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One of the relevant problems in today’s agriculture is related to phytopathogenic
microorganisms that cause between 30-40% of crop losses. Synthetic chemical
pesticides and antibiotics have brought human and environmental health problems
and microbial resistance to these treatments. So, the search for natural alternatives
is necessary. The genus Streptomyces have broad biotechnological potential, being a
promising candidate for the biocontrol of phytopathogenic microorganisms. The efficacy
of some species of this genus in plant protection and their continued presence in
the intensely competitive rhizosphere is due to its great potential to produce a wide
variety of soluble bioactive secondary metabolites and volatile organic compounds.
However, more attention is still needed to develop novel formulations that could increase
the shelf life of streptomycetes, ensuring their efficacy as a microbial pesticide. In
this sense, encapsulation offers an advantageous and environmentally friendly option.
The present review aims to describe some phytopathogenic microorganisms with
economic importance that require biological control. In addition, it focuses mainly on the
Streptomyces genus as a great producer of secondary metabolites that act on other
microorganisms and plants, exercising its role as biological control. The review also
covers some strategies and products based on Streptomyces and the problems of its
application in the field.

Keywords: antimicrobials, biological control, Streptomyces, phytopathogen, antibiotic

INTRODUCTION

Phytopathogens represent a global threat to the production of food and crops, causing devastating
diseases that result in significant economic losses (Valdés et al., 2017). At least 30-40% of the
crop losses are caused by phytopathogenic infections and represent $ 200 billion a year worldwide
(Sawicka and Egbuna, 2019; FAO, 2020).

Phytopathogenic bacteria and fungi affect all plant food products, colonizing their surface
or tissues. These microorganisms cause symptoms such as spots, blight, cankers, tissue rot, and
hormonal imbalances that lead to excessive growth, growth retardation, atrophy, root branching,
among others (Kannan et al., 2015a). Thus, these phytosanitary problems negatively affect the
world’s food supply.
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Chemical pesticides and antibiotics have been used to fight
microbial infections. However, the use of these compounds
has brought different problems such as pathogen resistance to
treatment, soil salinization, and environmental contamination
(Petriccione et al., 2017; Rodriguez et al., 2020).

According to this background, it is necessary to look for new
antimicrobials to control phytopathogenic bacteria and fungi
as alternative methods of plant protection, respectful with the
environment, and less dependent on chemicals.

Waksman and Henrici first characterized the genus
Streptomyces in 1943. It is classified into the family of
Streptomycetaceae based on its morphology and cell wall
chemotype. Previous studies have reported that more than
74% of current antibiotics have been produced by the genus
Streptomyces. Streptomyces species are abundant in the soil,
and are important members of the plant growth-promoting
rhizobacteria (PGPR). Some species have been used in agriculture
as biocontrol agents (Wang et al., 2018). Streptomyces sp are
Gram-positive filamentous soil bacteria producers of various
secondary metabolites, including many valuable compounds
such as antibiotics, volatile organic compounds, and enzymes.
Also, it induces plant resistance to pathogens (Zhao et al., 2013;
Faheem et al., 2015; Nah et al., 2021). Due to the extensive
production of secondary metabolites, Streptomyces species
have attracted much attention to the biological control of soil
pathogens. The production and release of secondary metabolites
depend on several factors, such as nutritional, biological, and
environmental conditions. Furthermore, they can be induced or
activated by other organisms when they invade the soil space,
competing for available nutrients (Sun et al., 2016).

The genus Streptomyces has been widely studied due to
its biotechnological potential as a promising candidate for
use in the biocontrol of phytopathogenic microorganisms.
However, more information is still needed to develop novel
formulations that could increase the shelf life of Streptomycetes,
thus ensuring their long-term viability, sporulation activity, and
efficacy of their application as a microbial agrochemical. In this
sense, encapsulation offers an advantageous and environmentally
friendly option for developing new biological control products.

The present review aims to describe the phytopathogenic
microorganisms requiring biological control, mechanisms of
Streptomyces activity, and problems of their application under
field conditions.

CROP DISEASES

Crop diseases are a major threat because they drastically
reduce agricultural production and quality. Therefore, early
detection and classification of diseases are important challenges
for agricultural production (Bhadur and Rani, 2020). The
damage caused by agricultural pathogens is devastating. Losses
in agriculture due to diseases worldwide amount to more than
220 billion dollars annually (FAO, 2020). Plant diseases can be
caused by different bacterias, fungi, and other agents. Diseased
plant symptoms can include leaf spots, leaf blights, root rot,
fruit rot, fruit spots, wilting, dieback, and decline. The significant

impact of plant diseases is reducing the food available for
humans by ultimately decreasing crop yields. This can result in
unsuitable food for humans or lead to hunger in some areas (Loey
et al., 2020). Therefore, recognizing plant diseases is of utmost
importance in recommending and choosing the treatment for
diseased plants and preventing infections of uninfected plants.
The plant leaf is the most common way of detecting plant diseases
as it shows different symptoms for different diseases.

Main Phytopathogenic Bacteria

Phytobacteria are an important group of plant pathogens that
reduce the yields of valuable crops. They spread easily and
rapidly, causing severe bacterial infections challenging to control
(Kering et al., 2019). Phytopathogenic bacteria cause disease
in many plants, causing symptoms such as spots, cankers, rot,
hormonal imbalances that lead to excessive plant growth or
growth retardation, root branching, foliar epinasty, among
others (Kannan et al., 2015a). These problems affect plants at
a qualitative and quantitative level, negatively damaging the
world food supply (Kannan et al., 2015b), generating devastating
damage and significant economic losses worldwide each year
to the food production chain. Among the phytopathogenic
bacteria with the highest incidence in agriculture are Clavibacter
michiganensis, Pseudomonas syringe, Pseudomonas corrugate,
Xanthomonas campestris (Andrade-Bustamante et al., 2017),
Erwinia amylovora, Ralstonia solanacearum, and Xylella
fastidiosa (Martins et al., 2018). These pathogens cause specific
diseases in plants using different infection mechanisms and
pathogenicity mechanisms depending on the microorganism in
question (Table 1). Some authors place these phytopathogens as
those with the most significant economic impact worldwide.

Main Phytopathogenic Fungi

Phytopathogenic fungi pose serious problems worldwide in
cultivating economically important plants, especially in the
subtropical and tropical regions. Phytopathogenic fungi are
responsible for diseases in many vegetable and fruit products,
appearing during crop development or postharvest. In addition,
the phytopathogenic fungus produces toxic metabolites that
can be carcinogenic and constitute a risk to public health. In
contrast, the growth of specific fungi results in nutritional and
chemical changes, poor appearance, and food flavor development
(Vashistha and Chaudhary, 2019). Among the phytopathogenic
fungi with the highest incidence in agriculture and with the
most significant economic impact are Fusarium, Botrytis cinerea,
Alternaria alternata, and Colletotrichum spp. These pathogens
cause specific diseases in plants using different infection
mechanisms and pathogenicity mechanisms depending on the
microorganism in question (Table 2).

PHYTOPATHOGENIC MICROORGANISM’S
CONTROL

One of the traditional control methods is cultural control.
Cultural control consists of standard agricultural practices to
help prevent attacks by phytopathogens, make the environment
less favorable for their development, destroy them, or reduce
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TABLE 1 | Major phytopathogenic bacteria with a critical impact in agriculture.

Microorganisms

Plant diseases

Infection mechanisms

Pathogenicity mechanisms

Reference

Pseudomonas
syringae

Ralstonia

solanacearum

Xanthomonas sp

Erwinia amylovora

Xylella fastidiosa

Bacterial canker
Bacterial Speck

Bacterial Wilt

Black rot in crucifers
Citrus canker

Bacterial fire

Pierce’s disease in
vineyards (PD),
Variegated Chlorosis of
Citrus (CVC), and
Almond Leaf Burns
(ALSD)

Multiplies within the apoplast and natural
openings such as stomata

R. solanacearum is a soil bacterium that
attacks plants by the roots and eventually
causes death after spreading through the
vascular system

Xanthomonas sp infects the plant usually by
wounding the leaves or roots, multiplies in the
intercellular spaces, and enters the xylem
vessels

It infects the plant mainly by flowers, by young
leaves, or by the tips of actively growing shoots

This pathogen lives in the xylem of infected
plants and in the foregut of vector insects,
which transmit it directly to the xylem of host
plants

The hypersensitive response of
pathogenicity (hrp) Suppressing
host plant defenses Type lll
secretion system

Quorum-sensing (QS) hrp

Exopolysaccharides (EPS), the
secretion of hydrolytic enzymes,
and the Type Il secretion system

Cell wall degrading enzymes,
Low molecular weight toxins,
hrp, EPS involved in biofims
production, Secretion System
Type lll

Type | and type Il secretion
systems. Biofilms synthesis

Mansfield et al., 2012; Xin
et al., 2018; Elsharkawy
et al., 2020

Martins et al., 2018

Coburn et al., 2007; CABI,
2017; Hippler et al., 2018;
Martins et al., 2018

Mansfield et al., 2012;
Martins et al., 2018; Kharadi
and Sundin, 2020

Chatterjee et al., 2008;
Mansfield et al., 2012;
Almeida et al., 2014

TABLE 2 | Major phytopathogenic Fungi with a critical impact in agriculture.

Microorganisms

Plant diseases

Infection mechanisms

Pathogenicity mechanisms

Reference

Fusarium

Botrytis cinerea

Alternaria alternata

Colletotrichum spp

Bakanae disease of
rice, Corn ear rot, Pine
canker, contamination
of corn and other
cereals with
mycotoxins

Gray mold disease

Necrotic lesions such
as spots or
brown/black spots.
Leaf blight

Dark lesions in roots
and fruits

Anthracnose
Strawberry crown rot,
Banana crown rot, Red
rot in coffee berries and
sugar cane Blotch in
cowpea

The pathogen directly invades the stems’ base,
near or below the soil surface, or enters the
plant through the roots

Infection occurs by direct penetration or by
wounds that follow pruning or harvesting

A. alternata could contaminate the plant
through breaks in the skin or other weakened
areas

Colletotrichum infect the plants by attaching on
the surface with the aspersorium squeezes
itself through the plant cuticle into the
epidermal cells

They can produce molecules
that suppress defense
responses in plants, including
the biosynthesis of phytoalexins
and enzymes that destabilize
plant membranes’ integrity
Secretes enzymes and toxins
that degrade and kill host cells

Phytotoxins

Toxins Degradation enzymes

Cook, 2010; Gonzalez et al.,
2012; Aoki et al., 2014

Dean et al., 2012;
AbuQamar et al., 2017;
Bolivar-Anillo et al., 2020
Singh et al., 2015;
Marin-Felix et al., 2019

Joshi, 2018; da Silva et al.,
2020

their damage (Valdés et al., 2017). The application of agricultural
practices requires adequate knowledge about the physiology
and phenology of cultivated plants and their agronomic
characteristics, the modalities of suitable agricultural practices,
and a good understanding of the biological behavior of local
pests and their seasonal occurrence. Among the leading practices
within cultural control, FAO (2021) recommends sowing healthy
seeds, planting in soils without a history of the presence of

these phytopathogens, using uncontaminated irrigation water,
rotating crops with non-host crops such as garlic or onion,
ensuring good soil drainage, control soil pests that can help
spread and infection, and disinfect agricultural equipment with
2% sodium hypochlorite, agricultural iodine, or quaternary
ammonia (Valdés et al., 2017). However, it is widespread that
these practices are complemented with pesticides to increase
their effectiveness.
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The increasing use of synthetic chemicals to control
phytopathogenic microorganisms has caused the development
of pathogens’ resistance to applied chemical products and the
negative impact on the environment (Martins et al., 2018). The
demand for chemical-free agrochemicals has increased due to the
toxicity of the chemicals to humans. The control of diseases of
microbial origin is based on the use of antibiotics and solutions
whose main component is copper. The application of copper to
the field has environmental impacts due to its toxicity in the soil
and plants (Hippler et al., 2018). The use of cupric compounds
as antimicrobial agents has provided the first evidence of cells
resistant to this compound in Xanthomonas sp., Pseudomonas sp.,
and Erwinia sp (Martins et al., 2018).

Conventional chemicals do not always provide adequate
infection control. Some of the phytopathogenic microorganisms
colonize the intercellular spaces of the leaves and invade other
parts of the plant (El Karkouri et al., 2010). In addition, frequent
applications of synthetic agrochemicals increase the risk of
microorganisms developing resistance. For example, B. cinerea
is considered a high-risk pathogen in terms of resistance to
fungicides (Bolivar-Anillo et al., 2020).

Chemical control by pesticides causes a lot of harm to
humans and the environment. However, lack of access to
effective pesticides and disease-resistant cultivars has motivated
alternative strategies to control these diseases. For this reason,
the development of complementary methods to chemical control,
such as non-pathogenic microorganisms as biological control
agents, new sources of natural antimicrobials that are more
friendly to the environment and consumers, has been the focus
of the scientific community.

If disease-resistant commercial cultivars are not available, the
use of chemical control is widespread. The disadvantage of this
method is the dangers to the environment and human health and
its limited effectiveness. Crop rotation can prevent some diseases,
but it is not always feasible; some pathogens can go undetected
in asymptomatic hosts or survive for many years in the soil.
This scenario justifies an urgent need for agents that effectively
control phytopathogens.

The European Union and the United States are the primary
consumers of chemical fungicides worldwide. However, since
2011 the use of these chemical agents has decreased, mainly in
the US, perhaps due to environmental protection and consumer
health regulations (Carbu et al., 2016). The main phytosanitary
companies have been investing in the field of Biocontrol
in response to legal restrictions and consumer demand for
pesticide-free foods (Bolivar-Anillo et al., 2020). In 2011, the
global biocontrol market had a $ 2.1 billion reported value and
was influenced by the growing demand for organic products
(Velivelli et al., 2014). In 2019, organic products had a more
significant market share, representing around 65.0%. The use of
metabolites produced by microorganisms or the microorganisms
themselves to control plant diseases has received increased
attention, with a few exceptions. They have no adverse effects
on human or animal health and are friendly to the environment
(Bolivar-Anillo et al., 2020). Biological methods to control plant
pathogens have been studied for more than 70 years. Biological
control agents can directly inhibit pathogens through physical

contact or through specific mechanisms to combat the pathogen
(hyperparasitism, predation, etc.).

Furthermore, they can act indirectly through general
mechanisms that do not target a particular type of pathogen
(stimulation of plant defenses, competition by substrates, etc.).
Otherwise, they can act by antagonism of diverse pathways
(antibiotics, lytic enzymes, etc.), which are compatible with each
other and can act simultaneously or synergistically (Bardin et al.,
2015). However, biological control agents effectiveness depends
on climate variation, ecological competition, the intrinsic traits
of the biological control agents, the exercise of selection pressure,
and the quality of the product as formulated.

STREPTOMYCES AS BIOLOGICAL
CONTROL MICROORGANISMS

Generalities of the Streptomyces Genus
Germ tubes grow by spreading the tips of the hyphae and then
branching off. Finally, a dense vegetative cell network forms the
vegetative mycelium (Jones and Elliot, 2017).

The genus Streptomyces is the most prominent family
Streptomycetaceae (order Actinomycetales), which comprises
more than 700 species. They are Gram-positive, neutrophilic,
facultative aerobic, mesophilic filamentous bacteria, with a
growth temperature between 25 and 35°C, whose DNA has a
G + C content higher than 70% (Botas Mufoz, 2013; Law
et al., 2017). Microorganisms of the Streptomyces genus have
a complex life cycle. Streptomyces species are spore-producing
bacteria. Bacteria life cycle begins with the germination of spores.
The germ tubes grow by extending the tips of the hyphae, then
they branch. Eventually, a dense network of vegetative cells forms
the vegetative mycelium (Jones and Elliot, 2017). Streptomyces’
growth cycle has several stages: vegetative growth, aerial hyphae
formation, and sporulation (Figure 1). These stages are subject
to different genetic controls. The bld genes regulate the formation
of aerial hyphae. The bld genes regulate the production of specific
proteins of aerial hyphae and, in some cases, activate a specialized
metabolism (Hengst et al., 2010). Subsequently, whi genes are
activated that encode regulatory proteins, which promote cell
division, chromosomal segregation, and spore maturation (Bush
et al,, 2013). The filamentous life cycle appears to be particularly
efficient in the soil environment.

They undergo profound morphological and physiological
changes that culminate in spores formation and produce
various secondary metabolites with numerous biotechnological
applications. Streptomyces sp. is the primary natural source
of bioactive secondary metabolites of great importance,
such as antifungals, antivirals, antitumors, antihypertensives,
immunosuppressants, and mainly antibiotics (McKenzie
et al, 2010; de Lima Procdépio et al, 2012). The genus
Streptomyces alone accounts for approximately 75% of all
bioactive compounds, including antibiotics (Usha Nandhini
et al., 2018). The ability of this genus to produce antibiotics
and other secondary metabolites has been an evolutionary
advantage, facilitating its adaptation to different and variable
stress situations. In addition, the diversity of their metabolism
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FIGURE 1 | The scheme of classic Streptomyces life cycle begins with
spore germination.

whi genes

Aerial hypha

has given them the ability to colonize different habitats and use
varied carbon and nitrogen sources. Although its optimal growth
pH is between 6.5 and 8, other strains of this genus capable of
growing both in media with pH 9 or higher have been isolated.
Its presence in the soil is favored by its mycelial growth and its
ability to form spores, constituting a dispersal system and a form
of resistance that favors survival during long periods of water
scarcity and nutrients (Botas Munoz, 2013).

Streptomyces secondary metabolites (SMs) are synthesized by
a group of enzymes encoded by their corresponding biosynthetic
gene cluster (BGC). In general, they are subject to strict and
complicated regulation at the transcriptional level. Streptomyces
SM biosynthesis is regulated through multiple regulatory
pathways induced by both nutritional and environmental stimuli
(Sun et al, 2017; Nah et al, 2021). However, several global
regulatory systems present in most Streptomyces species can
control morphological differentiation and SM production. The
SM biosynthetic gene sets are also subject to pathway-specific
regulation by linked regulatory genes (van der Heul et al., 2018).
These pathway-specific regulatory genes are transcriptionally
regulated in most Streptomyces species (Xia et al., 2020). Among
the global regulatory proteins, the WhiB-like (Wbl) family of
proteins is only present in Actinobacteria. Genome sequencing
revealed the prevalence of Wbl throughout the species. Fourteen
Wbl proteins were identified in S. coelicolor, with 11 encoded
on the chromosome and three encoded on the sizeable linear
plasmid, SCP1. The WblA, is a WhiB4 ortholog, one of
three members of the Wbl-family that regulates both SM
differentiation and biosynthesis. In S. coeilcolor, a WblA,
mutant exhibits some aerial hyphae that do not sporulate and
appear thinner than the wild type (Fowler-Goldsworthy et al.,
2011).

Most Streptomyces are efficient rhizosphere colonizers. They
can also be endophytes that colonize the inner tissues of
host plants (Sousa and Olivares, 2016). These characteristics
may be due to multiplication rate, antibiotics, controlled gene
expression quorum detection, cellulases, chitinase, lipase, and
B-1,3-glucanase production, siderophore, phytohormones, or
amino acids synthesis. The attraction of Streptomyces exudate to
the rhizosphere is achieved through the chemotactic movement
of these microbes (Olanrewaju and Babalola, 2019).

Streptomyces Production of Metabolites

for Biological Control
Several studies have reported the effects of beneficial
microorganisms and secondary plant metabolites as a bio-
alternative to control phytopathogenic bacteria and fungi.
These bioactive compounds tend to affect several pathogenic
species, are biodegradable and friendly to the environment
(Valdés et al., 2017). The use of microbial metabolites or the
microorganisms themselves to control plant diseases has received
greater attention because they do not negatively affect human
or animal health, are respectful of the environment and do
not affect other beneficial organisms (Syed Ab Rahman et al,
2018). Although biological methods to control plant pathogens
have been studied for more than 70 years, biocontrol products
represent only 3.5% of the global pesticide market, which is still
dominated by synthetic pesticides (Carbu et al., 2016).
Streptomyces’ antagonistic activities against pathogens can
be achieved through three main mechanisms: competition for
nutrients and space, antibiosis, and parasitism (Boukaew and
Prasertsan, 2014). Streptomyces spp can colonize the surfaces of
plant roots, survive in various soil types, and produce spores that
allow them to remain longer and in different extreme conditions
(Law et al., 2017). Streptomyces strains have a broad spectrum
of antibiotics, volatile organic compounds (VOC), which act
against pathogens, disrupting bacterial cell-cell communication
(quorum sensing), and a variety of enzymes that degrade the cell
wall of fungi (Dias et al., 2017; Wonglom et al., 2019; Song et al.,
2020) (Table 3).

Streptomyces as a Producer of Lytic Enzymes
Streptomycetes synthesize several lytic enzymes during their
metabolic processes. They contribute substantially to carbon
recycling by degrading different biopolymers that come from
dead plants and animal material. These organic compounds,
which include xylan, chitin, and cellulose, are degraded by
exoenzymes. The products are channeled into the cell by
specific carbohydrate importers that generally recognize mono-
and disaccharides. Bentley et al. (2002), after sequencing all
the genomes of the model organism Streptomyces coelicolor
A3, reported a considerable number of 172 genes encoding
secreted proteins such as hydrolases, chitinases, cellulases,
lipases, nucleases, and proteases, as well as the appearance of 81
ATP-binding cassettes (ABC) permeases that are possibly used
for the uptake of sugars, oligopeptides, nucleosides, and for drug
export. Exoenzymes and ABC systems are 5- to 10-times higher
than those of other bacteria, underscoring the general metabolic
capacity of streptomycetes (Vurukonda et al., 2018).
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TABLE 3 | Compounds produced by Streptomyces spp. with antimicrobial
activity against phytopathogens.

Metabolites Type of Pathogens Reference
metabolite
Oligomycin Antibiotic Erwinia carotovora Doolotkeldieva
etal, 2016
Cycle (I-Pro-I-Tyr) Cyclic Xanthomonas Wattana-Amorn
peptides axonopodis et al., 2016
Cycle (d-Pro-I-Tyr) Ralstonia
solanacearum
Clavibacter
michiganensis
Proteases Enzyme Colletotrichum Song et al., 2020
dematium
Pyrroles Antibiotic Aspergillus sp. Jogetal, 2014
Penicillium sp.
Blasticidin-S Antibiotic Pyricularia oryzae Law et al., 2017
Kasugamicin
Oligomycin A
Rapamycin
Pyrroles
B-1,3-glucanases Volatile Colletotrichum sp. Wonglom et al.,
compounds 2019
2-methyl-1- Curvularia lunata
butanol
Acid acétic
Benzaldehyde
2-methyl

propanoic acid
Butanoic acid
3-methyl butanoic
acid

Benzyl alcohol

Benzene

Studies with S. lividans reveal that there are two commonly
used pathways for secreting extracellular proteins. The Sec
pathway is the primary system used to release extracellular
proteins through the cell membrane. A secondary system, also
found in S. lividans, is the Tat pathway. The proteins secreted by
Tat have the property of appearing wholly folded in the culture
supernatant (Berks et al,, 2000). Different types of proteins
have been detected with the predicted signal peptides Sec or
Tat and the antibiotic undecylprodigiosin and others proteins
lacking signal peptides in vesicles within droplets found in
Streptomyces. This has harmful effects on fungi and is a new
way of providing proteins with potentially different applications
(Gullén and Mellado, 2018).

Volatile Organic Compounds (VOCs)

The biological roles of VOCs are only now beginning to be
analyzed, and initial studies show that they can have wide-
ranging effects on both their producing organisms and their
neighbors. VOCs can alter the antibiotic resistance profiles of
bacteria, act as antifungal or antibiotic compounds, promote

group behaviors such as motility and biofilm formation, and
induce widespread changes in the gene expression of nearby
microbes (Jones et al, 2018). VOCs can act as signaling
molecules that influence gene expression, metabolism, and
group behavior of responding microorganisms (Jones and
Elliot, 2017). Trichoderma species use VOCs to coordinate the
conidia of separate colonies (Nemcovi¢ et al., 2008). Bacillus
species use VOCs for biofilms production in response to
volatile acetic acid (Chen et al, 2015). Streptomyces VOC
production has been found to allow environmental conditions
such as pH to be modulated. These compounds can act as
signaling molecules, affecting gene expression and response
group behavior within microbial communities. Most studies have
explored the ecological roles of VOCs in communication and
competition between unrelated species.

The antimicrobials production by Streptomyces strains can
be significantly increased depending on different nutritional
and cultivation conditions. A deficit of nutrients can influence
the development of hyphae and, therefore, produce these
antimicrobial compounds. These environmental signals are
interpreted by cells as stress, so these compounds are considered
stress metabolites due to their role in adaptability. The
production of these metabolites involves some genes encoding
phosphorylated guanosine nucleotide phosphate (ppGpp) (an
important protein for metabolite synthesis) and regulatory
proteins (Sivapragasam et al., 2017). Antibiotic production is
triggered by alarmone ppGpp due to nutritional stress. In
addition, some species-specific enzymes, such as lysosomal
acid lipase and Streptomyces antibiotic regulatory proteins, are
important in regulating metabolic pathways. The type of signals
received and sent by Streptomyces determines the metabolites
that will be produced. For example, the attack of pathogens
activates a signal, the deficit of nutrients sends a signal, etc.
The a-butyrolactones are among the main signaling molecules
in PSPG cell-cell communication (Olanrewaju and Babalola,
2019).

Therefore, the constitution of the culture medium and the
metabolic capacity of the producer organism is of critical
importance to produce secondary metabolites (Gao et al,
2009; Thakur et al, 2009). The basal medium can play an
essential role in secondary metabolites production through
fermentation. The main parameters that can influence are the
nutrients (nitrogen, source of phosphorus, and carbon), growth
rate, enzymatic inactivation, and some variable conditions such
as oxygen supply, temperature, light, and pH. Furthermore,
the production of valuable metabolites by actinomycetes
differs qualitatively and quantitatively according to the used
strains (Oskay, 2011). Effect of temperature, pH, agitation,
concentrations of soybean meal, and glycerol on clavulanic acid
production by Streptomyces DAUFPE 3060 was investigated by
Viana et al. (2010). These authors reported that the highest
antibiotic concentration (494 mg/L) was obtained after 48h
at 150 rpm, 32°C, pH 6.0, 5.0 g/L of glycerol, and 20 g/L
of soybeans. On the other hand, Oskay (2011) reported the
best conditions to produce antimicrobials from Streptomyces
sp. KGG32 were at pH 7.5, 30°C, 120h in a medium with
2% sucrose.
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Activation of Plant Resistance Mechanisms

As we mentioned earlier, Streptomyces is considered PGPR
because these bacteria are among the most effective and
eco-friendly methods for managing plant disease (Compant
et al, 2005). In addition, PGPR as a biocontrol agent has
several benefits over chemical practices because PGPR is non-
toxic, and naturally occurring microorganisms having endurable
applications (Loey et al., 2020).

Streptomyces induce plant resistance to pathogens (Faheem
et al., 2015). This last mechanism generally depends on the
plant’s jasmonic acid and ethylene (Pieterse et al., 2014). It
results in a faster and stronger activation of defense responses
when attacked by microorganisms, insects, or subjected to
abiotic stress. This response is frequently associated with
the development of local and systemic immunity in plants
(Lucas et al, 2014). Plants contain systematic and structural
antibiotic barriers that include antimicrobial chemicals such as
phenolics, terpenoids, i.e. phytoalexins, and nitrogen-containing
compounds, as well as small peptides; all of these can be
secreted into infected areas (Kessler, 2011). Its mechanisms of
action influence the regulation of plant resistance to a broad
spectrum of phytopathogens (Kannan et al, 2015a). Plants
also produce secondary metabolites and enzymes synthesized
by a defense system called Pathogen Associated Molecular
Patterns (PAMPs). Chitinases, peroxidases, and polyphenol
oxidases are plant defense enzymes during pathogenesis and
resistance against infections. Secondary metabolites comprise
three chemically distinct groups (terpenes, phenolics, nitrogen,
and sulfur-containing compounds) that defend plants against
pathogenic microorganisms and abiotic stress (Kannan et al.,
2015a).

Streptomyces Producer of Siderophores

Siderophores are chelating compounds with a high affinity
for iron. They are related to mechanisms that can be used
in biological control to suppress plant diseases. Siderophores
produced by microorganisms in the rhizosphere can increase
the availability and iron absorption. In general, siderophores
are produced under iron-limiting conditions to sequester less
available iron from the environment (Hider and Kong, 2010).
Therefore, depriving a pathogen of iron ultimately leads to its
inhibition. In addition, siderophores also enhance plant growth,
promote rhizobacteria, and exclude other microorganisms from
the ecological niche provided by the rhizosphere (Haas and
Défago, 2005). Iron is an important mineral for plant growth
and is available in the soil as insoluble Fe** form. Plants like
oats are capable of assimilating iron through these microbial
siderophores. Several root-colonizing actinobacteria have been
reported to produce siderophores (Palaniyandi et al., 2013).
Dimkpa et al. (2008) reported that hydroxamate siderophore
produced by Streptomyces acidiscabies E13 promoted Vigna
unguiculata under nickel stress. Hydroxamate siderophores
secreted by Streptomyces tendae F4 significantly promoted the
growth and improved cadmium (Cd) uptake by sunflower plants.
They implicated this function in the phytoremediation of Cd-
contaminated soil (Dimkpa et al., 2008). Streptomyces strain C,
a siderophore producer, improved iron acquisition and wheat

growth promotion under salinity conditions (Sadeghi et al,
2017). Streptomyces sp. MA37 synthesizes two siderophores
belonging to the hydroxamate class, Legonoxamine A and B
(Maglangit et al., 2019).

Application of Antimicrobial Compounds
Produced by Streptomyces sp. in

Agriculture

Formulations with a broad spectrum of antimicrobial action,
promoting plant growth, longer shelf life, and disease
suppression under field conditions would be highly attractive
for technological exploitation and commercialization. Many
reports suggest that commercial biocontrol agents induce
plant growth and stress resistance, are easy to administer, and
increase plant yield. However, for any agro-pharmaceutical
industry, the biggest challenge to the success of a commercial
product is its “formulation.” The formulations must include
the new microorganism(s) in suitable concentrations as an
active ingredient and a set of other inert ingredients to obtain
a commercial product suitable for use in the field. In addition,
commercial formulations must comply with all laws on
agrochemicals and microbial inoculants and the requirements of
producers, such as repeated positive results, easy handling, and
reasonable prices. Concerning these considerations, microbial
inoculants have a significant problem specific to microorganisms:
loss of viability during storage complicates the need for longer
shelf life and stability under typical grower storage conditions
(Bhardwaj et al., 2014). Therefore, a storage period is required
between the production of the formulation and the time of
its use. Improving the shelf life of the formulation while
maintaining its biological characteristics is an essential aspect of
the formulation technique (Saberi-Riseh et al., 2021). In addition,
the storage period and transport conditions must be taken into
account when designing an inoculant and its packaging. A
suitable formulation for biocontrol agents is the most complex
and expensive part of chemical pesticides. Therefore, developing
the application of biological control methods is necessary to
create the importance of environmental health.

As  prosperous sources of agroactive
compounds and biological control tools, actinomycetes have
increased interest in various agricultural sectors. In the last 30
years, about 60% of the new herbicides and insecticides reported
have been produced using Streptomyces because three-quarters
of all this genus can produce some class of antibiotics. In
comparison, by increasing our knowledge of the mechanisms
activated by actinomycetes to enhance nutrient uptake by plants,
stimulate and increase plant production of phytohormones,
extensive research is being carried out around the world for the
development of efficient formulations containing actinomycetes
as their active ingredients. Although biological control with
PGPR is an acceptable green approach, very few actinomycete-
based products are currently marketed (Vurukonda et al,
2018).

As promising and prosperous sources of agroactive
compounds and biocontrol control tools, actinomycetes
have gained increasing interest in various agricultural sectors.

and promising
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In the last 30 years, about 60% of the new reported herbicides
and insecticides have been produced using Streptomyces because
three-quarters of all this genus can produce some class of
antibiotics. In comparison, by increasing knowledge of the
mechanisms activated by actinomycetes to enhance nutrient
uptake by plants, stimulate and increase plant production of
phytohormones, and suppress plant diseases, extensive research
is being conducted throughout the world for the development
of efficient formulations containing actinomycetes as their
active ingredients. Although biocontrol with plant growth-
promoting rhizobacteria is an acceptable green approach,
very few actinomycete-based products are currently marketed
(Vurukonda et al., 2018).

Some products based on Streptomyces spp have been
developed and tested successfully to control some plant diseases.
For example, Streptomyces griseoviridis strain K61 (Mycostop?)
has been used for Ceratocystis radicicola control, which causes
black burns on date palms, and for the management of Fusarium
oxysporum f. lycopersici and Verticillium dahliae in tomatoes.
In addition, other products such as Actinovate®, Microl08R,
and Action Iron® have been made from S. lydicus WYEC108,
and YAN TEN S. saraceticus has been made from S. saraceticus
KH400 (Law et al., 2017; Bubici, 2018). In addition, Rhizovit®
from S. rimosus is used to control fungi such as Pythium spp.,
Phytophthora spp., Rhizoctonia solani, and Alternaria brassicola
and Botrytis sp (Marten et al., 2000).

Mycoshield, Cuprimic 100 and 500, Mycoject are products
based on S. rimosus to control fire spots caused by Erwinia
amylovora and diseases caused by Pseudomonas and
Xanthomonas sp. Agrimycin, Paushak, Cuprimicin 17, A Astrepto
17, AS-50, and Dustret are products based on S. griseus for the
control of bacterial rot and canker caused by Xanthomonas
oryzae, Xanthomonas citri, and Pseudomonas tabaci in stone
fruits, citrus, olive trees, vegetables, potatoes, tobacco, cotton, and
ornamental plants (Vurukonda et al., 2018). Four Streptomyces
strains (S. lydicus WYEC108, S. violaceusniger YCED9, S.
griseoviridis K61, and S. saraceticus KH400) are included in six
distinct commercial preparations for the Biocontrol of fungal and
bacterial soil diseases (Palaniyandi et al., 2013). These strains are
usually very versatile in controlling phytopathogens. They can
prevent due to their antifungal metabolites and the broad impact
of their chitinases and glucanases. Three purified metabolites
synthesized by Streptomyces spp (polyoxin D, streptomycin,
and kasugamycin) are currently distributed as sprayed foliar
fungicides and bactericides. Phosphinothricin, a glutamine
synthetase inhibitor produced by Streptomyces spp, has been
used since the 1990s as a herbicide, especially in the selection
process for transgenic plants (Schwartz et al., 2004).

Main Problems of Formulations Based on
Streptomyces

Biological control agents probably do not show the same
results in vitro and in vivo, being one of the crucial challenges
in the industrial development of this type of bioproduct.
The effectiveness of biocontrol agents is affected by soil
organic matter, pH, nutrient levels, and moisture levels. In
addition, variations in environmental conditions can vary the

results of biological control agents that work well in vitro;
an experimentally excellent biological control agent may fail
in greenhouse or field experiments. Therefore, environmental
variables must be considered when selecting an efficient
biological control agent for a given location. Ideally, the
experimentally tested microorganisms should be isolated from
the same agricultural area (Suprapta, 2012).

Streptomyces spp has a great potential to become an essential
component of modern agriculture as biofertilizers and biocontrol
agents, with the ability to dominate agricultural markets for
the decades to come. Actinomycetes, particularly Streptomyces,
are among the most promising microorganisms for improving
overall soil health and increasing agricultural productivity.
However, the development and efficient control are also
hampered because Streptomycetes’ production of antimicrobial
molecules is strictly dependent on the substrate where they grow
(Bibb, 2013). Furthermore, research results of the microorganism
application for efficient control are generally not produced in
commercial fields or greenhouses. Abiotic factors include soil
type and characteristics such as nutrient levels, water content,
pH and trace metals, climate, and agricultural practices. Besides,
biotic factors that include crop species, plant genetics, root
exudation profiles, plant age at the time of application, and
competing microorganisms from the plant and soil microbiome
(Newitt et al., 2019) are not considered when performing in
vitro evaluations and influence the efficiency of Streptomyces for
biological control.

Abiotic factors, such as soil type and characteristics such as
nutrient levels, water content, pH and trace metals, climate,
and agricultural practices, affect the effectiveness of the applied
treatment. Additionally, biotic factors, including crop species,
plant genetics, root exudation profiles, plant age at the time
of application, and competing microorganisms of the plant
and soil microbiome (Newitt et al., 2019), are those that are
not considered during in vitro evaluations of the efficacy of
Streptomyces for biological control.

The environmental risks associated with the inoculation of
streptomycetes in agricultural settings are related to the lack of
available data on their impact on natural microbial communities
(Rafii et al., 1988). Furthermore, the release of microorganisms
to the environment may pose a risk related to the possible
horizontal transfer of complete or partial gene clusters; this
could be particularly risky in the case of antibiotic resistance.
However, this risk could be reduced during the search and study
of potential biocontrollers, which must be precisely characterized
for missing genes or clusters of known antibiotic-resistant genes
before registration (Egan et al., 2001).

It is crucial to ensure that the Streptomyces strains are
not phytotoxic when released into crops. However, if they
are phytotoxic, they could be used to develop bioherbicides.
Taxtomine A is a cellulose synthase inhibitor produced by
Streptomyces used for this purpose (Bignell et al., 2014; Francis
et al., 2015). The CebR cellobiose sensor is a transcriptional
repressor of the taxtomin A gene group. The CebR repressor
strictly regulates taxtomin A biosynthesis. In parallel, strains that
do not synthesize taxtomin A are used as biological control agents
to compete asymptomatically with virulent wild-type strains
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(Rey and Dumas, 2017). Their specificity and environmental
toxicity are questionable, but identifying such active compounds
has likely been neglected because they are amenable to screening
and not attractive for pharmaceutical research. The risks of
horizontal gene transfer and the development of antibiotic
resistance in unselected bacterial species are crucial ethical issues
still debated in the scientific community (Kurosawa et al., 2008;
Schlatter and Kinkel, 2015). The stability of the metabolite
formulation is also much less challenging than that of living
microorganisms. Therefore, the use of Streptomyces metabolites
instead of strains can accelerate the substitution of chemically
synthesized pesticides.

USE OF ENCAPSULATED FORMULATIONS
FOR THEIR APPLICATION IN THE
BIOLOGICAL CONTROL OF
PHYTOPATHOGENS

Encapsulation is an advanced technology that can overcome
the shortcomings of other formulations, extend the life of
microorganisms, and increase their efficiency by controlling the
release of microorganisms (John et al., 2011). Encapsulation is
the technique applied for food constituents, enzymes, or other
substances placed in a small capsule. These capsules release
their content under certain conditions. The capsule wall can be
composed of several polymers, decomposed by scratching, the
internal pressure of the capsule, dissolved or hydrolyzed, and
released by the microorganisms. For encapsulation related to
controlled release, viable cells, materials, and used formulation
conditions must be soft, non-toxic, and exhibit the characteristic
of controllable destruction (Pour et al., 2019). Different processes,
which including spray drying, spray cooling, gelation, solvent
evaporation, coacervation, and extrusion are commonly used
to produce encapsulated products (Li et al., 2019). There are
several types of capsules, depending on the material. For example,
in agriculture, polymeric capsules have been used. They are
nanoparticles formed by a polymer matrix (natural or synthetic)
surrounding chemical or biological molecules to protect them
from extreme environments. These capsules type has been
applied to improve plant growth and protect plants against
pathogens (Chronopoulou et al., 2019).

A different kind of encapsulation, such as liposomes, has
been used to provide antimicrobial treatments. Using these
materials in agriculture as vehicles for formulations provides
an advantage, a slow or delayed-release, which can help absorb
the active agent in the plant’s vascular system and be safer for
the environment (Mikhaylov et al., 2011). Liposomes containing
hydrolase enzymes that break down the cell wall of some
fungi have been applied. For example, in tomato plants, the
encapsulation of chitinase and laminarinase in soy lecithin
liposomes maintained an enzymatic activity that allowed the
control of F. oxysporum and more significant plant growth (Ilyina
et al., 2013). In addition, liposomes are safer, more stable, and
smaller than other encapsulation systems, thus achieving a much
higher dispersion level (Yoon et al., 2014).

The encapsulation of microbial cells in polymers is a branch
of biotechnology. The viability over time of the encapsulated
cells depends on the concentration and type of coating used,
the size of the capsule, which microorganism is being used
and the initial number of cells. Encapsulation can protect the
microorganism from biotic and abiotic stress (Saberi-Rise and
Moradi-Pour, 2020). The encapsulated cells can slowly release the
microorganisms into the soil with the controlled system and have
more prolonged effectiveness.

Bacillus licheniformis encapsulated in alginate-chitosan
nanoparticles beads supplemented with rice starch has been
evaluated for its plant growth enhancement and disease control.
The results show plants treated with encapsulated Bacillus
licheniformis have enhanced disease suppression of Sclerotium
rolfsii (Panichikkal et al., 2021). Saberi-Riseh and Moradi-Pour
(2021) prepared formulation is a mixture of gellan and chitosan
with Streptomyces fulvissimus Uts22 by spray drying. The authors
reported that the increase in the bacterial release was gradual,
and the highest amount of bacteria was released on the 50th
day. Greenhouse experiments showed that plants treated with
S. fulvissimus Uts22 microcapsules had the highest efficiency
with 90% disease control against Gaeumannomyces graminis var.
tritici. In addition, S. palmae CMU-AB204T spore encapsulating
in alginate beads against Ganoderma boninense, revealed the
lowest severity of foliar symptoms at 4.5% and reduced the
percentage of disease severity by 75.8% (Kanaporn et al., 2020).
Pour et al. (2019) report that Pseudomonas fluorescens strains
nanocomposite beads showed a longer shelf life than non-coating
bacteria and better control Fusarium solani disease’s efficacy
under greenhouse gas conditions.

In recent years, interest in nanoencapsulation has increased
because this technology has allowed the protection and
controlled release of bioactive compounds, more excellent
resistance to temperature and pH variations, economic viability,
less product contamination, and better stability (Geor Malar
et al., 2020). Nanoencapsulation is a method of formulating
and loading a substance in nanosized carriers that can
hold, carry, and deliver the molecule to the targeted site.
Nanotechnology applications are already being explored in
biomedicine, diagnosis, and antibacterial treatments; however,
their implementation in crop protection is relatively recent. The
nanoencapsulation systems provide a high surface area compared
to large particles. Therefore they have better functional properties
such as increased solubility, high adsorption, controlled-
release, and improved bioavailability (Bahrami et al., 2020). In
addition, being surrounded by wall materials, as a result of
the encapsulation process, protects antimicrobial agents against
environmental stresses and controls their release over time.
For example, Imran et al. (2016) showed that a controlled
release and high retention of antimicrobial peptide nisin in
coating materials could be obtained by encapsulating nisin
into nanoliposome.

The development of agrochemicals nanoformulations
for applying fertilizer and pesticides is one aspect of the
agriculture sector receiving increasing interest (Kim et al,
2018). Nanoencapsulated pesticide formulation could help
to reduce the phytotoxicity of the active ingredients. Thus
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enhanced solubility and stability need to be demonstrated by
protecting pesticides in nanocapsules. However, challenges
associated with the development of encapsulated pesticides
ensure excellent reproducibility, selectivity, specificityand its
controlled release (Nuruzzaman et al., 2016). On the other
hand, nanocomposite beads for biological control agents
can be resolved several basic plant needs. That way, the
living factor trapped in these nanocomposite beads, with
controlled release, has better longevity and chance of survival,
and better efficiency. And also, the use of nanoparticles
can stimulate plant resistance and increase plant growth
(Pour et al., 2019).

Some research had addressed the use of nanoencapsulated
natural products for disease management. Sattary et al. (2020)
report that was encapsulating essential oils (EOs) in silica
nanoparticles (SNPs) successfully increased their stability in
the environment and EOs-controlled release, reduced fungicidal
dose against Gaeumannomyces graminis var. tritici. It thus
enhanced their efficacy compared to pure EOs in both in-
vitro and in vivo conditions. Covering EOs-SNPs in alginate
resulted in better disease control than non-alginate EOs-SNPs.
Weria et al. (2019) encapsulated Thymus daenensis L., and
Anethum graveolens L. essential oils in copper nanoparticles and
evaluated their antifungal activity against the phytopathogen
Colletotrichum nymphaeae. Encapsulation of these EOs with
copper reduced mycelium growth even by 90% after 9 days
of treatment.

The use of nanoparticles in plant disease management is
a novel area that may prove very effective in the future.
The use of nanomaterials and biocompatible compounds in
nanoencapsulation is an important step to increase the efficiency
of these agents under stressful environmental conditions for
the microorganism.

Therefore, encapsulation systems are an attractive and
advantageous alternative for releasing a product for the biological
control of phytopathogens. However, encapsulated Streptomyces
products, be it cell culture, spores, or fermented extracts, are not
yet commercially available to control phytopathogenic bacteria.
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