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Abstract: Tomatoes encounter many pathogens, such as fungi and bacteria, which reduce the yield and
quality of plants and lead to large losses in production. The application of plant protection products
(PPPs) is still an important and most effective measure to control plant diseases. However, the use of
chemicals in agriculture contributes to environmental pollution and biodiversity loss, and it can also
threaten non-target living organisms. Biological control is a widely accessible, environmentally safe,
and cost-efficient alternative for the prevention and suppression of plant diseases. Bacillus species with
antimicrobial and plant growth-promoting effects are most frequently used as biocontrol agents to
increase the resilience of agricultural production against biotic stresses. The present review discusses
the antagonistic mechanisms and the biocontrol potential of Bacillus spp. against tomato diseases
caused by different pathogens. The main mechanisms of Bacillus spp. include the production of
antimicrobial compounds (antibiotics, extracellular enzymes, siderophores, and volatile compounds),
competition for nutrients and space, and induced systemic resistance (ISR). Although Bacillus-based
PPPs have been developed and commercialised worldwide for various crops and pathogens, the
efficiency issues are still subject to debate. Additionally, a combined strategy for controlling tomato
diseases based on Bacillus spp. and other available methods (conventional or natural-based) is a
promising research field.

Keywords: Bacillus; biocontrol mechanisms; disease management; tomato pathogens

1. Introduction

Tomato (Solanum lycopersicum L., Solanales: Solanaceae) is one of the most important
vegetable crops in the world, cultivated on 5.17 million hectares with a total production
of 189 million tons and an average yield of 36.6 tons per hectare [1]. Tomatoes can be
grown in a wide area from 55◦ north to 35◦ south latitude, with the largest producers being
China, India, the USA, Turkey, Egypt, Italy, Russia, and Mexico. They are widely used for
fresh or processed consumption due to the presence of important nutrients and bioactive
compounds with well-established health benefits [2].

Tomatoes can be infected by more than two hundred different pathogens during
the growing and post-harvest periods [3]. The main causative agents of tomato diseases
are phytopathogenic fungi and bacteria, which affect both the quality and quantity of
tomato production [4,5]. The most important fungi that infect tomato are Alternaria solani
Sorauer (Pleosporales: Pleosporaceae), Septoria lycopersici Spegazzini (Mycosphaerellales:
Mycosphaerellaceae), Botrytis cinerea Persoon (Helotiales: Sclerotiniaceae), Fusarium oxys-
porum f. sp. lycopersici (Saccardo) Snyder and Hansen (Hypocreales: Nectriaceae), F.

Microorganisms 2024, 12, 457. https://doi.org/10.3390/microorganisms12030457 https://www.mdpi.com/journal/microorganisms

https://doi.org/10.3390/microorganisms12030457
https://doi.org/10.3390/microorganisms12030457
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/microorganisms
https://www.mdpi.com
https://orcid.org/0009-0007-7554-7261
https://orcid.org/0000-0001-7308-8769
https://orcid.org/0000-0003-4650-5082
https://orcid.org/0000-0001-6392-9253
https://orcid.org/0000-0002-6808-0129
https://orcid.org/0000-0002-4617-5581
https://doi.org/10.3390/microorganisms12030457
https://www.mdpi.com/journal/microorganisms
https://www.mdpi.com/article/10.3390/microorganisms12030457?type=check_update&version=1


Microorganisms 2024, 12, 457 2 of 25

oxysporum f. sp. radicis-lycopersici Jarvis and Shoemaker (Hypocreales: Nectriaceae), Ver-
ticillium dahliae Klebahn (Glomerellales: Plectosphaerellaceae), and Phytophthora infestans
(Montagne) de Bary (Peronosporales: Peronosporaceae) [3]. The major bacterial diseases
of tomato are caused by Pseudomonas syringae pv. tomato (Okabe) Young, Dye and Wilkie
(Pseudomonadales: Pseudomonadaceae); Clavibacter michiganensis subsp. michiganensis
(Smith) Davis et al. (Micrococcales: Microbacteriaceae); Xanthomonas campestris pv. vesi-
catoria (Doidge) Vauterin, Hoste, Kersters and Swings (Lysobacterales: Lysobacteraceae);
and Ralstonia solanacearum (Smith) Yabuuchi et al. emend. Safni et al. (Burkholderiales:
Burkholderiaceae) [6,7].

Various management strategies, including resistant tomato cultivars as well as cultural,
physical, chemical, and biological methods, have been employed globally to control tomato
diseases [8]. The application of plant protection products (PPPs) is still a significant
method to achieve effective pathogen control and prevent yield losses [9]. However,
the excessive usage of PPPs has led to the pollution of surface and underground water,
degradation of soil, a negative impact on non-target organisms, and the emergence of
pathogen resistance [10]. Public concern about residues in vegetables has increased demand
for more precise and strict regulations regarding the use of PPPs. Biological control is one
of the most promising alternatives to chemical control of plant diseases, being of particular
importance in protected and organic vegetable production [11].

The species of the genus Bacillus are one of the most studied and used agents in
biological control [12]. Bacillus spp. demonstrate great antimicrobial activity against
numerous pathogens, along with stimulating effects on plant growth and yield [13]. Several
Bacillus spp. have been proven to be promising biocontrol agents for controlling tomato
pathogens, both in laboratory and field conditions [14–16].

This review summarises the most important tomato diseases and pathogens; Bacillus
spp. used as antagonists in tomatoes and their mechanisms of action; and combined
management strategies involving Bacillus spp. against tomato disease-causing agents.

2. Tomato Diseases and Pathogens

Numerous plant diseases lead to large losses in tomato production in both greenhouse
and field conditions [17]. Additionally, tomatoes can be infected during harvesting, posthar-
vest, and storage, so they must be used in a timely manner [18]. Tomato diseases can be
caused by a wide range of plant pathogens, including fungi, bacteria, viruses, oomycetes,
viroids, and phytoplasmas, as well as pests such as nematodes, insects, and mites. However,
it is reported that more than 50% of tomato diseases and major yield losses are caused by
fungal pathogens [19]. The most important tomato diseases are shown in Table 1.

The fungus A. solani is among the most destructive pathogens affecting tomatoes. It
causes an early blight disease that is responsible for fruit yield losses ranging from 35 to
78% [20]. Favorable conditions for the spread of A. solani include high humidity, frequent
rainfall, and temperatures between 24 ◦C and 29 ◦C [21]. Symptoms of early blight begin on
young leaves as small black-brownish lesions that enlarge and form target-like concentric
rings (Figure 1). The lesions spread and lead to the loss of photosynthetic tissue, which
ultimately results in damaged fruits covered with a black spore mass. In addition to the
leaves and fruits, this pathogen infects the stem and branches, affecting the entire growth
of tomato plants [22].
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Figure 1. Early blight symptoms on tomato leaves (M. Ivanović).

Septoria leaf spot, caused by S. lycopersici, is a significant foliar disease affecting
tomatoes worldwide (Figure 2). Yield losses caused by this pathogen are mainly associated
with reduced photosynthetic activity and plant growth, as well as the formation of low-
quality fruits. In periods when temperatures are above 25 ◦C in combination with heavy
rainfall, especially in the summer, yields can be reduced by more than 50% [23]. Symptoms
appear on the leaves in the form of circular, elliptical necrotic lesions with brown to grey
centres [24]. Mani et al. [25] point out that the leaf spot disease causes enormous damage
in tomato plants at any stage of plant development by entering through the stomata or
penetrating the epidermis.

Figure 2. Septoria leaf spot on tomato leaves (P. Vukša).

The fungus B. cinerea is a polyphagous pathogen responsible for serious economic
losses in tomatoes [26]. Grey mould can cause damage to all above-ground plant plants
in the open field and greenhouse, but also during the transportation and storage of prod-
ucts [27]. Disease is favoured by high humidity and cool temperatures from 18 ◦C to 23 ◦C.
Infection begins with the appearance of irregular and V-shaped brown blotches on leaves,
followed by brown and oval lesions on stems and pale or white rings on fruits (Figure 3).
The sensitivity to fungal infection changes with tissue development and ageing, while
green fruits are more resistant than red tomato fruits. During development in plant tissue,
B. cinerea produces toxins that cause plant cells to lose their function [28].



Microorganisms 2024, 12, 457 4 of 25

Figure 3. Grey mould symptoms on tomato fruits (M. Ivanović).

Fusarium vascular wilt, caused by F. oxysporum f. sp. lycopersici, is one of the destruc-
tive diseases of tomatoes that occurs both in the field and greenhouse. It causes yield losses
of 45–55%, and in favourable conditions, when temperatures are 27–30 ◦C, losses can be up
to 70% [3]. Srinivas et al. [29] reported that Fusarium vascular wilt diseases of tomatoes can
reduce the yield of tomatoes to the maximum. This disease blocks xylem and, therefore,
water transport [30]. The disease is characterised by wilted plants with yellowed leaves,
while the root becomes necrotic and also changes the colour of the vascular tissue [31]. F.
oxysporum f. sp. lycopersici is spread through irrigation water and planting material, while
in contaminated soil it can survive for decades [8].

Another very important phytopathogenic fungus that is transmitted in the soil is F.
oxysporum f. sp. radicis-lycopersici. It causes Fusarium crown and root rot in tomatoes and
leads to significant yield losses [32]. Panno et al. [3] state that the loss of yield caused by
this pathogen can be up to 90% in cases when the weather is cold (<20 ◦C), but even at high
temperatures (27 ◦C), the occurrence of the disease on tomato plants has been recorded.
Unlike F. oxysporum f. sp. lycopersici, which moves through the xylem, F. oxysporum f. sp.
radicis-lycopersici begins colonisation in areas where the root grows and moves towards the
crown of the root, where it blocks the vessels by producing enzymes and toxins [33]. This
leads to the wilting and death of the plants. It can survive in the soil for a long time, and
once it is introduced into the field, it is almost impossible to eliminate [32].

V. dahliae is a fungal pathogen that causes Verticillium wilt of tomatoes [34]. Yield
reduction can be 20–50%, especially when optimal temperatures for the growth of V. dahliae
are present (21–30 ◦C) [35]. The pathogen can remain dormant in the soil or on dead plants
for a long time. When hyphae adhere, they penetrate the roots of plants and prevent the
transport of nutrients. Because of this, symptoms such as foliar chlorosis, wilting, stunting,
and necrosis appear [36]. Through the tips of the roots, or lateral roots, the pathogen attacks
the plant and spreads from the xylem to the aerial part of the plant [37].

Late blight, caused by the oomycete P. infestans, is one of the most devastating tomato
diseases. Under favourable conditions for the pathogen, such as high humidity and
temperature, P. infestans can destroy the entire tomato production [38]. Symptoms that
appear in the field are usually dark grey to brown spots on leaf tissues (Figure 4). In
conditions of high humidity, with more than 90%, and a low temperature of 10–20 ◦C,
the infection spreads very quickly. Complete necrosis in the entire field can occur after
5–10 days [39]. Maxim et al. [40] pointed out that finding varieties resistant to P. infestans is
essential in tomato production, which will reduce the use of fungicides.
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Figure 4. Late blight symptoms on tomato leaves (M. Ivanović).

The phytopathogenic bacterium P. syringae pv. tomato causes bacterial speck on toma-
toes. Temperatures between 18 ◦C and 25 ◦C, followed by high humidity, favour the
development of bacterial speck [41]. This disease can cause a yield loss of 75% in cases of
early infection [42]. The bacterium can be transmitted via infected seeds and spread over
long distances by wind and rain [43]. Due to its great economic importance, P. syringae
pv. tomato is a quarantine bacterium in many countries [44]. In the epiphytic phase, the
bacterium adheres to the leaves and creates spots, but the plants do not necessarily die,
while in the endophytic phase, the pathogen penetrates into the tissue of the leaves and
causes the death of the plants [45]. In addition to the leaves, the symptoms also appear on
the stems and fruits in the form of dark spots, which affect the quality and yield of fruits.

The bacterium C. michiganensis subsp. michiganensis causes bacterial wilt and canker
in tomatoes, leading to severe economic losses in production worldwide. Wang et al. [46]
pointed out that depending on the method of cultivation, location, genotype, and physio-
logical stage of the host, yield losses range from 10% to 100%. The disease develops fastest
in young tomato plants with a temperature range of 25 ◦C to 28 ◦C and high humidity [47].
The European and Mediterranean Plant Protection Organization (EPPO) characterised this
bacterium as a quarantine pathogen. Disease is transmitted by seeds and spread over long
distances by rain, irrigation, and other cultural practices [48]. This bacterium colonises
plants and reaches the vascular system. The symptoms it causes on the plants depend
on the age of the tomatoes and the environmental conditions, but mainly involve mealy
spots on the stems, yellowing or wilting of the leaves, and characteristic spots on the fruits
known as “bird’s eye” (Figure 5) [49].

Figure 5. Bacterial wilt and canker symptoms on tomato fruit (S. Milijašević-Marčić).
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Bacterial spot of tomato is caused by bacteria from the Xanthomonas group. These
bacteria can cause serious damage both in greenhouses and in the field, triggering yield
losses ranging from 10% to 50% [50]. The Xanthomonas group includes four pathogens,
namely, Xanthomonas euvesicatoria pv. euvesicatoria, X. euvesicatoria pv. perforans, X. vesicatoria,
and X. hortorum pv. gardneri [51]. Symptoms of bacterial spots include black, chlorotic
spots on leaves, stems, petioles, and fruits; defoliation; and even scab-like lesions on fruits
(Figure 6) [52].

Figure 6. Bacterial spot symptoms on tomato fruit (M. Ignjatov).

Another significant causative agent of bacterial wilt of tomato is the soil-borne bac-
terium R. solanacearum [53]. Mekonnen et al. [54] reported that depending on R. solanacearum
strains, soil type, host variety, and environment, yield losses in tomatoes can range from
10% to 100%. The Ralstonia group includes three pathogens: Ralstonia pseudosolanacearum,
R. solanacearum, and R. sygzii [55]. These bacteria colonise xylem tissue, infect the roots of
tomato plants, and produce an exopolysaccharide that creates a blockage in the xylem and
causes the wilting, yellowing, or stunting of plants [56].

Table 1. The economically important tomato diseases caused by phytopathogenic fungi, oomycetes,
and bacteria.

Disease Causative Agent Symptoms Epidemiology Reference

Early blight Alternaria solani
Black-brown, concentric

lesions on the leaves, stems,
and fruits; yellowing.

It survives on plant debris, seeds,
volunteer Solanaceous crops,

and soil; favoured by high
humidity and temperatures of

24–29 ◦C.

[22]

Septoria leaf spot Septoria lycopersici Tan-to-grey spots with
dark margins on the leaves.

It survives on plant debris, seeds,
volunteer Solanaceous crops,
and weeds; favoured by high
humidity and temperatures

above 25 ◦C.

[23]

Grey mould Botrytis cinerea
Brown lesions on the

leaves and stems; pale or
white rings on the fruits.

It survives on plant debris, seeds,
soil, and various hosts; favoured

by high humidity and
temperatures of 18–23 ◦C.

[28]
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Table 1. Cont.

Disease Causative Agent Symptoms Epidemiology Reference

Fusarium vascular
wilt

Fusarium oxysporum f.
sp. lycopersici

Yellowing; wilting;
browning; stunted growth.

It survives in the soil and on
plant debris, seeds, and

seedlings; favoured by high
humidity and temperatures of

20–30 ◦C.

[29]

Fusarium crown
and root rot

F. oxysporum f. sp.
radicis-lycopersici

Yellowing; wilting;
browning; stunted growth;

stem and root
discoloration.

It survives in the soil and on
plant debris, seeds, and

seedlings; favoured by high
humidity and temperatures of

10–20 ◦C.

[33]

Verticillium wilt Verticillium dahliae

Yellowing; wilting; stunted
growth; v-shaped lesions

on the leaves; stem
discoloration.

It survives in the soil and on
plant debris; favoured by high
humidity and temperatures of

21–30 ◦C.

[35]

Late blight Phytophthora infestans
Green-black lesions on the

leaves; dark spots on
the fruits.

It survives on plants, tubers, soil,
seeds, Solanaceous crops, and

weeds; favoured by high
humidity and temperatures of

10–20 ◦C.

[39]

Bacterial speck Pseudomonas syringae
pv. tomato

Brown-black spots on the
leaves; stunted growth;

dark specks on the fruits.

It survives on plant debris, soil,
seeds, and weeds; favoured by

high humidity and temperatures
of 13–25 ◦C.

[45]

Bacterial wilt and
canker

Clavibacter
michiganensis subsp.

michiganensis

Wilting; yellowing; stunted
growth; stem discoloration;
white spots with a necrotic

centre on the fruits
(bird’s eye).

It survives on plant debris, soil,
seeds, and weeds; favoured by

high humidity and temperatures
of 24–28 ◦C.

[48]

Bacterial spot Xanthomonas campestris
pv. vesicatoria

Elliptical, dark, chlorotic
spots on the leaves, stems,

and fruits.

It survives on plant debris, soil,
and seeds; favoured by high

humidity and temperatures of
23–30 ◦C.

[50]

Bacterial wilt Ralstonia solanacearum Wilting; root rot; stem
discoloration and decay.

It survives on plant debris, soil,
seeds, seedlings, and weeds;

favoured by high humidity and
temperatures above 29 ◦C.

[53]

Tomato disease control involves preventive cultural measures such as the use of
certified seeds, healthy transplants, crop rotation, proper plant density, weed control,
eradication of volunteer solanaceous crops, adequate nutrition, destruction of infected
plant parts, removal of plant residues, drip irrigation, and selection of resistant tomato
varieties [57]. Physical measures such as soil solarisation, soil heating, and seed heating
may also be used for the tomato disease control [58]. Furthermore, the most common
and effective method for tomato disease control is the use of plant protection products
(PPPs). There is a wide range of PPPs available to control phytopathogenic fungi and
bacteria on tomatoes. The excessive use of fungicides and bactericides has caused soil
pollution, a reduction of the microbial population in the soil, and the occurrence of resistant
pathogens [59]. Also, the continuous application of agrochemicals negatively affects the
nutritional content and bioactive compounds of tomatoes, as well as the structure and
productivity of the soil [60].

In order to minimise detrimental effects on the environment and public health and
ensure food security, both scientists and growers must prioritise the search for more
ecologically friendly disease control strategies [61]. The term biological control refers to the



Microorganisms 2024, 12, 457 8 of 25

use of antagonistic microorganisms, i.e., biological control agents (BCAs), for plant disease
control [62]. According to O’Brien [63], the most common biocontrol agents are bacterial
or fungal antagonistic strains, isolated from the rhizosphere or endosphere. Biocontrol
agents have recently been excluded from the term bioprotectants, which involve the use of
extracted or fermented non-living natural products for disease management [64]. Biological
agents have found application in conventional, organic, and integrated production of
various field and vegetable crops, including tomatoes [65]. The bacteria of the genus
Bacillus are the predominant biocontrol agents, with the B. subtilis complex being the most
widely used for controlling plant diseases [66,67].

3. Bacillus Species: General Characteristics and Benefits of Application

The genus Bacillus represents a heterogeneous group of bacteria that are Gram- and
catalase-positive, motile, aerobic, or facultatively anaerobic. These bacteria are rod-shaped,
straight, and large, being 0.5–2.5 µm wide and 1.2–10 µm long [68]. They use a wide
range of carbon sources for heterotrophic or autotrophic growth, showing great metabolic
diversity. Bacilli produce dormant endospores, which allow them to survive in adverse
environments [69]. Endospores may be central or terminal in the cell, while the cells
occur singly, in pairs, or in chains. Due to their ability to grow and sporulate in a wide
range of pH values, temperatures, and salinity levels, Bacillus spp. are ubiquitous in
diverse natural habitats, including soil and plants [70]. Furthermore, Bacillus spp. produce
biofilm, which also contributes to their colonisation, survival, adaptability, application, and
effectiveness [71].

Only a few species of this genus are pathogenic, whereas others have a predomi-
nately positive effect on the growth and yield of plants [13]. Beneficial Bacillus species
have broad implementation in agriculture for their favourable culturing characteristics and
superior production of diverse bioactive compounds [72]. The Bacillus most commonly
used in agriculture is Bacillus thuringiensis due to its insecticidal properties, which are
valuable in the biological fight against phytophagous insects. The focus of this review
is on the species of the Bacillus subtilis complex, such as B. subtilis, B. amyloliquefaciens, B.
velezensis, B. licheniformis, B. mojavensis, B. pumilus, and others, that are mostly used against
pathogens [73]. Furthermore, these bacteria are generally recognised as safe (GRAS). Bio-
control mechanisms by which Bacillus spp. protect plants from pathogens include antibiotic
production, synthesis of lytic enzymes, competition for nutrients and space, production of
siderophores, production of volatile compounds, and induced systemic plant resistance
(ISR) [74]. Moreover, Bacillus spp. stimulate plant growth by producing phytohormones
such as indole-3-acetic acid (IAA), gibberellins (GA), and cytokinins (CK) [75]. Additionally,
they produce hormones that are important in regulating plant stress responses, such as
abscisic acid (ABA), salicylic acid (SA), and jasmonic acid (JA) [76]. Certain Bacillus spp.
produce ACC deaminase, which degrades 1-aminocyclopropane-1-carboxylic acid (ACC)
and thus modulates ethylene concentration in plants under stress [77]. Bacillus spp. also
influence the availability of nutrients in the soil and promote plant growth via nitrogen
fixation, phosphate solubilisation, and the production of siderophores [78,79]. Diversity
of their mechanisms of action allows them to simultaneously protect the host plant from
pathogen infection while stimulating plant growth (Figure 7).
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4. Mechanisms of Biological Control
4.1. Antimicrobial Compounds

Antimicrobial compounds (AMCs) are secondary metabolites that belong to heteroge-
neous groups of organic compounds produced by microorganisms (Figure 8). The number
of known antibiotics produced by actinomycetes (8700), bacteria (2900), and fungi (4900)
is enormous [80]. Bacteria from the genus Bacillus produce various secondary metabo-
lites that mediate antibiosis, devoting 5–8% of the total genome to their biosynthesis [81].
Based on biosynthetic pathways, antimicrobial compounds are classified into three groups,
namely, ribosomal peptides (RPs), non-ribosomal lipopeptides and peptides (NRPs), and
polyketides (PKs) [82]. Bacteriocins belong to the RP group and exhibit a broad spectrum of
inhibitory activities against closely related bacteria [82]. Most bacteriocins act by destroying
the cell wall or disrupting the cytoplasmic membrane [83]. They provide an advantage
in competitive bacterial surroundings, especially against multidrug-resistant bacteria [84].
Bacteriocins and bacteriocin-like substances, including amylolysin, amisin, subtilin, sub-
tilosin A, subtilosin B, thuricin, entianin, and ericin, have been isolated from different
Bacillus spp. [81,82]. However, there is a lack of data on the effect of Bacillus-produced
bacteriocins against tomato bacterial diseases.
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Cyclic lipopeptides (LPs) form a large class of NRP antibiotics that exert their action
against a multitude of bacterial and fungal pathogens. The antibacterial activity of LPs
works by attaching to the cell membrane of target bacteria, causing perforations and
ion leakage, followed by rapid depolarisation and inhibition of DNA, RNA, and protein
synthesis, and finally cell death [85]. Antifungal LPs primarily exhibit their action on chitin
and (1–3)-β-D-glucan synthases, thereby disrupting cell wall synthesis, osmotic pressure
regulation, and the entire cell morphology of pathogenic fungi [86]. They also influence
the synthesis and maintenance of other cellular structures, such as the cell membrane and
intracellular components (e.g., proteins, nucleotides, mitochondrial membranes, nucleus,
and endoplasmic reticulum) [86]. Besides their antimicrobial actions, LPs are important for
bacterial motility utilised in growth, reproduction, survival, competition, and colonisation;
biofilm formation in the context of its promotion or inhibition; and heavy metal removal
from the polluted environment [87]. In Bacillus species, the presence of three main LPs
families has been confirmed, i.e., surfactin (e.g., surfactin, lichenisin, pumilacidin, and
halobacillin), iturin (e.g., iturin A, bacillomycin L, bacillomycin D, bacillomycin F, and
mycosubtilin), and fengycin (e.g., fengycin, plipastatin, and maltacin) [88]. Surfactins
show antifungal and antibacterial activity, whereas iturins and fengycins are predominately
antifungal compounds [89].

Numerous studies have demonstrated the biocontrol effects of Bacillus spp. on tomato
pathogens due to the production of antibiotics (Table 2). Bouchard-Rochette et al. [90]
reported a strong antagonistic effect of B. pumilus PTB180 and B. subtilis PTB185 against
several plant pathogens, including B. cinerea, F. oxysporum, R. solani, S. sclerotiorum, Pythium
ultimum, and Phytophthora capsici, due to the production of surfactin (both strains) as well
as iturin and fengycin (B. subtilis PTB185). Moreover, foliar application of both strains indi-
vidually and in a mixture significantly reduced the incidence of grey mould on tomatoes
in greenhouse conditions. Strain B. velezensis NKMV-3, along with its lipopeptide extract,
consisting of surfactin, iturin, and fengycin, effectively controlled A. solani on tomatoes in
greenhouse studies [91]. Jia et al. [92] found that B. amyloliquefaciens XJ-BV2007 produces
fengycin, which has an important role in the control of black spot disease of tomato and
mycotoxins caused by A. alternata. Similarly, control of Fusarium wilt of tomato by B.
amyloliquefaciens strain PPL was mainly due to the production of fengycins [93]. Two antag-
onistic strains, B. subtilis MB14 and B. amyloliquefaciens MB101, that showed a significant
reduction of root rot symptoms in tomato caused by R. solani, were found positive for genes
encoding surfactin, fengycin, bacillomycin, and iturin production [94]. PCR amplification
revealed the presence of surfactin, fengycin, iturin, and bacilysin biosynthetic genes in the
B. amyloliquefaciens Oj-2.16 that exhibited a high biocontrol efficacy against Verticillium wilt
in tomato seedlings [95].

Additionally, Bacillus spp. are known to produce other non-ribosomally synthesised
LPs (e.g., bacitracins, kustakins, polymixins), peptides (e.g., mycobacillin, bacilysin), and
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polyketides (e.g., difficidin, microlactin, bacillaene) with a wide array of antibacterial and
antifungal activities [13,81]. For instance, Im et al. [96] isolated difficidin and oxydifficidin
from the B. methylotrophicus DR-08 strain, which exert antagonistic effects against vari-
ous pathogenic bacteria, including R. solanacearum, a causative agent of bacterial wilt in
tomatoes. Furthermore, antimicrobial compounds macrolactin and bacillomycin D, with
significant activity against R. solanacearum and Fusarium oxysporum, respectively, were
isolated from biocontrol agent B. amyloliquefaciens NJN-6 [97]. Bacillus amyloliquefaciens
DSBA-11 showed the highest inhibition of Ralstonia pseudosolanacearum compared to other
Bacillus spp. due to the synthesis of polyketide antibiotics, viz., difficidin, macrolactin,
and bacillaene [98]. Biosynthesis genes for macrolactin H, bacillaene, fengycin, difficidin,
bactin, bacilysin, and surfactin were found in the strain B. velezensis SDTB038, explaining
its biocontrol effects against Fusarium crown and root rot of tomato [99].

4.2. Lytic Enzymes

Synthesis of hydrolytic enzymes is an important mechanism employed by Bacillus
spp. to suppress the target pathogens, in particular pathogenic fungi (Figure 8). A fibrous
structure of the fungal cell wall predominately consists of polysaccharides, such as chitin,
glucans, and mannans, as well as glycoproteins [100]. Lytic enzymes, like chitinases,
chitosanases, glucanases, proteases, and cellulases, degrade the glycosidic bonds of such
fungal cell wall structural components [101]. In addition to plant defence, hydrolytic
enzymes also participate in plant growth and development [102].

Lytic enzymes produced by Bacillus spp. have been reported to suppress several
tomato diseases (Table 2). For instance, B. pumilus SG2 produced two chitinases with
hydrolytic activities on both oligosaccharide and polymeric substrates and an inhibitory
effect on Rhizoctonia solani, Stemphyllium botryosum, Verticillium sp., Bipolaris sp., and Ni-
grospora sp. [103]. Fruit treatment with chitosanase-producing B. subtilis V26 significantly
reduced postharvest decay of tomato caused by B. cinerea [104]. Additionally, B. velezensis
KS04AU exhibited in vitro antagonism against F. oxysporum, F. graminearum, A. alternata,
and P. syringae, as well as in vivo biocontrol against F. oxysporum f. sp. radicis-lycopersici
due to chitinase, cellulase, amylase, protease, lipase, and phytase activities [105]. Several
Bacillus spp. strains controlled Fusarium wilt in tomatoes caused by F. oxysporum f. sp.
lycopersici due to superior cellulolytic and proteolytic activity [106].

4.3. Competition for Nutrients and Space

Competition for nutrients and space is a key physical mechanism that BCAs use to
prevent the growth and spread of pathogens (Figure 8). It means that BCAs and plant
pathogens occupy the same niches and have a simultaneous demand for the same resources
(e.g., space; nutrients such as carbon, hydrogen, oxygen, phosphorus, nitrogen, and oth-
ers) [107]. Competition for microelements, such as iron, manganese, copper, and zinc, also
occurs between antagonists and pathogenic microorganisms in the soil [108]. Bacillus spp.
are very efficient in solubilising and absorbing nutrients, thereby depleting resources and
making the environment less favourable for the development of pathogens [88]. Further-
more, as biocontrol agents, Bacillus spp. have a good ability to colonise, survive, adapt, and
tolerate different stress conditions, which facilitates their establishment and maintenance
in the intended environment [109].

Recently, several studies have reported the inhibition of tomato pathogens by Bacillus
spp. biocontrol agents due to competition for nutrients and space (Table 2). For instance, B.
velezensis strain GF267 showed the highest reduction of tomato bacterial spot (pathogen
X. perforans) and better competition ability than pathogens, as proven by the utilisation
profile of carbon sources [110]. Tan et al. [111] revealed the growth promotion potential
of B. amyloliquefaciens strains CM-2 and T-5, as well as their biocontrol effect against R.
solanacearum, i.e., bacterial wilt, in greenhouse conditions, followed by high colonisation of
both antagonists and decreased density of pathogens in the tomato rhizosphere. Similarly,
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B. amyloliquefaciens SQYUV 162 efficiently controlled R. solanacearum due to competition for
root exudates between antagonists and pathogens [112].

4.4. Siderophores

Iron (Fe) is an essential micronutrient for numerous metabolic and signalling processes,
including electron transport, photosynthesis, respiration, nitrogen fixation, and DNA
synthesis. Iron availability in the soil is a limiting factor for both plants and microorganisms,
since Fe is often present in its insoluble form, i.e., ferric oxide and hydroxide complexes.
Bacillus spp. have evolved a mechanism for iron acquisition through the production of
small metal-chelating protein compounds with a high affinity for ferric iron (Fe3+), known
as siderophores (Figure 8) [113]. These bacteria produce a wide array of siderophores,
such as bacillibactin, pyochelin, pyoverdine, and petrobactin [13]. Siderophores play an
important role in biological control, making Fe unavailable to soil-borne pathogens [76].
Siderophores produced by Bacillus spp. and other biocontrol agents have a much higher
affinity for iron than the siderophores produced by plant pathogens [114]. Additionally,
siderophores have the ability to bind a wide range of other metals and act as bioremediation
and plant growth-promoting agents [115].

Kalam et al. [116] reported that all selected Bacillus spp. isolates from the tomato rhizo-
sphere produced siderophores, along with other plant growth-promoting and antagonistic
traits. Siderophore-producing Bacillus strains have been directly involved in the subsequent
inhibition of different tomato pathogens (Table 2). Xu et al. [117] recorded a reduction
of tomato grey mould and growth promotion of tomato seedlings in a greenhouse using
B. amyloliquefaciens SG08-09 and B. subtilis SG09-12 that produced siderophores, protease,
cellulase, and IAA. Similarly, the B. velezensis RC116 strain demonstrated protease, lipase,
and amylase activities; produced siderophores and IAA; and showed strong antimicrobial
activity towards R. solanacearum and F. oxysporum f. sp. lycopersici, as well as biocontrol
effects against bacterial wilt in a greenhouse setting [118]. B. amyloliquefaciens strain S1
showed the production of siderophores as well as chitinase, cellulase, protease, lipase, and
antagonistic activities against bacterial canker (pathogen C. michiganensis ssp. michiganensis)
of tomato in net house conditions [119].

4.5. Volatile Compounds

Bacillus biocontrol agents can produce numerous volatile secondary metabolites with
a broad spectrum of antimicrobial activity (Figure 8). Volatiles produced by Bacillus spp.
involve different organic (alcohols, alkenes, benzenoids, ketones, pyrazines, terpenes) and
inorganic (e.g., NH3, HCN, H2S, NO2, CO2) compounds [120]. Such compounds have a
crucial role in improving plant response and tolerance to various biotic and abiotic stresses.
Volatile compounds also promote plant growth and development and improve water and
nutrient acquisition [121]. The most volatile compounds come from glucose oxidation,
fermentations, carbon metabolism, amino acid degradation, and sulphate reduction [122].
It has been demonstrated that volatile compounds from Bacillus spp. effectively inhibited
the growth of tomato pathogens (Table 2). Thus, B. subtilis EPCO16 suppressed the growth
of F. oxysporum f. sp. lycopersici and promoted the growth of tomato seedlings due to the
production of siderophore, HCN, chitinase, β-1,3-glucanase, and protease [123]. Native
bacterial isolates B. subtilis BS6 and B. subtilis CS13 significantly reduced the growth of
tomato pathogens A. solani and F. oxysporum f. sp. lycopersici under in vitro conditions
due to the production of NH3 as well as chitinase, cellulase, and protease activities [124].
An endophytic B. subtilis EB-28 strain, positive for H2S production, showed strong anti-
fungal activity against the tomato pathogen B. cinerea, with the growth inhibition of 71%
in vitro and 52% in vivo [125]. The consortium of volatile organic compounds (benzenes,
ketones, aldehydes, alkanes, acids, furan, and naphthalene) produced by B. amylolique-
faciens T-5 showed a very strong antagonistic effect on the virulence and growth of the
tomato pathogen R. solanacearum [126]. B. subtilis BS-01 significantly reduced early blight
disease severity (pathogen A. solani) on tomato foliage due to the production of volatile
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organic compounds (triphenylphosphine oxide, n-hexadecanoic acid, octadecanoic acid,
octadecane, eicosane, dodecyl acrylate, and others) [127]. Guo et al. [128] reported a strong
antifungal activity of Bacillus tequilensis XK29 volatile compounds against the B. cinerea
(postharvest decay) of cherry tomatoes both under in vitro and in vivo conditions.

Table 2. Bacillus spp. biocontrol agents applied in the control of tomato diseases and their mechanisms
of action.

Bacillus Strain Part of Tomato Pathogen/Disease Mode of Action Reference

B. pumilus PTB180
B. subtilis PTB185 Leaves B. cinerea/grey mould Surfactin/surfactin, iturin,

fengycin [90]

B. velezensis NKMV-3 Leaves A. solani/early blight Surfactin, iturin, fengycin [91]

B. amyloliquefaciens
XJ-BV2007 Fruits A. alternata/black spot Fengycin [92]

B. amyloliquefaciens PPL Plants Fusarium oxysporum f. sp.
lycopersici/Fusarium wilt Fengycin [93]

B. subtilis MB14
B. amyloliquefaciens

MB101
Roots R. solani/root rot Surfactin, fengycin

bacillomycin, iturin [94]

B. amyloliquefaciens
Oj-2.16 Plants V. dahliae/verticillium wilt Surfactin, iturin, fengycin,

bacilysin [95]

B. methylotrophicus
DR-08 Plants R. solanacearum/bacterial wilt Difficidin, oxydifficidin [96]

B. amyloliquefaciens
DSBA-11 Plants R. solanacearum/bacterial wilt Difficidin, macrolactin,

bacillaene [98]

B. velezensis SDTB038 Plants
Fusarium oxysporum f. sp.

radicis-lycopersici/Fusarium crown
and root rot wilt

Macrolactin H, bacillaene,
fengycin, difficidin, bactin,

bacilysin, surfactin
[99]

B. subtilis V26 Fruits B. cinerea/grey mould Chitosanase [104]

B. velezensis KS04AU Roots F. oxysporum f. sp.
radicis-lycopersici/Fusarium rot

Chitinase, cellulase, amylase,
protease, lipase, phytase [105]

Several Bacillus spp. Plants Fusarium oxysporum f. sp.
lycopersici/Fusarium wilt Cellulase, protease [106]

B. velezensis GF267 Plants X. perforans/bacterial spot Competition for nutrients and
space [110]

B. amyloliquefaciens
CM-2 and T-5 Plants R. solanacearum/bacterial wilt Competition for nutrients and

space [111]

B. amyloliquefaciens
SQYUV 162 Plants R. solanacearum/bacterial wilt Competition for nutrients and

space [112]

B. amyloliquefaciens
SG08-09

B. subtilis SG09-12
Plants B. cinerea/grey mould Siderophores, protease,

cellulase, ammonia, IAA [117]

B. velezensis RC116 Plants R. solanacearum/bacterial wilt Protease, amylase, lipase,
siderophores, IAA [118]

B. amyloliquefaciens S1 Plants C. michiganensis ssp.
michiganensis/bacterial canker

Siderophores, chitinase,
cellulase, protease, lipase [119]

B. subtilis EB-28 Leaves B. cinerea/grey mould Hydrogen sulphide [125]

B. subtilis BS-01 Leaves A. solani/early blight Volatile organic compounds [127]

B. tequilensis XK29 Fruits B. cinerea/grey mould Volatile compounds [128]

B. subtilis BS 21-1 Plants B. cinerea/Botrytis rot Induced resistance [129]
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Table 2. Cont.

Bacillus Strain Part of Tomato Pathogen/Disease Mode of Action Reference

B. aryabhattai SRB02 Plants F. oxysporum f. sp.
lycopersici/Fusarium wilt Induced resistance [15]

B. subtilis OTPB1 Leaves P. infestans/late blight
A. solani/early blight Induced resistance [130]

B. amyloliquefaciens
FZB42 Stems S. sclerotiorum/Sclerotinia rot Induced resistance [131]

B. cabrialesii BH5 Leaves B. cinerea/grey mould Induced resistance [132]

B. velezensis YYC Leaves P. solanacearum/bacterial wilt Induced resistance [133]

B. subtilis CBR05 Leaves X. campestris pv. vesicatoria/
bacterial spot Induced resistance [134]

B. subtilis SR22 Roots R. solani/Rhizoctonia rot Induced resistance [135]

4.6. Induced Resistance

Plants exposed to biotic stress have adapted by developing various defence responses,
including induced systemic resistance (ISR) (Figure 8). Induced resistance is elicited by
beneficial microorganisms, such as biocontrol agents, before infection [136]. Multiple strains
of Bacillus spp. have been reported to stimulate plant defence responses in tomato plants
(Table 2). B. subtilis BS 21-1 could be used as a plant growth-promoting and biocontrol agent
for the control of Botrytis rot disease in tomatoes through systemic resistance [129]. ISR is
mainly dependent on the jasmonic acid/ethylene (JA/ET) signalling. Recently, the salicylic
acid (SA) pathway was also proven to be involved in plant recognition of biocontrol agents.
For instance, Bacillus aryabhattai SRB02 significantly inhibited tomato wilt disease caused
by F. oxysporum f. sp. lycopersici and promoted plant growth by modulating endogenous
hormones (SA, JA) [15]. Dimopoulou et al. [137] revealed that tomato defence signalling
pathways depended on the dose of application. Thus, a lower dose of a commercial bacterial
product based on biocontrol agent B. amyloliquefaciens MBI600 activated SA-responsive
genes; a higher dose primed defence via JA/ET signalling; and the suggested dose induced
synergistic cross-talk between both pathways.

Additionally, ISR is associated with the accumulation of defence-related enzymes,
including peroxidase (POX), polyphenol oxidase (PPO), phenylalanine ammonia-lyase
(PAL), superoxide dismutase (SOD), and catalase (CAT) [138]. Bacillus spp. may trigger ISR
in plants through the action of plant hormones, antibiotics, volatiles, and other bioactive
metabolites. For instance, Ongena et al. [139] reported that lipopeptide compounds such as
surfactins and fengycins, produced by Bacillus spp., may also be involved in the elicitation
of ISR. Simiraly, B. subtilis OTPB1 increased plant growth and seedling vigour index, exhib-
ited in vitro antifungal activity towards P. infestans and A. solani, and enhanced systemic
resistance in tomato seedlings against late and early blight via the induction of plant hor-
mones (IAA, GA3) and defence enzymes (POX, PPO, and SOD) [130]. The biocontrol agent
B. amyloliquefaciens FZB42 inhibited the growth of S. sclerotiorum and reduced lesion size
in tomato plants under in vitro and greenhouse conditions, respectively. Moreover, it was
found that the antifungal activity of B. amyloliquefaciens FZB42 was a result of lipopeptide
fengycin, which induced systemic resistance in tomato and downregulated the expression
of defence-related genes in tomato plants [131]. Zhou et al. [132] demonstrated that both
Bacillus cabrialesii BH5 and fengycin H, produced by BH5, stimulated the ISR of tomato
plants against B. cinerea through JA signalling and had a significant biocontrol effect under
in vivo conditions. Moreover, B. velezensis YYC significantly reduced bacterial wilt caused
by Pseudomonas solanacearum in tomato plants in vivo and enhanced plant resistance by
increasing the activity of defence-related enzymes (PAL, POD, and SOD) while inducing
the expression of genes related to IAA, GA, JA, and SA [133]. Chandrasekaran et al. [134]
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suggested that the β-1,3-glucanase and phenylalanine ammonia-lyase activities of B. subtilis
CBR05 are responsible for tomato resistance against bacterial spot disease caused by X.
campestris pv. vesicatoria. Biocontrol agent B. subtilis SR22 efficiently suppressed the R. solani
growth and root rot disease under in vitro and greenhouse conditions due to the production
of numerous bioactive compounds, including phthalic acid, pyrrolo[1,2-a]pyrazine-1,4-
dione, hexahydro, chlorogenic acid, propyl thioglycolic acid, and 2,3-butanediol [135].
Moreover, this strain improved tomato growth parameters as well as total phenolic content
and antioxidant enzyme activity in tomato roots, indicating its ISR effect [135]. The applica-
tion of Bacillus subtilis MBI600 on tomato plants significantly improved plant growth and
had a strong biocontrol effect against three tomato pathogens, namely, R. solani, Pythium ul-
timum, and F. oxysporum f. sp. radicis-lycopersici [140]. Furthermore, activation of two auxin-
and defence-related genes used as markers of the SA and JA/ET signalling pathways
suggested that the strain MBI600 induced systemic resistance in tomato plants [140].

5. Combined Strategies for Tomato Disease Management

Bacillus spp. still cannot completely replace the use of agrochemicals due to their
limited efficacy in natural conditions. Therefore, further research is needed to provide more
effective control of tomato diseases. In tomato production, different strategies have been
combined to achieve integrated and more effective control of plant pathogens. Using a
particular strategy individually does not meet the needs for reducing tomato yield losses
while suppressing plant diseases and maintaining agricultural sustainability. Nowadays,
integrated disease management (IDM) of vegetable crops, including tomato, is a common
approach in modern agriculture and implies using all available measures, including host
plant resistance and cultural, biological, and chemical control, that ensure high yield and
quality in accordance with economic, social, and ecological principles [61].

Biocontrol agents are an important component of an IDM that can significantly min-
imise the need for agrochemicals and the presence of chemical residues in agricultural
products. One of the most common approaches in the suppression of tomato pathogens is
the combined application of Bacillus spp. with chemical fertilisers or PPPs (Table 3). For
example, foliar application of B. subtilis alone or in combination with plant nutrients (NPK,
Zn, Mg, and B) significantly reduced A. solani by 67–83%; improved the growth of tomato
plants by 20–77%; and modified the content of total chlorophyll, carotenoids, phenols, and
antioxidant enzymes [141]. These results showed a synergistic effect of biocontrol agents
and plant nutrients for protection against early blight disease and the improvement of
the growth of tomato plants. Moreover, the combined application of NPK fertiliser and
two biocontrol agents, B. subtilis and T. asperellum, in the management of damping-off
disease caused by Pythium aphanidermatum resulted in a significantly higher dry mass of
tomato seedlings as compared to fertiliser or either biocontrol agent alone [142].

Furthermore, the use of Bacillus spp. with organic fertiliser is also more effective in
controlling tomato diseases than the individual application of biocontrol agents (Table 3).
Thus, B. amyloliquefaciens, SQY 162 applied with cattle manure compost and amino acid
fertiliser was efficient in suppressing tomato bacterial wilt caused by R. solanacearum [143].
Similarly, the most effective protection of tomatoes from P. infestans and the highest effect
on tomato growth were achieved with B. subtilis subsp. subtilis and oak bark compost,
suggesting their mutual contribution to soil quality and plant resistance to late blight [144].
Ji et al. [145] showed full compatibility of B. methylotrophicus TA-1 with the fungicide
fluopimomide and their synergistic effect against the grey mould of tomato in laboratory,
greenhouse, and field trials, indicating the possibility of reducing the amounts of fungicide
application. Also, the growth of B. subtilis B-001 was unaffected by the Saisentong in vitro,
while their combination resulted in the higher control of R. solanacearum, a causative agent
of tomato bacterial wilt, compared with either bacterial or bactericide treatment in both
greenhouse and field conditions [146]. Bacilli strains, i.e., B. subtilis GB03 and FZB24, B.
amyloliquefaciens IN937a, and B. pumilus SE34, combined with acibenzolar-S-methyl and
hymexazol, significantly increased the suppression of Fusarium crown and root rot of
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tomato caused by F. oxysporum f. sp. radicis-lycopersici [147]. A base soil treatment of
Bacillus spp. or B. subtilis combined with foliar-applied Reynoutria sachalinensis, Melaleuca
alternifolia, harpin αβ proteins, or bee honey efficiently reduced the intensity of grey mould
(B. cinerea) and powdery mildew (Leveillula taurica) as compared to conventional foliar
disease control [148]. Mousa et al. [149] showed that B. amyloliquefaciens BA, alone or in
combination with peppermint oil, promoted seed germination and seedling vigour and
reduced the severity of Fusarium wilt in tomato (pathogen F. oxysporum f. sp. lycopersici)
under greenhouse and field conditions.

Another promising strategy for controlling tomato diseases is the use of consortia-
based biocontrol agents (Table 3). For instance, Abdeljalil et al. [150] reported that the
combination of three biocontrol bacterial agents, B. subtilis, B. thuringiensis, and Enterobacter
cloacae, with or without biocontrol oomycete Pythium oligandrum, significantly reduced the
occurrence of root rot caused by R. solani, with microbial treatments being more effective
than fungicide. Aside from their antifungal potential, B. thuringiensis strains are primarily
applied as biopesticides for intentional insect control, while an effective washing procedure
could reduce the bacterial residues on tomato fruits for safe food consumption [151]. Simi-
larly, Chien and Huang [152] reported that the single or combined use of two bioagents, B.
amyloliquefaciens and T. asperellum, has the potential to control tomato bacterial spot caused
by X. perforans, producing statistically equal or better results compared to copper standard
fungicide (cupric hydroxide with ethylene bisdithiocarbamate). Microbial antagonists, B.
subtilis, P. fluorescens, and Trichoderma spp., significantly reduced the early blight disease
in greenhouse and field conditions, while their biocontrol potential was comparable with
the fungicide effect [153]. Application of B. velezensis ERBS51 and Bacillus sp. ERBS10
with arbuscular mycorrhiza fungi (Funneliformis mosseae and Glomus fasciculatum) had the
highest effect on the suppression of Fusarium wilt as well as tomato growth and yield in
pot and field experiments [154]. Furthermore, two strains with plant growth-promoting
and biocontrol potential, B. subtilis PPB9 and Stenotrophomonas maltophilia PPB3, increased
seed germination, seedling vigour, plant growth, chlorophyll content, and nutrient con-
centration (N, P, K) and reduced Southern blight disease of tomato in greenhouse and
field conditions [155]. The utilisation of different biocontrol agents caused the desired
microbiome shifts, which contribute to plant protection against the target pathogen. Thus,
Elsayed et al. [156] showed that B. velezensis B63 and P. fluorescens P142 significantly reduced
bacterial wilt caused by R. solanacearum B3B, accompanied by lower pathogen abundance
and shifts in the prokaryotic community composition of the tomato rhizosphere. Similarly,
antagonistic bacteria B. velezensis MB101 and Pseudomonas fluorescens MPF47 significantly
influenced the bacterial count and function, as well as soil enzymes, with the beneficial
effect of examined carbon sources on healthy microbiome propagation towards R. solani in
the tomato rhizosphere [157]. Additionally, Khalil [158] recorded that B. subtilis, Trichoderma
viride, and Topsin-M70 significantly suppressed Fusarium root rot in tomatoes, although the
fungicide was the most efficient treatment. However, microbial antagonists had a positive
influence on the rhizosphere microbiome and enzyme activity as compared to fungicide.

Table 3. Combined application of Bacillus spp. and other methods/agents in the control of tomato
diseases.

Bacillus Strain Combination with Antagonists/Fungicide Pathogen/Disease Reference

B. subtilis Plant nutrients (NPK, Zn, Mg, B) A. solani/early blight [141]

B. subtilis NPK fertiliser
Trichoderma asperellum Pythium aphanidermatum/damping off [142]

B. amyloliquefaciens Cattle manure compost
Amino acid fertiliser R. solanacearum/bacterial wilt [143]

B. subtilis subsp. subtilis Oak-bark compost P. infestans/late blight [144]

B. methylotrophicus Fungicide fluopimomide B. cinerea/grey mould [145]
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Table 3. Cont.

Bacillus Strain Combination with Antagonists/Fungicide Pathogen/Disease Reference

B. subtilis B-001 Bactericide Saisentong R. solanacearum/bacterial wilt [146]

B. subtilis
B. amyloliquefaciens

B. pumilus

Acibenzolar-S-methyl
hymexazol

F. oxysporum f. sp.
radicis-lycopersici/Fusarium crown

and root rot
[147]

Bacillus spp.
B. subtilis

Reynoutria sachalinensis
Malaleuca alternifolia
Harpin αβ proteins

Bee honey

Grey mould/B. cinerea
Powdery mildew/Leveillula taurica [148]

B. amyloliquefaciens Peppermint oil F. oxysporum f. sp.
lycopersici/Fusarium wilt [149]

B. subtilis
B. thuringiensis

Enterobacter cloacae
Pythium oligandrum R.solani/Rhizoctonia root rot [150]

B. amyloliquefaciens Trichoderma asperellum X. perforans/bacterial spot [152]

B. subtilis Trichoderma spp.
Pseudomonas fluorescens A.solani/early blight [153]

Bacillus sp.
B. velezensis

Funneliformis mosseae
Glomus fasciculatum

Fusarium oxysporum f. sp.
lycopersici/Fusarium wilt [154]

B. subtilis PPB9 Stenotrophomonas maltophila PPB3 Sclerotium rolfsii/Southern blight [155]

B. velezensis P. fluorescens R. solanacearum/bacterial wilt [156]

B. velezensis P. fluorescens R.solani/Rhizoctonia root rot [157]

B. subtilis Trichoderma viride Fusarium solani/Fusarium root rot [158]

6. Summary and Conclusions

Tomato production can be threatened by various phytopathogenic fungi and bacte-
ria that affect yield reduction and fruit quality. Tomato protection from plant pathogens
still heavily relies on the application of PPPs. In order to provide high-quality food, the
imperative for the protection of tomatoes is the introduction of alternative pathogen con-
trol measures. One of the most promising strategies for reducing the use of PPPs and
suppressing pathogens is the use of Bacillus spp. and Bacillus-based PPPs. However, the
wider practical application of these agents is frequently confronted with limited and unsta-
ble efficiency in field conditions. Dynamic and complex soil–plant–microbe interactions,
accompanied by biotic and abiotic stress and the effects of climate change, influence the
colonisation and action of introduced Bacillus spp. agents. Nowadays, new approaches
have been proposed to improve biocontrol efficacy, including the combined application
of Bacillus spp. with organic or chemical amendments, as well as the use of antimicrobial
metabolites with or without biocontrol agents. Furthermore, using a microbial consor-
tium consisting of Bacillus spp. strains and other biocontrol or plant growth-promoting
agents with multiple functions showed higher survival, adaptability, and effectiveness as
compared with their individual applications. Integrated multi-omics and bioinformatics
technologies should be exploited to underline the mechanisms and efficiency issues of
Bacillus spp. agents for managing plant diseases in sustainable agricultural production.
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