pathogens through significant
changes in the accumulation of secondary metabolites
and defensive enzymes (47, 48). Furthermore, the applica-
tion of JA assists in plant development and defence by

diminishing the accumulation of ROS like MDA
(Malondialdehyde) and H,0.as reported in the case of
Fusarium culmorum-infected wheat plants (49). Through
this investigation, our findings demonstrated that tomato
seed priming with biological (T. virens) and chemical in-
ducer (JA), specifically when applied together, increases
plant growth and resistance, and simultaneously  de-
creases the disease incidence in the pathogenically infect-
ed tomato plants.

Conclusion

A considerable element that determines the superior mor-
phological and reproductive growth of plants is ‘defence’.
A defended plant can well endure distinct kinds of stress-
es. The defensive attitude of plants is centred upon the
quickness to identify a particular pathogen and mount a
signalling network to begin the production and accumula-
tion of defence molecules. In the present investigation, we
have studied the deteriorating fluences of two soil-borne
pathogens on the vegetative growth of tomato plants. Fur-
thermore, our study also revealed that pre-treatment of
tomato seedlings with T. virens and JA, before exposure to
pathogens leads to a marked improvement not only in
morphological parameters but also lowers the percentage
disease incidence (PDI) through various mechanisms of
disease resistance like inhibition of growth and prolifera-
tion of pathogens, induction of SAR (Systemic Acquired
Resistance) and ISR (Induced Systemic Resistance) in the
diseased plants through the synthesis and accumulation of
secondary metabolites, PR (Pathogenesis Related) pro-
teins and induction of antioxidative enzymatic and non-
enzymatic defence system in the stressed plants. Our find-
ings also demonstrated that pathogen-induced damage in
the infected tomato plants leads to the accumulation of
compatible osmolytes i.e., proline and glycine betaine
which themselves assist in osmoprotection by lowering
the water potential of wilted plants and alleviate the path-
ogen challenges by mitigating the ROS and initiating a sig-
nalling cascade. Therefore, from the above analysis, we
can conclude that in the present study, higher induction of
ameliorative compounds in the plants pre-treated with T.
virens as BCA in combination with JA as chemical inducer
can be correlated to an improved defence response acti-
vated against damping off and fusarium wilt infection in
tomato plants. Therefore seed-priming with these agents,
especially in combination, can be recommended as a cost-
effective, environment- and farmer-friendly approach to
raising the productivity of this important horticultural
crop on a commercial scale.
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