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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).
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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).
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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, p-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.), amember 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; Kiistkova 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)
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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 Qols (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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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

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
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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
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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

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.
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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. (¢) Colonies of D. bry-
oniae on potato dextrose agar

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 x 10° 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 x 10° cfu/ml and 1 x 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 Fo.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
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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
(Fo.rc.). (b) Colony of Fo.r.c. on potato dextrose agar. (¢) 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 Fo.r.c.; right plant, Fo.r.c. only without B. subtilis. Photo was taken 3
weeks after inoculation



14 L. Ni and Z. K. Punja

transplanting. The recirculating systems in the greenhouse offer opportunities for
Fo.r.c. to spread through the irrigation system, resulting in contamination of the
growth substrate (Cerkauskas 2012). The optimal temperature for development of
Fo.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 Flo.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 Fo.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 Fo.r.c. (Al-Tuwaigri 2008). Certain metabolites may be secreted by B.
subtilis to suppress the germination of conidia of Fo.r.c. (Al-Tuwaigri 2008). Also,
our results have shown that three preventative applications of Rhapsody containing
1x10° CFU/g B. subtilis strain QST 713 made prior to Fusarium inoculation resulted
in a significant increase in plant growth after 3 weeks (Fig. 1.7¢c), 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



1 Management of Fungal Diseases on Cucumber (Cucumis sativus L.)... 15

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
1x10° 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). Corréa 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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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

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).
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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; Corréa 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 (1x10% 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 BSOI at
a concentration of 10° 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 (Leclere 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
UTBO96 (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 pg/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. (¢) 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. (¢) 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)
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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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