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Microorganisms play an important role due to their presence all over the universe, 
and regulating biogeochemical systems in virtually all of our planet’s environments. 
Among all microbes especially in prokaryotic genera, Bacillus spp. represents one 
of the most important unmapped pools of biodiversity with immense potential of 
applications in agriculture, industry and medicine. These Gram-positive spore 
forming bacteria are some of the most dominant groups that exist in various 
ecological niches on the earth due to their survivability in adverse environmental 
conditions by producing endospores. Recognizing the enormous potential of the 
bacteria in this genus, scientists all over the world have directed significant research 
towards selection and commercialization of the best organisms that may provide 
protection of plants from harmful microbes and/or enhance plant growth, produce 
industrially important enzymes, antibiotics, probiotics and other biochemicals. 
Innovative approaches are also being explored utilizing Bacillus mediated bioreme-
diation of environmental pollutants such as pesticides, explosive wastes, dyes and 
polycyclic aromatic hydrocarbons. Discovery of insecticidal toxin from Bacillus 
thuringiensis (Bt) revolutionized insect pest management in many economically 
important crops by developing resistant crop varieties. Agricultural biotechnology 
that involves a wide range of insecticidal toxin producing genes from Bt has domi-
nated the pesticide management research for last few decades. The emergence of 
resistant insect pests to Bt-based bioinsecticides and Bt-crops has created new chal-
lenges invoking more research on stacking resistant genes and further modifications 
of Bt toxin chemistries. While Bt transgenic crops are being released, questions on 
ecological aspects are getting louder provoking more research in this area. Genetics 
and genomics research on allied species of Bacillus has grown at a bewildering pace 
in the last decade.
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Chapter 1
Management of Fungal Diseases 
on Cucumber (Cucumis sativus L.) 
and Tomato (Solanum lycopersicum L.) 
Crops in Greenhouses Using  
Bacillus subtilis

Li Ni and Zamir K. Punja

1.1  �Introduction

The greenhouse vegetable industry has expanded rapidly in recent decades, and 
cultivated areas of greenhouse vegetable production currently include over 1.6 mil-
lion hectares worldwide (Peet and Welles 2005). The most extensive greenhouse 
vegetable production occurs in Asia, followed by Europe, with the Netherlands hav-
ing the largest acreage of vegetable production under non-plastic glasshouses. In 
Canada, the greenhouse vegetable industry has been the largest and fastest-growing 
sector of Canadian horticulture. The high-technology greenhouses are equipped 
with computerized environmental control systems, automatic irrigation, heating and 
ventilation systems, and movable screens for shading or conservation of energy, 
which can provide optimal temperatures, humidity, nutrient regimes, lighting, and 
moisture conditions to produce high-quality fresh vegetables (Dickerson 1996). 
This type of greenhouse production is more cost-intensive compared to crops grown 
under field conditions because it requires a relatively higher investment in infra-
structure for growers. However, greenhouse commodities provide more profits to 
greenhouse operators because they have always been considered a premium product 
by consumers. Canada’s greenhouses produce many high-value vegetables, such as 
tomato, cucumber, lettuce, pepper, eggplant, greenhouse beans, and various herbs. 
Tomato (Solanum lycopersicum L.) and cucumber (Cucumis sativus L.) are the two 
most popular crops grown by Canadian greenhouse vegetable growers. In 2016, the 
total farm gate value of greenhouse vegetables was more than $1.3 billion in Canada. 
Of these commodities, tomatoes accounted for 41% ($544 million), and cucumbers 
accounted for 25% ($334 million) (Agriculture and Agri-Food Canada 2017).

L. Ni · Z. K. Punja (*) 
Department of Biological Sciences, Simon Fraser University, Burnaby, BC, Canada
e-mail: punja@sfu.ca

http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-030-15175-1_1&domain=pdf
mailto:punja@sfu.ca


2

Fungal diseases are the primary limiting factor during commercial production of 
tomatoes and cucumbers in greenhouses. Infection by these pathogens can result in 
plant death and reduced yields. Many management approaches have been taken to 
prevent the establishment of diseases and to minimize the development of pathogens 
in tomato and cucumber crops. These include the use of fungicides, the development 
of resistant or tolerant cultivars, and use of biological control agents. In recent years, 
the primary management approaches for diseases are growing resistant cultivars and 
use of newer fungicide chemistries. However, there are only a few resistant cultivars 
developed and available on the market, and although applying fungicides can be the 
most effective control method where available, pathogens can develop fungicide 
resistance (Brown 2002). More importantly, potential environmental contamination 
and residues of fungicides on fresh produce are of public concern. Consequently, the 
controlled environment of greenhouses, the high value of the crops, the limited 
number of resistant varieties, and the restrictions to fungicide use offer a unique 
opportunity for the development and application of biological control agents to 
reduce crop losses due to pathogen infection. A majority of biological control prod-
ucts available on the market have in fact been specifically developed for greenhouse 
crops (Paulitz and Belanger 2001). Currently, there are several registered commer-
cial biological control products available for use in Canadian greenhouses, includ-
ing Bacillus subtilis QST 713 (Rhapsody® and Serenade®), Gliocladium 
catenulatum strain J1446 (Prestop®), Streptomyces lydicus WYEC 108 
(Actinovate®), Streptomyces griseoviridis K61 (Mycostop®), and Trichoderma 
harzianum strain T-22 (Rootshield®). Among these products, B. subtilis has great 
potential to be a broad and effective biological control agent for management of a 
number of important foliar, root-infecting, or postharvest fungal diseases since B. 
subtilis has the capacity to produce a broad range of antibiotics and antifungal 
enzymes (Cawoy et al. 2011). In this chapter, the efficacy of B. subtilis against spe-
cific diseases of greenhouse-grown cucumber and tomato crops will be discussed.

1.2  �Bacillus subtilis

1.2.1  �Biology and Ecology of B. subtilis

Bacillus subtilis is an extremely diverse bacterial species that is broadly adaptable 
to many environments. The bacterial cells are able to withstand extremes of envi-
ronmental conditions due to the transient synthesis of heat shock or cold shock 
proteins at different temperatures – the bacterium has the capacity for completing its 
life cycle at temperatures up to 54–55 °C (Danchin 2001). The bacterium grows best 
at a pH range of 5.5 to 6.5. Temperatures required for optimal antifungal activities 
of B. subtilis against fungal pathogens can differ. For example, antifungal activities 
of B. subtilis were highest at 17 °C for Fusarium oxysporum, and higher tempera-
tures impaired the ability of the bacterium to inhibit growth of F. oxysporum during 
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in  vitro tests (Krebs et  al. 1998). In contrast, higher temperatures increased the 
inhibition zones of B. subtilis against Sclerotinia sclerotiorum and Rhizoctonia 
solani (Krebs et al. 1998). A reduced suppression of F. oxysporum was reported at 
higher pH value (pH 8.3) of the medium, while there was no relationship between 
pH value of the media from pH 5.7 to pH 8.3 and the antifungal activities for R. 
solani and S. sclerotiorum (Krebs et al. 1998).

B. subtilis has historically been thought of as strict aerobe, but many studies have 
reported that this Gram-positive bacterium can grow under anaerobic conditions 
(Nakano and Zuber 1998). It forms endospores when levels of nitrogen, carbon, and 
phosphorus are below the optimal threshold for growth (Earl et al. 2008). These 
environmentally resistant and metabolically dormant endospores allow the bacte-
rium to survive under nutrient-deficient and extremes of environmental conditions, 
including high temperatures, ionizing radiation, unfavorable pH, and soil desicca-
tion (Higgins and Dworkin 2011). The endospores are airborne and can be dissemi-
nated by wind (Merrill et al. 2006). They do not germinate until the environmental 
conditions become favorable for growth and development.

The availability of effective biocontrol formulations, and survival in storage and 
rapid multiplication and postinoculation colonization, determines the success of 
biological control agents for plant diseases (Becker and Schwinn 1993). B. subtilis 
has been successfully formulated, and many stable and effective formulations have 
been developed for application in biological control of plant diseases. Formulations 
are generally divided into two types: dry products such as dusts, granules, and wet-
table powders and liquid products such as oils, cell suspensions, and emulsions 
(Schisler et al. 2004). It has been reported that B. subtilis is able to form packed 
dense surface- or interface-associated multicellular aggregates, generally referred to 
as biofilms, under unfavorable environmental factors, including oxygen and nutrient 
deprivation (Morikawa 2006). The bacterium attaches to plant roots through pro-
duction of an extracellular matrix to form biofilms (Beauregard et al. 2013). Previous 
research has shown the formation of a biofilm of B. subtilis required only a few 
hours after the settlement of cells on the plant root (Allard-Massicotte et al. 2016). 
One of the most important benefits of biofilms is to protect cells from environmental 
damage (Davey and O’Toole 2000). It has been suggested that biofilm formation by 
B. subtilis enhances its ability to act as a biological control agent for the suppression 
of pathogens infecting plants (Morikawa 2006). Previous research showed that the 
major components of cell walls (polysaccharides) serve as environmental triggers to 
the formation of biofilms by B. subtilis (Beauregard et al. 2013).

Bacillus subtilis is often considered as “soil dweller” because it is most com-
monly found in soil environments and can be isolated from the rhizospheres of vari-
ous plants (Earl et al. 2008). The bacterium has also been isolated from other plant 
parts, including leaves, stems, and fruits. Bacterial cells can multiply rapidly and 
colonize root systems, leaf surfaces, and the surrounding soil horizons (Cawoy et al. 
2011). It is beneficial for B. subtilis colonization of plant roots and the mutualistic 
symbiosis that develops between the bacterium and the host when there is abundant 
carbon available for bacterial growth (Allard-Massicotte et al. 2016). Plants support 
B. subtilis populations through secretion of approximately 30% of fixed carbon 
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from root exudates (Allard-Massicotte et al. 2016). It also has been indicated that 
intact chemotaxis machinery is needed for root colonization by this bacterium at 
early stages (Allard-Massicotte et al. 2016). Many B. subtilis chemoreceptors are 
involved in root colonization, which plays an important role to colonize the root 
efficiently in soil (Allard-Massicotte et al. 2016). The presence of bacteria on the 
roots can enhance plant growth and disease resistance through several mechanisms: 
competition with other microbes that could cause adverse effects on the plant, 
induction of host defense responses against pathogens, and increased uptake of cer-
tain nutrients, such as nitrogen and phosphorus (Nagorska et al. 2007). These will 
be described in more detail below.

1.2.2  �Competition with Other Microbes

At the root surface, competition with other root-inhabiting microorganisms for 
space and nutrients released from plant leaves or roots is an important aspect of the 
mechanism of action of B. subtilis against plant pathogens (Cawoy et  al. 2011). 
Carbon plays an important role in fungistasis which is characterized by the suppres-
sion of germination of fungal spores in soil (Alabouvette et al. 2006). Competition 
for carbon by the bacterium is a critical factor for biological control by B. subtilis 
(Cawoy et al. 2011). B. subtilis also competes for several trace elements with other 
soilborne pathogens, including copper, manganese, iron, and zinc. Soil-inhabiting 
organisms have to compete for iron in particular due to its limited availability in soil 
(Loper and Henkels 1997). B. subtilis produces siderophores that have a high affin-
ity for iron so that they can solubilize and obtain ferric ion efficiently; consequently, 
other soil microorganisms cannot grow and develop in the absence of iron (Haas 
and Defago 2005; Loper and Henkels 1997; Cawoy et al. 2011). In addition, it has 
been reported that B. subtilis can dissolve inorganic phosphate during phosphoryla-
tion and increase the use rate of phosphate in the soil (Wang et al. 2018).

1.2.3  �Production of Inhibitory Chemicals

B. subtilis can produce antibiotic molecules at high levels during sporulation. 
Approximately 4–5% of the genome is utilized for the synthesis of antibiotic mol-
ecules (Stein 2005). More than two dozen antimicrobial compounds with diverse 
structures are produced by B. subtilis (Stein 2005), including polymyxin, subtilin, 
difficidin, and mycobacillin. The main class of antibiotics produced by B. subtilis is 
the peptides which usually consist of amino acids and other residues (Cawoy et al. 
2011). Cyclic lipopeptides are a primary class of peptide antibiotics of Bacillus. 
There are three major families of cyclic lipopeptides (LPs) of Bacillus species: 
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iturins, surfactins, and fengycins. B. subtilis cells can produce these cyclic LPs at 
high rates in vitro and secrete them under environmental conditions in the rhizo-
sphere (Cawoy et al. 2014). Each family of cyclic LPs exhibits particular antibiotic 
activities. They play different roles in the confrontation between Bacillus species 
and plant pathogens. The families of fengycin and iturin are capable of destroying 
surface tension of cell membranes of fungi so that micropores occur and essential 
ions are lost, which consequently triggers fungal cell death (Ongena and Jacques 
2008; Mihalache et al. 2017). It appears that iturin is the major component effective 
against plant pathogens based on the size of inhibition zones on agar media (Cawoy 
et al. 2014). Experiments have shown that B. subtilis strain RB14 produces iturin A 
that positively influences the suppression of damping-off on tomato plants, caused 
by Rhizoctonia solani (Asaka and Shoda 1996). Not only are soilborne diseases 
inhibited but foliar diseases are also reduced by the production of cyclic lipopep-
tides synthesized by B. subtilis. For example, it has been demonstrated that the 
production of both iturins and fengycins in B. subtilis contributes to the inhibition 
of powdery mildew caused by Podosphaera fusca on melon leaves (Romero et al. 
2007a). These cyclic lipopeptides are capable of inhibiting the germination of 
conidia of P. fusca (Cawoy et al. 2011). As for postharvest diseases, a strain of B. 
subtilis GA1 reduced gray mold caused by Botrytis cinerea which results in visible 
decay on apple fruits through effectively producing three families of cyclic lipopep-
tides – iturins, surfactins, and fengycins (Cawoy et al. 2011). It has been found that 
fengycin produced by B. subtilis 9407 showed strong antifungal activity and was 
important to the biocontrol of apple ring rot caused by Botryosphaeria dothidea 
(Fan et al. 2017). Touré et al. (2004) found that fengycins produced by B. subtilis 
GA1 show strong inhibitory effects on gray mold diseases after treating apple fruits 
with cyclic lipopeptide-enriched extracts and detecting the inhibitory amounts of 
fengycins. There is a clear connection between the antagonism activities against 
fungal diseases and the permeabilization of conidia for suppressing spore germina-
tion or perturbing hyphal cells, and these two phenomena are most likely caused by 
membrane injury resulting from the production of cyclic lipopeptides (Cawoy et al. 
2011). Surfactin is probably not involved against fungal growth, but it assists the 
bacterium in colonizing root tissues and establishing in the rhizosphere of plants 
through the formation of a biofilm layer (Cawoy et al. 2014; Mihalache et al. 2017). 
Additionally, some biological control organisms may take advantage of other 
important inhibitory mechanisms such as predation or parasitism by the enzymatic 
damage of cell walls of the fungal pathogen (Cawoy et al. 2011). Whipps (2001) 
suggested that biological control agents can produce a variety of enzymes that 
degrade the cell wall to result in the parasitism and degradation of hyphae or spores 
of fungal pathogens. B. subtilis strain AF1 secretes N-acetyl glucosaminidase and 
glucanase to inhibit the growth of fungi (Manjula and Podile 2005). Chitinase 
enzyme produced by B. subtilis ATCC 11774 was able to inhibit growth of R. solani 
by 43.3% on agar medium (Saber et al. 2015).

1  Management of Fungal Diseases on Cucumber (Cucumis sativus L.)…
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1.2.4  �Induction of Plant Resistance

The modes of action of some biocontrol bacteria strains are distinct from the mecha-
nisms described above. These strains are able to activate defense systems when host 
plants are attacked by pathogens, resulting in an increased level of resistance 
(Conrath et al. 2006). Induced systemic resistance is observed as sequential pro-
cesses. Firstly, elicitors in plant cells perceive the penetration by fungal pathogens, 
thereby initiating the induced systemic resistance responses of the host plant through 
cell signaling throughout the plant (Van Loon 2007). Invasion of pathogens is sub-
sequently reduced by the expression of defense mechanisms (Van Loon 2007). 
There are several molecules produced for the defense response against pathogens, 
including pathogenesis-related proteins (chitinases, proteinase inhibitors, β-1,3-
glucanases, etc.), phytoalexins, and lignin (Van Loon 2007). The thickened cell wall 
and dead tissues create a barrier to block off the transport of nutrients to pathogens, 
preventing the extensive penetration caused by fungal pathogens (Lugtenberg et al. 
2002). Bacillus spp. can produce volatile compounds and lipopeptides. These com-
pounds are considered as elicitors of induced systemic resistance. Ongena et  al. 
(2007) reported that systemic resistance was induced by surfactin produced by 
strain B. subtilis S499. According to experimental results from tomato and bean, the 
overexpression of genes of surfactin and fengycin in B. subtilis strain 168 was 
related to the potential increased derivatives that stimulate resistance of the host 
plant (Cawoy et al. 2011). Siderophores produced by B. subtilis adhere to the bio-
film surface so that B. subtilis can secrete broad-spectrum resistance compounds 
and improve the spectrum of disease resistance of plants (Hofte and Bakker 2007).

1.3  �Control of Cucumber Diseases Using B. subtilis

Cucumber (Cucumis sativus L.), a member of the Cucurbitaceae family, is a crop that 
grows best under conditions of warm temperatures (20–25 °C), abundant sunlight, 
high humidity, and adequate fertilizers. It is sensitive to cold temperatures, which 
can significantly reduce yields as well as plant growth. Cucumber plants are grown 
in either greenhouses or under field conditions. Greenhouse cucumber production is 
an important segment of the Canadian agriculture food industry and is also very 
popular in many areas of the world, such as China, India, Russia, and the United 
States. In 2015, greenhouse cucumber was one of the primary greenhouse vegetable 
crops grown annually in Canada with about 180 million kg of production (Dey et al. 
2017). The major greenhouse cucumber production areas are mainly in Ontario (144 
million kg), British Columbia (23 million kg), and Alberta (9 million kg) (Dey et al. 
2017). All greenhouse cucumbers are produced for fresh market consumption. It has 
been reported that the farm gate value of greenhouse cucumbers in Canada was $308 
million in 2015 (Wang 2016). The most important diseases on cucumber are Pythium 
crown and root rot (Pythium aphanidermatum, P. irregulare, P. sylvaticum, and P. 
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ultimum), Fusarium root and stem rot (Fusarium oxysporum f. sp. radicis-cucumeri-
num), gummy stem blight (Didymella bryoniae, anamorph Phoma cucurbita-
cearum), powdery mildew (Podosphaera xanthii synonym Sphaerotheca fusca or 
Podosphaera fusca), and botrytis gray mold (Botrytis cinerea).

1.3.1  �Powdery Mildew Control on Cucumber

Powdery mildew on cucurbits is a widespread fungal disease that is caused by 
Podosphaera xanthii and less commonly by Golovinomyces (Erysiphe) cichora-
cearum (Lebeda 1983; Jahn et al. 2002; Křıstková et al. 2003). Powdery mildew is 
easy to recognize because it forms colonies of whitish talcum-like powdery growth 
on the upper and occasionally lower leaf surfaces, petioles, and stems (Fig. 1.1). 
This disease can impair photosynthesis, resulting in a reduction in plant growth, 
premature senescence of infected foliage, and sometimes death of leaves (Nunez-
Palenius et al. 2006). Powdery mildew is one of the most important limiting factors 
for cucurbit production in many countries around the world under a wide range of 
environmental conditions. Under controlled environmental conditions with optimal 
temperature and humidity conditions, greenhouses provide an ideal place for the 
development and spread of powdery mildews. Roberts and Kucharek (2005) 
reported that the incidence of outbreaks of powdery mildew has increased in recent 
years. Powdery mildews develop rapidly under favorable conditions because a large 
number of conidia can be produced within a short time and symptoms can appear on 
leaves after only 3–7 days of infection (McGrath 2017).

In Canada, powdery mildew is the most important foliar disease on cucumber 
plants grown in greenhouses (Fig. 1.1). Therefore, it is critical to control the disease 

Fig. 1.1  Early stages of powdery mildew development on a greenhouse cucumber leaf (a) com-
pared to severe infection later in the season (b)

1  Management of Fungal Diseases on Cucumber (Cucumis sativus L.)…
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in a timely manner to avoid extensive premature defoliation on the lower leaves of 
plants. Powdery mildew is managed through many different strategies. These 
include selecting resistant cultivars and applying fungicides, biological control 
agents, and chemical compounds (Nunez-Palenius et al. 2006). Currently, due to 
more frequently reported fungicide resistance development in cucurbit powdery 
mildew fungi (McGrath 2001) and the rising public concerns toward the potential 
side effects of pesticides on the environment and nontarget species, it is necessary 
to develop multiple ecologically safer chemicals or other complementary proce-
dures for managing cucurbit powdery mildews (Perez-Garcia et al. 2009).

The use of biocontrol agents is one approach to manage powdery mildew on 
cucurbits. There are a number of biological control agents that have been shown to 
suppress powdery mildew development on cucumber, including Bacillus subtilis 
(Serenade®), Ampelomyces quisqualis Ces. (AQ10®), Lecanicillium lecanii 
(Mycotal®), and Sporothrix flocculosa (Sporodex®). B. subtilis strain QST713 
(Serenade®) has been previously shown to be an effective biological control prod-
uct against powdery mildew on squash and pumpkin. As mentioned previously, sev-
eral lipopeptide antibiotics, such as iturin, fengycin, surfactins, and agrastatin/
plipastatins, were reported to prevent infection by powdery mildew fungi on leaves 
(Romero et  al. 2004, 2007c; Nunez-Palenius et  al. 2006; Gilardi et  al. 2008). 
Combination of surfactins at 25 ppm or less with the group of agrastatin/plipastatin 
or iturins significantly suppressed the development of spores and germ tubes 
(Manker 2005). Moreover, iturins and agrastatins closely cooperate to inhibit the 
growth of pathogen spores (Gilardi et al. 2008). Matheron and Porchas (2000) indi-
cated that the alternation of B. subtilis QST713 with myclobutanil, sulfur, and tri-
floxystrobin resulted in effective control of powdery mildew on lettuce. In the case 
study of zucchini, it was shown that P. xanthii was better controlled by B. subtilis 
QST713 when applied with azoxystrobin than azoxystrobin alone (Gilardi et  al. 
2008). B. subtilis strain UMAF6639 is another antagonistic strain which protects 
melon plants against powdery mildew caused by P. xanthii by means of induced 
systemic resistance (ISR) in the host plant (Garcia-Gutierrez et al. 2013). The dis-
ease severity was reduced by approximately 50% on melon seedlings treated with 
B. subtilis UMAF6639 after 18-day inoculation of powdery mildew fungi (Garcia-
Gutierrez et al. 2013). Experimental results suggested that the ISR response induced 
by B. subtilis UMAF6639 in melon to suppress powdery mildews is dependent on 
both jasmonate (JA) and salicylic acid (SA) signaling (Garcia-Gutierrez et al. 2013). 
Cucurbit powdery mildew caused by P. xanthii is sensitive to SA-regulated defense 
responses because the fungi are biotrophic (Glazebrook 2005; Pieterse et al. 2009). 
Systemic acquired resistance (SAR) inducers, including salicylic acid (SA), benzo-
thiadiazole (BTH), and acibenzolar-S-methyl (ASM), activate SA-dependent sig-
naling pathways to suppress the severity of cucurbit powdery mildew (Salmeron 
et al. 2002; Lin et al. 2009). Garcia-Gutierrez et al. (2013) indicated that resistance 
against powdery mildew was improved via the activation of JA signaling pathways. 
It appears that UMAF6639-bacterized melon plants demonstrated increased 
cooperative activity of SA and JA signaling pathways which may be associated with 
the ISR response, allowing the plant to produce more reactive oxygen species and 
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reinforce cell walls which provide efficient defenses against P. xanthii (Garcia-
Gutierrez et al. 2013). Besides, surfactin is essential to trigger ISR by B. subtilis 
UMAF6639 (Garcia-Gutierrez et al. 2013). Romero et al. (2007b) used butanolic 
extracts obtained from supernatants of B. subtilis (UMAF6614 and UMAF6639) to 
test the antifungal activity against P. xanthii on the cotyledons of zucchini. They 
observed conidia of powdery mildew failed to germinate due to these lipopeptides 
having the ability to attack biological membranes of target cells and induce changes 
in ultrastructure and morphology (Romero et al. 2007b). It also has been indicated 
that Bacillus species can reduce the infection of powdery mildew on foliage by 
limiting the germination of spores when seedlings, detached foliage, and plants are 
treated with the bacteria ahead of the time of inoculation of the pathogen, which 
possibly is due to the production of antifungal compounds by Bacillus species 
(Baruzzi et al. 2011; Cawoy et al. 2011). Viewed under the electron microscope, 
cells of Bacillus species were stuck firmly to the conidia and hyphae of powdery 
mildew, and also colonization by bacteria on the surface of foliage was observed 
(Romero et al. 2004). Kim et al. (2013) treated greenhouse-grown cucumber plants 
with a culture filtrate of Bacillus spp. strain BS061, which resulted in a 62.4% 
reduction in severity of powdery mildew on greenhouse cucumbers. Although B. 
subtilis successfully controlled powdery mildews in many previous studies, it has 
shortcomings as well. For example, high relative humidity is required for the bacte-
ria to produce and secrete more antifungal compounds for the suppression of pow-
dery mildew (Romero et al. 2007a). Previous studies demonstrated that the effects 
of the same formulation of B. subtilis on inhibition of powdery mildew on cucurbits 
are not consistent if B. subtilis was applied alone (Gilardi et al. 2008). It has been 
shown that B. subtilis was apparently more effective when alternated with the fun-
gicide QoIs (Keinath and Dubose 2004).

In our research, B. subtilis QST713 formulated as Rhapsody applied weekly at a 
rate of 1.0 L product /100 L water, or in some experiments at 1.5 L product/100 L 
water, to the foliage of cucumber plants under greenhouse conditions, showed both 
preventative and eradicative effects on the development of powdery mildew (Fig. 1.2). 
Natural infection by powdery mildew was observed on cucumber plants in the green-
house. In one trial, plants were sprayed with Rhapsody at the time when initial infec-
tion was observed and continued weekly for 3 weeks (preventative). In a second trial, 
after powdery mildew had established, Rhapsody was applied at weekly intervals for 
3 weeks (eradicant). The number of mildew colonies that developed, and the leaf area 
covered with mildew, was determined for three representative leaves (third, fourth, 
and fifth from the top down) on each plant after 3 weeks, from control and treated 
plants. There were 24 plants per treatment in each trial, in 6 groups of 4 replicates. 
The results show that preventative applications were effective in reducing the devel-
opment of powdery mildew by 70% following three applications (Figs.  1.2a and 
1.3a). When Rhapsody was applied after powdery mildew had been established, 
there was an eradicative effect (Figs. 1.2b and 1.3b). The percent leaf area infected 
was reduced significantly after two or three applications (Fig. 1.4) compared to a 
nontreated or water control. These results demonstrate that B. subtilis is an effective 
biological control agent against powdery mildew on greenhouse cucumbers.
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1.3.2  �Gummy Stem Blight (Black Rot) Control on Cucumber

Gummy stem blight is a widespread fungal disease of greenhouse cucumber world-
wide. It is caused by the fungus Didymella bryoniae (teleomorph) with Phoma 
cucurbitacearum as the asexual stage (Zitter 1992) (Fig. 1.5a). The pathogen can 
infect all parts of the plant, except for roots, and plants are susceptible to gummy 
stem blight at all stage of plant development under favorable environmental condi-
tions (Sabaratnam 2018). Symptoms begin through wound sites, causing pale brown 
lesions to appear at the bottom of the main stem (Ferguson 2009). Stem cracks and 
amber-colored gummy sap are likely to appear on cucumber stems. This pathogen 
affects fruits internally and externally (Fig. 1.5b). Internal fruit rot is not visible 
from the outside at harvest, but often is distinguished by narrowing of the blossom 

Fig. 1.2  Development of mildew colonies on control and Bacillus-treated leaves over a 3-week 
period. Applications were made weekly and the number of colonies was assessed visually. (a) 
Applications made prior to disease onset. (b) Applications made after disease symptoms were 
apparent
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end of fruit and central discoloration (Ferguson 2009) (Fig. 1.5c). External symp-
toms consist of spots of gummy and brown fruit lesions. Symptoms of gummy stem 
blight leaf infection first occur at the tip of the leaf as a pale brown discoloration, 
which expands into a V-shape lesion on mature leaves (Ferguson 2009). The devel-
opment of gummy stem blight is favored by high humidity in the growing environ-
ment and free water on leaf surfaces.

Fig. 1.3  (a) Effect of B. subtilis as a preventative application against powdery mildew develop-
ment. Leaf on the left received two applications of Rhapsody before mildew infection appeared, 
and leaf on the right is the control. (b) Comparison of powdery development on a B. subtilis-
treated leaf (left) with a control leaf (right). Three applications of Rhapsody were made to each leaf 
at 1-week intervals after the onset of mildew infection began. Mildew colony development was 
significantly suppressed but not eradicated

Fig. 1.4  Comparison of mildew development on plants treated with B. subtilis or water vs. 
untreated plants. Each time period (weeks) represents one, two, or three applications made after 
the onset of powdery mildew infection
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The effect of B. subtilis on growth of D. bryoniae has been evaluated. In vitro 
experiments showed 11 common strains of B. subtilis produced antagonistic zones 
against the pathogen on potato dextrose agar (Utkhede and Koch, 2002). Mycelial 
growth of D. bryoniae was significantly inhibited by B. subtilis QST713 from 
in vitro dual culture experiments (Kaewkham et al. 2016). There was a significant 
reduction in lesion length on cucumber plants inoculated with D. bryoniae when a 
strain of B. subtilis (AGS-4) was applied as a postinoculation spray to plants under 
greenhouse conditions (Utkhede and Koch 2002). Kaewkham et al. (2016) reported 
that cucumber seeds treated with B. subtilis QST713 at 1 × 105 cfu (colony-forming 
units)/seed significantly inhibited the severity of gummy stem blight on cucumber 
plants when compared to nontreated seeds. Cucumber plants inoculated with spores 
of D. bryoniae followed by a foliar spray of methylcellulose-formulated B. subtilis 
QST713 at 1 × 105 cfu/ml and 1 × 107 cfu/ml significantly suppressed gummy stem 
blight disease severity under greenhouse conditions (Kaewkham et al. 2016). In our 
research, when Rhapsody was applied at a rate of 1 L product/100L water to cucum-
ber fruit as a spray application made 24 h prior to pathogen inoculation, the extent 
of fruit rot was visibly reduced (Fig. 1.6) when compared to fruit sprayed with water. 
Mycelial growth was visibly reduced on the fruit surface by the Bacillus treatment.

1.3.3  �Fusarium Root and Stem Rot Control on Cucumber

Fusarium root and stem rot caused by Fusarium oxysporum f. sp. radicis-
cucumerinum (F.o.r.c.) (DJ Vakalounakis) is one of the most destructive diseases of 
greenhouse cucumbers. Symptoms of the disease include wilting of plants at the 
fruit-bearing stage, especially during hot weather (Punja and Parker 2000). There 
are masses of pink-orange or light-salmon spores formed and white mycelium 
grows on the outside of the stem on cucumber plants severely affected by F.o.r.c. 
(Punja and Parker 2000) (Fig. 1.7a), and the fungus also produces abundant spores 
in culture (Fig. 1.7b). The fungus can survive as chlamydospores in soil and plant 
debris for many years. It infects plants through root tips and wound sites during 

Fig. 1.5  Cucumber fruit development and gummy stem blight infection. (a) Healthy cucumber 
fruit. (b) Fruit infected by mycelium of D. bryoniae at the blossom end. (c) Colonies of D. bry-
oniae on potato dextrose agar
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Fig. 1.6  Comparison of development of D. bryoniae on cucumber fruits pretreated with B. subtilis 
QST713 (left) and control fruit sprayed with water (right). Mycelial development was reduced on 
the surface of the treated fruits (right)

Fig. 1.7  (a) Stem lesion on cucumber caused by F. oxysporum f. sp. radicis-cucumerinum 
(F.o.r.c.). (b) Colony of F.o.r.c. on potato dextrose agar. (c) Effect of three drench applications of 
B. subtilis strain QST713 prior to pathogen inoculation on Fusarium root and stem rot develop-
ment. Left plant, noninculated control; middle plant, B. subtilis applied thrice at 72, 48, and 24 h 
prior to inoculation by F.o.r.c.; right plant, F.o.r.c. only without B. subtilis. Photo was taken 3 
weeks after inoculation
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transplanting. The recirculating systems in the greenhouse offer opportunities for 
F.o.r.c. to spread through the irrigation system, resulting in contamination of the 
growth substrate (Cerkauskas 2012). The optimal temperature for development of 
F.o.r.c. on young plants is about 20  °C, and disease will not develop at 32  °C 
(Cerkauskas 2012; Punja and Parker 2000). Fusarium root and stem rot is generally 
controlled by soil fumigation with methyl bromide, greenhouse disinfestation with 
formaldehyde, and cucumber grafting on rootstocks with disease resistance (Pavlou 
et al. 2002). Resistant cultivars and chemical controls are not available. Fortunately, 
several registered biocontrol agents can be employed to diminish the impact of 
Fusarium root and stem rot, including Bacillus subtilis, Streptomyces griseoviridis, 
Gliocladium catenulatum, and Trichoderma harzianum. Of these four biocontrol 
agents, B. subtilis has been considered as a potential biocontrol agent for the control 
of root and stem rot on cucumber. From in vitro tests, B. subtilis strain MB10 inhib-
ited the growth of F.o.r.c. by about 52% (Al-Tuwaigri 2008). The antifungal activity 
of B. subtilis on Fusarium spp. also has been demonstrated by Zhang et al. (1996). 
From in vivo tests, cucumber plants bacterized with B. subtilis MB10 increased the 
number of healthy plants by approximately 36% compared with control plants after 
infestation of F.o.r.c. in the soil (Al-Tuwaigri 2008). Also, B. subtilis strain TB10 
significantly increased shoot length, fresh weight, and dry weight of cucumber 
plants grown under greenhouse conditions as compared to untreated healthy control 
plants (Al-Tuwaigri 2008). Seed treatment with B. subtilis TB10 reduced cucumber 
infection by F.o.r.c. (Al-Tuwaigri 2008). Certain metabolites may be secreted by B. 
subtilis to suppress the germination of conidia of F.o.r.c. (Al-Tuwaigri 2008). Also, 
our results have shown that three preventative applications of Rhapsody containing 
1×109 CFU/g B. subtilis strain QST 713 made prior to Fusarium inoculation resulted 
in a significant increase in plant growth after 3 weeks (Fig. 1.7c), while Rhapsody 
was much less effective in the control of Fusarium root and stem rot when applied 
to plants 1 and 4 days after Fusarium inoculation.

1.3.4  �Pythium Root Rot Control on Cucumber

Pythium root rot, caused by several Pythium spp., including P. aphanidermatum, P. 
ultimum, and P. irregulare, is a predominant problem for growers as there are no 
resistant varieties available and limited use of fungicides in Canada (Punja and Yip 
2003). P. aphanidermatum is one of the most common and destructive root-infecting 
pathogens of greenhouse-grown cucumbers (Utkhede et al. 2000). P. aphaniderma-
tum results in browning of roots within days under high disease pressures, while it 
may not immediately kill plants at low inoculum levels (Menzies and Stan 1996). 
Experimental results indicated that even a low inoculum density of 22 zoospores of 
the root rot pathogen per 100 L nutrient solution can lead to significant yield losses 
in cucumbers (Menzies and Stan 1996). The pathogen can survive in water, soil, and 
root debris and spread via the production of zoospores that infect and colonize 
wounds or root tips on plant roots, leading to a dramatic decrease in yield and plant 
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quality (Utkhede et  al. 2000). P. aphanidermatum adversely affected plant roots 
leading to a decrease in shoot growth and water uptake (Grosch et  al. 1999). 
Symptoms are frequently difficult to notice until plants suddenly wilt, particularly in 
sunny and hot (32–37 °C) weather. Consequently, it is almost impossible for grow-
ers to determine if cucumber crops are suffering from Pythium root rot. It has been 
found that B. subtilis strain AG-1 inhibited the growth of P. aphanidermatum on 
potato dextrose agar (Utkhede et al. 1999). B. subtilis strain 8B-1 also showed antag-
onistic activity against P. ultimum from in vitro tests (Khabbaz and Abbasi 2013). B. 
subtilis strain FZB37 effectively inhibited P. aphanidermatum through the produc-
tion of antifungal metabolites from in vitro tests (Krebs et al. 1998), but the bacteri-
zation of this strain on the plant increased the number of diseased cucumber plants 
compared with the infected control plants (Grosch et al. 1999). The findings sug-
gested that effects of the bacterium on the inhibition of P. aphanidermatum in vitro 
had no association with effects of disease control obtained from in vivo experiments 
(Grosch et al. 1999). There was a significant increase in plant fresh biomass and 
healthy seedlings, and a 27–50% reduction in severity of Pythium root rot caused by 
P. ultimum when B. subtilis 8B-1 was applied to peat mix with the pathogen (Khabbaz 
and Abbasi 2013). Strains of B. subtilis FZB37, FZB38, and FZB44 significantly 
reduced yield losses on cucumber plants grown in rockwool bags following inocula-
tion with P. aphanidermatum compared with the pathogen-treated control (Grosch 
et  al. 1999). Of these three B. subtilis strains, FZB37 and FZB44 reduced yield 
losses caused by P. aphanidermatum primarily through increased fresh weights of 
cucumber fruits (Grosch et al. 1999). Although B. subtilis strain BACT-0 did not 
show antagonism against P. aphanidermatum from in vitro experiments, it enhanced 
plant growth and fruit yield of cucumber plants inoculated with P. aphanidermatum 
(Utkhede et al. 1999). The colonization of B. subtilis can promote the lignification 
on plant roots to increase resistance to the pathogen (Grosch et al. 1999). Studies 
suggested that B. subtilis BACT-0 increased growth and yield in cucumber plants 
mainly via the induction of resistance to root rot and the production of hormones by 
the plant (Utkhede et al. 1999). The strain B. subtilis BACT-0 is likely to be a plant 
growth-promoting rhizobacteria (PGPR) based on the results that it improved growth 
and yield of cucumber plants without the presence of P. aphanidermatum (Utkhede 
et al. 1999). The PGPR has potential to adversely affect pathogen establishment in 
roots or the formation of secondary inoculum (Utkhede et  al. 1999). Similarly, 
results showed the applications of B. subtilis strain BACT-0 at a concentration of 
1×109 CFU/L in nutrient solution significantly improved greenhouse lettuce produc-
tion in the presence of P. aphanidermatum compared to the control (Utkhede et al. 
2000). Corrêa et al. (2010) showed that applications of B. subtilis GB03 in the nutri-
ent solution enhanced growth of lettuce plants inoculated with P. aphanidermatum. 
In our research, three applications of B. subtilis strain QST713 made to cucumber 
seedlings 72, 48, and 24 h prior to pathogen inoculation significantly reduced the 
development of Pythium root rot caused by P. aphanidermatum (Fig. 1.8a) com-
pared to the control plants without B. subtilis (Fig. 1.8b).
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1.4  �Control of Tomato Diseases Using B. subtilis

Tomato (Solanum lycopersicum L.) is a member of the Solanaceae (nightshade) 
family. It is generally believed to have originated from the tropical and subtropical 
areas of South and Central America, and different varieties of tomatoes are culti-
vated in many temperate climates around the world (Knapp and Peralta 2016). The 
tomato plant is a short-lived perennial in natural environments, but it is grown and 
cultivated as an annual for its edible fruits. Tomato fruits provide health-protective 
effects to humans due to the production of lycopene, a strong antioxidant (Agriculture 
and Agri-Food 2006). Most tomato varieties are sensitive to chilling temperatures 
(0–15 °C) in the period of seed germination, vegetative growth, and reproduction 
(Foolad and Lin 2000). In many countries of northern Europe, tomatoes are grown 
and produced in greenhouses to better control environmental conditions. Canada is 
the primary producer of greenhouse tomatoes in North America. There are more 
than 280,000 t of tomatoes produced annually in Canadian greenhouses, valued at 
about $500 million (Agriculture and Agri-Food Canada 2016). Tomatoes can be 
grown in double-layered polyethylene and glass greenhouses, primarily in hydro-
ponic systems using mineral nutrient solutions to enhance plant growth. The pro-
duction greatly depends on integrated pest management practices, including a series 
of management approaches, such as crop monitoring, sanitation, cultural control, 
and biological control. These strategies are beneficial to reduce the use of chemical 
fungicides for some diseases. The most important diseases on greenhouse tomatoes 
are gray mold (Botrytis cinerea), Pythium damping-off (Pythium aphanidermatum), 
Fusarium wilt (Fusarium oxysporum), and powdery mildew (Oidium 
neolycopersici).

Fig. 1.8  Effect of three drench applications of B. subtilis prior to pathogen inoculation on Pythium 
root development. (a) B. subtilis was applied at 72, 48, and 24  h prior to inoculation with P. 
aphanidermatum. (b) Control plants receiving pathogen inoculum only. Photo was taken 2 weeks 
after inoculation
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1.4.1  �Gray Mold Control on Tomato

Tomato gray mold, caused by Botrytis cinerea, is a common and serious fungal 
disease of tomato plants in greenhouses. The pathogen can infect all aboveground 
parts, including leaves, petioles, stems, flowers, and fruits. It often first occurs at 
exposed sites, such as pruning wounds on stems and fallen petals on leaves (Harrison 
1996). Tomato plants are more susceptible to infection during the period of flower 
and fruit enlargement (Hong 2012). The most obvious symptom of gray mold is the 
production of gray furry mold consisting of a large number of fungal spores that 
covers the infected tissue (Harrison 1996). The most destructive symptom related to 
gray mold is the stem canker, which can kill plants when stems are infected severely. 
Currently, suitable gray mold disease resistance sources have not been identified for 
greenhouse tomato plants due to the absence of resistant germplasm and resistant 
varieties (Wang et  al. 2018). Growers rely on fungicides to control tomato gray 
mold (Wahab 2009; Corrêa and Soria 2010). Therefore, biological control 
approaches are gaining attention because alternative disease control methods are 
needed (Wang et al. 2018). As mentioned above, B. subtilis can secrete the antibiot-
ics iturin A and surfactin against pathogen invasion (Asaka and Shoda 1996). 
Siripornvisal (2010) reported that B. subtilis strain BCB3-19 isolated from tomato 
rhizosphere has antifungal properties against B. cinerea, inhibiting fungal growth 
by approximately 53–56% from in vitro assays (Siripornvisal 2010). Furthermore, 
in vivo assays on tomato fruits showed the bacterium effectively reduced the devel-
opment of gray mold at 4 °C or 23 °C, and there was no damage caused to fruits 
(Siripornvisal 2010). Experimental results showed that B. subtilis BCB3-19 was 
more effective with higher temperatures and concentrations of cells (Siripornvisal 
2010). Dilutions of the culture filtrate of B. subtilis BS061 (1×108 CFU/ml) resulted 
in reduced gray mold on tomato seedlings and decreased incidence of disease on 
whole tomato plants at 20 °C (Kim et al. 2013). Wang et al. (2018) also found that 
B. subtilis strain WXCDD105 from the rhizosphere of tomato plants also controlled 
gray mold. Results showed this strain significantly suppressed mycelial growth of 
B. cinerea by over 90% and effectively reduced gray mold by around 75% in pot 
experiments (Wang et  al. 2018). Additionally, B. subtilis strain WXCDD105 not 
only stimulated seed germination and seedling growth but also enhanced the firm-
ness of tomato fruit by about 20% compared to the control (Wang et al. 2018).

1.4.2  �Pythium Damping Off Control on Tomato

Damping-off caused by Pythium aphanidermatum is a major disease of greenhouse 
tomato crops. The pathogen affects both seedlings and mature plants. Seedling 
damping-off can result in significant yield losses (Kipngeno et  al. 2015). 
Preemergence damping-off is characterized by brown water-soaked lesions on seed-
lings, while symptoms of postemergence damping-off first appear on roots. Infection 
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is most prevalent in cool and wet soils. Seedlings affected by damping-off can fail 
to germinate or die soon after emergence. Under hot and sunny conditions, P. 
aphanidermatum can destroy small roots of mature plants, resulting in a sudden wilt 
(Agriculture and Agri-Food Canada 2006). Biological control agents have been 
evaluated to manage Pythium damping-off owing to the lack of resistant varieties 
and lack of effective control options (Kipngeno et al. 2015). B. subtilis strain MBI 
600 is the active ingredient of the bio-fungicide that was registered in Canada for 
disease management of damping-off and root diseases on greenhouse tomato 
(Agriculture and Agri-Food Canada 2016). Several studies have been conducted to 
determine the efficacy of various strains of B. subtilis against P. aphanidermatum. In 
vitro experiments showed that B. subtilis CBE 4 and FZB37 effectively inhibited P. 
aphanidermatum growth (Shankar 2016; Krebs et al. 1998). However, B. subtilis 
strain FZB37 did not reduce the percentage of infected roots on tomato plants com-
pared to control plants infected with P. aphanidermatum (Grosch et al. 1999). While 
strain FZB37 was able to produce antifungal metabolites in vitro, it failed to pro-
duce these antifungal metabolites in tomato plants grown under soilless culture 
(Krebs et al. 1998; Grosch et al. 1999). Soilless culture favors the development of P. 
aphanidermatum because the pathogen prefers high temperature and moisture lev-
els (Favrin et al. 1988). The activity and population dynamics of B. subtilis greatly 
depended on environmental conditions (Burr and Caesar 1984; Weller 1988). 
Kipngeno et al. (2015) indicated that coating tomato seeds with B. subtilis BS01 at 
a concentration of 106 CFU/ml not only protected seedlings against damping-off 
caused by P. aphanidermatum but also promoted plant growth. Experimental results 
showed that tomato seeds treated with B. subtilis had increased germination, shoot 
length, vigor index, and root length compared to controls inoculated with P. 
aphanidermatum only (Zalte et al. 2013). It has been reported that postemergence 
damping-off on tomato seedlings was reduced by about 30% compared to controls 
after seed treatment with B. subtilis at 10 g/kg seed (Zalte et al. 2013). B. subtilis can 
inhibit P. aphanidermatum establishment in seedlings by competing with germi-
nated oospores for nitrogen and soluble carbon from root exudates (Weller, 1988). 
Grosch et al. (1999) observed that the colonization by B. subtilis strains FZB13, 
FZB24, and FZB44 on tomato plants caused a reduction in the severity of disease 
caused by P. aphanidermatum at the beginning of the experiment, but no differences 
were observed by the end of the experiment. As mentioned previously, B. subtilis is 
able to produce several antibiotics and metabolites to protect against invasion of P. 
aphanidermatum in tomato seedlings (Kipngeno et al. 2015). Strain ATCC 6633 of 
B. subtilis inhibited the pathogenic infection caused by P. aphanidermatum in seed-
lings through the overexpression of mycosubtilin (Leclère et al. 2005).
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1.4.3  �Fusarium Wilt Control on Tomato

Fusarium wilt caused by Fusarium oxysporum f. sp. lycopersici (Jarvis and 
Shoemaker 1978) is a common soilborne fungal disease of greenhouse tomatoes. 
Symptoms of wilt begin with the yellowing of lower foliage, followed by irrevers-
ible wilting as the disease progresses. Brown discoloration may appear in the vas-
cular system and is very obvious at leaf nodes (Agriculture and Agri-Food Canada 
2006). The disease not only affects susceptible plants during the reproductive stage 
but also has an adverse effect on the development of seedlings. Fusarium wilt tends 
to occur in conditions of extremely high temperatures, particularly in drought-prone 
areas (Allen et al. 1996). The pathogen spreads mainly by water, soil, infected trans-
plants, and contaminated equipment. This pathogen is capable of surviving as chla-
mydospores in root residues and soil (Agriculture and Agri-Food Canada 2006). F. 
oxysporum has the capability to synthesize many mycotoxins, which is the one of 
the primary determinants of Fusarium wilt (Khan et al. 2017). Toxins include beau-
vericin, naphthazarins, fusaric acid, moniliformin, and sambutoxin. At present, to 
reduce the impact of Fusarium wilt, cultural practices, use of resistant cultivars, 
chemical fungicides, and biological control agents are used, among which wilt-
resistant varieties provide the best prevention. However, pathogen races are likely to 
develop to overcome cultivar resistance (Khan et al. 2017). There are presently two 
registered biological control products for the management of Fusarium wilt in 
Canada: Streptomyces griseoviridis strain K61 (Mycostop®) and Trichoderma har-
zianum strain KRL-AG2 (Rootshield®). Studies of Fusarium wilt on tomato dem-
onstrate that strains of B. subtilis have antagonistic effects against the pathogen. B. 
subtilis reduces the impact of F. oxysporum through production of fungitoxic com-
pounds and induction of systemic resistance, particularly via lipid metabolism of 
the plant (Abd-Allah et al. 2007). Furthermore, B. subtilis can produce siderophores 
which take iron away from fungal pathogens; consequently, plant growth is pro-
moted by the bacteria (Khan et al. 2017). Bacillus species colonize root tissues of 
tomato plants rapidly, resulting in reduced infection by F. oxysporum (Shafi et al. 
2017). Colonization of plant roots directly contributes to successful biological con-
trol of soilborne diseases (Cavaglieri et al. 2005). Abd-Allah et al. (2007) found that 
a strain of B. subtilis isolated from the rhizosphere of tomato plants inhibited the 
development of F. oxysporum. They observed that there was a positive correlation 
between the amount of fusaric acid in tomato tissues and Fusarium wilt incidence 
(Abd-Allah et al. 2007). It appears that B. subtilis controlled the Fusarium wilt dis-
ease through the bioremediation of fusaric acid (Abd-Allah et al. 2007). Infection 
by F. oxysporum in tomato tissues results in rupture of the epidermal tissues (Abd-
Allah et  al. 2007), and the wilt pathogen also damages and colonizes the cortex 
tissues. In tomato plants pretreated with the formulated B. subtilis, it was observed 
that the wilt pathogen only colonized the epidermal tissues and did not destroy the 
cortex tissues (Abd-Allah et  al. 2007). As described earlier, B. subtilis produces 
antibiotics and chitinase enzymes and induces the production of proteinase inhibi-
tors, neutral lipids, fatty acids, and phytoalexins by the plant to control the wilt 
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pathogen (Abd-Allah et al. 2007). A previous study reported that B. subtilis strain 
174 elicited systemic resistance against Fusarium wilt in tomato plants and the lev-
els of phenylalanine ammonia lyase (PAL), phenoloxidase (PO), and polyphenol 
oxidase (PPO) were enhanced in bacteria-treated tomato plants and Fusarium wilt 
was significantly inhibited by this strain (Akram and Anjum 2011).

1.4.4  �Postharvest Fruit Rot Control on Tomato

Blue mold rot caused by Penicillium spp. is a common postharvest fungal disease of 
tomato fruits in greenhouses. Blue mold rot caused by P. oxalicum appeared only on 
mature tomato fruits and not on immature or young tomato fruits (Kwon et  al. 
2008). Typically, the pathogen causes infection through wound sites caused by dam-
age during harvest. The first symptom of Penicillium is the waterlogged lesions, 
followed by softened and watery fruits (Kwon et  al. 2008). Early in the growth 
stage, fungal growth is white, but it eventually turns to green (Fig. 1.9a). Mycelial 
growth of Penicillium spp. was suppressed by approximately 82% by B. subtilis 
UTB96 (Soleyman et al. 2014). In our research, disease incidence and severity of 
Penicillium sp. were inhibited by B. subtilis strain QST 713 following weekly appli-
cations to tomato plants (Punja et al. 2016). Production of antibiotic compounds in 
culture medium also inhibited colony growth of Penicillium and Botrytis species 
(Fig. 1.9b, c). It has been shown that iturin A produced by B. subtilis has antifungal 
properties, but some fungal species are not vulnerable to iturin (Klich et al. 1991). 
As for P. italicum, in  vitro results showed that fungal development was greatly 
reduced by the presence of iturin A at a very low concentration of 4 μg/plate (Klich 
et al. 1991). Chitarra et al. (2002) isolated an iturin-like compound from strain B. 
subtilis YM 10-20 and found this heat-stable compound was able to permeabilize 
fungal spores and inhibit spore germination of P. roqueforti.

In our research, populations levels of B. subtilis strain QST713 on tomato fruits 
were increased significantly following application of Rhapsody to plants grown 
under commercial conditions at monthly intervals, but the populations gradually 
declined in the ensuing 4 weeks (Fig. 1.10a). Repeated applications increased the 

Fig. 1.9  (a) Penicillium fruit rot on tomato caused by P. olsonii. (b) Antagonistic activity of B. 
subtilis colony against P. olsonii. (c) Antagonistic activity of B. subtilis colony against B. cinerea
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Fig. 1.10  (a) Population densities of B. subtilis strain QST713 on tomato fruit surfaces over an 
18-week period following four applications of Rhapsody (arrows) at monthly intervals. (b) Disease 
incidence on tomato fruits after four applications of B. subtilis. Fruits were harvested and incu-
bated at 25 °C for 7 days and disease incidence on control and treated fruits rated. (c) Population 
levels of B. subtilis (left plate) on tomato fruit surfaces compared to control fruit (right plate) which 
have colonies of Penicillium and Aspergillus. (d) Disease incidence on treated tomato fruits (left) 
compared to control fruits (right) after harvest and incubation for 7 days at 25 °C. Reproduced by 
permission from Punja et al. (2016)

1  Management of Fungal Diseases on Cucumber (Cucumis sativus L.)…



22

population levels on the fruit. The effects of these applications on postharvest dis-
ease incidence, caused mainly by Penicillium species, are shown in Fig.  1.10b. 
Fruits from control and treated plants were incubated at 25 °C and high humidity for 
7 days to promote disease. Disease incidence was significantly reduced by the B. 
subtilis treatments. The high populations of the bacteria were visualized by plating 
fruit surface washings onto agar medium, and they inhibited growth of Penicillium 
species on the fruit surface compared to control fruits (Fig. 1.10c) and reduced dis-
ease severity on the fruit (Fig. 1.10d).

1.5  �Conclusions

The use of B. subtilis is a promising strategy to reduce a range of fungal diseases on 
cucumber and tomato plants grown under greenhouse conditions. Bacillus species 
colonize root tissues of plants rapidly and produce large numbers of endospores. 
They have been successfully formulated, and many stable and effective formula-
tions have been developed for application in biocontrol of plant diseases. Many 
studies have shown that B. subtilis is a successful biological control agent against 
foliar, soilborne, or postharvest fungal diseases. In addition, disease severity can be 
effectively reduced by specific strains of B. subtilis, but the efficacy of strains may 
vary for control of different plant diseases. More than one mechanism may be used 
by B. subtilis to suppress the development of the pathogen. The three main mecha-
nisms are competition with other microbes that could cause adverse effects on the 
plant; production of antibiotics, such as iturins, surfactins, and fengycins; and 
induction of host defense responses against pathogens. In some instances, the antag-
onistic effect of B. subtilis in vitro is not correlated with the ability of the bacterium 
to suppress disease development on the plant. B. subtilis can reduce infection by 
pathogens by limiting the germination of spores when seedlings, detached leaves, 
and plants are treated with the bacteria ahead of the time of inoculation of patho-
gens. B. subtilis seems to be a plant growth-promoting rhizobacteria based on 
reports of improved growth and yield of plants without the presence of pathogens. 
The colonization of B. subtilis on plant roots not only can promote plant growth but 
also can significantly reduce yield losses caused by the pathogens. Previous studies 
demonstrated that B. subtilis was more effective when alternated with certain fungi-
cides than when applied alone. The application of B. subtilis offers an exciting 
opportunity to reduce the use of fungicides during greenhouse vegetable 
production.
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Chapter 2
Bacillus Species: A Potential Plant Growth 
Regulator

Usha Rani, Shivesh Sharma, and Vivek Kumar

2.1  �Introduction

Plant growth- and development-stimulating rhizobacteria are defined as root-settling 
or root-inhabiting bacteria, i.e., Bacillus that lead to either plant growth encourage-
ment, regulation, or biocontrol of potential plant diseases. Presently, the world pop-
ulation is 7 billion, and we expect that this figure is going to reach 8 billion by 2022. 
With the increase in world population, there is going to be an increased industrial-
ization and a growing demand for food. Increases in the use of synthetic chemical 
inputs in agriculture are expected due to this demand, and this will cause adverse 
impacts on the environment. To solve this problem, we must increase food produc-
tion while simultaneously maintaining the sustainability of our soil. Therefore, we 
need to explore sustainable methods which would lessen the chemical inputs in the 
forms of pesticides and inorganic chemicals.

Agricultural chemical inputs can be managed by using soil microbes such as 
Bacillus spp. These bacterial strains are able to solubilize the insoluble P in soil, 
which is then uptaken by the plant roots (Ramani and Patel 2011; Tallapragada and 
Seshachala 2012). The biological health of soil is poor if it has small amounts or 
nearly no microorganisms. It is not considered fertile and does not support healthy 
plant growth. Therefore, poor soil should be replete with minute living organisms 
such as bacterial, fungal species, actinomycetes, protozoans, and algal species. Out 
of these microbes, bacterial species are the most dominant and common. The soil 
contains about 95% of bacterial biomass. Some healthy soils contain a huge number 
of bacterial cells (often around 108 to 109 cells/g soil). Interestingly, if we try to 
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isolate bacterial cells from such rich soil, hardly will we be able to get 1% of the 
culturable bacteria (Su et al. 2004). On the other hand, in any ecologically stressed 
(biotic or abiotic) soils, the culturable bacteria number may be up to 104 cells/g of 
soil (Jacoby et al. 2017). Generally, the type and number of bacterial cells that are 
present in dissimilar or diverse soils are affected by soil environmental conditions 
such as pH, temperature, presence of various salts, heavy metals, moisture, and 
other inorganic and organic chemicals as well as by the types and number of flora 
and fauna found in that soils (Garbeva et al. 2004).

The varied communities of aerobic endospore-forming bacteria (AEFB), i.e., 
Bacillus spp., commonly occur in all types of farming fields, with different types of 
plants, and play a significant role in enhancing crop productivity by its direct or 
indirect functions (Grayston et al. 1998). Other physiological properties, viz., mul-
tilayered cell walls, endospore formation which are stress resistant, and excretion of 
varied peptide antibiotics, signal peptide molecules, and extra cellular enzymes, are 
omnipresent in case of these various Bacillus spp., and these traits help in prolifera-
tion and survival of the bacterial cells under various adverse climatic conditions for 
very long duration (Pirttijärvi et al. 2000). Many species of Bacillus and Paenibacillus 
are very well known to enhance plant development and growth. The chief means 
and approach for growth encouragement includes the manufacture of growth ener-
gizing phytohormones, solubilization and mobilization of insoluble phosphate pres-
ent in soil, production of proteinaceous components such as siderophore, and 
demonstration of the phenomenon of antibiosis, i.e., antibiotics production. Besides 
these beneficial properties, several Bacilli are also involved in inhibition of plant 
ethylene production and stimulation of plant systemic resistance against several 
plant pathogens (Gutiérrez‐Mañero et  al. 2008; Idris et  al. 2004; 2007a, b; 
Richardson et al. 2009). The disease-causing microbes negatively affect the plant 
growth and health and, therefore, are a major challenge to the production of food. 
Conventional approaches such as rotation of crops, breeding resistant plant variet-
ies, and applying chemical pesticides seem to be inadequate for controlling plant 
root diseases of significant crop plants (Johri et al. 2003). Additionally, it seems 
unavoidable that lesser amounts of chemical pesticides will be employed and that 
more and more dependence will be rested on novel micro-biotechnological or 
genetic engineering usages, which chiefly includes the application of microbes as 
potential biocontrol of antagonistic agents. Biocontrol usage and research has 
increased recently, partly due to the change in public thought (Bale et al. 2008). 
There is also an urgent need to find suitable substitutes for harmful chemicals 
employed in plant disease control. There are several reports about the Bacillus and 
Paenibacillus species expressing antagonistic behaviors by the process of suppress-
ing pathogens under in vivo and in vitro conditions (Govindasamy et al. 2010).
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2.2  �Phosphate Solubilization

Phosphate is the second most important nutrient for plants, and its uptake by plant 
roots is vital for optimal plant growth. There are several reports of phosphate solu-
bilization by Bacillus spp. Kang et  al. (2014) studied the beneficial aspects of 
B. megaterium strain mj1212 inoculated with mustard plants. It was observed that 
application of Bacillus sp. enhanced shoot and root length as well as plant fresh 
weight. The biochemical investigation showed that chlorophyll, fructose, glucose, 
sucrose, and many amino acids’ content were higher in B. megaterium strain mj1212 
inoculated plants, as compared to the uninoculated plants. Phosphate content was 
also higher in inoculated plants rather than control plants. In another study con-
ducted by Swain et al. (2012), Bacillus subtilis thermotolerant strains (<50 °C) were 
isolated from cow dung. This strain also solubilized tricalcium phosphate, and this 
solubilization was associated with enzyme phosphatase production, especially the 
acid phosphatase (AcP). The inoculation of this bacterium with cowpea (Vigna 
unguiculata L.) resulted in increased root length, shoot height, and plant biomass as 
compared to the control plants. Wang et al. (2014) isolated phosphate-solubilizing 
bacteria Bacillus thuringiensis strain B1 from an acidic soil in China. Inoculation of 
B1 increased available P and peanut growth under acidic soil condition. Inoculation 
by strain B1 also considerably enhanced shoot length, branch number, hundred seed 
weight, and crude protein contents. Similar results on groundnut have also been 
reported by Maheswar and Sathiyavani (2012). As an endophytic bacterium, 
Bacillus sp. has been reported to solubilize P and enhance growth of banana plant 
(Matos et al. 2017). Kibrom et al. (2017) reported on the isolation and characteriza-
tion of phosphate-solubilizing Bacillus spp. from various agroclimatic regions of 
Tigray, Ethiopia. The isolated bacteria enhanced P uptake as well as root and shoot 
length. Mohamed et al. (2018) isolated phosphate-solubilizing Bacillus subtilis and 
Serratia marcescens from the tomato plant rhizosphere. Inoculation of both bacteria 
in tomato plants enhanced phosphate uptake. Similarly, Turan et al. (2007) reported 
about the influence of Bacillus strain FS 3 on growth and development of tomato 
(Lycopersicon esculentum L.) plants and enhanced phosphate content. The inocula-
tion of FS 3 increased plant height and root length. In another study conducted by 
Tahir et al. (2013), three phosphate-solubilizing bacterial strains, viz., Azospirillum, 
Bacillus, and Enterobacter, were isolated and characterized. Later these strains 
were identified based on 16SrRNA sequence analysis. Inoculation of these three 
strains improved wheat (Triticum aestivum L.) growth and phosphate uptake in 
grains. Jadhav (2016) studied the P solubilization and biocontrol aspects of Bacillus 
licheniformis isolated from the Cajanus cajan rhizosphere. It was found that 
Bacillus licheniformis solubilized a good amount of phosphate under laboratory 
conditions. Owing to its P-solubilizing attribute, this isolate may be utilized as a 
potential P-mobilizing biofertilizer. Ahmad et  al. (2018) studied the effect of 
phosphate-solubilizing Bacillus subtilis Q3 and Paenibacillus sp. Q6 for enhancing 
cotton plant growth under alkaline soil conditions. The strains Q3 and Q6 enhanced 
plant growth and P uptake. From a unique rhizosphere of an aromatic plant, 
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Tallapragada and Seshachala (2012) isolated and characterized phosphate-
solubilizing microbes from the rhizospheres of Piper betel. The isolated Bacillus sp. 
exhibited good amount of phosphate-solubilizing potential. Under semiarid condi-
tions, the effect of salt-tolerant and phosphate solubilizers Bacillus sphaericus and 
Burkholderia cepacia were evaluated by Ramani and Patel (2011) on food and fod-
der crops. Both the bacterial isolates exhibited noteworthy effect under pot culture 
and field conditions.

Bahadir et  al. (2018) discovered potential bioinoculants 440 Bacillus isolates 
from various sources. These were investigated qualitatively for P solubilization, and 
affirmative isolates were further tested for quantitative determination of P solubili-
zation and production of organic acid. The six best phosphate solubilizers were 
again tested for production of phytohormone (IAA), seed germination under in vitro 
conditions, and pot experiments. All six best Bacillus strains produced a good 
amount of IAA, meaningfully improved root and shoot length, and noticeably 
enhanced plant growth and development. In another study, the effect of P-solubilizing 
B. pumilus was studied on cauliflower. Bacillus sp. not only improved P uptake but 
also enhanced cauliflower size and weight as compared to the control (Dipta et al. 
2017). The phosphate-solubilizing Bacillus spp. employed several mechanisms for 
P solubilization. Figure 2.1 shows few important mechanisms for phosphate solubi-
lization by Bacillus spp.

Fig. 2.1  Some of the 
P-solubilizing features of 
Bacillus spp.
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2.3  �Role of Bacillus in Stress Regulation

Tiwari et al. (2017) reported the role of Bacillus amyloliquefaciens (strain SN13) in 
remodeling the numerous abiotic stresses, viz., desiccation, heat, salt, drought, 
freezing, and cold, on a prevalent rice cv. Saryu 52 under hydroponic conditions. In 
addition to this, the rice seedlings were also supplied exogenously salicylic acid, 
abscisic acid, ethephon, and jasmonic acid to find out the role of Bacillus strain 
SN13 in phytohormone persuaded abiotic stresses. Phytohormone treatment and the 
abiotic stresses considerably influenced many biochemical and physiological plant 
parameters such as integrity of cell membrane and accumulation of osmolyte. 
Bacterial strain SN13 also modulated positively the stress responsible expressions 
of genes under numerous abiotic stress conditions and phytohormone treatments, 
which suggests its versatile role.

Zhou et al. (2016) examined the influence of Bacillus megaterium strain BOFC15 
on Arabidopsis plants. Strain BOFC15 manufactured and excreted spermidine 
(Spd), which a type of polyamine (PA) that plays a crucial part in plant growth and 
development. The Spd making BOFC15 strain enhanced the plant tolerance against 
drought, which was related to changed cell ABA levels and stimulated an adaptive 
response. Several species of Bacillus, such as B. subtilis, B. amyloliquefaciens, 
B. thuringiensis, B. licheniformis, and P. favisporus, were applied to maize to study 
growth, antioxidant, and osmolyte status. Inoculation with Bacillus spp. augmented 
biomass of plant, relative water content (RWC), and lessened loss of leaf water. 
Inoculation with Bacillus spp. also resulted in increased sugar, proline, free amino 
acids, diminished leakage of electrolytes, and reduction of the antioxidant enzyme 
activities. Because of inoculation with the various spp. of Bacillus, there was an 
alleviation in drought stress in maize seedlings; therefore, bacterial inoculation 
resulted in physiological changes in plant (Vardharajula et al. 2011).

In Telangana State of India, Chari et al. (2018) isolated 44 Bacillus rhizospheric 
isolates, and of those isolates, 28 showed plant growth-promoting attributes. These 
28 responsive rhizospheric isolates were tested for several abiotic stresses such as 
pH tolerance, salt, temperature, heavy metals (arsenic and cadmium), and drought 
tolerance. Out of 28, 4 Bacillus isolates demonstrated good growth at pH 4.0 to 
12.0, 5 isolates exhibited tolerance to NaCl concentration from 1.5 to 20%, 6 iso-
lates showed temperature tolerance from 20  °C to 50  °C, and, finally, 4 isolates 
exhibited water potential tolerance ranging from −0.05 Mpa to −0.73 Mpa. Bacillus 
cereus strain AR 156 triggered induced systemic resistance in the Arabidopsis thali-
ana plant by instantaneously triggering the salicylate- and jasmonate-/ethylene-
dependent signaling pathways under abiotic stress. This plant growth-promoting 
bacterium also exhibited biocontrol effects against plant pathogen Pseudomonas 
syringae pv. tomato DC3000 (Niu et al. 2011).

In another interesting study conducted in Egypt (Sinai region) by Bochow et al. 
(2001), one potential rhizobacterium Bacillus subtilis strain FZR24, which was 
already registered as biological control agent, was tested in field as a salt-tolerant 
strain on two pepper and eggplant cultivars in saline soil conditions. Irrigation to 
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both the cultivars was done by saline groundwater. It was observed that use of 
Bacillus strain FZB24 resulted in increased yield up to 430% in the pepper and 
550% in eggplant cultivars, as compared to the uninoculated cultivars. In saline 
water-irrigated plots, other significant plant growth parameters were found to be 
increased by inoculation of Bacillus strain. Therefore, the bacterial inoculation 
resulted in 50 and 25% diminution in water salinity effect on pepper and eggplant 
yield, respectively.

Edkie et al. (2014) isolated Bacillus subtilis isolates from the rhizospheric zone 
of sugarcane variety, CoM 0265, which was saline tolerant. This strain was tested 
against commercially grown sugarcane cultivar, Co 86032, which was subjected to 
saline stress conditions under greenhouse studies. Plant parameters like root and 
shoot length, number of leaves, chlorophyll content, and cations such as Cu, Mn, 
Fe, and K showed noteworthy increases with Bacillus application. Interestingly, 
biochemical parameters such as malondialdehyde, reducing sugar, proline, proteins, 
catalase and ascorbate peroxidase contents, and minerals like Na and Zn increased 
under saline stress conditions, but inoculation with the Bacillus isolate resulted in 
noteworthy lessening in abovementioned components and, therefore, helped in pro-
tecting plants from saline stress. Figure  2.2 shows some of the stress regulating 
features of Bacillus spp.

Kumar et al. (2014) reported the abiotic as well as biotic stress regulating poten-
tial of Bacillus sp. isolated from different rhizospheric zones of India. It was found 

Fig. 2.2  Some of the stress regulating features of Bacillus spp.
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that Bacillus sp. could control the growth of pathogenic fungal species such as 
Sclerotium rolfsii, Botrytis ricini, Macrophomina phaseolina, Fusarium oxysporum, 
and Rhizoctonia solani. On the other hand, this bacterium also demonstrated abiotic 
stress tolerance against salinity (NaCl 7%), higher temperature (50 °C), and drought 
(−1.2 MPa).

Gagné-Bourque et al. (2016) reported on the interaction of endophytic Bacillus 
subtilis strain B26 with timothy (Phleum pratense L.) on growth parameters, photo-
synthetic activity, water status, and overall metabolism under drought stress condi-
tions. Under drought-induced and non-drought-induced conditions, Bacillus B26 
effectively occupied the internal tissues of timothy plant and resulted in a positive 
influence on overall plant growth and development. After exposing the inoculated 
timothy plant to 8-week drought stress conditions, root and shoot biomass increased 
by 63.8 and 26.6%, also increment of 214.9 and 55.2% photosynthetic and stomatal 
conductance activity, respectively, as compared to the uninoculated timothy plants. 
Liu et al. (2013) studied the effect of B. subtilis inoculated with Platycladus orien-
talis. It was observed that the cytokinin hormone production was elevated which 
resulted in enhancement of ABA levels in shoots and increased the stomatal 
conductance.

Saikia et al. (2018) evaluated the effect of a consortium having ACC deaminase-
producing activity Bacillus subtilis RJ46, Ochrobactrum pseudogrignonense RJ12, 
and Pseudomonas sp. RJ15 on alleviation of drought stress in Pisum sativum L. and 
Vigna mungo L.  Inoculation with the consortium of three bacteria meaningfully 
increased germination of seed percentage, shoot and root length, and dry biomass. 
A raised level of reactive oxygen species (ROS) rummaging enzymes and osmo-
lytes of cell, upsurge in relative water contents and leaf chlorophyll contents were 
detected after treatment with the consortium as compared to uninoculated plants 
under drought condition.

In addition, Armada et al. (2014) studied the influence of Bacillus thuringiensis 
on Lavandula dentata plant, and it was observed that production of IAA by bacte-
rium resulted in higher proline and potassium contents and reduction in ascorbate 
peroxidase (APX) and glutathione reductase (GR) activities.

2.4  �Bacillus as Biocontrol Agent

Utilization of microorganisms as a biological control agent to prevent the numerous 
diseases of plants is an attractive approach as compared to synthetic chemicals. The 
prosperous heterogeneity of microorganisms offers infinite potential for this alter-
native approach. Varieties of microbes are known for the biological removal of 
disease-causing agents in plants, but the majority of the research has employed 
strains of Bacillus, Pseudomonas, and Trichoderma (McSpadden and Driks 2004). 
It is a global challenge to generate and supply quality food to consumers which is 
devoid of undesirable levels of toxic chemicals. Recent strategies to prevent the loss 
due to plant pathogens depend upon the resistant cultivars or chemical pesticides, 
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but some drawbacks are also associated with these approaches. The usage of chemi-
cals is regulated because of health and environmental concerns. Secondly, after 
some time, pathogens develop resistance. Further, GMOs are highly controversial 
with the public (Fry 2008). Thus, eco-friendly strategies like the use of microbial 
strains as biopesticides provides an interesting alternative for the prevention of pests 
and plant diseases.

Traditionally plant growth-promoting rhizobacteria (PGPRs) are utilized as bio-
control agents, and their demand is increasing steadily (Lugtenberg and Kamilova 
2009). Comprehensive studies have made a way for the commercialization and 
screening of various Bacillus strains that can be employed as biocontrol agents 
(McSpadden and Fravel 2002). The utilization and number of significant Bacillus 
strains are growing extensively. Bacillus strains have unique properties. They can 
replicate rapidly; most of them are resistant to different environmental conditions 
and possess a wide spectrum of biocontrol ability (Compant et  al. 2005). Some 
strains of Bacillus species have the ability to intrude into the innermost plant tissues 
and play an essential role in plant growth promotion and plant protection. These 
Bacillus species mostly belong to free-living soil creatures, and most of the species 
include B. subtilis (Mishagi and Donndelinger 1990), B. insolitus, B. pumilus 
(McInroy and Kloepper 1995), Paenibacillus polymyxa (Shishido et  al. 1999), 
B. amyloliquefaciens (Reva et al. 2002), B. cereus (Pleban et al. 1997), B. megate-
rium (McInroy and Kloepper 1995), and B. licheniformis. B. endophyticus a novel 
species has been also isolated from the cotton plant’s inner tissues. US Environmental 
Protection Agency has registered eight species of microbes that can be utilized com-
mercially as biocontrol agents (Cook et al. 1996). It includes three gram-positive 
bacteria (two B. subtilis and one Streptomyces griseoviridis). Numerous evidences 
are reported in literature that shows that Bacillus serves as an excellent biocontrol 
agent by utilizing various mechanisms like antibiosis, siderophore production, 
secretion of hydrolytic enzymes, etc. Different strains of Bacillus have been field-
tested, and this has been directed toward the generation of products that can be uti-
lized commercially as biocontrol agents. US EPA has provided a catalogue of 
biopesticides in which commercial formulations of distinct strains of Bacillus that 
can be employed as biocontrol agents are prescribed (McSpadden Gardener 2004). 
These products are accessible in distinct types of preparations such as a wettable 
powder, dry cakes, or liquid or suspension in a liquid, as it depends on the nature of 
relationship between the biocontrol strain and carrier molecule. Products such as 
Taegro, Sublilex, Companion, Serenade, and Kodiak are all dependent on the utili-
zation of various strains of B. subtilis as a biocontrol agent. Kodiak is known for the 
eradication of root-borne disease-causing agents of soybean and cotton like 
Aspergillus spp., Alternaria spp., Fusarium spp., and R. solani. Moreover, Serenade 
(Agra Quest, Daius CA, USA) constituting B. subtilis strain QST713 is known to 
remediate the Cercospora leaf spot, early and late blight diseases related with dif-
ferent crop plants. Until recently, there was no data available regarding the genetic 
mechanisms behind the biocontrol potential of B. subtilis strain (Joshi and 
McSpadden Gardener 2006). B. subtilis produces volatile compounds that have an 
essential part in plant growth promotion and stimulation of defense mechanisms in 
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plants. The B. subtilis, enzymatic, and endosporic products are extremely active 
against different fungal pathogens. Other than biocontrol ability of Bacillus species, 
they have essential role in plant growth promotion by stimulating the biosynthesis 
of numerous plant hormones such as indole-3-acetic acid (IAA) and gibberellic acid 
(GA3) (Chen et al. 2007; Harman 2011). Plant growth promotion by Bacillus spe-
cies is observed when cell suspensions or spores of B. subtilis OTPBI were admin-
istered on tomato seed; it vigorously promoted the root and shoot growth, leaf area, 
and seedling vigor of tomato plant. High levels of plant defense-related enzymes 
and growth-promoting hormones (GA3 and IAA) were observed in treated plants as 
compared to nontreated plants (Chowdappa et  al. 2013). Many researchers have 
analyzed that B. subtilis has the potential of plant growth promotion and improving 
yield by enhancing the nutrient uptake and stimulation of plant hormones and reduc-
ing ethylene production (Idris et al. 2007a, b). IAA plays a significant role in devel-
opment of shoots and adventitious roots (Gardner 2009). Researchers analyzed 
hundreds of bacterial strains for their growth promotion and biocontrol ability and 
observed that B. amyloliquefaciens strain 54 has considerably enhanced the plant 
growth and increased resistance against the bacterial fruit blotch of cucurbitaceous 
crops (Jiang et al. 2015). B. subtilis strains NDSR7, MDSR14, and MDSR11 were 
evaluated for solubilization, and mobilization of Zn, soil biology, and crop growth 
ability, under laboratory conditions. The majority of the experiments conducted 
have proven that Bacillus strains have potential and they can induce resistance 
against a wide range of fungal and plant pathogens. B. vallismortis has the ability to 
control various bacterial and fungal infections (Park et al. 2001). B. subtilis strain 
FZB-G is able to stimulate phytohormone precursors which play significant roles in 
activation of defense mechanisms which leads to the generation of defense-related 
compounds (Gupta et  al. 2000). Some enzymes with high lytic activity such as 
b-1,3-glucanase and chitinase are also produced by Bacillus strains. These enzymes 
can degrade the fungal cell wall very well. Several Bacillus species produce hydro-
lyzing enzymes like chitinase and glucanases that can effectively degenerate the 
pathogenic fungal cell wall (Leelasuphakul et  al. 2006). Two types of chitinase 
enzymes are synthesized by B. amyloliquefaciens and can inhibit F. oxysporum 
growth (Wang et al. 2004). Chitinase enzymes with high chitinitic character are also 
produced by B. subtilis against various fungal pathogens (Chang et  al. 2009). 
B. thuringiensis also shows the inhibition of S. rolfsii and several other fungal 
related diseases of soybean. Subspecies of B. thuringiensis, called as colmeri, pro-
duces chitinase which can block the maturation of fungal spores (Liu et al. 2010). 
Biocontrol agents based on Bacillus offer an effective, efficient, attractive, and eco-
friendly approach toward the management of plant pests. The potential of Bacillus 
species to produce antibiotics that belong to multiple classes can be exploited to 
prevent wide range of plant diseases. But for successful implementation of biologi-
cal agents, it is necessary to study their ecological behavior. Practical understanding 
is required regarding the diversity, ecological distribution, mode of action, and 
interacting environment in which biocontrol agent must perform their work, for the 
efficient acclimatization of these biological agents for sustainable agricultural 
approach.
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2.5  �Bacillus as a General Plant Growth Promoter

Seed germination, plant development, and plant growth are considerably manipu-
lated by the available nutrients in the soil ecosystem. The plant roots absorb nitro-
gen (N) and phosphorus (P) from the soil because of the root transporter system, but 
the biologically available N and P forms are in limited amounts in the rhizospheric 
zone (De-Willigen 1986). The valuable and advantageous effect of Bacillus spp. in 
the crop improvement is very well known. Bacillus spp. uses various means (direct 
as well as indirect) to promote the plant growth. Bacillus spp. transform the intricate 
or difficult form of indispensable nutrients, such as N and P, into very simple and 
bioavailable forms that can be uptaken by the plant root system (Kuan et al. 2016; 
Shafi et  al. 2017). Furthermore, nitrogen is a vital and significant constituent of 
nucleic acids, proteins, and other organic components in plants. The biological 
available form of nitrogen in soil is partial or inadequate, which slows down plant 
growth in its natural habitat system (Barker et al. 1974; De-Willigen 1986). There 
are some Bacillus spp. which release NH3 from nitrogenous organic matter (Hayat 
et al. 2010). Oliveira et al. (1993) reported that some of the Bacillus spp. possess the 
nif gene and demonstrate nitrogenase enzyme activity. This enzyme helps in fixa-
tion of atmospheric nitrogen and delivers it to the plants to augment plant develop-
ment, growth, and yield by fulfilling N requirements and delaying the process of 
senescence (Seldin et al. 1984; Ding et al. 2005). The Bacillus spp. also excretes the 
proteinaceous compound known as a siderophore, which helps in iron chelation 
from the rhizospheric zone of plant (Wilson et al. 2006). The iron-chelating com-
pound siderophores bind Fe+++ in complex substances and reduce the ferric form 
into ferrous form, which can easily enter plant root system (Dertz et al. 2006).

Kumar et al. (2012) isolated seven soil bacterial isolates from bean rhizosphere 
in the Uttarakhand Himalayan region. These demonstrated excellent plant growth-
promoting and biocontrol activities. On the bases of 16S rRNA gene sequence, the 
soil isolate was identified as Bacillus sp. and named BPR7. The rhizospheric strain 
BPR7 made phytohormone IAA, siderophores, enzyme phytase, organic acids, 
cyanogens, and ACC deaminase and was also able to solubilize numerous types of 
inorganic and organic phosphatic material as well as Zn and K. Interestingly, the 
Bacillus strain BPR7 demonstrated biocontrol activities and hindered the growth of 
many phytopathogens such as Fusarium oxysporum, Fusarium solani, 
Macrophomina phaseolina, Sclerotinia sclerotiorum, Colletotrichum sp., and 
R. solani under laboratory conditions. Gutiérrez-Mañero et  al. (2008), reported 
that, B. pumilus and B. licheniformis isolated from alder (Alnus glutinosa [L.] 
Gaertn.) rhizosphere exhibited strong plant growth-promoting potential. Therefore, 
both the Bacillus bacteria demonstrated the property of potential PGPR. The bioas-
say facts displayed that the dwarf phenotype produced in alder seedlings by a 
chemical paclobutrazol (which inhibits biosynthesis of gibberellin or GA) was 
reversed effectively by applying bacterial extracts from media and by exogenous 
treatment of GA3.
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Calvo et  al. (2010) isolated 63 Bacillus strains from the native potato rhizo-
spheric regions growing in the Andean highlands of Peru. The strains demonstrated 
strong biocontrol activity against Rhizoctonia solani and Fusarium solani. The 
antagonistic Bacillus strains were further verified for additional plant growth pro-
motional aspects. It was observed that 81% produced a certain amount of phytohor-
mone indole-3-acetic acid (IAA) and 58% could solubilize tricalcium phosphate 
(TCP). The phylogenetic examination divulged that the majority of soil isolates 
belonged to B. amyloliquefaciens sp., while other three potential strains may be 
novel putative Bacillus sp. Therefore, these Bacillus spp. may be uses as potential 
potato growth promoter.

From various locations in Pakistan (Punjab province), Shakeel et al. (2015) iso-
lated 234 soil isolates from the rhizosphere of basmati super rice and basmati-385 
varieties cultivated in clay loam and saline soils. Out of the total 234 rice rhizo-
spheric isolates, 27 isolates solubilized Zn from zinc oxide, zinc carbonate, and zinc 
phosphate. The soil isolate SH10 exhibited maximum zone of Zn solubilization 
(24 mm) using zinc phosphate, and soil isolate SH17 showed maximum zone of Zn 
solubilization (14–15 mm) using zinc oxide and zinc carbonate. Strains SH10 and 
SH17 also solubilized P (38–46 mm) and K (47–55 mm) under laboratory condi-
tions. Both the strains also exhibited biocontrol activities against potential plant 
pathogens Fusarium moniliforme and Pyricularia oryzae by 22–29% and manufac-
tured many biological control factors in vitro conditions. Bacterial strains SH10 and 
SH17 also enhanced zinc uptake and translocation into the grains and augmented 
plant yield of super basmati rice and basmati-385 varieties by 18–47% and 22–49%, 
correspondingly. Using 16S rRNA gene analysis, both the SH10 and SH17 bacterial 
strains were identified as Bacillus sp. and Bacillus cereus.

Idris et  al. (2002) studied many Bacillus strains belonging to B. subtilis or 
B. amyloliquefaciens. They were isolated from plant pathogen-contaminated soils 
and demonstrated PGPR properties. Soil isolate B. amyloliquefaciens could biode-
grade extracellular compound phytate (myoinositol hexakisphosphate). The maxi-
mum phytase activity was found in isolate FZB45, and the diluted bacterial cultural 
filtrate of this isolate encouraged maize seedling growth in phytate presence and P 
limitation. 

Lucas Garcia et al. (2004) studied the effect of inoculation of B. licheniformis on 
development and growth of tomato and pepper in three experiments. In the first 
experimental condition, the bacterium meaningfully enhanced plant height and the 
leaf surface area in both cultivars, and the effect was more on pepper as compared 
to the tomato. In a second experiment, the plant seedlings were grown in sand, and 
hydroponic systems were tested. Interestingly, the size and number of tomato fruit 
increased after application of bacterial inoculation in sand and in the hydroponic 
system. Moreover, the inoculated cultivars exhibited less disease infestation as com-
pared to untreated plants. In the third experiment, the pepper yield was greater in 
inoculated plants as compared to the uninoculated plants. This Bacillus strain had 
appreciable colonization and survival potential, and it could be employed as a bio-
fertilizer or as biological control means.
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Bacillus strain ML3 was isolated from a soil sample, and it produced the phyto-
hormone and IAA and NH3 in the range of 174.72 and 0.66 μg ml−1, correspond-
ingly. This strain also produced siderophores and effectively solubilized tricalcium 
phosphate (TCP). The main functional nitrogenase gene nif H was also found in this 
strain. Based on morphological, biochemical, and partial 16S rRNA gene sequenc-
ing, this strain ML3 was identified as B. licheniformis. This strain has all properties 
to be utilized as an efficient plant growth promoter (Kayasth et al. 2013).

Agarwal and Agarwal (2013) isolated 28 bacterial strains from dissimilar tomato 
rhizospheric soils from Dehradun area of Uttarakhand, India. All of the soil isolates 
were characterized biochemically and tested for plant growth-promoting abilities 
such as indole acetic acid production, P solubilization, HCN production, sidero-
phore excretion, and catalase activity. Out of 28 soil isolates, only 5 Bacillus iso-
lates exhibited potential plant growth-promoting abilities. Inoculation of tomato 
plants with selected Bacillus sp. resulted in increment in shoot and root length of 
tomato seedlings as compared to the uninoculated plants. Bacillus sp. also enhanced 
the seed germination percentage as well as seed vigor index.

Ramírez and Kloepper (2010) have studied the consequence of inoculum con-
centration and soil phosphate-associated properties on plant growth encouragement 
by B. amyloliquefaciens strain FZB45, which produced phytase. A noteworthy syn-
ergism between soil phosphate and bacterial application was observed. B. amyloliq-
uefaciens strain FZB45 encouraged plant growth and phosphate uptake, which 
confirms the role of enzyme phytase and less P uptake in uninoculated plants. This 
strain also produced IAA under laboratory conditions, but its role was not 
determined.

Sharma et al. (2013) isolated a bacterium from the rhizosphere of soybean plants 
grown at Directorate of Soybean Research, Indore, Madhya Pradesh, India, and this 
bacterium was identified as Bacillus sp. on the basis of morphological and bio-
chemical tests as well as FAME profile. Studies on 16S rRNA gene revealed 98.7% 
similarity to B. amyloliquefaciens, and thereafter, it was labeled as strain sks_bnj_1 
(AY 932823). This Bacillus strain owned manifold plant growth-promoting attri-
butes such as IAA production; siderophore production; ACC deaminase activity; 
enzymes like phosphatases, phytases, and cellulases; Zn solubilization; and HCN 
production. This bacterium also exhibited biocontrol properties. Interaction of this 
strain with soybean increased the shoot root biomass as well as nutrient uptake as 
compared to the uninoculated control plants. In another study on Bacillus sp. with 
banana plant conducted by Cruz-Martín et al. (2015) in Cuba, it was observed that 
strain B. pumilus could fix atmospheric nitrogen and was able to grow in nitrogen-
free culture media and produced IAA (28.9 μg ml−1). Moreover, strain B. pumilus 
significantly enhanced the plant height and thickness of the stem, altered root archi-
tecture, and improved fresh and dry plant weights. Table 2.1 shows the dissimilar 
mechanism involved in PGP attributes by Bacillus spp.
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2.6  �Conclusions

The application of Bacillus spp. as a potential plant growth promoter as well as a 
biocontrol agent has been reported by researchers all over the globe. People have 
tested this bacterium with several crops under different climatic conditions. Still, 
this bacterium is utilized as potential P solubilizer rather than as a comprehensive 
biopriming agent to be utilized as a complete plant growth promoter. Many 

Table 2.1  Various means and mechanisms of Bacillus spp. shows plant growth-promoting 
attributes

S. No Functions References

1 Phytohormone production, abiotic stress 
management, drought resistance

Gutiérrez‐Mañero et al. (2008), Vardharajula 
et al. (2011), Armada et al. (2014), Kumar 
et al. (2014), Kang et al. (2015), Tiwari et al. 
(2017), Zhou et al. (2016), Chari et al. 
(2018)

2 Activation of salicylate- and jasmonate-/
ethylene-dependent signaling pathways

Niu et al. (2011)

3 Salt tolerance, act as biocontrol agent, 
excretion of antibiotic compounds

Sailaja et al. (1997), Bochow et al. (2001), 
Joshi and McSpadden Gardener (2006), 
Chen et al. (2009), Shafi et al. (2017), Edkie 
et al. (2014), Kumar et al. (2014), Shafi et al. 
(2017)

4 Drought stress management and metabolic 
changes

Gagné-Bourque et al. (2016)

5 Production of cytokinin, PGPR properties, 
drought stress resistance, ACC deaminase 
activity

Liu et al. (2013), Armada et al. (2014), 
Saikia et al. (2018)

6 Identification of nif gene, nitrogen fixation Oliveira et al. (1993), Ding et al. (2005), 
Seldin et al. (1984)

7 Siderophore production, induced systemic 
resistance

Bargabus et al. (2002), Kloepper et al. 
(2004), Dertz et al. (2006), Wilson et al. 
(2006), Choudhary and Johri (2008)

8 IAA production, enzyme production Lucas Garcia et al. (2004), Calvo et al. 
(2010)

9 Zinc uptake and mobilization to grains Shakeel et al. (2015)
10 Extracellular phytase production, P uptake Idris et al. (2002), Ramírez and Kloepper 

(2010)
11 IAA, ammonia production, tricalcium 

phosphate solubilization
Kayasth et al. (2013), Cruz-Martín et al. 
(2015)

12 Indole acetic acid production, P 
solubilization, HCN production, 
siderophore excretion, and catalase 
activity

Kilian et al. (2000), Wilson et al. (2006), Yu 
et al. (2011), Agarwal and Agarwal (2013), 
Panhwar et al. (2013)

13 IAA production; siderophore production; 
ACC deaminase activity; enzymes like 
phosphatases, phytases, and cellulases; Zn 
solubilization; and HCN production

Idris et al. (2007a, b), Sharma et al. (2013), 
Ramesh et al. (2014), Ma et al. (2015), 
Kamran et al. (2017)
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researchers have isolated Bacillus sp. form soil and rhizospheric zone having bene-
fiacial plant growth attributes such as phytohormone (IAA) production, phosphate, 
potassium and Zn solubilization, enzymes like phytase, phosphatase, cellulose man-
ufacturer, HCN and siderophores producer as well as biological control properties. 
In the various corners of the developed world, where agrochemicals are compara-
tively low-priced and reasonable, here the application of plant growth-promoting 
(PGP) Bacillus spp. plays a significant role toward the growth and progress of 
organic agriculture. Additionally, it is also rational and judicious to assume the 
enhanced employment of PGP Bacillus spp. in numerous phyto-remediation 
approaches. Numerous soil isolates of Bacillus spp. have been fostered as potential 
biocontrol agents to control the multiplication of plant pathogens. On the other 
hand, to be applied as effective and fruitful biocontrol agent, we have understood 
the ecological perspective of a Bacillus sp. In this context, better understanding of 
the assortment, dissemination, and physiological aspects of gram-positive Bacillus 
species will be very useful in identification and documentation of novel strains 
matching with the existing cropping systems. Before introducing a bacterium into 
the rhizosphere, we have to understand its ecological perspectives for its successful 
colonization. The genomic level mechanisms implicated in colonization of roots by 
Bacillus spp. are being studied by several workers. The development and refinement 
of technology and progression in metabolic and genomic techniques will offer novel 
possibilities for refining the process of biopriming agents’ selection, their character-
ization, and regulation in association with plants. Improvement in techniques of 
functional genomics and proteomics will help us in controlling the gene functions 
for mass production, their consortium formulation (if required), and their applica-
tion under field conditions. Transfer of genes responsible for drought tolerance, or 
metal tolerance in a Bacillus sp. having effective plant growth-promoting attributes, 
will allow it to be utilized under any required conditions. There would be a huge 
demand in the market for improved or engineered bacterium, and this will be a big 
advancement for organic farming as well as sustainable agriculture.
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Chapter 3
Bacilli in the Biocontrol of Mycotoxins

Subbaiah Chalivendra and Jong Hyun Ham

3.1  �Introduction

Mycotoxins are low molecular weight (<900 daltons), secondary metabolites pro-
duced by fungi belonging mainly to Aspergillus, Fusarium, and Penicillium spp. 
Mycotoxicosis is a term applied to the noninfectious and noncontagious toxic 
effects of mycotoxins on humans or animals. Many of the mycotoxigenic fungi are 
necrotrophic or hemibiotrophic plant pathogens with a broad host range. Thus, con-
taminated food and feed is the main source of mycotoxicosis, although contamina-
tion can also occur through skin contact and inhalation. Mycotoxicosis has been a 
threat for millennia, particularly far more serious in the past when our understand-
ing of fungal secondary metabolism was only rudimentary (Peraica et al. 1999). For 
example, contamination of wheat by toxins from the ergot fungus, Claviceps pur-
purea, was the cause of the notorious “St. Anthony’s fire” of the Middle Ages in 
Europe. It was characterized by an intense burning sensation progressing into muti-
lation and massive deaths (ergotism). In 1891, cardiac beriberi in animals fed with 
imported rice reached epidemic proportions in Japan. This “yellow rice syndrome” 
was due to contamination with the mycotoxin citreoviridin, an inhibitor of mito-
chondrial ATP synthetase, secreted by Penicillium citreonigrum. Alimentary toxic 
aleukia (characterized by nausea, vomiting, diarrhea, leukopenia, hemorrhaging, 
skin inflammation, and sometimes death) was another example of mycotoxicosis 
outbreak that occurred during the World War II in Russia and associated with the 
Fusarium toxin T-2. Many mycotoxicoses, including those mentioned above, have 
been contained or completely eliminated with an increased knowledge of their 
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etiology and stringent regulation of food and feed safety (Peraica et al. 1999). Yet, 
potential outbreak of other mycotoxic diseases is a continuing threat (Table 3.1). 
For example, a rapid spread of hepatitis in 2004 that led to many deaths in Kenya 
was found to be a case of aflatoxicosis, caused by aflatoxin-contaminated maize 
(Probst et  al. 2007). In 2005, 19 different pet foods contaminated with aflatoxin 
were recalled in the USA, following the death of at least 100 dogs (Leung et al. 
2006). Dogs are among the most sensitive to aflatoxins. Exposure to even as low as 
0.5–1 mg of aflatoxin/kg of body weight kills them within days (Böhm and Razzai-
Fazeli 2005). The preferential colonization of food and feed crops (e.g., cereals and 
oilseed crops) by mycotoxigenic fungi and the potential exacerbation of the prob-
lem by ongoing global climate change (Medina et al. 2015; de Sousa and Warren 
2018) demand robust solutions in order to minimize public health crises and migra-
tion of key crops from their traditional growing areas. Nearly 25% of global crop 
production is affected by mycotoxin contamination (Marin et al. 2013), leading to 
an annual loss of 5 billion dollars in the USA and Canada alone according to the 
Food and Agriculture Organization.

Of all mycotoxins of serious concern, aflatoxin B1 (AF), made by Aspergillus 
flavus and A. parasiticus, is the most dangerous crop contaminant due to its very 
potent carcinogenicity. It was the cause of the notorious epidemic of turkey X disease 
in the 1960s. AF is strictly regulated in the USA (20 ppb in food and 0.5 ppb in milk), 
and so, growers spend >500 million dollars/year in testing and disposal of contami-
nated grain. It poses a more serious threat to food safety and security in developing 
countries due to poor or lack of regulatory systems. Although not as dangerous as AF, 
fumonisins (FUMs) are among the most prevalent food and feed contaminants in 
many countries. FUMs are produced by F. verticillioides and classified as probable 
carcinogens due to their suspected involvement in esophageal cancer. Unlike A. fla-
vus, F. verticillioides can also grow as an endophyte and cause stalk and ear rot dis-
eases in maize (Blacutt et al. 2018, for a review). Genetic variation for resistance to 
aspergillus and fusarium ear rots exists in maize, the globally most cultivated crop 
with a remarkable genetic diversity. However, incorporation of genetic resistance to 
major mycotoxigenic fungi into crops still remains an unrealized goal. The complex 
genetic basis of resistance and the strong influence of environmental factors have 
been barriers for accurate QTL localization for resistance to either of the pathogens. 
For example, AF or FUM accumulation is sporadic and exacerbated by drought and 
insect damage at the preharvest stage or by high humidity during postharvest storage 
(Bennett and Klich 2003). Germplasm screens targeted to clearly defined phenotypes 
and not vulnerable to environmental factors are important to exploit the natural varia-
tion (Chalivendra et al. 2017). Chemical fungicides, even if effective, are not a sus-
tainable solution due to concerns of environmental toxicity and resistance 
development when heavily used. Converse to their effect on fungal growth, certain 
classes of fungicides (e.g., strobilurins) have often been found to promote mycotoxin 
synthesis (Ellner 2005; Malandrakis et  al. 2013; Kim et  al. 2015). Biocontrol by 
atoxigenic A. flavus strains (e.g., Afla-Guard) or nonpathogenic F. oxysporum strains 
(e.g., FUSAclean or Biofox C) is the only AF or FUM control measure currently 
available to growers (Abbas et  al. 2017; Fravel et  al. 1998). However, the use of 

S. Chalivendra and J. H. Ham



51

Table 3.1  Major mycotoxigenic fungi and mycotoxins

Mycotoxigenic 
species

Mycotoxins 
made

Commodities 
contaminated

Species 
affected Clinical effects

Aspergillus flavus 
and A. parasiticus

Aflatoxins Maize, peanuts, 
cottonseed, 
coconut, tree 
nuts, figs and 
dairy, and 
poultry products 
(pre- and 
postharvest)

Humans, 
cattle, 
sheep, 
swine, 
dogs, 
cats, and 
young 
birds

Intestinal bleeding, 
hepatocarcinoma (liver 
cancer), Aspergillosis 
(lung disease)

Claviceps purpurea, 
C. africana, C. 
fusiformis and C. 
sorghi

Ergot alkaloids Rye, sorghum, 
pearl millet, and 
pasture grasses

Humans, 
cattle, 
and sheep

Hallucinations, feeling 
of itching and burning, 
gangrene, loss of limbs, 
abortion

Fusarium 
verticillioides, F. 
proliferatum, A. 
niger, A. 
welwitschiae

Fumonisins Maize, coffee, 
and grapes

Humans, 
swine, 
and 
horses

Pulmonary edema, 
leukoencephalomalacia, 
esophageal cancer, 
neural tube defects, 
liver damage, reduced 
growth

Aspergillus 
ochraceus, A. 
carbonarius, A. 
niger, Penicillium 
verrucosum, P. 
carbonarius

Ochratoxins Cereal grains, 
dry beans, meat 
products, coffee, 
grapes, and dried 
fruit

Humans, 
swine, 
pets, and 
poultry

Kidney and liver 
damage, cancer, and 
abortion

Fusarium, 
Myrothecium, 
Trichoderma, 
Trichothecium, 
Cephalosporium, 
Verticimonosporium, 
and Stachybotrys 
spp.

Trichothecenes Wheat, barley, 
oats, and maize

Humans, 
swine, 
dairy 
cattle, 
poultry, 
and 
horses

Feed refusal, diarrhea, 
vomiting, skin 
disorders, reduced 
growth

F. graminearum, F. 
culmorum, F. 
cerealis, F. equiseti, 
F. verticillioides, 
and F. incarnatum

Deoxynivalenol, 
Zearalenone

Maize, barley, 
oats, wheat, rice, 
and sorghum

Humans, 
swine, 
dairy, and 
cattle

Enlargement of uterus, 
abortion, early puberty 
in girls, malformation 
of testicles and ovaries

Stenocarpella 
maydis, S. 
macrospora

Diplodiol, 
Diploidiatoxin

Maize Poultry, 
farm 
animals

Diplodiasis 
(neuromycotoxicosis): 
ataxy, paralysis, and 
hepatic damage and 
death

Aspergillus, 
Penicillium and 
Byssochlamys spp.

Patulin Apples, cherries, 
blueberries, 
plums, bananas, 
strawberries, 
grapes, fruit 
products, and sea 
food

Humans Group 3 carcinogen; 
weight loss, gastric, 
intestinal, and renal 
dysfunction, sperm 
malformation, and 
abortion
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intraspecific biocontrol strains has raised two key concerns at least in the case of A. 
flavus: (1) atoxigenic strains are effective against only a limited range of toxigenic 
strains whose populations keep changing periodically in the soil (Huang et al. 2011; 
Damann 2015), and (2) the requirement of physical contact for the biocontrol effect 
(touch inhibition) (Huang et al. 2011) may lead to the evolution of super toxigenic 
strains via genetic recombination. In contrast, interspecific biocontrol agents (BCA) 
preclude recombination and generally are active against a broad range of fungal 
strains, including mycotoxigenic fungi. Many of these organisms are isolated from 
plants growing in disease suppressive soils or native colonizers of plant hosts (Gond 
et al. 2015; Shrestha et al. 2016). Here, we review the development, mode of action, 
and prospects of biocontrol Bacilli (BCB), particularly relevant to mycotoxigenic 
fungi that colonize maize and other important crops.

3.2  �Bacillus-Based Biocontrol Systems

Although fungi (e.g., Trichoderma, Metarhizium, and Beauveria) constitute popular 
BCAs, bacterial species comprise a much larger range of microbial biocontrol prod-
ucts. Bacilli are the most extensively studied as well as commercially formulated 
bacterial BCAs (Cawoy et al. 2011). The genetic diversity, ability to sporulate and 
survive in harsh environments, rapid colonization facilitated by flagellar and non-
flagellar motility, nonpathogenic lifestyle (other than B. cereus, which causes food 
poisoning in humans; Bottone 2010), and a broad range of pathogenic fungal targets 
aided by diverse modes of action are some of the reasons why the genus constitutes 
a majority of commercially viable biocontrol formulations. The most popular BCB, 
B. thuringiensis, is mostly known for its insecticidal activity of toxic crystal pro-
teins. Transgenic crops expressing Bt genes for the insecticidal crystal proteins have 
played an important role in enhancing food security as well as safety (more in Sect. 
3.6). In addition to those listed in Table 3.2, many closely related genera also dis-
play antagonism against fungal pathogens including mycotoxigenic species. For 
example, Paenibacillus polymyxa isolates are potent antagonists of Fusarium spp. 
(Abd El Daim et al. 2015; Cawoy et al. 2015; Shi et al. 2017). Similarly, Lysinibacillus 
spp. showed significant anti-aflatoxigenic activity in vitro and in maize and peanut 
seeds (Chalivendra et al. 2018; Wang et al. 2013) and an ability to biodegrade AF 
(Adebo et al. 2016) as well as zearalenone (Wang et al. 2018).

3.3  �Modes of Biocontrol by Bacilli

Although fungal growth inhibition is the predominant criterion used in laboratory 
screens to select biocontrol species, Bacillus BCAs act via diverse effects on the 
pathogen as well as the host in the suppression of pathogenicity (reviewed in Cawoy 
et al. 2011; Shafi et al. 2017). These include inhibition of hyphal growth, induction 
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of cell death, competition for space and nutrients, direct effects on mycotoxin bio-
synthesis and stability, and/or promotion of host immunity and fitness. Considerable 
progress has been made in unraveling the molecular mechanisms underlying these 
effects during the past decades.

3.3.1  �Antifungal Activity

The most common mode of action of BCAs is antibiosis. The extent of pathogen 
growth inhibition varies with the Bacillus strain and the pathogen. In many BCA-
fungal interactions, the pathogen recovers once the bacterium is removed (i.e., fun-
gistasis), while in others, the pathogen is killed after its exposure to the BCA 
(fungicidal effect). Understanding the molecular basis of these BCA-pathogen 
interactions would facilitate the discovery of new biocides that are robust and appro-
priate to a specific pathogen (DeFilippi et al. 2018).

Table 3.2  Bacilli with biocontrol activity on mycotoxigenic fungi

Bacillus species Targeted fungus Mode of action References

B. 
amyloliquefaciens
B. licheniformis
B. megaterium
B. 
methylotrophicus
B. subtilis

A. flavus Loss of membrane and 
cell wall integrity, 
germination inhibition, 
transcriptional inhibition 
of AF biosynthesis, AF 
degradation

Afsharmanesh et al. (2018), 
Al-Saad et al. (2016), 
Chalivendra et al. (2018), 
Farzaneh et al. (2016), Gong 
et al. (2014), Kong et al. 
(2014), Raksha Rao et al. 
2017

B. 
amyloliquefaciens
B. subtilis

A. parasiticus Chitinolytic activity Wang et al. (2013)

B. safensis
B. 
amyloliquefaciens 
B. subtilis

A. westerdijkiae Not investigated Einloft et al. (2017)

B. subtilis A. ochraceus
A. carbonarius

Not investigated Shi et al. (2014a)

B. 
amyloliquefaciens

A. niger Not investigated Raut et al. (2014)

B. subtilis F. oxysporum Cell lysis Swain et al. (2008)
B. 
amyloliquefaciens
B. mojavensis
B. subtilis

F. verticillioides 
(also known as 
F. moniliforme)

Cell vacuolization, lysis 
and loss of cell wall 
integrity

Blacutt et al. (2016), Gond 
et al. (2015), Pereira et al. 
(2007)

B. velezensis
B. 
amyloliquefaciens

F. graminearum Production of antifungal 
volatiles and LPs

Shi et al. (2014b), Chen 
et al. (2018), Lim et al. 
(2017), Palazzini et al. 
(2016)

B. 
amyloliquefaciens

F. solani Production of antifungal 
LPs

Li et al. (2014)
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Co-cultivation is used as the primary screen to detect antifungal activities. 
Therefore, it is important that the assays are done under a broad range of conditions 
that are particularly relevant to the field environment in order to maximize the dis-
covery of robust BCA candidates. For example, 20 out of 59 Bacillus spp. isolated 
from maize fields inhibited A. flavus and A. parasiticus at 0.98 water activity. 
However, when water activity of the medium was lowered to 0.955, only three iso-
lates were effective (Bluma and Etcheverry 2006). Bacillus strains from maize fields 
showed much lower inhibition of A. flavus and F. verticillioides growth in potato 
dextrose broth than in maize kernel extract medium, suggesting nutritional regula-
tion of antifungal activity (Palumbo et al. 2007). An apparent lack of fungistasis 
when co-cultured in popular synthetic media may occasionally be due to unmet 
nutritional needs resulting in the poor growth of a test Bacillus isolate (Chalivendra 
et al. 2018). Conversely, some Bacilli strains were shown to stimulate the prolifera-
tion of Fusarium spp. and promote disease under certain abiotic stress conditions, 
suggesting that stress-adapted bacteria may supply growth-stabilizing compounds 
to the fungus (Cray et al. 2016). In addition, strains that require nutrient-rich media 
to show any significant antifungal activity may raise concerns because of their poor 
adaptability to the adverse phyllosphere environment. In such cases, cell-free 
extracts (crude or enriched) prepared under conducive growth conditions may be a 
suitable alternative to the field application of live cultures.

3.3.2  �Inhibition of Mycotoxin Biosynthesis

Mycotoxigenic fungal pathogens pose a unique problem in that factors governing 
virulence may be different from those that control toxin biosynthesis. For example, 
the amount of FUMs or AF in the grain often does not always correspond to the 
severity of ear rot or fungal biomass in infected seeds (e.g., Cotty et  al. 1994; 
Santiago et al. 2015). It is not surprising that BCA also may differ in their mode of 
biocontrol activity. However, the possibility of distinctive BCA effects on myco-
toxigenic fungi has not been examined until recently. In an assay designed to mea-
sure both antibiosis and antimycotoxigenic activities, 29 Bacilli isolates from rice 
phyllosphere (RABs) were tested for their effects in A. flavus (Chalivendra et al. 
2018; Fig. 3.1). Only 15 RABs showed significant growth inhibition, whereas 26 of 
them (~90%) showed significant anti-aflatoxigenic activity, ten of which had negli-
gible or no effect on colony growth (Chalivendra et al. 2018). It follows that the 
primary BCA screens for (myco)toxigenic pathogens need to assay for both growth 
and toxin inhibition to capture all potentially useful strains. Identification of isolates 
with different activities may allow the formulation of a cocktail with complemen-
tary strains for robust mycotoxin control. For example, BCB that show significant 
antimycotoxigenic activity and negligible antibiosis are safe to be combined with 
atoxigenic intraspecific fungal strains or chemical fungicides in mitigating myco-
toxin production (e.g., Hervás et al. 1997).
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3.4  �Mechanisms of Antibiosis and Antimycotoxigenicity

In co-cultivation assays, the size of the growth inhibition zone is used to score the 
efficacy of BCA and to discard the negatives. A study by Bluma and Etcheverry 
(2006) is an exception, where the authors found that 56 of 59 Bacilli isolates from 
maize fields needed contact for antagonism in A. flavus, while only ~5% of isolates 
formed inhibition zones. A growth inhibitory zone in co-cultivation assays is a 
strong indication of diffusible antifungal activities as the basis of biocontrol. Bacilli 
are known to synthesize and secrete a variety of antifungal metabolites, such as 
lipopeptides, polyketides, hydrolases, and siderophores, thus offering an ex  vivo 

Fig. 3.1  Assay to screen putative BCAs for both fungistatic and antimycotoxigenic activities in 
the same plate. (Reproduced from Chalivendra et al. 2018). Assay details are presented in the origi-
nal publication
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method of pathogen control, in addition to biological formulations. Purified com-
pounds or crude culture supernatants of these BCB show antifungal/toxigenic activ-
ities that are equivalent or even superior to live bacteria (e.g., Blacutt et al. 2016; 
Chalivendra et  al. 2018). The molecular basis of antibiosis induced by many of 
these secreted compounds is fairly understood (Ongena and Jacques 2008). Recent 
studies show that antifungal compounds from BCB strains (which also inhibit fun-
gal growth) repress transcript levels of AF biosynthesis genes (Al-Saad et al. 2016; 
Kong et al. 2014). On the other hand, the mechanism(s) of antimycotoxigenic activ-
ity independent of antibiosis or mycotoxin degradation is yet to be explored.

3.4.1  �Cyclic Lipopeptides (CLPs)

CLPs are the predominant class of Bacillus antifungals. As suggested by their name, 
they are rings of amino acids with fatty acid side chains. Remarkable heterogeneity 
has been observed among the CLPs, although they are as short as 7–10 amino acids. 
In addition to amino acid substitutions, the variability is contributed by the nature, 
length, and configuration of the fatty acid chain. CLPs provide a broad spectrum 
and environmentally stable antimicrobial activity due to their structural diversity 
and cyclic configuration. Their production is often modulated by the presence and 
the type of pathogens (DeFilippi et al. 2018). CLPs belong to three families, surfac-
tin, iturin, and fengycin, and a single Bacillus strain can make one or more of them 
(Ongena and Jacques 2008). Each of these family members has both common and 
specific biological activities. Surfactins are poor antagonists of some pathogenic 
fungi, but they facilitate swarming movement and rapid colonization of plant sur-
faces as well as the rhizosphere, in addition to inducing host systemic resistance 
(Leclère et al. 2006; Cawoy et al. 2015). Fengicyns inhibit most filamentous fungi, 
although were shown to be more effective on F. verticillioides than on A. flavus (Hu 
et al. 2007; Farzaneh et al. 2016). Fengicyns disrupt membrane integrity leading to 
organelle dysfunction, particularly a loss of mitochondrial membrane potential, 
resulting in oxidative stress, chromatin condensation, and hyphal cell death (Zhang 
and Sun 2018). These subcellular effects are manifested as hyphal bulging, curling, 
or emptying. Iturins are strong antifungal CLPs. Bacillomycin D, an iturin, is 
strongly antagonistic to A. flavus (Moyne et al. 2001; Gong et al. 2014) as well as F. 
graminearum (Sun et al. 2018). Similar to surfactins, iturins may help BCB to colo-
nize plant surfaces by promoting biofilm formation (Xu et al. 2013).

3.4.2  �Non-peptide Antifungals

BCBs also produce non-peptide antibiotics, but their role in the biocontrol of myco-
toxigenic fungi has not been sufficiently investigated. Chitinolytic activity in some 
Bacillus spp. has been found to be a factor in the biocontrol of A. parasiticus and AF 
mitigation (Wang et  al. 2013). Volatile compounds made by some strains of B. 
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amyloliquefaciens are reported to restrict the growth and spore germination in F. 
oxysporum (Yuan et al. 2012). However, the chemical nature or the mode of action 
of these volatile compounds has not been investigated.

3.5  �Mycotoxin Degradation

Some BCB eliminate mycotoxins by metabolizing them into less toxic or nontoxic 
by-products (e.g., Ciegler et  al. 1966; Adebo et  al. 2016; Verheecke et  al. 2016; 
Vanhoutte et al. 2016, and references therein), in addition to repressing fungal growth 
or toxin biosynthesis. Many species of Bacillus, including B. subtilis and B. licheni-
formis or their culture supernatants, have been shown to degrade AF to nontoxic prod-
ucts (reviewed in Raksha Rao et al. 2017; Verheecke et al. 2016). However, neither 
the enzymes nor the degradation products have been investigated in these studies. 
Recently, Afsharmanesh et al. (2018) presented genetic evidence for the involvement 
of an oxidoreductase in AF degradation by B. subtilis. The enzyme, encoded by the 
bacC gene, participates in the biosynthesis of the antifungal peptide bacilysin, sug-
gesting that the pathway provides a robust biocontrol of AF. Only a few microorgan-
isms are known to degrade and detoxify FUMs (Vanhoutte et al. 2016), and Bacilli 
are among them (Camilo et al. 2000). Based on an increase in the medium pH, it was 
hypothesized that the degradation was by the removal of the free amino group.

3.6  �Induced Systemic Resistance (ISR)

A fifth mechanism by which Bacilli may inhibit mycotoxigenic fungi is by enhanc-
ing the host plant defense through the stimulation of its immune machinery. 
Surfactins are shown to induce significant protective effect against diseases caused 
by fungal pathogens, while fengycins are poor inducers of ISR (Cawoy et al. 2014). 
Treatment of maize roots with a suspension of B. subtilis strain endophytic to maize 
seeds (but not with lipopeptide extract) induced defense genes (Gond et al. 2015). 
However, there has been no report on the induction of ISR by Bacilli against a spe-
cific mycotoxigenic fungus.

3.7  �Plant Growth Promotion

In addition to ISR, many BCBs also promote plant growth (e.g., Shrestha et  al. 
2016), by producing phytohormones that are appropriate to growing conditions 
(Park et al. 2017). For example, plants treated with B. aryabhattai showed greater 
tolerance to heat stress and produced more abscisic acid, the stress hormone that 
controls stomatal closure (Park et al. 2017). Heat and drought stress are known to 
exacerbate mycotoxin synthesis and also insect damage (Bennett and Klich 2003). 
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Species such as B. megaterium and Paenibacillus polymyxa can be used as biofertil-
izers, since they can fix nitrogen and solubilize phosphate (Anand and Chanway 
2013; Ding et al. 2005).

3.8  �Insect Vector Control

Transgenic Bt crops expressing cry genes from B. thuringiensis are protected against 
not only insect pests but pathogenic microbes vectored by those insects. Bt corn, 
although not very effective in aflatoxin mitigation, has been shown to reduce FUMs 
and deoxynivalenol contamination (e.g., Bowers 2013). A. flavus and A. parasiticus 
invade the seed through silk and are vectored mainly by insects that are not con-
trolled by Bt corn (Abbas et al. 2013). Lower mycotoxin levels in Bt corn have been 
shown from the feeding damage caused by the European corn borer but not the corn 
earworm. Bacillus thuringiensis may have additional biocontrol effects. For exam-
ple, seed treatment with a chitinase from B. thuringiensis controlled Fusarium 
infection in soybean (Gomaa 2012).

3.9  �Summary

Being sporulating Gram-positive bacteria, Bacilli are resistant to temperature, dry-
ness, UV radiation, and organic solvents. This stability is extended to their culture 
supernatants or many antifungal compounds secreted by Bacilli. For example, cul-
ture filtrates from other microbial BCAs such as Pseudomonas spp. were unstable 
at temperatures and pH conditions tested, in contrast with the filtrates from B. sub-
tilis. The cell-free extract from the BCB maintained antifungal activity even after 30 
days of exposure to extreme temperatures and pH values or sterilization by auto-
claving (Petatán-Sagahón et al. 2011). Although commercial formulations specifi-
cally targeted to mycotoxigenic fungi are not currently available, there has been an 
increased interest in developing such products to promote food safety currently 
under threat from global warming.
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Chapter 4
Bacillus subtilis and Its Effect 
on the Postharvest of Fruit and Flowers

Fabián Heriberto Rivera Chávez, Hortencia Gabriela Mena Violante, 
Martin Arriaga Rubi, Jaime Bravo, María del Rosario Abraham Juárez, 
Silvia Edith Valdés Rodríguez, and Victor Olalde Portugal

4.1  �Introduction

We live in an era of science and technological advances in all the fields of knowl-
edge, including those associated with agriculture. These advances in the past 60 
years have created disease-resistant, high-yielding, and profitable crops and have 
developed more effective agricultural inputs. However, famines still arise, and the 
indiscriminate use of synthetic inputs has had a negative impact on the environment 
(Unfao 2010; Bhardwaj et al. 2014).

Famine has fostered the development of technologies that take a holistic advan-
tage of nature. Studying the ecological side of agriculture has allowed us to use its 
resources more effectively, such as rhizospheric microorganisms, including plant 
growth-promoting rhizobacteria (PGPRs), like Bacillus subtilis that has the capac-
ity to form thermoresistant spores and biofilms (Rivera Pérez 2009). Originally, 
these bacteria were only associated with the production of root growth, but there is 
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new evidence that these rhizospheric bacteria can function as biofertilizers or bio-
control agents that promote the growth of more vigorous plants, increase their yield, 
and improve their response to biotic stress (Tejera Hernández et al. 2013). Recent 
findings have revealed that the inoculation of agricultural crops with B. subtilis can 
improve the final quality of their products, having a positive impact on attributes, 
like size and firmness (Olalde-Portugal and Mena-Violante 2008). This impact may 
involve the activity of hormone-like substances that affect plant growth, flowering, 
and fruit ripening as well as involve nutritional mechanisms and protection against 
pathogens. This paper addresses the potential of applying B. subtilis as a biofertil-
izer, a biocontrol agent, and a biostimulant to improve the quality and shelf life of 
agricultural products in the context of sustainable agricultural production.

4.1.1  �The Challenge of Sustainable Agricultural Production

The world is currently experiencing a food crisis in which approximately 30% of 
the population suffers some form of malnourishment. More than half of the diseases 
in the world are associated with nutrient deficiency (Unfao 2010). The nutritional 
requirements of humanity initiated the development of a massive farm production 
model based mainly on the use of great expanses of land, the intensive application 
of fertilizers, the improvement of crops, and the application of pest-control sub-
stances with the objective of assuring a bountiful harvest which eventually gave way 
to the well-known green revolution (Bhardwaj et al. 2014; Glick 2012).

Data from the FAO (2000) suggest that by 2030, the agricultural production in 
developing countries will be 70% higher than it was in 1995–1997. Around 80% of 
this production will come from intensive farming systems that will require an 
increase in the amount of arable land. Around 120 million of hectares will be turned 
into agricultural soil (Unfao 2010). Innovations in fertilization, plant nutrition, and 
irrigating systems, as well as the control of diseases and pathogens, have allowed 
high yields in crops over the last 50 years. However, these technologies have had a 
highly negative impact on the environment (Pingali 2012).

The ecological study of agriculture is crucial for discovering the best production 
methods with the least negative impact on the environment. A deeper understanding 
of the ecological nature of the agricultural systems will make it possible to improve 
their capacity to benefit mankind. One of the biotechnological alternatives for sus-
tainable agricultural production is the use of beneficial soil microorganisms func-
tioning as biofertilizers, particularly from the rhizosphere, because these 
microorganisms produce metabolites during their life cycle that produce positive 
effects on the crops and improve the soil quality (Bhardwaj et al. 2014). The rhizo-
sphere is the region of the soil surrounding and affected by the root, wherein the root 
can give shelter to more than 1 × 1011 cells of microorganisms per gram of soil and 
can contain more than 30,000 prokaryotic species (Egamberdieva et al. 2008). The 
group of microbial communities that inhabit the rhizosphere is called the 
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microbiome, and its interactions may determine the health and efficacy of a crop 
that grows in an agroecosystem (Mendes et al. 2013).

Hiltner (1904) suggested that the volume of the rhizosphere or soil adherent to 
the plant root is richer in free-living microorganisms than the rest of the surrounding 
soil where the root has less influence (reviewed by Lugtenberg and Kamilova 2009). 
This phenomenon could be due to the fact that an important percentage of carbon 
fixed by the plants (5–21% depending on the plant) is secreted into the environment 
through radicular exudates. The plant root secretes a complex mix of metabolites 
into the soil, including sugars, peptides, phenols, and hormones that are used by the 
different microorganisms in the rhizosphere. This concentration of metabolites may 
explain why the concentration of microorganisms in the rhizosphere is 10 to 100 
times denser than in the rest of the soil (Lugtenberg and Kamilova 2009). These 
microbial associations result in a wide range of benefits involving biochemical and 
physiological changes that occur in the host plants (Gunes et al. 2015). The use of 
microorganisms in different crops promotes a significant increase in the production 
of fruits, vegetables, and grains (Glick 2012; Bergottini et al. 2015).

Field and greenhouse experiments have shown yield increase when the beneficial 
microorganisms are inoculated into the soil, such as plant growth-promoting rhizo-
bacteria (PGPRs). However, improvements occur not only in biomass production 
but also in terms of crop protection and the quality of agricultural products (Olalde-
Portugal and Mena-Violante 2008; Ordookhani et al. 2010).

4.1.2  �Plant Growth-Promoting Rhizobacteria (PGPRs)

Plant growth-promoting rhizobacteria (PGPRs) are organisms associated with plant 
roots, and they stimulate plant growth, facilitate nutrient assimilation, and provide 
protection against infectious agents (Bais et al. 2004). These microorganisms live in 
a mutualistic relationship with their host. Initially it was observed that their pres-
ence promoted plant tissue growth, hence the name (Kloepper et al. 1989). Several 
studies have suggested that there are multiple mechanisms through which PGPRs 
can promote plant growth. Some of these microorganisms have the ability to pro-
duce molecules comparable to auxins (Ahmed and Hasnain 2014), cytokinins (Liu 
et al. 2013), gibberellins (Kang et al. 2012), and abscisic acid (Cohen et al. 2015) 
that act as plant growth hormones.

It has been established that the presence of PGPRs enhances the efficacy of nutri-
ent absorption into plants. This can be done by modifying kinetic transport, modify-
ing root structure, or promoting the bioavailability of nutrients (Bashan et al. 1989; 
Bais et al. 2004; Glick 2012). It has been shown that some PGPRs have the ability 
to process molecules containing nitrogen, phosphorus, and iron into forms that can 
be assimilated by plants (Antoun 2013).

Nitrogen fertilizers are among the most indispensable and costly of agricultural 
inputs. Only 45% or less of applied nitrogen is used by the plants, while the remain-
der is lost through gaseous emissions or through filtrations causing a serious 
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contamination issue. An alternative would be to utilize a group of bacteria having 
the ability to fix nitrogen, capturing the atmospheric nitrogen in its nonreactive state 
N2 and changing it into ammonia NH3. This conversion is carried out by the enzyme 
nitrogenase and is known as biological nitrogen fixation (Bhattacharjee et al. 2008). 
Also, soluble phosphate availability can be a limiting factor on plant growth. Some 
PGPRs solubilize phosphorus from organic and inorganic sources to facilitate phos-
phorus absorption and bioavailability through the release of low-molecular weight 
organic acids functioning as chelating agents (Antoun 2013; Baldan et al. 2015).

Additionally, some PGPRs produce siderophores, low-molecular weight com-
pounds with chelating potential containing a high affinity for metal ions, particu-
larly Fe+, which bind to form a Fe-siderophore that can be assimilated by the plant 
or bacteria. This assimilation leads to an increase in the amount of iron available in 
the internal tissues constituting a nutritional benefit and an indirect defense tool 
against pathogens (Aguado-Santacruz et al. 2012; Kloepper et al. 1989).

4.2  �Bacillus subtilis

B. subtilis—one of the 65 species of the genus Bacillus—is a soil microorganism 
widely distributed in several habitats. The successful colonization of B. subtilis is 
due to its capacity to form thermoresistant endospores as a response to several envi-
ronmental stress factors, such as nutritional deprivation and the lack of moisture 
(Rivera Pérez 2009), and it is dispersed by wind. B. subtilis has a high reproduction 
rate and produces extracellular hydrolytic enzymes and antibiotic substances (Earl 
et al. 2008). The use of fluorescent antibodies to distinguish the vegetative state of 
the spore in different soil samples revealed that B. subtilis is found predominantly 
in this state when it is associated with organic materials found in decomposition 
(Norris and Wolf 1961). Experiments proved B. subtilis to be a saprophytic organ-
ism. Soil samples saturated with twice as much volume of sterile organic matter 
were inoculated with B. subtilis spores, wherein spore germination and the prolif-
eration of the vegetative form of the inoculum were observed for several days, until 
final sporulation occurred due to nutrient deficiency (Vilain et al. 2006).

For a long time, it was taken for granted that B. subtilis was an obligate aerobe. 
Sequencing of its genome in 1968 showed genes possibly associated with the syn-
thesis of nitrate reductase enzymes (Kunst et al. 1997), suggesting that it can grow 
in anaerobic conditions using nitrate instead of oxygen as an electron acceptor 
(Folmsbee et al. 2004; Kunst et al. 1997). Additionally, B. subtilis has been found to 
complete its vegetative cycle under anaerobic conditions like those present in the 
gastrointestinal tract of animals (Hong et al. 2005; Tam et al. 2006).
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4.2.1  �Biofilms Formed by Bacillus subtilis

A biofilm is a bacterial population in which bacteria adhere to each other and to a 
surface through the excretion of various polymers, generating an array of several 
attached layers (Costerton and Lewandowski 1995). Initially during biofilm forma-
tion, bacteria change their phenotype according to their proximity to the surface. As 
the process continues, fastened cells interact as microcolonies with similar cells and 
those of other species (Fletcher 1991). Different bacterial biofilms respond to spe-
cific microenvironmental conditions with different growth patterns (Costerton et al. 
1987) that may be pure or mixed cultures of cellular aggregates on different surfaces 
under controlled or natural conditions (Andrews and Harris 2000). Biofilms have 
aroused interest in the study of plant-microorganism interaction. It is well known 
that most of naturally free-living bacteria are associated with different surfaces in 
the form of multicellular clusters known as biofilms (Branda et al. 2005). Biofilms 
growth offers some benefits to its constituents, including improved resistance to 
severe weather, access to nutrients, and protection (Davey and O’Toole 2000).

B. subtilis also has the ability to form biofilms, since it can develop into a func-
tional cooperative community with specialized cells differentiated from an isogenic 
progenitor population and produce the necessary molecules to form the biofilm 
matrix (Vlamakis et al. 2008). This biofilm matrix is generally made of exopolysac-
charides and the TasA protein that polymerizes into amyloid fibrils-like structures 
(Beauregard et al. 2013).

One of B. subtilis’ characteristics that holds great significance is the capacity to 
colonize on the roots of a large number of plants and to grow in a mutualistic rela-
tionship with them. There is evidence correlating the capacity of B. subtilis to form 
biofilms with root colonization, promotion of growth and protection against patho-
gens (Beauregard et al. 2013; Cairns et al. 2014).

4.2.2  �Bacillus subtilis as a Biofertilizer

Crop yield and the quality of agricultural products depend directly on the quality of 
the soil that provides the plant with nutrients and support. In many cases, low crop 
productivity has been associated with a poor handling of the soil. Loss of arable 
land is mainly caused by excessive exploitation of arable lands without the addition 
of organic material and the increase in salinity due to the use of fertilizers and the 
occurrence of droughts (Yuan et al. 2007). For more than 60 years, the application 
of soil endemic microorganisms, particularly those associated with the rhizosphere, 
has been proposed as an alternative to chemical fertilizer use. The supporters of 
sustainable agriculture and biosecurity programs are becoming very interested in 
this method to resolve infertile soil limitations (Bhardwaj et al. 2014).

Biofertilizers contain live microorganisms which have the ability to enrich native 
soil flora. Moreover, several studies have shown that biofertilizers enhance the 
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texture and other features of soil where the crops grow (Bhardwaj et al. 2014). Thus, 
biofertilizers are defined as substances that contain live microorganisms that colo-
nize in the rhizosphere or internal part of the plant when they are applied to a seed, 
a root surface, or soil. Additionally, some microorganisms have the capacity to 
release chemical compounds that may regulate the plant as well as antibiotics 
(Vessey 2003).

Phosphorus is the most indispensable nutrient for the optimal growth of a plant 
after nitrogen (Rajankar et  al. 2007; Tejera Hernández et  al. 2013). Most of the 
phosphorus present in soil cannot be assimilated by plants with only 0.1–0.4% of 
phosphorus being present in organic form (Corrales Ramírez, et  al. 2014). 
Phosphorus forms metal compounds with iron and aluminum in very acidic soils, 
and it forms compounds with calcium carbonate in very alkaline soils. Some micro-
organisms are known to have the capacity to solubilize phosphorus from various 
sources through several methods (Toro et al. 1997). These methods mainly include 
reducing the pH of the soil by means of organic acid excretion which dissolves 
phosphorus-rich minerals or chelate cations joined to phosphorus, thereby releasing 
it (He et al. 2007). The genus Bacillus is one of the most studied bacteria regarding 
its capacity to solubilize phosphorus (Rajankar et  al. 2007). Several species that 
belong to this genus have the ability to solubilize phosphates that are associated 
with promoting growth of the bacteria in different economically important crops, 
such as corn and wheat (Egamberdiyeva et al. 2004). Various studies have proven 
that several B. subtilis strains have the capacity to solubilize phosphorus in vitro 
(Qureshi et al. 2012). Likewise, field studies suggest that B. subtilis can enhance 
phosphorus mobilization in the soil by functioning independently or along with 
other microorganisms like Pseudomonas aeruginosa or arbuscular mycorrhizal 
fungi. In these cases, excretion of organic acids is the main mechanism of solubili-
zation that occurs with cation exchange allowing insoluble phosphate to become 
soluble and available to the plant. Citric acid, lactic acid, succinic acid, and propi-
onic acid are among the most common excreted organic acids (Adesemoye et al. 
2008; Tejera Hernández et al. 2013; Toro et al. 1997).

Most plants absorb iron, an essential nutrient, as a ferrous ion (Fe2+), but the fer-
ric ion (Fe3+) is the most abundant in the soil that can be precipitated as ion-oxide 
forms easily. Most plants exude compounds that can interact with Fe3+ so they can 
assimilate it. The “chelating” compounds deposit the Fe3+ on a root surface where it 
is reduced to Fe2+ and then absorbed. The siderophores link to Fe3+ and allow it to 
be absorbed through the plasmalemma (Vessey 2003). The production of sidero-
phores is considered a secondary mechanism through which PGPRs stimulate plant 
growth, since they facilitate iron ions bioavailability in the rhizosphere. Additionally, 
siderophores are believed to inhibit the growth of certain pathogens (Kloepper et al. 
1980). In a study conducted by Díaz Peralta et al. (2012), B. subtilis strains were 
found to produce hydroxamate siderophores also identified in other bacterial spe-
cies classified as promoting plant growth.

Consequently, B. subtilis strains can be supplementary components to the con-
ventional handling of soil fertilization along with crop rotation, residue reincorpora-
tion, and pathogen biocontrol (Sahoo et al. 2013). Several studies documented the 
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positive effects of PGPRs on crops caused by an increase in the content of certain 
plant nutrients. Karlidag et al. (2007) reported that the inoculation of apple trees 
(Malus domestica L. cv. Granny Smith) with B. subtilis had a significant impact on 
the nutrient content (i.e., P, K, Ca, Fe, Mn, Cu, and Zn) in addition to increasing 
growth and yield. Karakurt et al. (2011) tested strains of Bacillus OSU-142 (N2-
fixing) and M3 (N2-fixing and phosphate solubilizing) in isolation and in combina-
tion with organically grown primocane raspberry (cv. Heritage) and found an 
increase in the crop growth and yield. Additionally, the contents of nitrogen, phos-
phorus, and calcium in raspberry leaves inoculated with both strains, and the con-
tents of iron and manganese on raspberry leaves treated with M3 increased.

Published information about nutrient content of agricultural products coming 
from plants inoculated with PGPR is scarce. In this regard, Dursun et al. (2010) 
sprayed PGPR on tomato (Lycopersicon esculentum L.) and cucumber (Cucumis 
sativus L.) and found that the application of B. subtilis BA-142 increased the min-
eral content (i.e., N, P, Mg, Ca, Na, K, Cu, Mn, Fe, and Zn) in fruits of both crops. 
The results showed that there are positive nutritional effects on plants fertilized with 
B. subtilis causing an increase of fruit nutritional quality.

4.2.3  �Bacillus subtilis as a Biostimulator

Over the past few years, an important group of secondary metabolites synthesized 
by several microorganisms have aroused interest among biotechnologists. They are 
molecules classified as plant growth hormones due to their similarity to those com-
pounds produced by plants during their growth. Even though the early reports about 
these metabolites date back to the 1960s, they have drawn attention recently because 
of their results when applied to sustainable agricultural models. Several species of 
microorganisms have been reported to synthesize indole-3-acetic acid, gibberellin, 
zeatin, and abscisic acid (Karadeniz et al. 2006).

About three decades ago, B. subtilis strains were reported to produce chemical 
compounds promoting plant growth with most of the studies documenting the pres-
ence of indoleacetic acid and abscisic acid (Araújo et al. 2005). Abscisic acid inhib-
its root elongation setting up a negative correlation between tissue growth and the 
endogenous content of abscisic acid. On the other hand, indoleacetic acid has been 
associated with secondary roots and root hair proliferation. Consequently, it has 
been hypothesized that the production of these substances from B. subtilis contrib-
utes to plant growth, especially when observing root length, increase of woody tis-
sue density, greater vigor, and flower and fruit production (Díaz Peralta et al. 2012).

The angiosperms, also known as “flowering plants,” are defined in botany as 
plants with seed(s) and flowers having whorls or arrangement of sepals, petals, sta-
mens, and carpels. While the carpels contain the ovules, the pollen makes contact 
with the carpels stigmatic surface instead of directly with the ovule, as in gymno-
sperms. The main role of the floral organ is the production of seeds through sexual 
reproduction in order to perpetuate and propagate the species. This has led to the 
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growth of attractive crowns and modified edible ovaries, known as fruits (Ferrara 
Sarmiento et al. 2013).

The use of flowers has gained great interest in the scientific and commercial 
fields to such an extent that strategies have been searched to control the develop-
ment of these organs through techniques ranging from the application of chemical 
compounds similar to plant hormones to genetic engineering (Klee and Giovannoni 
2011). The economic interest has led to the overexploitation and indiscriminate use 
of uncontrolled nutritional systems.

In recent works, the application of B. subtilis strains has altered flower growth as 
well as plant life span. These alterations have been associated with better nutrition 
and plant stimuli that are typical of the interaction with these microorganisms. 
Ornamental flowers of the genus Lilium are produced under intensive systems due 
to their high demand. It was observed that when these plants were inoculated with 
B. subtilis along with mycorrhizal fungi Glomus fasciculatum and a minimum dose 
of phosphorus, plants were more vigorous, taller, heavier with greater stem diame-
ter, and had a more intense color. In addition, flowers from the treated plants 
bloomed faster and lived significantly longer (Rubí Arriaga et al. 2012).

B. subtilis application has also been reported to influence the quality of some 
agricultural products. Mena-Violante and Olalde-Portugal (2007) showed that fruit 
and pericarp firmness increased in the latest ripening stages when tomato plant roots 
were inoculated with B. subtilis. The changes in firmness involved alterations in the 
components of the primary cell wall, such as cellulose, pectin, and glucans, that 
normally occurred during ripening (Brownleader et  al. 1999) and are associated 
with ethylene production. Ethylene is the hormone that controls the expression of 
ripening genes (Alexander and Grierson 2002), and it is engaged in the promotion 
of plant growth (Glick et al. 1998). Although these changes occur in the roots, they 
could be associated with signaling pathways that affect the fruit growth and ripen-
ing (Mena-Violante and Olalde-Portugal 2007). Changes associated with tomato 
texture (Solanum lycopersicum Mill.) in plants inoculated with Bacillus subtilis 
BEB-13bs were also studied. The results showed that the fruit pericarp firmness at 
the light red ripening stage was significantly higher in fruits from inoculated plants. 
In addition, the treatment with B. subtilis significantly reduced the activity of the 
polygalacturonase enzyme (PG) in the fruit at the light red ripening stage. Finally, it 
was reported that the expression pattern of Aco, the gene that encodes for the ami-
nocyclopropane carboxylic acid oxidase—enzyme regulating ethylene synthesis 
during ripening—showed a significant decrease in the transcript accumulation in 
red fruit from inoculated plants. The expression pattern changes of this gene associ-
ated with ripening, along with the PG enzymatic activity, show the influence of 
B. subtilis on the ripening process. The fact that only the bacteria on the roots pro-
duced these effects on the fruit suggested that the participation of signals somehow 
influenced the ethylene biosynthetic pathway. However, further research is needed 
to study this possibility.

Another biostimulating effect associated with the fruit quality was documented 
by Karakurt et al. (2011), who reported that the foliar application of B. subtilis pro-
moted the biomass growth in cherry trees and significant changes on the fruit 
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chemical composition, suggesting that the fruit quality could be indirectly affected 
by bacteria through the production of substances comparable to phytohormones.

4.2.4  �Bacillus subtilis as a Postharvest Biocontrol Agent

Fruits and vegetables are considered living beings even after harvest since they con-
tinue breathing and release energy in the form of heat and water. This makes them 
perishable products that are susceptible to the loss of desirable features that can lead 
to the loss of commercial value (Giovannoni 2004).

Various technologies have been developed to preserve the organoleptic features 
(i.e., color, flavor, texture) of fruits and vegetables, such as controlled atmosphere 
refrigeration systems and radiation at different wavelengths (Ayala Gil 2011). The 
use of synthetic chemicals to inhibit pathogen growth has contributed to a signifi-
cant decrease in sprouting and reduced the loss of product (Kim et  al. 2015). 
However, over the long term, it has been negatively observed that the excessive use 
of these technologies can raise product prices, eventually lose their efficacy, may be 
toxic for people, and may contribute to environmental deterioration. These draw-
backs have promoted the search of less dangerous and more effective alternatives. 
In this regard, biocontrol of postharvest decay in agricultural products could pro-
vide an effective alternative technology to chemical control.

B. subtilis is one of the most commonly used bacteria for disease biocontrol 
(Ongena and Jacques 2008) and, along with other Bacillus species, represents half 
of the commercially available biopesticides for postharvest disease control world-
wide (Fravel 2005). The capacity of B. subtilis to form spores makes it one of the 
best candidates for the development of effective biopesticides (Ongena et al. 2007) 
in addition to being able to produce metabolites with strong antifungal properties, 
high degradability, and being environmentally friendly (Chen et al. 2008).

B. subtilis sequencing revealed that a large portion of its genome (4%) produces 
secondary metabolites. These secondary metabolites include antibiotic peptides that 
inhibit fungi and bacteria growth (Emmert et al. 2004), volatile compounds (Yuan 
et al. 2012), and several types of lipopeptides (Bais et al. 2004; Hossain et al. 2015) 
associated with B. subtilis biocontrol activity. In addition, it has been documented 
that B. subtilis produces catabolic enzymes (proteases, kinases, and glucanases) and 
other components that are toxic to phytopathogens (Ashwini and Srividya 2013).

Since the 1980s, beneficial effects have been observed regarding the application 
of organisms to different fruits, such as peaches, nectarines, apricots, and plums. 
For example, spraying with Pseudomonas and Bacillus bacterial cultures demon-
strated antagonist activity against the fungal pathogen Monilinia fructicola (Pusey 
and Wilson 1984). In this work, the treatment with the strain B-3 of B. subtilis 
affected the development of brown rot caused by fungi in all the treated cases. Jiang 
et al. (2001) reported that B. subtilis and its cell-free extracts inhibited the occur-
rence of Peronophithora litchi. The use of B. subtilis to control pathogens in several 
crops has been reported recently (Bais et al. 2004; Choudhary and Johri 2009), and 
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some strains have been proposed as biocontrol agents for the development of bio-
products to control postharvest fruit decay caused by fungi (Arrebola et al. 2010; 
Casals et  al. 2010; Obagwu and Korsten 2003). However, they are not currently 
commercially available. For instance, Obagwu and Korsten (2003) isolated B. sub-
tilis strains from a citrus surface and assayed their capacity to inhibit the occurrence 
of Penicillium digitatum and Penicillium atalicum. They found that a treatment of 
B. subtilis combined with sodium bicarbonate was as effective as the mixture of 
commercial fungicides use to control these pathogens. In a study where B. subtilis 
was applied to avocado plantations to control fungus-causing stalk rot that infected 
plants from flowering, Demoz and Korsten (2006) demonstrated the capacity of 
B. subtilis to colonize different surfaces of the plant, such as the flower and stomata, 
and to reduce the incidence of infections associated with fruit rot.

There is a considerable interest in using B. subtilis strains that produce antibiotic 
lipopeptides (e.g., iturine and surfactin) (Bais et al. 2004). Meticulous studies have 
shown that B. subtilis CPA-8 in culture (i.e., cells, spores, and antifungal metabolites), 
cells, and cell-free supernatant are effective to control brown rot on stone fruit mainly 
through the production of fengycin lipopeptides (Yánez-Mendizábal et al. 2012).

An orange fruit study associated with B. subtilis showed that these bacteria were 
capable of reducing the postharvest incidence of Penicillium crustosum by 25% 
(Arrebola et  al. 2010). Raw extracts of the same B. subtilis strain were used to 
reduce the incidence and decay of Penicillium digitatum in mandarin oranges 
(Leelasuphakul et al. 2008). The biocontrol observed in B. subtilis may be due to the 
production of volatile compounds that can affect the production of mycelium, such 
as ketones, organic acids, alcohols, sulfur-nitrogen compounds, and esters, includ-
ing more than 21 different types of compounds (Arrebola et al. 2010).

A postharvest study on the Malus domestica “Golden Delicious” apple reported 
that strains from different Bacillus species, including B. subtilis, showed antagonist 
activity against gray mold caused by Botrytis mali, preventing its growth and reduc-
ing the lesion diameter (Jamalizadeh et al. 2009). Dimkić et al. (2013) showed that 
the ethyl acetate extracts from the cell-free supernatants of two B. subtilis strains 
were active against several apple fungal pathogens after the harvest, in vitro and 
in vivo. The mass spectrometry analysis of the extracts confirmed the presence of 
surfactin. Kim et al. (2015) demonstrated the capacity of the B. subtilis strain HM1 
as a control agent for apple anthracnose caused by Colletotrichum acutatum fungi, 
one of the phytopathogens that most affects postharvest fruits. B. subtilis HM1 
exhibited a wide spectrum of antagonistic properties to several phytopathogenic 
fungi, and the production of lipopeptides was identified to attribute to the inhibitory 
properties of this strain. The authors reported that the application of B. subtilis could 
prevent up to 80.7% of infection caused by Colletotrichum acutatum, while the cell-
free supernatant only showed 69.4% efficacy on anthracnose control. Interestingly, 
three compounds associated with the phytopathogenic fungi inhibition were identi-
fied in the supernatant: iturine A, fengycin, and surfactin.

Despite much research, the mechanisms of B. subtilis to function as a biocontrol 
agent are still not completely clear, and it is suggested that this antimicrobial activity 
may be due to the production of mycolytic enzymes. Srivastava et al. (2012) reported 
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that the B. subtilis JN032305 strain isolated from the chili rhizosphere produced 
three mycolytic enzymes: chitinase, glucanase, and cellulase, showing a wide spec-
trum antagonistic property against bacteria and phytopathogenic fungi.

Interestingly, the application of bacteria to influence the quality of agricultural 
products regarding pre- and postharvest disease is just beginning to be documented. 
Feliziani et al. (2015) carried out research in which several alternative treatments 
were applied and demonstrated that the routine pre- and postharvest application of 
the treatments reduced the loss of desirable features by 33%, such as color and tur-
gor in strawberry (Fragaria × ananassa).

4.2.5  �Bacillus subtilis as an Agricultural Product Quality 
Promoter

The quality of fruits and vegetables is defined as their degree of excellence (Abbott 
1999) and centers around organoleptic properties (i.e., texture, color, flavor), bioac-
tive substances content (i.e., carotenoids and dietary fiber), and essential nutritional 
compounds (i.e., proteins and vitamins), in addition to the absence of unwanted 
attributes (i.e., pesticides and heavy metals) (Schreiner 2007).

The quality of agricultural products is affected by several pre- and postharvest fac-
tors. The preharvest factors that affect the quality of products already harvested include 
biological factors (i.e., pathologic and entomological), physiological (i.e., nutritional 
imbalance and ripeness), and cultural (i.e., fertilization and growth regulators) 
(Mattheis and Fellman 1999). In this regard, the PGPR can be considered as preharvest 
agent that influences the yield and quality of fruits, vegetables, and other agricultural 
products (Mena-Violante and Olalde-Portugal 2007; Mena-Violante et al. 2009).

The quality of fruits and vegetables is highly dependent on their ripening stage. 
Fruit ripening consists of a number of biochemical and structural changes that make 
the fruit more attractive to seed dispersal vectors (Brummell 2006). It is a highly 
complex and coordinated process that involves different metabolic pathways, involv-
ing pigment biosynthesis (Andersen et al. 2004), sugars, acids, and volatile com-
pounds that alter the flavor (Darbellay et al. 2004), degradation of the cell wall and 
the middle lamella (Osorio et al. 2013), as well as the synthesis and action of regula-
tion hormones (Given et al. 1988). Color is the main indicator of fruit ripeness, and 
it depends on pigment accumulation, such as carotenoids and flavonoids, that have 
been attributed to nutraceutical properties (Andersen et al. 2004; Wang et al. 2014).

Reports on organoleptic fruit properties caused by the inoculation of crops with 
PGPR are scarce, but one of these studies was carried out by Mena-Violante and 
Olalde-Portugal (2007). They demonstrated that the B. subtilis BEB-13bs strain had 
positive effects on tomato quality (Solanum lycopersicum), particularly on the size 
and texture. Interestingly, firmer fruits from plants inoculated with B. subtilis were 
obtained. It was suggested that the effects on the texture (i.e., firmness) of fruits 
could be associated with the changes in ethylene production. In this regard, it is 
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known that the plant hormone regulates ripeness (Alexander and Grierson 2002) 
and is also involved in the promotion of plant growth by the PGPR (Glick et al. 
1998). Although these changes occur in the roots, they could be associated with 
signal pathways that affect the growth and ripeness of fruit.

Mena-Violante et al. (2009) reported that during the latest ripening stages, peri-
carp, and whole fruit firmness increased when the tomato roots were inoculated 
with B. subtilis. Texture changes include alterations in the primary wall compo-
nents, such as cellulose, pectin, and glucan, that normally occur during ripening 
(Brownleader et al. 1999). Texture is a very important quality parameter, because it 
generally determines the shelf life of fruit (Brandy 1987; Manning 1996; Paniagua 
et al. 2014). Low quality in fruit is mainly caused by excessive softening (Giovannoni 
2004). The firmest fruits are expected to be more resistant to decay caused by micro-
organisms and consequently have a longer shelf life. In this regard, the authors 
found that the decay percentage of fruit after 10 days in storage was significantly 
reduced in fruits from plants treated with B. subtilis.

Some research showed that applying B. subtilis as a biofertilizer or as a biocon-
trol agent had a positive impact on the shelf life of agricultural products. Pusey and 
Wilson (1984) reported that the treatment of coffee with the B. subtilis B-1849 
strain reduced fruit decay. Jiang et al. (2001) reported that B. subtilis as well as its 
cell-free extracts inhibited the growth of Peronophithora litchi. In addition to con-
trolling infection, fruits were stored up to 30 days at 5  °C without acquiring 
unwanted alterations when the microorganisms or its extracts were applied after 
harvest.

Similarly, in research carried out at the Ecological Biochemistry Laboratory of 
CINVESTAV-IPN Irapuato, we obtained results similar to those reported by Jiang 
et al. (2001). After spraying with B. subtilis strains and storing at commercial refrig-
eration temperatures, strawberries exhibited better preservation of physical features 
for a longer period of time compared to the controls.

It is important to note that other positive effects of plant roots inoculated with 
B. subtilis have been observed on fruit quality. Datta et al. (2011) found through a 
field study that C2 and C25 bacterial strains identified as Bacillus species isolated 
from the rhizosphere of the chili cultivar “Suryamukhi” promoted a significant 
increase in fruit weight, thus demonstrating that fruit quality benefited in terms of 
size. On the other hand, Erturk et al. (2012) showed that Bacillus species not only 
increased the yield and growth of the strawberry “Fern” but also positively influ-
enced fruit quality features, such as average weight, diameter, soluble solids con-
tent, and vitamin C content. Pırlak and Köse (2009) studied the effects of several 
PGPR strains containing biofertilizing and biocontrolling features on the strawberry 
cultivar “Selva,” and they reported that the inoculation of strawberry roots with the 
Bacillus OSU-142 strain resulted in increased yields and soluble solids content as 
well as affected sugar content.
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4.3  �Conclusions

Bacillus subtilis is a rhizospheric bacterium with potential for applications in sus-
tainable agricultural production due to its capacity to form endospores and biofilms 
and to its properties as a biofertilizer, a biostimulant, and a biocontrol agent. This 
potential of B. subtilis lies within mechanisms involving plant growth regulators’ 
synthesis, secondary metabolites, and mycolytic enzymes.

B. subtilis is known to promote plant growth and to increase yield as well as to 
prevent and control disease. In addition, these bacteria can improve the quality of 
agricultural products, like flowers and fruits. Several quality features in these prod-
ucts, such as size, color, firmness, and shelf life, can be positively affected by the 
application of B. subtilis.
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Chapter 5
Plant Growth Promotion by ACC 
Deaminase-Producing Bacilli Under Salt 
Stress Conditions
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5.1  �Introduction

Agriculture is a dominant activity in worldwide economic, social, and environmen-
tal development, contributing to 80% of the food consumed globally (FAO 2018). 
However, this activity around the world faces several soil adversities, which can 
negatively impact food production, causing economic losses to producers. Soil deg-
radation in agroecosystems is a serious problem that tends to be ignored, even when 
it has accelerated rates around the world (Borrelli et al., 2015; Dotterweich, 2013; 
Ligonja and Shrestha 2015). This event has negative impacts on the future of food 
safety by reducing soil fertility, which causes biotic and abiotic stress for crops 
(Dercon et al. 2012). Some examples of abiotic stress include extreme environmen-
tal conditions, such as high or low temperatures or pH, low nutrient availability in 
soils, flooding, prolonged periods of drought, and high concentrations of metals and 
salts (Glick 2014; Santoyo et al. 2016). Among them, salinity in soils is recognized 
as one of the factors that most affect agricultural production, and it is estimated that 
20% of cultivated areas are affected by this stress condition (Flowers 2004). For 
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example, salinity has caused a loss of about 65% of wheat yield in moderately saline 
soils (Shafi et al. 2010); due to that abiotic stress affects almost all aspects of plant 
development including germination, vegetative growth, and reproductive develop-
ment (Foolad 2004). Thus, the global food production is negatively affected by high 
concentrations of salt in agroecosystems, due to (i) natural biogenesis of agricul-
tural soil located in arid and semiarid regions and/or (ii) application of high rate of 
synthetic fertilizers, irrigation, and backflow of seawater (Siddikee et al. 2010).

In different regions of the world, saline soils represent most of the arable and 
cultivable areas, so several strategies have been implemented to mitigate its effects 
and generate good yields. For example, tolerant plants to higher salinity concentra-
tions by using genetic modification have been widely reported (Roy et al. 2014). As 
well as other techniques such as the selection of genotypes resistant to salt stress 
(first strategy) has shown that it may be another viable alternative and that it could 
be more accepted in certain legislations of countries where the cultivation of GMOs 
(second strategy) may be prohibited or highly restricted for cultivation (James 
2015). A third strategy is the use of microorganisms that form beneficial interac-
tions with plants, in particular, the plant growth-promoting bacteria (PGPB) 
(Lugtenberg and Kamilova 2009, Rojas-Solis et al. 2018). Thus, various bacterial 
genera from the rhizosphere, phyllosphere, or plant endosphere have been isolated 
and characterized by their ability to promote the growth of plants under salt stress 
conditions (Ghosh et al. 2003; Shrivastava and Kumar 2015). In this chapter we will 
focus on bacteria of the Bacilli group, mainly the Bacillus genus, within which there 
are several species that stand out for their multiple direct and indirect mechanisms 
of plant growth promotion, in addition to resistance to several types of environmen-
tal stress, fast-growing or duplication rate, and competent colonization, among oth-
ers (Santoyo et al. 2012).

5.2  �Salt Stress in Plants and Ethylene Biosynthesis

Ethylene is a hormone that is produced by the vast majority of plants and that occurs 
in various concentrations depending on the environmental conditions where the 
plants develop and grow (Glick 2014). Ethylene at optimal concentration (10 g L−1) 
can induce seed germination and elongation of the roots and the formation of pri-
mordia in stems and roots and initiate the stages such as flowering. In fruits, it can 
induce ripening and degradation. Also, it may be part of the produced volatiles that 
are part of the compounds important in fruit aroma (Lynch and Brown 1997; 
Choudhary 2017). However, at a higher concentration (25  g  L−1), this hormone 
induces defoliation, inhibition of root elongation, leaf senescence and abscission, 
and chlorophyll destruction (Singh et al. 2015). Thus, it is determinant to control or 
regulate the ethylene production by roots for normal growth and development of 
the plants.
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In plants, ethylene is synthesized in three steps: methionine is converted to 
S-adenosyl-methionine by S-AdoMet synthetase; then 1-aminocyclopropane-1- 
carboxylic acid (ACC) is synthesized from S-AdoMet by ACS (ACC synthase); and 
finally, ethylene is produced through the oxidation of ACC by ACO (ACC oxidase) 
(Lin et al. 2009).

Ethylene can be found in low concentrations in various plant tissues under stress-
free conditions. The regulation of ethylene synthesis occurs at different steps of the 
biosynthetic pathway. In Arabidopsis, tobacco and cotton, expression of genes cod-
ing for ACSs was found to be increased under salt stress (Achard et al. 2006, Cao 
et al. 2006, and Peng et al. 2014a, b). Interestingly, in Arabidopsis it was also found 
that a moderate low salinity pretreatment alleviated salt stress induction of four 
ACSs (ACS2, ACS6, ACS7, and ACS8) (Shen et al. 2014). ACO is also regulated by 
salinity. In cotton, several ACOs were found to be upregulated after salt treatment 
(Peng et al. 2014b).

Ethylene synthesis is affected by several factors including temperature, light, 
nutrition, gravity, and the presence of various types of biological stresses, i.e., the 
plant growth under salt stress, which improves plant tolerance to high salinity (Peng 
et al. 2014a, b). Thus, ethylene and its precursor (ACC) are induced by salinity in 
plant species; in fact, ethylene is known as the “hormone of stress” (Arshad et al. 
2008). Ethylene is not only produced in response to salt stress but as a generalized 
response caused by multiple types of stress. Besides, saline stress in plants causes a 
series of physiological responses, i.e., salinity in plants induces generation of reac-
tive oxygen species (ROS), including superoxide anion (O2

−), singlet oxygen (1O2), 
and hydrogen peroxide (H2O2), and causes cellular damage in the plant system 
(Arshad et al. 2008; Long et al. 2015; Peng et al. 2014a, b). In a recent work, it is 
proposed that salt stress can also block water absorbing by an osmotic stressful 
effect and a direct cell wall synthesis inhibition (Fig. 5.1). The previous stresses 
caused by the salt ends with a slow cell development and a shortage in root length 
(Long et al. 2015).

Thus, salinity causes a stress on the plant, which leads to an increase in the pro-
duction of ethylene, causing the abscission of leaves, petals, and flowers. It can also 
cause yellowing of leaves, senescence of various organs, and premature death of the 
plant (Zahir et al. 2009). Ethylene synthesis pathways in plants have been reviewed 
in quite a lot of detail in various works and have been known in detail for years 
(Yang and Hoffman 1984, Gamalero and Glick 2012). Briefly, the enzyme ACC 
synthase converts the S-adenosylmethionine (SAM) to 1-aminocyclopropane-1-
carboxylic acid (ACC) and 5′-methylthioadenosine (MTA). ACC is then converted 
to ethylene by the enzyme ACC oxidase. Indeed, it has been proposed that, while 
ethylene plays a positive role in the early stage of self-adjustment for survival under 
high-salinity stress, after self-adjustment has been achieved, excessive ethylene in 
plants will inhibit plant growth and development, which is disadvantageous for 
plants to survive under high-salinity stress (Tao et al. 2015).
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5.3  �Bacterial ACC Deaminase

The enzyme 1-aminocyclopropane-1-carboxylate deaminase (ACC deaminase) was 
first discovered and purified from an edaphic microorganism (Pseudomonas sp. 
ACP). This strain showed the ability to convert ACC to ammonia and α-ketobutyrate 
(Honma and Shimomura 1978). Thus, plants – under stress conditions, i.e., saline – 
respond by increasing the production of ethylene, causing various physiological 
changes that allow it to adapt and survive, such as tissue abscission and senescence. 
It is here where the bacterial enzyme ACC deaminase acts by degrading the plant 
ACC, the direct precursor of ethylene, generating α-ketobutyrate and ammonia, so 
the ethylene accumulation under stress conditions is avoided. Therefore, the bacte-
rial enzyme ACC deaminase helps the plant to reduce the abiotic stress, promoting 
its growth and survival (Glick 2014). Glick and colleagues (1998) proposed the 
pioneering model on the action of the enzyme ACC deaminase as a relevant factor 

Fig. 5.1  Proposed model for root development inhibition under salt stress. See text for details. 
(Modified from Long et al. 2015)

G. Santoyo et al.



85

for growth promotion in plants. In general, the ACC deaminase-containing PGPB 
associated with plants act as a sink for ACC, generally causing an increase in the 
length of the roots and shoots, as well as a better resistance to the growth inhibition 
by the ethylene-inducing stresses.

In a more recent model (Fig.  5.2), Glick (2014) proposes that phytohormone 
indole-3-acetic acid (IAA), produced by the plant and the associated PGPB, plays 
an essential role during the promotion of plant growth. The roots of the plant exude 
various compounds to the rhizosphere, including sugars, organic acids, and amino 
acids, such as tryptophan. PGPB can assimilate tryptophan, which is an essential 
precursor of the IAA synthesis. Then, the PGPB that produce IAA (in addition to 
ACC deaminase) can induce the transcription of auxin response factors, promoting 
plant growth and transcription of the ACC synthase as well. In conclusion, PGPB 
that contain ACC deaminase and produce IAA can generate a cross talk in the plant 
between IAA and ACC deaminase. On the other hand, ACC deaminase lowers eth-
ylene levels, while IAA stimulates plant growth (Duca et  al. 2014; Nascimento 
et al. 2018).

Fig. 5.2  Bacilli that both contains the enzyme 1-aminocyclopropane-1-carboxylate deaminase 
(ACC deaminase) and synthesize the phytohormone indole-3-acetic acid (IAA) may induce plant 
growth. The scheme is only showing the ACC deaminase enzyme and was modified from Glick 
(2014)
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5.4  �Bacillus Genus as Plant Growth-Promoting Bacteria

The Bacillus genus was first reported by Cohn in 1872 (Kokcha et al. 2012), who 
described it as heat-resistant, endospore-producing bacteria; at present, this genus 
includes over 336 species (Alcaraz et al. 2010). Bacillus is widely distributed world-
wide (cultivable population from log 3 to log 6 per gram fresh weight of soil) 
(Vargas-Ayala et al. 2000) due to their ability to form endospores, a structure that 
provides them the ability to live in several habitats, both water and terrestrial eco-
systems, and even in environments under extreme conditions (Tejera-Hernández 
et  al. 2011). Regarding the agricultural sustainability, few researches have to be 
carried out to understand the diversity and dynamics of Bacillus in agroecosystems 
under stress conditions and how the crop with Bacillus interaction is modulated by 
extreme soil conditions.

Bacillus, among other PGPB, offers vital ecosystemic services, such as (i) social 
and ecological sustainability, (ii) adaptation and mitigation to climate change, (iii) 
biotechnological resource for humanity, (iv) cycling of water and nutrients, and (v) 
food security, mainly by nutrient cycling (van der Heijden et al. 2008), and improv-
ing the plant growth by avoiding the establishment of phytopathogenic agents 
(Compant et  al. 2005), and the production of phytohormones, solubilization of 
nutrients, and activity of enzyme such as ACC deaminase (Hayat et al. 2010)

In the last decade, Bacillus strains have been reported to influence crop growth 
and yield under abiotic stress conditions, i.e., in a field experiment (Electric conduc-
tivity = 5.2 dS m−1), Upadhyay and Singh (2015) reported a maximum root dry 
weight and shoot biomass after inoculation of wheat with Bacillus aquimaris SU44 
and B. aquimaris SU8, after 60 and 90 days, respectively.

These traits make the Bacilli members excellent candidates for generating bio-
inoculants, since, in addition to the aforementioned previous advantages, the spores 
can be stored for a long time, remaining viable until their inoculation in the field, 
which can survive even under adverse conditions such as saline stress (Villarreal-
Delgado et al. 2018). Therefore, for several years Bacilli have been highlighted as 
effective bio-inoculants due to their consistent field results (Glick, and Skof 1986).

5.5  �Presence of ACC Deaminase in Soil Microorganisms

The ACC deaminase activity has been reported in all three domains, i.e., Eukarya, 
Bacteria, and Archaea. This finding is corroborated by identifying the acdS gene in 
the genomes of soil microorganisms and endophytes, as well as the activity of the 
ACC deaminase enzyme, and is relatively frequent (Blaha et al. 2006; Nascimento 
et al. 2014). Plant fungi such as Trichoderma asperellum contain the ACC deami-
nase enzyme. T. asperellum has been reported as beneficial to plants, since it has 
phytopathogen biocontrol activity and plant growth-promoting traits (Viterbo et al. 
2010). Bacterial groups such as Rhizobiaceae (Rhizobium, Sinorhizobium, and 
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Agrobacterium), Phyllobacteriaceae (Phyllobacterium and Mesorhizobium), and 
Azospirillum also contain the ACC deaminase enzyme (Nascimento et al. 2014). 
Other genera of PGPB bacteria that have been studied also exhibit deaminase ACC 
activities, including Achromobacter, Burkholderia, Ralstonia, Pseudomonas, and 
Enterobacter (Blaha et al. 2006; Duan et al. 2013; Wang et al. 2000; de los Santos-
Villalobos et al. 2013).

In a recent work on the evolution and phylogeny of the acdS gene (ACC deami-
nase enzyme gene), the authors detect its presence in bacterial groups as diverse as 
Actinobacteria, Deinococcus/Thermus, Alphaproteobacteria, Betaproteobacteria, 
Gammaproteobacteria, and Firmicutes. Surprisingly, acdS genes were found in a 
wide range of plant and human pathogenic microorganisms, suggesting a different 
role in these organisms. The authors also reported the presence of Lrp-like regula-
tory proteins, such as AcdR, which is a common regulatory mechanism ACC deami-
nase expression in Proteobacteria (Nascimento et al. 2014).

5.6  �Plant Growth Promotion by Bacilli Expressing ACC 
Deaminase

Bacilli are one of the most abundant bacterial groups in agricultural ecosystems; it 
is somehow expected to contain the acdS gene and, therefore, the ACC deaminase 
enzyme (Santoyo et al. 2012; Nascimento et al. 2014). The first report of the isola-
tion and characterization of plant growth-promoting Bacilli with the ability to 
catabolize the ACC was carried out by Ghosh et al. (2003). In that work, the authors 
isolated plant growth-promoting bacteria from southeastern Wisconsin soils based 
on the unique ability of the isolates to use the ACC as the sole source of nitrogen. 
Thus, they isolated three Bacilli, including the species Bacillus circulans DUC1, 
B. firmus DUC2, and B. globisporus DUC3, which exhibited beneficial abilities by 
stimulating the root elongation in Brassica campestris (canola) seedlings under 
gnotobiotic conditions.

Other recent work has shown that several species of Bacilli show activities that 
promote plant growth associated with the ability of strains to use ACC. For exam-
ple, Xu et al. (2014) carried out a screening in bacterial communities of Bacillus 
within the seeds of four commercial tomato varieties (Lycopersicum esculentum 
Mill.), by 16S rRNA gene PCR-RFLP (restriction fragment length polymorphism), 
in order to identify PGP traits under gnotobiotic experiments and greenhouse condi-
tions. Thus, authors identified the strain B. subtilis HYT-12-1, which showed ACC 
deaminase activity, among other PGP mechanisms.

In another work, searching for plant growth-promoting endophytes associated 
with the medicinal plant Lonicera japonica, which grows in eastern China, several 
bacterial strains were identified, Bacillus and Paenibacillus. Such strains showed a 
promising ACC deaminase activity, as well as induction of root and shoots length 
and increment of chlorophyll of wheat (Triticum aestivum cv. “Zhoumai 18”). Also, 
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some strains showed antagonism against the phytopathogens Magnaporthe grisea, 
Fusarium oxysporum, and Alternaria alternata (Zhao et al. 2015).

Two other endophytic strains of Bacilli, B. subtilis LK14 and LK15, were iso-
lated from the medicinal plant Moringa peregrina, which grows in the arid regions 
of Arabia. The inoculation of one of the strains, LK14, significantly increased the 
shoot and root biomass and chlorophyll contents of tomato (Solanum lycopersicum) 
plants (compared to uninoculated plants). Interestingly, such strain exhibited a sig-
nificant production of IAA, as well as ACC deaminase activity. Although the authors 
did not perform inoculation experiments under saline stress conditions, it can be 
concluded that using endophytic, Bacilli strains can be bio-prospective for plant 
growth promotion of crops in marginal lands (Khan et al. 2016).

5.7  �Plant Growth Promotion by Bacilli Under Saline Stress

The previous works show a high potential to use plant growth-promoting Bacilli 
with ACC deaminase activity; however, there is no clear relationship between the 
ability to use ACC and the induction of growth in plants, in addition to the fact that 
the experiments were not carried out under stressful conditions, either salinity or 
other environmental stress, a situation where the ACC deaminase enzyme can have 
a potential to reduce ethylene levels in plants, facilitating survival and increasing 
plant growth. Therefore, the use of mutants in the acdS gene was necessary to con-
firm a relationship between ACC deaminase activity and the promotion of plant 
growth. Thus, Dr. Glick’s group generated an acdS mutant in the bacterium 
Pseudomonas sp. UW4 (previously known as Enterobacter cloacae UW4), which 
showed a significant decrease in ACC deaminase activity and root elongation of 
canola plants. Thus, this work confirmed the importance of the ACC deaminase and 
validated the model where it is proposed that PGPB induce plant growth by lower-
ing ethylene levels in plants, including ethylene inhibition of root elongation (Li 
et al. 2000).

In a recent work, Yaish et  al. (2015) isolated and characterized several endo-
phytic Bacilli (Paenibacillus xylanexedens PD-R6) of date palm (Phoenix dacty-
lifera L.) with ACC deaminase activity, among other mechanisms such as the 
production of indole-3-acetic acid (IAA). Some strains were also able to chelate 
ferric iron (Fe3+); solubilize phosphorus (PO43+), zinc (Zn2+), and potassium (K+); 
and produce ammonia. The PD-R6 strain increased the root length of canola plants, 
either under normal growth conditions or salinity, but interestingly, it was possible 
to observe an increase in ACC activity and production of IAA in response to the 
increase in salt (NaCl) in the growth medium. The authors conclude that the isolated 
endophytic bacterium Paenibacillus xylanexedens PD-R6 can alter ethylene and 
IAA levels and also facilitate nutrient uptake in roots and therefore have the poten-
tial role to promote the growth of date palm trees growing under salinity stress.
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The ability to produce IAA and the ACC deaminase activity displayed by Bacilli 
is a desirable feature in PGPB.  Thus, Chinnaswamy et  al. (2018) isolated to 
fast-growing, endophytic strain of Bacillus megaterium (NMp082) from root nod-
ules of Medicago polymorpha. This species, apart from exhibiting to produce IAA 
and ACC deaminase activity, contained nifH and nodD genes with a 100% identity 
to those of Ensifer meliloti, which suggest an unusual event of lateral gene transfer. 
The authors also reported that B. megaterium NMp082 was not able to form effec-
tive nodules, but it induced nodule-like unorganized structures in alfalfa roots. 
Interestingly, B. megaterium NMp082 induced tolerance to salt stress in alfalfa and 
Arabidopsis plants and showed good traits to tolerate salt stress, water deficiency, 
and the presence of different heavy metals.

5.8  �Plant Growth Promotion by Naturally Halotolerant 
Bacilli

Isolating strains that are naturally tolerant to high salt concentrations (halotolerant) 
is an excellent strategy to identify plant growth-promoting Bacilli strains, since usu-
ally these strains contain deaminase ACC activity. In countries such as Iran where 
25% of arable land have high concentrations of salt, it is desirable to identify halo-
tolerant strains as bioinoculating potentials that allow their survival in such stressful 
conditions and carry out effective plant growth-promoting actions. Recently, a halo-
tolerant strain of Bacillus mojavensis K78 was identified in Iranian rhizospheric 
soils, which contains ACC deaminase activity and was able to increase dry root 
weight and shoots, chlorophyll content, and nutrient intake in low wheat plants 
conditions of salt stress. Additionally, strain K78 improved the water content of 
wheat grown under stress, improving the osmotic balance of plant cells (Pourbabaee 
et al. 2016).

Other halotolerant strains of Bacillus with ACC deaminase activity have been 
reported. For example, the species B. aryabhattai strain RS341 showed more than 
40% increase in root elongation and dry weight in canola seedlings, when compared 
with uninoculated salt-stressed plants (Siddikee et  al. 2010). More recently the 
same group reported that the inoculation of ACC deaminase-producing halotolerant 
B. aryabhattai RS341 at 120 mM of NaCl significantly increased the seed germina-
tion and decreased seed ACC content. Importantly, the ethylene emission of salt 
stress exposed canola seedlings was reduced with the inoculation of strain B. aryab-
hattai RS34, compared to uninoculated salt stress control. The authors concluded 
that amelioration of salt stress inhibitory effect on the canola seed was attributed to 
the modulation in ethylene emission (and induction of hydrolytic enzymes) by bio-
inoculation of ACC deaminase-producing halotolerant strain RS341 (Siddikee et al. 
2015). Table 5.1 shows relevant works of ACC deaminase-producing Bacilli species 
that promote plant growth under salt stress conditions.
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Table 5.1  Bacilli species producing ACC deaminase and containing other direct and indirect 
mechanisms to induce plant growth

Bacilli species 
and strain

Plant host/
endophyte or 
rhizospheric origin Plant growth-promoting effect References

Bacillus 
megaterium 
NMp082

Medicago 
polymorpha/
Endophyte

Promote plant growth in Medicago 
spp.

Chinnaswamy 
et al. (2018)

Induce tolerance to salt stress in 
alfalfa and Arabidopsis plants

B. circulans 
DUC1

Alfalfa, soybean, 
tomato, corn/

Promote plant growth in canola 
seedlings

Ghosh et al. 
(2003)

Bacillus firmus 
DUC2

Rhizospheric

B. globisporus 
DUC3

Low ethylene levels
Root elongation is enhanced

B. aryabhattai 
RS341

Halophytic plants/
Rhizospheric

Increase root elongation and dry 
weight in salt-stressed canola 
seedlings

Siddikee et al. 
(2010)

B. aryabhattai Halophytic plants/
Rhizospheric

Alleviate salt stress effect in canola 
seed germination

Siddikee et al. 
(2015)RS341

B. subtilis LK14 Moringa peregrina/
Endophyte

Improve the growth of tomato 
plants

Khan et al. 
(2016)B. subtilis LK15

Produce IAA
Phosphate solubilization
ACC deaminase activity

B. mojavensis 
K78

Wheat plants/
Rhizospheric

Facilitate plant growth promotion in 
the presence of inhibitory levels of 
salt in wheat plants

Pourbabaee 
et al. (2016)

ACC deaminase activity
B. subtilis 
HYT-12-1

Tomato seeds/
Endophyte

Promote plant growth in tomato 
plants

Xu et al. (2014)

ACC deaminase activity
Fix Nitrogen

B. megaterium 
QM B1551

Date palm (Phoenix 
dactylifera L.)/
Endophyte

Some strains have ACC deaminase 
activity and produce IAA and 
ammonia (except Bacillus 
megaterium QM B1551)

Yaish et al. 
(2015)

B. endophyticus 
2DT
B. oleronius ATCC
B. thuringiensis 
Bt407
B. anthracis Ames
B. atrophaeus 170 Lonicera japonica/

Endophyte
Promote plant growth in wheat 
plants. Strain 124 shows capacity 
for siderophore production and 
phosphate solubilization

Zhao et al. 
(2015)B. megaterium 124

B. subtilis 132
B. subtilis 135
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5.9  �Conclusions and Perspectives

The Bacilli have great potential versus other groups of PGPB, for example, the 
capacity to sporulate, the high tolerance to saline stress, fast-growing rate and ele-
vated competence to colonize niches in the rhizosphere are common traits in newly 
isolates around the world, as well as its wide distribution in different latitudes, 
noticing the good capacities to promote plant growth of plants through ACC deami-
nase activity, without ruling out other mechanisms that allow an additional benefit. 
For example, Bacilli can enhance the efficiency of water use and nutrient uptake, as 
well as maintaining K+/Na+ ratio in plant cells (Nadeem et al. 2007).

It is noteworthy that there is a lack of knowledge regarding the level of participa-
tion of the ACC deaminase with respect to other mechanisms of stimulation of 
growth and development in plants; this is, in part, due to the lack of mutant strains 
and double mutants (i.e., ACC deaminase gene plus other genes that encode mecha-
nisms such as production of siderophores, solubilization of nutrients, and produc-
tion of osmoprotective compounds) that have delayed their analysis in the 
plant-bacteria interaction. Therefore, it is essential that this area of genetic analysis 
be developed further to allow the evaluation of the cross talk between functions and 
bacterial mechanisms of PGP. Finally, we propose that more work needs to be done 
on the interaction between various species of Bacilli and other PGPB, since it has 
been observed, in a few recent works, the additive and/or synergistic activity of 
Bacillus species with other beneficial bacterial species or fungi (Armada et al. 2016; 
Kumar et al. 2016). Finally, whether a bioinoculant containing different PGPB is 
developed, the presence of one or more species of the Bacilli group is essential, 
since such species have enormous potential to benefit plant health, particularly, 
those agroecosystems with problems of salinity.
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Chapter 6
Bacillus subtilis-Mediated Abiotic Stress 
Tolerance in Plants

Oksana Lastochkina

6.1  �Introduction

Abiotic stresses have a significant negative impact on agricultural industry by inhib-
iting plant growth and decreasing crop productivity worldwide (Pereira 2016). 
Losses of major crops from adverse environmental stress factors like drought, salin-
ity,  extreme temperature, heavy metals, UV radiation, various oxidative stresses, 
etc. have reached 50–82% and pose serious threats to agriculture and food security 
(FAO 2016; Benedetto et  al. 2017). According to the Food and Agriculture 
Organization of the United Nations (FAO), the world’s population is rapidly increas-
ing. To ensure food security by the year 2050, the world food production of major 
agricultural crops should be increased by 70% and in developing countries by 100% 
(FAO 2014, 2016). The chemicals traditionally applied for plant protection can 
cause significant damage to the environment and can contaminate food products 
with toxic compounds. The emerging acuteness of food and environmental prob-
lems as well as the search for energy-saving natural “green” technologies and the 
production of organic products raise the urgency of searching for novel, efficient, 
and environment - friendly ways to cope with the threat of global abiotic stresses to 
agriculture and to increase plant productivity. Several strategies have been devel-
oped in order to solve these issues including plant genetic engineering (Dandekar 
2000; Key et al. 2008) and plant growth-promoting bacteria (PGPB) that activate 
various physiological features of host plant metabolism without causing adverse 
effects on plants, humans, and the environment (Dimkpa et al. 2009; Baez-Rogelio 
et al. 2016; Numan et al. 2018). Since PGPB inoculation is more easily manipulated 
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compared to transgenic plants, the application of PGPB in agriculture has gained 
recent attention (Ma 2017).

The PGPB are group of beneficial bacteria either free-living in the soil or colo-
nizing the rhizosphere, phyllosphere, or plant tissue interior (endophytes) that can 
enhance plant growth and induce systemic resistance in host plants to a broad spec-
trum of pathogens (Beneduzi et al. 2012) and abiotic stresses (Dimkpa et al. 2009; 
Sayed et al. 2011; Cherif et al. 2015; Van Loon 2007; Baez-Rogelio et al. 2016). 
PGPB include the strains in the genera Acinetobacter, Alcaligenes, Arthrobacter, 
Azospirillum, Azotobacter, Bacillus, Beijerinckia, Burkholderia, Erwinia, 
Enterobacter, Rhizobium, Flavobacterium, and Serratia (Bashan and de-Bashan 
2005; Maksimov et  al. 2015). However, there is particular interest in the genus 
Bacillus spp., viz., B. subtilis for development of natural fertilizers and plant protec-
tion products for application in agriculture, horticulture, and forestry (Sarma et al. 
2018; Maksimov et al. 2015). A large number of findings in the literature indicate 
that B. subtilis is involved in the regulation of plant growth, development, and 
response to both biotic (pathogens, pests) (Van Loon 2007; Akram et al. 2013) and 
abiotic stress factors such as drought, salinity, high and low temperatures, toxic met-
als, UF radiation, etc. (Lastochkina et  al. 2017a; Moon et  al. 2017; Kuramshina 
et al. 2018; Martins et al. 2018; Numan et al. 2018), therefore increasing plant pro-
ductivity. So, the protective effect of B. subtilis under different abiotic stresses was 
revealed for various plant species including wheat (Turan et  al. 2012; Çakmakçı 
et al. 2017; Lastochkina et al. 2017a), maize (Rojas-Tapias et al. 2012; Moon et al. 
2017), strawberry (Karlidag et al. 2010, 2013), soybean (Martins et al. 2018), let-
tuce (Yildirim et al. 2011), cabbage (Turan et al. 2014), brahmi (Bharti et al. 2013), 
sugar beet (Pusenkova et al. 2015, 2016), sweet basil (Sayed et al. 2011), and many 
others. Of special interest are endophytic B. subtilis, living inside plant tissues, 
which allow them to be less dependent on external environmental factors (compared 
to rhizosphere and phyllosphere strains) while exhibiting economically “useful” 
features (Sessitsch et al. 2012; Maksimov and Khairullin 2016; Pandey et al. 2017). 
Wherein, endophytes once implanted in plant tissues can contribute to the formation 
of their long-term protection against adverse environmental factors throughout the 
entire growing season (Sessitsch et al. 2012; Cherif et al. 2015; Pusenkova et al. 
2016). A number of reports indicate the positive effect of B. subtilis on the posthar-
vest physiology of various fruits and vegetables, enhancing their resistance against 
postharvest diseases and unfavorable storage conditions which is manifested in 
extending their marketing life with maintaining nutritional qualities (Jiang 
et al. 2001).

The mechanism of B. subtilis-induced physiological action on the host plants are 
numerous, diverse, and often specific (Van Loon 2007; Berg 2009; Pérez-García 
et al. 2011; Turan et al. 2012; Numan et al. 2018). Conceptually, B. subtilis may use 
direct and indirect mechanisms to promote plant growth and increase plant stress 
tolerance. This is associated with the synthesis of wide range of biologically active 
substances such as antibacterial and insecticidal components, siderophores and che-
lators, hormones and enzymes, production of 1-aminocyclopropane-1-carboxylate 
(ACC) deaminase (Saikia et al. 2018), exopolysaccharides (EPS) (Upadhyay et al. 
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2011), ethylene level reduction in plants, nitrogen fixation, increased availability of 
macro-/microelements (Pandey et al. 2017), and the launch of host plant’s systemic 
resistance and tolerance (Van Loon 2007; Akram et  al. 2013; Lastochkina et  al. 
2017a; Moon et al. 2017; Kuramshina et al. 2018; Martins et al. 2018; Numan et al. 
2018). The activation of the defense mechanisms throughout the plant can be car-
ried out in different ways. Two common pathways are induced systemic resistance 
(ISR) and systemic acquired resistance (SAR) (Ryals et  al. 1996;  Van Loon 
2007; Pieterse et al. 2012). It has been discovered that B. subtilis is triggered by both 
SAR and ISR in plants which indicates the prospects of work on the development of 
biological products on the basis of B. subtilis, especially endophytes, for the protec-
tion of agricultural plants against stresses both biogenic and abiogenic nature 
(Maksimov and Khairullin 2016; Pandey et al. 2017). Furthermore, PGPB-induced 
physical and chemical changes in plants result in increased tolerance against abiotic 
stresses which have been described as induced systemic tolerance (IST) (Yang et al. 
2009; Arya et al. 2018). The role of PGPB in IST has been revealed and studied very 
recently (Sarma et al. 2018). However, it is not yet clear how B. subtilis specifically 
regulates the protective system of host plants under abiotic stresses and how 
B. subtilis-induced plant defense signal system interacts with the classical signaling 
pathways specifically induced by such signaling molecules as salicylic acid (SA), 
jasmonates (JAs), and ethylene. The effectiveness of the same strain of B. subtilis 
can vary depending not only from environmental conditions but also on many fac-
tors such as plant species, its ecological and geographic origin, and varietal features 
(Maksimov and Khairullin 2016; Lastochkina et al. 2017b). Therefore, one of the 
main reasons development of plant protection products including B. subtilis has 
been restrained is due to lack of systemic studies of the mechanisms of relationships 
in the systems “B. subtilis – host plant – abiotic stress.” Thus, for fully using the 
potential of B. subtilis as inoculants in sustainable agriculture, it’s extremely impor-
tant to understand their underlying mechanisms in physiological action on host 
plants under different adverse environmental factors.

In this chapter, the published findings have been summarized to show the influ-
ence of B. subtilis strains on plant growth, development, and productivity. The cur-
rent state of knowledge of the physiological and biochemical mechanisms of 
B. subtilis-induced plant tolerance under different abiotic stress conditions is also 
discussed.

6.2  �Role of B. subtilis in Plant Growth and Development

B. subtilis plays an important role in enhancing plant growth and development 
through a wide variety of interrelated direct and indirect mechanisms (Bloemberg 
and Lugtenberg 2001). Conceptually, direct ways of employing those bacterial traits 
that result in the direct promotion of plant growth include improving the bioavail-
ability of macro-/micronutrients (nitrogen fixation, phosphate solubilization, 
sequestering iron), producing or changing the concentrations of phytohormones 
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(auxins, cytokinins (CKs), gibberellins, ABA, JAs, SA), and regulating ethylene 
levels in plant (Oliveira et al. 2003; Jha et al. 2012; Ishak et al. 2016). Transcriptome 
analysis of the bacteria B. subtilis OKB105 in response to Oryza sativa seedlings 
showed that many of the 176 differentially expressed genes are involved in the inter-
action between bacteria and plants. A total of 176 genes (3.8%) of the B. subtilis 
OKB105 transcriptome showed significantly altered expression levels in response 
to rice seedlings. Among these, the 52 genes were upregulated, the majority of 
which (including araA, ywkA, yfls, mtlA, ydgG) are involved in metabolism, nutri-
ents transport, and stress responses; the 124 genes were downregulated (including 
cheV, fliL, spmA, tua) and involved in chemotaxis, motility, sporulation, and teichu-
ronic acid biosynthesis (Xie et al. 2015). Many studies demonstrated the ability of 
B. subtilis to facilitate nutrient uptake or increase nutrient availability acting as a 
biofertilizer (Ramesh et al. 2014). Inoculation of wheat and soybean with B. subtilis 
strains MDSR7, MDSR11, and MDSR14 significantly increased the availability of 
zinc which enhances the plant growth and assimilation of zinc in seeds (Ramesh 
et al. 2014). Ahmad et al. (2017) discovered that endophytic B. subtilis 330-2 sig-
nificantly increased rice and maize growth (ranging 14–37%) and triggered their 
tolerance against biotic/abiotic stresses differentially expressed in 114 genes, among 
which 32% and 10% were involved in metabolism (e.g., gltA, pabA, and ggt) and 
transportation of nutrients (e.g., fhu, glpT, and gltT), respectively.

6.2.1  �Production of Plant Growth Regulators

Production of phytohormones is one of the most important mechanisms of 
B. subtilis-induced plant growth promotion (PGP). The liquid culture filtrates of 
B. subtilis were found to contain the natural plant growth regulators such as auxins, 
CKs, ABA, and gibberellins (Sivasakthi et al. 2013; Ishak et al. 2016) which were 
beneficial for effective photosynthesis, growth, and plasma membrane integrity. 
Gupta et al. (2000) found a culture filtrate of B. subtilis FZB-G capable of triggering 
phytohormones’ precursor, which plays an important role in signal transduction and 
activation of defense genes resulting in the production of defense-related com-
pounds. Many studies have demonstrated that B. subtilis promotes plant growth 
through the production of auxins (Moon et  al. 2017; Ahmad et  al. 2017), CKs 
(Arkhipova et al. 2005), and gibberellins (Bottini et al. 2004) or by regulating the 
high levels of endogenous ethylene in the host plants (Glick 2014). Among the PGP 
traits, indolic compounds such as indole-3-acetic acid (IAA) play a vital role in 
plant growth and development being the main plant auxin which is responsible for 
the division, expansion, and differentiation of plant cells and tissues (Pandey et al. 
2017). It has been shown that B. subtilis FZB24 producing IAA promotes root sys-
tem development which improves plant ability to absorb more water and nutrients 
(Sorty et al. 2016). The rhizobacteria B. subtilis LDR2 increased IAA content in 
wheat under salt stress and enhanced plant tolerance (Barnawal et al. 2017). Most 
studies have shown that IAA biosynthesis is greatly influenced by L-TRP precursor 
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that is believed to be the primary precursor for formation of IAA in microorganisms 
(Sessitsch et al. 2012). Several different IAA biosynthesis pathways may also be 
used and a single bacterial strains sometime containing more than one pathway 
(Pandey et al. 2017). For example, in the endophyte metagenome, all corresponding 
genes for IAA production have been detected for three pathways: the indole-3-
acetamide, indole-3-pyruvate, and tryptamine (Sessitsch et al. 2012). Interestingly, 
IAA production is reported to be more common among the endophytic than among 
epiphytic bacteria. Thus, from the tested 363 epiphytic and 373 endophytic soybean 
bacteria, the proportion of IAA-producing endophytic bacteria was 34% and for 
epiphytes 21% (Kuklinski-Sorbal et al. 2004). Of the 25 carrot endophyte isolates, 
9 (36%) had IAA activity from 2 to 15 μg/mL−1 (Blagova et al. 2014). Endophytic 
strain B. subtilis 330-2 was revealed to produce a considerable amount of IAA 
(24.13 μg mL−1) and significantly enhance the growth of plants in comparison to the 
non-inoculated control. So, compared with the control, the B. subtilis 
330-2-inoculated rice/maize seedlings showed 12–34% enhancement in seedling 
elongation and biomass accumulation (Ahmad et al. 2017). The endophytic strain 
B. subtilis 10-4 that increases wheat plant growth (seed germination, length of roots 
and shoots, plant biomass) produced 5.8 μg/mL−1 of IAA in the presence of precur-
sor L-TRP (Lastochkina et al. 2017a). B. subtilis OTPB1 considerably enhanced 
growth (shoots, roots, seedling vigor, leaf area) and induced systemic resistance in 
tomato plants against early and late blight. Higher levels of IAA and GA3 and 
defense-related enzymes (peroxidase (PO), polyphenol oxidase (PPO), and super-
oxide dismutase (SOD)) were detected in inoculated plants (Chowdappa et  al. 
2013). The other important plant hormone, which is produced by B. subtilis is CKs 
increasing plant cellular activities including cell division and leaf growth (Arkhipova 
et al. 2005, 2007; Liu et al. 2013). For example, Arkhipova et al. (2005) demon-
strated that the production of CK by B. subtilis enhanced the rate of CK production 
in shoots and roots of lettuce and stimulated host plant growth. Accumulation of 
CKs in inoculated plants was associated with an increasing of the plant shoots and 
roots weight of approximately 30% (Arkhipova et  al. 2005). The CK-producing 
B. subtilis can increase host plant growth under abiotic stress conditions as well 
(Arkhipova et al. 2005, 2007; Liu et al. 2013). Liu et al. (2013) reported that the 
oriental Thuja seedlings inoculated with CK-producing B. subtilis strains were 
more resistant to stress due to drought. The production of GA has also been indi-
cated for different species of PGPB including Bacillus ssp. The exact mechanism 
which promotes plant growth by gibberellins has not been indicated. It is assumed 
that increasing the root growth, specifically the density of root hairs by gibberellins, 
enhances the nutrient and water uptake by host plants (Mohamed and Gomaa 2012). 
Ethylene is another essential hormone for plant growth and development regulating 
cell growth, seed germination, leaf senescence, flower, and fruit ripening, but it has 
different effects on growth depending on its concentration in root tissues (Reid 
1981). High concentrations of ethylene can be harmful since it causes defoliation 
and cellular processes leading to inhibition of stem and root growth as well as pre-
mature senescence, all of which resulted in yield reduction. The production of eth-
ylene increases under stress conditions adversely effecting plant growth and is 
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regulated by ACC synthase (Glick 2014). Under different types of stresses, such as 
drought, cold, flooding, infections with pathogens, and the presence of toxic metals, 
plants respond by synthesizing ACC synthase, which is the precursor for ethylene 
(Chen et al. 2002; Chen and Gallie 2010; Glick et al. 2007; Glick 2014). Research 
findings indicated that the primary mechanism used by PGPB that decrease ethyl-
ene is the production of ACC deaminase (EC 4.1.99.4) enzyme, which is able to 
degrade ACC synthase into ɑ-ketobutyrate and ammonia (Grichko and Glick 2001). 
Thus, ACC deaminase production may reduce abiotic stress by balancing produc-
tion of plant ethylene level since elevated ethylene levels inhibit cell division, DNA 
synthesis, and growth of roots and shoots (Burg 1973). For many species of Bacillus 
sp., including B. subtilis, ACC deaminase activity was found (Saikia et al. 2018). 
Various studies have demonstrated that inoculation of plants with ACC deaminase 
producing B. subtilis increased their growth and resistance to environmental stresses 
(Barnawal et al. 2013; Treesubsuntorn et al. 2017; Saikia et al. 2018). There are 
many reports on plant health improvement through inoculating ACC deaminase-
containing bacterial strains during drought, flooding, salinity, heavy metal stress, 
etc. But some of the investigations did not directly describe the causal relation-
ship of the bacterial ACC deaminase enzyme in stress resistance. There might exist 
some other bacterial determinants for stress alleviation in affected plants (Saikia 
et  al. 2018). In other studies, the endophytic PGPB from sunflower plants were 
shown to produce such hormones as JAs, ABA (Forchetti et  al. 2007), and SA 
(García-Gutiérrez et al. 2013). Since the influence of JAs and SA on plant growth 
and resistance is well known (Shakirova et al. 2012), the growth-promoting effect 
of bacteria under normal and stress conditions is usually ascribed to the ability of 
bacteria to synthesize these compounds (Sayed et al. 2011; Fravel 2005; Chourdhary 
and Johri 2009; Wenhao et al. 2012).

Indirect mechanisms refer to bacterial traits that inhibit the functioning of one or 
more plant pathogenic organisms in both fungi and bacteria, including the synthesis 
of a range of different antibiotics, cell wall-degrading enzymes (chitinases, cellu-
lases, glucanases, proteases, lipases), lipopeptides (surfactin, iturin, fengycin, etc.), 
siderophores, VOCs, lowering plant ethylene levels, ACC deaminase, quorum 
quenching, activation of SAR, ISR responses, and IST in plants against abiotic 
stresses (Bowen and Rovira 1999; Van Loon 2007; Glick 2014). To date, numerous 
examples of B. subtilis strains with indirect PGP mechanisms have been reported. 
Jensen et al. (2000) demonstrated that inoculation of bean with B. subtilis strain 
GB03 suppressed root rot disease of plants and significantly increased their DW and 
yields in comparison to non-inoculated control both in greenhouse and field experi-
ments. In another study, inoculation with B. subtilis ME488 suppressed several 
plant pathogens growth in vitro reducing the cucumber and pepper diseases caused 
by Fusarium oxysporum and Phytophthora capsici, respectively, as well as increased 
germination in seeds and plant growth in comparison to controls (Chung et al. 2008).

O. Lastochkina



103

6.2.2  �Production of Lytic and Oxidative Enzymes

Growth enhancement through enzymatic activity is another mechanism used by 
B. subtilis. The lytic enzymes synthesized by Bacillus spp. have proved to be very 
active in degrading fungal cell walls (Leelasuphakul et al. 2006). Inoculation of rice 
plants with B. subtilis AUBS1 induced systemic resistance of host plant against 
sheath blight through increasing the levels of β-1-3-glucanases and thaumatin 
(Jayaraj et al. 2004a, b). The defense-related activities of the enzymes have been 
proven in various plant species and against various plant pathogens (Thilagavathi 
et al. 2007). Endophytic B. subtilis 330-2 that enhanced plant growth under abiotic/
biotic stresses secreted a complex of hydrolytic enzymes including β-1,3-glucanase, 
β-1,4-glucanase, and proteases, which possibly degrade the contents of the fungal 
cell wall, such as β-1,3-glucan and glucosidic bonds (Ahmad et al. 2017). B. subtilis 
also produced many defense-related oxidative enzymes such as PO, PPO, and phe-
nylalanine ammonia-lyase (PAL) (Jayaraj et al. 2004a, b) which induced lignin and 
oxidative phenolic compounds playing an important role in contraction defense-
related obstacle by producing structural changes in the cellular defense system 
against plant pathogens (Thilagavathi et al. 2007). Thus, PAL has an important role 
in the lignin formation and production of flavonoids, which play a key role in the 
phenylpropanoid biosynthetic pathway (Sailaja et al. 1998). Ramyabharathi et al. 
(2012) showed that B. subtilis EPCO16 induced defense-related proteins and 
increased accumulation of phenolics as well as activities of PAL and CAT in tomato 
plants infected by F. oxysporum f. sp. lycopersici. B. subtilis strain AUBS1 induced 
systemic resistance in rice plants against sheath blight significantly increasing the 
level of PO, PAL, and PR proteins (Jayaraj et al. 2004a, b).

6.2.3  �Production of Siderophores

The ability of B. subtilis to produce siderophores is another important PGP trait of 
bacteria with significant influence on plant growth (Pieterse et  al. 2014; Pandey 
et al. 2017). Siderophore-secreting PGP bacteria inside the plant tissues help in the 
transport of Fe3+ inside the plant cell and contribute to the plant growth and produc-
tivity through synthesis of ATP, DNA precursor, and the heme. The ability to pro-
duce siderophores confers competitive advantages to endophytic bacteria for the 
colonization of plant tissues and the exclusion of other microorganisms from the 
same ecological niche (Pandey et al. 2017). B. subtilis strain B28 producing sidero-
phore, protease, and hydrogen cyanide (HCN) reduced Fusarium wilt of chickpea 
in vitro and significantly increased plant growth parameters such as length, FW, and 
DW in comparison to controls in greenhouse experiments (Karimi et al. 2012). In 
another study, an endophytic B. subtilis 330-2 producing siderophore demonstrated 
its antagonistic activity against various pathogens along with regulation of plant 
growth (Ahmad et al. 2017).
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6.2.4  �Production of Malic Acid (MA)

The interaction between plants and PGPB, including B. subtilis, is a complex and 
reciprocal process. This relationship can be initiated through the action of such com-
pounds as MA, which the plants exudate to attract rhizobacteria and results in sub-
sequent migration of microorganisms toward the roots, movement of bacteria along 
the roots, and adherence (Rudrappa et al. 2008). L-MA secreted from Arabidopsis 
roots selectively signals and recruits the beneficial rhizobacteria B. subtilis FB17 
(Rudrappa et al. 2008). Rekha et al. (2018) demonstrated that B. subtilis strain RR4 
is chemotactic to MA and can induce MA biosynthesis in roots of rice plants. 
Significant differential expressions of the genes of MA biosynthesis – malate syn-
thase (OsMS)  – and the transporter gene, aluminum-activated malate transporter 
(OsALMT), caused 1.8-fold and 0.58-fold changes, respectively, in B. subtilis RR4 
inoculated roots. The gene expression pattern of OsMS corroborated the data 
obtained by high-performance liquid chromatography, which showed elevated MA 
levels in roots (1.52-fold), whereas the levels of MA in root exudates were not altered 
significantly although expression of OsALMT was reduced (Rekha et al. 2018).

6.2.5  �Production of Lipopeptides

The results of recent year’s research indicate that Bacillus spp. produce a variety of 
bioactive antibiotic metabolites, including lipopeptides, which play an important 
role in antifungal activity and PGP (Raaijmakers et al. 2010). It has been shown that 
these antimicrobial compounds are active against a wide range of microorganisms, 
including bacteria, fungi, oomycetes, and viruses (Raaijmakers et al. 2010). Romero 
et al. (2007) reported that iturin and fengycin families of lipopeptides play a major 
role in the antagonism of B. subtilis against Podosphaera fusca. The surfactin- and 
fengycin- type lipopeptides can act as bacterial determinants in plant cells by initiat-
ing the immune response through the stimulation of ISR (Ongena et  al. 2007). 
Lipopeptides of B. subtilis S499 proved to be effective triggers of SAR in tobacco 
and bean plants (Ongena et  al. 2007). Comparison of the level of production of 
antibiotic substances with different strains showed the advantages of B. subtilis spe-
cies. For example, concentrations of lipopeptides in the culture medium of the most 
active strain of B. subtilis IB-54 exceeded those of active P. ehimensis and P. poly-
myxa by 10–100 times. Differences between the B. subtilis strains were also 
observed in both individual activity level and in the spectrum of the lipopeptides 
formed. It has been established that the main components of the B. subtilis lipopep-
tide complex are iturin, surfactin, and related compounds (Romero et  al. 2007; 
Ahmad et al. 2017). It was identified that antifungal peptides produced by B. subtilis 
AU195 show similarity with bacillomycin (group iturin A) and exhibit strong antag-
onistic activity against Aspergillus flavus and other plant pathogenic fungi. The 
iturin and fengycin from B. subtilis strains UMAF6614, UMAF6616, UMAF6639, 
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and UMAF8561 were involved in the suppression of cucurbit disease caused by 
Podosphaera fusca (Romero et al. 2007). The analysis of culture filtrate, along with 
the recovery of inhibitory components (fengycin, surfactin, and iturin A or bacillo-
mycin) from the melon leaves inoculated with B. subtilis UMAF6614 and B. subtilis 
UMAF663, strongly supported the evidence of in situ production of these antimi-
crobials. Bais et al. (2004) reported that protective action of surfactin produced by 
B. subtilis against infection caused by Pseudomonas syringae in Arabidopsis thali-
ana and suggested that surfactin was necessary both for root colonization and pro-
tecting plants against the pathogen. Ahmad et al. (2017) observed that endophytic 
B. subtilis 330-2 enhanced rice and maize plant growth (ranging 14–37%) and toler-
ance to biotic/abiotic stresses regulates the expression of different NRPSs, includ-
ing surfactin (srfAA), fengycin (fen), and bacillaene (bae). In addition to NRPS, 
B. subtilis 330-2 triggered the production of secondary metabolites, including anti-
biotics such as macrolactin (mln), difficidin (dfn), iturin A (ituA), bacillibactin 
(dhbF), penicillin-binding protein 2B (pbpB), and beta-lactamase (penP), which are 
important manifestations of a plant’s defense mechanism and can cope with com-
peting microorganisms and inhibit the growth of phytopathogenic fungi or bacteria. 
It should be noted that in antibiotic production, 10% of all 114 genes differentially 
expressed by B. subtilis 330-2 were involved (Ahmad et al. 2017).

6.2.6  �Emission of Volatile Organic Compounds (VOCs)

Many types of bacteria, including B. subtilis can regulate plant growth from a dis-
tance without any contact, suggesting the possibility that they emit invisible VOCs 
which promote or inhibit growth of plants. It is reported that about 350 bacterial 
species produces around 846 different potential VOCs with 5431 synonyms 
(Lemfack et al. 2014). The bacterial VOCs can interact with phytohormones by tak-
ing part in morphogenetic processes, resulting in plant growth stimulation (Ryu 
et al. 2003; Zhang et al. 2007; Ortíz-Castro et al. 2014). Recently, VOCs emitted by 
Bacillus spp. were suggested to help increase plant growth through regulating the 
synthesis of phytohormones and metabolism (Zhang et al. 2007; Tahir et al. 2017). 
Auxin regulation by VOCs from B. subtilis GBO3 resulted in the initiation of 
Arabidopsis growth promotion. The accumulation of auxin in the leaves decreased 
while it increased in the roots after exposure to VOCs, perhaps due to the initiation 
of basipetal auxin transport (Zhang et al. 2007). Tahir et al. (2017) demonstrated 
that B. subtilis SYST2 produced VOCs along with regulating the endogenous phy-
tohormone levels and altering the expression of genes involved in auxin, CKs, gib-
berellin, expansin, and ethylene biosynthesis and also increased the photosynthesis 
rate resulting in enhanced tomato growth both in  vitro and pot experiments. It 
should be noted that 2 of the 11 individual VOCs emitted by B. subtilis SYST2 
(albuterol and 1,3-propanediol) were found to be the key growth-promoting factors 
(Tahir et  al. 2017). B. subtilis GBO3 emits VOCs and was shown to increase 
Arabidopsis photosynthetic activity and chlorophyll content in leaves (Xie et  al. 
2009). In another study, VOCs emitted by B. subtilis GBO3 enhanced photosynthe-
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sis by increasing chlorophyll content (Xie et al. 2014) and by altering the expression 
of genes relating to chloroplasts, suggesting a significant relationship between the 
increase in photosynthetic rates and growth promotion (Zhang et  al. 2008). It is 
interesting that some of the VOCs emitted from B. subtilis GB03 are bacterial deter-
minants involved in IST (Ryu et  al. 2004). VOCs emitted by B. subtilis SYST2 
increased plant biomass and decreased the ethylene content in tomato seedlings in 
comparison to control (water) and E. coli DH5α (a non-VOC producer) both in vitro 
and pots, which could due to the fact that these VOCs repressed the ACO1 transcrip-
tional gene (Tahir et al. 2017). These results support findings that bacterial VOCs 
altered the transcription of genes related to ethylene biosynthesis (ACO2, ACS4, 
ACS12, SAM-2), and genes involved in the ethylene response (CHIB, ERF1, GST) 
(Kwon et al. 2010). It was revealed that B. subtilis GB03-emitted VOCs regulate 
ethylene biosynthesis enzymes as well as ethylene biosynthesis-related genes 
(ERF1, GST2, and CHIB). It also regulates the jasmonic acid (JA) and SA-mediated 
defense mechanisms (Shafi et al. 2017).

6.2.7  �Production of Polyamines

Polyamines produced by B. subtilis can also play an important physiological role in 
plant growth and development as they are involved in various processes such as cell 
division and differentiation, nucleic acid replication, translation, transcription, pro-
tein synthesis, and membrane stability (Kusano et al. 2008). A common polyamine 
spermidine has attracted widespread interest as it is essential for eukaryotic cell 
viability and is correlated with lateral root development. Spermidine also plays a 
protective role against various environmental factors leading to oxidative, osmotic, 
and acidic stresses as well as pathogen attacks. Imai et al. (2004) revealed that sper-
midine synthase genes are essential for survival of Arabidopsis. A double mutant of 
two spermidine synthase encoded genes SPDS1 and SPDS2 exhibit a lethal defect 
in embryo development (Imai et al. 2004). Hummel et al. (2002) reported involve-
ment of the polyamines spermidine and spermine in root development at low tem-
perature in the subantarctic cruciferous species Pringlea antiscorbutica. It was 
revealed that a decrease in spermidine and spermine levels results in reduced lateral 
root development (Hummel et al. 2002). Xie et al. (2014) demonstrated that B. sub-
tilis strain OKB105 producing spermidine significantly enhanced root growth in 
tobacco. The analysis of B. subtilis OKB105 culture filtrates demonstrated that a 
common polyamine spermidine is the pivotal PGP compound. It was revealed the 
genes yecA (encoding a putative amino acid/polyamine permease) and speB (encod-
ing agmatinase) are involved in the secretion or biosynthesis of polyamine in B. sub-
tilis OKB105. In addition, OKB105-induced expression of the expansin genes 
(Nt-EXPA1, Nt-EXPA2) inhibited the expression of the ethylene biosynthesis gene 
ACO1 (Xie et al. 2014). In another study, the transcription profiles of B. subtilis 
showed that genes associated with acetylation, transportation, and biosynthesis of 
polyamine were differentially expressed when growing in alkaline or acidic condi-
tions (Wilks et al. 2009). Moreover, some evidence on the relationships between 
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polyamines and biofilm formation has been proposed. Polyamine depletion in 
B. subtilis resulted in deficiency of biofilm formation, and the defect was restored 
by adding agmatine or spermidine into the medium (Burrell et al. 2010). It is known 
that biofilm formation by B. subtilis is a complex process and plays an important 
role in host plant protection. Bais et al. (2004) reported that upon root colonization, 
B. subtilis (strain 6051) forms a stable, extensive biofilm and secretes surfactin, 
which act together to protect plants against attack by pathogenic bacteria. It was 
shown that a wild-type B. subtilis 6051 can form biofilm-like structures on the 
Arabidopsis roots and protect plants from Pseudomonas syringae pathogen attacks 
(Bais et  al. 2004). It is reported that plant protection by B. subtilis depends on 
widely conserved genes, including genes for regulation and matrix production 
which are required for biofilm formation (Chen et al. 2012).

6.2.8  �Induced Systemic Resistance and Tolerance

Triggering the mechanisms of systemic resistance and tolerance in plants by bacte-
rial microbes including B. subtilis is the main cause of disease suppression by crop 
plants (Ahn et al. 2002) leading to increase in yield. The activation of B. subtilis 
induced defense mechanisms throughout the plant can be carried out in different 
ways. Two common pathways are ISR and SAR, which have been significantly 
appreciated over the past decade (Ryals et al. 1996; Van Loon 2007; Pieterse et al. 
2012). It has been discovered that B. subtilis triggered both SAR and ISR in plants. 
Because of this, development of biological control products based on B. subtilis for 
the protection of agricultural plants against environmental stresses shows great 
promise (Maksimov and Khairullin 2016; Pandey et al. 2017). The role of B. subtilis 
in increasing host plant tolerance to abiotic stresses has only been revealed and 
studied very recently and described as IST (Yang et  al. 2009; Arya et  al. 2018; 
Sarma et  al. 2018). The whole influence of B. subtilis-mediated conditioned 
responses in plants, whether on a physical, biochemical, or molecular level, can lead 
to protection against abiotic stresses. Only a few reports on PGPB as elicitors of 
tolerance to abiotic stresses such as salinity, drought, nutrient deficiency or excess 
have been published (Lastochkina et al. 2017a; Sarma et al. 2018; Arya et al. 2018). 
The interaction between B. subtilis and plants leads to the activation of local and 
systemic defenses controlled by plant signaling hormones such as SA, JA, and eth-
ylene (Koornneef and Pieterse 2008). Some researchers reported the key target 
affected by B. subtilis is the plant signaling pathways, regulated by SA and JA, lead-
ing to development of a protective responses to stresses (Van Loon 2007; Chourdhary 
and Johri 2009; Niu et al. 2011; García-Gutiérrez et al. 2013; Veselova et al. 2015). 
However, it is not yet clear how B. subtilis regulates the protective system of host 
plants under abiotic stresses and how the B. subtilis-induced plant defense signal 
system interacts with classical signaling pathways specifically induced by such sig-
naling molecules such as SA and JA. On the one hand, it is considered that the influ-
ence of B. subtilis is similar to the action of “weak” pathogens on plants, and on the 
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other hand, they themselves produce metabolites with hormonal and signaling func-
tions (auxins, CKs, ethylene, gibberellins, ABA, SA, JAs) (Dodd et  al. 2010; 
Veselova et al. 2015).

Various species of Bacillus spp. as well as strains of B. subtilis often possess one 
or more of the above mentioned traits, although the bacterial activities may be dif-
ferent and may depend on many factors. It should be noted that Bacillus species are 
considered to be the most effective because they have the ability to produce spores 
that allow them to survive even in adverse environmental conditions (Francis et al. 
2010). In fact, no single organism including B. subtilis has the ability to make use 
of all the available mechanisms that could be used to promote plant growth both 
under normal and stress conditions.

6.3  �B. subtilis-Mediated Plant Stress Tolerance

In many regions, agricultural production is adversely affected by various abiotic 
stresses such as drought, salinity, extreme temperatures, and toxic metals resulting in 
significant reduction of crop productivity (FAO 2014, 2016; Pereira 2016). Abiotic 
stresses are often interrelated, either individually or in combination. They induce 
general signaling pathways for the regulation of cellular responses aimed at adapta-
tion, and therefore plants can have similar morphological, physiological-biochemical, 
molecular-genetic changes (Potters et al. 2007; Huang et al. 2008; Munns and Tester 
2008). Many studies have shown that various strains of B. subtilis contribute to pro-
tection of different host plants against diverse abiotic stresses leading to the increase 
of plant growth and productivity/yield (Turan et  al. 2012; Ahmad et  al. 2017; 
Egamberdieva et al. 2017; Martins et al. 2018; Wani et al. 2018). Investigations on 
the mechanisms mediated by B. subtilis on plant stress tolerance are of the most 
urgent problems in modern plant biology due to B. subtilis-inducing responses 
against stresses that could be diverse and often specific (Niu et  al. 2011; Ahmad 
et al. 2017).

6.3.1  �Drought

Drought is one of the major abiotic stresses worldwide leading to inhibition of plant 
growth and reduction the crop yield (Araus et  al. 2008; FAO 2014, 2016). In 
response to water deficiency, plants rapidly modulate a series of physiological reac-
tions in order to economize the water use. This includes stomata closure, ABA accu-
mulation, photosynthetic rate reduction, expression of aquaporins and vacuolar 
H+-pyrophosphatases for maintaining cell turgor through osmotic adjustments, the 
accumulation of compatible osmolytes, and reactive oxygen species (ROS) enzymes 
which resulted in cell integrity, functionality, and survival of plants (Araus et al. 
2002; Ruan et al. 2010; Cramer et al. 2011; Krasensky and Jonak 2012). Numerous 
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studies demonstrated that B. subtilis contributes to alleviate drought stress in differ-
ent plants by several mechanisms (Zhang et al. 2010; Wang et al. 2012; Martins 
et  al. 2018; Saikia et  al. 2018) (Table  6.1). For example, Gagné-Bourque et  al. 
(2016) demonstrated that under drought stress endophytic B. subtilis B26 success-
fully colonized the internal tissues of timothy (Phleum pratense L.) positively 
impacting plant growth and metabolism. Exposure of inoculated plants to drought 
stress (8 week) led to significant increases in biomass of shoots (by 26.6%) and 
roots (63.8%), photosynthetic activity (by 55.2%), and stomatal conductance 
(214.9%) compared to non-inoculated plants grown under similar stress conditions 
(Gagné-Bourque et al. 2016). It has been proposed that B. subtilis-induced drought 
stress tolerance in host plants is mediated by several mechanisms such as phytohor-
monal and ACC deaminase activity, production of ROS-scavenging antioxidant 
enzymes, accumulation of osmolytes and soluble sugars, regulation of the expres-
sion of drought-responsive genes, etc. (Gagné-Bourque et al. 2015; Barnawal et al. 
2017; Saikia et al. 2018). Phytohormones produced by plants such as IAA, ABA, 
CKs, gibberellins, and ethylene are important for their growth and development 
under normal conditions and play a major role under abiotic stresses including 
drought (Shakirova et al. 2012). The ability of B. subtilis to synthesize plant hor-
mones such as IAA, ABA, CKs, gibberellins, ethylene, SA, and JAs was shown in 
many studies (Barnawal et al. 2017; Ahmad et al. 2017; Lastochkina et al. 2017a). 
Various plant species inoculated with IAA-producing PGPB represent an increase 
in root initiation and growth which result in elevated water and nutrient uptake and 
plant tolerance to water deficit (Dimkpa et al. 2009; Egamberdieva and Kucharova 
2009). Moon et  al. (2017) showed that auxin production by different Bacillus 
strains, including B. subtilis, is associated to enhance the vegetative growth param-
eters of Zea mays L. under water stress conditions. For drought-tolerant bacterial 
strains B. subtilis AB-21, B. subtilis AB-61, B. aryabhattai AB-51, B. toyonensis 
AM-25, B. licheniformis AM-21, and B. pumilus AB-33 isolated from a semiarid 
region located in Northeastern Pakistan at highest water stress (14% field capacity 
(FC)), significant response for FW (25%) and DW (45%) was recorded with B. sub-
tilis AB-21 in comparison to the control. For shoot length, mixed culture combina-
tion C-3 (B. licheniformis AM-21, B. pumilus AB-33, and B. subtilis AB-61) 
recorded a 46% increase over the control at 14% FC. On the other hand, B. subtilis 
AB-21 and B. aryabhattai AB-51 recorded 15% and 50% increases for root length 
and number of roots at 14% and 21% FC, respectively (Moon et al. 2017). The bac-
terial strain B. subtilis UFGS1 can mitigate drought stress in soybean and may 
improve water efficiency under certain conditions (Martins et al. 2018). It is known 
that drought causes oxidative stress in plants associated with increased production 
of ROS (superoxide anion radicals (O2−), hydrogen peroxide (H2O2), hydroxyl radi-
cals (OH), singlet oxygen (O12), and alkoxy radicals), which potentially force nega-
tive impact on the integrity of the plant cells membrane structures. Antioxidant 
defense system involves both enzymatic (SOD, PO, CAT, ascorbate peroxidase, 
APX, glutathione reductase, GR) and non-enzymatic (ascorbic acid, cysteine, glu-
tathione) components serving to prevent accumulation of ROS and alleviate the 
oxidative damage occurring during drought stress (Kaushal and Wani 2015). Current 
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Table 6.1  Examples of B. subtilis-mediated abiotic stress tolerance in plants

Stress
Microbe 
inoculation Plant

Effect on plants and 
tolerance strategy Reference

Drought B. subtilis GB03 Arabidopsis Elevated accumulation 
of osmoprotectants 
Cho, GlyBet

Zhang et al. 
(2010)

Drought B. subtilis 
RMPB44

Maize Increasing Pro, sugars, 
and free amino acids, 
decreasing electrolyte 
leakage, and reducing 
the activity of 
antioxidant enzymes 
(APX, CAT, and 
glutathione peroxidase)

Vardharajula 
et al. (2011)

Drought B. subtilis SM21 Cucumis sativus Production of 
monodehydroascorbate, 
Pro, and antioxidant 
enzymes

Wang et al. 
(2012)

Drought B. subtilis LDR2 
(rhizobacteria)

Trigonella Enhancing nodulation 
and arbuscular 
mycorrhizal fungi 
colonization in the 
plants resulting in 
improved nutrient 
uptake and plant growth
Reducing levels of ACC

Barnawal et al. 
(2013)

Drought B. subtilis B26 
(endophyte)

Brachypodium 
distachyon

Upregulation of 
expression of drought-
responsive genes 
(DREB2B-like, 
DHN3-like, LEA-14-A-
like), modulation of the 
DNA methylation 
process (MET1B-like, 
CMT3-like, DRM2-like 
genes), and an increase 
in the soluble sugars 
and starch content of 
leaves

Gagné-
Bourque et al. 
(2015)

Drought B. subtilis UFGS1 
(rhizobacteria)

Soybean Increase fresh and dried 
biomass
Maintaining the 
photosynthetic rates and 
higher stomatal 
conductance and 
transpiration

Martins et al. 
(2018)

(continued)
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Table 6.1  (continued)

Stress
Microbe 
inoculation Plant

Effect on plants and 
tolerance strategy Reference

Drought B. subtilis B26 
(endophyte)

Timothy 
(Phleum 
pratense L.)

Increasing biomass of 
shoots (by 26.6%) and 
roots (63.8%)
Increasing 
photosynthesis (by 
55.2%), stomatal 
conductance (214.9%), 
and the levels of several 
sugars (sucrose, 
fructans) and amino 
acids (asparagine, 
glutamic acid, 
glutamine, GABA)

Gagné-
Bourque et al. 
(2016)

Drought B. subtilis RJ46 
(rhizobacteria)
B. subtilis RJ46 in 
consortium with 
Ochrobactrum 
pseudogrignonense 
RJ12 and 
Pseudomonas sp. 
RJ15

Vigna mungo 
L.,
Pisum sativum 
L.

Increasing seed 
germination, lengths of 
root and shoot, DW, 
RWC, intension of root 
recovery
Production of ROS-
scavenging enzymes, 
cellular osmolytes, 
chlorophyll, producing 
ACC deaminase, 
decreasing the ACC 
accumulation and 
downregulated ACC 
oxidase gene expression

Saikia et al. 
(2018)

Water stress B. subtilis AB21, 
B. subtilis AB61 
(rhizobacterium)

Zea mays Auxin synthesis, 
phosphate 
solubilization, ammonia 
production

Moon et al. 
(2017)

Drought
Salinity

B. subtilis LDR2 
(rhizobacteria)

Wheat Enhancing 
photosynthetic 
efficiency and IAA 
content, reducing ABA 
and ACC content, 
enhancing TaDREB2 
gene expression, and 
modulating expression 
of a regulatory 
component (CTR1) of 
ethylene signaling 
pathway and DREB2 
transcription factor

Barnawal et al. 
(2017)

(continued)

6  Bacillus subtilis-Mediated Abiotic Stress Tolerance in Plants



112

Table 6.1  (continued)

Stress
Microbe 
inoculation Plant

Effect on plants and 
tolerance strategy Reference

Salinity B. subtilis FZB24 
(rhizobacteria)

Eggplant, 
pepper

Increasing yield up to 
550% (eggplants) and 
430% (pepper), 
reduction of salinity 
effect on plant yield on 
25%–50%
Regulation of auxin 
synthesis

Bochow et al. 
(2001)

Salinity B. subtilis Wheat Restricting sodium 
uptake and stimulates 
plant growth

Ashraf et al. 
(2004)

Salinity B. subtilis 
(rhizobacterium)

Bradyrhizobium 
japonicum

Producing various plant 
hormones for growth 
improvement

Han and Lee 
(2005)

Salinity B. subtilis FZB24 Artichoke 
(Cynara 
scolymus L.)

Stimulating the 
vegetative growth, 
improving gas exchange 
leading to the increase 
photosynthesis rate

Saleh et al. 
(2005)

Salinity B. subtilis Lactuca sativa Stimulation of shoot 
biomass
CK-signaling

Arkhipova 
et al. (2007)

Salinity B. subtilis GB03 Arabidopsis 
thaliana

Tissue-specific 
regulation of sodium 
transporter HKT1
Decreasing root 
transcriptional 
expression of a 
high-affinity K+ 
transporter (AtHKT1) 
decreasing root Na+ 
import

Zhang et al. 
(2008)

Salinity B. subtilis EY2 
(rhizobacteria)

Strawberry Increasing RWC and N 
content of leaves

Karlidag et al. 
(2010)

Salinity B. subtilis FZB 24 Lettuce Raised the root vigor, 
yield
Significantly increasing 
SOD and CAT 
activities, decreasing 
MDA, enhancing the 
stability of the cell 
membrane, improving 
photosynthesis by 
increasing the net 
photosynthetic rate and 
the stomatal 
conductance

Liu et al. 
(2010)

(continued)
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Table 6.1  (continued)

Stress
Microbe 
inoculation Plant

Effect on plants and 
tolerance strategy Reference

Salinity B. subtilis EY2 
(rhizobacteria)

Lettuce Increasing growth, head 
weight and height, root 
diameter, plant nutrient 
element contents
Increasing chlorophyll 
content

Yildirim et al. 
(2011)

Salinity B. subtilis 
(rhizobacterium)

Sweet basil Positive effects on 
growth, oil %, oil yield 
and nutrient uptake

Sayed et al. 
(2011)

Salinity B. subtilis SU47 
(rhizobacteria)

Wheat 
(Triticum 
aestivum L.)

Increase in dry biomass 
and total soluble sugars 
and Pro content and 
reduced activity of 
antioxidant enzymes

Upadhyay 
et al. (2012)

Salinity B. subtilis Radish 
(Raphanus 
sativus)

Increasing in fresh and 
dry masses of roots and 
leaves, photosynthetic 
pigments, Pro, total free 
amino acids, crude 
protein contents 
compared to non-
inoculated ones under 
salinity
Increasing 
phytohormones 
contents (IAA, GA3) 
and the contents of N, 
P, K+, Ca2+, and Mg2+ 
but decreased ABA and 
Na+ and Cl− content

Mohamed and 
Gomaa (2012)

Salinity B. subtilis EY2 
(rhizobacteria)

Strawberry Significantly increased 
the growth, chlorophyll 
content, RWC, nutrient 
element content, and 
yield lowered 
electrolyte leakage

Karlidag et al. 
(2013)

Salinity B. subtilis 
BERA71

Acacia 
gerrardii

Stimulating growth of 
roots and shoots, 
nodulation, nutrient 
uptake

Hashem et al. 
(2016)

Salinity B. subtilis NUU4 
(endophyte)

Chickpea 
(Cicer 
arietinum L.)

Improving symbiotic 
performance of host 
plant with rhizobia, 
decreasing H2O2 
concentration, and 
increasing Pro content

Egamberdieva 
et al. (2017)

(continued)
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Table 6.1  (continued)

Stress
Microbe 
inoculation Plant

Effect on plants and 
tolerance strategy Reference

Salinity B. subtilis10-4 
(endophyte)

Wheat 
(Triticum 
aestivum L.)

Increasing seed 
germination and 
biomass and length of 
shoots and roots
Increasing RWC, SA 
content, and Pro 
accumulation and 
decreasing MDA and 
hydrolysis of statolite 
starch
SA-signaling pathway

Lastochkina 
et al. (2017a)

Salinity B. subtilis BERA 
71

Chickpea Enhancing plant 
biomass and synthesis 
of photosynthetic 
pigments; reducing the 
levels of ROS and lipid 
peroxidation; increasing 
the activities of 
ROS-scavenging 
antioxidant enzymes 
(SOD, PO, GR), the 
levels of non-enzymatic 
antioxidants (ascorbic 
acid, glutathione), and 
the total phenol content; 
and enhancing the 
membrane stability

Abd-Allah 
et al. (2018)

Salinity
Heat
Drought
Cold
Oxidative

B. subtilis 330-2 Rice, maize Production IAA, 
siderophores, lytic 
enzymes, and 
solubilized different 
sources of organic/
inorganic phosphates 
and zinc, expression 
114 genes among which 
32% and 10% were 
involved in metabolism 
(e.g., gltA, pabA, and 
ggt) and transportation 
of nutrients (e.g., fhu, 
glpT, and gltT), 
respectively

Ahmad et al. 
(2017)

(continued)
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Table 6.1  (continued)

Stress
Microbe 
inoculation Plant

Effect on plants and 
tolerance strategy Reference

Arid climate 
stresses 
(water 
shortage, soil 
salinity)

B. subtilis Wheat Increasing the 
concentration of Crude 
protein, N, P, and total 
soluble carbohydrates 
in grains
Enhancing Pro, soluble 
carbohydrates, Chl a, 
Chl b, Chl a + Chl b; 
Chl a/Chl b, carotenoids

Haggag et al. 
(2017)

Variable 
environmental 
factors

Primocane-
fruiting 
raspberries

Increasing the number 
of new raspberry canes, 
plant generative organs, 
crop productivity

Belyaev et al. 
(2017)

Cold B. subtilis OSU142 
(rhizobacteria)

Wheat, barley Enhancing root and 
shoot DW, leaf total 
chlorophyll content, 
stomatal conductance, 
leaf RWC

Turan et al. 
(2012)

Fungicide 
stress

B. subtilis BC8 Secreting active 
biomolecules

Shahid and 
Khan (2018)

Alkaline 
stress (high 
pH)

B. subtilis OSU142 Grapevine 
rootstocks (Vitis 
spp.)

Improving vegetative 
growth, leaf physiology 
and nutrient acquisition

Karaca and 
Sabir (2017)

Toxic metal 
(Pb)

B. subtilis QM3 Wheat Growth promotion
Increasing the activity 
of antioxidant enzymes 
CAT, PO, APX, SOD 
and decreasing the 
concentration of metal 
in the roots

Hao et al. 
(2015)

Chromium 
salts (CrCl3, 
K2CrO4 and 
K2Cr2O7)

Bacillus sp. AMP2 Triticum 
aestivum

Reduction in the Cr 
uptake of seedlings
Increased the levels of 
acid phosphatase and 
PA

Naseem et al. 
(2016)

Cr toxicity B. subtilis MAI3 Soybean Increasing 
photosynthetic 
pigments, antioxidants, 
reduction MDA 
production

Wani et al. 
(2018)

Cd, Ni 
toxicity

B. subtilis strains 
(endophytes)

Sinapis alba L. Reducing oxidative 
stress manifestation

Kuramshina 
et al. (2018)

(continued)
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evidences indicate the effect of B. subtilis on the activity of PA, CAT, SOD, and 
APX involved in the utilization of ROS. The decrease in the adverse effect of oxida-
tive stress by B. subtilis is shown in many crops (Vardharajula et al. 2011; Wang 
et al. 2012; Saikia et al. 2018).

Plants’ adaptation to drought stress is associated with the accumulation of com-
patible solute/osmolytes like proline (Pro), sugars, betaines, polyamines, quaternary 
ammonium compounds, amino acids, and water stress-related proteins like dehy-
drins (Chen and Jiang 2010; Krasensky and Jonak 2012). Increased levels of osmo-
lytes maintain cell water status and protect membrane and protein damage against 
stresses (Sandhya et al. 2011; Krasensky and Jonak 2012). Various studies revealed 
that B. subtilis produces osmolytes in response to drought and stimulates plant 
growth by increasing the root cells’ osmotic potential (Paul et al. 2008; Dimkpa 
et al. 2009). For instance, the beneficial soil bacterium B. subtilis GB03 increases 
Arabidopsis tolerance to osmotic stress by elevating accumulation of such osmopro-
tectants as choline (Cho) and glycine betaine (GlyBet). It was reported that B. sub-
tilis GB03 enhances Arabidopsis Cho and GlyBet synthesis associated with 
enhanced plant tolerance to osmotic stress (Zhang et al. 2010). Osmoregulation in 
plants through accumulation of soluble sugars (sucrose, glucose, fructose) is also 
the mechanism for maintaining homeostasis in plants under drought stress 
(Valliyodan and Nguyen 2006), and their metabolism plays a significant role in 
drought and cold stress tolerance (Valliyodan and Nguyen 2006; Livingston et al. 
2009). Inoculation of Brachypodium distachyon plants with endophytic B. subtilis 
B26 increased root and shoot weights and accelerated growth rate and seed yield as 
compared to control plants under drought stress (Gagné-Bourque et  al. 2015). 
Inoculated plants exposed to stress for 8 days had 2.9-fold (glucose) and 1.4-fold 
(fructose) more total soluble and starch contents in stressed inoculated plants 
(Gagné-Bourque et  al. 2015). In another study, Gagné-Bourque et  al. (2016) 
revealed that B. subtilis B26 improves timothy growth under drought stress through 
accumulating more osmolytes (total carbohydrates and soluble sugars) in roots and 
shoots. Inoculation of timothy with B. subtilis B26 most notably increased sucrose 
and fructan concentrations in shoots under non-stressed and drought-stressed condi-

Table 6.1  (continued)

Stress
Microbe 
inoculation Plant

Effect on plants and 
tolerance strategy Reference

Cd toxicity B. subtilis Rice (Oryza 
sativa L.)

Reducing Cd 
accumulation in roots, 
shoots, and grains, 
higher Ca and Mg 
accumulation
Increasing DW, 
phosphate 
solubilization, IAA 
production, control 
ethylene level by ACC 
deaminase

Treesubsuntorn 
et al. (2017)

O. Lastochkina



117

tions over a period of 8 weeks of drought, while glucose increased in plants after 4 
weeks of drought. The results show that B. subtilis contributed to increase the sugar 
biosynthesis to allow for better osmotic adjustment and thus alleviates the adverse 
effect of drought on the host plant (Gagné-Bourque et  al. 2016). The bacterium 
B. subtilis B26 had a significant impact on plant metabolism and resulted in higher 
levels of several sugars (sucrose, fructans) and an increase of key amino acids such 
as asparagine, glutamic acid, and glutamine in shoots and roots of inoculated plants 
compared to non-inoculated ones. Also, in the presence of B. subtilis B26, the accu-
mulation of nonprotein gamma-aminobutyric acid (GABA) in shoots of stressed 
plants and in roots of stressed and unstressed plants was increased (Gagné-Bourque 
et al. 2016).

It was discovered that  the protective  effects of the bacterium on plants were 
linked to the upregulation of the drought-response genes (DREB2B-like, DHN3-
like, and LEA-14-A-like) and modulation of the DNA methylation genes (MET1B-
like, DRM2-like, and CMT3-like) regulating the process (Gagné-Bourque et  al. 
2015). It should be noted that a single inoculation of Brachypodium with B. subtilis 
B26 affected the whole growth cycle of the plant, accelerating its growth rates, 
shortening its vegetative period, and alleviating drought stress effects. It was 
revealed that endophytic B. subtilis B26 efficiently colonized the plant and was 
recovered from roots, stems, and blades as well as seeds of Brachypodium, indicat-
ing that the bacterium is able to migrate, spread systemically inside the plant, and 
establish itself in the aerial plant tissues and organs and is vertically transmitted to 
seeds. Interestingly, the presence of B. subtilis B26 in the seed led to systemic colo-
nization of the next generation of Brachypodium distachyon (Brachypodium) plants 
(Gagné-Bourque et  al. 2015). B. subtilis B26 isolated from switchgrass confers 
drought resistance in Brachypodium  through the upregulation of the drought-
responsive gene expression, modulation of the process of DNA methylation, an 
increase in the content of sugars and starch in leaves (Gagné-Bourque et al. 2015), 
as well as the production of phytohormones and lipopeptide toxins (Gagne-Bourgue 
et al. 2013).

Some works demonstrated that bacterial consortium comprising B. subtilis could 
be effective bio-formulators for crop health improvement in drought-affected agri-
cultural fields. For example, Saikia et al. (2018) evaluated the effect consortium of 
ACC deaminase producing rhizobacteria (B. subtilis RJ46, Ochrobactrum pseu-
dogrignonense RJ12, Pseudomonas sp. RJ15) on drought stress alleviation in Vigna 
mungo L. and Pisum sativum L. plants. It was revealed that inoculation of plants 
with the consortium significantly increased seed germination, lengths of root and 
shoot, and their DW and offered drought stress tolerance by regulating plant ethyl-
ene levels. Particularly, the consortium treatment decreased the ACC accumulation 
and downregulated ACC oxidase gene expression. Besides, increased production of 
ROS-scavenging enzymes and cellular osmolytes, leaf chlorophyll content, relative 
water content (RWC), and root recovery intension was observed after consortium 
treatment in comparison to non-inoculated plants under drought stress (Saikia et al. 
2018). ACC deaminase-containing B. subtilis LDR2 protected Trigonella plants 
under severe drought stress conditions through the reduction of the levels of ACC 
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(responsible for stress ethylene generation) alleviating ethylene-induced damage 
(Barnawal et al. 2013). The findings about drought-induced changes in biochemical 
markers such as reduced chlorophyll concentration, increased Pro content, and 
higher lipid peroxidation were monitored and clearly indicated the protective effects 
of B. subtilis LDR2 under drought. Furthermore, LDR2 enhanced nodulation and 
arbuscular mycorrhizal fungi colonization in the Trigonella resulting in improved 
nutrient uptake and plant growth under drought (Barnawal et al. 2013). Vardharajula 
et al. (2011) reported Bacillus spp. improved maize plant growth and tolerance to 
drought stress via enhanced production of Pro, amino acids, and soluble sugars. 
Ahmad et al. (2017) demonstrated that genes cystathionine beta-lyase and cysteine 
desulfhydrase associated with plants tolerance to drought were differentially 
expressed in endophytic B. subtilis 330-2.

Interestingly, the effectiveness of the same strain of B. subtilis can vary depend-
ing from both environmental conditions and many other factors such as plant spe-
cies, its ecological and geographic origin, and varietal features (Maksimov and 
Khairullin 2016; Lastochkina et al. 2017b). It was previously reported that endo-
phytic strain B. subtilis 26D differently manifested drought tolerance on wheat 
plants belonging to different ecological groups (ecotypes) in the same growth con-
ditions (Lastochkina et al. 2017b). It was revealed that under the drought stress, the 
influence of B. subtilis on the drought tolerance of wheat varieties from different 
ecotypes was observed at the initial stages of ontogenesis, which, apparently, was 
associated with different adaptation strategies used against drought stress by plants. 
Thus, inoculation with B. subtilis promoted germination of the seeds of the variety 
Saratovskaya-55 (the steppe Volga ecotype) under the conditions of the simulated 
drought and, in opposite scenario, had an inhibitory effect on the germination of 
seeds of the variety Omskaya-35 (the forest-steppe West Siberian ecotype) 
(Lastochkina et al. 2017b). Different strategies used by B. subtilis 26D as protective 
mechanisms in different ecotypes will allow discovering similar and different 
drought tolerance mechanisms and lead to a significant progress in identifying the 
effective protective components improvement pathway and management of this 
fundamental process.

6.3.2  �Salinity

Salinity can severely limit crop growth and productivity (Munns and Tester 2008). 
In plants, salinity promotes oxidative stress and water deficit (that also accompanied 
by oxidative effect) (Hasegawa et  al. 2000) and causes a deficiency of essential 
nutrients, such as K+, and toxicity of Na+ inside the plants, which consequently 
inhibits plant photosynthesis, lipid metabolism, protein synthesis, and biomass 
accumulation (Munns and Tester 2008; Asgari et al. 2012). To prevent the damaging 
effect of salt stress and maintain optimal water status, plants actively express genes 
coding for proteins with functions of molecular chaperones, proteases, and protease 
inhibitors. Under stress conditions, plants begin to accumulate previously absent 
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low molecular weight organic compounds with osmoprotective properties such as 
amino acids, sugars, and betaines (Szabados and Savoure 2009; Chen and Jiang 
2010). A general metabolic adaptation which enables plants to cope with water or 
osmotic stress involves an increased synthesis of osmoprotectant Pro. It should be 
noted that changes in Pro content along with the role in osmoregulation may also 
protect the structure of different biomolecules and membranes (Hare et al. 1998) or 
act as free radical scavengers that protect DNA from damaging effects of ROS 
(Ashraf and Foolad 2007). The protective effect of B. subtilis under salinity has 
been shown for various plant species, including lettuce (Liu et  al. 2010), wheat 
(Ashraf et al. 2004; Lastochkina et al. 2017a), grasses (Chen and Jiang 2010), sweet 
basil (Sayed et  al. 2011), radish (Mohamed and Gomaa 2012), Acacia gerrardii 
(Hashem et  al. 2016), and many others (Table  6.1). The findings indicated that 
B. subtilis is able to induce plant tolerance to salinity through production of various 
plant hormones (Han and Lee 2005). Inoculation of plants with B. subtilis increased 
plant growth, yield, and nutrient uptake, especially under salt stress conditions, by 
influencing production of phytohormones (auxin, CKs, giberellines) and by enzy-
matic lowering of plant ethylene levels (Bochow et al. 2001; Ashraf et al. 2004; 
Saleh et al. 2005). It has been shown that PGPR strain B. subtilis LDR2 increase 
IAA content in wheat under salinity and enhance plant tolerance (Barnawal et al. 
2017). Inoculation of eggplant and pepper with rhizobacterium B. subtilis FZB24 
(registered as biocontrol agent) in the plots irrigated with saline groundwater, the 
yield increased up to 550% in eggplants, and up to 430% in pepper in comparison 
to non-inoculated ones (Bochow et al. 2001). Also, B. subtilis FZB24 caused 25% 
and 50% reduction in salinity effect on the yield of pepper and eggplants, respec-
tively, and consequently resulted in a remarkable salt stress tolerance induction, 
which varied its degree according to the used plant species. The authors hypothe-
sized for the mode of action of B. subtilis FZB24, which acts as plant growth and 
health promoter, and stress tolerance inducer, that the given bacterial production of 
auxin and auxin precursors during root colonization induces a push in the plant 
auxin synthesis with changing regulation of the appropriate mechanisms (Bochow 
et  al. 2001). In the model experiments, the pretreatment of seedlings with milli-
molar amounts of auxin precursors (tryptophan, indole-3-pyruvic acid or indole-3-
acetic aldehyde), 75% growth reduction in non-inoculated seedlings under salt 
stress could be compensated completely after 1 week. That was not observed to the 
same degree after pre-application of IAA. Thus, the presented model experiment 
could support the hypothesis of salt stress tolerance induction in B. subtilis FZB24-
inoculated plants (Bochow et al. 2001). In another study, B. subtilis 10-4 producing 
IAA and siderophores significantly increased wheat plant growth and biomass 
under both nonsaline and saline conditions (Lastochkina et al. 2017a). Endophytic 
strain B. subtilis NUU4 (producing IAA, HCN, siderophores, cell wall-degrading 
enzymes and demonstrating antagonistic activity against F. oxysporum, F. solani, 
F. culmorum, B. cinerea, and A. alternata) improved symbiotic performance of host 
plant (Cicer arietinum L.) with rhizobia and nutrient uptake which resulted in sig-
nificant increase in growth parameters (roots and shoots) and yield under salinity 
compared to non-inoculated control plants (Egamberdieva et al. 2017). Similar find-
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ings were reported by Hashem et al. (2016), stating that B. subtilis stimulated growth 
of roots and shoots and nodulation and nutrient uptake of Acacia gerrardii under 
salinity. The bacteria B. subtilis also increased contents of such phytohormones as 
IAA, gibberellins, and the contents of N, P, K+, Mg2+, and Ca2+ but decreased ABA 
contents and Na+ and Cl− content which may contribute to the activation of pro-
cesses associated with a decrease of the salt effect (Mohamed and Gomaa 2012). An 
improved N, P, K, and Mg uptake in chickpea plants inoculated with B. subtilis in 
the combination with M. ciceri under saline soil conditions was observed 
(Egamberdieva et  al. 2017). Along with the best plant growth-promoting treats, 
B. subtilis NUU4 showed good biocontrol capacity against chickpea root rot caused 
by F. solani under saline soil conditions (Egamberdieva et al. 2017). The results 
indicate that a combined inoculation of B. subtilis NUU4 and M. ciceri IC53 was 
also effective in terms of chickpea growth promotion, stress tolerance, nodulation, 
pod formation, and yield compared to the un-inoculated control and the treatment of 
M. ciceri IC53 alone (Egamberdieva et al. 2017). A combined inoculation of chick-
pea with B. subtilis NUU4 and M. ciceri IC53 decreased H2O2 concentrations and 
increased Pro contents compared to the non-inoculated plants indicating an allevia-
tion of adverse effects of salt stress. The content of H2O2 in the chickpea leaves was 
7.87 μM/g FW, while the single inoculation of plants with M. ciceri IC53 decreased 
H2O2 by 18% and inoculation with composition of M. ciceri IC53 and B. subtilis 
NUU4 by 29% (Egamberdieva et al. 2017). B. subtilis EY2 significantly increased 
the growth, chlorophyll content, nutrient element content, and yield of strawberry 
plants under natural field salinity conditions (Karlidag et al. 2013). Raphanus sati-
vus seeds inoculated with B. subtilis caused a significant increase in fresh and dry 
masses of roots and leaves, photosynthetic pigments, Pro, total free amino acids, 
and crude protein contents in plants compared to non-inoculated ones under salinity 
(Mohamed and Gomaa 2012). In another study, the inoculated chickpea with B. sub-
tilis NUU4 and in combination with M. ciceri IC53 showed 51% and 26% higher 
photosynthetic pigments compared to the non-inoculated plants and the single inoc-
ulation only with M. ciceri IC53, respectively. Increased contents of chlorophyll 
pigments in chickpea leaves were observed in plants co-inoculated with B. subtilis 
and M. ciceri (Egamberdieva et al. 2017). Liu et al. (2010) demonstrated that B. sub-
tilis raised the root vigor of lettuce under salt stress and improved photosynthesis by 
increasing the net photosynthetic rate and stomatal conductance.

Salinity, like other stresses, significantly increases the level of ROS in plants and 
causes an increase of MDA (the final product of membrane lipid peroxidation) 
(Yazici et al. 2007; Koca et al. 2006). Therefore, leaf MDA content, representing the 
degree of cell membrane damage is usually used to evaluate plant tolerance to salin-
ity and drought (Soleimanzadeh and Soleimanzadeh 2010). Exposure to salt (2% 
NaCl) stress reduced the level of stress-induced lipid peroxidation (MDA) in wheat 
plants inoculated by B. subtilis 10-4 (Lastochkina et al. 2017a). These results indi-
cate weakening of oxidative stress in B. subtilis-treated plants and assume the 
protective effect of these bacteria is related to their ability to modulate the activity 
of oxidative enzymes and control hydrogen peroxide level (Lastochkina et al. 2017a). 
Hashem et al. (2016) found that endophytic B. subtilis isolated from Acacia ger-
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rardii plant tissue reduced production of H2O2 and enhanced plant growth of Acacia 
gerrardii under salinity. In another study, B. subtilis significantly increased the 
activity of SOD and CAT of lettuce while decreasing the MDA content under salt 
stress. This indicated that B. subtilis enhanced the stability of the cell membrane 
(Liu et al. 2010). Endophytic B. subtilis 10-4 increases the water storage capacity of 
wheat leaves and decreases the level of salinity-induced hydrolysis of statolitic 
starch in the root cells of seedlings. This indicates an increase of the barrier proper-
ties in wheat plants that interfere with the penetration of toxic sodium ions under the 
influence of B. subtilis 10-4 (Lastochkina et al. 2017a). Also, it was revealed that 
B. subtilis 10-4 also increased SA content in seedlings (before stress) and contrib-
uted to decreasing the level of stress-induced SA accumulation. Activation of 
defense reactions in wheat plants under salinity by B. subtilis might be connected 
with the ability of bacteria to increase the endogenous SA level that plays an impor-
tant role in the induction of systemic tolerance in plants.

6.3.3  �Toxic Metals

Pollution of soils with heavy metals (HM) has become a common phenomenon 
throughout the world due to the increase in the scale of anthropogenic activities. 
The plants growing on HM-contaminated soils are characterized by a decreased 
growth rates and yields (Ma et al. 2016). Some of the direct toxic effects caused by 
high concentrations of HM include inhibition of cytoplasmic enzymes and damage 
to cellular structures due to the development of oxidative stress (Jadia and Fulekar 
2009). An example of an indirect toxic effect is the replacement by HM of cations 
in the functional groups of various bioorganic compounds (Sytar et  al. 2016). 
Moreover, the negative influence of HM on the activity of soil microorganisms can 
indirectly affect plant growth as well. The decrease in the number of beneficial soil 
microorganisms due to the high concentration of metal can lead to a decrease in the 
decomposition of organic matter, which in turn can cause a decrease in the content 
of certain nutrients in the soil. PGPB, including B. subtilis, are able to also grow in 
HM-contaminated environment and protect plants against toxicity of HM (Hao 
et  al. 2015; Chaudhary and Khan 2018) (Table  6.1). Beneficial microorganisms 
have different mechanisms for the HM tolerance formation through mobilization, 
immobilization, and transformation to less toxic forms. Such mechanisms include 
exclusion, extrusion, active removal, biotransformation, biosorption, precipitation, 
or bioaccumulation of metals both in external and intracellular spaces of plants (Ma 
et al. 2016). These processes can influence the solubility and bioavailability of a 
metal for the plant, thereby altering its toxic effect (Rajkumar et al. 2008). Naseem 
et al. (2016) demonstrated that inoculation of wheat with Bacillus sp. AMP2 caused 
reduction in the Cr uptake of seedlings both at 10 and 20 μg mL−1 different chromium 
salts (CrCl3, K2CrO4, and K2Cr2O7) when compared with non-inoculated plants. 
Moreover, increased levels of acid phosphatase and PA were recorded in bacterial 
inoculated plants when compared to the control (Naseem et al. 2016). In another 
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study, inoculation of wheat plants with B. subtilis QM3 promoted their growth in 
the presence of Pb (Hao et al. 2015). Herewith, in plant tissues increasing the activ-
ity of such antioxidant enzymes as CAT, PA, APX, and SOD decreased the concen-
tration of metal in the roots in comparison with non-inoculated control plants (Hao 
et  al. 2015). It was shown that endophytic strains of B. subtilis 26D and 11VM 
improve S. alba tolerance to the toxic effect of Cd and Ni and reduce manifestation 
of oxidative stress in the presence of higher levels of metal ions in the aboveground 
part of plants (Kuramshina et al. 2018). Treesubsuntorn et al. (2017) showed that 
B. subtilis inoculation of rice (Oryza sativa L.) can highly reduce Cd accumulation 
in every part of rice roots and shoots (45 days) and grains (120 days). B. subtilis can 
effectively absorb Cd compared to B. cereus, which might be the main mechanism 
to reduce Cd transportation in rice plants. Interestingly, plants that were inoculated 
with bacterial species individually harbored higher calcium (Ca) and magnesium 
(Mg) accumulation; B. subtilis-inoculated plants had the highest levels of Ca and 
Mg compared to plants inoculated with B. cereus. Moreover, B. subtilis could 
increase the DW of the rice plant and protect them from Cd stress due to the ability 
to produce IAA, solubilize phosphate, and control ethylene levels by ACC deami-
nase activity (Treesubsuntorn et al. 2017).

6.3.4  �Variable Abiotic Stresses

During the growing season, plants can be subjected to one or various sequences of 
environmental stress factors such as fluctuating air temperature, relative humidity, 
and winter and spring frosts, which can all seriously influence the plant biological 
parameters and crop productivity. Belyaev et al. (2017) observed the effects of the 
preplanting treatment of primocane fruiting raspberry root system with Bacillus 
strains (B. subtilis RCAM В-10641, B. amyloliquefaciens RCAM В-10642, and 
B. licheniformis RCAM В-10562) on plant growth and crop productivity in 
2012–2015 growing seasons which differed by environmental conditions (Western 
Siberia, Russia). It was revealed that preplanting treatment by bacterial strains 
increased the number of new raspberry canes, generative organs, and crop produc-
tivity under variable environmental factors. Moreover, the Bacillus strains acted as 
the standard humic fertilizer. Inoculation by Bacillus sp. including B. subtilis 
RCAM В-10641 decreased the negative effects of abiotic stresses on plants in all 
years of the research. It is important to note that from all investigated strains, B. sub-
tilis RCAM В-10641 was shown to have the best results in adaptation of primocane 
fruiting raspberry plants to variable environmental factors in Western Siberia 
(Belyaev et al. 2017). Ahmad et al. (2017) demonstrated that different genes associ-
ated with plants tolerance to heat (elongation factor Tu; aspartokinase II; and 
dihydroorotase, pyrC), salinity (cardiolipin synthase, ywiE; glutaminase-1, ybgJ; 
phosphoglyceratemutase, gpmI; 4-hydroxy-3-methylbut-2-enyl diphosphate reduc-
tase, ispH and glutamate synthase (NADPH/NADH), gltA), drought (cystathionine 
beta-lyase and cysteine desulfhydrase), and cold stresses (sporulation cortex pro-
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tein, coxA) were differentially expressed in B. subtilis 330-2 (Table  6.1). 
Interestingly, NADH-dependent butanol dehydrogenase A (yugJ) and formate dehy-
drogenase (yjgC) are commonly involved in tolerance to heat, salinity, and oxida-
tive stresses. Likewise, the glutamate symporter (gltT) and S-adenosylmethionine 
synthase (metK) are commonly involved in salinity and drought stress. These results 
clearly suggest the beneficial role of endophytic B. subtilis 330-2 in enhancing the 
rice and maize plant’s tolerance to different abiotic stresses.

6.4  �The Potential of B. subtilis in Reducing Postharvest 
Losses

Abiotic stresses exert negative impacts on plants not only during the growing season 
but also during postharvest handling and storage. According to the FAO (2015) 
about 30% of cereals, 45% of fruits and vegetables, and 45% of roots and tubers are 
lost (FAO 2015). Postharvest food loss is substantial qualitative and quantitative 
loss of food through the supply chain, from harvesting to its consumption or other 
end uses (Hodges et al. 2010). Food loss is highest during storage due to pathogens 
(bacteria, molds, and insects), environmental conditions (rain, humidity, heat, and 
frost), sprouting, and quality loss (water loss, saccharification, etc.) (Buchholz et al. 
2018). Recent studies suggest that B. subtilis has great potential to increase fruit 
(vegetables) set, quality, and tolerance against both postharvest biotic (diseases) and 
abiotic stresses such as temperature extremes, O2 and CO2 levels, mechanical injury 
associated with loading of product for transportation, transportation, unloading, 
throughout packaging, and processing lines (Miller 2003, Lastochkina et al. 2019). 
A number of reports indicate the positive effect of B. subtilis on postharvest physiol-
ogy of various fruits and vegetables due to enhancing their resistance against post-
harvest diseases and unfavorable storage conditions which is manifested in 
extending their marketing life with maintaining nutritional qualities (Jiang et  al. 
2001, Lastochkina et al. 2019). The application of beneficial microbial inoculants 
that reduce adverse stress factors on the field could also have positive effects on 
crops during storage. For example, when peach fruits were treated with B. subtilis 
CF-3, the proportion of good quality fruits after storage for 36 days at 10 °C was 
65%, which was more than 30% higher in comparison to the non-treated control 
group. The CF-3 strain was characterized by good UV, pH, and temperature stability 
(Gao et al. 2016). In another study, the application of B. subtilis prevented the fad-
ing of the Litchi fruits during storage (30 days at 5 °C) and maintained a high level 
of their consumer properties (in comparison to the control), specifically, by total 
dissolved solids content, titratable acidity, and ascorbic acid content. Herewith, the 
treatment with bacterial cells of B. subtilis did not alter the taste of fruit (Jiang et al. 
2001). Despite the advantages of B. subtilis as eco-friendly strategy for preventing 
food losses during storage, the knowledge about the mechanisms of their action on 
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postharvest physiology and preservation under abiotic stress are limited and require 
detailed future investigations.

6.5  �Commercialization of B. subtilis

To date, several strains of B. subtilis are commercially available in the form of for-
mulated products which are used as bio-fertilizers and plant protection biological 
products against biotic/abiotic stresses. For example, several B. subtilis-based prod-
ucts have recently been commercialized, including Quantum-400 (B. subtilis 
GB03), Serenade (B. subtilis QST713), Kodiak (B. subtilis improved GB03 strain), 
Subtilex (B. subtilis MBI600), Fitosporin-M (B. subtilis 26D), Bisolbisan (B. subti-
lis Ч-13), Baksis (B. subtilis 63-Z), Bactofit (B. subtilis ИПМ215), Alirin-B (B. sub-
tilis В-10), Gamair (B. subtilis М-22), Vitaplan (B. subtilis ВКМ-В-2604D+ 
B. subtilis ВКМ-В-2605D), and others. Numerous studies have shown various 
stages in the process of commercialization: isolation of antagonist strains, screen-
ing, fermentation methods, mass production, formulation viability, toxicology, 
industrial relations, quality control, and field efficiency. The commercial success of 
beneficial strains requires economical and viable market demand, consistent and 
wide range of activities, safety and stability, a long shelf life, low costs, and easy 
availability of materials for a career (Nandakumar et al. 2001). Additionally, one of 
the main constraints to development and commercialization of plant protection 
products on the basis of B. subtilis is the lack of systemic research of the mecha-
nisms of interactions in the systems “B. subtilis – host plant – environmental stress”. 
Furthermore, the success in commercialization of perspective B. subtilis strains 
depends on the linkages between the scientific organizations and industries.

6.6  �Conclusion and Future Perspectives

Summarizing the data available in the literature, we can conclude that B. subtilis 
plays an important role in regulation of plant growth, development, and tolerance to 
abiotic stresses which undoubtedly expands the significance of their practical appli-
cation with the aim of increasing the yield and productivity of agricultural crops. 
For fully using the potential of B. subtilis as inoculants in sustainable agricultural 
productivity, it’s extremely important to understand their underlying mechanisms in 
physiological action on host plants under different adverse environmental factors. 
Therefore, it is crucial to understand the mechanism of action of these bacteria in 
order to promote manufacturing of B. subtilis-based products which will support 
green technology in agriculture, increase crop productivity, and maintain long-term 
soil fertility and sustainability in a clean environment.
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Chapter 7
Exploring the Utility of Aneurinibacillus 
as a Bioinoculant for Sustainable Crop 
Production and Environmental 
Applications

Chandandeep Kaur, G. Selvakumar, and A. N. Ganeshamurthy

7.1  �Introduction

Aerobic endospore-forming bacteria (AEFB) were mostly accommodated in the 
genera Bacillus and Paenibacillus in the past. But with subsequent taxonomic rear-
rangements, a number of new Bacillus-derived genera were proposed and have 
gained acceptance (Heyndrickx et al. 1997). The bacterium Bacillus aneurinilyticus 
was originally discovered as a thiamine decomposer by (Aoyama 1952) and later 
re-characterized based on its distinct phenotypic characteristics and chemotaxo-
nomic profiles by (Shida et  al. 1994). Subsequent to the reclassification of the 
B. aneurinilyticus cluster by (Shida et  al. 1996), a novel genus, namely, 
Aneurinibacillus came into existence. The genus Aneurinibacillus is a Gram-
positive aerobic endospore-forming bacterium belonging to phylum Firmicutes, 
class Bacilli, order Bacillales and family Paenibacillaceae. It is an aerobic bacte-
rium with ellipsoidal spores, and the cells are motile by peritrichous flagella. The 
major menaquinone is MK-7; and the major cellular fatty acids are C15:0 iso 
(41.9–66.8), C17:0 iso (1–23.8), C16:0 (1.8–8.5) and C16:0 iso (0.5–6.6). The G + C con-
tent ranges from 42.9 to 46.7 mol% (Shida et  al. 1994; Goto et  al. 2004). 
Aneurinibacillus is recognized by the presence of unique S-layer proteins. The spe-
cies A. thermoaerophilus carries a square surface layer (S-layer) array composed of 
identical glycoprotein monomers at its outermost cell envelope component (Schaffer 
et al. 1999). At present the genus Aneurinibacillus comprises of the species A. migu-
lanus (Takagi et al. 1993), A. aneurinilyticus (Shida et al. 1996; Heyndrickx et al. 
1997), A. thermoaerophilus (Meier-Stauffer et al. 1996; Heyndrickx et al. 1997), 
A. danicus (Shida et al. 1996; Goto et al. 2004), A. terranovensis (Allan et al. 2005), 
A. soli (Lee et al. 2014), A. tyrosinisolvens (Tsubouchi et al. 2015) and A. sediminis 
(Subhash et al. 2017). Most described Aneurinibacillus species are of soil origin 
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and thereby tend to have an influence on plant growth. This chapter attempts to put 
together the available information on the genus Aneurinibacillus and its utility in 
the agricultural and related environments.

7.2  �Disease Suppression and Plant Growth Promotion 
by Aneurinibacillus Species

The AEFB strains belonging to the genera Bacillus, Brevibacillus and Paenibacillus 
are highly diverse and widely prevalent in the agro-environment. They play an 
important role in disease management and prevention of pathogen resistance to fun-
gicides (Seddon et al. 2000; Schmitt and Seddon 2004). Aneurinibacillus migulanus 
previously known as Bacillus brevis is well known for controlling plant disease 
development by the production of antimicrobial peptide gramicidin S (Edwards and 
Seddon 2001; Belbahri et al. 2015). It has membranolytic activity against patho-
genic bacteria as well as fungi like Fusarium oxysporum, Botrytis cinerea and sev-
eral phytopathogenic oomycete species (Maget-Dana and Ptak 1995; Epand and 
Vogel 1999; Tsukagoshi et al. 1970; Kondejewski et al. 1996; Alenezi et al. 2016). 
A. migulanus strain Nagano is effective in the biological control of Dothistroma 
needle blight on pine in forest nurseries (Alenezi et al. 2016). Apart from antibiosis, 
the Gramicidin S produced by A. migulanus has biosurfactant property, which helps 
in suppressing spore germination by increasing the rate of evaporation from plant 
surfaces and reducing the moisture content (Seddon et al. 1997, 2000).

Two A. migulanus strains, viz. DSM 5759 and DSM 5668, were studied in detail 
for the presence and synthesis of multiple antimicrobial peptides. Apart from mem-
branolytic activity, other mechanisms have also been discovered in A. migulanus 
Nagano and NCTC 7096 strains. The genomes of Nagano and NCTC 7096 strains 
were found to have biosynthetic gene clusters, which leads to synthesis of two bac-
teriocins and a microcin cluster. Bacteriocins are known to supress the growth of 
competent bacterial strains because of their proteinaceous toxin nature. The whole 
genome mining of these strains also revealed the presence of the lasso and linaridin 
peptides which act as effective antimicrobial agents. The linaridin peptide’s cluster 
leads to biosynthesis of phosphonate, which is more robust against oomycete patho-
gens such as Pythium and Phytophthora (Jackson et al. 2000). In the initial testing 
of anti-oomycete activity, the A. migulanus strain Nagano proved to have better 
bioactive potential against plant pathogens than A. migulanus NCTC 7096 though it 
possesses only 8 biosynthetic gene clusters compared to 11 clusters in A. migulanus 
NCTC 7096. The whole genome annotation of A. migulanus NCTC7096 and 
Nagano strains also showed the presence of single siderophore cluster and the fur 
gene, which encodes an iron regulator (Alenezi et al. 2015). Also, this strain has 
extensive antimicrobial properties against fungal pathogens. The antifungal activity 
has been attributed to a novel peptide, the elucidation of which will be advantageous 
from the biological control point of view (Alenezi et al. 2015). The draft genome 
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sequence of A. migulanus displayed the presence of gramicidin S (GS) genes in 
both the strains, i.e. Nagano and NCTC 7096, with a difference of two amino acids 
that were designated as T3421 and P419S. Three-dimensional models suggested 
that these substitutions declined the stability of the A. migulanus NCTC 7096 GS 
synthase protein. Alternatively, it is proposed that the T3421 and P419S substitu-
tions lead to synthesis of two diverse gramicidin homologs in the Nagano strain, but 
this fact requires further verification. The genomes of both A. migulanus NCTC 7096 
and Nagano also revealed the presence of a single chitinase gene, but components 
of chitin regulatory system were not found (Alenezi et al. 2016).

Previously it was thought that the biocontrol potential of A. migulanus Nagano 
was due to the production of GS (Seddon et  al. 1997) and biosurfactant activity 
(Seddon et al. 1997, 2000). Later Alenezi et al. (2017), compared the GS production 
potential of the Nagano and NCTC 7096 stains using liquid chromatography and 
high-resolution electrospray ionisation mass spectrometry (LC-HRESIMS) and 
arrived at the conclusion that the Nagano strain displayed higher biosurfactant 
activity compared to NCTC-7096 strain . Genome mining of both the strains indi-
cated a difference of two amino acid units between GS genes of both the strains. The 
Nagano strain produced two additional GS-like molecules i.e. GS-1155 (molecular 
weight 1155) and GS-1169 (molecular weight 1169). Another interesting observa-
tion was that the NCTC 7096 strain is unable to form biofilms unlike the Nagano 
strain. The above findings were reinforced by the fact that A. migulanus Nagano was 
found to be more potent than NCTC 7096 in reducing the germination of B. cine-
rea spores.

Several members of the genus Aneurinibacillus promote growth and suppress 
plant diseases. Chauhan et al. (2017) described the plant growth promotion poten-
tial of the multi-trait A. aneurinilyticus strain CKMV1 from the rhizosphere of the 
Himalayan plant Valeriana jatamansi. This strain efficiently solubilized phosphates 
through production of various organic acids such as gluconic and oxalic acids. The 
presence of pqq gene encoding the pyrroloquinoline quinone synthase a cofactor of 
the enzyme glucose dehydrogenase that has been majorly attributed to phosphate 
solubilization was also been reported for the first time from the bacterium. Apart 
from solubilizing phosphorous, this strain was also able to fix the atmospheric nitro-
gen, and the presence of the nif H gene was reported from A. aneurinilyticus for the 
first time. This strain was also able to produce plant growth-promoting hormones 
such as indole-3-acetic acid (IAA) and siderophores, besides producing 
HCN. Inoculation of this strain in tomato resulted in significant improvement of the 
plant growth  promotion parameters and nutrient uptake. The strain CKMV1 
also possesses antifungal activity against number of pathogenic fungal species such 
as Sclerotium rolfsii, Fusarium oxysporum, Dematophora necatrix, Rhizoctonia 
solani, Alternaria sp. and Phytophthora species. The instances of plant growth pro-
motion and other related environmentally useful traits of Aneurinibacillus strains 
are listed in Table 7.1.
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7.3  �Environment-Friendly Applications of Aneurinibacillus

The lipopeptide biosurfactant aneurinifactin produced by Aneurinibacillus strains 
has broad spectrum antimicrobial activity and can replace the use of synthetic pre-
servatives in many product formulations and bioremediation applications (Desai 
and Banat 1997). A. aneurinilyticus strain SBP-11 is known for the production of 
aneurinifactin with emulsifying capabilities at broader temperature and pH ranges 
(Balan et al. 2017). A. migulanus strain Nagano also has the ability to produce bio-
surfactants which tend to enhance the rate of evaporation from the plant surface, 
which leads to reduced wetness of the plant surface and repressed pathogen spore 
germination (Seddon et al. 1997, 2000).

Biofilm formation has been proposed as a mean of providing efficient attachment 
of bacteria to plant surfaces (Yaron and Römling 2014). Genome mining of A. migu-
lanus strain Nagano and NCTC 7096 showed substantial similarity with bacterial 
genes responsible for biofilm formation and exopolysaccharide biosynthesis. The 
gene polyprenyl glycosylphosphotransferase, which encodes the first step of exo-
polysaccharide biosynthesis, was found in the genome of the Nagano strain but was 
absent in genome of the NCTC 7096 strain (Alenezi et al. 2016). Strain Nagano 
showed strong attachment ability to pine needles even after infection with the fungal 
pathogen Dothistroma septosporum, whereas strain NCTC 7096 showed weak 
attachment ability. The presence of the exopolysaccharide cluster genes suggested 
that biofilm formation could be an important mechanism used by A. migulanus 
Nagano to interact with plant roots and therefore provide biocontrol ability. To con-
firm the possibility of this mechanism, knock-out mutant studies are needed (Alenezi 
et al. 2017).

The Aneurinibacillus XH2 strain is characterized by its ability to produce bio-
plastics polyhydroxyalkanoates (PHAs) at thermophilic temperatures. Generally 

Table 7.1  Plant growth-promoting and environmentally useful traits of Aneurinibacillus strains

Name of bacterium PGPR/environmentally useful trait Reference

Aneurinibacillus 
migulanus

Multiple antimicrobial peptides with 
varying plant growth-promoting 
traits – (i) biosurfactant property, (ii) 
presence of chitinase gene, (iii) the 
presence of single siderophore cluster 
and the fur gene, and (iv) useful 
properties of bioplastic production and 
biodegradation of pesticides

Alenezi et al. (2016), Jackson 
et al. (2000), Stern et al. 
(1968), Laiken et al. (1969), 
Seddon et al. (1997, 2000), 
Maget-Dana and Ptak (1995), 
Epand and Vogel (1999), 
Tsukagoshi et al. (1970), 
Kondejewski et al. (1996), 
Edwards and Seddon (2001), 
Belbahri et al. (2015)

A. aneurinilyticus 
strain SBP-11

Production of a lipopeptide 
biosurfactant

Desai and Banat (1997), Balan 
et al. (2017)

A. thermoaerophilus 
WBS2

Cellulase activity Acharya and Chaudhary (2012)

Aneurinibacillus sp. 
XH2 strain

Bioplastics production Xiao et al. (2015)
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PHAs were biosynthesized by mesophilic strains, which have their own shortcom-
ings in terms of bacterial contamination during the fermentation processes (Xiao 
et al. 2015). This novel strain isolated from the Gudao Oilfield of China holds much 
promise. The annotated genomic sequence of this strain proved its function as a 
producer of thermophilic PHAs. A. migulanus has also been studied for the degrada-
tion of natural and synthetic plastics (Chaisu 2016). The outcome of the study was 
that A. migulanus can degrade plastic packaging in liquid medium within 20 days 
after inoculation at 30 °C. Though further detailed investigation requires to general-
ize the technique for broader capacity of organisms in plastic degradation, another 
relevant study was done on degradation of pesticides by A. migulanus 
(Palanimanickam and Sepperumal 2017). The organism was able to degrade the 
organophosphate pesticide Profenofos and the residues produced in the mineraliza-
tion process have been documented to decrease the pollution load in paddy soil. 
A. thermoaerophilus WBS2 isolated from Bakreshwar hot springs of India produces 
an alkaline thermostable cellulase (Acharya and Chaudhary 2012). This represents 
an opportunity of meeting the huge requirements of thermophilic enzymes for 
industrial operations at high temperatures.

7.4  �Conclusion

This chapter aimed to review the potential applications of Aneurinibacillus strains 
in agriculture and environmental applications that are very much at their infancy 
compared to the other well-known AEFB. Various strains of Aneurinibacillus pos-
sess plant growth-promoting and biological control traits. Therefore, these strains 
have high potential to commercial application in agriculture. Apart from this, the 
environmental applications of Aneurinibacillus strains are gaining importance espe-
cially in the production of bioplastics and the degradation of xenobiotic compounds. 
But this has to be done after due diligence of their biosafety status, though no 
adverse reports of their opportunistic pathogenic potential are available at present. 
If this can be established scrupulously, mankind will be blessed with another bacte-
rial genus for environmentally safe crop production and protection.
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Chapter 8
Phylogeny and Taxonomy of Agriculturally 
Important Bacillus Species

Christopher Dunlap

8.1  �Taxonomy of Prokaryotes

The taxonomy and nomenclature of prokaryotes are governed by the International 
Committee on Systematics of Prokaryotes (ICSP). The committee was organized by 
the International Union of Microbial Societies to develop rules and procedures for 
naming prokaryotes. The rules of naming prokaryotes are described in the most 
recent edition of the International Code of Nomenclature of Bacteria, 1990 revision 
(Lapage et al. 1992). This code only addresses how prokaryotes are named, while 
the criteria for describing new species are defined by taxonomic subcommittees that 
specialize in different bacterial taxa. In the case of Bacillus species, the most recent 
minimal standards for describing new species were defined in 2009 (Logan et al. 
2009). These standards are often informally revised by journal editors and reviewers 
in the field as new technology becomes available.

For many decades, the “gold standard” of describing new prokaryotic species has 
been DNA-DNA hybridizations (DDH) with the type strains of the nearest species. 
A strain was considered a new species if the pairwise DDH was below 70% (Wayne 
et al. 1987). In addition to the DDH requirement, a new species was required to 
show a distinguishing phenotype. These were often based on differences in carbo-
hydrate utilization or growth physiology. While in the last decade, the focus of 
taxonomists has increasingly been on a genome-based taxonomy for prokaryotes 
(Auch et  al. 2010; Meier-Kolthoff et  al. 2013; Richter and Rosselló-Móra 2009; 
Yoon et al. 2017). This has led to a much more stable and predictable system for the 
classification of prokaryotes.
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8.2  �Bacillus subtilis Group Taxonomy

Bacillus is an important bacterial genus that is often isolated from soil. The genus 
currently is comprised of nearly 300 validly described species. The taxonomic het-
erogeneity of the large genus has long been known and reinforced with the early 
16S rRNA studies of the genus (Ash et al. 1991b; Stackebrandt et al. 1987). It was 
also soon realized that the 16S rRNA gene was insufficient for the absolute resolu-
tion of some species in the genus (Fox et al. 1992). One of the important lineages in 
the genus is the Bacillus subtilis group, which was initially comprised of Bacillus 
subtilis, Bacillus licheniformis, and Bacillus pumilus (Gibson 1944). At the time of 
writing, the Bacillus subtilis group encompasses 22 validly described species and 
three subspecies. Figure 8.1 shows the phylogenetic relationship of all current mem-
bers of the Bacillus subtilis group.

Fig. 8.1  Phylogenetic tree reconstructed from the core genomes of type strains of species from the 
Bacillus subtilis group (350 genes). Bootstrap values >50%, based on 1500 pseudoreplicates are 
indicated on branch points. Bacillus cereus was used as an outgroup, and only the relevant part of 
the tree is presented. The scale bar corresponds to 0.05 nucleotide substitutions per site
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Species of the B. subtilis group have always been difficult to delineate due to the 
close phenotypes of the group members. To overcome these hurdles, a variety of 
approaches have been established such as fatty acid analysis (Kämpfer 1994) and 
metabolic profiles (Logan and Berkeley 1984). Advances in genotyping these spe-
cies came with the analysis of single protein-coding genes, such as gyrA (Chun and 
Bae 2000) and gyrB (Wang et  al. 2007). Later, multilocus sequence alignments 
(MLSA) were applied to the B. subtilis group (Rooney et al. 2009) and to strains in 
the B. pumilus clade (Liu et al. 2013) to successfully delineate these species. More 
recently, genomes have been used to support and correct the taxonomy of the B. sub-
tilis group.

The number of species in the B. subtilis group has risen rapidly in recent years 
(Fig.  8.2), with 10 of the 22 species having been described in the past 4  years 
(Dunlap et al. 2015, 2016c, 2017; Kim et al. 2015; Lai et al. 2014; Liu et al. 2016). 
It is anticipated that this high rate of discovery will continue with genomics making 
it easier to identify novel species.

8.3  �Recent Corrections in Bacillus subtilis Group Taxonomy

In addition to the discovery of new species, the genomics technology has led to the 
correction of many taxonomic mistakes in this area. The most common mistake in 
this area is describing the same species more than once. By naming rules, a species 
may have only one valid name, and the naming priority is given to the first validly 
described species. The worst example of this error was associated with Bacillus 

Fig. 8.2  Total number of validly described species in the Bacillus subtilis group
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velezensis, some very important bacteria sold commercially around the world as 
antifungal/antibacterial plant pathogen antagonists and as plant growth promoters. 
This species was described four separate times with four different names. It is still 
sold around the world under at least six species names. Once the genomes of these 
strains were sequenced, it became clear these species were all the same taxa (Dunlap 
et al. 2016b) which resulted in B. methylotrophicus, “B. oryzicola,” and B. amylo-
liquefaciens subsp. plantarum becoming junior synonyms of B. velezensis. There 
were numerous other synonyms identified in this area using genomics. “Bacillus 
vanillea” was found to be a junior synonym of Bacillus siamensis (Dunlap 2015). 
B. malacitensis and B. axarquiensis are junior synonyms of B. halotolerans (Dunlap 
et al. 2016a). B. invictae was found to be a junior synonym of B. altitudinis (Liu 
et al. 2015a). In addition to identifying synonyms, genomics data has been used to 
correct earlier studies that ruled two species to be synonyms when they were, in 
fact, separate species (Dunlap et al. 2016a, 2016b). Currently, genome data exists 
from all type strains in the B. subtilis group, which should limit the taxonomic mis-
takes going forward.

8.4  �Bacillus cereus Group Taxonomy

The second important group of Bacillus species is known as the Bacillus cereus 
group. This group contains many species that have important agricultural implica-
tions. The group namesake B. cereus is an important species due to its prevalence as 
a food poisoning agent. The group also contains B. anthracis, which is a well-known 
animal/human pathogen and potential biological weapon. The group also provides 
a very important insect - pathogenic strain, B. thuringiensis (Schnepf et al. 1998). 
This strain is the most used prokaryotic species as an agricultural biopesticide 
(Gould 1998). Its insecticidal protein has been transgenetically introduced into 
plants and an important class of genetically modified plants (Bravo et al. 2011).

8.5  �Controversies in Bacillus cereus Group Taxonomy

The taxonomy of the B. cereus group has had many controversies over the past few 
decades (Ash et  al. 1991a; Bavykin et  al. 2004; Helgason et  al. 2000; Liu et  al. 
2015b; Nakamura and Jackson 1995; Radnedge et al. 2003). Most of the controver-
sies were based on whether B. anthracis, B. cereus, and B. thuringiensis were sepa-
rate species or should be considered conspecific (Ash et al. 1991a; Helgason et al. 
2000; Nakamura and Jackson 1995). These species had distinct phenotypes based on 
their pathogenicity, but their 16S rRNA sequences were closely related. The prob-
lem is compounded since many of the distinctive phenotypes are based on virulence 
plasmids (Liu et al. 2015b). These plasmids can be subject to horizontal transfer or 
loss from the parent strain, creating taxonomic confusion. The release and analysis 
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of hundreds of genomes in this area have provided much needed clarity. Liu et al. 
(2017) provided genomic analysis-based average nucleotide identity (ANI) com-
parisons to delineate the species in the B. cereus group. This analysis identified 
many new putative species in this group which were subsequently described as nine 
new species (Liu et al. 2017). This new framework based on standard genome com-
parisons should allow for a more stable taxonomy in field. Based on these new spe-
cies additions and a recent report of synonymy (Liu et al. 2018), the B. cereus group 
stands at 19 species, and an updated genome-based phylogeny is reported in Fig. 8.3.

8.6  �Recommendations on Identifying Unknown Bacillus 
Strains

Now that the taxonomy of these species is stable and well-defined, it is much easier 
to recommend approaches to identify strains to the species level. Typically, unknown 
strains will first be tentatively assigned to the B. subtilis group or the B. cereus 

Fig. 8.3  Phylogenetic tree reconstructed from the core genomes of type strains of species from the 
Bacillus cereus group (2205 genes). Bootstrap values >50%, based on 1500 pseudoreplicates are 
indicated on branch points. B. subtilis was used as an outgroup. The scale bar corresponds to 0.05 
nucleotide substitutions per site
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group using a standard high-throughput method of microbial identification. This is 
most commonly done with 16S rRNA gene sequencing and comparing the sequence 
with a reference database, such as EzBioCloud (Yoon et al. 2017). But there are 
many other techniques that can identify the bacteria, such as MALDI (Seng et al. 
2009), Biolog (Morgan et  al. 2009), FAME (Tighe et  al. 2000), and many other 
methods. Many of these methods will identify the strain to within a few closely 
related species, if done correctly. But if a definitive identification is required, it is 
recommended that an additional protein-coding gene is sequenced. In the case of 
strains from the B. subtilis group, it is recommended that gyrA (Chun and Bae 2000) 
or gyrB (Wang et al. 2007) is sequenced and compared to sequence data from the 
type strains of the B. subtilis group. In the case of strains from the B. cereus group, 
it is recommended that pycA (Liu et  al. 2015b) is sequenced and compared to 
sequence data from the type strains of the B. cereus group. In these cases, nucleotide 
reference data of the protein-coding gene can be extracted from the genomes of all 
type strains in either group. Genomes are available for all type strains in these 
two groups.

8.7  �Conclusions

The past 5  years have seen incredible activity in the taxonomy of agriculturally 
important Bacillus strains. This activity has been driven by the introduction of low-
cost high-throughput DNA sequencing. New genome-based phylogenies have iden-
tified many problems and inconsistencies in the previous 16S rRNA-based and 
chemotaxonomic-based species circumscriptions. These discoveries have led to 
many corrections and additions to the taxonomy of Bacillus strains. While these 
changes created short-term confusion in the field as nomenclatures were updated, 
the long-term benefits of an accurate and consistent taxonomy far outweigh any 
negatives. It is anticipated that the modern genome-based phylogeny, coupled with 
better methods to identify strains, will lead to improved communication of research 
results in the field.
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Chapter 9
Endophytic Bacillus Species Induce 
Systemic Resistance to Plant Diseases

Mohammad Tofajjal Hossain and Young Ryun Chung

9.1  �Introduction

Plants have evolved a myriad of types of defense mechanisms against pathogens 
depending on the respective pathogen and their interaction with the microbes in the 
host plant. These kinds of plant-microbe interactions rely on the different pathways 
of resistance induction in the host cells. Some endophytic rhizobacteria are directly 
involved in inducing the systemic resistance during their interactions with host 
plants and pathogens. This systemic resistance induced in plants by nonpathogenic-
antagonistic rhizobacteria is known as ISR (induced systemic resistance) against 
pathogens (Ryu et  al. 2004a, b; Walters et  al. 2005). It is one of the resistance 
mechanisms by the rhizobacteria or other root-colonizing nonpathogenic endophytic 
bacteria. Thus, these bacteria trigger the resistance induction to the plants against 
pathogens. But, the interaction between the pathogen and any other root-colonizing 
nonpathogenic microbe would be an indirect counterpart, i.e., pathogenic 
rhizobacteria are not directly involved to pathogen (Pieterse et al. 2009). Detailed 
studies of the immune-related mechanisms through the plant-microbe interaction 
have been executed in Arabidopsis and rice plants (Jones and Dangl 2006). In the 
monocot model plant rice, a devastating fungal pathogen, Fusarium fujikuroi 
Nirenberg (anamorph), which causes bakanae disease has been controlled 
successfully by the Bacillus oryzicola YC7007 (Hossain et al. 2016). Some other 
endophytic bacteria were reported to suppress rice diseases by inducing the “ISR” 
against bacterial and fungal pathogens and also to promoted rice growth. Endophytic 
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Gluconacetobacter diazotrophicus strain PAL5 also controls the pathogen 
by enhancing the resistance through the JA signaling pathway (Alqueres et al. 2013; 
Hossain et  al. 2016). Of the many endophytic bacteria, several Bacillus species 
stimulate the plant immune system and utilize the JA signaling pathway in the ISR 
to control plant diseases (Kloepper et  al. 2004; McSpadden Gardener 2010). 
Bacillus oryzicola YC7007 and YC7010T, which are two novel endophytic strains 
isolated from rice roots, were reported to induce systemic resistance against 
F. fujikuroi, Burkholderia glumae, and Xanthomonas oryzae pv. oryzae in rice 
(Chung et al. 2015). By inducing the expression of OsLOS-L2 and OsAOC genes via 
the JA signaling pathway, strain B. oryzicola YC7007 successfully controlled rice 
bakanae disease (Hossain et  al. 2016). In the dicot model plant Arabidopsis, 
endophytic Bacillus species such as B. subtilis GB03 and B. amyloliquefaciens 
IN937 against Erwinia carotovora subsp. carotovora and B.  cereus AR156 and 
B. subtilis against Pseudomonas syringae pv. tomato DC3000 were also reported to 
switch on the defensive signaling network for the induction of systemic resistance 
in Arabidopsis (Kloepper et al. 2004; Kumar et al. 2012; Niu et al. 2011).

For controlling the diseases, chemical fungicides have been widely used during 
the past decades, but the efficacy of chemical pesticides has decreased recently due 
to the occurrence of resistance (Yang et al. 2012). Furthermore, application of some 
chemical fungicides encourages the fungus to produce more mycotoxins (D’Mello 
et al. 1998). So, the approach of alternative control measures like ISR using antago-
nistic microorganisms with the underlying defensive mechanisms would be a break-
through for controlling plant diseases.

9.2  �Biological Control Agents

According to Pal and McSpadden Gardener (2006), biological control can be 
defined as the use of antagonist microbes to suppress the pathogens and finally con-
trol diseases. According to the US National Research Council, biological control 
refers to “the use of natural or modified organisms, formulated product, genes, or 
gene products, to reduce the effects of undesirable organisms and to favor desirable 
organisms such as crops, beneficial insects, and microorganisms” (Anon. 1996). 
Biological agents, therefore, must be environmentally sound as a trigger bio-agent 
for controlling plant disease. It has a vast network of living organisms interacting in 
their natural environment. The presence of an organism is determined by favorable 
environment; presence of associated organisms (symbionts) for its development, or 
of organisms required for its survival (e.g., hosts for parasites); and the inhibition or 
absence of organisms (disease organisms, antagonistic, predators) to cause the 
extinction of pathogen. Thus, interaction is the essence of a population, and this 
continued existence would be evidence of biological balance. Mutualism, protoco-
operation, commensalism, antagonisms, competition, and neutralism to the nature 
are the principle for biological agents. Many mutualistic rhizobacteria, fungus, and 
yeasts are well reported as biological agents. Fungi, Piriformospora indica against 
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the Fusarium culmorum (Harrach et  al. 2013), Talaromyces sp. KNB-422, and 
Trichoderma isolates against bakanae (Bhramaramba and Nagamani 2013; Kato 
et  al. 2012), and yeasts, Metschnikowia pulcherrima and Pichia guilliermondii 
against bakanae (Matic et  al. 2014), have been reported as biological agents. 
Additionally, bacterial genera such as Bacillus, Burkholderia, Lysobacter, Pantoea, 
Pseudomonas, and Streptomyces have been used as biocontrol agents for control-
ling diseases of many crops. In recent years, much research has been done on bio-
logical agents for different crops using the Bacillus species. However, biological 
control of diseases of agricultural crops, especially rice, is still in its infancy com-
pared with chemical pesticides. Meanwhile, there is a public demand for healthier 
foods free of contamination from chemical residues.

9.3  �The Genus Bacillus Is the Good Source for Biological 
Control

The genus Bacillus was first described by Cohn in 1872 (Claus and Berkeley 1986). 
Numerous Bacillus strains have been reported as biocontrol agents for plant patho-
gens. They can lead to suppression of plant diseases as well as to stimulate plant 
growth directly (Niu et al. 2011). Many Bacillus species produce different types of 
antibiotic compounds, such as phenazines, pyrrolnitrin, and pyoluteorins, as well as 
lipopeptides, such as fengycin, iturin, or surfactin, which inhibit the growth of plant 
pathogens. Some of these species also produce phytohormones, including auxin 
indole acetic acid (IAA), cytokinin, and gibberellins that actively promote the plant 
growth (Arkhipova et al. 2005; Bais et al. 2004). A greater understanding of this 
genus with their many uses will help to accelerate the development and improve-
ment of crop quality and yields. Recently, one endophytic Bacillus oryzicola 
YC7007 has been reported as a novel species that successfully controlled the rice 
bakanae and bacterial blast diseases (Chung et al. 2015; Hossain et al. 2016). The 
Bacillus species which are widely used for biological control of many plant diseases 
in different hosts include B. amyloliquefaciens, B. subtilis, B. pasteurii, B. cereus, 
B. pumilus, B. mycoides, and B. sphaericus (Kloepper et  al. 2004; McSpadden 
Gardener 2010; Niu et al. 2011). B. subtilis GB03 and B. amyloliquefaciens IN937 
were demonstrated to control the bacterial pathogen, Erwinia carotovora subsp. 
carotovora in Arabidopsis (Ryu et al. 2004b). B. cereus AR156 and B. subtilis were 
also demonstrated to control Pseudomonas syringae pv. tomato DC3000 success-
fully in Arabidopsis by inducing resistance (Niu et al. 2011). Some of these Bacillus 
species have been well characterized in terms of their anti-fungal, antibacterial, 
plant growth-promoting, and resistance-inducing activities in host plants (Park et al. 
2009; Ryu 2013). Among the diverse antagonistic bacteria, several Bacillus species 
have been developed as commercial biopesticides because they can produce endo-
spores and persist successfully in natural environments for a long period after treat-
ment (Hu et  al. 2011). Bacillus species have been reported as strong biological 
agents showing the dramatic action against the rice pathogens. Diverse species of 
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Bacillus have been isolated from various terrestrial and halophytic plants, and some 
of them have been shown to be endophytic (Bibi et  al. 2012; Bibi et  al. 2011) 
(Table 9.1).

9.4  �History of Resistance Induction

History of resistance induction is not very precisely denoted in the literature. Many 
scientists have documented their opinions about the history of resistance induction. 
Biological control that encompasses  resistance induction is a more interesting 
research topic compared with only biological control measures. From the begin-
ning, in the 1970s to the 1980s, biological control research consisted screening 
of antagonistic microorganisms for their biological activity (Ryu 2013). However, 
mechanisms were not elucidated in many cases. Through the study of plant-microbe 
interactions  it is revealed how microbes work in the defense signaling pathways 
such as induced systemic resistance (ISR), systemic acquired resistance (SAR), and 
primed induced resistance (PIS) against phytopathogens is an interesting subject in 
the biocontrol measures. Resistance induction, therefore, is called a safe fungicide 
(Walters et al. 2005). Resistance induction was first proposed as the “acquired phys-
iological immunity” by Chester (1933). Systemic acquired resistance was first pro-
posed by Ross (1961). Pathogen-related gene PR was discovered by Van loon 
(1982). Since then, the plant-microbe interaction was implemented in agriculture. 
When ISR was first proposed by Van Peer and Schippers (1992), resistance induc-
tion by the plant growth-promoting rhizobacteria (PGPR) was shown to be more 
protective against phytopathogens with indirect interaction. Since then, many scien-
tists were involved in the ISR mechanisms for controlling plant diseases.

Table 9.1  Bacillus species used for controlling the major rice diseases

Bacillus species Pathogen (disease) Mechanism References

Bacillus oryzicola 
YC7007

B. glumae (panicle blight), 
F. fujikuroi (bakanae)

ISR Chung et al. (2015)

B. polymyxa Magnaporthe oryzae (blast 
of rice)

ISR Gnanamanickam and Mew 
(1992) and Kavitha (2002)

B. pumilus Magnaporthe oryzae (blast 
of rice)

ISR Gnanamanickam and Mew 
(1992) and Kavitha (2002)

B. coagulans Magnaporthe oryzae (blast 
of rice)

ISR Gnanamanickam and Mew 
(1992) and Kavitha (2002)

B. polymyxa Rhizoctonia solani (sheath 
blight)

ISR Gnanamanickam and Mew 
(1992)

B. cereus X. oryzae pv. oryzae 
(bacterial blight)

ISR Velusamy and Gnanamanickam 
(2003)
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9.5  �Resistance Induction by the Microbe-Associated 
Molecular Patterns

Plants have well-organized varieties of physical cell wall (cellular) and hormonal 
defense mechanisms to defend themselves against microbial pathogens. Cellular 
defense, innate immunity of plants, can be regulated through phytoalexin, cama-
lexin, callose deposition, cell wall reinforcements, and hydrogen peroxide (H2O2) 
accumulation (Ahn et al. 2007; De Vleesschauwer et al. 2008). These types of innate 
immunity lead to pattern recognition receptors (PRRs) that are indicators for the 
receptor response of the molecules from the beneficiary microbes. Plants recognize 
chemically diverse molecules patenting from microbes (pathogen-/microbe-
associated molecular patterns, PAMPs/MAMPs) through pattern recognition recep-
tors (PRRs), inducing a set of defense responses known as pattern-triggered 
immunity (PTI) (Jones and Dangl 2006). This PTI also encodes PAMP-triggered 
immunity. In plants, pattern recognition receptors (PRRs) are all membrane-
associated receptor-like kinases or receptor-like proteins. PRRs confer robustness to 
the whole PTI system in plant in which different PRRs are simultaneously involved 
with microbial attacks (Saijo et  al. 2018). The functional significance of PRR-
mediated microbe recognition with beneficial microbes is an important era for the 
plant immune system. MAMPs, viz., fungal chitin, glycans, and, their glycoconju-
gates, lipopolysaccharides (LPSs), flagellin, and peptidoglycan, are molecules 
derived from microbes that must be detected by receptors of the host cell to suppress 
the pathogen. MAMPs of root-associated microbiota can trigger defenses and pro-
mote the expense of plant growth. However, beneficial rhizobacteria, such as 
Pseudomonas simiae WCS417, Martellela endophytica YC6887, and B. oryzicola 
YC7007, promote plant growth and induce systemic resistance (Hossain et al. 2016; 
Khan et al. 2016; Stringlis et al. 2018). Recent studies point to a role for host PTI in 
the selection and management of plant-associated microbial communities that actu-
ally enhance the resistance induction and promotion (Hossain et al. 2019; Hacquard 
et al. 2017). These findings are consistent with the idea that PTI plays a central role 
in the establishment and maintenance of plant-associated microbiomes for resis-
tance induction. Recently, elicitors of plant defenses such as bacterial flagellin have 
emerged as a novel generation of plant protection products. Expression of a number 
of defensive genes has been associated with plant defense transcriptomes and can be 
induced by MAMPs, ethylene (ET) and jasmonic acid (JA) or SA signaling path-
ways (Huffaker et al. 2013). Hormonal defense mechanisms are fulfilled by plant 
hormones salicylic acid (SA), jasmonic acid (JA), ethylene (ET), abscisic acid 
(ABA), cytokinins (CKs), and brassinosteroids (BR) in molding plant-pathogen 
interaction in the plant immune system. These types of hormonal inductions, which 
are regulated by hormonal networks of cross talks or interconnected by transduc-
tional signals, depend on the lifestyles of pathogens. Hormonal defense to control 
the diseases with SA or JA/ET, which is mainly involved with biotrophic or necro-
trophic pathogens, respectively, is predominantly associated with those respective 
signaling molecules (Pieterse et al. 2009; Robert-Seilaniantz et al. 2011). Biotrophic 
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pathogen is mainly associated with SA-dependent defense which leads to systemic 
acquired resistance (SAR) having a long-lasting plant immunity. The role of SA in 
plant immunity was maintained by the exogenous application of SA or endogenous 
accumulation of transcription levels and expressed in the network signaling against 
the biotrophic pathogen. The transcriptional levels of PATHOGENESIS-RELATED 
(PR) genes such as PR1, PR2, and PR5 under the SA pathways protect the Pst 
DC3000 (Niu et al. 2011). Consistent with these PR genes in the SA pathway, three 
upregulating biosynthesis genes such as Enhanced Disease Susceptibility (EDS1, 
EDS5), Phytoalexin Deficient (PAD4), and Salicylic Acid Induction Deficient (SID2) 
are also essential against biotrophic pathogen responses (Brodersen et  al. 2006; 
Wang et al. 2010). On the contrary, some receptors and signal molecules, which are 
required for defense responses against necrotrophic pathogens such as Alternaria 
brassicicola and Botrytis cinerea, are regulated through the JA and ET pathways. 
The transcription levels of Plant Defensin1.2 (PDF1.2) and PR genes such as PR3 
and PR4 were elevated in Arabidopsis against the necrotrophic pathogen infection 
(Thomma et al. 1998). Moreover, interactions between these two types of hormonal 
defenses based on SA or JA/ET are mostly antagonistic to one another. This multi-
tude of defenses is performed or inducible through cellular reinforcement and hor-
monal defenses of SA or JA/ET signaling pathways that can be enhanced by 
biological agents or an abiotic inducer locally or systemically through subsequent 
pathogen infection or without attack. These hormonal inductions led by the endo-
phytic Bacillus species are important for resistance induction against pathogens 
through PTI machineries.

9.6  �Plant-Microbe Interaction by Resistance Induction

The beneficial rhizobacteria as biotic inducers play prominent roles in the defense 
system of the plant. These bacterial species produce phytohormones or convert the 
fixed nutrients to the available form for plant development and inhibit the phyto-
pathogens by secreting various metabolites (Walters et al. 2005; Ryu et al. 2004b). 
These bacterial metabolites can assist in inducing hormonal and cellular defenses, 
and thus, some rhizobacteria can elicit the plant resistance induction by induced 
systemic resistance (ISR) or priming induced resistance depending on the lifestyle 
of pathogens (Ahn et al. 2007; De Vleesschauwer et al. 2012; Niu et al. 2011). Some 
nonpathogenic rhizobacteria elicited an ISR response through JA or ET pathways or 
JA and SA simultaneously via NPR1 dependent and suppress the disease by express-
ing the specific defense genes (Niu et al. 2011; Ryu et al. 2004a, Thomma et al. 
1998). Some plant growth-promoting rhizobacteria (PGPR)-mediated ISR was also 
switched on by the lipopolysaccharides, siderophores, and SA (Pieterse et al. 1996). 
On the contrary, some Bacillus species can activate the plant’s defense system by 
enhancing the different hormonal pathways of either salicylic acid (SA) or ethylene/
jasmonic (ET/JA) acid or, simultaneously, both pathways (Niu et  al. 2011). 
Therefore, it is really interesting to induce the signaling molecules in the plant 
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defense system by the PGPR strains. Several signaling molecules, such as SA, JA, 
ET, abscisic acid (ABA), cytokinins (CKs), brassinosteroids (BRs), and reactive 
oxygen species, have been implicated in inducible defense systems involving rhizo-
bacterial interaction (Koornneef and Pieterse 2008). Most of these defense-related 
hormonal pathways are activated by rhizobacteria, Bacillus, and Pseudomonas spe-
cies, which can elicit an induced systemic resistance (ISR) response through the JA 
or ET pathway or both pathways in a NPR1-dependent process (Niu et al. 2011). 
This phenomenon is well-defined in the Arabidopsis. ISR triggered by rhizobacteria 
suppresses the diseases by expressing the specific defense-related genes during the 
interaction (Bakker et al. 2007; Doornbos et al. 2011; Niu et al. 2011; Ton et al. 1999).

9.7  �Conclusion and Future Trends

The genus Bacillus could be more effective in controlling rice disease than current 
chemical pesticides. The PGPR strains, especially Bacillus species, could turn on 
different signaling pathways against pathogens. Endophytic Bacillus species are 
superior bioactive agents against pathogens, induce systemic resistance, and make a 
good symbiotic relationship with the plant host. Their MAMP-mediated defense 
enhances the PTI and ultimately controls the plant disease with resistance induction.
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Chapter 10
Genomics and Post-genomics Approaches 
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10.1  �Introduction

Plant-associated bacteria from diverse taxonomic groups colonize plant tissues 
(root, shoot, and leaf) and provide beneficial effects on plant growth and develop-
ment (Kloepper and Beauchamp 1992; Islam et al. 2005; Islam and Hossain 2012, 
2013). These naturally - occurring bacteria play significant roles in sustainability in 
productivity of the ecosystems. They are generally called plant growth-promoting 
bacteria (PGPB). Bacterial genera such as Bacillus, Pseudomonas, Alcaligenes, 
Arthrobacter, Azoarcus, Azospirillum, Azotobacter, Clostridium, Enterobacter, 
Delftia, Gluconacetobacter, Klebsiella, Paraburkholderia, and Serratia are among 
the most reported PGPB (Podile and Kishore 2007; Saharan 2011; Kumar et  al. 
2011; Hurek and Reinhold-Hurek 2003; Hayat et al. 2010; Khan et al. 2016; Rahman 
et al. 2018). The PGPB promote plant growth and productivity through direct or 
indirect effects. Direct effects of the PGPB are as follows: (i) nitrogen fixation from 
the atmosphere and symbiotically support N nutrition to host plants; (ii) production 
of phytohormones (e.g., indole-3-acetic acid) and promote plant growth; (iii) solu-
bilization of essential nutrient elements (e.g., phosphate, zinc, etc.) and promote 
nutrient uptake by plant roots; and (iv) control or inhibition of the activity of plant 
pathogens by secretion of antimicrobial compounds (Glick 1995; Babu et al. 2015). 
Some of the PGPB also promote plant growth indirectly by eliciting induced sys-
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temic resistance (ISR) in the hosts (Abdelrahman et al. 2016; Jogaiah et al. 2010). 
Due to an increased public awareness on the use of synthetic chemicals (e.g., pesti-
cides and fertilizers) in agriculture, there have been a growing demand for applica-
tion of the PGPB as alternatives to environmentally hazardous synthetic fertilizers 
and chemical pesticides to promote plant growth and development (Arrebola et al. 
2010; Chen et al. 2008). Among them, the members of the genus Bacillus are the 
most important PGPB that have unique features for commercialization as biopesti-
cides, plant growth stimulants, and biologics. The Bacillus is a Gram positive, heat 
and desiccation-resistant spore-forming bacterium that are rich in biosynthesis of 
antimicrobial substances, and thus, is an important genus for agricultural biotech-
nology (Chowdhury et  al. 2015). Bacillus thuringiensis, B. amyloliquefaciens, 
B. licheniformis, B. pumilus, B. velezensis, and B. subtilis are some notable species 
that have been industrialized as biocontrol and plant growth-promoting agents for 
promoting sustainable agriculture (Mendis et al. 2018). Genes of Bacillus spp. such 
as B. thuringiensis have been well characterized and also been introduced to plants 
for the development of genetically modified plants (e.g., Bt-cotton, Bt-brinjal, etc.).

Members of the Bacillus spp. are well-known for their ability to produce diverse 
classes of secondary metabolites, including polyketides, and ribosomally and non-
ribosomally synthesized peptides (Mondol et al. 2013; Tareq et al. 2014a, b). In the 
past decades, discovery of bioactive secondary metabolites and antimicrobial com-
pounds from various isolates of Bacillus spp. was primarily based on fermentation, 
extraction, bioassay-guided chromatographic separation, and structure elucidation 
of pure compounds by spectroscopic methods (Tareq et al. 2014a, b). Mutant stud-
ies has been used for identification and characterization of gene(s) involved in bio-
synthesis of particular metabolites (Palazzotto and Weber 2018). Recent advances 
in genomics and post-genomics approaches including bioinformatics analyses of 
robust omics data are replacing the tedious and time-consuming processes of clas-
sical natural products chemistry (Palazzotto and Weber 2018). Bioinformatics tools 
are now used to predict important genes or gene clusters in the genomes of Bacillus 
spp. involved in secondary metabolite synthesis and to characterize them through 
analyses of transcriptomics, proteomics, or metabolomics databases (Harwood 
et  al. 2018). Bacillus spp. harbor diverse classes of secondary metabolites that 
exhibit a wide range of biological activity (Mondol et al. 2013). Bacillibactin, baci-
tracin, plipastatin, surfactin, bacillaene, fengycin, bacilysin, iturin, macrolactin, and 
difficidin are some most commonly known bioactive metabolites produced by 
Bacillus spp.

Although a good number of reviews have been published on roles of Bacillus 
spp. on plant growth and productivity, no comprehensive review has so far been 
published on genomics and post-genomics studies that remarkably elucidated the 
underlying molecular mechanisms of bacilli on plants. This review aimed to update 
our understanding on molecular mechanisms of plant growth promotion by Bacillus 
spp. as known through genomics and post-genomics studies in recent years 
(Fig. 10.1).

M. Z. Surovy et al.



163

10.2  �Plant Growth Promotion

10.2.1  �Nitrogen Fixation

Nitrogen is the most essential nutrient that limits plant growth. It is an essential 
component of nucleic acids, proteins, amino acids, many nitrogen-containing 
metabolites (e.g., alkaloids), and polysaccharides. The earth’s atmosphere is com-
posed of about 78% nitrogen gas, but eukaryotic organisms such as plants and ani-
mals cannot directly use this element from the atmosphere due to the absence of the 
enzymes required for their conversion to ammonium (e.g., nitrogenase) (Sa et al. 
2012). Many plant-associated bacteria are also known to promote plant growth by 
fixing atmospheric nitrogen (Jha and Kumar 2007; Rodrigues et al. 2008; Mia et al. 
2013), and Bacillus is one of them. Camacho et al. (2001) demonstrated that Bacillus 
spp. CECT 450 increased nodulation in bean (Phaseolus vulgaris L.) when co-
inoculated with Rhizobium tropici CIAT 899 by the process of fixing atmospheric 
nitrogen. They also found that nodulation in soybean was reduced when co-
inoculated with Bradyrhizobium japonicum USDA 110. Regulation of nitrogen fixa-
tion in Bacillus sp. is mediated by two transcriptional factor proteins, glnR 
(transcriptional factor/regulator) and tnrA (nitrogen-sensing transcriptional regula-
tor), that belong to the merR protein family (Wray and Fisher 2008). B. paralicheni-
formis strain KMS 80 contains glnR, tnrA, and nifH (encodes nitrogenase iron 
protein also called component II of nitrogenase enzyme/protein) genes, which regu-
late the expression of N fixation genes in response to the changes in nitrogen avail-
ability (Annapurna et al. 2018). Bacillus megaterium NMp082 harbored nifH and 
nod gene and symbiosis with E. medicae. It expresses nodABC gene and forms 
nodules in alfalfa plants and helps in nitrogen fixation (Chinnaswamy et al. 2018). 
Li et al. (2008) reported that horizontal transfer of nifH gene from Bradyrhizobium 

Fig. 10.1  Schematic representation of the discovery, beneficial effect, molecular mechanism of 
their functions, and application of Bacillus spp. in agrobiotechnology
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japonicum to endophytic Bacillus spp. helps fix atmospheric nitrogen as well as 
promote plant growth by Bacillus spp. B. amyloliquefaciens could have an enhanced 
ability to import nitrate, transform nitrate to nitrite and nitrite to ammonium, and 
subsequently form glutamine (Irizarry and White 2018). This bacterium upregulated 
asparagine synthetase, asparaginase, and helps in the storage and transport of nitro-
gen in plants (Lam et al. 1996; Sieciechowicz et al. 1988; Lea et al. 2006). B. subtilis 
strain 330-2 expressed genes like narI, nitrate reductase production, and pckA gene, 
which were involved in nitrogen fixation in rice and maize plant (Ahmad et al. 2017).

10.2.2  �Indole-3-Acetic Acid Production

Indole-3-acetic acid (IAA) is a phytohormone which plays critical roles in plant 
growth and development (Khan et al. 2016). Bacillus spp. have the potential to pro-
duce varying levels of IAA, which accelerates plant growth and development 
(Vacheron et al. 2014). B. cereus (Çakmakçi et al. 2007), B. licheniformis (Çakmakçi 
et al. 2007; Souza et al. 2015), Bacillus circulans (Thakuria et al. 2004), B. megate-
rium, B. altitudinis (Ambreetha et  al. 2018), B. amyloliquefaciens (Irizary and 
White 2018), and B. subtilis (Ahmad et al. 2017) are the most common IAA produc-
ing species of Bacillus. In 2018, Ambreetha and his co-workers (2018) found that 
B. altitudinis FD48 modifies rice root architecture. They assessed the expression of 
auxin-responsive genes (AUX/IAA) by a reverse transcriptase quantitative PCR 
method. They found that the expression pattern of the OsIAA1 and OsIAA4 genes 
was responsible for shortening of primary roots. Originally, OsIAA11 and OsIAA13 
genes were responsible for lateral root formation, and these genes were modulated 
by the inoculation of B. altitudinis FD48 and control endogenous IAA levels as well 
as change the root architecture of rice. Several studies have reported on modulating 
the root system traits of rice so as to promote its yield under unfavorable conditions 
(Steele et  al. 2007; Uga et  al. 2013; Rogers and Benfey 2015; Zou et  al. 2015; 
Nestler et  al. 2016). B. megaterium also modulates the primary and lateral root 
structure of Arabidopsis thaliana (Lopez-Bucio et  al. 2007). Co-inoculation of 
E. medicae with B. megaterium NMp082 significantly enhanced growth of Medicago 
spp. plants (Chinnaswamy et  al. 2018). Production of IAA by B. megaterium 
increased root surface area and length, secondary root formation, and number of 
root hairs and root tip number which increased plant nutrient uptake and growth 
(Ribaudo et al. 2006; Glick, 2012). B. amyloliquefaciens FZB42 containing nitrilase, 
which helps to catalyze the direct conversion of indole-3-acetonitrile to IAA 
(Hillebrand et al. 1998) and putative IAA acetyl transferase gene, which regulates 
the tryptophan biosynthesis (Idris et  al. 2007), helped to promote plant growth. 
B. amyloliquefaciens encoded for WAT1-related protein which upregulated the root 
to transport auxin (Ranocha et al. 2013) and IAA synthetase GH3.1 gene expression 
occurs in B. amyloliquefaciens inoculated cotton seedlings which is related to auxin 
homeostasis in cotton seedlings (Irizary et al. 2018). The pabA, the precursor of 
tryptophan (IAA synthesis), and bioA, responsible for biotin biosynthesis, were 
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found to be differentially expressed in B. subtilis strain 330-2 which regulates the 
IAA production and enhances growth of maize and rice plant (Ahmad et al. 2017).

10.2.3  �Phosphate Solubilization

The Bacillus spp. can solubilize insoluble organic and inorganic phosphates from 
soils and promote plant phosphorus nutrition (Islam and Hossain 2012). For exam-
ple, B. amyloliquefaciens FZB strain produces phytase and phytate enzymes (Idris 
et al. 2007) under phosphate-limiting and nonphosphate-limiting conditions, contrib-
uting to plant growth-promoting activity (Idriss et al. 2002; Makarewicz et al. 2006).

10.2.4  �Biofilm Formation

Cells in biofilms experience stringent growth conditions. Rhizosphere competence 
is linked to the capability to form sessile, multicellular communities (biofilms) 
(Islam et  al. 2005). Biofilm matrices are composed of multiple components like 
proteins, exopolysaccharides, and nucleic acids. These play various roles in biofilm 
formation, such as in cell attachment to surfaces, biofilm stabilization via promoting 
interactions between components, and the development of three-dimensional bio-
film architectures. The formation of biofilm matrices is controlled by several extra-
cellular polysaccharides and genes of protein synthesis, such as epsD and tasA 
(Fong and Yildiz 2015). In addition, the formation of the extracellular matrix of the 
biofilm is also enhanced by root-secreted signals (Zhang et al. 2015). In Bacillus, 
biofilm formation is genetically controlled by the regulatory repressor and anti-
repressor proteins, SinI and SinR (Branda et al. 2001; Terra et al. 2012; Mielich-
Süss and Lopez 2015). In B. subtilis, the SinR controlled operon contains the gene 
triad tapA-sipW-tasA (Kearns et al. 2005; Chu et al. 2006). The membrane-bound 
peptidase SipW cleaves the signal peptides of TapA and TasA before secretion 
(Terra et al. 2012). Intriguingly, in pathogenic B. cereus or B. anthracis strains, the 
tasA operon contains a SipW homolog together with tasA-like genes named calY1 
and calY2. The respective proteins are members of the zinc-dependent M73 metal-
loproteinase family, usually termed camelysins (Gao et al. 2015), and are consid-
ered important for the pathogenicity of B. cereus and B. anthracis (Rawlings et al. 
2016; Pflughoeft et al. 2011). Diehl et al. (2018) found that structural change of 
TasA protein from globular state to a fibrillar form occurs on the molecular level and 
regulates biofilm formation of B. subtilis. The ability of Bacillus spp. to efficiently 
colonize surfaces of plant roots is a prerequisite for phytostimulation. The unique 
genes RBAM00750, RBAM00751, and RBAM00754 of B. amyloliquefaciens 
FZB42 encode proteins with a collagen-related GXT structural motif and are 
probably involved in surface adhesion or biofilm formation. ClpYQ (also known as 
HslVU) is highly conserved in ATP-dependent proteases in bacteria. Yu et al. (2018) 
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found that in B. subtilis, the ΔclpYQ deletion mutant formed early and robust bio-
films, while swarming motility was severely impaired and ClpYQ protease is pri-
marily involved in the multicellular development in B. subtilis. Hence, ClpYQ does 
not play an essential role in heat-shock response in both B. subtilis and Bacillus 
cereus. The gene cluster encoding iturin A synthase under the control of the pitu 
promoter is expressed in B. velezensis CC09 in wheat tissues; formed biofilm on the 
root surface, epidermis, cortex, and xylem vessels; and even migrated to stems and 
leaves. This reveals that iturin A contributes to in vivo antifungal activity and dis-
ease control (Kang et al. 2018a, b). High doses of nitric oxide are deleterious for 
bacteria, and nitric oxide (NO) is primarily synthesized by nitric oxide synthase 
(NOS) encoded yflM gene which positively regulates biofilm formation in B. amy-
loliquefaciens SQR9. Knockdown of yflM gene from B. amyloliquefaciens SQR9 
mutant, biofilm formation was reduced fivefold compared to the wild type. The 
Hmp1 gene plays an important role in the detoxification of high nitric oxide doses 
in B. amyloliquefaciens SQR9 (Dong et al. 2018).

10.3  �Protection of Plants from Biotic Stresses

The regulator PhoP and its sensor kinase PhoR compose a two-component system 
in B. subtilis for production of fengycin (a product to control microbes). The phoR- 
and phoP-knockout mutants of B. subtilis NCD-2 dramatically reduced its inhibi-
tion ability against Botrytis cinerea growth in vitro compared to the strain B. subtilis 
NCD-2 wild type. The regulation of fengycin production by the PhoR/PhoP two-
component system occurred in a low phosphate condition but not in a high phos-
phate condition because fengycin synthetase gene fenC was positively regulated by 
phoP in the low phosphate condition (Qing-gang et  al. 2018). Previously, Dong 
et al. (2014) demonstrated that the inactivation of phoP in B. subtilis decreased its 
antifungal ability. Wang et al. (2015) reported that DegQ also regulated fengycin 
production in the B. subtilis strain NCD-2. DegS is a sensor histidine kinase and 
DegU is a response regulator. DegQ stimulates the phosphor transfer from DegS-P 
to DegU and regulates fengycin production. However, the relationship between 
PhoR/PhoP and DegU/DegS has not been clarified yet. Iturin A is an antibiotic that 
is useful in fighting plant pathogens and fungi (Meena and Kanwar 2015; Kalai-
Grami et al. 2016). The inhibition mechanism of iturin A functions by interacting 
with the sterol compounds in fungal cell membranes, changing the membrane per-
meability to allow potassium ion leakage, and result in cell damage (Maget-Dana 
and Peypoux 1994; Phister et  al. 2004). The ituC gene of B. amyloliquefaciens 
PBD1 incorporates serine as well as completes the cyclization step during iturin A 
synthesis (Wu et al. 2018). B. subtilis BSD-2 produces small molecule antibiotics 
that effectively control gray mold. The pHV1249 plasmid with a mini-Tn10 trans-
poson utilized for contraction of B. subtilis BSD-2 mutant library. Mutants 
containing the yodF gene encode a Na+/metabolite permease and control cucumber 
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gray mold. But, knockdown of the yodF gene in B. subtilis mutant lost its inhibitory 
effect on gray mold (Liu et al. 2018).

Enzymatic properties of the acetolactate synthase (AlsS) gene of Bacillus spp. 
are responsible for acetoin production (Huo et al. 2018). AlsS from B. subtilis was 
overexpressed to improve the 2,3-BD production in Saccharomyces cerevisiae (Ng 
et al. 2012), and the ethanol titer significantly improved by the knockout of alsS in 
Pyrococcus furiosus (Nguyen et al. 2016). B. licheniformis generally contains the 
acetolactate synthase (AlsS) gene, but mutants containing knockout of AlsS gene 
eliminate the biosynthetic pathway of acetoin and valine. Acetoin and 2,3-BD bio-
synthetic pathways can prevent acidification through conversion of excess pyruvate 
into neutral compounds (acetoin and 2,3-BD) (Tsau et al. 1992). Huo et al. (2018) 
confirmed that overexpression of the AlsS could enhance the titers of acetoin/2,3-
BD and L-valine in B. licheniformis and enhanced antibiotics production by 
B. licheniformis. Zimmerman et al. (1986) identified difficidin and oxydifficidin in 
B. subtilis. 3-Hydroxy-2-butanone (acetoin) and 2,3-butanediol, released by B. sub-
tilis and B. amyloliquefaciens, trigger enhanced plant growth (Ryu et al. 2003). Ryu 
et al. (2003) observed that both B. subtilis GB03 and B. amyloliquefaciens IN937a 
produced volatiles that significantly reduced the severity of disease on Arabidopsis 
thaliana caused by Pectobacterium carotovorum subsp. carotovorum. The volatile 
organic compounds (VOCs) produced by Bacillus spp. identified as acetoin as elici-
tors of induced systemic resistance (ISR) in A. thaliana against P. carotovorum 
subsp. carotovorum. Acetoin elicit ISR in several Arabidopsis mutants, including a 
jasmonic acid-insensitive line (coi1 mutant), an ethylene-insensitive line (ein2 
mutant), a salicylic acid (SA)-degrading transgenic line (nahG mutant), and a non-
expressor of PR proteins (npr1 mutant). The VOCs from strain B. amyloliquefa-
ciens IN937 elicited ISR on all of these lines, whereas VOCs from B. subtilis GB03 
failed to elicit ISR on ein2 mutant plants. The ethylene-dependent signaling path-
way for elicitation of ISR by VOCs from B. subtilis GB03 was confirmed by using 
GUS fusions to the PDF1.2 gene, the indicator for ethylene response. Ethylene sig-
naling and bacterial VOCs-elicited ISR expressed by upregulation of three major 
ethylene biosynthesis proteins (i.e., aspartate aminotransferase, S-adenosylmethionine 
synthetase 2, and methionine adenosyltransferase 3) following bacterial VOCs 
treatment (Kwon et al. 2010). Induction of ethylene (ET)-responsive PDF1.2 gene 
by bacterial VOCs requires a salicylic acid (SA)-dependent resistance response 
(Naznin et al. 2014). In addition, 2,3-butanediol and acetoin produced by Bacillus 
subtilis strain FB17 can induce ISR against P. syringae pv. tomato DC3000 
(Rudrappa et al. 2010). Production of two major volatiles, i.e., 2,3-butanediol and 
acetoin from Bacillus spp., orchestrated SA and ET signaling to protect plants 
against two different types of pathogens, i.e., necrotrophs and biotrophs (Kim et al. 
2017). B. subtilis and B. cereus enhanced pathogen-related protein 1 (PR1) gene 
expression in maize, melon, pepper, and A. thaliana (Yang et al. 2009; Niu et al. 
2011; Garcia-Gutierrez et al. 2013; Gond et al. 2015). Peroxidase, ascorbate oxi-
dase, and monodehydroascorbate peroxidase were upregulated in cotton seedling 
roots inoculated with B. amyloliquefaciens and stimulate the production of a variety 
of antioxidant enzymes in cotton (Irizzary and White 2018), which relates to host 
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tolerance to oxidative stress and suppresses the induction of cell death in the host’s 
tissues (White and Torres 2010; Hamilton et al. 2012).

B. subtilis strain 330-2 triggered the production of secondary metabolites, includ-
ing antibiotics such as macrolactin (mln), difficidin (dfn), iturin A (ituA), bacillibac-
tin (dhbF), penicillin-binding protein 2B (pbpB), and beta-lactamase (penP). These 
are important for the plant’s defense mechanism, so it can cope with competing 
microorganisms and inhibit the growth of phytopathogenic fungi or bacteria (Ahmad 
et al. 2017). Interestingly, Munoz-moreno et al. (2018) found CheA and CheC genes 
in the genome of B. subtilis 2C-9B. These proteins are usually involved in chemo-
taxis and adaptation. Non-ribosomal peptide synthetases and a beta-glucanase gene 
play a part in antifungal activity (Tapi et al. 2010). The butanediol dehydrogenase 
gene and a spermidine synthase gene of this bacterium regulate to induce systemic 
resistance in plants (Yi et al. 2016). The spermidine gene is associated with plant 
growth promotion (Xie et al. 2014).

B. thuringiensis contains ZwittermicinA gene cluster exhibited an inhibitory or 
interfering effect on the growth of the phytopathogens carried putative mycolitic-
chitinases, which might contribute to antifungal activities against Verticillium spe-
cies (Hollensteiner et  al. 2017). Bacteriocin gene clusters (e.g., thuricine-like, 
lichenicidins-like, amylolysin-like, paeninodin-like, subtilosin A, amylocyclicin, 
lactococcin 972 family bacteriocin) are present in higher frequency in B. toyonensis 
BAC3151, which regulates N-acyl homoserine lactonase and chitinases, revealing a 
genetic repertoire for antimicrobial synthesis in plants (Lopes et al. 2017). B. atro-
phaeus GQJK17 contains eight candidate gene clusters for producing antimicrobial 
secondary metabolites, including surfactin, bacillaene, fengycin, and bacillibactin, 
and controls phytopathogens (Ma et  al. 2018). The B. amyloliquefaciens FZB42 
contained alkaline serine protease AprE gene encoding proteins that eventually kill 
plant pathogenic nematodes (Chen et al. 2007). Insecticidal protein gene (Sip1Ab) 
expression of B. thuringiensis involves controlling coleopteran insect Colaphellus 
bowringi Baly (Sha et al. 2018).

Various Bacillus spp. have been shown to be nematicidal. B. cereus produces 
sphingosine, a nematicidal toxin, as a secondary metabolite (Engelbrecht et  al. 
2018). The production of kanosamine, zwittermicin A, C16 sphingosine, and phyto-
sphingosine inhibits the growth of phytopathogens as well as nematodes (Gao et al. 
2016; Ramezani Moghaddam et al. 2014). B. firmus act as plant growth promoters 
by paralysis and inhibition of egg hatching of plant pathogenic nematodes by pro-
duction of nematicidal serine protease Sep1 (Jansen-Girgan et al. 2016; Xiong et al. 
2015). B. subtilis produces various antibiotics which are largely lipopeptides that 
can be divided into surfactin, iturin, or fengycin families. Presence of the purL gene 
also helps in production of enzymes such as protease, chitinase, and gelatinase 
linked to its nematicidal activity (Abbasi et al. 2017; Roy et al. 2017). B. nemato-
cida produces two extracellular alkaline serine proteases, Bace16 and a neutral pro-
tease Bae16, which cause degradation of the nematode cuticle (Niu et al. 2007). 
B. velezensis (Xiang et al. 2017), B. mojavensis (Xiang et al. 2017), B. circulans 
(El-Hadad et  al. 2010), B. megaterium (Huang et  al. 2010; Padgham and Sikora 
2007), B. pumilus (Lee and Kim 2016; Ramezani Moghaddam et al. 2014), B. coag-
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ulans (Abbasi et al. 2017), B. methylotrophicus (Zhou et al. 2016), B. amyloliquefa-
ciens (Jamal et  al. 2017; Sarangi et  al. 2014), B. licheniformis (Colagiero et  al. 
2017), and B. weihenstephanensis (Sarangi et al. 2014) also control plant patho-
genic nematodes.

B. thuringiensis is well-known for its broad spectrum of insects (e.g., Coleoptera, 
Diptera, Hemiptera, Hymenoptera, and Lepidoptera) and larvicidal and anti-cancer 
activities leading to an original toxin combination (Palma et al. 2014). It is postu-
lated that one species of B. thuringiensis is capable of inhibiting growth of another 
sensitive strain in a mixed infection, as well as inhibiting growth of the normal gut 
flora (Borchert et al. 2010; Dieterich et al. 2008). B. thuringiensis BLB406 is com-
pletely divergent from known B. thuringiensis strains, containing five cry genes 
(cry11A, cry22A, cry2A, cry60B, and cry64A) responsible for quinolone, glyoxa-
lase/bleomycin, tetracycline, fosmidomycin, and methicillin antibiotic resistance 
and two vip genes (VanR-F and VanZ-F) responsible for vancomycin resistance, 
which encode for novel toxins in the biological control (Zghal et  al. 2018). The 
genome also harbors genes encoding bacitracin and corresponds to a broad-spectrum 
antibiotic which targets both Gram-positive and Gram-negative bacteria. The resis-
tance to bacitracin could be very important in the production of B. thuringiensis 
BLB406 bioinsecticides against Aedes aegypti (Zghal et al. 2018). Chemistry and 
biological diversity of secondary metabolites from marine Bacillus spp. have 
already been reviewed (Mondol et al. 2013) (Table 10.1, Fig. 10.2).

10.4  �Enhancement of Abiotic Stress Tolerance in Plants

The major abiotic stresses such as salinity, alkalinity, heat stress, metal-induced 
stress, water stress, drought, and cold stress significantly impact on agricultural 
productivity. Bacillus spp. have huge potential to enhance abiotic tolerance to stress 
in plants. B. megaterium NMp082, containing 1-Aminocyclopropane-1-carboxylate 
deaminase activity (Chinnaswamy et al. 2018), which helps to reduce stress-induced 
ethylene levels, inducing tolerance, root elongation and growth promotion in alphal-
pha plants subjected to salt, drought and heavy metal-induced stresses (Ali et al. 
2014; Glick 2014). Bacillus spp. help to uptake more water and essential nutrients 
(N, P, K+, Ca2+, Mg2+, Zn2+, Mn2+, Fe2+, and Cu2+) and thus inhibit the formation of 
reactive oxygen species as well as mitigate cellular disruption of plants during water 
stress conditions (Lopes et al. 2018). Gagne-Bourque et al. (2016) observed that 
Bacillus spp. stimulate the synthesis of chlorophylls a and b and carotenoids, trig-
gering the production of metabolites, and increase photosynthesis. Drought stress-
related genes are differentially expressed by Bacillus spp. by production of 
stress-related hormones (salicylic acid, jasmonic acid, and abscisic acid) 
(Radhakrishnan et al. 2017). Passive flow of Na+ into plant cells was also reduced 
by Bacillus spp. under saline conditions (Ashraf et al. 2004). It reduces heavy metal 
toxicity of plants by stimulating pigment synthesis and modulating endogenous 
antioxidants (Lopes et al. 2018; Ahmad et al. 2014; Jamil et al. 2014). B. subtilis 
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Table 10.1  Important bioactive compounds discovered from Bacillus spp.

Name Function Molecular mechanisms References

Bacillibactin Plant growth 
promotion through 
siderophore production

Exported via YmfD and Mta gene, taken 
up when Fe3+loaded by the FeuABC 
transporter, and cleaved intracellularly by 
the BesA esterase to release its iron

Miethke 
et al. (2006, 
2008)

Bacitracin Inhibit pathogenic 
bacterial growth

Inhibit pathogenic bacterial growth by 
preventing the dephosphorylation of 
C55-undecaprenyl pyrophosphate 
(bactoprenol) and subsequent recycling 
of the lipid carrier

Harwood 
et al. (2018)

Plipastatin Biosurfactant and 
antifungal activity

Involve the inhibition of phospholipase 
A2 and the formation of pores in fungal 
membranes

Honma et al. 
(2012), Gong 
et al. (2015)

Surfactin Surfactant activity Non-specific cytolytic activity, 
composition of the target phospholipid 
bilayer influences its penetration into host 
cells

Gong et al. 
(2015), 
Okada et al. 
(2015)

Bacillaene Antibacterial agent Unknown Chen et al. 
(2018)

Fengycin Biosurfactant and 
antifungal activity

Reduce the mitochondrial membrane 
potential (MMP), induce bursts of 
reactive oxygen species (ROS), and 
downregulate the expression level of 
ROS-scavenging enzymes resulting in the 
upregulation of DNA repair-related 
proteins expression and the cleavage of 
poly (ADP-ribose) polymerase (PARP)

Zhang and 
Sun (2018)

Bacilysin Antimicrobial 
activities

Inhibit the activity of glucosamine-6-
phosphate synthase through the release of 
anticapsin

Wang et al. 
(2018)

Iturin Antifungal activity 
against important 
fungal pathogens (e.g., 
Rhizoctonia, 
Penicillium, 
Aspergillus, Fusarium, 
and Pyricularia)

The antifungal activity of iturins is 
related to its interaction with the 
cytoplasmic membrane of target cells, 
resulting in the formation of ion-
conducting pores and increased K+ 
permeability

Gong et al. 
(2015)

Macrolactin Antimicrobial 
activities

Ahmad et al. 
(2017), 
Belbahri 
et al. (2017)

Difficidin Antimicrobial 
activities

Ahmad et al. 
(2017), 
Belbahri 
et al. (2017)
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strain 330-2 contains genes associated with tolerance to heat (elongation factor Tu; 
aspartokinase II; and dihydroorotase, pyrC), salinity [cardiolipin synthase, ywiE; 
glutaminase-1, ybgJ; phosphor glyceratemutase, gpmI; 4-hydroxy-3-methylbut-2-
enyl diphosphate reductase, ispH and glutamate synthase (NADPH/NADH), gltAI], 
drought (cystathionine beta-lyase and cysteine desulfhydrase) and cold stress (spor-
ulation cortex protein, coxA), and differentially expressed in the B. subtilis strain 
330-2. NADH-dependent butanol dehydrogenase A (yugJ) and formate dehydroge-
nase (yjgC) are commonly involved in tolerance to heat, salinity, and oxidative 
stresses. Also, expressed glutamate symporter (gltT) and S-adenosylmethionine 
synthase (metK) genes are commonly involved in enhancing the plant’s tolerance to 

Fig. 10.2  Chemical structures (A-J) of some  major secondary metabolites discovered from 
Bacillus spp.
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drought and salinity (Ahmad et  al. 2017). B. licheniformis K11 upregulated the 
differentially expressed genes, viz., Cadhn (dehydrin-like protein), VA (vacuolar 
H+-ATPase), sHSP (small heat-shock protein), and CaPR-10 (pathogenesis-related 
protein 10) in pepper root and induced tolerance to both biotic and abiotic stresses 
and suppressed phytophthora blight of pepper (Lim and Kim 2013). Secretion of 
1-aminocyclopropane-1-carboxylate (ACC) deaminase by Bacillus sp. inhibits eth-
ylene synthesis and thus plant senescence (Yaish et al. 2015). Antifungal volatile 
compound, 5-methyl-2-phenyl-1H-indole, produced by B. megaterium KU143 
strain, controls Aspergillus and Penicillium spp. during rice grain storage (Mannaa 
and Kim 2018).

10.5  �Genomic Analysis of Bacilli

The advent of next-generation sequencing (NGS) technologies and the possibility 
of obtaining high-quality whole-genome sequences have allowed scientists to show 
the potential metabolic landscape of Bacilli. Thus, this has created greater potential 
to produce specialized metabolites now compared to what has been discovered by 
classic screening-based methods in the past five decades. The genetic potential to 

Fig. 10.2  (continued)
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produce approximately a tenfold higher number of secondary metabolites, antibiot-
ics, enzymes, and volatiles has been detected during screening and chemical analyt-
ics (Bentley et al. 2002; Challis, 2014). These observations have strongly contributed 
to a renewed interest in studying the molecular mechanisms of Bacilli in recent 
years. Bioinformatics tools helped to uncover the untapped metabolic potential of 
Bacilli, triggering a clear understanding of its molecular mechanisms. Genomic 
analyses of Bacilli revealed that silent gene clusters are present even within its 
genome. Genome mining has been treated as powerful tool to estimate the genetic 
potential of Bacilli by scanning the genome of interest and identifying mechanisms 
of its growth-promoting attributes (Ziemert et al. 2016). Many tools were exten-
sively used to determine the growth-promoting traits of Bacilli (Tables 10.2 
and 10.3).

Table 10.2  Bioinformatics tools used for genome mining of Bacillus spp.

Function Tools References

Computational mining for 
secondary metabolite biosynthetic 
gene clusters

Shell (antiSMASH) and 
connected antiSMASH 
database

Blin et al. (2017), 
Medema et al. (2011), 
Palazzotto and Weber 
(2018)

Prediction of secondary 
metabolomes

Prediction Informatics for 
Secondary Metabolomes 
(PRISM)

Skinnider et al. (2015), 
Belbahri et al. (2017)

Allows automatic matching of 
polyketide and NRPS structural 
data to predicted biosynthetic gene 
clusters

Global alignment for natural 
products cheminformatics 
(GARLIC)

Dejong et al. (2016)

Allows automatic matching of 
polyketide and NRPS structural 
data to predicted biosynthetic gene 
clusters

Generalized Retrobiosynthetic 
Assembly Prediction Engine 
(GRAPE) platform

Dejong et al. (2016)

Largest database of automatically 
mined biosynthetic gene clusters 
identified in microbial genomes

IMG/ABC Hadjithomas et al. (2017)

Growth-promoting and antagonistic 
genes identification by multilocus 
phylogeny

Multilocus phylogenetic 
analysis (MLPA)

Douriet-Gamez et al. 
(2018)

Bacteriocin-specific software BAGEL4 van Heel et al. (2018)
Prediction of secondary 
metabolomes

NaPDos Ziemert et al. (2016), 
Belbahri et al. (2017)

Prediction of secondary 
metabolomes

NP.searcher Li et al. (2009), Belbahri 
et al. (2017)

Secondary metabolomes Bacteriocin-specific software 
BAGEL3

van Heel et al. (2013), 
Belbahri et al. (2017)
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Table 10.3  Examples of gene or gene clusters predicted for plant growth promotion by Bacilli

Gene clusters/
gene Natural products

Growth-promoting 
traits References

NifDHK Nitrogenase Biological nitrogen 
fixation

Seldin et al. (1989), 
Oliveira et al. (1993)

Nas Nitrate uptake Nitrogen assimilation Luque-Almagro et al. 
(2011)

phyABCPR 3-Phytase Phosphorus 
mineralization

Kim et al. (1998)

phoAB Phosphatase Phosphorus 
mineralization

Hulett et al. (1990)

Gdh Glucose 1dehydrogenase Gluconic acid 
biosynthesis

Goa (2001), Camon et al. 
(2004)

krtABCD Ktr system potassium 
uptake protein

Potassium uptake Holtmann et al. (2003)

dhbABCF Bacillibactin Siderophore 
biosynthesis

May et al. (2001)

yvrE Gluconolactonase Ascorbate and 
aldarate metabolism 
and caprolactam 
degradation

Reshma et al. (2017)

kdpABCD K uptake ATPase Potassium uptake Vieira-Pires et al. (2013)
ypqP, CapD Polysaccharide biosynthesis 

enzyme
Biofilm formation Niazi et al. (2014a, b)

Che Chemotaxis Quorum sensing Niazi et al. (2014a, b)
spsABCDEFG Subtilis synthesis enzymes Sporulation and 

biofilm formation
Charnock and Davies 
(1999)

yhcX, ysnE, 
ipdC

Nitrilase, acetyltransferase, 
indole-3-pyruvate 
decarboxylase

Tryptophan-
dependent IAA 
biosynthesis

Shao et al. (2015), Read 
et al. (2003)

metK, acdS Adenosylmethionine and 
(ACC) 
1-aminocyclopropane-1-
carboxylate

Ethylene 
biosynthesis

McDaniel et al. (2006)

Cyt Cytokinin Cytokinin presence 
found

Ortíz-Castro et al. (2008)

srf ABCD Surfactin Biosurfactant activity Niazi et al. (2014a, b), 
Jasim et al. (2016), 
Govindasamy et al. 
(2017)

lipAB Lipase Lysis, stress 
resistance

Shi et al. (2010), Eggert 
et al. (2003), Eppinger 
et al. (2011)

(continued)
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Table 10.3  (continued)

Gene clusters/
gene Natural products

Growth-promoting 
traits References

abnA Endo-arabinase Cell lysis Niazi et al. (2014a, b)
xynA Xylanase Cell lysis
bglS Lichenase Cell lysis
ydbD Mn catalase Cell lysis
nrsABCDEF Putative peptide Lysis, biocontrol
bacABCDEGH Bacilysin Antibiosis, 

biocontrol
arsABC Arsenite-transporting 

ATPase
Arsenate resistance

KatA, KatE, 
KatX

Catalases Oxidative stress 
reduction

SodACF Superoxide dismutases Oxidative stress 
reduction

alsSD Acetoin VOC, biocontrol
bdhA R,R-butanediol 

dehydrogenase
VOC, biocontrol

swrA Flagellar motility Movement
htrABC Serine protease Lysis, biocontrol Noone et al. (2001)
Hsp Heat-shock protein IST Todd et al. (1985)
eglS Glucanase Lysis, biocontrol Han et al. (1995)
pelB Pectin lyase Lysis, biocontrol Kunst et al. (1997)
pelC Pectate lyase Lysis, biocontrol Soriano et al. (2006)
chiACHW Chitinase Lysis, biocontrol Pleban et al. (1997), 

Huang and Chen (2005), 
Driss et al. (2005), Earl 
et al. (2012), Tang et al. 
(2017)

fenABCDE Fengycin Antibiosis, 
biocontrol

Ahmad et al. (2017), 
Lopes et al. (2017), 
Blacutt et al. (2016)

mlnABCDEFG Macrolactin Antibiosis, 
biocontrol

Niazi et al. (2014a, b), 
Ahmad et al. (2017)

lchABCTE Lipoheptapeptide 
biosurfactants

Biosurfactants 
production

Anuradha (2010), 
Shaligram et al. (2016)

glgXYZ Trehalose biosynthesis 
enzyme

Abiotic tress 
tolerance

treABPR Trehalohydrolase synthesis Abiotic tress 
tolerance

Schöck and Dahl (1996)

baeJLMNR Bacillaene Antibiosis, 
biocontrol

Niazi et al. (2014a, b), 
Ahmad et al. (2017)

Hmp Nitric oxide dioxygenase Adaptive 
detoxification

Nakano (2002), Han 
et al. (2006)

(continued)
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10.6  �Comparative Genomics for Genetic Engineering

Genome mining and comparative genomic analysis have initiated the prospect of 
prioritizing Bacilli for genetic engineering. The complete genome sequencing and 
comparative analysis allowed for the reconstruction of both primary and secondary 
biosynthetic pathways suggesting key growth-promoting genes for genetic engi-
neering. The genomic analysis of Bacillus sp. underlined the genetic potential to 
synthesize novel specialized metabolites of this genus. By genomics approaches, 
biosynthetic gene clusters were detected, including NRPS, PKS, terpenes, and sid-
erophore clusters (Carro et al. 2018). The analysis of whole-genome sequence data 
of the genus Bacillus provided insight into its metabolic and biotechnological 
potential (Table 10.4).

There is a correlation between genome size and the number of gene clusters of 
different B. amyloliquefaciens strains known to be involved in secondary metabolite 
biosynthesis and mined by antiSMASH and PRISM. About 65% of the variance in 
the number of secondary metabolite clusters can be explained by genome size for 
antiSMASH, for instance. Dynamics of evolution of the clusters of different genes 
were also investigated using comparative genomics across all known core and 
accessory genomes of B. amyloliquefaciens strains (Belbahri et al. 2017).

Through comparative genomics, Douriet-Gamez et  al. (2018) compared the 
B. cereus group and biocontrol agents of phytopathogenic fungi. They unveiled that 
B. cereus contains the genes necessary for controlling the growth of maize pathogen 
Fusarium verticillioides, including competing for nutrients, mycoparasitism, anti-
biosis, and biofilm formation (Fig. 10.3).

Table 10.3  (continued)

Gene clusters/
gene Natural products

Growth-promoting 
traits References

ituAB Iturin Secondary 
metabolites 
production

Ahmad et al. (2017)

Pen P Beta-lactamase Secondary 
metabolites 
production

Ahmad et al. (2017)

Pbp B Penicillin-binding protein 
2B

Secondary 
metabolites 
production to control 
phytopathogen

Ahmad et al. (2017)

Cry Cry gene Entomotoxic effect Djenane et al. (2017)
cshABCD Cold RNA helicases IST cold Hunger et al. (2006)
bmy ABCD Bacillomycin D Antibiosis, 

biocontrol
Jasim et al. (2016)

dfnDEFGHIJ Difficidin Antibiosis, 
biocontrol

Niazi et al. (2014a, b)
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177

Ta
bl

e 
10

.4
 

C
om

pa
ra

tiv
e 

ge
no

m
ic

 f
ea

tu
re

s 
of

 d
if

fe
re

nt
 B

ac
il

lu
s 

sp
p.

St
ra

in
H

os
t p

la
nt

Si
ze

 
(M

b)
G

+
C

%
To

ta
l 

ge
ne

Fe
at

ur
es

A
cc

es
si

on
 n

um
be

r 
(G

en
B

an
k)

R
ef

er
en

ce
s

B
. s

ub
ti

li
s 

B
Sn

5
A

m
or

ph
op

ha
ll

us
 

ko
nj

ac
4.

09
43

.8
0

42
37

A
nt

ib
ac

te
ri

al
 a

ct
iv

ity
C

P0
02

46
8.

1
D

en
g 

et
 a

l. 
(2

01
1)

B
. v

el
ez

en
si

s 
C

C
09

C
in

na
m

om
um

 
ca

m
ph

or
a

4.
17

46
.1

0
41

28
A

nt
if

un
ga

l a
ct

iv
ity

C
P0

15
44

3.
1

C
ai

 e
t a

l. 
(2

01
6)

, 
Py

lr
o 

et
 a

l. 
(2

01
8)

B
. fl

ex
us

 K
L

B
M

P 
49

41
L

im
on

iu
m

 s
in

en
se

4.
10

37
.9

7
42

44
Pl

an
t g

ro
w

th
 p

ro
m

ot
io

n
C

P0
16

79
0.

1-
C

P0
16

79
2.

1
W

an
g 

et
 a

l. 
(2

01
7)

B
. p

um
il

us
 G

B
34

 
(B

. p
um

il
us

 I
N

R
7)

C
uc

um
is

 s
at

iv
us

3.
68

41
.3

0
38

20
E

lic
ita

tio
n 

of
 I

SR
 a

nd
 p

la
nt

 g
ro

w
th

 
pr

om
ot

io
n

A
Y

T
K

00
00

00
00

.1
Je

on
g 

et
 a

l. 
(2

01
4)

B
. a

m
yl

ol
iq

ue
fa

ci
en

s 
X

K
-4

-1
G

os
sy

pi
um

 s
pp

.
3.

94
46

.4
0

39
15

A
nt

if
un

ga
l a

ct
iv

ity
 a

nd
 p

la
nt

 g
ro

w
th

 
pr

om
ot

io
n

L
JD

I0
00

00
00

0.
1

Su
n 

et
 a

l. 
(2

01
5)

B
. m

oj
av

en
si

s 
R

R
C

10
1

Z
ea

 m
ay

s
4.

03
43

.7
0

42
27

A
nt

if
un

ga
l a

ct
iv

ity
 a

nd
 p

la
nt

 g
ro

w
th

 
pr

om
ot

io
n

A
SJ

T
00

00
00

00
.1

G
ol

d 
et

 a
l. 

(2
01

4)
B

. t
oy

on
en

si
s 

B
A

C
31

51
P

ha
se

ol
us

 v
ul

ga
ri

s
5.

74
34

.9
0

60
43

A
nt

ib
ac

te
ri

al
 a

ct
iv

ity
L

D
K

D
00

00
00

00
.2

L
op

es
 e

t a
l. 

(2
01

7)
B

. a
ry

ab
ha

tt
ai

 
SQ

U
-R

12
P

ho
en

ix
 d

ac
ty

li
fe

ra
5.

58
37

.7
0

57
18

Pl
an

t g
ro

w
th

 p
ro

m
ot

io
n

N
H

Z
Z

00
00

00
00

.1
Y

ai
sh

 e
t a

l. 
(2

01
5)

B
. t

hu
ri

ng
ie

ns
is

 K
B

1
A

ra
bi

do
ps

is
 

th
al

ia
na

5.
75

35
.0

0
61

75
A

nt
if

un
ga

l a
nd

 a
nt

ib
ac

te
ri

al
 a

ct
iv

ity
L

SN
J0

00
00

00
0.

1
Je

on
g 

et
 a

l. 
(2

01
6)

B
. v

el
ez

en
si

s 
st

ra
in

 
A

G
V

L
-0

05
So

yb
ea

n 
se

ed
4.

14
45

.9
8%

62
61

Ph
yt

op
at

ho
ge

n 
bi

oc
on

tr
ol

C
P0

24
92

2
Py

lr
o 

et
 a

l. 
(2

01
8)

B
. a

m
yl

ol
iq

ue
fa

ci
en

s 
IT

-4
5

3.
93

39
45

Pl
an

t g
ro

w
th

 p
ro

m
ot

io
n

C
P0

04
06

5.
1

B
el

ba
hr

i e
t a

l. 
(2

01
7) (c

on
tin

ue
d)

10  Genomics and Post-genomics Approaches for Elucidating Molecular Mechanisms…



178

Ta
bl

e 
10

.4
 

(c
on

tin
ue

d)

St
ra

in
H

os
t p

la
nt

Si
ze

 
(M

b)
G

+
C

%
To

ta
l 

ge
ne

Fe
at

ur
es

A
cc

es
si

on
 n

um
be

r 
(G

en
B

an
k)

R
ef

er
en

ce
s

B
. a

m
yl

ol
iq

ue
fa

ci
en

s 
Y

2
w

he
at

 r
hi

zo
sp

he
re

4.
23

Su
pp

re
ss

es
 a

 b
ro

ad
 s

pe
ct

ru
m

 o
f 

pa
th

og
en

ic
 f

un
gi

, s
uc

h 
as

 
P

hy
to

ph
th

or
a 

ca
ps

ic
i, 

C
ol

le
to

tr
ic

hu
m

 
or

bi
cu

la
re

, F
us

ar
iu

m
 m

on
il

if
or

m
e,

 
an

d 
M

ag
na

po
rt

he
 g

ri
se

us

C
P0

03
33

2.
1

B
el

ba
hr

i e
t a

l. 
(2

01
7)

B
ac

il
lu

s 
sp

. B
25

5.
11

35
.6

0%
53

60
M

ai
ze

 p
at

ho
ge

n 
F

us
ar

iu
m

 
ve

rt
ic

il
li

oi
de

s
D

ou
ri

et
-G

am
ez

 
et

 a
l. 

(2
01

8)
B

. s
ub

ti
li

s 
2C

-9
B

R
hi

zo
sp

he
re

 o
f 

w
ild

 g
ra

ss
4.

21
48

23
B

io
co

nt
ro

l o
f 

ch
ili

 p
ep

pe
r 

ro
t 

pa
th

og
en

M
O

X
E

01
00

00
01

M
un

oz
-M

or
en

o 
et

 a
l. 

(2
01

8)
B

. t
oy

on
en

si
s 

B
A

C
31

51
L

ea
ve

s 
of

 th
e 

co
m

m
on

 b
ea

n
5.

74
34

.9
0%

,
60

55
B

io
co

nt
ro

l o
f 

pl
an

t p
at

ho
ge

ns
L

D
K

D
00

00
00

00
.1

L
op

es
 e

t a
l. 

(2
01

7)
B

. a
tr

op
ha

eu
s 

G
Q

JK
17

R
hi

zo
sp

he
re

 o
f 

Ly
ci

um
 b

ar
ba

ru
m

 
L

.

4.
32

43
.3

0%
.

42
94

B
io

co
nt

ro
l o

f 
pl

an
t p

at
ho

ge
ns

N
Z

_C
P0

22
65

3.
1

M
a 

et
 a

l. 
(2

01
8)

B
. v

el
ez

en
si

sO
SY

-S
3

Si
la

ge
3.

90
46

.5
0%

A
nt

im
ic

ro
bi

al
 a

ga
in

st
 L

. i
nn

oc
ua

, 
E

sc
he

ri
ch

ia
 c

ol
i, 

Pe
ni

ci
ll

iu
m

 s
p.

, 
C

la
do

sp
or

iu
m

 s
p.

, a
nd

 S
. a

ur
eu

s

C
P0

24
70

6
G

er
st

 e
t a

l. 
(2

01
8)

B
. p

ar
al

ic
he

ni
fo

rm
is

 
st

ra
in

 K
M

S 
80

R
ic

e
4.

58
45

.5
0

45
98

B
io

lo
gi

ca
l n

itr
og

en
 fi

xa
tio

n 
an

d 
pl

an
t 

gr
ow

th
-p

ro
m

ot
in

g 
ab

ili
tie

s
M

U
E

I0
00

00
00

0
A

nn
ap

ur
na

 e
t a

l. 
(2

01
8)

B
. a

lt
it

ud
in

is
 L

c5
,

B
la

ck
 r

ic
e

3.
74

41
.8

9
39

50
Pl

an
t g

ro
w

th
-p

ro
m

ot
in

g 
ab

ili
tie

s 
an

d 
bi

oc
on

tr
ol

 o
f 

ph
yt

op
at

ho
ge

ns
Q

C
W

N
00

00
00

00
.

Po
ts

ha
ng

ba
m

 
et

 a
l. 

(2
01

8)

M. Z. Surovy et al.



179

10.7  �Transcriptomics Analysis of Bacilli

The DNA sequencing has revealed the high abundance of biosynthetic gene clusters 
in the Bacilli genome, but a majority of its actual products have not been character-
ized properly. These clusters often remain silent under laboratory conditions due to 
the complex regulatory mechanisms at transcriptional, translational, and posttrans-
lational levels. To unveil the mechanisms controlling the metabolic regulation, 
development differentiation, and bioactive natural products biosynthesis, transcrip-
tional changes in gene expression levels have been extensively studied (Liu et al. 
2013; Palazzotto et al. 2015; Vockenhuber et al. 2011).

A widely used strategy to trigger the expression of gene clusters and production 
of bioactive natural products is the use of biological, chemical, and molecular 
agents/elicitors (Abdelmohsen et al. 2015). Different studies highlight the transcrip-
tomic analysis of Bacillus spp. which trigger the growth promotion of plants. The 
different expression profiles suggest that endophytic B. mycoides showed different 
genetic adaptation strategies to recognize or respond to plant-released signals. The 
upregulation of genes related to amino acids metabolism, several proteolytic 
enzymes, and O-glycosyl hydrolases helped in specific adaptation to the ecological 
niche and a good rhizosphere fitness of the endophytic B. mycoides (Yi et al. 2017). 
The endophytic Bacilli is able to change its gene expression pattern and thus adapt 

Fig. 10.3  Genomics and post-genomics approaches for dissecting the roles of bioactive natural 
products in Bacilli
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the metabolism toward a physiological state that enables an optimal nutrient acqui-
sition, competition with species from the same niche, and colonization of the plant. 
Its IclR gene is related to multidrug resistance (Song et al. 2004; Molina-Henares 
et al. 2006) and a stress induced protein (BG05_RS01935), a stress response protein 
(BG05_RS28400), and a general stress protein (BG05_RS26065) were specifically 
upregulated and genes encoding a methanol dehydrogenase (BG05_RS02305) and 
a streptomycin biosynthesis protein (BG05_RS25055) were also upregulated (Yi 
et  al. 2017). The sigma-28 factor is reported to transcribe the flagellin gene and 
control the transcription of a regulon specifying flagellar, chemotaxis, and motility 
functions in B. subtilis (Helmann and Chamberlin 1987; Mirel and Chamberlin 
1989). B. subtilis S499 activates a systemic defense response against Colletotrichum 
lagenarium (Ongena et al. 2005). In Arabidopsis, seed treatment with B. subtilis 
GB03 activates the signaling pathway of ethylene, independently of the salicylic 
acid or jasmonic acid signaling pathways (Kang et al. 2018a, b), triggering defense 
responses against Erwinia carotovora subsp. (Ryu et al. 2004). In soybean, seed 
treatment with Bacillus simplex strain Sneb545 induces resistance against soybean 
cyst nematode (Xiang et al. 2013).

Two non-ribosomal peptide synthetases and a beta-glucanase gene were found in 
the genome of B. subtilis 2C-9B (Muñoz-Moreno et al. 2018), suggesting antifungal 
activity (Tapi et al. 2010). Also, a butanediol dehydrogenase gene and a spermidine 
synthase gene were found, with butanediol being a potential inducer of systemic 
resistance in chili pepper plants against chili pepper root pathogens (Yi et al. 2016).

10.8  �Proteomics Analyses of Bacilli

In addition to genomics and transcriptomics, proteomics also has been used as pow-
erful process to shed light on the relationship among metabolic pathways and natu-
ral products synthesis, like antibiotics, enzymes, volatiles, etc. Comparing protein 
expression levels, proteomics provides information on differential pathway regula-
tion highlighting key players in biosynthesis of bioactive products that can be used 
as target-oriented rational engineering.

An extensive analysis of proteomic investigations found that certain functionally 
important defense-related proteins, viz., putative late blight resistance protein homo-
log, toll-interleukin-resistance domain-containing protein, translation initiation fac-
tor IF1, disease resistance protein putative Kalata-B1, and β-1,3-glucanase, were 
induced by B. subtilis which are involved in the induction of defense response of 
host against the pathogen, M. incognita (Govindasamy et al. 2017). Kim et al. (2017) 
demonstrated that Bacillus subtilis GB03 and B. amyloliquefaciens IN937a were 
reported to promote Arabidopsis growth via the production of bacterial volatile 
2,3-butanediol (Ryu et al. 2003). Moreover, B. megaterium XTBG34 promoted the 
growth in Arabidopsis by emitting 2-pentylfuran (Zou et al. 2010). Proteomic analy-
sis revealed transcriptional regulator (PhcA) of virulence of tomato wilt pathogen 
Ralstonia solani downregulated by B. amyloliquefaciens SQR-9 (Raza et al. 2016). 
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As a result, B. amyloliquefaciens SQR-9 reduces the metabolic or respiratory activ-
ity of Ralstonia solani and decreased the production of antioxidant enzymes of 
R. solani. The ABC transporter system of B. amyloliquefaciens SQR-9 has phos-
phate transporter and binding protein which caused structural changes on the cell 
envelop or damaged the cell wall of R. solani. Overexpression of ABC transporter 
proteins helps the osmo-adaptation and maintenance of cell integrity, which facili-
tates them in survival of undesirable changes of the host cell. Iborta et al. (2018) 
found that B. megaterium inoculation increased SlPT1 phosphate transporter expres-
sion in non-ripening tomato plants. It induced an oxidative stress-related proteins 
such as glutathione S-transferase (GST) (Edwards and Dixon 2010; Edwards and 
Dixon 2005), heat-shock protein 70 (Hsp70) (Al-Whaibi 2011; Scarpeci et al. 2008), 
and neutral ceramidase, which improve resistance to oxidative stress responses (Li 
et al. 2015) of non-ripening tomato. Wang et al. (2017) demonstrated the proteomic 
alternations induced by Cry6A toxin produced by B. thuringiensis in Caenorhabditis 
elegans altering the protein profile of C. elegans. Cry6Aa2 protein significantly 
altered the immune defense, insulin-like receptor (ILR) signaling pathway, energy 
metabolism, and muscle assembly of C. elegans. The differentially expressed pro-
teins like DIM-1 and galectin LEC-6 of B. thuringiensis functioning in diverse bio-
logical processes participate in the defense and stress responses of C. elegans.

10.9  �Metabolomics Data on Bacillus spp.

The metabolomics is based on the comprehensive analysis of the low-molecular-
weight metabolite complement of a biological sample. In fact, the metabolites are 
downstream of both gene transcription and enzyme activities; metabolomics has the 
potential to give a more accurate picture or snapshot of the actual physiological state 
of a cell or cells including bacteria (Griffin 2003). Metabolomic analysis has been 
successfully applied, providing valuable information on plant-pathogen interactions 
and system-wide variations in plant metabolism under pathogen infection and 
allowing the identification of compounds that play a pivotal role in plant innate 
immunity (Hagemeier et al. 2001; Desbrosses et al. 2005; Colebatch et al. 2004; 
Kang et al. 2018a, b). Metabolomics data allow for an in-depth study of the molecu-
lar mechanisms of Bacillus spp. in suppression of microorganisms (Kang et  al. 
2018a, b). A large body of literature is available on metabolomics studies of Bacillus 
species using major metabolomics analytical tools such as capillary electrophoresis-
mass spectrometry, GC-MS, LC-MS, LS-MS-MS, and 1H-NMR analyses (Bundy 
et al. 2005; Meyer et al. 2013; Kang et al. 2018a, b). By using a comprehensive 
metabolomics study, Vinci et al. (2018) concluded that B. amyloliquefaciens inocu-
lation in combination with composts led to an increased content of sugar monomers 
(glucose and fructose), amino acids (GABA, alanine, and leucine), and membrane 
phospholipids (phosphatidylcholine), which results in improved photosynthetic 
activity, growth, and nutrition (Vinci et al. 2018). Gas chromatography-mass spec-
troscopy (GC-MS) provides a high-throughput platform to investigate bacterial 
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strains. By this method, four nematicidal metabolites (4-vinylphenol, L-methionine, 
piperine, and palmitic acid) were identified in Bacillus simplex Sneb545 which 
inhibited the soybean cyst nematode of soybean (Kang et al. 2018a). B. subtilis RR4 
induced malate synthase and reduced malate transporter OsALMT in rice roots, 
resulting higher malic acid synthesis in rice roots but limits the exudation of malic 
acid through roots. It suggests that the metabolism of rice plant is enhanced and 
could ultimately lead to the growth promotion of rice (Rekhaa et al. 2017). Bacillus 
sp. produces volatile organic compounds (VOCs), such as acetoin, 2,3-butanediol, 
albuterol, and 1, 3-propanediol, which regulate the metabolism of phytohormones 
(Tahir et al. 2017; Rath et al. 2018).

10.10  �Metagenomics

Metagenomics is one of the most popular approaches to study the chemistry of 
uncultivated bacteria. Through metagenomic analysis of ginseng plant roots, Dong 
et al. (2018) confirmed that B. subtilis 50-1 acts as a biocontrol agent against the 
root rot pathogen Fusarium oxysporum (Palazzotto and Weber 2018). In 2017, 
Borris group worked on a large-scale lysine malonylation analysis in Gram-positive 
B. amyloliquefaciens FZB42. Their bioinformatic analysis revealed that the 
expression of various enzymes involved in the plant-bacteria interaction and that 
bacteria produce various antibiotics which are beneficial for plants. Using the 
PRISM method from unsequenced environmental Bacillus spp., the cyclic Imine 
koranimine shed a light on the mechanisms used by Bacillus spp. to regulate physi-
ological processes and natural product production as well as helps in plant growth 
(Palazzotto and Weber 2018) (Table 10.5).

10.11  �Genome Editing of Bacilli Through CRISPR-Cas9 
System

Clustered regularly interspaced short palindromic repeats (CRISPR) with RNA-
guided DNA endonuclease Cas9 is a system which not only eliminated the use of 
selection markers but also dramatically increased the genome editing efficiency 
(Jinek et al. 2012; Haque et al. 2018; Bhowmik et al. 2018). This system is widely 
adopted for genome editing in many organisms including Bacillus spp. (Hong et al. 
2018). Single plasmid CRISPR-Cas9 method decreased the barrier to the host spe-
cies and results in high rate of survival of B. subtilis. Previously several scientists 
reported that CRISPR-Cas9 system generated a precise gene deletion (Altenbuchner 
2016), point mutation and gene insertion (So et al. 2017), and chromosomal main-
tenance (Westbrook et al. 2016) in B. subtilis. To overcome the instability of plas-
mid, transformation efficiency, and metabolic burden on the host cell, chromosomally 
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Table 10.5  Some examples of the omics approaches used in Bacilli strains

Bacilli strains
Omics 
approaches Major findings References

B. pumilus Jo2 Proteomics and 
metabolomics

Functional secretion system including 
the components of the Sec- and 
Tat-secretion machinery

Handtke et al. 
(2014)

B. megaterium Proteomics Modifying levels of stress-related and 
interaction proteins and showing 
bacterial inoculation effects on 
antioxidant content and phosphorus 
acquisition capacity

Iborta et al. 
(2018)

B. altitudinis FD48 Transcriptomics OsIAA1 and OsIAA4 genes 
responsible for shortening of primary 
roots and OsIAA11 and OsIAA13 
genes for lateral root formation

Ambreetha 
et al. (2018)

Bacillus simplex 
Sneb545

Transcriptomics 
and 
metabolomics

Nematicidal metabolites, viz., 
4vinylphenol, methionine, piperine, 
and palmitic acid

Kang et al. 
(2018a)

B. amyloliquefaciens Metabolomics Glucose, fructose, alanine, and 
GABA metabolites increased in 
maize leaves

Vinci et al. 
(2018)

B. thuringiensis Metagenomics Cry proteins are predisposed shifts in 
the bacterial endophytes’ community 
associated with maize shoots

Mashiane 
et al. (2017)

Bacillus spp. Metagenomics Major endophytic genera in rice roots 
and playing a key role in nitrogen 
fixation

Sengupta et al. 
(2017)

B. subtilis Proteomics Defense-related proteins, viz., 
putative late blight resistance protein 
homolog, Toll-interleukin-resistance 
domain-containing protein, 
translation initiation factor IF1, 
disease resistance protein putative 
Kalata-B1, and β-1,3-glucanase, were 
induced by B. subtilis

Govindasamy 
et al. (2017)

Bacillus sp. JS Proteomics Chlorophyll a-/b-binding proteins 
were significantly upregulated and 
increased total chlorophyll content

Kim et al. 
(2017)

B. amyloliquefaciens 
SQR-9

Proteomics Downregulated antioxidant activity, 
virulence, carbohydrate and amino 
acid metabolism, protein folding, and 
translation of Ralstonia solani. 
Upregulated proteins involved in the 
ABC transporter system, amino acid 
synthesis, detoxification of aldehydes 
and ketones, methylation, protein 
translation, folding, and energy 
transfer

Raza et al. 
(2016)

B. thuringiensis Proteomics Defense pattern of Caenorhabditis 
elegans against Cry6Aa2

Wang et al. 
(2017)

(continued)
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encoded CRISPR-Cas9 cassette performed effectively to edit the genes of B. subtilis 
(Westbrook et al. 2016). Cas9 protein increased the availability of target space, but 
gRNA:FnCas9 are prone to target CG or TG (Hirano et al. 2016). Cpf 1 protein 
requires additional PAM on the 5′ region of the protospacer as well as tracerRNA 
during genome editing process (Dong et  al. 2016; Jinek et  al. 2012). Therefore, 
CRISPR-Cas9 system improves the efficiency and shortcoming of existing gene 
manipulation methods. This technique revolutionizes the editing of desirable genes 
or nucleotides in the genomes of Bacilli for the development commercially useful 
bioinoculants for agricultural use.

10.12  �Is Bacillus Useful or Harmful for Humans?

B. cereus, B. clausii, and B. pumilus were widely used as human probiotics due to 
their high colonization, immune stimulation, and antimicrobial activity (Duc et al. 
2004). Orally ingested nonindigenous Bacillus spp. have a probiotic effect in a host 
by (i) immune modulation (i.e., stimulation of the gut-associated lymphoid tissue 
by induction of cytokines), (ii) competitive exclusion of gastrointestinal pathogens 
(e.g., competition for adhesion sites), and (iii) secretion of antimicrobial compounds 
which suppress the growth of harmful bacteria (Fuller 1991). It is reported that 
B. coagulans is a spore-forming bacterium which exhibits characteristics of both 
Bacillus and Lactobacillus genera and is highly resistant to high temperatures with 

Table 10.5  (continued)

Bacilli strains
Omics 
approaches Major findings References

B. mycoides Comparative 
transcriptomics

Different genetic adaptations of 
plant-associated endophytes and soil 
isolates of B. mycoides in response of 
potato root exudates

Yi et al. 
(2017)

Bacillus sp. B25 Comparative 
Genomics

Identified 24 genomic islands 
(chitinases, glycoside hydrolases, 
siderophores, antibiotics, biofilm-
producing genes, etc.) and 3 CRISPR 
sequences

Douriet-
Gamez et al. 
(2018)

B. thuringiensis Genomics Gene cluster for zwittermicin A, 
inhibit growth of Verticillium 
longisporum

Hollensteiner 
et al. (2017)

B. licheniformis K11 Proteomics Stress protein specific genes of 
Cadhn, VA, sHSP, and CaPR-10

Lim and Kim 
(2013)

B. toyonensis 
BAC3151

Genomics Biosynthetic genes of non-ribosomal 
peptides, N-acyl homoserine 
lactonase, and chitinases

Lopes et al. 
(2017)

B. subtilis Proteomics Biofilm-producing TasA protein 
changes its structure globular state to 
a fibrillar form at molecular level

Diehl et al. 
(2018)
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its probiotic activity (Konuray and Erginkaya 2018). Researchers reported that if 
B. clausii, B. coagulans, and B. subtilis containing probiotics are consumed on a 
regular basis, gastrointestinal disorders can be prevented (Hong et al. 2005; Jurenka 
2012; Fijan 2014), and respiratory tract infections in children are reduced (Marseglia 
et al. 2007). Endres et al. (2009) reported B. coagulans for human consumption by 
bacterial reverse mutation test, chromosomal abnormality test, micronucleus test, 
acute and 90-day sub-chronic recurrent toxicity test, and an acute eye and skin irri-
tation test in order to determine toxicological properties of B. coagulans (Konuray 
and Erginkaya 2018).

Bacillus anthracis possesses two plasmids, pX01 and pX02, which encode the 
lethal toxin and the poly-D-glutamic acid capsule, respectively, which would nor-
mally distinguish this bacterium from the closely related B. cereus. Although these 
two species differ in phenotypes and disease spectra produced, reports of pulmo-
nary infections mimicking anthrax have been attributed to B. cereus strains harbor-
ing B. anthracis toxin genes (Hoffmaster et  al. 2004). B. cereus strains, which 
produce the Hbl and Nhe enterotoxins, are unsafe for human use (Duc et al. 2004). 
On the other hand, plant-associated or plant probiotic and fish-associated or fish 
probiotics are commercially being used as safe growth-promoting and immune-
enhancing agents in agriculture.

10.13  �Conclusion

Plant growth-promoting Bacillus spp. produce a large spectrum of bioactive mole-
cules with various antagonistic activities. Bacillus spp. have shown to be promising 
candidates for the biocontrol of phytopathogens and plant growth promotion. They 
are ubiquitous within the rhizosphere, promote plant growth, produce highly resis-
tant endospores, and produce a plethora of secondary metabolites, including lipo-
peptides, polyketides, bacteriocins, lantibiotics, and dipeptides. Modern genomics 
and post-genomics approaches are able to profile and quantify the secondary metab-
olites of Bacillus spp. responsible for plant growth-promoting activities. The metab-
olomics and proteomics data of Bacillus spp. could be helped in synthetic 
engineering of beneficial bioactive secondary metabolites and used to combat phy-
topathogens as well as biotic and abiotic stresses. Metabolomics provides a valuable 
tool which can be used to screen a multitude of biologically active molecules with 
the aim of discovering features which are highly selective for agricultural pests. 
This emerging field of “genomics” studies will enable scientists to understand the 
complex chemistry of Bacillus spp. (Tyc et al. 2017). The field of omics can thus be 
applied to agricultural research that focuses on developing safe, environmentally 
friendly alternatives to agrochemicals like fertilizer and pesticides. This approach 
directly addresses national and international concerns regarding sustainable food 
production for the ever-growing global population (Aliferis and Chrysayi-
Tokousbalides 2011). Standardized and universal procedures for omics are required 
to comprehensively analyze bacterial metabolites and directly influence the final 
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omics data. This should aid in the identification and understanding of the various 
mechanisms used by Bacillus spp. Further, the identification of Bacillus strains and 
the accurate characterization of their secondary metabolites will enable researchers 
to develop biocontrol agents which are a lot more effective and appropriate for use 
in specific climates. The current review work provides a valuable background for 
future in silico analyses (e.g., transcriptomic, metabolic network, reconstruction, 
and functional-structural protein modeling) as well as biotechnological applications 
of Bacillus spp. Further genomics and post-genomics analyses of a large number of 
both cultivated and uncultivated Bacilli from diverse ecosystem will shed light in 
their interactions with plants, fishes, animals, and humans that surely help to develop 
more effective Bacillus-based industrial products for the promotion of sustainable 
agriculture. Application of newly discovered and useful genes from Bacillus spp. 
would accelerate genetic engineering in commercial crop  that would accelerate 
industrial production of crops with less or no synthetic chemicals, and also would 
facilitate biopharming for the production of complex medicinally important 
metabolites.
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Chapter 11
Tapping the Potential of Metabolomics 
in New Natural Products Discovery 
from Bacillus Species

Zerihun T. Dame and Md Tofazzal Islam

11.1  �Introduction

The genus Bacillus exhibits enormous taxonomic and metabolic diversity within the 
species (Fu et al. 2014). They produce diverse classes of bioactive compounds with 
a potential application in agro-industry, pharmaceutical, and biotechnological sec-
tors. While peptide antibiotics are the most common metabolites produced by 
Bacillus species, other classes of bioactive compounds have also been isolated from 
the group; macrolactins (Jaruchoktaweechai et al. 2000), polyene antibiotics (Patel 
et al. 1995), terpenoids (Kontnik et al. 2008), phospholipid antibiotics (Tamehiro 
et al. 2002), lipopeptides (Villegas-Escobar et al. 2013), siderophores (Heidarzadeh 
and Baghaee-Ravari 2015), enzymes (Gomaa 2012), and macrocyclic polyene 
(Ravu et al. 2015) are some of the classes of molecules they produce. However, 
the discovery of bioactive metabolites from microbial sources has shown a decline 
in the past, partly because of difficulties in finding high-quality natural products 
screening libraries, lack of research funding commitments from the stakeholders, 
difficulty in dereplication, lack of modern screening assays, and challenges in pro-
duction scale-up (Koehn 2008). Some of these challenges can be addressed by 
employing emerging technologies such as metabolomics and genomics. In this 
chapter application of metabolomics in microbial natural product discovery is 
discussed.
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11.2  �Bacillus Chemistry

Bacillus species has continued to be a rich source of bioactive natural products. 
Examples of metabolites recently isolated from the group are given here (Fig. 11.1). 
From a marine sediment strain of B. subtilis two cyclic-lipotetrapeptides, bacilo-
tetrins A (1) and B (2) with anti-MRSA (methicillin-resistant Staphylococcus aureus) 
activity were isolated using LC-MS and NMR spectroscopy guided metabolic profil-
ing and dereplication of a crude extract of the strain (Tareq and Shin 2017).
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Bacillusin A (3) a rare macrocyclic polyene antibiotic, also with strong activity 
against MRSA and vancomycin-resistant Enterococcus faecium, was isolated by 
Ravu et al. (2015) from crude extract of a strain of B. amyloliquefaciens. The com-
pound has a minimum inhibitory concentration ranges between 0.6 and 1.2 μg/mL.

A new metabolite, (S)-2-hydroxy-N-((S)-1-((S)-8-hydroxy-1-oxoisochroman-3-
yl)-3-methylbutyl)-2-((S)-5-oxo-2,5-dihydrofuran-2-yl)acetamide) (4) with enzyme 
inhibitory activity, was isolated from Oryza sativa-associated endophytic B. amylo-
liquefaciens RWL-1 (Shahzad et al. 2018). The compound showed inhibitory activi-
ties against α-glucosidase (37 ± 0.09%) and urease (49.4 ± 0.53%), respectively.

From a marine Bacillus strain, two new non-ribosomal peptides (5 and 6) were 
isolated and characterized (Zhou et al. 2018). They are analogues of the bioactive 
metabolites, bacillibactin.

From fermentation of a B. subtilis strain that was isolated from compost, three 
new polyene antibiotics, aurantinins B (7), C (8), and D (9) were isolated. The com-
pounds displayed activity against MRSA. Their antibacterial activity was shown to 

N O

OO
O

O

O
N

N

OO
O

O
OO

O

O
OO

O
O

O

O O

O

O

O

O O O

13 14 15

N
N

O

O
N

O

N
N

O

O
N

O

N
N

O

O
N

O

16 17 18

N
N

O

O
N

O
N

N

O
O

N

Cl

N

N

O
O

N

Cl

19 20 21

O

O

O O O
O

O

O O O

Fe

N
N

O
N

O

O
O

O

N

N

O

N

O

O O

22 23 24

Fig. 11.1  (continued)

11  Tapping the Potential of Metabolomics in New Natural Products Discovery…



204

be related to their ability to disrupt the cell membrane (Yang et al. 2016). Likewise, 
a Bacillus sp. KCB14S006 isolated from a natural hypersaline environment was 
studied for their metabolomic competence leading to the isolation of three new lipo-
peptides: iturin F1 (10), iturin F2 (11), and iturin A9 (12). These compounds showed 
strong antifungal activities against various pathogenic fungi and moderate cytotoxic 
activities toward HeLa and src(ts)-NRK cell lines (Son et al. 2016).

The potential of Bacillus species to produce structurally diverse bioactive metab-
olites has been widely reviewed. Metabolites from marine (Mondol et al. 2013) and 
soil (Sansinenea and Ortiz et al. 2011) Bacillus species have been discussed, respec-
tively. Some of the isolated compounds and their activities are summarized in 
Table 11.1.

Besides being primary producers of various bioactive metabolites, Bacillus spe-
cies are attracting investigator’s attention in co-culturing experiments as a strategy 
to induce production of new natural products. The discovery of bionectriamines A 
(13) and B (14) through co-cultivation of a fungal strain with B. subtilis is a good 
example (Kamdem et al. 2018).

A related study by Arora et al. (2018) on a strain of Setophoma terrestris co-
cultured with B. amyloliquefaciens led them to the discovery of a novel compound, 
blennolide K (15), which was active against PC-3 (prostate) and MCF-7 (breast) 
cell lines with IC50 values of 3·7 ± 0·6 and 4·8 ± 0·4 μmol l-1, respectively.

11.3  �Metabolomics

Metabolomics, an omic science in systems biology, is the global quantitative assess-
ment of endogenous metabolites within a biological system (Fiehn et al. 2000). It 
targets a complete analysis of small molecules that participate in general metabolic 
reactions and produced by normal or abnormal cellular processes. Its main purposes 
are identification and quantification of endogenous metabolites under a given set of 
standard conditions and perturbations (Rochfort 2005). To this effect, metabolomics 
uses various analytical approaches to identify and quantify all metabolites thereby 
helping researchers to understand the complex molecular interactions in biological 
systems (Hall et al. 2002). Likewise, advances in analytical tools have created the 
opportunities to analyze metabolites in a biofluid, cell cultures, or a tissue (O’Connell 
2012). Metabolomics follows a different approach in studying small molecules as 
opposed to the traditional natural product discovery method. It involves various 
databases, spectral libraries, extract collections, and bioinformatics tools with a 
potential to facilitate rapid identification of known metabolites. Moreover, it needs 
small material for the analysis (Macintyre et al. 2014). Krug and Müller (2014) in 
their review argued that traditional methods of natural product discovery have so far 
only scratched the surface of the real microbial “secondary metabolome landscape” 
showing the huge potential microbial metabolome carries, which could be put in to 
use through metabolomics-based technologies. Metabolomics has also been 
reported to play a role in strain prioritization during a microbial drug discovery 
program (Hou et al. 2012; Huang et al. 2014).
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11.3.1  �Metabolomics in Microbial Natural Product Discovery

In recent years, various research groups have begun employing metabolomic tech-
niques for natural product discovery, and some interesting results are being reported. 
Wu et  al. (2015) used NMR-based metabolomics to discover a new antibiotic 
through tracking the target molecule proton signal during the isolation process to 
effectively separate it from the crude extract. Likewise, the use of NMR-based 
metabolomics coupled with bioinformatics tools has  been reported to assist in 
chemical profiling of crude extract without further fractionation (Bakiri et al. 2017). 
Yang et al. (2014) developed a natural product library of column fractions using a 
high-throughput, automated fractionation system coupled with UPLC-MS-ELSD-
PDA information that made it possible to implement an improved dereplication and 
facilitated the discovery of new metabolites. A natural product library of this type 
with detailed information on fractions and/or pure compounds, spectroscopic data, 
and taxonomy of the producing strains facilitate natural product discovery with a 
minimum cost and time. The AntiBase, a microbial natural product database, devel-
oped by the group of Professor Laatsch at Gottingen University, Germany, is a good 
example.

Kurita et al. (2015) demonstrated that untargeted metabolomics based novel nat-
ural product discovery through their isolation of the unusual compounds with cin-
noline core, quinocinnolinomycins A–D (16–19), from a library of natural product 
extracts. They used a compound activity mapping platform coupled with untargeted 
metabolomics, a method that facilitates rapid identification of bioactivity and com-
pound’s identity in complex natural product libraries.

On a related study, the use of metabolomics techniques with genomic study of 
marine bacteria led Paulus et al. (2017) to the discovery of new metabolites, spiro-
indimicins E (20) and F (21) and lagunapyrones D (22) and E (23), respectively.

Sidebottom et al. (2013) were able to discover a group of siderophores including 
ferrioxamine D1 (24) from a metabolome of an actinomycete strain using integrated 
metabolomics. They employed an approach that combines bacterial growth pertur-
bation, accurate mass spectrometry, comparative mass spectral data analysis, and 
fragmentation spectra clustering.

Moreover, recent advancement in metabolomics-based databases have facilitated 
compound identification and dereplication at early stage of separation. Databases 
such as NAPROC-13 (López-Pérez et al. 2007), the universal natural products data-
base (UNPD) with information on more than 200,000 natural products (Gu et al. 
2013), the KNApSAcK database (Afendi et al. 2012), and the SuperNatural data-
base (Banerjee et al. 2015) with detailed information of more than 300,000 metabo-
lites could be used in microbial natural product research.
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11.4  �Conclusions

Bacilli are continuing to be a source of bioactive metabolites that could be used as 
a lead compound for agriculture and health application. Tapping this potential needs 
the use of emerging technologies such as metabolomics. Metabolomics facilitate 
compounds identification and characterization with a minimal cost and lesser time. 
Therefore, adopting this technology in studying metabolites of bacilli presents 
a great opportunity in the discovery of new natural products.
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Chapter 12
Genomic Insights and Comparative 
Genomics of Bacillus Species Having 
Diverse Mechanisms of Biocontrol Against 
Fungal Phytopathogens

Jina Rajkumari and Piyush Pandey

12.1  �Introduction

Emerging developments in next-generation sequencing (NGS) technologies allow 
exploration of whole genome sequence of bacteria and other organisms (Schuster 
2008). Systemic analysis of whole genome data and identification of genes that 
contribute to the plant growth promotion and biocontrol activity has aided in the 
understanding of the molecular mechanism of many bacterial species (MacLean 
et al. 2009). NGS have been employed to study genomes of several PGPRs such as 
Pseudomonas spp. and Bacillus spp. (Song et al. 2012; Duan et al. 2013). Previously, 
insufficient knowledge underlying the mechanisms of interaction between plants 
and Bacilli (Qiao et al. 2014) with the lack of genetic data had hindered their appli-
cation in agriculture and biotechnology, although certain progress had been made in 
the last decade (Borriss et al. 2011). However, we assume that competence of rhizo-
sphere and function of the biocontrol in Bacilli are partly caused by nonribosomally 
produced cyclic lipopeptides acting against phytopathogenic microorganisms (Stein 
et al. 1996). Over the past few years, the draft or complete genome sequencing of 
bacteria isolated from the rhizosphere has been carried out providing the genetic 
attributes involved in plant growth promotion and biocontrol. The genomic over-
view of the Bacillus isolates had provided genetic mechanisms underlying plant 
growth promotion and antagonism against pathogens. The data allow us to use bio-
informatics to mine the genome for potential secondary metabolites effective against 
plant pathogenic fungi for developing agro-biotechnological agents with predict-
able features. Also, it is necessary to reveal and elucidate the genetic mechanisms 
involved in plant-associated lifestyle and whole biocontrol process achieved by 
PGPR (Palazzini et  al. 2016). Genome mining has been used to predict 

J. Rajkumari · P. Pandey (*) 
Soil and Environment Microbiology Laboratory, Department of Microbiology, Assam 
University, Silchar, Assam, India

http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-030-15175-1_12&domain=pdf


218

uncharacterized genes clusters, although few known secondary metabolites have 
been identified; hundreds of secondary metabolites are yet to be identified accu-
rately. The sequencing of a number of prokaryotic genomes had allowed comparing 
the genomes, and, accordingly, evolution of the clusters was explored using com-
parative genomics across all known core and accessory genomes of Bacillus strains 
(Belbahri et al. 2017). Core genome is the shared genetic material among nearly all 
the strains of the species. It contains the housekeeping genes and is interspersed 
with accessory genomic parts. An accessory genome is assumed to be present in 
some strains while absent in the rest of the species strains (Ozer et al. 2014).

Phytopathogenic fungi are microbial agents that cause major biotic stress which 
contribute significantly to the global loss in yield of crop plants (Ribera and Zuniga 
2012). The fungi of the divisions Ascomycetes, Basidiomycetes, or Oomycetes are 
most prevalent as plant pathogens. The main fungal diseases of plants comprise 
mildew, powdery mildew, rusts, coals, guts and deformation, necrosis, cankers, leaf 
wilts, vascular, root rots, flower rots, fruit rots, etc. For instance, Phytophthora spp. 
cause black pod, frosty pod, and witches’ broom in cacao that leads to yield loss. 
Cladosporium herbarum cause passion fruit rust; Mycosphaerella fijiensis cause 
black Sigatoka of banana which results in reduction of yield and quality of fruit 
(Wood and Lass 2001; Phillips-Mora et  al. 2006; Cuervo-Parra et  al. 2011). 
Phytopathogenic Fusarium fungi cause several diseases of grain cereals. F. gra-
minearum, F. culmorum, F. poae, F. avenaceum, and Microdochium nivale are com-
mon pathogens of wheat and barley (Parry et al. 1995; Sutton 1982; Miedaner 1997; 
Tekauz et al. 2000; Brennan et al. 2003; Leslie et al. 1996), and F. graminearum, F. 
moniliforme, and F. subglutinans on maize (Sutton 1982; Leslie et al. 1996; Velluti 
et al. 2000; Torres et al. 2001) cause significant yield losses worldwide (Popovski 
and Celar 2013). The phytopathogenic plant disease Fusarium head blight (FHB) 
(head scab) is one of the most destructive diseases for cereals, and it is caused by a 
group of Fusarium species including F. graminearum and F. culmorum (Nasraoui 
et al. 2007). Fusarium foot rot and Fusarium root rot on cereals are also caused by 
soilborne fungi during wet seasons (Scherm et al. 2013).

Earlier, farmers have become more dependent on agrochemicals as a consistent 
method of crop production as agricultural production has been intensified (Santos 
et al. 2012). However, wide usage of chemicals has negative effect on the environ-
ment as well as human health (Tournas 2005). The plant-associated nonpathogenic 
microorganisms have the potential to increase soil fertility and plant health, and it 
has been used to replace chemical fertilizers. Due to development of resistance, 
various chemicals had become ineffective to control diseases, and therefore, bio-
logical control through the use of beneficial natural microflora of soil popularly 
known as plant growth-promoting rhizobacteria (PGPR) offers the opportunity for 
sustainable agricultural systems protecting the plants from pathogens while simul-
taneously lowering chemical residues (Vessey 2003). Biocontrol agents are able to 
protect plants from phytopathogenic organism infection (Bloemberg and Lugtenberg 
2001). It is environmentally safe, and it employs natural antagonists of pests and 
pathogens (Cook 1993). Therefore, the use of biological control is considered as a 
safer and more sustainable strategy for profitable agricultural production.
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Bacterial endophytes benefit plants by imparting biotic and abiotic stress to 
hosts, colonizing the same niche similar to that of phytopathogens (Rai et al. 2007). 
Some bacterial endophytes have been shown to produce anti-pest compounds to 
protect plants from various pathogens as well as to promote growth of the host 
plants (Gheler et  al. 2013). Bacillus species comprise a physiologically versatile 
group of bacteria isolated from diverse habitats. Bacillus-based biocontrol agents 
have proved to be effective against a broad range of plant pathogens. Mostly, 
Bacillus species used as biocontrol agents are mobile with peritrichous flagella 
(Driks 2004). The species has versatile metabolic activities, and it has been regarded 
as a safe biological agent (Kim et al. 2003). Various Bacillus species were shown to 
have antifungal activity against phytopathogenic fungi that mark them as a good 
biocontrol agent (Li et al. 2014). The main mechanisms by which biocontrol agents 
suppress pathogens include antibiosis, competition, plant growth promotion, and 
induction of systemic resistance. Antibiotic production also plays a key role in bio-
control activities (Szczech and Shoda 2006). Bacillus strains are usually isolated as 
biological control agents or plant growth promoters, due to their capacities to pro-
duce a wide range of antifungal compounds, including volatiles, enzymes, lipopep-
tides, and several small peptides (Moyne et al. 2004; Romero et al. 2007).

Many genome sequences of PGPR isolates from the genus Bacillus have been 
published. To extend the understanding of the potential antifungal capacities, 286 
genome assemblies possessing the biocontrol properties have been reported within 
the species of B. velenzensis, B. subtilis, B. amyloliquefaciens, B. methylotrophicus, 
and B. thuringiensis. Forty-seven strains within B. velenzensis have been sequenced, 
and 20 of them have been assembled completely (Chen et al. 2007; Cai et al. 2013; 
Yang et al. 2014).

This chapter highlights the genomic analysis and comparative analysis of 
genomes of different biocontrol Bacillus spp., with the aim to study the genetic 
traits and secondary metabolites production to reveal the potential of Bacillus spp. 
for biocontrol of phytopathogens and plant growth promotion.

12.2  �Biological Control of Phytopathogens

Various Bacillus species including B. subtilis, B. licheniformis, B. pumilus, B. 
cereus, B. mycoides, B. amyloliquefaciens, B. amyloliquefaciens subsp. plantarum, 
B. oryzicola, and B. thuringiensis have been reported to control fungal diseases of 
plants because of their ability to produce antibiotics and/or suppress growth of sev-
eral fungal pathogens such as Rhizoctonia spp., Fusarium spp., Sclerotinia spp., 
Gaeumannomyces spp., Nectria spp., Pythium spp., Phytophthora spp., and 
Verticillium spp. (Romero et al. 2004; Leclere et al. 2005; Kotan et al. 2009; Zhang 
et  al. 2009). Enzymatic and endosporic products of B. subtilis were found to be 
active against many fungal pathogens (Denner and Gillanders 1996). Several strains 
of B. amyloliquefaciens, a close relative of B. subtilis, have been reported to be 
effective in control of plant pathogens (Yu et  al. 2002). Generally, the mode of 
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action of Bacillus is (i) antibiosis (ii) production of extracellular enzymes (iii) com-
petition to inhabit an ecological niche by utilizing root exudates and thus affecting 
growth of pathogens (Suarez-López 2010; Doornbos et al. 2012). B. subtilis strains 
have been reported to have an antagonistic effect against Fusarium spp. (Baysal 
et al. 2013).

12.3  �Genomes of Bacillus, Which Are Antagonist of Fungal 
Phytopathogens

The strain B. subtilis RC 218 isolated from wheat anthers was suggested as a poten-
tial antagonist of Fusarium graminearum. It was demonstrated to reduce disease 
and the associated mycotoxin (deoxynivalenol) accumulation under field condi-
tions. The genome of B. subtilis RC 218 was observed to encode five non-ribosomal 
peptide synthetase clusters – surfactin, iturin A, fengycin, the siderophore bacilli-
bactin, and the antibacterial bacilysin along with three gene clusters for polyketide 
synthetase (PKS) – bacillaene, difficidin, and macrolactin (Palazzini et al. 2016).

Biocontrol strain B. subtilis XF-1 isolated from the rhizosphere soil of cabbage 
infected by Plasmodium brassicae had been proposed to show suppression effect on 
21 fungal pathogens belonging to oomycetes, ascomycetes, basidiomycetes, and 
deuteromycetes (Xiong et al. 2009). The genome of XF-1 contains gene clusters for 
antifungal lipopeptides, i.e., surfactin and fengycin, and the siderophore bacillibac-
tin (Guo et al. 2015).

In agriculture, several B. velezensis have been used as plant growth promoters 
and antagonist of plant pathogens (Yao et al. 2006; Chen et al. 2007; Dunlap et al. 
2015). B. velezensis had been used as biocontrol agent as it has the ability to sup-
press pathogenic fungi. It was reclassified as a synonym of B. amyloliquefaciens 
subsp. plantarum, B. methylotrophicus, and B. oryzicola (Dunlap et al. 2015). A 
number of B. velezensis species had been described to produce lipopeptides, which 
have antifungal properties synthesized by non-ribosomal peptide synthetases. The 
whole genome sequence of endophytic biocontrol B. velezensis strain CC09, iso-
lated from healthy leaves of Cinnamomum camphora, was reported to harbor 13 
clusters for secondary metabolite production that showed a broad spectrum of anti-
fungal activities against numerous phytopathogens such as Glomerella glycines, 
Rhizoctonia solani, Alternaria alternata, and Blumeria graminis. The metabolites 
detected are surfactin, bacillaene, macrolactin, bacitracin, difficidin, iturins, plip-
statins (fengycins), bacillibactin, and bacilysin. The strain showed inhibition of 
growth of fungi including Geotrichum candidum, Aspergillus niger, Phytophthora 
capsici, and Mycosphaerella pomi, when the enzyme activity assay was performed 
in presence of iturin A (0.66 mg/mg) (Yang et al. 2014; Cai et al. 2017). The whole 
genome of B. velezensis M75, which is an isolate from cotton waste used for mush-
room cultivation in Korea, have been reported to have antagonistic activity against 
fungal plant pathogens. The genome comprises operons encoding various 
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non-ribosomal peptide synthetases and polyketide synthases that are responsible for 
the biosynthesis of secondary metabolites (Kim et al. 2017).

B. velezensis strain LM2303 was reported to be effective in inhibiting the growth 
of F. graminearum, F. culmorum, A. flavus, F. moniliforme, Coniothyrium oliva-
ceum, Rhizomorpha roth, and Alternaria tenuissima (Chen et al. 2017). The genome 
of LM2303 was proposed to detect a total of 29 biosynthetic gene clusters (BGCs), 
out of which 13 (18% of the whole genome) were identified including 4 NRPSs, 3 
PKSs, and 2 PKS-NRPS hybrid synthetases. The three annotated BGCs encoding 
antifungal metabolites include fengycin, iturin, and surfactin. Iturin was found to be 
encoded by PKS-NRPS hybrid cluster with a length of 37.3 kb in LM2303 (Chen 
et al. 2018). Also, srf gene cluster spans for 26.2 kb in LM2303. The four srf genes 
(srfAA-AD) were found to be 78% similar with the strain FZB42. Further, the sfp 
gene was detected together with the regulatory gene yczE. The synthetase genes for 
the metabolites were shown to be 100% similar with B. velenzensis strains (Chen 
et al. 2018).

B. amyloliquefaciens FZB42 isolated from the rhizosphere of Beta vulgaris is a 
representative of a group of endophytic Bacillus strains. The strain had been pro-
posed to consider this specific group of rhizobacteria as an ectomorph, which was 
distinct from the B. amyloliquefaciens type strain F (Reva et al. 2004). The strain 
was developed as biocontrol agent (BCA) to control diseases of tomato, cucumber, 
cotton, tobacco, and lettuce (Grosch et al. 1999; Yao et al. 2006, Wang et al. 2009a; 
Chowdhury et al. 2013, 2015), and it showed extraordinary colonizing ability on 
Lemna minor, Arabidopsis thaliana, Zea mays, Lycopersicon esculentum, and 
Lactuca sativa (Fan et al. 2012). The genome of B. amyloliquefaciens FZB42 was 
reported to dedicate approximately 9% (340 kb) of its genetic capacity to the syn-
thesis of antimicrobial metabolites. It has several gene clusters directing to the syn-
thesis of a huge range of secondary metabolites such as bacillaene, bacillibactin, 
bacillomycin D, bacilysin, difficidin, fengycin, macrolactin, and surfactin (Chen 
et al. 2009).

The plant-associated B. amyloliquefaciens GA1 isolated from strawberry had 
been observed to exhibit inhibitory activity toward the growth of fungal and oomy-
cete plant pathogens. Incidence of post-harvest infection caused by Botrytis cinerea, 
which is the causative agent of gray mold disease in apple, was reported to be 
reduced by the strain GA1 (Toure et al. 2004). From the genome analysis, it has 
been investigated that the partial ORFs of eight gene clusters directing the synthesis 
of non-ribosomal peptide and polyketide synthetase have been identified in GA1. 
Fourteen gene clusters were observed to direct the synthesis of cyclic lipopeptides 
surfactin, iturin A, fengycin, and iron-siderophore bacillibactin. Of these, 11 gene 
clusters had a high amino acid identity with srf (80–96%) or fen (41–92%) operon 
that directs the synthesis of surfactin and fengycin, respectively, in B. amyloliquefa-
ciens FZB42 (Chen et al. 2007).

The antagonist B. amyloliquefaciens AS 43.3 isolated from a wheat head was 
reported to reduce the incidence of Fusarium head blight (FHB) which is caused by 
Gibberella zeae (Fusarium graminearum) (Khan et al. 2001; Schisler et al. 2002). 
The genome sequence of the strain AS 43.3 was reported to encode nine biosynthetic 
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clusters associated with biocontrol activity including three lipopeptides (surfactin, 
iturin, and fengycin) and a siderophore (bacillibactin) (Dunlap et al. 2013).

The genome of B. amyloliquefaciens subsp. plantarum CAU B946, an isolate 
from rice rhizosphere, was described to commit about 8.5% (nine gene clusters) of 
the whole genome to be involved in non-ribosomal synthesis of antimicrobial com-
pounds and siderophores. The strain has been reported to show great potential as a 
biofungicide for the control of various plant disease like tobacco black shank, rice 
sheath blight, cotton Fusarium wilt, cotton Verticillium wilt, and wheat scab (Blom 
et al. 2012; Hao et al. 2012).

The complete genome sequence of B. amyloliquefaciens subsp. plantarum YAU 
B9601-Y2 strain isolated from wheat rhizosphere had been reported to produce 
NRPS and PKS (9 gene clusters, 8.5% of the whole genome) such as bacillomycin 
D, fengycin, and difficidin. The strain was suggested to suppress a broad spectrum 
of pathogenic fungi, promote growth and rooting of crops and vegetables, and 
develop drought resistance of wheat, corn, and broad bean, and it was also found to 
reduce the number of nematodes in tomato and tobacco rhizosphere. Presence of 
diverse antifungal activities in these strains was unique to their genomic features 
(Hao et al. 2012).

The genome of B. amyloliquefaciens subsp. plantarum UCMB5113 isolated 
from soil has been described to colonize plant roots and stimulate growth of the 
plants and limit the growth of several fungal pathogens on oilseed rape such as 
Alternaria brassicae, Botrytis cinerea, Leptosphaeria maculans, and Verticillium 
longisporum (Danielsson et al. 2007; Sarosh et al. 2009). The genome harbors gene 
clusters for the synthesis of lipopeptides including surfactin (srf), bacillomycin D 
(bmy), and fengycin (fen). The organization of gene clusters in UCMB5113 was 
found to be similar with genomic segments in the strain FZB42 (Niazi et al. 2014).

12.4  �Comparative Genomes of Bacillus Which Are 
Antagonist of Fungal Phytopathogens

The genome sequencing allowed us to accurately determine the taxonomy of the 
strain using a phylogenomic approach. Comparative genome studies of four strains, 
B. amyloliquefaciens FZB42, B. subtilis 168, B. licheniformis, and B. pumilus, sug-
gested that they belong to a closely related taxonomic unit called B. subtilis group 
(Fritze 2004). The four members of B. subtilis group consisted of 2139 genes shar-
ing more than 50% identity to each other by core genome analysis. The majority of 
the genes of FZB42 were found to be conserved in B. subtilis (3271), whereas B. 
amyloliquefaciens and B. pumilus share 2378 genes in common. A significant por-
tion of the FZB42 genome was found to be conserved in B. cereus ZK (2342), B. 
anthracis (2338), B. thuringiensis (2335), B. clausii (2162), B. halodurans (2105), 
and Geobacillus kaustophilus (1995) (Chen et al. 2009).
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The strain GA1 which was initially identified as B. subtilis was proposed to 
assign as B. amyloliquefaciens which resulted from phylogenetic tree of recA and 
recN genes. The two genes, encode DNA repair and recombination proteins, respec-
tively, and had been suggested to exhibit in resolving closely related taxa (Zeigler 
2003). The protein-coding sequence detected in the genome of the strain GA1 was 
investigated to be highly similar with B. amyloliquefaciens FZB42 (Arguelles-Arias 
et al. 2009). Five dhb gene fragments of GAI directing the synthesis of the sidero-
phore bacillibactin was described to be similar with in B. amyloliquefaciens FZB42, 
located between CDS304 and yuilV ORFs. The comS gene in GA1, which encodes 
a competence signal molecule, was described to be embedded within srfAB that is 
similar to B. amyloliquefaciens FZB42 and B. subtilis 168. This proposed that an 
interspecies horizontal gene transfer might follow between B. subtilis and B. amylo-
liquefaciens (Arguelles-Arias et al. 2009).

Borriss et al. (2011) proposed that B. amyloliquefaciens comprises two subspe-
cies: the plant-associated B. amyloliquefaciens subsp. plantarum and the non-plant-
associated B. amyloliquefaciens subsp. amyloliquefaciens based on phylogenic 
analysis, physiological characteristics, and production of antibiotics. A comparative 
genome analysis of B. amyloliquefaciens and B. plantarum subsp. strains showed a 
high level of genomic homogeneity sharing 72–84% coding genes among the 
genomes which specified that these two groups have recently diverged. In addition, 
two gene clusters encoding difficidin and macrolactin were not found in the genome 
sequence of B. amyloliquefaciens. Genes which are unique to plant-associated 
strains differentiate biocontrol strains from non-plant-associated species (Niazi 
et al. 2014).

Dunlap et al. (2015) stated that it was difficult to differentiate B. amyloliquefa-
ciens, B. subtilis, and B. velezensis on the basis of 16S rRNA sequence similarity, 
morphological characteristics, and physiological and chemical reactions. Several 
heterotypic synonyms such as B. subtilis, B. methylotrophicus, B. amyloliquefaciens 
subsp. plantarum, and B. oryzicola have been regrouped as B. velezensis based on 
the genome sequencing, comparative genomics analysis, and DNA-DNA related-
ness calculations (Dunlap et al. 2015). Earlier reports regrouped B. subtilis RC 218 
and B. amyloliquefaciens IT45, Y2, and LFB112 into B. velezensis (Palazzini et al. 
2016). Wang et al. (2008) described B. velezensis as a heterotypic synonym of B. 
amyloliquefaciens. The unique characteristics of B. velezensis consist of plant 
growth promotion, antifungal metabolite production, and competent colonization 
on plants (Madhaiyan et al. 2010; Borriss et al. 2011; Dunlap et al. 2015).

The core genome of 35 strains of B. velezensis, B. amyloliquefaciens, Bacillus 
sp. Pc3, and B. subtilis 168 was reported to share 257,259 bp in length including 
2574 CDSs. Phylogenomic tree constructed from these core genome sequences 
grouped the strain CC09 as B. velezensis which was previously identified as B. amy-
loliquefaciens (Cai et al. 2017).

Based on a comparative genomic analysis of Bacillus strains, three clusters are 
conserved in strains of B. velezensis, B. amyloliquefaciens, and B. subtilis 168, and 
nine clusters were conserved in B. velezensis and B. amyloliquefaciens and two in 
all strains of B. velezensis. Until now, there are few reports on comparative genome 
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data of B. velezensis strains regarding the production of secondary metabolites. 
Earlier reports suggested two clusters encoding NRPS and NRPS-Trans ATPKS, 
respectively, were found only in some strains of B. velezensis that might lead to the 
synthesis of new bioactive compounds (Ongena and Jacques 2008; Chen et al. 2009; 
Arrebola et al. 2010; Alvarez et al. 2012).

A comparative analysis of four B. velezensis genomes M75, FZB42, CAU B946, 
and YAU B9601 had shown that the genome sequence of M75 strain (4,007,450 bp) 
was found to be larger than other genome of FZB42 strain (3,918,589  bp) and 
smaller than other B. velezensis strains (4,242,774–4,019,861 bp) (Kim et al. 2017). 
In another study, He et al. (2012) suggested that the genomes of B. amyloliquefa-
ciens B9601 and the closely related type strain have 3426 CDS in common. The 
M75 strain was observed to have 145 unique genes that were not found in other B. 
velezensis strains. The strain M75 possesses 22–23 extra genes associated with sec-
ondary metabolites biosynthesis as compared to the other B. velezensis strains. It 
has been investigated that M75 strains has the highest number of genes (87 genes 
and 2.6% of the whole genome) associated with the secondary metabolite biosyn-
thesis, transport, and catabolism. The core genome analysis of four strains M75, 
CAU B946, FZB42, and YAU B9601 consisted of 3414 CDSs with average identity 
of 95%, and pan genome consisted of 4558 CDSs. All the four strains have been 
suggested to have strong antagonistic activities toward plant pathogens as the oper-
ons that encode the biosynthetic enzymes for the secondary metabolites were found 
to be highly homologous. However, the operon encoding biosynthetic enzymes in 
the four B. velezensis strains showed a difference in gene clusters (Kim et al. 2017).

The whole genome of the strain LM2303 has been reported to harbor the largest 
number of gene clusters associated with secondary metabolite biosynthesis, trans-
port, and catabolism (119 genes, 3.08% of the whole genome) when compared with 
three biocontrol strains FZB42, M75, and CAU B946, which specify that LM2303 
has higher potential as biocontrol agent than other B. velezensis strains. Using phy-
logenomic analysis of single-copy core genes, Bacillus strain LM2303 was 
described as a member of B. velezensis clade as it was found to cluster closely with 
B. velezensis strains CAU B946 and M75 (Chen et al. 2018).

Another comparative analysis of eight genomes of B. amyloliquefaciens was 
reported to identify 3,316,600 bp core genome and 5,529,004 bp pan genomes for 
the species. It was observed that the alignment of four biocontrol genomes were 
similar, with B. amyloliquefaciens AS 43.3 most similar to B. amyloliquefaciens 
FZB42. The strain AS 43.3 comprised 263,690 bp genes unique to the biocontrol 
strains. The nine metabolite clusters present in the strains were investigated to be 
found in the same relative physical location in the genome with same gene order 
(Dunlap et al. 2013). The core genome of biocontrol strains identified three large 
synthetic cluster (macrolactin, difficidin, and fengycin) that are specific for plant-
associated B. amyloliquefaciens subsp. plantarum. Although a part of fengycin 
cluster (fenDE) was found in strain B. amyloliquefaciens DSM-7, it is not functional 
due to lack of other needed enzymes (fenABC) (Borriss et al. 2011).

Genome comparison of B. amyloliquefaciens subsp. amyloliquefaciens DSM7T, 
UCMB5113, FZB42 identified 112 unique coding sequence in the genome 
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UCMB5113. The core genome of Bacillus species comprised of 2391 orthologs. 
The genome of B. subtilis 168, B. amyloliquefaciens FZB42, and B. amyloliquefa-
ciens UCMB5113 was found to share 3421 orthologs, whereas UCMB5113 and 
DSM7T were found to share 3345 orthologs (Niazi et al. 2014). The comparative 
genomes of Bacillus strains with the gene clusters encoding antifungal metabolites 
are given in Table 12.1.

The core genomes of all representatives of B. amyloliquefaciens subsp. planta-
rum was detected to contain 3347 CDS, on the other hand, representatives of the 
two B. amyloliquefaciens subsp. “plantarum” and “amyloliquefaciens” contained 
3153 CDS. Also, the core genome analysis of B. amyloliquefaciens B9601 with 
other representatives of B. amyloliquefaciens, B. atrophaeus, and B. subtilis was 
found to contain 2459 CDS. The strain B9601-Y2 was identified to harbor 81 unique 
genes. Moreover, it revealed that 130 genes were found in the representatives of B. 
amyloliquefaciens subsp. plantarum; however, it was absent in B. amyloliquefa-
ciens subsp. amyloliquefaciens (He et al. 2012).

Furthermore, phylogenomic analysis of the sequenced genome allows us to 
check taxonomic validity of the isolates and define the extent of interspecies genome 
variability within the strains. Phylogenomic analysis based on the core genomes 
(1906 genes) of B. methylotrophicus, B. amyloliquefaciens subsp. plantarum, and 
several closely related strain showed that B. methylotrophicus KACC 130105T and 
B. amyloliquefaciens subsp. plantarum FZB42T were closely related and they were 
found to share 95% of the same genes. This approach confirmed that the strain B. 
amyloliquefaciens subsp. plantarum FZB42T was not clustered with other B. amy-
loliquefaciens and proposed that the subspecies B. amyloliquefaciens subsp. planta-
rum should be regrouped as B. methylotrophicus (Dunlap et al. 2015).

12.5  �Plant-Microbe Interaction

The microorganisms that exist within the tissues of plants without producing nega-
tive effects to the host are termed as endophytes. They produce anti-pest compounds 
to protect plants from several pathogens and insects (Wilson 1995). Plant-associated 
bacteria are described to play an important role in stimulating plant growth and 
protecting them from phytopathogens with the production of secondary metabo-
lites. Efficient colonization on plant roots is essential for the biocontrol strains for 
disease suppression and for plant growth promotion (Timmusk et al. 2005).

The process for colonization in the plant roots relies on the passive movement in 
the water fluxes or by surface motility and capable of biofilm formation by bacterial 
cells (Guo et al. 2015; Zeriouh et al. 2014; Arguelles-Arias et al. 2009). Establishment 
of plant-microbe interaction is the next efficient step for colonization by non-
specific binding or by forming of bacterial biofilm formed by various extracellular 
matrix (Guo et al. 2015). In many Bacillus strains, the expression of genes for fla-
gellar movement is important to confirm cell motility (fliD, fliP, flgM) and chemo-
taxis (cheC, cheD, cheV) in response to root exudates (Fredrick and Helmann 1994). 
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The presence of gene clusters (flgBCDEGKLMN, flhABFOP) and swrABC have 
been investigated in the genomes of different B. amyloliquefaciens (Ghelardi et al. 
2012). B. subtilis XF-1 has flagellar biosynthesis operon (fli/che) and two stator ele-
ments, motAB and motPS (Werhane et  al. 2004). These gene clusters which are 
responsible for cell envelope and cellular processes motility and chemotaxis have 
been identified in different genomes of Bacillus strains (Niazi et al. 2014). Bacillus 
velezensis LM2303 has gene clusters for flagellar assembly (flg and fli cluster) and 
bacterial chemotaxis (che cluster). LM2303 has operons encoding TasA protein for 
biofilm (yqxM-sipW-tasA), regulator gene (sinR and sinI), and exopolysaccharide 
(eps cluster) for colonization (Chen et al. 2018). Presence of gene clusters (flg, flh, 
fli) for production of functional flagellar components along with swrA gene for reg-
ulation of expression of flagellar genes in B. amyloliquefaciens subsp. plantarum 
UCMB5113 made it to exhibit swarming motility. Also operons epsA-O and yqxM-
sipW-tasA for making up biofilm were found in strain UCMB5113 (Niazi et  al. 
2014). Homology-based searches and annotation of genes have been conducted in 
Bacillus genomes encoding exopolysaccharide using B. subtilis epsA-O operon 
genes tapA, tasA, sipW, pgsB, and bslA (Vlamakis et al. 2013). Moreover, a positive 
correlation between surfactin production and biofilm formation was observed, 
insufficiency in production of surfactin directed to a defect in biofilm formation and 
ultimate reduction of suppression of disease (Zeriouh et al. 2014). Further, surfactin 
was described to be able to inhibit formation of biofilm by pathogenic bacteria, thus 
providing colonization of biocontrol strains with antagonistic advantage (Chen 
et al. 2009). In the biocontrol system, certain interactions of plant, pathogen, and 
biocontrol strains can be generated by biocontrol strains, for example, direct antag-
onism toward pathogens, plant growth promotion, and ISR. Biocontrol strains pro-
mote plant growth by making it easier for plants to get nutrients or by producing 
plant growth-promoting hormones (Niazi et al. 2014). There are many Bacillus spe-
cies that have been reported as endophytic bacteria in higher plants which promote 
plant growth and secrete antimicrobial compounds (Wang et al. 2009b; White et al. 
2014). Surfactin and iturin favor plant root colonization by stimulating cell spread-
ing, swarming, and biofilm formation (Kinsinger et  al. 2003; Hofemeister et  al. 
2004). Also, iturins and fengycin exhibit strong activity against fungus and are 
inhibitory for the growth of various plant pathogens (Maget-Dana et al. 1992).

12.6  �Protection Against Phytopathogens

Antagonism or mycotrophic ability of any organism includes special strategies to 
expand the pathogens and pests. It could be through a direct mycotrophic interac-
tion or indirectly by inducing a defense response in plants to combat against the 
attackers. The effectiveness of biological control agents are determined by its diver-
sity of mechanisms through which biological control agents are able to attack antag-
onistically on plant pathogens and benefit plants by suppressing disease (Van-Loon 
et al. 1998; Pozo and Azcón-Aguilar 2007; Jamalizadeh et al. 2011). About 2428 
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antimicrobial peptides identified from various organisms, 756 peptides have several 
degrees of antifungal properties (Microbiology UDoPa 2016). The mechanisms by 
which fungi lead to death include blockage, distraction, and holes formation in the 
cell wall and cell membranes of the fungi induced by antifungal metabolites pro-
duced by biocontrol organisms. Furthermore, some peptides disintegrate fungal 
intracellular organs such as nucleic acid and mitochondria (Zhao et al. 2013).

Chen et al. (2018) proposed that B. velezensis LM2303 can control fungal dis-
ease in wheat by four different mechanisms: (i) direct antagonistic action against F. 
graminearum and other pathogens mediated by Bacillus lipopeptides and antibacte-
rial metabolites, (ii) stimulation of ISR in wheat by surfactin and volatiles, and (iii) 
plant growth promotion by producing plant growth hormones, and (iv) competition 
for space and nutrients through efficient colonization and persistence. A similar 
mechanism was found in Bacillus species which produce other metabolites like 
chitinases and other cell wall-degrading enzymes and volatile compounds that kill 
the fungus, and they also provoke plant resistance mechanisms (Pelletier and 
Sygusch 1990). Chitosanase and proteases have been reported to play an important 
role in dissolving and penetrating the cell walls of Rhizoctonia solani (Mcquilken 
and Gemmell 2004). Besides β-1,3-glucanase synthesized by Paenibacillus, B. 
cepacia has the capability to control the growth of F. oxysporum, Rhizoctonia solai, 
S. rolfsii, and Pythium ultimum cell walls.

Siderophore production had also been suggested to be one of the mechanisms of 
biocontrol actions of various rhizobacteria (Loper and Buyer 1991). Siderophores 
are ferric iron chelators that enable bacterial cells to accumulate and acquire iron in 
environments where bioavailability of iron is limited. Biocontrol antagonists have 
been recognized for competing for essential micronutrients like iron in the rhizo-
sphere whose availability is dependent on soil. Concentration of iron in ferric form 
in aerated soil may be as low as 10−8 mol/L which is insufficient for growth and 
development of microorganisms. Presence of microorganisms which are able to pro-
duce siderophore in the rhizosphere adds plant health by completing iron and mak-
ing it less available to phytopathogens (Kloepper et  al. 2004). A functional gene 
cluster (dhb) had shown to direct the synthesis of catecholate iron-siderophore bacil-
libactin. It is the cyclic trimeric lactone of the 2, 3-dihydroxybenzoyl-Gly-Thr (Chen 
et al. 2007). Synthesis of bacillibactin is dependent on a functional Ppant transferase 
(sfp). Purified bacillibactin from B. subtilis AH18 has exhibited suppression against 
Phytophthora capsici which demonstrates the role of siderophore as biocontrol sys-
tems (Woo and Kim 2008). It had been proposed that bacillibactin was not produced 
in B. subtilis 168, although the respective gene cluster was present (May et al. 2001). 
Also, the gene cluster (dhbACEBF) in B. amyloliquefaciens FZB42 was examined 
to be 87–93% similar with B. amyloliquefaciens GA1 (Chen et al. 2009).

Studies on mechanisms of biocontrol by PGPR have revealed that various PGPR 
strains have the ability to protect plants from pathogenic organisms by colonizing 
the roots. The resulting subsequent resistance due to an inducing agent when 
infected by a pathogen is called induced systemic resistance (ISR) (Hammerschmidt 
and Kuc 1995). Concentration of antifungal lipopeptides determined in plants have 
been reported to be low, and other antimicrobial activity were not detected so far in 
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surrounding area of plant roots colonized by PGPR bacilli. Therefore, ISR is 
assumed as one of the main factors for suppressing phytopathogens by PGPR 
bacilli. It depends on the capability of some strains to actuate defense systems in the 
host plants, thereby reducing the susceptibility of host to successive infection in 
plant tissues, without provoking any symptoms themselves (Stein 2005). ISR acts 
through two signaling pathways, i.e., salicylic acid (SA) and jasmonic acid (JA) 
pathway. ISR is induced when the plant is challenged by pathogenic organisms, and 
it stimulated physical and mechanical strength of the cell wall and physiological and 
biochemical reaction of the host and thus invades pathogen on its ability to build a 
defense chemicals against them by the host (Benhamou et al. 1996). It has been 
investigated that PGPR induces structural modification of the cell wall in response 
to pathogenic attack (M’Piga et al. 1997). B. pumilus strain SE 34 used in seed treat-
ment have shown to induce strengthening of cell wall in tomato against F. oxyspo-
rum f.sp. radicislycopersici (Benhamou et al. 1998).

It depends on the capability of some strains to actuate defense systems in the host 
plants, thereby reducing the susceptibility of host to successive infection in plant 
tissues, without provoking any symptoms themselves (Stein 2005). Various strains 
of Bacillus like B. amyloliquefaciens, B. subtilis, B. pasteurii, B. cereus, B. pumilus, 
B. mycoides, and B. sphaericus have been reported to produce induced systemic 
disease resistance which caused reduction of disease incidence of host (Ryu et al. 
2003). Figure 12.1 shows the different mechanisms of Bacillus species in controlling 
plant disease. Five Bacillus species have been evaluated to suppress bacterial wilt 

Fig. 12.1  Mode of action 
of Bacillus in rhizosphere. 
The figure illustrates the 
interaction of biocontrol 
Bacillus species (purple 
rod), fungal pathogens (red 
filled circle), and plant. 
The bacteria produce 
variety of secondary 
metabolites (light blue) 
and form a protective zone. 
Lipopeptides (yellow 
rhombus) act against 
fungal agents, inhibiting 
the growth of pathogenic 
fungi. Other metabolites 
stimulate ISR-mediated 
protection against the 
pathogen. The growth of 
the plant (red lines) is 
enhanced, by plant 
growth-promoting 
nutrients and growth 
regulators
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caused by R. solanacearum. The bacterial strains B. vallismortis EXTN-1 have 
shown to reduce disease in plant which resulted from production of host plant resis-
tance genes. The main constituents of systemic-induced resistance are phenolic 
compounds, genetic and structural modifications, plant resistance activators, and 
activation of enzymatic weapons (Park et al. 2007). PGPR strains can induce sys-
temic resistance in plants through activation of various defense-related enzymes 
like chitinases, β-1,3-glucanase, peroxidase (PO), phenylalanine ammonia-lyase 
(PAL), and polyphenol oxidase (PPO) (Bharathi 2004).

Biocontrol Bacillus PGPR strains secrete specific metabolites that elicit plant 
defenses. The two well-known plant growth promoters 3-hydroxy-2-butanone 
(acetoin) and 2,3-butendiol act as volatile elicitors for ISR, and exposure to such 
volatile organic compounds results in reduced disease incidence in Arabidopsis 
(Ryu et al. 2004). Acetoin production in Bacillus subtilis GB03 and B. amylolique-
faciens IN937 involves two enzyme-encoding genes alsS and alsD that encode 
acetolactate synthase and acetolactate decarboxylase, respectively, and alsR regu-
lates these genes (Ryu et al. 2004). Rate et al. (1999) stated that some common plant 
metabolites like organic acids especially oxaloacetate activate the alsSD operon 
which is required for acetoin production. Acetolactate synthase (alsS) catalyzes the 
condensation of two pyruvate molecules into acetolactate, and acetolactate decar-
boxylase (alsD) converts it into acetoin. The als gene cluster (alsR, alsS, alsD) 
which encodes 3-hydroxy-2-butanone and the gene bdhA which encodes the enzyme 
(R-R)-butanediol dehydrogenase for catalyzing 3-hydroxy-2-butanone to 
2,3-butanediol were identified in LM2303 (Chen et  al. 2018). The UCMB5113 
chromosome also harbors genes that ferment pyruvate to acetoin and 2,3-butanediol 
(Niazi et al. 2014). Two synthetic pathways (alsSDR and ilvHC) for plant growth-
promoting volatile compounds were identified in the genome of XF-1. The later 
pathways are the parts of leucine, valine, and isoleucine biosynthesis. The XF-1 
genome had observed to possess six alcohol dehydrogenase whose function is 
thought to catalyze the reduction of acetoin to 2,3-butanediol (Guo et  al. 2015). 
Cassan et  al. (2009) suggested that the biosynthesis systems of acetoin and 
2,3-butanediol in PGPR can change from acidic products, lactate, and toxic com-
pounds to neutral volatile compounds which are plant growth promoters to carbohy-
drate catabolism. This shift may be beneficial for strain colonization and plant 
symbiotic relationship in the rhizosphere.

12.7  �Conclusion

The Bacillus genus includes species that have been isolated from a wide range of 
sources, and they are used as biocontrol agents because the spores produced by 
them have the ability to withstand extreme environmental conditions. The effective 
application of PGPR in agriculture is interesting, and appropriate information is 
required to understand the biological processes mediating the modes of action that 
enhance plant growth. They synthesize several kinds of lipopeptides with specific 
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activity against pathogens, and it gives a unique importance in agriculture. The 
mechanisms of biological control of plant diseases are diverse and complex, and the 
biocontrol ability of microbial strains is the outcome of complex interaction with 
each other. Bacillus biocontrol agents use a variety of mechanisms, and the most 
reported ones are attributed to non-ribosomally produced lipopeptides (Ongena and 
Jacques 2008). There are numerous reports where different species of Bacillus have 
been reported for their plant growth enhancement and biocontrol activities. The 
genomic data of the isolates have facilitated a better understanding of the Bacillus 
strains as biocontrol agents against phytopathogenic fungi. Nevertheless, detailed 
studies are needed to investigate the genetic components associated with plant 
pathogens’ suppression. Various genomes of Bacillus have been reported to encode 
gene clusters for synthesis of various NRPS (bacillibactin, fengycin, surfactin, itu-
rin) which regulate broad antifungal activities as well as their roles in disease con-
trol. Genes dedicated for plant colonization, motility, plant growth promotion, and 
ISR have been identified by genomic approach. In addition, comparative genome 
studies allowed us to identify a subset of genes shared in the species and unique 
genes of the isolate characterizing the potential metabolite for biocontrol applica-
tion. An overview of comparative genomics of plant growth-promoting Bacillus 
strains may perhaps aid in studying the evolution of plant growth promotion and 
mechanisms of biocontrol species. These data, together with experiments performed 
in the laboratory, will help to clarify the potential Bacillus bacteria have for effec-
tive biocontrol agents to be used for plant growth and plant disease control.
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Chapter 13
Bacillus Species as Biocontrol Agents 
for Fungal Plant Pathogens

Çisem Bulut Albayrak

13.1  �Introduction

Various organisms like insects, bacteria, and fungi can affect plant health by chew-
ing damage or infections and diseases (Cawoy et al. 2011). Among them, patho-
genic fungi not only cause diseases but also some of them produce mycotoxins and 
threat animal and human health in different ways in the food chain (Nguyen et al. 
2017). These diseases and toxins lead to considerable economic losses in crop pro-
duction and storage worldwide (Patriarca and Pinto 2017). In general, many of the 
filamentous fungi are phytopathogenic and/or mycotoxigenic. Mycotoxins are poi-
sonous chemical compounds produced as secondary metabolites by toxigenic fungi. 
These toxins have great significance in the food safety with respect to human and 
animal health issues (Marroquín-Cardona et al. 2014). Most of them are immuno-
suppressive agents, and some are carcinogens, hepatotoxins, nephrotoxins, and neu-
rotoxins (Marroquín-Cardona et al. 2014; Zain 2011). Mycotoxicosis is the name of 
the illness caused by mycotoxin-contaminated foods and feeds. Mycotoxicosis can 
be classified as acute (exposed to high dose and result in severe illness very quickly) 
and chronic (exposed to low dose of toxins and result in long-term adverse effects). 
Especially soilborne filamentous fungi belonging to Penicillium, Aspergillus, and 
Fusarium genera produce these toxic compounds as secondary metabolites 
(Palumbo et al. 2008; Patriarca and Pinto 2017). Among these toxic compounds, 
aflatoxins, ochratoxin A, deoxynivalenol, and fumonisins are the most important 
and dangerous mycotoxins in agriculture and food industry (Nguyen et al. 2017). 
Occurrence of mycotoxigenic fungi not only leads to crop quality and yield losses 
but also their toxins can resist common food processing steps, and 
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mycotoxin-contaminated food consumption threats public health. Therefore, devel-
opment of strategies for inhibition of mycotoxin-producing fungi is one of the 
important issues for scientist and producers. In this chapter, potential of Bacillus 
genus to control these fungal strains was reviewed and discussed with action 
mechanisms.

13.2  �Main Mycotoxins

By considering frequency of occurrence in the food chain and risks for human and 
animal health, aflatoxins, ochratoxin, and fusarium toxins (fumonisins, trichothe-
cenes, and zearalenone) are of great importance (Zain 2011; Tola and Kebede 
2016; Hussein and Brasel 2001). Mycotoxin-producing fungi can be classified 
mainly into two groups as field fungi (invade before harvest) and storage fungi 
(exist after harvest). Toxicogenic field fungi can be categorized mainly into three 
groups as the first group includes plant pathogens such as Fusarium graminearum; 
the second group is composed of fungi that grow on stressed plants such as 
Fusarium moniliforme and sometimes Aspergillus flavus; and the third group is 
consisted of fungi that initially colonize plant before harvesting, and mycotoxin 
contamination occurs after harvest, such as Penicillium verrucosum and A. flavus. 
It is important to develop strategies to prevent or control toxin-producing fungal 
strains during pre-harvest, harvest, post-harvest, and storage periods. There are 
many reviews on harmful effect of mycotoxins for human and animal health 
(Hussein and Brasel 2001; Zain 2011; da Rocha et al. 2014). Fungal growth and 
mycotoxin productions are influenced by various factors. Both physical parameters 
such as water activity, moisture, temperature, and physical integrity of the plant 
chemical parameters such as substrate type and amount, pH, and presence of oxy-
gen may determine the level of fungal growth and mycotoxin accumulation. To 
control mycotoxin-producing fungi, these parameters should be also evaluated. 
Due to the safety and health concerns, regulatory actions do exist to limit contami-
nation of agricultural products.

13.2.1  �Aflatoxins

Aflatoxins (AF) are natural chemicals in difuranocoumarin derivatives synthesized 
by a polyketide pathway. The chemical structures of main aflatoxins are presented 
in Fig. 13.1. Aspergillus flavus, A. parasiticus, A. nomius, A. bombycis, A. ochra-
ceoroseus, A. pseudotamarii, and A. tamarii are the major producers of aflatoxins 
(Pitt 2000). AF were discovered in the early 1960s as the causative agent of the 
turkey X disease and recognized as the first identified mycotoxins. Feeding con-
taminated peanut meal results in the death of thousands of turkey pouts, ducklings, 
and chicks (Bradburn et al. 1994). Due to the toxicity and occurrence in wide range 
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of agricultural products, AF can be considered the most important mycotoxins in 
agriculture and food industry. They were found in a wide range of agricultural prod-
ucts such as corn (Majeed et al. 2013); peanut (Kamika and Takoy 2011); cotton 
seed (Ashworth and McMeans 1966); rice (Reddy et al. 2009); cereals like wheat, 
barley, and oats (Rahmani et al. 2010); dried fruits as dried fig (Bircan and Koç 
2012) and raisins (Juan et  al. 2008); spices (Bircan 2005); nuts (Baquião et  al. 
2012); milk; cheese (Tekinşen and Eken 2008); etc. Additionally, other genera such 
as some Penicillium and Rhizopus species can produce AF. Although there are more 
than 20 chemical structures, the most common forms are aflatoxin B1 (AFB1), afla-
toxin B2 (AFB2), aflatoxin G1 (AFG1), aflatoxin G2 (AFG2), aflatoxin M1 

Fig. 13.1  Chemical structure of some major mycotoxins

13  Bacillus Species as Biocontrol Agents for Fungal Plant Pathogens



242

(AFM1), and aflatoxin M2 (AFM2). The AFB1, B2, G1, and G2 are synthesized in 
natural way, but AFM1 is the main metabolite of AFB1 and it is bio-transformed 
during lactation. Therefore, it can be present in milk. AF have some carcinogen, 
mutagen, teratogen, hepatotoxic, and immune system suppressive effects, and tox-
icity can be in the order of AFB1 > AFM1 > AFG1 > AFB2 > AFM2 ≠ AFG2. 
AFB1 is of particular importance because it is the most toxic and potent hepatocar-
cinogenic compound. The International Agency for Research on Cancer classified it 
as group 1 human carcinogen (IARC 1993). Regulatory limits have been set in dif-
ferent countries, and they range from 0 to 30 mg/kg for AFB1 in foodstuffs and from 
0 to 50 mg/kg for total AF (Patriarca and Pinto 2017).

13.2.2  �Ochratoxins

Ochratoxin A (OTA) is the most toxic compound among ochratoxins. Several 
Aspergillus and Penicillium species produce ochratoxins. OTA is a pentaketide, 
derived from the dihydrocoumarins family coupled with b-phenylalanine, and 
chemical structure is given in Fig. 13.1. The first discovery of OTA was in 1965, and 
it is identified as a metabolite of A. ochraceus (Van der Merwe et al. 1965). The 
most common and important adverse health effects are observed due to the nephro-
toxic properties of OTA. This toxin is nephrotoxic to all animal species, and it is 
related to the Balkan endemic nephropathy (da Rocha et al. 2014). OTA has been 
found in different cereals, such as wheat, barley, and rye, and other commodities 
such as in coffee and cocoa beans, rice, dried fruits, nuts, spices, and other plant-
originated fermented beverages such as wine and beer (Zain 2011). Due to the rel-
evance of this toxin to human and animal health, international regulations have 
limits for OTA in a wide range of foods such as cereals, coffee beans, soluble coffee, 
wine, grape juice, beer, cocoa and cocoa products, etc., which ranges from 0.5 to 
10 mg/kg (Marin et al. 2013; Patriarca and Pinto 2017).

13.2.3  �Fusarium Toxins

Fumonisins (FUM), trichothecenes, zearalenone (ZEN), and emerging mycotoxins 
that include beauvericin, enniatins, fusaproliferin, and moniliforme are the most 
common Fusarium toxins in agricultural products and food chains (Marin et  al. 
2013). The FUM have structures composed of a long-chain hydrocarbon backbone 
similar to that of sphinganine, and the chemical form of fumonisin B1 (FB1) is 
presented in Fig. 13.1. This toxin group consists of four main classes A, B, C, and 
P. Among different kinds of FUM (FA1, FA2, FB1, FB2, FB3, FB4, etc.), FB1 is the 
most toxic and prevalent, and it is found in cereals commonly in corn and maize. 
Especially Fusarium species, such as F. proliferatum and F. verticillioides, produce 
FUM. International legal limits for maize range from 200 to 3000 mg/kg in different 
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countries (Marin et  al. 2013; Patriarca and Pinto 2017; Tola and Kebede 2016). 
Trichothecenes are a complex group of chemically related sesquiterpenoids. They 
share a tricyclic nucleus called trichodiene characterized by a double bond at the 9 
and 10 position and an epoxide group between carbons 12 and 13, responsible for 
its toxicity (Marin et al. 2013). All trichothecenes have tricyclic structure. The varia-
tions among trichothecenes exist due to the occurrence, number, and position of 
hydroxyl, ester, and carboxyl groups. On the basis of chemical structure, they can 
be divided into four subgroups (A, B, C, and D). Groups A (T-2 and HT-2 toxins, 
diacetoxyscirpenol) and B (deoxynivalenol, nivalenol) can be considered as the 
most toxic and prevalent ones. Several Fusarium species, including F. graminearum, 
F. sporotrichioides, F. poae, and F. culmorum, produce trichothecene.

Zearalenone (ZEA) is a mycooestrogenic toxin known as 6-(10-hydroxy-6-oxo-
trans-1-undecenyl)-b-resorcylic acid l-lactone. Actually, it works similar to sexual 
hormone. It is an estrogenic lactone synthesized by some Fusarium species, F. gra-
minearum being the main one. Other Fusarium spp. such as F. crookwellense, 
F. culmorum, F. moniliforme, F. equiseti, and F. oxysporum can also produce ZEA 
(Tola and Kebede 2016). Commonly observed health problems were associated 
with reproductive problems (Zain 2011; da Rocha et al. 2014). Besides estrogenic 
effects, it leads to problems in hepatic function (Zinedine et al. 2007). Although 
most prevalent contamination was observed in corn, other plant products such as 
wheat, barley, oat, and rye may also get contaminated with this toxin (Patriarca and 
Pinto 2017). Limits for ZEA in maize and other cereals vary from 20 to 1000 mg/kg 
around the world (Marin et al. 2013; Patriarca and Pinto 2017).

13.2.4  �Patulin

Patulin is a mycotoxin with polyketide lactone structure (Fig. 13.1). Although it has 
antimicrobial properties, it is also toxic to humans and animals. It has genotoxic and 
teratogenic effects and shows immune suppressive activity. Penicillium spp. in par-
ticular P. expansum produced patulin. Also, Aspergillus spp. and Byssochlamys can 
synthesize it. Besides mycotoxin production, they can cause some post-harvest dis-
eases. For instance, Penicillium expansum causes blue mold, and it is most com-
monly observed as a post-harvest disease of fruits such as apples and pears. In 
recent works, production of patulin in apples, pears, and their by-products were also 
reported (da Rocha et al. 2014; Wang et al. 2015). It can be stable after common heat 
process applied in food industry.
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13.3  �Main Phytogenic and Mycotoxigenic Fungi

Besides mycotoxin production, occurrence of Aspergillus, Fusarium, and 
Penicillium species can cause soilborne diseases and lead to post-harvest problems 
in plant products. The genus Aspergillus is grouped in the ascomycete class and 
reproduces by both asexual and sexual means. They produce large amount of spores 
and can spread through air. When the conditions become favorable, they germinate. 
Although many species of this genus can be defined as opportunistic pathogens, 
some of the species can play a role in plant diseases such as ear rot in corn, aflaroot 
in peanuts, and other post-harvest diseases (Klich 2007) and leads to mycotoxin 
productions. For example, Aspergillus section Nigri is associated with many dis-
eases and mycotoxin production in grapes and wine. Growth of this fungus causes 
problems especially during post-harvest period. The potential of Bacillus species to 
control this fungus in the post-harvest period was investigated for grapes (Jiang 
et al. 2014). Grape fruits were treated with either B. subtilis liquid culture or cell-
free culture supernatant, and both applications inhibited growth of A. carbonarius 
and other fungal contamination (Jiang et al. 2014).

Fusarium is one of the most common fungal pathogens infecting various plants. 
Occurrence of some Fusarium strains in plant products may cause plant diseases 
and also produce mycotoxin. This large fungi group attacks mostly cereals such as 
wheat, corn, barley, and oat (Logrieco et al. 2007; Luo et al. 1990; Muthomi et al. 
2008; Schöneberg et al. 2018), but also other agricultural plants such as tomato, 
cucumber, alfalfa, soybeans, and lentil can be effected by this fungus (Cawoy et al. 
2011). The most common Fusarium species were reported as Fusarium gra-
minearum, F. sporotrichioides, F. poae, F. avenaceum, F. culmorum, F. accumina-
tum, F. langsethiae, F. verticillioides, F. proliferatum, F. oxysporum, F. anthophilum, 
and F. paranaense (Nguyen et al. 2017). Fusarium can cause problems in a variety 
of plant organs, such as heads, roots, or stem base, and causes mainly cereal dis-
eases like Fusarium head blight (FHB), foot and root rot, and crown rot. Particularly, 
FHB has economic importance in worldwide cereal production, and Fusarium gra-
minearum sensu stricto is known as the main causal agent of FHB in wheat. The 
main problem is not only significant yield losses, but also it is associated with dan-
gerous mycotoxins produced by Fusarium species. Furthermore, soilborne F. oxys-
porum pathogenic strains can result in Fusarium wilt disease. Diverse species under 
genus Fusarium, especially pathogenic ones, lead to vascular wilt disease (Leslie 
and Summerell 2008). The pathogenic strains are particularly host specific, and they 
cause yield losses in various crops like tomato, cucumber, melons, flax, lettuce, 
strawberry, and banana. For instance, Fusarium wilt is one of the important diseases 
for strawberry, and the responsible fungus is Fusarium oxysporum f. sp. fragariae 
(Fof); it was first found in Australia in 1962 (Winks and Williams 1965). In addition, 
Fusarium cf. incarnatum is a known causing agent for ginseng root rot (Durairaj 
et al. 2018). Again, Fusarium species can lead to fig endosepsis, and these fungi 
both cause rot and mycotoxin production (Moretti et al. 2010).
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Penicillium is grouped in ascomycetous class and can be considered as ubiqui-
tous, opportunistic pathogens and contaminate various products such as cereals, 
nuts, vegetables, and fruits. Penicillium spp. produce several mycotoxins such as 
citreoviridin, cyclopiazonic acid, patulin, citrinin, and OTA. Penicillium spp. such 
as P. expansum, P. digitatum, P. italicum, P. solitum, and P. ulaiense cause rots in 
various vegetables and fruits (Nguyen et  al. 2017). Especially, P. expansum and 
P. digitatum are known as the main post-harvest pathogens of pome and citrus fruit, 
respectively. During post-harvest handling and storage, occurrence of these species 
causes quality loss. Besides these losses, mycotoxin productions of patulin and 
OTA seem to be another health concern for these agricultural products.

13.4  �Bacillus as Biocontrol Agent for Mycotoxigenic 
and Pathogenic Fungi

In order to combat plant pathogenic and mycotoxigenic fungi, common approaches 
include plant breeding to develop resistant varieties, production of genetically mod-
ified resistant plants, and utilization of chemical compounds such as fungicides. 
Chemical fungicides have common applications in practice. Despite high efficacy 
and ease of use of these products, increasing concerns exist for agrochemicals such 
as development of resistance in organisms against these chemicals, negative effects 
on human health, wide spectrum of toxicity, and environmental pollution. One of 
the new environmentally friendly solutions for safer and more effective plant dis-
ease control is utilization of biological control agents (BCAs). Biological control 
can be described as the use of natural antagonistic organisms to combat pests or 
suppress plant diseases, which offers an alternative to chemicals. In this context, the 
term biopesticide can be defined as living organisms or natural products derived 
from these organisms that are used to suppress pathogen population. Biopesticides 
can be classified into four main groups. These are microbial pesticides (Anderson 
and Kim 2018), other organisms (nematodes, insects, etc.), natural products obtained 
from living organisms (biochemical pesticides), and plant-incorporated protectants 
(Cawoy et al. 2011). The use of biopesticides has several advantages over synthetic 
chemicals (Mishra et al. 2015). For instance, they can be degraded in a short period 
of time in the environment and are known as less toxic due to the targeted action. 
Additionally, resistance phenomenon is not expected due to the multiplicity of 
mode of action. Only a low amount can be effective because microorganisms can 
colonize, multiply, and produce bioactive compounds in the phytosphere continu-
ously. These microorganism-based products can be fungi, bacteria, and viruses and 
often isolated from suppressive environments such as aerial or underground parts of 
plants. Moreover, these organisms not only have potential for reducing disease inci-
dences, but they also have other beneficial roles such as promoting plant growth and 
nutrition.
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The majority of BCA is composed of bacterial products, and the main bacterial 
species are included in Bacillus, Streptomyces, and Pseudomonas genera (Mnif and 
Ghribi 2015; Shoda 2000). Spore-forming bacteria, like the Bacillus genus, have 
large genetic biodiversity and can exist in a wide range of environments such as 
seawater, soil, plants, and even extreme environments such as hot springs. It pos-
sesses some advantages and can be good candidates for use as biological controls. 
They have a unique ability to replicate rapidly and they have broad spectrum for 
biocontrol property. They produce different types of antimicrobial substances. They 
induce growth and defense responses by producing some compounds such as vola-
tiles. Additionally, due to their spore-forming properties, they show resistance to 
adverse environmental conditions such as high or low temperatures, unsuitable pH, 
and scarcity in nutrients or water. When environmental conditions are unfavorable, 
spores help them in the phytosphere. This property also provides easy formulation 
and storage of commercial products because bacterial suspensions are converted to 
easy-to-handle powder formulation. Moreover longer shelf life and less precaution 
requirements are other advantages. Bacillus-based commercial producers such as 
Avogreen®, Bacillus SPP®, Biosubtilin®, Biosafe®, Cease®, Ballad®, 
Companion®, and Kodiak®a are available for control of plant pathogens (Cawoy 
et al. 2011). Particularly, B. subtilis is defined as GRAS (generally recognized as 
safe) organisms for food industries by the US Food and Drug Administration (US 
FDA) (Denner and Gillanders 1996). HiSticka, Kodiak, Larminar, Rhapsody, and 
Subtilex manufacture BCA by using B. subtilis as an active agent for controlling 
fungal growth in the agricultural products. Other Bacillus species such as B. amylo-
liquefaciens, B. licheniformis, and B. pumilus have also been commercialized to 
control fungal growth (Pérez-García et al. 2011; Bisutti et al. 2017).

The beneficial roles of Bacillus species against fungal diseases have been 
described in many reports (Abd-Allah et al. 2007; Chulze et al. 2015; Pérez-García 
et al. 2011; Cawoy et al. 2011; Shafi et al. 2017; Ab Rahman et al. 2017; Dunlap 
et  al. 2013; Gutierrez-Monsalve et  al. 2015; Heydari and Pessarakli 2010; Islam 
et al. 2012; Kildea et al. 2008; Lucon et al. 2010; Moreira et al. 2014; Pan et al. 
2017; Palazzini et  al. 2016; Senthil et  al. 2011)  and recent works tabulated 
(Table 13.1). These diseases are categorized mainly in three groups as root diseases 
(such as avocado root rot, tomato damping-off, and wheat take-all), foliar diseases 
(such as cucurbit and strawberry powdery mildews), and post-harvest diseases (such 
as green, gray, and blue molds).

Fusarium oxysporum f. sp. lycopersici is one of the fungal plant pathogens, and 
it is responsible for vascular wilt for tomato (Heidarzadeh and Baghaee-Ravari 
2015). Two Bacillus pumilus strains were tested to control Fusarium wilt, and some 
biocontrol properties were determined by biofilm assay, root colonization, and trials 
under pot conditions. Both B. pumilus strains (ToIrMA and ToIrFT strains) dis-
played biocontrol traits in addition to plant growth factor. In vivo experiments indi-
cated that 73% reduction was observed in disease incidence (Heidarzadeh and 
Baghaee-Ravari 2015).

Baffoni et al. (2015) studied the inhibition potential of bacterial species belong-
ing to Lactobacillus and Bacillus genera against Fusarium spp. in in  vitro and 
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Table 13.1  Recent studies for antifungal properties of Bacillus species

Bacteria
Mode of 
action Target organisms Crop References

Bacillus stratosphericus Antagonistic Ilyonectria sp., 
Neurospora sp., 
Cladosporium sp., 
Eutypella sp., 
Aschersonia sp., 
and Fusarium sp.

Root rot 
infected 
ginseng root 
samples

Durairaj et al. 
(2018)

B. amyloliquefaciens 
subsp. plantarum

Antagonistic Fusarium cf. 
incarnatum

Ginseng root 
rot

Song et al. 
(2014)

Bacillus mojavensis Growth 
inhibition

Aspergillus flavus 
and A. parasiticus

Pereyra et al. 
(2018)B. subtilis

Bacillus sp. Fusarium 
oxysporum f. sp. 
lycopersici

Jangir et al. 
(2018)

B. megaterium (B5), 
B. amyloliquefaciens

Cochliobolus 
sativus, Alternaria 
alternata, and 
Fusarium 
graminearum

Wheat plants El-Gremi et al. 
(2017)

B. pumilus Xanthomonas 
campestris and 
F. oxysporum f. sp. 
melonis

Suárez-Estrella 
et al. (2013)

B. atrophaeus Colletotrichum 
species

Soursop, 
avocado

Guardado-
Valdivia et al. 
(2018)

B. subtilis Aspergillus 
parasiticus

Siahmoshteh 
et al. (2018)B. amyloliquefaciens

Bacillus isolates from 
soil and rhizosphere

Fusarium 
oxysporum

Lentil seeds El-Bendary et al. 
(2016)

Rhizoctonia solani

Macrophomina 
phaseolina

B. toyonensis, B. cereus, 
B. aryabhattai, 
B. megaterium, 
B. aerius, 
B. stratosphericus, and 
Paenibacillus 
barcinonensis

Antagonistic 
with 
proteolytic 
and 
cellulolytic 
activity

F. oxysporum f. sp. 
lycopersici

Tomato/
fusarium wilt

Rocha et al. 
(2017)

B. amyloliquefaciens Fusarium 
graminearum

Wheat 
fusarium head 
blight

Crane and 
Bergstrom 
(2014)

B. atrophaeus strain B5 Colletotrichum 
gloeosporioides

Anthracnose/
soursop and 
avocado

Guardado-
Valdivia et al. 
(2018)

(continued)
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Table 13.1  (continued)

Bacteria
Mode of 
action Target organisms Crop References

Bacillus spp. strains 
isolated from the 
phyllosphere of lupin 
pods

Colletotrichum 
acutatum

Anthracnose/
Andean lupin 
seeds

Yánez-
Mendizábal and 
Falconí (2018)

B. megaterium (B5), 
B. amyloliquefaciens 
(B28)

Cochliobolus 
sativus, Alternaria 
alternata, and 
Fusarium 
graminearum

Kernel black 
point disease/
wheat

El-Gremi et al. 
(2017)

Bacillus spp. F. oxysporum f. sp. 
lycopersici

Tomato Jangir et al. 
(2018)

B. stratosphericus 
(FW3)

Ilyonectria sp., 
Neurospora sp., 
Cladosporium sp., 
Eutypella sp., 
Aschersonia sp., 
and Fusarium sp.

Ginseng/root 
rot disease

Durairaj et al. 
(2018)

B. subtilis CICC 10034 Penicillium 
expansum

Apples Wang et al. 
(2016a, b)

B. cereus AR156 P. expansum Sweet cherry 
fruit blue rot

Wang et al. 
(2015)

B. subtilis ABS-S14 P. digitatum Citrus fruit Waewthongrak 
et al. (2015)

B. amyloliquefaciens F. oxysporum f. sp. 
cubense

Banana Wang et al. 
(2016a, b)

B. amyloliquefaciens 
strain BLB369, 
B. subtilis strain 
BLB277, and 
Paenibacillus polymyxa 
strain BLB267

F. graminearum Durum wheat Zalila-Kolsi 
et al. (2016)

B. amyloliquefaciens 
Q-426

F. oxysporum f. sp. 
spinaciae

Spinach Zhao et al. 
(2014)

B. subtilis Penicillium 
digitatum Sacc.

Citrus fruit Leelasuphakul 
et al. (2008)

B. megaterium, 
B. subtilis, B. subtilis 
subsp. subtilis

Aspergillus niger peanut Yuttavanichakul 
et al. (2012)

B. subtilis CCTCC M 
207209

A. carbonarius 
CCTCC AF 
2011004

Table grape Jiang et al. 
(2014)

B. amyloliquefaciens 
strain BUZ-14

Botrytis cinerea, 
Monilinia 
fructicola, M. laxa, 
Penicillium 
digitatum, 
P. expansum, and 
P. italicum

Post-harvest 
fruit disease

Calvo et al. 
(2017)
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in vivo conditions. These fungal species are known as responsible for wheat fungal 
diseases. L. plantarum SLG17 and B. amyloliquefaciens FLN13 were used in the 
experiments. In the field study, durum wheat was treated with a mixture of antago-
nist strains. Treatments were performed in two ways as weekly from heading until 
anthesis and at flowering. The results were compared to control groups as untreated 
and chemical fungicide as treated ones. Both disease incidence and disease severity 
are combined in FHB index, and the extent of disease is evaluated by using FHB 
index. A mixture of the bacterial strains, when applied from the heading until 
anthesis, was found to be efficient to reduce the FHB index. Microbial population 
pattern of seeds was also determined by molecular tools as PCR-DGGE, and the 
results showed the presence of L. plantarum SLG17 in wheat seeds, and it high-
lights an endophytic behavior. A mixture of Lactobacillus and Bacillus strains as 
BCA starting from the heading period until anthesis of wheat plants was found to be 
promising for the FHB index reduction.

Durairaj et al. (2018) studied on biological control of fungal phytopathogens that 
cause root disease and infections in ginseng (Panax ginseng). In this work, seven 
fungal genera (Ilyonectria sp., Neurospora sp., Cladosporium sp., Eutypella sp., 
Aschersonia sp., and Fusarium sp.) were isolated from infected ginseng root rot 
samples. Two antagonistic strains, Pseudomonas aeruginosa (D4) and Bacillus 
stratosphericus (FW3), were identified by molecular characterization tools. Both 
bacterial strains produced various bioactive metabolites such as amylase, chitinase, 
hydrogen cyanide, indole acetic acid (IAA), lipase, protease, and phosphatase. 
However, they did not show cellulose production activity.

In another study (Wang et al. 2016a, b), the Bacillus amyloliquefaciens strain 
W19 was found to be effective for inhibition of Fusarium oxysporum f. sp. cubense. 
Metabolites as iturin and bacillomycin D were responsible for this property. These 
fungi can treat banana fruit disease and cause Fusarium wilt disease. The potential 
of bioorganic fertilizer containing strain W19 to enhance plant growth and control 
the Fusarium wilt was determined in both pot and field applications. In the results, 
banana growth and fruit yield were improved. In addition, banana Fusarium wilt 
disease was suppressed. Confocal laser scanning microscopy and scanning electron 
microscopy were used, and colonization of green fluorescent protein-tagged strain 
W19 on banana roots was evaluated. Banana root exudates effected the biofilm for-
mation, and it also showed that the banana root exudates may improve colonization. 
Moreover, production of indole-3-acetic acid (IAA) was determined for strain W19. 
This compound is known as one of the plant growth promoter hormones. Fungal 
mycelia and spores resulted in morphological changes. In the absence of the bacte-
ria, fungi mycelia structure was well organized, but in the presence of bacteria, 
swelling and chlamydospore productions were observed.

Zalila-Kolsi et al. (2016) investigated the potential of Bacillus spp. to control 
plant pathogenic fungi. For this, Bacillus amyloliquefaciens BLB369, Bacillus sub-
tilis BLB277, and Paenibacillus polymyxa BLB267 were isolated, and these strains 
were identified using biochemical and genetic tools (16S rDNA, gyrA, and rpoB). 
Production of broad-spectrum antifungal compounds was determined as, respec-
tively, iturin and surfactin, surfactin and fengycin, and fusaricidin and polymyxin. 
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In vivo studies are performed for wheat seed germination. The efficiency of the 
tested bacteria was determined by analyzing plant height, phenolic compounds, 
chlorophyll, carotenoid contents, and antagonist activities. The main aim was to 
protect Tunisian durum wheat (Triticum turgidum L. subsp. durum) cultivar Om 
Rabiia against F. graminearum fungus. The microscopic examinations showed mor-
phological variations for fungal mycelia and spores. In the presence of bacterial 
cells, swelling was observed in the structure of the F. graminearum mycelia with 
chlamydospore productions.

In order to control FHB, Comby et al. (2017) isolated 86 microorganisms from 
wheat plants, and they were screened for inhibitions against Fusarium graminearum 
and Fusarium culmorum growth. Among the tested strains, 22 isolates seemed very 
effective against both F. graminearum (inhibition of 30–51%) and F. culmorum 
(inhibition of 15–53%). Fungal (Chaetomium globosum, P. glomerata, Clonostachys 
rosea, M. bolleyi, A. proteae, and Sarocladium kiliense) and bacterial species 
(Bacillus amyloliquefaciens, B. pumilus, and B. subtilis) were identified for those 22 
strains. In this work, all bacteria belong to Bacillus genus. The most effective strains 
were determined as B. subtilis BaSu1 and BaSu3, B. amyloliquefaciens BaAm, and 
C. globosum CG1 and CG2, and all of them displayed inhibition by approximately 
half the mycelial growth.

Fusarium cf. incarnatum, also known by the synonyms F. pallidoroseum and 
F. semitectum, is often regarded as a secondary colonizer of plant tissues and causes 
several plant diseases (Song et al. 2014). It has also been isolated from rotten gin-
seng roots (Lee 2004; Song et al. 2014). For this, it can be considered as a potential 
cause of ginseng root rot of its strong pathogenicity for ginseng root rots. Song et al. 
(2014) studied 392 bacteria isolated from ginseng roots and soil environments. 
Antifungal behavior was characterized for different conditions (inoculum cell con-
centration, incubation temperature, cell-free filtration, and cell suspension applica-
tion). Results revealed that bacterial isolate (B2-5) exhibited strong growth inhibition 
in both bacterial cell suspension and culture filtrates. Improved inhibitory activity 
was observed at 25  °C, both high (1  ×  108  CFU/mL) and low concentrations 
(1 × 106 CFU/mL) without critical rot symptoms. Additionally, this strain did not 
produce pectinase enzyme for those conditions; therefore soft rot is not expected, 
and it is one of the desirable properties for further applications. In pot experiments, 
higher control efficacy is observed at lower inoculum concentration (1 × 106 CFU/
mL). When both the bacteria and the pathogen were inoculated together, establish-
ment and colonization behavior of the Bacillus isolates on the rhizosphere are found 
to be higher than when the bacteria were inoculated alone. Scanning electron 
microscopy was used to examine morphological deformations. Fungus hyphae were 
twisted and shriveled by the bacteria, and these changes can be considered as direct 
damage due to the antifungal metabolites (Fig. 13.2).

In the recent study, the antagonistic property of Bacillus spp. to control Fusarium 
oxysporum f. sp. Lycopersici was determined (Jangir et  al. 2018). Forty-nine 
Bacillus strains were isolated from the rhizosphere environments of tomato plants. 
These tomato plants were obtained from infested field. Antifungal ability was 
screened by dual culture antagonism assay. Fungal inhibition and plant promotion 
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parameters such as β-1,3-glucanase, protease, chitinase, ammonia, siderophore, 
hydrogen cyanide, IAA, and biofilm formation were evaluated. Strain B44 exhibited 
best antifungal properties. Production of some enzymes such as β-1,3-glucanase 
(15.61  U  ml−1  min−1), protease (1608.15  U  ml−1  min−1), and chitinase 
(129 U ml−1 min−1) was determined with production of other compounds as volatile 
and nonvolatile metabolites. The main compounds identified by GC-MS analysis 
were 1,2-benzenedicarboxylic acid (23.99%), 6-undecylamine (6.61%), 
2-methyloctacosane (5.91%), 9-octadecenoic acid (5.13%), and 1-tetradecanamine, 
N,N-dimethyl (5.05%). Other substances identified by UPLC-MS were tert-
butyldifluorophosphine (31.45%), 5-(4,4,5,5-tetramethyl-1,3,2-dioxaborolane-2-
yl)-3,6-dihydro-2H-pyran (14.76%), 
6-bromo-4-tert-butyl-1,1-dimethyl-1,2-dihydronaphthalene (8.35%), 2-amino-N-
butyl-1,8-naphthyridine-3-carboxamide (6%), and N,N-diethyl-2-[(ethylamino)
methyl]-3-phenyloxirane-2-sulfonamide (5.12%). Under greenhouse conditions, 
disease incidence is reduced in 36% for tomato plants.

Black point disease is one of the fungal diseases observed in wheat grains. In the 
work of El-Gremi et al. (2017), pathogenic fungi were isolated from symptomatic 
grains and identified as Cochliobolus sativus, Alternaria alternata, and Fusarium 
graminearum. Twenty-five microbial strains were isolated from the surface of 
healthy grains, and they were screened for antifungal properties. The most effective 
antagonistic strains were Bacillus megaterium (B5), B. amyloliquefaciens (B28), 
Trichoderma harzianum (T37), and Epicoccum sp. (E52). In pot experiments, 
B. amyloliquefaciens (B28) has the best BCA properties in the case of germination 
and length of roots and shoots. Moreover, in field experiments, the strains enhanced 

Fig. 13.2  Scanning electron micrographs of Fusarium cf. incarnatum without bacterial treatment 
(a), and treated with the bacterial isolate B2-5 at inoculum concentrations of (b) 106 CFU/mL and 
(c) 108 CFU/mL, wrinkled, distorted, and shrunken hyphae (Hy) adhered with bacterial cells (Ba), 
compared to intact hyphae (Hy) with smooth surface showing a contour of septum (St) in (a) the 
untreated control. Bars, 20 mm (Song et al. 2014)
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germination and tillering of black-pointed wheat grains. Wheat plants were sprayed 
with B. amyloliquefaciens (B28) which provided dramatic decrease in the incidence 
of leaf spots and kernel black point diseases.

Bacillus spp. have the potential not only to control fungal plant diseases but also 
to control mycotoxin production (Nguyen et al. 2017; Khan et al. 2017; Palumbo 
et al. 2008). Until this point, their antifungal potential was studied without specific 
attention for their mycotoxins. In this review, special focus is on preventing 
mycotoxin-producing fungi with possible pre-harvest or post-harvest applications. 
In the following selected studies, preventing of mold strains with their mycotoxins 
was evaluated and discussed.

In addition to studies to control fungal plant diseases, one of the important issues 
is to control and prevent mycotoxigenic fungi (Nguyen et al. 2017; Khan et al. 2017; 
Palumbo et  al. 2008); in this review the potential of Bacillus species to control 
pathogenic and mycotoxigenic fungi is discussed for possible pre-harvest or post-
harvest applications. In the following selected studies, special focus is on mycotoxin-
producing fungi.

In peanut (Arachis hypogaea L.), one of the fungal diseases is root rot caused by 
A. niger.

The inhibition of A. niger was investigated by using 765 bradyrhizobial and 350 
soil-isolated plant growth-promoting rhizobacteria (PGPR) strains (Yuttavanichakul 
et al. 2012). A. niger and A. flavus can produce dangerous mycotoxins such as och-
ratoxin and aflatoxin. Among the tested strains, only 11 PGPR isolates were found 
to be able to prevent A. niger growth. The best isolates were determined by consid-
ering growth inhibition ability and root colonization properties. They were A20, 
A45, A62, and A106, and they were identified by 16S rRNA sequences as Bacillus 
megaterium, B. subtilis, B. subtilis subsp. subtilis, and Pseudomonas sp., respec-
tively. A20, A45, and A62 isolates produced lytic protease, but A106 did not pro-
duce this enzyme. Cell-free supernatants of A20 and A62 also showed antifungal 
activity. Differently, the antifungal activity of isolates A45 and A62 showed resis-
tance to proteinase K enzyme. All PGPR strains produced an IAA hormone and 
biofilms. This hormone is especially important for promotion of peanut root growth. 
Inoculation of either isolate A20 or A45 (108 cells per ml) together with 
Bradyrhizobium sp. TAL 173 (108 cells per ml) provided prevention of the peanut 
root rot disease caused by A. niger (105 and 106 spores per seed). Within this appli-
cation, nitrogen fixation is increased and utilization in peanut is reduced. In another 
study, the antagonist behavior of Bacillus species isolated from peanut against 
A. parasiticus was also investigated (Xiao et al. 2014)

In a recent study by Siahmoshteh et al. (2018), soilborne Bacillus strains were 
evaluated for their antifungal properties. B. subtilis and B. amyloliquefaciens were 
studied against common field-pathogenic fungi (including Aspergillus parasiticus 
NRRL2999). The fungal growth and aflatoxin production were also determined. In 
order to understand mode of action, variations in ergosterol content in the membrane, 
mitochondrial dehydrogenase activity, and fungal cell wall chitin and beta-1,3-
glucan content were also evaluated. Both Bacillus strains have significant antifungal 
activity against the wide range of filamentous fungi. High inhibitions for A. para-
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siticus growth (up to 92%) and aflatoxin production (up to 100%) were obtained and 
displayed good proteolytic activities. Both Bacillus strains decreased ergosterol 
content of the fungal cell membrane of A. parasiticus (9.0–80%). Changes in dehy-
drogenase activity of fungal cell mitochondria were determined. The structure and 
shape of fungal hyphae were changed clearly. In the scanning and transmission 
electron microscopy examinations, folding, wrinkling, cell depletion, and vacuol-
ization were observed.

Toxigenic fungal strains such as A. flavus and A. parasiticus can be present and 
grow in a broad range of food crops and result in following production of aflatoxins. 
Pereyra et al. (2018) showed the biocontrol efficiency of soilborne Bacillus strains 
to control aflatoxigenic A. parasiticus growth and aflatoxin productions. Presence 
of antifungal lipopeptides was determined for the most effective strain. Six Bacillus 
spp. strains reduced A. parasiticus growth rate significantly. Among them, Bacillus 
spp. RC1A displayed almost complete fungal growth inhibition, and the growth rate 
is reduced to 0.16 mm/h with longest lag phase (31.72 h). This strain also reduced 
AFB1 concentration. Instrumental analysis of supernatant showed the presence of 
main groups of lipopeptides (surfactin, iturin A, and fengycin), and they were also 
confirmed by MALDIMS analysis. When they were tested separately, these frac-
tions inhibited A. parasiticus growth and AFB1 production. These results highlight 
effective antifungal compounds produced by Bacillus and possible new strategies 
for AF contamination in crops and feeds.

Bacillus subtilis CICC 10034, Rhodobacter sphaeroides CGMCC 1.2182, and 
Agrobacterium tumefaciens CGMCC 1.2554 were tested for their control efficiency 
against patulin (PAT)-producer Penicillium expansum (Wang et  al. 2016a, b). 
Additionally, PAT-removing abilities were evaluated. Among tested strains, B. sub-
tilis best inhibited P. expansum both on apples and in vivo and in vitro studies. The 
rot diameter was reduced by 38% compared with the control. Other strains also 
display inhibition in various degrees as A. tumefaciens (27.6%) and R. sphaeroides 
(23.7%). None of the cell-free supernatant prevented pathogen growth. Treatments 
with B. subtilis, R. sphaeroides, and A. tumefaciens provided suppression of PAT 
production by 98.5, 93.7, and 94.99%, respectively. Moreover, the three antagonis-
tic strains led to decrease in colony number of P. expansum. Another finding is that 
both live- and heat-treated cells have potential to remove PAT in liquid medium: in 
the result, the selected strains have potential before harvesting to control PAT-
producing fungi and also during processing to remove PAT as a detoxifying agent. 
Among those tested strains, Bacillus strain has the best traits for biocontrol 
applications.

Wang et al. (2015) showed biocontrol potential of Bacillus strain for blue rot 
decay. This disease is mainly caused by Penicillium expansum in harvested sweet 
cherry fruits. Disease incidence and development are reduced by treatment with 
B. cereus AR156. Moreover, this practice significantly improved some enzyme 
activities such as chitinase and beta-1,3-glucanase in the fruit. P. expansum spores 
plasma membrane integrity was damaged, and protein and sugar leakage in the 
pathogen mycelia was observed. The control mechanism is found to be associated 
with direct fungitoxic characteristic and defense-related enzymes. Controlling this 
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fungus can also provide prevention of PAT contamination in this fruit and its 
by-products.

13.5  �Mechanisms of Biological Control for Bacillus 
Against Plant Fungal Pathogens

In order to maintain efficient biocontrol applications, understanding biocontrol 
mechanisms is a very important subject. There exist various microbial interactions 
(Whipps 2001). Biocontrol mechanisms can be explained by mainly three mecha-
nisms: competition for space and nutrients, production of inhibitory substances 
(lipopeptides, antibiotics, volatile compounds, lytic enzymes, etc.), and induced 
systemic resistance. Similarly, plant growth can be improved by beneficial organ-
isms that can act as plant probiotics (Rahman et al. 2018; Berlec 2012; Hu et al. 
2017). These issues were evaluated below to understand how Bacillus inhibit patho-
genic and mycotoxigenic fungi.

13.5.1  �Competition for Space and Nutrients

Biological control exists in different ways, and one of them can be explained by 
competition of antagonist directly against pathogens for limited space and nutrients. 
Competition leads to decrease in growth, productiveness, and other activities of the 
competing organisms. The main sources of nutrient supply for plants are plant exu-
dates, senesced tissue, or leachates. Generally, the soilborne plant diseases (e.g., 
Fusarium and Pythium species) are more exposed to competition because they only 
infect through mycelial contact. Some nonpathogenic microorganisms protect 
plants by rapid colonization and consume the main sources; therefore they prevent 
pathogen microbes. One of the inhibition properties for Bacillus species against 
fungal pathogens is based on this phenomenon.

There is a relationship between competition and colonization behavior. One of 
the modes of action of Bacillus genus is associated with efficient colonization, and 
good colonization properties provide control of fungal pathogens. Song et al. (2014) 
reported colonization ability of the Bacillus isolates on the ginseng rhizosphere. 
They found higher colonization when both the bacterial isolate and the pathogen 
(Fusarium cf. incarnatum) were inoculated together than when the bacterial isolate 
was inoculated alone. Cao et al. (2012) showed the role of Bacillus subtilis SQR 9 
to control Fusarium wilt in cucumber by colonizing plant roots. Fusarium wilt is 
one of the major fungal diseases on cucumber production worldwide. The 
localization of bacterial cells, pattern of colonization, and survival of B. subtilis 
SQR 9 in the rhizosphere of cucumber were examined by fluorescent microscopy 
and explored following recovery of the green fluorescent protein labeled.
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Nutrient availability is one of the important points for competition, and in the 
rhizosphere environment, relatively low abundance of substrates can act as a key 
parameter for competition. For instance, one of the essential elements is known as 
iron, and its limitation leads in a furious competition. Iron is mostly in ferric form 
in the presence of oxygen in the soil environment and known as water-insoluble at 
pH 7.4 (Shafi et al. 2017). Due to its low concentration at 1 × 10−8 mol/L, the growth 
and microorganism development cannot be supported. For survival, some microor-
ganisms produce low molecular weight compounds called siderophores which help 
them to maintain their iron requirements from the environment. For biocontrol fun-
gal plant disease, the siderophore-producing ability of Bacillus spp. plays a role (Yu 
et al. 2011).

Rajaofera et al. (2017) report that one of the fungal inhibition abilities of Bacillus 
atrophaeus HAB-5 may be associated with siderophore production and iron bio-
availability and phosphate solubilization; therefore this organism could suppress 
fungal growth by chinase and protease activity.

13.5.2  �Direct Inhibition

13.5.2.1  �Antibiosis (Lipopeptides and Antibiotic Based)

Bacillus species synthesize a broad range of biologically active antimicrobial 
metabolites such as peptide compounds (Abdel-Mohsein et  al. 2011; Ayed et  al. 
2014), enzymes, lipopeptides (Chen et al. 2008; Cawoy et al. 2015), different anti-
biotic compounds as a secondary metabolites, and other compounds such as vola-
tiles (Chaves-López et al. 2015); these compounds are very effective for inhibition 
of different microorganisms. They have various degrees of antifungal proper-
ties (Table 13.2).

Peptide molecules represent the predominant class of Bacillus antibiotics. They 
have various sizes and consisted mainly of amino acid. However, some varieties can 
also contain other residues. Cyclic or linear oligopeptides, basic peptides, and ami-
noglycoside types are the common ones. Peptide antibiotics have low molecular 
weight, hydrophobic, or cyclic structures, with unusual molecules like D-amino 
acids. They have resistance to peptidases and proteases actions with animal and 
plant origin (Cawoy et al. 2011). Bacillus brevis and Bacillus polymyxa produce 
gramicidin S and polymyxin B peptide antibiotics, and it inhibited Botrytis cinerea 
germination in vitro and infield applications. This fungus is associated with Botrytis 
gray mold disease.

Lipopeptides are the main antimicrobial compounds produced by Bacillus spe-
cies, and they play a role in inhibition of fungal growth (Hamley 2015; Ongena and 
Jacques 2008). Basically, they are amphiphilic compounds and composed of a 
common structure including a lipid tail linked to a short cyclic oligopep-
tide (Fig. 13.3). They have a broad range of inhibition activities, and this trait can be 
explained by physicochemical properties such as surface tension reduction, surface 
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properties modification, and lipid bilayers perturbation. Bacillus lipopeptides are 
synthesized non-ribosomally, and large multienzymes play a role in the synthesis; 
therefore a significant heterogeneity exists according to the type and sequence of 
amino acid residues, the nature of the peptide cyclization, and the nature, length, 
and branching of the fatty acid chain. Based on amino acid sequence, lipopeptides 
are divided into three main groups: iturins, fengycins, and surfactins (Fig. 13.3).

The surfactins are very strong biosurfactants, and they show antibacterial activ-
ity, but limited fungitoxic properties were observed and reported (Pérez-García 
et al. 2011). On the contrary, iturins display strong antifungal property against a 
broad range of yeasts and fungi (Klich et  al. 1991), but only weak antibacterial 
activity is reported. Fengycins also display a strong antifungal activity, specifically 
against filamentous fungi (Pérez-García et al. 2011).

Biocontrol properties of various Bacillus strains to inhibit fungal diseases that 
include soilborne, foliar, and post-harvest have been associated mostly with iturins 
and fengycins (Pérez-García et al. 2011). Due to the amphiphilic structure of lipo-
peptides, interaction with biological membranes exists; therefore pore formation 
occurs. In the recent study, lipopeptide-associated antifungal activity of selected 

Table 13.2  Antibiotic compounds by Bacillus against mycotoxin-producing fungi

Antibiotic
Producing 
bacteria Target fungus Mode of action References

Antibiotic 
plipastatins A

B. subtilis 
NCIB 8872

Fusarium 
oxysporum, 
Aspergillus flavus

İnhibit phospholipase A2 Volpon 
et al. 
(2000)

Bacillomycin D B. subtilis 
fmbj

A. flavus Leads ınjury to cell wall 
and membrane

Gong et al. 
(2014)

Fengycin and 
bacillomycin

B. subtilis 
SQR9

F. oxysporum f. sp. 
cucumerinum

İnhibit mycelial growth 
and conidial germination

Cao et al. 
(2012)

YrvN protein-
based subunit of 
protease

B. subtilis 
EU07

F. oxysporum f sp. 
radicis-lycopersici

İnactivation of AHL Baysal 
et al. 
(2008)

Acyl-homoserine 
lactonase
Fengycin, 
mycosubtilin, 
subtulune

B. subtilis JA F. graminearum Effective against 
filamentous fungi but not 
against bacteria and yeast

Chen et al. 
(2008)R. solani

P. irregulare

Cladosporium 
fulvum

Fengycin, 
surfactin, and 
pumilacidin

B. mojavensis Gram (+ve), gram 
(−ve), and many 
fungal pathogens

Antibiotic and fungicidal Ayed et al. 
(2014)

Bacillomycin D B. subtilis 
fmbJ

Aspergillus 
ochraceus

Distortion of mycelia and 
disruption of spores, 
apoptosis of A. ochraceus 
through cell damage and 
DNA damage, and 
induction of more ROS

Qian et al. 
(2016)
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Bacillus strains against C. acutatum growth was determined (Yánez-Mendizábal 
and Falconí 2018). In this study, lipopeptide production and their antifungal-specific 
activity against C. acutatum and the presence of lipopeptide genes were confirmed 
(Yánez-Mendizábal and Falconí 2018). In another finding, Yuan et  al. (2017) 
reported that lipopeptides produced from Bacillus strain have effects on both patho-
genic and beneficial soil fungi. Interestingly, they concluded that application of 
these antifungal agents may cause disruption of the native microbial community 
diversity, and this community can be responsible for lipopeptide production.

Moreover, two antifungal antibiotics, zwittermicin A and kanosamine, were pro-
duced by B. cereus UW85, and these compounds are suggested to suppression of 
damping-off disease of alfalfa. The main responsible organism for this disease was 
Phytophthora medicaginis (Silo-Suh et al. 1994). Zwittermicin A has control prop-

Fig. 13.3  Chemical structure of main lipopeptides
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erties for cucumber fruit rot (Smith et al. 1993) and prevents other plant diseases 
(Silo-Suh et al. 1998).

Some enzymes produced by Bacillus species can possess antifungal activity. 
Lytic enzymes can result in the degradation of the polymeric compounds like chitin, 
cellulose, glucans, protein, and DNA of cell wall of target organisms. Releasing 
substances can be used as carbon and energy sources in the following period. 
Especially, cell wall-degrading enzymes such as chitinase and B-1,3-gluconase are 
effective for fungal plant pathogens (Senol et al. 2014). Another enzyme group, oxi-
dative enzymes such as polyphenol oxidase (PPO), peroxidase (PO), and POL, can 
play role in fungal inhibition due to defense-related activities.

Agarwal et al. (2017) showed that Bacillus pumilus MSUA3 strongly inhibited 
the growth of R. solani and F. oxysporum. In these inhibitions, chitinolytic enzymes 
and surfactin are involved. These fungi cause wilting and root rot disease in 
Fagopyrum esculentum, respectively. The action of cell-free culture supernatant 
was found effective to inhibit F. oxysporum and R. solani even in the heat-treated 
(boiled/autoclaved) cases. The possible involvement of surfactin in disease control 
was confirmed by colony PCR amplification of SrfA. Surfactin activity was found to 
be heat stable (Fig. 13.3).

13.5.2.2  �Plant Resistance Triggering by Bacilli

Plant resistance can be induced by BCAs mainly in two ways. One of them occurs 
when a pathogen attacks a plant; the non-infected plant tissues become resistant 
following the attack; this provides plants’ long-term ability to resist a wide spec-
trum of pathogens known as systemic acquired resistance (SAR). Additionally, non-
pathogenic or beneficial microorganisms can also trigger plant defense mechanisms, 
and it is known as induced systemic resistance (ISR). It is used to describe reaction 
induced in plant by nonpathogenic microorganisms. ISR is activated by coloniza-
tion of nonpathogenic plant growth-promoting bacteria. This type of ISR was first 
observed on carnation (Dianthus caryophyllus), and susceptibility to wilt which 
comes from Fusarium sp. is reduced (Van Peer et al. 1991). In this work, the patho-
gen and antagonist were separated spatially, and the role of ISR was detected exper-
imentally. Some fungi and rhizobacteria are known as inducers of resistance. In this 
study, accumulation of phytoalexins in stems treated with bacteria and inoculated 
plants with non-treated bacteria, fungus-infected plants were compared. Then, 
increased accumulation of phytoalexins was observed. Synthesis of this molecule 
can be used as indicator of improved defense mechanism in bacteria-treated plants. 
ISR includes mainly three steps in sequential: (i) the perception by plant cells of 
elicitors produced by the inducing agents, and it initiates the phenomenon; (ii) sig-
nal transduction to propagate the induced state systemically through the plant; and 
(iii) expression of defense mechanisms limit or inhibit pathogen penetration into the 
host tissues (Cawoy et al. 2011).

Defense molecules including phytoalexins, pathogenesis-related proteins such as 
chitinases, β-1,3-glucanases, proteinase inhibitors, and lignin for reinforcement of 
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cell walls were associated with resistance (Cawoy et al. 2011). In the several stud-
ies, Bacillus genus with ISR property was described. Akram and Anjum (2011) 
studied the potential of Bacillus, viz., B. fortis 162 and B. subtilus 174, by consider-
ing ISR against Fusarium wilt disease in tomato. They primed roots of tomato seed-
lings with Bacillus strains. The quantification of total phenolic compounds (PPO), 
phenyl ammonia lyase (PAL), and peroxidase (PO) was performed to evaluate their 
role in ISR. Higher levels of antimicrobial phenolic compounds are accumulated, 
and enzyme activities (PPO, PAL, and PO) were observed for B. subtilus 174, and 
this strain is proposed for biological control of Fusarium wilt of tomato.

13.6  �Conclusion

Among plant pathogenic fungi, mycotoxin-producing fungi can also cause different 
plant diseases. Bacillus-based biological control products have the potential for 
managing phytopathogenic fungi and preventing mycotoxin production. This seems 
an attractive, efficient, and environmentally friendly approach compared with syn-
thetic chemicals. Application of Bacillus-based antagonists for managing fungi is 
closely related to host species and strain diversity, host specificity, mode of action, 
and active ingredient formulation. Knowledge on in vitro antagonist property, iden-
tification and characterization of antifungal compounds, mechanism of action and 
in  vivo suppressions of diseases, and efficient formulations will provide better 
results for managing fungal diseases of plants and therefore mycotoxin control in 
the food chain. To date different Bacillus species and strains have been reported, and 
they have remarkable properties to develop environmentally friendly, sustainable 
strategies for management of fungal plant diseases. However, under field condi-
tions, stable growth seems still a problem due to adverse environmental conditions. 
Advance knowledge and understanding of active compounds is one of the important 
issues for developing efficient formulations. Combining different BCA species with 
different modes of action can improve effectiveness under field conditions. Extensive 
studies are necessary due to the complexity of field conditions. Besides fundamental 
research, technical improvements are also required for large-scale productions of 
Bacillus-based BCA. Good coordination between researchers, producers, and prac-
titioners will also promote these agro-biotechnological applications.
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Chapter 14
Application Method and Efficacy 
of Bacillus spp. in Mitigating Abiotic 
and Biotic Stresses and Enhancing Plant 
Performance

M. Mahfuz Rahman and Lee Ann Moccaldi

14.1  �Introduction

Higher demand of food supply for increasing world population led to synthetic 
inputs (fertilizer, growth regulator, pesticide) based crop production system to max-
imize yield by boosting growth and controlling major pests and plant diseases 
(Godfray et al. 2010). This situation made consumers more and more concerned 
about the environment, water supply, their health, and food safety. Now it is felt by 
everyone that this world needs effective, environmentally smart agricultural tech-
nologies that are safe for people, use less synthetic inputs, and protect natural 
resources. To overcome this challenge of increasing food production with a signifi-
cant reduction of agrochemical use and environmental pollution (especially from 
synthetic chemicals), a great deal of interest and research have been devoted to 
beneficial microorganisms/biostimulants in recent days. Many researchers are 
working to develop these beneficial biological agents as key tools in grower tool-
boxes and help growers use them effectively. One part of the effort is focused on 
identifying microbes that enhance crop growth under a range of adverse environ-
mental conditions (e.g., low soil moisture and/or fertility, high soil salinity, tem-
perature extremes) that may ordinarily reduce yield and quality of produce. The 
other part focuses on identifying methods that allow plant-microbe interactions to 
be most useful to growers. The science pertaining beneficial plant-microbe interac-
tions is promising. Years of experiments in controlled environments suggest that the 
potential upside in production will be real, i.e., inoculated crops will outperform 
non-inoculated ones. There are numerous examples of positive effects on plant 
growth and fruit quality enhancement as well as disease resistance by biostimulants. 
As a result, the use of biostimulants is becoming more common in plant production 
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methods, with the intent of modifying physiological processes in plants to optimize 
productivity, and due to the fact that crop production challenges such as growing in 
fluctuating temperatures, drought, excessive moisture, saline soils, acidic or basic 
soils, or other abiotic stresses are often difficult for the grower to overcome other-
wise. Out of many potential remedial measures, soil microorganisms that increase 
the nutrient- and water-use efficiency and uptake capacity are considered most cost-
effective and benign to environment (Armada et al. 2014). If applied early, before 
environmental stressors are present, bacterial biostimulants such as various strains 
belonging to Bacillus spp. can provide beneficial effects by inducing production of 
stress tolerance proteins in plant system. Biostimulant organisms act as a buffer in 
the area close to the root zone where the plant is most often affected by stress. 
Additionally, these products can aid in resistance to disease causing organisms. A 
good body of current literatures point to the success of Bacillus species and their 
strains in greenhouse and some cases in field conditions  (Kumar et  al. 2012b). 
Scientists have also begun working to unravel the mechanisms involved with posi-
tive influence of biostimulants in the production of many different crops. An appre-
ciable number of scientists have been investigating native strains of bacteria 
associated with target crops including different methods of application of the bacte-
ria to produce best results in greenhouse and field conditions. Name of the major 
groups of microbes involved with biostimulation may vary depending on their pre-
cise role. One major group known as plant probiotic bacteria are naturally occurring 
plant-associated microorganisms that enhance the growth of the host plants includ-
ing yield and may suppress diseases when applied in adequate amounts (Borriss 
2016). Major genera of plant growth-promoting probiotic bacteria include Bacillus, 
Paraburkholderia, Pseudomonas, Acinetobacter, Alcaligenes, Arthrobacter, and 
Serratia. Other than microbial biostimulants, numerous commercially available 
biostimulants belonging to three major non-microbial categories have been 
described. Humic substances originating predominantly from lignified cell walls 
that may act as cytokinin or auxin form the first group (Sanderson and Jameson 
1986). Second group includes marine algae extracts from seaweed Ascophyllum 
nodosum L. This is considered the most widely used seaweed in agriculture that 
influences plant growth as cytokinins and auxins due to the presence of special 
chemical components (Crouch and Van Staden 1993). Animal protein hydrolysates 
form the third group containing a range of compounds of organic nitrogenous nature 
known as amino acids (monopeptides) with various molecular weights (Polo et al. 
2006). Simultaneous application of both microbial and non-microbial biostimulants 
for obtaining additive/synergistic effect has been made by many investigators in 
recent years. Multiple reports mentioned synergistic effect by utilizing both types of 
plant biostimulants with regard to plant growth and yield enhancements (Nikbakht 
et al. 2014; Rouphael et al. 2017). However, reports on synergistic use of Bacillus-
based microbial biostimulant with non-microbial biostimulants are still a scarce. 
This review updates our knowledge on application methods of Bacillus-based 
microbial biostimulant either as a stand-alone growth-promoting agent or synergis-
tically with microbial and non-microbial biostimulants early in the plant growing 
stage.
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14.2  �Influence of Application Methods on Efficacy 
of Bacillus spp.

Like any other biofungicides, Bacillus and Bacillus-based products are live organ-
isms that interact with the plant growing environment to provide beneficial effects. 
Plant growth promotion can be facilitated by these organisms through a wide array 
of modes of action such as enhanced nutrient availability, abiotic and biotic stress 
tolerance, induction of growth hormone, and systemic resistance. Thus, application 
method should be well aligned and adjusted based on the situation and targeted crop.

14.2.1  �Direct Application on Nutrient Source or Growing 
Medium

This approach is specifically used in a situation where nutrients are not in the form 
for easy plant uptake. High demand of food and shrinking arable land in the future 
will compel growers using less than ideal growing condition. In areas where nutri-
ents are locked in parent materials or growers will have to use raw nutrient source 
such as rock phosphate, Bacillus suspension or Bacillus-based products will have to 
be applied directly on those materials or in the crop growing areas or medium prior 
to planting. The following examples directly relate to soil fertility or improve fertil-
izer efficiency by Bacillus spp.

Microorganisms in the soil play an important role in the availability of nutrients 
to plants. Soil microbes decompose or oxidize the chemical compounds in parent 
materials or organic matter and release nutrients from these compounds in soluble 
forms for easy uptake by plants. Among the nutrients, P and K are two major ones 
that Bacillus can make available to plants in the absence or lower rate of applica-
tions from synthetic sources (Raj 2004; Archana et al. 2012, 2013; Han and Lee 
2006). Regardless of the source of P applied to soil, 90% is precipitated by forming 
complexes with iron, aluminum, and calcium depending on the soil pH (Gyaneshwar 
et  al. 2002). Several Bacillus spp. have been shown to solubilize insoluble soil 
organic and inorganic P through production of organic acids and enzymes (Khan 
et al. 2007; Panhwar et al. 2009, 2012). Among different possible mechanisms by 
which bacteria solubilize P, organic and inorganic acid production, release of H+ 
accompanying NH+4, and production of exo-polysaccharides, acid phosphatases, 
phytases, and H2CO3 are important (Awasthi et al. 2011; Zaidi et al. 2009). Effective 
microorganisms include the bacteria Bacillus megaterium, B. circulans, B. subtilis, 
and B. polymyxa that can produce organic acids (Jana 2003). Similar situation does 
exist with K, as 90–98% reserves in soil system are non-exchangeable mineral 
sources. Efficient rhizospheric microbes (ERMs) are needed to effectively dissolve 
this mineral and make it available to plants. A diverse group of ERMs such as rhi-
zobacteria (Bacillus edaphicus, B. mucilaginosus, Acidithiobacillus ferrooxidans, 
B. circulans, Paenibacillus sp.) is involved in K mineral (orthoclase, muscovite, 
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feldspar, biotite, mica, illite) solubilization. These bacteria can solubilize K into 
plant available form to some extent, but only few bacterial strains such as B. muci-
laginosus and B. edaphicus are highly efficient in solubilizing K minerals (Meena 
et al. 2015; Sheng and He 2006; Rajawat et al. 2012). Several studies evaluated the 
impact of KSMs on plant growth and K mineral solubilization (Parmar and Sindhu 
2013; Prajapati et  al. 2013;  Sugumaran and Janarthanam  2007). Inoculation of 
Bacillus mucilaginosus in nutrient-limited soil showed positive response on growth 
and yield of eggplant. In addition, maximum K release and uptake were observed in 
soil amended with K mineral and B. mucilaginosus (Basak and Biswas 2009; Han 
and Lee 2005a, b). Products containing P solubilizer (Bacillus megaterium) and K 
solubilizer (Bacillus mucilaginous) (supplied by V-mark Resources, Hong Kong) 
are now available in the market. These products can be used with other agrochemi-
cals to enhance efficacy and obtain higher-quality produce (Dasan 2012).

14.2.1.1  �Inoculation of Transplant Production Mix

Vegetables and other specialty crops are increasingly dependent on transplants that 
are taken to the production field. This is more common in the areas where growing 
season is relatively short and transplants are produced in the controlled environment 
such as greenhouses. Bacillus-based products can be mixed directly by agitating the 
mix in a drum agitator. For a more homogeneous application of the organism, solu-
tion or suspension can be sprayed on planting mix laid on a bench. However, sur-
vival and colonization of planting mix can be augmented by making a less 
competitive environment through sterilizing the mix. Many investigators found that 
the most durable and highest rates of colonization of the rhizosphere by Bacillus 
subtilis were attained in artificial substrates or if the substrate had been sterilized 
before the application of the bacteria (Batinic et al. 1998; Krebs et al. 1998; Grosch 
et al. 1996). In these investigations in a competitive environment without steriliza-
tion of the medium, Bacillus subtilis FZB24® bacteria population showed a distinct 
decrease in the course of time as a percentage of the total microorganism. Rahman 
and Jett compared tomato transplant vigor enhancement by growing tomato trans-
plants in sterilized and non-sterilized inoculated planting mix. Transplants grown 
on pasteurized plus Bacillus inoculated medium showed significantly higher vigor 
compared with non-pasteurized 35 days after seed germination (Fig. 14.1).

14.2.2  �Seed Treatment/Seed Dressing

Seed treatment has been the most widely used application method for Bacillus 
strains recovered from all around the world as it ensures early root colonization by 
this PGPB.  Early colonization of roots can competitively preclude pathogenic 
microorganism invasion through making a barrier to infection site and space (Bais 
et  al. 2002). Bacillus strains that  have shown rhizosphere competence should 
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specifically be applied as seed treatment. Rhizosphere competent Bacilli can also 
effectively compete with plant pathogens for nutrients from seed and root exudates 
that normally attract and stimulate pathogen multiplication. Bacilli used as seed 
treatment are normally efficient in suppressing soilborne pathogens through antibi-
osis (production of molecules that directly affect other organisms negatively by tox-
icity or growth inhibition). Additional protection may be provided through 
development of induced systemic resistance in the host plants as one of the possible 
mechanisms (Mia and Shamsuddin 2013; Islam and Hossain 2013). As seed treat-
ment facilitates root and rhizosphere colonization by Bacilli, these organisms can 
play a significant role in preventing root and crown diseases of plants caused by 
various soilborne pathogens. Examples of major disease suppression by Bacillus are 
shown below.

14.2.2.1  �Seed Treatment by Bacilli Prevents Soilborne Diseases

Various Bacillus species can control plant disease caused by fungal pathogens by 
producing antibiotic metabolites, suppressing plant pathogens, and competing for 
nutrients and niches (Egamberdieva et  al. 2011). They are often used to combat 
fungal disease in economically important crops (Arrebola et  al. 2010). While 
numerous positive results of disease suppression by Bacillus are available in the 
literature, a few examples include antagonistic activities against soilborne patho-
gens Aspergillus flavus (Moyne et al. 2001), Penicillium spp., and Fusarium oxys-
porum (Karuppiah and Rajaram 2011). Araujo et  al. (2012) found antagonistic 
activity of some Bacillus species isolated from Brazil to Fusarium oxysporum and 
Colletotrichum truncatum. Singh et  al. (2008) reported that B. subtilis showed 

Fig. 14.1  Tomato seedling vigor enhancement due to a combination treatment of seed dressing 
and planting mix inoculation by Serenade as affected by rate and pasteurization of medium; top 
panel, pasteurized medium; bottom panel, non-pasteurized; (a) 2.1 mL Serenade/L medium; (b) 
0.21 mL/L; (c) 0.0021 mL/L
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promising results against several pathogens causing important crop diseases such as 
charcoal rot caused by Macrophomina phaseolina (Romero et al. 2007), tomato root 
rot caused by Fusarium oxysporum f. sp. lycopersici (Baysal et al. 2008; Nihorimbere 
et al. 2010), root rot of cauliflower caused by Pythium ultimum (Abdelzaher 2003), 
and avocado root rot disease caused by Rosellinia necatrix (Cazorla et al. 2007). 
Several other Bacillus species showed disease control potential of tomato Fusarium 
wilt in in vivo studies, e.g., B. cereus (18.75% and 81.2%), B. amyloliquefaciens 
(25% and 75%), B. pumilus (37.5% and 62.5%), and B. subtilis (37.5% and 62.5%) 
compared to the negative and positive control with 100% and 0%, respectively 
(Ajilogba et al. 2013). Strain B44 of Bacillus sp., isolated from the tomato rhizo-
sphere, showed a 36% reduction in Fusarium disease incidence in tomato under 
greenhouse conditions (Jangir et  al. 2018). Bacillus subtilis strain QST 713 
decreased Fusarium wilt of banana caused by F. oxysporum cubense due to treat-
ment (Figueiredo et al. 2010). Zhang et al. (2012) observed that co-inoculation of 
cotton with Bacillus vallismortis HJ-5 and Glomus versiforme (AM) decreased dis-
ease symptoms caused by V. dahliae. The plants inoculated with Bacillus sp. culture 
showed 65% reduction in disease incidence compared to the seed treated with 
pathogen alone. In another study, Bacillus amyloliquefaciens inhibited the growth 
of Fusarium oxysporum and Ralstonia solanacearum to some extent and effectively 
inhibited R. solanacearum in the rhizosphere soil of eggplant (Chen et al. 2014). 
The seed treatment of sunflower seeds with B. licheniformis resulted in significant 
reduction in percentage of infection of R. solani damping-off (from 60% to 25%) 
compared with the pathogen alone (Kamil et al. 2007). Salt-tolerant B. amylolique-
faciens BcA12 significantly reduced damping-off of cotton caused by R. solani 
(Egamberdieva and Jabborova 2013). In other studies, Safiyazov et  al. (1995) 
observed that B. subtilis 23 and B. megatherium 26 were able to control cotton dis-
eases caused by Xanthomonas malvacearum, Rhizoctonia solani, Fusarium vasin-
fectum, and Verticillium dahlia under saline soil conditions. Kumar et  al. (2015) 
isolated and screened soil bacterial isolates for high temperature (50 °C), salinity 
(7% NaCl), and drought (−1.2 MPa), and observed that Bacillus strains were more 
stress tolerant than other microorganisms. Bacillus strains possessed promising 
antagonistic activity against Sclerotium rolfsii, Macrophomina phaseolina, 
Rhizoctonia solani, and Fusarium oxysporum f. sp. ricini. These reports imply that 
stress-tolerant Bacillus species could be a useful approach for protecting plants 
from various soilborne pathogens under abiotic stress conditions. Bharathi et  al. 
(2004) reported that combined inoculation of P. fluorescens (Pf-1) with B. subtilis 
reduced fruit rot infection in chillies caused by Colletotrichum truncatum by 51% 
over control. The strain also increased shoot length (56.14%), number of flowers 
(270.59%), and fruits (133.3%) compared to uninoculated control plants. In a simi-
lar study, chilli seed treatment with Bacillus amyloliquefaciens resulted in maxi-
mum enhancement of seed germination, seedling vigor, and an increase in growth 
parameters (Gowtham et al. 2018). Additionally, significant disease protection of 
71% against anthracnose (Colletotrichum truncatum) was observed in chilli plants 
pretreated with Bacillus amyloliquefaciens under greenhouse conditions (Gowtham 
et  al. 2018). A seed, soil mix, and irrigation treatment with Bacillus subtilis 

M. M. Rahman and L. A. Moccaldi



273

(Serenade) significantly reduced the number of leaves showing symptoms of 
Verticillium in tomato and increased yield (Rahman and Jett 2016). Danielsson et al. 
(2007) reported enhanced resistance in oilseed rape to fungal pathogens due to seed 
priming with Bacillus amyloliquefaciens 5113. Out of four strains tested, two pro-
vided protection against multiple fungal pathogens and improved number of seed-
ling survival, whereas two other strains did not provide any positive effect indicating 
the need for selecting effective strain. In addition with preventing soilborne dis-
eases, early colonization of root system or endophytic growth of Bacillus can stimu-
late plant growth by improving vigor or providing tolerance against abiotic stresses 
such as moisture or temperature extremes (Zhao et al. 2011).

14.2.2.2  �Biostimulation of Plant Due to Seed Treatment

A biostimulant can be defined as “a formulated product of biological origin that 
improves plant productivity as a consequence of the novel or emergent properties of 
the complex of constituents, and not as a sole consequence of the presence of known 
essential plant nutrients, plant growth regulators, or plant protective compounds” 
(Yakhin et al. 2017). It is also suggested that these products function at low doses, 
be ecologically benign, and have reproducible benefits in agriculture (Herve 1994). 
Many microorganisms from the rhizosphere can be of benefit to plant growth and 
plant health and are often referred to as plant growth-promoting rhizobacteria 
(PGPR) (Schippers 1992; 1995; Kilian et al. 2000). Different bacteria species and 
their strains have been studied and used in production methods as biostimulants 
(Calvo et al. 2010; Krebs et al. 1998; Idris et al. 2004; Chen et al. 2009). Among 
PGPRs, the genus Bacillus contains gram-positive, endospore-forming bacteria 
which can be thermophilic, halophilic, acidophilic, and alkalophilic that can live in 
extreme climatic conditions. Their effects are a complex, cumulative result of vari-
ous interactions between plant, pathogen, antagonists, and environmental factors 
(Schippers 1992). Figure 14.2 shows the biostimulation effect of Bacillus amyloliq-
uefaciens ssp. plantarum resulting from complex interactions among Bacillus, 
plant, and pathogen.

Improved seed and tuber germination, rooting, growth, biomass production, ear-
liness of vegetative growth, generative development, and yield have all been reported 
to be improved with the use of Bacillus amyloliquefaciens ssp. plantarum. It can 
also enhance nutrient availability and nutrient uptake based on plant growth hor-
mone and enzyme production. Increased plant strength, reduced disease pressure, 
and induced resistance in plants have also been attributed to application of Bacillus 
amyloliquefaciens ssp. plantarum in crops. For example, a recent greenhouse and 
field study on tomato indicated that inoculation with B. subtilis QST 713 (Serenade) 
showed increased tomato yield, seedling vigor (in autoclaved soil), and fruit yield 
(Rahman and Jett 2016). Multiple examples of increased growth and yield are listed 
in Table 14.1.
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Table 14.1  Application rate, active ingredient, method of Serenade, and other treatment 
application in controlled environment and in field to lower Verticillium wilt severity and enhance 
tomato yield

Treatment and rate How applied Active ingredient
Total yield 
(lb/3 plants)

%Yield increase 
over non-treated

Non-treated check N/A N/A 32.1 c –
Mustard cover crop 
“Caliente” 10 lb/A

Incorporated Isothiocyanate (ITC) 36.9 bc 15

Mustard seed meal 
4000 lb/A

Incorporated Isothiocyanate (ITC) 42.9 b 36

Serenade Soil 
1.34ASO
 � 0.25 fl oz/oz

On seeds Bacillus subtilis 
strain QST 713

42.0 b 36

 � 1 fl oz/gal Potting mix
 � 1.5% (v/v) Transplant 

water
Prestop 32WPO
 � 0.25 oz/oz

On seeds Gliocladium 
catenulatum

39.9 b 26

 � 1 oz/gal Potting mix
 � 0.5% (w/v) Transplant 

water
Grafted plant, 
“Maxifort” rootstock

N/A Resistant “Maxifort” 
rootstock

59.1 a 84

Antibiosis

Competition

Pathogen
Plant

‘Disease escape’

Bacillus subtilis

Improved
plant strength

Induced
Resistance Growth

promotion

Yield
increase

Fig. 14.2  Overview of the modes of action of Bacillus subtilis (now B. amyloliquefaciens ssp. 
plantarum) and the interaction between Bacillus subtilis, the plant, and the pathogen. (Kilian et al. 
2000)
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14.2.2.3  �Enhanced Stress Tolerance of Plants Due to Seed Treatment 
by Bacillus

Abiotic stress in plants is caused by factors such as temperature fluctuation, drought, 
excess moisture, salinity, and lack of nutrients in soils. These stresses affect plant 
growth by affecting the hormonal balance, alteration of protein metabolism, inhibi-
tion of the activity of enzymes involved in nucleic acid metabolism, the loss of 
control on nutrient uptake, and susceptibility to diseases (Arbona et  al. 2005; 
Egamberdieva et al. 2011). Plants are colonized by microbes, including endophytes, 
nitrogen-fixing bacteria, and mycorrhizal fungi that closely cooperate with each 
other and can help mediate important physiological processes, especially nutrient 
acquisition and plant resistance to abiotic stresses (Egamberdieva et al. 2013, 2015; 
Berg et al. 2013; Ahanger et al. 2014). PGPRs can play an important role in crop 
production as they naturally stimulate root growth, make soil nutrients available to 
the plant root, fix nitrogen from air, improve soil fertility, and enhance plant toler-
ance to various environmental stresses including drought, salinity, high tempera-
ture, and heavy metals (Adesemoye and Kloepper 2009; Egamberdiyeva and 
Höflich 2003, 2004). Additionally, they may stimulate physiological parameters of 
plants and increase photosynthetic pigments, total free amino acids, and proteins 
compared to uninoculated control plants under saline condition (Han and Lee 
2005a, b; Berg et al. 2013; Hashem et al. 2015). There are numerous PGPR from 
diverse groups of microbes that are naturally abundant in the soil, members of 
Bacillus genus being the most dominating. Bacillus is considered an ecologically 
significant group of bacteria, which are well adapted to the arid and salt-affected 
environment (Egamberdiyeva 2005; Malfanova et  al. 2011). Because they form 
endospores, Bacillus can tolerate high temperature, pH, and osmotic conditions 
(Ashwini and Srividya 2013). This enables the bacteria to act as effective plant bio-
stimulants in many harsh environmental conditions. Mechanisms in improvement 
of plant growth include production of growth-stimulating phytohormones, osmo-
protectants, siderophores, and antibiotics, solubilization and mobilization of phos-
phate, inhibition of plant ethylene synthesis, antibiosis against soilborne fungal 
plant pathogens, and competition for nutrient and niches (Sessitsch et  al. 2012; 
Prashanth and Mathivanan 2010). Notably, ecological factors may affect different 
mechanisms and limit the interactions between plant and beneficial bacteria, result-
ing in less than acceptable performance in plant growth promotion and management 
of diseases (Adesemoye and Egamberdieva 2013).

Excessive Heat and Temperature Fluctuation

Temperature extremes due to global warming and climate change may pose a huge 
challenge in future crop production efforts. Lobell and Gourdji (2012) reported that 
climatic uncertainty with elevated temperature would be a major limiting factor of 
agricultural productivity in many areas in the world. Heat stress effects on plants are 
very complex, which may alter many essential biochemical, molecular, and 
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developmental processes (Kotak et al. 2007). Severe cellular injury and cell death 
can also occur in plants exposed to high temperature due to the collapse of cellular 
organelles leading to decrease in water and eventual plant death. Abd El-Daim et al. 
(2014) tested two wheat (Triticum aestivum) cultivars Olivin and Sids1 for the man-
agement of short-term heat stress tolerance by treating with two probiotic bacteria 
Bacillus amyloliquefaciens UCMB5113 and Azospirillum brasilense NO40. Seeds 
were treated by soaking grains in water containing 107 bacteria ml−1 for 2 h prior to 
seeding them in pots containing sterile peat mix in a greenhouse. Seedling grown 
from bacteria-treated and non-treated seeds were either exposed to 45 °C heat stress 
for 24 h or kept at normal growing condition. Plants of both cultivars were seriously 
affected by heat stress that caused >95% and 80% plant mortality in cv Olivin and 
Sids1, respectively. However, plants treated with bacteria had more than 40% sur-
vival rate, and those plants recovered early compared with non-treated plants. 
Mechanism of Bacillus-based heat stress tolerance by plants is not clearly under-
stood. However, there are indications that bacterial treatment minimizes the produc-
tion of reactive oxygen species (ROS) that can be very destructive to chloroplasts 
under heat stress. To neutralize ROS, higher accumulation of relevant antioxidant 
enzyme ascorbate peroxidase 1 (APX1) is common under heat stress. It was sug-
gested by Koussevitzky et al. (2008) that protection of chloroplasts from ROS was 
provided by enhanced accumulation of APX1 after exposing Arabidopsis thaliana to 
heat and drought. Tiwari et al. (2017) also found that inoculation of rice seedlings 
with Bacillus amyloliquefaciens NBRI-SN13 positively modulated stress-responsive 
gene expressions under various abiotic stresses including heat that may provide 
enhanced tolerance to stresses.

Drought or Excessive Moisture

Drought can reduce growth and yield of crop plants by more than 50% by affecting 
morphological, physiological, and metabolic changes (oxidative stress) (Mundree 
et al. 2002; Wang et al. 2003). Increasing amounts of amino acids is considered to 
be an indication of drought tolerance (Greenway and Munns 1980). Plant defense 
systems protect against oxidative injury by producing enzymes such as superoxide 
dismutase, peroxidase, glutathione reductase, and catalase (Agarwal and Pandey 
2004). In addition, plant-associated drought-tolerant microbial community can pro-
vide tolerance to hosts and maintain proper growth and survival under drought con-
dition. More specifically, results from several studies point to success in using 
Bacillus species to temper the effects of drought on crops. Vivas et  al. (2003) 
observed reduced root colonization of lettuce by AM fungus under drought stress. 
Similar results were reported by Al-Karaki et al. (2001) where mycorrhizal coloni-
zation was higher in well-watered plants colonized with AM fungi isolates than 
water-stressed plants. The combined inoculation of lettuce with fungus and Bacillus 
sp. caused a significant stimulatory effect on AM fungi G. intraradices development 
by enhancing the mycelium growth (Vivas et al. 2003). These results indicate that 
Bacillus not only exert its beneficial effect individually on plant but also can provide 

M. M. Rahman and L. A. Moccaldi



277

additive effect when combined with other beneficial microbes. For example, Ortiz 
et al. (2015) found that the association of Pseudomonas putida and Bacillus thuring-
iensis can decrease stromal conductance to prevent electrolyte leakage in plants. 
Potential mechanism is accumulation of proline in shoot and root cells. Kasim et al. 
(2013) reported improved drought tolerance by wheat due to priming seeds with 
Bacillus amyloliquefaciens 5113.

Gusain et  al. (2014) studied plant growth-promoting Bacillus cereus for their 
role in enhancing plant growth and induction of stress-related enzymes in rice. They 
found that plant inoculated with B. cereus showed enhanced growth parameters and 
higher activity of superoxide dismutase, catalase, and peroxidase as compared to 
uninoculated plants under drought stress. Marulanda et  al. (2009) found that the 
strain B. megaterium produced higher levels of proline and indole acetic acid in vitro 
under drought conditions. Bacillus sp. increased root, shoot growth, and nutrient 
uptake of lettuce (Lactuca sativa) under drought stress conditions compared to the 
control plants (Vivas et al. 2003). Inoculated maize with drought-tolerant strains of 
B. amyloliquefaciens, B. licheniformis, B. thuringiensis, and B. subtilis showed sig-
nificantly higher root (33–45.3%), shoot length (32.2–42.5%), and dry biomass 
(46.6–59.06%) as compared to control under drought stress (Vardharajula et  al. 
2011). Inoculation of Ocimum basilicum with PGPR Bacillus lentus showed 
increased chlorophyll synthesis and photosynthetic electron transport and also miti-
gated the negative impact of water stress (Heidari and Golpayegani 2012). Kavamura 
et  al. (2013) observed increased plant growth and yield of maize under drought 
stress (30% of field capacity) by two Bacillus spp. Increased germination, root and 
shoot length, fresh weight, and proline content were observed by Sharma et  al. 
(2013) by inoculating chickpea seedlings with Bacillus sp. under osmotic potential 
of up to 0.4 MPa over uninoculated control.

14.2.3  �Drench or Drip Application in the Rhizosphere

Bacillus-based products are formulated in the natural carrier materials that are eas-
ily dissolved in water and can be applied by drenching the rhizosphere of seedlings 
or transplants. Although most of the investigations with strain of Bacilli were con-
ducted in  vitro, commercially available products such as Serenade, Rhizoplus, 
Ballad Plus, Taegro Eco, Integral, or Kodiak can be directly applied by drenching 
rhizosphere or applying through drip irrigation system. Drenching of soil immedi-
ately after sowing of kohlrabi and again 4 weeks later with 0.2 g FZB24®WG/L 
water led to a 5% increase in the dry root weight with concurrent increase in yield 
up to 12% in a greenhouse experiment. Lahlali et al. (2013) drenched Serenade at 
5% concentration (vol/vol) to a Plasmodium brassicae infested planting mix at 
seeding of canola 7 or 14 days after seeding and found a reduction of clubroot sever-
ity by 62–83%.
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14.2.4  �Foliar Spray of Bacillus and Bacillus-Based Products

Preventative spray of Bacillus-based product or strains of Bacillus were proven 
effective against foliar diseases in many crops. Bacillus subtilis re-isolated from the 
biological control products FZB24® and Phytovit® showed efficacy against several 
important foliar tomato diseases causing pathogens (late blight, early blight, pow-
dery mildew, and leaf mold) with higher activity when applied before the pathogen 
infection (Bochow et al. 2001; Borriss 2011). Kilian et al. (2000) also reported 25% 
reduction of powdery mildew severity on wheat that also provided evidence of 
induced resistance of plants due to treatment with Bacillus spp.

14.2.5  �Combination of Methods for Synergistic Effect

Compatible strains or products especially fungicides are selected to provide broad-
spectrum pathogen control by combining different modes of actions or organisms 
with different ecological competencies and additive effects (Roberts et al. 2008). 
Combination of application methods such as soil drench and foliar spray was also 
found effective in Camelia sinensis for plant growth promotion (Chakraborty et al. 
2012).  Kiewnick et al. (2001) reported that Rhizoctonia root and crown rot of sugar 
beet caused by the soilborne fungus Rhizoctonia solani AG 2-2 was best controlled 
with a combination treatment of azoxystrobin applied at 76 g a.i./ha and the Bacillus 
isolate MSU-127 than that of separate application of fungicide and BCA. This treat-
ment also provided greatest root and sucrose yield increase. Roberts et al. (2008) 
also tested diverse combination of products that included B. subtilis to manage bac-
terial spot on tomato. In spray programs containing acibenzolar-S-methyl (ASM) 
alternated with B. subtilis or copper hydroxide, treated plants showed significantly 
reduced disease compared to the untreated control plants. These treatments were as 
effective as copper-mancozeb standard. To control wheat sharp eyespot caused by 
Rhizoctonia cerealis, combined effect of B. subtilis NJ-18 with the fungicides fluto-
lanil and difenoconazole was determined by Peng et al. (2014). Authors found that 
the growth of NJ-18 was not affected by flutolanil in a broth medium and the sur-
vival of NJ-18 endospores on wheat seed remained unaffected by difenoconazole. 
Disease control obtained with a combination of NJ-18 and either of the two fungi-
cides was better than that of the bacterium or fungicides alone. Combination of 
Bacillus spp. strains with chemicals proved compatible and contributed to signifi-
cant disease reduction with remarkably lower chemical use except for a few study 
results. Reduced use of chemical should also contribute to reduced selection pres-
sure on the organism and resistance development against synthetic products. 
Co-application of B. subtilis ABS-S14 and chitosan to manage postharvest green 
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mold on mandarin fruit showed that bacterial endospores, the crude extract, and 
chitosan resulted in significant reduction of fruit decay compared with the individual 
effect (Waewthongrak et al. 2014). In addition, same Bacillus sp. can be applied as 
a combination of seed treatment, planting mix amendment, transplant drench, and 
foliar spray to maximize the beneficial effect. Rahman and Jett (2016) obtained 
significant Verticillium wilt suppression on heirloom tomato “Mortgage Lifter” by 
combining different application methods of Serenade (Tables 14.1 and 14.2).

14.3  �Conclusion and Future Perspectives

In the quest of biological control agents for sustainable agriculture, discovery of 
Bacillus spp. is very meaningful. Findings from many important and relevant stud-
ies indicated that Bacillus bacteria especially the ones isolated from the native envi-
ronment could be used as natural agents for sustainable production of various crops 
with very little additional use of expensive synthetic inputs. However, researchers 
found that the effects of Bacillus are more pronounced in nutrient poor growing 
conditions when its use was considered for nutrient availability. Additive effect of 
utilization of Bacillus spp. in growing environment with balanced nutrition has not 
been sufficiently researched. In addition, with the disappearance of soil fumigant 
methyl bromide that played an essential role in managing soilborne diseases in 
high-value crops and limitation of synthetic products due to resistance development 
in pathogen population, more research should be directed to finding natural alterna-
tives for sustainable management of both foliar and soilborne diseases. Optimization 
of the efficacy of these beneficial organisms should be confirmed by conducting 
research on formulation and various application methods. Numerous Bacillus 
strains have been screened for antimicrobial properties with positive outcomes 
enabling plants to resist important phytopathogens and provide plant growth-
promoting effects. However, only a few of these products are commercially avail-
able to growers. Large-scale use of these products did not occur due to the variability 
and inconsistency of results in field conditions. Lowering the variability and increas-
ing the consistency of results from these products are among a few challenges that 
will have to be addressed. Scientific community must determine the factors that 
interfere with the reproducibility of results from one location to another or con-
trolled condition to field condition over time. Integration of these products with 
other management options should help in reducing the variability of results and 
produce additive effects. The continuing need for microbial-based products sup-
porting sustainable crop production will make discovery and commercialization of 
Bacillus-based products as an attractive and profitable pursuit in the coming days.
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Table 14.2  Different application methods of Bacillus-based products or Bacillus strains that 
enhanced growth and yield of different crop species through enhanced nutrient uptake, stress 
tolerance, or disease suppression in vitro or in vivo (field/greenhouse condition)

Bacillus strain Application method Crop species

Observed 
growth/yield 
enhancement 
effect Reference

B. pumilus strain 
S2

Seed inoculation Triticum 
aestivum

Enhance growth, 
yield, nutrient 
uptake

Abbasi et al. 
(2011)

B. pumilus S6-05 Pot soil inoculation Triticum 
aestivum

Enhance growth, 
yield, nutrient 
uptake

Upadhyay 
et al. (2012)

B. mojavensis Rock phosphate 
inoculation

Zea Mays Enhanced 
vegetative 
growth and P 
availability

Manzoor 
et al. (2017)

B. subtilis SJ-101 Seed inoculation Brassica 
juncea

Increased shoot 
length, fresh and 
dry weights

Zaidi et al. 
(2006)

B. 
amyloliquefaciens 
UCMB-5113, 5036

Seed priming/
inoculation

Brassica napus Higher plant 
survival rate, 
vegetative and 
reproductive 
growth

Danielsson 
et al. (2007)

B. subtilis
B. pumulus

Pot soil inoculation Sorghum 
bicolor

Increase root 
shoot biomass

Abou-Shanab 
et al. (2008)

B. cereus Pot soil inoculation Pinus 
thunbergii

Growth, nutrient 
uptake

Wu et al. 
(2011)

B. 
amyloliquefaciens 
W19

Pot soil inoculation Musa 
paradisiaca

Plant growth, 
increased 
biomass

Baset Mia 
et al. (2010)

B. subtilis, B. 
megaterium

Seed inoculation Raphanus 
sativus

Yield Kaymak et al. 
(2009)

B. pumilus, B. 
lichenformis

Pot soil inoculation Medicago 
sativa

Growth, yield, 
Nutrient uptake

Medina et al. 
(2003)

Bacillus subtilis spraying on foliage at 
4–5 leaf stage

Cucumis 
sativus

Higher 
peroxidase and 
b-1,3-glucanase 
enzyme 
activities, growth 
enhancement

El-Borollosy 
and Oraby 
(2012)

B. megaterium 
RC07

Seed inoculation Beta vulgaris Root, shoot 
weight

Çakmakçi 
et al. (2006)

B. polymyxa Inoculation of rock 
phosphates that were 
used as P-source

Sorghum 
bicolor

Increase grain 
and dry matter 
yields

Alagawadi 
and Gaur 
(1992)

(continued)
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Table 14.2  (continued)

Bacillus strain Application method Crop species

Observed 
growth/yield 
enhancement 
effect Reference

B. megaterium Seed inoculation Cicer arietinum Increase dry 
matter and grain 
yield

Verma at al. 
(2012)

B. megaterium 
M-13

Seed inoculation Helianthus 
annuus

Increased yield, 
oil, protein 
content

Ekin (2010)

B. polymyxa Tuber inoculation with 
culture suspension

Solanum 
tuberosum

Increased yield Kundu and 
Gaur (1980)

B. megaterium Root inoculation Rubus idaeus Increased crop 
yield, cane 
length, cluster 
per cane, berries 
per cane

Orhan et al. 
(2006)

B. simplex, B. 
cereus

Inoculation of rock 
phosphates that were 
used as P-source

Ammi visnaga Increased shoot, 
root length, dry 
weight

Hassan et al. 
(2010)

B. megaterium 
OSU-142 and M-3

Root inoculation and 
floral/foliar spray 
inoculation

Fragaria x 
ananassa

Increased fruit 
yield, plant 
growth, and leaf 
P and Zn 
contents

Esitken et al. 
(2010)

B. megaterium Preplant rhizome 
inoculation

Curcuma longa Plant growth and 
yield

Sumathi et al. 
(2011)

B. subtilis Seed priming Momordica 
charantia

Enhanced yield, 
quality, root 
length, and dry 
root weight

Kumar et al. 
(2012a)

B. coagulans Biocoating of seeds Begonia 
malabarica

Biomass yield/
more flowering 
capacity

Selvaraj et al. 
(2008)

B. megaterium M3 Cutting inoculation Mentha 
piperita

Root length, dry 
matter

Kaymak et al. 
(2008)

B. subtilis with 
Trichoderma and 
Glomus

Seed treatment Sphaeranthus 
amaranthoides

Enhanced 
growth, biomass

Sumithra and 
Selvaraj 
(2011)

B. megaterium Seedling dip 
inoculation

Withania 
somnifera

Increased plant 
height, root 
length, alkaloid 
content

Rajasekar and 
Elango 
(2011)

B. megaterium
B. circulanse

Soil drench Rosmarinus 
officinalis

Increased oil 
content, yield in 
fresh herb, and 
total CHO

Abdullah 
et al. (2012)

(continued)
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Chapter 15
Bacillus thuringiensis-Based Gene 
Pyramiding: a Way Forward 
for a Combined Horizontal and Vertical 
Resistance in Plant

Jane Choene Segolela, Obiro Cuthbert Wokadala, and Naser Aliye Feto

15.1  �Introduction

Crop loss due to pests is a major concern worldwide which could reach as high as 
70% if preventive measures with either pesticide, natural enemies, host plant resis-
tance or other controls are not utilized. About 67,000 pest species damage crops, of 
which 9000 contribute to insect species and mites (Ibrahim and Shawer 2014). 
Furthermore, insects are the primary direct cause of crop losses, whereas the indi-
rect object is by the impaired quality of the products and their roles as vectors of 
various plant pathogens (Kumar et al. 2006). Apart from that, crops contribute a 
significant part of the world food supply to maintain the growing human population 
(Osman et al. 2015; Oerke 2006). Most developing countries still rely on agriculture 
as their primary source of food. Hence, the development and protection of agricul-
ture are very critical in sustaining the growing human population worldwide.

Crop protection could be achieved, though not sustainably, through conventional 
methods like application of chemical pesticides and other cultural approaches. Yet, 
bioprotection of crop plants from insect pests via application of natural enemies is 
relatively sustainable and environmentally friendly. Bacillus thuringiensis (Bt)-
based technologies like Bt crops have widely been used with relative success. 
However, recent reports indicated that Bt crops are losing sustainability as insects 
pests are learning to somehow develop resistance to withstand pressure exerted by 
Bt crops, thereby compromising Bt crop’s resistance to pests [for further reading 
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you may refer to a review by Feto (2016)]. Hence, the decades old ‘single-gene-Bt 
crop’ technology started to fail. Thus, there is a need to come up with an alternative 
sustainable tool to fill the void.

On the other hand, the novel Bt-based gene pyramiding could serve as an alterna-
tive to ‘single-gene-Bt crop’. Though the tool has yet to go mainstream, success has 
already been reported (Jain et al. 2017).

Therefore, this review will explore further on Bt as the most suitable natural 
source of genes that could be used to provide durable resistance in crops, since the 
multiple genes that make up the pyramid will render the transgene resistant to mul-
tiple pests.

Therefore, in this chapter different crop protection strategies are compared, and 
efforts have been made to underline that the gene pyramiding could be a better alter-
native if not the only one for sustainable pest management.

15.2  �Prevalence of Crop Loss Worldwide

The incidence of crop loss worldwide is mainly due to insect attacks which can be 
as high as 70% if preventive measures are not used (Maxmen 2013). Previous 
reports have summarized the loss of crops to various insects and bacterial and fun-
gal pests (Table 15.1). Most affected crops are wheat (Bahri et al. 2011), rice (Niu 

Table 15.1  Percentage yield loss of crops mainly attributed to insect, bacterial, viral or fungal 
pests

Crop Yield loss (%) Pest Origin References

Wheat 70 Yellow rust (Puccinia 
striiformis)

Pakistan Bahri et al. (2011)

Rice 5–10 and can reach 
60% if the conditions 
are favourable

Rice stem borer (Helicoverpa 
zea), Brown planthopper 
(Nilaparvata lugens)

Pakistan Liu et al. (2016)

Cowpea 40–68 if heavily 
infected

Xanthomonas axonopodis pv. 
Vignicola

Nigeria Okechukwu et al. 
(2010) and Neya 
et al (2015)

Soybean 61 Helicoverpa zea (Corn 
earworm)

USA Abudulai et al. 
(2012)

25.8–42.8 Aspavia amigera (Stinkbug) Ghana Musser et al. (2016)
Nezara viridula (Southern 
green stinkbug)

Maize Total of 57 Insects and pathogens Kenya Grisley (1997) and 
Anderson et al. 
(2016)

47 Stalk borers (Busseola fusca) 
and weevils (Sitophilus 
oryzae)

10 Head smut (Sporisorium 
reilianum), MSV (Maize 
streak virus)

J. C. Segolela et al.
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et al. 2017; Liu et al. 2016), cowpea (Okechukwu et al. 2010), soybean (Musser 
et al. 2016; Abudulai et al. 2012) and maize (Anderson et al. 2016; Grisley 1997). 
These crops are usually affected by pests such Xanthomonas axonopodis pv. Vignola 
(Xav), Nezara viridula and many more which require immediate attention.

15.3  �Crop Protection Methods Against Pests

In the past, humans have searched for crops that can survive and produce under dif-
ferent biotic and abiotic stresses. Furthermore, farmers avoided yield loss through 
searching pest-resistant crops by collecting the seeds from only the highest yielding 
crops in their fields (Ibrahim and Shawer 2014) or through the application of chemi-
cal pesticides. Although chemical pesticides do result in reduced crop yield loss, 
more money is spent each year globally for inadequate control measures. Hence 
there is still a need to search for adequate protection of crops against pests.

15.3.1  �Conventional or Traditional Methods and Its 
Drawbacks

Traditional crop protection method such as chemical control of pests was used as 
the most effective and attractive strategy in the previous century, during the 1940s 
and 1950s (Malav et al. 2016; Oerke 2006; Graves et al. 1999). Moreover, conven-
tionally grown crops use more pesticides, and that represents the worst effect of 
chemically dependent agriculture. Although chemical pesticides are effective and 
had guaranteed a production increase in agriculture during the last 40 years, their 
continuous use is a primary cause of resistance and environmental concern 
(Mekonnen et al. 2017; Oerke 2006; Graves et al. 1999). These led to contamination 
of water and food sources, as well as the poisoning of nontarget beneficial pests and 
development of pests that are resistant to the chemical pesticides (Kumar et  al. 
2008; Scheyer et al. 2005).

Thus, the global public concern to seek alternative methods to control pests such 
as insects and fungal pathogens has increased due to the adverse effect of the appli-
cation of chemical pesticides (Ibrahim and Shawer 2014). Furthermore, one 
approach could be the use of biological control methods such as biopesticides and 
entomopathogenic microorganisms like bacteria, fungi and viruses that include the 
development of technologies that would allow the insertion and functional expres-
sion of foreign genes in plant cells (Malav et al. 2016; Danny et al. 1992). Moreover, 
biological control reduces expenses and health hazards associated with pesticide 
formulations (Kouser and Qaim 2011). Hence, Bt has been used for several years as 
an alternative crop protection method to conventional methods.
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15.3.2  �Bt Biopesticide Methods

Currently, the application of Bt as a biological control method has increased crop 
production. Furthermore, Bt biopesticides are more effective as compared to the use 
of chemical pesticides which attribute more adverse effect due to contamination of 
the environment and food products and lead to human health problems (Tu et al. 
2000). The insecticidal activity of Bt bacterium is due to the presence of the para-
sporal crystals (cry) which are formed during the sporulation phase of the bacterium 
and are assembled by the cry proteins that are expressed by the cry genes (Crickmore 
et al. 2017; Schnepf et al. 1998).

The Bt species has considerable variability due to the number of strains isolated 
around the world (Palma et  al. 2014; Roh et  al. 2007), the number of serotypes 
known to date (Roh et al. 2009) and the high number of crystal (cry) gene sequences 
accumulated so far. Despite the variability observed within this species, there is 
some uniformity in at least part, which shows some reflection on the five conserved 
blocks in the gene structure that is present in almost all the cry genes (De Maagd 
et al. 2001). Bt toxins create a heterozygous family of 74 different types of proteins 
(cry1–cry74) that are toxic to numerous insect pests such as lepidopteran, coleop-
teran, dipteran, hemipteran, some nematodes and snails’ species that cause a severe 
damage to economically important crops (Crickmore et al. 2017; Palma et al. 2014).

The cry toxins belonging to three domain families share similar and conserved 
three domain structures (Fig. 15.1) which display their differences in amino acid 
sequences (Pardo-Lopez et al. 2013). Also, domain I constitutes of seven α-helix 
clusters that are subjected to proteolytic cleavage in all three-domain cry proteins 
during toxin activation (Fig. 15.1). It is usually referred to as perforating domain 
and is located towards the N-terminus which may be responsible for toxin mem-
brane insertion and pore formation (Ben-Dov 2014; Xu et  al. 2014). Moreover, 
domain II or middle domain is responsible for toxin-receptor interactions, and it 
consists of three antiparallel β-sheets (Xu et  al. 2014; Jenkins and Dean 2000). 
Besides, domain III which is usually referred to as the galactose-binding domain 
has two antiparallel β-sheet sandwiches (Fig.  15.1), which are also involved in 
receptor binding and pore formation (Xu et  al. 2014). In addition, domain IV 

Fig. 15.1  The 3-D 
structure of Cry2Aa toxin 
(PDB accession number 
1I5P) showing the four 
domain toxins (I–IV) 
produced by Bt (Soberon 
et al. 2016)
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(Fig. 15.1) is mainly composed of alpha helices which resemble structural domains 
such as spectrin- or fibrinogen-binding complement inhibitor (Soberon et al. 2016).

15.3.2.1  �Mechanism of Bt Biopesticides

The processing of the crystals relies on the solubilization of the toxins in the alka-
line midgut of the insect pest and then activated by proteolytic digestion of the 
specific serine proteases (Palma et al. 2014). Interestingly, consumption of Bt toxins 
is found to be safe to humans because the intestinal walls of mammals do not have 
endotoxin receptor necessary for the toxic effect mainly due to the acidic condi-
tions, and thus, the proteins tend to get degraded quickly in the stomach (Mekonnen 
et al. 2017). Some reports showed that cry gene specificity and activity could be 
influenced by other factors such as associated with toxin processing or stability in 
the insect midgut apart from the receptor binding (Jurat-Fuentes and Crickmore 
2017). Moreover, cry genes are co-localized with other genes such as vegetative 
insecticidal proteins (vip) forming the insecticidal pathogenicity island (PAI) (Zhu 
et al. 2015).

15.4  �Possible Challenges of Bt Toxins and Resistant 
Breakdown of Bt Crops

Bt has been studied for decades and is a used bacterial control agent to date. 
Nevertheless, several pest species have acquired field resistance to the most used Bt 
toxins and more severely to those included in transgenic crops (Peralta and Palma 
2017). The currently used Bt toxins have not provided durable resistance due to the 
observed Bt resistance breakdown in the current Bt crops (Table 15.2) (Peralta and 
Palma 2017). An explanation for this may be due to the insects and pathogenic 

Table 15.2  Resistance breakdown in the Bt crops

Bt crop Insect pest Resistance type Origin References

Cotton Corn earworm 
(Helicoverpa zea)

A mild resistance that led 
to reduced efficacy of 2nd 
generation of crops

Tucson 
(USA)

Brévault et al. (2013)

Pink bollworm 
(Pectino 
gossypiella)

Field resistance to Cry1Ac 
Bollgard® I

India Tabashnik and Carrière 
(2010) and Dhurua and 
Gujar (2011)

Corn Fall armyworm 
(Spodoptera 
frugiperda)

A mild resistance that led 
to reduced efficacy of 2nd 
generation of crops

Brazil Santos-Amaya et al. 
(2015)

Maize African caterpillar 
(Busseola fusca)

Field resistance and is 
dominant

South 
Africa

Campagne et al. (2013)
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diversity displayed by most pests which lead to a rapid breakdown of specific resis-
tance genes (Peralta and Palma 2017; Geffroy et al. 1999). Even though numerous 
reports involve the insect resistance over Bt-based formulations, field-evolved resis-
tance has occurred which is promoted by the selective pressure applied over some 
insect populations (e.g. the lepidopteran Trichoplusiani) (Song et  al. 2015). 
Furthermore, this occurs frequently in the most used Bt crops in agriculture, espe-
cially those from the first generation that express only one protein and plants that 
have multiple genes which have similar toxins.

Previously, some reports indicated the reduced efficacy of second-generation Bt 
cotton and corn harbouring cry1Ac  +  cry2Ab and cry1A.105  +  cry2Ab against 
Helicoverpa zea and Spodoptera frugiperda, respectively (Table  15.2) (Santos-
Amaya et al. 2015; Brévault et al. 2013). Furthermore, some authors reported on field 
resistance of Bt spray (Table 15.2) containing cry1C or cry1Ac observed in maize 
and cotton (Brévault et al. 2013; Campagne et al. 2013). Hence, there is a need in 
continuous search for novel Bt strains that have a broad spectrum range and could 
potentially circumvent the resistant issue, thus requiring the novel strategies that 
could anticipate the evolutionary responses of insects pests (Peralta and Palma 2017). 
Therefore, the best possible crop protection strategy could be pyramiding genes in 
such a way that could address both vertical and horizontal resistance in plants.

15.5  �Transgenic Bt Crops

Genes from Bt have currently received increased attention due to their broad range 
of biotechnological applications, especially in agriculture for biocontrol of harmful 
insects and fungal pathogens (Kuddus and Ahmad 2013). These single or multiple 
cry-based genes could be inserted into crops, resulting in transgenic crops that are 
resistant to insects and fungal pathogens.

15.5.1  �Single Cry-Based Bt Crops

Single cry-based Bt crops are crops incorporated with only a single cry toxin. 
However, single cry-based Bt crops are most likely prone to resistant breakdown 
than multiple cry-based Bt crops (Keshavareddy and Kumar 2018). These might be 
due to the pest developing resistance towards the crop mainly because the pests tend 
to adapt to the treatment conditions very quickly than in multiple cry-based crops. 
Moreover, commercialization of Bt crops such as maize, cotton and soybean world-
wide has significantly reduced the application of synthetic pesticides (Keshavareddy 
and Kumar 2018; Ferré and Van Rie 2002). In addition, some reports showed the 
effective control of Bt rice such as KMD (cry1Ab), T1c-9 (cry1C) and T2A-1 
(cry2A) to target lepidopteran insects (Table 15.3) including stem borers and leaf 
folders (Wang et al. 2016; Zheng et al. 2011; Chen et al. 2005).
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15.5.2  �Multiple Cry-Based Bt Crops

The multiple cry-based Bt crops are crops incorporated with two or more cry toxins. 
Even though multiple cry-based genes were used in transgenic crops before such as 
chickpea and brassica (Table 15.3), the broad-spectrum range has not been consid-
ered, or the incorporated multiple genes shared similar toxins. Hence, there is a 
resistant development as well (Meenakshi et al. 2011; Cao et al. 2008). Therefore, a 
wide range of sequences known to date is attributed to intense interest in finding 
novel cry proteins with alternative toxins that has a broad spectrum to manage the 
resistant breakdown observed in the current Bt crops (Ibrahim and Shawer 2014). 
These could be done with the application of Bt-based gene pyramiding as a genetic 
tool for inserting multiple genes that do not share the same toxins. As studies show 
Bt crops consisting of a single cry-based gene or multiple cry-based genes sharing 
the same toxins tends to be more prone to pest resistance (Keshavareddy and 
Kumar 2018).

Table 15.3  Successful genetically engineered crops with Bt genes with broad spectrum that 
provide durable resistance

Crop 
type Trait Engineered genes References

Corn Asian corn borer Cry1Ie and Cry1Ac Jiang et al. (2016)
Rice Yellow stem borer resistance Cry1Ab/Cry1Ac Datta et al. (2002) 

and Cheng et al. 
(1998)

Striped stem borers resistance Cry1Ab, Cry1Ac, 
and Cry2A

Wang et al. (2016)

Stem borers and bacterial blight 
disease resistance

Cry1Ab/Cry1Ac and 
Xa21

Jiang et al. (2004)

Leaf folder, yellow stem borer, and 
brown planthopper resistance and 
increasing lectin content

Cry1Ac, Cry2A, and 
gna

Maqbool et al. (2001)

Lepidopteran resistance and 
increasing lysine content

Cry1Ac and  LRP Liu et al. (2016)

Cotton Insect pest resistance Cry1Ac, and Cry2Ac Gahan et al. (2005)
Bollworm resistance Cry1Ac, and Cry2Ab Jackson et al. (2004)

Broccoli Diamondback moth resistance Cry1Ac + Cry1C Cao et al. (2002)
Brassica Diamondback moth larvae and 

lepidopteran insect resistance
Cry1Ac + Cry1C Cao et al. (2008)

Chickpea Lepidopteran resistance Cry1Ac + Cry1Ab Meenakshi et al. 
(2011) and Ahmed 
et al. (2017)

Soya 
bean

Lepidopteran resistance Cry1Ac + corn 
earworm QTL

Walker et al. (2002) 
and Malav et al. 
(2016)
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15.6  �Gene Pyramiding Method

Gene pyramiding is a method of assembling or stacking multiple genes to improve 
durable resistance in crops against insects or diseases which is crucial for stable 
food production. Moreover, breeding resistance crops with either single or multiple 
Bt-based cry genes is the most cost-effective and environment-friendly strategy for 
resistance management. The advantage of gene pyramiding is that it uses the same 
strategy as that of the pesticidal mixture to broaden the resistance spectrum in crops. 
In addition, if two or more resistant genes are incorporated in a crop, it is less likely 
for the crop to be attacked by a pathogen race resistant to both genes or for the plant 
to lose both genes at the same time (Meenakshi et al. 2011). Furthermore, due to 
biotic factors, gene pyramiding is a cost-effective and environmentally friendly 
method used to manage crop production. Hence it has become the most used method 
for developing durable resistance in crops against pests (Meziadi et  al. 2016; 
Fukuoka et al. 2015).

Previous reports on Bt-based gene pyramiding have shown an outstanding per-
formance against insects where Bt toxins were incorporated in rice (Ye et al. 2009; 
Chen et al. 2008). Moreover, the integrated genes into elite cultivars with different 
genetic background were introduced by sexual crossing. Hence, in field evaluations, 
the improved lines also showed excellent efficacy against the target insects (Liu 
et al. 2016; Yang et al. 2011). So recently, different types of gene pyramiding such 
as conventional gene pyramiding and molecular gene pyramiding are widely used to 
obtain durable resistance in crops (Meenakshi et al. 2011).

15.6.1  �Conventional Gene Pyramiding

Conventional gene pyramiding also known as serial gene pyramiding is a method 
where genes are arranged in the same plant one after another. These include pedi-
gree crossing, backcross breeding and recurrent selection (Table 15.4). The identifi-
cation of sources of useful genes is very slow using traditional methods. Hence, 
breeders’ capability to trace the presence or absence of the target genes is limited, 
thus resulting in the limited number of genes incorporated into selected cultivars 
(Malav et al. 2016).

15.6.2  �Molecular Gene Pyramiding

Molecular gene pyramiding also referred to as simultaneous gene pyramiding is a 
method where genes are arranged at the same time in a plant (Srivastava et al. 2017). 
These include marker-assisted selection and transgenic methods (Table 15.4). The 
differences among the two gene pyramiding methods are summarized below 
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(Table 15.4). In addition, molecular gene pyramiding such as transgenic method is 
more advantageous over other pyramiding methods (Keshavareddy and Kumar 
2018). Although there has been a success in Bt crop production, there are some 
drawbacks concerning Bt-based gene pyramiding.

15.7  �Potential Challenges of Gene Pyramiding

Although gene pyramiding is a widely adopted strategy for improvement of crops 
against resistant effects, there are certain drawbacks associated with this strategy. In 
addition, the reliability of phenotyping at an individual level is minimal since the 
presence of target traits must first be confirmed. Phenotyping influences the inheri-
tance model of genes for the target traits, linkage and pleiotropism between the 
target traits at an individual level (Malav et al. 2016; Riaz et al. 2006).

Another drawback involves the limitation of successfully pyramided transgenic 
crops for enhanced fungal and bacterial resistance (Summers and Brown 2013; 
Punja 2006; Schnepf et al. 1998). These may be due to two primary life strategies of 
pathogens, namely, biotrophy and necrotrophy. Thus, biotrophic pathogens essen-
tially act as a sink for the hosts’ anabolic assimilates which keep it alive, while 
necrotrophic pathogens consume the hosts’ tissues as invaded. As a result, plants 

Table 15.4  Differences between conventional and molecular gene pyramiding

Conventional gene pyramiding Molecular gene pyramiding

Pedigree:
Is suitable when resistance is 
administered by the significant genes 
(Malav et al. 2016).

Marker-assisted:
It involves the use of molecular markers for the 
selection of desired traits and identification of genomic 
regions associated with different major diseases (e.g., 
blast resistance). These markers are highly precise and 
reduce the selection time which makes this approach 
outstand conventional approach (Mekonnen et al. 2017; 
Srivastava et al. 2017).

Backcrossing:
It involves the substitution of the 
desired gene from the donor parent to 
the recipient parent. It is mainly used 
to decline the donor genome content 
into the progenies (Allard and Allard 
1999; Mekonnen et al. 2017).

Transgenic:
It involves methods such as Agrobacterium 
transformation which is used to transfer a gene/s of 
interest into plant cells. This method ensures the stable 
integration of DNA of the desired gene into the genome 
(Srivastava et al. 2017).

Re-current selection:
It allows for shorter breeding cycles. 
Besides, more specific follow-up of 
genetic gains is involved and provides 
an opportunity to develop a broad 
range of genetic diversity in breeding 
lines (Srivastava et al. 2017).
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developed different approaches to deal with these two strategies (Summers and 
Brown 2013; Punja 2006) which are not obtained through genetic engineering.

Lastly, to avoid recognition by host (R) genes, the pathogen avirulence (Avr) 
gene undergoes strong diversifying selection or mutation (Ferry et al. 2004). The 
low level of pathogenic resistance by some transgenic crops coupled with a negative 
perception of genetic engineering-modified crops has resulted in few transgenic 
crops (Palma et al. 2014) being brought to the market due to the relatively small 
number of transgenic crops available (Mekonnen et al. 2017).

Apart from those resistant to fungal and bacterial pathogens, virus-resistant 
crops are not commercially available (Collinge et al. 2007). Hence, many transfor-
mation strategies have been used to increase fungal, bacterial and viral resistance in 
crops (Mekonnen et al. 2017). In addition, this includes introgressing R genes and 
introducing genes coding for antimicrobial compounds such as chitinase and gluca-
nase enzymes that break down the fungal cell walls (chitin or glucan) and also 
upregulating defence pathways through promoter transfer, disarming host suscepti-
bility genes, detoxifying pathogen virulence factors (toxins), increasing structural 
barriers and silencing essential pathogen genes (RNA silencing, RNA interference 
or RNAi) (Vincelli 2016; Collinge et al. 2007; Schnepf et al. 1998). Hence, two R 
genes were introgressed to develop rice cultivars resistant to bacterial blight and 
bacterial streak diseases in a study conducted by Zhou et al. (2008).

15.8  �Conclusion and Future Prospects

The addressed reports presented insights into the fundamental basis of Bt isolates 
with broad spectrum, subjected to screening programmes to evaluate their insecti-
cidal activity. The current review shows that the production and continuing develop-
ment of Bt crops has been a major scientific success up to date which is deployed by 
the expression of Bt toxins. However, several studies documented that pests are 
developing resistance to Bt crops or Bt biopesticides. This situation is mostly 
observed in the current Bt crops that are incorporated with cry2 genes and lower. 
Hence, there is still a need to explore other effective strategies that could stand on 
its own or could be integrated with other control measures to diversify the resistance 
management tools.

Therefore, in this chapter, we tried to compare different crop protection strate-
gies and make a point that gene pyramiding could be a better alternative if not the 
only one. These could include the involvement of pyramiding Bt toxins with other 
genes such as phytase, vip3 and other genes to broaden the spectrum. Another 
management tool could consist of the crop rotation method of cultivating Bt crops 
with other non-Bt crops to try and confuse the pests. However, there must be an 
assurance that the development of pest resistance genes does not compromise the 
protection of produced Bt crops. Furthermore, there are commercially available Bt 
crops with single or multiple toxins which reduced the application of chemical 
pesticides.
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This review stipulated possible challenges that can inhibit the efficiency of gene 
pyramiding. Hence, extensive and precise phenotyping is required to counteract the 
difficulties in gene pyramiding. These involve the dissection of phenotypes into 
components that can improve the heritability, thus aiding the understanding of bio-
logical systems causing the phenotype (Varshney et al. 2005). Another strategy is 
phenotyping characterization of large mutagenized populations and tilling popula-
tions which could link a gene with phenotype. Apart from the challenges of gene 
pyramiding and current resistant breakdown in Bt crops, Bt will continue to play a 
significant role as a candidate bacterium for pyramiding multiple toxin genes into 
crops for resistant management due to its broad spectrum of resistance from the nat-
ural origin. Very recently some studies have been carried out to pyramid different 
Bt-sourced cry genes. Such kind of strategy is a relatively recent advancement that 
should be explored further.
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Chapter 16
Probiotic Bacilli in Sustainable 
Aquaculture

Md. Mahbubur Rahman, A. Q. M. Robiul Kawser, and Md Tofazzal Islam

16.1  �Introduction

Aquaculture is one of the fastest-growing food-producing industries in the world 
which became an important economic activity in many countries (Perez-Sanchez 
et al. 2014). It provides 47% of the total food fish supply to the global population. 
Fish and shrimp are important sources of animal protein. The global fish production 
from the capture fishery remained almost static for the last two decades, whereas, 
aquaculture production has been rapidly increasing and doubled within the last 
decade due to expansion, diversification, and intensification of aquaculture activi-
ties (FAO 2018).

The rapid expansion of aquaculture also increased the occurrence of infectious 
diseases resulting from high stocking densities and stress conditions that favored the 
spread of pathogens (Al-Faragi and Alsaphar 2012). The emergence of many differ-
ent infectious diseases is now considered as one of the major limiting factors in 
aquaculture (Perez-Sanchez et al. 2014; Rahman et al. 2017). For the prevention and 
control of diseases, synthetic chemicals and antibiotics have been used in aquacul-
ture (Cabello 2006; Taylor et al. 2011). However, the indiscriminate use of antibiot-
ics in aquaculture has posed a threat to the environment and human health, and 
various pathogenic organisms including fish and human pathogens can grow resis-
tance against these chemicals (Sharifuzzaman and Austin 2009; Rahman et  al. 
2017). To overcome this situation, several alternative strategies such as herbal 
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supplements, immunostimulants, and vaccines have been proposed (Gatesoupe 
1999; Balcázar et al. 2006; Rahman et al. 2017).

The most attractive alternative strategy to the user to reduce the use of antibiotics 
is to use natural substances with the broad-spectrum inhibitory activities, including 
use of probiotic bacteria antagonistic to fish pathogens (Chen et al. 2016). Probiotic 
microbes are friendly to the host and environment and can reduce the use of antibi-
otics and synthetic drugs in aquaculture. As probiotics secrets a wide and diverse 
range of antimicrobial substances, the chance of development of resistance in patho-
gens against probiotics is very low. Probiotics are also reported to boost the immune 
system of the host fishes. Besides the antagonistic and immune-inducing effects, 
probiotics are also reported to improve the nutritional quality of food; enhance 
digestion; secrete different hydrolytic enzymes, vitamins, and growth factors; accel-
erate growth performance; reduce larvae and fry mortality; and improve the water 
quality of the aquaculture system.

The genus Bacillus is ubiquitous and one of the most important groups of micro-
organism that produce a wide range of antimicrobial substances. In recent years, a 
varied range of antagonistic activities of Bacillus spp. against the most important 
and harmful aquatic pathogens have been reported (Ran et al. 2012; Paul 2018; Yi 
et al. 2018). Bacillus has also been reported to induce immunity and promote growth 
and survival of fish and shrimp. The fish probiotic bacilli produce a high number 
and diverse kind of enzymes and chemicals that can degrade organic wastes in aqua-
culture facilities supporting bioremediation and consequently preventing viral and 
bacterial diseases (Guo et al. 2009; Olmos et al. 2011; Olmos and Paniagua-Michel 
2014). Considering the antagonistic, immunity-inducing, health-promoting, biore-
mediation and other beneficial properties, this review updates current knowledge on 
bacilli and discusses their application for promoting the sustainable aquaculture.

16.2  �Aquaculture: Present Status and Challenges

Aquaculture is the production of aquatic organisms in the aquatic medium. It 
includes farming of fish, crustaceans, mollusks, aquatic plants, algae, and other 
organisms in freshwater and/or marine water under controlled condition. According 
to the Food and Agriculture Organization (FAO 2016), “aquaculture is defined as 
the farming of aquatic organisms including fish, mollusks, crustaceans, and aquatic 
plants. Farming implies some form of intervention in the rearing process to enhance 
production such as regular stocking, feeding, protection from predators, etc. 
Farming also implies individual or corporate ownership of the stock being 
cultivated.”

Aquaculture is an important part of the global food and seafood supplies. Fish is 
one of the major animal protein sources for humans and other mammals. It comes 
from both capture fishery and aquaculture. During the year 2016, global fish pro-
duction reached to a pick at 171 million tons with aquaculture representing 47% of 
the total and 53% if non-food uses are excluded (FAO 2018). Although the total 
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global production of capture fish remains relatively static since the late 1980s, aqua-
culture continues its impressive growth in the supply of fish for human consumption 
(Fig. 16.1). Due to the stagnation of captured fish from wild sources and overexploi-
tation of popular marine species, combined with the growing demand for high-
quality protein, farmers and commercial aquaculturist were encouraged to expand 
aquaculture with the domestication of new species.

Aquaculture sector significantly contributes to the income and livelihood of mil-
lions of peoples in the world. Approximately, 19.3 million people are engaged in 
aquaculture, while another 40.3 million people are engaged in fisheries activities 
(FAO 2018). Aquaculture is practiced in 194 out of 201 countries of which China is 
the highest producer of farmed fish in the year 2018. Other major aquaculture pro-
ducers are India, Bangladesh, Myanmar, Cambodia, Indonesia, Vietnam, Thailand, 
and Egypt (Figs. 16.2, 16.3 and 16.4).

Although global aquaculture production is gradually increasing, the sector is fac-
ing several problems that hamper the expected production. The outbreak of different 
diseases is one of the major constraints in sustainable aquaculture. Due to the inten-
sification of aquaculture, fish are stocked at high densities, and excess use of feed 
and fertilizer cause stress in fish. The stressed fish become susceptible to pathogens 
and easily infected by various pathogens. Huge numbers of these maladies or patho-
gens have no specific prescribed medications and consequently remain a critical 
obstacle for the financial practicality of aquaculture (Rodger 2016). Diseases cause 
substantial production and economic losses every year. Another important problem 
is the increased mortality of fish fry. The fish fry is highly vulnerable to biotic and 
abiotic stresses. Most of the fry mortality occurs during the weaning period when 
larvae go through the transition period from endogenous to exogenous food supply.

Fig. 16.1  World capture fisheries and aquaculture production (data source FAO 2018)
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Fig. 16.2  Schematic 
diagram of the major 
modes of action of 
probiotic Bacillus spp. in 
fish and shrimp

Fig. 16.3  Schematic diagram of the mode of action of probiotic Bacillus in the aquatic 
environment
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One of the major challenges in aquaculture is the pollution in the aquatic envi-
ronment through discharge of agricultural pesticides, domestic wastes, industrial 
effluent, and oil spills. Pollution also occurs due to decomposition of excess food 
used in the culture facilities, metabolic wastes of fish, and drugs applied to fish for 
prevention and control of diseases. Pollution causes oxidative stress on the aquatic 
organism (Livingstone 2003) resulting in mortality. Availability of quality fish feed 
and increasing the price of fish feed is another obstacle in the development of 
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Fig. 16.4  Schematic diagram of the selection process of probiotic Bacillus

16  Probiotic Bacilli in Sustainable Aquaculture



310

aquaculture. Fish growth is mostly depended on the nutritional quality of fish feed. 
Low-quality feed is one of the major causes of low productivity in aquaculture.

16.3  �Prospects of Probiotics in Aquaculture

The word “probiotic” derived from two Greek words “pro” and “bios.” Pro means 
for and bios mean life; thus probiotic means for life (Reid et al. 2003). In 1905, Dr. 
Elie Metachnikoff first spotlighted the beneficial role played by some bacteria 
among farmers who consumed microbes-containing milk. However, the term probi-
otic was first introduced by Lilly and Stillwell (1965) to describe “substances 
secreted by one microorganism that stimulate the growth of another.” According to 
the currently adopted definition of the Food and Agricultural Organization and 
World Health Organization, “probiotics are live microorganisms which when 
administered in adequate amounts confer a health benefit on the host” (FAO 2001; 
WHO 2001).

The concepts of probiotics have evolved over the years, integrating new ideas 
that are related to new investigations regarding its application (Sayes et al. 2018). 
Merrifield et al. (2010) propose a modified definition for probiotic used in aquacul-
ture as “alive, dead or components of a microbial cell, which when administered via 
the feed or to the rearing water, benefiting the host by improving disease resistance, 
health status, growth performance, feed utilization, stress response or general vigor, 
which is achieved at least in part via improving the host microbial balance or the 
microbial balance of the ambient environment.” Banerjee et al. (2017) reported that 
probiotic microorganisms improve immunity, help digestion, protect against patho-
gens, improve water quality, and promote growth and reproduction of fish that can 
be used as an alternative to antibiotics. Probiotics are reported to enrich nutritional 
value of feed, enhance enzymatic digestion of feed, provide growth-promoting fac-
tors, contribute to better feed conversion ratio, decrease fry mortality, promote 
growth, inhibit pathogenic microorganisms and antimutagenic and carcinogenic 
activity, improve the host immune system, and also improve the water quality 
(Irianto and Austin 2002a, b; Yanbo and Zirong 2006; Wang 2007; Kuhlwein et al. 
2013; Ambas et al. 2013; Akhter et al. 2015).

Probiotics are suggested as a new tool in disease control and water quality 
improvement (Das et  al. 2017) and considered as new eco-friendly measures of 
health management in aquaculture (Irianto and Austin 2002a, b; Dahiya et al. 2012; 
Sihag and Sharma 2012). The beneficial effects of probiotic for disease resistance 
and production of antimicrobial substances to promote innate immunity and increase 
survivability are well studied (Sugita et al. 1996, 1998; Ringø et al. 2007). The role 
of microbes in digestion as well as in production of enzymes, amino acids, and 
vitamins is also documented (Moriarty, 1990; Sugita et al. 1992, 1997; Thompson 
et al. 1999; Verschuere et al. 2000; Bairagi et al. 2002; Ramirez and Dixon 2003). 
Several reports suggested that ecological factors regulate the growth, multiplication, 
and other activity of pathogenic microbes such as Aeromonas hydrophila (Majumdar 
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et al. 2006), Edwardsiella tarda (Swain and Nayak, 2003), Vibrio parahaemolyticus 
(Cheng et al. 2004), and some other Vibrio spp. (Jakšić et al. 2002) in the aquatic 
environment. In all types of aquaculture, microbes are associated with the food web 
and productivity of the water body (Moriarty 1997). The aquaculture production 
largely depends on the environment where the fish lives in. A better environment 
can reduce the stress and thus reduce the chance of pathogenic infection in fish, and 
there is no better way known to date that can act as efficiently as probiotics. Based 
on the above discussion, it is evident that probiotic has a potential role in culture 
ecosystem and in internal physiology  of fish toward better and sustainable 
aquaculture production.

At the early stage, research works on fish probiotic microbes were mainly 
focused on Gram-positive bacteria particularly of the genus Bifidobacterium, 
Lactobacillus, and Streptococcus. Bacteria representing the genus Bacillus have 
also been widely studied. Gram-positive bacterial genera Carnobacterium, 
Pediococcus, Enterococcus, Lactococcus, Micrococcus, and Weissella and Gram-
negative bacteria Alteromonas, Photobacterium, Pseudomonas, and Vibrio and 
some strains of Aeromonas are also reported as good probiotic candidates. Certain 
fungi belong to the genus Aspergillus and yeast Saccharomyces are also reported as 
potential probiotics for aquaculture. Among the bacteria, a good number of bacilli 
have been commercialized for aquaculture industry. The beneficial roles of probi-
otic Bacillus spp. in aquaculture, especially in fish and shrimp culture, are discussed 
in the following sections.

16.4  �How Probiotic Bacilli Exert their Beneficial Roles 
in Aquaculture?

Probiotic bacilli play a very important role in the host and in the aquatic environ-
ment. They have a very precise mechanism of action in the host. The major mecha-
nisms of action of probiotic Bacillus spp. in fish and shrimp are (1) competition for 
binding sites; (2) probiotic bacilli bind with the binding sites in the intestinal mucosa 
of fish and shrimp, forming a physical barrier and preventing the connection by 
pathogenic bacteria; (3) production of antimicrobial substances; (4) synthesis of 
hydrogen peroxide, bacteriocins, and bacteriocins-like inhibitory substances (e.g., 
subtilin and coagulin) that have antimicrobial action against pathogenic bacteria; 
(5) production of a wide range of antimicrobial substances such as surfacing, baci-
lysin, etc. that inhibit or directly kill pathogenic microbes; (7) production of organic 
acids that lower the pH of the gastrointestinal tract, preventing the growth of patho-
gens, and enhance growth of Lactobacillus; (6) competition for essential nutrient 
elements; and (7) stimulation of the host immune system by increasing the produc-
tion of antibodies, activation of macrophages, T-cell proliferation, and production of 
interferon.
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Probiotic bacilli also significantly improve the water quality by maintaining the 
balance of different physicochemical parameters, kill pathogens through antago-
nism, decompose different organic wastes, and keep the environment healthy for 
aquaculture. The mechanisms of action of probiotic Bacillus spp. in the improve-
ment of water quality have been briefly discussed in the following subsections.

16.4.1  �Convert Organic Matter to CO2

As Gram-positive aerobic bacteria, Bacillus spp. are more capable of mineralization 
of organic matter into CO2 compared to Gram-negative bacteria (Balcázar et  al. 
2006; Mohapatra et  al. 2012). A large accumulation of organic matter in pond 
increases the biological oxygen demand and favors the development of anaerobic 
patches. Under aerobic decomposition, 50% of the organic matter converted into 
bacterial cells (Henze et al. 2001).

16.4.2  �Reduce Ammonia and Nitrite Toxicity

Ammonia and nitrite concentration increases as the culture move toward intensive 
operation. Ammonia and nitrite toxicity can be eliminated by the application of 
nitrifying cultures into the fish environment (Mohapatra et al. 2012). They can be 
treated with Nitrosomonas spp. to keep water quality in an optimal range, which 
might be possible because of various roles played by the probiotic bacteria.

16.4.3  �Improvement of pH

A buffering system to circumvent wide pH fluctuation is vital for aquaculture 
(Swann 1990). Brauner (2008) reported that exchange of HCO3− as a waste product 
of respiration reduced the pH, which led to physiological stress. Bacillus spp. have 
known to utilize multiple nitrogen sources, including both NH3 and NH4

+ for catab-
olism of proteins and thus utilize H+ ion.

16.4.4  �Improve Dissolved Oxygen

Probiotic Bacillus produce substances which inhibit harmful algae by algicidal 
compound and prevent blooms. Algal bloom can potentially cover the surface of 
pond water and prevent the sunlight to penetrate into the water to provide the energy 
to phytoplankton to produce oxygen.
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16.4.5  �Improve Sediment Quality

 The probiotic Bacillus precipitated at the bottom when applied in the culture sys-
tem and unleash their beneficial effects. They facilitate the decomposition and pre-
vent the formation of toxic H2S and thus keep the sediment nontoxic and healthy for 
the bottom dweller fishes.

16.4.6  �Competitive Exclusion of Pathogens

Bacillus in water and in sediment competes for space and nutrition with pathogens 
as well as produces antibacterial, antiviral, and antifungal substances which help to 
keep these pathogens in check.

16.5  �Isolation and Development of Probiotic Bacillus

In order to develop a probiotic candidate strain of Bacillus, the first step is to isolate 
the microbe from different sources. Although Bacillus is a ubiquitous bacterium, the 
digestive tract of fish or shrimp is the best source for isolation of a putative probiotic 
strain. Bacillus isolated from soil, marine sediment, marine sponge, and pickle of 
fermented food may also be screened since several probiotic Bacilli have been iso-
lated from these sources. After isolation, in vitro screening of antagonistic effects of 
the putative probiotic strain against different fish pathogens is to be carried out. In 
vitro screening may be done by exposing different pathogens to putative probiotic 
bacteria or their extracellular products in liquid and/or solid medium. In vitro anti-
viral activity of a candidate strain may also be screened, since some Bacilli possess 
antiviral properties. In vitro screening of autoaggregation, bile salt tolerance, toler-
ance at low pH, etc. should be performed to select a good probiotic candidate. In 
vitro hydrolytic enzyme activity (such as protease, lipase, amylase, etc.) of the 
strain may also be screened.

Pathological effects of the candidate strain should be screened in fish and/or 
shrimp of interest for which the probiotic is going to be developed. Then, the puta-
tive probiotic candidate is to be administered to the target fish or shrimp to evaluate 
the effects of the bacteria on growth and survival of fish or shrimp. After that, in vivo 
artificial infection challenge test in the putative probiotic-treated fish is to be done 
with different virulent pathogens. Multiplication field trial should be conducted to 
evaluate the performance of the strain that exhibits significantly satisfactory perfor-
mance in laboratory condition. If the performance of any strain seems satisfactory 
both in laboratory and field condition, the economic benefit of its application is 
needed to be evaluated. Finally, the strain can be selected for commercial 
formulation.
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16.6  �Selection Criteria of a Good Probiotic Bacilli

Selection of probiotic bacteria in aquaculture facilities is an important process based 
on proven scientific evidence. In most cases, probiotics provide expected beneficial 
effects on some specific host species in appropriate environmental condition. It is 
essential to know the mechanism of probiotic action before selecting a potential 
probiotic. A Bacillus strain should fulfill the following criteria to be selected as a 
good probiotic bacterium: (a) resistant to acidic environment of the stomach, bile, 
and digestive enzymes; (b) ability to access to the intestinal mucosa; (c) capacity of 
colonization to the intestinal mucosa; (d) ability to produce different hydrolytic 
enzymes; (e) production of antimicrobial substances against a wide range of patho-
gens; (f) absence of translocation; and (g) staying viable for a long time during 
transportation and storage. In addition, a good probiotic Bacillus sp. should also 
possess the capacity to (a) improve food digestibility of host species, (b) enhance 
the growth and survival of the host, (c) boost up the immunity of the host, (d) 
decompose organic wastes, (e) detoxify waste materials, etc.

16.7  �Mode of Application of Probiotics

Probiotics are normally applied to the targeted aquatic host either via feed or bioen-
capsulation through live food like artemia and rotifer. Another important way of 
probiotic administration is directly applied in culture water which is not only to 
improve the health status of the fish but also to improve the ecosystem (Verschuere 
et al. 2000). No matter the way of application of probiotics, the most important fac-
tor is the viability of probiotics which is often impaired due to poor processing and 
storage condition (Havenaar and Huis 1992).

	(a)	 Dietary Administration

Dietary administration of probiotics can improve the intestinal microbial com-
munity balance of fish toward the better health and growth performance as reported 
by many scientists (Fuller 1989; Purwandari and Chen 2013; Villamil et al. 2002; 
Al-Dohail et al. 2009; Saenz de Rodriguez et al. 2009; Chabrillón et al. 2005; Vine 
et al. 2004). However, it has to administer at a suitable temperature for the probiotic 
bacteria in feed; otherwise probiotic may not be available to fish at needed dose or 
with full potentiality (Gatesoupe 1999; El-Ezabi et  al. 2011; Korkea-Aho et  al. 
2012; Díaz-Rosales et al. 2009). Probiotics are typically supplemented to feed as 
freeze-dried cultures, blended with lipids as top dressings in the pellet (Robertson 
et al. 2000; Nikoskelainen et al. 2001) or added with suitable binders.

	(b)	 Bioencapsulation

Bioencapsulation is a process of enrichment of live foods (like artemia and roti-
fer) with nutrients which are often deficient with a vital compound like 
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eicosapentaenoic acid (EPA) or docosahexaenoic acid (DHA) but are essential to 
fish especially for the larval survival. These live foods are pretty attractive to larvae; 
therefore, encapsulating them with probiotics can exert immense benefit in larval 
diet. Bioencapsulation with probiotic is a widely used method of probiotic adminis-
tration that can improve growth, increase immunity, reduce feed conversion ratio, 
and increase the survivability of fish (Venkat et al. 2004; Vaseeharan and Ramasamy 
2003; De et al. 2014; Austin et al. 1995). Probiotic bioencapsulation has the poten-
tial to protect microbes and to transport them into the gut (Gbassi and Vandamme 2012).

	(c)	 Application in Water

Probiotic can be used directly into the water to improve the culture condition by 
converting organic matter into CO2 and minimize the buildup of organic carbon. By 
improving water quality, probiotic helps to improve the health status and increase 
growth and survival of fish (Dalmin et al. 2001).

16.8  �Bacillus in Sustainable Aquaculture

The beneficial roles of Bacillus as probiotic bacteria have been extensively studied 
during the last decade. Although, in earlier sections, the functions of probiotic 
Bacillus have briefly been outlined, the following subsections elaborately discuss 
the major roles of probiotic bacilli in aquaculture industry.

16.8.1  �Bacillus Promotes Growth of Fishes and Shrimp

Several probiotic Bacillus strains have been reported to increase the growth of aqua-
culture species (Table 16.1). However, the exact mechanism of probiotics as growth 
promoter has not yet been well understood. Probiotic microbes are able to colonize 
in the gastrointestinal tract and adhere to the intestinal mucosa of fish and exert their 
multiple benefits (Balcázar et al. 2006). Ghosh et al. (2003) reported that B. circu-
lans significantly improve growth, reduce feed conversion ratio, and increase pro-
tein efficiency ratio in Labeo rohita when fed at a rate of 1.5 × 105 CFU 100 g−1 feed 
at 3% of the body weight of fish. Diet supplemented with bacilli and lactic acid 
bacteria (LAB) had good survival and the best growth performances suggesting that 
bacteria are appropriate growth-stimulating additives in tilapia cultivation (Apún-
Molina et al. 2009). Faramarzi et al. (2011) assessed the effects of various concen-
trations of probiotic Bacillus spp. on the growth performance and survival rate of 
Persian ganoid fish (Acipenser persicus) larvae. They reported significant conver-
sion efficiency ratio (CER), specific growth rate (SGR), food conversion ratio 
(FCR), condition factor (CF), and daily growth coefficient (DGC) (p > 0.05) when 
ganoid fish larvae were fed at 30% of their body weight for five times a day. 
Mohapatra et al. (2012) studied the effects of different probiotic in the diet of Rohu 
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Table 16.1  Bacillus used in aquaculture to promote growth and/or increase survival

Probiotics Host species Special effects Reference (s)

Bacillus spp. Common carp 
(Cyprinus carpio)

Better digestive enzyme 
activities; better growth 
performance and feed 
efficiency

Yanbo and 
Zirong 
(2006)

Bacillus spp. Rainbow trout 
(Oncorhynchus 
mykiss)

Better growth performance 
and survival

Bagheri 
et al. (2008)

B. pumilus and B. Clausii Grouper 
(Epinephelus 
coioides)

Improved growth 
performance and immune 
responses of E. coioides

Sun et al. 
(2010)

B. circulans Rohu (L. rohita) Improved growth, reduced 
feed conversion ratio, and 
increased protein efficiency 
ratio

Ghosh et al. 
2003

Bacillus sp. Tilapia 
(Oreochromis 
niloticus)

Good survival and 
impressive growth 
performances

Apún-
Molina et al. 
2009

Bacillus sp. Persian ganoid fish 
(Acipenser 
persicus)

Increased specific growth 
rate (SGR) and decreased 
food conversion ratio (FCR)

Faramarzi 
et al. 2011

B. subtilis, L. lactis, and 
S. cerevisiae

Rohu fingerling 
(L. rohita)

Higher growth, protein 
efficiency ratio, nutrient 
digestibility

Mohapatra 
et al. (2012)

Bacillus sp. strain B51f and 
B. siamensis strain B44v

hybrid catfish 
(Clarias 
microcephalus × 
C. gariepinus)

Significantly increased 
weight gain and lower FCR

Meidong 
et al. (2017)

Bacillus sp. Tilapia 
(Oreochromis 
niloticus)

Increased growth 
performance, decreased feed 
conversion ratio

Elsabagh 
et al. (2018)

B. subtilis and 
Mannanoligosaccharide

Japanese eel 
(Anguilla japonica)

Synergistically improved 
growth performance

Lee et al. 
(2018)

B. velezensis strain AP193 Catfish Stimulated growth of fish Thurlow 
et al. (2019)

Bacillus sp. Juvenile Penaeus 
monodon

Improved the growth and 
survival rate

Dalmin et al. 
(2001)

Enterococcus casseliflavus, 
Citrobacter koseri, 
B. subtilis, and 
Staphylococcus sp.

Litopenaeus 
vannamei

Increased specific growth 
rate (SGR)

Sanchez-
Ortiz et al. 
(2015)

B. subtilis strain E20 Litopenaeus 
vannamei

Increased growth 
performance and 
survivability

Liu et al. 
(2009)

B. subtilis Macrobrachium 
malcolmsonii

Increased weight gain John et al. 
(2018)

(continued)
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fingerling (L. rohita) on growth, nutrient digestibility, digestive enzyme, and intes-
tinal microbiota. They claimed that the fish fed with a combination of three probiot-
ics (B. subtilis, Lactococcus lactis, and Saccharomyces cerevisiae) showed a higher 
growth, protein efficiency ratio, nutrient digestibility, and lower feed conversion 
ratio compared to other groups.

Meidong et  al. (2017) evaluated the growth performance of hybrid catfish 
(Clarias microcephalus × C. gariepinus) in 30 days feeding trial experiment with 
Bacillus sp. strain B51f and B. siamensis strain B44v derived from Thai fermented 
food. They reported significant growth performance (SGR and weight gain) of 
hybrid catfish fed diets containing 107 CFUg−1 of either bacteria than the control 
group. The feed conversion ratio (FCR) of the fish fed diets containing the Bacillus 
strains was also found significantly lower than the FCR of control fish. Elsabagh 
et al. (2018) observed a notable increase in growth performance, feed conversion 
ratio, and blood profiles in tilapia fed on Bacillus treated diets. Supplementation of 
B. subtilis at 0.5 × 107 CFUg−1 diet and mannanoligosaccharide at 5 g kg–1 diet have 
a synergistic effect on growth performance, non-specific immune responses, intes-
tinal morphology, and disease resistance in Japanese eel, Anguilla japonica (Lee 
et al. 2018). B. velezensis strain AP193 can stimulate catfish growth and improve the 
water quality of rearing pond when used as a feed amendment (Thurlow et al. 2019).

Bacillus sp. also improved the growth and survival rate and the health status of 
juvenile Penaeus monodon (Dalmin et  al. 2001). Sanchez-Ortiz and co-workers 
(2015) isolated several bacterial isolates from homogenates of the gastrointestinal 
tract of adult mangrove cockle, Anadara tuberculosa. They selected four bacteria, 
viz., Enterococcus casseliflavus, Citrobacter koseri, B. subtilis, and Staphylococcus 
sp., to evaluate the specific growth rate (SGR) and cellular immune response of 
shrimp Litopenaeus vannamei and reported the best SGR for two treatments related 

Table 16.1  (continued)

Probiotics Host species Special effects Reference (s)

Bacillus sp. Channel catfish 
(Ictalurus 
punctatus)

Increased survival rate Queiroz and 
Boyd (1998)

B. subtilis L. vannamei Significantly increased 
survival rate

Xue et al. 
(2016)

B. licheniformis and 
B. subtilis

Pacific white 
shrimp 
(L. vannamei)

Improved survival rate Jamali et al. 
(2015)

Bacillus strain OJ L. vannamei Significantly increased 
survival rate

Li et al. 
(2009)

B. subtilis L. vannamei Increased survivability 
against Vibrio harveyi 
infection

Balcázar and 
Rojas-Luna 
(2007)

B. pumilus strain RI06-95 Eastern oyster 
(Crassostrea 
virginica)

Increased survivability 
against V. tubiashii

Karim et al. 
(2013)
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to B. subtilis and highest cellular immune response in the treatment with B. subtilis. 
B. subtilis strain E20 isolated from natto is reported as an extraordinary protease 
producer and is able to increase the growth performance of L. vannamei through 
increasing the digestibility of food (Liu et al. 2009). B. subtilis coated diet has been 
reported to increase the weight of Macrobrachium malcolmsonii as 3.5 times com-
pared to control diet and also increase the amount of polyunsaturated fatty acid 
(38%) (John et al. 2018).

16.8.2  �Bacillus Improves Fish Nutrition

Probiotic bacteria play a significant role in fish nutrition. They detoxify the poten-
tially harmful compounds in the diet by hydrolytic enzymes. The hydrolytic 
enzymes including amylases, proteases, and lipases break down the complex food 
materials and make simple molecules, hence improving the digestibility of food. 
Balcázar et al. (2006) suggested that probiotics have a beneficial role on aquatic 
animals as probiotic strains synthesize enzymes such as proteases, amylases, and 
lipases as well as provide growth factors like vitamins, fatty acids, and amino acids. 
Some Bacillus strains produce vitamin B12 (Warren et  al. 2002) and riboflavin 
(Bacher et al. 2000; Perkins and Pero 2002). The extracellular enzymes secreted by 
probiotic bacteria have been reported to play an important role in the digestion and 
assimilation process of nutrients in the gut of the host by modifying the gut flora 
(Farzanfar 2006).

Bacillus spp. have been reported to improve the digestive enzyme activities, bet-
ter growth performance, and feed efficiency in common carp, C. carpio (Yanbo and 
Zirong 2006) (Table 16.2). Dietary administration of B. pumilus and B. clausii, in 
grouper (Epinephelus coioides), has reported to improve  feed conversion ratio, 
phagocytic activity, and phagocytic index but did not increase the weight gain or 
specific growth rate after 60 days of rearing (Sun et al. 2010). Bacillus spp. also 
increased the specific activities of alkaline and acid protease and improved the hus-
bandry parameters and nutritional condition in larvae of gilthead sea bream (Sparus 
aurata) (Arığ et al. 2013). Diet supplemented with live Bacillus sp. DDKRC1 at 
2.94  ×  107  CFU 100  g−1 feed and diet fermented (48  h) with the same bacteria 
showed the better effect on growth, digestibility, FCR, survival, and immune 
response of P. monodon compared to control diet (De et  al. 2018). B. subtilis 
ANSB060 could also improve digestive enzyme activities of hepatopancreas and 
intestine, as well as decrease aflatoxin B1 residues in the hepatopancreas and gonad 
of yellow river carp (C. carpio haematopterus) (Fan et al. 2018). By modulating 
intestinal microflora, B. licheniformis fb11 at the concentration of 5 × 106 CFUg−1 
significantly improved digestion in juvenile  chitala (Chitala chitala) (Mitra 
et al. 2018).
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16.8.3  �Bacillus Improves Survival Rate of Fish

Probiotics maintain a healthy environment by improving the water quality, degrad-
ing organic waste materials, inhibiting the growth of pathogens, and reducing the 
load of harmful microbes in aquaculture systems. Such a healthy environment pro-
vides better survival of larvae and growing fish. Several studies demonstrated that 
probiotic bacteria can reduce mortalities during bacterial infection in fish. The com-
mercially prepared mixture of Bacillus spp. has been reported to increase the sur-
vival and production of channel catfish (Ictalurus punctatus) when applied in 
rearing water (Queiroz and Boyd 1998). Administration of either individual or com-
bined probiotics Bacillus sp. or LAB increased the survival and growth performance 
in Nile tilapia (Apún-Molina et al. 2009). Similarly, Liu et al. (2012) reported that 
dietary administration of B. subtilis strain E20 at a dose of 104, 106, and 108 CFU g−1 
for 28  days to grouper (Epinephelus coioides) enhanced the survival against 
Streptococcus sp. and an Iridovirus infection with relative survival percentage of 
22.8, 40.9, and 45.5 and 21.7, 30.4, and 52.2, respectively.

B. subtilis delivered to larvae singly at concentrations of 1.0  ×  108  CFU  L−1 
exhibited a significantly higher survival rate of the Pacific white shrimp (L. vanna-
mei) larvae from nauplii 3–4 to zoea three stages (Xue et al. 2016). Artemia and 
rotifer enriched with B. licheniformis and B. subtilis at 1 × 106 CFU mL−1 reported 
to improve growth and survival rate of L. vannamei larvae (Jamali et al. 2015). Liu 
et al. (2009) observed that postlarvae of L. vannamei had significantly higher sur-
vival in the treatments with B. subtilis strain E20 at 108 and 109 CFU L−1 compared 
to the control during their exposure to freshwater. L. vannamei fed with Bacillus 
strain OJ at a dose of 1010 CFU g−1 of feed produced significantly higher survivals 

Table 16.2  Bacillus used for fish nutrition

Probiotics Species Special effects Reference (s)

Bacillus spp. Common carp 
(C. carpio)

Provided better digestive enzyme 
activities; better growth performance 
and feed efficiency

Yanbo and 
Zirong 
(2006)

B. pumilus and 
B. clausii

Grouper 
(Epinephelus 
coioides)

Improved feed conversion ratio, 
phagocytic activity, and phagocytic 
index

Sun et al. 
(2010)

Bacillus sp. Gilthead sea bream 
(S. aurata, L.)

Increased the specific activities of 
alkaline and acid protease; improved 
nutritional condition in larvae

Arığ et al. 
(2013)

Bacillus sp. strain 
DDKRC1

Giant tiger shrimp, 
P. monodon

Diet fermented with bacteria provided 
better growth, digestibility, FCR, 
survival, and immune response

De et al. 
(2018)

B. subtilis strain 
ANSB060

Yellow river carp, 
C. carpio 
haematopterus

Improved digestive enzyme activities 
of hepatopancreas and intestine and 
decreased aflatoxin B1 residues in 
hepatopancreas and gonad

Fan et al. 
(2018)

B. licheniformis 
strain fb11

Chitala (C. chitala) Modulated intestinal microflora and 
significantly improved digestion

Mitra et al. 
(2018)

16  Probiotic Bacilli in Sustainable Aquaculture



320

and immune parameters than the control groups (Li et  al. 2009). Balcázar and 
Rojas-Luna (2007) suggested that B. subtilis UTM 126 at a dose of 105 CFU g−1 can 
be used to increase the survivability of L. vannamei against V. harveyi infection. 
Karim et al. (2013) reported B. pumilus strain RI06–95 as a potential agent to stop 
larval and juvenile mortality by the bacteria V. tubiashii and Roseovarius crassostreae 
in eastern oyster (Crassostrea virginica).

16.8.4  �Antimicrobial Activity of Bacillus

Oral administration of antibiotics with fish feed is the most commonly practiced 
treatment method for bacterial fish diseases. But a prolonged and indiscriminate 
application of antibiotics may result in the development antibiotic resistance in 
pathogenic bacteria (Rahman et  al. 2017) and spread of the resistant bacteria in 
aquaculture system and in the environment. The antibiotic resistance gene of these 
bacteria may spread to other pathogenic, nonpathogenic, and environmental bacte-
ria through horizontal gene transfer. Antibiotics are also hazardous for the environ-
ment and a threat for safe food (Ran et al. 2012).

Probiotic Bacillus are reported to exhibit antimicrobial activities against fish and 
shrimp pathogens and can be used as an eco-friendly and safe alternative to antibiot-
ics (Mondol et al. 2013). Most bacilli produce antibiotics such as difficidin, oxydif-
ficidin, bacitracin, polymyxin, subtilin, mycobacillin, bacillin, gramicidin, or 
bacillomycin B that are antagonistic to pathogenic bacteria both in vitro and in vivo 
conditions (Korzybski et al. 1978; Zimmerman et al. 1987; Al-Faragi and Alsaphar 
2012). Sugita et al. (1998) isolated Bacillus sp. strain NM 12 from the intestine of a 
dragonet (Callionymus sp.) that produced an antibacterial substance and suggested 
the strain as a suitable biocontrol agent for fish. Ran et al. (2012) isolated Bacillus 
strains from soil and intestine of channel catfish and screened antagonism of the 
strains against fish pathogens. All of the 50 Bacillus strains showed inhibitory activ-
ity against 2 strains of Edwardsiella ictaluri, and all but one Bacillus strain showed 
antagonism against another E. ictaluri strain. They also reported that 21 of these 
strains expressed antagonism against multiple catfish pathogens including 
A. hydrophila, E. tarda, S. iniae, Yersinia ruckeri, Flavobacterium columnare, and 
the oomycete Saprolegnia ferax. Ambas et  al. (2015) evaluated the antagonistic 
activity of Bacillus strains isolated from the intestine of healthy marron (Cherax 
cainii) and commercial probiotic products. They reported that B. subtilis and 
Bacillus sp. (PM4) from commercial product exhibited strong inhibition activity 
against V. mimicus and V. cholera non-01, whereas B. mycoides isolated from mar-
ron inhibited only V. mimicus. Yi et  al. (2018) reported antimicrobial activity of 
B. velezensis strain JW isolated from healthy grass carp against a broad range of fish 
pathogenic bacteria including A. hydrophila, A. salmonicida, L. garvieae, S. agalac-
tiae, and V. parahaemolyticus. In a recent study, Paul (2018) reported that B. subtilis 
strain WS1A isolated from a sponge of the Bay of Bengal exhibited antibacterial 
activity against fish pathogenic A. veronii strains (Fig. 16.5). Rahman (2018) iso-
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lated some bacterial strains from the sediment of the Bay of Bengal adjacent to the 
Chera deep and reported that B. haynesii strain CD223 exhibited antibacterial activ-
ity against different strains of fish pathogen: A. veronii, Enterococcus faecalis, and 
Stenotrophomonas sp.

16.8.5  �Bacillus Prevents Diseases

The probiotic Bacillus spp. are efficient in preventing fish diseases. Ran et al. (2012) 
reported that B. subtilis strains conferred significant benefit in reducing mortality of 
channel catfish challenged by E. ictaluri after 14  days feeding with B. subtilis 
spores. They also reported protective effects of four out of five strains of Bacillus 
against E. ictaluri infection in striped catfish. Bhatnagar and Lamba (2017) con-
ducted 90 days feeding experiment where mrigal (Cirrhinus mrigala) were fed on 
different levels of B. cereus (strain SL-1) incorporated feed. The B. cereus (strain 
SL-1) was isolated from the intestine of C. mrigala. After 90 days of feeding, the 
fish were challenged with pathogenic A. hydrophila by immersion method. They 
reported that all of the probiotic-fed fish group showed high survival in comparison 
to control group fish. Thy et al. (2017) also obtained higher survival of striped cat-
fish (Pangasianodon hypophthalmus) fed with a mixture of B. amyloliquefaciens 
strain 54A and B. pumilus strain 47B at 5 × 107 CFU 100 g−1 against E. ictaluri in a 
90-day feeding trial. Meidong et  al. (2018) obtained higher survival (77.3%) of 
Pangasius bocourti fed with B. aerius strain B81e supplemented diet than the con-
trol fish when challenged with virulent strain of A. hydrophila (FW52). In a recent 
experiment, Rahman (Unpublished) evaluated the effects of dietary B. subtilis strain 
WS1A on the disease resistance of L. rohita against Aeromonas septicae-
mia infection. Fish were fed bacteria at a dose of 5 × 107 CFU 100 g−1 for 90 days, 
and another group of fish was fed only the basal diet. Then, both groups of fish were 

Fig. 16.5  Inhibition of fish pathogenic A. veronii strain B55 and B19 by the cell-free extracts of 
Bacillus subtilis strain WS1A isolated from a sponge
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intramuscularly challenged with a previously identified virulent A. veronii strain 
(B55) where, all of the probiotic treated fish survived at the end of the experiment, 
but 100% mortality occurred in the control group fish with distinct external symp-
toms of hemorrhages in the body surface (Fig.  16.6). In shrimp, several studies 
focused on probiotics such as B. cereus, Paenibacillus polymyxa, and Pseudomonas 
sp. as biocontrol agents against pathogens of various Eubacterium spp. (Ravi et al. 
2007; Vijayan et al. 2006).

16.8.6  �Bacillus Enhances Immunity

Enhancement of host immunity by the probiotic bacilli has been reported by many 
researchers (Table 16.3). Zhao et  al. (2011) found that Bacillus strain TC22 and 
prebiotic fructo-oligosaccharide (FOS), when fed to ocean cucumbers as TC22 at 
109  CFU  g−1 feed and 0.5% FOS alone or in combination, resulted in enhanced 

Fig. 16.6  Probiotic B. subtilis strain WS1A prevents motile Aeromonas septicaemia  in Labeo 
rohita after feeding for 90 days. Left, normal fish (no disease symptom) which was fed with B. 
subtilis strain WS1A for 90 days and challenged with A. veronii strain B55; right, hemorrhages as 
external infection symptom in control fish (arrow indicates hemorrhages)

Table 16.3  Use of Bacillus to enhance immunity and antimicrobial activity

Probiotics Species Special effects Reference (s)

B. subtilis and 
B. licheniformis

Rainbow trout 
(O. mykiss)

Increased resistance to Yersinia 
ruckeri

Raida et al. 
(2003)

B. subtilis Gilthead seabream Stimulated cellular innate immune 
response

Salinas et al. 
(2005)

B. subtilis (ATCC 
6633)

Nile tilapia 
(O. niloticus)

Stimulated the gut immune system; 
enhanced the immune and health 
status

 Aly et al. 
(2008)

Bacillus Channel catfish 
(I. punctatus)

Good potential to mitigate the 
enteric septicemia of catfish (ESC)

Ran et al. 
(2012)

B. coagulans and 
B. subtilis

Artemia nauplii Produced antimicrobial activity 
against the pathogenic Vibrio 
species, including V. alginolyticus

Mahdhi et al. 
(2011)

B. subtilis AB1 Rainbow trout 
(O. mykiss)

Controlled Aeromonas infection Newaj-Fyzul 
et al. (2007)

B. subtilis Orange spotted 
grouper 
(E. coioides)

Increased the innate immunity and 
intestinal microbial population

Purwandari and 
Chen (2013)
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activity, respiratory burst, and phenoloxidase activity of ocean cucumber coelomo-
cytes and disease resistance against V. splendidus infection.

Yi et  al. (2018) reported a significant increase of humoral immune responses 
such as acid phosphatase (ACP), alkaline phosphatase (AKP), and glutathione per-
oxidase (GSP-PXP) activities in Carassius auratus fed with the probiotic B. velezen-
sis strain JW supplemented feed. They also measured the mRNA expression of 
immune-related genes in the head kidney of the probiotic-treated fish. Among them, 
the interferon gamma gene (IFN-γ) and tumor necrosis factor-α (TNF-α) showed 
higher expression after 3 and 4 weeks of feeding. They also reported significant 
upregulation of the expression of interleukin-1 (IL-1) in fish fed with 109 CFU g−1 
of the probiotic bacteria. B. amyloliquefaciens strain R8 can improve nutrient 
metabolism and hepatic stress tolerance, immunity, and disease resistance against 
A. hydrophila and S. agalactiae in zebra fish (Danio rerio) (Lin et al. 2019). Zheng 
et al. (2019) demonstrated that B. amyloliquefaciens (strain GB-9) enhance non-
specific immune defense system of Anguilla japonica, providing them with higher 
resistance to pathogens. B. amyloliquefaciens can be used in aquaculture to improve 
health status and disease resistance in catla (Catla catla) with an optimal dietary 
supplementation of 109 CFU g−1 (Das et al. 2013). Bandyopadhyay and Mohapatra 
(2009) found that B. circulans strain PB7, isolated from the intestine of C. catla, 
improved phagocytic ratio, phagocytic index, and leucocrit value when fed at 
2 × 105 cells 100 g−1 feed. Total serum protein and globulin content increased sig-
nificantly if the fingerling of L. rohita fed B. subtilis at a rate of 108 CFU g−1 of feed 
for a period of 60 days (Nayak et al. 2007). Highest respiratory burst activity and 
serum bactericidal activity were induced in L. rohita when the fish fed B. subtilis at 
1.5  ×  107  CFU  g−1 feed (Kumar et  al. 2008). Tilapia (O. niloticus) treated with 
B. coagulans strain B16 at a rate of 1.9 × 107 CFU ml−1 every 2 days in the rearing 
tank water showed ominously higher final weight, daily weight gain, specific growth 
rate, average myeloperoxidase, and increased respiratory burst activity compared 
with those treated with B. subtilis strain B10 (Zhou et al. 2010). Probiotic B. subtilis 
added diet at 5 × 106 CFU g−1 promoted the innate immune system of Nile tilapia 
(Telli et al. 2014). Cobia (Rachycentron canadum) fed the diet containing 2.0 g kg−1 
B. subtilis and 6.0  g  kg−1 chitosan had significantly higher post-challenge sur-
vival  against V. harveyi infection (Geng et  al. 2011). Ran et  al. (2012) isolated 
Bacillus strain from soil and/or intestine of channel catfish (I. punctatus) and 
reported the strain as very potential to mitigate the enteric septicemia of catfish. 
Combination of dietary fructo-oligosaccharide (FOS) and B. licheniformis at the 
rate of 0.3% FOS and 1 × 107 CFU g−1 diet can significantly enhance the innate 
immunity and antioxidant capability of triangular bream (Megalobrama termina-
lis), as well as improve its disease resistance (Zhang et al. 2013). Leukocyte counts, 
alternative complement activity, and total serum protein and globulin contents all 
increased significantly as dietary B. licheniformis levels increased from 0 to 
1 × 107 CFU g−1 diet (Zhang et al. 2013). In contrast, addition of FOS with B. sub-
tilis had no effects on the growth performance, immune response, and disease 
resistance of large yellow croaker (Larimichthys crocea) (Ai et al. 2011). Thy et al. 
(2017) fed a mixture of probiotic bacteria (B. amyloliquefaciens strain 54A and 
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B. pumilus strain 47B) to striped catfish (Pangasius hypophthalmus) at different 
concentrations for 90 days and obtained higher immune parameters such as phago-
cytic activity, respiratory burst, and lysozyme activity in fish fed diet containing 
probiotics at 5 × 107 CFU g−1 than the control. Meidong et al. (2018) reported that 
dietary administration of B. aerius strain B81e significantly increased the immune 
parameters such as serum lysozyme and bactericidal activities, alternative comple-
ment, and phagocytic and respiratory burst activities in catfish (P. bocourti).

Moriarty (1998) suggested a commercialized Bacillus product that prevented 
infection by detrimental vibrios in shrimp. Bacillus provided disease protection by 
activating both cellular and humoral immune defenses, as well as competitive exclu-
sion of V. harveyi in the gut of tiger shrimp (P. monodon) (Rengpipat et al. 2000). 
NavinChandran et al. (2014) suggested that B. cereus screened from the wild shrimp 
P. monodon, in turn, can be added as an effective growth and immune enhancer in 
P. monodon. Zokaeifar et  al. (2012) reported that the expression of all immune-
related genes was suggestively upregulated (P < 0.05) in the white shrimp (L. van-
namei) when fed with B. subtilis strain L10 and G1 at 105 and 108 CFU g−1 diets 
compared to the control group.

16.8.7  �Bacillus Improves Water Quality

Bacillus spp. has beneficial roles in the improvement of water quality in aquaculture 
(Table 16.4). They have a better conversion efficiency of organic matter into CO2 
than Gram-negative bacteria, which converts a greater proportion of organic matters 
into bacterial biomass (Balcázar et al. 2006; Mohaparta et al. 2012). Application of 
probiotics in lentic water bodies could improve fish health by boosting up many 
water quality parameters since they modify the bacterial composition of the water 
and sediments (Ali 2000; Rao 2007). The temperature, pH, dissolved oxygen, NH3, 
and H2S were reported to be of higher quality when Bacilli were added in the shrimp 
larvae culture in the green water system (Banerjee and Ray 2017; Aguirre-Guzman 
et  al. 2012). Probiotic  bacilli  enhance decomposition of organic matters, reduce 
nitrogen and phosphorus concentrations, and control ammonia, nitrate, and hydro-
gen sulfide (Cha et al. 2013).

Bacillus spp. was found to have a wonderful water purification capability as 
Gram-positive bacterium are better converters of organic matter back to carbon-
dioxide than Gram-negative bacterium (Moriarty 1997; Anik et al. 2011). Bacillus 
spp. improved water quality, survival, and growth rates, improved the health status 
of juvenile P. monodon, and reduced the number of infective vibrios (Dalmin et al. 
2001; Devaraja et al. 2013). For edible fish, Bacillus spp. could reduce the chemical 
load of high concentrations of nitrogen in trout production (Maillard et al. 2005) 
and reduce the total ammonia in tilapia production in recirculating systems (Rafiee 
and Saad 2005). Moreover, commercial probiotics created from E. licheniformis 
and B. subtilis were used in Nile tilapia (O. niloticus) farming to optimize the dis-
solved oxygen level (El-Haroun et al. 2006). Bacillus isolated from fish (C. carpio) 
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Table 16.4  Bacillus used as probiotics in water in aquaculture

Probiotics Origin

Impacts on water 
quality and fish/
shrimp Doses References

Bacillus sp. Commercial 
product

Total nitrogen and 
ammonia 
concentrations 
reduced up to a lower 
extent

108 and 
105 CFU mL−1

Matias 
et al. (2002)

Bacillus sp. Commercial 
product

Reduced 
concentrations of 
nitrogen and 
phosphorus and 
increased yields of 
shrimp

104–109 CFU mL−1 Wang et al. 
(2005)

Bacillus sp. – Probiotics maintained 
optimum transparency 
and low organic load

– Dalmin 
et al. (2001)

Mixed bacillus Commercial 
product

Levels of pH, 
ammonia, and nitrite 
significantly 
decreased

– Nimrat 
et al. (2012)

B. subtilis and 
B. megaterium with 
soybean meal

Commercial 
product

Enhanced stress 
tolerance and 
hemolymph 
metabolites

1.2 × 104 CFU g−1 Olmos et al. 
(2011)

B. circulans and 
B. licheniformis

Commercial 
product

Improved growth and 
health of cultured fish

1 × 106 CFU mL−1 Sahandi 
et al. (2012)

B. pumilus, 
B. licheniformis, 
and B. subtilis

Marine water 
and soil 
samples

Reduced total 
ammonia nitrogen 
(TAN) and improved 
growth and survival in 
shrimp postlarvae

– Devaraja 
et al. (2013)

B. subtilis strain 
LR1

Gut of rohu 
(L. rohita) 
fingerling

pH, dissolved oxygen, 
NH3, and H2S were in 
higher quality

– Banerjee 
and Ray 
(2017)

B. subtilis, 
B. pumilus or 
B. licheniformis

– Significantly 
decreased ammonia 
concentration

1 × 104 CFU mL− 1 Cha et al. 
(2013)

Bacillus spp. – Converters of organic 
matter to CO2

– Moriarty 
(1997)

Pseudomonas sp., 
Nitrobacter sp., 
Nitrosomonas sp., 
Bacillus sp., and 
Aerobacter sp.

Commercial 
product

Decreased 
accumulation of total 
organic matter, TAN, 
and nitrite 
concentration

1 × 1010 CFU mL−1 Anik et al. 
(2011)

Bacillus sp. Commercial 
product

Reduced total organic 
carbon

1 × 109 CFU mL−1 Dalmin 
et al. (2001)

(continued)
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was used to minimize the pathogenicity of A. hydrophila in decorative fish culture 
(Lalloo et al. 2007), but in catfish fish I. punctatus, no significant distinction was 
found between the treated and management cluster of fishes for the examined water 
quality variables (Queiroz and Boyd 1998). This may due to the intrinsic capability 
of catfish, allowing the fish to withstand themselves even at the threshold limit.

Bacterial species under the genera Bacillus, Eubacterium, Pseudomonas, 
Acinetobacter, Cellulomonas, Rhodopseudomonas, and Nitrosomonas are reported 
to be potent bioremediators for organic wastes (Thomas et al. 1992). These probi-
otic bacteria regulate the microflora of cultivation water and control infective micro-
organisms to enhance the decomposition of undesirable organic substances within 
the water and sediment due to the improved ecological atmosphere of cultivation 
(Xiang-Hong et  al. 2003; Rao 2007). Devaraja et  al. (2013) isolated indigenous 
E. pumilus, B. licheniformis, and B. subtilis from marine water and soil samples and 
investigated these bacteria for their bioremediation ability in P. monodon culture, 
and recommended Bacillus spp. as potential candidates for bioremediation for 
P. monodon culture systems (Devaraja et al. 2013). In situ bioremediation has also 
been widely applied in cultivation through bioaugmentation mistreatment endemic 
or exogenous probiotics, which amend water quality (Wang et al. 2005).

16.8.8  �Bacillus-Based Commercial Probiotics

To flourish the growth of probiotics, the environment in which the probiotic will 
inhabit such as the gut of fish or the water body where the fish live in must be con-
genial for that specific probiotic. Bacillus isolated from one environmental condi-
tion may not respond equally in another environment because the growth of Bacillus 
not only depends on the environmental parameters but also varies in accordance to 

Table 16.4  (continued)

Probiotics Origin

Impacts on water 
quality and fish/
shrimp Doses References

B. pumilus, 
B. licheniformis, 
and B. subtilis

Isolated from 
marine water 
and soil 
samples

Reduced TAN – Devaraja 
et al. (2013)

Eubacterium 
licheniformis and 
B. subtilis

Commercial 
product

Increased dissolved 
oxygen level

– El-Haroun 
et al. (2006)

Bacillus sp. – Bioremediation of 
organic wastes

– Thomas 
et al. (1992)

Bacillus, 
Eubacterium, 
Pseudomonas

– Decomposition of 
undesirable organic 
substances

– Xiang-
Hong et al. 
(2003)
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its association with other microbes. For this reason probiotics may not be equally 
effective in all cases. A list of commercially available probiotic Bacillus is given in 
Table 16.5.

16.9  �Concluding Remarks

The Gram-positive and spore-forming probiotic Bacillus spp. have profound benefi-
cial effects on aquaculture industry and are thus considered an important tool for 
promoting sustainable aquaculture. They exert their beneficial effects through mul-
tiple mechanisms including promotion of growth of host fishes and shrimps, sup-
press pest and disease infestation by secreting antimicrobial compounds and 
induction of immunity in the hosts, promote nutrition, and improve aquatic ecosys-
tems for growth and reproduction of fishes and shrimps. Isolation, identification, 
and selection of the right strain of Bacillus and its proper application to the aquacul-
ture largely regulate the beneficial effects in fish farming. Current genomics and 
post-genomics approaches provide opportunity to precisely understand the underly-
ing molecular mechanisms of the beneficial effects of the probiotic bacilli and their 
genetic engineering for the development of highly efficient strains for boosting 
aquaculture in a sustainable manner. Larger application of probiotic bacilli instead 
of the hazardous  synthetic chemicals would promote eco-friendly low-input sus-
tainable aquaculture for food and  nutritional security of the increasing world 
population.

Table 16.5  List of some commercially available Bacillus-based probiotics

Trade 
Name Country

Pack 
size Composition/information

Promax-
Aqua

India 200 g Bacillus subtilis, B. licheniformis, B. megaterium, B. polymyxa, 
B. firmus, B. mesentericus, Aspergillus oryzae, A. niger, 
Nitrosomonas, Nitrobacter, Cellulomonas, Pediococcus, 
Thiobacillus denitrificans, Paracoccus denitrificans, herbals, and 
needful stabilizers.

Sanolife 
pro-F

Thailand 500 g Mixture of Bacillus strain

PRO-2 Thailand 500 g Mixture of Bacillus strain
Pro-W Thailand 500 g Mixture of Bacillus strain
Eco 
Toxnil

India 1 kg Bacillus subtilis, B. natto, B. mesentericus

Ariake 3 Indonesia 1 kg B. amyloliquefaciens strain D203
B. licheniformis strain D3270
B. pumilus strain D1729

pH fixer India 5 kg Concentrated strain of beneficial Bacillus bacteria
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