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Abstract

Bacterial wilt, caused by soilborne bacterium Ralstonia solanacearum, is one of the most severe diseases of tomato
worldwide, and no successful control measures are available to date. In the present study, a sustainable alternative tool
such as use of fungi from tomato rhizosphere is being utilized to combat the pathogen attack. The application of
Trichoderma asperellum (T4 and T8) isolates delayed wilt development, effectively decreased the disease incidence,
increased fruit yield, and improved plant growth promotion under field conditions. The T. asperellum treatment
decreased the disease incidence by 51.06% (RS + T4) and 52.75% (RS + T8) in Bhoomishettihalli (BH) and 47.21% (RS +
T4) and 46.83% (RS + T8) in Madanahalli (MH) plots, respectively when compared with the pathogen-treated plot in
year 2014. Correspondent decreases in year 2015 were 50.69% (RS + T4) and 52.38% (RS + T8) in BH and 48.18% (RS +
T4) and 49.22% (RS + T8) in MH plots. In year 2014, T. asperellum (T4 and T8) treatment enhanced the yield with 545 t/
ha and 5.50 t/ha in BH plot and 6.66 t/ha and 6.93 t/ha in MH plot, respectively, when compared with infected plots. In
year 2015, T. asperellum (T4 and T8) treatment enhanced the yield with 529 t/ha and 5.51 t/ha in BH plot and 5.82 t/ha
and 5.66 t/ha in MH plot, respectively, when compared with infected plots. The disease control and yield enhancement
were highest at T8, followed by T4. Increase in the level of peroxidase (POX), phenylalanine ammonium lyase (PAL),
polyphenol oxidase (PPO), B-1,3-glucanase and total phenol activities at 12th, 10th, 14th, 12th, and 10th days,
respectively, after pathogen inoculation was observed. This indicates the induction of plant resistance mechanism by T.
asperellum against R. solanacearum in tomato plants under field conditions.
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Background

Tomato (Lycopersicon esculentum) is one of the most
widely cultivated vegetable crops worldwide. Vegetable
crops are extremely prone to soilborne and root diseases
causing huge losses in yield and its quality (Sharma et al.
2004). The main constraint to tomato production in
many parts of the world is several plant diseases.
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Bacterial wilt is a destructive and prevalent soilborne
disease that limits tomato production in the tropics, sub-
tropics, and warm temperate regions of the world
(Ramesh et al. 2014). Ralstonia solanacearum is one of
the most severe quarantine important diseases of tomato
worldwide. Its host range contains solanaceous species,
leguminous species, a small number of monocotyledons,
trees, shrubs, and certain ecotypes of the model plant
Arabidopsis thaliana. The pathogen persists in soils,
water, or reservoir plants for several years to form latent
infections within native weeds contributing to the hard
eradication of the bacterium (Avinash et al. 2016).
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Management of R. solanacearum, including use of
resistant or tolerant varieties, cultural practices, chem-
ical control, and biological control, are commonly
employed methods to control bacterial wilt disease
(Dalal et al. 1999). There are various beneficial mi-
crobes which have been completely implemented as
biocontrol agents for inhibition of R. solanacearum
under laboratory and/or greenhouse conditions,
including Pseudomonas putida, P. fluorescens, Tricho-
derma spp., Bacteriophages, Streptomyces spp., Acine-
tobacter spp., Enterobacter spp., Bacillus spp. and
Paenibacillus macerans (Vanitha et al. 2009 and Ling
et al. 2010). Trichoderma isolates have strong antagon-
istic and mycoparasitic effects against phytopathogens
and are therefore able to reduce disease severity in
plants (Elsharkawy et al. 2012). The beneficial microor-
ganisms have gained considerable attention as an eco-
friendly and cost-effective platform for the stimulation of
disease resistance through induced systemic resistance
(ISR) and for the promotion of growth in plants for
sustainable crop production (Abdelrahman et al. 2016).
Trichoderma spp. induce plant growth by direct and indir-
ect mechanisms (Zachow et al. 2016). Trichoderma spp.
induce plant resistance against several phytopathogens,
promote plant growth, and enhance photosynthetic activ-
ity of plants (Li et al. 2017). Presently, various reports indi-
cate that Trichoderma induces systemic resistance by
releasing not only proteins, but also secondary metabolites
(Keswani et al. 2016).

Schonfeld et al. (2003) recorded a decrease in the R.
solanacearum population in soil amended with decom-
posed organic fertilizer. The decomposed organic
fertilizer or manure provides nutrients to the microbes,
thus increases the biocontrol agent’s ability and makes
them extra competitive in the rhizosphere soil and on
roots (Liu et al. 2012). Root colonization by biocontrol
agents is considered a prerequisite and is directly
connected to their effectiveness in controlling soil-
borne infections (Ji et al. 2008). The earlier studies
have described that Trichoderma spp., Bacillus spp.,
and Klebsiella spp. enhanced colonize plant roots and
rhizosphere, if they are applied to the soil with nutrient
carrier, such as decomposed organic fertilizer or ma-
nure (Huang et al. 2011). Trichoderma spp. are now
the greatest common fungal biocontrol agents that
have been broadly studied and deployed throughout
the world (Alka et al. 2017).

The objectives of the present study were to investi-
gate biochemical responses in terms of defense
enzymes and to evaluate the effectiveness of T. asperel-
lum to induce systemic resistance against bacterial wilt
in tomato plants, as well its effectiveness on bacterial
wilt control or suppression of Ralstonia wilt under
field conditions.
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Materials and methods

Isolation and identification of microorganisms

Infected plant material and rhizosphere soil samples
were collected from the wilted fields of tomato-growing
areas of Karnataka. Ten virulent R. solanacearum strains
were isolated from rhizosphere soil and shoot samples.
The molecular identification of R. solanacearum isolates
were confirmed based on 16S rRNA sequencing
(Narasimha Murthy et al. 2016). Trichoderma spp. were
isolated from healthy tomato plants’ rhizosphere, using
the soil dilution plate technique. Identification of Tricho-
derma spp. was further confirmed by National Fungal
Culture Collection of India (NFCCI), Agharkar Research
Institute and Pune. Among ten Trichoderma spp. two
(T4 and T8) strains were selected for field experiments
based on antibacterial and greenhouse studies against R.
solanacearum (Narasimha Murthy et al. 2013).

Preparation of bacterial inoculum

One milliliter of R. solanacearum stock suspension was
added to casamino acid peptone glucose (CPG) broth
(1-g casamino acid, 10-g peptone, 5-g glucose per liter)
and incubated at 28 °C for 48 h on rotary shaker at
150 rpm (Kelman 1954). Culture broth was centrifuged
at 12,000 rpm for 10 min at 10 °C. The bacterial pellet
was resuspended in sterile distilled water and final con-
centration of suspension was set to 1x 10° cfu/ml, by
spectrophotometrically adjusting to O.D 600 nm =0.1
(Ran et al. 2005).

Preparation of talc-based formulation

The suspension of each Trichoderma spp. was prepared
from 7-day-old culture on potato dextrose agar (PDA),
using sterile distilled water. The fungal inoculum was pre-
pared by flooding the culture with sterile distilled water
and then rubbing its surface with a bent sterile glass rod.
The suspension was filtered through four layers gauze
bandage to separate the spores from the mycelia. The fun-
gal concentration in each suspension was estimated by
counting with the help of hemocytometer and was ad-
justed to 5 x 10® spores/ml (Rojo et al. 2007). One kilo-
gram of talc powder was taken in a sterilized metal tray,
and its pH was adjusted to neutral as above. Ten grams of
carboxy methyl cellulose (CMC) was added to 1 kg of talc,
mixed well, and the mixture was autoclaved for 30 min at
121 °C and 15 lbs pressure, each on two consecutive days.
Five hundred milliliters of spore suspension were mixed
with sterilized talc powder under aseptic conditions, and
the spore concentration was adjusted to 5 x 10% spores g™*
with a sterile talc powder. After shade drying overnight,
the formulation was packed in a polypropylene bag and
sealed. The formulations were mixed with 50 kg of farm-
yard manure and incubated for 30 days before applying to
each plot.
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Field experiment

Based on the previous in vitro and in vivo studies, under
laboratory and greenhouse conditions (Narasimha
Murthy and Srinivas 2012, and Narasimha Murthy et al.
2013), the most promising two T. asperellum isolates
were selected for trial against the R. solanacearum under
field conditions (Satish and Abhay 2016). The field ex-
periment was conducted at the farmer’s agricultural
plots located in Bhoomishettihalli (BH) (13° 28" 05.7"
N, 78° 04" 57.7”" E) and Madanahalli (MH) (13° 16’
50.7" N, 78° 05" 52.6"” E) near Chintamani, Karnataka,
India, during tomato growing season of March—June in
2014 and 2015. The experimental fields had been se-
lected based on cultivation of tomatoes for several years
and were naturally infested with R. solanacearum. Seeds
of wilt susceptible tomato variety Arka Meghali were
procured from Indian Institute of Horticultural Research
(IIHR) Bangalore, India. Four-week-old tomato seedlings
were uprooted from portrays and transplanted to experi-
mental plots and treated with T. asperellum (T4 and T8)
farmyard manure mixture (5 g/seedling) with spacing of
60 x 90 cm. The treatments were as shown as follows:
(1) control (untreated seedlings), (2) T. asperellum alone
(T4 and T8), (3) R solanacearum alone, and (4) T.
asperellum + R. solanacearum. The selected individual
experimental plot area was of 25 m” containing 14 rows
with 80 or 100 plants per row, and the distance between
rows was 50 cm (Narasimha Murthy et al. 2016). Buffer
zones of 2 m without tomato seedlings were maintained
between plots. Three replications were maintained for
each treatment with 100 plants/ replication. The experi-
ment was repeated thrice simultaneously in three differ-
ent experimental plots of the fields. Seedlings were
watered daily by drip irrigation, fertilized once with NPK
fertilizer, farmyard manure (FYM) at 2.8 kg/m? and ver-
micompost at 0.5 kg/m>. The NPK fertilizers consist of
chemical fertilizers at the N:P:K ratio of 15:7:12; urea
containing 46.5 N was applied, P applied as 7% mono
superphosphate Ca(H,PO4), and K as potassium sulfate
containing 41.7% (K,SO,4). After 2 weeks of seedling
transplantation, they were challenge inoculated by
48-h-old R. solanacearum suspension, 5 ml per plant by
soil drenching method. The completely wilted tomato
plants in each treatment were observed, 1 week after
challenge inoculation up to 90 days. Disease incidence
was calculated as the percentage of plants that had com-
pletely wilted. Fruits per plant, fresh weight, dry weight,
plant height, stem growth, and tomato yield was calcu-
lated tons per hectare (t/ha) in each treatment, and total
tomato yield was recorded at the end of the season. A
total of four harvests were made at weekly intervals. The
wilt incidence was evaluated when the infection emerged
and calculated as the percentage of infected plants com-
pared with the total number of growing plants in each
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plot. The percentage (%) of disease incidence was calcu-
lated by using the following formula: % of disease inci-
dence = no. of wilted plants in a plot/total no. of plants
in a plot x 100.

Sample collection for biochemical analysis

The leaf tissues of treated and untreated tomato plants
were collected at different time intervals (0, 2, 4, 6, 8, 10,
12, 14, 16, 18, and 20 days) after pathogen inoculation and
stored in a deep freezer (- 80 °C) until used for biochem-
ical analysis (Narasimha Murthy et al. 2016). Leaf tissues
were homogenized by liquid nitrogen in a pre-chilled
mortar and pestle. One gram of tomato leaf tissues was
homogenized by 2 ml of 0.1 M sodium phosphate buf-
fer (pH 7.0) at 4 °C, and the homogenate was
centrifuged for 20 min at 12,000 rpm. The supernatant
was used as a crude extract for analyzing peroxidase
(POX) (Hammerschmidt et al. 1982), polyphenol oxi-
dase (PPO) (Mayer et al. 1965), and phenylalanine am-
monia lyase (PAL) (Dickerson et al. 1984). As for the
estimation of 3-1,3-glucanase, 1 g of tomato leaf tissues
was homogenized by 2 ml of 0.1 M sodium citrate buf-
fer (pH 5.0) in a pre-chilled mortar and pestle, centri-
fuged, and supernatant was used for the estimation
(Pan et al. 1991). The total phenol content was esti-
mated as per the procedure given by Zieslin and
Ben-Zaken (1993). The following treatments were in-
cluded in the experiments: untreated control plants (C),
plants inoculated with R. solanacearum alone (T1),
plants inoculated with T. asperellum alone (T2), and
plants inoculated with T. asperellum and challenge in-
oculated with R. solanacearum (T3).

Protein estimation

Protein estimations of all the enzyme extracts were car-
ried out by Lowry’s method (Lowry et al. 1951) using bo-
vine serum albumin as a standard.

Native poly acrylamide gel electrophoresis analysis

The isoforms profiles of peroxidase and polyphenol oxi-
dase were estimated by discontinuous native polyacryl-
amide gel electrophoresis (PAGE) (Laemmli 1970). The
protein extracts were prepared by homogenizing 1.0 g of
leaf tissues with 2 ml of 0.1 M sodium phosphate buffer
(pH 7.0) and centrifuged at 20,000 rpm for 15 min at 4 °C.
Samples (80-pg protein) were loaded into 8% polyacryl-
amide gels (Sigma, USA). After electrophoresis, POX iso-
forms were observed by soaking the gels in staining
solution containing 0.05% benzidine (Sigma—Aldrich,
Mumbai, India) and 0.03% H,O, in acetate buffer
(20 mM, pH 4.2) for 30 min in the dark, after which drops
of 30% H,O, were added with constant shaking til the
bands appeared (Nadolny and Sequeira 1980). For asses-
sing the PPO isoform, the gels were equilibrated for
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30 min in 0.1% 1,3-dihydroxyphenylalanine (DOPA) in
0.1 M potassium phosphate buffer (pH 7.0), followed by
the addition of 10 mM catechol in the same buffer. The
addition of catechol was followed by gentle shaking, re-
sulted in appearance of dark brown discrete protein bands
indicative of PPO isozymes appeared in the gel (Jayaraman
et al. 1987).

Statistical analyses

All data of field trial experiments were statistically ana-
lyzed, using Microsoft Excel ™ and SPSS (version 20.0).
The data were subjected to analysis of variance
(ANOVA), and the means were analyzed, using Duncan’s
new multiple range post test at p < 0.05.

Results and discussion

Field experiment for assessment of T. asperellum isolates
to control of bacterial wilt

The characterization of T. asperellum antagonism
against R. solanacearum was the initial step in assessing
the biocontrol capacity of these agents. In a previous
study, Trichoderma spp. were screened for antagonistic
activity, seed germination, and plant growth promotion
under greenhouse condition against R. solanacearum
(Narasimha Murthy et al. 2013). In the present investiga-
tion, the two potential T. asperellum isolates, from the
rhizosphere soil of tomato plants as biocontrol agents to
control R. solanacearum, were assessed. Soil treatment
with 7. asperellum reduced the wilt disease incidence
than the untreated control and also significantly
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enhanced the plant growth and tomato yield (Tables 1
and 2). The plant growth was assessed, as a total amount
of fruits per plant, fresh weight, dry weight, plant height,
stem growth, and tomato yield. In year 2014, the disease
incidence in untreated control plots was nil in both
plots. In R. solanacearum-infected BH and MH plots,
the disease incidence ranged from 85.59 to 91.07% and
84.54 to 89.65%, respectively. T. asperellum-treated plots
showed an average of 36.43 and 40.08% disease inci-
dence in BH and MH plots, respectively. The T. asperel-
lum treatment decreased the disease incidence by
51.06% (RS + T4) and 52.75% (RS + T8) in BH and
47.21% (RS + T4) and 46.83% (RS + T8) in MH plots,
respectively. The tomato yield in untreated control plot
of BH was 7.52 t/ha and 7.12 t/ha in MH plot. The to-
mato yield in R. solanacearum-infected BH plot was about
1.29 to 1.69 t/ha and, in MH plot, 1.23 to 1.76 t/ha. T.
asperellum isolate (T4 and T8)-treated plots yielded an
average of 8.15 and 8.26 t/ha in BH and of 7.89 and 8.16 t/
ha of tomatoes in MH, respectively. Thus, tomato yield in-
creased by an average of 8.38 and 9.84% in BH and 10.82
and 14.61% in MH for T4 and T8 treatments, respectively,
as compared with the untreated control plots (Fig. 1).
Plots challenge inoculated with R. solanacearum and
treated with T4 and T8 yielded an average of 6.27 and
6.36 t/ha in BH and 6.63 and 6.49 t/ha in MH plots, re-
spectively. T. asperellum (T4 and T8) treatment enhanced
the tomato yield by 5.45 t/ha and 5.50 t/ha in BH and
6.66 t/ha and 6.93 t/ha, in MH, respectively when com-
pared with R. solanacearum-treated plots.

Table 1 Influence of T. asperellum on tomato plant growth, yield, and control of bacterial wilt under field conditions during the year 2014

Treatments Plant height (cm) Fresh weight (g) Dry weight (g) ~ Stem growth (cm)  No. of fruits/plant  Yield (t/ha) Disease incidence (%)
Plots BH MH BH MH BH MH BH MH BH MH BH MH BH MH
Control 5823% 57179 41732"  41576" 4632 4345 118° 109% 43250 42670 752° 712 O° 0
RS1 3645°  3565°  16821°  16098° 1514° 14547 054 052  1359°  1343°  144° 132° 9107° 89,659
RS2 3526% 3379 15787°°¢ 15667%° 1496° 1456 047°°  051° 15150 14237 1650 145° 8918 8843
RS3 36447 3456 164479 15934 1489° 1323% 045° 056™  1389° 1276 154° 155° 8854 8687
RS4 38247 32547 156767 15455 1592° 15767 052°°°  054°  1222% 1123%  162* 123° 8868 8723
RSS 3407°  3523°° 16086 15376 1587 14557 036" 048% 0989  898°® 129" 116 88299 8465
RS6 34927 36765 15532 15687%° 16757 1578% 048 057%  1277% 1034° 154° 143 87.12° 87.87"
RS7 35307 3457°  15854°  15754° 1630° 15837 0507  056°° 8557 1376 146° 1297 8826  8545°
RS8 33.89°  3543°  15646% 15948° 1654° 1638° 049°°° 054”1160 1248 161*° 157° 8559 8778
RS9 3637°  3787°  15323° 15293 1545° 14727 054" 059% 1078 1212°  169° 1547 8960 84.54°F
RS10 34587 3662° 15711 15678% 1548° 16767 0559 060 1227% 1116% 154° 1727 8918 89.549
T4 7410°  7294° 64795  64196" 4929¢ 48929 138 135F 5253 5043"  815° 789 o° 0

T8 7417¢  7252° 68507 67848 50219 48819 143 1417 5529 54360 826° 816 0° 0°
RS+T4  4876° 4698° 38665 379547 3463° 3534 113° 112° 3826 3765 6747 663° 37.27° 39.89°
RS+T8  4954° 4656 392149 38576% 3526° 3498 1.15° 114° 39189 38339 679° 649° 3558° 40.27¢

Means of three replications, followed by the letters significantly different according to Duncan’s multiple range tests (DMRT). Values with different alphabetical (a—j)
superscripts in a column significantly different (P < 0.05)

RS Ralstonia solanacearum, T4 and T8 T. asperellum isolates, BH Bhoomishettihalli, MH Madanahalli
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Table 2 Influence of T. asperellum on tomato plant growth, yield, and control of bacterial wilt under field conditions during the year 2015

Treatments Plant height (cm) Fresh weight (g) Dry weight (g) ~ Stem growth (cm) No. of fruits/plant  Yield (t/ha) Disease incidence (%)
Plots BH MH BH MH BH MH BH MH BH MH BH MH  BH MH
Control 5767 57787 41467 40957 4776 457670 1.19° 1167 4278" 44549 716° 687° O° o
RS1 3556° 3465 16056° 16144°7 1667° 1343* 059° 043 1445° 1376° 156° 132° 87.34° 89.76"
RS2 3445 3545 15867°P 15638°0 1554° 1587° 048°° 054  1545" 14457 1497 145 8834 9043°
RS3 35587 3336%° 16343% 160127 1534° 1356° 046" 0567  1421°  1343°  166° 132° 8767 8756
RS4 3743 3687 15098%°° 157.87°° 1692° 1566° 054™°° 0437 1334% 1287 157 155° 8745  g544°
RS5 33570 3269°  15086°  14855% 1525° 1343 046" 0417  965°° 1234° 138" 157° 89489 87579
RS6 3376°  3554° 154787 15466% 1556° 1633 048 0437 1434% 14679 147° 143 8687° 86.33°
RS7 3454 3712 15645°¢ 15934 1587° 1358 053 047°° 998  1798" 147° 176° 8866 89,669
RS8 34870 3465 15587°° 15565%° 1568° 1465° 051°%° 056 1264« 1254 157° 169° 8756 8534
RS9 3556°  3534°  15557°  157.23%° 1489° 1382% 058°¢ 0457 11237 13239 1627 154° 8643 87.87°
RS10 33667 3233 15832%°° 15589 1598° 1569 059 054  1278% 1433°  157° 165° 8889 8856
T4 7523° 6989 65123 63266" 46567 47.89 140" 127 5398" 5057 739° 789° 0° 0o

T8 7608° 6876 66554 67227 51119 4943¢ 141" 141" 5434 49339 753 8129 07 o
RS+T4  4787° 4688 38976"  37878% 3549° 3127° 1.17° 114" 39129 3668"  667° 714 3727° 39719
RS+T8 4989 4576 395579  381.91" 3687° 3262° 1.19° 1125 389879 3843%" 689° 698 3558°  3867°

Means of three replications, followed by the letters significantly different according to Duncan’s multiple range tests (DMRT). Values with different alphabetical (a—j)

superscripts in a column significantly different (P < 0.05)

RS Ralstonia solanacearum, T4 and T8 T. asperellum isolates, BH Bhoomishettihalli, MH Madanahalli

The treatment of T. asperellum (T4 and T8) on the
pathogen-infected plants showed significant increase in
overall plant growth, including plant height, fresh
weight, dry weight stem growth, and fruits per plant
(Tables 1 and 2). The treatment of 7. asperellum T4 in-
creased plant height, fresh weight, dry weight, stem
growth, and fruits per plant by 14.69 cm, 225.79 g,
18.83 g, 0.77 cm, and 28.37 fruits/plant, respectively in
BH plot as compared with the diseased control and by
11.7 cm, 225.78 g, 20.79 g, 0.64 cm, and 28.67 fruits/
plant respectively in MH plot as compared with the dis-
eased control. The treatment of T. asperellum T8 in-
creased plant height, fresh weight, dry weight, stem
growth, and fruits per plant by 1547 cm, 231.28 g,

19.46 g, 0.79 cm, and 29.29 fruits/plant, respectively, in
BH plot as compared with diseased control and by
11.33 cm, 232 g, 2043 g, 0.66 cm, and 29.35 fruits/plant
respectively in MH plot as compared with diseased con-
trol (Table 1). In year 2015, the disease incidence in un-
treated control plots was nil in both plots. In R
solanacearum-infected BH and MH plots, it ranged from
86.43 to 89.48% and 85.34 to 90.43%, respectively. T.
asperellum-treated plots showed an average of 36.43 and
39.19% disease incidence in BH and MH plots, respect-
ively. The T. asperellum treatment decreased the disease
incidence by 50.69% (RS + T4) and 52.38% (RS + T8) in
BH and 48.18% (RS + T4) and 49.22% (RS + T8) in MH
plots, respectively. The tomato yield in untreated control

Fig. 1 Biocontrol of bacterial wilt of tomato under field conditions using T. asperellum isolates. Untreated control plants (C), plants inoculated with R.
solanacearum alone (T1), plants inoculated with T. asperellum alone (T2), and plants inoculated with T. asperellum and challenged with R. solanacearum (T3)
J

o
<
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plot of BH was 7.16 t/ha and 6.87 t/ha in MH plot. The
tomato yield in R solanacearum-infected BH plot was
about 1.38 to 1.66 t/ha and 1.32 to 1.76 t/ha in MH plot.
T. asperellum isolate (T4 and T8)-treated plots yielded an
average of 7.39 and 7.53 t/ha in BH and of 7.89 and 8.12 t/
ha of tomatoes in MH, respectively. Thus, tomato yield in-
creased by an average of 3.22 and 5.16% in BH and 14.85
and 18.20% in MH at T4 and T8 treatments, respectively
as compared with the untreated control plots (Fig. 1).
Plots challenge inoculated with R. solanacearum and
treated with T4 and T8 yielded an average of 6.67 and
6.89 t/ha in BH and an average of 7.14 and 6.98 t/ha in
MH plots, respectively. T. asperellum (T4 and T8)
treatment enhanced the tomato yield by 5.29 t/ha and
5.51 t/ha in BH and 5.82 t/ha and 5.66 t/ha in MH, re-
spectively when compared with R. solanacearum-treated
plots (Tables 1 and 2).

The treatment of T. asperellum T4 increased plant
height, fresh weight, dry weight, stem growth, and fruits
per plant by 14.3 c¢m, 238.9 g, 20.34 g, 0.71 cm, and
29.47 fruits/plant in BH plot as compared with diseased
control and by 14.19 cm, 230.24 g, 17.84 g, 0.73 cm,
and 24.34 fruits/plant in MH plot, respectively. The
treatment of T. asperellum T8 increased plant height,
fresh weight, dry weight, stem growth, and fruits per
plant by 16.32 cm, 244.71 g, 21.62 g, 0.73 cm, and
29.33 fruits/plant in BH plot and by 13.07 c¢m, 233.36 g,
19.19 g, 0.71 cm, and 26.09 fruits/plant in MH plot, re-
spectively, as compared to diseased control (Table 2).

Obtained results showed the induction of plant
growth, increased tomato yield and reduced wilt inci-
dence under field conditions upon soil treatment with
T. asperellum. This outcome supports the report of
Watanabe et al. (2007) who reported the management
of disease by T. asperellum. The root colonization is a
successful major requirement for the useful effects of
Trichoderma spp. on plants not only concerning antag-
onistic behavior and increase in plant growth but also
for inducing systemic resistance (Rubio et al. 2014).
Trichoderma spp. have been previously demonstrated
as efficient T. asperellum for the control of M. phaseo-
lina in melon, corn, eggplant, sorghum, and chickpea
(Manjunatha et al. 2013) and for the control of F. solani
in beans, chili, and peanuts (Qualhato et al. 2013). Dif-
ferent studies on applications of Trichoderma spp. in
farming practices as biological control agents, biofertili-
zers, and soil amendments for the control of plant
pathogens and crop development in several crop plants
have been well established. Trichoderma is accom-
plished of colonizing farmyard manure, and therefore,
application of colonized FYM to the soil is more suit-
able and helpful. This is the mainly successful method
of application of Trichoderma, particularly for the con-
trol of soilborne diseases (Hamed et al. 2015).
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Biochemical analysis

The present results showed that the isolates of T. asper-
ellum significantly induced maximum levels of defense
enzyme activities in tomato leaves challenged with
pathogen, compared with uninoculated tomato plants.
Therefore, the present study revealed that T. asperellum
exhibited significantly induced POX, PPO, PAL,
B-1,3-glucanase, and total phenolic contents in plants
challenged with R solanacearum in tomato plants
(Figs. 2, 3, 4, 5, and 6). The native gel electrophoresis
also indicated the induction of isoforms in POX and
PPO. Increase in activity and accumulation of systemic
resistance enzymes also depends on the plant genotype,
physiological conditions and the type of pathogen. Syn-
thesis of defense chemicals against pathogens is trig-
gered by a series of morphological and biochemical
changes initiated by specific strains of fungi (Siva Prasad
et al. 2013). Therefore, treatment of tomato seedlings
with T. asperellum isolates induced POX, PAL PPO,
B-1,3-glucanase, and total phenolic contents in plants in-
fected with R solanacearum. At 12 days after inocula-
tion, the significantly increased POX activity was
observed in treatment with T. asperellum isolates upon
challenge inoculation with R. solanacearum and declined
thereafter in all the treatments. Plants treated with T.
asperellum alone also showed enhanced activity as com-
pared with R. solanacearum treated and untreated con-
trol (Fig. 2). POX is a component of an early response in
plants to pathogen infection and plays a key role in the
biosynthesis of lignin, which limits the extent of patho-
gen spread (Vidhyasekaran 2008). When POX level in-
creases due to the induced systemic resistance, a quick
synthesis of reactive oxygen derivatives by oxidative
burst leads to cell death and inhibits pathogenic activ-
ities that were observed (Prasannath et al. 2014). There-
fore, improvement of POX level on 12th day after
pathogen inoculation in tomato plant leaves is consid-
ered to be the marker for the development of disease re-
sistance against R. solanacearum. Obtained results were
supported by earlier studies which demarcated the in-
duction of POX in plants infected by pathogens, result-
ing in faster and stronger resistance against them
(Surekha et al. 2014). They experimentally supported the
idea that peroxidase plays a defense role against attack-
ing pathogens (Caruso et al. 2001).

PPO activity in tomato plants treated with 7. asperel-
lum was significantly increased upon challenged with
pathogen and reached at 14th day and declined there-
after in all the treatments (Fig. 3). It is copper containing
enzymes that catalyze oxidation of hydroxy phenols to
their quinone derivatives, which have antimicrobial ac-
tivity (Chunhua et al. 2001). Oxidative enzymes such as
POX and PPO can catalyze the formation of lignin and
other oxidative phenols and contribute in the formation
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Fig. 2 Changes in peroxidase (POX) activity in tomato plants of different treatments. Mean values were three replicates. Bars represent standard
error. Plants inoculated with R. solanacearum alone (RS); plants inoculated with T. asperellum alone (T4 and T8); T. asperellum-treated tomato

HControl MRS ®WT4 WT8 MRS+T4 MRS+T8

of defense barriers by changing the cell structure defense
system that gets actuated against pathogens (Li and
Steffens 2002). Several potentials of PPO including gen-
eral toxicity of PPO-generated quinones to pathogens
and plant cells, accelerating cell death, alkylation, and
reduced bioavailability of cellular proteins to the patho-
gen, crosslinking of quinones with protein or other phe-
nolics, forming a physical barrier to pathogens in the
cell wall and quinone redox cycling leading to H,O, and
other reactive oxygen species. In the present experiment,
PPO activity was significantly enhanced by T. asperel-
lum-treated tomato plants. Also, PPO activity level in-
creased at 14th day after challenge inoculation and helps
in disease resistance as it oxidizes the phenolic level in-
crease during this stage to toxic molecules such as qui-
nones leads to invasion of pathogen (Vinale et al. 2008).
Activity of PAL in tomato plants treated with 7. asperel-
lum was significantly increased in tomato plants

inoculated with R solanacearum. The PAL activity
reached maximum at 10th day after challenge inocula-
tion with the pathogen and declined thereafter in all the
treatments. Activity of PAL in tomato plants treated
with T. asperellum was induced upon inoculation with
pathogen (Fig. 4). Induction of defense enzymes like
PAL is one of the responses of the host for treatment
with Trichoderma agents. PAL is the key enzyme that is
responsible for linking primary metabolism of aromatic
amino acids with secondary metabolic products
(Macdonald and Dcunha 2007). It is the first enzyme in
phenyl propanoid metabolism and synthesis of various
phenolic compounds as well as anthocyanin, biosyn-
thesis of lignin providing mechanical strength to the
plant cell wall and phytoalexins which are responsible
for prevention of establishment of plant pathogens
(Karthikeyan et al. 2005). In the present study, increased
PAL activity and the accumulation of phenolic content
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Fig. 3 Changes in polyphenol oxidase (PPO) activity in tomato plants of different treatments. Mean values were three replicates. Bars represent
standard error. Plants inoculated with R. solanacearum alone (RS); plants inoculated with T. asperellum alone (T4 and T8); T. asperellum-treated
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Fig. 4 Changes in phenylalanine ammonia lyase (PAL) activity in tomato plants of different treatments. Mean values were three replicates. Bars
represent standard error. Plants inoculated with R. solanacearum alone (RS); plants inoculated with T. asperellum alone (T4 and T8); T. asperellum-
treated tomato plants challenged with R. solanacearum (RS + T4 and RS + T8)

was recorded in T. asperellum isolates treated tomato
plants infected with the R. solanacearum, apparently due
to prevention of pathogen attack. Also, the T. asperellum
treatment resulted in a significant increase in the PAL
activity on 10th day after pathogen inoculation in to-
mato plants.

The B-1,3-glucanase activity reached the maximum at
12th days after inoculation with R solanacearum and
declined thereafter in all the treatments (Fig. 5). Improved
level of pathogenesis-related PR protein such as
B-1,3-glucanase activity was observed in 7. asperellum--
treated tomato plants and leads to disease resistance
against R. solanacearum. It is a member of the PR protein
family, known to directly destroy pathogen cell walls.
Improved [B-1,3-glucanase activity was observed by T.
asperellum level up to the 12th day after pathogen inocu-
lation, and thereafter, it starts decreasing leading to dis-
ease resistance in tomato plants against R. solanacearum.

Similar outcomes were previously approved by Saksirirat
et al. (2009) who demonstrated that the increase in PR
proteins, like chitinase and p-1,3-glucanase level up to
14th day of X. campestris pv. vesicatoria inoculation on
tomato plants, led to the leaf spot.

Accumulation of phenolics in plants pre-treated with
T. asperellum was induced upon challenge inoculation
with R solanacearum. Its accumulation significantly in-
creased on 10th days after inoculation with the pathogen
and declined thereafter in all the treatments. Maximum
accumulation of phenol was noticed in 7. asperellum
(T8) inoculated with R solanacearum at 10 days when
compared with the plants inoculated with the pathogen
alone (Fig. 6). Minimum amounts of phenolic com-
pounds were observed in untreated control. The devel-
opment of production of phenolics, known as defense
molecules of plants against plant pathogens and insects,
is indicated by an increase in PAL activity in wounded
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Fig. 5 Changes in 3-1,3-glucanase activity in tomato plants of different treatments. Mean values were three replicates. Bars represent standard
error. Plants inoculated with R. solanacearum alone (RS); plants inoculated with T. asperellum alone (T4 and T8); T. asperellum-treated tomato
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Fig. 6 Changes in total phenols in tomato plants of different treatments. Mean values were three replicates. Bars represent standard error. Plants
inoculated with R. solanacearum alone (RS); plants inoculated with T. asperellum alone (T4 and T8); T. asperellum-treated tomato plants challenged

plant tissues (Bi and Felton 1995). In the present study,
a high quantity of phenolic compounds was observed in
the plant as compared with treated and untreated con-
trols when tomato seedlings were treated with T. asper-
ellum. Investigation data accumulated in the past few
years have produced a completely novel understanding
of the way by which these fungi interact with plants.
Lopes et al. (2012) described a positive correlation be-
tween the lytic enzyme activities and the antagonism
capacity of T. asperellum against S. sclerotiorum. The
presence of T. asperellum in cucumber roots triggers the
SA and JA pathways in the plant and increased peroxid-
ase activity, hence conferring protection to cucumber
plants against foliar pathogens (Segarra et al. 2007).

Native PAGE analysis POX and PPO

Native PAGE analysis revealed that POX isoforms desig-
nated as POX1 to POX8 were observed in T. asperel-
lum-treated tomato leaf tissues inoculated with the R.
solanacearum and the expression of isoforms POX3,
POX4, POX6, and POX7 showed higher induction in to-
mato plants inoculated with the pathogen compared
with other treatments under field conditions (Fig. 7a).
Similarly, five isoforms of PPO (PPO1 to PPO5) were
showed in T. asperellum-treated plants after inoculation
with R solanacearum, whereas in the controls less
intensity was noticed. A higher induction of PPO was
observed in plants pretreated with 7. asperellum inocu-
lated with R. solanacearum (Fig. 7b). The increased

Fig. 7 Native PAGE profiles of (a) POX and (b) PPO, induced in response to challenge with R. solanacearum. Lane 1—untreated control (O), lane 2—R.
solanacearum alone (T1), lane 3—T. asperellum alone (T2), and lane 4—inoculated with T. asperellum and challenged with R. solanacearum (T3)
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expression of isoforms of POX and PPO might be
responsible for reduced disease incidence.

Conclusions

The present study showed that biocontrol capacity and
biochemical characterization of induced systemic resistance
by T. asperellum against R solanacearum in tomato and
comprehends the role of defense enzymes in developing
disease resistance under field conditions. The two T.
asperellum isolates recorded efficient inhibition against R.
solanacearum and increased yield of tomatoes under field
experiments. The role of T. asperellum is as BCA in the in-
duction of a series of defense responses such as accumula-
tion of phenols and induction of POX, PPO, and PAL
enzymes involved in phenylpropanoid metabolism and of
PR protein (-1,3-glucanase) in response to treatment with
the biocontrol agent. In this regard, it is recommended the
use of T. asperellum assessment to the actions within
disease management framework is reasonable, provided
that long term induced resistance and should be developed
as a sustainable and environmental friendly approach.
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