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The need for chemical-free farming methods is becoming more important due to the detrimental impacts of
chemicals on human health and the environment. Finding innovative ways for the establishment of sustainable
agricultural is crucial that may avoid the overuse of chemical fertilizers and pesticides as a means of increasing
output. Microorganisms that promote plant development and act as biocontrol agents have become safe substitutes
for chemical fertilizers in the agriculture sector. Endophytic microorganisms or microorganisms associated with
plants, have become a vital and promising tool for sustainable agriculture. Endophytic Streptomyces act as the
alternative for preventing disease-causing microorganisms and help to regulate plant growth. Bacteria belonging
to the genus Streptomyces are well-known producers of secondary metabolites, which can be potentially utilized to
replace chemical fertilizers and pesticides. The current status of endophytic Streptomyces in sustainable agriculture
is employed as safe biocontrol and plant growth-promoting (PGP). This review emphasizes the biocontrol and PGP
benefits of the endophytic Streptomyces. Additionally, their ability to enhance plant growth has been confirmed in
a number of crops, thus encouraging the wide use of streptomycetes as biofertilizers to increase plant productivity.

1. INTRODUCTION

Plants and their closely related species are influenced by the presence

In the field of microbiology and plant biology, recent studies have
a strong emphasis on plant-microbial interactions. Plant growth
development depends highly on the extracellular enzymes produced by
plant growth-promoting bacteria (PGPB). Microorganisms constantly
interact and turn on the other organisms within their community [1].
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of unicellular or multicellular organisms. Interactions between
microorganisms and plants occur both internally (via the formation
of plant microbial endospheres) and externally (surface of roots) [2].
Plants and microbes always maintain mutually beneficial symbiotic
relationships with endophytes by providing some benefit to their living
community [3,4]. Through the symbiotic relationship between plants
and microorganisms, endophytes may act as a convenient substitute
to replace the use of pesticides [5,6]. The excessive application of
agrochemicals and insect control in modern agriculture based on
organic principles is difficult to maintain and results in crop loss.
Additionally, the current scenario has led to increased pathogens with
pesticide or drug resistance and soil infertility [7].

Microorganisms that are endophytic, such as bacteria, fungi, and
actinomycetes, inhabit the surface layer of plant tissues through
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symbiotic relationships. Actinomycetes are one of the prominent
bacterial species, including the largest genera, Streptomyces. The
production of secondary metabolites, including bioactive substances
and antibiotics, is a standout characteristic of Streptomyces and
guanine and cytosine content was high in the genome [8]. Hundreds
of distinctive plant growth regulators, antibiotics, and bioactive
components have been discovered in terrestrial microorganisms,
particularly from the genus Streptomyces. The relationship between
endophytes and plants is dominantly reported as commensalism.
Various applications have been reported in the plant growth
components extracted from the Streptomyces sp. [9,5]. The earlier
studies revealed that endophytic Streptomyces notably increase the
growth and tolerance in varieties of monocot and dicot plant species
[10,11]. The upsides of the Streptomyces endophytes for biocontrol and
promoting plant growth are illustrated in this review. Recent studies
of Streptomyces endophytes on various crops for their biological
pesticide, natural fertilizing ability, and plant growth stimulating
factor were also discussed.

2. BIODIVERSITY OF ENDOPHYTIC Streptomyces

The composition of the cell envelope in Streptomyces was used to differ
from other Gram-negative bacteria, and cell composition was used as
the identification characteristic [12]. Plants extensively interact with
the different ranges of microorganisms and acquire benefits through
minerals and nutrition exchange [13,7]. The endophytes colonized
the plant’s roots and mainly contributed to nitrogen fixation and
solubilization of mineral nutrients. The studies on the root-associated
microbes, especially rhizobacteria, influence the morphology and
physiology of the plants to prevent the pathogenic insect attack.
Plant defense mechanisms will initiate and express salicylic acid,
ethylene, and jasmonic acid. A plant’s root releases metabolic signals
such as alkaloids, flavonoids, terpenoids, and strigolactones that
attract the microbial communities around the rhizosphere (Fig. 1).
Endophytic Streptomyces influence the richness of soil with nutrients
and significant growth with many components. In addition to the
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endophytes’ phosphate solubilization ability, which produces the
various enzymes that break the complex nutrients into simple minerals
such as cellulase, chitinase, B-fructofuranosidase (invertase), lipase,
keratinase, pectinase, protease, peroxidase, phytase, and xylanase.
Antimicrobial peptides and biocontrol components are identified
through the metabolic studies on endophytes Streptomyces. Microbial
interactions revealed the unique features of endophytes beneficial for
biocontrol and biofertilization in potatoes [14,15].

3. METHODS FOR ISOLATING ENDOPHYTIC Streptomyces

Isolation of endophytic Streptomyces is carried out in different plant
parts, such as a different scale of primordium of meristem, leaf, and
roots. The sequencing approach was made to screen the diversity of
endophytes in the seed and needles of Pinus monticola. Isolation of
endophytes is still challenging, and broad reviews were established
to isolate Streptomyces. Endophytes are isolated from the plant tissue
extract or ground tissues by inoculating in the Streptomyces-specific
media. Different culture mediums were employed to isolate endophytic
fungi from the roots and fruits of Azadirachta indica [48]. The study
confirmed that the mycological agar medium yielded many isolates with
species richness. Streptomyces peucetius were isolated using surface-
sterilization methods and identified by morphological characteristics.

Earlier, biochemical and morphological characteristics were used
to identify endophytes belonging to Actinomycetes. Molecular
identification by ribosomal DNA (rDNA) sequence analysis is currently
used to identify microorganisms. It reduced the biased judgments, and
rDNA sequence data are robust in resolving endophytes’ taxonomy
(Table 1).

4. MOLECULAR APPROACHES FOR
CHARACTERIZATION

The identification and characterization of endophytes through
metagenomic studies, molecular markers, molecular cloning, and gene

Nutrient
uptake

—

"/—"'_'_-""'-..
//.u——-s

Plant growth

7

Production
of

Increases
root 2 H
proliferation |

"

N

/j { o o :;\Ir -' \
N G /" S

Ethylene
supression

Plant
hormones

P

. oy
~x

siderophores

W o h [
' Gibberellin l ;

Induced
istance (ISR

Increased Na+

\ Cytokinin

Phosphate
solubilizing bacterie

\ /

N2 fixation

44— Proguces B - ACC
o = “_E PBRM | e ~¥ \_deaminase

/ Volatiles

uplake
H H

tolerance

J

Degradation of
ROS

™~
on

Accumulation

-} _-/
| of ABA

Cytokinin Created in BioRender.com bio

Figure 1. Interaction and

tolerance of PGPMs to plant.



Kirubakaran et al.: Streptomyces as endomicrobiome for agricultural sustainability 2024;x(x):1-15

Table 1. Potential soil and plant root, tissue surface of the Streptomyces species.
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S. No Streptomyces Source of isolation

1. S. coelicolor Soil

2. S. xiamenensis Mangrove sediment
3. S. atrovirens Rhizosphere soil

4. S. griseoviridis Tomato plants

5. S. lydicus Rhizosphere soil

6. S. olivaceoviridis Soil

7. S. rimosus Medicinal plants

8. S. rochei Rhizosphere soil

9. S. viridis Rhizosphere soil
10. S. igroscopicus Sand truftles

11. S. axinellae sp. nov. Sponge

12. S. griseus Soil

13. S. chumphonensis Marine

14. S. rochei Decomposed dung
15. S. fildesensis sp. nov. Antarctic soil

16. S. scabies Potato scab

17. S. oryzae sp. nov. Stem of rice

18. S. wadayamensis Citrus plant tissue
19. S. kebangsaanensis sp. nov. Inner tissue of porulaca aleracea
20. S. phytohabitans sp. nov. Roots of curcuma phaeocaulis
21. Streptomyces sp. Sorghum stem
22. Streptomyces sp. Wheat
23. Streptomyces sp. Clover
24. S. lydicus Pea
25. Streptomyces sp. Mung bean
26. Streptomyces sp. Soybean
27. S. aurantiogriseus Rice
28. S. hygroscopicus Kidney beans
29. S. filipinensis, S. atrovirens Tomato
30. S. spiralis Cucumber
31. Streptomyces sp. Chickpea
32. Streptomyces sp. Clover
33. Streptomyces sp. Chickpeas
34. Streptomyces sp. Veggie
35. Streptomyces sp. Soil
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expression studies, are the current trends and advanced developments
in molecular-level studies. The metagenomic approach is one way to
find microorganisms from various environments that are difficult to
isolate. A metagenomic system was used to characterize the uncultured
endophytic microorganisms colonizing Solanum tuberosum L.
contained the 1-aminocyclopropane-1-carboxylate deaminase gene
(acdS) operon. It was concluded that metagenomic analysis could
supplement polymerase chain reaction-based research and provide
information on whole functional genes [49]. Denaturing gradient
gel electrophoresis profiles of 16s rRNA gene fragments amplified
from complete plants’ DNA were used to detect non- culturable
endophytic bacteria by comparing the profile with the bands obtained
from the culturable endophytes from citrus plants [50]. The bacterial

endophytes community of potato plants was investigated using
automated ribosomal intergenic spacer analysis and pyrosequencing
[12]. After being spooled and transferred to a screw-capped vial, the
DNA was washed with 70% cold ethanol, allowed to air dry, and then
suspended in TE buffer.

5. PLANT- Streptomyces INTERACTION

In plant and microbe interaction, specific SRNA responded to the up
and down-regulation of the biotic and abiotic stresses and pathogens
[51,52]. To analyze and tackle the ecosystem challenges in agriculture,
it is obligatory to understand the gene regulation of sSRNAs in plant
response in endo-microbiome and biocontrol beneficial bacteria. Small
regulatory RNAs are highly responsive to cellular functioning, such



as oxidative stress response, quorum sensing, carbon starvation, and
iron deficiency [53]. SRNA showed gene expression in transcriptional
and post-transcriptional stages, and synthetic and functional processes
were described [54]. The precise and targeted gene regulation
makes plant sRNA distinctive and capable gene modulators. A
better acknowledgment of SRNA can be exploited for its myriads of
applications, from basic gene function study to targeted genes [55].

sRNA synthesis starts from the transcription of MIR genes by RNA
polymerase II. It proceeds through the formation of precursor micro
RNA duplexes before single-stranded miRNAs are inserted into
the RNA-induced silencing complex (RISC). Following the RISC
formation, argonaute (AGO) proteins guide the miRNAs strand
to its target mRNA, and another strand of the duplex undergoes
degradation [56]. Targeted identification of many miRNA-mRNA
duplex modules in plant-microbe interactions, but very few studies
have been functionally validated for the importance of agriculture
and horticulture [57]. A few studies on microRNAs have been
increased, including genome-wide profiling of sSRNA and miRNA
responses to drought, salt, cold, heat, systematic stress, and
pathogenic microflora [51,52,58]. The specific impacted of miRNAs
can play distinct roles across species or different crops. However,
the advances in miRNAs mediated the regulation of genes related to
plant-microbes’ interactions, emphasizing the role of plant miRNAs
in disease susceptible and resistance, which can be exploited for
improved crop varieties.

6. Streptomyces AS PLANT GROWTH PROMOTERS

In general, actinobacteria may be beneficial to plant nutrition in terms
of minerals. This is related to the ability to mobilize metals and fix
nitrogen, as well as the uptake of mineral nutrients such as Fe, Zn,
and Se. However, metagenomic investigations have not demonstrated
the involvement of Streptomycetes in such advantageous procedures
[59]. The taxonomic and phylogenetic makeup of these microbial
communities is restricted to a few bacterial phyla, including
actinobacteria, according to metagenomic studies of the bacterial
microbiota in plants.

Emphasizing the role of Streptomycetes in the growth and health of
plants. Through nutritional interactions and the composition of its
root exudate (chemotaxis), the plant has a significant influence in
influencing the growth of its root microbiome [60—-62]. Flavonoids,
strigolactones, and terpenoids are among the metabolic signals found
in plant root exudates that have the power to influence the microbial
communities in the rhizosphere. It is still unknown what cues draw
Streptomycetes into the rhizosphere. Streptomycetes are able to
penetrate roots and colonize root tissues and arteries. From there, they
can be separated and purified in order to characterize their physiology
and the interactions among microbes [37]. Actinobacteria, like
Streptomyces species, act as nutrient enhancers and affect soil fertility
by interacting with various minerals. They are known to produce a
variety of enzymes, such as amylase, chitinase, cellulase, invertase,
lipase, keratinase, peroxidase, pectinase, protease, phytase, and
xylanase, which convert complicated nutrients into simpler mineral
forms, in addition to siderophores and solubilizing phosphate. Their
ability to cycle nutrients makes them excellent choices for natural
fertilizers [63].

6.1. Nitrogen Fixation

One of the most crucial macronutrients for plant growth is nitrogen
(N,). The abundance of N, in the atmosphere is about 78% and is
inaccessible to plants. Numerous plant growth promoting (PGP)
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microorganisms that are capable of freely or in symbiotic relationships
with legumes carrying out biological nitrogen fixing have been
identified [64]. The issue of biological N, fixing is crucial since the
use of synthetic nitrogenous fertilizers has resulted in excessive
water pollution and the eutrophication of rivers and lakes. Serious
environmental issues arise from N, fertilizers leaching into the land,
especially in water systems [65]. Inoculating seeds, seedlings, roots,
or soil with N -fixing microbes promotes plant growth, enhances soil
quality, and keeps the soil’s N, content stable [66]. The endophytic N.-
fixing bacteria from both leguminous and nonleguminous crops have
been thoroughly studied. Endophytic bacteria belong to various phyla
including actinobacteria, bacteroidetes, firmicutes, and proteobacteria.

There have been reports of the major N-fixing endophytic
bacteria from several host plants. There are many uses for N2-
fixing endophytic bacteria in sustainable agriculture, including
maintaining plant development, crop output, and soil health [67].
An investigation, [68] demonstrated that Streptomyces galilaeus, S.
avidinii, S. albogriseolus, S. albidoflavus, S. spororaveus, and S.
cellulosae have the ability to fix N, P-solubilization and production
of ACC deaminase and siderophores. In addition, the S. avidinii and S.
cellulosae increases seed germination of pepper, bean, and cucumber.
In a similar investigation, inoculation of N, fixing Streptomyces
alfalfae with multiple pant growth promoting attributes [produce
indole acetic acid (IAA) and siderophore and have phosphate-
solubilizing] can effectively promote the seed germination and growth
of switch grass [69].

6.2. Phosphorous Solubilization

After nitrogen, phosphorus (P) is the second most crucial nutrient
for plants. It can be found in soil as mineral salts or combined with
organic matter. Despite being prevalent in soils in both organic and
inorganic forms, its availability is limited because it is primarily found
in insoluble forms. The average soil contains around 0.05% (w/w)
of P, but due to poor solubility and soil fixation, only 0.1% of the
total P is available for plant uptake [70]. Since phosphorus deficit is
very common in agricultural soils globally, the majority of farmers
frequently apply chemical fertilizers that dissolve into the soil to
prevent cropping systems from experiencing P-limiting circumstances.
When applied to either acidic or alkaline soils, the P often precipitates
through the production of non-bioavailable compounds [71].

Phosphate-solubilizing microbes have solubilized insoluble P,
providing an alternative to chemical phosphatic fertilizers and
increasing P availability while reducing the need for chemical
fertilizers [72]. Microbes produce enzymes like phosphonatases, C-P
lyases, and phytases that facilitate the release of organic phosphates.
The primary process of mineral phosphate solubilization involves the
synthesis of acid phosphatases and organic acids (OAs) [73]. They
release OAs such as propionic acid, succinic acid, lactic acid, and
formic acid in order to dissolve the bonded P present in the soil. There
is currently little information available on the phosphate-solubilizing
actinomycetes [74].

In an investigation, [75] reported the isolation P-solubilizing
Streptomyces roseocinereus with multiple PGP traits. Barley plants
inoculated with S. roseocinereus enhance shoot and ear length as well
as available phosphorus in ears and leaves and P and N contents in
the soil. In another investigation, [76] evaluated the effect of rock
phosphate solubilizing S. bellus and S. saprophyticus in promoting
the growth of sugar beet in field conditions. Seeds inoculated with S.
bellus stimulate root elongation and level of levels of soil-available
phosphorus (P) and potassium. Inoculation with SS increased shoot
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and root elongation and enhanced chlorophyll levels in the plant
leaves. In a report, [77] studied that P-Solubilizing and phytate
degrading Streptomyces sp. stimulates the growth and P accumulation
of maize.

6.3 Potassium Solubilization

Potassium (K) is regarded as a vital nutrient and a major component
within all living cells. Naturally, soils have higher concentrations of K
than any other nutrient; but plants are unable to absorb the majority of
the K [78]. K is found in soil in a variety of forms, including water-
soluble, exchangeable, non-exchangeable, and mineral forms. In most
soils, 90%—98% of the total K is made up of unavailable mineral forms
such as feldspar, orthoclase, and micas, which are relatively resistant
to breakdown [79]. Plants with inadequate levels of K exhibit stunted
roots, sluggish development, increased susceptibility to disease,
delayed maturity, and eventually reduced agricultural yields. The soil
loses its organic K content when chemical fertilizers are used on a
regular basis. Applying biofertilizers may be the most effective way
to improve the solubility of soil potassium in such circumstances [80].

Potassium-solubilizing microorganisms (KSMs) can reduce the need
for chemical fertilizers and promote sustainable farming practices.
Owing to the naturally occurring source of K in soil and the high cost
of synthetic K fertilizers, the significance of KSM is growing every
day. These KSMs have the potential to be a useful strategy for raising
soil K availability, which is crucial for crop establishment in soils with
low K levels [81]. KSMs can liberate K from soil/minerals into forms
that plants can use, which would be a viable choice. Researchers are
highlighting the possibilities of using KSMs as effective biofertilizers
to increase agricultural productivity more and more [82]. A report
[83] demonstrated the growth promotion and protection against root
rot of sugar beet by two P and K solubilizing Streptomyces sp. under
greenhouse conditions.

6.4. Zinc Solubilization

Zinc (Zn) is an important and key micronutrient required in trace
amounts by agricultural crops for complete growth and development.
It is a vital component of many different enzymatic processes, the
metabolism of carbohydrates, the synthesis of proteins and auxin,
and the integrity of plant cellular membranes [84]. According to
reports, the most common micro-nutritional problem affecting food
crops worldwide, including those in India, is Zn deficiency caused
by inadequate soil solubility. Chemical fertilizers containing zinc
should not be applied since they will convert to a form of zinc that
is unavailable. Therefore, the isolation of Zn solubilizing bacteria
(ZSB) having the ability to convert distinct unavailable forms of the
Zn to available forms offers the most significant solution to fight Zn
insufficiency [85]. The use of ZSB offers a low-cost, flexible approach
to Zn biofortification and the most environmentally friendly way to
revitalize sustainable agriculture.

ZSBresiding within planttissues orin the rhizospheric hub demonstrates
their ability to solubilize Zn using a range of techniques. The best
approach is the deposition of OAs, which causes the surrounding soil
to become acidic [86]. This suggests that using microbes can help
increase the amount of zinc in plants and improve crop quality, which
sums up the function of microorganisms for a more environmentally
friendly approach. By releasing OAs, siderophores, and other
chelating substances, Zn-solubilizing bacteria function as organic
bio-fortifiers that can solubilize the inaccessible form of zinc [87]. In
an investigation, [88] revealed that the two Streptomyces strains have

potential as Zn-solubilizers and can be suggested as bioinoculants to
promote the growth and yield of soybeans. In another investigation,
Z solubilizing Streptomyces nanhaiensis with other plant growth-
promoting attributes increases the plant growth with increased leaf
biomass and pigment production on millet crops [89].

6.5. Phytohormones Production

Plant growth and development are significantly regulated by
phytohormones. The five classes of phytohormones identified by
the traditional classification are auxins, gibberellins, cytokinins,
ethylene, and abscisic acid. A variety of physiological processes in
plants are regulated by phytohormones, such as fruit ripening, root
formation, florescence, branching and tillering, and seed germination
and quiescence [90]. They are recognized for having a significant
effect on the metabolism of plants. They are also essential in
stimulating the defense mechanisms that plants use to respond to
stressors. Under stressful circumstances, exogenous phytohormone
supplementation has been used to enhance growth and metabolism
[91]. The phytohormones are produced by a variety of actinomycetes
species when they are exposed to an appropriate precursor, like
L-tryptophane [92].

Endophytes generate phytohormones that alter the morphology and
physiology of plants and encourage plant growth. The biosynthesis
and signaling pathways of phytohormones are important in regulating
the development of plants during stress responses [93]. In a report,
[94] demonstrated that IAA-producing Streptomyces sp. inoculation
enhanced lateral root number, vegetative growth, fresh weight,
chlorophyll content, and tolerance to abiotic stress in Arabidopsis
thaliana. In another report, endophytic Streptomyces sp. promotes
soybean plant growth and increases yield and seed quality through
P-solubilization, siderophores, and phytohormones like IAA and
antifungals under in vitro production [95].

7. INDUCED SYSTEMIC RESISTANCE IN PLANTS

Biologic stress can have a detrimental effect on a plant’s growth,
cellular development, inherent biological systems, and productivity.
To counter these biotic stress conditions, endophytic microbes
are essential to the plant environment. Furthermore, endophytic
actinomycetes are naturally occurring symbionts of a number of plants
that modify their defense mechanisms and systemic resistance in order
to impart resistance to host plants in challenging environments [96].
Unlike synthetic drugs, these microorganisms can successfully manage
many plant diseases by inducing systemic resistance (ISR) without
posing any environmental harm. The ISR in host plants is triggered by
endophytic colonization and operates through a variety of mechanisms
to reduce further pathogen attack and disease progression [97]. The
endophytic bacteria produce secondary metabolites that shield plants
from phytopathogens, in addition to exo-enzyme secretion, which
could be aiding plant colonization. Endophytes may accelerate the
growth of the plant by phytohormone production and support plant
growth under unfavorable biotic and abiotic stress [98].

In an investigation, [99] reported that endophytic Streptomyces sp.
triggered systemic resistance in chickpeas under Sclerotium
rolfsii  stress. Another investigation, [100] revealed that
Streptomyces strains promote plant growth and induce resistance
against Fusarium verticillioides in maize plants. Chen et al. [101]
reported that Streptomyces chromofuscus induces systemic resistance
and activates plant defense responses against tomato yellow leaf
curl virus infection. Streptomyces chromofuscus maintained relative



chlorophyll contents by accelerating the expression of genes
(CLHI1, HEMA1, and PORA) associated with chlorophyll biogenesis.

8. BIOTECHNOLOGICAL APPLICATIONS IN
AGRICULTURE

8.1. Biofertilizers

Researchers are becoming more interested in Streptomyces as a
commercial biofertilizer. They can help with plant nutrition and growth
by aiding in the biodegradation of diverse agricultural wastes and
generating distinct enzymes in the soil [102]. Additionally, it has been
discovered that actinobacteria generate plant growth hormones such as
TAA[103], extending their possible uses in agriculture as biofertilizers
[104]. A study revealed that the production of IAA, siderophores,
and immobilized inorganic phosphate is produced by Streptomyces
sp., Streptomyces thinghirensis, Streptomyces sp., and Streptomyces
tricolour [105]. Actinobacteria inoculation has been demonstrated to
increase plant production and growth in fields [106] as shown in maize
greenhouse trials [107]. However, some actinobacteria species have
poor capacity for plant development and growth limits their ability
to support sustainable horticultural techniques. Because Streptomyces
may increase the amount of phosphate available in soil, it has a
significant advantage [108]. These bacteria produce phytase enzymes
and a variety of phosphate-solubilizing acids, which can convert bound
phosphate into an accessible form. However, the precise process of
acid-mediated phosphate solubilization is yet unclear [109].

Recent studies have shown that biofertilizers containing strains of
bradyrhizobium and Streptomyces griseoflavus encourage the growth
of mung beans, soybeans, and cowpeas’ roots and shoots. According
to this study, these biofertilizers also boost plants nodulation, nitrogen
fixation, phosphorus, and potassium uptake, which raise seed
yields. According to a recent study, Streptomyces sp. can be used
as biofertilizers in the form of biofilms that use perlite material as
a carrier [110,111]. Further research revealed that the development
and productivity of chickpea crops could be enhanced by the use
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of Streptomyces strains as biofertilizers. For sustainable farming
techniques, it is essential to comprehend the potential of Streptomyces
in agriculture encouraging outcomes in the management of disease,
accelerated plant growth, and improved output [45].

In an investigation, three endophytic Streptomyces sp. strains were
evaluated alone and in combination with Azotobacter in field trials
with recommended fertilization rates in north-western Indian plains.
Bioformulation of Azotobacter and Streptomyces improved the
growth and yield of wheat plants [112]. In another investigation,
[113] endophytic Streptomyces sp. that contained the crude [AA
showed the maximum effect in promoting seed germination and root
elongation of tomato plants. In a report, inoculation of wheat plants
with endophytic Streptomyces tuirus, S. levis, and S. radiopugnans
significantly enhanced the growth parameters such as seedling
length and rootlets number compared to the uninoculated control
[114]. Devi et al. [115] reported the PGP and biocontrol activity
of endophytic Streptomyces sp. against early blight in Solanum
lycopersicum seedlings.

8.2. Biocontrol Agents

Numerous bioactive compounds that are advantageous to soil and
plants are produced by actinobacteria and they have the ability to serve
as biocontrol agents [116]. Increasing the resistance of plants to biotic
and abiotic stressors [ 117]. According to a study, several actinobacteria
(Actinomyces pactum, A.globisporus, and A. globisporus subsp.
globisporus) have the ability to break down fungal pathogens. A light-
colored actinomycete called Streptomyces griseoviridis was isolated
from Sphagnum peat and is an example of a biocontrol agent that
lessens damage from different soil and seed infections [118,119].
According to a study, actinobacteria in soil produce antibiotics that
are useful against plant diseases (Fig. 2). To combat plant diseases,
Streptomyces  violaceusniger, generates antibiotics including
headache, gentamycin, and guanidylfingine. Actinobacteria have been
shown in earlier research to improve plant development and efficiently
treat plant ailments [117,119—121]. The main reason Streptomyces

Microbial
Biopesticides

Microbial

Biofertilizers
Plants Protected by PGPB

Organic Foods Loaded

T

&

Healthy Human
With Matural Nutrients

Figure 2. Effects of biopesticides/biocontrol agents.
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strains are known for their ability to function as biocontrol agents they
may produce strong volatile chemicals, metabolites, and antibiotics
that have antipathogenic qualities [122].

A different investigation was conducted using chemicals released
by strains of Streptomyces coelicolor, S. violaceusniger, and S.
violaceusniger, including siderophore, chitinase, the antibiotic
geldanamycin, and the antifungal nigericin. There were two strains
of Streptomyces that showed biocontrol potential in this investigation

by producing secondary active metabolites that inhibited the growth
of harmful bacteria. The dangerous bacterial threat known as
glumae, which causes panicle blight in rice plants and jeopardizes
rice yields, was effectively controlled [123]. In a report, [124]
demonstrated the induction of systemic resistance in Solanum
lycopersicum and Capsicum annum seedlings against fusarium wilt
by Streptomyces bioformulations. In another report, [125] revealed
the formulation of bio-fungicides based on Streptomyces caeruleatus
spores and efficacy against Rhizoctonia solani damping-off of tomato

Table 2. Bioformulations from endophytic Streptomyces and their potential effects.

Species Host plant Inoculated plant
Streptomyces asterosporus  Solanum nigrum Tomato
Streptomyces sp. Citrus jambhiri Tomato
Streptomyces sp. Tomato Tomato

Streptomyces sp. Pearl millet Pearl millet

Streptomyces sp. Soybean Soybean
Streptomyces parvulus Green gram Green gram
Streptomyces caeruleatus - Tomato

Streptomyces sp. Artemisia annua L. Arabidopsis

Streptomyces Strawberry Strawberry

thermocarboxydus

Streptomyces sp. Medicinal plant Chilli

Streptomyces Date palm Date palm

polychromogenes

Streptomyces Date palm Date palm

coeruleoprunus

Streptomyces sp. Moss Wheat

Streptomyces sp. Moss Tomato

Streptomyces Moss Tomato

physcomitrii sp. nov.

Streptomyces sp. Clerodendrum Mung bean
serratum

Streptomyces sp. Clerodendrum Thai jasmine rice

serratum (L.)

Effect

Biocontrol of Fusarium root rot disease and
growth promotion of seedlings

PGP and biocontrol potentiality against early
blight

Increasing root length, plant height, stem
diameter and high biocontrol efficiency against
tomato Fusarium wilt

Protection against downy mildew and also
promoted the vegetative and reproductive growth
of the plant

Positively impacts growth, development, yield;
and seed phytosanitary quality of plants under
field conditions

Improve the growth of green gram seedlings,

showing enhanced shoot-, and root length and
decreased incidence of Fusarium wilt disease
symptoms

Enhanced plant resistance to Fusarium
oxysporum f. sp. radicis lycopersici root rot and
promoted the growth of tomato seedlings

Enhanced plant disease resistance to
pathogenic Streptomyces scabies

Incidence rate of strawberry anthracnose was
significantly reduced by treatment

Antagonistic and PGP abilities

Estimated disease severity indices in diseased
seedlings were significantly reduced and conidial
numbers of the pathogen significantly dropped

Estimated disease severity indices in diseased
seedlings were significantly reduced and conidial
numbers of the pathogen significantly dropped

Effectively suppressed the occurrence of wheat
root rot caused by Bipolaris sorokiniana

Effectively suppressed the occurrence of tomato
bacterial wilt caused by Ralstonia solanacearum

Significantly reduced the disease severity of
bacterial wilt on tomato seedlings

Increased plant elongation and biomass,
chlorophyll content, leaf area, leaf color and
adventitious roots, and reduced the ethylene level
under flooding conditions

Increased growth of rice and salt tolerance

by reduction of ethylene via the action of
1-aminocyclopropane- 1-carboxylate deaminase
(ACCD) and further assists plants to scavenge
ROS, balance ion content and osmotic pressure
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seedlings. In an investigation, [126] demonstrated the plant-growth
promotion and biocontrol properties of three Streptomyces sp. to control
bacterial rice pathogens. In a report, [127] revealed the insecticidal
potential of endophytic Streptomyces sp. against Zeugodacus
cucurbitae. In a similar report, [124] revealed that Streptomyces sp.
bioformulations effectively controlled fusarium wilt in Solanum
lycopersicum and Capsicum annum seedlings.

8.3. Breakdown of Pesticides

Since native Streptomycetes are well adapted to live in soil and
sediment habitats, using them for bioremediation in pesticide-
contaminated environments shows to be a potential approach. The
potential metabolic variety, mycelial growth habitat, fast growth rates,
semi-selective substrate colonization, and genetic manipulation of
Streptomyces strains are their main advantages. Streptomyces may
develop into spores, which aid in their persistence and dissemination,
they can last lengthy periods of time in soil with low nutrient
concentrations and water availability [128]. These benefits have led to
the investigation of several Streptomyces strains as viable candidates
for bioremediation of contaminated settings using several chemical
pesticide families, such as ureas, organochlorines, organophosphates,
pyrethroids, and chloroacetanilides [128-130]. Microorganisms
called Streptomyces have proven to be highly effective in removing
or converting several pollutants at once. It was discovered that lindane
and Cr(VI) could be effectively removed from soil polluted with both
chemicals by both pure and mixed cultures of Streptomyces strains.
In order to lower pesticide concentrations in various environmental
matrices and stop their infiltration into the environment, thus lowering
human exposure, Streptomyces degradation of pesticides has been
thoroughly investigated in biotechnological process development
[131] (Table 2).

9. BOOSTING THE COMPOSTING PROCESS

In order to speed up the rate at which trash breaks down and raise
the quality of compost at the end, microbial inoculation techniques
introduce capable microorganisms to the compost mixture. These
microorganisms can be grown in culture mixtures including
soil, manure, and straw, or they can be separated from microbial
communities under certain selection pressures [ 145]. A single strain of
effective microorganisms or a combination of them can be used as the
inoculums [146] and seasoned compost samples [147]. Researchers
are currently investigating the use of mixed inoculants, which is a
collection of microorganisms that cooperate with one another [148—
150]. Microbial inoculants increase mesophilic and thermophilic
bacterial populations, which enhances temperature profile and
ammonia emissions. Additionally, it speeds up the process of
composting by increasing enzymatic activity and reducing the first lag
time of biological processes. When generating compost with a higher
nutritional value, microbial inoculation procedures can effectively
reduce the discharge of odorous emissions, particularly volatile
organic compounds [151,152]. Single or multi-stage applications of
microbial inoculums can be made at different points in the composting
process. The various stages of inoculum addition show a significant
impact on the physicochemical parameters of the composting process
[153].

9.1. Impact on the Composting Process

Naturally existing bacteria that live in the soil are called Streptomyces.
They are a great option to utilize as additions for solid waste composting
because of their well-known ability to produce a wide variety of
enzymes [145]. These microorganisms can hasten the decomposition
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of organic matter and encourage a composting process. The capacity
of Streptomyces strains to withstand extreme temperatures and other
environmental factors is one of their main benefits when used in
composting. They improve the condition of the soil and encourage the
growth of other beneficial microorganisms by releasing vital nutrients
into it as they break down complicated organic compounds [116].

Moreover, Streptomyces are efficient in decomposing a variety
of organic items, such as plant debris, animal faces, and food
leftovers. Because they can lessen waste volume and encourage more
environmentally friendly waste management techniques, they are
a great option for use in solid waste composting. Apart from their
advantages in composting, Streptomyces can also aid in odor reduction
and inhibit the formation of hazardous pathogens in a composting
setting [154]. This can make the work environment safer and more
comfortable for individuals who are doing the composting process.
All things considered, adding Streptomyces to solid waste composting
can have a variety of advantages, such as improved soil quality and a
more sustainable waste management approach through more efficient
composting [155].

Numerous studies have looked into the application of different
microbes as additives in composting issues. There has not been
much research on Streptomyces bacteria in this field. The effects of
microbial inoculation on the effectiveness and quality of composting
have been the subject of numerous studies. A sign of high-quality
compost is a reduction in the amount of time the breakdown process
takes because of microbial activity [156]. For instance, when
lignocellulose degradation was investigated, it was discovered that
actinobacteria inoculation sped up the synthesis of enzymes including
lignin peroxidase, xylanase, and CMCase, which raised the rates at
which organic matter degraded [157].

9.2. Inoculation Techniques for Improving Soil and Crops health

As an alternative to traditional chemical fertilizers, the use of
beneficial microorganisms to improve soil and crop productivity
has attracted a lot of interest in recent years [116]. These beneficial
microbes have been shown to be crucial for maintaining healthy soil
and promoting plant growth. On the other hand, little is known about
the use of compost enhanced with Streptomyces on crops and soil. The
application of Streptomyces-enriched compost to soil or crops has not
yet been the subject of any research. Nonetheless, there is research
on the utilization of manure enhanced with beneficial microbes
that might also be used for composting [158]. Suggests several
applications of manure supplemented with microorganisms based on
the type of manure. One technique is to directly inoculate soil before
planting or during cultivation with various preparations for efficient
microorganisms (EMs). Fustigation is an additional technique in
which EM formulations are irrigated into the soil using manure at
ratios of 1:1,000 to 1:5,000 [159].

Using manure-based goods may have an adverse effect on the
environment, therefore it is crucial to think about that and use the right
management techniques to reduce any hazards. Even ifthese techniques
might work in some situations, more investigation is required to
ascertain their repeatability and dependability in various circumstances.
Composting and crop rotation are two alternative strategies that can
improve soil health and lessen the need for commercial fertilizers. All
things considered, a variety of soil management strategies, such as the
application of compost enhanced with EM, can support resilient and
sustainable agriculture. Farmers and growers can maximize soil health
and productivity while minimizing environmental impact by carefully
weighing the advantages and disadvantages of various practices.
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9.3. Inoculation in Composting: Obstacles and Suggestions

The Moroccan government introduced the Green Morocco Plan
(GMP 2008-2020) as a national initiative to modernize and enhance
the sustainability of the agriculture sector. The use of compost as a
natural soil supplement and the promotion of organic agriculture are
the main tenets [160]. The Moroccan government has passed laws
to support this project, encouraging farmers to utilize sustainable
techniques and to increase the use of compost in agriculture. In order
to encourage the use of organic inputs like compost, Morocco passed
the Organic Agriculture Regulation, which governs organic production
and commercialization. The National Compost Strategy was also
introduced by the government with the objective of expanding the
use of compost in agriculture and creating a nationwide network of
composting facilities [161].

The plan calls for actions including offering financial incentives
and technical support to farmers who use compost-based farming
methods, encouraging the advancement of composting technology
research and development, and standardizing and certifying compost
to raise its caliber and uniformity. Nonetheless, the government is still
firmly committed to encouraging sustainable farming and lowering
reliance on artificial inputs. A strong composting sector is thought
to be essential to reaching these objectives. Notwithstanding these
efforts, there have been a number of obstacles to the execution of these
requirements, such as the high cost of organic inputs and the absence of
infrastructure for the manufacturing and transport of compost among
farms. However, in order to overcome these obstacles, the Moroccan
government is implementing compost-based agriculture techniques in
an effort to create a network of composting facilities and encourage
the application of compost as an affordable and sustainable substitute
for synthetic fertilizers [162].

The goals of the Moroccan Kingdom are to promote equitable and
sustainable economic growth, lessen greenhouse gas emissions,
and enhance soil health. Our study focuses on enhancing the
composting process by using microorganisms like Streptomyces in
the framework of the Moroccan government’s efforts to promote
sustainable agriculture with compost. Utilizing Streptomyces bacteria
in composting is a novel waste treatment method that may have
advantages. However, in order to create a technology that is both
affordable and environmentally sustainable, a number of issues must
be resolved [163], and determining the proper method and dosage
of Streptomyces inoculation for the best composting is a significant
problem. It needs research to understand the actions of Streptomyces
bacteria during composting in order to choose the most appropriate
inoculants, considering their stability, adaptability, physiological
makeup, and functionality.

Furthermore, there are not many extensive studies on the use of
Streptomyces bacteria in composting, and further research is required
to validate the advantages shown in smaller-scale studies. Developing
commercially feasible technological processes for the manufacture of
Streptomyces inoculants is also essential. This includes making use
of low-cost materials for inoculant propagation, such as plant-based
substrates or agro-waste. Finding the right procedure is one of the
biggest challenges. Finally, research into predicting and optimizing
the composting process using engineering processing techniques is
required to guarantee the composting sustainability process without
sacrificing the final product’s quality [164]. Our objective is to
enhance sustainable agriculture and lessen its negative impact on the
environment in Morocco and other regions by creating more effective
and efficient composting techniques.

10. FUTURE PROSPECTS

In current agriculture practices, biocontrol agents and biofertilizers
mostly contain plant growth-promoting microbes (PGPMs) as the sole
ingredient. Plant growth promoting rhizobacteria colonized around
the rhizosphere of plants induces a positive impact on the host, such
as increased plant growth and improved defense against disease-
causing pathogens (Fig. 2). The predominant bacterial genera in
microbial-based biofertilizers and biocontrol agents are Arthrobacter,
Alcaligenes, Azospirillum, Azotobacter, Bacillus, Burkholderia,
Enterobacter, Klebsiella, Pseudomonas, Rhizobium, Serratia, and
Streptomyces [165]. Microbial-controlling agents are the ultimate
replacement for harmful pesticides. These sliving entities, such as
microorganisms, provide eco-friendly nonchemical methods for
maintaining free of the plant disease [166,167].

The biocontrol of endophytes results in cell wall lyses, iron depletion
in the rhizosphere, and increased microbe resistance with the
rhizosphere. Endophytes antibiotic-producing mechanism increased
the host defense to control microbial diseases, with the potential
of antimicrobial enzymes (f1,3-glucanases, chitinases, proteases,
and lipases). The biosynthesis of siderophores with low molecular
weight helps to chelate the iron content in rhizospheric soil, which
blocks the invasion of pathogenic organisms [167,168]. Microbial
inoculants increased agricultural promised sustainability, decreased
crop loss by diseases, and enhanced the uptake of nutrients. Organic
biocontrol microbes built the tolerance for the plants to grow under
any conditions. These biopesticides formulation are cost-effective
and harmless to the ecosystem when applied to crops [169—171].
The biopesticides improve the performance and yield of the crop.
Localizing the bacterial inoculum in the soil will change the
temperature and humidity. Soil microbiome interactions with plants
improved the yield and productivity of the crop (Table 1).

11. CONCLUSIONS

This review focused on endophytic Streptomyces, the significant
contribution ability of these microorganisms to promote plant
growth, and their bioactive compounds beneficial to pharmaceuticals,
environmental, agricultural, and industrial sectors. The use of eco-
friendly microorganisms that reduce pest populations and enhance
plant growth forms the foundation of this promise. A potential answer
for a more sustainable agricultural future is using consortiums that
are developed from two or more compatible strains, biopesticides, or
biofertilizers in exemplary formulations. The studies mentioned in this
review lend credence to the idea that developing new formulations with
cooperative microbes may help improve plant protection and growth
in various crops. These studies also emphasize the need for more
research on this topic, with an emphasis on endophytic Streptomyces,
which have only recently been used as inoculants to improve pristine
ecosystems in agricultural soil, agricultural output, and food security.

12. ACKNOWLEDGMENTS

The authors are grateful to the Department of Genetics, Plant Breeding
and Biotechnology, Dr. Khem Singh Gill Akal College of Agriculture,
Eternal University, Baru Sahib and Eternal University Funded Project
“To establish culture collection of bacteria/fungi/algae/cyanobacteria
from hilly areas” Reference number: EU/VCO/72/36 for providing the
facilities support, to undertake the investigation.

13. CONFLICT OF INTEREST

The authors report no financial or any other conflicts of interest in
this work.



10 Kirubakaran et al.: Journal of Applied Biology & Biotechnology 2024;x(x):1-15

14. CONSENT FOR PUBLICATION
All authors agreed and given their consent for publication.

15. AUTHOR’S CONTRIBUTIONS

All authors made substantial contributions to conception and design,
acquisition of data, or analysis and interpretation of data; took part in
drafting the article or revising it critically for important intellectual
content; agreed to submit to the current journal; gave final approval
of the version to be published; and agree to be accountable for all
aspects of the work. All the authors are eligible to be an author as
per the international committee of medical journal editors (ICMJE)
requirements/guidelines.

16. ETHICAL APPROVALS

This study does not involve experiments on animals or human subjects.

17. DATA AVAILABILITY

All the data is available with the authors and shall be provided upon
request.

18. PUBLISHER’S NOTE

All claims expressed in this article are solely those of the authors and
do not necessarily represent those of the publisher, the editors and the
reviewers. This journal remains neutral with regard to jurisdictional
claims in published institutional affiliation.

19. USE OF ARTIFICIAL INTELLIGENCE (AI)-ASSISTED
TECHNOLOGY

The authors declares that they have not used artificial intelligence
(AI)-tools for writing and editing of the manuscript, and no images
were manipulated using Al

REFERENCES

1. Nongkhlaw FMW, Joshi SR. Distribution pattern analysis of epiphytic
bacteria on ethnomedicinal plant surfaces: a micrographical and
molecular approach. J Microsc Ultrastruct 2014;2:34-40; doi: http://
doi.org/10.1016/j.jmau.2014.02.003

2. del Orozco-Mosqueda C, Santoyo G. Plant-microbial endophytes
interactions: scrutinizing their beneficial mechanisms from genomic
explorations. Curr Plant Biol 2021;25:100189; doi: http://doi.
0rg/10.1016/j.cpb.2020.100189

3. Marasco R, Rolli E, Ettoumi B, Vigani G, Mapelli F, Borin S, et al. A
drought resistance-promoting microbiome is selected by root system
under desert farming. PLoS One 2012;7:e48479.

4. Santoyo G, Moreno-Hagelsieb G, del Carmen Orozco-Mosqueda M,
Glick BR. Plant growth-promoting bacterial endophytes. Microbiol
Res 2016;183:92-9; doi: http://doi.org/10.1016/j.micres.2015.11.008

5. Ayswaria R, Vasu V, Krishna R. Diverse endophytic Streptomyces
species with dynamic metabolites and their meritorious applications:
a critical review. Crit Rev Microbiol 2020;46:750-8; doi: http://doi.
org/10.1080/1040841X.2020.1828816

6. Kirubakaran R, Murugan A, Parray JA. Molecular and enzymatic
mechanism pathways of degradation of pesticides pollutants. In:
Javid AP, Mahmoud AHAE, Sayyed R (eds.). Soil bioremediation:
an approach towards sustainable technology, John Wiley & Sons,
Hoboken, NJ, pp 257-84, 2021.

7. Kirubakaran R, Murugan A, Chinnathambi P, Parray J. Influence of
residual pesticide on plant growth promoting bacteria isolated from
agriculture field. J Basic Appl Plant Sci 2017;1:110.

10.

11.

12.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

Enquist LW. Characterization of deoxyribonucleic acid from
actinomycetes [Thesis]. Faculty of the Graduate School of Virginia,
Commonwealth University, Health Sciences Division, Richmond,
VA; 1971; doi: http://doi.org/10.25772/ZGY9-F173

Gopalakrishnan S, Srinivas V, Alekhya G, Prakash B, Kudapa
H, Rathore A, et al. The extent of grain yield and plant growth
enhancement by plant growth-promoting  broad-spectrum
Streptomyces sp. in chickpea. SpringerPlus 2015;4:31; doi: http://
doi.org/10.1186/s40064-015-0811-3

Turner TR, James EK, Poole PS. The plant microbiome. Genome
Biol 2013;14:209; doi: http://doi.org/10.1186/gb-2013-14-6-209
Vandenkoornhuyse P, Quaiser A, Duhamel M, Le Van A, Dufresne
A. The importance of the microbiome of the plant holobiont. New
Phytol 2015;206:1196-206.

Hopwood DA, Malpartida F, Kieser HM, Ikeda H, Duncan J, Fujii
I, et al. Production of ‘hybrid’ antibiotics by genetic engineering.
Nature 1985;314:642—4; doi: http://doi.org/10.1038/314642a0
Vurukonda SSKP, Giovanardi D, Stefani E. Plant growth promoting
and biocontrol activity of Streptomyces spp. as endophytes. Int ] Mol
Sci 2018;19:952.

Ardanov P, Sessitsch A, Higgman H, Kozyrovska N, Pirttila
AM. Methylobacterium-induced endophyte community changes
correspond with protection of plants against pathogen attack.
PLoS One 2012;7(10):e46802; doi: http://doi.org/10.1371/journal.
pone.0046802

Ardanov P, Lyastchenko S, Karppinen K, Higgman H, Kozyrovska
N, Pirttildi AM. Effects of Methylobacterium sp. on emergence,
yield, and disease prevalence in three cultivars of potato (Solanum
tuberosum L.) were associated with the shift in endophytic
microbial community. Plant Soil 2016;405:299-310; doi: http://doi.
org/10.1007/s11104-015-2500-y

Bentley SD, Chater KF, Cerdeno-Tarraga AM, Challis GL, Thomson
N, James KD, et al. Complete genome sequence of the model
actinomycete Streptomyces coelicolor A3 (2). Nature 2002;417:
141-7.

Xu J, Wang Y, Xie SJ, Xu J, Xiao J, Ruan JS. Streptomyces
Xiamenensis sp. nov., isolated from mangrove sediment. Int J Syst
Evol Microbiol 2009;59:472-6.

Abdallah ME, Haroun SA, Gomah AA, El-Naggar NE, Badr HH.
Application of actinomycetes as biocontrol agents in the management
of onion bacterial rot diseases. Arch Phytopathol Plant Protect
2013;46:1797-808; doi: http://doi.org/10.1080/03235408.2013.778
451

El-Tarabily KA. Promotion of tomato (Lycopersicon esculentum
Mill.) plant growth by rhizosphere competent 1-aminocyclopropane-
1-carboxylic acid deaminase-producing streptomycete actinomycetes.
Plant Soil 2008;308:161-74; doi: http://doi.org/10.1007/s11104-008-
9616-2

Khamna S, Yokota A, Peberdy JF, Lumyong S. Indole-3-acetic acid
production by Streptomyces sp. isolated from some Thai medicinal
plant rhizosphere soils. Eur Asian J Bio Sci 2010;4:23-32.

Verma V, Singh S, Prakash S. Bio-control and plant growth promotion
potential of siderophore producing endophytic Streptomyces from
Azadirachta indica A. Juss. ] Basic Microbiol 2011;51:550-6.

Lin L, Xu X. Indole-3-acetic acid production by endophytic
Streptomyces sp. En-1 isolated from medicinal plants. Curr Microbiol
2013;67:209-17; doi: http://doi.org/10.1007/s00284-013-0348-z
Tsavkelova E, Klimova SY, Cherdyntseva T, Netrusov A. Microbial
producers of plant growth stimulators and their practical use: a
review. Appl Biochem Microbiol 2006;42:117-26.

Nascimento FX, Rossi MJ, Soares CR, McConkey BJ, Glick BR.
New insights into 1-aminocyclopropane-1-carboxylate (ACC)
deaminase phylogeny, evolution and ecological significance. PLoS
One 2014;9:€99168.

Goudjal Y, Zamoum M, Meklat A, Sabaou N, Mathieu F, Zitouni A.
Plant-growth-promoting potential of endosymbiotic actinobacteria



26.

27.

28.

29.

30.

31

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

Kirubakaran et al.: Streptomyces as endomicrobiome for agricultural sustainability 2024;x(x):1-15 11

isolated from sand truffles (7erfezia leonis Tul.) of the Algerian
Sahara. Ann Microbiol 2016;66:91-100; doi: http://doi.org/10.1007/
s13213-015-1085-2

Pimentel-Elardo SM, Scheuermayer M, Kozytska S, Hentschel U.
Streptomyces axinellae sp. nov., isolated from the mediterranean
sponge Axinella polypoides (Porifera). Int J Syst Evol Microbiol
2009;59:1433-7.

Waksman SA. Streptomycin: background, isolation, properties, and
utilization. Science 1953;118:259—-66.

Phongsopitanun W, Thawai C, Suwanborirux K, Kudo T, Ohkuma
M, Tanasupawat S. Streptomyces chumphonensis sp. nov., isolated
from marine sediments. Int J Syst Evol Microbiol 2014;64:2605-10.
Srivastava S, Patel JS, Singh HB, Sinha A, Sarma BK. Streptomyces
rochei SM 3 induces stress tolerance in chickpea against Sclerotinia
sclerotiorum and NaCl. J Phytopathol 2015;163:583-92.

Li J, Tian XP, Zhu TJ, Yang LL, Li W1I. Streptomyces fildesensis sp.
nov., a novel streptomycete isolated from Antarctic soil. Antonie van
Leeuwenhoek 2011;100:537-43; doi: http://doi.org/10.1007/s10482-
011-9609-7

Lambert D, Loria R. Streptomyces scabies sp. nov., nom. rev. Int J
Syst Evol Microbiol 1989;39:387-92.

Mingma R, Duangmal K, Thamchaipenet A, Trakulnaleamsai
S, Matsumoto A, Takahashi Y. Streptomyces oryzae sp. nov., an
endophytic actinomycete isolated from stems of rice plant. J Antibiot
2015;68:368—72; doi: http://doi.org/10.1038/ja.2014.166

de Oliveira LG, Tormet Gonzalez GD, Samborsky M, Marcon J,
Araujo WL, de Azevedo JL. Genome sequence of Streptomyces
wadayamensis strain A23, an endophytic actinobacterium from
Citrus reticulata. Genome Announc 2014;2:¢00625—-14; doi: http://
doi.org/10.1128/genomea. 00625-00614.

Sarmin NIM, Tan GYA, Franco CM, Edrada-Ebel R, Latip J, Zin NM.
Streptomyces kebangsaanensis sp. nov., an endophytic actinomycete
isolated from an ethnomedicinal plant, which produces phenazine-1-
carboxylic acid. Int J Syst Evol Microbiol 2013;63:3733-8.

Bian GK, Qin S, Yuan B, Zhang YJ, Xing K, Ju XY, et al. Streptomyces
phytohabitans sp. nov., anovel endophytic actinomycete isolated from
medicinal plant Curcuma phaeocaulis. Antonie van Leeuwenhoek
2012;102:289-96; doi: http://doi.org/10.1007/s10482-012-9737-8
Patel JK, Archana G. Diverse culturable diazotrophic endophytic
bacteria from poaceae plants show cross-colonization and plant
growth promotion in wheat. Plant Soil 2017;417:99-116.

Coombs JT, Franco CM. Isolation and identification of actinobacteria
from surface-sterilized wheat roots. Appl Environ Microbiol
2003;69:5603-8.

Franco-Correa M, Quintana A, Duque C, Suarez C, Rodriguez MX,
Barea JM. Evaluation of actinomycete strains for key traits related
with plant growth promotion and mycorrhiza helping activities.
Appl Soil Ecol 2010;45:209-17; doi: http://doi.org/10.1016/j.
apso0il.2010.04.007

Tokala RK, Strap JL, Jung CM, Crawford DL, Salove MH, Deobald
LA, et al. Novel plant-microbe rhizosphere interaction involving
Streptomyces lydicus WYEC108 and the pea plant (Pisum sativum).
Appl Environ Microbiol 2002;68:2161-71.

Rungin S, Indananda C, Suttiviriya P, Kruasuwan W, Jaemsaeng R,
Thamchaipenet A. Plant growth enhancing effects by a siderophore-
producing endophytic streptomycete isolated from a Thai jasmine rice
plant (Oryza sativa L. cv. KDML105). Antonie Van Leeuwenhoek
2012;102:463-72.

Nimnoi P, Pongsilp N, Lumyong S. Co-inoculation of soybean
(Glycine max) with actinomycetes and Bradyrhizobium japonicum
enhances plant growth, nitrogenase activity and plant nutrition. J
Plant Nutr 2014;37:432-46; doi: http://doi.org/10.1080/01904167.2
013.864308

Harikrishnan H, Shanmugaiah V, Balasubramanian N. Optimization
for production of Indole acetic acid (IAA) by plant growth promoting
Streptomyces sp VSMGT1014 isolated from rice rhizosphere. Int J
Curr Microbiol Appl Sci 2014;3:158-71.

43.

44,

45.

46.

47.

48.

49.

50.

51,

52.

53.

54.

55.

56.

57.

58.

59.

Igarashi Y, lida T, Yoshida R, Furumai T. Pteridic acids A and B, novel
plant growth promoters with auxin-like activity from Streptomyces
hygroscopicus TP-A0451. J Antibiot 2002;55:764—7.

El-Tarabily KA, Nassar AH, Hardy GESJ, Sivasithamparam
K. Plant growth promotion and biological control of Pythium
aphanidermatum, a pathogen of cucumber, by endophytic
actinomycetes. J Appl Microbiol 2009;106:13-26; doi: http://doi.
org/10.1111/j.1365-2672.2008.03926.x

Gopalakrishnan S, Srinivas V, Alekhya G, Prakash B. Effect of plant
growth-promoting Streptomyces sp. on growth promotion and grain
yield in chickpea (Cicer arietinum L). 3 Biotech 2015;5:799-806;
doi: http://doi.org/10.1007/s13205-015-0283-8

Gopalakrishnan S, Srinivas V, Alekhya G, Prakash B, Kudapa H,
Varshney RK. Evaluation of broad-spectrum Streptomyces sp. for
plant growth promotion traits in chickpea (Cicer arietinum L.). Philip
Agric Sci 2015;98:270-8.

Zhu Z, Tian Z, Li J. A Streptomyces morookaensis strain promotes
plant growth and suppresses fusarium wilt of banana. Tropic Plant
Pathol 2021;46:175-85; doi: http://doi.org/10.1007/s40858-020-
00396-z

Verma VC, Gond SK, Kumar A, Kharwar RN, Boulanger LA, Strobel
GA. Endophytic fungal flora from roots and fruits of an indian neem
plant Azadirachta indica A. Juss., and impact of culture media on
their isolation. Indian J Microbiol 2011;51:469-76; doi: http://doi.
org/10.1007/s12088-011-0121-6

Nikolic B, Schwab H, Sessitsch A. Metagenomic analysis of the
l-aminocyclopropane-1-carboxylate deaminase gene (acdS) operon
of an uncultured bacterial endophyte colonizing Solanum tuberosum
L. Arch Microbiol 2011;193:665-76; doi: http://doi.org/10.1007/
$00203-011-0703-z

Araujo WL, Marcon J, Maccheroni Jr W, Van Elsas JD, Van Vuurde
JW, Azevedo JL. Diversity of endophytic bacterial populations and
their interaction with Xylella fastidiosa in citrus plants. Appl Environ
Microbiol 2002;68:4906—14.

Ren Y, Chen L, Zhang Y, Kang X, Zhang Z, Wang Y. Identification
and characterization of salt-responsive microRNAs in Populus
tomentosa by high-throughput sequencing. Biochimie 2013;95:
743-50.

Rossi M, Trupiano D, Tamburro M, Ripabelli G, Montagnoli A,
Chiatante D, et al. MicroRNAs expression patterns in the response of
poplar woody root to bending stress. Planta 2015;242:339-51; doi:
http://doi.org/10.1007/s00425-015-2311-7

Hoe CH, Raabe CA, Rozhdestvensky TS, Tang TH. Bacterial
sRNAs: regulation in stress. Int ] Med Microbiol 2013;303:217-29;
doi: http://doi.org/10.1016/j.;jmm.2013.04.002

Hivrale V, Zheng Y, Puli COR, Jagadeeswaran G, Gowdu K,
Kakani VG, et al. Characterization of drought- and heat-responsive
microRNAs in switchgrass. Plant Sci 2016;242:214-23; doi: http://
doi.org/10.1016/j.plantsci.2015.07.018

Waters LS, Storz G. Regulatory RNAs in bacteria. Cell 2009;136:
615-28.

Tian W, Ge Y, Liu X, Dou G, Ma'Y. Identification and characterization
of Populus microRNAs in response to plant growth-promoting
endophytic Streptomyces sp. SSD49. World J Microbiol Biotechnol
2019;35:97; doi: http://doi.org/10.1007/s11274-019-2671-4
Harfouche L, Haichar Fe Z, Achouak W. Small regulatory RNA
s and the fine-tuning of plant-bacteria interactions. New Phytol
2015;206:98-106.

Shuai P, Liang D, Zhang Z, Yin W, Xia X. Identification of drought-
responsive and novel Populus trichocarpamicroRNAs by high-
throughput sequencing and their targets using degradome analysis.
BMC Genom 2013;14:233; doi: http://doi.org/10.1186/1471-2164-
14-233

Sathya A, Vijayabharathi R, Gopalakrishnan S. Plant growth-
promoting actinobacteria: a new strategy for enhancing sustainable
production and protection of grain legumes. 3 Biotech 2017;7:102;
doi: http://doi.org/10.1007/s13205-017-0736-3



12

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

Kirubakaran et al.: Journal of Applied Biology & Biotechnology 2024;x(x):1-15

Bulgarelli D, Schlaeppi K, Spaepen S, Van Themaat EVL, Schulze-
Lefert P. Structure and functions of the bacterial microbiota of plants.
Ann Rev Plant Biol 2013;64:807-38.

Massalha H, Korenblum E, Tholl D, Aharoni A. Small molecules
below-ground: the role of specialized metabolites in the rhizosphere.
Plant J 2017;90(4):788-807; doi: http://doi.org/10.1111/tpj.13543
Bais HP, Weir TL, Perry LG, Gilroy S, Vivanco JM. The role of root
exudates in rhizosphere interactions with plants and other organisms.
Annu Rev Plant Biol 2006;57:233-66.

Jog R, Nareshkumar G, Rajkumar S. Enhancing soil health and plant
growth promotion by Actinomycetes. In: Subramaniam G, Arumugam
S, Rajendran V (eds.). Plant growth promoting actinobacteria: a new
avenue for enhancing the productivity and soil fertility of grain
legumes, Springere, Singapore, pp 33-45, 2016; doi: http:/doi.
org/10.1007/978-981-10-0707-1 3

Gomez-Godinez LJ, Aguirre-Noyola JL, Martinez-Romero E,
Arteaga-Garibay RI, Ireta-Moreno J, Ruvalcaba-Gomez JM. A look
at plant growth promoting bacteria. Plants 2023;12:1668.

Bano SA, Igbal SM. Biological nitrogen fixation to improve plant
growth and productivity. Int J Agric Innov Res 2016;4;597-9.

Souza Rd, Ambrosini A, Passaglia LM. Plant growth-promoting
bacteria as inoculants in agricultural soils. Genet Mol Biol
2015;38:401-19.

Rana KL, Kour D, Kaur T, Negi R, Devi R, Yadav N, ef al. Endophytic
nitrogen-fixing bacteria: untapped treasurer for agricultural
sustainability. J Appl Biol Biotechnol 2023;11:75-93.

Zhang H, Bai X, Han Y, Han L. Stress-resistance and growth-
promoting characteristics and effects on vegetable seed germination
of Streptomyces sp. strains isolated from wetland plant rhizospheres.
Curr Microbiol 2023;80:190; doi: http://doi.org/10.1007/s00284-
023-03297-x

Niu Z, Yue Y, Su D, Ma S, Hu L, Hou X, et al. The characterization
of Streptomyces alfalfae strain 11F and its effect on seed
germination and growth promotion in switchgrass. Biomass
Bioenerg  2022;158:106360; doi: http://doi.org/10.1016/j.
biombioe.2022.106360

Sharma SB, Sayyed RZ, Trivedi MH, Gobi TA. Phosphate solubilizing
microbes: sustainable approach for managing phosphorus deficiency
in agricultural soils. SpringerPlus 2013;2:587; doi: http://doi.
org/10.1186/2193-1801-2-587

Urrutia O, Erro J, Guardado I, San Francisco S, Mandado M, Baigorri
R, et al. Physico-chemical characterization of humic-metal-phosphate
complexes and their potential application to the manufacture of
new types of phosphate-based fertilizers. J Plant Nutr Soil Sci
2014;177:128-36; doi: http://doi.org/10.1002/jpln.201200651

Zaidi A, Khan MS, Ahemad M, Oves M, Wani PA. Recent advances
in plant growth promotion by phosphate-solubilizing microbes. In:
Khan MS, Zaidi A, Musarrat JB (eds.). Microbial strategies for crop
improvement, Springer, Berlin, Heidelberg, pp 23-50, 2009; doi:
http://doi.org/1010.1007/978-3-642-01979-1 2

Illmer P, Barbato A, Schinner F. Solubilization of hardly-soluble
AlIPO4 with P-solubilizing microorganisms. Soil Biol Biochem
1995;27:265-70; doi: http://doi.org/10.1016/0038-0717(94)00205-F
Balakrishna G, Shiva Shanker A, Pindi PK. Isolation of phosphate
solubilizing Actinomycetes from forest soils of mahabubnagar
district. IOSR J Pharm 2012;2:271-5.

Chouyia FE, Romano I, Fechtali T, Fagnano M, Fiorentino N,
Visconti D, et al. P-solubilizing Streptomyces roseocinereus
MS1B15 with multiple plant growth-promoting traits enhance barley
development and regulate rhizosphere microbial population. Front
Plant Sci 2020;11:1137.

Aallam Y, Dhiba D, Rasafi TE, Abbas Y, Haddioui A, Tarkka M,
et al. Assessment of two endemic rock phosphate solubilizing
Streptomyces spp. on sugar beet (Beta vulgaris L.) growth under
field conditions. Sci Hortic 2023;316:112033; doi: http://doi.
org/10.1016/j.scienta.2023.112033

71.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

92.

93.

Ghorbani Nasrabadi R, Greiner R, Mayer-miebach E, Menezes-
Blackburn D. Phosphate solubilizing and phytate degrading
Streptomyces isolates stimulate the growth and p accumulation
of maize (Zea mays) fertilized with different phosphorus sources.
Geomicrobiol J 2023;40:325-36; doi: http://doi.org/10.1080/01490
451.2023.2168799

Etesami H, Emami S, Alikhani HA. Potassium solubilizing bacteria
(KSB): mechanisms, promotion of plant growth, and future prospects
areview. J Soil Sci Plant Nutr 2017;17:897-911.

Sharma R, Sindhu SS, Glick BR. Potassium solubilizing
microorganisms as potential biofertilizer: a sustainable climate-
resilient approach to improve soil fertility and crop production in
agriculture. J Plant Growth Regul 2024;43:2503-35; doi: http://doi.
0rg/10.1007/s00344-024-11297-9

Singh A, Singh B, Chinna GS, Chahal HS, Devi R. Revitalization
of potassium solubilizing microbes in food production system: an
overview. Agric Rev 2023;44:311-9.

Ahmad M, Nadeem SM, Naveed M, Zahir ZA. Potassium-
solubilizing bacteria and their application in agriculture. In: Meena
VS, Maurya BR, Verma JP, Meena RS (eds.). Potassium solubilizing
microorganisms for sustainable agriculture, Springer, New Delhi,
India, pp 293-313, 2016; doi: http://doi.org/10.1007/978-81-322-
2776-2 21

Soumare A, Sarr D, DiEDhiou AG. Potassium sources, microorganisms
and plant nutrition: challenges and future research directions. Pedosphere
2023;33:105-15; doi: http://doi.org/10.1016/j.pedsph.2022.06.025
Aallam Y, Dhiba D, El Rasafi T, Lemriss S, Haddioui A, Tarkka M,
et al. Growth promotion and protection against root rot of sugar beet
(Beta vulgaris L.) by two rock phosphate and potassium solubilizing
Streptomyces spp. under greenhouse conditions. Plant Soil
2022;472:407-20; doi: http://doi.org/10.1007/s11104-021-05252-w
Kushwaha P, Kashyap PL, Pandiyan K, Bhardwaj AK. Zinc-
solubilizing microbes for sustainable crop production: current
understanding, opportunities, and challenges. In: Solanki MK,
Kashyap PL, Kumari B (eds.). Phytobiomes: current insights and
future vistas. Springer, Singapore, pp 281-98, 2020; doi: http:/doi.
org/10.1007/978-981-15-3151-4_11

Swati Sindhu SS, Ruchi Sharma RS, Masih JC, Sunita Suneja SS.
Prospects of zinc solubilizing bacteria as biofertilizer to promote
growth of field crops. Ann Biol 2018;34(1):16-23.

Upadhayay VK, Singh AV, Khan A. Cross talk between zinc-
solubilizing bacteria and plants: a short tale of bacterial-assisted zinc
biofortification. Front Soil Sci 2022;1:788170.

Upadhayay VK, Singh AV, Khan A, Sharma A. Contemplating the
role of zinc-solubilizing bacteria in crop biofortification: an approach
for sustainable bioeconomy. Front Agron 2022;4:903321.
SuriyachadkunC,ChunhachartO, Srithaworn M, Tangchitcharoenkhul
R, Tangjitjareonkun J. Zinc-solubilizing Streptomyces spp. as
bioinoculants for promoting the growth of soybean (Glycine max
(L.) Merrill). J Microbiol Biotechnol 2022;32:1435-46; doi: http:/
doi.org/10.4014/jmb.2206.06058

Patel KB, Thakker JN. Deliberating plant growth promoting and
mineral-weathering proficiency of Streptomyces nanhaiensis strain
YM4 for nutritional benefit of millet crop (Pennisetum glaucum). J
Microbiol Biotechnol Food Sci 2020;9:721-6.

Postolaky OP, Baltsat K, Burtseva S, Maslobrod S. Effect of
Streptomyces metabolites on some physiological parameters of
maize seeds. Bull Univ Agric Sci Vet Med Cluj-Napoca Agric
2012;69:(1)2012.

Egamberdieva D, Wirth SJ, Alqgarawi AA, Abd_Allah EF, Hashem A.
Phytohormones and beneficial microbes: essential components for
plants to balance stress and fitness. Front Microbiol 2017;8:2104.
Abd-Alla MH, El-Sayed E-SA, Rasmey A-HM. Indole-3-acetic
acid (IAA) production by Streptomyces atrovirens isolated from
rhizospheric soil in Egypt. J Biol Earth Sci 2013;3:182-93.

Sharma A, Kumar P, Pahal V, Kumar J, Pandey SS. Endophytic
phytohormone production and utilization of functional traits in plant



94.

95.

96.

97.

98.

99.

100.

101.

102.

103.

104.

105.

106.

107.

108.

Kirubakaran et al.: Streptomyces as endomicrobiome for agricultural sustainability 2024;x(x):1-15 13

growth promotion. In: Chhabra S, Prasad R, Maddela NR, Tuteja
N (eds.). Plant microbiome for plant productivity and sustainable
agriculture, Springer Nature, Singapore, pp 36585, 2023; doi: http://
doi.org/10.1007/978-981-19-5029-2 15

Manullang W, Chuang HW. Streptomyces sp. mitigates abiotic
stress response and promotes plant growth. J Plant Protect Res
2020;60:263-74.

Villafane DL, Maldonado RA, Bianchi JS, Kurth D, Gramajo H,
Chiesa MA, et al. Streptomyces N2A, an endophytic actinobacteria
that promotes soybean growth and increases yield and seed quality
under field conditions. Plant Sci 2024;343:112073; doi: http://doi.
org/10.1016/j.plantsci.2024.112073

Ansari WA, Krishna R, Zeyad MT, Singh S, Yadav A. Endophytic
actinomycetes-mediated modulation of defense and systemic
resistance confers host plant fitness under biotic stress conditions.
In: Singh RP, Manchanda G, Maurya IK, Wei Y (eds.). Microbial
versatility in varied environments: microbes in sensitive
environments, Springer, Singapore, pp 167-80, 2020; doi: http://doi.
org/10.1007/978-981-15-3028-9 10

Jacob J, Krishnan GV, Thankappan D, Kumar D, Nair B, Amma
S. Endophytic bacterial strains induced systemic resistance in
agriculturally important crop plants. In: Kumar A, Radhakrishnan EK
(eds.). Microbial endophytes: functional biology and applications,
Woodhead Publishing, Sawston, UK, Elsevier Inc, New York, NY,
pp 75-105, 2020; doi: http://doi.org/10.1016/B978-0-12-819654-
0.00004-1

Fouda A, Eid AM, Elsaied A, El-Belely EF, Barghoth MG, Azab
E, et al. Plant growth-promoting endophytic bacterial community
inhabiting the leaves of Pulicaria incisa (Lam.) DC inherent to arid
regions. Plants 2021;10:76.

Singh SP, Gaur R. Endophytic Streptomyces spp. underscore
induction of defense regulatory genes and confers resistance against
Sclerotium rolfsii in chickpea. Biol Control 2017;104:44—56; doi:
http://doi.org/10.1016/j.biocontrol.2016.10.011

Tran TM, Ameye M, Devlieghere F, De Saeger S, Eeckhout M,
Audenaert K. Streptomyces strains promote plant growth and induce
resistance against Fusarium verticillioides via transient regulation
of auxin signaling and archetypal defense pathways in maize plants.
Front Plant Sci 2021;12:755733.

Chen D, Ali MNHA, Kamran M, Magsi MA, Mora-Poblete
F, Maldonado C, et al. The Streptomyces chromofuscus strain
RFS-23 induces systemic resistance and activates plant defense
responses against tomato yellow leaf curl virus infection. Agronomy
2022;12:2419.

Olanrewaju OS, Babalola OO. Streptomyces: implications and
interactions in plant growth promotion. Appl Microbiol Biotechnol
2019;103:1179-88; doi: http://doi.org/10.1007/s00253-018-09577-y
Shrivastava N, Mahajan S, Varma A. Symbiotic soil microorganisms:
biology and applications. Springer, International Publishing, Cham,
Switzerland, 2021

Anwar S, Ali B, Sajid I. Screening of rhizospheric actinomycetes for
various in-vitro and in-vivo plant growth promoting (PGP) traits and
for agroactive compounds. Front Microbiol 2016;7:203732.

Omar AF, Abdelmageed AHA, Al-Turki A, Abdelhameid NM,
Sayyed RZ, Rehan M. Exploring the plant growth-promotion of four
Streptomyces strains from rhizosphere soil to enhance cucumber
growth and yield. Plants 2022;11:3316.

Maheshwari DK, Maheshwari R, Rinaudo. Endophytes: biology and
biotechnology, vol 1. Springer, Berlin, Germany, 2017.

Dicko AH, Babana AH, Kassogué A, Fané R, Nantoumé D, Ouattara
D, et al. A Malian native plant growth promoting actinomycetes
based biofertilizer improves maize growth and yield. Symbiosis
2018;75:267-75; doi: http://doi.org/10.1007/s13199-018-0555-2
Chouyia FE, Ventorino V, Pepe O. Diversity, mechanisms and
beneficial features of phosphate-solubilizing Streptomyces in
sustainable agriculture: a review. Front Plant Sci 2022;13:1035358.

109.

110.

111.

112.

113.

114.

115.

116.

117.

118.

119.

120.

121.

122.

123.

124.

Janati W, Mikou K, El Ghadraoui L, Errachidi F. Isolation and
characterization of phosphate solubilizing bacteria naturally
colonizing legumes rhizosphere in Morocco. Front Microbiol
2022;13:958300.

Htwe AZ, Moh SM, Soe KM, Moe K, Yamakawa T. Effects of
biofertilizer produced from Bradyrhizobium and Streptomyces
griseoflavus on plant growth, nodulation, nitrogen fixation, nutrient
uptake, and seed yield of mung bean, cowpea, and soybean.
Agronomy 2019;9:77.

Dominguez-Gonzalez KG, Robledo-Medrano JJ, Valdez-Alarcon JJ,
Hernandez-Cristobal O, Martinez-Flores HE, Cerna-Cortés JF, et al.
Streptomyces spp. biofilmed solid inoculant improves microbial
survival and plant-growth efficiency of Triticum aestivum. Appl Sci
2022;12:11425.

Kaur S, Kalia A, Sharma S. Bioformulation of azotobacter and
Streptomyces for improved growth and yield of wheat (Triticum
aestivum L.): a field study. J Plant Growth Regul 2024;43(8):1-17;
https://doi.org/10.1007/s00344-024-11282-2

Goudjal Y, Toumatia O, Sabaou N, Barakate M, Mathieu F, Zitouni
A. Endophytic actinomycetes from spontaneous plants of Algerian
Sahara: indole-3-acetic acid production and tomato plants growth
promoting activity. World J Microbiol Biotechnol 2013;29:1821-9;
doi: http://doi.org/10.1007/s11274-013-1344-y

Govindasamy V, George P, Ramesh SV, Sureshkumar P, Rane J,
Minhas PS. Characterization of root-endophytic actinobacteria from
cactus (Opuntia ficus-indica) for plant growth promoting traits. Arch
Microbiol 2022;204:150; doi: http://doi.org/10.1007/s00203-021-
02671-2

Devi S, Sharma M, Manhas RK. Investigating the plant growth
promoting and biocontrol potentiality of endophytic Streptomyces sp.
SP5 against early blight in Solanum lycopersicum seedlings. BMC
Microbiol 2022;22:285; doi: http://doi.org/10.1186/s12866-022-
02695-8

Arora NK, Bouizgarne B. Microbial BioTechnology for sustainable
agriculture. Springer Nature, Berlin, Germany, 2022.

Nagendran S, Agrawal SS, Patwardhan AG. Eco-friendly association
of plants and actinomycetes. In: Shrivastava N, Mahajan S, Varma
A (eds.). Symbiotic soil microorganisms: biology and applications,
Springer International Publishing, Cham, Switzerland, pp 99-116,
2021; doi: http://doi.org/10.1007/978-3-030-51916-2 6

Tahvonen R. Preliminary experiments into the use of Streptomyces
spp. isolated from peat in the biological control of soil and seed-
borne diseases in peat culture. Agric Food Sci 1982;54:357—69.
Javed Z, Tripathi GD, Mishra M, Dashora K. Actinomycetes—the
microbial machinery for the organic-cycling, plant growth, and
sustainable soil health. Biocatal Agric Biotechnol 2021;31:101893;
doi: http://doi.org/10.1016/j.bcab.2020.101893

Wang Z, Solanki MK, Yu ZX, Anas M, Dong DF, Xing YX,
et al. Genome characteristics reveal the biocontrol potential of
actinobacteria isolated from sugarcane rhizosphere. Front Microbiol
2021;12:797889.

Pang F, Solanki MK, Wang Z. Streptomyces can be an excellent plant
growth manager. World J Microbiol Biotechnol 2022;38:193; doi:
http://doi.org/10.1007/s11274-022-03380-8

Chaiharn M, Theantana T, Pathom-aree W. Evaluation of biocontrol
activities of Streptomyces spp. against rice blast disease fungi.
Pathogens 2020;9:126.

Myo EM, Ge B, Ma J, Cui H, Liu B, Shi L, et al. Indole-3-acetic acid
production by Streptomyces fradiae NKZ-259 and its formulation to
enhance plant growth. BMC Microbiol 2019;19:155; doi: http://doi.
org/10.1186/s12866-019-1528-1

Devi S, Manhas RK. Induction of systemic resistance in Solanum
lycopersicum and Capsicum annum seedlings against fusarium
wilt by Streptomyces bioformulations. Environl Sci Pollut Res
2023;30:109438-52; doi: http://doi.org/10.1007/s11356-023-
29973-w



14

125.

126.

127.

128.

129.

130.

131.

132.

133.

134.

135.

136.

137.

138.

139.

Kirubakaran et al.: Journal of Applied Biology & Biotechnology 2024;x(x):1-15

Zamoum M, Allali K, Benadjila A, Zitouni A, Goudjal Y. Formulation of
biofungicides based on Streptomyces caeruleatus strain ZL-2 spores and
efficacy against Rhizoctonia solani damping-off of tomato seedlings.
Arch Microbiol 2022;204:629; doi: http://doi.org/10.1007/s00203-022-
03251-8

Suarez-Moreno ZR, Vinchira-Villarraga DM, Vergara-Morales DI,
Castellanos L, Ramos FA, Guarnaccia C, et al. Plant-growth promotion
and biocontrol properties of three Streptomyces spp. isolates to control
bacterial rice pathogens. Front Microbiol 2019;10:290.

Devi S, Diksha, Verma J, Sohal SK, Manhas RK. Insecticidal potential
of endophytic Streptomyces sp. against Zeugodacus cucurbitae
(Coquillett) (Diptera: Tephritidae) and biosafety evaluation. Toxicon
2023;233:107246; doi: http://doi.org/10.1016/j.toxicon.2023.107246
Bricefio G, Fuentes MS, Saez JM, Diez MC, Benimeli CS.
Streptomyces genus as biotechnological tool for pesticide degradation
in polluted systems. Crit Rev Environ Sci Technol 2018;48:773-805;
doi: http://doi.org/10.1080/10643389.2018.1476958

Moraga NB, Amoroso MJ, Rajal VB. Streptomyces from soils
contaminated with boron compounds. In: Amoroso, MJ, Benimeli,
CS, Cuozzo SA (eds.). Actinobacteria application in bioremediation
and production of industrial enzymes. CRC Press, Boca Raton, FL,
pp 136-64, 2013.

Alvarez A, Saez JM, Davila Costa JS, Colin VL, Fuentes
MS, Cuozzo SA, et al. Actinobacteria: current research and
perspectives for bioremediation of pesticides and heavy metals.
Chemosphere  2017;166:41-62;  doi:  http://doi.org/10.1016/j.
chemosphere.2016.09.070

Polti MA, Aparicio JD, Benimeli CS, Amoroso MJ. Simultaneous
bioremediation of Cr(VI) and lindane in soil by actinobacteria. Int
Biodeterior Biodegrad 2014;88:48-55; doi: http://doi.org/10.1016/j.
ibiod.2013.12.004

Goudjal Y, Zamoum M, Sabaou N, Mathieu F, Zitouni A. Potential
of endophytic Streptomyces spp. for biocontrol of fusarium root
rot disease and growth promotion of tomato seedlings. Biocont Sci
Technol 2016;26:1691-705.

Zheng X, Wang J, Chen Z, Zhang H, Wang Z, Zhu Y, et al. A
Streptomyces sp. strain: isolation, identification, and potential as
a biocontrol agent against soilborne diseases of tomato plants.
Biol Control 2019;136:104004; doi: http://doi.org/10.1016/j.
biocontrol.2019.104004

Pushpalatha HG, Naveen J, Geetha N, Hithamani G, Shetty HS. Plant
growth promotion and biological control of Sclerospora graminicola
in pearl millet by endophytic Streptomyces spp. Indian Phytopathol
2023;76:521-30; doi: http://doi.org/10.1007/s42360-023-00616-x
Kadaikunnan S, Alharbi NS, Khaled JM, Alobaidi AS. Biocontrol
property of Streptomyces parvulus VRR3 in green gram plant
(Vigna radiata L.) against Fusarium solani in greenhouse. Physiol
Mol Plant Pathol 2023;128:102128; doi: http://doi.org/10.1016/j.
pmpp.2023.102128

Zamoum M, Goudjal Y, Sabaou N, Barakate M, Mathieu F, Zitouni
A. Biocontrol capacities and plant growth-promoting traits of
endophytic actinobacteria isolated from native plants of Algerian
Sahara. J Plant Dis Protect 2015;122:215-23; doi: http://doi.
org/10.1007/BF03356555

Lin L, Ge HM, Yan T, Qin YH, Tan RX. Thaxtomin A-deficient
endophytic Streptomyces sp. enhances plant disease resistance to
pathogenic Streptomyces scabies. Planta 2012;236:1849-61; doi:
http://doi.org/10.1007/s00425-012-1741-8

Marian M, Ohno T, Suzuki H, Kitamura H, Kuroda K, Shimizu
M. A novel strain of endophytic Streptomyces for the biocontrol
of strawberry anthracnose caused by Glomerella cingulata.
Microbiol Res 2020;234:126428; doi: http://doi.org/10.1016/j.
micres.2020.126428

Passari AK, Mishra VK, Gupta VK, Yadav MK, Saikia R, Singh
BP. In vitro and in vivo plant growth promoting activities and dna
fingerprinting of antagonistic endophytic actinomycetes associates

140.

141.

142.

143.

144.

145.

146.

147.

148.

149.

150.

151.

152.

153.

154.

with medicinal plants. PLoS One 2015;10:e0139468; doi: http://doi.
org/10.1371/journal.pone.0139468

Alblooshi AA, Purayil GP, Saced EE, Ramadan GA, Tariq S, Altace
AS, et al. Biocontrol potential of endophytic actinobacteria against
Fusarium solani, the causal agent of sudden decline syndrome on
date palm in the UAE. J Fungi 2022;8:8.

Gao C, Wang Z, Wang C, Yang J, Du R, Bing H, e al. Endophytic
Streptomyces sp. NEAU-DD186 from Moss with broad-spectrum
antimicrobial activity: biocontrol potential against soilborne diseases
and bioactive components. Phytopathology® 2024;114:340-7; doi:
http://doi.org/10.1094/phyto-06-23-0204-r

Zhuang X, Gao C, Peng C, Wang Z, Zhao J, Shen Y, et al
Characterization of a novel endophytic actinomycete, Streptomyces
physcomitrii sp. nov., and its biocontrol potential against Ralstonia
solanacearum on tomato. Microorganisms 2020;8:2025.

Jaemsaeng R, Jantasuriyarat C, Thamchaipenet A. Positive role
of  l-aminocyclopropane-1-carboxylate  deaminase-producing
endophytic Streptomyces sp. GMKU 336 on flooding resistance
of mung bean. Agric Nat Resour 2018;52:330—4; doi: http://doi.
org/10.1016/j.anres.2018.09.008

Jaemsaeng R, Jantasuriyarat C, Thamchaipenet A. Molecular
interaction of 1-aminocyclopropane-1-carboxylate deaminase
(ACCD)-producing endophytic Streptomyces sp. GMKU 336
towards salt-stress resistance of Oryza sativa L. cv. KDML105. Sci
Rep 2018;8:1950; doi: http://doi.org/10.1038/s41598-018-19799-9
Rastogi M, Nandal M, Khosla B. Microbes as vital additives for
solid waste composting. Heliyon 2020;6:¢03343; doi: http://doi.
org/10.1016/j.heliyon.2020.¢03343

Zhao Y, Lu Q, Wei Y, Cui H, Zhang X, Wang X, et al. Effect of
actinobacteria agent inoculation methods on cellulose degradation
during composting based on redundancy analysis. Bioresour
Technol ~ 2016;219:196-203;  doi:  http://doi.org/10.1016/j.
biortech.2016.07.117

Karnchanawong S, Nissaikla S. Effects of microbial inoculation
on composting of household organic waste using passive aeration
bin. Int J Recycl Org Waste Agric 2014;3:113-9; doi: http://doi.
org/10.1007/s40093-014-0072-0

Jurado MM, Suérez-Estrella F, Vargas-Garcia MC, Lopez MJ,
Lopez-Gonzalez JA, Moreno J. Increasing native microbiota in
lignocellulosic waste composting: effects on process efficiency and
final product maturity. Process Biochem 2014;49:1958-69; doi:
http://doi.org/10.1016/j.procbio.2014.08.003

Xi B, He X, Dang Q, Yang T, Li M, Wang X, et al. Effect of
multi-stage inoculation on the bacterial and fungal community
structure during organic municipal solid wastes composting.
Bioresour Technol 2015;196:399-405; doi: http://doi.org/10.1016/j.
biortech.2015.07.069

XuJ, Jiang Z, Li M, Li Q. A compost-derived thermophilic microbial
consortium enhances the humification process and alters the microbial
diversity during composting. Environ Manag 2019;243:240-9; doi:
http://doi.org/10.1016/j.jenvman.2019.05.008

Jusoh MLC, Manaf LA, Latiff PA. Composting of rice straw with
effective microorganisms (EM) and its influence on compost
quality. Iranian J Environ Health Sci Eng 2013;10:17; doi: http://doi.
org/10.1186/1735-2746-10-17

Rybarczyk P. Removal of volatile organic compounds (vocs) from
air: focus on biotrickling filtration and process modeling. Processes
2022;10:2531.

Zainudin MHM, Zulkarnain A, Azmi AS, Muniandy S, Sakai K, Shirai
Y, et al. Enhancement of agro-industrial waste composting process via
the microbial inoculation: a brief review. Agronomy 2022;12:198.
Chen L, Li W, Zhao Y, Zhang S, Meng L. Evaluation of bacterial
agent/nitrate coupling on enhancing sulfur conversion and
bacterial community succession during aerobic composting.
Bioresour Technol 2022;362:127848; doi: http://doi.org/10.1016/j.
biortech.2022.127848



155.

156.

157.

158.

159.

160.

161.

162.

163.

164.

165.

Kirubakaran et al.: Streptomyces as endomicrobiome for agricultural sustainability 2024;x(x):1-15 15

Tutynska G, Biliavska L, Kozyritska VY. Development strategy for
the new environmentally friendly multifunctional bioformulations
based on soil streptomycetes. Microbiol J 2017;79(1):22-33.
Abdullah N, Chin NL, Mokhtar MN, Taip FS. Effects of bulking
agents, load size or starter cultures in kitchen-waste composting. Int J
Recycl Org Waste Agric 2013;2:3; doi: http://doi.org/10.1186/2251-
7715-2-3

Wei Y, Wu D, Wei D, Zhao Y, Wu J, Xie X, et al. Improved
lignocellulose-degrading performance during straw composting from
diverse sources with actinomycetes inoculation by regulating the key
enzyme activities. Bioresour Technol 2019;271:66-74; doi: http:/
doi.org/10.1016/j.biortech.2018.09.081

Hidalgo D, Corona F, Martin-Marroquin JM. Manure biostabilization
by effective microorganisms as a way to improve its agronomic
value. Biomass Convers Bior 2022;12:4649-64; doi: http://doi.
org/10.1007/s13399-022-02428-x

Khaliq A, Abbasi MK, Hussain T. Effects of integrated use of organic
and inorganic nutrient sources with effective microorganisms (EM)
on seed cotton yield in Pakistan. Bioresour Technol 2006;97:967-72;
doi: http://doi.org/10.1016/j.biortech.2005.05.002

Echarrafi K, El Harhouri H, Abbou MB, Rais Z, El Hassani I, El Haji
M. Mixture design formulation for optimized composting with the
perspective of using artificial intelligence optimization algorithms. J
Appl Sci Environ Stud 2018;1:1-2.

Mahdavi M, Vera D. Importance of renewable energy sources
and agricultural biomass in providing primary energy demand for
Morocco. Int J Hydrogen Energy 2023;48:34575-98; doi: http://doi.
org/10.1016/j.ijhydene.2023.05.246

Epule TE, Chehbouni A, Chfadi T, Ongoma V, Er-Raki S, Khabba
S, et al. A systematic national stocktake of crop models in morocco.
Ecol Modell 2022;470:110036; doi: http://doi.org/10.1016/j.
ecolmodel.2022.110036

Adusei-Gyamfi J, Boateng KS, Sulemana A, Hogarh JN. Post
COVID-19 recovery: challenges and opportunities for solid waste
management in Africa. Environ Chall 2022;6:100442; doi: http://doi.
org/10.1016/j.envc.2022.100442

Policastro G, Cesaro A. Composting of organic solid waste of
municipal origin: the role of research in enhancing its sustainability.
Int J Environ Res Public Health 2023;20:312.

Pirttila AM, Mohammad Parast Tabas H, Baruah N, Koskiméki JJ.
Biofertilizers and biocontrol agents for agriculture: how to identify

166.

167.

168.

169.

170.

171.

and develop new potent microbial strains and traits. Microorganisms
2021;9:817.

Kloepper JW, Ryu C-M, Zhang S. Induced systemic resistance
and promotion of plant growth by Bacillus spp. Phytopathology
2004;94:1259-66.

Adesemoye A, Torbert H, Kloepper J. Enhanced plant nutrient use
efficiency with PGPR and AMF in an integrated nutrient management
system. Can J Microbiol 2008;54:876-86.

Pii Y, Mimmo T, Tomasi N, Terzano R, Cesco S, Crecchio C.
Microbial interactions in the rhizosphere: beneficial influences
of plant growth-promoting rhizobacteria on nutrient acquisition
process. A review. Biol Fertil Soils 2015;51:403—15; doi: http://doi.
0rg/10.1007/s00374-015-0996-1

Adesemoye AO, Kloepper JW. Plant-microbes interactions in
enhanced fertilizer-use efficiency. Appl Microbiol Biotechnol
2009;85:1-12; doi: http://doi.org/10.1007/s00253-009-2196-0
Paterson J, Jahanshah G, Li Y, Wang Q, Mehnaz S, Gross H. The
contribution of genome mining strategies to the understanding
of active principles of PGPR strains. FEMS Microbial Ecol
2017;93:fiw249.

Macik M, Gryta A, Frac M. Chapter two—biofertilizers in
agriculture: an overview on concepts, strategies and effects on
soil microorganisms. In: Sparks DL (ed.). Advances in agronomy.
Academic Press, Cambridge, MA, pp 31-87, 2020; doi: http://doi.
org/10.1016/bs.agron.2020.02.001

How to cite this article:

Kirubakaran R, Shameem N, Saranya E, Meenambigai K, Dhanasekar
R, Parray JA, Yadav N, Singh S, Rustagi S, Puri P, Sharma B, Negi R,
Yadav AN. Streptomyces as endomicrobiome: Potential bioinoculants for
agricultural sustainability. J Appl Biol Biotech. 2024.





