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Abstract

Angular leaf spot disease, which is caused by the fungus Pseudocercospora griseola, is
among the most damaging diseases affecting common bean (Phaseolus vulgaris L.), im-
pacting both yield and grain quality. Because of the environmental risks associated with
fungicides and the variability in the virulence of P. griseola isolates, biological control
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Online publication: May 06, 2026 emerges as a promising alternative for managing this disease. This study assessed the bio-
logical control potential of Trichoderma asperellum 659-7, PR11, and PR12 against P. gri-
*Corresponding address: seola. Additionally, changes in some biochemical parameters were also investigated. The

findings revealed that the three tested strains stopped the growth of P. griseola during the
confrontation test, achieving 100% inhibition. Furthermore, the cell-free culture filtrates
Responsible Editor: from each T. asperellum strain hindered the mycelial growth and spore germination of
Piotr Iwaniuk P, griseola, with the level of inhibition depending on both the concentration of culture fil-
trate and the specific strain of T. asperellum. The most significant reduction was noted with
T. asperellum PR11, which decreased mycelial growth by 26.33% and spore germination by
27.14% at 25% (v/v). Moreover, treating infected bean leaves with T. asperellum PR11 led
to a reduction in disease severity by 11.32 and 22.5% at 14 and 21 days after inoculation,
respectively. An increase in chlorophyll content (287.087%), total phenols (43.116%), and
flavonoids (72.010%) was also observed when infected leaves were treated with T. asperel-
Ium PR11. These overall results endorse the effectiveness of Trichoderma asperellum PR11
as a biological control agent for managing bean angular leaf spot, offering an alternative
and environmentally friendly strategy.
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Introduction

The common bean (Phaseolus vulgaris L.) is among  This important legume consumed worldwide serves as
the most significant cultivated legumes in the world ~ an essential source of protein, minerals, antioxidants,
(Broughton et al. 2003), with an estimated annual —and bioactive compounds (Karavidas ef al. 2022).
production of 27.5 million tons in 2022 (FAO 2023). The Common Bean Observatory (CBO) reported an
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estimated annual production of 28.5 million tons of
bean in 2023 (CBO 2025), 43.9% of which come from
Asia, followed by North and South America (32.2%),
and Africa (21.3%) (FAO 2023). According to the Glob-
al Dry Beans Production by Country 2025, Myanmar
was the first producer of this legume in 2023, followed
by India, Brazil, Tanzania, and China. In Cameroon,
bean production in 2023 reached 390,098 tons, har-
vested from an area of 303,828 hectares, resulting in an
average yield of 1.28 tons per hectare (CBO 2025). This
yield is significantly below the plant’s potential, which
is approximately 2 tons per hectare, with some vari-
eties capable of producing up to 3.2 tons per hectare
(Kebede 2021; Nchanji et al. 2023).

The leading causes of this poor production are low
soil fertility, dryness (Papathanasiou et al. 2022), in-
sect attacks (Adomako et al. 2022), and diseases (Eke
et al. 2019). Within these diseases, angular leaf spot
(ALS) which is caused by the phytopathogenic fungi
Pseudocercospora griseola (Sacc.) Crous & U. Braun
is considered the most destructive disease affecting
bean in Latin America as well as in Africa (Sartorato
2004; Crous et al. 2006). This disease occurs in about
80 countries in the main bean-growing regions world-
wide (Ddamulira et al. 2014; Nay et al. 2019; Bi et al.
2023), and it is characterized by angular dark to gray
spots on the stem, leaves, and pods of the bean plant
(Taboada et al. 2022). The disease’s incidence has gone
up recently, resulting in significant economic losses
due to monocultures and the limited genetic diversity
of commercial bean varieties (Taboada et al. 2022).
Otherwise, when environmental conditions are favor-
able for the pathogen and a susceptible variety is cul-
tivated, up to 80% of the total crop production can be
lost because of the disease (Nay et al. 2019; Wani et al.
2022).

Numerous control methods, including the use of
fungicides, disease-free seeds, crop rotation, host plant
resistance, and cultivar mixtures, have been utilized to
control ALS (Ddamulira et al. 2014; Ddamulira 2019).
However, the emergence of different pathogen races
that could overcome host resistance, coupled with the
lack of suitable resistance sources often compromises
genetic resistance, although it is effective and affordable
(Abadio et al. 2012; Ddamulira et al. 2014; Palacioglu
et al. 2021). As a result, tremendous efforts have been
made worldwide to find new alternatives and reduce
the negative impacts of chemicals. One promising
method which has minimal environmental impact is
biological control (O’Brien 2017). This approach uti-
lizes the antagonistic mechanisms of biocontrol agents
such as antibiosis, mycoparasitism and competition
to disrupt the pathogenss life cycle, reduce host tissue
colonization, and thereby interfere with the pathogen’s
ability to survive (Punja and Utkhede 2003; Busby
etal.2016). Among biocontrol agents, endophytic fungi

such as Trichoderma species, known to be the most
important filamentous fungi used for biological con-
trol of phytopathogens (Mohiddin et al. 2010; Poveda
et al. 2020), have drawn interest (O’Brien 2017; Hyde
et al. 2019). The biocontrol strategies of Trichoderma
are based on stimulating several mechanisms, either
directly through mycoparasitism, the secretion of ac-
tive molecules, antibiosis, or indirectly through com-
petition for nutrients and space, which promotes plant
growth and enhance plant defense systems (Benitez
et al. 2004; Ferreira and Musumeci 2021). They are
considered promising candidates for biological control
of plant diseases due to their diversity in producing
a wide range of metabolites and their ability to inhibit
the activity of up to 80% of some economically im-
portant plant pathogens (Phoka et al. 2020; Sanchez-
Montesinos et al. 2020). Several investigations have
demonstrated the antagonistic potential of Trichoder-
ma species against pathogens such as Fusairum solani
(Toghueo et al. 2016; Eke et al. 2020), Uromyces appen-
diculatus (Abeysinghe 2009) and Rhizoctonia solani
(Mayo-Prieto et al. 2020), which cause root rot, rust
and web blight in common bean, respectively. Howev-
er, there are few studies demonstrating the biocontrol
potential of Trichoderma against ALS of bean, and no
study has investigated the antagonistic potential of the
strains 659-7, PR11, and PR12 of Trichoderma asperel-
lum against P. griseola.

Keeping all this in view, this study was carried out
to: (1) evaluate the in vitro interactions between T. as-
perellum strains and P. griseola, (2) assess the in vivo
efficacy of the most promising strain against ALS dis-
ease, and (3) evaluate the impact of both single and
dual inoculation of bean leaves with P. griseola and
T. asperellum on the chlorophyll content, total phenols
and flavonoids content in bean leaves.

Materials and Methods

Source of the fungal pathogen
and biological control agents

The fungal pathogen Pseudocercospora griseola used
in this study was provided by the Antimicrobial &
Biocontrol Agents Unit of the Laboratory for Phyto-
biochemistry and Medicinal Plants Studies of the Uni-
versity of Yaoundé 1. It was previously isolated from
infected leaves showing the symptoms of ALS disease
in a field in the Ndé division of the western region of
Cameroon (5°10°28.8 “N and 10°33’58.9 “E). This iso-
lated pathogen was the most aggressive and its identi-
fication was confirmed using molecular analysis (Gael
et al. 2025).

Three strains of Trichoderma asperellum, namely
T. asperellum 659-7, PR11 and PR12 from the core
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collection of the Regional Laboratory of Biologi-
cal Control and Applied Microbiology of IRAD were
used as biological control agents (BCA). These strains
were isolated from the top 8 cm of agricultural soils
in Cameroon. Genotyping of these strains based
on sequencing of translation elongation factor 1-al-
pha (tefl) was reported, and the sequences were de-
posited in GenBank. Their Genbank numbers are
EF186002, EF185999 and EF186001 for T. asperel-
lum PR11, PR12 and 659-7, respectively (Begoude
et al. 2007). The antagonistic potential of these strains
against various fungal pathogens, including Phytoph-
thora megakarya and Pythium myriotylum, causative
agents of black pod disease of cocoa and cocoyam
root rot disease, respectively, has already been dem-
onstrated (Tondje et al. 2007; Mbarga et al. 2012;
Tchameni et al. 2017).

In vitro Trichoderma asperellum -
Pseudocercospora griseola interactions.
Direct confrontation test between
Trichoderma asperellum strains

and Pseudocercospora griseola

The in vitro antagonistic activity of T. asperellum
659-7, PR11 and PR12, against P. griseola was evalu-
ated using the direct confrontation test on potato dex-
trose agar (PDA, Himedia) medium, with the Com-
porta (1985) procedure. Every plate was incubated for
45 days at 25+2°C. Ater measuring the pathogen’s ra-
dial growth, the percentages of inhibition of mycelial
growth were calculated according to formula (1) given
by Mokhtar and Aid (2013).

11%] = (1) x 100, [1]

where: I [%] - percentage of inhibition, C - ra-
dial growth of P. griseola in the control group, and
T - radial growth of P. griseola cultured with the
antagonist.

Effect of cell-free culture filtrates of
Trichoderma asperellum strains on the
mycelium growth of Pseudocercospora
griseola

The effect of cell-free culture filtrates of the three T. as-
perellum tested on P. griseola mycelial growth was eval-
uated using the food poisoning method (Grover and
Moore 1962). Cell-free culture filtrates of Trichoderma
asperellum 659-7, PR11, and PR12 were prepared by
inoculating sterile HIMEDIA® potato dextrose broth
(100 ml) with a 5 mm diameter disc of young myce-
lial agar plugs of each actively growing T. asperellum

strain at 150 rpm in a rotary shaker (WiseShake®) for
10 days at 25 + 2°C. The cultures were then filtered
through Whatman filter paper No. 1 to remove the
mycelium, and the culture filtrate was sterilized by
passing through 0.20 pm millipore microbiological
filter membranes. Melted PDA medium (at 45 + 5°C)
was amended with 12.5% and 25% (v/v) of the cell-
free culture filtrate of each T. asperellum strain and
poured into Petri plates. After cooling and solidifica-
tion, a 7 mm pathogen mycelial disc was centered on
the plate for 60 days in the dark. The Petri dishes with
sterilized PDA without cell-free culture filtrates served
as the control, and three replicates were performed
for each treatment. The pathogen’s colony’s diameter
was determined, and inhibition of mycelial growth of
P. griseola by cell-free culture filtrates of the biocon-
trol agents was evaluated according to the following
formula (2):

MGI [%) =2 x 100, 2]

where: MGI - the mycelial growth inhibition, A - the
radial growth of P. griseola in the control group, and
B - to the growth of P. griseola in the treated group
(Sreedevi et al. 2011).

Effect of cell-free culture filtrates
of Trichoderma asperellum strains on the spore
germination of Pseudocercospora griseola

To evaluate the impact of cell-free culture filtrates from
T. asperellum 659-7, PR11 and PR12 on spore germi-
nation of P, griseola, the M38-A2 broth macrodilution
assay described by Toghueo et al. (2016) was utilized.
Glass tubes of 1.5 ml containing 500 ul and 625 pl of
sterile potato dextrose broth (PDB, Himedia) mixed
with 250 pl and 125 pl cell-free culture filtrates of
T. asperellum, respectively. Then, a conidial suspension
of P. griseola (250 pl) prepared at 2 x 10* spores/ml was
added to each tube to complete the volume to 1 ml.
Three replications were performed for each treatment,
with the tubes containing PDB medium and P. griseola
serving as the negative control. After 48 h of incuba-
tion in the dark at 25+2°C, the mixture was examined
microscopically. Conidia with elongated germ tubes
were considered germinated, and formula 3 below was
used to calculate the percentage of inhibition of the
germination of conidia (ICG%).

0 — (GC_ Gt)
1CG [%] e 100, (3]
where: ICG [%] - percentage of inhibition of conidia
germination, G - germination in control tubes and
G' - germination in treated tubes.
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In vivo evaluation of the selected
Trichoderma asperellum PR11 strain
for the biological control of angular leaf spot

Seed planting and inoculum preparation

Bean seeds of susceptible cultivar GLP 190 (Gael et al.
2025) were surface sterilized by soaking in 3% (v/v)
sodium hypochlorite (NaOCl) solution for five min-
utes. Afterwards, they were rinsed three times with
sterilized water before being sown in plastic pots (4 cm
deep) filled with 5 kg of a sand-soil mixture (1 : 3 v/v)
that had been sterilized at 121°C for 1 h in an auto-
clave. For each treatment, three pots were used, with
four bean seeds sown in each pot. The pots received
daily watering until the first trifoliate leaf was entirely
developed.

An adjusted version of the procedure outlined
by Pastor-Corrales et al. (1998) was used to produce
the spore suspension of P. griseola. Sterile distilled
water was added to 14-day-old cultures of P. griseola
that were cultivated in PDA medium, and the spores
were released by scraping the medium’s surface with
a flame-sterilized spatula. A pair of cheesecloth layers
was employed to filter the resultant suspension, and
a hemocytometer was used to determine its concentra-
tion. Sterile distilled water was then added to adjust
the concentration to 2 x 10*conidia per ml.

Pathogen inoculation and treatment

Seventeen days after sowing, the first trifoliate leaves of
each plant were sprayed on the upper and lower sides
with the spore suspension of P. griseola (2 x 10* co-
nidia/ml) till running off. The plants were then placed
in a highly humid chamber (relative humidity > 90%)
for three days to induce sporulation and subsequently
transferred to a greenhouse (Castellamos et al. 2016).

Before treatment with the BCA, spore suspensions
of Trichoderma asperellum PR11 strains were prepared
using a seven-day-old culture of the strain grown on
PDA, and the concentration of the suspension was
adjusted to 10® conidia/ml using sterile distilled water.
Ten days after infection with P. griseola, when symp-
toms began to appear, both the top and the bottom sur-
faces of the bean leaves were sprayed with Trichoderma
spore suspension. The control groups included plants
treated with sterilized distilled water (uninoculated
control) and those infected with the pathogen only
(untreated control). For each treatment, three pots
(12 plants) were used, and the experiment was con-
ducted in a completely randomized block design.
Treatments were coded as follows: Control = plants
treated with sterile distilled water; Pg = plants infected
with P, griseola only; and Pg + PR11 = plants infected
with P, griseola and treated with Trichoderma asperel-
lum PRI11.

Disease rating

At 14 and 21 days following infection with P. griseola,
disease parameters were assessed. Disease incidence
represented the total number of diseased plants as
a percentage of all plants in each treatment (Nutter
et al. 1991), and disease severity was assessed visu-
ally according to the 1-9 CIAT scale described by Van
Schoonhoven and Pastor-Corrales (1987) and modi-
fied by Cajiao et al. (2023). Here, 1 = absence of vis-
ible symptom; 3 = presence of small lesions (less than
2 mm) that cover about 2% of the leaf area; 5 = pres-
ence of more typical medium-sized, angular lesions
(> 4 mm) that make up about 5% of the leaf area;
7 = a lot of big, sporulation-filled lesions that take up
almost 10% of the leaf area. The affected leaves turn
chlorotic, and lesions grow on the underside of the
leaves, forming gray patches with a lot of sporulation;
and 9 = coalescent lesions that cover at least 25% of the
leaf area and have high, gray-colored sporulation on
the leaf undersides. Defoliation from chlorotic leaflets
is strong and occurs early.

Effect of inoculation of bean leaves
on some biochemical parameters

Total chlorophyll content

With minor adjustments, the method outlined by Ar-
non (1949) was used to quantify the amount of chlo-
rophyll. For extraction, 10 ml of ice-cold 80% acetone
(v/v) was used to motor-crush 0.5 g of the first trifoli-
ate bean leaf of each treatment. Following a 5-minute
centrifugation at 10,000 rpm, the mixture was col-
lected, and the optical density (OD) of the supernatant
for chlorophyll a and b was analyzed at wavelengths
of 645 and 663 nm, respectively. The chlorophyll con-
tent for each instance was determined using formulas
4 through 6 below:

Chlorophyll a [mg/g] =

(4]

_ [12.7 (0D 663) — 2.69 (OD 645)] X VX W
1000

)

Chlorophyll b [mg/g] =

_ [22.9 (0D 645)— 4.68 (OD 663)]x VX W
1000

]

Total chlorophyll [mg/g] =
6]

_ [20.2 (OD 645) — 8.02 (OD 663)] X VX W
1000 ’
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where: V - volume of the extract [ml], W - weight of
the fresh leaf [g] and OD - optical density.

Extraction of total phenolic compounds

and quantification

The method modified by Mujica et al. (2009) was used
to extract total phenols.

The Folin-Ciocalteau method developed by Single-
ton and Rossi (1965) was used to quantify total phe-
nolic compounds. The absorbance was measured at
a wavelength of 765 nm, and the findings were report-
ed as micrograms of gallic acid equivalent (GAE) per
gram dry weight. Gallic acid was used as a standard.

Total soluble flavonoids

The method developed by Dewanto et al. (2002),
which uses catechin as a standard, was used for flavo-
noids quantification. After thoroughly mixing the so-
lution, the absorbance was determined at a wavelength
of 510 nm. The pg catechin equivalents (CE)/g of dry
weight was used to express the total flavonoid content
(TFC).

Statistical analysis

All statistical analyses were performed with XLSTAT
2016 software. The raw data collected underwent
analysis of variance (ANOVA), and Duncan’s Multiple
Comparison Test was applied at 5% significance level
with 95% confidence limits to assess the differences
between the means.

Results

Antagonistic activity of Trichoderma
asperellum 659-7, PR11, and PR12 against
Pseudocercospora griseola

The results of the direct confrontation test (Table 1)
showed that the pathogen (P. griseola) did not ex-
hibit any growth when Trichoderma asperellum was
present. The development of P. griseola was entirely
suppressed by all the T. asperellum strains tested in Petri
dishes, resultingin 100%inhibitionofthemycelialgrowth

Table 1. Dual culture between Trichoderma asperellum 659-7,
PR11, and PR12 and Pseudocercospora griseola after 45 days of
incubation

Inhibition rate

Trichoderma asperellum strains
[%]

Trichoderma asperellum 659-7 100 £ 0.00
Trichoderma asperellum PR11 100 + 0.00
Trichoderma asperellum PR12 100 + 0.00

(Fig. 1). After six days of incubation, the Petri
dishes were colonized entirely by all tested Trichoder-
ma strains, preventing any growth of the slow-growing
phytopathogen, P. griseola. This was observed until
45 days after incubation. In addition, T. asperellum
grew when the pathogen was recovered from the con-
tact zone, indicating that P, griseola did not survive in
the presence of Trichoderma.

Fig. 1. Direct confrontation between Trichoderma asperellum
PR11, PR12, 659-7 and P. griseola after 45 days of incubation.
A - Control (P. griseola alone); B — dual culture between P. griseola
and T. asperellum PR11; C - dual culture between P. griseola and
T. asperellum PR12 and C - dual culture between P. griseola and
T. asperellum 659-7

Effect of cell-free culture filtrates

of Trichoderma asperellum 659-7, PR11

and PR12 on the mycelial growth and spore
germination of Pseudocercospora griseola

The food poisoning technique demonstrated that the
cell-free culture filtrates of all Trichoderma asperel-
lum strains exhibited inhibitory effects on P. griseo-
la growth (Fig. 2). The percentage of inhibition var-
ied based on the concentration of the culture filtrate
in the medium and the specific T. asperellum strain
used. At a concentration of 12.5% of cell-free culture
filtrates of T. asperellum 659-7, PR11and PR12, my-
celial growth of P. griseola was inhibited by 0.8, 3.68
and 11.83%, respectively (Fig. 3). Increasing the con-
centration to 25% resulted in higher inhibition rates:
3.42% for 659-7, 10.01% for PR12, and 26.33% for
PRI11 (Fig. 3).
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Fig. 2. Effect of different concentrations of cell-free culture filtrates (C.F) from Trichoderma asperellum strains (PR11, PR12 and 659-7)

on the mycelial growth of Pseudocercospora griseola
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PR12 695-7
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PR11

Culture fltrate concentrations [%V/V]

Fig. 3. Effect of different concentrations of cell-free culture filtrates (C.F) from Trichoderma asperellum strain PR11, PR12 and 659-7
on the mycelial growth and the spore germination of Pseudocercospora griseola

The process by which a fungal spore transforms
from a dormant biological organism into a vegetative
growing organism that can reproduce either sexually
or asexually is called germination. During this pro-
cess, the spore undergoes structural changes and is
considered germinated once the germ tube reaches
a length equal to or greater than its diameter. The effect
of the cell-free culture filtrates of Trichoderma asperel-
lum PR11, PR12 and 659-7 on spore germination of
P, griseola are illustrated in Figure 3 and Figure 4. Ac-
cordingly, the percentage of inhibition of spore germi-
nation of P. griseola also depended on the concentra-
tion of cell-free culture filtrate and the specific strain

Fig. 4. Effect of cell-free culture filtrates from Trichoderma
asperellum strain PR11, PR12 and 659-7 on the spore germination
of Pseudocercospora griseola. Black arrows represent the germ
tube. A - spore of P. griseola; B - germinated spore of P. griseola
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producing this culture filtrate. At 12.5%, the highest
inhibition of spore germination (16.50%) was observed
with the culture filtrates of T. asperellum PR11, while
the cell-free culture filtrates of T. asperellum PR12 and
659-7 inhibited spore germination by 11.37 and 7.84%,
respectively (Fig. 3). When the concentration was in-
creased to 25%, 27.14% of the P. griseola spores were
inhibited by the culture filtrate of T. asperellum PRI11,
17.74% by those from T. asperellum PR12, and 11.24%
by the culture filtrate of T. asperellum 659-7 (Fig. 3).

In vivo evaluation of selected
Trichoderma asperellum PR11 for the control
of angular leaf spot

Bean leaves began to exhibit signs of ALS 10 days af-
ter infection by the pathogen, with symptoms becom-
ing clearly pronounced by 14 days’ post-inoculation
(Fig. 5). The data in Table 2 present the effect of inocu-
lation of bean leaves with Pseudocercospora griseola,
both individually and alongside with Trichoderma as-
perellum PR11 on the incidence and severity of ALS

P. griseola

14 and 21 days after inoculation. According to Table 2,
all plants infected by the pathogen developed disease
during these observation periods, resulting in a 100%
disease incidence, while plants treated with sterile dis-
tilled water showed no disease symptoms (0% disease
incidence). However, the severity varied significantly
(p < 0.05) depending on treatment with or without
Trichoderma asperellum PR11. Forty days after infec-
tion with P, griseola, the severity of bean leaves inocu-
lated solely with P. griseola was 6.36. In contrast, those
treated with T. asperellum PR11 showed a disease se-
verity of 5.64, indicating an 11.32% reduction in dis-
ease severity due to the application of the biocontrol
agent (Table 2). On the 21st day post-inoculation, the
application of T. asperellum PR11 resulted in a 22.5%
reduction in disease severity in bean leaves inoculated
with the pathogen compared to leaves infected with
P. griseola alone. Additionally, on both the 14th and
21st day after inoculation, no symptoms were ob-
served in the non-inoculated bean leaves, and the
disease score was 1.

Control . griseola | PR11

S -
AN i SNl o

Fig. 5. Effect of single and dual inoculation of bean leaves with Pseudocercospora griseola and Trichoderma asperellum PR11 on angu-

lar leaf spot. Black arrows represent angular leaf spot lesions on bean leaves. Control: Bean leaves free from any fungal inoculation;

P. griseola: Bean leaves infected with P. griseola; P. griseola + PR11: Bean leaves inoculated with P. griseola and treated with T. asperellum

PR11

Table 2. Effect of treatment of bean leaves by Trichoderma asperellum PR11 on disease parameters the 14 and 21 DAI

14 DAI 21 DAI
Treatment DI DS Protection DI DS Protection
[%] [1-9 scale] [%] [%] [1-9 scale] [%]
Control 0.0 1.0+00a - 0.0 1.0+0.0a -
Pg 100 6.36 £ 0.67 ¢ - 100 8.09+0.54 ¢ -
Pg + PR11 100 5.64+0.50b 11.32 100 6.27+0.47b 225

Control: bean leaves free from any fungal inoculation; Pg: bean leaves infected by Pseudocercospora griseola; Pg + PR11: bean leaves inoculated with
Pseudocercospora griseola and treated with Trichoderma asperellum PR11. DI = disease incidence; DS = disease severity; DAl = days after inoculation. Dif-
ferent letters in the same column indicate a significant difference in mean + standard deviation values at p < 0.05
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Effect of inoculation of bean leaves
on some biochemical parameters

Table 3 summarizes the effect of inoculation of bean
leaves with only Pseudocercospora griseola as well as
with Trichoderma asperellum PR11 on the chlorophyll
content, phenols and flavonoids. Compared to the
control, infection of bean leaves with P. griseola alone
resulted in an 85.238% decrease in chlorophyll, while
a 42.887% reduction was noted in bean leaves infected
with P, griseola and treated with T. asperellum PR11.

Table 3. Impact of single and dual inoculation of bean
leaves by Pseudocercospora griseola and Trichoderma
asperellum PR11 strain on the chlorophyll content, total
phenols and flavonoids

Chlorophyll Phenol Flavonoid
Treatment  [mg/g fresh [ug GAE/g dry [ug CE/g dry
weight] weight] weight]
Control 0.210+£0.016a 7.122+1.142c 51.241+4315¢c
Pg 0.031+0.008 c 18.397£0.587b 80.315£3.615b
Pg+PR11 0.120+0.006 b 26.329+2.198a 138.815+2.797 a

Control: Bean leaves free from any fungal inoculation; Pg: Bean leaves
infected by P. griseola; Pg + PR11: Bean leaves inoculated with P. griseola
and treated using the strain PR11 of T. asperellum. GAE - gallic acid equi-
valent; CE - catechin equivalents. The same superscript letter indicates
that the mean =+ standard deviation values of the same dependent vari-
able do not differ significantly at p < 0.05

In contrast to chlorophyll content, inoculating bean
leaves with the pathogen, either individually or togeth-
er with the biocontrol agent, significantly increased the
accumulation of phenolic compounds and flavonoids
(p < 0.05). Untreated infected bean leaves showed
a 158.42% increase in total phenolic compounds, while
treated infected leaves exhibited an even greater in-
crease of 269.80% in comparison to the control. Ad-
ditionally, the flavonoid content increased by 56.73%
in bean leaves infected solely with P. griseola and by
170.90% in those infected and treated with T. asperel-
lum PR11, compared to the control.

Discussion

Angular leaf spot is a highly destructive disease that
severely impacts bean quality and productivity glob-
ally (Nay et al. 2019). The need to develop eco-friendly
and durable strategies for managing this disease led to
the investigation of the biological control capability of
three strains of T. asperellum against P. griseola. All the
tested T. asperellum strains (659-7, PR11 and PR12)
completely stopped P. griseola during the confronta-
tion test. This result confirms the antagonistic potential

of these biological control agents against plant-path-
ogenic fungi, aligning with research conducted by
Mbarga et al. (2012), who showed that those strains
reduced by up to 66% the mycelial growth of Pythi-
um myriotylum. Wu et al. (2017) also characterized a
novel strain of Trichoderma asperellum GDFS1009 and
demonstrated that it reduces by 80.82% the growth of
Fusarium oxysporum f. sp. cucumerinum during the
antagonistic test. Trichoderma species are fast-growing
fungi that grow rapidly and absorb the nutrients that
the pathogenic fungus needs to thrive, leading to nu-
trient depletion and preventing the pathogenic fun-
gus from growing and reproducing (Guo et al. 2019;
Bazghaleh et al. 2020; Halifu et al. 2020). In addition,
Trichoderma directly invades or wounds the mycelium
of phytopathogenic fungi, resulting in changes such
as growth abnormalities, shortening, rounding, pro-
toplasmic shrinkage and breakdown of the cell mem-
brane of the pathogen cells (Yao et al. 2023). These
mechanisms could explain the inhibition caused by the
three strains of T. asperellum tested.

Furthermore, the ability of Trichoderma to fight
against plant pathogens is associated with additional
mechanisms of action involving the production of an-
tagonistic substances (El-Hasan et al. 2022). Accord-
ing to Saravanakumar et al. (2017), these antagonistic
compounds released by Trichoderma spp. reduce the
growth of the mycelium and inhibit the spore germi-
nation of phytopathogenic fungi. They include anti-
biotic substances and extracellular enzymes mainly
found in their culture filtrates (Leelavathi et al. 2014).
This could explain the results from this work, which
showed that cell-free culture filtrates from T. asperel-
Ium 659-7, PR11, and PR12 reduced the growth of the
mycelium, and inhibited the germination of spores of
P, griseola, with percentages of inhibition varying de-
pending on the quantity of the culture filtrate incor-
porated in the medium, along with the specific strain
of T. asperellum involved. These results align with the
findings of Alfiky (2019), who indicated that culture
filtrates of T. asperellum diminish by 47.2% the myceli-
um development of Rhizoctonia solani, a fungal patho-
gen responsible for web blight in common bean. Raut
et al. (2014) also observed reductions of 60 and 70.5%
of the mycelium development of the same pathogen
when Trichoderma T50 culture filtrate in the PDA me-
dium was 10 and 25%, respectively. Wu et al. (2017)
further demonstrated that the culture filtrate of T. as-
perellum GDFS1009 inhibits the mycelial development
and the spore germination of Fusarium by 67.59 and
76.28%, respectively. On the other hand, data gath-
ered by Nurbailis et al. (2019) indicated that culture
filtrates of Trichoderma harzianum led to a 55.09%
reduction in the conidia germination of Colletotri-
chum gloeosporioides. The noted decline in those two
growth parameters of the used pathogen by the tested
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T. asperellum strains might result from the antimicro-
bial compounds produced by T. asperellum. According
to Druzhinina et al. (2018), Trichoderma species can
generate bioactive substances that act antagonistically
against phytopathogenic fungi. These bioactive com-
pounds, which include enzymes and metabolites that
break down cell walls, can successfully increase plant
tolerance and decrease plant disease (Kubicek et al.
2019). For example, chitinase, a hydrolytic enzyme
produced by T. harzianum inhibits both mycelial de-
velopment and germination of Fusarium graminearum
(Saravanakumar et al. 2017). Another enzyme found
in the culture filtrates and produced by the strains that
were tested is the B-1,3-glucanase (Tondje et al. 2007).
This enzyme causes substantial destruction of the cell
walls of the pathogen, thereby preventing spore germi-
nation and mycelium development (Sun et al. 2006).
The variations in the inhibitory effect noted among
the cell-free culture filtrates from the three tested
T. asperellum strains may be because various isolates
belonging to one species of Trichoderma produce
distinct metabolites that have varying capacities to
suppress the development of a pathogenic fungus
(Wu et al. 2017).

The strain that showed the best antifungal activity
during in vitro tests was subjected to an in vivo assay to
assess its capacity to protect bean leaves against ALS.
According to the results, the strain PR11 of T. asperel-
lum decreased disease severity by 11.32 and 22.5%,
respectively, at 14 and 21 days after inoculation. This
outcome highlights the capacity of T. asperellum to
fight against foliar diseases, and it aligns with the find-
ings obtained by Jemo et al. (2023), who showed that
soil treatment with T. asperellum, followed by foliar
spraying of bean leaves, lowered the infection rate and
the disease. The observed reduction in disease sever-
ity in treated infected bean leaves was associated with
a significant increase in chlorophyll content, showcas-
ing PR11’s effectiveness in mitigating the harmful im-
pacts of ALS. The increase in disease severity of ALS re-
duces the photosynthetic efficiency of the bean leaves,
and therefore causes bean leaves to turn yellow due to
chlorophyll shortage (Cardona et al. 1995; Taboada et
al. 2022). Therefore, an increase in chlorophyll content
may indicate how well T. asperellum PR11 protects the
plant. In addition, infection of bean leaves with P. gri-
seola followed by treatment with T. asperellum showed
elevated phenolic compounds and flavonoids com-
pared to leaves infected by the pathogen alone. This
demonstrates their role in protecting the plant against
the disease. In addition to mycoparasitism, antibiosis
and competition, Trichoderma spp. can help plants
fight against disease by induction of systemic defense
(Asad 2022; Tyskiewicz et al. 2022). During this induc-
tion, an accumulation of phenolic compounds, pheny-
lalanine ammonia-lyase, and peroxidase activity have

sometimes been observed (Ferrer et al. 2008; Krdl et al.
2015). This could explain the increase in total phenols,
and flavonoids in infected bean leaves treated with
the biocontrol agent compared to untreated infected
leaves. These results align with those of Behiry et al.
(2023), who observed an enhancement in total phe-
nols in tomato leaves when the plant was previously
inoculated with Rhizoctonia solani and then treated
with T. pubescens compared to plants infected by the
pathogen alone. In addition, Bala et al. (2024) also
showed that foliar spraying of Momordica charantia by
spore suspension of Trichoderma increases the accu-
mulation of flavonoids and polyphenols by 50 and 17%,
respectively. Abd El-Rahman and Mohamed (2014)
found that when faba bean (Vicia fabae L.) leaves are
infected with Botrytis fabae and treated with T. harzia-
num, the severity of chocolate spot disease is lowered
by 41.54%, and the overall flavonoid content increases
in comparison to leaves infected by Botrytis cinerea
alone. Phenolic compounds, a particular category of
secondary metabolites produced in plants, are crucial
for defending the plant against both abiotic and biotic
stresses. They serve as the primary defense mechanism
used to fend off invasive pathogens in plants. Phenols
are produced through the phenylpropanoid metabolic
pathway and enhance plants’ resistance by providing
antimicrobial, antioxidant, and signaling functions.
Certain phenols, such as phytoalexins and tannins,
inhibit the growth of phytopathogens, including bac-
teria, fungi, and viruses, by disrupting their cell mem-
branes or interfering with their enzymatic activities.
Others, like salicylic acid, trigger systemic acquired
resistance, providing resistance-enhancing to infected
plants (Kumar et al. 2020).
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