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Abstract: Damping-off disease due to Pythium aphanidermatum is one of the most harmful diseases
of cucumber. One of the critical issues in the field of biological control is the establishment of a link
between the beneficial bacteria screened in the laboratory and its industrial application. Therefore,
when developing biocontrol agents, it is necessary to study the optimization of mass production
conditions and to select a suitable carrier for their final formulation. In this study, an attempt
was made to provide a suitable formulation for a Streptomyces fulvissimus Uts22 strain based on
alginate–Arabic gum and nanoparticles (SiO2 and TiO2) with a layer-by-layer technique. X-ray
diffraction (XRD) and Fourier transform infrared spectroscopy (FTIR) studies showed that when
Arabic gum was added to the composition, an electrostatic interaction occurred between alginate
and Arabic gum. The scanning electron microscope image of beads show a cubic shape and good
dispersion of microcapsules. The encapsulation efficiency in the prepared formulation was reported
to be 94%. The maximum release of bacteria from the capsule was recorded on the 35th day of storage,
about 109 CFU/gr. The greenhouse experiments showed that encapsulated bacteria resulted in a
95% reduction in damping-off disease of cucumber and showed more potential effects on increasing
plant growth traits than free bacteria. This encapsulation strategy can be considered as a suitable
alternative for future applications in the agricultural field.

Keywords: alginate; Arabic gum; encapsulation; Pythium; cucumber; biological control

1. Introduction

The damping-off disease of cucumber seedlings (Cucumis sativus) caused by
Pythium aphanidermatum is one of the most harmful diseases of this crop, which causes
more damage in hot regions [1]. In addition to the rapid death of seedlings, this species
also causes root and crown rot [2]. Since the disease is also significant in most of the
cucumber growing areas of Iran, it seems important to prevent and control it. The use of
fungicides is the most common method of controlling soil-borne pathogens in the field
and greenhouse [3]. However, these chemicals continue to present numerous challenges,
such as environmental pollution, emergence of resistance of plant pathogenic fungi to
fungicide, and residual toxins on the product [4]. The low effect of chemical methods
to control various soil-borne pathogens, as well as their economic cost on one hand and
environmental concerns on the other, have made achieving healthier and cheaper methods
a serious challenge for researchers. The use of biofertilizers to reach sustainable agriculture
and expand the production of non-toxic products has been proposed as an alternative to
chemical fertilizers to increase soil fertility in agricultural production [5].

Biological control using microbial antagonists has emerged as an effective strategy
to control post-harvest soil-borne diseases. In addition, without harming the plant and
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the environment, these beneficial microbial agents also increase crop yield [6]. Strepto-
myces bacteria present in the rhizosphere increase plant growth directly and/or indirectly.
Direct plant growth stimulation occurs when a bacterial-synthesized compound is delivered
to the plant, or when the bacteria improve absorption of soil nutrients by plants [7]. Poten-
tial contributions of this type would include nitrogen fixation, synthesis of siderophores,
synthesis of phytohormones and solubilization of the minerals to make them accessible
for absorption and utilization by the plants. The indirect promotion happens when they
suppress the harmful actions of one or more damaging microorganisms. The production of
antibiotics, siderophores, hydrogen cyanide, and various enzymes such as protease, lipase,
chitinase, cellulase, etc., are considered as the most important mechanisms in the biological
control of plant pathogens by these bacteria [8]. Usually, shortly after their inoculation
into the soil, the bacteria population decreases quickly for most plant growth-promoting
rhizobacteria (PGPR) when provided without a suitable carrier [9]. The natural hetero-
geneity of the soil microbiota is the key barrier to the establishment of PGPR agents, since
sometimes bacteria cannot find an empty niche to inhabit in the soil [10]. To better-adapt
and increase their survival rate, PGPR must compete with the soil microflora and enhance
their survival against adverse environmental conditions. The bacterial formulation for
use at the field scale should be designed to deliver a reliable source of bacteria that will
survive in the soil and become accessible to crops, if necessary [11]. Therefore, a major
role of the bacterial formulation is to provide an appropriate environment, consisting of
physical protection, for a long period, to prevent a quick reduction of the bacterial popu-
lation. Inoculant formulation must be stable during production, storage, and transport,
especially when the main component is live and sensitive to changes, compared to farm
chemicals [12]. The encapsulation of bacteria in a biodegradable matrix is a novel method
of bacteria formulation in agricultural science. It preserves bacterial agents in adverse
environmental conditions and increases their efficiency in increasing plant growth and
controlling plant pathogens [13]. Further, one of the most important advantages of the
formulation is the gradual release of bacteria from beads. As a result, colonizing plant roots
with a desired strain is better [9].

Currently, the biopolymers complex is one of the most widely used encapsulation
methods [14]. The process of encapsulation is based on the attractive interaction between
two polymers with two types of different electric charges at a certain pH, leading to a
phase separation in the process and therefore resulting in the formation of microcapsules.
The capsule wall is conceived to protect against the release of microorganisms to the ex-
ternal environment until the perfect moment. There are several biodegradable polymeric
matrices, which have been investigated for bacterial encapsulation, including alginate [15],
chitosan [16], starch systems, carboxymethyl cellulose [17], protein–polysaccharide mix-
tures [18], and poly-lactic acid and poly-lactic-co-glycolic acid [19]. Among them, alginate
(ALG), Arabic gum (AG), gelatin, chitosan, and gellan gum are the most frequently found
in research reports.

Among the main materials of choice for encapsulating microorganisms [20], ALG-based
formulations have the advantages of having non-toxic nature, are accessible at reasonable
costs, are biodegradable, and control the release of the entrapped core material into the
soil [21]. Further, ALG can be amplified with various secondary polymers to increase their
mechanical resistance and stability to develop degradation time in soil, if needed. AG is
an arabinogalactan polysaccharide–protein complex anionic compound of three separate
sections with different protein levels (2–4%) and molecular weights. This polymer, according
to the presence of peptide fragments and residual charged groups, has an effective surface
activity and cold solubility [22].

Microencapsulation by complex biopolymers has been reported as more efficient
for various bacteria, such as Bacillus salmalaya 139SI [23], Pseudomonas putida Rs-198 [24],
B. subtilis VRU1 [25], and Pseudomonas fluorescens VUPF5 [21]. Titanium dioxide nanopar-
ticles (Nano TiO2), one of the main nanomaterials in the agricultural sector, have the
interesting feature of increasing the percentage of bacterial adhesion to the plant roots and
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thus increasing bacterial colonization. Saberi-Riseh and Moradi-Pour et al. [25] showed that
Nano TiO2 increased the adhesion of B. subtilis VRU1 on bean root surfaces and enhanced
the colonization process. With the occurrence of environmental stresses, SiO2 nanoparticles
play an important role in increasing resistance to biotic and abiotic stresses (such as drought,
cold, heat, etc.) in plants by triggering oxidative antioxidant defense, reducing oxidative
damage to membrane molecules, and maintaining many physiological and photosynthetic
processes in plant cells.

Because of the positive effects of PGPRs in agriculture, our goal is to increase the
efficiency of beneficial bacteria to improve plant growth, to increase the viability of bacteria
during formulation, storage and transport, and to further control the delivery of bacteria in
the soil. Therefore, the present study was performed to microencapsulate probiotic cells
of Streptomyces fulvissimus Uts22 in double polymers with the layer-by-layer technique
using ALG and AG as matrixes enriched with TiO2 and SiO2 nanoparticles. Then, the
moisture content, swelling ratio, morphology and other characteristics of microcapsules
was investigated. Moreover, the survival rate of bacterial cells was evaluated during in vitro
condition, as well as after 60 days of storage at 28 ◦C. Then, the effect of the prepared
formulation on increasing the growth of the cucumber plant and evaluated damping-off
disease control efficacy were investigated.

2. Materials and Methods

Streptomyces fulvissimus Uts22 was prepared from the Tehran University strain library
while Pythium aphanidermatum isolate was obtained from the University of Jiroft.

2.1. In Vitro Antifungal Assay

S. fulvissimus Uts22 was investigated in an antagonistic evaluation using the dual-
culture technique. One plug of P. aphanidermatum (5 mm in diameter) was placed on the
center of the PDA medium plate and S. fulvissimus Uts22 was cultured on the edge of a Petri
dish. Plates were incubated at 28 ◦C for 4 days and the antifungal activity of this bacterial
was scored according to the scale described by Alfredo and Aleli [26]. The diameter of
the mycelium growing out from the fungi plug was measured and was compared to the
control samples. To obtain the percentage inhibition of fungal radial growth (PIRG %) the
following formula was used [27]:

PIRG = [(R 1 − R 2)/R 1] × 100 (1)

with
R 1 = Radial growth of P. aphanidermatum (mm) in the control plates (2)

R 2 = Radial growth of P. aphanidermatum interacting with S. fulvissimus Uts22 (mm) (3)

In each treatment, an average of three replicates was reported.

2.2. Screening of Plant Growth Promoting Activities
2.2.1. Siderophore Production

Siderophore production of the desired bacterial strain was evaluated on Chrome
Azurol S (CAS) agar plates [28]. Bacterial culture was spotted on these plates and incubated
for three days at 28 ◦C. The appearance of a yellow to orange-colored zone around bacterial
colonies is evidence of the siderophore production.

2.2.2. Auxin Production

The S. fulvissimus Uts22 suspension (1010 CFU/mL) was added to 25 mL of TSB
(Tryptic Soy Broth) medium containing L-tryptophan in 50 mL Erlenmeyer flasks and
incubated at 28 ◦C. After 72 h of growth, bacterial culture was centrifuged, and 2 mL of
supernatant phase was mixed with 4 mL of Salkowski’s reagent (2 mL 0.5 M FeCl3 + 98 mL
35% HClO4) and kept at room temperature for 30 min for color development. Then, light
absorbance was evaluated by spectrophotometer at 535 nm [29].
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2.3. Hydrolytic Enzyme Production
2.3.1. Cellulase Assay

Cellulase assay was performed according to the method of Kasana et al. [30]. Bacterium
was cultured on CMC agar medium (carboxymethyl cellulose 0.5 gL−1, K2HPO4 0.1 g/L,
NaNO3 0.1 g/L, yeast extract 0.05 g/L, MgSO4 0.05 g/L, agar 15 g/L) and incubated
at 28 ◦C for 5 days, then flooded with 1% Congo Red solution and washed twice with
distilled water. A clear zone around the colony represents the production of cellulase by
this bacterium.

2.3.2. Protease Production

Protease activity with S. fulvissimus Uts22 was evaluated on skim milk agar: yeast ex-
tract (2.5 g/L), glucose (1 g/L), skim milk (7%) and agar (15 g/L), pH = 7.0.
The S. fulvissimus Uts22 culture was grown for five days at 28 ◦C. Proteolytic activity
was indicated by the clear zone around the cell [31].

2.3.3. Production of Lipase

The production of lipase by S. fulvissimus Uts22 was measured according to the method
of Omidvari [32] in medium containing NaCl 5 g/L, CaCl2 0.1 g/L, peptone 10 g/L, Agar
15 g/L, and Tween 80. Bacterium was cultured on this medium and incubated at 28 ◦C.
After three-day depositions, the bacterial colonies showed lipase production.

2.4. Preparation and Characterization of Microcapsules

The formation of the microcapsules in the first stage, by addition of the S. fulvissimus
Uts22 suspension and nanoparticles (SiO2 and TiO2) in sodium ALG solution (2%), was
performed according to the method of Krasaekoopt et al. [33]. After stirring (10 min) the
mixture was dropped, using a 0.3 mm needle, in a calcium chloride 0.1 M solution. After
30 min at room temperature, beads were mixed with AG (4%) to allow its complete gelation.
Then, samples were washed with 0.9% saline solution and dried in the oven at 45 ◦C.

2.4.1. Surface Morphology of Microcapsules

The morphology of microcapsules was characterized by scanning electron microscopy
(SEM) with a gold sputter method. The beads were vacuum-dried, then covered with gold
and observed microscopically.

2.4.2. FTIR Analysis

The FTIR analysis was performed to investigate the chemical structure of biopolymer
powders and their interactions. Samples were prepared by the potassium bromide tablet
method. The sample powder was pressed into a small tablet about 1 mm thick. The FTIR
spectroscopy was performed using the Nicolt IS10, 60625–1, American FT-IR a spectrometer
in the range of 4000 to 400 cm.

2.4.3. X-ray Diffraction

The XRD analysis was performed on powders of pure wall materials and powder
coatings prepared with the X-ray device of Agar Scientific, which is equipped with a
radiation source of CuKα nm = 0.154 k at 40 kV and 30 mA. The samples were scanned
in the diffraction angle range of 10◦ to 80◦ (2θ) at an angular speed of 1◦ (2θ) min−1 at
room temperature.

2.4.4. In Vitro Release of S. fulvissimus Uts22 from Microcapsules

In vitro release of the S. fulvissimus Uts22 from microcapsules was quantified using a
dialysis bag [34]. One gram of microcapsules was dumped in the dialysis bag, which was
sealed and added into phosphate solution buffer, kept at 28 ◦C and magnetically stirred
at 200 rpm. At intervals of five days, the viable bacteria were counted by serial dilution
colony count.
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2.4.5. Determination of S. fulvissimus Uts22 in the Cucumber Root

To determine the colonization percentage of S. fulvissimus Uts22 microcapsules,
S. fulvissimus Uts22 capsules without nanoparticles and free S. fulvissimus Uts22 on the
cucumber roots were taken out at 5, 10, 15, 20, 25, 30, 35, 40 and 45 days after inoculation.
Afterward, one gram of roots in each treatment was measured, washed, and dissolved in
phosphate buffer, then stirred for one hour and cultured on NA medium. The number of
bacteria was counted after 48 h incubated at 28 ◦C [24].

2.5. Greenhouse Experiments

The greenhouse conditions were evaluated using the soil treatment method. The im-
pact of free and formulated S. fulvissimus Uts22 was evaluated on the growth of cucumber
plants in the absence of the P. aphanidermatum. Further, the effect of the bacterium and its
formulation on cucumber mortality by P. aphanidermatum was also evaluated. To prepare
the pathogen inoculum, wheat seeds were used as P. aphanidermatum carrier for inoculation.
First, wheat seeds were autoclaved twice for 45 min at 125 ◦C and then inoculated with
mycelium of the P. aphanidermatum in a sterile 250 mL Erlenmeyer flask. The Erlenmeyer
flask was stored for two weeks at 28–30 ◦C. To assess the S. fulvissimus Uts22 potential
on cucumber, free or encapsulated S. fulvissimus suspensions were provided as described
in Table 1.

Table 1. Experimental protocol followed for obtaining suspension of S. fulvissimus Uts22 to study
their potential on cucumber.

N◦

Treatments

S. fulvissimus Uts22

Free Encapsulated Wheat Seeds with
P. aphanidermatum

T1 10 mL 0 0 g
T2 10 mL 4 g
T3 10 g 0 g

T4 10 g 4 g

T5 4 g

T6 Microcapsules without bacterium

T7 Control

In each pot, for each treatment, six cucumber seeds were planted, with four replicates
for each treatment. After fifty days, three plants from each treatment were randomly
harvested, dry and fresh weight were measured, and disease severity was calculated.

2.6. Statistical Analysis

The measurement of viability, the colonization percentage and growth factor amount
were analyzed in one-way ANOVA. The SAS 9.1 (SAS Institute, Inc., Cary, NC, USA)
was used to analyze the data and compare means. Each test was performed at least with
three replications.

3. Results and Discussion
3.1. In Vitro Antifungal Assay

After seven days, the diameter of the growth inhibition halo was measured, and the
results indicated that the presence of S. fulvissimus Uts22 prevented the growth of fungi
causing the disease (Figure 1A).
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3.2. Screening of Plant Growth Promoting Activities
3.2.1. Siderophore Production

The microorganisms release siderophores that chelate iron and later internalize the
subsequent composites into their cytoplasm. Siderophores are low-weight molecules with
high affinity to bind and complex Fe (III). The S. fulvissimus Uts22 was able to produce
siderophores, as shown by the appearance of an orange halo around the bacterial colony
(Figure 1B). Iron uptake by microorganisms with the aid of siderophores contributes
to plant nutrition under limiting conditions, by facilitating their access to natural iron
sources found in soils. For the first time, Klopper et al. [35] recognized the importance
of siderophores as one of the essential antagonistic mechanisms of bacteria against plant
pathogens. Streptomyces members are well recognized for their potential to generate
multiple siderophores that are separately regulated and continuously acting to be more
environmentally competitive [36].

Auxin Production

Among the different hormones, auxins have a key control function, by controlling the
majority of plant processes either directly or indirectly, and therefore can be thought as
controlling the majority of plant developmental pathways [37,38]. Our results show that
the S. fulvissimus Uts22 strain produced 2.36 µg/mL of auxin. In accordance with this result,
most rhizospheric beneficial bacteria are capable of producing IAA, which is not only in
charge of reinforcing the plant relationship with microorganisms but is also an important
factor that positively promotes the plants’ growth and development [39]. A notable feature
is the modification of the root morphology, therefore resulting in more nutrient uptake and
development [40]. In this way, the production potential of bacterial auxin is believed to be
beneficial in decreasing the harmful effects of chemical fertilizers to the ecosystem and can
be applied to enhance higher yields and growth [41].

3.2.2. Hydrolytic Enzyme Production

Hydrolytic enzymes have been studied primarily in connection with plant pathogens
and their colonization patterns, including the breakdown of plant tissues [42]. Nevertheless,
the beneficial rhizospheric community produces a variety of hydrolytic enzymes that are
involved in the degradation of the glycosidic bonds present in the cell wall polysaccharides
of plant pathogens. In line with this, the S. fulvissimus Uts22 strain showed protease
enzyme production on the SMA culture medium (Figure 1C). The appearance of sediments
around the bacterial colony in the lipase test indicates the ability of this strain to produce
lipase (Figure 1E). Extracellular lytic enzymes such as proteases, cellulases and lipases can
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be effective in the cell wall of plant pathogens. The production of the protease enzyme is
one of the effective mechanisms in the biological control of plant pathogens by bacteria [43].
The cellulase activity of S. fulvissimus Uts22 with the appearance of a halo around the
bacterial colony was shown after staining with Congo Red (Figure 1D). Therefore, the
ability of S. fulvissimus Uts22 to produce protease, cellulase and lipase (Figure 1) may
suggest its ability to degrade cell walls of plant pathogens or plant tissues.

3.3. Preparation and Characterization of Microcapsules
3.3.1. Encapsulation Efficiency

The carrying materials used for the microbial inoculants provide protection from
diverse stressors and extend shelf life. In this study, microencapsulation approaches were
employed to address the problems related to the release of specific chemicals and probiotics.
Encapsulation efficiency is one of the main factors to confirm the encapsulation process [44].
However, the encapsulation efficiency (e.g., in terms of survival rate or release) depends on
the technique used. Layer-by-layer, one of the encapsulation techniques, achieves relatively
high viability of bacterial cells. According to our results, ALG–AG microcapsules exhibited
a high encapsulation efficiency of approximately 94%.

3.3.2. Surface Morphology of Microcapsules

The average size of microcapsules may be dependent on the efficiency and stability of
microencapsulation. Macrocapsules usually protect core material better than microcapsules
but are less efficient at dispersing the final product. Therefore, it is essential to achieve a for-
mulation with an almost uniform size with high efficiency. The optical microscopy images
showed that ALG/AG microcapsules were fully cubic in shape with some irregularities,
which can be effective in entrapping and releasing bacteria. The size of microcapsules was
reported to be about 140–150 µm (Figure 2).
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3.3.3. FTIR Analysis

Each Fourier transform (FT-IR) spectrum is a unique physical property and character-
istic of the molecule that includes the vibrational patterns of the molecule [45]. The FTIR
spectroscopy was performed to identify the various ingredients of the microcapsules.
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The FTIR spectra obtained are presented for ALG, AG, and complex ALG/AG, respectively,
in Figures 3–5, while Table 2 shows the peaks and their band assignments between 400 to
4000 cm−1 for each ingredient used in the encapsulation process. The ALG spectra were
determined as a reference, which revealed the characteristic presence bands at 1619 and
3449 cm−1, corresponding to C=O and O-H stretching vibrations, respectively.
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Table 2. Positions of main FTIR stretching bands and their relative assignments for ALG, AG and
ALG–AG complex.

Characteristic Group
Wavelength (cm−1)

ALG AG

C—O stretch 1126 1022

C—O—C stretch 1320 -

C=C stretch - -

C=O stretch 1619 1608

C—H stretch 2921 2923

O—H stretch 3449 3424

C(=O)—O stretch 1421 1618

AG has shown characteristic peaks at 3424 cm−1 and 2923 cm−1, which is related
to the -OH and -CH2, -CH3 aliphatic groups. Asymmetric and symmetric stretching
of the COO− group was observed at 1608 cm−1. The peak at 1422 cm−1 is related to
the -OH group bending of the acid group. In summary, the FT-IR spectra of ALG–AG
microcapsules showed the significant characteristics of ALG and AG without any major
deviation. The peaks near 1400 and 1600 cm−1 related to –COO (asymmetric) and –COO
(symmetric) stretching, respectively, were mixed and showed new stronger peaks at the
same regions. Therefore, ALG and AG are suitable complexes for bacteria encapsulation.

3.3.4. X-ray Diffraction

The XRD patterns of the ALG, AG and ALG–AG formulation are presented in Figure 6.
The AG is amorphous with no distinct peak while the ALG exhibited no sharp peak.
Meantime, for microcapsules we observed three peaks at 2θ = 20.92◦, 2θ = 31.89◦ and
45.65◦, which are related to SiO2 nanoparticles, and the peak observed at 2θ = 29.32◦ is
due to the presence of TiO2 nanoparticles in the formulation. The XRD pattern and FTIR
spectrum of ALG-AG no incompatible interaction showed. Therefore, this complex might
be reported as appropriate materials for bacterial coating.
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3.3.5. In Vitro Release of S. fulvissimus Uts22 from Microcapsules

PGPR encapsulation has been extensively applied in agriculture to provide a protec-
tive and functionalized surrounding structure for microorganisms. Further, it ensures their
gradual and prolonged release. The inoculants should be stored under room temperature
but avoiding extreme temperature oscillations. Under these circumstances, the shelf life
of liquid inoculants is extremely short and bacterial viability declines dramatically. Addi-
tionally, after introduction in the soil, the liquid inoculum has an instantaneous and very
rapid release and the rhizobacteria are only delivered at the initial time of plant growth.
In this study, we showed that bacterial release increased upwards until day 35, where the
highest bacterial population was recorded (109 CFU/g) (Figure 7). Therefore, bioencapsu-
lation allows a niche where rhizobacteria are preserved from soil stress. Beyond the 35th
day, though remaining high, the population started to decrease gradually, likely due to
environmental factors and the onset of the bacterial death rate.
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Figure 7. Release of S. fulvissimus Uts22 from microcapsules in phosphate buffer.

3.3.6. Determination of S. fulvissimus Uts22 in the Cucumber Root

Root colonization by bacterial agents plays an important role in its ability to sur-
vive [25]. Therefore, the percentage of root colonization of the cucumber plant with free
S. fulvissimus Uts22, encapsulated S. fulvissimus Uts22, microcapsules without nanoparticles,
and microcapsules was investigated. Our results show that, from 5 to 20 days, the colo-
nization rate by encapsulated S. fulvissimus Uts22 was lower than that of free S. fulvissimus
Uts22 (Figure 8). Then, the rate of colonization became similar in treatments containing
microcapsules and uncoated bacteria on day 25. However, the amount of colonization
in the rhizosphere became significantly higher in cucumber plants inoculated with mi-
croencapsulated S. fulvissimus Uts22 compared to plants treated with free S. fulvissimus
Uts22 or encapsulated Uts22 without nanoparticles starting from 30th days and up to 45th
days. The S. fulvissimus Uts22 trapped in microcapsules was gradually and continuously
released into the soil, leading to the colonization of the cucumber root. Further, according
to our research, it was shown that cucumber root colonization by S. fulvissimus Uts22
microcapsules could occur at high levels at 45 days.
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bacteria has been released). Different letters indicate significant differences among treatments.

3.4. Greenhouse Experiments

By investigating the effect of the different treatments on all studied indicators (re-
duction of disease severity, dry and fresh weight of shoots and roots), the treatment with
microencapsulated S. fulvissimus Uts22 showed the most excellent impact either in the
presence or absence of the pathogen. The growth of cucumber seedlings, treated with
S. fulvissimus Uts22 microcapsules, showed a significant (p < 0.05) increase compared with
cucumbers treated with other treatments. However, the growth of the inoculated cucum-
bers with the S. fulvissimus Uts22 microcapsules was less than plants treated with free
bacteria during the first phase of the developmental growth. This is probably due to the fact
that bacteria are gradually released from the microcapsules. Inoculation of cucumber plants
with microcapsules and free bacteria indicated a suitable reaction compared with control
plants. Shoot length of cucumbers treated with S. fulvissimus Uts22 microcapsules showed
a significant (p < 0.05) enhancement compared to the cucumbers treated with uncoated
bacteria (Table 3). In addition, dry and fresh weights of shoots and roots treated with
microencapsulated S. fulvissimus Uts22 were higher than treatment by uncoated bacteria or
free microcapsules.

Table 3. Efficacy of S. fulvissimus Uts22 bacteria and its microcapsules on growth parameters in
cucumber plants. Shoot fresh weight (SF), shoot dry weight (SD), root fresh weight (RF), root dry
weight (RD).

Treatments SF (g) SD (g) RF (g) RD (g)

T1 S. fulvissimus Uts22 bacteria 15.76 c 5.27 c 14.28 c 4.31 c

T2 S. fulvissimus Uts22 bacteria + P. aphanidermatum 15.16 d 5.27 d 14.28 c 4.31 c

T3 S. fulvissimus Uts22 microcapsules 17.6 a 6.24 a 15.36 a 5.28 a

T4 S. fulvissimus Uts22 microcapsules + P. aphanidermatum 16.11 b 5.98 b 15.08 b 5.06 b

T5 P. aphanidermatum 8.11 g 1.82 g 9.11 f 2.15 g

T6 Microcapsule without bacteria 14.23 e 3.95 e 13.94 d 3.29 e

T7 Control 12.08 f 3.06 f 11.19 e 3.11 f

Numbers with different letters show significant differences at p ≤ 0.05 (LSD).
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The results of the analysis of variance show a significant difference between treat-
ments at the level of 5%. The addition of P. aphanidermatum in the soil decreases the root
dry weights of cucumber plants to 69%. When bacterial microcapsules and free bacte-
ria were added to the soil, these treatments showed a 70% and 40% increase in root dry
weights, respectively (Figure 9). Inoculated plants treated with bacterial microcapsules
had significantly larger root systems, compared to the Pythium-inoculated, free bacte-
ria and control treatments. These results can be correlated with the IAA produced by
S. fulvissimus Uts22 since IAA is an important factor that positively promotes the plants’
growth and development [39]. S. fulvissimus Uts22 microcapsules showed high potency
(93.66%) to decrease the P. aphanidermatum infection, while the percent of disease control
in cucumber treated with free bacteria and microcapsules without bacteria were 75% and
45%, respectively. According to ANOVA analysis, the results showed that the use of
S. fulvissimus Uts22 microcapsules on cucumber plants in the greenhouse increased growth
factors and controls the cucumber seedlings damping-off disease.
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Streptomycetes are among most skilled chemists in nature and generate an amazing
array and variety of bioactive secondary metabolites [46]. The literature is well documented
on the mechanisms used by Streptomyces sp. to suppress pathogens in the soil, namely
antibiosis, competition for nutrients, production of degradative enzymes, production of
nitrous oxide, siderophores, quorum quenching and volatile metabolites [46]. Their ability
to acclimate to different environmental circumstances in the rhizosphere makes them
valuable competitors. The production of siderophores, which are iron chelators, deplete
other microorganisms of this important micronutrient. In accordance with our results,
siderophore production by S. griseorubiginouse was effective in the control of banana wilt
caused by Fusarium oxysporum f. sp. Cubenese [47]. Further, as has been described in several
previous studies, the S. fulvissimus Uts22 is able to secrete several fungal cell wall degrading
enzymes, explaining partly the induced observed resistance of cucumber plantlets against
P. aphanidermatum [46,48,49].

Biological control is a key component of plant pest and disease management system
approaches [50]. In contrast to chemical pesticides, biological control does not proceed
quickly. However, in successful cases, biological control has a more lasting effect than
chemical pesticides. In this way, the effective role of Streptomyces isolates in the production
of volatile compounds, siderophores, regulation of enzymes effective in plant growth, and
positive effect on plant growth indices and microbial antagonism has been confirmed in
several experiments [46,51,52].
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The emerging application of nanotechnology in plant science is one of the current
topics in the world that is in its infancy and is still expanding, and where many effects
and functions of nanomaterials on physiological and metabolic mechanisms of plants
are still unknown. The use of nanotechnology in recent decades has created extensive
changes in all fields of science, and agricultural science is no exception to this rule [53].
Silicon is one of the many elements in the earth’s crust but most of its forms are not
absorbable by plants. This element has positive effects on increasing water use efficiency
and also on plant growth and yield, and increases production and product quality, reduces
evapotranspiration, increases resistance to stresses such as drought and toxicity of heavy
metals and the production of some antioxidant enzymes, and reduces fungal diseases in the
plant [54,55]. TiO2 nanoparticles significantly increased the photosynthetic pigment content
under cold stress conditions [56]. The combined effect of SiO2 and TiO2 nanoparticles on
the germination and growth of soybean induced an increase in the percentage of soybean
germination and growth [57].

As indicated earlier, streptomyces is a very valuable microorganism in various fields
including agriculture and medicine. These bacteria are introduced in agriculture as rhizo-
sphere colonizing bacteria and control agents of plant pathogenic fungi and also stimulate
plant growth [46,58]. The study of the characteristics of biocontrol agents, and survival and
protection of the biological characteristics of this microbial group, are important factors in
their development for use in pathogen management. This is especially important in mass
production and formulation [59]. The combined use of biocontrol agents and functional
nanoparticles such as SiO2 and TiO2 in intelligent formulation can be a new approach in
increasing plant growth and controlling plant diseases.

4. Conclusions

Due to the importance of microbial formulation and the effect of nanoparticles in
improving plant growth conditions, in this study, we prepared a new formulation based on
biopolymers and nanoparticles. Encapsulation of microbial agents, in addition to protecting
the trapped agent in adverse environmental conditions, also increases the percentage
of colonization by gradual release and improves its biocontrol function. By combining
biological control and nanotechnology, the formulation presented in this study showed
extraordinary performance in increasing plant growth and controlling damping-off diseases
in cucumber seedlings. The results of greenhouse experiments showed that encapsulation
of bacterial agents can play an important role in the control of plant pathogens. Based on
the results, it was observed that both treatments of uncoated bacteria and encapsulated
bacteria have a significant effect on increasing plant growth factors, however, with a
significant advantage for encapsulated bacteria. The formulation provided in this study is
economically very important for biocontrol producers and farmers and can pave the way
for the development of biological controls.
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