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Abstract

The rising demand for sustainable agriculture necessitates alternative methods to using chemical pesticides for controlling
plant pathogens. Biocontrol involves the use of natural antagonists, such as bacteria, as an alternative to synthetic chemi-
cal pesticides, which can be harmful to human health and the environment. This review discusses the potential of Bacillus,
Streptomyces, Pseudomonas and Serratia as biocontrol agents (BCAs) against various plant pathogens. These bacteria
suppress pathogen growth via various mechanisms, such as antibiosis, nutrient and space competition and systemic resist-
ance, and significantly contribute to plant growth. We provide an overview of the secondary metabolites, plant interactions
and microbiota interactions of these bacteria. BCAs offer a promising and sustainable solution to plant pathogens and help

maintain the one-health principle.

Keywords Plant—microbe interaction - Biocontrol - Sustainable agriculture - Bacillus - Streptomyces - Pseudomonas -
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Background

The use of natural antagonists, such as bacteria, as biocon-
trol agents (BCAs) has gained considerable attention in
recent years as a sustainable approach to managing pests,
pathogens and diseases in agriculture. Bacillus, Streptomy-
cetes, Pseudomonas and Serratia species are key players in
biocontrol. Given the rising demand for sustainable agricul-
ture, this review discusses the potential of these bacteria as
BCAs against various plant pathogens.
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Bacillus

Bacillus are gram-positive rod-shaped bacteria which can
either be aerobes or anaerobes (Turnbull 1996). As BCAs,
specifically plant growth-promoting rhizobacteria, Bacil-
lus protect plants through antibiosis, signal interference,
induced systemic resistance and niche competition (Todor-
ova and Kozhuharova 2010; Blake et al. 2021). Furthermore,
Bacillus improve nutrient availability, alter plant growth
hormone homeostasis and reduce abiotic stress to promote
growth, offering an advantage for commercial use (Blake
et al. 2021).

Interactions with Plants
Biocontrol Mechanisms

Bacillus are one of the most widely researched rhizobacte-
ria and highly promising option for agricultural uses. They
possess various direct and indirect mechanisms against phy-
topathogens. The main biocontrol secondary metabolites
produced by Bacillus and their corresponding functions are
outlined in Fig. 1 and Table 1.
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Induced Systemic Resistance plant defences through induced systemic resistance (ISR).
When beneficial bacteria are inoculated in the roots, the
Aside from direct inhibition of pathogens, Bacillus enhances
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«Fig. 1 Multifaceted roles of biocontrol agents and their metabolites
in enhancing plant immunity and growth. BCAs secrete metabolites
that directly or indirectly boost plant immunity. Metabolites such as
chitinase and HCN can directly attack plant pathogens. Many VOCs
can inhibit pathogen growth or enhance plant immunity. Some metab-
olites, such as acetoin, can enhance plant growth. A Bacillus can
inhibit plant pathogens, such as Ralstonia, Penicillium and Erwinia.
Bacillus amyloliquefaciens (BA) secretes volatile organic compounds
(VOCs) to inhibit Penicillium digitatum and Ralstonia solanacearum.
B. subtilis BS-1 produces AiiA, which can decrease the symptoms
of disease caused by Erwinia carotovora. B Streptomycetes can
inhibit plant pathogens, such as Fusarium, Rhizoctani, Gaeumanno-
myces, and Magnaporthe. Streptomyces lydicus WYEC108 produces
chitinase to lyse the cell wall of fungi, such as Pythium. C Pseu-
domonas can inhibit plant pathogens, such as Pantoea, Thielaviopsis,
Clavibacter and Hyaloperonospora. Pseudomonas protegens Pf-5
secretes pyoluteorin, which can reduce the growth of Pantoea anana-
tis DZ-12. Brassicacearum LBUM300 uses HCN against Clavibac-
ter michiganensis and Thielaviopsis basicola. D Serratia can inhibit
plant pathogens, including Staphylococcus, Didymella, Agrobacte-
rium and Rhizoctani. Prodigiosin, produced by Serratia, has antago-
nistic effects on methicillin-resistant Staphylococcus aureus (MRSA),
Staphylococcus epidermidis, Staphylococcus saprophyticus, Strepto-
coccus pyogenes, Enterobacter faecalis, Bacillus cereus, Acinetobac-
ter anitratus, Agrobacterium tumefaciens and Bacillus licheniform
(ORSA). Serratia marcescens produces Serrawettin W2, which has
anti-bacterial activity against Staphylococcus aureus

defence capacity of the entire plant against various patho-
gens is enhanced (Kloepper et al. 2004).

B. subtilis generates many compounds which can elicit
ISR. Tomato and bean leaves with high levels of surfactin-
and fengycin-producing B. subtilis in their roots are more
resistant to diseases caused by Botrytis cinerea than those
without B. subtilis (Ongena et al. 2007). For instance, BA
strain S13-3 triggers plant defence in strawberry leaves by
generating iturin A and surfactins (Yamamoto et al. 2015a).
The absence of B. subtilis in the leaves shows that disease
reduction is via ISR (Yamamoto et al. 2015b). Furthermore,
BA strains can trigger ISR by producing VOCs such as
2,3-butadial and 3-hydroxy-2butanone(acetoin) and stimu-
lating defence enzymes (Farag et al. 2013).

Plant Growth Promotion

Bacillus promotes plant growth via diverse mechanisms,
such as providing important plant trace elements and nutri-
ents. Nitrogen, which is an inaccessible form in the natural
environment, must be mobilised into an accessible form like
nitrate or ammonium ions before being used (Hayat et al.
2010). B. subtilis can fix unavailable atmospheric nitrogen
to a usable form for plants. It also helps nodulation by other
bacteria, leading to the colonisation of native symbiotic
rhizobacteria (Elkoca et al. 2007).

Bacillus not only improves nutrient availability but also
alters plant growth hormone homeostasis to promote plant
growth. It can promote plant growth and cell division by
producing growth hormones themselves or by inducing plant

production via secreted compounds (Arkhipova et al. 2005).
Acetoin (3-hydroxy-2-butanone) and 2,3-butanediol are
VOC:s produced by B. subtilis that can affect cytokinin and
ethylene homeostasis. The leaf size of Arabidopsis thaliana
significantly increases when inoculated with B. subtilis and
pure 2,3-butanediol but not when inoculated with mutants
of the cytokinin and ethylene pathways (Ryu et al. 2003).
Furthermore, BA contains the genes patB, dhaS, ycIB, ycIC,
yheX and ysnE, which are implicated in indole-3-acetic acid
(IAA) production. TAA can control several plant growth
processes, including elongation, cell division, fruit develop-
ment and root hair production stimulation (Baard et al. 2023;
Schulten and Schnitzer 1997; Chen et al. 2017). IAA can
also boost the quantity and length of main and lateral roots,
increasing plant water and nutrient absorption (Beyeler et al.
1999; Zhang et al. 2014; Wang et al. 2023a).

Bacillus can also indirectly promote plant growth by
reducing abiotic stresses. Two major restrictions for mod-
ern agriculture, water and salt stresses can be reduced by
Bacillus (Li et al. 2009; Woo et al. 2020). Inoculating B.
subtilis GOT9 in A. thaliana and Brassica campestris
enhances tolerance to drought and salt stresses. It regulates
the expression of plant genes such as phosphoethanolamine
N-methyltransferase (PEAMT), especially those associated
with abscisic acid, which is a key hormone for regulating
stress in plants (Zhang et al. 2010). The main metabolites
produced by Bacillus, which promote plant growth, and their
corresponding functions are outlined in Fig. 1 and Table 2.

Interactions with the Microbiota
Antibiosis

Bacillus produce different anti-microbial compounds,
including lipopeptides, exoenzymes and volatile organic
compounds (VOCs) (Wang et al. 2015).

Lipopeptides, such as surfactin, protect plants against
pathogens (Sansinenea and Ortiz 2011). Given its amphiphi-
licity, surfactin disrupts the cell membranes of other organ-
isms by integrating into the lipid layers and, thus, reducing
surface tension (Ongena and Jacques 2008). The survival
rate of Arabidopsis thaliana remarkably increases when
infected with Pseudomonas syringae and inoculated with
surfactin-producing Bacillus subtilis but not when inocu-
lated with a surfactin mutant strain (Putri et al. 2023). Fan
et al. (2017) found that B. subtilis 9407, a surfactin pro-
ducer, exerts strong anti-bacterial activity against Acidovo-
rax citrulli and efficient biocontrol on melon seedlings in
controlled greenhouse tests.

Bacillus produce exoenzymes, such as proteases and chi-
tinases, which can decompose the fungal cell wall (Blake
et al. 2021). Chitinase is one of the main anti-fungal compo-
nents produced by Bacillus. Greenhouse and field test results
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Table 1 Secondary metabolites produced by biocontrol agents with biocontrol activity

Category Metabolites Function Bacteria species
Lipopeptide Surfactin Antibiosis, ISR Bacillus
Bacillomycin D Antibiosis Bacillus
Fengycin ISR Bacillus
Iturin A ISR Bacillus
Sessilin Antibiosis Pseudomonas
Exoenzyme Protease Antibiosis Bacillus
Chitinase Antibiosis Bacillus, Streptomyces
AilA Signal Interference Bacillus
Phenylalanine ammonia-lyase ISR Bacillus
Peroxidase ISR Bacillus
VOCs Dimethyl Disulfide Antibiosis Serratia
Macrocyclic Lactone Avermectin Antibiosis Streptomyces
Tripyrrole pigments Prodigiosin Antibiosis Serratia
Beta-lactam antibiotics carbapenem group(1-carbapen-2-em- Antibiosis Serratia
3-carboxylic acid)
Biosurfactants serrawettins Antibiosis Serratia
Thiopeptide antibiotics Althiomycin Antibiosis Serratia
Polyketide-type natural product Oocydin A Antibiosis Serratia
DAPG Antibiosis, ISR Pseudomonas
Tricyclic compounds with nitrogen Phenazine Antibiosis, ISR Pseudomonas
Etc Pyoluteorin Antibiosis Pseudomonas
HCN Antibiosis Pseudomonas
Rhizoxin Antibiosis Pseudomonas
Promysalin Antibiosis Pseudomonas
I-furanomycin Antibiosis Pseudomonas
Fit toxin Antibiosis Pseudomonas
Siderophore ISR Pseudomonas

Exoenzyme: AiiA: AHL lactonase, VOCs: volatile organic compounds, polyketide-type natural product: DAPG: 2,4-diacetylphloroglucinol,

ETC: HCN: hydrogen cyanide, ISR: induced systemic resistance

Table 2 Secondary metabolites produced by biocontrol agents with
plant growth promotion ability

Category Metabolites Bacteria species
VOCs Acetoin Bacillus
2,3-butanediol Bacillus
Phytohormone IAA Bacillus
Polyketide-type natural ~ DAPG Pseudomonas
product

VOC:s: volatile organic compounds, phytohormone: IAA: indole ace-
tic acid, polyketide-type natural product: DAPG: 2,4-diacetylphloro-
glucinol

showed that inoculating plants with chitinase-producing B.
subtilis strain significantly reduces the incidence of diseases
by 20-35% (Yan et al. 2011).

Bacillus also produce volatiles which can inhibit the
spore germination and hyphal growth of phytopathogens
in a contact-independent manner on agar plates (Grahovac
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et al. 2023). Bacillus amyloliquefaciens (BA) strains pro-
duce anti-microbial VOCs (Luo et al. 2022). For example,
BA strains JBC36, SQR-9 and T-5 produce VOCs such as
pentadecane, ethyl benzene and benzothiazole, which can
inhibit Penicillium digitatum and Ralstonia solanacearum
growth (Yu et al. 2012; Raza et al. 2016).

Signal Interference

Bacillus can also reduce disease intensity by reducing patho-
gen virulence (Pan et al. 2008). Interfering with quorum
sensing (QS) signals could be an effective strategy to prevent
diseases (Helman and Chernin 2015). B. subtilis produces
AiiA, an enzyme which inactivates QS autoinducers (Pan
et al. 2008; Dong et al. 2000; Lyng and Kovacs 2023). B.
subtilis BS-1, which produces AiiA, can decrease symptoms
of potato soft rot caused by Erwinia carotovora, a pathogen
dependent on autoinducers for virulence (Pan et al. 2008).
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The rhizosphere harbours up to 10'! microbial cells per
gram, representing more than 30,000 species (Berendsen
et al. 2012). Most studies have been conducted in highly
controlled conditions, which complicate replicating their
results in natural environments. One of the crucial reasons
for natural field variabilities is plant microbiomes. Numer-
ous variables affect the microbial communities found in
soil and around roots; consequently, these variables may
also affect the efficacy of biocontrol methods (Rousk et al.
2010; Pershina et al. 2018). These elements can be broadly
classified into two types. First, abiotic factors can affect
microbial assemblages, including soil type (which is deter-
mined by properties such as water content, nutrient levels,
pH and trace metals), climate and farming practices, such
as fertilisation, tillage, irrigation and pre-cropping (Rousk
et al. 2010; Pershina et al. 2018). Second, biotic parameters
include host genetics, host crop species, root exude charac-
teristics, plant age at application and competing microbes
already present in the plant microbiome (Haichar et al. 2008;
Turner et al. 2013; Bressan et al. 2009; Micallef et al. 2009;
Chaparro et al. 2014; Edwards et al. 2018; Bakker et al.
2015). Interactions between microbes, whether cooperative
or competitive, can either enhance or impede the colonisa-
tion of Bacillus on roots or even determine its success (Blake
et al. 2021).

Bacillus to be used as BCAs should adapt to natural ecol-
ogy and preserve the original microorganisms. Indeed, add-
ing Bacillus to a natural rhizosphere has minimal impact
on the natural rhizosphere bacterial community. A previous
study inoculated B. subtilis PTS-394 into tomatoes; results
showed that the bacterial community 1 day after inoculation
is distinct from that in the control, but the bacterial commu-
nity 14 days after inoculation is similar to that in the control
(Qiao et al. 2017). This result indicates that Bacillus do not
spoil the natural existing plant microbiome. However, the
effects of the natural plant microbiome on Bacillus warrant
further investigation.

Streptomycetes

Streptomycetes, a gram-positive genus belonging to Act-
inobacteria, has drawn considerable attention owing to its
potential as a sustainable BCA (Pacios-Michelena et al.
2021). Streptomyces species in plant root microbiomes pro-
duce inhibiting metabolites against pests and pathogens.
Interactions with Plants

Biocontrol Mechanisms

Streptomyces are soil bacteria which serve as BCAs via sev-
eral ways. They produce anti-microbials, enzymes, VOCs

and anthelmintic compounds. They also indirectly inhibit
phytopathogens (Newitt et al. 2019a). The main biocontrol
secondary metabolites produced by Streptomyces and their
corresponding functions are outlined in Fig. 1 and Table 1.

Induced Systemic Resistance

Streptomyces can indirectly suppress plant pathogens through
competitive exclusion and activation of host resistance mech-
anisms (Ebrahimi-Zarandi et al. 2022). ISR promotes vari-
ous changes, including the accumulation of defence-related
chemicals, localised cell death and cell wall reinforcements,
resulting in an enhanced and more efficient response to future
pathogenic onslaught (Viaene et al. 2016; Lugtenberg and
Kamilova 2009; Kurth et al. 2014). Inoculating oak trees with
Streptomyces sp. AcH505 upregulates the expression of patho-
genesis-related proteins (Kurth et al. 2014).

Plant Growth Promotion

When searching for novel BCAs, Streptomyces are becoming
a more visionary choice because of their capacity to colonise
plant roots and ability to create strong anti-microbial second-
ary metabolites (Diaz-Diaz et al. 2023). This is especially
true given that members of this genus promote plant growth
under normal and stressful environmental conditions, such
as high salinity, and protect plants from diseases (Viaene
et al. 2016; Chater 2006; Palaniyandi et al. 2014; Tripathi
and Singh 2018). These additional advantages may serve as
the basis for highly desirable BCAs which can promote plant
growth and protect against diseases (Newitt et al. 2019a).

Interactions with the Microbiota
Disease-Suppressive Soil

Streptomyces can directly protect plant hosts against infec-
tions in the soil, rhizosphere and endosphere by producing
anti-microbial chemicals or particular enzymes, includ-
ing cellulases, chitinases and proteases (Mejj et al. 2017).
Disease-suppressive soils are well-known examples of
microbial-based protection against soil-borne pathogens
(Weller et al. 2002). Streptomyces species are enriched in
these soils and strains have been utilised to create the bio-
fungicide Mycostop®, which is effective against diverse crop
diseases, including wheat head blight caused by Fusarium
(Lahdenperd et al. 1991).

Antibiosis
In addition to disease-suppressive soils, Streptomyces can

act as BCAs by producing anti-microbials, exoenzymes,
VOCs and anthelmintic compounds (Newitt et al. 2019b).
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Streptomyces can inhibit Magnaporthe oryzae, Gaeu-
mannomyces graminis var. tritici, Fusarium species and
Rhizoctani solani in vitro (Dean et al. 2012; Law et al.
2017). Administration of Streptomyces BN1 (isolated from
Fusarium-contaminated rice grains) to seeds as a spore
preparation ameliorates the reduction in seedling length
caused by Fusarium (Jung et al. 2013). Streptomyces are
promising BCAs for take-all wheat disease because of its
saprotrophic and spore-forming lifestyle, which allows
it to persist under harsh environments (Meij et al. 2017;
Coombs et al. 2004).

Streptomyces encode a huge number of secreted proteins
with a wide range of extracellular functions; for instance,
they can produce chitinases, which breakdown chitin (Wang
et al. 2023b). Chitinases are gaining popularity as BCAs
because of their capacity to suppress a wide range of phy-
topathogenic fungi and oomycetes (Chater et al. 2010). Puri-
fied chitinase from Streptomyces lydicus WYEC108 can lyse
the cell walls of numerous phytopathogenic fungi, including
Pythium, which may cause root rot in cereal crops (Mahade-
van and Crawford 1997).

Streptomyces is a prolific generator of VOCs, which are
small molecules with low weights and high vapour pres-
sures (Mendes et al. 2013; Cordovez et al. 1081; Wheatley
2002). Several VOCs exert anti-bacterial activities against
phytopathogenic organisms, such as R. solani (Mendes et al.
2013; Chapelle et al. 2016). These compounds may be uti-
lised as biofumigants to restrict the growth of pathogenic
organisms and prevent soil-borne diseases (Newitt et al.
2019a). Some studies suggested the use of VOCs as bio-
fumigants (Gong et al. 2022). However, further research is
necessary to confirm whether these chemicals are synthe-
sised in vivo in the plant root system and effective under
natural settings (Newitt et al. 2019a).

Streptomyces generate effective anthelmintic chemicals,
such as avermectin, which may kill cereal cyst nematodes
(Burg et al. 1979; Huang et al. 2014). Some Streptomyces
species can regulate nematode populations (Nour et al. 2003;
Samac and Kinkel 2001; Zhang et al. 2020).

The antagonistic behaviour of strains which prevent
the establishment of plant pathogenic microbes in soil
can exclude beneficial species and disturb important bio-
geochemical cycles, among other unintended consequences
(Chaparro et al. 2014). Some Streptomycetes species pro-
duce antibiotics and prevent the formation of nodules by
nitrogen-fixing bacterial species in the roots of legumi-
nous plants and the beginning of plant host symbioses with
mycorrhizal fungus (Gregor et al. 2003; Samac et al. 2003;
Schrey and Tarkka 2008). However, other Streptomyces spe-
cies can promote mycorrhizal development and nodulation
while inhibiting pathogenic growth. Therefore, candidate
biocontrol species must be selected and screened carefully
(Gregor et al. 2003).
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Pseudomonas

Pseudomonas is a genus of the Gammaproteobacteria
(Battistuzzi and Hedges 2009). Some of their characteris-
tics are useful in plant growth promotion and biocontrol
(Peix et al. 2009). Many Pseudomonas strains can directly
stimulate plant development in no pathogen condition by
enhancing mineral nutrient availability and uptake through
phosphate solubilisation. Moreover, they can enhance root
growth by synthesising phytohormones or increasing tol-
erance to abiotic stress. They are effective soil-borne dis-
ease controllers and good root colonisers. Certain Pseu-
domonas strains can also prevent leaf diseases through
ISR in plants. Typically, Pseudomonas biocontrol strains
do not survive well on above-ground plant parts, with the
exception of a few strains from P. syringae.

Interactions with Plants
Biocontrol Mechanisms

Pseudomonas have several mechanisms that can suppress
plant disease. They can secrete antibiosis, compete with
other bacteria for nutrients or space, and trigger ISR. Par-
ticularly, secondary metabolites of Pseudomonas are key
players in the biocontrol of plant diseases. The main bio-
control secondary metabolites produced by Pseudomonas
and their corresponding functions are outlined in Fig. 1
and Table 1.

Induced Systemic Resistance

Some secondary metabolites mentioned earlier can trig-
ger ISR. In many plants, phenazines cause ISR (Ma et al.
2016). DAPG can trigger ISR in Arabidopsis by inducing
jasmonate- and ethylene-mediated defence responses to
the mildew pathogens Hyaloperonospora parasitica, Pseu-
domonas syringae pv. tomato and Botrytis cinerea (lavicoli
et al. 2003; Weller et al. 2012; Chae et al. 2020). Sidero-
phores, along with other bacterial secretions, can trigger ISR
in plants. Specifically, Pseudomonas aeruginosa TNSK2
produces the siderophores pyoverdine and pyochelin. These
compounds have demonstrated effectiveness in protecting
plants from diseases caused by pathogens such as Pythium
splendens and Botrytis cinerea (Aznar and Dellagi 2015).
In addition, this bacterium secretes pyocyanin, a phenazine
compound. Notably, it has been found that pyocyanin, in
conjunction with pyochelin, can induce ISR, thereby protect-
ing tomatoes against diseases caused by B. cinerea through
the promotion of ROS accumulation (Audenaert et al. 2002).
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Plant Growth Promotion

Pseudomonas strains can promote plant growth through sev-
eral mechanisms. DAPG interferes with the auxin-dependent
signalling system and promotes root branching in tomatoes,
and it can stimulate amino acid exudation from plant roots
(Phillips et al. 2004; Brazelton et al. 2008). Biosurfactants
are secondary metabolites involved in root growth, nutri-
ent availability, swarming movement, biofilm formation,
environmental adaptation and nutrient cycling (D'Aes et al.
2010; Oni et al. 2015; Raaijmakers et al. 2010). The main
metabolites produced by Pseudomonas, which promote plant
growth, and their corresponding functions are outlined in
Fig. 1 and Table 2.

Interactions with the Microbiota

Pseudomonas strains are commonly found in natural envi-
ronments, particularly soil. P. chlororaphis isolates have
been found from the soil and rhizosphere of crops, such as
potato, tomato, radish, beet, maize, soja, alfalfa, sugarcane
and clover (Biessy et al. 2019). Rhizopus and brown rot
diseases on peaches can be successfully suppressed by P.
syringae isolates MA-4 and NSA-6 from the phyllosphere of
apples in Canada (Yang and Hong 2020). P. protegens 1B1,
P. clororaphis 48G9 and P. brassicacearum 93G8 can reduce
the incidence of hairy root disease caused by Agrobacterium
rhizogens by up to 95% on Kalanchoe, soybean and tomato
(Freitas and Taylor 2023).

In addition, Pseudomonas can form synergistic rela-
tionships with other species. In the cucumber rhizosphere,
syntrophic cooperation between Bacillus velezensis SQR-9
and Pseudomonas stutzeri is highly dependent on the envi-
ronment and involves pathways for the biosynthesis of
branched-chain amino acids. The relationship, which pro-
motes plant growth and reduces salt stress, is dependent on
Bacillus biofilm matrix components (Sun et al. 2022).

Several studies have investigated the impact of Pseu-
domonas strains on non-target organisms, particularly micro-
bial species and total microbial populations. Wild-type and
genetically modified DAPG-overproducing Pseudomonas
BCAs do not interfere with arbuscular mycorrhizal fungi
symbiosis, which establish symbiotic partnerships with the
majority of land plants (Barea et al. 1998; Edwards et al.
1998; Vazquez et al. 2000). The effect of the native cul-
turable bacterial and fungal populations on the cucumber
rhizosphere has been studied using the wild-type P. fluores-
cens strain CHAO-RIif and a derivative CHAO-Rif/pME3424
which overproduces DAPG and pyoluteorin. Some research-
ers found no changes in the frequency of dominant bacte-
rial groups (Natsch et al. 1998). Others noted a discernible
impact on the population of culturable fungi, but it was

smaller than the results of consistently producing cucumbers
in the same soil (Girlanda et al. 2001).

Antibiosis

Secondary metabolites from Pseudomonas can exert anti-
microbial and insecticidal activities. In most cases, a single
type of secondary metabolite exhibits pleiotropic effects.
One of the most conserved metabolites is phenazines.
Pseudomonas produce phenazines, which are tricyclic com-
pounds that contain nitrogen and are redox-active (Mavrodi
et al. 2006). Biocontrol strains mainly generate 2-hydroxy-
phenazine (1-OH-PHZ, brick-red) or 2-hydroxyphenazine-
1-carboxylic acid (PCA, citrus yellow) (2-OH-PCA, orange).
The production of phenazines in Pseudomonas is regulated
by QS, which involves the GacS/GacA two-component sig-
nal transduction system. Phenazines have a broad-spectrum
action against bacterial, fungal and oomycete diseases,
including those caused by Rhizoctonia solani, Streptomyces
scabies and Phytophthora infestans (Thomashow and Weller
1988; Jaaffar et al. 2017; Arseneault et al. 2015; Morrison
et al. 2017).

Another well-conserved metabolite among Pseudomonas
strains is 2,4-diacetylphloroglucinol (DAPG). This polyke-
tide antibiotic is predominantly synthesised by P. protegens
and P. corrugata, along with a limited number of strains
from other taxonomic families (Almario et al. 2017). DAPG
is effective against bacteria, nematodes, oomycetes and
fungi, making it crucial in the biocontrol of diseases in the
roots and seedlings. Pseudomonas sp. LBUM300 produces
DAPG, which exhibits antagonistic activity against Clavi-
bacter michiganensis subsp. michiganensis in vitro and in
planta (Lanteigne et al. 2012).

Pseudomonas strains, particularly P. protegens and a
few P. aeruginosa isolates, produce pyoluteorin (Ramette
et al. 2011; Hu et al. 2005). In Pantoea ananatis DZ-12,
which causes maize brown rot on leaves, P. protegens Pf-5
exhibits biocontrol activity and extracts a crude extract that
includes pyoluteorin. Pyoluteorin significantly prevents
DZ-12 growth and causes cytoplasmic extravasations and
cell hollowing (Gu et al. 2022).

Hydrogen cyanide (HCN) produced by Pseudomonas
exhibits multifaceted effects on pathogens owing to its cel-
lular function. The respiratory toxin HCN prevents many
species from producing cytochrome ¢ oxidase, which is the
final link in the respiratory chain. P. aeruginosa and different
subsets of P. fluorescens contain recognised HCN producers.
In Pseudomonas, HCN production is often associated with
DAPG synthesis, particularly in the P. corrugate, P. pro-
tegens and P. chlororaphis subgroups. Tobacco black root
rot induced by Thielaviopsis basicola is prevented by HCN
produced by P. protegens CHAO (Voisard et al. 1989). Addi-
tionally, Pseudomonas-produced HCN suppresses root-knot
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nematodes, aphids, termites and other insects (Siddiqui et al.
2006; Kang et al. 2019; Devi and Kothamasi 2009; Flury
et al. 2017).

Few Pseudomonas bacteria can generate various strain-
specific bioactive compounds. Rhizoxins, which are gener-
ated by a few isolates of P. protegens and P. chlororaphis
MA342, are active against oomycetes and fungi (Ligon et al.
2000). The biocontrol species Pseudomonas sp. CMR12a
is the only one that produces the anti-microbial cyclic lipo-
peptide sessilin (D'Aes et al. 2014). Pseudomonas putida
RW10S1 produces the anti-bacterial promysalin, which
attacks gram-positive and gram-negative bacteria (Li et al.
2011; Kaduskar et al. 2017). P. fluorescens SBW25 secretes
the non-proteinogenic amino acid 1-furanomycin, which
suppresses gram-negative plant pathogenic bacteria (Trippe
et al. 2013).

Serratia

Serratia marcescens, the type species for the newly discov-
ered genus, was first reported in 1823 (Bizio 1823). Serra-
tia are gram-negative bacteria from the Enterobacteriaceae
family and classified into 18 specie. This group of bacteria
includes biologically and ecologically diverse species, rang-
ing from those which are useful to economically beneficial
plants to pathogenic species which are harmful to humans.
Serratia are remarkable for their secondary metabolism and
their capacity to create a wide variety of natural bioactive
compounds (Kai et al. 2007; Matilla et al. 2015; Domik et al.
2016a).

Interactions with Plants
Biocontrol Mechanisms

Serratia can act as BCAs in plants by competing with other
pathogens directly or indirectly. The main biocontrol sec-
ondary metabolites produced by Serratia and their corre-
sponding functions are outlined in Fig. 1 and Table 1.

Induced Systemic Resistance

Certain Serratia strains, such as Serratia marcescens CDP-
13, can up-regulate ISR in plants. In water agar tests, wheat
plants inoculated with S. marcescens CDP-13 exhibited
significantly reduced susceptibility to diseases triggered by
Fusarium graminearum (Singh and Jha 2016). Prior studies
support Serratia’s ability to enhance ISR, though the spe-
cific mechanism of plant disease resistance remains elusive.
Therefore, future research should concentrate on the tissue-
specific induction of systemic resistance and its correlation
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with the reduction of plant pathogen susceptibility (Singh
and Jha 2016).

Plant Growth Promotion

Specific Serratia strains are known to promote plant growth.
They can produce TAA, which positively influences plant
growth, especially when exposed to elevated levels of metal-
loids such as arsenic (As), cadmium (Cd), chromium (Cr),
copper (Cu), manganese (Mn), nickel (Ni), and lead (Pb)
(Mondal et al. 2022). Greenhouse experiments demonstrated
that plants bacterized with S. marcescens NBRI1213 showed
significant increases in shoot length, shoot dry weight, root
length and root dry weight compared to untreated control
plants.

Interactions with the Microbiota
Antibiosis

The unique trait of Serratia is the production of prodigi-
osin (2-methyl-3-pentyl-6-methoxyprodiginine) (Han et al.
2021), a bioactive compound from the prodiginine fam-
ily. Prodigiosin is a tripyrrole red pigment secreted into
the culture medium as a secondary metabolite (Han et al.
2021). Only four species—S. marcescens, S. plymuthica, S.
nematodiphila and S. rubidaea—can produce prodigiosin
(de Murguia 2018). The bacterial plasma membrane is the
prodigiosin's primary target (Suryawanshi et al. 2017). As a
chaotropic stressor, prodigiosin disrupts the bacterial plasma
membrane and causes the loss of vital intracellular com-
ponents, such carbohydrates, amino acids, proteins and K*
ions, from cells exposed to it (Suryawanshi et al. 2017). Pro-
digiosin has broad-spectrum anti-bacterial properties against
methicillin-resistant Staphylococcus aureus, Staphylococcus
epidermidis, Staphylococcus saprophyticus, Streptococcus
pyogenes, Enterobacter faecalis, Bacillus cereus, Acineto-
bacter anitratus, Agrobacterium tumefaciens and Bacillus
licheniform (ORSA) (Nguyen et al. 2022; Yip et al. 2021).
Prodigiosin is also effective against other pathogens, includ-
ing insects, nematodes and phytopathogenic fungi, which
affect crops (Choi et al. 2021; Nguyen et al. 2021).

Antibiotics of the carbapenem group are also produced by
Serratia isolates (Moellering et al. 1989). Carbapenems are
a broad group of b-lactam antibiotics characterised by strong
anti-bacterial and b-lactamase-inhibitory activity (Moeller-
ing et al. 1989). As anti-microbial agents, they have a wide
range of uses and are particularly useful in infections caused
by bacteria that are resistant to different drugs (Moellering
et al. 1989). In Serratia sp. And S. marcescens, carbapenem
production and regulation have been extensively researched
(McGowan et al. 1996).
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According to Soberon-Chavez and Maier, Serratia pro-
duces biosurfactants called serrawettins (Soberén-Chavez
and Maier 2011). They lack amino acid residues with ionic
hydrophilicity, making them non-ionic (Matsuyama et al.
2011). They can alter the hydrophobicity of the cell sur-
face, which is crucial for the adherence of these bacteria to
diverse surfaces and helps promote the surface spreading
of bacteria in environments with low nutrient availability
(Su et al. 2016; Zhang et al. 2021). Serrawettin W1, W2
and W3 are molecular species that have been identified.
Serrawettin W1 promotes swarming motility and exhibits a
broad-spectrum anti-microbial action, which may help the
bacterium survive antibiotics and move into more advanta-
geous microenvironments (Kadouri and Shanks 2013; Lap-
enda et al. 2015). Serrawettin W2, a biosurfactant which
can disperse Caenorhabditis elegans and exert anti-bacterial
activity against Staphylococcus aureus, was initially isolated
from S. marcescens in 1986 (Pradel et al. 2007). Many S.
marcescens strains simultaneously generate prodigiosin and
serrawettin W1 (Soo et al. 2014). S. surfactantfaciens YD25
may simultaneously synthesise prodigiosin and serrawettin
W2 (Su et al. 2016). In contrast to serrawettins W1 and W2,
serrawettin W3 has only been partially characterised (Mat-
suyama et al. 1986).

Althiomycin is a secondary metabolite of Serratia. The
non-pigmented model insect pathogen S. marcescens strain
Db10 produces althiomycin (Gerc et al. 2012). B. subtilis
grows slowly due to the presence of this diffusible metabo-
lite (Fujimoto et al. 1970).

Anti-fungal

Natural anti-fungal substances have been identified in Serra-
tia. Because of its powerful bioactivity against plant patho-
genic oomycetes, oocydin A, a chlorinated macrolide, was
originally isolated from the plant epiphytic strain S. marc-
escens MSU97 in 1999 (Strobel et al. 1999). Oocydin A is a
polyketide-type natural product with anti-fungal activity. S.
plymuthica strains A153, 4Rx5 and 4Rx13 generate oocydin
A (Matilla et al. 2015). The potential of Serratia sp. B1_6 to
prevent the plant disease caused by Verticillium dahliae may
be linked to its capacity to produce oocydin A. Several S.
plymuthica strains exert in vitro anti-fungal activities against
fungal infections (Berg 2000). However, the chemical nature
of these anti-fungal products remains to be determined.

VOCs

Sodorifen, a recently discovered VOC, is another distinc-
tive substance generated by S. plymuthica isolates (Domik
et al. 2016b; Weise et al. 2014). Sodorifen, also known
as 1,2,4,5,6,7,8- heptamethyl-3-methylenebicyclo[3.2.1]
oct-6-ene, is a rare and unique volatile hydrocarbon (Reuf3

et al. 2010). The biological function of sodorifen remains
unknown, although it may result from terpene metabolism,
and the gene cluster in charge of its manufacture has been
located (Domik et al. 2016a). S. plymuthica PRI-2C pro-
duces sodorifen when exposed to VOCs released by the fun-
gus Fusarium culmorum (Schmidt et al. 2017). Dimethyl
is also a VOC secreted by Serratia. Serratia ureilytica and
S. bockelmannii can synthesise dimethyl disulphide in vitro
(Abreo et al. 2021). The growth of Pythium cryptoirregu-
lare is inhibited by bacterial and exogenous dimethyl disul-
phide. As aresult, P. cryptoirregulare-induced damping-off
of tomato seedlings is reduced by S. ureilytica (Abreo et al.
2021).

The soil is a complex and highly competitive ecosystem,
and many soil bacteria react to complex and highly com-
petitive conditions in different ways. Some of these bac-
teria outcompete other species in their capacity to (1) uti-
lise a wide range of frequently resistant carbon compounds
and (2) grow efficiently on those substrates, giving rise to
vast populations in a short amount of time (Varivarn et al.
2013). To fight potential competitors, natural soil bacteria
frequently use ‘chemical warfare’, generating and secreting
bioactive, inhibiting chemicals (Czaran et al. 2002; Hibbing
et al. 2010). Some Serratia isolates, particularly those com-
ing from soil, have adopted this strategy (de Murguia 2018).
The root and foot rot of Piper betle caused by the oomycete
Phytophthora nicotianae can be biologically controlled by S.
marcescens NBRI 1213 (Lavania et al. 2006). Wheat fungal
infections are reduced by S. marcescens CDP-13 (Singh and
Jha 2016). S. plymuthica HRO-C48 can inhibit the patho-
gens V. dahlia in strawberries, oilseed rapeseed and olive
and Rhizoctonia solani in lettuce (Kai et al. 2007; Grosch
et al. 2005; Kurze et al. 2001). It also produces mVOCs with
detrimental effects on the mycelial proliferation of R. solani
(Kai et al. 2007; Grosch et al. 2005; Kurze et al. 2001).
S. plymuthica S13 is antagonistic toward Didymella bryo-
niae, the causal agent of black rot in pumpkins under field
conditions (Fiirnkranz et al. 2012; Muller et al. 2013). S.
plymuthica 4Rx13 has anti-fungal activities and produces
mVOCs, especially sodorifen (Kai et al. 2007; Domik et al.
2016b; Weise et al. 2014). S. proteamaculans 1-102 can act
as a BCA against V. dahliae (Alstrom 2001).

Concluding Remarks and Future
Perspectives

Bacillus, Streptomycetes, Pseudomonas and Serratia show
great potential as effective BCAs against various plant path-
ogens. They use different mechanisms, including antibiosis,
competition for nutrients and space, induction of systemic
resistance and plant growth promotion, to suppress pathogen
growth. However, several improvements, such as optimising
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formulation techniques and delivery methods, scaling up
production, meeting regulatory requirements and increasing
cost-effectiveness, are necessary before they can be success-
fully implemented in the field. Nevertheless, the use of bac-
terial BCAs provides a promising and sustainable solution to
the plant pathogen problem in agriculture, and their potential
applications in promoting plant growth and enhancing soil
health make them an important tool in maintaining the one-
health principle. Further research and development of these
BCAs is essential for the future of sustainable agriculture.

Acknowledgements We would like to express our gratitude to the
members of the IMGN lab, with a special acknowledgement to Se Jin
Choi for valuable comments. This research was supported by a grant
from Kyung Hee University in 2022 (KHU-20220792) and by the Insti-
tute for Basic Science (IBS-R021-D1-2023-a00).

Author Contributions JL, SK and HJ contributed to the writing of the
main manuscript text. SK was responsible for the creation of figures,
while HJ developed the tables. B-KK, JAH and H-SL provided super-
vision for the project. The concept for the project was formulated by
H-SL.

Funding Kyung Hee University (KHU-20220792); Institute for Basic
Science (IBS-R021-D1-2023-a00).

Data Availability Not applicable.

Declarations

Conflict of Interest The author(s) declare(s) that they have no compet-
ing interests, financial or otherwise, related to the current work. All
authors have read and understood the policy on declaration of interests
and declare that we have no competing interests to disclose.

Ethics Approval Not applicable.

Open Access This article is licensed under a Creative Commons Attri-
bution 4.0 International License, which permits use, sharing, adapta-
tion, distribution and reproduction in any medium or format, as long
as you give appropriate credit to the original author(s) and the source,
provide a link to the Creative Commons licence, and indicate if changes
were made. The images or other third party material in this article are
included in the article's Creative Commons licence, unless indicated
otherwise in a credit line to the material. If material is not included in
the article's Creative Commons licence and your intended use is not
permitted by statutory regulation or exceeds the permitted use, you will
need to obtain permission directly from the copyright holder. To view a
copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.

References

Abreo E, Valle D, Gonzélez A, Altier N (2021) Control of damping-off
in tomato seedlings exerted by Serratia spp. strains and identifi-
cation of inhibitory bacterial volatiles in vitro. Syst Appl Micro-
biol 44:126177

Almario J et al (2017) Distribution of 2,4-diacetylphloroglucinol bio-
synthetic genes among the Pseudomonas spp. reveals unexpected
polyphyletism. Front Microbiol 8:1218. https://doi.org/10.3389/
fmicb.2017.01218

@ Springer

Alstrom S (2001) Characteristics of bacteria from oilseed rape in rela-
tion to their biocontrol activity against Verticillium dahliae. J
Phytopathol 149:57-64

Arkhipova T, Veselov S, Melentiev A, Martynenko E, Kudoyarova G
(2005) Ability of bacterium Bacillus subtilis to produce cyto-
kinins and to influence the growth and endogenous hormone
content of lettuce plants. Plant Soil 272:201-209

Arseneault T, Goyer C, Filion M (2015) Pseudomonas fluorescens
LBUM223 increases potato yield and reduces common scab
symptoms in the field. Phytopathology 105:1311-1317. https://
doi.org/10.1094/PHYTO-12-14-0358-R

Audenaert K, Pattery T, Cornelis P, Hofte M (2002) Induction of sys-
temic resistance to Botrytis cinerea in tomato by Pseudomonas
aeruginosa TNSK2: role of salicylic acid, pyochelin, and pyo-
cyanin. Mol Plant Microbe Interact 15:1147-1156

Aznar A, Dellagi A (2015) New insights into the role of siderophores
as triggers of plant immunity: what can we learn from animals?
J Exp Bot 66:3001-3010

Baard V et al (2023) Biocontrol potential of Bacillus subtilis and
Bacillus tequilensis against four fusarium species. Pathogens.
https://doi.org/10.3390/pathogens12020254

Bakker MG, Chaparro JM, Manter DK, Vivanco JM (2015) Impacts
of bulk soil microbial community structure on rhizosphere
microbiomes of Zea mays. Plant Soil 392:115-126

Barea J et al (1998) Impact on arbuscular mycorrhiza formation
of Pseudomonas strains used as inoculants for biocontrol of
soil-borne fungal plant pathogens. Appl Environ Microbiol
64:2304-2307

Battistuzzi FU, Hedges SB (2009) A major clade of prokaryotes with
ancient adaptations to life on land. Mol Biol Evol 26:335-343

Berendsen RL, Pieterse CM, Bakker PA (2012) The rhizosphere
microbiome and plant health. Trends Plant Sci 17:478-486.
https://doi.org/10.1016/j.tplants.2012.04.001

Berg G (2000) Diversity of antifungal and plant-associated Serratia
plymuthica strains. ] Appl Microbiol 88:952-960. https://doi.
org/10.1046/j.1365-2672.2000.01064.x

Beyeler M, Keel C, Michaux P, Haas D (1999) Enhanced production
of indole-3-acetic acid by a genetically modified strain of Pseu-
domonas fluorescens CHAO affects root growth of cucumber,
but does not improve protection of the plant against Pythium
root rot. FEMS Microbiol Ecol 28:225-233

Biessy A et al (2019) Diversity of phytobeneficial traits revealed
by whole-genome analysis of worldwide-isolated phenazine-
producing Pseudomonas spp. Environ Microbiol 21:437-455.
https://doi.org/10.1111/1462-2920.14476

Bizio B (1823) Lettera di Bartolomeo Bizio al chiarissimo canonico
Angelo Bellani sopra il fenomeno della polenta porporina.
Biblioteca Italiana o Sia Giornale Di Letteratura, Scienze e
Arti 30:275-295

Blake C, Christensen MN, Kovacs AT (2021) Molecular aspects of
plant growth promotion and protection by Bacillus subtilis.
Mol Plant Microbe Interact 34:15-25. https://doi.org/10.1094/
MPMI-08-20-0225-CR

Brazelton JN, Pfeufer EE, Sweat TA, Gardener BB, Coenen C (2008)
2,4-diacetylphloroglucinol alters plant root development. Mol
Plant Microbe Interact 21:1349-1358. https://doi.org/10.1094/
MPMI-21-10-1349

Bressan M et al (2009) Exogenous glucosinolate produced by Arabi-
dopsis thaliana has an impact on microbes in the rhizosphere
and plant roots. ISME J 3:1243-1257. https://doi.org/10.1038/
ismej.2009.68

Burg RW et al (1979) Avermectins, new family of potent anthelmin-
tic agents: producing organism and fermentation. Antimicrob
Agents Chemother 15:361-367. https://doi.org/10.1128/AAC.
15.3.361


http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.3389/fmicb.2017.01218
https://doi.org/10.3389/fmicb.2017.01218
https://doi.org/10.1094/PHYTO-12-14-0358-R
https://doi.org/10.1094/PHYTO-12-14-0358-R
https://doi.org/10.3390/pathogens12020254
https://doi.org/10.1016/j.tplants.2012.04.001
https://doi.org/10.1046/j.1365-2672.2000.01064.x
https://doi.org/10.1046/j.1365-2672.2000.01064.x
https://doi.org/10.1111/1462-2920.14476
https://doi.org/10.1094/MPMI-08-20-0225-CR
https://doi.org/10.1094/MPMI-08-20-0225-CR
https://doi.org/10.1094/MPMI-21-10-1349
https://doi.org/10.1094/MPMI-21-10-1349
https://doi.org/10.1038/ismej.2009.68
https://doi.org/10.1038/ismej.2009.68
https://doi.org/10.1128/AAC.15.3.361
https://doi.org/10.1128/AAC.15.3.361

Journal of Plant Biology (2023) 66:485-498

495

Chae DH, Kim DR, Cheong MS, Lee YB, Kwak YS (2020) Investi-
gating the induced systemic resistance mechanism of 2,4-dia-
cetylphloroglucinol (DAPG) using DAPG hydrolase-transgenic
Arabidopsis. Plant Pathol J 36:255-266. https://doi.org/10.
5423/PPJ.0A.02.2020.0031

Chaparro JM, Badri DV, Vivanco JM (2014) Rhizosphere micro-
biome assemblage is affected by plant development. ISME J
8:790-803

Chapelle E, Mendes R, Bakker PA, Raaijmakers JM (2016) Fungal
invasion of the rhizosphere microbiome. ISME J 10:265-268.
https://doi.org/10.1038/ismej.2015.82

Chater KF (2006) Streptomyces inside-out: a new perspective on the
bacteria that provide us with antibiotics. Phil Trans R Soc b: Biol
Sci 361:761-768

Chater KF, Biro S, Lee KJ, Palmer T, Schrempf H (2010) The com-
plex extracellular biology of Streptomyces. FEMS Microbiol
Rev 34:171-198. https://doi.org/10.1111/j.1574-6976.2009.
00206.x

Chen B et al (2017) The effects of the endophytic bacterium Pseu-
domonas fluorescens Sasm05 and IAA on the plant growth and
cadmium uptake of Sedum alfredii Hance. Front Microbiol
8:2538. https://doi.org/10.3389/fmicb.2017.02538

Choi SY, Lim S, Yoon K-H, Lee JI, Mitchell RJ (2021) Biotechnologi-
cal activities and applications of bacterial pigments violacein and
prodigiosin. J Biol Eng 15:1-16

Coombs JT, Michelsen PP, Franco CM (2004) Evaluation of endophytic
actinobacteria as antagonists of Gaeumannomyces graminis var.
tritici in wheat. Biol Control 29:359-366

Cordovez V et al (2015) Diversity and functions of volatile organic
compounds produced by Streptomyces from a disease-suppres-
sive soil. Front Microbiol 6:1081. https://doi.org/10.3389/fmicb.
2015.01081

Czaran TL, Hoekstra RF, Pagie L (2002) Chemical warfare between
microbes promotes biodiversity. Proc Natl Acad Sci USA
99:786-790. https://doi.org/10.1073/pnas.012399899

D’Aes J, De Maeyer K, Pauwelyn E, Hofte M (2010) Biosurfactants in
plant-Pseudomonas interactions and their importance to biocon-
trol. Environ Microbiol Rep 2:359-372. https://doi.org/10.1111/j.
1758-2229.2009.00104.x

D’Aes J et al (2014) To settle or to move? The interplay between two
classes of cyclic lipopeptides in the biocontrol strain Pseu-
domonas CMR12a. Environ Microbiol 16:2282-2300. https://
doi.org/10.1111/1462-2920.12462

de Freitas CC, Taylor CG (2023) Biological control of hairy root
disease using beneficial Pseudomonas strains. Biol Control
177:105098

de Murguia ASM (2018) Characterisation of Non-symbiotic Rhizobial
and Serratia Populations from Soil. Agronomica

Dean R et al (2012) The Top 10 fungal pathogens in molecular plant
pathology. Mol Plant Pathol 13:414-430. https://doi.org/10.
1111/5.1364-3703.2011.00783.x

Devi KK, Kothamasi D (2009) Pseudomonas fluorescens CHAO can
kill subterranean termite Odontotermes obesus by inhibiting
cytochrome c oxidase of the termite respiratory chain. FEMS
Microbiol Lett 300:195-200

Diaz-Diaz M et al (2023) Biocontrol of root rot complex disease of
Phaseolus vulgaris by Streptomyces sp. strains in the field. Crop
Prot 165:106164

Domik D et al (2016a) A terpene synthase is involved in the synthesis
of the volatile organic compound sodorifen of Serratia plym-
uthica 4Rx13. Front Microbiol 7:737

Domik D, Magnus N, Piechulla B (2016b) Analysis of a new cluster
of genes involved in the synthesis of the unique volatile organic
compound sodorifen of Serratia plymuthica 4Rx13. FEMS
Microbiol Lett. https://doi.org/10.1093/femsle/fnw 139

Dong YH, Xu JL, Li XZ, Zhang LH (2000) AiiA, an enzyme that inac-
tivates the acylhomoserine lactone quorum-sensing signal and
attenuates the virulence of Erwinia carotovora. Proc Natl Acad
Sci USA 97:3526-3531. https://doi.org/10.1073/pnas.97.7.3526

Ebrahimi-Zarandi M, Saberi Riseh R, Tarkka MT (2022) Actinobac-
teria as effective biocontrol agents against plant pathogens, an
overview on their role in eliciting plant defense. Microorganisms
10:1739

Edwards SG, Young JPW, Fitter AH (1998) Interactions between Pseu-
domonas fluorescens biocontrol agents and Glomus mosseae, an
arbuscular mycorrhizal fungus, within the rhizosphere. FEMS
Microbiol Lett 166:297-303

Edwards JA et al (2018) Compositional shifts in root-associated bac-
terial and archaeal microbiota track the plant life cycle in field-
grown rice. PLoS Biol 16:€2003862

Elkoca E, Kantar F, Sahin F (2007) Influence of nitrogen fixing and
phosphorus solubilizing bacteria on the nodulation, plant growth,
and yield of chickpea. J Plant Nutr 31:157-171

Fan H et al (2017) Biocontrol of bacterial fruit blotch by Bacillus
subtilis 9407 via surfactin-mediated antibacterial activity and
colonization. Front Microbiol 8:1973. https://doi.org/10.3389/
fmicb.2017.01973

Farag MA, Zhang H, Ryu C-M (2013) Dynamic chemical commu-
nication between plants and bacteria through airborne sig-
nals: induced resistance by bacterial volatiles. J Chem Ecol
39:1007-1018

Flury P et al (2017) Antimicrobial and insecticidal: cyclic lipopeptides
and hydrogen cyanide produced by plant-beneficial Pseudomonas
strains CHAO, CMR12a, and PCL1391 contribute to insect kill-
ing. Front Microbiol 8:100. https://doi.org/10.3389/fmicb.2017.
00100

Fujimoto H, Kinoshita T, Suzuki H, Umezawa H (1970) Studies on the
mode of action of althiomycin. J Antibiot (tokyo) 23:271-275.
https://doi.org/10.7164/antibiotics.23.271

Fiirnkranz M et al (2012) Promotion of growth, health and stress toler-
ance of Styrian oil pumpkins by bacterial endophytes. Eur J Plant
Pathol 134:509-519

Gerc AJ, Song L, Challis GL, Stanley-Wall NR, Coulthurst SJ (2012)
The insect pathogen Serratia marcescens Db10 uses a hybrid
non-ribosomal peptide synthetase-polyketide synthase to produce
the antibiotic althiomycin. PLoS ONE 7:e44673. https://doi.org/
10.1371/journal.pone.0044673

Girlanda M et al (2001) Impact of biocontrol Pseudomonas fluores-
cens CHAO and a genetically modified derivative on the diversity
of culturable fungi in the cucumber rhizosphere. Appl Environ
Microbiol 67:1851-1864. https://doi.org/10.1128/AEM.67 .4.
1851-1864.2001

Gong Y et al (2022) Antifungal volatile organic compounds from
Streptomyces setonii WY?228 control black spot disease of sweet
potato. Appl Environ Microbiol 88:¢02317-02321

Grahovac J, Pajéin I, Vlajkov V (2023) Bacillus VOCs in the context
of biological control. Antibiotics 12:581

Gregor AK, Klubek B, Varsa EC (2003) Identification and use of actin-
omycetes for enhanced nodulation of soybean co-inoculated with
Bradyrhizobium japonicum. Can J Microbiol 49:483-491. https://
doi.org/10.1139/w03-061

Grosch R, Faltin F, Lottmann J, Kofoet A, Berg G (2005) Effectiveness
of 3 antagonistic bacterial isolates to control Rhizoctonia solani
Kuhn on lettuce and potato. Can J Microbiol 51:345-353. https://
doi.org/10.1139/w05-002

Gu Q et al (2022) The role of pyoluteorin from Pseudomonas protegens
Pf-5 in suppressing the growth and pathogenicity of Pantoea
ananatis on Maize. Int J Mol Sci. https://doi.org/10.3390/ijms2
3126431

@ Springer


https://doi.org/10.5423/PPJ.OA.02.2020.0031
https://doi.org/10.5423/PPJ.OA.02.2020.0031
https://doi.org/10.1038/ismej.2015.82
https://doi.org/10.1111/j.1574-6976.2009.00206.x
https://doi.org/10.1111/j.1574-6976.2009.00206.x
https://doi.org/10.3389/fmicb.2017.02538
https://doi.org/10.3389/fmicb.2015.01081
https://doi.org/10.3389/fmicb.2015.01081
https://doi.org/10.1073/pnas.012399899
https://doi.org/10.1111/j.1758-2229.2009.00104.x
https://doi.org/10.1111/j.1758-2229.2009.00104.x
https://doi.org/10.1111/1462-2920.12462
https://doi.org/10.1111/1462-2920.12462
https://doi.org/10.1111/j.1364-3703.2011.00783.x
https://doi.org/10.1111/j.1364-3703.2011.00783.x
https://doi.org/10.1093/femsle/fnw139
https://doi.org/10.1073/pnas.97.7.3526
https://doi.org/10.3389/fmicb.2017.01973
https://doi.org/10.3389/fmicb.2017.01973
https://doi.org/10.3389/fmicb.2017.00100
https://doi.org/10.3389/fmicb.2017.00100
https://doi.org/10.7164/antibiotics.23.271
https://doi.org/10.1371/journal.pone.0044673
https://doi.org/10.1371/journal.pone.0044673
https://doi.org/10.1128/AEM.67.4.1851-1864.2001
https://doi.org/10.1128/AEM.67.4.1851-1864.2001
https://doi.org/10.1139/w03-061
https://doi.org/10.1139/w03-061
https://doi.org/10.1139/w05-002
https://doi.org/10.1139/w05-002
https://doi.org/10.3390/ijms23126431
https://doi.org/10.3390/ijms23126431

496

Journal of Plant Biology (2023) 66:485-498

Haichar FZ et al (2008) Plant host habitat and root exudates shape soil
bacterial community structure. ISME J 2:1221-1230. https://doi.
org/10.1038/ismej.2008.80

Han R, Xiang R, LiJ, Wang F, Wang C (2021) High-level production of
microbial prodigiosin: a review. J Basic Microbiol 61:506-523.
https://doi.org/10.1002/jobm.202100101

Hayat R, Ali S, Amara U, Khalid R, Ahmed I (2010) Soil beneficial
bacteria and their role in plant growth promotion: a review. Ann
Microbiol 60:579-598

Helman Y, Chernin L (2015) Silencing the mob: disrupting quorum
sensing as a means to fight plant disease. Mol Plant Pathol
16:316-329. https://doi.org/10.1111/mpp.12180

Hibbing ME, Fuqua C, Parsek MR, Peterson SB (2010) Bacterial com-
petition: surviving and thriving in the microbial jungle. Nat Rev
Microbiol 8:15-25. https://doi.org/10.1038/nrmicro2259

Hu H-B, Xu Y-Q, Feng C, Xue HZ, Hur B-K (2005) Isolation and
characterization of a new fluorescent Pseudomonas strain that
produces both phenazine 1-carboxylic acid and pyoluteorin. J
Microbiol Biotechnol 15:86-90

Huang WK et al (2014) Efficacy evaluation of fungus Syncephalas-
trum racemosum and Nematicide avermectin against the root-
knot nematode Meloidogyne incognita on cucumber. PLoS
ONE 9:e89717. https://doi.org/10.1371/journal.pone.0089717

Tavicoli A, Boutet E, Buchala A, Metraux JP (2003) Induced sys-
temic resistance in Arabidopsis thaliana in response to root
inoculation with Pseudomonas fluorescens CHAO. Mol Plant
Microbe Interact 16:851-858. https://doi.org/10.1094/MPMI.
2003.16.10.851

Jaaffar AKM, Parejko JA, Paulitz TC, Weller DM, Thomashow LS
(2017) Sensitivity of rhizoctonia isolates to phenazine- 1-carbox-
ylic acid and biological control by phenazine-producing Pseu-
domonas spp. Phytopathology 107:692—703. https://doi.org/10.
1094/PHYTO-07-16-0257-R

Jung B, Park SY, Lee YW, Lee J (2013) Biological efficacy of Strep-
tomyces sp. strain BN1 against the cereal head blight pathogen
Fusarium graminearum. Plant Pathol J 29:52-58. https://doi.org/
10.5423/PPJ.OA.07.2012.0113

Kadouri DE, Shanks RM (2013) Identification of a methicillin-resistant
Staphylococcus aureus inhibitory compound isolated from Ser-
ratia marcescens. Res Microbiol 164:821-826. https://doi.org/
10.1016/j.resmic.2013.06.002

Kaduskar RD et al (2017) Promysalin is a salicylate-containing anti-
microbial with a cell-membrane-disrupting mechanism of action
on Gram-positive bacteria. Sci Rep 7:8861

Kai M, Effmert U, Berg G, Piechulla B (2007) Volatiles of bacterial
antagonists inhibit mycelial growth of the plant pathogen Rhizoc-
tonia solani. Arch Microbiol 187:351-360. https://doi.org/10.
1007/s00203-006-0199-0

Kang BR, Anderson AJ, Kim YC (2019) Hydrogen cyanide produced
by Pseudomonas chlororaphis O6 is a key aphicidal metabo-
lite. Can J Microbiol 65:185-190. https://doi.org/10.1139/
cjm-2018-0372

Kloepper JW, Ryu CM, Zhang S (2004) Induced systemic resistance
and promotion of plant growth by Bacillus spp. Phytopathology
94:1259-1266. https://doi.org/10.1094/PHYTO.2004.94.11.1259

Kurth F et al (2014) Streptomyces-induced resistance against oak
powdery mildew involves host plant responses in defense,
photosynthesis, and secondary metabolism pathways. Mol
Plant Microbe Interact 27:891-900. https://doi.org/10.1094/
MPMI-10-13-0296-R

Kurze S, Bahl H, Dahl R, Berg G (2001) Biological control of fungal
strawberry diseases by Serratia plymuthica HRO-C48. Plant Dis
85:529-534. https://doi.org/10.1094/PDIS.2001.85.5.529

Lahdenperd M, Simon E, Uoti J (1991) Developments in agricultural
and managed forest ecology, vol 23. Elsevier, Amsterdam, pp
258-263

@ Springer

Lanteigne C, Gadkar VJ, Wallon T, Novinscak A, Filion M (2012)
Production of DAPG and HCN by Pseudomonas sp. LBUM300
contributes to the biological control of bacterial canker of
tomato. Phytopathology 102:967-973. https://doi.org/10.1094/
PHYTO-11-11-0312

Lapenda JC, Silva PA, Vicalvi MC, Sena KX, Nascimento SC (2015)
Antimicrobial activity of prodigiosin isolated from Serra-
tia marcescens UFPEDA 398. World J Microbiol Biotechnol
31:399-406. https://doi.org/10.1007/s11274-014-1793-y

Lavania M, Chauhan PS, Chauhan SV, Singh HB, Nautiyal CS (2006)
Induction of plant defense enzymes and phenolics by treatment
with plant growth-promoting rhizobacteria Serratia marcescens
NBRI1213. Curr Microbiol 52:363-368. https://doi.org/10.1007/
s00284-005-5578-2

Law JW-F et al (2017) The potential of Streptomyces as biocontrol
agents against the rice blast fungus, Magnaporthe oryzae (Pyric-
ularia oryzae). Front Microbiol 8:3

LiY, Ye W, Wang M, Yan X (2009) Climate change and drought: a
risk assessment of crop-yield impacts. Climate Res 39:31-46

Li W et al (2011) Promysalin, a salicylate-containing Pseudomonas
putida antibiotic, promotes surface colonization and selectively
targets other Pseudomonas. Chem Biol 18:1320-1330. https://
doi.org/10.1016/j.chembiol.2011.08.006

Ligon JM et al (2000) Natural products with antifungal activity from
Pseudomonas biocontrol bacteria. Pest Manag Sci 56:688—-695

Lugtenberg B, Kamilova F (2009) Plant-growth-promoting rhizobac-
teria. Annu Rev Microbiol 63:541-556

Luo L, Zhao C, Wang E, Raza A, Yin C (2022) Bacillus amylolique-
faciens as an excellent agent for biofertilizer and biocontrol in
agriculture: an overview for its mechanisms. Microbiol Res
259:127016

Lyng M, Kovacs AT (2023) Frenemies of the soil: Bacillus and Pseu-
domonas interspecies interactions. Trends Microbiol. https://doi.
org/10.1016/j.tim.2023.02.003

Ma Z, Hua GKH, Ongena M, Hofte M (2016) Role of phenazines and
cyclic lipopeptides produced by Pseudomonas sp. CMR12a in
induced systemic resistance on rice and bean. Environ Microbiol
Rep 8:896-904. https://doi.org/10.1111/1758-2229.12454

Mahadevan B, Crawford DL (1997) Properties of the chitinase of the
antifungal biocontrol agent Streptomyces lydicus WYEC108.
Enzyme Microb Technol 20:489-493

Matilla MA, Leeper FJ, Salmond GP (2015) Biosynthesis of the anti-
fungal haterumalide, oocydin A, in Serratia, and its regulation
by quorum sensing, RpoS and Hfq. Environ Microbiol 17:2993—
3008. https://doi.org/10.1111/1462-2920.12839

Matsuyama T, Murakami T, Fujita M, Fujita S, Yano I (1986) Extracel-
lular vesicle formation and biosurfactant production by Serratia
marcescens. Microbiology 132:865-875

Matsuyama T, Tanikawa T, Nakagawa Y (2011) Serrawettins and other
surfactants produced by Serratia. In: Biosurfactants: from genes
to applications, pp 93-120

Mavrodi DV, Blankenfeldt W, Thomashow LS (2006) Phenazine com-
pounds in fluorescent Pseudomonas spp. biosynthesis and regula-
tion. Annu Rev Phytopathol 44:417—-445. https://doi.org/10.1146/
annurev.phyto.44.013106.145710

McGowan SJ et al (1996) Analysis of bacterial carbapenem antibi-
otic production genes reveals a novel beta-lactam biosynthesis
pathway. Mol Microbiol 22:415-426. https://doi.org/10.1046/].
1365-2958.1996.00125.x

Mendes R, Garbeva P, Raaijmakers JM (2013) The rhizosphere
microbiome: significance of plant beneficial, plant pathogenic,
and human pathogenic microorganisms. FEMS Microbiol Rev
37:634-663. https://doi.org/10.1111/1574-6976.12028

Micallef SA, Shiaris MP, Colon-Carmona A (2009) Influence of Arabi-
dopsis thaliana accessions on rhizobacterial communities and


https://doi.org/10.1038/ismej.2008.80
https://doi.org/10.1038/ismej.2008.80
https://doi.org/10.1002/jobm.202100101
https://doi.org/10.1111/mpp.12180
https://doi.org/10.1038/nrmicro2259
https://doi.org/10.1371/journal.pone.0089717
https://doi.org/10.1094/MPMI.2003.16.10.851
https://doi.org/10.1094/MPMI.2003.16.10.851
https://doi.org/10.1094/PHYTO-07-16-0257-R
https://doi.org/10.1094/PHYTO-07-16-0257-R
https://doi.org/10.5423/PPJ.OA.07.2012.0113
https://doi.org/10.5423/PPJ.OA.07.2012.0113
https://doi.org/10.1016/j.resmic.2013.06.002
https://doi.org/10.1016/j.resmic.2013.06.002
https://doi.org/10.1007/s00203-006-0199-0
https://doi.org/10.1007/s00203-006-0199-0
https://doi.org/10.1139/cjm-2018-0372
https://doi.org/10.1139/cjm-2018-0372
https://doi.org/10.1094/PHYTO.2004.94.11.1259
https://doi.org/10.1094/MPMI-10-13-0296-R
https://doi.org/10.1094/MPMI-10-13-0296-R
https://doi.org/10.1094/PDIS.2001.85.5.529
https://doi.org/10.1094/PHYTO-11-11-0312
https://doi.org/10.1094/PHYTO-11-11-0312
https://doi.org/10.1007/s11274-014-1793-y
https://doi.org/10.1007/s00284-005-5578-2
https://doi.org/10.1007/s00284-005-5578-2
https://doi.org/10.1016/j.chembiol.2011.08.006
https://doi.org/10.1016/j.chembiol.2011.08.006
https://doi.org/10.1016/j.tim.2023.02.003
https://doi.org/10.1016/j.tim.2023.02.003
https://doi.org/10.1111/1758-2229.12454
https://doi.org/10.1111/1462-2920.12839
https://doi.org/10.1146/annurev.phyto.44.013106.145710
https://doi.org/10.1146/annurev.phyto.44.013106.145710
https://doi.org/10.1046/j.1365-2958.1996.00125.x
https://doi.org/10.1046/j.1365-2958.1996.00125.x
https://doi.org/10.1111/1574-6976.12028

Journal of Plant Biology (2023) 66:485-498

497

natural variation in root exudates. J Exp Bot 60:1729-1742.
https://doi.org/10.1093/jxb/erp053

Moellering RC Jr, Eliopoulos GM, Sentochnik DE (1989) The carbap-
enems: new broad spectrum beta-lactam antibiotics. J Antimi-
crob Chemother 24(Suppl A):1-7. https://doi.org/10.1093/jac/
24.suppl_a.l

Mondal M et al (2022) Bioremediation of metal(loid) cocktail, struvite
biosynthesis and plant growth promotion by a versatile bacterial
strain Serratia sp. KUIM3: exploiting environmental co-benefits.
Environ Res 214:113937. https://doi.org/10.1016/j.envres.2022.
113937

Morrison CK, Arseneault T, Novinscak A, Filion M (2017) Phena-
zine- 1-carboxylic acid production by Pseudomonas fluorescens
LBUMG636 Alters Phytophthora infestans growth and late blight
development. Phytopathology 107:273-279. https://doi.org/10.
1094/PHYTO-06-16-0247-R

Muller H, Furnkranz M, Grube M, Berg G (2013) Genome sequence of
Serratia plymuthica strain S13, an endophyte with germination-
and plant-growth-promoting activity from the flower of Styrian
oil pumpkin. Genome Announc. https://doi.org/10.1128/genom
¢A.00594-13

Natsch A, Keel C, Hebecker N, Laasik E, Défago G (1998) Impact
of Pseudomonas fluorescens strain CHAOQ and a derivative with
improved biocontrol activity on the culturable resident bacte-
rial community on cucumber roots. FEMS Microbiol Ecol
27:365-380

Newitt JT, Prudence SM, Hutchings MI, Worsley SF (2019a) Biocon-
trol of cereal crop diseases using streptomycetes. Pathogens 8:78

Newitt JT, Prudence SMM, Hutchings MI, Worsley SF (2019b) Bio-
control of cereal crop diseases using streptomycetes. Pathogens.
https://doi.org/10.3390/pathogens8020078

Nguyen TH et al (2021) Utilization of by-product of groundnut oil
processing for production of prodigiosin by microbial fermenta-
tion and its novel potent anti-nematodes effect. Agronomy 12:41

Nguyen TH, Wang S-L, Nguyen VB (2022) Recent advances in eco-
friendly and scaling-up bioproduction of prodigiosin and its
potential applications in agriculture. Agronomy 12:3099

Nour SM et al (2003) Bacteria associated with cysts of the soybean
cyst nematode (Heterodera glycines). Appl Environ Microbiol
69:607-615. https://doi.org/10.1128/AEM.69.1.607-615.2003

Ongena M, Jacques P (2008) Bacillus lipopeptides: versatile weap-
ons for plant disease biocontrol. Trends Microbiol 16:115-125.
https://doi.org/10.1016/j.tim.2007.12.009

Ongena M et al (2007) Surfactin and fengycin lipopeptides of Bacil-
lus subtilis as elicitors of induced systemic resistance in plants.
Environ Microbiol 9:1084-1090. https://doi.org/10.1111/j.1462-
2920.2006.01202.x

Oni FE, Kieu Phuong N, Hofte M (2015) Recent advances in Pseu-
domonas biocontrol. In: Bacteria-plant interactions: advanced
research and future trends, pp 167-198

Pacios-Michelena S et al (2021) Application of Streptomyces anti-
microbial compounds for the control of phytopathogens. Front
Sustain Food Syst 5:696518

Palaniyandi SA, Damodharan K, Yang SH, Suh JW (2014) Streptomy-
ces sp. strain PGPA39 alleviates salt stress and promotes growth
of “Micro Tom” tomato plants. J] Appl Microbiol 117:766-773.
https://doi.org/10.1111/jam.12563

Pan J et al (2008) Expression and characterization of aiiA gene from
Bacillus subtilis BS-1. Microbiol Res 163:711-716. https://doi.
org/10.1016/j.micres.2007.12.002

Peix A, Ramirez-Bahena MH, Velazquez E (2009) Historical evolution
and current status of the taxonomy of genus Pseudomonas. Infect
Genet Evol 9:1132-1147. https://doi.org/10.1016/j.meegid.2009.
08.001

Pershina EV et al (2018) Investigation of the core microbiome in
main soil types from the East European plain. Sci Total Environ
631:1421-1430

Phillips DA, Fox TC, King MD, Bhuvaneswari TV, Teuber LR (2004)
Microbial products trigger amino acid exudation from plant
roots. Plant Physiol 136:2887-2894. https://doi.org/10.1104/pp.
104.044222

Pradel E et al (2007) Detection and avoidance of a natural product from
the pathogenic bacterium Serratia marcescens by Caenorhabditis
elegans. Proc Natl Acad Sci USA 104:2295-2300. https://doi.
org/10.1073/pnas.0610281104

Putri RE, Mubarik NR, Ambarsari L, Wahyudi AT (2023) The disease
suppression of soybean (var. Grobogan) by the implementation
of Bacillus subtilis strain CR. 9 antifungal compounds nanoe-
mulsion. J Saudi Soc Agric Sci. https://doi.org/10.1016/j.jssas.
2023.03.004

Qiao J et al (2017) Addition of plant-growth-promoting Bacillus sub-
tilis PTS-394 on tomato rhizosphere has no durable impact on
composition of root microbiome. BMC Microbiol 17:131. https://
doi.org/10.1186/s12866-017-1039-x

Raaijmakers JM, De Bruijn I, Nybroe O, Ongena M (2010) Natural
functions of lipopeptides from Bacillus and Pseudomonas: more
than surfactants and antibiotics. FEMS Microbiol Rev 34:1037-
1062. https://doi.org/10.1111/j.1574-6976.2010.00221.x

Ramette A et al (2011) Pseudomonas protegens sp. nov., widespread
plant-protecting bacteria producing the biocontrol compounds
2,4-diacetylphloroglucinol and pyoluteorin. Syst Appl Microbiol
34:180-188. https://doi.org/10.1016/j.syapm.2010.10.005

Raza W, Wei Z, Ling N, Huang Q, Shen Q (2016) Effect of organic
fertilizers prepared from organic waste materials on the produc-
tion of antibacterial volatile organic compounds by two biocon-
trol Bacillus amyloliquefaciens strains. J] Biotechnol 227:43-53.
https://doi.org/10.1016/j.jbiotec.2016.04.014

Rousk J et al (2010) Soil bacterial and fungal communities across a pH
gradient in an arable soil. ISME J 4:1340-1351

Ryu CM et al (2003) Bacterial volatiles promote growth in Arabidop-
sis. Proc Natl Acad Sci USA 100:4927-4932. https://doi.org/10.
1073/pnas.0730845100

Samac DA, Kinkel LL (2001) Suppression of the root-lesion nematode
(Pratylenchus penetrans) in alfalfa (Medicago sativa) by Strep-
tomyces spp. Plant Soil 235:35-44

Samac DA, Willert AM, McBride MJ, Kinkel LL (2003) Effects of
antibiotic-producing Streptomyces on nodulation and leaf spot
in alfalfa. Appl Soil Ecol 22:55-66

Sansinenea E, Ortiz A (2011) Secondary metabolites of soil Bacillus
spp.. Biotechnol Lett 33:1523—-1538. https://doi.org/10.1007/
$10529-011-0617-5

Schmidt R et al (2017) Fungal volatile compounds induce production of
the secondary metabolite Sodorifen in Serratia plymuthica PRI-
2C. Sci Rep 7:862. https://doi.org/10.1038/s41598-017-00893-3

Schrey SD, Tarkka MT (2008) Friends and foes: Streptomycetes as
modulators of plant disease and symbiosis. Antonie Van Leeu-
wenhoek 94:11-19

Schulten H-R, Schnitzer M (1997) The chemistry of soil organic nitro-
gen: a review. Biol Fertil Soils 26:1-15

Siddiqui IA, Shaukat SS, Sheikh IH, Khan A (2006) Role of cyanide
production by Pseudomonas fluorescens CHAO in the suppres-
sion of root-knot nematode, Meloidogyne javanica in tomato.
World J Microbiol Biotechnol 22:641-650

Singh RP, Jha PN (2016) The multifarious PGPR Serratia marcescens
CDP-13 augments induced systemic resistance and enhanced
salinity tolerance of wheat (Triticum aestivum L.). PLoS ONE
11:e0155026. https://doi.org/10.1371/journal.pone.0155026

Soberén-Chavez G, Maier RM (2011) Biosurfactants: a general over-
view. Biosurfactants: from genes to applications, pp 1-11

@ Springer


https://doi.org/10.1093/jxb/erp053
https://doi.org/10.1093/jac/24.suppl_a.1
https://doi.org/10.1093/jac/24.suppl_a.1
https://doi.org/10.1016/j.envres.2022.113937
https://doi.org/10.1016/j.envres.2022.113937
https://doi.org/10.1094/PHYTO-06-16-0247-R
https://doi.org/10.1094/PHYTO-06-16-0247-R
https://doi.org/10.1128/genomeA.00594-13
https://doi.org/10.1128/genomeA.00594-13
https://doi.org/10.3390/pathogens8020078
https://doi.org/10.1128/AEM.69.1.607-615.2003
https://doi.org/10.1016/j.tim.2007.12.009
https://doi.org/10.1111/j.1462-2920.2006.01202.x
https://doi.org/10.1111/j.1462-2920.2006.01202.x
https://doi.org/10.1111/jam.12563
https://doi.org/10.1016/j.micres.2007.12.002
https://doi.org/10.1016/j.micres.2007.12.002
https://doi.org/10.1016/j.meegid.2009.08.001
https://doi.org/10.1016/j.meegid.2009.08.001
https://doi.org/10.1104/pp.104.044222
https://doi.org/10.1104/pp.104.044222
https://doi.org/10.1073/pnas.0610281104
https://doi.org/10.1073/pnas.0610281104
https://doi.org/10.1016/j.jssas.2023.03.004
https://doi.org/10.1016/j.jssas.2023.03.004
https://doi.org/10.1186/s12866-017-1039-x
https://doi.org/10.1186/s12866-017-1039-x
https://doi.org/10.1111/j.1574-6976.2010.00221.x
https://doi.org/10.1016/j.syapm.2010.10.005
https://doi.org/10.1016/j.jbiotec.2016.04.014
https://doi.org/10.1073/pnas.0730845100
https://doi.org/10.1073/pnas.0730845100
https://doi.org/10.1007/s10529-011-0617-5
https://doi.org/10.1007/s10529-011-0617-5
https://doi.org/10.1038/s41598-017-00893-3
https://doi.org/10.1371/journal.pone.0155026

498

Journal of Plant Biology (2023) 66:485-498

Soo PC et al (2014) ManA is regulated by RssAB signaling and pro-
motes motility in Serratia marcescens. Res Microbiol 165:21-29.
https://doi.org/10.1016/j.resmic.2013.10.005

Strobel G et al (1999) Oocydin A, a chlorinated macrocyclic lactone
with potent anti-oomycete activity from Serratia marcescens.
Microbiology (reading) 145(Pt 12):3557-3564. https://doi.org/
10.1099/00221287-145-12-3557

Su C et al (2016) Analysis of the genomic sequences and metabolites
of Serratia surfactantfaciens sp. nov. YD25(T) that simultane-
ously produces prodigiosin and serrawettin W2. BMC Genomics
17:865. https://doi.org/10.1186/s12864-016-3171-7

Sun X et al (2022) Bacillus velezensis stimulates resident rhizosphere
Pseudomonas stutzeri for plant health through metabolic interac-
tions. ISME J 16:774-787

Suryawanshi RK, Patil CD, Koli SH, Hallsworth JE, Patil SV (2017)
Antimicrobial activity of prodigiosin is attributable to plasma-
membrane damage. Nat Prod Res 31:572-577

Thomashow LS, Weller DM (1988) Role of a phenazine antibiotic from
Pseudomonas fluorescens in biological control of Gaeumanno-
myces graminis var. tritici. J Bacteriol 170:3499-3508. https://
doi.org/10.1128/jb.170.8.3499-3508.1988

Todorova S, Kozhuharova L (2010) Characteristics and antimicrobial
activity of Bacillus subtilis strains isolated from soil. World J
Microbiol Biotechnol 26:1207-1216. https://doi.org/10.1007/
s11274-009-0290-1

Tripathi ACBMA, Singh KPARB (2018) Actinomycetes: an unex-
plored microorganisms for plant growth promotion and biocon-
trol in vegetable crops

Trippe K, McPhail K, Armstrong D, Azevedo M, Banowetz G (2013)
Pseudomonas fluorescens SBW25 produces furanomycin, a non-
proteinogenic amino acid with selective antimicrobial properties.
BMC Microbiol 13:1-10

Turnbull P (1996) Bacillus: Barron’s medical microbiology. University
of Texas Medical Branch

Turner TR et al (2013) Comparative metatranscriptomics reveals
kingdom level changes in the rhizosphere microbiome of plants.
ISME J 7:2248-2258. https://doi.org/10.1038/ismej.2013.119

van der Meij A, Worsley SF, Hutchings MI, van Wezel GP (2017)
Chemical ecology of antibiotic production by actinomycetes.
FEMS Microbiol Rev 41:392—416. https://doi.org/10.1093/fem-
sre/fux005

Varivarn K, Champa LA, Silby MW, Robleto EA (2013) Colonization
strategies of Pseudomonas fluorescens PfO—1: activation of soil-
specific genes important for diverse and specific environments.
BMC Microbiol 13:92. https://doi.org/10.1186/1471-2180-13-92

Vazquez MM, César S, Azcon R, Barea JM (2000) Interactions between
arbuscular mycorrhizal fungi and other microbial inoculants
(Azospirillum, Pseudomonas, Trichoderma) and their effects on
microbial population and enzyme activities in the rhizosphere of
maize plants. Appl Soil Ecol 15:261-272

Viaene T, Langendries S, Beirinckx S, Maes M, Goormachtig S (2016)
Streptomyces as a plant’s best friend? FEMS Microbiol Ecol.
https://doi.org/10.1093/femsec/fiw119

Voisard C, Keel C, Haas D, Defago G (1989) Cyanide production
by Pseudomonas fluorescens helps suppress black root rot of
tobacco under gnotobiotic conditions. EMBO J 8:351-358.
https://doi.org/10.1002/j.1460-2075.1989.tb03384.x

von Reull SH, Kai M, Piechulla B, Francke W (2010) Octamethylbicy-
clo [3.2. 1] octadienes from the rhizobacterium Serratia odorif-
era. Angew Chem 122:2053-2054

Wang T et al (2015) Natural products from Bacillus subtilis with anti-
microbial properties. Chin J Chem Eng 23:744-754

@ Springer

Wang J et al (2023a) Plant growth promotion and biocontrol of leaf
blight caused by Nigrospora sphaerica on passion fruit by Endo-
phytic Bacillus subtilis strain GUCC4. J Fungi (basel). https://
doi.org/10.3390/j0f9020132

Wang S et al (2023b) Cloning, expression and antifungal effect of the
recombinant chitinase from Streptomyces sampsonii KJ40. Cién-
cia Rural. https://doi.org/10.1590/0103-8478cr20210663

Weise T et al (2014) VOC emission of various Serratia species and iso-
lates and genome analysis of Serratia plymuthica 4Rx13. FEMS
Microbiol Lett 352:45-53

Weller DM, Raaijmakers JM, Gardener BB, Thomashow LS (2002)
Microbial populations responsible for specific soil suppressive-
ness to plant pathogens. Annu Rev Phytopathol 40:309-348.
https://doi.org/10.1146/annurev.phyto.40.030402.110010

Weller DM et al (2012) Induced systemic resistance in Arabidop-
sis thaliana against Pseudomonas syringae pv. tomato by
2,4-diacetylphloroglucinol-producing Pseudomonas fluores-
cens. Phytopathology 102:403-412. https://doi.org/10.1094/
PHYTO-08-11-0222

Wheatley RE (2002) The consequences of volatile organic compound
mediated bacterial and fungal interactions. Antonie Van Leeu-
wenhoek 81:357-364. https://doi.org/10.1023/a:1020592802234

Woo O-G et al (2020) Bacillus subtilis strain GOT9 confers enhanced
tolerance to drought and salt stresses in Arabidopsis thaliana
and Brassica campestris. Plant Physiol Biochem 148:359-367

Yamamoto S, Shiraishi S, Suzuki S (2015a) Are cyclic lipopeptides
produced by Bacillus amyloliquefaciens S13-3 responsible for
the plant defence response in strawberry against Colletotrichum
gloeosporioides? Lett Appl Microbiol 60:379-386

Yamamoto S, Shiraishi S, Suzuki S (2015b) Are cyclic lipopeptides
produced by Bacillus amyloliquefaciens S13-3 responsible for
the plant defence response in strawberry against Colletotrichum
gloeosporioides? Lett Appl Microbiol 60:379-386. https://doi.
org/10.1111/lam.12382

Yan L et al (2011) Biocontrol efficiency of Bacillus subtilis SL-13 and
characterization of an antifungal chitinase. Chin J Chem Eng
19:128-134

Yang X, Hong C (2020) Biological control of Phytophthora blight
by Pseudomonas protegens strain 14D5. Eur J Plant Pathol
156:591-601

Yip C-H, Mahalingam S, Wan K-L, Nathan S (2021) Prodigiosin
inhibits bacterial growth and virulence factors as a potential
physiological response to interspecies competition. PLoS ONE
16:0253445

Yu S-M, Oh B-T, Lee YH (2012) Biocontrol of green and blue molds in
postharvest satsuma mandarin using Bacillus amyloliquefaciens
JBC36. Biocontrol Sci Tech 22:1181-1197

Zhang H et al (2010) Choline and osmotic-stress tolerance induced in
Arabidopsis by the soil microbe Bacillus subtilis (GB03). Mol
Plant Microbe Interact 23:1097-1104. https://doi.org/10.1094/
MPMI-23-8-1097

Zhang Y et al (2014) The Aux/IAA gene ruml involved in seminal
and lateral root formation controls vascular patterning in maize
(Zea mays L.) primary roots. J Exp Bot 65:4919-4930. https://
doi.org/10.1093/jxb/eru249

Zhang J et al (2020) Colonization of Beauveria bassiana 08F04 in root-
zone soil and its biocontrol of cereal cyst nematode (Heterodera
filipjevi). PLoS ONE 15:€0232770. https://doi.org/10.1371/journ
al.pone.0232770

Zhang K, Tao W, Lin J, Wang W, Li S (2021) Production of the bio-
surfactant serrawettin W1 by Serratia marcescens S-1 improves
hydrocarbon degradation. Bioprocess Biosyst Eng 44:2541-2552


https://doi.org/10.1016/j.resmic.2013.10.005
https://doi.org/10.1099/00221287-145-12-3557
https://doi.org/10.1099/00221287-145-12-3557
https://doi.org/10.1186/s12864-016-3171-7
https://doi.org/10.1128/jb.170.8.3499-3508.1988
https://doi.org/10.1128/jb.170.8.3499-3508.1988
https://doi.org/10.1007/s11274-009-0290-1
https://doi.org/10.1007/s11274-009-0290-1
https://doi.org/10.1038/ismej.2013.119
https://doi.org/10.1093/femsre/fux005
https://doi.org/10.1093/femsre/fux005
https://doi.org/10.1186/1471-2180-13-92
https://doi.org/10.1093/femsec/fiw119
https://doi.org/10.1002/j.1460-2075.1989.tb03384.x
https://doi.org/10.3390/jof9020132
https://doi.org/10.3390/jof9020132
https://doi.org/10.1590/0103-8478cr20210663
https://doi.org/10.1146/annurev.phyto.40.030402.110010
https://doi.org/10.1094/PHYTO-08-11-0222
https://doi.org/10.1094/PHYTO-08-11-0222
https://doi.org/10.1023/a:1020592802234
https://doi.org/10.1111/lam.12382
https://doi.org/10.1111/lam.12382
https://doi.org/10.1094/MPMI-23-8-1097
https://doi.org/10.1094/MPMI-23-8-1097
https://doi.org/10.1093/jxb/eru249
https://doi.org/10.1093/jxb/eru249
https://doi.org/10.1371/journal.pone.0232770
https://doi.org/10.1371/journal.pone.0232770

	Exploiting Bacterial Genera as Biocontrol Agents: Mechanisms, Interactions and Applications in Sustainable Agriculture
	Abstract
	Background
	Bacillus
	Interactions with Plants
	Biocontrol Mechanisms
	Induced Systemic Resistance
	Plant Growth Promotion

	Interactions with the Microbiota
	Antibiosis
	Signal Interference


	Streptomycetes
	Interactions with Plants
	Biocontrol Mechanisms
	Induced Systemic Resistance
	Plant Growth Promotion

	Interactions with the Microbiota
	Disease-Suppressive Soil

	Antibiosis

	Pseudomonas
	Interactions with Plants
	Biocontrol Mechanisms
	Induced Systemic Resistance
	Plant Growth Promotion

	Interactions with the Microbiota
	Antibiosis


	Serratia
	Interactions with Plants
	Biocontrol Mechanisms
	Induced Systemic Resistance
	Plant Growth Promotion

	Interactions with the Microbiota
	Antibiosis
	Anti-fungal
	VOCs


	Concluding Remarks and Future Perspectives
	Acknowledgements 
	References




