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Abstract: The in vitro and in vivo efficacy of three biocontrol agents, Trichoderma viride, Pseudomonas
fluorescence, and Bacillus subtilis, were tested against Rhizoctonia solani (AG-4) infection compared
to two conventional fungicides (Rizolex-T 50%wettable powder and Amistar 25%). Antifungal
enzyme activity was assayed in the culture filtrate of the biocontrol agents. The impact of the tested
biocontrol agents on the induction of the coriander immune system was investigated against R. solani
by assessing the resistance-related enzymes and compounds in biocontrol agent-treated plants com-
pared with the control. The obtained results revealed that all tested biocontrol agents significantly
reduced the linear growth of R. solani, and T. viride recorded the highest inhibition percentage. This
could be linked to the ability of T. viride to produce higher activities of antimicrobial enzymes,
i.e., cellulase, chitinase, and protease, compared to P. fluorescence and B. subtilis. Applying the tested
biocontrol agents significantly alleviated pre- and post-emergence damping-off and root rot/wilt
diseases of infected coriander compared with untreated plants. The tested biocontrol agents exhibited
significantly higher germination percentage and vigor index of the coriander than the tested fungi-
cides. The tested biocontrol agents significantly minimized the reduction of photosynthetic pigments
induced by R. solani. In addition, the results showed a significant increase in enzymes/molecules
(i.e., phenylalanine, catalase, peroxidase, catalase, superoxide dismutase, phenylalanine ammonia-
lyase, phenolics, ascorbic acids, and salicylic acid) involved directly and indirectly in coriander
resistance to R. solani. The principal component analysis of the recorded data recommended the
role of the high accumulation of oxidative parameters (hydrogen peroxide and lipid peroxidation)
and the inhibition of phenolic compounds in the downregulation of coriander resistance against
R. solani. The heatmap analysis results revealed that biocontrol agents, especially Trichoderma, en-
hanced the resistance against R. solani via the stimulation of salicylic acid, phenolics, and antioxidant
enzymes. Overall, the data recommended the efficacy of biocontrol agents, especially T. viride,
against R. solani infecting coriander plants, which could be an efficient and a safer alternative to
conventional fungicides.

Keywords: biocontrol agents; conventional fungicides; coriander; damping-off; Rhizoctonia solani;
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1. Introduction

Coriander (Coriandrum sativum L.) also known as cilantro is an ancient medicinal and
aromatic plant and seed spice belonging to the family Apiaceae (Umbelliferae). It is native
to the Mediterranean Basin region [1]. Its fruits and leaves are widely used as essential
herbal ingredients [2]. In addition to its culinary value, coriander is recognized for its
broad spectrum of therapeutic benefits against gastrointestinal problems such as dyspepsia,
flatulence, diarrhea, griping discomfort, vomiting flatulent colic, etc. In addition, corian-
der possesses antiedema, anti-inflammatory, antiseptic, emmenagogue, antihypertensive,
lipolytic, myorelaxant, antirheumatic, antineuralgic, and nerve-soothing properties [3,4].

Coriander cultivation is severely affected by several diseases that are major issues
affecting its growth, development, and yield. Among these diseases, seedling damping-off,
root rot, stem rot, and wilt are considered some of the most damaging ones affecting co-
riander plants [5]. Rhizoctonia solani Kuhn (Thantephorus cucumeris) is considered one of the
critical soil-borne pathogens worldwide. It causes damping-off incidence of approximately
20% of commercial coriander in coastal California [6]. R. solani AG-4 was reported as a
crown and root rot causal agent on cilantro in California by Koike et al. [7]. In Egypt,
R. solani attacks coriander during the growing season and causes severe symptoms of
damping-off, root rot, and wilt, which results in significant yield losses [8,9].

Various management strategies were used to control damping-off, wilt, and root rot
diseases, including agriculture practices, breeding programs, biological control, and broad-
spectrum fungicides. Although using fungicides in controlling damping-off and wilt/root
rot diseases could be more effective than other strategies, it establishes an imbalance in
the microbial community, rendering it unfavorable for beneficial organisms’ activity [10].
Studies by Balba [11] and Gisi et al. [12] reported that Amistar, with Azoxystrobin as an
active ingredient, was registered to manage R. solani via inhibition of ATP production of
the targeted pathogen by binding to the quinone oxidizing site of cytochrome bc1 complex
I and restricting the transfer of electrons from cytochrome b to cytochrome c. Despite the
efficacy of Amistar against fungal infection, this fungicide relies on a single-site mode
of action that could result in a resistant population when repeatedly applied in the field.
On the other hand, the effectiveness of Rizolex-T 50% varied among anastomosis groups
of R. solani. Its mode of action depends on inhibiting the phospholipids’ biosynthesis,
leading to the inhibition of fungal growth [13]. However, environmental pollution and its
negative effect on mammals and other beneficial living organisms due to the extensive use
of one or both fungicides could result in the development of a resistant population that was
reported to occur in other plant pathogen populations. Thus, comparative studies using
biological controlling agents versus conventional fungicides are needed to select the best
microorganism able to suppress the disease severity and determine its potentiality.

Biological control is considered one of the most effective, safe, and useful for the
environment [14,15]. The most known and effective biocontrol agents that are tremendously
used in controlling plant diseases are Trichoderma viride, Pseudomonas fluorescence, and
Bacillus subtilis. In this regard, it has been reported that Trichoderma spp. significantly
regulates plant growth and suppresses plant pathogenic microorganisms [16–18]. Various
plant diseases, especially those of the root such as damping-off, root rot, and wilt diseases,
were successfully controlled using Trichoderma spp. [19–21].

Trichoderma isolates colonized plant roots and induces plant resistance to different
biotic and abiotic stresses [22]. Various mechanisms were reported explaining how Tri-
choderma suppresses plant diseases. It directly affects the pathogen by overgrowth and
secreting toxic metabolites, including antimicrobial enzymes and compounds [23,24]. A
study by Van Wees et al. [25] reported two signaling pathways involving jasmonate, salicylic
acid, and ethylene resulted in a molecular-based interaction between the Trichoderma and
plant: the first, mediated by salicylic acid which could be induced by either the pathogen
and/or elicitors leading to systemic acquired resistance; the second, mediated by jasmonate
and ethylene which was caused by Trichoderma and another beneficial microorganism(s)
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leading to the induction of systemic acquired resistance. Both types of resistance do not
directly affect the pathogen but keep the plant ready for biotic and/or abiotic stresses.

In addition to Trichoderma as a biocontrol agent, plant growth-promoting rhizobacteria
(PGPR) such as P. fluorescence and Bacillus subtilis are non-pathogenic rhizobacteria which
are also widely used in agricultural production systems to suppress biotic and abiotic
stresses [26–28]. P. fluorescence and B. subtilis are the most exploited bacteria for biological
control of soil-borne and foliar plant pathogens [29,30]. It has been found that P. fluorescence
and B. subtilis suppress soil-borne pathogens by rhizosphere colonization, antibiosis, iron
chelation via siderophore production, and induction of systemic resistance (ISR) [18,31,32].

Studies using T. viride, P. fluorescence, and B. subtilis as biocontrol agents against
R. Solani-related diseases on coriander plants are rare. Therefore, comparing their efficien-
cies relative to common conventional fungicides will furnish useful information towards
assessing the efficacy of these biocontrol agents to be suitable alternative managing tech-
niques against damping-off and root rot/wilt diseases of coriander. In this study, the effect
of three biocontrol agents, T. viride, P. fluorescence, and B. subtilis, on R. solani which causes
damping-off and root rot/wilt diseases for coriander plants, were evaluated compared to
two conventional fungicides. For accomplishing this objective: (i) the antifungal activities
of the tested microbes against R. solani were determined, (ii) the impact of the tested bio-
control agents versus the conventional fungicides on the growth of coriander seedlings was
investigated, and (iii) the physiological up-regulation instigated by the studied biocontrol
agents versus conventional fungicides were examined to find out the main defense traits
associated with tolerance infection and assess the best bioagent that could be sharing in
enhancing the tolerance of coriander plants against R. solani.

2. Results
2.1. Pathogenicity Test

R. solani denoted pre- and post-emergence damping-off and root rot/wilt symptoms
on coriander cv. Baladi compared with the control (Figure 1). R. solani was able to infect co-
riander seeds and impeded the growth of coriander seedlings causing 28.3% pre-emergence
damping-off. Additionally, it attacked the emerged seedling and resulted in high, 41.7%,
post-emergence damping-off. In addition, R. solani infected the growing plants and ex-
pressed root rot and wilt symptoms; the incidence of root rot/wilt was estimated as 46.7%,
and the severity was approximately 25%.

Plants 2023, 12, x FOR PEER REVIEW 3 of 26 
 

 

either the pathogen and/or elicitors leading to systemic acquired resistance; the second, 

mediated by jasmonate and ethylene which was caused by Trichoderma and another 

beneficial microorganism(s) leading to the induction of systemic acquired resistance. 

Both types of resistance do not directly affect the pathogen but keep the plant ready for 

biotic and/or abiotic stresses. 

In addition to Trichoderma as a biocontrol agent, plant growth-promoting rhizobac-

teria (PGPR) such as P. fluorescence and Bacillus subtilis are non-pathogenic rhizobacteria 

which are also widely used in agricultural production systems to suppress biotic and 

abiotic stresses [26–28]. P. fluorescence and B. subtilis are the most exploited bacteria for 

biological control of soil-borne and foliar plant pathogens [29,30]. It has been found that P. 

fluorescence and B. subtilis suppress soil-borne pathogens by rhizosphere colonization, 

antibiosis, iron chelation via siderophore production, and induction of systemic re-

sistance (ISR) [18,31,32]. 

Studies using T. viride, P. fluorescence, and B. subtilis as biocontrol agents against R. 

Solani-related diseases on coriander plants are rare. Therefore, comparing their efficien-

cies relative to common conventional fungicides will furnish useful information towards 

assessing the efficacy of these biocontrol agents to be suitable alternative managing 

techniques against damping-off and root rot/wilt diseases of coriander. In this study, the 

effect of three biocontrol agents, T. viride, P. fluorescence, and B. subtilis, on R. solani which 

causes damping-off and root rot/wilt diseases for coriander plants, were evaluated 

compared to two conventional fungicides. For accomplishing this objective: (i) the anti-

fungal activities of the tested microbes against R. solani were determined, (ii) the impact 

of the tested biocontrol agents versus the conventional fungicides on the growth of cori-

ander seedlings was investigated, and (iii) the physiological up-regulation instigated by 

the studied biocontrol agents versus conventional fungicides were examined to find out 

the main defense traits associated with tolerance infection and assess the best bioagent 

that could be sharing in enhancing the tolerance of coriander plants against R. solani. 

2. Results 

2.1. Pathogenicity Test 

R. solani denoted pre- and post-emergence damping-off and root rot/wilt symptoms 

on coriander cv. Baladi compared with the control (Figure 1). R. solani was able to infect 

coriander seeds and impeded the growth of coriander seedlings causing 28.3% 

pre-emergence damping-off. Additionally, it attacked the emerged seedling and resulted 

in high, 41.7%, post-emergence damping-off. In addition, R. solani infected the growing 

plants and expressed root rot and wilt symptoms; the incidence of root rot/wilt was es-

timated as 46.7%, and the severity was approximately 25%. 

 

Figure 1. Pathogenicity test of R. solani against coriander. (A) Healthy uninfected plant, (B) root rot 

wilt symptoms on R. solani-infected plants appeared as yellowing, stunting, and wilting. (C) Lon-

Figure 1. Pathogenicity test of R. solani against coriander. (A) Healthy uninfected plant, (B) root
rot wilt symptoms on R. solani-infected plants appeared as yellowing, stunting, and wilting.
(C) Longitudinal section in healthy coriander root, no rot or discoloration were detected. (D) Longi-
tudinal section showing root rot/wilt symptoms in infected coriander plants.
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2.2. Half-Maximal Inhibitory Concentration (IC50)

The half-maximal inhibitory concentration (IC50) of two fungicides, Amistar 25% SC
and Rizolex-T 50% WP against R. solani was calculated using probit regression analysis
(PRA) (Table 1 and Figure 2). The tested fungicides exhibited a high inhibitory effect against
R. solani. All tested concentrations were able to partially suppress the growth of R. solani.
The probit analysis showed that the IC50 and IC90 for Amistar 25% were 0.64 and 1.24 ppm,
respectively. Rizolex-TSC showed a similar effect on the growth development of R. solani,
which expressed IC50 and IC90 at 0.76 and 1.36 ppm, respectively.

Table 1. The half-maximal inhibitory concentration (IC) values (ppm) for Amistar 25% SC and
Rizolex-T 50% WP.

Fungicides IC
Concentration

(ppm)
95% Confidence Interval

Lower Upper

Amistar 25% SC
50 0.64032 0.46491 0.81904
90 1.23583 1.00941 1.72762

Rizolex-T 50% WP
50 0.76212 0.49435 1.11969
90 1.35869 1.03802 2.55942
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Figure 2. Probit regression analysis of the inhibition effects of Rizolex-T 50% WP (A,B) and Amis-
tar 25% SC (C,D) against R. solani. Each treatment is represented by five replicates (n = 5). The
dose–response regression lines are presented as a blue line. R2 and p-value based on the F test
(p < 0.05) are shown within the graphs.

2.3. In Vitro Effect of Biocontrol Agents against Pathogenic Fungi

All tested biocontrol agents, T. viride, P. fluorescence, and B. subtilis significantly reduced
the linear growth of R. solani (Figure 3). T. viride showed the highest inhibition percentage,
68.7%, of R. solani growth compared to the bacterial bioagents. Comparatively, P. fluorescence
apparently minimized the mycelium linear growth of R. solani to 47.4% compared with the
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control. On the other hand, B. subtilis on mycelium recorded 35% inhibition of the linear
growth of R. solani.

Plants 2023, 12, x FOR PEER REVIEW 5 of 26 
 

 

tively, P. fluorescence apparently minimized the mycelium linear growth of R. solani to 

47.4% compared with the control. On the other hand, B. subtilis on mycelium recorded 

35% inhibition of the linear growth of R. solani. 

 

Figure 3. The antagonism between T. viride, P. fluorescence, and B. subtilis and the pathogenic fungi 

R. solani as an inhibitory percentage (A), different letters indicate statistically significant differences 

among treatments, while the same letters signify no significant differences between them according 

to Tukey’s honestly significant difference test (p < 0.05). No inhibition was observed in non-treated 

R. solani compared with noticeable inhibition of the mycelium growth by T. viride, P. fluorescence, 

and B. subtilis (B). 

2.4. Antifungal Enzymes (Cell-Wall Degrading Enzymes) 

The activity of antifungal enzymes was measured in the culture filtrates of T. viride, 

P. fluorescence, and B. subtilis. The enzyme activities of cellulase, chitinase, and protease 

are presented in Figure 4. The highest activities of the tested enzymes were observed in 

culture filtrates of T. viride. In this regard, the activities of the cellulose, chitinase, and 

protease enzyme were 0.064 mg/mL culture filtrate/min, 3.35 μmol of NAG/mL culture 

filtrate/min, and 0.462 μmol tyrosine/min/mg protein, respectively. However, P. fluores-

cence showed intermediated values of cellulase, chitinase, and protease activities com-

pared to the other two microbes, reaching 0.053 mg/mL culture filtrate/min, 2.72 μmol of 

NAG/mL/min, and 0.257 μmol tyrosine/min/mg protein, respectively. B. subtilis isolate 

exhibited the lowest enzymes activity, compared with T. viride and P. fluorescence, which 

reached 0.032 mg/mL culture filtrate/min, 2.54 μmol of NAG/mL/min, and 0.197 μmol 

tyrosine/min/mg proteins for cellulase, chitinase, and protease, respectively. 

2.5. Effect of Bioagents on the Vegetative Traits of the Infected Coriander Plants in Comparison 

with Traditional Fungicides 

Coriander seedlings infected with R. solani showed a significant reduction in ger-

mination percentage, seedling length, and weight which led to a higher reduction on the 

vigor index (VI and VII) Figure 5. The biocontrol agents expressed a significant impact on 

the germination and the vigor index of non-infected and infected coriander seedlings. All 

biocontrol agents and tested fungicides significantly increased the G% of infected cori-

ander seeds compared with the infected plants only. However, a noticeable performance 

of T. viride was observed, which showed the highest G% (99.9, 82.2), VI (2807.5, 1972.8), 

and VII (265.7, 166.2) compared to controls G% (97.3, 45.9), VI (1646.5, 145.2), VII (130, 

26.7) for both non-infected and infected plants, respectively. P. fluorescence to a large ex-

tent had the same effect as T. viride on G% and vigor index for infected and non-infected 

Figure 3. The antagonism between T. viride, P. fluorescence, and B. subtilis and the pathogenic fungi
R. solani as an inhibitory percentage (A), different letters indicate statistically significant differences
among treatments, while the same letters signify no significant differences between them according
to Tukey’s honestly significant difference test (p < 0.05). No inhibition was observed in non-treated
R. solani compared with noticeable inhibition of the mycelium growth by T. viride, P. fluorescence, and
B. subtilis (B).

2.4. Antifungal Enzymes (Cell-Wall Degrading Enzymes)

The activity of antifungal enzymes was measured in the culture filtrates of T. viride,
P. fluorescence, and B. subtilis. The enzyme activities of cellulase, chitinase, and protease
are presented in Figure 4. The highest activities of the tested enzymes were observed
in culture filtrates of T. viride. In this regard, the activities of the cellulose, chitinase,
and protease enzyme were 0.064 mg/mL culture filtrate/min, 3.35 µmol of NAG/mL
culture filtrate/min, and 0.462 µmol tyrosine/min/mg protein, respectively. However,
P. fluorescence showed intermediated values of cellulase, chitinase, and protease activities
compared to the other two microbes, reaching 0.053 mg/mL culture filtrate/min, 2.72 µmol
of NAG/mL/min, and 0.257 µmol tyrosine/min/mg protein, respectively. B. subtilis isolate
exhibited the lowest enzymes activity, compared with T. viride and P. fluorescence, which
reached 0.032 mg/mL culture filtrate/min, 2.54 µmol of NAG/mL/min, and 0.197 µmol
tyrosine/min/mg proteins for cellulase, chitinase, and protease, respectively.

2.5. Effect of Bioagents on the Vegetative Traits of the Infected Coriander Plants in Comparison
with Traditional Fungicides

Coriander seedlings infected with R. solani showed a significant reduction in germina-
tion percentage, seedling length, and weight which led to a higher reduction on the vigor
index (VI and VII) Figure 5. The biocontrol agents expressed a significant impact on the
germination and the vigor index of non-infected and infected coriander seedlings. All
biocontrol agents and tested fungicides significantly increased the G% of infected coriander
seeds compared with the infected plants only. However, a noticeable performance of
T. viride was observed, which showed the highest G% (99.9, 82.2), VI (2807.5, 1972.8), and
VII (265.7, 166.2) compared to controls G% (97.3, 45.9), VI (1646.5, 145.2), VII (130, 26.7)
for both non-infected and infected plants, respectively. P. fluorescence to a large extent had
the same effect as T. viride on G% and vigor index for infected and non-infected coriander
plants, while B. subtilis showed the lowest mitigation effect against R. solani compared to
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the other two agents. The data also showed that the conventional fungicides showed a
higher G% compared to that of the used biocontrol agents, but the vigor index was lower
than that of T. viride.
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Figure 4. Effects of bioagent treatments on (A) the percentage of seed germination, (B) damping-
off and viability of coriander seedlings, (C) the vigor index based on the root and shoot length
(VI), (D) the vigor index based on seedling fresh and dry weights (VII). Values presented as
the means ± the standard deviation of five replicates. The different letters indicate a statistically
significant difference between treatments.
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T. viride, P. fluorescence, and B. subtilis. Values presented as the means ± the standard deviation of
five replicates.
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2.6. In Vivo Effects of Bioagents on the Causal Pathogen of Coriander Damping-off and Wilt/Root
Rot in Comparison with Traditional Fungicides

In general, no disease symptoms were observed in non-infected coriander plants. As
presented in Table 2, the application of traditional fungicides and the biocontrol agents
significantly alleviated coriander pre- and post-emergence damping-off and root rot/wilt
incidence and severity. The obtained data revealed the high efficacy of both fungicides,
reducing the pre- and post-emergence damping-off and root rot/wilt severity compared
with the three biocontrol agents. There was no significant effect between the two fungicides,
except for the pre-emergence damping-off which was 11.8% for Amistar and 14.3% for
Rizolex-T. Although all the tested biocontrol agents significantly reduced the coriander root
disease caused by R. solani, there was a variation between the tested bioagents regarding
disease suppression. T. viride was more efficient relative to P. fluorescence and B. subtilis in
reducing pre- and post-emergence damping-off and root rot/wilt severity. It reduced the
pre-emergence damping-off to 17.8%, followed by P. fluorescence at 19.6%, and the lowest for
B. subtilis 24.1%, compared with 54.1% for the infected control. The tested biocontrol agents
significantly minimized the post-emergence damping-off with the same extent recording
11.3%, 12.4%, and 13.5% for T. viride, P. fluorescence, and B. subtilis, respectively, relative to
38.3% of the infected plants. T. viride and P. fluorescence mostly denoted no significant effect
on root rot/wilt severity; both reduced the severity to 7.5 and 8.5%, respectively, compared
with 15.1% for the infected plants.

Table 2. Effect of different bioagent treatments on damping-off and root rot/wilt caused by
Rhizoctonia solani *.

Treatments
Pre-Emergence
Damping-off

Post-Emergence
Damping-off

Root Rot/Wilt

DI DS

Control 54.1 a 38.3 a 25.2 a 15.1 a

T. viride 17.8 d 11.3 b 16.1 b,c 7.5 c,d

P. fluorescence 19.6 c 12.4 b 14.1 c,d 8.5 c

B. subtilis 24.1 b 13.5 b 17.3 b 10.5 b

Amistar 25% SC 11.8 f 7.8 c 11.4 e 4.9 e

Rizolex-T 50% WP 14.3 e 10.3 b,c 12.9 d,e 6.2 d,e

* Values presented as the means of five replicates. Different letters indicate statistically significant differences
among treatments, while the same letters signify no significant differences between them according to a Tukey’s
honestly significant difference test (p < 0.05).

2.7. Biochemical Traits of Coriander Plants Treated with Biocontrol Agents versus Fungicides
under R. solani Infection

The data of the present work depicted a highly significant decline in Chla, Chlb, and
carotenoids by R. solani. However, using biocontrol agents (T. viride, P. fluorescence, and
B. subtilis) and two fungicides (Rizolex-T50%WP and Amistar 25% SC) exhibited a signifi-
cant increase in the photosynthetic parameters compared to infected plants. Interestingly,
the interactive difference of R. solani and biocontrol agents exerted the highest positive
role on photosynthesis. Nevertheless, the magnitude of alleviation was higher than the
stressed plants only and could not retain the photosynthetic attributes to that of control
plants. Compared with conventional fungicides, applying T. viride significantly alleviated
the photosynthetic pigments in healthy and infected plants. A similar effect was observed
with the application of B. subtilis on chlorophyll a and b in healthy plants and carotenoids
in infected plants. However, no significant effect was observed for P. fluorescence compared
with fungicides (Figure 6).
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Figure 6. Biocontrol agents’ effect on coriander photosynthetic pigment content under infection
by R. solani. (A) Chlorophyll a (mg g−1 FW), (B) Chlorophyll b (mg g−1 FW), and (C) Carotenoids
(mg g−1 FW). Data presented are the means ± the standard deviation (mean ± SD) of five biological
replicates. Different letters indicate statistically significant differences among treatments, while
the same letters signify no significant differences between them according to a Tukey’s honestly
significant difference test (p < 0.05).

As demonstrated in Figure 7, the infection by R. solani exerted the most deleterious
impacts on coriander plants by increasing the oxidative stress markers such as hydrogen
peroxide and lipid peroxidation over the noninfected plants. The different applicants had a
non-significant effect on the contents of hydrogen peroxide and lipid peroxidation of the
non-stressed plants. However, the effects of various applicants on reducing these oxidative
markers became significant when joined with R. solani stressed plants. The application
of T. viride as a biocontrol agent kept the level of lipid peroxidation at the same level of
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healthy plants while it was significantly high in infected controls. Additionally, infected
plants treated with P. fluorescence showed significantly lower H2O2 levels than fungicides.
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Figure 7. Effects of biocontrol agents on oxidative stress compounds in coriander infected by R. solani.
(A) Hydrogen peroxide (µmol g−1 FW), and (B) lipid peroxidation (µmol g−1 FW). Data presented are
the means± the standard deviation (mean± SD) of five biological replicates. Different letters indicate
statistically significant differences among treatments, while the same letters signify no significant
differences between them according to a Tukey’s honestly significant difference test (p < 0.05).

The biocontrol agents enhanced the defense-related parameters in terms of phenolics
content and the activities of PAL in response to R. solani. The application of T. viride pro-
moted the activity of defense-related compounds in R. solani-infected plants compared to
conventional fungicides and the control (Figure 8). Additionally, the salicylic acid (SA)
and ascorbic acid (ASA) of the coriander leaves were adversely affected by R. solani. At
the same time, applying the biocontrol agents improved the content of SA, and a higher
improvement was recorded for T. viride in healthy and infected plants. Although the appli-
cation of B. subtilis reflected high phenolic compounds, PAL, SA, and ASA compared with
P. fluorescence and fungicides, the difference was insignificant. Application of P. fluorescence
significantly increased the phenolic compounds and PAL in infected coriander compared
with the control but not compared to the tested fungicides.



Plants 2023, 12, 1694 10 of 25
Plants 2023, 12, x FOR PEER REVIEW 10 of 26 
 

 

 

Figure 8. Effects of biocontrol agents on defense-related compounds in coriander infected by R. 

solani. (A) Total phenolics (µg g−1 FW), (B) salicylic acid (µg g−1 FW), (C) ascorbic acid (ASA) (µg g−1 

FW), and (D) phenylalanine ammonia-lyase (PAL; a key SA biosynthesis enzyme) (µmol mg−1 

protein). Data presented are the means ± the standard deviation (mean ± SD) of five biological rep-

licates. Different letters indicate statistically significant differences among treatments, while the 

same letters signify no significant differences between them according toa Tukey’s honestly signif-

icant difference test (p < 0.05). 

In response to R. solani-infected plants, the contents or activities of the antioxidant 

system, i.e., APX, CAT, SOD, and POD, were significantly reduced compared to 

non-stressed plants; especially that of APX and CAT (Figure 9). Various applicants under 

natural conditions had highly significant increments in their values. The potential stim-

ulatory effect of biocontrol agents and fungicides under infection conditions on antioxi-

dants was evident to multiple degrees. In this sense, the biocontrol agents’ treatments to 

stressed plants augmented the antioxidants and increased their values higher than the 

control plants. Applying T. viride and B. subtilis in R. solani-infected plants increased the 

activities of the antioxidant system higher than fungicides, except for PPO T. viride which 

showed a similar effect to fungicides. Infected plants treated with P. fluorescence showed 

high CAT, APX, SOD, and POD compared with the control, but it did not show signifi-

cant differences compared to conventional fungicides. 

Figure 8. Effects of biocontrol agents on defense-related compounds in coriander infected by R. solani.
(A) Total phenolics (µg g−1 FW), (B) salicylic acid (µg g−1 FW), (C) ascorbic acid (ASA) (µg g−1 FW),
and (D) phenylalanine ammonia-lyase (PAL; a key SA biosynthesis enzyme) (µmol mg−1 protein).
Data presented are the means ± the standard deviation (mean ± SD) of five biological replicates.
Different letters indicate statistically significant differences among treatments, while the same letters
signify no significant differences between them according toa Tukey’s honestly significant difference
test (p < 0.05).

In response to R. solani-infected plants, the contents or activities of the antioxidant
system, i.e., APX, CAT, SOD, and POD, were significantly reduced compared to non-
stressed plants; especially that of APX and CAT (Figure 9). Various applicants under natural
conditions had highly significant increments in their values. The potential stimulatory
effect of biocontrol agents and fungicides under infection conditions on antioxidants was
evident to multiple degrees. In this sense, the biocontrol agents’ treatments to stressed
plants augmented the antioxidants and increased their values higher than the control plants.
Applying T. viride and B. subtilis in R. solani-infected plants increased the activities of the
antioxidant system higher than fungicides, except for PPO T. viride which showed a similar
effect to fungicides. Infected plants treated with P. fluorescence showed high CAT, APX, SOD,
and POD compared with the control, but it did not show significant differences compared
to conventional fungicides.

2.8. Heatmap and Principal Component Analysis (PCA) Correlation of the Physiological Data
under Different Treatments

All mean values of the physiological traits under various treatments were subjected to
hierarchical clustering as a heatmap (Figure 10) and correlation analysis as PCA (Figure 11).
The heat map analysis of data correlation revealed the role of the used biocontrol agents
in the upregulation of the physiological responses of the studied plants, especially that
of the infected plants using the biocontrol agents; especially T. viride compared to the
infected plants only. Thus, we found five groups that have the same column correlation
and are arranged from right to left as follows:(i) infected plants, (ii) control plants, (iii) the
infected plants + P. fluorescence, infected plants + Rhizolex, and infected plants + Amistar,
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(iv) included five treatments, i.e., the control plants treated with fungicides and bio-
control agents, (v) the highest upregulation was denoted for the fifth group of infected
plants + B. subtilis, and infected plants + T. viride. The data showed that downregulation
of pigments (Chla, Chlb, and carotenoids), antioxidants (ASA, CAT, APX, and SOD), and
defense-related traits (SA, Phen, and PAL) have a negative correlation under R. solani.
At the same time, the data of oxidative damage (H2O2 and lipid peroxidation) and PPO
activity positively correlate with the infection.
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Figure 9. Effects of biocontrol agents on enzymatic antioxidant machinery in infected coriander
seedlings. (A) Polyphenol oxidase (PPO), (B) ascorbate peroxidase (APX), (C) guaiacol peroxidase
(POD), (D) catalase (CAT), (E) superoxide dismutase (SOD). Data presented are the means ± the
standard deviation (mean ± SD) of five biological replicates. Different letters indicate statistically
significant differences among treatments, while the same letters signify no significant differences
between them according to a Tukey’s honestly significant difference test (p < 0.05).
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Plants 2023, 12, x FOR PEER REVIEW 13 of 26 
 

 

 

Figure 11. Principal component analysis (PCA) correlation of physiological traits of healthy and R. 

solani-infected coriander treated with biocontrol agents. 

3. Discussion 

The study investigated the seed application of three biocontrol agents, T. viride, P. 

fluorescence, and B. subtilis against R. solani, the causal agent of coriander damping-off and 

root rot/wilt diseases. The bio-agents’ efficacy was tested in vitro and in vivo compared 

with the two conventional fungicides Amistar 25% SC and Rizolex-T 50% WP at 90% in-

hibitory concentration (IC90). The results revealed that the tested biocontrol agents ex-

hibited significant inhibition of R. solani growth. T. viride resulted in the highest inhibition 

percentages, followed by P. fluorescence and then B. subtilis. The inhibitory effect of the 

tested biocontrol agents may be due to the secretion of direct and indirect antifungal 

enzymes and compounds. Our results detected a high level of cellulase, chitinase, and 

protease activities in T. viride, P. fluorescence, and B. subtilis culture filtrates. Kubicek et al. 

[33] stated that hydrolytic enzymes, such as chitinases, cellulase, and β-1,3-glucanases, 

play a crucial role in degrading pathogenic fungal cell walls and inhibiting fungal 

growth. These antifungal compounds target the fungal cell wall, which is composed 

mainly, 90%, of the polysaccharides chitin, β-(1,3)-, β-(1,4)- and β-(1,6)-glucans, chitosan, 

mannan, α-glucans, and galactomannan, as well as proteins [34]. In addition, the fungal 

proteases contribute to fungal-cell-wall lysis [35]. The ability of Trichoderma spp. to secret 

extracellular enzymes is known. It produces extracellular enzymes that hydrolyze the 

basic components of the pathogenic fungi cell wall, such as chitinases which hydrolyze 

the β-glycosidic in chitin, proteases, and β-(1,3)- and β-(1,6)-glucanases [36,37]. 

The antifungal compounds in the culture filtrate of B. subtilis increased the cyto-

plasmic vacuoles, cell-wall disintegration, and protoplasm leaks in the mycelium of R. 

solani [38]. In addition, it was reported in previous studies that different fungal 

cell-wall-degrading enzymes, i.e., chitinase and β-1,3-glucanase, may be responsible for 

the antagonistic activity of P. fluorescens against R. solani [39–41]. P. fluorescens was also 

reported to produce 2,4-diacetyl phloroglucinol which also contributes to the suppres-

sion of R. solani [42] and can produce antibiotics and HCN, which suppresses wheat in-

Figure 11. Principal component analysis (PCA) correlation of physiological traits of healthy and
R. solani-infected coriander treated with biocontrol agents.

On the other hand, the most striking tolerance exerted by the used biocontrol agents,
especially T. viride and B. subtilis, reacted positively by enhancing the level of phenolic
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compounds and PAL, antioxidants, and SA and negatively by reducing lipid peroxidation,
H2O2, and PPO. The PCA of the studied physiological traits showed that two components,
PC1 (contributed 59.2% from the whole dataset) and PC2 (sharing 21.1% from the entire
dataset), collectively ascribed 90.3% for data variability. Furthermore, it was found that
the variables of H2O2, lipid peroxidation, and PPO were strongly connected with stressed
plants without any recovery agents. While the variables (CAT, APX, SOD, SA, and Chla)
were strongly associated with the upregulation mechanism under various protecting agents.

3. Discussion

The study investigated the seed application of three biocontrol agents, T. viride,
P. fluorescence, and B. subtilis against R. solani, the causal agent of coriander damping-
off and root rot/wilt diseases. The bio-agents’ efficacy was tested in vitro and in vivo
compared with the two conventional fungicides Amistar 25% SC and Rizolex-T 50% WP
at 90% inhibitory concentration (IC90). The results revealed that the tested biocontrol
agents exhibited significant inhibition of R. solani growth. T. viride resulted in the highest
inhibition percentages, followed by P. fluorescence and then B. subtilis. The inhibitory effect
of the tested biocontrol agents may be due to the secretion of direct and indirect antifungal
enzymes and compounds. Our results detected a high level of cellulase, chitinase, and pro-
tease activities in T. viride, P. fluorescence, and B. subtilis culture filtrates. Kubicek et al. [33]
stated that hydrolytic enzymes, such as chitinases, cellulase, and β-1,3-glucanases, play a
crucial role in degrading pathogenic fungal cell walls and inhibiting fungal growth. These
antifungal compounds target the fungal cell wall, which is composed mainly, 90%, of the
polysaccharides chitin, β-(1,3)-, β-(1,4)- and β-(1,6)-glucans, chitosan, mannan, α-glucans,
and galactomannan, as well as proteins [34]. In addition, the fungal proteases contribute to
fungal-cell-wall lysis [35]. The ability of Trichoderma spp. to secret extracellular enzymes
is known. It produces extracellular enzymes that hydrolyze the basic components of the
pathogenic fungi cell wall, such as chitinases which hydrolyze the β-glycosidic in chitin,
proteases, and β-(1,3)- and β-(1,6)-glucanases [36,37].

The antifungal compounds in the culture filtrate of B. subtilis increased the cytoplasmic
vacuoles, cell-wall disintegration, and protoplasm leaks in the mycelium of R. solani [38].
In addition, it was reported in previous studies that different fungal cell-wall-degrading
enzymes, i.e., chitinase and β-1,3-glucanase, may be responsible for the antagonistic ac-
tivity of P. fluorescens against R. solani [39–41]. P. fluorescens was also reported to produce
2,4-diacetyl phloroglucinol which also contributes to the suppression of R. solani [42] and
can produce antibiotics and HCN, which suppresses wheat infection by Septoria tritici
and Puccinia recondita f. sp. tritici [43]. On the other hand, Bacillus can produce a variety
of microbial plant bio stimulants to trigger or increase plant defense response, promote
plant growth, and improve their response to different stresses. The induction of systemic
resistance (ISR) is a primary factor involved in the suppression of plant pathogens by plant
growth-promoting rhizobacteria [44] as has been reported for Bacillus amyloliquefaciens
FZB42 and Bacillus cereus AR156 [45]. Hence, the reduction of pre- and post-emergence
and wilt disease of R. solani by the applied biocontrol agents may be associated with the
aforementioned mechanisms. Interestingly, the different activities of chitinases, cellulase,
and β-1,3-glucanases were associated with their various impacts on R. solani where the
highest antimicrobial agents for T. viride correlated to its high inhibition of R. solani prolifer-
ation relative to P. fluorescens which was intermediate, and B. cereus which had the lowest
microbe impact on the pathogen infection.

In the present investigation, the efficacy of the tested biocontrol agents against R. solani
was highly observed in the pot experiment. All biocontrol agents significantly alleviated
damping-off and root rot/wilt incidence and severity caused by R. solani compared with
the control. Although Amistar 25% SC was the most effective in enhancing G% compared
with biocontrol agents, the biocontrol agents showed significantly higher vigor index (VI)
values on healthy and infected coriander seedlings; especially that of T. viride. It has been
stated that Trichoderma spp. secrete various secondary metabolites and growth-promoting



Plants 2023, 12, 1694 14 of 25

substances for plants that have the same effect as auxin, thereby enhancing plant devel-
opment [23,46,47]. By measuring the physiological traits of infected coriander plants, the
damaging impacts of R. solani were associated with the reduction of photosynthetic per-
formance in terms of Chla, Chlb, and carotenoids. Using the biocontrol agents improved
seedling viability by increasing the contents of photosynthetic pigments compared with
control and fungicides treatment. These data went in parallel with Cai et al. [48], who
reported that the promotion of rice growth and the enhancement of plant viability due
to Trichoderma treatment could be linked to increasing the efficacy of photosynthesis. Fur-
thermore, in the present study P. fluorescence was the second-most effective treatment for
increasing plant viability and vigor index in healthy and infected coriander plants. Im-
provement of coriander growth and vigor index resulting from P. fluorescens might be due
to additional features that are not tested in this study such as the enhancement of mineral
uptake, production of siderophores (i.e., pyoverdine), plant growth hormones such as
ethylene, and other enzymes [49,50]. The data of PCA and heatmap analyses suggested the
positive correlation of pigments with the healthiness of plants under infection, especially
Chla and Chlb, and the high ability of T. viride to boost pigment content under natural or
infection conditions.

A high production of reactive oxygen species (ROS; i.e., H2O2) was observed in
coriander treated with R. solani. Similarly, Youssef et al. [51] reported that the damaging
impact of R. solani on the infected coriander seedlings could be due to the spreading of
disease and generation of ROS. The spreading of the disease may be associated with the role
of ROS in damaging the plant membrane which lessens membrane stability and facilitates
the pathogen’s invasion. In the same way, the coriander seedlings suffered from severe
membrane damage in terms of lipid peroxidation, allowing easy pathogen transfer in
host tissues. On the other hand, the applied biocontrol agents were able to protect the
coriander cells and suppress excessive production of lipid peroxidation parallel to the
reduction of H2O2 similar to that reported by Bagy et al. [52]. Several studies recommended
that the stabilization of cell membranes is known to be correlated with abiotic and biotic
stress tolerance [53–57]. Thus, membrane stabilization and reactive oxygen species are
essential traits associated with pathogen severity and disease incidence. PCA and heatmap
analyses suggested the positive association of infection severity with increasing levels
of H2O2 and lipid peroxidation. Additionally, heatmap analysis indicated the positive
correlation of controlling disease severity by the protecting agents, especially T. viride, with
the attenuation of H2O2 and lipid peroxidation in the infected plants.

Biocontrol agents mediated mechanisms that restrict ROS and oxidative stress bursts at
the cellular level. The restriction of ROS experienced in infected plants treated with T. viride,
P. fluorescence, and B. subtilis could be ascribed to a high accumulation of antioxidative
molecules and activities. The PCA and heatmap analyses suggested that CAT, APX, SOD,
and POD are associated with the tolerance of plants against infection, and a clear positive
correlation was also recorded when the non-infected plants were treated with various
agents, especially Trichoderma. Studies by Chowdappa et al. [58] and Kumar et al. [59]
showed that oxidative stress was regulated in infected plants through the increase in an-
tioxidant enzymes such as POD, CAT, and SOD under different Trichoderma species. Similar
results have also been reported in T. harzianum by Youssef et al. [51] and in T. atroviride
by Nawrocka et al. [60]. Moreover, Chandrasekaran and Chun, [61] stated that B. subtilis
increased the activity of antioxidant enzymes (SOD, POD, and CAT), which subsequently
alleviated the ISR oxidative stress in tomato leaves and expressed resistance against bac-
terial soft rot. The plants are rich in aromatic secondary compounds such asphenolic
compounds, quinones, flavonoids, tannins, and coumarins. These metabolites exhibited an-
timicrobial activities acting as plant defense mechanisms against pathogen infection [52,62].
In the present study, the phenylpropanoid pathway was significantly up-regulated. The
secondary metabolites relevant to plant survival were elucidated in Arabidopsis and other
species [62–64].
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Compared with the control, a high accumulation of resistance-related compounds
and enzymes, e.g., phenolic compounds, phenylalanine ammonia-lyase, and polyphenol
oxidase, was observed when R. solani-infected coriander was treated with biocontrol agents.
In the PCA analysis, R. solani showed a negative correlation with the phenolic content of
coriander plants. Reducing phenolics was one of the significant causes of disease severity
induced by R. solani. This tendency is in line with the data of PAL activity as phenolic-
biosynthesizing enzymes were lessened by pathogen infection and up-regulated with
bioagent application. Interestingly, a positive effect was noticed in the heatmap correlation
diagram between the increment of phenolic compounds and PAL activity and the interactive
development of biocontrol agents and the infected coriander plants, which was more
pronounced for Trichoderma-treated plants. In this sense, several studies reported that the
protective action of Trichoderma may go back to the ability to produce many secondary
metabolites [65–68]. These results match a study by Jaroszuk-Ściseł et al. [69], who found a
significant increase in the activity of the phenylalanine and tyrosine lyase (TAL), catalase,
guaiacol peroxidase, as well as glucanase and chitinase (PR proteins) in wheat plants when
treated with Trichoderma. It was reported by Jain et al. [70] that high production of defense-
related enzymes such as PPO, POD, and PAL was expressed in soybean root tissue after
treatment with Bacillus. Additionally, a study by Chandrasekaran and Chun [61] stated
that B. subtilis increased the activity of PPO and PAL, which subsequently alleviated the
induced systemic resistance to oxidative stress in tomato leaves and expressed resistance
against bacterial soft rot. Therefore, the reduction in pathogen proliferation by the use
of microbial biocontrol agents may be attributed to their antimicrobial properties and
instigation of host-defense mechanism which suppressed the growth incidence of R. solani
on coriander plants.

SA is a crucial signaling molecule that induces plant defense mechanisms against
various pathogens and induction of systematic resistance. It confers a long-lasting, broad-
spectrum resistance against pathogen infection [63]. Generally, T. viride, P. fluorescence, and
B. subtilis induced the resistance of coriander via SA signaling pathways. In this respect,
coriander plants treated with these agents had increased levels of SA under R. solani, which
is associated with a reduction in disease severity and infection incidence. This conclusion
was concomitant with a positive correlation of SA with plant resistance against infection.
On the other hand, R. solani-infected plants reduced SA production, causing an increment
in disease severity. The protective action of Trichoderma may go back to its role in mediating
the signal pathways of ethylene/jasmonate and salicylic acid [71]. Niu et al. [72] stated that
B. cereus-induced Arabidopsis systematically acquired resistance through the SA signaling
pathway to enhance its disease resistance. Plant growth-promoting microbes activate the
SA-signaling pathway that depends on the up-regulation of the PR-1 gene [73]. Against
Botrytis cinerea, various Bacillus species could pre-activate systemic resistance through
different mechanisms [63,74]. Additionally, P. fluorescens induces plant resistance against
pathogenic microbes by producing SA in the rhizosphere [75,76].

4. Material and Methods
4.1. Isolate Source, Identification, and Pathogenicity

The R. solani isolate (Accession No. OP108814) used in this study was selected because
of its high frequency and virulence to coriander compared to the other pathogenic fungal
collection based on Lessy et al. [77]. The isolate showed 100% pairwise identity with
KM013470 which belongs to the anastomosis group (AG-4) [78]. It was isolated from
wilted coriander plants collected from different fields in Minia province, Egypt. The isolate
was identified by the Molecular Biology Research Unit, Assiut University and SolGent
Company, Daejeon South Korea based on sequence analysis of the internal transcribed
spacer (ITS) region using ITS1 and ITS4 primers. PCR was performed using ITS1 (forward)
and ITS4 (reverse) primers incorporated in the reaction mixture. Primers have the following
compositions: ITS1 (5′-TCC GTA GGT GAA CCT GCG G-3′), and ITS4 (5′-TCC TCC
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GCT TAT TGA TAT GC-3′). The isolate was kept on potato dextrose agar (PDA) (Difco,
Sparks, MD, USA) at 25 ± 2 ◦C during the study and at −20 ◦C for long-term storage.

The pathogenicity of R. solani isolate was carried out under the greenhouse conditions
of the Experimental Farm of the Plant Pathology Department, Faculty of Agriculture, Minia
University, using coriander seeds (cv. Balady) obtained from the Agricultural Research
Center, Giza, Egypt.

Inoculum of R. solani isolate was prepared, according to Al-Fadhal et al. [79] with
minor modifications, using a five-millimeter diameter disk of a five-day-old culture of the
fungal isolate grown on sterilized barley grains. Inoculated flasks were kept at 25 ± 2 ◦C
for two weeks and then were used for soil infestation.

Soil infestation was done seven days before planting by thoroughly mixing 2% of the
inoculum with soil (W:W), representing a barley culture of a single fungus with the soil
in the pot. The infested soil was irrigated daily till planting. Surface-disinfected seeds of
coriander were used for sowing. Five replicates (pots) were sown with five coriander seeds
producing ten seedlings. Sterilized and non-inoculated barley medium was used in the
check control treatment. The pots were watered when necessary. Plants were regularly
examined for disease symptoms. Pre- and post-emergence damping-off symptoms were
calculated after 2 and 4 weeks, respectively, as follows:

Disease incidence =
No. of infected seedlinges

Total no. ofseedlings
× 100

The severity of wilt/root rot diseases was rated after 6 weeks using the indexing
method as described by Beale et al. [80]. The roots of coriander plants were washed and
divided into five categories according to the percentage of all roots with lesions typical of
root rot: zero (0) trace to 10% (1), >10% and ≤30% (2), >30% and ≤60% (3), and >60% (4).

Disease severity (%) =
∑ (rating no.× no. of plants in the rating)

(total no. of plants × highest rating)
× 100

4.2. Half-Maximal Inhibitory Concentration (IC50)
The half-maximal inhibitory concentration (IC50) of two fungicides, Rizolex-T 50%

wettable powder (WP) [20% 0-(2,6–Dichloro-4-methylphenyl)-0,0-dimethyl phosphoroth-
ioateand 30% Tetramethyl thiuram disulfide; bis (dimethyl thiocarbamoyl) disulfide] and
Amistar 25% suspension concentrate (SC) (Azoxystrobin 25%) against R. solani was calcu-
lated using probit regression analysis (PRA). The probit regression analysis (PRA) was used
to fit the probit/logit sigmoid dose–response curves and to calculate inhibitory concentra-
tions (IC50 and IC90) with 95% confidence intervals [81]. The serial concentration of each
fungicide 0.25, 0.5, 0.75, 1.0, and 1.25 ppm was tested by amending each fungicide into the
PDA media with the concentration adjusted as mentioned above. The media was poured
into 9 cm Petri plates, and a 3 mm disk of R. solani culture was transferred to the center of
the Petri plates. Only PDA was used for controls. The plates were incubated for five days
at 25 ◦C. The linear growth of each isolate was measured. The inhibition percentage was
calculated as follows:

Percent inhibition = [(Linear growth of control − Linear growth of treated)/linear growth of control] × 100.

4.3. In Vitro Effect of Trichoderma Viride against R. solani

T. viride isolate No. FUE19 was provided by Dr. Nada Hemada, Genetics Department,
Faculty of Agriculture, Fayoum University. The isolate was recovered from the rhizosphere
soil of cucumber [82]. T. viride was maintained on PDA media and incubated for six days
at 20 ◦C. The antagonistic effects of T. viride were performed according to the method
adopted by Perveen and Bokhari [83]. A 5-mm diameter disc from the five-day-old T. viride
culture was inoculated on PDA on one side of the Petri plates (2 cm away from the edge)
and a 5-mm disc obtained from a seven-day-old PDA culture of fungal pathogenic isolate
R. solani. The disk of each pathogenic isolate was placed on the opposite side of the plate
perpendicular to the biocontrol agents and incubated at 25 ± 2 ◦C for five days. Petri
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dishes inoculated with pure single pathogenic fungal discs (5 mm diameter) served as
the control. Five replications were used for each fungus. Observations on the width of
the inhibition zone and mycelia growth of the tested pathogens were recorded, and the
percentage of the pathogen growth inhibition was calculated by using the formula proposed
by Singh et al. [84].

Growth inhibition percent (GI, %) = C − T/C ×100.

C = growth diameter of the control plate and T = growth diameter of the treated plate.

4.4. In Vitro Effect of Pseudomonas fluorescence and Bacillus subtilis against R. solani

The two isolates of P. fluorescence and Bacillus subtilis were provided by Dr. Marzouk
Abdellatif, Department of Plant Pathology at Minia University, Egypt. The bacterial isolates
were maintained on PDA for 48 h at 37 ◦C. The antagonistic effects of the used biocontrol
agents were performed according to the methods adopted by Perveen and Bokhari [83].
Loop from the growth of bacteria, two days old, was inoculated on PDA on one side of
the Petri plates (2 cm away from the edge), and 5-mm discs obtained from seven-day-old
PDA cultures of R. solani were placed at the opposite side of the plates perpendicular to the
biocontrol agents and incubated at 25 ± 2 ◦C for five days. Petri dishes inoculated with
pure single pathogenic fungal discs (5 mm diameter) served as the control. Five replicates
were used for each treatment. Observations on the width of the inhibition zone and mycelia
growth of the tested pathogen were recorded. The percentage of pathogen growth inhibition
was calculated using the formula proposed by Singh et al. [84], as mentioned previously.

4.5. Detecting the Antifungal Enzyme Activity in Biocontrol Agent Culture Filtrates

For enzyme assay, culture filtrates of Trichoderma viride were prepared by placing
a 3 mm disk of five-day-old culture into 200 mL of nutrient broth medium (NB) and
incubating at 25 ± 1 ◦C for two weeks. The obtained liquid culture was filtered using a
syringe filter of 0.22 µm. The culture filtrates of P. fluorescence and B. subtilis were prepared as
described by Sukalpa et al. [85] with minor modifications. P. fluorescence and B. subtilis were
streaked on the solidified King’s B medium and nutrient agar (NA) medium, respectively.
The media were then incubated at 28 ◦C for 24 h [86]. A loop full of bacteria was transferred
into a 250 mL conical flask containing a nutrient broth medium. The inoculated flasks were
incubated for 48 h on an electric shaker at 200 rpm at 35 ± 1 ◦C [87]. The obtained culture
was centrifuged at 6000 rpm for 10 min and filtered using 0.20 and 0.45 membrane filters.

4.5.1. Chitinase Activity Assay

Chitinase activity was measured for the three biological agents. The extraction was
prepared as described previously. Colloidal chitin was selected as the substrate. The
reaction of all tested biocontrol agents was prepared as 0.5 mL of 1% w/v colloidal chitin
and 0.5 mL of the enzyme as a control and the tested biocontrol agent extract. The solution
was incubated for 12 h at 37 ◦C. Then, 3 mL of 3, 5-dinitrosalicylic acid reagent was added
to stop the reaction, followed by heating at 100 ◦C for 5 min. The solution was centrifuged,
and the reducing sugar in the supernatant was determined as described by Miller [88]
where the absorbance was measured at 530 nm using a UV spectrophotometer along with
substrate and blanks. One unit (U) of the chitinase activity was used as the amount of
enzyme required for the formation of 1 µ mole of the N-acetyl-glucosamine in 1 mL of the
reaction under the standard assay conditions [89].

4.5.2. Activity of Cellulase

The cellulase activity was assayed by incubating 1 mL of culture filtrate of each
biocontrol agent with 1 mL of 0.5 mM sodium citrate buffer, pH 4.8, and 1 mL of 1% (w/v)
carboxymethyl cellulose at 50 ◦C for 10 min [90]. The reaction was stopped by the addition
of alkaline dinitro salicylic acid [88], and absorbance was read at 540 nm.
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4.5.3. Assay of Protease

A reaction mixture containing 0.8 mL of Hammerstein casein (6.0 gL−1, dissolved in
0.05 M phosphate buffer, pH 6.0) and 0.2 mL of culture filtrate of each biocontrol agent
was incubated without shaking at 37 ◦C for 15 min. The sample was then centrifuged at
1000× g for 10 min. An amount of 1 mL of supernatant was used for the assay of tyrosine,
according to Lowry et al. [91]. One unit of enzyme activity was defined as the amount of
enzyme required for the format of µmol of tyrosine/min/mg protein.

4.6. In Vivo Effect of Bio-Control Agents on the Causal Pathogens of Coriander Damping-Off and
Wilt/Root Rot in Comparison with Traditional Fungicides

The experiment was conducted to evaluate the damping-off and root rot/wilt of co-
riander artificially infected with R. solani in response to three biocontrol agents (T. viride,
P. fluorescence, and B. subtilis) and two conventional fungicides (Rizolex-T 50% WP and
Amistar 25% SC). The experiment was conducted in two trials, and only one trial was
presented in this study as there were no significant differences between the trials. Pot
experiments were carried out in the greenhouse of the Plant Pathology Department, Faculty
of Agriculture, Minia University, during the winter seasons of 2020/2021. The experiment
was designed as randomized complete blocks. The preparations of R. solani inoculum
and soil inoculation were carried out as described in the pathogenicity test. Soil infes-
tation was carried out seven days before planting, and the pots were irrigated every
two days until sowing. Sterilized and non-inoculated barley medium was used in the check
control treatment.

The experiment was composed of six treatments: control, the three biocontrol agents,
and two treatments of conventional fungicides under R. solani-infected soils and non-
treated soils, thus 12 groups were produced. Surface sterilized coriander seeds were soaked
for 2 h before sowing in a suspension of each biocontrol agent separately: T. harzianum
(5 × 106 CFU/mL) [92], B. subtilis (1× 108 bacterial CFU/mL), and P. fluorescens suspension
(9 × 108 CFU/mL) (v/w) [93,94]. For fungicide treatments, coriander seeds were soaked
in the IC90 of each fungicide (Rizolex-T 50% WP and Amistar 25% SC). Each treatment
was represented by 5 replicates: each consisted of 5 pots, and each pot contained 10 seeds
which produced 20 seedlings. The experiment was composed of 6 groups of seeds sown
in infected soils with R. solani. Another 6 groups of seeds were sown in soils that did not
receive R. solani. Seeds soaked in a particular solution received 30 mL/pot of that solution
after two weeks of sowing as post-emergence supplementary application. The control pots
received sterilized water at 30 mL/pot.

Four weeks after sowing, the percentage of germinated seeds, roots and shoots length,
and vigor index of coriander seedlings were measured using the following equations:

Germination Percentage (GP%) = (Number of germinated seeds/Number of total seeds) × 100

The length of shoots and roots (cm) for coriander plants was used for calculating the
vigor index. Ten plants were taken from each replicate. The vigor index based on the
root and shoot length (VIL) was measured by the formula described by Abdul-Baki and
Anderson [95] as follows:

VIL = (shoot length + root length) × germination (%)

Likewise, the coriander vigor index based on the weight was calculated using the
following equation:

VIW = seedling dry mass at the end of the test × germination (%)

Additionally, the pre- and post-emergence damping-off and wilt/root rot disease were
estimated after 2, 4, and 6 weeks as described previously.
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4.7. Physiological Trait Assessment

From the previously mentioned twelve groups, leaves of six-week-old coriander
seedlings (the second leaf from the top) were used for the physiological measurements with
five biological replicates for each trait. Fresh leaves were immersed in liquid nitrogen and
then kept in a deep freeze (−70) until use. Chemicals used for the physiological assessment
were previously ordered from LANXESS AG (Kennedyplatz, Essen, Germany).

4.7.1. Pigment Content

Chlorophyll a, b, and carotenoids were recorded from fresh leaves (0.05 g) suspended
with 5 mL ethyl alcohol (95%) using equations recommended by Lichtenthaler [96]. The
suspended leaves were heated at 60–70 ◦C until the leaves became colorless. The ab-
sorbance readings of the green color produced were monitored with a spectrophotometer
(Unico UV-2100 spectrophotometer) at 663, 644, and 452 nm to detect Chl a, Chl b, and
carotenoids, respectively.

4.7.2. Oxidative Damage Traits

The foliar content of H2O2 in coriander leaves was quantified spectrophotometri-
cally using the method described by Mukherjee and Choudhuri [97]. The supernatant
of homogenized fresh coriander leaves (0.05 g) in cold acetone was mixed with titanium
dioxide-H2SO4 reagent (20%), and the mixture was centrifuged at 6000 rpm (K centrifuge,
Harmonic Series) for 15 min. The intensity of the yellow color of the supernatant was
measured at 415 nm using the UV–VIS Spectrophotometer UNICO (Leicestershire, UK).
Lipid peroxidation was detected in shoots using the thiobarbituric acid reaction by mon-
itoring malondialdehyde formation as explained by Madhava Rao and Sresty [98] with
some modifications.

4.7.3. Resistance-Related Compounds/Activities
Estimation of Salicylic Acid (SA)

The concentration of SA in coriander leaves was measured according to the method
described by Warrier et al. [99]. Coriander leaves (50 mg) were ground into powder using
liquid nitrogen. The powder was homogenized in 80% ethyl alcohol and then centrifuged.
The supernatant was cooled on ice for SA measurement. A total of 0.1 mL of the supernatant
was mixed with 0.1% ferric chloride (freshly prepared). The violet color of the complex
formed between Fe3+ ion and SA was detected at 540 nm.

Estimation of Phenolic Compounds (Phen)

The concentration of phenolic compounds in coriander leaves was determined based
on the method of Kofalvi and Nassuth [100] using a standard curve of gallic acid expressed
as mg/g FW. Fresh coriander leaves (0.3 g) were added to methanol (50%) and incubated in
a water bath for 1 h at 70 ◦C. The methanolic extract was mixed with distilled water + Folin
Ciocalteu’s reagent + Na2CO3 at room temperature. After 20 min, absorbance at 725 nm
was measured.

Phenylalanine Ammonia-Lyase (PAL/EC 4.3.1.5) Activity Assay

PAL activity was examined using the protocol of Havir and Hanson [101]. The super-
natant of frozen coriander leaves (0.5 g) homogenized in extraction buffer (5 mL) containing
potassium phosphate buffer (100 mM, pH 7.5), EDTA, and PVP was used as an enzyme
extract. Aliquots of the extract mixed with borate buffer (80 mM, pH 8.9) and phenylalanine
were incubated for one h at 30 ◦C and then 2 M HCl was added before the concentration
of trans-cinnamic acid was measured at 290 nm. The enzyme activity was expressed as
µmol/mg protein.
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Polyphenol Oxidase (PPO/EC 1.10.3.1) Activity Assay

PPO activity was determined using the protocol of Kumar and Khan [102]. The assay
mixture for PPO containing phosphate buffer (100 mM, pH 6), catechol, and enzyme
extract was incubated for 5 min at 25 ◦C before the reaction was stopped by adding H2SO4.
Purpurogallin production was measured at 495 nm, and the enzyme activity was expressed
as U mg−1 protein.

4.7.4. Antioxidant-Response Molecules/Activities
Estimation of Superoxide Dismutase (SOD/EC.1.15.1.1) Activity

SOD activity was quantified following the autoxidation of epinephrine, as mentioned
by Misra and Fridovich [103], in a reaction medium containing sodium carbonate buffer,
EDTA, enzyme extract, and epinephrine. The change in absorbance was monitored at
480 nm for 1 min.

Estimation of Catalase (CAT/EC.1.11.1.6) Activity

CAT activity was calculated following the breakdown of H2O2 for 1 min, where the
decrease in absorbance was monitored at 240 nm using the protocol of Noctor et al. [104].

Estimation of Ascorbate Peroxidase (APX/EC.1.11.1.11) Activity

The APX activity was detected in previously prepared enzyme extract by monitoring
the oxidation of ascorbate as a substrate in the presence of EDTA and H2O2 at 290 nm using
the protocol of Silva et al. [105].

Estimation of Guaiacol Peroxidase (POD/EC 1.11.1.7) Activity

The POD activity was determined based on the protocol of Tatiana et al. [106]. The
production of tetra guaiacol was monitored in a reaction mixture containing 100 µL enzyme
extract, 30 mM potassium phosphate (pH 7), 6.5 mM H2O2, and 1.5 mM guaiacol for 1 min
at 470 nm.

4.8. Statistical Analyses

All lab experiments were conducted using a complete randomized design (CRD). All
greenhouse experiments were designed as completely randomized blocks using
R. solani-infection (healthy vs. infected) as main plots and biocontrol agents and fungi-
cide treatments as subplots. All experiments were repeated twice, with five replicates
for each treatment. As the values of each pair of repeated experiments were highly simi-
lar, only one experiment’s data were presented. The analysis of variance (ANOVA) was
used to test the significant differences among different infection and treatment levels as
well as the interaction. A Tukey’s honestly significant difference (HSD) test was used
for posthoc analysis. The least significant difference was used to compare the means at
p ≤ 0.05. The data were analyzed using JMP data analysis software version 14. The prin-
cipal component analysis (PCA) and heatmap analyses were performed using software
applied on http://www.bioinformatics.com.cn/cgi-bin/guide.cgi. The data was accessed
on 22 December 2022.

5. Conclusions

In conclusion, the in vitro application of T. viride, P. fluorescence, and B. subtilis against
R. solani significantly inhibited the mycelium growth of R. solani. In addition, the activity
of antimicrobial enzymes (cellulase, chitinase, and protease) has been detected. Further-
more, applying biocontrol agents, especially T. viride, increased the G% and vigor index
of coriander seedlings compared to traditional fungicides. Although the conventional
fungicides, especially Amistar 25% SC, showed higher efficacy than the tested biocontrol
agents in decreasing the disease incidence and severity, the biocontrol agents significantly
alleviated the incidence of damping-off and root rot/wilt severity of infected coriander
plants compared with the control. Moreover, applying the biocontrol agents induced

http://www.bioinformatics.com.cn/cgi-bin/guide.cgi
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coriander resistance to R. solani by increasing the resistance-related compounds and antiox-
idant enzymes leading to high protection of coriander seedlings against R. solani and other
biotic and abiotic stresses. Thus, these biocontrol agents may be a good substitution for
conventional fungicides for the best organic agriculture and ecosystem sustainability.
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69. Jaroszuk-Ściseł, J.; Tyśkiewicz, R.; Nowak, A.; Ozimek, E.; Majewska, M.; Hanaka, A.; Tyśkiewicz, K.; Pawlik, A.; Janusz, G.
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