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Abstract: Because agricultural wastes are abundant in biologically active substances, they can be
used as a substitute source to produce highly valuable products while lowering pollution levels
in the environment. Therefore, we aimed at determining the best agricultural wastes to increase
the biomass production rate and the effectiveness of the biocontrol strain Trichoderma lixii SARS
111 in a solid-state fermentation system. The potential for its use in enhancing growth dynamics
and controlling the Fusarium oxysporum NCAIM-F-00779-caused damping-off disease of cowpea
plants grown in greenhouse conditions was also studied. Using a one-factor-at-a-time experiment,
five cheap agricultural waste substrates (faba bean, cowpea, sweet potato, pumpkin, and cassava)
were studied using the Plackett–Burman design (PBD) and the central composite design (CCD) to
optimize the nutritional and growth conditions to maximize the production of Trichoderma conidia.
The findings demonstrated that increasing Candida production quantitatively required the use of 3 g
of sweet potato, 3 g of cassava, pH 6, 25 ◦C, and pre-treatment with dH2O. The shelf life and viability
of T. lixii strain were measured as log10 CFU g−1 per substrate at room temperature (RT, 25 ◦C) at
the beginning of month 0 and subsequently at 2-month intervals for 12 months. Data showed that
the fungal counts increased with the use of 4 g of sweet potato + 2 g of cassava up to 7 months and
then sharply decreased, lasting up to 12 months. Additionally, this bioformulation was applied to
cowpea plants in a greenhouse experiment, where a significantly higher level of plant growth traits,
photosynthetic pigments, antioxidant enzymes, and chemical content in the leaves, as well as lower
incidence of the damping-off disease, were noted. Accordingly, it is possible to suggest 4 g of sweet
potato and 2 g of cassava as a suitable bioformulation for the industrial-scale production of the T. lixii
strain, which may be a potential biocontrol agent for preventing the cowpea damping-off disease
caused by F. oxysporum and improving the growth dynamics.

Keywords: organic wastes; solid-state fermentation; biomass; bioformulation; biocontrol; growth
dynamics

1. Introduction

In the agricultural sector, the most popular method of protecting plants from pests and
diseases is the use of chemical pesticides. However, using these synthetic substances has
a detrimental impact on both human health and the environment [1,2], in addition to the
substantial costs associated with recording, research, and production. Finding alternative
methods of managing disease has become more popular due to the usage of synthetic
pesticides [3]. The notion of environmentally friendly growth through the effective control
of plant diseases using commercial biological products has recently drawn the attention of
several corporations, thereby improving the productivity of many crops [4]. A few benefits
of using micro-organisms as a sustainable biological control method include increased
agricultural yields, human safety, and a decrease in other pesticide residues. It has also
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been shown to be effective against plant pathogens, improve food, water, and soil quality,
and increase biodiversity. However, the process of developing and producing micro-
organisms is costly and time consuming, particularly when it comes to marketing [5,6].
The method of formulating these microbes in biological control and their effectiveness
also depend on the quantity, quality, and fermentation materials used [7]. In addition,
these fermentation materials must be rich in nutrients, low cost, and readily available, with
end-biomass containing a potency inoculum. Moreover, the biomass of biocontrol agents,
especially fungi, must endure many steps, i.e., harvesting, drying, formulation, storage,
and delivery [8]. In this regard, a key barrier to the marketing of biocides is their short shelf
life. To produce a high quantity and quality of biomass, the bioproduct must be optimized
utilizing appropriate organic substrates [9].

In this context, the two types of fermentation used to create fungi biocontrol agents
are solid-state fermentation (SSF) and liquid-state fermentation (LSF) [10]. SSF is defined as
a method involving the growth of micro-organism on a solid, typically insoluble, organic
substrate, and it acts as a source of nutrients. Thus, SSF has emerged as an acceptable
technique for producing microbial biomass [11]. The most popular micro-organisms for
the SSF technology are filamentous fungi. They are widely and commercially applied in
various industries, i.e., enzymes, antibiotics, organic acids, and biofuels. They are also
displayed in different forms, such as plates, bottles, bags, trays, etc. [12]. Furthermore, SSF
offers numerous benefits, including enhanced fermentation, stability, reduced expenses,
and lower water and energy requirements because it replicates the natural conditions of
fungi and is suitably adapted to their metabolism. As a result, it has a significant economic
potential in the biopesticides sector [13]. On the other hand, the organic substrates in
SSF serve as transporters for the biomass; therefore, a complicated formulation is not
required. SSF may thus be acceptable in developing nations, with their plentiful labor
force and agricultural waste [14]. However, SSF has some disadvantages, such as high
fermentation time, heat buildup problem, and difficulty in controlling the moisture levels,
pH, and temperature [15]. In the SSF technique, micro-organisms are grown on a variety of
organic materials, including wastes and inexpensive byproducts. Different substrates can
function as appropriate media to create fungal inoculants for biocontrol, including sawdust,
sugarcane bagasse, cereals (wheat, barley, and sorghum), bran and straw cereal [6,16,17].

Trichoderma fungi are widespread and can be found in a variety of soil types and envi-
ronments [18]. They have been utilized for many years to counteract several crop illnesses
by means of plant pathogen biocontrol. The production of enzymes, the environment, the
competition for essential nutrients, antibiotics, etc., all affect how they function [19,20].
They are currently used in commercial marketing as biocides, biofertilizers, growth pro-
moters, and natural resistance boosters due to their advantageous effects on plants [21,22].
The cowpea plant (Vigna unguiculata L.) is regarded as a significant food crop worldwide.
In Egypt, all of the plant’s parts are consumed as a source of protein, with protein and
carbohydrate ratios of 23 and 57%, respectively [23]. It was previously claimed that the
root rot diseases caused by Fusarium solani, Rhizoctonia solani, Macrophomina phaseolinae,
Sclerotium rolfsii, and Pythium sp. could attack the roots and cause damping-off diseases
and root rot, leading to significant yield losses [24–27].

Encouraged by such evidence, one of the most key fungi—which are commonly em-
ployed to produce biomass on SSF under ideal circumstances and are used as a biocontrol
agent with various plants—are Trichoderma. The technology used to create biological inocu-
lation suffers due to the neglect of microbial inoculation formulation despite the critical role
it plays, especially in sustainable agriculture. Thus, this work confirms the possibility of
producing a new bioformulation of T. lixii and its application against damping-off disease,
enhancing the different growth dynamics of cowpea plants under greenhouse conditions.
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2. Materials and Methods
2.1. Fungi Used and Culture Conditions

The Agricultural Microbiology Department, SARS, ARC, Kafr El-Sheikh, Egypt, gra-
ciously donated the T. lixii SARS 111 and F. oxysporum NCAIM F 00779 for use in this
study. T. lixii was grown on potato dextrose agar (PDA) at 28 ◦C for 7 days to produce the
inoculum suspension. Spores were then collected from the surface by washing the conidia
with sterile 0.1% Tween-80 [28]. On the other hand, the F. oxysporum fungus was cultivated
on PDA at 28 ◦C, and after being dried, it was cultured for three weeks on autoclaved
wheat grains until the fungus’ mycelia covered the grains’ surface.

2.2. Agricultural Wastes Used and Their Chemical Properties

The research farm at the Sakha Agricultural Research Station, Kafr El-Sheikh, provided
5 easily accessible, reasonably priced agricultural waste substrates. They are described in
Table 1 according to their traits.

Table 1. Chemical analysis of different agricultural waste substrates (waste) used in the experiment.

Parameters (%) Faba Bean Cowpea Sweet Potato Pumpkin Cassava

OC 42.0 41.39 39.99 44.29 42.00
C/N ratio 28.3 27.88 30.21 28.11 29.92
Total N 1.47 1.29 1.43 1.59 1.66
Total P 0.37 0.39 0.48 0.52 0.56
Total K 1.48 1.41 1.76 1.83 1.73

OC: Organic carbon. The analysis was performed at the Physical and Chemical Research Department, SARS,
Kafr El-Sheikh.

2.3. Conidia Production Statistical Optimization under SSF Conditions
2.3.1. Using Two Levels

A 2 mm sieve was used to pass all agricultural waste substrates before being pulverized
in an electric grinder and aseptically dried in glass stock before use. All substrates were
dried at 70 ◦C overnight. In this experiment, a Plackett–Burman design (PBD) was used to
identify the variables, which have the greatest influence on the ability of T. lixii to produce
spores under SSF conditions. This design was based on the response surface methodology
(RSM) approach to identify the interactions among variables, i.e., substrate, pre-treatment,
pH, temperature (◦C), and moisture (%).

These factors and treatments were evaluated with one maximum (+1) and one mini-
mum (−1). In triplicate, a 500 mL glass flask containing 50 g dry weight of a solid substrate
with 1% (w/v) ammonium sulfate as N source was sterilized (121 ◦C for 30 min), cooled, and
inoculated with the spore suspension (5 mL, 1 × 106 spores mL−1), followed by incubation
for 21 days at 25 ◦C. The moisture content was also adjusted to 65% [6]. Afterward, the T.
lixii inoculum was removed and dried in a fluid bed drier. The spores were counted, and the
best spore-producing substrate was chosen for further experiments. This design contained
12 runs at 3 levels with 3 center points, as shown in Tables 2 and 3. The Plackett–Burman
design is based on the first-order linear equation:

Y = β0 + ∑βiXi (1)

where Y is the predicted response (conidia production); β0 is the model intercept; βi
denotes the variables’ estimates; and Xi represents the coded independent variables, which
were coded as W1, W2, W3, W4, W5.
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Table 2. Experimental range, level, and code of independent variables using two levels.

Independent Variables Units
Coded Levels

Low High

W1 Faba bean waste g 0 1
W2 Cowpea waste g 0 1
W3 Sweet potato waste g 0 1
W4 Pumpkin waste g 0 1
W5 Cassava waste g 0 1
pH pH - 4 6
Moisture Moisture % 65 75
Temperature Temperature ◦C 20 25
Pre-treatment Pre-treatment of substrate - Untreated Treated with water

Table 3. Twelve trials using the Plackett–Burman experimental design and the response (Conidia
production).

Run W1 W2 W3 W4 W5 Moisture pH Temperature Pre-Treatment C/N Ratio

1 1 0 1 1 0 75 6 25 0 36:1
2 1 1 1 0 0 65 6 20 1 38:1
3 0 0 1 0 1 75 4 25 1 22:1
4 0 1 1 1 0 65 4 25 0 34:1
5 1 0 1 1 1 65 4 20 1 48:1
6 0 1 1 0 1 75 6 20 0 32:1
7 0 0 0 1 0 75 6 20 1 20:1
8 1 0 0 0 1 65 6 25 0 28:1
9 1 1 0 0 0 75 4 25 1 21:1
10 1 1 0 1 1 75 4 20 0 46:1
11 0 0 0 0 0 65 4 20 0 0
12 0 1 0 1 1 65 6 25 1 35:1

W1: Faba bean waste; W2: Cowpea waste; W3: Sweet potato waste; W4: Pumpkin waste; W5: Cassava waste.

2.3.2. Using Three Levels

As previously mentioned in Section 2.3.1., the best spore-producing substrates were se-
lected and evaluated, as shown in Tables 4 and 5. Response surface modeling and optimiza-
tion of conidia production conditions were accomplished using a quadratic CCD [29,30].
This design involved 5 variables—(W2): sweet potato waste (g), (W5): cassava waste (g),
(C): initial pH, (D): temperature (◦C), and (E): pre-treatment—each with 3 levels, comprising
43 runs. The responses in all experiments were expressed in terms of conidia production.
The predicted response was calculated using the second-degree polynomial equation,
which includes all interaction terms, where Y response denotes the predicted response; β0
denotes the intercept; βi denotes the linear coefficient; βii denotes the quadratic coefficients;
βij denotes the cross-product coefficients; and Xi, Xi 2, Xj denote the coded independent
variables [31]. The independent variables were coded as W1, W2, and pH; therefore, the
second-order polynomial equation was as follows:

Y = β0 + ∑ βi Xi + ∑ βij Xi 2 + ∑ βij Xi Xj (2)

Using the Design Expert software, Version 13 (Stat-Ease Inc. Minneapolis, MN, USA),
data from both designs were analyzed using analysis of variance (ANOVA) and multiple
regression. To identify the significant model terms, a parameter of “Prob > F” less than
0.05 was employed. The model’s equations were created, and the interpretation of the data
was based on the coefficients’ signs (whether they had a positive or negative impact on the
response), as well as their statistical significance (p < 0.05). The same software was used to
create 3D surface graphs to examine the relationships among the various variables.
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Table 4. Experimental range, level, and code of independent variables using three levels.

Independent Variables Units
Coded Levels

Level 1 Level 2 Level 3

W2 Sweet potato waste g 2 3 4
W5 Cassava waste g 2 3 4
pH pH 4 6 8
Temp Temperature ◦C 20 25 30
Pre-treatment Pre-treatment of substrate - Untreated Treated with water (0.5) Treated with 0.5% NaOH (1)

Table 5. The central composite design of experiments for conidia production of T. lixii under SSF
conditions.

Run W2 W5 pH Temperature Pre-Treatment C/N Ratio

1 2 2 8 30 −1 25:1
2 3 3 6 20 0 34:1
3 2 3 6 25 0 25:1
4 4 2 8 20 1 31:1
5 3 3 6 30 0 34:1
6 4 4 8 20 1 48:1
7 4 4 4 20 −1 48:1
8 4 2 8 30 1 31:1
9 4 4 8 30 1 48:1

10 4 4 4 30 1 48:1
11 2 4 8 30 1 35:1
12 3 3 6 25 1 34:1
13 2 4 4 30 −1 35:1
14 3 4 6 25 0 37:1
15 2 2 4 30 −1 25:1
16 4 4 8 20 −1 48:1
17 2 4 4 30 1 35:1
18 2 4 8 20 1 35:1
19 3 3 6 25 0 34:1
20 4 2 4 20 −1 31:1
21 2 2 8 20 1 25:1
22 3 3 8 25 0 34:1
23 3 3 6 25 −1 34:1
24 2 2 4 20 1 25:1
25 4 2 4 30 −1 31:1
26 4 4 4 30 −1 48:1
27 3 2 6 25 0 27:1
28 4 2 8 30 −1 31:1
29 4 2 8 20 −1 31:1
30 4 4 8 30 −1 48:1
31 2 2 8 30 1 25:1
32 4 4 4 20 1 48:1
33 2 4 4 20 −1 35:1
34 2 2 4 20 −1 35:1
35 3 3 4 25 0 25:1
36 2 4 8 30 −1 35:1
37 4 2 4 30 1 31:1
38 4 2 4 20 1 31:1
39 2 2 4 30 1 25:1
40 4 3 6 25 0 44:1
41 2 2 8 20 −1 25:1
42 2 4 8 20 −1 35:1
43 2 4 4 20 1 35:1

W2: Sweet potato waste; W5: Cassava waste.
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2.4. Assessment of Shelf Life and Viability

Using the serial dilution approach, the conidia generation of T. lixii on a bioproduct
was investigated. The colonized substrates were used in three separate 1 g samples. The
surfactant Tween 80 (0.05% v/v) and 9 mL of sterilized dH2O were added to each sample.
Glass beads were utilized to scoop up the conidia stuck to the substrate’s surface prior
to shaking [6]. Using a vortex mixer, the suspensions were violently agitated for 1 min
before being filtered through 2 layers of muslin cloth and repeated dilutions [32]. With the
use of a hemocytometer slide, the conidia were counted. T. lixii population counts in the
prepared product were noted at the beginning (0 month) and subsequently every 2 months
for 12 months. During the storage period, the formulations’ shelf life was expressed as
log10 CFU g−1 [33].

2.5. Effect of T. viride Bioformulations Generated on Plant Growth in a Cowpea Gnotobiotic
Clay System

A variety of established T. lixii bioformulations (13 treatments) were combined with
cowpea seeds (Kafrelsheikh) for an extended amount of time (30 min) at RT in the dark. The
seeds were sterilized with 3% NaClO for around 2 min and rinsed three times in sterilized
dH2O with a few drops of H2O2. Five replicates of three seeds each were inserted into
200 g plastic pots filled with sterilized clay soil. Some of the soil’s physical and chemical
analyses are shown in Table 6. One week prior to planting, the inoculum of F. oxysporum
(6 g, 1 × 106 spores g−1) was given to the soil, and the soil was then watered with Hoagland
solution [34]. Over the course of the 15-day experiment, cowpea seedlings were measured
in terms of their length from the tip (shoot to root) [35], and the vigor index (VI) was
calculated by multiplying the germination (%) of seedling length [36].

Table 6. Physical and chemical analyses of the soil used in gnotobiotic and greenhouse experiments.

Mechanical Analysis (%)
Texture pH EC

OM
(g kg−1)

Available Elements (mg kg−1)

Sand Silt Clay N P K

20.91 24.87 54.22 Clay 7.63 2.92 15.56 9.77 8.90 343.37

The analysis was performed at the Physical and Chemical Research Department, SARS, Kafr El-Sheikh.

2.6. Cowpea Pot Experiments

To examine the effects of several established bioformulations on cowpea growth
dynamics, the soil was intentionally infected with 300 g of the inoculum of F. oxysporum
(1 × 106 spores g−1) in a 10 kg polyethylene bag with an internal diameter of 30 cm and a
height of 35 cm. The completely randomized experimental design underwent 5 repetitions.
A total of 13 treatments, including 10 distinct bioformulation treatments created for T. lixii
and 3 control treatments, were employed herein in a greenhouse at the Bacteriology Lab.,
SARS, Kafr El-Sheikh, in May 2022 (Table 7). According to the guidelines in the germination
experiment section, cowpea seeds were surface-sterilized. The bioformulation treatments
were mixed into the surface-sterilized seeds for a pre-determined amount of time. After the
seedlings grew for one week, one plant from each treatment of five seeds was maintained.
The required volumes of mineral fertilizers were applied, and the soil moisture level was
kept between 60 and 65% saturation. After 50 days, the cowpea plants’ disease incidence
(%), vegetative growth, physiological traits, antioxidant enzymes, phenolic content, and
mineral content parameters were evaluated.
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Table 7. Treatment used for the greenhouse experiment.

Symbol Description

T1 Control (neither bioformulation nor infected stress)
T2 Control (soil infected with F. oxysporum)

T3 Control (soil infected with F. oxysporum + seeds treated with Vitavax fungicide (Carboxin 37.5% + Thiram
37.5% DS, 1 g kg−1, Dhanuka Agritech Ltd. India)

T4 Seeds treated with T. lixii by a carrier of sweet potato waste (2 g) + Cassava waste (2 g)
T5 Seeds treated with T. lixii by a carrier of sweet potato waste (4 g) + Cassava waste (4 g)
T6 Seeds treated with T. lixii by a carrier of sweet potato waste (3 g) + Cassava waste (4 g)
T7 Seeds treated with T. lixii by a carrier of sweet potato waste (2 g) + Cassava waste (2 g)
T8 Seeds treated with T. lixii by a carrier of sweet potato waste (2 g) + Cassava waste (4 g)
T9 Seeds treated with T. lixii by a carrier of sweet potato waste (4 g) + Cassava waste (3 g)
T10 Seeds treated with T. lixii by a carrier of sweet potato waste (3 g) + Cassava waste (2 g)
T11 Seeds treated with T. lixii by a carrier of sweet potato waste (3 g) + Cassava waste (3 g)
T12 Seeds treated with T. lixii by a carrier of sweet potato waste (4 g) + Cassava waste (2 g)
T13 Seeds treated with T. lixii by a carrier of talc (reference treatment)

2.6.1. The Incidence of the Disease

After seeding (50 days), the plants were pulled and evaluated for disease incidence
based on the previously suggested equation [37]:

The incidence of the disease (%) = No. of infected plants/No. of total plants × 100 (3)

2.6.2. Vegetative Growth

The fresh and dry mass (g plant−1), as well as shoot length and root length (cm plant−1),
were measured after the harvest of three healthy plants per treatment. The fresh and dry
mass were calculated using an electronic balance (ADAM, PW 214, 0.5 kg, UK).

2.6.3. Physiological Features

Using a UV spectrophotometer (Model 6705), a leaf sample was frozen from each
treatment to assess the photosynthetic pigments, total soluble sugars (TSS), antioxidant
enzymes, and phenolic content.

Photosynthetic Pigments

An amount of 0.1 g of leaf samples was crushed, then extracted in acetone (5 mL,
80%). The supernatant was measured at wavelengths of 663, 645, and 470 nm after being
centrifuged at 13,000× g for 10 min. Chlorophyll a, b, total, and carotenoids were then
calculated, and the carotenoid and chlorophyll contents were reported as µg g−1 FW and
mg g−1 FW, respectively [38].

TSS

After being homogenized in EtOH (5 mL, 80%), a 0.5 g leaf sample was put in a water
bath and heated at 80 ◦C for 30 min. To determine the concentration of TSS at 620 nm,
the supernatants were collected and centrifuged (10,000× g for 10 min). The data were
presented as µg g−1 FW, where glucose was utilized as the standard curve [39].

2.6.4. Antioxidant Enzymes
Peroxidase Activity (PO)

According to a related method [40], the oxidation of pyrogallol to purpurogallin with
H2O2 was assessed to determine the activity of the peroxidase enzyme. Volumes of 3.0 mL
of dH2O, 0.5 mL of 0.1 M sodium phosphate buffer (pH 7), 0.3 mL of the extract (enzyme),
0.05 mL of pyrogallol, and 0.1 mL of H2O2 (10%) were placed in the cuvette. PO activity
was measured at 425 nm µM H2O2 g−1 FW min−1.
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Polyphenol Oxidase Assay (PPO)

Briefly, 1.0 mL of sodium phosphate buffer (0.2 M, pH 7), 10.0 mL of catechol (0.001 M),
1.0 mL of the extract (enzyme), and 3.0 mL of dH2O were mixed together [41]. PPO activity
was measured at 495 nm µM tetra–guaiacol g−1 min−1 FW.

Phenylalanine Ammonia Lyase Assay (PAL)

Phenylalanine ammonia lyase test enzyme was quantified using a previous proce-
dure [42]. Briefly, the reaction consisted of 1.5 mL of borate buffer (0.2 M), 1 mL of
phenylalanine (1%), 2.5 mL of dH2O, and pH 8.8. One milliliter of dH2O was added to
phenylalanine as a blank. The mixture was incubated at 40 ◦C for 1 h. Afterward, the
reaction was stopped by adding 0.5 mL of HCL (5N), and the activity of the enzyme was
measured at 290 nm µmol min−1 g−1 FW.

Total Phenolic Content (TPC)

A volume of 10 mL of MeOH (80%) was used to homogenize 1 g of leaf tissue, which
was then stirred for 15 min at 70 ◦C. The solution was held at 25 ◦C (1 mL of the methanolic
extract + 5 mL of dH2O + 250 µL of Folin–Ciocalteu reagent, 1 N). Following the addition
of 1 mL of saturated Na2CO3 and 1 mL of dH2O, the reaction mixture was incubated for an
additional hour at 25 ◦C. The generated blue color’s absorption was measured at 725 nm.
Based on the gallic acid calibration curve, TPC was determined and represented as mg
GAE g−1 FW [43].

2.7. Chemical Contents of Leaves

Samples dried at 65 ◦C for 3 days were ground into a homogeneous powder (IKa-Werke,
M 20 Darmstadt, Germany). N (%) was assessed using the micro-Kjeldahl method [44],
where P and K% were evaluated using spectrophotometers and the atomic absorption
spectrometry method, respectively [45,46].

2.8. Statistical Analyses

Data were subjected to analysis of variance using SPSS software (version 20; IBM Corp.,
Armonk, NY, USA). The mean separations were analyzed using Duncan’s multiple-range
testing method, and significance was established at p ≤ 0.05 [47].

3. Results
3.1. Optimization of the Culture Conditions Using Response Surface Design

The screening of the significant variables was conducted using PBD to determine
their impact on biomass conidia production. A total of 12 runs were performed, each with
different combinations of independent variables. The data of these runs, including their
influences on conidia production, are presented in Table 8. The production of conidia
exhibited a range of values, from 6.57 to 8.67 log mL−1, highlighting the importance of
studying the composition of the medium to achieve higher productivity. The lowest conidia
production was observed in trial run 9, while the highest production was achieved in
trial run 5. This improvement was attributed to specific conditions, including a pH of 4,
moisture level of 65%, temperature of 25 ◦C, and pre-treatment with water, cassava, and
sweet potato as substrates in the growth medium (Table 8).

Furthermore, the main effects of the examined factors on conidia production were
calculated and visualized in a Pareto chart (Figure 1), providing an indication of the
magnitude and ranking of each factor’s influence. Analysis of the regression coefficients for
the nine tested variables revealed that variables W3, W4, W1, and moisture had negative
effects. Notably, no conidia production was observed in trial runs 7 and 11 (Figure 1).
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Table 8. Conidia production of T. lixii under different experimental conditions using the randomized
Plackett–Burman design.

Run W1 W2 W3 W4 W5 Moisture pH Temperature Pre-Treatment
log10(Y)-Conidia/g Dry Substrate

Experimental Predicted

1 1 0 1 1 0 75 6 25 0 6.95 ± 0.15 6.98
2 1 1 1 0 0 65 6 20 1 6.67 ± 0.14 6.63
3 0 0 1 0 1 75 4 25 1 7.52 ± 0.23 7.34
4 0 1 1 1 0 65 4 25 0 6.86 ± 0.16 6.54
5 1 0 1 1 1 65 4 20 1 8.67 ± 0.72 8.35
6 0 1 1 0 1 75 6 20 0 7.4 ± 0.63 7.57
7 0 0 0 1 0 75 6 20 1 0 0.17
8 1 0 0 0 1 65 6 25 0 7.36 ± 0.47 7.67
9 1 1 0 0 0 75 4 25 1 6.57 ± 0.47 6.88
10 1 1 0 1 1 75 4 20 0 8.05 ± 0.11 8.23
11 0 0 0 0 0 65 4 20 0 0 0.000
12 0 1 0 1 1 65 6 25 1 7.12 ± 0.12 7.29
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7 0 0 0 1 0 75 6 20 1 0 0.17 
8 1 0 0 0 1 65 6 25 0 7.36 ± 0.47 7.67 
9 1 1 0 0 0 75 4 25 1 6.57 ± 0.47 6.88 
10 1 1 0 1 1 75 4 20 0 8.05 ± 0.11 8.23 
11 0 0 0 0 0 65 4 20 0 0 -0.000  
12 0 1 0 1 1 65 6 25 1 7.12 ± 0.12 7.29 

Furthermore, the main effects of the examined factors on conidia production were 
calculated and visualized in a Pareto chart (Figure 1), providing an indication of the mag-
nitude and ranking of each factor’s influence. Analysis of the regression coefficients for 
the nine tested variables revealed that variables W3, W4, W1, and moisture had negative 
effects. Notably, no conidia production was observed in trial runs 7 and 11 (Figure 1). 

 
Figure 1. Pareto chart graph indicating the effect of growth factors on conidia production by T. lixii
SARS 111.

The data obtained for biomass production were subjected to statistical analysis using
ANOVA (Tables 9 and 10). The model p-value of 0.005 indicates the significance of the
model. Furthermore, it was discovered that the variables of cassava, pre-treatment, pH,
temperature, and sweet potato were significant model terms (p-value < 0.05). There is a
good agreement between the experimental and predicted values of conidia production, as
indicated by the model R2 value of 0.999 and the adjusted R2 value of 0.998. The signal-
to-noise ratio was used to determine the model’s adequate precision with a value of 76.64,
above the desired value of 4, and the model’s coefficient of variance was 6.10%. All of
the information given earlier demonstrated the model’s correctness and dependability
and demonstrated that it could be used to reasonably explore the design space. The final
equation using coded variables is displayed below.
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Table 9. Analysis of variance (ANOVA) of PBD for conidia production, R2 = 0.999; R2 (adj) = 0.998,
R2 (pred) = 0.98: Values of “prob > F” less than 0.05 indicate that model terms are significant.

Source Sum of Squares df Mean Square F-Value p-Value

Model 92.98 9 10.33 679.29 0.0015 *
A—W1 19.69 1 19.69 1294.45 0.0008
B—W2 12.34 1 12.34 811.56 0.0012
C—W3 18.68 1 18.68 1227.95 0.0008
D—W4 0.3781 1 0.3781 24.86 0.0380
E—W5 30.31 1 30.31 1992.68 0.0005
F—Moisture 0.0030 1 0.0030 0.1978 0.7000
G—pH 0.3924 1 0.3924 25.80 0.0366
H—Temperature 11.19 1 11.19 736.04 0.0014
J—Pre-Treatment 0.0004 1 0.0004 0.0268 0.8849
Residual 0.0400 2 0.0152

Lack of Fit 0.01 1 0.01 0.53 0.54
Pure Error 0.03 6 0.02

Cor Total 92.17 11

*: significant.

Table 10. Central composite design (CCD) for conidia production using T. lixii.

Run W2 W5 pH Temperature Pre-Treatment
log10(Y)-Conidia/g Dry Substrate

Experimental Predicted

1 2 2 8 30 −1 0 0.16
2 3 3 6 20 0 8.71 ± 0.19 7.47
3 2 3 6 25 0 7.58 ± 0.54 7.51
4 4 2 8 20 1 7.95 ± 0.66 7.74
5 3 3 6 30 0 0 0.95
6 4 4 8 20 1 7.45 ± 0.27 7.09
7 4 4 4 20 −1 7.56 ± 0.45 7.11
8 4 2 8 30 1 0 −0.05
9 4 4 8 30 1 0 0.24

10 4 4 4 30 1 0 0.16
11 2 4 8 30 1 0 −0.28
12 3 3 6 25 1 7.58 ± 0.37 7.05
13 2 4 4 30 −1 0 −0.17
14 3 4 6 25 0 5.89 ± 0.27 6.93
15 2 2 4 30 −1 0 0.42
16 4 4 8 20 −1 4.23 ± 0.17 4.82
17 2 4 4 30 1 0 −0.73
18 2 4 8 20 1 4.65 ± 0.45 4.66
19 3 3 6 25 0 6.27 ± 0.36 7.41
20 4 2 4 20 −1 7.67 ± 0.37 8.01
21 2 2 8 20 1 5.46 ± 0.31 5.95
22 3 3 8 25 0 5.68 ± 0.29 6.24
23 3 3 6 25 −1 5.88 ± 0.31 6.12
24 2 2 4 20 1 8.34 ± 0.31 7.98
25 4 2 4 30 −1 0 −0.08
26 4 4 4 30 −1 0 −0.04
27 3 2 6 25 0 8.87 ± 0.30 7.55
28 4 2 8 30 −1 0 −0.71
29 4 2 8 20 −1 4.8 ± 0.82 5.31
30 4 4 8 30 −1 0 −0.25
31 2 2 8 30 1 0 0.06
32 4 4 4 20 1 9.45 ± 0.98 9.07
33 2 4 4 20 −1 4.65 ± 0.20 5.08
34 2 2 4 20 −1 6.85 ± 1.07 6.62
35 3 3 4 25 0 8.21 ± 1.04 7.36
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Table 10. Cont.

Run W2 W5 pH Temperature Pre-Treatment
log10(Y)-Conidia/g Dry Substrate

Experimental Predicted

36 2 4 8 30 −1 0 −0.01
37 4 2 4 30 1 0 0.28
38 4 2 4 20 1 9.53 ± 0.27 10.14
39 2 2 4 30 1 0 0.02
40 4 3 6 25 0 8.68 ± 0.40 8.47
41 2 2 8 20 −1 4.23 ± 0.41 4.28
42 2 4 8 20 −1 3.98 ± 0.31 3.16
43 2 4 4 20 1 5.28 ± 1.02 6.28

Regression Equation for Uncoded Units’ Conidia production = 1.308 − 17.26 A + 1.945 B
− 0.875 C + 0.869 D + 3.691 E + 0.6908 pH + 0.1109 Moisture + 0.3152 Temperature + 3.906
Pre-Treatment.

3.2. Central Composite Design (CCD) Approach for Optimization of Conidia Production

To show the relationship between conidia production and the experimental levels
of each independent variable, 3D response surface plots were used (Figure 2a–j). While
the other variables were kept at 0 levels, each graphic shows how two variables interact
with one another. We were able to identify the beneficial and detrimental effects of many
variables by examining the 3D figures. Figure 2a illustrates the relationship between sweet
potatoes and cassava, demonstrating that while conidia production decreased when sweet
potato concentration increased, it increased steadily when cassava concentration increased.

Microbiol. Res. 2023, 14, FOR PEER REVIEW  12 
 

 

the conidia production. Conversely, the alteration in the initial pH of the medium signifi-
cantly impacted their production. The interaction between cassava and pre-treatment is 
demonstrated in Figure 2f, wherein the highest concentration of conidia production was 
observed at a medium concentration of cassava, while pre-treatment in trial run 1 (treat-
ment with 0.5 NaOH) increased conidia production. The highest production of conidia at 
concentrations of 3–5 g of cassava was observed at low temperatures in Figure 2g. The 
gradual increase in the initial pH of the fermentation medium and temperature affected 
conidia production (Figure 2 h–j), with the maximum conidia production observed at pH 
6, temperature between 20 and 25 °C, and pre-treatment in trial run 1 (treatment with 0.5 
NaOH). 

  
(a) (b) 

  
(c) (d) 

Figure 2. Cont.



Microbiol. Res. 2023, 14 2052Microbiol. Res. 2023, 14, FOR PEER REVIEW  13 
 

 

  
(e) (f) 

  
(g) (h) 

  
(i) (j) 

Figure 2. (a–j) Contour plots of candida production: The result of two active parameters; the other 
two are detained at 0 levels. 

3.3. Shelf Life and Viability of Bio-Fungicides 
The formulated bio-fungicides produced using the SSF technique were composed of 

an 8% moisture mixture of talc powder and T. lixii spores (Table 11). The SSF technique 
proved useful for producing a variety of biocontrol agents. The formulated wet table pow-
der retained the viability of T. lixii for a long time. The population of the biocontrol fungus 

Figure 2. (a–j) Contour plots of candida production: The result of two active parameters; the other
two are detained at 0 levels.

The interaction between sweet potato and pH of the fermentation medium is presented
in Figure 2b. The highest conidia production was observed at the lowest and highest levels
of sweet potato, but conidia production escalated with the gradual increase in initial pH,
reaching its peak at pH 6. Figure 2c displays the maximum conidia production achieved
with pre-treatment in trial run 1 (treatment with 0.5 NaOH). However, the highest yield
was attained at the highest concentrations of sweet potato. Figure 2d presents the interplay
between sweet potato and temperature, wherein the alteration in sweet potato concen-
tration did not exhibit a noticeable effect on conidia production (all concentrations of A
exhibited the highest candida production), while the maximum temperature ranged from
20 to 25 ◦C. As illustrated in Figure 2e, an increase in cassava concentration increased
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the conidia production. Conversely, the alteration in the initial pH of the medium signifi-
cantly impacted their production. The interaction between cassava and pre-treatment is
demonstrated in Figure 2f, wherein the highest concentration of conidia production was
observed at a medium concentration of cassava, while pre-treatment in trial run 1 (treat-
ment with 0.5 NaOH) increased conidia production. The highest production of conidia
at concentrations of 3–5 g of cassava was observed at low temperatures in Figure 2g. The
gradual increase in the initial pH of the fermentation medium and temperature affected
conidia production (Figure 2 h–j), with the maximum conidia production observed at pH
6, temperature between 20 and 25 ◦C, and pre-treatment in trial run 1 (treatment with
0.5 NaOH).

3.3. Shelf Life and Viability of Bio-Fungicides

The formulated bio-fungicides produced using the SSF technique were composed of
an 8% moisture mixture of talc powder and T. lixii spores (Table 11). The SSF technique
proved useful for producing a variety of biocontrol agents. The formulated wet table
powder retained the viability of T. lixii for a long time. The population of the biocontrol
fungus declined slowly up to 7 months and then sharply decreased, starting to decline at
9 months. The population decline continued up to 12 months (Table 11).

Table 11. Shelf life and viability of T. lixii under storage conditions.

Treatments
Storage Duration in Months (log10 CFU g−1)

Initial 3 5 7 9 12

C 8.89 ± 0.34 8.20 ± 0.21 7.76 ± 0.22 6.72 ± 0.17 5.54 ± 0.11 5.20 ± 0.19
T4 8.21 ± 0.12 7.90 ± 0.18 7.69 ± 0.19 6.95 ± 0.16 5.86 ± 0.18 5.63 ± 0.15
T5 8.34 ± 0.11 8.04 ± 0.19 7.71 ± 0.16 7.06 ± 0.22 5.98 ± 0.12 5.81 ± 0.21
T6 8.18 ± 0.27 7.48 ± 0.27 7.60 ± 0.27 6.80 ± 0.27 5.65 ± 0.17 5.45 ± 0.27
T7 8.68 ± 0.33 8.15 ± 0.31 7.73 ± 0.32 7.13 ± 0.32 6.07 ± 0.19 5.94 ± 0.17
T8 7.58 ± 0.26 7.70 ± 0.38 7.68 ± 0.31 6.92 ± 0.31 5.81 ± 0.22 5.62 ± 0.14
T9 8.71 ± 0.17 8.26 ± 0.27 7.77 ± 0.32 7.17 ± 0.36 6.11 ± 0.28 5.95 ± 0.19
T10 9.45 ± 0.19 8.30 ± 0.24 7.83 ± 0.33 7.40 ± 0.27 6.37 ± 0.19 6.27 ± 0.22
T11 8.87 ± 0.27 8.28 ± 0.30 7.70 ± 0.31 7.33 ± 0.36 6.29 ± 0.25 6.18 ± 0.27
T12 9.53 ± 0.29 9.38 ± 0.35 8.83 ± 0.26 7.78 ± 0.28 6.63 ± 0.26 6.36 ± 0.21

Control: wheat seed formula; (T4:T12) treatments of sweet potato with cassava, as described above in Table 7.

3.4. Gnotobiotic System Experiment

Thirteen treatments, T1 through T13, based on various bioformulations of T. lixii, were
applied to cowpea seeds grown in clay soil infected with F. oxysporum to examine their
effects on seedling length and the vigor index (Figure 3). In general, for all treatments,
seedlings treated with T. lixii bioformulations were substantially taller than the control
(un-inoculated). When seeds were treated with T. lixii using treatment T12 (cowpea waste
(4 g) + 4 g of cassava waste), the seedling length increased from 10.21 cm without fungal
inoculation (T1) to 18.43 cm, and the differences were statistically significant (Figure 3). T12
bioformulations’ inoculation always resulted in the tallest seedlings relative to the reference
treatment. For the vigor index (VI), similar trends were observed, as illustrated in Figure 3.
When seeds were treated with T. lixii—especially treatment T12, which had the highest
related VI values among the other treatments—the VI increased in all treatments relative to
the control treatment (T1). However, such increases were particularly high in these cases.
When cowpea seeds were subjected to various bioformulations, the VI increased in the
control (T1) and T12 treatments, respectively, from 574.50 to 1670.99 (Figure 3). As a result,
seedling length and the vigor index were frequently boosted by treatment T12 to a level,
which was comparable to that of the reference treatment (T13).
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vigor index of cowpea plants grown in the presence of soil infected with F. oxysporum. Treatments
T1–T13, as described above in Table 7; a–f: Duncan’s letters.

3.5. Disease Incidence (%)

As portrayed in Figure 4, seed treatment with T. lixii with various bioformulations
(T1–T13) significantly decreased the proportion of soil infection with F. oxysporum com-
pared with the control treatment (T2). Seed treatment with T. lixii in T12 (cowpea waste
(4 g) + cassava waste (4 g)) had the largest impact on reducing infection in comparison to
control, followed by treatment T10 (cowpea waste (3 g) +cassava waste (3 g)) and treatment
T11 (cowpea waste (3 g) + cassava waste (1 g)), recording 27, 33, 33.33, and 37.33%, respec-
tively (Figure 4). Hence, treatment T12 always resulted in infection reduction equivalent to
the reference treatment.
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3.6. Effect of Different Bioformulations on Growth Characteristics of Cowpea Infected with
F. oxysporum

To determine the most effective way of applying bioformulation (T. lixii) under
F. oxysporum infection, a greenhouse pot experiment was performed using cowpea as
a model crop. After 50 days of testing, the results from 13 treatments revealed that cowpea
plants had F. oxysporum infection compared to control plants (not infected), with all veg-
etative parameters—including fresh and dry mass, shoot length, and root length—being
lower than those of the control (Table 12). However, the inoculation of cowpea seeds with
T. lixii mitigated this adverse effect of F. oxysporum stress. Cowpea seeds were given the
T12 treatment, which included cowpea waste (4 g), pumpkin waste (4 g), and cassava
waste (4 g). This greatly improved the growth dynamics under F. oxysporum infection
(in comparison to stressed plants without T. lixii treatment and also to the control without
infection), as tabulated in Table 12. For instance, the shoot and root lengths of cowpea
plants were 29.54 and 14.03 cm, respectively. Additionally, the highest fresh mass (103.56 g
plant−1) and the lowest dry mass (19.81 g plant−1) were similarly treated (Table 12). As a
consequence, treatment T12 regularly increased vegetative growth to a level, which was on
par with the reference treatment (T13).

Table 12. Effect of different developed bioformulations of T. lixii on fresh and dry mass, shoot and
root length of cowpea plants grown in the presence of soil infected with F. oxysporum.

Treatments Fresh Mass
(g Plant−1)

Dry Mass
(g Plant−1)

Shoot Length
(cm Plant−1)

Root Length
(cm Plant−1)

T1 39.73 ± 7.42 e 7.54 ± 0.95 d 17.39 ± 1.07 e 8.13 ± 0.50 e

T2 16.73 ± 5.02 f 3.21 ± 0.90 e 12.98 ± 0.73 f 6.15 ± 0.35 f

T3 36.21 ± 5.13 e 6.82 ± 1.23 d 16.56 ± 1.27 e 7.87 ± 0.63 e

T4 62.93 ± 6.51 cd 11.82 ± 1.23 c 21.69 ± 1.31 d 10.35 ± 0.64 d

T5 68.29 ± 5.30 c 12.45 ± 1.00 c 22.28 ± 0.89 d 10.62 ± 0.44 d

T6 59.59 ± 8.21 d 11.18 ± 1.12 c 21.02 ± 1.17 d 9.99 ± 0.53 d

T7 83.90 ± 4.05 b 15.53 ± 0.75 b 25.16 ± 0.87 c 11.91 ± 0.47 c

T8 59.21 ± 3.91 d 11.30 ± 1.27 c 21.00 ± 1.17 d 9.92 ± 0.73 d

T9 84.93 ± 6.05 b 15.63 ± 1.12 b 25.33 ± 0.99 bc 12.11 ± 0.53 bc

T10 89.29 ± 2.35 b 17.06 ± 0.98 b 26.79 ± 0.98 b 12.72 ± 0.42 b

T11 88.93 ± 7.24 b 16.47 ± 1.34 b 26.04 ± 1.57 bc 12.33 ± 0.54 bc

T12 103.56 ± 2.72 a 19.81 ± 0.81 a 29.54 ± 0.56 a 14.03 ± 0.11 a

T13 105.16 ± 1.82 a 19.97 ± 0.71 a 29.79 ± 0.51 a 14.18 ± 0.09 a

LSD 0.05 7.84 1.63 1.57 0.80

Treatments T1–T13, as described above in Table 7; a–f: Duncan’s letters.

3.7. Photosynthetic Pigments

As observed in Figure 5, utilizing various bioformulation treatments under F. oxysporum-
infected soil resulted in a significant (p ≤ 0.05) rise in the levels of photosynthetic pigments,
such as Chl a, Chl b, total Chl, Caro, and TSS. Positive effects were observed in treatment
T12, which was almost 5-fold more effective than the control treatment (T2), recording
5.41 mg g−1 FW for Ch a (Figure 5A), 2.62 mg g−1 FW for Ch b (Figure 5B), 8.03 mg g−1

FW for total Chl (Figure 5C), 1.57 µg g−1 FW for Caro (Figure 5D), and 5.25 µg g−1 FW
for TSS (Figure 5E). Therefore, different bioformulation treatments were ranked as follows:
T13 > T12 > T10 > T11 > T9 > T7 > T5 > T4 > T6 > T8 > T1 > T3 > T2. As a result, the photo-
synthetic pigments were consistently enhanced by treatment T12 to a level comparable to
that of the reference treatment (T13).
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Figure 5. Effect of different developed bioformulations of T. lixii on (A): chlorophyll a; (B): chloro-
phyll b; (C): total chlorophyll; (D): carotenoids; and (E): total soluble sugar of cowpea plants grown 
in the presence of soil infected with F. oxysporum. Treatments T1–T13, as described above in Table 
7; a–i: Duncanʹs letters 
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Figure 5. Effect of different developed bioformulations of T. lixii on (A): chlorophyll a; (B): chlorophyll
b; (C): total chlorophyll; (D): carotenoids; and (E): total soluble sugar of cowpea plants grown in
the presence of soil infected with F. oxysporum. Treatments T1–T13, as described above in Table 7;
a–i: Duncan’s letters.

3.8. Antioxidant Enzymes

The data shown in Table 13 demonstrate that at 50 days after planting, cowpea plants
treated with bioformulation treatments grown in soil infected with F. oxysporum increased
their activity of the antioxidant enzymes PO, PPO, and PAL, as well as their TPC. As
demonstrated in Table 13, the greatest values of PO activity (µM H2O2 g−1 FW min−1) in
the treated seeds were significantly increased from 0.25 (control, T2) to 4.05 (T12).

Additionally, F. oxysporum-infected soil reduced the antioxidant capacity reflected by
PPO activity in untreated cowpea seeds, whereas treating seeds with a different bioformu-
lation mitigated the negative effects of infected soil on antioxidant capacity. Among all
treatments, treatment T12 induced the activity of PPO enzyme (µM tetra–guaiacol g−1 min−1

FW), recording greater values than the control, which altered from 0.07 (T2) to 0.33 (T12).
Meanwhile, the highest values of PAL enzyme activity (µmol min−1 g−1 FW) recorded
were 5.43 for T12, followed by 4.81 for T10 and 4.60 for T11, compared to control and
other treatments (Table 13). On the other hand, our findings on TPC were statistically
significant (p ≤ 0.05). Data showed that an increase was observed, with T12 registering
25.07 mg GAE g−1 FW, followed by 22.79 mg GAE g−1 FW for T10, compared to control.
Consequently, T12 consistently increased antioxidant enzymes to a level comparable to the
reference treatment (T13).
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Table 13. Effect of different developed bioformulations of T. lixii on antioxidant enzymes (PO, PPO,
and PAL) and TPC of cowpea plants grown in the presence of soil infected with F. oxysporum.

Treatments
PO
(µM H2O2 g−1 FW
min−1)

PPO
(µM Tetra–Guaiacol g−1

min−1 FW)

PAL
(µmol min−1 g−1 FW)

TPC
(mg GAE g−1 FW)

T1 0.71 ± 0.25 d 0.14 ± 0.03 d 2.24 ± 0.20 e 13.15 ± 1.16 d

T2 0.25 ± 0.06 e 0.07 ± 0.02 e 1.10 ± 0.24 f 9.38 ± 0.91 e

T3 0.51 ± 0.30 de 0.13 ± 0.02 d 2.01 ± 0.23 e 11.92 ± 1.10 d

T4 1.90 ± 0.39 c 0.21 ± 0.02 c 3.37 ± 0.33 d 17.72 ± 1.20 c

T5 2.08 ± 0.27 c 0.22 ± 0.02 c 3.47 ± 0.37 d 18.01 ± 0.69 c

T6 1.70 ± 0.30 c 0.20 ± 0.02 c 3.27 ± 0.30 d 17.31 ± 1.12 c

T7 2.81 ± 0.26 b 0.27 ± 0.02 b 4.41 ± 0.22 c 21.29 ± 1.16 b

T8 1.73 ± 0.33 c 0.20 ± 0.03 c 3.11 ± 0.16 d 17.03 ± 1.74 c

T9 2.82 ± 0.26 b 0.27 ± 0.02 b 4.39 ± 0.33 c 21.76 ± 1.12 b

T10 3.22 ± 0.19 b 0.29 ± 0.03 ab 4.81 ± 0.24 b 22.79 ± 1.53 b

T11 3.05 ± 0.31 b 0.29 ± 0.02 ab 4.60 ± 0.33 bc 21.83 ± 1.33 b

T12 4.05 ± 0.13 a 0.33 ± 0.02 a 5.43 ± 0.21 a 25.07 ± 1.04 a

T13 4.12 ± 0.11 a 0.37 ± 0.03 a 5.45 ± 0.17 a 25.11 ± 1.08 a

LSD 0.05 0.42 0.03 0.36 1.86

Treatments T1–T13, as described above in Table 7; a–f: Duncan’s letters.

3.9. N, P, and K (%) of Leaves

The chemical composition of cowpea leaves (N, P, and K%) grown in soil infected with
F. oxysporum differed significantly (p ≤ 0.05) depending on the different bioformulations of
T. lixii (Figure 6). At 50 days after sowing, the treated cowpea seeds exhibited elevated N
(%), from 1.17 (T2) to 2.31 (T12), whereas the same treatment significantly increased P (%)
from 0.06 (T2) to 0.18 (T12) in comparison to other treatments. Comparing treatment T12
with the control and other treatments, the greatest K (%) values were 3.25 for T12, followed
by 2.85 for T10 and 2.76 for T11 (Figure 6). As a result, the chemical compositions of cowpea
leaves (N, P, and K) were consistently enhanced by T12 to a level comparable to that of the
reference treatment (T13).
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Figure 6. Effect of different developed bioformulations of T. lixii on mineral content (N, P, and K%)
of cowpea plants grown in the presence of soil infected with F. oxysporum. Treatments T1–T13, as
described above in Table 7; a–e: Duncan’s letters.

4. Discussion

Value-added goods made from agricultural waste are an excellent way of providing
cost-effective carriers for producing bioproducts based on Trichoderma. With this approach,
waste products may be safely utilized, the disposal costs can be reduced, and the negative
effects on the environment can be mitigated. More research is required to identify the
fermentation substrates, which may generate microbial populations for the formulation
process and which are numerous, dependable, and efficient [48]. PBD and CCD were used
to optimize the nutritional and growth conditions in terms of maximizing the production of
Trichoderma conidia, which is highly dependent on the nutritional content of the substrates
and the conditions in which it is cultured. PBD was initially used to investigate and deter-
mine the key elements influencing the growth of conidia. The determination coefficient (R2)
of this model was 0.99, implying that the model was accurate for this process because there
was an excellent fit between the observed and anticipated values of conidia production.

To further optimize the use of CCD, sweet potato, cassava, pH, temperature, and
pre-treatment of substrates were chosen. At the concentration levels studied, it was discov-
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ered that they had a considerable impact on conidia production. Our findings concur with
those of Ref. [49], whose authors found that Trichoderma is produced in copious quantities
on various substrates based on its capacity to utilize carbon and nitrogen as a source of
nourishment. In the response surface approach, the second-order CCD is crucial, especially
when precise prediction and design economy are needed. Only three layers of each factor
are used in CCD—a type of rotatable design [50,51]. In addition, with 3 g of sweet potato,
3 g of cassava, pH 6, 25 ◦C, and pre-treatment with dH2O, the numerical optimization for
candida production was attempted. As would be assumed, pre-treatment, pH, and temper-
ature are crucial physical variables, which significantly influence biomass production. Thus,
this study provided the evidence that Trichoderma species thrive in acidic environments.
The research by Ref. [52] demonstrated that fungal growth was more encouraged by an
acidic pH than an alkaline pH. According to Ref. [53], Trichoderma grows more effectively in
acidic soils than in alkaline soils; hence, it changes the rhizosphere soil by making it acidic.
This clarifies why Trichoderma prefers an acidic pH.

According to Ref. [54], the pH range of 4.8–6.8 was ideal for mycelial growth in the
isolate of T. harzianum. Any biological system’s activity is strongly influenced by temper-
ature, which also has a significant impact on Trichoderma radial growth and sporulation.
Trichoderma thrived and produced spores well between 20 and 25 ◦C, but at 30 ◦C, it was
unable to perform either. According to Trichoderma species, 25 ◦C is the ideal tempera-
ture for maximizing conidia development (Figure 2a,b), agreeing with related findings in
Ref. [55], whose authors found that the ideal temperature range for rapid development of
Trichoderma species was between 25 and 30 ◦C. In contrast to the current study, Ref. [56]
found that 10 ◦C was preferable to 20 and 30 ◦C for supporting T. harzianum maximal
growth. Due to changes in the membrane shape and protein breakdown, microbial growth
is hampered and produces fewer conidia at higher temperatures [57].

Temperature is the parameter, which has the greatest impact on SSF performance [32,55].
It is well known that enzymes, which have already been synthesized, and other enzymes
required for microbial metabolic activities, become inactive at extremely high or low
temperatures. Pre-treatment could further improve the delignification and desalination
processes on lignocellulosic material because lignin is an essential component of cell walls
and gives plants strength and resistance to microbial degradation [58]. Consequently, both
cellulose and hemicellulose will be exposed to further saccharification by the selected
conversion agent.

In the gnotobiotic system experiment, our findings demonstrated that bioformulation
T12 (T. lixii + 4 g of cowpea waste + 4 g of cassava scraps) improved the cowpea seedling
length and vigor index results in soil infected with F. oxysporum (Figure 3). These optimistic
outcomes were a result of the bioformulation role of treatment T12 as an essential factor for
plant growth. It helps permanently colonize the root surfaces of the plants and defends them
from encroaching pathogens by erecting a physical barrier and producing concentrated
amounts of antimicrobial compounds in the rhizoplane [59,60]. As a result, root colonization
improves Trichoderma’s ability to induce induced systemic resistance (ISR), since it makes its
connection with the host more stable [61,62]. Additionally, Trichoderma enhanced seedling
length and the vigor index of tomato [63], eggplant—when mixed with peat and black
gram bran or grass pea bran or gram bran 16 days after sowing [64]—onion [65], chickpea
and lentil [66], tomato [59], and maize [67].

With regard to disease incidence (%), our research indicates that compared to the
control treatment, the cowpea seeds treatment with various bioformulations of T. lixii signif-
icantly reduced the proportion of soil infection with plant pathogenic fungus F. oxysporum
(Figure 4). The current results are consistent with those of Ref. [68], whose authors discov-
ered that T. harzianum cp and T. harzianum T22 grown on peat-soil-based black gram bran
were beneficial for reducing nursery diseases, such as damping-off, tip-over, and seedling
blight diseases. Refs. [64,69–71] reported similar findings in several crops. Consequently,
Trichoderma has developed several defense mechanisms against other fungi, as well as
indirect means of supporting the development of roots and plants, such as saprotrophs,
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mycoparasites, soil-produced chitinase or cellulase, and plant symbionts, which degrade
the cell walls of pathogenic micro-organisms. Therefore, for the effective management of
diseases and other pressures, bioformulation and the characterization of different strains of
Trichoderma are essential [72,73].

In comparison to the control plants (which were not infected), cowpea plants devel-
oped F. oxysporum infection after 50 days of testing, as evidenced by decreased values of
all vegetative parameters, including fresh and dry mass, shoot length, and root length
(Table 12). Our findings were in good alignment with those presented in Ref. [74], whose
authors treated cucumber plants with T. harzianum, which resulted in increases in dry
weight, shoot length, and root length of 80, 95, and 75%, respectively, over control plants.
Additionally, potato inoculation with T. viride Tvd44 can promote growth in terms of height,
roots, and leaf count [75]. A rise in the rate of photosynthetic activities, a rise in the rate of
plant growth control, and a rise in rooting depth are likely the causes of this improvement
in the growth dynamics [63], among other mechanisms. Rich inorganic soil substrates, such
as bio-organic fertilizers, facilitate the colonization and proliferation of Trichoderma spp.
fungi more effectively [71,76].

In terms of the photosynthetic pigments, T12 was 5-fold more effective than the
control treatment (T2) for photosynthetic pigments (Figure 5). However, pathogen infection
resulted in a drop in carotenoid, chlorophyll a and b levels in seedlings, demonstrating
that there was a genotype-specific response to changes in chlorophyll content. Chlorophyll
concentration, particularly chlorophyll a and b, is crucial for photosynthesis. A decrease in
plant chlorophyll content has an impact on photosynthesis and lowers the yield [77]. In
addition, the amount of chlorophyll in plants is another sign of the health of the plant [78].
Plant regulation mechanisms, including defense responses to biotic and abiotic stresses, are
impacted by changes in the energy supply and signaling on the photosynthetic process [79].
Plant regulatory mechanisms are also impacted, including the defense mechanism in
response to biotic and abiotic stressors. Mung beans may employ these changes in plant
chlorophyll concentration as a defense mechanism to lessen the pathogen’s access to
resources [80].

Regarding the antioxidant enzymes, the measurement of plant-defense-related en-
zymes, such PO, PPO, PAL, and TPC, and their role in plant defense mechanism induction
was assessed. Enzymes involved in plant defense were also activated by treatment with
T. lixii and pathogen infection (F. oxysporum) (Table 13). According to research by Ref. [81],
peroxidase plays a crucial part at the beginning of the plant’s defense response against
infections by building structural barriers (lignin accumulation) or by releasing more ROS
and synthesizing phenolic chemicals to create highly toxic conditions. PO is also actively
involved in growth-related self-regulation, such as respiration and photosynthesis [82].

On the other hand, due to its capacity to catalyze the oxidation of phenolic compounds
into quinones and the production of lignin, PPO played a significant role in disease resis-
tance [83]. According to Ref. [80], there was a negative association between PPO activity
and the percentage of plants that survived, and there was no correlation between PPO
activity and total phenol, indicating that PPO activity was not a direct factor in the in-
duction of mung bean’s resistance to pathogenic fungi. Numerous research works have
noted the different expressions of PAL; for instance, deoxynivalenol (DON, a Fusarium
mycotoxin) affected the activity of PAL in wheat, which led to downregulation of PAL in
vulnerable varieties [84]. Although it is difficult to understand Trichoderma’s inhibitory
effect on PAL activity in the plant–pathogen–Trichoderma interaction, PAL reaction is not the
only pathway for the body’s defense response, and PAL biosynthesis from L-phenylalanine
may occur in the plant via more than one route [80].

Phenols, one of the largest and most varied classes of plant active compounds, are
important for triggering defense reactions in response to pathogen infection and abiotic
stress. Phenolics are engaged in the regulation of plant growth. When plants identify
potential pathogens, phenolics are produced [85]. However, other variables affecting phenol
accumulation include plant genetics or species [86], nutrient status, and environmental
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variables, such as temperature and light [87]. These variables suggest that the relationship
between elicitor activity and specificity in a plant–microbe interaction is extremely complex.

In terms of N, P, and K percentages, the chemical composition of cowpea leaves (N, P,
and K%) grown in soil infected with F. oxysporum differed significantly (p ≤ 0.05) depending
on the different bioformulations of T. lixii (Figure 6). As a plant growth regulator, Tricho-
derma solubilizes minerals via hydrolysis, chelation, redox, and acidification [88]. These
traits are supported by Refs. [89,90], whose authors discovered that T. harzianum produced
organic acids, which support plant growth—such as tartaric acid, succinic acid, lactic acid,
and citric acid—and solubilized iron (III), as well as solubilizing P from Ca3(PO4)2 [91].
According to Ref. [92], T. asperellum improved the plant’s systemic resistance, made the
nutrients available via solubilization, and increased the surface area of root growth, all of
which improved the nutrient uptake of Fusarium wilt diseased tomato plants. Additionally,
T. harzianum can increase the performance of Fe, Mn, and Mg by lowering soil pH levels,
maintaining soil fertility with sufficient nutrients [60,93].

5. Conclusions

Developing a dependable biocontrol agent requires determining the optimal formula-
tion to overcome environmental restrictions and present the antagonist with a competitive
edge against diseases and other micro-organisms. Furthermore, wheat is one of the most
often used formulations; however, because it is a component of food, it is not always easily
available, which has prompted the creation of various alternatives utilizing organic waste.

The production and deployment of T. lixii must be repeated in the field—according to
the study—even if the current examination was conducted in a greenhouse. Based on these
results, we conclude that cowpea bioformulations, such as those made of sweet potatoes
and cassava, may be helpful in reducing the effects of F. oxysporum disease and promoting
cowpea growth. Therefore, the current findings may be useful for developing disease
management strategies for an integrated pest management program (IPM).
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