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Abstract Several proteins and peptides of microbial origin
are reported for their elicitor properties, which play a vital
role in the development of local and systemic resistances in
plants. In this study, the efficacy of total crude proteins
(TCP) extracted from six different Trichoderma spp. (T.
asperellum, T. harzianum, T. atroviride, T. virens, T. lon-
gibrachiatum, and T. brevicompactum) was evaluated for
their ability to elicit defense responses in pearl millet
against downy mildew disease. Priming of pearl millet
seeds (with or without mannitol) with different concen-
trations of TCP from Trichoderma spp. does not affect the
seed germination and seedling vigor significantly. Under
greenhouse conditions, a varied level of disease protection
was recorded with TCP of different Trichoderma spp., and
furthermore, its efficacy was found increased when treated
with mannitol. Total crude protein extracts of 7. atroviride
(75 pg/ml) with mannitol recorded significantly higher
disease protection of 53.6% in comparison with respective
controls. Furthermore, this observation was supported by
elevated levels of peroxidase (7.7 U @ 36 h after inocu-
lation) and lipoxygenase (29.5 U @ 48 h after inoculation)
and hypersensitive necrotic spots (56% @ 24 h after
inoculation). The present study illustrated the capability of
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Introduction

Pearl millet [Pennisetum glaucum (L.) R. Br] is one of the
most important millet crop grown and consumed in semi-
arid regions of the world, including India. In India, pearl
millet is grown on 7.95 m ha with a total production of
~8.9 million tonnes and productivity of 1106 kg/ha
(ICRISAT 2014). Downy mildew of pearl millet caused by
Sclerospora graminicola (Sacc.) J. Schrot. is an epidemic
disease resulting in a considerable yield loss. Seed treatment
with chemicals such as Metalaxyl (Apron 35WS) and
RidomilMZ-72 (Metalaxyl + Mancozeb) is an effective
measure of managing of downy mildew pathogen (Aliyu
et al. 2011). Use of chemicals for plant disease management
is proving to be unsustainable and hazardous to the envi-
ronment (Myers et al. 2016). Development of downy mil-
dew disease resistant cultivars of pearl millet is still under
progress (Upadhyaya et al. 2016). Although the existing
pearl millet hybrids give better grain yields than local open-
pollinated cultivars, the genetically uniform single-cross
hybrid cultivars are more vulnerable to epidemics of downy
mildew disease. Hence, use of biocontrol agents for the
management of seed-borne diseases is gaining more atten-
tion. In this regard, several microbes such as plant growth
promoting rhizobacteria (PGPR), actinomycetes, endophytic
bacteria, plant growth promoting fungi (PGPF), Tricho-
derma spp. have been successfully demonstrated to suppress
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S. graminicola infection in pearl millet (Niranjan Raj et al.
2003a, b, 2011; Chandrashekhara et al. 2007; Jogaiah et al.
2016).

Among the different biocontrol agents, Trichoderma
were found to be the most promising agent as reviewed by
Waghunde et al. (2016). The advantages of the use of
Trichoderma spp. are that they are ubiquitous in nature,
well-adaptable, plant symbionts which are reported to be
beneficial for plant growth and soil health. Upon root
colonization, Trichoderma spp. cause significant changes
to the plant proteome and metabolome, resulting in
enhancement of the crop productivity and ability to with-
stand abiotic and biotic stresses (Shoresh et al. 2010;
Harman et al. 2004). Different mechanisms through which
Trichoderma promote plant growth and suppress plant
diseases have been studied, which includes production of
plant hormones (Carvajal et al. 2009), mobilizing plant
nutrients (Altomare et al. 1999), antibiotics (Vinale et al.
2008), mycoparasitism, cell wall-degrading enzymes
(Reithner et al. 2011), and competition for nutrients, which
is known as niche exclusion.

Systemic acquired resistance (SAR) and induced sys-
temic resistance (ISR) are two types of induced resistance in
plants. Elicitation of defense responses by the application of
molecules derived from biocontrol agents that activate plant
resistance against pathogens has emerged as an efficient and
eco-friendly novel approach for managing crop diseases (Pel
and Pieterse 2013). The appliances of such elicitors or
resistance inducers at low amounts are not only efficient
against a broad range of pathogens in different plants, but
also improve crop yield without emphasizing selective
pressures on pathogen populations (Katiyar et al. 2015).

In the process of plant disease development, an early
interaction between host and pathogen determines the fate
of disease. Host plants always try to resist microbial
infection and proliferation by strengthening their structural
barriers and biochemical defense mechanism. Biocontrol
agents or elicitor molecules are well known to modify the
host response towards the pathogen infection which further
suppresses proliferation of pathogen, thereby restricting the
disease establishment. Typical defense response includes
reinforcement of cell wall by cross-linking of cell wall
structural proteins and callose deposition, cell wall ligni-
fication, production and localized/systemic accumulation
of pathogenesis-related (PR) proteins and phytoalexins,
oxidative burst [reactive/nitrogen oxygen species (R/
NOS)], and hypersensitive response (HR) (Agrios 2004).
The whole process is underpinned by modification in
several biochemical reactions within plant system.

Enhanced enzyme activity of peroxidase (POX) and
lipoxygenase (LOX) during incompatible plant—pathogen
interaction was reported in several host-pathogen systems.
Being a member of PR proteins family, POX involved in

igllase clloll dvao .
KACST 3.0:50lq rog sl @ Springer

strengthening the cell wall through cross-linking the phe-
nolic monomers using hydrogen peroxide (H,O,) as an
oxidant, cross-linking of cell wall proteins and subariza-
tion, etc. Furthermore, it creates a noxious environment by
increasing the concentration of R/NOS leading to the HR,
thereby restricting the pathogen establishment. In addition,
POX are known for their activity of reactive oxygen spe-
cies scavenging which generates under abiotic and biotic
stresses, capable of damaging the cellular components
(Scandalios 2005; Almagro et al. 2009). Lipoxygenase
(LOX) are involved in the oxidation of polyunsaturated
fatty acids to produce an unsaturated fatty acid hydroper-
oxide, thereby producing the substrate for further enzy-
matic reaction to produce oxylipins (Porta and Rocha-Sosa
2002). With respect to the disease protection, LOX
involved in synthesis of signaling compounds (jasmonic
acid) (Creelman and Mullet 1997) and development of
hypersensitive reactions (Rustérucci et al. 1999).

Elicitors obtained from the cell wall of fungi are
reported to elicit host plant resistance against a broad range
of pathogens (Wiesel et al. 2014). A number of such
inducers have been examined against downy mildew dis-
ease of pearl millet, including oligosaccharides, N-acetyl-
chito oligosaccharides, B-aminobutyric acid, and 3,5-
dichloroanthranilic acid (Sharathchandra et al. 2004;
Nandini et al. 2013; Shailasree and Melvin 2015; Lavanya
and Amruthesh 2016). Trichoderma, being one of the most
studied biocontrol agents, suppress a wide range of phy-
topathogens including S. graminicola incitant of downy
mildew disease in pearl millet. Trichoderma follow a wide
range of mechanisms, while imparting resistance in host
plant among which involvement of protein/peptides is
recently reported (Vinale et al. 2008). The present study
was aimed to evaluate the efficacy of the total crude protein
(TCP) extracted from Trichoderma spp. as elicitor against
downy mildew disease of pearl millet. Furthermore, we
studied nature of resistance offered by the crude protein
elicitors.

Materials and methods
Seed source and inoculum

Seeds of pearl millet cv. 7042S, highly susceptible to
downy mildew disease, were obtained from the Interna-
tional Crop Research Institute in Semi-arid Tropics
(ICRISAT), Patencheru, India and used throughout the
experiment. The collected susceptible seed samples were
surface sterilized with 0.2% sodium hypochlorite for 1 min
and rinsed in sterile distilled water (SDW) for 2-3 times.

A sick plot of downy mildew pathogen, Sclerospora
graminicola, is maintained at the Department of Studies in
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Biotechnology, University of Mysore, Mysuru (N 24°18', E
79° 26/, 903 m altitude) since the last 30 years under the
ICAR—AII India Co-ordinated Pearl Millet Improvement
Project (AICPMIP) program. The inoculum for the exper-
iment was collected from field-grown-infected plants
showing typical symptoms. The leaves showing profuse
sporulation on the abaxial surface were selected and col-
lected during late evenings. The leaves from the infected
plants were washed with running water to remove debris
and existing sporangia, blot-dried and incubated overnight
in a moist chamber at 20 °C under 80% relative humidity
(RH) in dark conditions. Fresh sporangia formed on the
leaves were harvested using a sterile brush in distilled
water and spore concentration was adjusted to 4 x 10* per
ml using hemocytometer and used as inoculum for further
studies (Safeeulla 1976).

Extraction of total crude protein (TCP)
from Trichoderma

Six Trichoderma spp., viz T. asperellum, T. harzianum, T.
atroviride, T. virens, T. longibrachiatum, and T. brevi-
compactum, which were already tested and found signifi-
cant in suppressing downy mildew disease in pearl millet
(data not shown) were obtained from department stock
cultures. The selected Trichoderma spp. were mass-culti-
vated on potato dextrose broth for 12-14 days at
28 + 2 °C. Towards the end of the incubation period,
mycelia were harvested, washed in SDW and blot-dried.
The mycelial mat was crushed in sterilized, pre-chilled
pestle and mortar into a fine powder using liquid nitrogen.
Extraction of TCP was done by following the phenolic
extraction method as described by Hurkman and Tanaka
(1986) with slight modifications (Anup et al. 2015).
Quantification of protein content was done following
Bradford method (Bradford 1976) using BSA as standard
and stored at —80 °C.

Effect of seed priming with TCP extracted
from Trichoderma spp. on pearl millet seed quality
parameters

Sterilized seeds were coated uniformly with extracted
crude proteins in different concentrations 25, 50, 75, and
100 pg/ml alone and also with the same concentration of
crude protein with 1% mannitol as a priming agent for 12 h
at room temperature on a shaker at 150 rpm separately.
The seeds treated with sterile distilled water (SDW) and
1% mannitol served as controls. Germination test was done
by the paper towel method according to ISTA (2005).
Seedling vigor was analyzed as per the method of Abdul
Baki and Anderson (1973). The vigor index (VI) was cal-
culated using the formula:

VI = (Mean root length + Mean shoot length)
x percentage of germination.

Evaluation of TCP extracted from Trichoderma spp.
against S. graminicola infection in pearl millet

Crude protein-treated and control seeds were germinated
in petriplates lined with wet blotter sheets (25 seeds/-
plate) for 3 days. Three-day-old seedlings were root-dip
inoculated with a zoospore suspension of 4 x 10* ml™"
and incubated in the dark at 25 4+ 1 °C for 24 h (Safe-
eulla 1976). Pearl millet seedlings were observed under a
stereobinocular microscope for HR response which was
visualized in the form of light-dark brown and black
necrotic spots or streaks on coleoptile and root regions
up to 24 h of incubation at regular intervals of 2 h. A
number of seedlings showing HR reaction during the
experimental time were recorded and the percentage was
calculated. The experiment was repeated three times

with 100 seedlings of four replications for each
experiment:
Percent HR — Number of seedlings with necrotic spots

Total number of seedlings taken
x 100.

Lignification in the cell wall of control and treated
seedlings were visualized as explained by Sherwood and
Vance (1976). The epidermal peelings of seedlings were
collected and placed in 2% phloroglucinol in 95%
ethanol for 2 h. The peelings were then placed on a slide
with a drop of 35% HCI and heated over a low flame
until the veins turned reddish purple. The slides were
then observed under a microscope for the intensity of
coloration and the percentage of lignified cells was
counted in ten randomly selected microscopic fields and
the average was tabulated. The experiment was repeated
thrice consisting of three replicates of ten seedlings in
each treatment.

Hydrogen peroxide (H,O,) deposition was studied by
following the method of Thordal-Christensen et al. (1997).
Epidermal peelings of treated and control seedlings were
placed in 3,3-diamino benzidine (DAB) solution at 1 mg/
ml, pH 3.8 for 8 h under white light at 25 °C. The samples
were placed in 96% ethanol and boiled for 10 min. After
cooling, the samples were kept in fresh ethanol at room
temperature for 4 h before being photographed. The peel-
ings were then observed under a microscope for H,O,
staining. The cells with brown color staining deposition
were counted in randomly selected ten microscopic fields
and the percentage was tabulated. The experiment was
repeated thrice consisting of three replicates of ten
seedlings.
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Modulation in defense enzyme activities
after priming pearl millet seeds with TCP extracts
of Trichoderma spp

Crude protein-treated and control seedlings were raised and
challenge-inoculated with pathogen as explained above.
Seedlings were harvested at different time intervals after
pathogen inoculation, ground to a fine powder in liquid
nitrogen, and used for enzyme extraction. The protein
content of the extract was estimated by the standard
method (Bradford 1976) with bovine serum albumin
(Sigma, USA) as standard.

Peroxidase (POX) (EC 1.11.1.7) assay

For POX assay, 1 g of seedlings ground in liquid nitrogen
was extracted with 10 mM potassium phosphate buffer (pH
6.9) at 4 °C and supernatant was used as the enzyme
source. Enzyme assay was done by following the procedure
of Hammerschmidt et al. (1982). The reaction mixture
(3 ml) consisted of 0.25% (v/v) guaiacol in 10 mM
potassium phosphate buffer (pH 6.9) containing 10 mM
hydrogen peroxide. The reaction was initiated by the
addition of 5 pl of crude enzyme extract. Formation of
tetraguaiacol was measured as increase in absorbance at
470 nm spectrophotometrically (Hitachi U-3900, Japan).
One unit of enzyme activity was represented as change in
OD at 470 nm min~' mg~' protein. The experiment was
performed thrice and enzyme activity was tabulated.

Lipoxygenase (LOX) (EC 1.13.11.12) assay

Lipoxygenase (LOX) activity was measured by the pro-
cedure of Borthakur et al. (1987). The supernatant of 0.5 g
seedling extracts with 5 ml of 0.2 M sodium phosphate
buffer (pH 6.5) was used as the enzyme source. The sub-
strate, linoleic acid (10 mM) was prepared according to the
method of Axelrod et al. (1981). The activity was deter-
mined spectrophotometrically by monitoring the appear-
ance of the conjugated diene hydroperoxide at 234 nm.

The reaction mixture contained 2.7 ml of sodium
phosphate buffer (0.2 M, pH 6.5) and 0.3 ml of substrate.
The reaction was initiated by adding the enzyme extract
(100 pl) and change in absorbance at 234 nm was recorded
for 3 min using Hitachi U-3900 spectrophotometer. One
unit of enzyme activity was expressed as change in OD at
234 nm min~' mg~" protein. The experiment was per-
formed thrice and enzyme activity was tabulated.

Greenhouse studies

Seeds were primed with TCP of Trichoderma spp. as
explained earlier. Treated and control seeds were sown in
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earthen pots containing sterile potting mixture (2:1:1,
soil:sand:farm yard manure) and maintained under green-
house condition (90-95% RH, 20-25 °C temperature).
Two-day-old seedlings were challenge-inoculated with
zoospore suspension of S. graminicola at a concentration of
4 x 10* zoospores ml~"' (Singh and Gopinath 1985). All
the pots were arranged in randomized block design and
maintained under greenhouse conditions. Seedlings were
regularly observed for the typical disease symptoms such
as chlorosis, sporulation on the abaxial leaf surface, and
stunted growth. Disease incidence was recorded at 15, 30,
and 45 days after challenge inoculation.

Statistical analysis

The data obtained from laboratory and greenhouse exper-
iments were analyzed separately, and percentage data were
ARCSINE transformed and subjected to analysis of vari-
ance (ANOVA) using SPSS Inc. version 17.0. The signif-
icant differences between the treatment means were
compared using the highest significant difference (HSD) as
obtained by Tukey test at P < 0.05 levels.

Results

Effect of seed priming with Trichoderma protein
extracts on pearl millet seed quality parameters

Seed priming with crude protein extracts of Trichoderma
spp. at four concentrations was found to be not significant
(P < 0.05) in increasing or decreasing the growth param-
eters such as root length, shoot length, seed germination,
and seedling vigor when compared to their respective
controls (Table 1). However, when TCP was applied with
1% mannitol, a significant (P < 0.05) increase in % seed
germination was recorded in comparison with the control,
1% mannitol and metalaxyl treatment. However, variation
observed in seedling vigor was not significant (P < 0.05)
among the different treatments (Table 1).

Evaluation of TCP of Trichoderma spp. against
S. graminicola infection in pearl millet

Effect of TCP extracted from Trichoderma spp. was eval-
uated for the expression of HR response, i.e., brown
necrotic spots/streaks in pearl millet-treated seedlings upon
challenge inoculation with S. graminicola. Seed treatment
with mannitol alone did not record significant (P < 0.05)
increase in number of HR in comparison with respective
controls (Fig. 1). Crude proteins of all Trichoderma with or
without mannitol recorded significantly (P < 0.05)
increased HR response to S. graminicola infection in
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comparison with control. In all the treatments, the effi-
ciency of crude protein was found enhanced when they
were treated with mannitol. Among the six crude protein
extracts tested with/without mannitol, 7. atro-
viride + mannitol recorded highest of 56% of HR followed
by T. virens + mannitol (39%) and T. harzianum + man-
nitol (35%) at 24 h after pathogen inoculation (h.a.i)
(Fig. 1).

A constitutive level of lignification was observed in
both inoculated and uninoculated seedlings in the
coleoptiles and root regions. However, TCP of T. atro-
viride + mannitol-treated seedlings had shown lignifica-
tion with higher intensity (21%) and H,O, accumulation
of 17% as early as 8 h postinoculation. Whereas, in the
case of control and mannitol treatment only, 2% H,0,
and 4% lignin deposition were recorded at 24 h
postinoculation (Fig. 2).
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Modulation in defense enzyme activities
after priming pearl millet seeds with TCP extract
of Trichoderma atroviride

1678 + 96.61" 92 + 1.48*
1560 + 24.57* 89 + 0.72¢
1547 + 54.09* 89 + 1.89°

SV

The temporal modulations of upregulation/downregula-
tion of the enzyme activities of the TCP extract of T.
atroviride-treated and untreated seedlings with or with-
out pathogen inoculation were examined. Varying pat-
terns of modulation in enzyme activity was observed in
seedlings receiving different treatments. Control treat-
ments such as SDW and 1% mannitol treatments showed
least enzyme activities at all time intervals tested
(Fig. 3a, b). Further upon pathogen inoculation control
and only mannitol-treated seedlings not showed any
significant (P < 0.05) difference in both POX and LOX
activities.

In the POX assay, significant (P < 0.05) higher activity
of 7.7 units was observed in TCP of T. atro-
viride + mannitol-treated seedlings at 36 h.a.i. Even
though the decline in POX activity was observed in treated
seedlings at 96 h.a.i, but still, the enzyme activity was
significantly (P < 0.05) higher than uninoculated seed-
lings, which recorded maximum activity at 96 h.a.i (3.3
units in control and 3.9 units in mannitol treatment).
Upregulation of POX activity was evident in all treated
seedlings, on an average three-fold increase over control
seedlings (Fig. 3a).

A similar trend was observed in the case of LOX
activity. The time course study of LOX indicated that the
initial activity did not differ between the different treat-
ments at 0 h.a.i. However, with the increase incubation
time, variation in enzyme activity was observed in
TCP + mannitol-treated inoculated seedlings, in which
maximum activity was recorded at 48 h.a.i with 29.5 U.
Whereas in the case of control uninoculated seedlings
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50

0
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0
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% Values were arcsine transformed before subjecting to the statistical analysis. Values are the mean within column sharing the same letters that are not significantly different according to Tukey’s HSD at

P <0.05

Table 1 Effect of seed priming with TCP of different Trichoderma spp. on seed germination and seedling vigor of pearl millet

* Metalaxyl was used as seed dressing at the rate of 6 g/kg seeds

% G percent germination, SV seedling vigor, M Mannitol

Treatment
Crude
Crude
Control

1% M
Metalaxyl*
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250
= Control
=1 % Mannitol

u T. brevicompactum
200

u T. longibrachiatum
B T. atroviride

u T. virens
150

B T. harzianum

u T. asperellum

100

% Seedlings showing HR

50

Hours after pathogen inoculation

Fig. 1 Hypersensitive reaction studies of TCP treatments of Tricho-
derma spp. at a concentration of 75 pg/ml in different time intervals.
Values inside the bars indicate the percent seedlings showing
hypersensitive reaction. Mean value of three replicates was repre-
sented in the graph. On the X axis, values indicate time interval in
hours after pathogen inoculation, two modes of treatments were done,

H,0, accumulation

Lignin deposition

Treatments

Control

i.e., crude protein treatments without mannitol (2, 4, 6, 8, 10, 12, 14,
16, 18, 20, 22, and 24 h of time intervals) and crude protein
treatments with 1% mannitol (M +2, M +4, M+ 6, M + 8, M + 10,
M+ 12M+ 14 M+ 16,M+ 18, M+ 20,M + 22 and M + 24
hours of time intervals)

Fig. 2 Localized accumulation of H,O, and lignin deposition (indicated as arrow marks) as observed in TCP treatments of 7. atroviride at a
concentration of 75 pg/ml under compound microscope after staining in control and treated seedlings

shows only marginal changes at all time intervals (Fig. 3b).
However, in control-inoculated seedlings, the highest
activity was noticed at 24 h.a.i (8.5 U) and it is not sig-
nificantly (P < 0.05) different from control uninoculated
seedlings.
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Disease protection studies

Among the six different Trichoderma spp. TCP treatments,
significant (P < 0.05) protection of 53.6% was observed in
the seedlings treated with T. atroviride TCP (75 pg/ml)
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Fig. 3 Temporal pattern of
accumulation of peroxidase

(a) and lipoxygenase

(b) enzyme in pearl millet
seedlings upon seed priming
with 7. atroviride TCP with/
without mannitol. Values are
means of three experiments.
Lines on the bars indicate the
standard error. T/ control, 72
1% mannitol treatment, 73 T.
atroviride crude protein
treatment, 74 T. atroviride
crude protein treatment with 1%
mannitol, 75

control 4 pathogen, 76 1%
mannitol treatment + pathogen,
T7 T. atroviride crude protein
treatment + pathogen, and 78

Units (AOD 470 min! mg! protein)
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with 1% mannitol followed by TCP of T. virens + man-
nitol (47.6%). Crude protein treatments 7. longibrachiatum
had shown least disease protection, which is not signifi-
cantly (P < 0.05) different from the control treatments.
However, metalaxyl positive control treatment had recor-
ded significantly (P < 0.05) highest disease protection of
90.4% with least disease incidence compared to all other
treatments (Table 2).

Discussion
Species of Trichoderma are known to induce systemic

resistance against various types of plant disease as the
whole organism. Several attempts are made to isolate

6 12 18 24 30 36 42 48 60 72 96

Hours after pathogen inoculation

specific elicitor molecule which is involved in eliciting host
resistance against pathogen infection (Djonovic et al. 2006;
Mukherjee et al. 2012). Electrolyte leakage, oxidative
burst, production of phytoalexins and PR proteins and
increased biosynthesis of ethylene have been reported in
plant tissues treated with non-specific elicitors (Peever and
Higgins 1989) and specific elicitors (Hammond-Kosack
et al. 1996). Protein elicitors of various classes have been
reported from several species of Phytophthora. Glycopro-
teins of molecular mass 42 and 32 kDa secreted by Phy-
tophthora sojae and Phytophthora megasperma have been
described to induce defense reactions in the non-host plants
parsley and tobacco, respectively (Baillieul et al. 1995). In
the present study, we studied the possible elicitor properties
of TCP of six Trichoderma spp. against downy mildew
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Table 2 TCP extracts of Trichoderma spp.-mediated downy mildew disease protection studies under greenhouse conditions

Treatment Conc. DM disease protection (%)
pg/ml ) ; .
T. asperellum T. harzianum T. virens T. T. atroviride T.
longibrachiatum brevicompactum
Crude protein 25 2253 £ 1.78"™ 19.60 £ 2.96™ 2123 £ 1.37™ 17.30 £ 2.88™  26.10 & 1.36"™ 22.90 & 1.03"™
50 28.10 £ 2.658™ 24.77 + 1.78"™ 34.93 + 2.75%% 28.10 £ 2.655™ 3043 £ 1.36 26.47 £ 2.30K™
75 40.30 & 3.22°%%  41.57 £ 3.64%" 43.13 + 2.24* 30.07 £+ 1.55 42.87 + 2.48>¢ 30.07 £ 1.55¢
100 39.40 + 1.84%" 3920 + 2.04" 38.90 + 1.81%" 2593 + 2.51M™ 40.00 & 2.74™" 28.83 + 1.22KIm
Crude 25 26.47 £ 2308™ 21.10 + 1.05™  28.10 + 2.65M™ 25.93 + 2.518™ 2327 4+ 2.115™ 20.50 + 2.03'™
Plr(;eiﬂ + mannitol 50 39.90 + 220" 26.47 + 2.308™ 38.90 + 1.81%" 34.93 + 2.75W¢ 4233 + 1.06°° 22.13 + 0.38'™
(%) 75 43.07 £ 1.06"Y 4477 £ 576" 47.60 £ 1.15* 3730 + 1.38%" 53.63 + 1.76° 38.90 + 1.81%"
100 40.30 £ 3.22°% 4030 £ 3.22°"¢ 38.90 + 1.81%" 28.83 + 1.22K™ 46.50 + 0.49*¢ 36.03 + 1.85"F
Control - "
Mannitol (1%) - 20.60 + 1.45™
Metalaxyl* - 90.47 + 1.66*

% Values were arcsine transformed before subjecting to the statistical analysis

Values are the mean within column sharing the same letters that are not significantly different according to Tukey’s HSD at P < 0.05

* Metalaxyl was used as seed dressing at the rate of 6 g/kg seeds

pathogen of pearl millet. Upon seed treatment, these TCP
were not affected the seed quality variables. Treatment
with TCP with mannitol was found significant in improving
seed germination but not seedling vigor. The experiments
indicated that the TCP was not containing any molecule
which directly stimulates the plant growth or the concen-
tration of such molecule in crude extract was not sufficient
to improve the early plant growth. Further use of mannitol
as osmopriming agent may enhance the root length, shoot
length, and seedling vigor. Similar observation was
reported by Afzal et al. (2011), where they observed that
the treatment of mannitol (2%) to marigold (Tagetes spp.)
seeds significantly enhanced the seedling vigor with bio-
chemical changes.

Salas-Marina et al. (2015) reported that secretary protein
Epll and Sm1 from T. atroviride and T. virens were cap-
able of inducing SAR and ISR in tomato against various
fungal and bacterial pathogens. Furthermore, overexpres-
sion of Epll and Sml in these strains enhanced their
capability to induce disease resistance in tomato. A small
cysteine-rich protein fraction from the biocontrol Fusarium
oxysporum strain CS-20 control fusarium wilt symptoms
by stimulating the defense responses in tomato (Shcher-
bakova et al. 2016). In this study, seed treatment with TCP
of Trichoderma demonstrates the localized deposition of
lignin and accumulation of H,O, during the initial period
of infection in pearl millet seedlings. H,O, is closely
associated with lignification of plant cell wall and also
accumulates at the site of infection which is related to the
lignification process leading to disease resistance in host
plant (Olson and Varner 1993; Taiz and Zeiger 2006). Sm1
elicitor from 7. virens stimulates hydrogen peroxide
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production and induces defense genes expression in cotton
cotyledons to enhance the resistance against foliar patho-
gen Colletotrichum spp. (Djonovic et al. 2006). Further-
more, Hiickelhoven et al. (1999) correlated the inability of
powdery mildew pathogen to cause infection in barley
seedlings with strengthened papillae due to the action of
H,0;-mediated cross-linking reactions. Similarly, in this
study, the highest lignin deposition and H,O, accumulation
were observed in seedlings raised from seeds treated with
TCP of T. atroviride and it was in corroboration with
increased disease protection. Enhanced activity of POX
and LOX is considered as one of the biochemical markers
to determine the degree of resistance imparted by biocon-
trol agent against phytopathogens. Similarly, in our
experiment, we found that seedling treated with TCP of T.
atroviride with mannitol recorded the significantly
(P < 0.05) higher activity of both the enzymes and was
well correlated with its ability to suppress S. graminicola
infection.

Conclusion

The present study demonstrates the ability of the Tricho-
derma protein elicitors in reducing the downy mildew
disease incidence in pearl millet. It is also evident by the
biochemical defense activation in defending against the
pathogen. It seems that TCP mediated disease protection
follows both localized and systemic resistance inductions.
In this regard, identification and characterization of specific
protein elicitor are required to improve the disease pro-
tection efficacy.
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