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Abstract: Throughout the world, charcoal rot, caused by Macrophomina phaseolina, is one of the most destructive and widespread dis-
eases of crop plants such as soybean. In this study, the biological control capability of 11 Trichoderma spp. isolates against M. phaseolina
was investigated using screening tests. Among all the tested Trichoderma spp. isolates, inhibition varied from 20.22 to 58.67% in dual
culture tests. Dual culture, volatile and non-volatile tests revealed that two isolates of Trichoderma harzianum (including the isolates
T7 and T14) best inhibited the growth of M. phaseolina in vitro. Therefore, these isolates were selected for biocontrol of M. phaseolina
in vivo. The results of greenhouse experiments revealed that disease severity in the seed treatment with T. harzianum isolates was
significantly lower than that of the soil treatment. In most of the cases, though, soil treatment with T. harzianum resulted in higher
plant growth parameters, such as root and shoot weight. The effects of T. harzianum isolates on the activity of peroxidase enzyme and
phenolic contents of the soybean root in the presence and absence of M. phaseolina were determined in greenhouse conditions. Our
results suggested that a part of the inhibitory effect of T. harzianum isolates on soybean charcoal rot might be related to the indirect
influence on M. phaseolina. Plant defense responses were activated as an elicitor in addition to the direct effect on the pathogen growth.
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Introduction

Soybean (Glycine max L.) is one of the most important
crops. It is a source of vegetable protein and oil (Herridge
et al. 2008; Prévost et al. 2010). Soybean, though, suffers
from various diseases. Soybean charcoal rot caused by
Macrophomina phaseolina (Tassi) Goidanich is one of the
most important diseases of soybean in tropical and sub-
tropical regions of the world resulting in reduced yields
and seed quality. In Iran, charcoal rot is an economically
important disease of various oilseed plants in northern
regions, especially in the provinces of Golestan and Ma-
zandaran (Rayatpanah et al. 2011). Macrophomina phaseo-
lina is a necrotrophic phytopathogen with a wide host
range including more than 500 cultivated and wild plant
species belonging to more than 75 families (Khan 2007;
Salik 2007). Many of the species are economically impor-
tant crops, such as corn, sorghum, bean, cotton, sesame,
sunflower, melon, tobacco, and safflower, in addition to
soybean (Su et al. 2001; Purkayastha et al. 2006; Singh et
al. 2008). Although only one species is recognised within
the genus Macrophomina, great variability in morphology
and pathogenicity was recognised among isolates from
different hosts (Fernandez et al. 2006). It mainly produces
either microsclerotia or pycnidia. The fungus is not only
soil-borne, but also seed-borne and infects plants from
seedling stage to maturity (Purkayastha et al. 2006). Mac-
rophomina phaseolina is considered a high-temperature
pathogen. Disease severity increases as the air and soil
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temperatures increase from 28 to 35°C, and when soil
moisture is limited (Pearson et al. 1984; Gary et al. 1991).
Under favorable conditions, the fungus causes many dis-
eases like damping off, seedling blight, collar rot, stem
rot, charcoal rot, and root rot, in various economically im-
portant crops (Babu ef al. 2007). Estimates of yield losses
due to charcoal rot in the United States were 2.5 x 10, 3.0 x
x10,2.2 x 10 and 0.9 x 10 million metric tons in 2006, 2007,
2008, and 2009, respectively. This disease ranked in the
top six of diseases among economically important soy-
bean diseases in the United States from 20062009 (Koen-
ning and Wrather 2010).

Charcoal root rot may be a difficult disease to control
because of the nature of causal pathogen. Macrophomina
phaseolina invades the roots of a host at an early stage,
1-2 weeks after planting, but the symptoms appear only
in mature plants (Pearson et al. 1984). Efforts to control
soybean charcoal rot by adjusting planting dates, crop
rotation, planting densities, and irrigation have all been
suggested as important ways of disease management
(Bowen and Schapaugh 1989; Todd 1993). Host resistance
may be a practicable method to manage this destructive
disease. However, soybean genotypes with high levels of
resistance have not been identified (Mengistu et al. 2007).
Other management options are needed. Chemical fungi-
cides are being replaced with biocontrol agents because
of the emergence of fungicide-resistant fungal isolates
and public concerns regarding the health and environ-
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mental impacts of these chemicals. During the past few
decades, several potential biocontrol organisms have
been isolated, characterised, and commercialised. Thus,
biocontrol of plant diseases has received more consider-
ation in disease management strategies (Shali et al. 2010).

Trichoderma spp. are considered as potential biocon-
trol agents and growth promoting fungi for many crop
plants (Verma et al. 2007; Bai et al. 2008; Savazzini et al.
2009). The genus Trichoderma comprises a great number
of fungal species. The antagonistic properties of these
species are based on the activation of multiple mecha-
nisms. Trichoderma spp. exert biocontrol activity against
fungal phytopathogens either indirectly, by competing
for nutrients and space, which modify mechanisms and
antibiosis, or directly, by mechanisms such as mycopara-
sitism (Benitez et al. 2004). These biocontrol agents are ef-
fective against soil and/or seed borne fungal diseases of
various plants (Kubicek et al. 2001). It is relatively easy
for Trichoderma populations to be established in different
types of soil and the populations can continue to per-
sist at detectable levels for several months (Verma et al.
2007). Control of several soil borne fungal pathogens us-
ing Trichoderma harzianum has been reported by many in-
vestigators (Zeidan et al. 2005). Yet there is little informa-
tion available on the use of T. viride (Kehri and Chandra
1991) and T. harzianum (Elad et al. 1986, Adekunle et al.
2001) as biocontrol agents against M. phaseolina in differ-
ent plants. Aly and associates (2007) reviewed differential
antagonism of Trichoderma sp. against M. phaseolina. The
percentage of the melon plant in the commercial T. har-
zianum (Bi) + M. phaseolina treatment (96.7%) was greater
than that of M. phaseolina inoculation alone (46.7%) and
demonstrated the best results among various Trichoderma
spp. in the control of melon charcoal stem rot (Etebar-
ian 2006). Singh and associates (2004) suggested that cell
surface hydrophobicity and the cell surface electrostatic
charge of mycoparasitic Trichoderma spp. may contribute
to non-specific adhesion onto the sclerotial surfaces of
M. phaseolina that may be influenced by growth and envi-
ronmental conditions. Studies of Sreedevi and associates
(2011) revealed the antifungal activity of T. harzianum and
T. viride isolates against M. phaseolina, the causal agent of
groundnut root rot.

Induction of plant defense responses is believed to be
one of the most important mechanisms for the biocontrol
effects of Trichoderma spp. (Harman 2006). In addition to
pre-formed physical and chemical barriers, plants have
an inducible immune system. This system is capable of
detecting motifs or domains with conserved structural
traits typical of entire classes of microbes but not pres-
ent in their host plants, namely the pathogen- or microbe-
associated molecular patterns (PAMPs or MAMPs, re-
spectively). MAMP-triggered plant defense responses are
elicited rapidly and transiently. Early MAMP responses
involve ion fluxes across the plasma membrane, the gen-
eration of reactive oxygen species (ROS), nitric oxide,
various phytohormones, priming several defense-related
genes, activation of corresponding proteins and also, but
later, the deposition of callose and biosynthesis of anti-
microbial compounds such as phenolics. Effective Tricho-
derma spp. isolates produce a variety of MAMPs which

are the most widely described among plant-beneficial
fungi so far (reviewed by Lorito ef al. 2010; Hermosa et al.
2012). Various species of this powerful biocontrol agent
induce cellular and molecular changes in plants that in-
crease resistance to a variety of biotic and abiotic stresses
(Brotman et al. 2013; Kumar 2013). The activity of defense-
related enzymes such as peroxidase, polyphenol oxidase,
and phenylalanine ammonia lyase were reported to be
significantly increased in greengram plants treated with
a T. viride alone or in combination with Pseudomonas
fluorescens as biocontrol agents of M. phaseolina (Thilaga-
vathi et al. 2007). Treating the tomato plants with the use
of T. arundinaceum resulted in priming the expression of
defense-related genes belonging to the salicylic acid (SA)
and jasmonic acid (JA) pathways against Botrytis cinerea
and Rhizoctonia solani (Malmierca et al. 2012).

There are a few investigations on the biological con-
trol capability of T. harzianum against soybean charcoal rot
(Taliei et al. 2012; Vasebi et al. 2013). So far, to our knowl-
edge, there has not been any report on the involvement
of priming plant defense responses by Trichoderma spp.
as a mechanism of their biocontrol against M. phaseolina
in soybean plants. Therefore, the objectives of the pres-
ent investigation were (i) to screen and select effective
Trichoderma spp. isolates against the soybean charcoal rot
pathogen M. phaseolina, and (ii) to determine the role of
selected Trichoderma spp. isolates, which were capable of
controlling the pathogen in vitro, in activating soybean
defense responses such as peroxidase activity and total
phenolics as a part of mechanisms involved in Trichoder-
ma-induced resistance in our pathosystem.

Materials and Methods

Antagonistic and phytopathogenic fungal isolates

Five isolates of T. harzianum and six T. viride isolates (ob-
tained from the culture collection of plant pathology labora-
tory, Abureihan Campus, University of Tehran, Iran) were
used in this study (Table 1). The phytopathogenic fungus,
M. phaseolina, which was isolated from infested soybean
Golestan Province, Iran, was also obtained from the same
culture collection. All fungi were maintained on Potato
Dextrose Agar (PDA) medium and sub-cultured monthly.

Table 1. List of Trichoderma spp. isolates used in this study

Genus and species Isolate
Trichoderma harzianum T7
T. harzianum T8
T. harzianum T14
T. harzianum BI
T. harzianum T5
Trichoderma viride T6
T. viride T10
T. viride T17
T. viride T20
T. viride T23
T. viride T24
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Evaluation of antagonistic activity of Trichoderma spp.
isolates on mycelial growth of Macrophomina phaseolina
in vitro

Dual culture technique

All of the T. harzianum and T. viride isolates were screened
individually against M. phaseolina by employing the dual
culture technique described by Asran-Amal et al. (2010)
with a few modifications. The Trichoderma spp. isolates
and M. phaseolina were cultured, separately, on PDA me-
dium for 7 days at 25+1°C. Four-day old Trichoderma spp.
cultures were inoculated on one side of a PDA plate and
M. phaseolina cultures were inoculated at the opposite side
of the Petri dish and the plates were incubated at 25+1°C
for 6 days. The distance between discs was approximately
5 cm. In the control treatment, a sterile agar disc (5 mm di-
ameter) was placed in the dish instead of Trichoderma spp.
isolates. There were four replicates for each treatment and
the experiment was repeated three times. At the end of
the incubation period, the radial growth of the pathogen
was measured. The efficiency of Trichoderma spp. isolates
to suppress radial growth was calculated as described by
Asran-Amal et al. (2010) using the formula:

L T 100
= x
C 7

where: L — inhibition of radial mycelial growth; C — the ra-
dial growth measurement of the pathogen in the control;
T — the radial growth measurement of the pathogen in the
presence of antagonists.

Production of volatile metabolites

Two selected T. harzianum isolates based on the mycelial
growth inhibition assay against M. phaseolina were evalu-
ated for the possibility of producing volatile inhibitory
substances in vitro following the modified methods of
Dennis and Webster (1971a). Briefly, a 5 mm diameter disc
from the margin of the T. harzianum colony was placed
in the centre of the Petri dishes containing PDA medium
and each treatment had four replications. The Petri plates
were sealed at the edges and incubated at 25+1°C. After 5
days, M. phaseolina was inoculated on fresh PDA and the
lids of the Petri plates inoculated with antagonist were
replaced by M. phaseolina on PDA. The plates were fixed
with cellophane-tape and incubated at 25+2°C. The con-
trol plates were only inoculated with M. phaseolina. The
radial growth of M. phaseolina was recorded after 7 days
of incubation. The percentage inhibition was calculated in
relation to the control, by the above mentioned formula.

Production of non-volatile metabolites

The production of non-volatile substances by T. harzianum
isolates against M. phaseolina was studied using the modi-
fied methods described by Dennis and Webster (1971b).
The T. harzianum isolates were inoculated in 100 ml ster-
ilised Potato Dextrose Broth (PDB, Merck, Germany) in
250 ml conical flasks, and incubated at 25+1°C on a rota-

tory shaker set at 100 rpm for 15 days. The control flasks
were not inoculated with any of the antagonistic isolates.
The culture was filtered through Whatman filter paper for
removing mycelial mats. Then, the culture was sterilised by
passing through a 0.2 pm pore biological membrane filter.
The filtrate was added to molten PDA medium (at 40+3°C)
to obtain a final concentration of 10% (v/v). The PDA con-
taining Petri dishes were inoculated with mycelial plugs
(5 mm diameter) of M. phaseolina at the centres. The dishes
were incubated at 25+2°C until the colony reached the plate
edge. There were four replicates for each treatment and the
experiment was repeated three times. Then, colony diam-
eters and percentage inhibition were calculated in relation
to the control by the above-mentioned formula.

Preparation of Macrophomina phaseolina inoculum

Inoculum preparation was carried out using the method
described by Nerey et al. (2010) with a few modifications.
Briefly, disks which were 5 mm in diameter were taken
from a 4-day old colony of M. phaseolina grown on PDA
at 25+1°C, and placed into flasks containing millet grains,
previously autoclaved at 121°C for 21 min on 2 successive
days. The flasks were incubated for 10 days at 25+1°C in
the dark and shaken every 2-3 days.

Greenhouse experiments

Experiments were conducted using soil and seed treat-
ments. The soil used in this experiment was a combina-
tion of clay, sand, and farmyard manure with the ratio
of 1:1:1 (v/v). For treatments with autoclaved soil, the
soil was autoclaved at 121°C for a minimum of 30 min at
100 kPa (15 psi) on 2 successive days.

To obtain a conidial suspension of T. harzianum, the
fungus was grown on PDA for 7 days at 25+2°C. Co-
nidia were harvested from the surface of the plates and
washed in sterile distilled water and suspended in 0.05%
tween 20. The fungal spore concentration was adjusted
to 10° spores - ml-L. Seeds of soybean cv. DPX were sur-
face disinfected by soaking the seeds in 1% sodium hy-
pochlorite for 3 min, then rinsing the seeds three times in
sterile distilled water. The seeds were soaked in 10 ml of
Trichoderma spore suspension (with a concentration of
10° spores - ml™) and shaken using an electric shaker for
0.5 h at room temperature, then air dried in a laminar flow
hood. For adhering the conidia to the seed surface, methyl
cellulose was used. For methyl cellulose coatings, conidial
suspensions were added (1/1) to 2% methyl cellulose.

For soil treatment, the surface-sterilised seeds were
incubated for 3 days on a wet sterile filter paper in Pe-
tri dishes at 28+1°C on distilled water-soaked filter pa-
pers. Then, the seeds were each sown in 15 cm-diameter
plastic pots. Inoculation of soybean plants by the patho-
gen was carried out on the stem near the soil-line, using
seven-day-old seedlings. Colonised millet grains were
filled 1 cm above the soil surface, which contained 3 g
of millet grain inoculums per pot. Sterilised millet grains
which were placed on PDA without the fungus served
as the control. Inoculated plants were grown at 28+1°C
for 4 weeks in a greenhouse. In all of the cases in which
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lesions developed, the pathogen was re-isolated from the
infected plants. Four replicate plants were inoculated in
a completely randomised design and the experiment was
repeated twice.

Five weeks after planting, the plants were removed
from their pots and washed with running tap water. Then,
disease severity was estimated using the disease scale (0
to 100) as described by Persson et al. (1997). Disease sever-
ity (DS) was estimated using the formula:

DS= Z (XiND)/N,

where: X — the disease grade (0, 5, 10, 25, 50, 75, and 100),
Ni — represented the number of diseased plants on the
i-th grade of the disease scale, and N — the total number
of plants evaluated.

In addition, the average stem height and the wet and
dry weights of soybean roots and shoots, were recorded 5
weeks after planting.

Effect of Trichoderma harzianum isolates on phenolic
accumulations and peroxidase (POX) activity

For elucidating the mode of action of two T. harzianum

isolates (T7 and T14) in vivo, we examined the phenolic

accumulations and POX activity as part of the plant de-

fense responses. The effect of treating the soybean seeds

with T. harzianum isolates on the accumulation of total

phenolics and POX activity, were evaluated using six

treatments:

1. Treatment H — healthy plants;

. Treatment M — plants treated with M. phaseolina;

. Treatment T7 — plants treated with T. harzianum T7;

. Treatment T14 — plants treated with T. harzianum T14;

. Treatment MT7 — plants treated with T. harzianum T7
since infected with M. phaseolina;

6. Treatment MT14 - plants treated with T. harzianum T14

since infected with M. phaseolina.

U1 = W DN

In all the above mentioned treatments, the seeds were
sown in autoclaved soil. Plants were carefully uprooted
without causing any damage to root tissues. The uproot-
ing was done at different time points (0, 1, 2, 3,4, 5, 6, 7,
and 8 days after the pathogen inoculation). Three plants
were sampled for each time point and these plants were
kept separate for biochemical analysis. Fresh roots were
washed in running tap water and homogenised with lig-
uid nitrogen in a pre-chilled mortar and pestle. The ho-
mogenised root tissues were stored at -80°C until used.

Enzyme extraction and POX activity assay

Root tissues collected from the plants were immediately
homogenised with liquid nitrogen. One gram of pow-
dered sample was transferred to 1 ml of extraction buf-
fer (0.1 M sodium phosphate, pH 6.0). The extracts were
centrifuged at 14,000 g for 20 min at 4°C. The supernatant
(enzyme extract) was transferred to a new tube and freeze
at -80°C until assayed. The protein concentration was de-
termined as described by Bradford (1976) using bovine
serum albumin (Sigma) as a standard. For determining

POX activity, enzyme extracts (containing 30 pg of total
protein) were added to 30 ul of 200 mM guaiacol and
25 mM citrate phosphate (pH 5.4). To each sample, 30 ul
of 30% H,0, was added. The absorbance was measured at
470 nm using a spectrophotometer. Enzyme activity was
expressed as the change in the absorbance of the reaction
mixture min~!- g1 on a fresh weight basis.

Quantification of phenolics accumulation

The total phenolic contents of the methanol extracts were
determined colorimetrically using Folin & Ciocalteu’s
phenol reagent (Merck, Germany) as described by Seev-
ers and Daly (1970). A standard curve was prepared using
different concentrations of gallic acid. The results were
expressed as mg gallic acid equivalent (GAE) - g™! fresh
weight basis. Briefly, portions of 1 g of the root tissues
were ground with a pestle and mortar in 16 ml of 80%
methanol for 10 min at 4°C in an N-saturated atmosphere.
The extract was filtered through cloth and centrifuged for
10 min at 4,000 xg and the liquid phase collected. The
procedure was repeated three times. The pooled superna-
tants were evaporated at 40°C to a volume of 1-2 ml and
used for the analysis. Then, 0.5 ml of the methanol ex-
tracts were dissolved in 7 ml of distilled water and 0.5 ml
of Folin & Ciocalteu’s phenol reagent were added to them
in a 10 ml volumetric flask. The contents were mixed and
allowed to stand for 5-8 min at room temperature. Next,
one ml of a sodium carbonate solution (75 g - I'}; Na,CO,)
was added, followed by bringing the volume to 10 ml
with the addition of distilled water. Solutions were mixed
and allowed to stand at room temperature for 1 h prior to
the determination of total phenolic contents using a spec-
trophotometer at 725 nm. The experiment was conducted
in triplicates and repeated three times.

Statistical analysis

The greenhouse experiments were arranged as a factorial
in a randomised complete block design with four replica-
tions. Statistical analysis of the data was carried out by
analysis of variance (ANOVA) using SAS software (ver-
sion 9.1). The means were separated using Tukey’s mul-
tiple range tests at p < 0.05, where the F-value was sig-
nificant.

Results

Effect of Trichoderma isolates on mycelial growth of
Macrophomina phaseolina in vitro

The comparison of the data obtained from the dual cul-
ture revealed that all 11 isolates of Trichoderma spp. inhib-
ited the mycelial growth of M. phaseolina from 58.67% to
20.22%. The highest level of inhibition belonged to T. har-
zianum T7 and the lowest level was observed for T. viride
T24 (Table 2).

Two isolates of T. harzianum (T7 and T14), which
showed the highest levels of inhibiting the pathogen
growth in the dual culture test, were used for determin-
ing the capability of producing volatile and non-volatile
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Table 2. In vitro screening of Trichoderma spp. isolates against
Macrophomina phaseolina by Dual culture test (7 days
post inoculation)

Dual culture

Isolates Trichoderma mean radial

growth [mm] inhibition? [%]

T. harzianum T7 18.6+0.3 58.7 a

T. harzianum T14 19.2+0.5 573 a

T. viride T20 21.7+0.1 51.8b

T. harzianum BI 23.9+0.2 469 c

T. harzianum T8 25.9+0.2 424d
T. viride T17 28.3+0.3 371e

T. viride T10 29.5+0.4 34.4 ef
T. viride T23 30.1+0.5 33.1f

T. viride T6 33.5:0.0 253¢g
T. harzianum T5 35.9+0.2 20.2h
T. viride T24 35.9+0.2 20.2h
Control 45.0+0.1 01i

Four replicates were used for each treatment and the
experiment was repeated three times.

athe means with the same letter do not have significant
difference according to Tukey’s multiple range test at p < 0.05

metabolites. The results indicated that T. harzianum iso-
lates apparently produced volatile and non-volatile
substances that suppressed the pathogen growth. Data
presented in table 3 clearly indicate that T. harzianum-T7-
derived volatile substances caused maximum inhibition

of the mycelial growth of M. phaseolina. Mycelial growth
of M. phaseolina was reduced to 56.72% and 49.52% by
volatile metabolites of T. harzianum T7 and T14 isolates,
respectively. A significant difference was not observed
among the two T. harzianum isolates tested for the effect
of non-volatile metabolites against M. phaseolina (Table 3).

Effect of Trichoderma harzianum isolates on plant
growth parameters and T. harzianum isolates” control
of soybean charcoal rot in the greenhouse

The results of greenhouse experiments showed that char-
coal rot of soybean was significantly reduced by two
T. harzianum isolates (T7 and T14) tested in both the auto-
claved and non-autoclaved soils (Table 4). Average stem
height, fresh and dry weights of the roots and shoots in
the treatment in which the soil or soybean seeds were
inoculated with T. harzianum isolates, were greater than
those of the controls (Table 5). So, these isolates were ef-
fective in promoting plant growth parameters. Macroph-
omina phaseolina was isolated from all inoculated plants
showing symptoms with different disease-severity levels.
In most of the treatments investigated, the isolate T7 was
more effective in promoting plant growth and reducing
charcoal rot compared to isolate T14. Seed treatment with
T. harzianum isolates promoted plant growth. But in most
of the treatments, the amount of this promotion was less
than that of the soil treatment with these isolates. Where-
as, significantly more reduction of disease severity was
observed by seed treatment with T. harzianum isolates in
both autoclaved and non-autoclaved soils (Table 5).

Table 3. Effect of volatile metabolites and non-volatile metabolites of Trichoderma harzianum isolates on mycelial growth of

Macrophomina phaseolina

Non-volatile metabolites

Volatile metabolites

Isolates of T. harzianum
colony area [mm?]

inhibition? [%]

colony area [mm?] inhibition? [%]

T7 615.4+34.1 87.7 a 1,962.5+30.8 56.7 a
T14 706.5+32.7 85.9 a 2,289.1+6.9 49.5b
Control 5024+39.8 0b 4,534.2+19.5 Oc

Each treatment was replicated four times and the experiment was repeated three times with similar results.

athe means with the same letter do not have significant difference according to Tukey’s multiple range test at p < 0.05

Table 4. Mean square of combined ANOVA on disease severity and several growth parameters of plants for biological-control

treatments against Macrophomina phaseolina

) Roots weight Shoots weight )
Source of variation df Sten[1CI};e]1ght [g - plant™] [g - plant™] sl,?efgraii)ef
fresh dry fresh dry

Experiment (E) 1 31.48* 38.47* 74.99** 20.62* 6.86 ns 19.29**
Rep within experiment 6 11.95 32.16 18.08 23.97 8.63 0.0
Soil (S) 1 28.88** 18.60** 0.49 ns 11.09** 0.06 ns 100.19**
Trichoderma harzianum (T) 1 50.60* 80.75** 233.91** 23.46™* 8.53* 0.09**
ExS 1 4.86 ns 31.67 ns 94.73* 13.78 ns 3.07 ns 15.34*
ExT 1 0.0ns 21.95* 67.04* 14.56* 3.68 ns 0.19%
SxT 1 0.0ns 4.42% 0.0ns 3.04* 0.0ns 0.13*
ExSxT 1 0.0ns 0.0ns 0.0ns 0.0ns 0.28 ns 0.06*
Pooled error 25 1591 58.94 0.99 70.30 0.47 0.03
CV [%] 28 3.05 14.73 8.86 7.85 36.64 7.42

* k%
’

and ns — significant at p = 0.05, p = 0.01 and non-significant probability levels, respectively; CV — coefficient of variation
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Table 5. Effect of Trichoderma isolates on several growth parameters of soybean plants

_ Roots weight Shoots weight _
Treatments SterFCIl;f]lght [g - plant™] 5215::;;
fresh dry fresh dry
A 3348 a 4.61 ab 0.60 b 13.47 a 045a 0j
N 30.72b 4.65 ab 0.61b 11.39b 0.39 ab 0j
AM 19.03 h 1.02e 0.05d 521e 0.05d 0.55a
NM 21.69g 1.11de 0.06d 7.88d 0.08 cd 045b
AMOT14 27.95 cd 4.86 a 078 a 9.45 cd 0.29 abc 021g
AMOT7 29.47 be 493 a 0.79a 11.06 be 0.37 ab 0.19h
AMET14 26.07 de 3.07 ¢ 0.48 be 8.36 d 0.22 bed 0.19h
AMET?7 25.64 ef 3.22bc 0.51 bc 8.49d 0.20 bed 0171
NMOT14 23.77 f 2.49 cde 0.39¢ 8.00 d 0.17 bed 0.28 ¢
NMOT7 24.82 ef 2.66 cd 0.42c 8.30d 0.20 bed 024e
NMET14 25.61 ef 2.33 cde 0.36 ¢ 8.21d 0.19 bed 0.25d
NMET?7 26.45 de 2.50 cde 040 c 8.14d 0.19 bed 0.22f

Each treatment was replicated four times. The experiment was repeated three times with similar results: A — autoclaved soil; N —

non-autoclaved soil; AM — autoclaved soil + M. phaseolina; NM — non-autoclaved soil + M. phaseolina; AMOT14 — autoclaved soil +

M. phaseolina + soil treatment with T. harzianum T14; AMOT7 — autoclaved soil + M. phaseolina + soil treatment with T. harzianum T7;

AMET14 - autoclaved soil + M. phaseolina + seed treatment with T. harzianum T14; AMET7 — autoclaved soil + M. phaseolina + seed
treatment with T. harzianum T7; NMOT14 — non-autoclaved soil + M. phaseolina + soil treatment with T. harzianum T14; NMOT7
—non-autoclaved soil + M. phaseolina + soil treatment with T. harzianum T7; NMET14 — non-autoclaved soil + M. phaseolina + seed

treatment with T. harzianum T14; NMET7 — non-autoclaved soil + M. phaseolina + seed treatment with T. harzianum T7.

The means with the same letter do not have significant difference according to Tukey’s multiple range tests at p <0.05

POX activity

At all time points investigated except 1 day post-inoculation
(dpi), the POX activity increased in soybean roots (compared
to healthy plants as the control) due to the T. harzianum treat-
ments. Also, inoculating the pathogen leads to an increase in
the enzyme activity at these time points (Fig. 1). Analysis of
variance revealed significant differences among the POX ac-
tivity of plants with various treatments. Enzyme activity in all
treatments reached a maximum level at 3 dpi, and decreased
afterward. The highest levels of POX activity were observed
in MT7, MT14, T7, and T14 treatments at 3 dpi, which were
not significantly different from each other (Fig. 1).
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Total phenolic contents

Plants have an almost unlimited ability to synthesise aro-
matic substances, most of which are phenolics or their
oxygen-substituted derivatives. In many cases, these
substances are involved in plant immunity against patho-
gens. Our data revealed significant difference in the phe-
nolic contents of various treatments used in this study
(Fig. 2). The accumulation of phenolics considerably in-
creased after the soybean seedlings were inoculated with
the pathogen, when compared to non-inoculated con-
trols. Also, significantly higher phenolic contents were
observed in the treatments with T. harzianum isolates.

EH [OM ET7 BT14 E MT7 B MT14

EEEETFrEEEEETA

Days post-inoculation [dpi]

Fig. 1. Peroxidase activity of soybean roots in the presence or absence of Trichoderma harzianum isolates and Macrophomina phaseolina

inoculation: H — healthy plants; M — plants inoculated with M. phaseolina; T14 — plants inoculated with T. harzianum T14; T7

— plants inoculated with T. harzianum T7; MT14 — plants inoculated with T. harzianum T14 and M. phaseolina; MT7 — plants

inoculated with T. harzianum T7 and M. phaseolina. The activity of peroxidase was presented as AOD,,) nm - min~! - mg-!

protein. The means with the same letter do not have significant difference according to Tukey’s multiple range tests at p < 0.05
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Total phenolic content [mg - g~' FW]

BH [OM ET7 BT14 HMT7 B MT14

Days post-inoculation [dpi]

Fig. 2. Total phenolics of soybean root tissues in the presence or absence of Trichoderma harzianum isolates and Macrophomina phaseolina:

H - healthy plants; M — plants inoculated with M. phaseolina; T14 — plants inoculated with T. harzianum T14; T7 — plants

inoculated with T. harzianum T7; MT14 — plants inoculated with T. harzianum T14 and M. phaseolina; MT7 — plants inoculated

with T. harzianum T7 and M. phaseolina. Total phenolics of the roots were expressed as mg caffeic acid - g™ of root fresh weight

(FW). The means with the same letter do not have significant difference according to Tukey’s multiple range tests at p <0.05

At 1, 2, 3, and 4 dpi, in the treatments with T. harzianum
and M. phaseolina (i.e. MT7 and MT14), the phenolics lev-
els slightly decreased, when compared to the phenolics
detected in treatments with T. harzianum isolates alone.
Whereas, at the next time points investigated (5, 6, 7, and
8 dpi) a slight increase in the phenolics of the MT7 and
MT14 treatments was observed, when compared to that
of the treatments with T. harzianum isolates alone. At 4,
5, and 6 dpi, phenolics levels were significantly higher in
all treatments in which T. harzianum was isolated, than
that of the plants only inoculated by the pathogen (Fig.
2). At all the investigated time points, the lowest level of
phenolics was detected in the control which consisted of
healthy plants.

Discussion

In the present study, the biocontrol capability of various
isolates of T. harzianum and T. viride against M. phaseo-
lina, the causual agent of soybean charcoal rot, was in-
vestigated using in vitro and in vivo assays. Furthermore,
the effect of the most antagonistic isolates (T. harzianum
isolates T7 and T14) in priming POX activity and phe-
nolic accumulations in soybean roots were determined.
The obtained data revealed that all T. harzianum and
T. viride isolates used in this study had a considerable
antagonistic effect on mycelial growth of M. phaseolina
in dual cultures, when compared to the controls. Out of
all the tested Trichoderma isolates, the isolates T7 and T14
showed a maximum inhibition against mycelial growth
of the pathogen. Numerous reports indicated that Trich-
oderma spp. isolates (Ehteshamul et al. 1990; Ehteshamul
and Ghaffar 1992) are effective biocontrol agents, and
these indications support our results. According to Her-
mosa et al. (2000), T. harzianum had potential biocontrol
activity in dual culture studies against various phyto-
pathogenic fungi such as Phoma betae, Rosellinia necatrix,
Botrytis cinerea, and Fusarium oxyporum f. sp. dianthi. It
was reported by Asran-Amal et al. (2010), that in vitro
screening of five isolates of T. harzianum, one isolate of

Chaetomium globosum, and one isolate of Conetherium
mentance, revealed that all of them significantly re-
duced the growth area of M. phaseolina, Fusarium solani,
and Rhizoctonia solani. The higher antagonistic effect of
T. harzianum against M. phaseolina compared to T. viride
was previously observed by Sreedevi et al. (2011). This
finding is in agreement with our results on the potent
antagonistic activity of T. harzianum isolates T7 and T
14 against M. phaseolina, (from among all Trichoderma
isolates tested). This antagonistic nature might be due
to antibiosis, nutrient competition, and/or cell wall de-
grading enzymes (Kumar 2013).

To determine the mechanisms involved in microbial
antagonism, we tested T. harzianum isolates T7 and T 14
for their capability to produce volatile and non-volatile
compounds that inhibit the pathogen growth in vitro.
From our results, it is evident that volatile compounds of
both T. harzianum isolates decreased the mycelial growth
of M. phaseolina. A large variety of volatile secondary
metabolites could be produced by Trichoderma spp. such
as ethylene, hydrogen cyanide, aldehydes, and ketones,
which play an important role in controlling various plant
pathogens (Vey et al. 2001). The non-volatile secondary
metabolites of T. harzianum isolates used in this assay
were found to be more effective in suppressing the my-
celial growth of M. phaseolina when compared to vola-
tile compounds. Similar to this finding, Tapwal and as-
sociates (2011) reported that non-volatile metabolites of
T. viride were more effective against R. solani, Curvularia
lunata, and Alternaria solani. Whereas, volatile compounds
of this biocontrol agent were found to be more effective
against F. oxysporum (Tapwal et al. 2011). The potential of
Trichoderma spp. to produce many volatile (e.g. pyrones,
sesquiterpenes) and non-volatile secondary metabolites
(e.g. terpenes) has been reviewed by Reino et al. (2008).
However, our research in the first to compare the effect of
volatile and non-volatile compounds produced by T. har-
zianum against M. phaseolina.

The evaluation of the interaction among soybean
plants, M. phaseolina and T. harzianum isolates revealed
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that both T. harzianum isolates reduced charcoal rot dis-
ease and promoted plant growth in the greenhouse.
Disease severity was lower in the seed treatment in auto-
claved soil compared to other treatments. Similar to our
results, seed treatment with T. harzianum and T. viride was
more effective in controlling R. solani in Phaseolus vulgaris
under both greenhouse and field conditions (Prashanthi
et al. 1997). These results indicated that introducing Trich-
oderma spp. was effective for the success of these isolates
in plant growth promotion and for reducing disease se-
verity.

Soil treatment with T. harzianum seems to be more ef-
fective for promoting plant growth parameters. Whereas,
the seed treatment was more effective for suppressing
disease progress compared to the soil treatment in both
autoclaved and non-autoclaved soils. The stem height
and shoot weight were higher in plants cultivated in
autoclaved soil when compared to plants cultivated in
non-autoclaved soil. This is in accordance with the ob-
servations of Al-Khaliel (2010) on peanut plants which
showed reduced growth in non-autoclaved soil despite
the fact that they were healthy. Reduced growth in non-
autoclaved soil may be due to the presence of lower levels
of nutrients available or indigenous microbes that may
have negative effects on the plant growth.

The effect that T. harzianum isolates have on enhanc-
ing growth parameters in the plants inoculated by the
pathogen and the effect the isolates have on the reduction
of disease severity were higher in autoclaved compared
to non-autoclaved soil. This phenomenon might be due
to the better ability of T. harzianum isolates in colonising
rhizosphere with the consequent better effect on plant
growth and disease control in autoclaved soil because of
the absence of other microorganisms (Harman and Kubi-
cek 1998).

The current study revealed that antagonistic T. harzia-
num isolates were capable of inducing defense responses
in soybean plants against M. phaseolina. Total phenolics
and POX activity increased in response to inoculation
with M. phaseolina, or soybean seeds treated with T. har-
zianum T7 or T14 isolates alone. Furthermore, seed treat-
ment using T. harzianum isolates together with inocula-
tion of the plants by M. phaseolina primed these defense
responses in soybean. It is known that the presence of
phenolic compounds in plants and their synthesis in re-
sponse to infection, is associated with resistance (Taheri
and Tarighi 2011; Nikraftar et al. 2013). Induced accumu-
lation of phenolics into the cell wall in a SA-dependent
way (Alonso-Ramirez ef al. 2014) and also by releasing
anti-microbial compounds, which leads to the resistance
response (Taheri and Tarighi 2010). Phenolic compounds
and flavonoids are two kinds of metabolites of phenylpro-
panoid pathway in plants (Cao et al. 2005). Phenolics are
oxidised by peroxidases to form more toxic compounds,
known as quinines. It is the quinines which are directly
toxic to fungal pathogens (Gogoi et al. 2001).

The present data also revealed a significant increase in
POX activity of all treatments having T. harzianum isolates
compared to the healthy and the diseased (M. phaseolina
infected) control plants. Peroxidase is a useful marker of
plant development, physiology, infection and defense

(Zhang and Kirkham 1994). The induction and accumula-
tion of peroxidases is often correlated with the onset of
induced resistance, suggesting an active role for these
enzymes in defense against pathogenic fungi (Sticher et
al. 1997; Van Loon et al. 1998). Similar to our results, en-
hanced peroxidase activity during plant-fungus interac-
tions have been previously reported by several research-
ers (Heath 1996). Vidhyasekaran (1997) demonstrated
that the POX activity was more in the plants over infec-
tion by the pathogens in some plants and it has great role
in inhibit the pathogen development. On the other hand,
POX catalyses the condensation of phenolic compounds
into lignin which is associated with disease resistance in
plants and increases in host plants following pathogen
infection (Scott-Craig et al. 1995). Peroxidase may be rap-
idly involved in the peroxidation of substrate molecules,
leading to the accumulation of highly toxic compounds
(i.e. phenolics), which may contribute to plant defense via
their antifungal potential (Ward 1986). However, these
compounds may, to some extent, be toxic to the plant it-
self, and it seems reasonable to assume that mechanisms
designed to limit POX expression are activated during the
resistance process in order to keep phenolic compounds
below the phytotoxic levels. So, the decrease in POX ac-
tivity observed at 4 dpi, and afterward observed in this
research, may reflect a process by the plant to protect it-
self until such activity is needed, such as upon pathogenic
attack. Similar findings about the increase in POX activity
after the application of biocontrol agents have been re-
ported in different crops (Oostendorp ef al. 2001).
Guleria and Kumar (2006) reported a higher activity
of POX and increased levels of phenolics in sesame (S. in-
dicum) leaves treated with a leaf extract of neem (Azadi-
rachta indica A. Juss.) and inoculated with Alfernaria, the
casual agent of leaf spot. It is suggested that neem leaf
extract induced POX activity in sesame leaves, which
resulted in increased biosynthesis and metabolism of
phenolics. Increased phenolic accumulations have been
demonstrated to be involved in protecting sesame plants
against from Alternaria sesame (Guleria and Kumar 2006).
We obtained similar results on priming POX activity up-
stream of phenolic accumulations by T. harzianum isolates
in the soybean-M. phaseolina pathosystem which might be
involved in disease suppression by the biocontrol agents.

Conclusions

The present study demonstrated that two isolates of
T. harzianum (T7 and T14) had the potential, as biocon-
trol agents, to control soybean charcoal root rot caused
by M. phaseolina. This is the first report on the higher ef-
fect of non-volatile metabolites produced by T. harzianum
isolates compared to their volatiles against this necrotro-
phic pathogen. Also, we demonstrated for the first time,
the capability of these biocontrol agents in priming plant
defense responses such as POX activity and phenolics ac-
cumulation. Future cellular and molecular investigations
on resistance responses activated by Trichoderma spp.
or other plant growth promoting fungi against various
pathogens, will not only improve our knowledge on the
mechanisms involved in biological induction of immu-
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nity but would also be useful in developing novel and
environmentally safe strategies to control economically
important soybean diseases.
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