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Abstract 

 

Blackleg is a destructive and economically important disease of canola 

(Brassica napus L.) in Australia and other canola cultivation regions such as Europe 

and Canada. The disease is caused by the fungal pathogen, Leptosphaeria maculans 

(Desm.) Ces & De Not (anamorph Phoma lingam Tode: Fr. /Desm). In Australia, 

the presence of this pathogen resulted in an epidemic in 2003 due to the breakdown 

of host resistance. Changes in farming practices and the intensified cultivation of 

canola has also increased the amount of stubble present in the field, therefore 

potentially leading to increased sexual reproduction of L. maculans and ascospore 

showers on canola plants. The use of fungicides has increased over the years, and 

this is raising environmental concerns. Biological control of plant pathogens is a 

potentially sustainable and environmentally friendly disease management strategy. 

Biocontrol products based on species of Bacillus have proven to be effective against 

a variety of pathogens in the field. Additionally, Bacillus spp. are also known for 

their persistence in harsh environmental conditions. Therefore, this study aimed to 

isolate and screen Bacillus species with antagonistic efficacy towards L. maculans, 

and to understand the underlying mechanisms of biocontrol. 

An extensive collection of rhizospheric and phyllospheric bacteria (532) 

was accessed and spore forming bacteria were identified by heat shock method, with 

148 of these surviving the treatment and determined to be likely Bacillus spp. 

Screening of antagonistic capability towards L. maculans identified 19 potential 

biocontrol agents (BCAs) with the greatest inhibition of mycelial growth (≥80%), 

which were then characterised via sequencing of the 16S rRNA gene. Identifications 

were further confirmed using multigene sequence analysis based on Gyr A, Che A 



xi 

 

and an antiporter gene, Tet-b. From this, nine highly antagonistic and closely related 

Bacillus strains were identified to species level and phylogenetic analysis was 

carried out for comparative purposes. Volatile organic compounds (VOCs) 

produced by these nine strains showed a differential reaction against a set of 14 

isolates of L. maculans with known virulence. VOCs of Bacillus amyloliquefaciens 

strain B89 and Bacillus velezensis strain B94 demonstrated comparatively high 

inhibition potential in comparison to other Bacillus strains. The VOCs of these 

strains were also effective in in planta closed container assays. SPME-GC-MS was 

used for the detection and comparative analysis of VOCs produced by B89 and B94 

individually and in the presence of L. maculans. Most of the detected volatiles 

belonged to fatty acid derivatives, aldehydes, esters, furans, ketones, lactones and 

benzoids and L. maculans was able to modulate the profile of bacterial VOCs. 

Detection of antibiotic production by a particular bacterium is important 

in determining its capability to be an effective BCA. Biosynthetic genes belonging 

to different operons within Bacillus species genomes, and which were previously 

reported to be involved in the synthesis of lipopeptides or other secondary 

metabolites, were selected to screen a group of Bacillus species. Polymerase chain 

reaction analysis was performed for the detection of eight genes related to 

lipopeptide production and two genes related to the biosynthesis of chitinase and β, 

1-3 glucanase. B. velezensis (B94) demonstrated the presence of eight genes 

whereas, B. amyloliquefaciens (B89) harboured seven genes of interest. MALDI-

TOF-MS analysis of whole cell surface extracts of B89 and B94 confirmed that 

these strains were able to produce different analogues of surfactin, iturin A, iturin 

C, bacillomycin, fengycin and mycosubtilin. The antagonistic potential of these 

strains was mainly dependent on the non- volatile/diffusible compounds as 
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compared to the VOCs, and the presence of L. maculans changed the profile of 

detected lipopeptides in B89 and B94. 

An analysis of crude cultural filtrates of B. amyloliquefaciens (B89) and 

B. velezensis (B94) against mycelial growth and conidial viability determined that 

these cultural filtrates have high antagonistic potential against L. maculans. Further 

to this, in planta assays using Brassica napus (AV-Garnet) determined that these 

filtrates can promote lateral root growth. When the roots of canola seedlings were 

exposed to the bacterial cultural filtrates, protection against infection by L. maculans 

was recorded for detached leaves, indicating a systemic protective effect. However, 

the application of Bacillus strains and L. maculans on separate cotyledons 

demonstrated no protective or inhibitory effect on the pathogen. The use of 

rifampicin (Rif) mutants established that B89 and B94 are able to colonise B. napus 

seedlings and that they have the potential to be endophytic, therefore providing 

benefits to the host. In planta assays at seedling stage showed complete inhibition of 

L. maculans after the prior application of B89 and B94. 

In conclusion, B. amyloliquefaciens (B89) and B. velezensis (B94) show 

promise as BCAs of L. maculans in canola. Furthermore, the secondary metabolites 

produced by these Bacillus strains are strain specific and they are able to antagonise 

L. maculans using multiple modes of action. 
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Chapter 1 

Introduction and Literature Review 

 

1.1 Introduction  

 

Canola (Brassica napus L.) commonly known as oilseed rape, is one of the 

major and economically important crops of the world. It belongs to the family 

Brassicaceae and it is a variant of an ancient crop called rapeseed, which was 

developed through conventional plant breeding. An interspecific hybridisation 

between Brassica oleracea (CC genome, 2n = 18) and Brassica rapa (AA genome, 2n 

= 20) resulted in canola having an amphidiploid genome (AACC, 2n =4x = 38) 

(Snowdon et al., 2002). The term canola is derived from two words: “Can” which 

stands for Canada and “ola” stands for oil (with low erucic acid). This term was initially 

used as a trademark, but now it is a general term employed for edible varieties of 

rapeseed oil, most specifically in North America and Australia. Its name highlights the 

main purpose of this crop, which is primarily cultivated for extraction of edible oil 

from its seeds. The seeds contain more than 40% oil content and are further processed 

to obtain edible oil. In oil seed crop production, canola ranks second in the world (after 

soybean). Other key uses of canola include biofuel production and canola meal 

production. Canola (cooking) oil has gained popularity due to its superior nutritional 

qualities such as high content of monounsaturated fats, low levels of saturated fats and 

omega-3 fatty acids. It is also an important source of Vitamin E, phytosterols and does 
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not contain cholesterol (Paas et al., 2002). Canola by-products (e.g., canola meal) are 

also being intensively used in the livestock feed industry due to it containing 36-44% 

protein (Kimber and McGregor, 1995). Newkirk (2009) reported that canola meal is the 

second largest source of protein for livestock in the world. Some varieties of B. napus 

are also cultivated on a small scale for their vegetative parts (leaves and stems) only, 

which are favoured in Asian/Eastern cuisine. 

The cultivation of Brassica oilseed varieties (rapeseed) began in 

approximately 5000 BC in Indian and Mediterranean regions (Yan, 1990), however 

breeding for canola took place in 1978. The aim of this breeding was to produce a 

variety with lower erucic acid content (< 2%) in the oil, and low levels of 

glucosinolates (< 30 μmol/g) in the meal. High concentrations of erucic acid in the oil 

makes it inedible and erucic acid tests on animals (rats) resulted in harmful effects 

which may also impact on human health. Glucosinolates were reduced because they 

are toxic to most animals and make the feed unpalatable, thus decreasing the inclusion 

level of rapeseed meal in livestock feeds (Newkirk, 2009). 

High canola oil prices and increased use of canola meal in the livestock 

feed industry have made canola a very lucrative crop for farmers worldwide. Over the 

past 40 years, canola has become a valuable cash crop and a massive increase of nearly 

3-fold in its production and cultivation area has been reported worldwide (Hammoudi 

et al., 2012). Canola is produced in all parts of the world including Australia, Asia, 

Europe and North America (Fitt et al., 2006; Kutcher et al., 2010). In 2014-2015 it was 

estimated that 72.12 million metric tons of canola was produced (USDA, 2016). 

Canada and China are among the largest producers in the world with almost half of the 

world’s canola oil production originating from only these two countries (UNFAO, 
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2015). China produces 30% of the total world yield, individually (Liu et al., 2014). 

Canada, Australia, India, China, and the European Union are also among the leading 

producers and users of canola oil and canola meal. 

Canola was introduced in Australia in the late 1960s; it was grown from 

the imported cultivars developed in Canada, and now it is the third largest cultivated 

(broad acre) crop in Australia, exceeded by wheat and barley (van de Wouw et al., 

2016b). It is widely grown in southern Australian states with oil as the main product 

and growers all over Australia have shown keen interest in this crop, which is worth 

millions of dollars to the economy. Likewise, record increases in cropping area and 

yield have been recorded since 1990. In 2018-2019, the area of cultivated Canola was 

1.893 million ha, several times higher than its initial cultivated area of 107,000 ha in 

1992-93. Crop yield has also improved from 178 kt to 2,180 kt but the yield has 

plunged from 1.7 tons/ ha (1992-92) to 1.2 tons/ha in 2018-19 (ABARES, 2019). In 

Australia, it is believed that high canola oil prices (AUD $1,050 per metric tonne crude 

oil) compared to cereals and increased public demand for products with perceived 

health benefits is the main driving force for the increased cultivation (van de Wouw et 

al., 2016a; Van de Wouw et al., 2016b). Canola is usually grown as a break crop with 

wheat once in two years and it can also be cultivated in rotation every three or four 

years with other cereal crops, pulses and pastures (van de Wouw et al., 2016b). 

According to one estimate, canola has generated a substantial revenue of AUD $2.1 

billion for Australia in 2017-2018 (ABS, 2018). 

  



Chapter 1 
 

4 

 

1.2 Blackleg of canola 

 

Plant diseases are one of the main limitation to crop production worldwide. 

An immense increase in world population and growing demand for food supply has 

resulted in intensified use of land. Human efforts to get more agricultural produce in 

less time have resulted in different strategies such as monoculture, short term crop 

rotations, shortening or removing fallow periods, intensive use of pesticides and plant 

breeding. Careless and/or continuous use of these strategies makes the environment 

more conducive to pathogens and subsequent yield-limiting diseases. Fungal diseases 

are a major constraint in crop production and likewise, they pose a potential threat to 

canola production worldwide. 

Blackleg (caused by Leptosphaeria maculans) and Sclerotinia stem rot 

(caused by Sclerotinia sclerotiorum) are the predominant diseases of canola, most 

specifically in Australia. Other diseases of secondary importance include white leaf 

spot, Alternaria leaf/pod spot, downy mildew and powdery mildew caused by 

Pseudocercosporella capsellae, Alternaria brassicae, Peronospora parasitica, 

Erysiphe cruciferarum, respectively (van de Wouw et al., 2016a).  

Blackleg disease of canola, which is also known as Phoma stem canker, is 

the most destructive disease of canola producing countries including Australia, 

Canada, France (van de Wouw et al., 2016a). It is a major constraint on canola 

production and has resulted in economic losses of more than $900 million per growing 

season, worldwide (Romero et al., 2018). 
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The pathogen can cause seedling death and lodging or early senescence of 

the canola plant. In the early 1970s, blackleg appeared in its most destructive epidemic 

form in Australia, which almost resulted in the demise of the emerging canola industry 

(Bokor et al., 1975; Salisbury et al., 1995). It is believed that black leg of canola is mainly 

caused by L. maculans in all canola growing regions of the world with the exception 

of China where Leptosphaeria biglobosa is found to be the causal organism of the 

disease. Recently, it was discovered that this disease is caused by a combination of L. 

maculans and L. biglobosa in Europe and Canada.  

1.2.1 Blackleg disease in Australia 

 

The high economic losses attributed to L. maculans (up to 90% yield losses 

after Sylvestris cultivars resistance breakdown, in 2003) has resulted in this disease 

becoming a research priority not only in Australia but worldwide (Fitt et al., 2006; van 

de Wouw et al., 2016b). An annual yield loss of 10-15% is attributed to the disease in 

Australia from the disease, however, losses of up to 90% have been recorded in some 

regions (Sprague et al., 2006). 

Monitoring trials conducted at different sites across major canola growing 

areas of Australia, found Blackleg caused by L. maculans and Sclerotinia stem rot as 

the primary diseases of canola (van de Wouw et al., 2016a). Different factors are 

responsible for the high incidence and severity of blackleg in Australia as compared to 

the other canola growing countries of the world. One of the main reasons is the 

prevalence of the temperate climate in Australia which extends over longer periods of 

time providing ample time for fungal growth inside the plant. Other factors include 

intensive sexual reproduction of the pathogen on stubble left in the field which 
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generates large quantities of the recombinant ascospores. These spores are windborne, 

and their release time coincides with the emergence of new canola seedlings (van de 

Wouw et al., 2016b). The seedlings grow for an extended period of 3 to 4 months in 

winter in the presence of ascospores from the stubble as well as pycnidiospores from 

new lesions. Cold and wet winter conditions further assist the pathogen in its growth 

and dispersal. A combination of these factors sets the scene for high blackleg disease 

incidence. International seed companies utilise blackleg infested stubble from 

Australia to analyse the resistance level in their breeding lines due to presence of high 

disease pressure (van de Wouw et al., 2016b). 

1.3 Leptosphaeria species 

 

Blackleg is caused by two related fungal species, L. maculans (Desm.) 

Ces. & de Not. (anamorph: Plenodomus lingam, previously known as Phoma lingam) 

and L. biglobosa (anamorph: Plenodomus biglobosus) (Shoemaker and Brun, 2001; 

Mendes-Pereira et al., 2003; Balesdent et al., 2005). These two species differ in many 

aspects and were first distinguished on the basis of virulence. Highly virulent, 

aggressive A group and Tox+ or Sirodesmin (phytotoxin) producing strains are 

currently referred to as L. maculans whereas, avirulent, non-aggressive, B group and 

Tox- or non-Sirodesmin producing strains are known as L. biglobosa (Williams et al., 

1999). These pathogenic fungi have further been divided into subspecies on the basis 

of molecular studies revealing that L. maculans has two subspecies: L. maculans 

‘brassicae’ and L. maculans ‘lepidii’, whereas L. biglobosa is comprised of five 

subspecies viz. L. biglobosa ‘australensis’, L. biglobosa ‘brassicae’, L. biglobosa 
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‘canadensis’, L. biglobosa ‘occiaustralensis’ L. biglobosa ‘thlaspii’ ( Mendes-Pereira 

et al., 2003 ; Vincenot etal., 2008)and L. biglobosa ‘americensis (Zou et al., 2019). 

As L. maculans is a more aggressive pathogen than L. biglobosa, it is often 

involved in more destructive epidemics resulting in considerable yield loss (Fitt et al., 

2006). L. maculans only infects the members of the Brassica family and decreases 

yield by developing cankers on the lower part of the canola stem (stem base) (Zhou et 

al., 1999), whereas L. biglobosa affects the plant by developing less damaging lesions 

on higher parts of the stem (West et al., 2001). 

L. maculans (brassicae) occurs globally except in China, where it is absent 

and L. biglobosa is responsible for blackleg of canola (Zhang, X., et al., 2014). Three 

subspecies of L. biglobosa (brassicae, occiaustralensis, canadensis) are reported to 

cause infection in canola (Mendes-Pereira et al., 2003; Voigt et al., 2005; van de Wouw 

et al., 2008). In Australia, only one sub species of L. maculans (L. maculans 

‘brassicae’) and three subspecies of L. biglobosa (L. biglobosa ‘australensis’, 

‘occiaustralensis’, ‘canadensis’) have been discovered, so far (Plummer et al., 1994; 

Vincenot et al., 2008). 

Leptosphaeria species have spread inter-continentally, with the help of 

infected seed and debris (Zhang et al., 2014). Although L. maculans and L. biglobosa 

have somewhat different ecological preferences they can also coexist within the same 

niche on rapeseed (West et al., 2002). This is evidenced by their presence and co- 

localisation in Europe (Fitt et al., 2006), North America (Dilmaghani et al., 2009) and 

Australia (Vincenot et al., 2008). 
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Both species of Leptosphaeria have similar lifecycles and are spread by 

air borne ascospores (Kaczmarek et al., 2014; Dawidziuk et al., 2016). However, in 

western Canada, pycnidiospores have been reported as the primary source of inoculum 

instead of ascospores (Ghanbarnia et al., 2011). Airborne ascospores serve as the 

primary inoculum of the disease and all parts of the rapeseed plant are susceptible to 

infection (Biddulph et al., 1999). Infection starts from the leaves, extends along the 

leaf petioles after which the pathogen enters the stems (West et al., 2002). The blackleg 

pathogen is adaptable to different climatic condition thus both spring and winter 

varieties of canola can serve as hosts (West et al., 2001). 

1.3.1 Leptosphaeria maculans 

Leptosphaeria maculans is a Dothideomycete fungus, having both asexual 

and sexual modes of reproduction. It also has multiple modes of parasitising the plant 

during its growth, which includes biotrophic, necrotrophic and saprophytic phases 

(Figure 1.1; Howlett, 2004). 

The fungus initiates its biotrophic phase after entering the leaf through 

stomata and forms asexual fruiting bodies called ‘pycnidia’, visible as black dots on 

the upper surface of the leaves. Afterwards, in its necrotrophic phase, it starts killing 

the infected plant tissue at the stem. After harvest, L. maculans resides in canola 

stubble and other residues of the crop, until the following season, and completes its 

saprophytic stage by producing pseudothecia (sexual fruiting bodies). 

Ascospores (sexual spores) are the primary inoculum which are released 

during rainfall, from pseudothecia present on stubble from previous growing season. 

In Australia, ascospore release generally coincides with the sowing season (late 
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autumn) of canola. Ambient weather conditions further favour the growth of the 

pathogen and infection stages. Ascospores distributed on wind currents land on 

cotyledons and new leaves, enter in the host through the stomatal apertures. Following 

successful entry, the pathogen establishes and colonises the intercellular spaces, and 

lesions generally appear on the leaf within a few days. The fungus advances towards 

the petiole during its symptomless, lengthy systemic phase, and develops in the xylem 

or between parenchymatous cells of the xylem and cortex (Sexton and Howlett, 2001). 

This results in invasion and death of the cortex of the stem. Blackened cankers appear 

at the base of the stem and can completely girdle the stem base. This condition implies 

the name of the disease “Blackleg”. In unusual weather conditions such as warm 

winters, lesions can also be found on the outer surface of the stem and branches of the 

plant (Sprague et al., 2018). Sometimes, the fungal infection can advance into the root, 

resulting in a blackened and rotted cortex (Sprague et al., 2007). Pods can also serve as 

infection courts for L. maculans when their developmental stage coincides with 

rainfall. Pod infection may be a result of new infections either caused by ascospores 

from the stubble or by rain splash of new pycnidiospores produced in pycnidia, on 

leaves.
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Figure 1.1 Life cycle of L. maculans on B. napus (canola) in Australia (Source: Howlett et al., 2001) 



Chapter 1 
 

11 

 

1.3.1.1 Differential isolates 

 

A set of isolates of L. maculans with known avirulence (Avr) genotypes of 

this pathogen is used for understanding the host genetics and for characterisation of 

resistance (R) genes present in canola. It is based on the interaction of known 

avirulence genes/alleles possessed by each member of the set and R genes carried by 

the canola cultivar. The set is now routinely employed for screening of commercial 

cultivars of canola and was designed in France at CETIOM (Centre Technique 

Interprofessionnel des Oléagineux Métropolitains: Interprofessional Technical Center 

for Oilseed Crops) where the resistance genes were routinely characterised in all 

commercialised cultivars of canola. In 2003, race specific R genes were determined in 

European canola accessions, based on similar interactions between known pathogen 

genes (Avr) and host plant resistance conferring (R) genes (Rouxel et al., 2003). 

A similar set of isolates has also been developed in Australia and major 

resistance genes bred into canola cultivars have been assessed (Balesdent et al., 2005; 

Dutreux et al., 2018). Marcroft et al. (2012) used this approach for identification of 

seedling resistance genes. Details of this set are mentioned in Table 1.1. This 

Australian focused differential set is helpful in the identification of specific R gene 

present in any cultivar with a complex genotype. Likewise, another set of differential 

isolates known as differential ‘addition’ isolates has also been generated by 

transformation, which differs by only one avirulence gene. This set has been used to 

confirm the introgression of Rlm6 (Brassica juncea derived resistance) gene in the 

commercialised cultivars (van de Wouw et al., 2014). 
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Table 1.1 List of members of the differential set and related avirulence genes. 

  
1D1 D2 D3 D4 D5 D6 D7 D8 D9 D10 D13 D14 D16 D17 

AvrLm1 2Vir Vir Vir Vir Avr Avr Avr Vir Vir Vir Vir Avr Vir Vir 

AvrLm2 3Avr Vir Vir Vir Avr Vir Vir Vir Vir Vir Vir Vir 4nd nd 

AvrLm3 Vir Vir Vir Vir Vir Vir Avr Vir Vir Vir Vir Vir Vir Vir 

AvrLm4 Vir Vir Vir Avr Avr Vir Vir Vir Vir Vir Avr Vir Vir Vir 

AvrLm5 Avr Avr Avr Avr Vir Avr Avr Avr Avr Avr nd Avr Avr Avr 

AvrLm6 Avr Avr Vir Avr Vir Avr Avr Vir Avr Avr Avr Vir Avr Avr 

AvrLm7 Vir Vir Vir Avr Avr Vir Vir Avr Avr Vir Avr Avr Avr Avr 

AvrLm8 Vir Avr Vir Avr Vir Avr Avr nd nd Avr Nd nd nd nd 

AvrLm9 Avr Vir Vir Vir Vir Vir Vir Vir Vir Avr Vir Vir Vir Vir 

 

1Different isolates of L. maculans  2Vir represents isolates that are virulent at a specific locus  3Avr represents isolates that are avirulent 

at specific locus  4nd refers to reactions not determined yet
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1.3.2 Symptoms of L. maculans infection and visual assessment 

Infection starts after invasion of the cotyledons/young leaves of canola 

seedlings/plant by ascospores of L. maculans and the first visible symptom appear 

within the first few days (3 to 5 days) of hyphal penetration through stomata or wounds. 

Soon after penetration the hypersensitive response (HR) is activated in the plant and 

upregulation of reactive oxygen species (ROS) results in plant cell death to restrict the 

further progression of the fungus into the plant (Fitt et al., 2006). Rapid necrosis of 

stomatal guard cells also occurs within few hours of penetration (Li et al., 2004). 

Off-white to grey coloured, round to irregular lesions become clearly 

visible to the naked eye within two weeks of the ascospores landing on the leaf surface. 

In the lesion, pycnidia containing pycnidiospores appear as dark coloured (black) dot 

like structures (Marcroft, 2013). A conspicuous green coloured margin may sometimes 

be seen encircling the lesion. After lesion formation, the pathogen grows downwards 

asymptomatically within the vascular system of the plant. Stem lesions can be found 

in the lower part of the stem in L. maculans infection whereas, lesions are found on 

the higher part of the stem in L. biglobosa infection. L. biglobosa spores tend to be 

released later in the season therefore they infect leaves higher up the stem. Stem lesions 

are elongated to oval in shape and cream to greyish in colour and can appear like long 

streaks on the stem. Stem infection is followed by crown rot which results in canker 

formation in the basal part of the stem. In severe infections, the stem is severed from 

the roots which can result in plant lodging and high yield losses (Sprague et al., 2007). 

However, in less severe infections, internal infection hinders the flow of water and 

nutrient within the plants. Root infection (root rot) has also been recorded as one of the 

symptoms of this disease resulting in premature plant death (Sprague et al., 2007). 
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L. maculans has two symptomless growth periods in its lifecycle, which 

usually go undetected by the naked eye. The first symptomless period occurs when the 

hyphae produced by airborne ascospores of L. maculans penetrates inside the leaf 

through stomata and before the appearance of visible leaf lesions. This period lasts for 

5 to 15 days (in winter rapeseed in Europe) (Toscano‐Underwood et al., 2001; Huang 

et al., 2003; Huang et al., 2009). The second asymptomatic period, which is prolonged 

for 5 to 6 months, occurs between the appearance of leaf lesions and appearance of 

stem cankers on the stem base (Hammond et al., 1985; West et al., 1999; Zhou et al., 

1999; Huang et al., 2005). 

1.4 Management of L. maculans 

 

Increasing population, increased monoculture of crops and the rapidly 

changing physiology and genetics of plant pathogens has increased the problems 

related to food security. Climate change is also perceived to exacerbate the problems; 

as it is experimentally proven that higher atmospheric temperatures decrease spore 

germination time and increases the efficiency of stomatal penetration by mycelia 

(Sosnowski et al., 2005; Rong, 2017). More frequent rains will also have a negative 

impact on crop, and it will accelerate the spore germination (Huang et al., 2003; 

Toscano‐Underwood, 2001). Thus, it has become more important than ever, to search 

for new environmentally friendly and sustainable plant protection strategies. 

Blackleg of canola is currently managed by integrated disease 

management practices, as no single technique/method is solely reliable. These 

strategies include a combination of methods of physical, cultural, chemical control and 

breeding for host resistance (Fitt et al., 2006; West, 2001). Current management 
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techniques include integrated use of crop rotation (1 in 4 years), avoidance/stubble 

management (burning, burying, flooding, and isolation of 500 meters from previous 

crop), fungicide application and using conventional and modern genetic approaches 

for increasing host plant resistance. In Australia, the impact of blackleg is minimised 

mainly through rotation with other crops (cereals), avoidance of stubble, application of 

fungicides and rotation of cultivars that have been bred with different resistance gene 

groups (Marcroft et al., 2012). 

1.4.1 Cultural control 

 

Cultural practices for the management of L. maculans includes practices 

that focus on avoidance of the pathogen. In 2004, highest disease severity was recorded 

in canola crops cultivated near 6-month-old stubble of canola (Marcroft et al., 2012). 

The disease severity markedly decreased within 100 meters and further declined 500 

meters away from the old stubble. It was also noted that disease severity was the same 

in short and long-term crop rotations after observing the rule of sowing a new crop 

away from the old canola stubble. 

Other practices such as sanitisation of farm machinery to avoid further 

spread of the fungal propagules, early sowing of the crop to ensure that the spore 

release time does not coincide with the most vulnerable growth stage (seedling) of the 

plant, crop rotation with other crops (4 years break between canola), removal of the 

infected crop residues by burying or burning are also helpful in avoiding the pathogen 

(West et al., 2001). However, shorter rotations, as a result of increased market demand, 

tend to favour the pathogen increasing disease incidence and host resistance 

breakdown (Kutcher et al., 2010; Zhang et al., 2016). 
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1.4.2 Chemical control 

Chemical control is considered as another effective approach and is 

heavily relied upon for the management of blackleg (Zhang et al., 2016). Fungicides 

are usually grouped based on similarities in their chemistry and mode of action. There 

are usually two types of fungicides: site-specific and non-site specific. Generally, site 

specific fungicides are used in the management of stem canker of canola. Site specific 

fungicides like Methyl Benzimidazole Carbamates (MBCs) and Quinone outside 

Inhibitors (QoIs) usually disrupt a single metabolic process or structure in the fungus 

(e.g., sterol synthesis, mitochondrial respiration). These are often systemic and are 

highly specific in their toxicity. Non-specific fungicides act on multiple sites in fungal 

metabolism and impede several processes; these fungicides generally effect many 

classes of fungi.  

In Australia, the canola industry relies on group 3 fungicides 

(demethylation inhibitors - DMI) i.e., Jockey® (seed dressing), Impact® (fungicide 

amended fertilizer) and Prosaro® (foliar fungicide). Recommendations on the use of 

these fungicides are supported by field trials which indicate that these are effective 

controls for blackleg (Marcroft et al., 2011). Jockey®, a systemic seed dressing, has the 

DMI fluquinconazole as its active ingredient. Fluquinconazole can also be used in the 

treatment of canola stubble to delay the spore maturation process and discharge from 

pseudothecia, whereas a mix of DMI and succinate dehydrogenase inhibitors (SDHIs) 

is applied as a foliar spray (Huang et al., 2014). Other fungicides for the management 

of blackleg of canola include Impact® (active ingredient, flutriafol), which is used as 

fertiliser amendment and applied in-furrow. The foliar fungicide Prosaro®, also a DMI, 
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has prothioconazole + tebuconazole as its active ingredients and is also very commonly 

used in canola disease management. 

The reliance on fungicides to manage the populations of L. maculans has 

created problems. For example, isolates of L. maculans which are tolerant to Jockey® 

have been recently reported in canola stubble during field surveys (van de Wouw, et 

al., 2016b). This provides evidence for the need to increase efforts for the discovery of 

new fungicide chemistries against this fungus. This is fundamental as L. maculans 

would continue to acquire tolerance to fungicides and these forms will dominate the 

population due to its high evolutionary ability (McDonald et al., 2002; Plissonneau, 

2016). 

1.4.3 Breeding for host resistance 

Using host resistance to manage pathogens is one of the most economical 

and environmentally friendly methods for control of crop diseases and is the main 

approach for managing blackleg of canola. Two types of cultivar resistance have been 

identified in L. maculans and B. napus interaction. These are qualitative (major) 

resistance and quantitative (minor) resistance (Balesdent et al., 2002; Delourme, 2014; 

Kaur, 2009; Marcroft et al, 2012). Both types of resistance play an important role in 

blackleg control and are equally important. A combination of qualitative and 

quantitative gene resistance can provide long term, effective and durable resistance 

against blackleg disease (Marcroft et al., 2012; Kiyosawa, 1982)
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1.4.3.1 Qualitative/major gene resistance 

Qualitative resistance is also known as major gene, single gene, race 

specific, complete, dominant, R gene resistance, which is often effective in preventing 

pathogens from colonising plants. It follows the gene-for-gene concept described by 

Flor (1971), where the outcome of the infection (resistance or susceptibility) depends 

on the presence of a resistance (R) gene in the plant and a corresponding avirulence 

(Avr) gene in the pathogen (Ansan‐Melayah et al., 1998). Where the pathogen 

expresses an Avr gene that is not matched by a corresponding R gene in the plant, 

susceptibility to disease occurs. In other words, the effectiveness of major gene 

resistance is dependent on the local population of L. maculans (Balesdent et al., 2001; 

Rouxel, 2003). This type of resistance is expressed during the seedling stage, in 

cotyledons and remains active in leaves, from seedlings through to adult plants 

(Delourme et al., 2006). It operates in cotyledons and leaves during the first 

asymptomatic phase, immediately after hyphal penetration of leaves from the 

ascospores (Ansan‐Melayah et al., 1998; Balesdent, 2001). However, recent studies 

have found that, although major gene resistance is expressed at seedling stage, true 

leaves and pods, it is not expressed in the crown of the stems (Elliott et al., 2016). Most 

specifically, this was the case for two major genes found in B. napus (Rlm1 and Rlm4), 

which conferred complete resistance against the pathogen carrying corresponding 

alleles; the fungus was recognised by the plant thus its growth was arrested. Major 

gene resistance is generally less durable as compared to quantitative resistance due to 

pathogen populations evolving at a much faster pace for virulence against the R genes. 

Qualitative resistance can be characterised reliably in young plants by phenotyping, 

known as cotyledon assays (after inoculation of pathogen on distinct susceptible and 

resistant phenotypes). 
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To date, at least 18 major R genes against L. maculans have been identified 

in different species of Brassica. These genes are Rlm1, Rlm2, Rlm3, Rlm4, Rlm7 and 

Rlm9, mapped to two B. napus linkage groups i.e., N7 and N10 (Ansan‐Melayah et al., 

1998; Delourme et al., 2006; Rimmer, 2006); Rlm5 and Rlm6 from B. juncea (Chèvre 

et al., 1997; Balesdent et al., 2002); Rlm8 and Rlm11 were identified from B. rapa 

(Balesdentet al., 2002; Balesdent et al., 2013); Rlm10 was from B. nigra (Chevre et 

al., 1996; Szadkowski et al., 2011). Some genes such as LepR2, LepR3 (F Yu et al., 

2005), LepR4 and RlmS were identified in resynthesised B. rapa subsp. Sylvestris (F 

Yu et al., 2005, 2007, 2008; van de Wouw et al., 2009); and BLMR1 and BLMR2 from 

B. napus cv. Surpass 400 (Long et al., 2011). 

At least nine of the corresponding avirulence (Avr) genes have been cloned 

in L. maculans: AvrLm1 (Gout et al., 2006), AvrLm2 (Ghanbarnia et al., 2015), AvrLm3 

(Plissonneau et al., 2016), AvrLm5/AvrLmJ1 (van de Wouw et al., 2014), AvrLm4-7 

(Parlange et al., 2009), AvrLm6 (Fudal et al., 2007), AvrLm11 (Balesdent et al., 2013), 

AvrLm10 (Petit-Houdenot et al., 2019) and AvrLm9 (dual specificity with AvrLm5) 

(Ghanbarnia et al., 2018). By contrast, only two R genes, LepR3 and Rlm2, have been 

cloned (Larkan et al., 2013, 2015). 

Qualitative resistance becomes less or completely ineffective within a 

period of three growing seasons of widespread cultivation of commercialised varieties 

because of the high genetic variability present within populations of L. maculans.  This 

variability is a result of a higher recombination rate in ascospores formation during sexual 

reproduction (Rouxel et al., 2003; Susan J. Sprague et al., 2006). The effector genes 

of L. maculans are present within transposable element-rich regions in the genome, 

which allows these genes to be easily lost or otherwise inactivated by repeat induced 
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point (RIP) mutations during sexual reproduction phase of their life (Fudal et al., 2009; 

Howlett et al., 2015). This genomic plasticity of L. maculans and strong selection 

pressure for increased virulence imposed by resistant cultivars results in variable and 

aggressive L. maculans populations. 

The breakdown of qualitative resistance in commercial cultivars has 

incurred huge losses in the past. Firstly during 1996–1999, in France, when Rlm1 gene 

resistance was overcome within only 5 years of the release of cultivars (Sprague et al., 

2006). The second breakdown of resistance was discovered in Australia (2003), with 

“Sylvestris” cultivar resistance (conferred by Rlm1, LepR3) breaking down within 3 

years of release. It has been estimated that this loss of resistance caused almost AUD 

$10 million financial loss. 

Furthermore, effectiveness of qualitative resistance is also found to be 

influenced by environmental factors such as temperature (Huang et al., 2006). The loss 

of effectiveness of R genes in Australia and France was first reported over a decade 

ago and subsequently the breeding of cultivars has concentrated on incorporating 

durable quantitative resistance (Rouxel et al., 2003; Sprague et al., 2006). It is now 

universally accepted that major gene resistance needs to be integrated with other 

control measures. 

1.4.3.2 Quantitative resistance 

This resistance type is also known as multigene, horizontal, race- non- 

specific, minor gene, durable resistance, adult plant resistance (APR) and field 

resistance. This resistance operates in the second symptomless growth stage of the 

pathogen between initial leaf infection and the formation of stem base cankers (Pilet 

et al., 1998; Delourme et al., 2006), and involves multiple genes each contributing a 
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small additive effect (Stuthman et al., 2007). As this type of resistance is mediated by 

more than one gene, it is more durable in comparison with qualitative resistance (Boyd, 

2006). However, little is known about the operation of quantitative resistance in B. 

napus and L. maculans interaction. Since this resistance mainly operates for a long 

period of during the pathogen’s asymptomatic growth from petiole to the stem base, 

selection of cultivars for quantitative resistance depends on pre harvest field 

assessments (rather than cotyledons assay) (Fitt et al., 2006), in the absence of genetic 

characterisation of R genes (Rouxel et al., 2003). This reliance on end of the growing 

season assessments has made it difficult to investigate the operation of quantitative 

resistance against L. maculans. 

In contrast with qualitative resistance, quantitative resistance does not 

restrict the colonisation and progress of the pathogen, rather it restricts the damage 

caused by it by reducing severe symptoms on the crop and less epidemic progress over 

time (Huang et al., 2009; Brun et al., 2010). It supports qualitative resistance by 

increasing the durability of major gene resistance. Many arable crops rely on this partial 

resistance that has been bred into modern cultivars for disease control. This was 

supported by the results of different recurring selection experiments of near-isogenic 

lines, where it was found that when major gene resistance was combined with 

quantitative gene resistance, R gene resistance was effective even after five years (Brun 

et al., 2010; Delourme et al., 2014).  

Identification of stable quantitative resistance is very costly and laborious 

as it depends on large, replicated field plot experiments conducted at different 

locations, in different years; because of influence of environment interactions on host 

genotype (McDonald et al., 2002). It is hypothesised that there is a complex interplay 
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between quantitative/partial resistance genes and many pathogen response genes 

whereas, in the absence of pathogens they do not show great phenotypic affects and 

result in no strong selective pressure on the pathogen (Zhu et al., 1993; Delourme et 

al., 2008). In this regard, quantitative resistance assists in increasing the durability of 

qualitative resistance (Brun et al., 2010). However, breeding for quantitative resistance 

is more complicated as compared to qualitative resistance. Although quantitative trait 

loci (QTL) have been identified in canola for L. maculans, direct comparisons are 

difficult between QTLs due to the differences in disease pressures and difference in 

marker systems. Additionally, there is a need to develop new methods to select for 

quantitative resistance in arable crops that are rapid, cheap, and reliable. 

1.5 Biocontrol of plant pathogens 

Plant domestication and breeding for increased yield and quality has 

generally occurred from a selection of types from a narrow base of genetic diversity 

as compared to the population of wild relatives. As a result, the availability of 

genes/alleles imparting resistance to plant pathogens has been eroded, therefore 

decreasing the opportunity to enhance plant resistance via breeding (Biddulph et al., 

1999). As a result, crops have become more vulnerable to pathogens and subsequent 

disease. Therefore, to ensure satisfactory quality and yield of the produce, crop farming 

became reliant on extensive use of synthetic pesticides, which also has many harmful 

effects on the environment and humans in the form of pesticide residues. Furthermore, 

pesticides exert a strong selection pressure on the pathogen population thus, resulting 

in more aggressive strains of the pathogen. 

Disease/pathogen management requires alternate, sustainable, 

environmental strategies; and “biocontrol” also known as “biological control”, is one 
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strategy. Other alternative strategies include integrated use of farming practices and 

resistant hybrids. However, transgenic crops are not allowed under national legislative 

bodies in many countries and assisted crossing and “transgenesis” for genetic crop 

improvement, may also be banned for some crops, such as wine grapes, protected by 

appellation seals (Burketova et al., 2015). 

The definition of biocontrol varies according to its purpose; depending 

upon source and type of biocontrol agents (BCAs) or it may also depend on the target 

for suppression. In a strict sense, “biological control is a purposeful use of native or 

exotic (introduced) living organisms/ microbes (other than host plants bred for 

disease resistance), for suppression of one or more pathogens (Pal & Gardener, 2006). 

This includes the use of microbial inoculants in the management regime such as plant 

growth promoting bacteria (PGPBs), plant growth promoting rhizobium (PGPRs) and 

other useful microbes that can directly affect the pathogen population by the production 

of antimicrobial compounds. Chemicals used for triggering a plant’s own immunity 

and defence mechanism are also a part of biological control (Pal & Gardener, 2006). 

1.6 Types and mechanism of biocontrol 

Strategies for biocontrol include different tactics and biocontrol is the 

cumulative effect of those methods. Biocontrol may be categorised into three general 

categories depending on the type of antagonism and the mechanism of suppression. 

Antagonism may be triggered by chemical inducers or microbial inducers including 

both bacteria and fungi for induction of host defence or it may be the result of direct or 

indirect suppression/inhibition of the pathogen, or it may be the combination of both. 
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1.6.1 Direct Antagonism 

Two types of biocontrol agents, “hyperparasites” and “microbial 

predators” are involved in direct antagonism of the pathogens. “Hyperparasites” are 

parasites of plant pathogens, which kill the pathogen or its propagules through direct 

physical contact whereas, “microbial predation” is pathogen nonspecific, less 

predictable and is exhibited only in nutrient deficient conditions (Pal & Gardener, 

2006). Hyperparasites are categorised into four major classes: a) obligate bacterial 

pathogens, b) facultative parasites, c) hypoviruses, and d) predators (fungal feeding 

nematodes and micro-arthropods) (Pal & Gardener, 2006). 

Obligate bacterial pathogens are a type of bacteria which require a living 

host to complete their lifecycle/infection. Pasteuria penetrans is an example of an 

obligate bacterial pathogen which is used as a BCA for parasitising root-knot 

nematodes, whereas, facultative parasites are microorganisms which can perform their 

parasitic activity without a living host and do not necessarily depend on their host 

target for completion of their lifecycle. Facultative parasitism occurs among many 

species of fungi, for instance, Coniothyrium minitans (a facultative mycoparasite) 

which attacks the sclerotia of Sclerotinia spp (Zeng et al., 2012).  

Multiple hyperparasites can attack and invade a single plant pathogen. For 

example, Acremonium alternatum, Acrodontium crateriforme, Ampelomyces 

quisqualis, Cladosporium oxysporum, and Gliocladium virens can parasitise powdery 

mildews (Kiss, 2003). 

Hypoviruses are viral hyperparasites, which are involved in hypovirulence 

(decreased virulence) of the pathogen. A classic example is the viral infection of 

Cryphonectria parasitica, a fungus responsible for chestnut blight; by viruses in five 
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families. The interaction of viruses with the pathogen has exhibited reduction in 

disease severity of the pathogen and the disease has been successfully controlled in 

many parts of America (Milgroom et al., 2004). 

Although the term “predator” generally refers to animals feeding on higher 

trophic levels, it is also used for activities of microbes like fungal feeding nematodes 

and micro-arthropods that ingest pathogen biomass for their survival and nourishment.  

Microbial predation involves predatory behaviour of some BCAs and it is 

restricted to the scarcity of their nutrition as this phenomenon is absent in typical growth 

conditions. For instance, the antimicrobial activity of Trichoderma sp. against 

Rhizoctonia solani is dependent on the production of chitinase enzymes that are 

directed against cell walls of R. solani. These chitinase enzymes are only produced in 

the presence of decomposing bark and in the absence of readily available cellulose, 

which is found in fresh, green bark (Benhamou & Chet., 1997).  

1.6.2 Indirect antagonism 

Plant immunity is one of the innate weapons used against all the microbes 

by plants. This immunity  may be in the form of constitutive physical and chemical 

barriers, like the cuticle, cell walls (physical), and antimicrobial phytoanticipins 

(antimicrobial compounds produced in the plant and responsible for plant defence 

without any challenge with the external microbe or in case of infection produced by 

constitutive chemicals). 

Another type of immunity which is induced by invading microbes forms 

the second defence line of the plant which is activated after sensing any microbe or non- 

self-signals via immune receptors. These signals are known as microbe associated 
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molecular patterns (MAMPs) or pathogen-associated molecular patterns (PAMPs). 

MAMPs/PAMPs are conserved molecular structures possessed by microbes and are 

essential for their overall fitness (Boller et al., 2009). These may include “flagellin” of 

bacterial flagella or glucans or chitin found in fungal and oomycetous cell walls. They 

may also be lipids, (glyco) proteins or carbohydrates in nature (Newman et al., 2013). 

Plants also produce some damage-associated molecular patterns (DAMPs) for early 

external recognition (Boller and Felix, 2009; Dodds and Rathjen, 2010). MAMPs and 

DAMPs are recognised by plasma-membrane localised pattern recognition receptors 

(PRRs) and induce a broad variety of defence responses commonly referred to as 

MAMP/PAMP/pattern-triggered immunity (PTI). Massive transcriptional 

reprogramming is modulated as a result of signalling events leading to activation of 

defence related genes, which results in accumulation of different stress-specific 

enzymes and metabolites. These metabolites and enzymes including hydrolytic 

enzymes (β- 1,3- glucanases and chitinases), pathogenesis-related (PR) proteins, 

peroxidases, proteinase inhibitors/ lipid transfer proteins; phytoalexins; compounds 

related to pattern-triggered immunity (PTI); stomatal closure; deposition of lignin and 

callose for cell wall strengthening; ROS production involved in signalling for 

antimicrobial effect (Melotto et al., 2006; Boller et al., 2009; Dodds and Rathjen, 

2010). 

Many of the defence responses depend strictly on phytohormones such as 

salicylic acid (SA), jasmonic acid (JA), ethylene (ET) and abscisic acid (ABA) 

(Glazebrook, 2005). The interaction between the phytohormones and auxins, 

giberellins and brassinosteroids (BR) triggers the activation of plant immunity against 

the specific invading pathogen (Robert-Seilaniantz et al., 2011). 
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Pathogen effectors also play an important role in the activation of plant 

defence mechanisms upon their recognition in incompatible disease reactions. 

Effectors are secreted by the pathogen to disrupt the defence mechanism of the plant 

and to obtain more nutrition. This type of immunity is termed as effector-triggered 

immunity (ETI) and acts in a similar fashion as pattern-triggered immunity (PTI). ETI 

is also associated with hypersensitive response (HR), which is a form of strong local 

defence at the site of infection, leading to programmed cell death (Dodds and Rathjen, 

2010). 

Following infection by a pathogen, systemic acquired resistance (SAR) 

comes into action (Pieterse et al., 2009). The mechanism of SAR depends on the defence 

signals generated and amplified at the site of infection and is distributed into the distal 

parts of the plant, however, defence related compounds are only produced after 

pathogen infection (Conrath, 2011). The concept of SAR was derived from the studies 

conducted on tobacco leaves by external application of salicylic acid (White, 1979). 

This pioneering and fundamental work on induced resistance led to a boom in the 

search of other chemical triggers of plant immunity. SAR can be triggered by 

synthetic compounds such as SA, Benzothiadiazole (BTH; an SA analog) and 

Pronenazole. BTH, also known as Acibenzolar-S-methyl (ASM), is a broad-spectrum 

resistance inducer efficient against disease caused by bacteria, fungi and viruses in 

monocot as well as dicot crops (Walters et al., 2013). It is commercially marketed as 

“Bion” or “Actigard” (Syngenta) and is extensively used in agriculture. Defence 

responses produced by BTH are identical to a SA-activated host defence and 

subsequently result in SAR (Ryals et al., 1994). BTH can work as a SA analog as this 

activates the SAR in transgenic plants in the absence of SA due to the SA degrading 
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enzyme (salicylate hydrolase). ASM/BTH is also found to have a direct fungi toxic 

effect (Gozzo et al., 2013). 

Probenazole (3-allyloxy-1,2-benzisothiazole-1,1-oxide), the active 

component of Oryzemate® (registered plant activator produced by Meiji Seika Kaisha 

Ltd., Japan) is mainly applied to rice crops to control rice blast, caused by 

Magnaporthe grisea, and bacterial leaf blight, caused by Xanthomonas oryzae pv. 

oryzae. The product has been used by Japanese farmers since 1975 and is considered as 

an essential protectant for rice crops (Iwata et al., 2004). It is also effective against 

fungal leaf blight of maize caused by Cochliobolus heterostrophus (Yang et al., 2011). 

Probenazole upstream production of a non-protein amino acid; (β-amino butyric acid, 

BABA), confers SAR against different pathogens (Gozzo et al., 2013; Walters et al., 

2014). Conrath (2011), stated that “BABA” protects the plant by potentiating the host 

defence mechanisms. BABA also exhibits direct fungi toxic effect against various 

pathogens such as L. maculans (Šašek et al., 2012). 

SAR depends on “priming” of the host tissues. Primed tissues are 

potentiated cells that are in the alert state and can respond more efficiently and quickly 

against abiotic and biotic stresses. Beckers et al. (2009) reported that primed cells can 

accumulate different defence signalling proteins like MAP Kinases (MAPKs), in their 

dormant state. Protein kinases are responsible for signalling during pathogen 

recognition process followed by activation of plant defence (Romeis, 2001). Primed 

cells are extensively being employed as chemical activators, for enhancing plant 

immunity (Conrath et al., 2006; Abuamsha et al., 2011; Conrath et al., 2015). SAR is 

efficient against a broad spectrum of pathogens, nematodes as well as parasitic plants 

(Gozzo et al., 2013), and also a good option in integrated disease management along 
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with other control strategies like fungicides, host resistance and BCAs (such as 

Pseudomonas sp. and Bacillus sp.) (Moya-Elizondo et al., 2016). 

Host plant induced resistance can also be elicited by plant-associated 

microbes (most specifically, PGPRs), and this type of resistance is referred to as 

induced systemic resistance (ISR). ISR initiates in plant roots by the plant growth 

promoting rhizobacteria (PGPR) and is also transferred to the aerial parts of the plant. 

In contrast to SAR, ISR involves jasmonic acid (JA) and ethylene (ET) dependent 

mechanisms (Conrath, 2011; Pieterse et al., 2014). JA dependent pathway is linked 

with the defence mechanisms against herbivore attacks, wounds, and necrotrophs 

(Glazebrook, 2005; Robert-Seilaniantz et al., 2011). Some non-pathogenic, beneficial 

fungi such as mycorrhizae, Trichoderma sp. or non-pathogenic strains of Fusarium sp. 

can trigger ISR within the host (Pieterse et al., 2009). 

1.6.3 Mixed path antagonism 

Mixed-path antagonism depends on bacterial antibiotics (2, 4- 

diacetylphloroglucinol, phenazines, cyclic lipopeptides), lytic enzymes (chitinases, 

glucanases, proteases), unregulated waste products (ammonia, carbon dioxide, 

hydrogen cyanide) and physical/chemical interference (blockage of soil pores, 

depletion of germination signals, confused molecular crosstalk) (Pal & Gardener, 

2006). For most antagonistic bacteria, particularly Bacillus spp. and Pseudomonas 

spp., the most speculated mechanism of antagonism against fungal pathogens is 

considered to be “antibiosis”; which is defined as a type of “antagonism mediated by 

specific or nonspecific microbial metabolites ranging from lytic enzymes to volatile 

compounds or other types of toxic compounds” (Fravel, 1988). 
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1.7 Biocontrol of L. maculans 

Blackleg disease of canola (caused by L. maculans) is a monocyclic or 

polycyclic disease depending on the inoculum source (Li et al, 2007), and airborne 

spores of L. maculans have been the primary source of infection in epidemic form of this 

disease, in major canola growing regions i.e., Australia, Europe and Canada (Bokor et 

al., 1975; Mahuku et al., 1997). However, many researchers have reported disease 

infection as a result of planting infected seeds (Kharbanda et al., 1999) or by direct 

contact of the new canola plants with the infected stubble, or by transmission of conidia 

onto plant surface as a result of rain splash (Hall et al., 1993; Thürwächter et al., 1999). 

In Australia, ascospores of L. maculans are released form the debris at the onset of 

winter rainfall, which coincides with the emergence of seedlings of winter grown, 

spring canola varieties (Bokor et al., 1975). This results in high disease incidence and 

severity if the cultivated canola variety lacks high resistance against this pathogen. 

Therefore, a BCA which is effective in the active and overwintering stage of L. 

maculans will provide the best protection in the new crop. 

Several fungal and bacterial antagonists have been tested against L. 

maculans. Some fungal antagonists such as Cyathus. striatus and C. olla, 

(basidiomycete fungi), commonly known as birds nest fungi, were tested on stubble of 

canola. Enzymes such as cellulases and lignases produced by these fungal species may 

help in stubble decomposition which can reduce the substrate for survival of L. 

maculans ascospores (Maksymiak et al., 2000; Shinners-Carnelley et al., 2000). Liu et 

al., (2006) reported that ascospores of L. biglobosa, a weakly virulent form of 

Leptosphaeria species complex, can provide partial suppression of L. maculans. 

Gliocladium catenulatum J1446 isolated from roots of barley, partially reduced (44% 
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and 52%) the disease intensity of L. maculans in cotyledons, when compared with 

untreated controls (Hammoudi et al., 2012). 

Among fungal BCAs, Trichoderma species have been widely tested and 

proven effective for the control of different plant pathogens (Reino et al., 2008; Naher 

et al., 2014). However, Cholerton (2015) reported that a test strain of Trichoderma 

harzianum had no antagonistic activity against L. maculans. 

Bacterial antagonists such as Paenibacillus polymyxa (gram positive, soil 

living bacterium), was reported to produce polymixin and antibiotic cyclic 

depsipeptide compounds related to Fusaricidin group which can inhibit L. maculans 

growth (Beatty & Jensen, 2002). 

Ramarathnam et al., (2011) studied the role of different Pseudomonas and 

Bacillus species for the phyllospheric control of L. maculans in Canola. It was reported 

that selected strains showed significant inhibition of the pathogen and direct antibiosis 

was one of the major mechanisms involved in localised biocontrol activity. Tested 

strains included Pseudomonas chlororaphis strains (DF190 and PA23), Bacillus 

cereus (strain DFE4) and Bacillus amyloliquefaciens (strain DFE16). Culture filtrates 

of selected strain also showed significant but comparatively low performance as 

compared to bacterial application. It was suggested that pyrrolnitrin had a critical role 

in antibiosis of P. chlororaphis, PA23 and antagonism of this bacterial species against 

L. maculans was also mediated by the presence of extracellular lytic enzymes activity 

(Ramarathnam et al., 2011). Cholerton (2015), reported that individual application of 

B. amyloliquefaciens 66p and P. chlororaphis spp. aurefaciens had good potential for 

control of L. maculans at the earlier stage of infection but their combination resulted 

in loss of efficacy of these strains against L. maculans. 
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Some chemicals such as Acibenzolar-S-methyl (ASM) and menadione 

sodium bisulphate (MSB, synthetic vitamin k) also known as activators of plant defense 

response have been tested against L. maculans in a controlled environment. These 

compounds showed local and systemic effect against L. maculans and delayed the 

symptoms of leaf lesions (Liu et al., 2006). Pterostilbene (a phytoalexin from the 

stilbenes group) can inhibit the mycelial and conidial form of L. maculans and have 

shown good inhibition potential in in vitro assays and in Brassica napus seedlings (Koh 

et al., 2016) 

1.8 Bacillus: a potential antagonist of L. maculans? 

Members of the genus Bacillus are characterised as rod-shaped, gram 

positive, aerobic/ facultative anaerobic, endospore-forming, chemoheterotrophic and 

catalase positive bacteria; which are usually motile having peritrichous flagella. They 

are usually found in soil and are adaptable to a wide range of habitats due to variable 

physiological abilities, making them ubiquitous in nature and most competent among 

other microbes (Msadek, 1999). Moreover, their spore forming ability in adverse 

conditions ensures their survival and prevalence in the environment (Nihorimbere et 

al., 2013). Resistant spores and antagonistic metabolites are vital weapons of this 

genus. Bacillus species exhibit highly promising results in the field (Ongena et al., 

2008; Choudhary et al., 2009). Bacillus strains have made a remarkable contribution 

in plant/ animal/ human disease management by producing useful antibiotics and 

therefore have been attractive to the medicine and pharmaceutical industries 

(Raaijmakers et al., 2010; Nihorimbere et al., 2013). These are the most desirable 

BCAs because they are effective, formulate antibiotics in the soluble protein structure 

and are inexpensive for large scale production (Schisler et al., 2004; Debabov, 2015), 

(Figure 1.2). 
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In particular, B. subtilis and B. amyloliquefaciens strains are considered 

safe for the environment, with excellent colonisation capacity and versatility to protect 

plants from phytopathogenic fungi (Zhao et al., 2014). They also have the capacity to 

colonise plant roots, since some Bacillus spp. can be considered as plant growth 

promoting rhizobacteria (PGPR) (Turner et al., 1991). 

 

Figure 1.2: Dominance of Bacillus spp. in biopesticides (Ongena et al., 2008). 

Antimicrobial metabolites produced by Bacillus species include a variety 

of peptide antibiotics (Tabbene et al., 2009), low molecular weight volatile compounds 

and various lipopeptides with specific mechanisms against phytopathogenic fungi 

(Arrebola et al., 2010; Zhang et al., 2013). Bacillus species are known to primarily 

depend on “antibiosis” as their basic mode of action for fungal disease suppression 
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(Romero et al., 2007) and 4-5% of the genome of B. subtilis is dedicated for the 

biosynthesis of these antibiotics (Stein, 2005).  

Some of the bacterial lipopeptides include a group of iturins, bactiracin, 

surfactin, fengycin and polymyxin (Ongena et al., 2008). Each type of lipopeptides is a 

group or “family” of different compounds, i.e., surfactin has at least five different 

homologues (isoforms) (Caldeira et al., 2011). Likewise, the family iturin has iturin A, 

mycosubtilin and bacillomycin as its members which are most commonly studied for 

their antagonistic activity. 

Synthesis of lipopeptides (families and homologues) is dependent on the 

type of nutrients and culture conditions (Zhu et al., 2013). Differences in the growth 

medium results in physiological changes of the BCA which is exhibited by changes in 

the microbial products (Barrios-González et al., 2008). The production of lipopeptides 

is also strain dependent. Peptide antibiotics such as subtilin, subtilosin A, TasA and 

sublancin are of ribosomal origin whereas, lipopeptides like fengycin, surfactin, iturin 

and some peptide antibiotics such as bacilysin, mycobacillin are non-ribosomal peptide 

synthetases and/or polyketide synthtases (Stein, 2005). 

Lytic enzymes such as chitinase and β,1-3 glucanase play a special role in 

antibiosis of fungal pathogens most specifically ascomycete fungal species. These 

enzymes act on the cell walls of the pathogens and cause lysis which results in the 

leakage of the cell contents and which leads to the collapse of fungal hyphae. This 

mechanism is one o f  the major antagonistic activities used by Bacillus species 

against fungi. Chitinase produced by Bacillus thuringiensis (NM101-19) inhibited the 

growth of several fungal pathogens i.e., Aspergillus flavus, A. niger, Rhizopus sp., 

Verticillium sp. and Penicillum chrysogenum (Gomaa, 2012). 
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Different analytical and molecular techniques are being used to study these 

useful compounds. The most commonly used techniques for screening of bacterial 

populations for the presence of such compounds include polymerase chain reaction 

(PCR), reverse phase high performance liquid chromatography (RP-HPLC), electro 

spray ionization-mass spectrometry (ESI-MS) and matrix assisted laser desorption 

ionization-time of flight-mass spectrometry (MALDI-TOF-MS), etc. Bacillus sp. are 

of interest for commercialisation as some of the recently discovered BCAs offer 

valuable properties such as high target specificity, low cost of production, less chances 

of environmental pollution with no problems related to waste management. Some of 

the commercially available Bacillus based products include Serenade® (Bayer) which 

contains viable spores of B. amyloliquefaciens QST 713 previously identified as B. 

subtilis. This product is aimed at improving the availability of soil resources to a wide 

variety of crops. It is also reported that this biocontrol product can efficiently supress 

clubroot of canola (Lahlali et al., 2012). Another antifungal strain of B. subtilis is 

commercialised as Kodiak® (Bayer), carrying strain GB03 (B. subtilis), for biocontrol 

of fungal pathogens such as Fusarium sp. and Rhizoctonia sp. This product is 

recommended for long-term chronic diseases of rhizosphere in different crops and 

proved successful in cotton (Brannen et al., 1997). B. subtilis strain MBI 600 (BASF) 

is the primary strain in three bio-based products (Integral®, Biostacked®, Biotak™) 

used for growth promotion and disease suppression in soybean and canola, in Canada. 

It has also been reported for its control against sheath blight disease of rice caused by 

R. solani and it is compatible with commonly used fungicides of rice diseases (Kumar 

et al., 2012). 

The characteristics of Bacillus sp. such as the formation of spores, stress 

tolerance, including to pesticides, soil and seed pH, ease of formulation and scale up 
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procedures and long-term storage, make it a practical choice in selection of BCAs, as 

compared to other antagonistic microbes such as Pseudomonas sp. (Brannen et al., 

1997).  

Therefore, it is hypothesised that the discovery of locally adapted Bacillus 

strains having all the required properties along with the ability to propagate within the 

seed and to be able to successfully colonise the stubble, as well as the rhizosphere of 

canola, may be a breakthrough in the protection and/or management of blackleg 

disease of canola and become an integral part of an integrated disease management 

regime. 
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Aims and objectives of the study 

• To screen and identify rhizospheric and endophytic bacteria carrying traits 

related to antagonism of L. maculans and/or plant growth promotion of canola. 

• Identification of bacteria with antagonistic capability towards L. maculans. 

• To examine the role played by volatiles and diffusible compounds produced by 

identified bacterial strains for the inhibition of L. maculans. 

• Elucidation of the underlying mechanism and mode of action of the most 

promising bacterial antagonist. 

To fulfil the above-mentioned objectives; the research methodology is divided into four 

sections. 

• Screening and identification of rhizospheric and endophytic bacteria for 

antagonistic potential towards L. maculans. 

• Profiling of bacteria based on the presence and efficacy of volatile compounds by 

using the analytical technique, GC-MS. 

• Marker aided screening of bacteria for presence of traits, essential for 

antagonism of L. maculans, and detection of antibiotics involved in antagonism by 

MALDI- TOF-MS  

• Elucidation of mechanism and in planta studies for understanding possible interactions 

of potential BCAs with the canola plant.
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Chapter 2 

Isolation and screening of potential bacterial 

biocontrol agents against Leptosphaeria maculans 

 

2.1 Introduction 

 

The use of biopesticides based on microbial antagonists is considered 

to be a promising ecological alternative to chemical treatments in sustainable 

agricultural settings (Liao et al., 2016). Many studies have reported the ability of 

various bacterial genera to control fungal diseases however, species belonging to 

the genera Bacillus and Pseudomonas are reported more frequently in the 

literature (Ramarathnam et al., 2011; Gond et al., 2015; Torres et al., 2016). Each 

strain produces a different range of antibiotics and catalytic enzymes depending 

on the ecotype of the species, which may be detrimental to other organisms in 

close proximity (Borriss et al., 2011; Pérez-García et al., 2011). Commercial 

formulations based on endospore-forming Bacillus are certainly the most 

extensively used biocontrol agents (BCAs) in the biopesticides market (Borriss 

et al., 2011). 

Many species within the genus Bacillus, especially B. subtilis and B. 

amyloliquefaciens, are phenotypically very similar and can easily be confused 

based on their morphological characteristics and biochemical assays. 
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Furthermore, 16S rRNA gene analysis is not always discriminatory as some of 

the species share more than 99% similarity, and most researchers have identified 

isolates as B. subtilis without deeper taxonomical analysis. However, biocontrol 

and plant promotion activities such as the production of antibacterial and 

antifungal polypeptides, and synthesis of extracellular phytases and chitinases, 

are strain-specific and associated with only certain species and subspecies of B. 

subtilis sensu lato (Borriss et al., 2011; Torres et al., 2016). Some examples 

include free living strains of B. amyloliquefaciens DSM7T and plant related B. 

amyloliquefaciens FZB42T (Borriss et al., 2011; Fan et al., 2017). Furthermore, 

some promising BCAs are also human pathogens such as Stentrophomonas 

rhizophila, a rhizospheric plant associated bacterial strain involved in plant 

growth promotion (Juhnke and des Jardin, 1989; Berg et al., 1996; Wolf et al., 

2002). Species such as S. maltophilia may be a drug resistant human pathogen 

associated with significant casualties (Denton and des Jardin, 1998). Similarly 

Micrococcus luteus is a gram positive bacterium which has been reported to be 

isolated from the spinach phyllosphere and found to be involved in plant growth 

promotion (Sharma and Saharan, 2016). Therefore, screening of potential BCAs 

must include phylogenetic studies based on more than one conserved gene cluster 

for resolving closely linked taxa. 

Comparative sequence analysis of DNA Gyrase subunit A (Gyr A) 

sequences of bacteria provides a firm framework for the rapid and accurate 

classification and identification of B. subtilis and related taxa (Chun and Bae, 

2000). Reva et al. (2004) reported the sensor histidine kinase Che A gene, one of 

the core proteins for bacterial chemotaxis, exhibited greater genetic variation for 
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identification and classification of closely related strains, even at the ecotypes 

and subspecies level of the B. subtilis group. The Gyr A gene is highly conserved 

whereas the Che A gene is more variable and encodes the two-component sensor 

histidine kinase protein. Therefore, in order to achieve higher confidence in 

identification of these taxonomically closely related isolates; protein-coding 

genes Gyr A and Che A were selected for detailed phylogenetic studies of isolates 

collected during this current research. 

The ability of a bacterium to colonise a plant is believed to be 

dependent on a sensitive and finely tuned chemotactic response system of efflux 

protein, which enables bacteria to survive in the plant rhizosphere which is replete 

with antibiotics and complex signals. It is believed that bacterial species have 

faced an evolutionary selection pressure in the past, for evolving multiple 

pathways for extruding harmful compounds. A major component of bacterial 

defence mechanisms against self-produced and externally applied antibiotics is 

dependent on the presence of antibiotic efflux transporters. These transporters 

pump out antibiotics with the help of efflux pumps (Rahman et al., 2017). One 

such transporter that limits the accumulation of antibacterial substances in the 

cytoplasm of bacteria and maintains general homeostasis is the antiporter encoded 

by genes Tet b-tetL. Thus, Tet b (L) diagnostic primers (YyaR_F/ Tet b_R) were 

used for selection and further characterisation of selected isolates of Bacillus 

species complex. 

The objectives of this present study were to a) assess microflora 

obtained from a canola growing region in New South Wales (NSW), Australia, 
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in an attempt to isolate spore-forming bacteria; b) identify potential biological 

control activity against L. maculans, in-vitro; c) undertake genetic 

characterisation of potential biocontrol strains using a multigene approach. The 

identification and characterisation of potential biocontrol strains may provide the 

initial information required to develop a biological component for the integrated 

disease management of L. maculans. 
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2.2 Methodology 

 

2.2.1 Procurement of potential bacterial biocontrol agents 

Bacterial strains used in this research were obtained from both field 

sampling and from an existing culture collection stored at Charles Sturt University, 

Wagga Wagga, NSW. Sampling was undertaken in 2016 from an established variety 

trial site with history of multiple years of canola cultivation and L. maculans, located in 

Wagga Wagga, NSW Australia (coordinates -35.030239, 147.358929). Sampling was 

carried out for soil, root and plant material including asymptomatic stubble. For the 

isolation of potential rhizospheric BCAs, asymptomatic canola plants were sampled 

randomly and the soil adhering to the roots was collected. For plant colonising and 

endophytic BCAs, roots of young canola seedlings and healthy plants, and previous 

crop stubble which was also present in the field at the time of sampling, were collected 

randomly and transferred to the laboratory. Sampling was made from non-

symptomatic plant rhizospheres and roots only. 

2.2.1.1 Isolation of rhizospheric spore forming bacteria 

For isolation of BCAs, soil was collected from the rhizosphere of 

asymptomatic canola plants and attached to the roots of canola plants. Serial dilutions 

(1/10 parts of sterile water) were prepared and the final dilution aliquot (10-5) was 

heated on a dry heater at 80 °C for 15 mins for isolation of spore forming bacteria and 

to kill possible contaminants. After cooling to 40 °C, 20 µl of this suspension was 

spread onto half strength Nutrient Agar (NA) (Oxoid™, Thermo Scientific), for 

culturing and purification of bacterial species. Petri plates were incubated for 1-2 days 
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at 28 °C and morphologically different colonies were purified by streaking onto NA. 

Single colonies were stored in 20% glycerol (1 ml), at -20 °C and -80 °C. 

2.2.1.2 Isolation of root colonising spore forming bacteria 

In order to dislodge microflora attached to the roots of canola plants, roots 

were washed with running tap water and then placed into 50 ml tubes containing sterile 

water and sonicated for 15 mins. Aliquots (1 ml) were taken and treated with high 

temperature for isolation of potential spore forming BCAs as described in section 

2.2.1.1. Morphologically different colonies were purified and stored at -20 °C and -80 

°C as previously outlined. 

2.2.1.3 Isolation from stubble 

Canola stubble collected from the field site was washed with sterile water, 

segmented into 2 cm lengths, and cultured in Nutrient Broth (NB) (Oxoid™, Thermo 

scientific), at 25 °C for 5 days, with continuous shaking at 80 rpm. Following 

incubation, 1 ml aliquots were then subjected to high temperature treatment and 

cultured as outlined previously. 

2.2.1.4 Culturing of bacteria from existing collection 

An existing collection of 432 bacterial isolates of different genera 

including isolates from canola, and wheat rhizosphere and phyllosphere, were screened 

for spore formation. Cultures stored on Microbank™ beads at -80 °C were revived in 

full strength NB at 28 °C for 3 days. Aliquots (1 ml) from each culture were then treated 

as previously described to identify spore forming bacteria. 
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2.2.2 Procurement of L. maculans 

Isolate D5 of L. maculans was kindly supplied by Dr. Angela van de 

Wouw, (University of Melbourne, Victoria, Australia). Paper discs with fungal 

pycnidia were placed on the surface of V8 agar (agar from Sigma-Aldrich™) at 22 °C 

for 10 days. Fungal colonies started appearing after 7 days and agar discs from the 

edges of the fungal colony with fungal mycelium and pycnidia were removed and 

transferred to new V8 agar plates for multiplication of inoculum. Agar discs from the 

edges of the newly formed colonies were stored in water at 4 °C in McCartney bottles 

and in 35% glycerol at -20 °C and -80 °C for long term storage. 

2.2.3 In vitro screening of spore forming bacteria as antagonists 

of L. maculans by plate inhibition/ dual culture assay 

 

Bacterial cultures identified as spore forming were screened for 

antagonistic potential by challenging the D5 strain of L. maculans in a dual culture 

plate assay. The bacterial spore concentration was determined by viable count analysis 

of an aliquot on NA plates, and later adjusted to a concentration of 108 CFU ml-1. The 

bacterial stock spore solution was kept refrigerated until required for analysis. 

In this assay, a 10 µl aliquot of the selected strain of bacteria was dispensed 

at four equidistant points on an 8.3 cm diameter Petri plate containing potato dextrose 

agar (PDA), using a template to ensure accuracy. Immediately following the bacterial 

inoculation, a 5 mm mycelial plug from the margin of a 7-day old colony of L. 

maculans D5 was inoculated in the centre of each plate, and incubated at 25 °C. PDA 

Petri plates inoculated with only a fungal disc were considered as control. The 
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experiment was performed in triplicate, according to a randomised complete block 

design, in seven batches. Two isolates were selected as positive controls and repeated 

in each batch to ensure consistent results 

The antagonistic potential of each bacterial strain was assessed by 

measuring the diameter of mycelial growth of L. maculans after 14 days incubation or 

when the mycelium in the control plate reached the edges of the Petri plate. The 

percentage (%) of fungal inhibition by the bacterial isolates was calculated by using 

the following formula: 

𝑰𝒏𝒉𝒊𝒃𝒊𝒕𝒊𝒐𝒏 𝒑𝒆𝒓𝒄𝒆𝒏𝒕𝒂𝒈𝒆 (%) =
𝑅1 − 𝑅2

R1
× 100 

Where, R1 is the radial mycelial growth of L. maculans on the control plate and R2 

is the radial mycelial growth of L. maculans on the bacteria treated plate. 

Strains of bacteria demonstrating inhibition were preserved in 35% 

glycerol at -20 °C for short term and -80 °C for long term storage until required for 

further investigation. 

2.2.4 Bacterial identification 

2.2.4.1 Extraction of genomic DNA 

Genomic DNA from 20 potentially antagonistic bacteria was isolated 

using the GenElute™ bacterial genomic DNA kit (Sigma Aldrich, USA), according to 

the manufacturer’s instructions. One isolate with poor antagonistic potential was 

included for comparison. Aliquots (1.5 ml) from late exponential phase NB cultures 

were centrifuged to collect cells for the extraction procedure. The quality of extracted 

DNA was confirmed by gel electrophoresis on 1% agarose gel (Bio line, Australia) in 
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1x TAE buffer using a 50 bp Hyper Ladder™ marker at 60V for 120 mins and 

NanoDrop spectrophotometer (NANODROP 2000, Thermo scientific™).

2.2.4.2 Amplification and sequencing of a partial 16S rRNA gene 

Antagonistic bacteria were initially identified by sequencing of the 16S 

rRNA gene for which a fragment was amplified by polymerase chain reaction (PCR) 

using the universal primer pair 8-F and 1492-R. PCRs were performed on a Bio- Rad 

C1000™ thermal cycler using MyTaq™ Red DNA Polymerase (Bio line, Australia). A 

reaction volume of 20 µl with a primer concentration of 0.4 µM per reaction (1 µl of 

each 5 µM primer stock), was used and the PCR annealing temperature was 48 °C. 

Amplicons of the correct fragment size (~1600bp), as confirmed by gel 

electrophoresis, were purified using the PCR purification kit (Wizard® SV gel and 

PCR clean up system by Promega Corporation) according to the manufacturer’s 

instructions. PCR products were quantified by using both NanoDrop and gel 

electrophoresis on a 1% agarose gel in 1x TAE buffer with a 50bp Hyper Ladder™. 

PCR products of a selection of 20 bacterial samples were prepared 

according to the requirements of AGRF (Australian Genomic Research Facility, 

Brisbane, Queensland, Australia), i.e., 30-75 ng of purified PCR product along with 

9.6 pmol of primer mixed with water to make a 12 µl sample in a 1.5 ml tube. Separate 

samples were prepared with forward and reverse primer in separate tubes which were 

then stored at -20 °C until submission for sequencing. PCR products were sequenced 

in both directions using primer 8-F and 1492-R and analysed using an ABI 310 

capillary sequencing system. Resulting sequences were edited manually and 

aligned using BioEdit version 7.0.5.3, forward and reverse sequences were used to 

create a contig representing each bacterial isolate. Resulting contigs were identified 
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by nucleotide BLAST search at the NCBI website and the EzTaxon databases 

(https://www.ezbiocloud.net/), for retrieval and comparison with the Type strain 

sequences. 

2.2.4.3 Multigene phylogenetic analysis 

Based on the results of initial 16S rRNA screening, the majority of the 

isolates exhibited similarity to the Bacillus group, but some unwanted species such as 

B. cereus and some contaminants including S. rhizophila were also detected. Thus on 

the basis of the antagonistic ability of B. subtilis and B. megaterium in our initial 

screening experiments, and also keeping in mind the potential hazardous effects of 

other species on humans and ecosystems, it was decided to focus on nine strains 

belonging within the B. subtilis group, and only those with the highest inhibition 

potential. 

In order to further identify the bacteria, selected Bacillus species were 

subjected to PCR amplification utilising gene specific primers for Gyr A, Che A and 

Tet b genes. These genes have previously been shown to be effective for resolving 

these closely linked taxa of the B. subtilis complex especially B. subtilis, B. 

amyloliquefaciens/B. velezensis and B. megaterium. 

PCR was performed using the primers and conditions listed in Table 2.1, 

and sequencing was performed according to the procedure explained in the previous 

section. Multiple sequence alignments were generated with Clustal W in the MEGA 

X software programme (Molecular Evolutionary Genetics Analysis, 

http://www.megasoftware.net/). 

http://www.ezbiocloud.net/)
http://www.ezbiocloud.net/)
http://www.megasoftware.net/)
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Phylogenetic trees were constructed for each gene by Neighbour Joining 

method, using the MEGA X program (Kumar S. et al., 2018). Reference sequences 

were added and phylogenetic trees were rooted to Pseudomonas sp. To obtain a 

confidence value for all aligned sequence datasets, a bootstrap analysis of 1000 

replications was performed. All positions containing gaps and missing data were 

eliminated (complete deletion option). Codon positions included were 

1st+2nd+3rd+Non-coding. The evolutionary distances were computed using the 

Jukes-Cantor method (Jukes et al., 1969), and these distances are in the units of the 

number of base substitutions per site. 

 2.2.5 Statistical analysis 

Data analysis for dual culture plate assays was conducted using GenStat 

(19th edition; VSN International). A linear mixed model was fitted with isolate as a 

fixed effect and replicate as a random effect and the values were log transformed so 

that the model assumptions were met. 
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2.3 Results 

 

2.3.1 Isolation of spore forming bacteria 

Of the 532 bacterial isolates examined, 148 survived heat shock at 80 °C 

for 15 mins. This collection of bacteria was comprised of phyllospheric, rhizospheric 

and endophytic bacteria collected from wheat and canola fields. A list of these isolates 

and their source is presented in Appendix 2.1. 

 

2.3.2 Evaluation of antibiosis to L. maculans by dual culture plate 

inhibition assay 

The results from dual culture plate inhibition assays identified the 

antagonistic ability of 148 selected bacteria (Appendix 2.1). The antagonistic ability 

ranged from very high (91.6%) to no inhibition (0.33%) of the selected D5 strain of L. 

maculans. The isolates were categorised into three classes depending on the range of 

inhibition percentage where class 1 (best performers) was nominated for bacterial 

isolates showing greater than 75% mycelial inhibition; class 2 (moderate performers) 

was comprised of the isolates showing 50-75% inhibition and class 3 featured poor 

performers in which isolates had inhibition potential of less than 50% as compared to 

control. Figure (2.3.1) shows bacterial isolates with inhibition potential of >75%. Out 

of the 148 bacteria tested, 24 isolates exhibited more than 75% inhibition of fungal 

mycelial growth. The highest inhibition of L. maculans D5 (> 91%) was displayed by 

isolates B35, B94, B84, S15, B79 and B40, followed by a second group of isolates B34, 

B74, B77, B17 and B92 with 87-90% inhibition. 
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A total of 14 bacteria had displayed inhibition within the range of 91.53% 

and 85.28% and all of these were sourced from the canola phyllosphere except S15, 

which was sourced from canola stubble. All the test isolates were sorted from highest to 

lowest inhibition percentage and the 19 isolates with highest inhibition percentage of L. 

maculans (D5), along with one moderate performer (B50), were chosen for identification 

and further analysis (Figure 2.1). Isolates marked with a red line in Figure 2.1 were 

selected for 16S rRNA identification. 

Class 2, comprising 30 isolates with moderate performance, demonstrated an 

inhibition potential ranging from 50-75% (Figure 2.2). The majority of isolates in this 

class were sourced from the canola phyllosphere followed by canola stubble. Isolate B50 

showing 56.43% inhibition was selected from this class to be used as comparison in 

further experiments. Ninety four isolates in class three were found to inhibit the growth 

of L. maculans by less than 50% (Appendix 2.2), and therefore these were rejected for any 

further studies. 
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Figure 2.1 Bacterial isolates with > 75% antagonistic potential as determined by inhibition percentage of L. maculans (D5) in dual culture 

assay. 
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*Isolate marked 

 

 

Figure 2.2 Bacterial isolates with 50-75% antagonistic potential as determined by the inhibition percentage of L. maculans (D5) in dual 

culture assay. 
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2.3.3 DNA Sequencing and bacterial identification 

2.3.3.1 16S rRNA sequencing 

Genomic DNA of 19 bacterial strains with highest inhibition percentage and one 

moderate performing bacterial strain (B50) were amplified using primers targeting the 16S 

gene. Amplification products of approximately 1.6 kb were sequenced and following 

editing, sequences of 1131 bp were used for nucleotide BLAST analysis. This search 

revealed that the selected isolates comprised of different species within the B. subtilis group 

(Table 2.1). Strains of B. amyloliquefaciens (B. velezensis), B. megaterium (B. 

aryabhattai), B. pumilis and B. cereus, as well as some unexpected species such as 

Stenotrophomonas maltophilia, S. rhizophila and M. luteus were identified. It is believed that 

Stenotrophomonas maltophilia, S. rhizophila and M. luteus were result of contamination 

during the isolation process as these are non-spore forming bacteria. From this, only 

Bacillus species (most specifically B. amyloliquefaciens and B. megaterium) with highest 

antagonistic potential were retained for detailed identification and analysis. The top hits 

obtained following BLAST interrogation of both the Genbank and EzTaxon databases are 

presented in Appendix 2.3. 
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Table 2.1 Details of primers used for bacterial multigene identification 

Target 

Gene Function Primer Sequence (5’ – 3’) 

Annealing 

temperature 

Product 

size 

16S rRNA 

Preliminary identification 

8-F AGAGTTTGATCCTGGCTCAG 

48 °C ~1600bp 

 

1492-R TACCTTGTTACGACTT 

Gyr A 
Classification of closely 

linked taxa 

Gyr A _F CAGTCAGGAAATGCGTACGTCCTT 

50 °C ~1000\bp 

Gyr A _R CAAGGTAATGCTCCAGGCATTGCT 

Che A 

(set1) Further classification of 

closely linked taxa based 

on chemotaxis gene 

Che A_F AGGGCTGCCCATACATTAAAAGGAATGAGC 

50 °C ~800bp 

Che A_R AGTTTCAACCGGGACCATTCTCATATTCAG 

Che A 

(set2) 

Che A_MF GAAACGGAAATGGGTACTCAACTGGCTG 

50 °C ~730bp 

Che A_MR TGCTCAGACGCCCGCGGCAATGACAAGC TCTTC 

YyaR / Tet b 

Identification of bacteria 

with antiporter genes and 

plant colonizing ability 

YyaR_F CGATTGAGTGGGCAAGGAGAATCATTTT GYGGT 

53 °C ~600bp Tet b_R CCATATAGAGCTGTTCCAATGGAGAAG 
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A neighbor-joining phylogenetic tree was constructed using MEGA X 

(Kumar S. et al., 2018) with Pseudomonas aeruginosa as an out group. Bootstrap analysis 

(1000 replications) provided confidence on the phylogeny (Figure 2.3). This analysis 

involved 30 nucleotide sequences of 1131 nucleotide length in the final dataset. Isolates 

B34 and B50 resulted in a separate clade and were closely associated to B. megaterium 

strains MER 98 and NCT-2, respectively, whereas the remaining eight isolates clustered 

into a different clade consisting of tightly linked branches; these branches contained B. 

amyloliquefaciens, B. siamensis and a conspecific group consisting of type strains of B. 

methylotrophicus, B. velezensis, and B. amyloliquefaciens subsp. plantarum. All the 

strains displayed a strong phylogenetic lineage with plant associated Bacillus species 

reported by other researchers in biocontrol and/or plant growth promotion projects, for a 

variety of plants and presented in (Appendix 2.9). Isolates B94 and B48 showed a close 

relationship with the plant associated type strain of B. siamensis KCTC13613; isolate B92 

was found to be closely related to the B. velezensis strain FZB42 (T) which is used as a 

model organism and is successfully used as a biofertiliser and biological control agent. 

Strain B50 exhibited 99% similarity to B. megaterium NCT- 2 (Accession MG548650.1) 

which is an efficient strain involved in the promotion of nitrate removal from the maize 

rhizosphere (Chu et al., 2018). 
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Table 2.2 Identification of bacterial isolates based on 16S rRNA gene 

Isolate 16S rRNA gene (primers: 8-F+1492-R) 

B17* Bacillus amyloliquefaciens 

B23 Enterobacter cancerogenus 

B34* Bacillus megaterium, Bacillus aryabhattai 

B35 Micrococcus luteus 

B40 B. megaterium, B. aryabhattai 

B48* B. amyloliquefaciens, Bacillus velezensis 

B50* B. megaterium, B. aryabhattai 

B74* B. amyloliquefaciens, B. velezensis 

B77* B. amyloliquefaciens 

B79 Stenotrophomonas maltophilia 

B84* B. amyloliquefaciens, B. velezensis 

B89* B. amyloliquefaciens, B. velezensis 

B92* B. amyloliquefaciens, Bacillus siamensis, B. velezensis 

B94* B. amyloliquefaciens, B. velezensis , Bacillus methylotrophicus 

K28 Stenotrophomonas rhizophila 

K38 Bacillus cereus 

W66 S. maltophilia 

CSU-38 Bacillus pumilus 

B5-1 Bacillus thuringiensis 

S15 Enterobacter hormaechei, Enterobacter cloacae, Kocuria rosea 

Isolates marked with * shows selected bacteria for further studies and % similarity is 

presented in (Appendix 2.3) 
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Figure 2.3 Evolutionary relationships of taxa based on 16S rRNA gene 

The evolutionary history was inferred using the Neighbor-Joining method (Saitou et al., 1987) based on 16 S rRNA gene sequencing. The bootstrap consensus 

tree inferred from 1000 replicates (Felsenstein, 1985) is taken to represent the evolutionary history of the taxa analysed (Felsenstein, 1985). Branches 

corresponding to partitions reproduced in less than 50% bootstrap replicates are collapsed. The percentage of replicate trees in which the associated taxa 

clustered together in the bootstrap test (1000 replicates) are shown next to the branches (Felsenstein, 1985). Evolutionary analyses were conducted in MEGA 

X (Kumar S et al., 2018). 
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2.3.3.2 Phylogeny based on Gyr A gene 

The eight amplified isolates (B17, B48, B74, B77, B84, B89, B92, B94) 

presented a fragment size of approximately ~1kb. Amplified products were sequenced and 

resultant sequences of 769 bp were comparatively aligned against highest matching 

sequences for all eight isolates in a BLAST search. Evolutionary analyses were conducted 

in MEGA X (Kumar S. et al., 2018) and a neighbour joining tree was prepared (Figure 

2.4). The evolutionary distances were computed using the Jukes-Cantor method (Jukes et 

al., 1969) and are in the units of the number of base substitutions per site. This analysis 

involved a total of 24 nucleotide sequences including sequences of the subject isolates as 

well as reference strains and there were a total of 758 positions in the final dataset. 

Alignments performed with Gyr A sequences derived from closely related representatives 

of the B. subtilis group revealed that all isolates were closely linked to the plant related 

conspecific group of B. amyloliquefaciens and were divided into four major clades. 

Isolates B84, B74 and B92 formed a single clade next to a clade of two isolates B48 and 

B94 which were recovered as closely related to B. amyloliquefaciens strain Tikusei12-1 

and plant specific B. velezensis strain TrigoCor 1448, respectively (Figure 2.4). The top 

hits from the NCBI database are shown in (Appendix 2.4), and similarity to other BCAs 

and PGPRs are presented in (Appendix 2.7). 
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Figure 2.4 Evolutionary relationships of taxa based on Gyr A gene 

The evolutionary history was inferred using the Neighbor-Joining method (Felsenstein, 1985). The bootstrap consensus tree inferred from 1000 

replicates (Felsenstein, 1985) is taken to represent the evolutionary history of the taxa analysed (Felsenstein, 1985). Branches corresponding to partitions 

reproduced in less than 50% bootstrap replicates are collapsed. The percentage of replicate trees in which the associated taxa clustered together in the bootstrap 

test (1000 replicates) are shown next to the branches (Felsenstein, 1985). 
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2.3.3.3. Phylogeny based on Che A gene 

As the Che A gene is considered to be more variable and may reveal further 

variation in the collection of potential BCAs, this was also evaluated. Although PCR 

amplifications were successful from both sets of primers of Che A genes, reports suggest 

that sequences obtained using primers Che A_MF/Che A_MR (set b) provide better 

resolution capability, and these were subsequently used for phylogenetic studies (Figure 

2.5). Each isolate examined was represented by an amplification product of ~750 bp, after 

sequencing and contig preparation, a contig of 669 bases was used to interrogate the 

Genbank database by BLAST. This analysis involved 20 nucleotide sequences. All 

positions containing gaps and missing data were eliminated (complete deletion option). 

Blast analysis of selected isolates with Che A gene (with primer set b) in NCBI is 

presented in (Appendix 2.5). Alignment of the sequences was conducted and used to 

generate a Neighbour-joining tree. The evolutionary distances were computed using the 

Jukes-Cantor method (Jukes et al., 1969) and are in the units of the number of base 

substitutions per site. A slight difference in topology and allocation of isolates into clades 

in the Che A tree Gyr A tree, were observed but a group of plant-associated strains was 

again evident.
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Figure 2.5 Evolutionary relationships of taxa based on Che A 

The evolutionary history was inferred using the Neighbor-Joining method (Felsenstein, 1985). The bootstrap consensus tree inferred from 1000 replicates 

(Felsenstein, 1985) is taken to represent the evolutionary history of the taxa analysed (Felsenstein, 1985). Branches corresponding to partitions reproduced in less 

than 50% bootstrap replicates are collapsed. The percentage of replicate trees in which the associated taxa clustered together in the bootstrap test (1000 replicates) 

are shown next to the branches (Felsenstein, 1985). Evolutionary analyses were conducted in MEGA X (Kumar S. et al., 2018). 
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2.3.3.4 Phylogeny based on Tet b gene 

PCR amplifications were only successful for five isolates i.e., B17, B77, B84, 

B89, and B92 (Figure 2.7). The resultant PCR product of ~650 bp was sequenced in both 

directions and contigs were subjected to multiple alignments along with strains of highest 

similarity. Sequences of strains such as B. amyloliquefaciens UCMB5044 (Acc. No. 

AY212949.1) and B. amyloliquefaciens UCMB 5113 (Acc. No. AY212950.1) were also 

added to the analysis, as these strains have been found to effectively colonise canola seeds. 

Isolates B17, B77, B84, and B92 had more than 95% similarity index with these strains 

whereas, B89 had 93.78% similarity to B. amyloliquefaciens UCMB5113. Phylogenetic 

analysis involved 13 nucleotide sequences. The bootstrap consensus tree inferred from 

1000 replicates (Felsenstein, 1985) was used to represent the evolutionary history of the 

taxa analysed. The evolutionary distances were computed using the Jukes- Cantor method 

(Jukes et al., 1969) and are in the units of the number of base substitutions per site. Codon 

positions included were 1st+2nd+3rd+Noncoding. All ambiguous positions were 

removed for each sequence pair (pairwise deletion option) and there were a total of 549 

positions in the final dataset. The neighbour joining tree based on the Tet b gene is 

presented in Figure 2.6. 

The table representing the hits of isolates from this study with other plant 

associated biocontrol agents is presented in Appendix 2.9. Top hits with matching strains 

is presented in Appendix 2.6. As described earlier, this gene is also useful for identifying 

bacteria with the bacterial efflux protein/secretion system, which increases the colonising 

ability of bacteria in the plant rhizosphere. Thus, based on the findings of these 

amplifications, it can be ascertained that isolates with positive results will possibly be 

able to colonise plant roots effectively and may be able to withstand the antibacterial 

effects of plant root exudates. Results of these PCR amplifications and phylogenetic 
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analysis confirmed that the above mentioned strains were related to the plant colonising 

B. amyloliquefaciens group. 
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Figure 2.6 Evolutionary relationships of taxa based on Tet b gene 

The evolutionary history was inferred using the Neighbor-Joining method (Saitou et al., 1987). Branches corresponding to partitions reproduced in less 

than 50% bootstrap replicates are collapsed. The percentage of replicate trees in which the associated taxa clustered together in the bootstrap test (1000 replicates) 

are shown next to the branches. Evolutionary analyses were conducted in MEGA X (Kumar S. et al., 2018). 
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Figure 2.7 PCR products of Tet-b gene (with YyaR_F + Tet-b_R primers) for 10 selected 

Bacillus strains. 

 

2.3.3.3.5 Conclusive remarks on identification of potential BCAs 

Based on results of multigene phylogenetic studies and Blast search results in 

NCBI and Ez-taxon databases; it is concluded that 10 selected isolates are identified as presented 

in Table 2.3 for the purpose of this thesis. 

600bp 
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Table 2.3 Identification of spore forming Bacillus sp. selected as potential BCAs with their classification and resemblance with reported 

BCAs and PGPRs based on data from EzTaxon * 

Isolate 

name 

Taxonomic 

Classification 
High similarity strain; Source; Role; Citation 

 B17  B. velezensis B. velezensis strain LDO2 a peanut endophyte with antimicrobial properties (Chen et al., 2019); 

 B34  B. megaterium B. megaterium strain MER_98 (Schubert et al, 2015.) 

 B48  B. velezensis B. velezensis strain S141 PGPR Strain from Soybean rhizosphere (Sibponkrung et al., 2017) 

 B50  B. megaterium B. megaterium strain NCT2 , PGPR strain involved in nitrate assimilation (Shi et al., 2014) 

 B74  B. velezensis B. velezensis strain LABIM40 an effective antagonist of fungal plant pathogens (Baptista et al., 2018) 

 B77  B. velezensis B. velezensis strain LDO2 a peanut endophyte with antimicrobial properties (Chen et al., 2019) 

B84 B. amyloliquefaciens 
B. amyloliquefaciens strain GYL4 (US patent deposit number: KACC91655P), biocontrol agent for cucumber 

anthracnose and isolated from pepper plant (Kim et al., 2016). 

B89 B. amyloliquefaciens 
B. amyloliquefaciens strain SQR9 a strong antagonist of soil borne diseases (Li et al., 2014); B. velezensis 

strain LDO2 a peanut endophyte with antimicrobial properties (Chen et al., 2019) 

B92 B. velezensis 
B. velezensis strain LDO2 a peanut endophyte with antimicrobial properties (Chen et al., 2019); 

B. amyloliquefaciens Subsp. plantarum UCMB5113, a PGPR strain (Niazi et al., 2014a). 

B94 B. velezensis B. velezensis strain TrigoCor 1448, an antagonist of Fusarium head blight of wheat and barley (Nelson et al., 2014). 

*Detailed information on % similarities are presented in (Appendix 2. 3; Appendix 2.7; Appendix 2.8; Appendix 2.9)** Note: B. amyloliquefaciens 

Subsp. plantarum is a later heterotypic synonym of B. velezensis (Dunlap et al., 2016). 
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2.4 Discussion 

 

Preliminary studies on the isolation of spore forming bacteria resulted in a 

bacterial collection of 148 isolates sourced from the phyllosphere, rhizosphere and 

stubble of canola and this also included endophytes from canola and wheat. In dual plate 

assays a high range of antagonistic potential was found (91.53 - 0.33% inhibition of 

mycelial growth of L. maculans). Based on the findings, antagonistic potential could not 

be linked to any specific sample type or sample crop (wheat or canola) but high 

frequency of canola phyllosphere isolates dominated in high inhibition isolates. 

Following successful isolation of potential BCAs, each isolate was 

identified and their non-pathogenicity to humans confirmed. 16S ribosomal phylogeny 

can categorise organisms at the genus level but it is not reliable for distinction at the 

species and subspecies levels (Cole et al., 2010). Multigene analysis with the Gyr A 

and Che A genes provided a better option for satisfactory classification of the 

organisms. Moreover, recent advancements in sequencing technologies and the 

presence of a large number of genome sequences has made accurate taxonomical 

classification possible. 

Sequence analysis of the 16S rRNA gene assisted in narrowing down the 

subsequent multigene analysis and also in eliminating the microorganisms which 

were either contaminants or were potentially hazardous to the environment and 

humans. B40, B5-1 and CSU-38, although belonging to nonhazardous taxa, were 

eliminated from selection as they were of less antagonistic potential as compared to 

the selected isolates. 
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Selected strains from 16S rRNA analysis were mainly comprised of the B. 

subtilis group, which is of traditional importance in basic and applied microbiology 

(Fritze, 2004). Members of the B. subtilis subspecies subtilis and B. amyloliquefaciens 

are of prime importance as growth inoculants and bio-pesticides in sustainable 

agriculture (Raaijmakers, 2010). These bacteria exhibit plant growth promoting ability 

with different specificity towards certain host plants and the spectrum of antimicrobial 

compounds also changes depending on the bacterial species and are strain specific. 

Chun et al. (2000), reported that comparative sequence analysis of Gyr A 

gene of bacteria provides a firm framework for the rapid and accurate classification and 

identification of B. subtilis and related taxa; which is in line with our research findings 

as isolate B34 and isolate B50 (members of B. megaterium) were identified as a 

separate clade. Similarity of selected BCAs from this study with other reported BCAs 

of different plants based on this gene are presented in Appendix 2.7. Similar results 

were also confirmed for the Che A gene. Appendix 2.8 shows similarity of the selected 

isolates based on this gene with reported BCAs, which strengthened the basis for 

detailed studies of this collection. The Tet b gene primers (Reva et al. 2004) also 

resulted in successful amplification of the Tet b gene in some isolates. This assisted in 

identification of the isolates with antiporter genes which help in plant colonisation and 

will further be useful for future studies on elucidating the mechanism of biocontrol. 

As none of the selected isolates showed any similarity to human pathogens 

in the comparative nucleotide studies and in the phylogenetic trees, it was also observed 

that nearly all the selected bacterial isolates from this study are in close proximity with 

antagonistic strains of different crops and some of them are in commercial use, which 

opened an avenue for in-depth analysis and elucidation of mechanisms of these strains 
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(Appendix 2.7; Appendix 2.8; Appendix 2.9). For instance, B94 exhibited 99% 

similarity in Gyr A gene analysis with B. velezensis strain TrigoCor1448 which is a 

BCA of Fusarium head blight in wheat and isolated from wheat rhizosphere (Nelson 

et al., 2014). TrigoCor1448 belongs to B. amyloliquefaciens subsp. plantarum, a 

subspecies that encompasses plant-associated strains. Isolates B17, B77, B89 were 

present in the same cluster and BLAST analysis of B17 Gyr A gene, showed 99% 

identity with B. amyloliquefaciens strain BPD1, which is an effective BCA of 

Pyricularia oryzae the causal agent of rice blast disease (Liao et al., 2016). Isolate B89 

showed close resemblance with B. amyloliquefaciens GQJK49, which was isolated 

from the rhizosphere of Lycium barbarum and exhibited significant inhibition effects 

on Fusarium solani (Ma et al., 2017). Likewise, isolate B77 showed 99% identity with 

B. velezensis LDO2, an antimicrobial endophyte also playing an important part in plant 

growth-promoting activities in peanut (Chen et al., 2019). 

Although selected genes used in this study, provided an avenue to 

differentiate the selected BCAs, it should also be noted that analysis of a few selected 

CDS marker genes present their own limitations and does not reflect the whole-genome 

relatedness.
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Chapter 3 

Identification and characterisation of bacterial 

volatile compounds inhibitory to Leptosphaeria 

maculans 

 

3.1 Introduction 

 

Bacteria are known to produce a range of volatile organic compounds 

(VOCs) which have shown promise as novel antifungal compounds. These 

microbial VOCs (MVOCs) can easily vaporise at room temperature and 

atmospheric pressure (Wang et al., 2013) and such volatiles produced by 

different Bacillus species play a role in various biological functions including 

host-pathogen interactions. This includes the signaling of plants to activate 

defence systems via action as elicitors or by Induced Systemic Resistance (ISR) 

(Ryu et al., 2004; Farag et al., 2006), changes in the microbiome (Cernava et al., 

2015; Kai et al., 2016); the direct or indirect suppression and inhibition of fungal 

pathogens by BCAs (Khabbaz et al., 2015; Asari et al., 2016; Gao et al., 2017), 

and also play a role in plant growth promotion (Asari et al., 2016; Tahir et al., 

2017a). Another benefit of MVOCs is that they can coexist in the environment and 

are easily decomposed under natural environmental conditions. Recently, 

MVOCs have been used for identification of bacterial species by comparing their 

mass spectra with known species compounds (Boots et al., 2014). 
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Gas chromatographic (GC) methods are characteristically used for 

identification and characterisation of MVOCs. Head space volatiles can either be 

extracted from an air flow onto an absorbent filter and then released by rinsing 

with organic solvent by using purge and trap method, or collected in the absence 

of air flow by solid phase microextraction (SPME) and directly released into a 

heated GC injector. Head space solid phase micro extraction (HS-SPME) 

technique is an effective method for extracting and concentrating bacterial 

VOCs. SPME offers the potential of monitoring bacterial VOC profiles over a 

time course and across different growth stages. Sample vials are placed in a 

heating block with the SPME fibre inserted into the headspace and adsorption is 

performed (Farag et al., 2006). The selection of SPME fibres depends on the target 

compounds and method of GC analysis. The most commonly used SPME fibres 

for bacterial VOCs analysis are poly (dimethyl siloxane) (PDMS; 7 µm) and 

stable flex divinylbenzene/carboxen /PDMS (DCP, 50/30 µm). 

After extraction and GC separation on non-polar to medium-polar 

stationary phases, mass spectrometry is employed for potential identification of 

individual volatiles in complex mixtures. Potential structure characterisation is 

usually achieved by comparison of mass spectra with library spectra and the 

determination of chromatographic retention indices and use of authentic 

standards provides complete structural characterisation (Gao et al., 2017; Lim et 

al., 2017; Tahir et al., 2017a). 

The production of antibiotics in bacteria is regulated by quorum 

sensing (QS) suggesting that the fungal/pathogen’s volatiles may interfere with 

bacterial cell–cell communication and result in different antibiotics being 

produced. In the past, research has focused on the detection of bacterial VOCs in 
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individual settings which means that volatiles produced by BCAs were detected 

in the absence of the pathogen, however it is hypothesised that the production of 

bacterial volatiles may be induced in the presence of the pathogen or other 

microorganisms, therefore changing the profile of the volatiles released by the 

bacteria. Indeed, several studies revealed that volatiles can negatively or 

positively affect QS systems in bacteria, (Ahmad et al., 2015). Recently, 

Azzollini et al. (2018), undertook a key study on the development of standardised 

co-cultivation methods compatible with high-throughput analytical procedures 

and proposed that profiles of fungal VOCs changed after co-culture. Whitt et al. 

(2014) had also previously reported that an interaction between co-cultured 

fungal species (Fusarium pallidoroseum) and a bacterial species 

(Saccharopolyspora erythraea) resulted in the production of three new 

compounds, which were absent in individual cultures of these microbes. 

Therefore, it is crucial to acquire a holistic view and elucidate the 

underlying mechanism of biocontrol by analysing the VOCs of potential BCAs 

in the presence of the target pathogen. In planta studies are also being used for 

determination of efficacy of MVOCs in plant growth promoting activity (Asari 

et al., 2016; Kai et al., 2016; Tahir et al., 2017a,b) and for antagonistic studies 

(Rocío, 2015) in the presence of volatiles produced by pathogen as well as the 

host. 

The objective of this study was to evaluate the production of VOCs 

by selected strains of Bacillus and to determine their efficacy against L. 

maculans. To address the genetic diversity of L. maculans, a differential set of 

cultures was utilised covering the range of known virulence’s. The efficacy of 
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VOCs was evaluated both in vitro and in planta. The identification and 

characterisation of VOCs produced by selected bacteria was also undertaken. 
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3.2 Methodology 

 

3.2.1 Bacterial and fungal cultures 

The 10 strains of Bacillus identified in chapter 2 (Table 2.3.2) were 

selected for determination of their efficacy to produce volatiles capable of inhibiting 

L. maculans. A set of 14 strains of L. maculans of known virulences (Table 1.1), 

currently used to assess blackleg resistant varieties of Australian canola, was kindly 

supplied by Marcroft Grain Pathology (MGP), Horsham, Victoria. Provided spore 

suspensions (1 ml) were spread on V8 agar and incubated at 22 °C for 10 days. Agar 

discs from the edges of the fungal colony carrying fungal mycelium and pycnidia were 

removed and stored in water at 4 °C for short term storage, and 20% glycerol at -20 °C 

and -80 °C for long term storage. 

3.2.2 Bioassay for evaluation of bacterial strains for efficacy of their 

volatiles against L. maculans 

The divided plate method described by Fernando et al. (2005) was 

modified for the evaluation of microbial volatiles. Each Petri dish with two 

compartments had two types of medium, viz., V8 agar and nutrient agar, and 48 hr 

old individual bacterial strains (6 x 108 CFU ml-1) cultured in nutrient broth, were 

streaked onto the NA side and immediately wrapped in Parafilm to prevent loss of 

volatiles. The strains were incubated for 24 hours at 28 °C prior to placing a 5 mm2 

hyphal plug of actively growing L. maculans onto the V8 agar. Plates were incubated 

at 25 °C after inoculating the fungus, with a 12/12 hr light and dark cycle. The 

experiment was conducted with three replicates. The radial mycelial growth of L. 
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maculans was measured after 14 days of incubation and percentage inhibition 

potential was calculated by using the formula described for dual culture plate assay 

in chapter 2 (Section 2.2.3). Control plates had no bacterial strain inoculated. The 

experiment was conducted simultaneously for all 10 bacterial test strains challenged 

with 14 isolates of L. maculans mentioned in section 3.2.1. 

3.2.3 In planta evaluation of VOCs of selected bacteria 

To further evaluate the efficacy of bacterial VOCs, two potential BCAs 

were selected for in planta analysis; B94 (B. velezensis) and B89 (B. 

amyloliquefaciens). This selection was based on comparative performance of these 

strains in both the dual culture and split plate assays. Strain B50 was also included in 

the analysis as it was a moderate performer and belonged to B. subtilis, providing 

comparative potential for understanding the mechanisms of biocontrol. In planta assay 

for assessment of VOCs was conducted using a modified protocol of Rocío et al. 

(2015), utilising Brassica napus cv. AV-Garnet, classified as a moderately susceptible 

variety to blackleg. For this purpose, canola seeds were surface sterilised with 1% 

sodium hypochlorite and incubated in plastic petri dishes containing Murashige and 

Skoog Basal Salt Mixture (MS) medium (Sigma-Aldrich), at 4 °C for 48 hr in the dark. 

Following initiation of germination (2 days), the seeds were transferred to transparent 

plastic airtight jars containing 25 ml of MS medium, at the rate of five seeds per jar 

(the seedlings were later thinned to four per jar). At the same time, individual bacterial 

strains from the log phase of growth (1×108 CFU ml-1) were spread on the surface of 

PDA in small culture dishes (Corning® CellBIND® D × H 35 mm × 10 mm). Instead 

of selective medium for bacteria, a general medium such as PDA was used to be 

consistent in the subsequent analytical evaluation of volatiles, in which PDA was used 



Chapter 3 

 

77 

 

for culturing of Bacillus sp. and L. maculans. These plates were placed inside the jars 

carrying the test plants; the lids of the plates cultured with bacteria were removed to 

allow diffusion of volatiles inside the sealed jar. The jar assemblies were incubated in 

a growth chamber (Conviron® A1000) at 28 °C with a photoperiod of 14 h light/10 h 

dark and a light intensity of 200 µmol m2 s-1. After 5 days of growth, cotyledons were 

punctured with a 21 gauge needle and 10 µl of a 1 × 107 spores ml-1 suspension of 

L. maculans (strain D4) mixed with a drop of Tween® 20 was applied to each 

cotyledon. A single drop of Tween® 20 was added per 10 ml of spore suspension to 

ensure equal distribution of spores on the surface of the cotyledons. Two sets of 

controls were included in the experimental design, one in which wounded cotyledons 

were inoculated with 10 µl of sterile water, and the other which was inoculated with 

10 µl of 1×107 of L. maculans spores in the absence of a bacterial plate. Each bacterial 

treatment had four replicates and for each replicate, data from four seedlings was 

recorded. 

The experiment was maintained until the plants reached 20 days of age 

(15 days of interaction), disease severity was evaluated by measuring the lesion size 

and using the IP scale described in Figure 3.1 (Ramarathnam, 2007). 
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Figure 3.1 Disease rating scale (0-9; Ramarathnam, 2007) for assessment of infection level disease severity caused by L. maculans in in planta 

assays where 0b-3 are considered highly resistant to resistant reactions and 5-9 are susceptible to highly susceptible. 
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3.2.4 Profiling of volatile compounds produced by BCAs 

 

Production of VOCs produced by strains B94, B 89 and B50 was analysed 

by employing HS-SPME-GC–MS, following a modified method of Gao et al. (2017). 

3.2.4.1 Sample preparation for HS-SPME-GC-MS analysis 

For this purpose, bacteria were cultured overnight at 28 °C on PDA. After 

visible bacterial growth a fungal disc was introduced at the opposite side of the plate 

and plates were sealed and incubated for further 5 days at 28 °C. Control plates 

contained a bacterial strain but no fungal inoculum. After 5 days 9mm discs carrying 

colonies of the strains of Bacillus were removed with a sterile cork borer. The resultant 

disks were added to 20 ml GC vials. A total of 15 PDA discs carrying bacteria were 

added per vial, with three vials representing a treatment. The bacteria carrying discs 

in each replicate of the treatment were collected from the same Petri plate and these 

were true replicates. An additional set of vials containing bacterial plugs had a further 

15 PDA discs carrying mycelium of L. maculans added to assess the changes in the 

profile of VOCs produced, if any. PDA discs without any microbial growth and PDA 

discs carrying L. maculans in separate vials, were selected as controls. All vials were 

immediately sealed with Polytetrafluoroethylene (PTFE) septum magnetic caps and 

incubated at 28 °C for 5 days without shaking. 

3.2.4.2 Volatile collection and SPME procedure 

Volatiles present in the headspace of GC vials were collected by using 

SPME fiber assembly Divinylbenzene/Carboxen/Polydimethylsiloxane; also known 

as, StableFlex™ 2cm SPME fiber, 50/30µm DVB/Carboxen™/PDMS (SUPLECO, 

57348- U; Merck, Australia). Bacterial VOCs were extracted from the HS of 
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inoculated and uninoculated NA discs and were concentrated with the help of SPME 

before desorption in the GC instrument/injection port. A blank was run before the 

start of each treatment of GC analysis. Fibre conditioning was also performed at 250 

°C for 10 min, to ensure clean blank runs and good quality SPME extractions. 

The fibre was inserted into the sample vial with the help of an auto 

sampler and exposed to HS volatiles, at 50 °C for 30 mins for adsorption. The fibre 

was then introduced to the injection port with the temperature of injection port 

maintained at 250 °C for maximum thermal desorption. 

3.2.4.3 GC-MS conditions 

For separation of the volatiles, a DB-5MS (Agilent J & W) capillary gas 

chromatographic column was selected and helium gas was used as the carrier, at a 

flow rate of 1 ml min -1. GC-MS analysis was performed using an Agilent gas 

chromatograph 7890A coupled with an Agilent 5975C series (VL MSD) mass 

spectrometer with triple axis detector. 

The temperature of the oven carrying the column was initially held at 50 

°C for 2 min; which was then increased to 150 °C at 4 °C min-1; held at 150 °C for 1 

min; then increased to 185 °C at 5 °C min-1, further increased to 250°C at 20°C min-1, 

and then held at 250 °C for 5 min. 

The mass spectrometer was operated in electron impact ionisation mode 

at 70 eV. The temperatures of the ionisation source and transfer lines were 280 °C. 

The analysis was performed in full-scan mode with a quality precision of 1. 
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 3.2.4.4 Identification of compounds 

All background peaks (including culture medium) were subtracted from 

chromatograms before examination. Compounds were identified by comparison of 

retention times, retention indices, and mass spectra with published data and the NIST 

(National Institute of Standards and Technology). Agilent mass spectral search 

program was used to search for observed MS fragmentation patterns against the latest 

version of the NIST/EPA/NIH mass spectral library. 

3.2.5 Statistical analysis 

Statistical analysis was conducted in GenStat (16th edition; VSN 

International). Two way ANOVA was carried out for assessment of in vitro effects of 

bacterial volatiles against L. maculans. Least significant difference (lsd) was 

calculated for multiple comparisons at P ˂ 0.05. For assessment of disease severity 

one way ANOVA was performed and means were compared by Fisher’s protected 

least significant difference. For GC spectra, the Agilent MassHunter Workstation 

software (B.07.00) was used. For principal component analysis, PAST software 

(Version 3.06) was used and cluster analysis was performed using the SAS statistical 

software package (SAS 9.4).
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3.3 Results 

 

3.3.1 Effect of selected bacterial strains against L. maculans strains 

of known virulence 

Split plate analysis was carried out for evaluating the efficacy of 10 

selected bacteria against 14 strains of L. maculans of known virulence. The bioassays 

confirmed that the volatiles of selected bacteria had significant antagonistic effect 

against L. maculans and several strains, including B89 and B94, exhibited inhibition 

capability against the majority of the L. maculans strains. VOCs from B89 and B94 

showed highest inhibition of mycelial growth of L. maculans by 53.47% in D1 and 

34.96% in D14, respectively (Appendix 3.2b). 

The percentage inhibition of L. maculans mycelial growth was plotted for 

each strain of bacteria (Figure 3.1). Analysis by two way ANOVA revealed that there 

was a significant difference in bacterial and fungal interaction at 95% confidence level 

and a LSD value of 8.40 was determined (Appendix 3.1). The antagonistic potential 

of each individual bacteria changed significantly across the different strains of L. 

maculans. 

Volatiles produced by bacterial strain B89 antagonised most strains of L. 

maculans with the highest inhibition percentage against D1, D2, D3, D5, D7 and D13, 

but its performance was not consistent against other fungal strains. Similarly, volatiles 

produced by B77 successfully antagonised and had the highest inhibition potential 

against mycelial growth of fungal strains D6, D9 and D10, which were otherwise not 

antagonised significantly by B89 or other strains of bacteria. It was ascertained that 
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bacterial strains B74, B48, B94, B17 and B92 had the highest inhibition potential 

against D4, D8, D14, D16 and D17, respectively. The lowest mean inhibition potential 

of volatiles of all bacteria was recorded for strains D5 (9.07%) and D9 (12.13%) of L. 

maculans (Appendix 3.2a). 
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Figure 3. 2 Split plate assay for assessment of the percentage of mycelial growth inhibition of 14 Australian strains of L. maculans exposed 

to volatiles produced by 10 strains of bacteria. The vertical bars with caps indicate the standard error for each strain of bacteria, whereas the 

open ended vertical bar at the right corner of the graph presents the LSD value, which is 8.40 at P ≤ 0.05. 
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3.3.2 In planta efficacy of bacterial volatile organic compounds 

against L. maculans 

 

Reproducibility and consistency of the antagonist effect of volatiles 

produced by the two most promising strains of bacteria were further corroborated 

utilising in planta assays. Strains B94 and B89 were selected based on the percentage 

inhibition of mycelial growth. In addition, strain B50 was also selected as a comparative 

strain with only moderate performance. Bacterial strains were rated based on seedling 

symptoms assessed two to three times during the experiment. No symptoms were found 

on seedlings in controls exposed to volatiles produced by B50, B94, and B89 only. 

Seedlings were healthy with good growth, which confirmed that volatiles did not have 

any adverse effect on the seedling growth. Control treatments inoculated with fungal 

inoculum, but not exposed to bacterial volatiles exhibited disease ratings ranging 8.5-

9 (average 8.88) (Appendix 3.4). The cotyledons of seedlings infected with fungal 

inoculum were very dry, shrivelled and L. maculans had sporulated profusely. 

Results of one way ANOVA demonstrated that all strains of bacteria tested 

showed a significant difference as compared to the fungal control treatment. Fisher's 

Least Significant Difference (P = 0.05) for mean separation further helped in 

understanding the interaction within selected potential BCAs and other treatments 

(Appendix 3.5).  

B89 exhibited the highest disease suppression with an average disease 

rating of 0.312, which was not significantly different to the bacterial treatment in 

which no fungal inoculum was introduced (Figure 3.2). Only three seedlings among 
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the whole treatment comprising of 16 seedlings displayed mild symptoms (IP = 1, 

2) which was categorised as a resistant reaction. This confirmed that volatiles 

produced by this bacterial strain were able to supress or inhibit the growth of L. 

maculans. 

Bacterial Strain B94 ranked second in regards to disease suppression with 

an average disease rating of 1.38, which was within the limits of a resistant reaction. 

In this case nine out of 16 seedlings shown mild symptoms of fungal infection but the 

highest disease rating recorded was three. Strain B94 was significantly different to the 

fungus only control (P ≤ 0.05). 

Bacterial strain B50 also demonstrated a significant difference (P ≤ 0.05) 

in disease suppression as compared to the control but the average disease rating was 

significantly higher (3.44) as compared to B89 and B94 (Appendix 3.3). A disease 

rating higher than three was accepted as susceptible reaction therefore, it was 

confirmed that B50 was partially capable of restricting the fungal growth but could not 

be classed among B89 and B94. 

The results presented above indicated the need to undertake detailed 

profiling of the volatiles produced by the strains of bacteria, to ascertain the difference 

in the composition of volatiles which were playing an important role in disease 

inhibition. 

. 
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Figure 3.3 In planta assay for determination of efficacy of volatiles produced by selected bacteria against L. maculans based 

on lesion diameter in cotyledons of canola seedlings determined by average disease rating.  

*Means with same letters on each bar are not significantly different based on LSD at P=0.05 calculated by Fisher’s unprotected least significant difference, 

error bars show standard error with in treatment.   
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3.3.3 Identification of bacterial volatile organic compounds 

potentially inhibiting L. maculans 

 

The gas chromatographic technique HS-SPME-GC-MS was utilised to 

identify VOCs produced by the bacteria. Detection from bacterial cultures, fungal 

cultures, and combined bacterial plus fungal cultures was conducted and a total of 52 

VOCs were detected. Compounds produced by growth medium alone and those found 

in the blank were excluded from analysis (Table 3.1). The remaining 42 compounds 

(Table 3.4) were used for detailed principle component analysis (PCA). There were 

two major sets of data i.e., BCAs in the presence of L. maculans D5 and BCAs in 

individual vials without fungal inoculum discs. 

Some compounds were found to be unique depending on the production 

by specific Bacillus strains as 2-undecanol, 4 methyl-pyrimidine and 2-hexadecanone 

were specifically found in B50 which is identified as B. subtilis. Aromatic compounds 

such as 2-(4a,8-dimethyl-1,2,3,4,4a,5,6,7-octahydro-naphthalen-2-yl)-prop- 2-en-1-ol 

(C15H24O) were detected in HS of B50 and B94. 

Some novel compounds, like ethanol, were emitted during the interactions 

of BCAs with L. maculans. As ethanol was found in dual culture selected bacterial 

strains along with L. maculans, but not in any other treatments, it suggests that this was 

induced by L. maculans (Table 3.3). Profiles of VOCs produced by selected bacteria 

were greatly enhanced in the presence L. maculans. Hexadecane and heptadecane, 

were found in all treatments after challenging them with L. maculans, confirming that 

these compounds may need a trigger from the bacterial partners. Longifolene and 2- 
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hexadecanol are specific for B94 + L. maculans. Phenyl ethyl alcohol and azulenone 

were only produced by B89 in the presence of L. maculans. 

In contrast, 2-decanone, which was present in all treatments was found to 

be absent in the interaction with the fungus, similarly, 2, 5-dimethyl-pyrazine was 

found in all treatments except dual culture of B94 and B89. 2-ethyl-1-hexanol, 2-

nonanone common among all; phenylethyl alcohol, 2 ethyl-1-hexanol was present in 

all except the HS of dual culture of B89 (Table 3.2). Likewise, 3-methyl-2-pentanone, 

2-decanol, [(1- methylpropyl)thio], cyclohexane were detected in the HS of B50 and 

B89 but in the fungal interaction it was not detected. Similarly, 6 methyl-2-heptanone, 

5-methyl-2-heptanone and 3-octanone were detected in the HS of B89, in dual culture 

of B89+B94 but were not detected in B94+F. 5 methyl-2-heptanone was present in 

B89 and B94 and it was not produced in B94+F. This could be a result of any 

compound produced by L. maculans which inhibited the production of these volatiles. 

Compounds such as 1-ethylcyclopentanol and 2-heptanone were not 

altered by the presence or absence of L. maculans as these were detected in mono and 

dual culture of B. subtilis (B50).Some volatiles were uniquely produced by B. 

amyloliquefaciens (B89) i.e., acetone, 2-hexadecanol and 2,6-bis(1,1-dimethylethyl)-

2,5-Cyclohexadiene-1,4-dione was only detected in the monoculture of B89. Likewise, 

benzenaldehyde, phenyl ethyl alcohol, pentadecane, N,N'-diethyl 1,3-benzenediamine 

and 1,2,4,8-tetramethylbicyclo[6.3.0]undeca-2,4-diene (C15H24) were uniquely present 

in the HS of dual culture of B89. Whereas, only two volatile compounds are 

specifically produced by B. velezensis (B94), i.e., longifolene and 2-hexadecanol. 

However, ethanol, 3-octanone, 2-ethyl, 1-hexanol, 2-nonanone were commonly 

present in dual culture analysis. 
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Higher numbers of volatiles were recorded in single and dual culture of B. 

subtilis (B50). 1-{2-[3-methyl-3-(5-methyl-furan-2-yl)-butyl]-oxiran-2-yl}-ethanone, 

thujopsene-(I2), α-guaiene was also found only in the HS of dual culture of B50. 2,5- 

dimethyl furan and 4-methyl-3-hexanone were uniquely produced only in dual culture 

of B50 and B94. Benzaldehyde was produced by B50 and B89 in the presence of 

fungus. 



 

91 

 

Chapter 3 

Table 3.1 Volatile compounds detected in blank, agar and L. maculans by HS-SPME-GC-MS. 

 

Agar Blank/fiber Fungus (L. maculans) 

dimethyl silanediol hexamethyl cyclotetrasiloxane 2,5-dimethyl furan 

hept-4-yl isobutyl ester, 

phthalic acid 

octamethyl cyclotetrasiloxane 
methoxy-phenyl 

decamethyl cyclopentasiloxane 
dimethyl disulphide 

 dodecamethyl cyclohexasiloxane 2,6 dimethyl-2,4,6 octatriene 

 tetradecamethyl cycloheptasiloxane 5-ethyl 4-methyl, 3 heptanone 

 hexadecamethyl cyclooctasiloxane allyl n- octyl ether 

 hexadecamethyl cyclooctasiloxane thujopsene (12) 

 
 3-ethyl-2-pentadecanone 

  
α-guaiene 
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Table 3.2 Identified volatiles detected in potential BCAs by HS-SPME-GC-MS. 

 

B. amyloliquefaciens (B89) B. velezensis (B94) 

3-methyl, 2-pentanone 2,5-dimethyl, pyrazine 

5-methyl-2-hexanone, 5-methyl-2-heptanone 

2-heptanone 2-decanone 

2,5-dimethyl, pyrazine 
2-(4a,8-dimethyl-1,2,3,4,4a,5,6,7-octahydro-

naphthalen-2-yl)- prop-2-en-1-ol (c15h24o) 

5-methyl-2-heptanone  

2-decanone  

benzaldehyde, 2,5-bis[(trimethylsilyl)oxy]-  

2-decanol  

cyclohexane, [(1-methylpropyl)thio]-  

2,5-cyclohexadiene-1,4-dione, 2,6-bis(1,1-dimethylethyl)  

2-hexadecanol  
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Table 3. 3 Identified volatiles induced by L. maculans in dual culture setting by HS-SPME-GC-MS 

 

B94 + L. maculans B89 + L. maculans 

Commonly present compounds 

among dual culture of B89 and B94 

4-methyl,3-hexanone phenyl ethyl alcohol ethanol 

longifolene-(v4) 
1,2,4,8-tetramethylbicyclo [6.3.0] undeca- 

2,4-diene (c15h24) 
3-octanone 

2-hexadecanol pentadecane 2-ethyl, 1-hexanol 

hexadecane 

5(1h)-azulenone, 2,4,6,7,8,8a-hexahydro- 

3,8-dimethyl-4-(1-methylethylidene)-, (8s- 

cis)- (c15h22o) 

2-nonanone 

heptadecane   
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Multivariate analysis involved PCA which provided better visualisation of 

the data structure in an easy to understand and reduced dimension. The data set 

consisted of a 6×42 matrix and the rows represented the six interactions i.e., the rows 

represented selected strains and columns represented the peak areas of the of 42 volatile 

metabolites; the peak areas of the 42 detected volatiles were presented in columns of 

the data table. Data was normalised before PCA. Details of this analysis and identified 

compounds are given in (Table 3.4). 

Figure 3. 4 Scree plot presenting all the loadings (volatiles). 

 

Data was normalised before performing PCA and on the basis of 

correlation matrix and the results of PCA; two principal components accounted for the 

largest variation of > 92% among the data points and PCs with Eigen values higher 

than one, considered as indicated in the scree plot presented in Figure 3.4. Variance in 

first two components was high enough to represent all the variables and the third 

component only accounted for ~5% variance but including third component provided 

Components 
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a much better understanding about the volatile profiles produced by selected bacterial 

treatments. 

The scores scatter plot (Figure 3.4) and corresponding loadings plot of 

VOCs of selected bacterial treatments are presented in (Appendix 3.7). According to 

the scatter plot between PC1 and PC2 (Figure 3.4), about 58.1% of the variance was 

attributable to X32, X40, X15, X1 in PC1 and these loadings were associated with 

Longifolene (V4), hexadecane, 3-octanone and ethanol, respectively. Similarly PC2 

accounted for 33.95% of the total variability and was correlated with X31, X38, X41, 

X18, X12 and X11 which represented 1,2,4,8-tetramethylbicyclo [6.3.0]undeca-2,4-

diene(C15H24) and 5(1H)- azulenone,2,4,6,7,8,8a-hexahydro-3,8-dimethyl-4-(1-

methylethylidene)-, (8S-cis)- (C15H22O) along with heptadecane, 2-nonanone, 6-

methyl-2-heptanone, and 2,5- dimethylpyrazine, respectively. According to the 

relationships between treatments (scores) and volatiles (loadings) B94 + L. maculans 

and B89 + L. maculans could be separated from the remaining treatments when the 

first three components were plotted. 

There were differences between the six treatments in which the 

compounds and treatment B50 + L. maculans (Figure 3.5) is segregated from 

remaining treatments when factor 1 was plot against factor 3 (Figure 3.6). 
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Figure 3.5 PCA scatter plot showing the separation of strain B89 + L. maculans (F) and B94 + L. maculans. Bacterial strains were inoculated on 

potato dextrose agar and the produced VOCs (42 compounds) were used in the analysis. 
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Figure 3.6 PCA scatter plot showing the separation of strain B89 + L. maculans (F), B94 + F and B50 + F, when component 1 was plotted 

against component 3. 
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Table 3.4 GC-MS identification of VOCs produced by selected Bacillus strains B94, B89 and B50. Both retention time and peak area 

are reported for each compound. Identification was based on percentage similarity to compounds within the NIST library. 

 

Identified compounds 

 

Symbol 

 

Retention 

time (min) 

Peak area (%) 

B94 
B94 + L. 

maculans 
B89 

B89 + 

L. maculans 
B50 

B50 + 

L. maculans 

ethanol (79.4%) X1 1.43 0 6.54 0 7.9 0 5.91 

2, 5-dimethyl-furan, (86.9%) X2 2.59 0 4.2 0 0 0 1.28 

dimethyl disulfide (75.3%) X3 3.06 0 0 0 0 0 7.62 

3-methyl-2-pentanone (97.9%) X4 3.16 0 0 3.18 0 1.5 0 

4-methyl-pyrimidine (14.6%) X5 4.57 0 0 0 0 2.48 0 

4-methyl-3-hexanone, (58.1%) X6 4.87 0 1.08 0 0 0 1.05 

5-methyl-2-hexanone (85.3% X7 5.3 0 0 4.09 0 0 0.46 

1-ethyl-cyclopentanol, (31.7%) X8 5.3 0 0 0 0 5.94 0.7 

2-heptanone (56.8%) X9 6.21 0 0 14.07 0 12.72 1.4 

2,4-dithiapentane (72.9%) X10 6.22 0 0 0 0 0 2.45 

2, 5-dimethyl pyrazine, (76.1%) X11 6.91 48.86 0 8.31 0 6.58 4.45 

6-methyl, 2-heptanone (91.3%) X12 8.25 0 0 18.69 1.49 15.35 0.86 

benzaldehyde (72.4%) X13 8.51 0 0 0 0 0 6.43 

5-methyl-2-heptanone (78.7%) X14 8.56 11.77 0 20.33 0 0 0 

3-octanone (52.9%) X15 8.66 12.19 4.89 1.1 6.29 0 0 

dimethyl trisulfide (94.5%) X16 8.7 0 0 0 0 0 1.83 

2-ethyl-1-hexanol (53.7)% X17 10.87 16.89 2.37 8.58 1.43 13.45 0.69 

2-nonanone (82.9%) X18 11.76 2.72 0 3.12 1.02 4.86 0 



 

99 

 

Table 3.4. cont. GC-MS identification of VOCs produced by selected Bacillus strains B94, B89 and B50. Both retention time and 

peak area are reported for each compound. Identification was based on percentage similarity to compounds within the NIST library. 

Identified compounds Symbol 
Retention 

time (min) 

Peak area (%) 

B94 
B94 +L. 

maculans 
B89 

B89 +L. 

maculans 
B50 

B50 +L. 

maculans 

2, 6-dimethyl-, (E,Z)-2, 4, 6- 

octatriene (17.4%) 
X19 12.4 0 0 0 0 0 1.55 

5-ethyl-4-methyl-3-heptanone 

(65.7%) 
X20 12.58 0 0 0 0 0 2.53 

2, 5-bis [(trimethylsilyl) oxy]- 

benzaldehyde (33%) 
X21 13.48 0 0 1.72 0 0 0 

phenylethyl alcohol (86.6%) X22 13.53 0 0 0 1.27 0 0 

2-decanone (89.4%) X23 15.63 2.98 0 4.78 0 7.23 0 

allyl n-octyl ether (45.9%) X24 15.65 2.98 0 0 0 7.23 2.71 

2-decanol (84.5%) X25 15.87 0 0 2.17 0 10.31 0 

n, n’-diethyl-1, 3-benzenediamine, (13.3%) X26 16.63 0 0 0 0 0 2.08 

[(1-methylpropyl)thio]- 

cyclohexane, (35%) 
X27 17.34 0 0 3.35 0 2.96 0 

2-undecanol (33.2%) X28 19.39 0 0 0 0 3.13 0 

thujopsene-(i2) (34.6%) X29 20.52 0 0 0 0 0 9.95 

α-guaiene (8.98%) X30 21.99 0 0 0 0 0 16.25 

1,2,4,8-tetramethylbicyclo[6.3.0]undeca- 

2,4-diene (c15h24) (5.73%) 
X31 22.04 0 0 0 61.06 0 0 

longifolene-(V4) (6.95%) X32 22.06 0 63.48 0 0 0 0 
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Table 3.4. cont. GC-MS identification of VOCs produced by selected Bacillus strains B94, B89 and B50. Both retention time and peak 

area are reported for each compound. Identification was based on percentage similarity to compounds within the NIST library. 

 

Identified compounds Symbol 

Retention 

time (min) 

Peak area (%) 

 

B94 

B94 + 

L. maculans 

 

B89 

B89 + 

L. maculans 

 

B50 

B50 + 

L. maculans 

1- {2-[3-methyl-3-(5-methyl-furan- 

2- yl)-butyl]-oxiran-2-yl}-ethanone (23.7%) 
X33 23.72 0 0 0 0 0 1.29 

2, 6-bis (1, 1-dimethylethyl)-2, 5- 

cyclohexadiene-1, 4-dione (50.1%) 
X34 25.66 0 0 4.83 0 0 0 

pentadecane (10.1%) X35 26.96 0 0 0 0.76 0 0 

2-(4a, 8-dimethyl-1, 2, 3, 4, 4a, 5, 6, 

7-octahydro-naphthalen-2-yl)-prop- 2-en-1-ol 

(C15H24O) (12.4%) 

X36 27.07 1.61 0 0 0 3.84 0 

2-hexadecanol (9.77%) X37 28.85 0 0.79 0 0 0 0 

5(1h)-azulenone, 2, 4, 6, 7, 8, 8a- hexahydro-

3, 8-dimethyl-4-(1- methylethylidene)-, (8s-

cis) – (C15H22O) (19.4%) 

X38 29.15 0 0 0 15.82 1.69 15.47 

2-hexadecanol (9.56%) X39 29.36 0 0 1.7 0 0 0 

hexadecane (32.6%) X40 29.47 0 15.75 0 1.49 0 12.14 

heptadecane (11.9%) X41 30.16 0 0.9 0 1.48 0 0.91 

2-hexadecanone (13.6%) X42 34.47 0 0 0 0 0.74 0 
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Results of GC-MS ascertained that volatile organic compounds produced 

by selected bacteria differed greatly as compared to their profile in the presence L. 

maculans. In general the volatiles belonged to different classes of ketones, alcohols, 

aldehydes, pyrazines, and there were a number of new compounds induced by L. 

maculans. Multivariate analysis demonstrated two large clusters based on the loadings 

(volatiles), highlighting a major difference in volatiles produced by potential BCAs 

that were different from the HS of bacteria in dual culture with L. maculans (Appendix 

3.9, Figure 3.7). The number of volatiles produced by individual and dual culture of B. 

subtilis (B50) were higher as compared to volatiles produced by B. amyloliquefaciens 

(B89) and B. velezensis (B94).
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3.4 Discussion 

 

The ability of bacterial species to produce low molecular weight 

compounds that have a capacity to directly or indirectly affect other organisms and 

microorganisms was discovered five decades ago (McCain, 1966). Previous studies 

have reported that the VOCs produced by Bacillus spp. can inhibit the growth and spore 

germination of several plant pathogens. The aim of this part of research project was to 

detect and understand the role of volatiles in biocontrol activities against L. maculans 

in planta, and undertake preliminary identification of the compounds produced. 

As a result of the split plate assay which was used for the evaluation of 10 

Bacillus spp. against 14 strains of L. maculans of known virulences, all Bacillus spp. 

demonstrated a variable antagonistic ability against L. maculans. It was determined 

that the inhibition potential of volatiles produced by strains B89 and B94 was less in in 

planta assays as compared to the split plate assay. Moreover, it is also reported that 

selection of culture media also plays an important role in production of volatiles as well 

as growth of fungi. Such effects have previously been described by Trivedi et al. 

(2008), who demonstrated that biomass reduction of the pathogenic fungi Fusarium 

oxysporum and Alternaria alternata by Pseudomonas corrugata was dependent on the 

culture medium used for these fungi. Thus, variable responses in reduction of fungal 

biomass may be a consequence of the effect of culture media. 

It is well understood that the propensity of any fungal pathogen to evolve 

virulence is dependent on its biology, which includes its mode of reproduction and 

genetic makeup i.e., amount of repetitive DNA of that pathogen. Avirulence effector 

genes are key fungal genes that are complementary to resistance genes in the host. For 
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L. maculans these genes are embedded within inactivated transposable elements and 

can be readily mutated or deleted. Howlett et al. (2015) described that Australian 

isolates of L. maculans have extremely diverse Avr allele combinations, and all of the 

known virulence and avirulence alleles of L. maculans are found in the Australian 

population. The results presented in this research chapter demonstrate that the 

identified BCAs are effective antagonists for the range of L. maculans virulences 

currently present in Australia. 

Sole dependency on in vitro bioassays between any two microorganisms 

under controlled conditions, can sometime lead to flawed assumptions concerning the 

true potential of any BCA. Therefore selection of new and effective BCAs is largely 

dependent on the pathosystem under study, thus combination of diverse screening 

methods and the inclusion of the host plant into the screening assay was critical in the 

current selection process for BCAs. As a result, in vitro evaluations were followed by 

in planta assessments for which the most aggressive strain of L. maculans (D5), was 

selected for examining the effectiveness of the selected Bacillus sp. antagonists. For 

in planta assays, B89 (B. amyloliquefaciens) and B94 (B. velezensis) resulted in the 

suppression of L. maculans by greater than 60% compared to controls, in the majority 

of treatments. 

B. amyloliquefaciens and B. velezensis which are subgroups of Bacillus 

have been demonstrated to be effective against many plant pathogens, including F. 

oxysporum and Botrytis cinerea. B. amyloliquefaciens SYBC H47 has proven efficacy 

against Peach Gummosis, caused by Botryosphaeria dothidea (Wu et al., 2015; Asari 

et al., 2016; Guleria et al., 2016; Kim et al., 2016; X. Li et al., 2016). A biofungicide 

named Serifel® is a commercial preventative fungicide which is based on B. 
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amyloliquefaciens strain MBI600 with multiple modes of action.  MVOCs produced 

by B. amyloliquefaciens SQR9 can potentially control pathogenic bacteria. Twenty 

two VOCs were detected in B. amyloliquefaciens SQR9 which reduced motility, and 

colonisation ability of the pathogen (Raza et al., 2016). 

Some new experimental in vitro studies may be required to understand 

the non-uniform antagonistic effect demonstrated by volatiles on mycelial growth 

of L. maculans strains, and to discover their relationship with avirulence genes. The 

results obtained from in planta experiments confirmed the antagonistic potential of 

volatiles of B. amyloliquefaciens (B89) and B. velezensis (B94); as a large number 

of seedlings did not show any lesions on the cotyledons. 

To date, more than 2,000 microbial compounds produced by ~1000 species 

have been listed in the MVOC 2.0 database (Lemfack et al., 2018). MVOCs can be 

distinguished into five major categories i.e., nitrogen-containing VOCs, sulfur-

containing VOCs, fatty acids and derivatives, terpenoids and metalloid- or 

halogenated-containing VOCs. Almost 70% of recorded Bacillus VOCs are fatty acid 

derivatives and this group contribute to 87% of known antimicrobial VOCs produced 

by B. subtilis (Caulier et al., 2019). Fatty acid derivatives are further categorised as 

hydrocarbons which include alkanes, alkenes, alkynes and carbohydrates which 

consists of acids, alcohols, aldehydes, esters, furans, ketones, lactones and benzenoids. 

B. amyloliquefaciens strain B89 produced a number of volatiles belonging to ketones 

i.e., 5-methyl-2-hexanone; 3-methyl-2-pentanone; 2-heptanone. Strain B94 produced 

2-decanone, 2-ethyl-1-hexanol which have previously been reported to have antifungal 

biocontrol activity (Zou et al., 2010; Khan et al., 2018). 
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Ketones such as 2-nonanone, 2-decanone and 2‐heptanone were detected 

by GC-MS for B50, B94, and B89. The efficacy of these compounds has been 

established by (Yuan, 2012), who reported that 2-nonanone and 2-decanone produced 

by B. amyloliquefaciens strain NJN-6 inhibited both mycelial growth and spore 

germination of F. oxysporum f. sp. cubense. 

Nitrogen-containing VOCs are comprised of non-cyclic compounds such 

as amides, amines and imines and cyclic compounds like azoles, pyrazines, pyridines, 

pyridazines, and pyrimidines. Pyrazines are strongly represented among microbial 

volatiles and these are produced during primary or secondary metabolism within 

microorganism (Besson et al., 1997). Strain B50 (B. subtilis) produced 4-methyl 

Pyrimidine, whereas 2, 5 dimethyl Pyrazine was found in B50 as well as B94 and B89 

(both B. amyloliquefaciens). This is in agreement with other findings highlighting the 

antifungal and nematicidal activity of pyrazines from strains of B. subtilis (F. Chen et 

al., 2010; Tahir et al., 2017a; L. Chen et al., 2019). Antifungal activity of methyl 

pyrazine against Colletotrichum gloeosporioides was also reported by (Zheng et al., 

2013). Munjal et al. (2016) identified many derivatives of Pyrazine in the HS of an 

endophytic bacterium B. megaterium BP17 isolated from black pepper rootsand 2, 5- 

dimethyl pyrazine was found as a major inhibitory compound. Gao et al. (2017) 

reportedthat 2, 5-dimethyl Pyrazine, produced by B. velezensis strain have good 

potential in controlling plant pathogens such as Alternaria solani and B. cinerea. 

A terpene, longifolene, which was only found in the HS of B94 after its 

treatment with L. maculans was also reported in the HS of barley roots after its 

interaction with the fungi and it was absent in the treatments before interaction 

between host and L. maculans (Fiers et al., 2013). The mode of action of these 
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compounds might be linked to their lipophilic nature allowing them to destabilise the 

integrity of the cell membrane (Cox et al., 2000; Inoue et al., 2004). It is also suggested 

that the VOCs emitted de novo during a fungal attack play a role in the induced 

systemic resistance of plants against pathogenic fungi (Schmelz et al., 2011). 

Dimethyl trisulfide (DMTS) and dimethyl disulphide were the only sulfur 

containing volatiles detected in this current research, with their presence only detected 

in B50 + L. maculans treatments. Fernando et al. (2005) reported that sulfur-based 

compounds benzothiazole and dimethyl trisulfide possess high fungicidal activity. A 

number of commercially available fungicides and soil fumigants are also sulfur-based. 

DMTS has been characterised for its antifungal and nematicidal activities (Schmidt et 

al., 2015; 2016) but its absence in effective treatments indicated that it may not have a 

critical role in the inhibition of L. maculans. 

The mode of action of each volatile is not clear but it is assumed that VOCs 

exhibit different modes of action. For instance, Tahir et al. (2017a) reported that B. 

subtilis VOCs cause morphological abnormalities in fungal and bacterial cells. Vaughn 

et al. (1993) reported that volatile compounds such as benzaldehyde (detected in dual 

culture of B50), showed total growth inhibition of A. alternata and B. cinerea. 

Similarly, Andersen et al. (1994) reported that 2-nonanone exhibited inhibition of 

mycelial and germ tube growth in A. alternata and B. cinerea. Similarly, Groenhagen 

et al. (2013) reported that dimethyl trisulfide, 2-nonanone, 2-undecanone were 

produced by Burkholderia ambifaria and these were involved in mycelial growth 

inhibition of A. alternata. Fernando et al. (2005) stated that volatile compounds such 

as dimethyl trisulfide, 2-ethyl, 1-hexanol, produced by Pseudomonas species inhibited 

mycelial growth and germination of ascospores and sclerotia of S. sclerotiorum. 
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Benzenes, ketones and aldehydes were recorded as main antifungal components 

produced by B. amyloliquefaciens strain NJN-6, which resulted in inhibition of 

mycelial growth and spore germination of F. oxysporum (Yuan, 2012). 

The present findings support the results of prior studies that have reported 

on the differential production of volatile metabolites across pathogenic bacteria in the 

presence of fungi, and the differential response of beneficial bacteria against fungal 

isolates with diverse avirulence genes. Although strains B89 and B94 produce less 

number of volatiles as compared to B50, these bacterial strains were more effective in 

both split plate and in planta assays. Thus it can be confirmed that volatiles produced 

by B94 and B89 are of critical importance in the way in which the strains inhibit L. 

maculans. A larger number of volatiles were produced by individual and dual culture 

of B. subtilis (B50) as compared to volatiles produced by B. amyloliquefaciens (B89) 

and B. velezensis (B94), yet its poor inhibition potential against L. maculans revealed 

that the composition of volatile combinations is more important as compared to the 

number of volatiles produced.
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Chapter 4 

Detection, characterisation, and role of diffusible 

compounds produced by selected Bacillus strains 

against L. maculans 

 

4.1 Introduction 

Species of Bacillus are popular as biological control agents (BCAs) 

as they produce an arsenal of antimicrobial compounds, which play a vital role in 

inhibiting a range of fungal plant pathogens (Ongena et al., 2008). These 

antimicrobials are primarily either diffusible or volatile compounds (Lim et al., 

2017). Among the agar diffusible antimicrobial compounds, cyclic lipopeptides 

(CLPs) hold a prime importance as strong antifungal bioactives, biofilm 

producers, and inducers of induced systemic resistance (ISR) (Raaijmakers et al., 

2010; Nihorimbere et al., 2012; Cawoy et al., 2015; Asari et al., 2017a). Low 

toxicity and foaming of these antagonistic compounds which helps in better 

wetting, when compared to synthetic surfactants, and high biodegradability 

makes them suited to the development of inundative BCAs (Ongena et al., 2007; 

Ongena et al., 2008; Raaijmakers et al., 2010). Most of these lipopeptides are 

non-ribosomally synthesised using a multi-enzyme biosynthesis pathway, and 

have a molecular weight of 1000–1600 Dalton (Da) (Koumoutsi et al., 2004). 
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The use of genetic markers for the detection of lipopeptide gene 

clusters and synthetase genes has been proposed as a suitable tool for selection of 

novel BCAs and has been used by many researchers for identification of 

antibiotic biosynthesis genes (Ramarathnam et al., 2006; Ramarathnam et al., 

2007; Athukorala et al., 2009; Mora et al., 2012). In the past, PCR-based 

discovery of antibiotic genes has been used extensively to study many 

microorganisms and is an efficient tool for assisting in the selection of BCAs 

(Ramarathnam et al., 2007; Romero et al., 2007; Athukorala et al., 2009; Zeriouh 

et al., 2011; Alvarez et al., 2012; Cao et al., 2012; Mora et al., 2012; Stanković et 

al., 2012; Song et al., 2013; Waewthongrak et al., 2014; Gond et al., 2015; Płaza 

et al., 2015). Chitin and β -1, 3-glucan are important parts of the fungal cell wall 

and also act as elicitors in plant pathogen interactions (Fesel et al., 2016). 

Therefore, discovery of bacterial strains with genes present for defence mediating 

enzymes like chitinase and β -1, 3-glucanase may prove an important tool for 

screening of potential BCAs. 

Each type of lipopeptide exists in different isoforms, for instance 

more than five different homologues/isoforms of surfactin have been detected 

(Caldeira et al., 2011). Similarly, there a number of genes present in different 

operons which are responsible for production of this cyclic lipopeptide. 

Therefore, PCR is thought to be a beneficial tool for initial screening of bacteria 

for presence of genes related to antimicrobial compounds but not enough for 

confirmation and detection of products responsible for the antagonistic effect 

(Bukelskis et al., 2019). The identification of genes associated with the production 

of lipopeptides should be complemented with the analysis of the synthesised 
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product itself. Bacillus spp. are attractive for use in formulations because of their 

ability to form heat and desiccation resistant endospores which can survive the 

preparation of bacterial formulations. It is also reported that practically all 

sporulating microorganisms produce antibiotics (Demain et al., 1979). Therefore, 

when undertaking the assessment of the efficacy of lipopetides it may also be 

important to determine the relationship between endospore formation and 

lipopeptide production. 

Matrix-assisted laser desorption/ionisation mass spectrometry 

(MALDI-MS) is the most validated and robust surface ionisation method for 

characterisation of lipopeptides and other bioactive proteins (Ramarathnam et 

al., 2007; Athukorala et al., 2009; Liu et al., 2011; Fernández-No et al., 2013; 

Debois et al., 2016; Sajitha et al., 2016). This method requires minimal sample 

clean-up, and a very small sample amount. In this method, the analyte (sample) is 

mixed with a matrix, which is typically low molecular weight organic acids i.e., 2, 

5-dihydroxybenzoic acid (DHB) and co-crystalised on a metal target. This is a 

soft ionisation technique and the analyte is ionised by receiving a proton from 

the matrix after laser irradiation of the dried droplet. MS detection is achieved 

by coupling of MALDI with time-of-flight mass spectrometers (TOF-MS) and 

biomolecules are detected by MS in a single charge state. 

The objectives of the following experiments were to assess a set of 

Bacillus species for the presence of genes relevant to antimicrobial activity, and 

characterisation of major antifungal compounds involved in their antagonism 

against L. maculans utilising MALDI-TOF-MS. Additional factors associated 
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with the production and efficacy of potential antifungal compounds were also 

examined.
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4.2 Methodology 

 

4.2.1 Screening potential biocontrol agents for presence of genes 

associated with production of lipopeptides and catalytic enzymes 

by PCR 

4.2.1.1 Bacterial strains, DNA extraction and primers 

Twenty bacterial strains with the highest antagonistic potential as 

discussed in chapter 2 (section 2.3.3.1) were selected for screening aimed at 

determining the presence of lipopeptide genes and catalytic enzymes. Genomic DNA 

was extracted as outlined in chapter 2 (section 2.2.4.1). It was decided to focus on only 

10 isolates identified as Bacillus sp. as presented in Table 2.2 (marked with *). 

Oligonucleotide primers were used for the amplification of antibiotic gene 

regions related to the biosynthesis of surfactin, zwittermicin, iturin, bacillomycin and 

fengycin whereas, primers involved in amplification of chitinase and glucanases were 

used for detection of any catalytic ability present in the bacterial strains examined. 

Details of primers, annealing temperature and product size are given in Table 4.1. 

Amplified products were visualised by agarose gel electrophoresis and the identity of 

these genes was confirmed by sequencing of the purified PCR products, as described in 

section 2.4.2, using the same forward and reverse primers described for each gene 

target (Table 4.1). 
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Table 4.1 Oligonucleotide primers used for detection of antimicrobial genes in selected Bacillus strains 

Target Function Primer Sequence Annealing 

conditions 

Product size 

(bp) 

Reference 

 

Surfactin synthetase 

(srfAA) 

 

 

Biosurfactant/ surfactin 

biosynthesis 

Sur3F ACAGTATGGAGGCATGGTC  

 

60°C, 

 

30 s; 

 

441 

 

Ramarathnam, 2007 
Sur3R TTCCGCCACTTTTTCAGTTT 

SRFAF1 GAAAGAGCGGCTGCTGCTGAAAC  

201 

 

Plaza et al., 2015 
SRFAR1 CCCAATATTGCCGCAATGAC 

Iturin A (ituD)  

 
Modification of membrane 

permeability 

ITUD1F GATGCGATCTCCTTGGATGT  

647 

Ramarathnam et al., 

2007 
ITUD1R ATCGTCATGTGCTGCTTGAG 

Iturin C (ituC) ITUCF1 TTCACTTTTGATCTGGCGAT  

 

52 °C, 

1min 

 

575 

 

 

Joshi et al., 2006 
ITUCR3 CGTCCGGTACATTTTCAC 

Bacillomycin (bmyB)  

 

Antifungal, biofilm formation 

BMBF2 TGAAACAAAGGCATATGCTC  

395 
BMBR2 AAAAATGCATCTGCCGTTCC 

Bacillomycin D (bamC) BACC1F GAAGGACACGGCAGAGAGTC 60°C, 

30 s 

 

875 

Ramarathnam et al., 

2007 
BACC1R CGCTGATGACTGTTCATGCT 

 

Zwittermycin A 

 

Fungistatic 

ZWITF2 TTGGGAGAATATACAGCTCT 52 °C, 

1min 

 

779 

 

Ramarathnam, 2007 ZWITR1 GACCTTTTGAAATGGGCGTA 

Fengycin D (fenD)  

Antifungal activity 

FND1F CCTGCAGAAGGAGGAGAAGTGAAG 62.2 °C, 30 

sec 

 

220 

Solanki et al., 2012, 

2015 
FND1R TGCTCATCGTCTTCCGTTTC 

Chitinase (chi A)  

Hydrolyse chitin 

CHIAF GATATCGACTGGGAGTTCCC 58 °C, 

1min 

 

270 

Ramaiah et al., 2000 

CHIAR CATAGAAGTCGTAGGTCATC 

 

β-Glucanase 

 

Antifungal, biofilm formation 

GLUCF AATGGCGGTGTATTCCTTGACC 61 °C, 

1min 

 

415 

 

Baysal et al., 2008 GLUCR GCGCGTAGTCACAGTCAAAGTT 
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Contiguous sequences were created from the forward and reverse 

sequencing reads for each gene target. Homology of the contigs to antibiotic genes was 

determined via nucleotide BLAST (nBLAST) searches of the NCBIs GenBank 

database. Based upon the presence of genes of interest, antifungal activity and efficacy 

of volatiles, strains B94 (strain with highest number of genes of interest) and B89 

(strain with most effective volatiles and competitive antifungal activity) were selected 

for detailed studies. 

4.2.2 In vitro analysis of antagonistic potential of whole bacterial 

and cell free culture filtrates of potential BCAs against L. maculans 

by agar well diffusion method 

For evaluation of the inhibitory effect of culture filtrates, selected Bacillus 

strains viz., B89, B94, and B50 were individually cultured in NB at 28 °C for 2 days, 

10 days and 15 days, as separate treatments. Filtrates were obtained by centrifugation 

(Hettich™ Universal 320, Germany,) of the broth cultures in 50 ml tubes (Fisher 

Scientific) at 5000 rpm and the supernatant was filtered through Millex-GV Filter, 0.22 

µm syringe filters (Millipore™, Merck) to remove any bacteria. Two different volumes 

(50, 100 µl) of cultures and filtrates were added in the wells bored in 2% V8 agar 

medium plates (dia, 8.3 cm). The 5 mm diameter wells were made at four equidistant 

points near the edge of the media plates by using a pattern, to ensure the uniformity of 

the process. A 5 mm diameter fungal plug of V8 agar was placed in the centre of the 

plates and these were incubated for 14 days at 25 °C. Based upon the low performance 

of the 50 µl volume of culture filtrates, the experiment was analysed by taking account 
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of the data obtained for 100 µl volume only. Data was recorded by measuring the 

diameter of the fungal growth in all the plates and by using a formula described below. 

Petri plates receiving sterile NB, in the wells were considered as controls. Each 

treatment had three replicates. 

The following formula was used for calculation of inhibition potential. 

Inhibition percentage (%) = (𝑹𝟏 − 𝑹𝟐)/𝑹𝟏 × 𝟏𝟎𝟎 

Where, R1 is the radial mycelial growth of L. maculans on the control plate and R2 is the 

radial mycelial growth of L. maculans on the bacteria treated plate.  

4.2.3 Effect of cell-free filtrate of potential BCAs on conidial 

viability of L. maculans 

Culture filtrates of bacterial strains (B94, B89) were prepared by 

inoculating 100 ml of NB with one loop full of a bacterial strain and incubating at 28 

°C on a shaking incubator at 180 rpm for 2 days and 10 days, as separate treatments. 

Cell- free filtrates of B94, B89 were obtained by centrifugation of the cultures at 8000 

rpm for 20 mins at 4 °C. The supernatant was removed and filtered twice. The first 

filtration was carried out with a Millipore Sterifil® Aseptic System and Sterifil 47 mm 

filter holder equipped with 0.45 µm pore size filters, and subsequent filtration was 

carried out with Millipore™ 0.22 µm disposable syringe filters. The culture filtrates 

were stored at 4° C. A conidial suspension was prepared by culturing L. maculans (D4) 

on V8 agar in Petri plates and incubation at 22 ± 2° C, in the presence of blue light for 

12 hours and 12 hours dark period, for 14 days. On the 14th day, fungal spores were 
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harvested by adding 5 to 7 ml of sterile water to the Petri plate and lightly scrapping 

the surface of the fungal mat with a sterile glass slide. The conidial suspension was 

then passed through a sterile cheesecloth (8 folds). The concentration of the conidial 

suspension was determined using a counting chamber (Neubauer, Superior), and a 

suspension of 1 x 107 spores ml-1 was prepared; which was later diluted to a final 

concentration of ~500 spores ml-1 of cultural filtrate. After leaving the spore 

suspension in 10 ml aliquots of cultural filtrates of bacteria for 0 hr (15 mins), 4 hr, 8 

hr, and 20 hr, 200 µl of spore and filtrate mixture was spread onto the surface of V8 

agar in an 83 mm diameter Petri plate. These plates were then incubated at 22 ± 2° C 

for 10 days and examined on a daily basis for the presence of colonies of L. maculans. 

The experiment was conducted in triplicate and repeated once. 

Since this assay was aimed at assessment of the effect of cell-free cultural 

filtrates of bacteria on inhibition of conidial viability of L. maculans, conidia treated 

with water and bacterial growth medium (NB) were considered as the control. 

Conidial viability % = (control − treatment)/(treatment) × 100 

4.2.4 Evaluation of mode of action of Bacillus strains on L. 

maculans mycelium in dual culture 

To ascertain the mode of action and to confirm the results of the previous 

assay related to mycelial growth and conidial viability, it was essential to establish the 

fungitoxic or fungicidal nature of antagonistic compounds. For this purpose, L. 

maculans isolate D5 was challenged with the selected Bacillus strains (B94, B89 and 

B50) in a dual plate assay. A 10 µl broth culture of each Bacillus strain with a 
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concentration of 1 × 108 CFU ml-1 was inoculated at four equidistant spots near the 

edges of the PDA plates. The center of the PDA was inoculated with a 5 mm diameter 

plug of L. maculans after 12 hours of bacterial deposition on the plates. These plates 

were then incubated at 22 ± 2° C for 14 days. At the end of this incubation period, two 

thin slices of 2 mm2 thickness were removed from these plates with a sterile scalpel 

blade and introduced to a new PDA plate for further growth analysis. The first sample 

was taken from the periphery of the fungal colony (marked A in Figure 4.1), and the 

second sample was removed from the media next to the fungal growth (marked B in 

Figure 4.1) with no visible growth of fungus aimed at detection of any invisible growth 

of L. maculans in that region to ensure fungicidal effect of bacterial metabolites. After 

7 days the plates were examined for presence of any fungal growth (mycelium), under 

40x and 100x magnification. 

 

 

 

 

 

 

 

Figure 4.1 Dual plate assay for assessment of mode of action of selected BCAs  

Where, (i) Control (no bacteria, only L. maculans); (ii) Dual culture showing high 

inhibition by B. amyloliquefaciens strain B89; In plate ii, regions plated for examination 

(A) Edge of fungal growth, (B) Region in proximity to L. maculans. 

  

 

B 
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4.2.5 Characterisation of lipopeptides from bacterial cell surface 

extracts of selected BCAs by MALDI-TOF-MS 

Identification of the antibiotics present in the cell surface extracts of 

bacterial strains was performed using MALDI-TOF-MS. In order to investigate the 

underlying mechanisms behind the antagonistic effect of selected bacteria, lipopeptides 

were studied in dual culture and interpretations were made on the basis of comparative 

analysis with the individual culture as well as comparison with other strains included 

in the study. Three strains (B94, B89 and B50) were included in the study, and the cell 

surface extracts were extracted at two different time intervals. The first batch of 

samples of cell surface extracts were comprised of bacteria which were challenged in 

a dual culture assay with L. maculans for 2 days; the second batch was composed of 

bacteria which were challenged with L. maculans for 10 days. The bacteria which were 

not exposed to L. maculans were considered as control treatments. 

4.2.5.1 Preparation of bacteria whole cell surface extracts 

Preparation of cell surface extracts for this study was based on the method 

of Sajitha et al. (2016), which is a modified method of Vater et al. (2002). This method 

is a combination of acid and solvent extraction techniques. Strains of Bacillus were 

streaked on one side of a PDA plate and an 8 mm plug of L. maculans was placed on 

the opposite side and incubated at 28 °C in two batches for 2 and 10 days, respectively. 

Two loopfuls of selected bacteria were collected from the fungal-bacterial interface 

and suspended in a solution of 500 µl of acetonitrile (70%) and (0.1%) trifluoroacetic 

acid for 2 minutes. This solution was homogenised by gentle vortexing, followed by 
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centrifugation at 5000×g for 10 mins. The cell free supernatant was collected in new 

tubes and stored at 4 °C for analysis. 

4.2.5.2 MALDI-TOF analysis 

Samples were prepared by mixing 2 μl of bacterial cell surface extract with 

2 μl 50 mg ml-1 of dihydroxy benzoic acid (DHB) in 70% acetonitrile (ACN) and 0.1% 

trifluoroacetic acid (TFA). 0.5 μl of sample was spotted onto an AnchorChip plate and 

let dry. Application of the sample and matrix (DHB) along with other chemicals 

mentioned here was repeated on the dried spots for three times (1.5 μl total). Pepmix™ 

(Bruker Daltonics Pepmix 4) was spotted on adjacent spots (3 x 0.5 μl) as an external 

standard. 

The cell surface extract of B50 was repeat spotted (6 x 0.5 μl) in the same 

way, except for the sample from dual culture of B50 which was spotted (8 x 0.5 μl) 

onto new spots on the AnchorChip plate and dried directly onto plate, and 0.5 μl matrix 

(DHB) spotted after each sample. ACN was added to decrease the surface area of the 

sample spot on the Anchorchip. 

For 2 day old cultures of bacterial strains, 2 μl of sample was mixed with 

2 μl of 50 mg ml-1 DHB in 70% acetonitrile 0.1% TFA. 0.5 μl of the sample was 

spotted onto the AnchorChip plate then dried. This was repeated on the dried spots for 

a total of five times (2.5 μl total). Pepmix was spotted on adjacent spots (3 x 0.5 μl). 

MALDI- TOF analysis was performed at the Australian Proteome Analysis Facility 

(APAF), Sydney, NSW, Australia. The information about all the samples tested for 

presence and identification of lipopeptides in summarised in Table 4.2.  
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4.2.5.3 Data acquisition 

MALDI-TOF MS analysis was performed using a 4800 plus (AB Sciex) 

MALDI TOF/TOF analyser. A Nd:YAG laser (355 nm) was used to irradiate the 

sample. Spectra were acquired in reflectron MS scan mode in the mass range of 400 

to 4000 Da. 

4.2.5.4 Identification of lipopeptides 

Peaks were identified on the basis of calculated mass [M+Adduct] + and 

observed masses and by calculating the m/s masses. Assignments were based on values 

reported in the literature.
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Table 4.2 Summarised sample information for MALDI-TOF analysis of lipopeptides 

Sample number Treatments Age of Bacillus strains 

1 B94 + L. maculans 

2 days 

2 B89 + L. maculans 

3 B50 + L. maculans 

4 Control B94 

5 Control B89 

6 Control B50 

 

7 

B94 + L. maculans 

10 days 

8 B89 + L. maculans 

9 B50 + L. maculans 

10 Control B94 

11 Control B89 

12 Control B50 
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4.2.6 Relationship of biocontrol activity and endospore formation 

in potential BCAs 

 

To assess the possible relationship between lipopeptide and endospore 

production over the period of time, stock cultures (10 µl from 1 ×108 CFU ml-1) of 

three Bacillus strains (B94, B89 and B50) were cultured in Nutrient Broth (NB, Oxoid, 

Thermo Scientific™) (150 ml broth in 250 ml conical shaking flask) at 28 °C and 

continuously shaken at 120 rpm for 2 or 10 days as separate treatments. Uninoculated 

NB was considered as a control. Presence and position of endospores was detected 

using two stains; Malachite green (to ascertain the presence or absence of endospore) 

and Gram’s stain (to study the position of endospore) within Bacillus cells. The 

bacterial suspensions aseptically collected after 2, 5, 6, 7, 8, 9, 10 days of introduction 

of bacteria in the growth medium and presence of endospore was studied by using a 

compound microscope at 1000x (Nikon Eclipse TE200 microscope). 

4.2.7 Statistical analysis 

The data were statistically evaluated by using analysis of variance, 

followed by Fisher’s least significant difference test (P≤0.05) for conidial viability. 

Fisher's unprotected least significant difference test was used for multiple 

comparisons of culture filtrate analysis in the agar well diffusion assay. Whereas, 

Pearson’s correlation was used to assess any relationship between the presence and a 

number of lipopeptides genes and antagonistic ability of selected bacteria. Statistical 

power was calculated using software GPower3.1.
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4.3 Results 

 

4.3.1 Detection of biosynthetic antibiotic and lytic genes by PCR 

At least one positive amplification of gene regions associated with 

lipopeptides and lytic enzymes were observed across the 10 potential biocontrol strains 

selected in this study (Table 4.3). 

The highest number of genes were recorded in Bacillus strain B48 (nine in 

total), which was followed by strains B17, B74, B77, B92 and B94; these strains were 

found to have eight genes of interest in which seven genes were related to different 

lipopeptides. In this set, B74 was an exception, which had both lytic genes (chitinase 

and β 1-3 glucanase) with six genes related to lipopeptides. B89, which had previously 

been identified as being related to B. amyloliquefaciens, had six genes related to 

lipopeptides and one gene related to β, 1-3 glucanase. Sequence analysis of purified 

PCR products revealed homology with corresponding genes from other Bacillus sp. in 

the GenBank database. The B. megaterium isolates (B50, B34) had the least number of 

genes of interest. These strains also exhibited comparatively weak antifungal ability 

against L. maculans during dual culture assay and split plate assay, as compared to 

other strains. 

Iturin A (ituD) and bacillomycin D (bamC); were the most common 

lipopeptide genes among all the tested bacterial strains, whereas Iturin C (ituC), was 

the rarest, being detected only in B48. Among selected strains of B. 

amyloliquefaciens/velezensis, β,1-3 glucanase was consistently present, but absent in 
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B48 and B74 identified as members of B. megaterium. Chitinase was present in four 

strains of the 10 examined. There was no correlation found among the number of genes 

of interest present in any of the selected bacteria and its inhibition potential against L. 

maculans which is presented in Appendix 2.1. 

Sequencing analysis of purified PCR products revealed high similarity 

with sequences for antibiotic synthetic genes and lytic enzymes in Genbank (Table 4.4). 

Amplicons for lipopeptide and lytic enzyme targets from strains B89 and B94 showed 

high similarity with gene sequences from bacterial strains known to have biocontrol 

potential, including B. amyloliquefaciens CECT 8238 (Magno-Perez-Bryan et al., 

2015), B. amyloliquefaciens subsp. plantarum str. FZB42 (X. Chen et al., 2007), B. 

velezensis SQR9 (N. Zhang et al., 2015) and B. velezensis AS43.3 (Dunlap et al., 

2013). Detailed information about the homology of PCR products of lipopeptide and 

lytic enzyme gene regions is presented in (Table 4.4), and the top five hits as a result 

of nBLAST are presented in (Appendix 4.1). The top five hits with homologous genes 

in nBLAST were based on sequences obtained from purified PCR products of 

biosynthetic genes and lytic enzymes. (Appendix 4.1). 
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Table 4.3 Detection of lipopeptide and lytic enzyme genes in selected bacteria*
 

Species Strain Surfactin 
Surfactin 

synthetase 
Iturin A Iturin C Bacillomycin D Bacillomycin Zwittermycin Fengycin Chitinase 

β-1,3-

glucanase 

B
. 

a
m

yl
o

li
q

u
ef

a
ci

en
s 

B17  + + + - + + + + - + 

B48 + + + + + + - + + + 

B74 - + + - + + + + + + 

B77  + + + - + + + + - + 

B84  + - + - + - + + - + 

B89  + + + - + - + + - + 

B92  + + + - + + + + - + 

B
. 

m
eg

a
te

ri
u

m
 

B34  + - + - + - - - + - 

B50  + - + - + - - - + - 

B
. 

ve
le

ze
n

si
s 

B94 + + + - + + + + - + 

* (+) positive gene detection, (-) gene not detected in PCR amplification. 
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Table 4.4 BLAST results of the purified and sequenced PCR products for homology with other genes 

Target Matching isolate Match with genes in nBLAST % identity (nBLAST) E-value Genbank accession no. 

Sufactin synthtase 

B. velezensis strain 

LABIM40 

Surfactin non-ribosomal 

peptide synthetase SrfAA 
99.73% 0 CP023748.1 

B. velezensis strain 

ZF2 

surfactin non-ribosomal 

peptide synthetase 
97.39% 2.00E-123 CP032154.1 

Iturin D 
B. velezensis strain  

BIM B-439D 

fabD, ACP S- 

malonyltransferase 
99.19% 0 CP032144.1 

Iturin C 
B. velezensis strain  

UCMB5007 

Iturin A, synthtase C 99.03% 0 CP041143.1 

Bacillomycin 

B. velezensis strain  

UCMB5007 

Mycosubtilin synthetase 

subunit B 
99.17% 0 CP041143.1 

B. amyloliquefaciens  

strain UMAF6614* 

Bacillyomycin biosynthetic 

gene cluster 
98.90% 0 CP006960.1 

Zwittermycin 
B. velezensis strain 

ZF2 Zwittermycin A operon 97.39% 2.00E -123 CP032154.1 

Fengycin D 
B. subtilis strain 

SQR 9 Fengycin synthetase (fenD) gene 98.18% 8E- 132 JN093027.1 

β-Glucanase 
B. velezensis strain 

At1 β, 1-3-Glucanase gene 94.49% 6.00E-45 CP041145.1 

* Recently changed to Bacillus amyloliquefaciens CECT 8238 
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4.3.2 In vitro analysis of whole-cell cultures and culture filtrates of 

potential BCAs against mycelial growth of L. maculans 

 

High antagonistic potential of culture filtrates was observed in all the 

treatments (Figure 4.2). A substantial difference was found among the antagonistic 

potential of whole cell and culture filtrates of selected bacteria, and whole cell cultures 

generally performed better as compared to cell-free cultures (Figure 4.3; Appendix 4.2, 

4.3). 

 

 

Figure 4.2 Two volumes (50, 100 µl/well) of 10 day old culture of strain B94 showing 

a noticeable difference in the antagonistic potential against L. maculans using the 

agar well diffusion method. (A) Control treatment of L. maculans with no culture filtrate, 

(B) 50 µl of culture filtrate in each well with L. maculans in the middle of the plate, and 

(C) 100 µl of culture filtrate in each well with L. maculans in the middle of the plate. 

The antagonistic potential of culture filtrates of B94 increased 

considerably from 31.33% (2 day old culture) to 56.25% (10 day old culture). A similar 

 

B  
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trend was observed for strain B89, in which 2 day old culture filtrates demonstrated 

34.94% antagonistic potential and a much higher inhibition (42.92%) was observed in 

10 day old cultures. A decline in the antagonistic potential was recorded in the culture 

filtrates collected from the 15 day old bacterial cultures of B89 and B94 showing a 

decrease of 9.59% and 5% as compared to 10 day old filtrate (Figure 4.3). Significantly 

higher antagonistic potential was recorded, when 100 µl of bacterial cultures of 

selected strains were used in the agar wells as compared to culture filtrates of those 

bacteria (Appendix 4.2, 4.3). Whole cell cultures of strain B94 and B89 showed 

excellent inhibition in all three selected time intervals, with an average of 85.85% and 

86.41% antagonistic potential recorded, respectively, whereas their culture filtrates 

showed 46.3% and 37.3% inhibition of L. maculans, respectively. There was a 39.55% 

and 49.38% reduction in the inhibition potential of the BCAs when the bacteria were 

removed from the culture. 

In summary, whole-cell cultures performed better as compared to culture 

filtrates and no significant difference was observed in whole cultures of B89 and B94 

over increased time of culturing in the case of 2 and 10 day old whole-cell cultures. 

However, for the culture filtrates, the antagonistic potential was highest on the 10th day 

of culturing after which antagonistic potential declined. In terms of average inhibition 

potential of a strain, the highest inhibition was demonstrated by strain B94 in all the 

treatments studied and recorded over different intervals. 
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Figure 4.3 Comparison of efficacy of whole cell and cell free cultures of potential BCAs (B94, B89, and B50) against L. maculans 

(D5) over different time intervals by agar well diffusion method. Where, error bars represent standard error with in the replicates. P=0.05, LSD value 

bacteria=2.29; LSD value cell type (whole cell, culture filtrate) = 1.08 LSD value bacteria*cell type=3.23
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4.3.3 Effect of cell-free filtrate of potential BCAs on conidial 

viability of L. maculans 

Cultural filtrates of B89 and B94 had a significant (P ≤ 0.05) negative 

impact and effectively reduced the conidial viability of L. maculans. The conidial 

viability of the selected L. maculans strain was highly affected by the cultural filtrate 

of B94 and in particular when conidia were exposed to a 2 day old cultural filtrate for 

greater than 1 hour. There was a significant difference (P ≤ 0.05) in the percentage of 

conidial viability of control plates (media) when compared to L. maculans plates 

treated with the cultural filtrate of B94, with 91.8% of conidia inhibited compared to 

the control. The efficacy of culture filtrates was negatively impacted by the culture 

time of B94 in NB. L. maculans conidia were more sensitive to the culture filtrates of 

B94 collected after 2 days of culturing as compared to 10 days (Figure 4.4). However, 

there was no significant difference (P > 0.05) in the conidial viability of L. maculans 

treated with either 2 day or 10 day old culture filtrates of B89. A significant difference 

(P ≤ 0.05) was present among the time intervals for which conidial suspension was left 

in the bacterial cultural filtrate, and the highest inhibition (86.07%) was observed after 

20 hrs of interaction between conidia and cultural filtrates (Appendix 4.4, 4.5, 4.6) 

No antagonistic effect on the conidia of L. maculans was recorded for the 

water only or media only controls. However, the diameter of fungal colonies arising from 

viable conidia treated with NB only was higher when treated for 20 hours as compared to 

all other treatments, including the water only control. This suggests that the presence of 

some nutrients in the NB favored the growth of L. maculans. For statistical analysis 

observations from NB (control) were used for making comparisons. 
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Figure 4.4 Effect of cultural filtrates of B94 and B89 on the conidial viability of L. 

maculans. *Data values for percentage conidial viability inhibition of 2 day and 10 day 

cultural filtrates of B89 and B94 are shown in the graph; where 0 hr denotes (15 minutes) 

and error bars show standard error with in the replicates. 

4.3.4 Mode of action of potential BCAs against mycelial growth of 

L. maculans 

As a result of this study, it was found that the growth of L. maculans 

mycelium was restricted and confined in the presence of diffusible compounds 

produced by both B89 and B94. This occurred in the absence of any physical contact of 

the bacteria with the fungal inoculum. After inoculating the fungal mycelium that 

had been in the presence of bacteria, it was still viable, suggesting that diffusible 

compounds might have caused partial damage to the mycelium but they didn’t 

completely kill the pathogen. The agar slice removed from region B did not show any 
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signs of fungal presence. Therefore, it is likely that the bacteria produced antifungal 

compounds which hampered the fungal growth by reducing the fast growth of the 

fungal mycelium, as compared to the control. 

4.3.5 Characterisation of lipopeptides from bacterial cell surface 

extracts 

Both B. amyloliquefaciens strain B89 and B. velezensis strain B94 

produced lipopeptides in monoculture as well as in the dual culture assay. Sample spots 

(comprised of bacterial extract and matrix solution) were assimilated and their analysis 

demonstrated that Bacillus strains B89 and B94 produced peak envelopes associated 

with lipopeptides in the ranges m/z 1000-1100 and m/z 1440-1550, whereas samples 

related to B50 failed to present any peak data related to lipopeptides in the selected 

range. Thus, samples obtained from the dual culture plate of B50 (10 day old culture) 

were tested multiple times with increased loadings onto the plate spots, however this 

only indicated the presence of a recurring mass series (polymer) from an unknown 

source (Appendix 4.15) and the sample related to B50 (control) resulted in no peaks 

due to the absence of lipopeptides. The mass of the lipopeptides were assessed against 

those previously published (Bycroft et al., 2013). Peak lists representing lipopeptides 

for all the test strains in different conditions are presented in Table 4.5. The spectra of 

B89 and B94 showed multiple groups of peaks related to protonated forms of 

lipopeptides belonging to all three major families of surfactin, iturin and fengycin. 

Sodium and potassium adducts of these lipopeptide compounds were also detected. 
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4.3.5.1 Lipopeptide profile of B94 

4.3.5.1.1 Surfactin 

B94 showed four major groups of mass peaks between m/z 1040 to 1100, 

which corresponded to protonated forms of C12-C15 surfactin and sodium adducts of 

C13-C15 and potassium adducts of C12-C16 of surfactin. Some differences among the 

intensities were detected, but there were no major differences such as total absence or 

only presence of surfactin isomers observed among any of B94 treatments (Appendix 

4.7, Appendix 4.11) 

After comparison of all the peak data and studying the corresponding 

compounds, it was ascertained that in different treatments, surfactin lipopeptides 

differed in their carbon number and intensity, i.e., B94 sample from dual culture plate 

assay (2, 10 days) and B94 monoculture produced similar compounds except for C12 

surfactin, which was not detected in B94 control (2, 10 day old culture). Similarly, 

potassium adduct of C15 surfactin was absent in 2 day old cultures of bacteria in the 

presence of the fungus but it was detected in the 10 day old culture. Na+ adducts of C14 

and C15 surfactin were also detected as major peaks in all the treatments of B94 but 

with the exception of B94, where the 2 day old culture also had major peaks related to 

protonated forms of C14 and C15 surfactin. An additional major peak corresponding 

to K+ adduct m/z 1060.51 was detected when bacteria were challenged with L. 

maculans for 10 days. 
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4.3.5.1.2 Iturin 

A variety of iturins were detected in samples of B94 i.e., iturin A, iturin C, 

bacillomycin D and mycobacillin (Appendix 4.7). Protonated forms of C13-C16 

bacillomycin D (m/z 1017.4–1059.5) were detected in different treatments, where the 

protonated (H+) form of C16 bacillomycin D (m/z 1059.5) was only detected when the 

bacteria was cultured without L. maculans. The Na+ form of C16 bacillomycin D (m/z 

1081.4) was detected in the presence of L. maculans only, which implies that there 

was a change in the adduct form of compounds upon facing different conditions such 

as the presence of metabolites produced by L. maculans. Bacillomycin C17 Na+ was 

also commonly found as a major peak among all treatments except B94 (2 days old 

culture), but it was detected when challenged with L. maculans even after 2 days. 

Among the iturins, protonated forms of C13–C16 iturin A were the most 

common and detected in all treatments, whereas C17 iturin A and Na+ adduct of C13 

Iturin was only discovered in the L. maculans challenged B94 treatments indicating 

that these were induced because of the effect of L. maculans. Interestingly, K+ adducts 

belonging to C14 and C15 iturin C were present in all B94 treatments whereas they were 

mostly absent in B89. The highest number of major peaks of iturin were detected in 2 

day old bacterial culture in the presence of L. maculans, whereas only two major peaks 

belonging to iturin A (H+, Na+) were found in 10 days old dual cultures. C14-C15 

adducts of mycobacillin were also positively detected in B94 with and without L. 

maculans in 2 day old cultures but it was only detected in 10 day old cultures of B94 

when it was challenged with L. maculans thus it can be assumed that the production 

of mycobacillin may need a trigger in the form of biotic stress inducer like L. maculans 

or it is only present when bacteria are exposed to some new cultural conditions. 
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4.3.5.1.3 Fengycin 

Fengycin A and B were the only forms of fengycin detected in the surface 

cell extracts of B94 (Appendix 4.8). Protonated forms of C14-C19 fengycin A and C15- 

C16 fengycin B were the most common detected peaks among the treatments. 

Protonated C15, C16 and C18 forms of fengycin A most commonly appeared as 

major peaks. Whereas, C19 fengycin A was only detected as a major lipopeptide in 

bacterial samples from 2 day old cultures. 

Na+ adducts of C16, C17, C18 and K+ adduct of C17 fengycin A were also 

detected in all treatments regardless of the age of the dual culture except for bacteria 

only. Protonated and Na+ adducts of C15, C16 Fengycin B were also commonly 

detected as major peaks among all the treatments except for B94 control (10 day old). 

4.3.5.2 Lipopeptide Profile of B89 

 

4.3.5.2.1 Surfactin 

The highest number of surfactin lipopeptides were detected in samples 

from 10 day old dual culture samples of B89 (Table 4.5). It also had mass peaks for 

NA+ and K+ adducts of C13-C17 surfactin. Major peaks in all the samples belonged to 

C14-C15 surfactins (H+ and Na+ forms). Protonated forms of C14-C16 surfactin were 

most commonly present among B89 whereas, C13 (NA+) and C13 (K+) surfactin was 

absent among all treatments except in B89 dual culture (10 day old) indicating the better 

biofilm formation ability of B89 in the presence of stress or unfavourable conditions 

such as the presence of L. maculans (Appendix 4.13). 
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A trend was also noticed in the peak heights of strain B89 as it was found 

that peak intensity is drastically high in dual culture samples as compared to samples 

procured from bacteria in the control treatment. For instance, the peak corresponding 

to a surfactin homologue (molecular weight 1036.60) was recorded with intensity of 

2.2 × 103 a.u, whereas the intensity of this peak was 1.7× 103 a.u. This may be due to 

lesser amounts of surfactin being produced but, MALDI –TOF is not a reliable method 

for the quantification of these compounds, so this needs to be further confirmed. 

4.3.5.2.2 Iturins 

The first group of iturins had peaks at m/z 1017.5, 1031.6, 1045.6, 1059.6 

and 1063.6 were designated as bacillomycin D. B89 again represented better ability to 

produce antimicrobial lipopeptides and peaks related to C13-C16 bacillomycin D were 

detected in all of its treatments, where C16 bacillomycin D (m/z 1059.6) was 

discovered as one of the major peaks in the mass spectra. C17 bacillomycin D detected 

at m/z 1063.7 was uniquely detected as a major peak in 2 days old dual culture samples 

only. 

Mass peaks related to C13-C17 iturin A (H+ and Na+) were detected in 

B89 samples, but maximum number of peaks (including peaks for Iturin C) were only 

identified in the B89 dual culture (10 day old), showing the tremendous antagonistic 

potential of this strain when cultured with L. maculans. C14 iturin A2 appeared as a 

major peak in all the B89 samples similar to B94, but iturin C was absent in most of 

the treatments, unlike B94. Mycobacillin was also produced by B89 in a similar pattern 

as described in B94. 
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4.3.5.2.3 Fengycin 

MALDI-TOF-MS analyses of lipopeptides from selected Bacillus strains 

confirmed that strains are producers of both fengycin A and fengycin B (Appendix 

4.8; Appendix 4.10). Several molecules of fengycin at peaks of m/z 1435.6 and 1478.0 

were detected. Six peaks appeared at m/z 1435.9, 1449.9, 1463.9, 1477.9, 1492.9 and 

1506.0, suggesting a series of homologous molecules with a difference of 14 Da 

(CH2), which have similar m/z values to the antifungal lipopeptide and fengycin. 

It was interesting to note that in B94 the maximum number of m/z peaks 

belonged to iturins, whereas in B89 the maximum number of peaks belonged to the 

fengycin group of lipopeptides. There were also some major peaks which were 

unidentifiable but it is assumed that these molecules are isomers or fingerprints of the 

same compounds detected in our study. 

For all lipopeptides, the intensity of m/z peaks in B89 were drastically 

decreased in 10 day old cultures as compared to 2 day old cultures. A similar trend was 

also observed in B94, where 2 day old cultures had a higher intensity of the 

lipopeptides as compared to 10 days old cultures. The results suggest that 

environmental factors and cultural conditions such as the age of the bacterial culture, 

and stresses such as the metabolites produced by L. maculans influence the profile of 

antibiotics and lipopeptides produced.  

There were no lipopeptides detected in B50 samples however one peak 

with m/z 1433.5 corresponding to C14 fengycin B and two peaks m/z 1074.4 

corresponding to C15 surfactin K+ and 1433.5 were detected in samples challenged 

with L. maculans in 2 days and 10 day old cultures, respectively. 
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Table 4.5 MALDI-TOF MS analysis of lipopeptides from 2 and 10 day old cultures of B. amyloliquefaciens (B89) and B. velezensis (B94) 

and in the presence and absence of L. maculans  

Assignments [M+Adduct]+ 

Calculated 

mass 

[M+Adduct]+ 

Observed masses [M+Adduct]+ 

10 daysa 2 daysb 

B94 +Fc B89 +Fc B94d B89 d B94 +Fc 

B

8

9 

+

F

c 

B94 d B89 d 

C12 surfactin 

(M+H)+ 

 

C50H88N7O13 

 

994.64 

 

994.51 

 

nd 

 

nd 

 

nd 

 

994.51 

 

nd 

 

nd 

 

nd 

C13 surfactin 

(M+H)+ 

 

C51H90N7O13 

 

1008.66 

 

1008.55 

 

1008.62 

 

nd 

 

nd 

 

1008.67 

 

nd 

 

1008.7 

 

nd 

C13 bacillomycin 

D (M+H)+ 

 

C47H73N10O15 

 

1017.53 

 

1017.48 

 

nd 

 

nd 

 

1017.42 

 

nd 

 

1017.33 

 

nd 

 

1017.42 

Not identified - -    1021.5  1021.53  1021.53 

C14 surfactin 

(M+H)+ 

 

C52H92N7O13 

 

1022.68 

 

1022.57 

 

1022.6 

 

1022.69 

 

1022.5 

 

1022.68 

 

1022.56 

 

1022.71 

 

1022.58 

C13 surfactin 

(M+Na)+ 

C51H89N7O13N 

a 

 

1030.64 

 

1030.52 

 

1030.57 

 

1030.52 

 

nd 

 

1030.52 

 

nd 

 

1030.66 

 

nd 

C14 bacillomycin 

D (M+H)+ 

 

C48H75N10O15 

 

1030.53 

 

1031.52 

 

1031.57 

 

1031.52 

 

nd 

 

nd 

 

nd 

 

1031.66 

 

1031.47 

C12 surfactin 

(M+K)+ 

 

C50H87N7O13K 

 

1032.60 

 

nd 

 

nd 

 

nd 

 

1032.4 

 

nd 

 

1032.39 

 

nd 

 

1032.44 

C15 surfactin 

(M+H)+ 

 

C52H92N7O13 

 

1035.53 

 

nd 

 

nd 

 

nd 

 

1035.53 

 

nd 

 

1035.53 

 

nd 

 

1035.57 

C15 surfactin 

(M+H)+ 

 

C53H94N7O13 

 

1036.69 

 

1036.58 

 

1036.62 

 

1036.68 

 

1036.51 

 

1036.7 

 

1036.58 

 

1036.73 

 

1036.6 

C11 iturin 

(M+Na)+ 
C45H70N12O14 

 

1037.50 

 

1037.5 

 

1037.63 

 

1037.59 

 

1037.52 

 

1037.67 

 

1037.63 

 

1037.73 

 

1037.62 

not identified nd 1038.64 nd 1038.52 nd nd nd nd 

C13 iturin A1 

(M+H)+ 
C48H74N12O14 

 

1043.55 

 

1043.45 

 

1043.43 

 

1043.52 

 

1043.49 

 

1043.55 

 

1043.5 

 

1043.59 

 

1043.54 
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Continued Table 4.5 MALDI-TOF MS analysis of lipopeptides from 2 and 10 day old cultures of B. amyloliquefaciens (B89) and B. velezensis 

(B94) and in the presence and absence of L. maculans 

Assignments [M+Adduct]+ 
Calculated mass 

[M+Adduct]+ 

Observed masses [M+Adduct]+ 

10 daysa 2 daysb 

B94 +Fc B89 +Fc B94d B89 d B94 +Fc B89 +Fc B94 d B89 d 

C14 surfactin 

(M+Na)+ 

 

C52H91N7O13Na 

 

1044.66 

 

1044.49 

 

1044.56 

 

1044.49 

 

1044.49 

 

1044.6 

 

1044.56 

 

1044.62 

 

1044.6 

C15 bacillomycin 

D (M+H)+ 

 

C49H77N10O15 

 

1045.56 

 

1045.5 

 

1045.58 

 

1045.5 

 

1045.48 

 

1045.62 

 

1045.58 

 

1045.64 

 

1045.57 

C13 surfactin 

(M+K)+ 

 

C51H89N7O13K 

 

1046.62 

 

1046.5 

 

1046.57 

 

1046.54 

 

nd 

 

1046.5 

 

nd 

 

1046.64 

 

nd 

not identified      1049.56  1049.56 

C10 surfactin 

(M+H)+ 

 

C54H95N7O13K 

 

1050.70 

 

nd 

 

1050.49 

 

nd 

 

1050.52 

 

nd 

 

1050.56 

 

nd 

 

1050.59 

C14 iturin A2 

(M+H)+ 

 

C49H76N12O14 

 

1057.57 

 

1057.47 

 

1057.43 

 

1057.51 

 

1057.49 

 

1057.57 

 

1057.51 

 

1057.6 

 

1057.56 

C15 surfactin 

(M+Na)+ 

C53H93N7O13Na  

1058.67 

 

1058.51 

 

1058.57 

 

1058.54 

 

1058.5 

 

1058.62 

 

1058.6 

 

1058.64 

 

1058.59 

C16 bacillomycin 

D (M+H)+ 

 

C50H79N10O15 

 

1059.57 

 

nd 

 

1059.53 

 

1059.55 

 

1059.49 

 

nd 

 

1059.55 

 

1059.64 

 

1059.49 

C14 surfactin 

(M+K)+ 

 

C52H91N7O13K 

 

1060.63 

 

1060.51 

 

1060.54 

 

1060.56 

 

1060.51 

 

nd 

 

nd 

 

1060.65 

 

1060.58 

C17 bacillomycin 

D (M+H)+ 

 

C51H81N10O15 

 

1063.70 

 

nd 

 

nd 

 

nd 

 

nd 

 

nd 

 

1063.7 

 

nd 

 

nd 

C17 surfactin 

(M+H)+ 

 

C55H97N7O13 

 

1064.72 

 

nd 

 

1064.48 

 

nd 

 

nd 

 

nd 

 

1064.58 

 

nd 

 

1064.6 

C13 iturin A1 

(M+Na)+ 

C48H74N12O14 

Na 

 

1065.53 

 

1065.54 

 

nd 

 

nd 

 

nd 

 

1065.54 

 

nd 

 

nd 

 

nd 

C14 iturin C2 

(M+Na)+ 

C50H73N11O15 

Na 

 

1066.52 

 

1066.43 

 

nd 

 

1066.46 

 

nd 

 

1066.55 

 

nd 

 

1066.57 

 

nd 
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Continued Table 4.5 MALDI-TOF MS analysis of lipopeptides from 2 and 10 day old cultures of B. amyloliquefaciens (B89) and B. velezensis 

(B94) and in the presence and absence of L. maculans 
Assignments [M+Adduct]+ Calculated mass 

[M+Adduct]+ 

Observed masses [M+Adduct]+ 

10 daysa 2 daysb 

B94 +Fc B89 +Fc B94d B89 d B94 +Fc B89 +Fc B94 d B89 d 

C14 

bacillomycin 

D (M+K)+ 

- 

 

1067.55 

 

nd 

 

nd 

 

nd 

 

nd 

 

1067.55 

 

nd 

 

nd 

 

nd 

C16 iturin A6 

(M+H)+ 

 

C50H78N12O14 

 

1071.58 

 

1071.47 

 

1071.44 

 

1071.55 

 

1071.51 

 

1071.47 

 

1071.53 

 

nd 

 

1071.57 

C16 iturin C4 

(M+H)+ 

 

C50H78N11O15 

 

1072.57 

 

nd 

 

1072.46 

 

1072.56 

 

1072.51 

 

nd 

 

nd 

 

nd 

 

1072.51 

not identified nd nd nd nd nd nd nd 1073.53 

C15 surfactin 

(M+K)+ 

 

C53H93N7O13K 

 

1074.65 

 

1074.51 

 

1074.56 

 

1074.51 

 

1074.5 

 

1074.51 

 

1074.58 

 

1074.66 

 

1074.57 

C15 iturin A2 

(M+Na)+ 

 

C49H76N12O14Na 

 

1079.55 

 

nd 

 

1079.48 

 

1079.48 

 

nd 

 

1079.56 

 

nd 

 

1079.56 

 

nd 

C15 iturin C3 

(M+Na)+ 

 

C49H75N11O15Na 

 

1080.53 

 

nd 

 

1080.53 

 

1080.48 

 

1080.48 

 

1080.57 

 

nd 

 

1080.58 

 

nd 

C16 

bacillomycin 

D (M+Na)+ 

 

C49H76N11O15 Na 

 

1081.48 

 

1081.4 

 

nd 

 

1081.47 

 

1081.42 

 

1081.54 

 

nd 

 

1081.55 

 

nd 

C14 iturin C2 

(M+K)+ 

 

C48H73N11O15K 

 

1082.49 

 

1082.41 

 

nd 

 

1082.41 

 

nd 

 

1082.53 

 

nd 

 

1082.56 

 

nd 

C17 iturin A8 

(M+H)+ 

 

C51H80N12O14 

 

1085.59 

 

1085.44 

 

1085.46 

 

nd 

 

1085.52 

 

1085.44 

 

1085.55 

 

nd 

 

nd 

C17 

bacillomycin 

D (M+Na)+ 

- 

 

1095.60 

 

1095.53 

 

1095.46 

 

1095.46 

 

nd 

 

1095.53 

 

nd 

 

nd 

 

nd 

C15 iturin C3 

(M+K)+ 

C49H75N11O15K  

1096.51 

 

1096.43 

 

1096.56 

 

1096.43 

 

nd 

 

1096.55 

 

nd 

 

1096.57 

 

nd 
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Continued Table 4.5 MALDI-TOF MS analysis of lipopeptides from 2 and 10 day old cultures of B. amyloliquefaciens (B89) and B. velezensis 

(B94) and in the presence and absence of L. maculans 

Assignments [M+Adduct]+ 

Calculated 

mass 

[M+Adduct]+ 

Observed masses [M+Adduct]+ 

10 daysa 2 daysb 

B94 +Fc B89 +Fc B94d B89 d B94 +Fc B89 +Fc B94 d B89 d 

C15 iturin C 

(M+K)+ 

C49H76N11O15K  

1097.51 

 

1097.43 

 

1097.5 

 

1097.43 

 

nd 

 

1097.54 

 

nd 

 

1097.57 

 

nd 

C14 fengycin A 

(M+H)+ 

 

C71H107N12O20 

 

1435.75 

 

nd 

 

1435.75 

 

nd 

 

nd 

 

1435.78 

 

1435.75 

 

nd 

 

1435.84 

C15 fengycin A 

(M+H)+ 

 

C71H109N12O20 

 

1449.79 

 

1449.62 

 

1449.73 

 

1449.62 

 

1449.74 

 

1449.79 

 

1449.78 

 

1449.85 

 

1449.86 

C16 fengycin B 

(M+H)+ 

  

1461.76 

 

nd 

 

1461.76 

 

nd 

 

nd 

 

nd 

 

1461.8 

 

nd 

 

nd 

C16 fengycin A 

(M+H)+ 

 

C72H111N12O20 

 

1463.80 

 

1463.61 

 

1463.74 

 

1463.77 

 

1463.77 

 

1463.8 

 

1463.79 

 

1463.77 

 

1463.86 

C15 fengycin B 

(M+Na)+ 

  

1464.63 

 

1464.63 

 

1464.75 

 

1464.76 

 

1464.74 

 

1464.8 

 

1464.79 

 

1464.76 

 

1464.87 

C17 fengycin B 

(M+H)+ 

  

1475.76 

 

nd 

 

1475.76 

 

nd 

 

nd 

 

nd 

 

nd 

 

nd 

 

nd 

C15 fengycin B 

(M+H)+ 

 

C72H110N12O20 

 

1477.82 

 

1477.64 

 

1477.75 

 

1477.78 

 

1477.76 

 

1477.81 

 

1477.81 

 

1477.88 

 

1477.87 

C16 fengycin B 

(M+Na)+ 

  

1478.63 

 

1478.63 

 

1478.8 

 

nd 

 

nd 

 

1478.82 

 

1478.81 

 

1478.81 

 

1478.81 

not identified nd nd nd nd 1479.82 nd nd 1479.88 

C16 fengycin A 

(M+Na)+ 

 

C72H110N12O20Na 

 

1485.79 

 

1485.59 

 

1485.72 

 

nd 

 

1485.66 

 

1485.79 

 

1485.77 

 

1485.79 

 

1485.82 

C16 fengycin B 

(M+H)+ 

 

C74H114N12O20 

 

1491.84 

 

1491.64 

 

1491.77 

 

1491.81 

 

1491.81 

 

1491.64 

 

1491.82 

 

1491.9 

 

1491.89 

C18 fengycin 

A(M+H)+ 

 

C74H115N12O20 

 

1492.9 

 

1492.66 

 

1492.8 

 

nd 

 

1492.76 

 

1492.9 

 

1492.83 

 

1492.83 

 

1492.89 
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Continued Table 4.5 MALDI-TOF MS analysis of lipopeptides from 2 and 10 day old cultures of B. amyloliquefaciens (B89) and B. velezensis 

(B94) and in the presence and absence of L. maculans  

Assignments [M+Adduct]+ 
Calculated mass 

[M+Adduct]+ 

Observed masses [M+Adduct]+ 

10 daysa 2 daysb 

B94 +Fc B89 +Fc B94d B89 d B94 +Fc B89 +Fc B94 d B89 d 

C17 fengycin 

A 

(M+Na)+ 

C73H112N12O20 

Na 
1499.80 1499.62 

 

1499.73 

 

1499.62 

 

1499.62 

 

1499.8 

 

nd 

 

nd 

 

1499.62 

C19 fengycin 

A 

(M+H)+ 

C75H117N12O20 1505.85 
 

1505.66 

 

1505.78 

 

1505.66 

 

1505.74 

 

1505.84 

 

1505.84 

 

1505.91 

 

1505.91 

not identified nd nd nd 1505.74 nd 1506.84 1506.9 1506.9 

C18 fengycin 

A 

(M+Na)+ 

C74H114N12O20 

Na 

 

1513.82 

 

1513.57 

 

1513.74 

 

1513.57 

 

nd 

 

1513.74 

 

nd 

 

nd 

 

nd 

C17 fengycin 

A(M+K)+ 

 

C73H112N12O20

K 

 

1515.78 

 

1515.6 

 

1515.73 

 

1515.6 

 

1515.71 

 

1515.6 

 

1515.77 

 

1515.8 

 

1515.83 

not identified nd 1527.76 nd nd 1527.83 nd nd 1527.88 

C14 

mycobacillin 

(M+H)+ 

 

C65H86N13O30 

 

1528.56 

 

1529.6 

 

1529.74 

 

nd 

 

nd 

 

1529.82 

 

1529.79 

 

1529.84 

 

1529.86 

C15 

mycobacillin 

(M+H)+ 

 

C66H88N13O30 

 

1542.58 

 

1543.6 

 

1543.74 

 

nd 

 

nd 

 

nd 

 

nd 

 

1543.84 

 

1543.87 

Where, a = lipopeptides detected in 10 day old bacterial cultures; b = lipopeptides detected in 2 day old bacterial cultures; c = dual culture 

of selected strains in the presence of L. maculans; d = Bacteria only; nd = not detected. Observed masses represent the major peaks in respective 

treatment conditions.  
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4.3.6 Endospore production 

Samples for endospore analysis were collected from two to ten days old 

cultures of strains B94, B50 and B89. Endospore production was first observed on day 

seven, with endospores recorded for B. amyloliquefaciens strain B89. Endospores were 

not recorded for B. velezensis strain B94 and B. megaterium strain B50 until day 10. 
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4.4 Discussion 

The mechanisms involved in microbial biocontrol are primarily based on 

direct mechanisms such as antibiosis or indirect processes such as activation of plant 

immune systems by secondary metabolites. Zhang et al. (2016) showed that the 

presence of biosynthetic genes related to the production of polyketide and lipopeptide 

compounds can be correlated with the biocontrol potential of B. amyloliquefaciens. 

Therefore, screening of potential strains for the presence of particular antibiotic 

encoding gene sequences followed by profiling for antibiotic production is considered 

a rapid approach in comparison to the traditional methods of selection (de Souza et al., 

2003). 

In this study, the detection of different biosynthetic genes using gene-

specific primers assisted in identifying the bacterial strains with high potential for the 

production of secondary metabolites. Results of PCR amplifications from selected 

Bacillus strains which had earlier shown high antagonistic potential against L. 

maculans, confirmed that these strains possessed the genes related to antibiotic 

production. This study showed that the genes for surfactin, iturin A and bacillomycin 

D production, all cyclic lipopeptides, were commonly present among potential BCAs 

of B. megaterium, B. amyloliquefaciens and B. velezensis examined in this study. 

These findings concur with many other studies in the literature. Athukorala et al. 

(2009) have previously reported that surfactin and iturin A are the most common 

antibiotics in a range of species of Bacillus including B. amyloliquefaciens (strain BS6) 

which was positive for bacillomycin D, fengycin and zwittermycin A genes. Strain 

QST 713, which is the active constituent of the BCA ‘Serenade®’, has also previously 

shown the presence of all genetic markers, iturin C (itu C), fengycin D (fen D), 
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bacillomycin A (bmy A) and surfactin synthetase (srfA-A) (Alvarez et al., 2012). 

Iturins are an essential class of broad- spectrum antifungal lipopeptides, which are 

widely known for antibiotic activities and the mode of action of these lipopeptides is 

described as pore formation in pathogen’s cell membranes (Maget-Dana et al., 1992). 

The amphiphilic nature of surfactins produced by bacteria act as bio- 

surfactants, which causes detergent like action on biological membranes (Carrillo et 

al., 2003), and also plays a vital role in biofilm formation. Hofemeister et al. (2004) 

proposed that surfactin play a critical role in the developmental functions of bacteria 

such as biofilm production instead of defence functions, and this may be the reason for 

most Bacillus strains being able to produce surfactins. But this idea was challenged by 

Ramarathnam et al. (2011), who stated that bacterial strains which only possess 

surfactin and iturin A as major antibiotics were successful in exhibiting more than 75% 

mycelium inhibition of S. sclerotiorum and F. graminearum, so there may be some 

role of independent or synergistic effect of surfactins in antimicrobial activities. 

Fengycin was also detected in all the studied treatments of strains belonging to B. 

amyloliquefaciens and B. velezensis (which had demonstrated high inhibition potential 

against L. maculans, in past experiments), but it was absent in B. megaterium strains 

indicating that fengycin could be a species specific antibiotic compound. 

Chitin is an essential structural component that confers rigidity to the 

fungal cell wall to withstand chemical and physical challenges. Lytic enzymes, also 

known as PR-proteins such as chitinase (PR-3) and β-1, 3-glucanase (PR-2) hydrolyse 

the chitin and β-1, 3-glucan, respectively. Therefore, several chitinase and β-glucanase 

genes have been reported from different antagonistic BCAs using PCR techniques (C.-
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J. Huang et al., 2005; Baysal et al., 2008) and chitinase-producing microorganisms 

have been reported as BCAs for various fungal diseases of plants (Pleban et al., 1997). 

The chitinase gene was detected in four strains, two of them were related 

to B. megaterium (B34, B50), and the other two strains (B48, B74) were identified as 

B. amyloliquefaciens. Only two isolates were identified as B. megaterium and both 

possessed the chitinase gene therefore it is assumed that this gene might be frequently 

present in B. megaterium but this needs to be confirmed with larger set of isolates. 

Only two out of eight strains of B. amyloliquefaciens species were positive for the 

chitinase gene. Therefore, low prevalence of this gene but higher antagonistic potential 

of B. amyloliquefaciens/velezensis shows that this gene may have a minor role in 

antagonism of these strains and there may be some other compounds involved in the 

inhibition of L. maculans. It is also reported that bacterial extracellular enzymes assist 

microbes to degrade plant cell walls and to allow entry of root-colonising endophytes 

(Hardoim et al., 2008; Truyens et al., 2015). Furthermore, these lytic enzymes are also 

involved in the construction of polysaccharide- and peptide-rich biofilms that help to 

establish the microbial community and permit attachment to host cells (e.g., 

rhizosphere surface, inside plants) (Khalaf et al., 2016). It was anticipated that the 

presence of β-1, 3-glucanase in Bacillus strains (B89 and B94) might assist selected 

BCAs in potential activation of pathogenesis-related (PR) proteins and indirect 

antagonism. 

These findings concur with other studies carried out using different strains 

of B. megaterium and B. amyloliquefaciens. Solanki et al. (2012) reported that roots of 

tomato plants treated with B. megaterium (strain MB3) and B. amyloliquefaciens 

(strain MB101) exhibited higher suppression of the fungal pathogen, Rhizoctonia 
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solani. It was demonstrated that accumulation of pathogenesis-related proteins and 

defense-related enzymes (chitinase, glucanase, peroxidase, polyphenol oxidase, 

phenylalanine ammonia-lyase activity and total phenolic content) in leaves of the host 

plant was directly correlated with plant protection. Higher production of chitinases and 

β-1, 3-glucanases occurred in the leaves of tomato plants treated with B. 

amyloliquefaciens MB101, which indicated the involvement of PR proteins in the 

control of the fungal pathogen. 

Selection of strains B89 and B94 for detailed experimental and analytical 

analysis, was made by keeping in mind the overall performance of these strains in dual 

culture assay, split plate assay and on the basis of PCR results, which revealed the 

presence of antimicrobial lipopeptide and lytic enzyme genes. The inhibition of spore 

germination and mycelial growth are two critical mechanism in the control or 

suppression of fungal diseases. Thus, efficacy of cultural filtrates of bacteria were 

assayed for their efficacy against spore germination and mycelial growth. 

Antimicrobial compounds assessed in the cultural filtrates from two day old cultures 

provided better inhibition as compared to culture filtrates from 10 day old cultures of 

B89. Thus, it was hypothesised that after 10 days of culturing, the nutrients in the media 

may have depleted or the amount of antimicrobials produced by the test strains (B89, 

B94) had reached a level where it started to affect the producer cells and therefore the 

bacteria shifted its growth phase to a dormant stage by producing endospores. This 

hypothesis was led by a fact that synthesis of different lipopeptides families and 

homologues by Bacillus strains is associated with several factors, including the type of 

nutrient and culture conditions (Zhu et al., 2013). It has also been reported that 

differences in the physiological changes given by liquid and solid media can cause 



Chapter 4 

149 

 

variations in the microbial molecular behaviours that influence product formation 

(Barrios-González et al., 2008). 

These above results are supported by Lee et al. (1975), who stated that 

antibiotic production in strains of Bacillus species is regulated by their coordination 

with the physiological changes happening during sporulation. Utilising in vitro 

experiments, the authors demonstrated that polypeptide anti-microbial compounds 

played a causative and two way role on the differentiation processes of their parent 

bacterial culture. After the addition of these antimicrobial polypeptide compounds to 

the growth medium, the vegetative growth stage of bacterial cells ceased, initiating 

rapid spore formation. It was suggested that this type of response was a result of 

interaction of the antibiotics with the cell membranes of the bacterial cells (Jayaraman 

et al., 1972). 

Sporulation usually begins when nutrients in the culture media begin 

depleting, which is at the onset of the stationary phase, or when the bacteria sense some 

antimicrobial compounds in its vicinity. Thus, early initiation of endospore production 

in B. amyloliquefaciens (B89) as compared to B. velezensis (B94) and B. megaterium 

(B50) potentially indicates that B89 either had high metabolic activities or it produced 

higher amounts of antibiotics in its growth medium which induced sporulation. It has 

been reported that both processes are repressed by glucose, and induced by the 

depletion of an essential nutrient (Demain et al., 1979). Studies have shown a linear 

relationship between sporulation and biosynthesis of secondary metabolites (Vitkovic 

et al., 1975). 

In the present study, MALDI-TOF MS was used to confirm the presence 

of iturin, fengycin, and surfactin families with multiple isoforms in all the treatments 
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with varying intensities and isoforms. Antibiotics may serve as detergents or as ion 

carriers to modify the permeability properties of the sporulating cell, or may actually 

repress or inhibit some stage of macromolecular synthesis, permitting sporulation to 

proceed (Demain et al., 1979). Peptide antibiotics inhibit, specifically, cellular 

processes such as DNA synthesis, cell-wall synthesis, and cell-membrane function, and 

they are made at levels sufficient to act on these functions in their producers 

(Guilhelmelli, 2013). 

Although the antibiotic biosynthetic gene for iturin C was not amplified 

using the primer pair (ITUCF1+ITUCR3), MALDI-TOF MS analysis showed a group 

of mass peaks corresponding to isoforms of iturin C. This further validates the use of 

complementary analysis when characterising potential BCAs, and indicates that the 

published primers for specific gene targets may not capture the full range of diversity 

within a genus. 

In B89, fengycins (A and B) were found to be the most prevalent class of 

cyclic lipopeptides, whereas strain B94 exhibited a dominance of the iturin family of 

lipopeptides. It has previously been reported that cultivation condition causes a change 

in the profile of lipopeptides. Akpa et al. (2001) have reported that cultivation 

conditions had a clear influence on the production of different fengycin homologues 

in the culture, indicating the expression of different fengycin homologues can be 

induced by changing the growth conditions of the strains. Since all the strains were 

subjected to similar conditions in the current study, it is believed the difference in 

lipopeptide profile was due to a different genetic makeup of these strains. This change 

in genetic makeup may induce the expression of different antibiotic genes.  
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A clear difference in the intensities of cyclic lipopeptides of monoculture 

and dual cultures was observed i.e., higher peak intensities of fengycins were present 

in dual cultures of B89 and B94 in the presence of L. maculans as compared to 

monocultures. These results were in agreement with many other studies based on 

Bacillus species. Zihalirwa Kulimushi et al. (2017) have also reported that amounts 

of fengycins were higher in the inhibition zone of B. amyloliquefaciens S499 and 

Rhizomucor variabilis (fungal pathogen of maize) after four days of incubation. 

However, no change was observed in the production of iturins and surfactins in the 

dual culture. Liao et al. (2016) reported a two-fold increase in iturin and a threefold 

increase in fengycin in the inhibition zone of B. amyloliquefaciens (Ba-BPD1) and P. 

oryzae dual culture plate by matrix- assisted laser desorption/ionization–time of flight 

imaging mass spectrometry (MALDI- TOF IMS). Successful inhibition of the 

pathogen was only observed in the presence of both lipopeptides (iturin and fengycin) 

and fengycin was ineffective in the absence of iturin. N. Zhang et al. (2015) also 

demonstrated an increased production of bacillomycin and fengycin in dual cultures of 

B. amyloliquefaciens SQR9 and F. oxysporum. However, when B. amyloliquefaciens 

SQR9t was exposed to different fungal pathogens (R. solani and F. solani), a fengycin 

was decreased and production of surfactin was enhanced. The authors emphasised that 

B. amyloliquefaciens SQR9 extracts exhibited more substantial antifungal potential 

when their production was induced by the pathogen as compared to monoculture 

extracts of this bacterium. Cawoy et al. (2015) reported that culturing of B. subtilis 98S 

with fungal pathogens Pythium sp. and Fusarium sp. resulted in much higher iturin and 

fengycin production as compared to controls. Still, this effect was not observed in the 

dual culture of Botrytis sp. They also reported that antifungal activity of B. 
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subtilis/amyloliquefaciens varies with the change in target species which modulates 

the production of iturins and fengycins in the culture. 

Based on the results in this study and past research, it is suggested that a 

different set of lipopeptides is activated depending on the challenging fungal species 

and bacterial strains. Therefore, it is recommended that biocontrol activities of any 

antagonistic bacteria cannot be generalised for any fungal species and production of 

lipopeptides is a very fine-tuned process. 

In these studies, selected bacterial strains had a strong antifungal effect 

against L. maculans, but they were not completely fungitoxic. Surfactins are reported 

as powerful bio surfactants, but have low antifungal activities (Aydi Ben Abdallah et 

al., 2017), while iturins and fengycins mostly display antifungal activity against 

various pathogenic fungi such as P. fusca (D. Romero et al., 2007), B. cinerea (Touré 

et al., 2004), R. variabilis (Zihalirwa Kulimushi et al., 2017) and M. grisea (L. Zhang 

et al., 2018). The mode of action of iturins is based on osmotic perturbation caused by 

membrane permeability and formation of ion-conducting pores (Maget-Dana et al., 

1992; Aranda et al., 2012). In contrast the fengycins result in membrane solubilisation 

or membrane disruption (Heerklotz et al., 2001), with the different biological activity 

due to diversity of polar groups and amino residues (Ongena et al., 2008). 

These results are further supported by the findings of Zhang et al. (2018), 

who revealed that fengycin produced by the marine bacterium B. subtilis BS155 

against M. grisea caused morphological changes in the plasma membrane and cell wall 

of hyphae. Comparative proteomic and biochemical assays demonstrated that fengycin 

reduced the mitochondrial membrane potential (MMP), induced bursts of reactive 

oxygen species (ROS), and downregulated the expression level of ROS-scavenging 



Chapter 4 

153 

 

enzymes. It also triggered chromatin condensation in fungal hyphal cells, which led to 

the upregulation of DNA repair-related protein expression and the cleavage of poly 

(ADP-ribose) polymerase (PARP) leading to hyphal death. It is believed that the 

antagonistic potential of B89 and B94 may also be a result of a synergistic activity or 

individual activity of iturin and fengycins, but this requires further confirmation. 

Fengycin was identified as the most effective for inhibiting mycelial growth and 

conidial germination of P. oryzae and fengycin-treated conidia and hyphae became 

deformed (cracked) and swollen (tumorous) in scanning electron microscopy (SEM ) 

studies (Liao et al. (2016). Therefore, it is confirmed that B89 and B94 produce some 

metabolites which cause some abnormalities in the L. maculans hyphae and result in 

compromised growth of fungal mycelium and conidial viability. 

In conclusion, this research indicated that B89 and B94 have strong 

antagonistic potential against L. maculans with efficacy via the production of 

lipopeptides. Although biosynthetic genes for fengycin, iturin A, bacillomycin D and 

mycobacillin were present in both of these strains, the major antibiotic in action under 

a given set of conditions may vary from strain to strain, and new isomers are induced 

in the presence of L. maculans resulting in the suppressed growth of the pathogen. 
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Chapter 5 

In planta efficacy of potential BCAs and their 

filtrates on L. maculans 

 

5.1 Introduction 

 

A successful plant biocontrol strategy is focused on integrated use of 

different pathways such as the production of antifungal metabolites for 

controlling a pathogen directly or indirectly (Pal et al., 2006). Indirect pathways 

include induced systemic resistance (ISR), along with other positive attributes 

such as niche selection through better colonisation capability and growth 

promotion of the plant by increasing the ability of the plant to compete for 

nutrients (Lugtenberg et al., 2009). Endophytic microbes are able to survive and 

colonise internal tissues of host plants and provide multiple benefits like growth 

promotion (Sturz et al. 2000), induction of plant defence mechanisms 

(Senthilkumar et al. 2007), production of anti- herbivory compounds (Sullivan et 

al. 2007), nutrition acquisition (Jha and Kumar 2007), and tolerance to biotic and 

abiotic stresses (Bacon et al. 2015) without causing any harm to the plant. 

Antibiotic resistances have been widely used as markers for study of bacterial 

kinetics and colonisation properties and many markers such as kanamycin and 

streptomycin exist, which employ various plasmids and transposons obtained by 

Tn5 mutagenesis (Fredrickson et al., 1988; Pillai et al., 1990; Antoun et al., 

2000); but these methods are time consuming and laborious. Use of 

spontaneously occurring antibiotic- resistant mutants, such as Rifampicin 
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mutants which are produced by culturing bacteria in sequentially increased doses 

of Rifampicin antibiotic, have revolutionised the field of colonisation studies and 

has emerged as a time saving, cost effective and authentic alternative approach 

(Bolstridge et al., 2009; Egamberdieva et al., 2009; Wicaksono et al., 2017; West 

et al., 2010). 

Plant growth-promoting bacteria (PGPB) can stimulate plant growth 

when positively associated with the plant root systems. This may be a direct 

effect via facilitation of resource acquisition or modulating plant hormone levels, 

or indirectly by decreasing the inhibitory effects of various pathogenic agents on 

plant growth and development, that is, by acting as biocontrol bacteria (Glick, 

1995). This phenomenon may occur naturally in soil, and therefore PGPBs are 

now widely considered as alternatives to conventional fertilisers (Jha & 

Subramanian, 2016). In the past, culture filtrates of B. subtilis have demonstrated 

growth promotion in various host plants. Idris et al. (2004) reported that B. 

amyloliquefaciens FZB42 demonstrated enhancement of plant growth in maize 

equivalent to the addition of indole-3-acetic acid (IAA) at concentrations of 10-

6 to 10-7 mol l-1. Similarly, B. amyloliquefaciens RC-2 filtrates showed a 

preventive effect against Colletotrichum dematium, the mulberry anthracnose 

fungus. The extracts of this bacteria contained seven different types of 

antimicrobial compounds (Idris et al., 2004). 

The effects of PGPB on plant growth is reported in terms of the root, 

shoot length and fresh and dry mass accumulation. However, the impact of PGPB 

on root system architecture, which has a fundamental role, has rarely been 

studied (Gamalero et al. 2002). Root system architecture (RSA) integrates root 

system topology, the spatial distribution of primary and lateral roots, and the 
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number and length of various types of roots. The root is a vital organ absorbing 

nutrients and water, and root characteristics play a decisive role in nutrient 

availability (Kapulnik et al., 1985; Richardson et al., 2009). PGPB can improve 

root development and growth through the production of phytohormones or 

enzymatic activities, as well as favour the establishment of rhizobial or 

mycorrhizal symbioses (Vacheron et al., 2013). Hence, an effective PGPB is 

expected to increase plant biomass, especially enhancement of root area, better 

colonisation ability, especially in nutrient-deficient soils, and competitive ability 

in different microbiomes. This investigation is a vital step for further knowledge 

on mechanisms of PGPB and plant interaction (Larcher et al., 2008). 

The aim of the investigations discussed in this chapter was to detect 

and understand the direct and indirect mechanism of the interactions which might 

be triggered as a result of exposing the canola host to the selected bacterial 

antagonists (B94, B89), and the pathogen L. maculans. To determine this, plant 

growth characteristics such as root architecture, were examined. 
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5.2 Methodology 

 

5.2.1 In planta evaluation of potential BCAs against L. maculans 

 

5.2.1.1 Fungal and bacterial inoculum 

A single spore culture of L. maculans (isolate D4) was obtained by 

subculturing on 2% V8+ agar medium (amended with streptomycin 30 mg/l in stock 

solution), pH was adjusted as 6.0 and incubated at 22 °C for 14 days, in alternate 

pattern of blue light and dark period for 12/12 hour (hr) until spores were produced. 

Spores were harvested by the addition of 5-10 ml sterile 0.02% (v/v) Tween 20 (Sigma 

Aldrich) solution to the plates and scraping the agar surface with a sterile pipette tip to 

release the spores. Spores were pooled and filtered through 8 folds of sterile 

Mira/cheesecloth. The concentration of spores was assessed with a counting chamber 

(Neubauer, Superior), and the final concentration was adjusted to 1 × 107 spores ml-1. 

This spore solution was stored at 4 °C until further use. 

Virulence of the L. maculans D4 was ensured by re-establishing it on 

canola seedlings. Three seeds of the L. maculans susceptible canola variety AV-Garnet 

were sown in 12cm dia (H=10cm, 770 ml) pots filled with sterilised Osmocote® 

professional premium plus potting mix, and maintained in a growth chamber 

(Conviron® A1000) with a 16/8 light and dark photoperiod at 22°C. Five days after 

seedling emergence, cotyledons were punctured with a 21 gauge needle and 10 µl of a 

L. maculans (D4) spore suspension (1× 108 ml-1) was applied. Inoculated seedlings 

were returned to the growth chamber, and after 14 days the fungus was reisolated, and 
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single spore cultures were prepared and stored. For bacterial inoculum, bacterial cells 

of Bacillus strains B94, B89, and B50 were scrapped from the Petri plates, washed 

once with 10 mM MgCl2 solution and resuspended in sterile water. This bacterial 

suspension was adjusted to 1×106 CFU ml-1 (OD 600= 0.01). 

5.2.1.2 Experimental setup and data recording  

A). Plant inoculation (point inoculation) 

Pots (12cm×10cm, 770 ml) were filled with sterilised potting mix (121 

°C for 60 mins), and seeds were sown at the rate of three seeds/pot. The pots were 

tagged and arranged into different trays depending on treatment in a complete 

randomised block design. The pots were incubated for seed germination in a growth 

chamber (Conviron® A1000) at 22/18 °C with a photoperiod of 14 hr light /10 hr 

dark and a fluorescent light intensity of 200 µmol m2 s-1. After emergence, seedlings 

were thinned so that only one seedling was present per pot. Five day old seedlings 

were treated with individual bacterial cell suspensions (106 CFU ml-1) with a hand 

sprayer (Hills) until runoff (approx. 1 ml/seedling) and pots were covered with a 

transparent polythene bag to retain moisture for 24 hrs. 

Following this period, cotyledons were punctured with a 21 gauge needle 

and 10 µl of L. maculans (D4) spore suspension (1 × 107 spores ml-1), was applied to 

each cotyledon. The pots containing seedlings were enclosed in plastic bags post 

inoculation for 12 hours, to maintain high humidity and to facilitate infection. All 

pots received equal amounts of water to exclude differences between treatments 

depending on water availability and they were watered until water was observed to 

drip from the bottom of the pot. Three sets of controls were included in the 
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experimental design; a) wounded cotyledons were inoculated with 10 µl of sterile 

water, b) wounded cotyledons were inoculated with 10 µl of sterile NB (nutrient 

broth) and, c) inoculation with 10 µl of 1×107 of L. maculans spores to wounded 

cotyledons, but no bacteria were applied. The apex of the seedlings was removed on 

leaf initiation, to prevent the production of true leaves. Presence of necrotic lesions 

at the puncture site was used to score plants as either infected or uninfected. Re-

isolations were also performed from the lesions to confirm the lesions with caused by 

L. maculans. 

Disease progression on B. napus seedlings was recorded for 15 days, and 

evaluation of the performance of bacterial test strains was carried out on the basis of 

the disease rating scale discussed in Chapter 3 (section 3.3.2). 

B). Split inoculation of bacteria 

For in depth analysis on the mechanism of direct suppression/inhibition, 

a similar setup was replicated as described above but, in this experiment, bacterial 

inoculation was performed on one cotyledon, and L. maculans was applied on the 

opposite cotyledon of the same seedling. Polyethene bags were placed over the 

inoculated cotyledon to limit cross contamination to the opposite cotyledon. Lesion 

diameter was measured to assess if any systemic resistance was induced for which 

the pre-described disease rating scale was used. 
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5.2.2 Determination of colonisation ability of selected strains in 

Brassica napus seedlings 

 

5.2.2.1 Production of Rifampicin resistant bacterial strains 

Rifampicin resistance, is often used as a marker to study survival kinetics 

of bacteria and it is a convenient method that has been used in different living systems 

(Chowdhury et al., 2013; Bodhankar et al., 2017). In this study the generation of 

Rifampicin resistance was used to assess the colonisation ability of Bacillus strains 

B89 and B94. Bacillus strains were transformed into Rifampicin resistant mutants by 

repeatedly culturing them on nutrient agar (NA), supplemented with Rifampicin. The 

concentration of Rifampicin was sequentially increased from 1 ug to 100 ug ml-1. 

Initially, 100 µl of B94 and B89 were spread on the surface of separate NA plates 

and incubated in the dark at 28 ± 2 °C for 48-72 hr. After the appearance of colonies, 

the presumed mutants were re-cultured onto new NA plates amended with enhanced 

concentration of Rifampicin, until 100 ppm concentration was reached (1, 5, 10, 50, 

100 ppm). Lastly, the bacterial mutants obtained from plates supplemented with the 

100 ppm Rifampicin were re-cultured thrice on fresh plates containing 100 ppm 

Rifampicin to confirm resistance. The resulting mutants were then stored for future 

use in Microbank™ beads (Pro Lab Diagnostics Inc), at -20 °C. The bacterial mutants 

were also tested again for their antagonistic activity and it was found out that this 

activity (mutation on with Rifampicin) has not affected their inhibitory activity. 
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5.2.2.2 Inoculation of B. napus (AV-Garnet) seedlings with 

Rifampicin mutants and their tracking 

 

The mutants exhibiting morphological similarity were selected for the 

plant bioassay. Surface sterilised seeds were imbibed (1 hr) in culture broth (108 cells 

ml-1) of Rif mutant Bacillus strains and placed in CYG™ seed germination pouches, 

in a growth chamber at 25 °C. The seedlings were inoculated with three subsequent 

applications of Rif mutant bacterial culture broth on day 3, 5 and 8 after placing the 

seeds in germination pouches. Twelve days after germination, the seedlings were 

removed and surface sterilised by rinsing with ethanol followed by 1.5% sodium 

hypochlorite for 30 seconds. After a final wash with sterile water the seedlings were 

cut into different parts viz., roots, stem, petiole and cotyledons/leaves. The plant parts 

were macerated separately in 1 to 2 ml of maximum recovery diluent (MRD) (Thermo 

scientific™), and 20 µl of the macerate was transferred to the NA plates which were 

amended with 100 ppm of Rifampicin. After 24-48 hr of incubation, media plates 

inoculated with the macerated solution were observed for detection of any Rifampicin 

mutants and re-isolated bacterial colonies were stained and observed under the 

microscope to confirm morphological identity. 
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5.2.3 In vivo studies to evaluate the effect of culture filtrates of 

selected Bacillus strains on seed germination and growth 

promotion of canola 

 

Depending on the results of the previous experiment, filtrates from 10 

day old bacterial cultures were selected for this experiment. Three different dilutions 

of culture filtrate viz., 50%, 30% and 10% from two potential BCAs, B89 and B94 

were tested. The dilutions of culture filtrate of poor performing strain of B. 

megaterium, B50, were also included in the experiment to make comparisons. 

Selected Bacillus strains B89, B94 and B50 were cultured in NB 

(Oxoid™, Thermo Scientific) at 28 °C with continuous agitation at 120 rpm for 10 

days with 12/12 light and dark cycle. The cultures were then filtered as described 

previously and diluted to 50%, 30% and 10%, using sterile distilled water. 

For assessment of the impact of these culture filtrates on seed 

germination, the method of Danielsson et al. (2007) was modified. Canola seeds 

(variety: AV-Garnet) were surface disinfected using 70% (v/v) ethanol for 2 min 

followed by 20% sodium hypochlorite for 20 min, a quick rinse with methanol (50%) 

for 10 seconds, after which seeds were rinsed with sterile distilled water. 

The seeds (approx. 25-30 seed/bacterial dilution) were then added to the 

shaking flasks containing different concentrations of culture filtrates for imbibition 

and shaken at 80 rpm for 2 hr after which they were transferred to sterile CYG™ 

germination bags. Each pouch contained six seeds, and this was replicated thrice for 
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each treatment. The germination bags were placed in a growth chamber at 18 °C ± 2 

°C for 14 days at 14/10 hr photoperiod, 55/75 % ± 5 relative humidity and a light 

intensity of 200 µmol m2 s-1. Culture filtrates were reapplied every second day. The 

application rate was until the point of saturation in the bag (approximately 3 to 4 ml 

per bag). The seedlings were observed on a daily basis. Seeds immersed in sterile 

distilled water were used as controls. Data were recorded when roots in some of the 

treatments were observed to touch the bottom of the growth bag which was after 14 

days of the starting of the experiment. Selected parameters for plant growth promotion 

were root length; shoot length, fresh and dry weight of the seedlings. The dry weight 

of roots was calculated after drying at 70 °C for 48 hr. 

Depending on the results, it was decided to repeat the experiment by 

using 10% filtrate collected after 10 days of culturing of selected bacteria and to 

analyse the architecture of the roots in detail as it was hypothesised that varied results 

(i.e., for root length, fresh weight and dry weight) among similar Bacillus species in 

the presence of same treatments, was a result of difference in root branching. 

Therefore, three plants from each treatment (B94, B89 and B50) were randomly 

selected after 14 days of treatment with culture filtrates (10%). Total root length, root 

surface area, average root diameter, root volume were measured by using the root 

scanner (EPSON Perfection 4990 Photo). Later, images were analysed for the 

selected parameters, using WinRhizo Pro v.2005b software (Régent Instruments, 

Quebec, Canada). 
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5.2.4 Evaluation of cell-free culture filtrates of potential BCAs for 

induction of systemic resistance against L. maculans by using a 

detached leaf assay 

This experiment was replicated as for the previous assay (in which effect 

of culture filtrates of bacteria B94 and B89 along with B50 were assessed for plant 

growth promotion) but with three seeds per germination bag instead of six and 

treatment B50 was excluded. Additionally, a new set of treatments using 10% culture 

filtrate from 2 day old bacterial cultures, was also included. After 14 days cotyledons 

and some part of petiole were detached from these seedlings and used for evaluation 

induced systemic resistance. For this purpose, the detached cotyledons were 

inoculated with L. maculans according to inoculation procedure described in section 

5.2.1.2 (A). All treatments were placed in moist chambers (with no further application 

of culture filtrates) and incubated at 22 °C for 10 days. Each treatment was replicated 

four times, and each replicate had three detached cotyledons part of the seedlings, as 

shown in Figure 5.1. Treatments also included a negative control (water only) and 

positive control (10% NB). Lesion diameter was recorded as a parameter for 

determination of any L. maculans infection; which therefore explains any protection 

provided by the culture filtrates in the form of induction of systemic resistance. 

Disease rating scale described for in planta analysis (section 3.3.2) was used for 

assessment of disease severity. 
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Figure 5.1 Detached leaf assay for evaluation of ISR by culture filtrates of Bacillus 

strain (B94) 

5.2.5 Statistical analysis 

Data analysis was conducted by using GenStat (20th edition; VSN 

International). Analysis of variance was performed for all variables and means were 

compared by the least significant differences (LSD) at a confidence level of P = 0.05. 

The data was checked prior to analysis to ensure that they satisfied the assumptions 

of ANOVA being that the data is normally distributed and the variance is 

homogenous (by checking the residual versus predicted value plots) and that no 

transformation of the data was required.
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5.3 Results 

 

5.3.1 In planta evaluation of potential BCAs against L. 

maculans in canola seedlings (AV-Garnet) in a pot experiment 

Based on the ANOVA from the point/spot inoculation study to ascertain 

the protective effect of selected bacterial strains, it was determined that treatments 

were significantly different from each other in providing protection against L. 

maculans (Appendix 5.1). Both Bacillus treatments of strains B89 and B94, exhibited 

an average disease score of 0.56 and 0.38, respectively, which was categorised as a 

resistant reaction (Figure 5.2). These strains were not significantly different from each 

other in protecting against the pathogen and significantly different from control 

treatments. These strains successfully inhibited fungal infection of the cotyledon and 

prevented the development of symptoms including yellowing or presence of a lesion 

on the cotyledons. 

Limited blackening was recorded around the wound, in some of the 

treatments, which suggests a resistant reaction and may be the result of a hypersensitive 

response of the plant against L. maculans. Least significant difference of means at 5% 

level was calculated as 0.45 and Fisher’s unprotected least significant difference test 

revealed that strains B89 and B94 were significantly different from B50, as well.  

Although strain B50 performed comparatively better than the control, 

disease severity was ranked quite high, and the average disease score was 4.81, which 

was categorised as a susceptible reaction. The lesion size was between 3-4 mm (dia.), 

resulting in B50 failing to provide protection to the canola seedlings as compared to 
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strains B89 and B94. In the control treatment, cotyledons had large lesions covering 

about one third of the cotyledon area, and the tissues had collapsed entirely 14 days 

after inoculation with pathogen. These results demonstrate that strains B89 and B94 

confer a high level of protection to canola towards L. maculans. 

 

 

Figure 5.2 Disease rating of potential BCAs against L. maculans in B. napus 

(variety: AV-Garnet) in a pot experiment in a controlled environment. 

*Letters on each bar represents the difference in LSD value calculated by Fisher’s 

unprotected method. Means represented by the same letter do not differ significantly 

based on LSD test at P= 0.05 (n = 4); Error bars show standard error within replicates. 
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5.3.1.1 Split inoculation in pot experiment 

The results of split inoculation of L. maculans and the selected strains of 

bacteria were not significantly different (P > 0.05) to the control treatments and very 

high disease scores were recorded in all the treatments. The disease score for B89 

ranged between 5-7 (Figure 5.3), and similar ratings were recorded for B94, B50 and 

the control, which demonstrated that selected strains are not capable of induced 

systemic resistance. No protection was provided to the canola seedlings after the 

application of these strains. 

 

 

Figure 5.3 B. napus cotyledon showing L. maculans (D4) lesion; B. amyloliquefaciens 

(strain B89) was split inoculated on the other cotyledon of the seedling  

 

5.3.2 Colonisation ability of selected strains in Brassica napus 

seedlings 

Rifampicin resistant mutants were successfully prepared from both B. 

amyloliquefaciens (B89) and B. velezensis (B94). The Rifampicin resistant mutant 

strains were recovered from 100% of the root, stem, petiole and cotyledon samples 
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taken from the canola seedlings confirming that the selected strains are capable of 

existing endophytically in canola for the tested period of time (12 days). 

 

5.3.3 In vivo studies to evaluate the effect of culture filtrates of 

selected bacterial BCAs on seed germination and growth 

promotion of canola 

5.3.3.1 Effect culture filtrates of selected bacterial BCAs on seed 

germination of canola seedlings (AV-Garnet) 

A germination rate of 100% was recorded for the seeds treated with water only. 

The highest germination rate (100%) was present in the control and treatments which 

received 10% culture filtrate, regardless of the bacterial strain, however a significantly 

lower germination rate (P < 0.05) was recorded in treatments receiving 50% culture 

filtrate of B50, B89 and control (NB) (Figure 5.4). The germination rate in other 

treatments which received 30% culture filtrates also showed a decrease as compared 

to treatments which 10% culture filtrates but B94 was not affected and all seeds 

germinated in its 30% culture filtrate dilution. (Appendix 5.2). 
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Figure 5.4 Effect of different dilutions of culture filtrates of potential BCAs on average 

seed germination of canola (AV-Garnet) LSD = 0.62. P≤ 0.05 Error bars represent 

standard error within replicates. 

 

5.3.3.2 Effect of culture filtrates of selected BCAs on root length of 

canola seedlings (AV-Garnet) 

The longest root length was recorded in seedlings treated with the culture 

filtrate of B94 (10%) at 95% confidence interval (Appendix 5.3). These seedlings 

were observed to have improved primary and lateral root growth. This performance 

was followed by other treatments receiving 30% and 50% culture filtrates from strain 

B50, respectively. The water only control treatment was not significantly (P ≤ 0.05) 

different to B94 and the shortest root length was recorded in seedlings receiving 50% 

NB only (Figure 5.5). 
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Generally, the seedlings receiving 10% culture filtrates exhibited better 

root growth (primary and lateral roots) as compared to other treatments and the 

seedlings treated with 50% culture filtrate showed less lateral root growth. These 

results suggest that the NB may be responsible for a negative impact on root growth 

since the bacterial cultures were prepared in this medium. Moreover, a significant 

decrease in primary root length was observed with 50% concentration of culture 

filtrates. The better performance of 10% culture filtrate treatments of B94 may have 

been due to the presence of some beneficial compounds in the culture filtrates. 

 

Figure 5.5 Effect of different dilutions of culture filtrates of selected BCAs (B89, B94, 

B50) on average root length of canola seedlings (AV-Garnet) P ≤ 0.05; LSD = 10.16. 

Error bars show standard error with in the replicates. 
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5.3.3.3 Effect of culture filtrates of selected BCAs on shoot length of 

canola seedlings (AV-Garnet) 

The highest shoot length and vigour were observed in seedlings receiving 

50% culture filtrates from B89, which was followed by seedlings treated with 30% 

culture filtrate (P ≤ 0.05). It was also noted that B50 (30%) performed well in the 

promotion of shoot length and it was comparable to B94 (10%) and B50 (50%) 

culture filtrates (Appendix 5.4). Although higher shoot lengths were exhibited with 

higher concentrations of culture filtrates of B89 and B50, 50% and 30% concentration 

of culture filtrates of B94 resulted in short-statured plants and curled cotyledons with 

reddish margins especially in seedlings treated with 50% culture filtrate of B94 50% 

(Figure 5.6). This suggests that the higher concentration of culture filtrate may result 

in plant phytotoxicity. 
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Figure 5.6 Effect of different dilutions of culture filtrates of selected bacteria on average 

shoot length of canola seedlings (AV-Garnet); P = 0.05; LSD = 1.91. Where, error bars 

represent standard error within replicates of a treatment 
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5.3.3.4 Effect of culture filtrates of selected BCAs on fresh weight of 

canola seedlings (AV-Garnet) 

The highest fresh weight of 282.3 mg was recorded in seedlings which had 

been treated with 10% culture filtrate of B94. The fresh weight was significantly lower 

(P ≤ 0.05), when seedlings were treated with higher concentrations of culture filtrate 

(30%, 50%) of B94 (Figure 5.7). In contrast, 50% culture filtrate dilution of B89 

exhibited second highest fresh weight of 255.2 mg and this was not significantly 

different (P ≥ 0.05) to the fresh weight observed for seedlings treated with 10% and 

30% culture filtrate of B50 (Appendix 5.5). This suggested that B. amyloliquefaciens 

(B89) has the potential to increase fresh weight as does B. megaterium (B50). 

In some cases, such as for B89 (30%) and B94 (50%), the fresh weight was 

significantly less than the control (water) as shown in (Figure 5.7). Therefore, it was 

established that fresh weight is more sensitive to the dose/concentration and rate of 

application of culture filtrates and the differences are also very strain specific. 

 

Figure 5.7 Effect of different dilutions of culture filtrates of selected bacteria on fresh weight 

of canola seedlings (AV-Garnet); P = 0.05, LSD = 9.07 Where, error bars represent standard 

error within replicates of a treatment 
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5.3.3.5 Effect of culture filtrates of selected BCAs on dry weight of 

canola seedlings (AV-Garnet) 

B94 (10%) showed significantly higher dry weight as compared to the other 

treatments, which was followed by B89 (50%). Although these treatments differed 

significantly from each other (P ≤ 0.05), both exhibited significantly higher dry weight as 

compared to the control (water only) (Appendix 5.6; Figure 5.8). Other treatments of strain 

B94 (30%, 50%) outperformed all concentrations of culture filtrate concentrations of strain 

B50 except its 30% dilution, which was insignificantly different (P ≥ 0.05). 

 

 

Figure 5.8 Effect of different dilutions of culture filtrates of selected bacteria on the dry 

weight of canola seedlings (AV-Garnet), P = 0.05; LSD = 0.76. Where, error bars represent 

standard error within replicates of a treatment 

In conclusion, 10% culture filtrate dilution resulted in better root growth 

(especially lateral root growth), fresh weight and dry weight. However, 50% 

concentration of filtrate of B89 enhanced the shoot length. However, this concentration 
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had a negative impact on cotyledons in the case of strain B94. It was also found out 

that some seedlings which had less root and shoot growth still had higher fresh and dry 

weight, i.e., B89 (10%). 

5.3.4 Effect of culture filtrates of selected Bacillus strains on 

root architecture of canola seedlings (AV-Garnet) 

Total root length, root surface area, number of tip and number of forks 

were analysed and it was found that number of forks and root surface area were not 

significantly different (P ≥ 0.05) in roots treated with cultural filtrates as compared to 

the controls (growth medium, water) (Table 5.1, Appendix 5.7). However, seedlings 

treated with culture filtrates of strain B89 demonstrated significant difference in root 

length as compared to the other treatments. The longest mean root length of 31.47 cm 

was recorded in seedlings treated with culture filtrates of B89, followed by treatment 

B94 (mean = 29.75 cm). The greatest root branching was recorded in seedlings treated 

with B94, this treatment also produced the highest number of forks (mean = 108.58) 

and number of tips (mean = 85.25, significantly different P ≤ 0.05) as compared to 

the controls and other treatments (Table 5.1). The root surface area (3.03 cm2) was 

almost double for seedlings treated with B94 as compared to those treated with water 

only (1.85 cm2). Strain B89 also promoted branching, i.e., tip and forks and greater 

surface area (2.54 cm2), but its effect was not significantly different (P ≥ 0.05) as 

compared to B50 (1.91 cm2) and the water control treatment (1.85 cm2) and growth 

medium (1.99 cm2). 
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Table 5.1 Effect of culture filtrates of selected potential BCAs (B89, B94) on the root architecture of canola seedlings 

(AV- Garnet)  

Treatments Root length (cm) Number of tips Number of forks Root surface area (cm2) 

B50 22.05 ± 1.50ab* 55.83 ± 2.47ab 46.58 ± 1.16a 1.91±0.10a 

B89 31.47 ± 5.43a 76.58 ± 12.75ab 66.58 ± 7.32a 2.54±0.37a 

B94 29.75 ± 2.94ab 85.25 ± 4.87a 108.58 ± 3.47a 3.03±0.77a 

Growth 

medium (NB) 
22.3 ± 1.83ab 51.42 ± 3.30b 46.42 ± 4.28a 1.99±0.14a 

Water 20.93 ± 1.85b 47.17 ± 6.71b 35.42 ± 5.78a 1.85±0.29a 

* Letters in each column represents the difference in LSD value calculated by Fisher’s unprotected least significant difference test. 

Means represented by the same letter do not differ significantly based on LSD test at P = 0.05 
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5.3.5 Protective effect of culture filtrates of potential BCAs against 

L. maculans in canola seedlings by detached leaf assay 

The culture filtrates from 2-day old cultures of B94 and B89 provided better 

protection against L. maculans as compared to 10 day old culture filtrates and the results 

were significantly different (P ≤ 0.05) from the controls (water and NB). Multiple 

comparisons were based on the LSD value presented in (Appendix 5.8). It was further 

confirmed that the performance of B89 and B94 was not significantly different from 

each other and both provided good protection against infection of L. maculans which 

is thought to be as a result of ISR triggered by culture filtrates of these strains. 

However, the findings of this study were in contrast to the results of the split 

inoculation analysis for the detection of ISR by the bacterial strains discussed in 

section 5.3.1.2. 
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5.4 Discussion 

 

Bacillus amyloliquefaciens strain B89 and B. velezensis strain B94 

effectively protected canola from L. maculans in the in planta assay, which established 

the antagonistic potential of these isolates. The poor performance of strain B50 

confirmed the findings of the previous investigations, which assisted in understanding 

that production of antibiotics and lipopeptides have a major role in the mechanism 

underlying that antagonistic potential of better-performing strains and their absence in 

B. subtilis strain (B50) resulted in high L. maculans disease severity in canola. 

Plant growth promoting rhizobacteria’s also inhibit pathogens as an 

indirect mechanism (Glick, 2014; Santoyo, 2012). Bacterial endophytes are potentially 

important because they may be beneficial to the plant’s health and may result in 

reduced use of chemicals to control pests and diseases in the environment (Hallmann 

et al., 1997). The production of Rif mutants with the help of spontaneous chemical 

mutagenesis established that strain B89 and B94 could colonise the internal canola 

plant tissue. Therefore, they may play an essential role in triggering ISR and 

potentially provide other benefits such as resistance to abiotic stresses due to their 

ability to internally colonise the plant. 

Further investigations on the potential of B94 and B89 to promote plant 

growth, confirmed that these strains and their culture filtrates possess these properties. 

Strain B89 and B94 enhanced root and shoot growth and assisted in increasing the plant 

biomass. Isolate B50 also showed comparable results in terms of root and shoot length 

but fresh weight of the seedlings was quite low. This difference in expected results was 
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well explained when this study was followed by the root architecture study. Some 

seedling which had less root and shoot growth still had higher fresh and dry weight 

because of the higher number of lateral branches. Culture filtrates of strain B89 and 

B94 enhanced root growth which resulted in an increase of biomass of the seedlings. 

B. subtilis/amyloliquefaciens group are able to produce substances with 

auxin (IAA)-like bioactivity. Plant growth promotion demonstrated by culture filtrates 

of B. amyloliquefaciens FZB42 is dependent on tryptophan dependent production of 

indole- 3-acetic acid (IAA) (Idriss et al., 2002; Idris et al., 2007; Ramírez et al., 2010). 

Asghar (2004), further confirmed that higher auxin production by PGPR isolate S27 

resulted in an enhanced number of branches and oil content in Brassica napus. 

The culture filtrate diluted to 10% resulted in better root growth (especially 

lateral root growth), fresh weight and dry weight. More specifically, 10% culture 

filtrates of B. velezensis (B94) resulted in the best growth promotion in AV- Garnet 

seedlings. Whereas, higher concentrations (50%) of bacterial culture filtrates adversely 

affected canola seedlings except for B. amyloliquefaciens (B89). This may have been 

due to the presence of NB where 50% culture filtrates had a higher amount of NB than 

the 10% culture filtrates, and the control treatment with 50% NB also showed poor root 

and shoot characteristics. Seedlings treated with 50% culture filtrates of B. velezensis 

(B94) showed curled cotyledons with red margins. 

The culture filtrate of B89 at 50% concentration enhanced the shoot length 

of canola. This culture filtrate also resulted in the maximum shoot growth, which 

inferred that B89 culture filtrates had some other contributing factors such as volatiles 

which played an active role towards shoot development. The potential of strain B89 

to produce volatiles has already been discussed in Chapter 3. The volatiles 2, 3-
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butanediol and 3-hydroxy-2 butanone (acetoine), produced by B. amyloliquefaciens 

and B. subtilis, have been reported to enhance the growth in a model plant, Arabidopsis 

(Ryu et al., 2003). Khangura et al., (2007) reported that maturity of pseudothecia of L. 

maculans occurs earlier in high-rainfall areas (>450 mm) than in medium- and the low-

rainfall regions (<325 mm). So, it is expected that enhanced growth of the canola plants 

at their earlier stages, may help the plant to develop innate resistance and assist them 

in avoiding high disease/spore pressure; therefore, decrease in disease incidence of 

winter canola varieties. 

In conclusion, strains of B. amyloliquefaciens (B89) and B. velezensis 

(B94) exhibit antagonistic properties against L. maculans and their cultural filtrates 

possess growth promotion properties. However, culture media for cultivation of 

potential BCAs other than NB should be tested for enhanced beneficial properties of 

these strains
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Chapter 6 

6.1 General discussion 

 

The research presented in this thesis was undertaken to determine the 

capability of locally adapted bacterial isolates from canola and the wheat rhizosphere 

to antagonise or inhibit Leptosphaeria maculans. As the causal agent of blackleg, the 

most destructive disease of canola globally (West et al., 2002; Sprague et al., 2006; 

van de Wouw et al., 2014; van de Wouw et al., 2016b; Zhang and Fernando, 2018), L. 

maculans presents a major production constraint for the canola industry. Blackleg is 

mainly controlled by managing host plant resistance, but L. maculans has caused 

substantial economic losses as a result of complete resistance breakdown in at least 

two separate incidents. In France, (1996-1999) and Australia (2003), the resistance 

was overcome by L. maculans in disease-resistant commercial cultivars after their 

release into the market within 5 and 3 years, respectively (Rouxel et al., 2003). These 

incidences resulted in comprehensive studies that focused on finding new resistance 

resources for breeding purposes (Sprague et al., 2006; van de Wouw et al., 2014; 

Howlett et al., 2015). The enormous evolutionary potential of L. maculans, due to its 

genomic plasticity (due in a large part to repeat- induced point (RIP) mutations in its 

sexual phase) and high virulence pressure due to the widespread deployment of 

resistant cultivars (Howlett, 2004; Howlett et al., 2015) makes it a challenging pathogen 

to manage in the field. Additionally, blackleg disease control is also supplemented by 

the use of azole fungicides and Group 3 demethylation inhibitors (DMI) like Jockey® 

(seed dressing), Impact® (fertiliser amendment applied as in-furrow treatment) and 

Prosaro® 420 SC (foliar fungicide), in Australia. Recently, fungicide tolerant isolates 
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of L. maculans have been reported and results of a survey of 200 populations revealed 

fungicide resistance in about 15% of the population (van de Wouw et al., 2017). Such 

findings necessitate the research for effective, sustainable and alternate options for the 

management of L. maculans. 

Biocontrol offers a viable and sustainable solution to plant diseases and 

has been successfully used in the form of commercialised bacterial and fungal strains. 

This study was targeted at the screening of spore-forming bacterial strains against L. 

maculans. It was demonstrated that members of the B. amyloliquefaciens group, most 

specifically strains of B. velezensis, have significant antagonistic potential against L. 

maculans. Selection of spore-forming species was based on multiple reasons 

including, but not limited to, their higher potential for production of secondary 

metabolites, endurance in harsh and dry weather conditions in summer which may 

ensure their survival on canola stubble, and ease in commercial production and 

application. As a result of these attributes, Bacillus based BCAs have a significant 

market share of commercially available products (Schisler et al., 2004; Debabov, 

2015). 

L. maculans can undergo different modes, i.e., biotrophic, necrotrophic and 

saprophytic, in its lifecycle (Howlett, 2004). Therefore, it is suggested that application 

of spore forming bacterial species would be the most suitable in no-tillage canola 

cultivation systems, as they can survive on the stubble of canola for extended periods. 

Strains of Bacillus, such as B. cereus, also showed considerable inhibition of L. 

maculans in in vitro studies. However, these strains were removed from further 

consideration as B. cereus is reported as a human pathogen (Bottone, 2010). Strains 

belonging to B. amyloliquefaciens dominated the group of highly antagonistic Bacillus 
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isolates identified in this research. This finding was later supported by the presence of 

a significant number of volatile and non-volatile compounds detected in the analytical 

studies conducted on two selected strains with the highest antagonistic potential also 

effective in in planta assays. 

PCR analysis assisted in categorising Bacillus species on the basis of the 

presence of useful biosynthetic genes. For instance, the β-1,3 glucanase gene was only 

amplified in B. amyloliquefaciens and not in strains belonging to B. megaterium and a 

group of Bacillus strains with positive amplifications of this gene demonstrated 

promising results in vitro and in planta. Yet, sole dependence on marker assisted 

selection for accurate identification of a biocontrol agent against a particular pathogen 

is not possible. This technique will be most suitable for the screening of large microbial 

populations, aiming at specific targets of high significance, subsequently followed by 

experiments in the presence of the pathogen. Since, expression of genes is altered by 

environmental variations (Koumoutsi et al., 2004), or BCAs are only effective as a 

result of the synergistic effect of two or more compounds (Ongena et al., 2007; Romero 

et al., 2007), the application of Reverse transcription polymerase chain reaction (RT-

PCR), MALDI-TOF and/or LC-MS are important for accurate identification and 

quantification of effective compounds (Hofemeister et al., 2004; Ongena & Jacques., 

2008; Grabova et al., 2016). 

Non-volatile compounds produced by B. amyloliquefaciens (B89) and B. 

velezensis (B94) were found to be more effective than volatiles produced by these 

bacteria. However, microbial volatile organic compounds (MVOCs) were still able to 

show partial inhibition of L. maculans. It was discovered that the level of antagonism 

was dependent on the presence of a combination of volatiles produced rather than the 

number of individual volatiles. The focus of the majority of the volatile studies was on 
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the role of individual bacteria against the pathogen. Pathogen-induced changes in the 

production/profile of bacterial volatiles have not been researched extensively and data 

relating to pathogen-induced changes in beneficial microbes is scarce. Volatiles from 

L. maculans can directly affect and induce changes in the composition of the volatiles 

produced by B. amyloliquefaciens B89 and B. velezensis B94. It has been demonstrated 

that VOCs of the fungal pathogen Fusarium culmorum are responsible for alterations 

in gene and protein expression of the bacterium Serratia plymuthica PRI-2C. These 

changes included variation in cell functions like signal transduction, energy 

metabolism, secondary metabolites and even motility of the bacteria (Schmidt et al., 

2017). Changes in the metabolome of S. plymuthica revealed heterologous co-

expression of terpene based compound “Sodorifen” in response to F. culmorum VOCs 

(Schmidt et al., 2017). Likewise, the study reported here discovered that B. velezensis 

B94 in its interaction with L. maculans produced some new volatile compounds such 

as longifolene (a terpene). Moreover, some VOCs produced by a pathogen 

(Rhizoctonia solani) are able to enhance the growth of a plant (Arabidopsis thaliana) 

(Cordovez et al., 2017). Similarly, microbe induced pathogen volatiles (MIPVs) can 

also help in host plant defence directly by inhibiting growth of the pathogen or by 

promoting resistance against the invading pathogen by sensing the changes in MIPVs 

(Sharifi et al., 2016; 2018). This presents an interesting area for future research where 

new volatiles could increase the growth of canola plants as well as provide protection 

from pathogens. 

Flowering cultivars of canola produce an exclusive blend of volatiles 

dominated by alcohols, aldehydes and acetates and isoprenoids (or terpenes), 

accounting for 20% of the total compounds identified (Agelopoulo et al., 2000). In a 

field based study, König et al. (1995) reported that (Z)-3-hexen-1-yl acetate (36.6%) 
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(green leaf volatile), hexanal (8.4%), (Z)-3-hexen1-ol (6.3%) are major compounds 

produced by canola. The volatiles emitted by the leaves at vegetative growth stage are 

similar to those produced at flowering except for one compound, linalool, which was 

only detected at flowering. Therefore, a holistic approach is required including a 

controlled environment study conducted on various growth stages of canola to 

determine volatile production when colonised by BCA of Bacillus sp. This may 

provide critical information to assist in understanding the potential of volatiles produced 

by the selected Bacillus strains in the presence of host and pathogen (L. maculans). 

A fungistatic mode of action was observed while studying the effect of 

diffusible antibiotic compounds which are assumed to be the dominant phenomenon 

involved in inhibition of vegetative and sexual stages of L. maculans. Analytical 

analysis of surface cell extracts of B. amyloliquefaciens B89 and B. velezensis B94 

revealed their potential to produce antibiotics. These diffusible antibiotics are also 

produced in a strain-specific way which means that screening of BCAs cannot be 

generalised for a bacterial species and strains must undergo rigorous screening 

procedures. It is hypothesised that the exposure of the pathogen to the bacteria 

positively changes the intensity of the production of antibiotics and that new antibiotics 

are released by Bacillus to combat L. maculans. Other studies have also discovered the 

potential of lipopeptides produced by plant associated B. amyloliquefaciens against 

different pathogens (Arguelles-Arias et al., 2009). Iturins produced by B. 

amyloliquefaciens strains MEP218, ARP23 can control Sclerotinia stem rot in soya 

bean (Alvarez et al., 2012). The detection of a broad spectrum of lipopeptides 

belonging to many different classes indicates that MALDI-MS can be used for precise 

identification of lipopeptides by taking into account their parent ion masses, and it can 

relatively accurately categorise lipopeptides into broad categories such as iturin, 
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bacillomycin and fengycins. However, some lipopeptides such as fengycin A and 

fengycin B need accurate analysis using techniques which can highlight their structural 

differences. The difference between fengycin A and B is the presence of an amino acid 

at position 6. For fengycin A, it is alanine whereas, for fengycin B, it is valine (Vater 

et al., 2002; Honma et al., 2012). Similarly the length of the fatty acid varies between 

C14 to C18 in both of these fengycins. Moreover, the molecular mass of C17 fengycin 

A is the same as C15 fengycin B (Dunlap et al., 2019). Identification based on the 

results of MALDI-TOF MS analysis of crude extracts of B. subtilis were consistent 

with those using reverse phase, high performance liquid chromatography (RP-HPLC) 

(Waewthongrak et al., 2014). But it is suggested that advanced spectrometric 

techniques such as LC-MS/MS should also be used for further characterisation and 

identification of homologous forms of lipopeptides of fengycin and iturin variants 

(Caldeira et al., 2011). 

In planta studies are the most critical part of any study including the 

screening of the BCA. In this research, the results gained from in planta assays 

demonstrated that foliar applications of strains belonging to B. amyloliquefaciens 

group had a protective effect on the plant as no symptoms in the form of lesions were 

observed in seedlings inoculated with L. maculans. These results also confirmed the 

findings of other researchers on the potential of B. amyloliquefaciens to control 

blackleg of canola (Danielsson et al., 2007; Ramarathnam, 2007; Hammoudi et al., 

2012; Cholerton, 2015). The cultural filtrates of B. amyloliquefaciens B89, and B. 

velezensis B94 also showed a systemic protective effect against L. maculans in a 

detached leaf assay. Asari et al. (2016) reported that the protective effect of B. 

amyloliquefaciens UCMB5113 may be due to priming of plant induced systemic 

resistance.  
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Lipopeptides are the key factors for induction of resistant responses by 

beneficial microbes (Raaijmakers et al., 2010). They can also benefit its producer by 

production of biofilms (Bais et al., 2004) and modify surface tension for enhanced 

motility (Leclere et al., 2006; Raaijmakers et al., 2010). Pure forms of lipopeptides 

revealed that fengycin has its role in early perception and activation of early signalling 

in the host plants and direct antifungal activity, whereas surfactin and mycosubtilin 

(member of the iturin family) are actively involved in early signalling as well as 

activation of defence expression in grapevines. Gene expression studies have revealed 

that surfactin induces a salicylic acid (SA) response whereas, mycosubtilin application 

in grapevines activates two pathways i.e., jasmonic acid (JA) and salicylic acid (SA) 

signalling pathways and it also has direct antifungal activity which impart a long-

lasting host protection (Farace et al., 2015). In this study, mycosubtilin was enhanced 

and differentially expressed in dual culture of Bacillus strains and L. maculans and not 

in the culture filtrates of individual strains. However, a higher concentration of cultural 

filtrate also had a phytotoxic effect on cotyledons. It is unlikely that this was due to a 

high concentration of nutrient broth (NB) as dilutions of the culture filtrates were 

prepared with NB growth media. Any damage to the plant surface may enhance 

blackleg infection, therefore testing of different culture media will also assist in 

assessing any detrimental effects on seedlings. As L. maculans can also be present 

asymptomatically in the canola leaf, further investigations using quantitative PCR may 

assist in detecting the impact of the proposed BCA on these infections. This is 

important to verify the results of in planta studies, in which absence of spot lesions on 

cotyledons was considered as protection provided by potential BCAs. The role of B. 

amyloliquefaciens in the growth promotion of a range of plants is well documented 

(Asari et al., 2016; Asari et al., 2017a; b).  
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Our studies confirmed that selected strains of B. amyloliquefaciens B89 

and B. velezensis B94 were capable of growth promotion in canola seedlings. Most 

specifically, application of culture filtrates of strains selected in this study resulted in 

improved root architecture, enhanced lateral root length and elongation, as well as 

more root hairs. Taken in combination, these are likely to have contributed to the 

enahnced growth attributes recorded for Brassica napus. This finding is in agreement 

with Asari et al. (2017b) who reported the benefits of B. amyloliquefaciens subsp. 

plantarum UCMB5113 on the root growth of Arabidopsis thaliana. Putative genes 

involved in the biosynthesis of indole-3-acetic acid (IAA), siderophores production 

and drug and metal resistance have been identified in the genome of B. 

amyloliquefaciens UCMB5113 (Asari et al., 2017b). 

In conclusion, B. amyloliquefaciens B89 and B. velezensis B94 can 

significantly inhibit the growth of L. maculans, both in vitro and in planta, by 

producing multiple antagonistic compounds. These compounds may have direct and 

indirect roles in protecting canola against L. maculans by causing direct inhibition of 

the pathogen and/or activation of different defence mechanisms in the plant. 

 

 

Further research arising from this project would include: - 

The testing of purified forms of volatiles and their combinations both in 

vitro and in planta to ascertain the effect of individual VOCs. This analysis along with 

some transcriptomics studies will also help in understanding the variable response of 

VOCs in inhibition of different strains of L. maculans.  

An investigation of the role of lipopeptides as antifungal agents should be 

conducted by testing the purified form of the products against L. maculans or by 
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creating mutants to ascertain their role. Crude extracts may be separated by different 

techniques such as HPLC and quantified by using advanced techniques like Reversed 

Phase Ultra-Performance Liquid Chromatography (RP‐UPLC), which is enhanced in 

speed, resolution and sensitivity. Structural identification after crude extraction of 

lipopeptide homologs can be attained by using by Liquid Chromatography 

Electrospray Ionization-Mass Spectrometry (LC-ESI-MS) analysis. Mutants and gene 

knock out studies may further confirm the role of each lipopeptide in protecting canola 

from L. maculans.  

These strains have tremendous potential for commercialisation, therefore 

future studies related to their effect on soil and plant ecology, dynamics of 

colonisation, co-existence of these bacteria in the field is immensely important. It is 

also suggested that these findings should be validated in the field with more strains of 

L. maculans, covering a range of avirulence genes, different canola varieties (including 

open pollinated and hybrids), and in combination with fungicide application. 

Further studies are also required on preparation of commercial formulation 

of these bacteria. As it has been demonstrated in the present study that test strains 

possess good potential to colonise the internal tissue of the plant and can live 

endophytically inside the seed, therefore it is believed that these bacterial strains can 

be used as seed dressing as well as an aerial spray.  

 This knowledge will help broaden our understanding of plant–microbe 

interactions and should facilitate the development of new commercial products for the 

management of blackleg disease of canola.
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Appendix 2.1 List of spore forming bacterial isolates, their source and their 

antagonistic potential against L. maculans (D5) 

Source 
Isolates 

Radial 

mycelial 

growth 
(cm) 

Inhibition 
percentage 

Standard 
error 

Canola phyllosphere B1 3.81 8.87 0.37 

Canola phyllosphere B2 1.13 72.91 0.09 

Canola phyllosphere B3 2.75 34.34 0.26 

Canola phyllosphere B4 2.70 35.44 0.25 

Canola phyllosphere B5 2.60 37.86 0.24 

Canola phyllosphere B6 2.48 40.65 0.23 

Canola phyllosphere B7 4.15 0.68 0.36 

Canola phyllosphere B8 2.64 36.77 0.25 

Canola phyllosphere B9 4.07 2.81 0.40 

Canola phyllosphere B10 3.39 18.94 0.33 

Canola phyllosphere B11 3.47 17.00 0.34 

Canola phyllosphere B12 3.05 27.07 0.29 

Canola phyllosphere B13 3.41 18.45 0.33 

Canola phyllosphere B14 3.43 18.09 0.33 

Canola phyllosphere B15 0.91 78.13 0.07 

Canola phyllosphere B16 2.79 33.25 0.26 

Canola phyllosphere B17 0.50 87.89 0.10 

Canola phyllosphere B18 3.34 17.76 0.92 

Canola phyllosphere B19 3.54 12.74 0.98 

Canola phyllosphere B20 2.81 30.66 0.78 

Canola phyllosphere B21 2.33 42.61 0.65 

Canola phyllosphere B22 2.23 45.00 0.62 

Canola phyllosphere B23 0.53 86.82 0.16 

Canola phyllosphere B24 1.26 7.09 0.35 

Canola phyllosphere B25 3.62 13.94 0.96 

Canola phyllosphere B26 2.26 46.19 0.61 

Canola phyllosphere B27 3.27 22.30 0.87 

Canola phyllosphere B28 2.41 42.61 0.65 

Canola phyllosphere B29 2.06 50.97 0.56 

Canola phyllosphere B30 3.62 13.94 0.96 

Canola phyllosphere B31 3.77 10.23 1.00 

Canola phyllosphere B32 3.62 13.94 0.96 

Canola phyllosphere B33 3.78 10.11 1.01 
Canola phyllosphere B34 0.40 90.36 0.14 
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Canola phyllosphere B35 0.37 91.53 0.24 

Canola phyllosphere B36 3.92 9.27 2.28 

Canola phyllosphere B37 2.61 37.83 0.70 

Canola phyllosphere B38 3.59 14.53 0.96 

Canola phyllosphere B39 3.92 6.77 1.04 

Canola phyllosphere B40 0.36 91.33 0.14 

Canola phyllosphere B41 3.67 12.74 0.98 

Canola phyllosphere B42 3.87 7.94 0.59 

Canola phyllosphere B43 3.77 9.37 0.26 

Canola phyllosphere B44 3.77 10.35 1.00 

Canola phyllosphere B45 2.11 49.78 0.57 

Canola phyllosphere B46 3.37 19.91 0.90 

Canola phyllosphere B47 1.26 70.9 0.35 

Canola phyllosphere B48 0.58 85.62 0.18 

Canola phyllosphere B49 0.90 78.45 0.26 

Canola phyllosphere B50 1.82 56.43 0.11 

Canola phyllosphere B51 3.77 9.22 0.10 

Canola phyllosphere B52 3.75 10.71 1.00 

Canola phyllosphere B53 3.77 49.78 1.00 

Canola phyllosphere B54 3.77 10.35 1.00 

Canola phyllosphere B55 1.51 64.12 0.41 

Canola phyllosphere B56 2.76 34.25 0.74 

Canola phyllosphere B57 0.95 77.26 0.27 

Canola phyllosphere B58 4.02 4.38 1.07 

Canola phyllosphere B59 3.92 6.77 1.04 

Canola phyllosphere B60 1.01 76.06 0.28 

Canola phyllosphere B61 3.64 10.69 3.79 

Canola phyllosphere B62 1.16 72.48 0.32 

Canola phyllosphere B63 4.02 4.38 1.07 

Canola phyllosphere B64 2.91 30.66 0.78 

Canola phyllosphere B65 3.81 9.28 1.02 

Canola phyllosphere B66 3.47 17.40 0.93 

Canola phyllosphere B67 3.77 10.23 1.00 

Canola phyllosphere B68 1.51 64.00 0.41 

Canola phyllosphere B69 4.07 3.18 1.08 

Canola phyllosphere B70 1.76 58.14 0.48 

Canola phyllosphere B71 3.77 10.35 1.00 

Canola phyllosphere B72 1.11 73.67 0.31 

Canola phyllosphere B73 1.26 709 0.35 

Canola phyllosphere B74 0.45 89.21 0.14 

Canola phyllosphere B75 3.77 10.35 1.00 

Canola phyllosphere B76 3.78 9.99 1.01 

Canola phyllosphere B77 0.50 88.01 0.15 
Canola phyllosphere B78 1.11 73.67 0.31 
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Canola phyllosphere B79 0.35 91.37 0.14 

Canola phyllosphere B80 1.16 72.48 0.32 

Canola phyllosphere B81 3.77 10.35 1.00 

Canola phyllosphere B82 3.78 10.11 1.01 

Canola phyllosphere B83 3.83 8.55 0.46 

Canola phyllosphere B84 0.36 91.45 0.12 

Canola phyllosphere B85 1.26 69.89 0.15 

Canola phyllosphere B86 3.02 27.79 0.33 

Canola phyllosphere B87 3.27 21.78 0.36 

Canola phyllosphere B88 1.76 57.86 0.20 

Canola phyllosphere B89 0.65 83.92 0.23 

Canola phyllosphere B90 3.47 16.97 0.38 

Canola phyllosphere B91 1.16 72.30 0.14 

Canola phyllosphere B92 0.49 87.89 0.15 

Canola phyllosphere B93 3.17 24.18 0.34 

Canola phyllosphere B94 0.37 91.49 0.18 

Canola phyllosphere B95 3.57 14.56 0.39 

Canola phyllosphere B96 3.39 18.77 0.37 

Canola phyllosphere SC-1 4.15 0.33 0.33 

Canola phyllosphere W-67 3.07 26.47 0.33 

Canola phyllosphere P-1 4.03 3.61 0.43 

Canola stubble S1 1.10 72.79 0.39 

Canola stubble S2 2.90 28.26 1.02 

Canola stubble S3 3.25 19.60 1.14 

Canola stubble S4 1.90 53.00 0.67 

Canola stubble S5 1.35 66.60 0.47 

Canola stubble S6 1.50 62.89 0.53 

Canola stubble S7 3.00 25.78 1.05 

Canola stubble S8 3.25 19.60 1.14 

Canola stubble S9 1.15 71.55 0.40 

Canola stubble S10 2.65 34.44 0.93 

Canola stubble S11 1.00 75.26 0.35 

Canola stubble S12 2.50 38.15 0.88 

Canola stubble S13 3.10 23.31 1.09 

Canola stubble S14 1.75 56.71 0.61 

Canola stubble S15 0.35 91.37 0.14 

Canola rhizosphere B5-1 0.64 85.22 0.35 

Canola rhizosphere CSU-38 0.76 81.63 0.32 

Canola endophyte K1 1.41 65.70 0.60 

Canola rhizosphere K3 2.27 44.88 0.96 

Canola rhizosphere K15 2.47 39.98 1.04 

Canola rhizosphere K17 2.78 32.63 1.17 

Canola rhizosphere K19 2.88 30.18 1.21 
wheat endophyte K21 2.78 32.63 1.17 
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wheat endophyte K28 0.76 81.92 0.22 

wheat endophyte K31 3.03 26.51 1.28 

wheat endophyte K36 3.28 20.38 1.38 

wheat endophyte K38 0.75 81.94 0.18 

wheat rhizosphere K41 3.54 14.26 1.49 

wheat rhizosphere K45 3.64 11.81 1.53 

wheat rhizosphere K47 3.23 21.61 1.36 

Canola endophyte K50 3.48 15.48 1.47 

Canola endophyte K61 3.08 25.28 1.30 

Canola rhizosphere K65 2.83 31.41 1.19 

wheat endophyte K80 4.09 2.21 0.60 

wheat endophyte K83 4.04 3.45 0.58 

wheat endophyte K100 1.26 69.38 0.53 

wheat endophyte K101 3.43 16.71 1.45 

wheat rhizosphere K105 1.46 64.48 0.62 

Canola endophyte K109 1.06 74.28 0.45 

wheat endophyte K164 1.41 65.70 0.60 

wheat endophyte K165 1.92 53.45 0.81 

Canola endophyte K171 1.11 73.05 0.47 

Canola endophyte H63 3.08 25.28 1.30 

Canola endophyte H64 3.38 17.93 1.42 

wheat endophyte H70 3.79 8.13 1.59 

wheat rhizosphere H75 3.64 11.81 1.53 

wheat endophyte W66 0.72 82.05 0.32 

wheat rhizosphere W73 3.13 24.06 1.32 

wheat endophyte W77 1.36 66.93 0.57 
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Appendix 2.2 Bacterial isolates with < 50% antagonistic potential as determined by the inhibition percentage of L. maculans (D5) in dual culture assay.
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Appendix 2.3 Top hits in BLAST in NCBI for selected potential BCAs with 16S rRNA gene (Date accessed: 20 Nov, 2018). 

 

Sequences producing significant alignments:B17 

Description Max 

score 

Total 

score 

Query 

cover 

E 
value 

Ident Accession 

B. velezensis strain GYL4 chromosome, complete genome 983 983 99% 0 99% CP020874.1 

B. velezensis strain YJ11-1-4, complete genome 983 983 99% 0 99% CP011347.1 

B. subtilis strain ATCC 19217, complete genome 983 983 99% 0 99% CP009749.1 

B. velezensis SQR9, complete genome 983 983 99% 0 99% CP006890.1 

B. amyloliquefaciens strain ALB79 chromosome, complete genome 944 944 99% 0 98% CP029071.1 

B. velezensis strain QST713 chromosome, complete genome 944 944 99% 0 98% CP025079.1 

B. velezensis strain 131-4 chromosome, complete genome 933 933 99% 0 97% CP028441.1 

B. velezensis strain J7-1 chromosome, complete genome 933 933 99% 0 98% CP028440.1 

B. velezensis strain T20E-257, complete genome 933 933 99% 0 97% CP021976.1 

B. velezensis strain GH1-13, complete genome 933 933 99% 0 97% CP019040.1 

B. velezensis strain DSYZ chromosome, complete genome 928 928 99% 0 97% CP030150.1 
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Sequences producing significant alignments: B77 

Description Max 

score 

Total 

score 

Query 

cover 

E 
value 

Ident Accession 

B. velezensis strain GYL4 chromosome, complete genome 1011 1011 99% 0 99% CP020874.1 

B. velezensis strain YJ11-1-4, complete genome 1011 1011 99% 0 99% CP011347.1 

B. subtilis strain ATCC 19217, complete genome 1011 1011 98% 0 99% CP009749.1 

B. velezensis SQR9, complete genome 1011 1011 98% 0 99% CP006890.1 

B. amyloliquefaciens strain ALB79 chromosome, complete genome 972 972 98% 0 98% CP029071.1 

B. velezensis strain QST713 chromosome, complete genome 972 972 98% 0 98% CP025079.1 

B. velezensis strain 8-2 chromosome, complete genome 966 966 99% 0 97% CP028439.1 

B. velezensis strain 131-4 chromosome, complete genome 966 966 98% 0 97% CP028441.1 

B. velezensis strain J7-1 chromosome, complete genome 966 966 99% 0 97% CP028440.1 

B. velezensis strain T20E-257, complete genome 966 966 98% 0 97% CP021976.1 

B. velezensis strain GH1-13, complete genome 966 966 98% 0 97% CP019040.1 

Sequences producing significant alignments:B84 



 

247 

 

Appendices 2.0 

Description 
Max 

score 

Total 

score 

Query 

cover 

E 
value 

Ident Accession 

B. velezensis strain GYL4 chromosome, complete genome 1022 1022 99% 0 98% CP020874.1 

B. velezensis strain YJ11-1-4, complete genome 1022 1022 99% 0 98% CP011347.1 

B. subtilis strain ATCC 19217, complete genome 1022 1022 99% 0 98% CP009749.1 

B. velezensis SQR9, complete genome 1022 1022 99% 0 98% CP006890.1 

B. velezensis strain QST713 chromosome, complete genome 983 983 99% 0 97% CP025079.1 

B. velezensis strain 8-2 chromosome, complete genome 977 977 99% 0 97% CP028439.1 

B. velezensis strain 131-4 chromosome, complete genome 977 977 99% 0 97% CP028441.1 

B. velezensis strain T20E-257, complete genome 977 977 99% 0 97% CP021976.1 

B. velezensis strain GH1-13, complete genome 977 977 99% 0 97% CP019040.1 

B. velezensis strain BIM B-439D chromosome, complete genome 972 972 99% 0 97% CP032144.1 

B. amyloliquefaciens subsp. plantarum YAU B9601-Y2 complete genome 972 972 99% 0 97% HE774679.1 

B. amyloliquefaciens subsp. plantarum CAU B946 complete genome 972 972 99% 0 97% HE617159.1 
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Sequences producing significant alignments: B89 

Description 
Max 
score 

Total 
score 

Query 
cover 

E 
value 

Ident Accession 

B. velezensis SQR9, complete genome 990 990 100% 0 97% CP006890.1 

B. velezensis strain YJ11-1-4, complete genome 990 990 99% 0 97% CP011347.1 

B. subtilis strain ATCC 19217, complete genome 990 990 100% 0 97% CP009749.1 

B. velezensis strain 8-2 chromosome, complete genome 968 968 99% 0 96% CP028439.1 

B. velezensis strain 131-4 chromosome, complete genome 968 968 100% 0 96% CP028441.1 

B. velezensis strain J7-1 chromosome, complete genome 968 968 99% 0 96% CP028440.1 

B. velezensis strain T20E-257, complete genome 968 968 100% 0 96% CP021976.1 

B. velezensis strain GH1-13, complete genome 968 968 100% 0 96% CP019040.1 

B. amyloliquefaciens strain LM2303, complete genome 968 968 99% 0 96% CP018152.1 

B. velezensis strain BIM B-439D chromosome, complete genome 963 963 100% 0 96% CP032144.1 

B. amyloliquefaciens strain ALB79 chromosome, complete genome 963 963 100% 0 96% CP029071.1 



 

249 

 

Appendices 2.0 

 

Appendix 2.4 Top hits in Blast in NCBI for selected potential BCAS with Gyr A gene (Date accessed: 20 Nov, 2018). 

Sequences producing significant alignments:B17 

Description 
Max 

score 

Total 

score 

Query 

cover 
E value Ident Accession 

B. velezensis strain LDO2 chromosome, complete genome 1766 1766 100% 0 99% CP029034.1 

B. velezensis strain GYL4 chromosome, complete genome 1766 1766 100% 0 99% CP020874.1 

B. velezensis strain GQJK49, complete genome 1766 1766 100% 0 99% CP021495.1 

B. amyloliquefaciens strain BPD1 DNA Gyrase subunit A (Gyr A) gene, partial Cds 
1766 1766 100% 0 99% KX819300.1 

B. velezensis strain CBMB205 chromosome, complete genome 1766 1766 100% 0 99% CP011937.1 

B. vallismortis strain NBIF-001, complete genome 1766 1766 100% 0 99% CP020893.1 

B. velezensis strain JTYP2, complete genome 1766 1766 100% 0 99% CP020375.1 

B. velezensis strain LS69, complete genome 1766 1766 100% 0 99% CP015911.1 

B. velezensis strain CBMB205, complete genome 1766 1766 100% 0 99% CP014838.1 

B. velezensis strain YJ11-1-4, complete genome 1766 1766 100% 0 99% CP011347.1 

B. subtilis strain ATCC 19217, complete genome 1766 1766 100% 0 99% CP009749.1 

B. velezensis SQR9, complete genome 1766 1766 100% 0 99% CP006890.1 

B. amyloliquefaciens subsp. plantarum str. FZB42, complete genome 1749 1749 100% 0 99% CP000560.1 

B. velezensis strain 1B-23 chromosome, complete genome 1764 1764 99% 0 99% CP033967.1 

B. velezensis strain AGVL-005 chromosome, complete genome 1759 1759 99% 0 99% CP024922.1 

B. velezensis S141 DNA, complete genome 1759 1759 99% 0 99% AP018402.1 
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Sequences producing significant alignments:B17 (continued)       

Description Max 
scor

e 

Tota
l 

scor
e 

Query 
cover 

E value Ident Accession 

B. velezensis strain 9D-6, complete genome 1759 1759 99% 0 99% CP020805.1 

B. subtilis strain J-5, complete genome 1759 1759 99% 0 99% CP018295.1 

B. sp. NK-2 DNA Gyrase subunit A (Gyr A ) gene, partial cds 1755 1755 100% 0 99% GU226662.1 

B. amyloliquefaciens strain SH-B74 chromosome, complete genome 1748 1748 99% 0 99% CP030097.1 

B. velezensis strain L-1 chromosome, complete genome 1748 1748 99% 0 99% CP023859.1 

B. velezensis strain TB1501, complete genome 1748 1748 99% 0 99% CP022531.1 

B. velezensis TrigoCor1448 chromosome, complete genome 1742 1742 99% 0 99% CP007244.1 

B. velezensis strain DSYZ chromosome, complete genome 1736 1736 99% 0 99% CP030150.1 

B. velezensis strain BS-37 chromosome, complete genome 1736 1736 99% 0 99% CP023414.1 

B. velezensis strain CGMCC 11640 chromosome, complete genome 1736 1736 99% 0 99% CP026610.1 

B. velezensis strain NKG-1 chromosome, complete genome 1736 1736 99% 0 99% CP024203.1 

B. velezensis strain CC09, complete genome 1736 1736 99% 0 99% CP015443.1 

B. amyloliquefaciens subsp. amyloliquefaciens KHG19, complete genome 1736 1736 99% 0 99% CP007242.1 
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Sequences producing significant alignments: B74       

 

Description 

Max 

score 

Total 

score 

Query 

cover 

 

E value 

 

Ident 

 

Accession 

B. velezensis strain VCC-2003 chromosome 1781 1781 99% 0 99% CP027429.1 

B. sp. NK-2 DNA Gyrase subunit A (Gyr A ) gene, partial cds 1766 1766 100% 0 99% GU226662.1 

B. velezensis strain ZF2 chromosome, complete genome 1764 1764 99% 0 99% CP032154.1 

B. velezensis strain LDO2 chromosome, complete genome 1764 1764 99% 0 99% CP029034.1 

B. velezensis strain GYL4 chromosome, complete genome 1764 1764 99% 0 99% CP020874.1 

B. velezensis strain DR-08 chromosome, complete genome 1764 1764 99% 0 99% CP028437.1 

B. velezensis strain GQJK49, complete genome 1764 1764 99% 0 99% CP021495.1 

B. amyloliquefaciens strain BPD1 DNA Gyrase subunit A (Gyr A ) gene, partial 
Cds 

 

1764 

 

1764 

 

99% 

 

0 

 

99% 

 

KX819300.1 

B. velezensis strain JTYP2, complete genome 1764 1764 99% 0 99% CP020375.1 

B. velezensis strain sx01604, complete genome 1764 1764 99% 0 99% CP018007.1 

B. amyloliquefaciens strain WS-8, complete genome 1764 1764 99% 0 99% CP018200.1 

B. velezensis strain LS69, complete genome 1764 1764 99% 0 99% CP015911.1 

B. velezensis strain S3-1, complete genome 1764 1764 99% 0 99% CP016371.1 

B. amyloliquefaciens CC178, complete genome 1748 1748 99% 0 98% CP006845.1 

B. amyloliquefaciens subsp. plantarum UCMB5033, complete genome 1748 1748 99% 0 98% HG328253.1 

B. amyloliquefaciens subsp. plantarum str. FZB42, complete genome 1748 1748 99% 0 98% CP000560.1 

 

Sequences producing significant alignments:B77 
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score 
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score 
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B. velezensis strain JT3-1 chromosome, complete genome 1766 1766 100% 0 99% CP032506.1 

B. velezensis strain ZF2 chromosome, complete genome 1766 1766 100% 0 99% CP032154.1 

B. velezensis strain LDO2 chromosome, complete genome 1766 1766 100% 0 99% CP029034.1 

B. velezensis strain GYL4 chromosome, complete genome 1766 1766 100% 0 99% CP020874.1 

B. velezensis strain DR-08 chromosome, complete genome 1766 1766 100% 0 99% CP028437.1 

B. velezensis strain GQJK49, complete genome 1766 1766 100% 0 99% CP021495.1 

B. amyloliquefaciens strain BPD1 DNA Gyrase subunit A (Gyr A ) gene, partial 
Cds 

 

1766 

 

1766 

 

100% 

 

0 

 

99% 

 

KX819300.1 

B. velezensis strain CBMB205 chromosome, complete genome 1766 1766 100% 0 99% CP011937.1 

B. vallismortis strain NBIF-001, complete genome 1766 1766 100% 0 99% CP020893.1 

B. velezensis strain JTYP2, complete genome 1766 1766 100% 0 99% CP020375.1 

B. velezensis strain sx01604, complete genome 1766 1766 100% 0 99% CP018007.1 

B. amyloliquefaciens strain WS-8, complete genome 1766 1766 100% 0 99% CP018200.1 

B. velezensis strain LS69, complete genome 1766 1766 100% 0 99% CP015911.1 

B. velezensis strain S3-1, complete genome 1766 1766 100% 0 99% CP016371.1 

B. velezensis strain CBMB205, complete genome 1766 1766 100% 0 99% CP014838.1 

B. velezensis strain YJ11-1-4, complete genome 1766 1766 100% 0 99% CP011347.1 

 

Sequences producing significant alignments:B84 
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Accession 

B. velezensis strain VCC-2003 chromosome 1794 1794 99% 0 99% CP027429.1 

B. velezensis strain JT3-1 chromosome, complete genome 1788 1788 99% 0 99% CP032506.1 

B. velezensis strain ZF2 chromosome, complete genome 1788 1788 99% 0 99% CP032154.1 

B. velezensis strain LDO2 chromosome, complete genome 1788 1788 99% 0 99% CP029034.1 

B. velezensis strain GYL4 chromosome, complete genome 1788 1788 99% 0 99% CP020874.1 
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B. velezensis strain DR-08 chromosome, complete genome 1788 1788 99% 0 99% CP028437.1 

B. velezensis strain GQJK49, complete genome 1788 1788 99% 0 99% CP021495.1 

B. amyloliquefaciens strain BPD1 DNA Gyrase subunit A (Gyr A ) gene, partial 
Cds 

 

1788 

 

1788 

 

99% 

 

0 

 

99% 

 

KX819300.1 

B. velezensis strain CBMB205 chromosome, complete genome 1788 1788 99% 0 99% CP011937.1 

B. vallismortis strain NBIF-001, complete genome 1788 1788 99% 0 99% CP020893.1 

B. velezensis strain LS69, complete genome 1788 1788 99% 0 99% CP015911.1 

B. velezensis strain S3-1, complete genome 1788 1788 99% 0 99% CP016371.1 

B. velezensis strain YJ11-1-4, complete genome 1788 1788 99% 0 99% CP011347.1 

B. velezensis SQR9, complete genome 1788 1788 99% 0 99% CP006890.1 

B. amyloliquefaciens subsp. plantarum str. FZB42, complete genome 1772 1772 99% 0 99% CP000560.1 

B. velezensis strain BIM B-439D chromosome, complete genome 1766 1766 99% 0 99% CP032144.1 

 

Sequences producing significant alignments:B89       

Description Max 
score 

Total 
score 

Query 
cover 

E value Ident Accession 

B. velezensis strain JT3-1 chromosome, complete genome 1788 1788 99% 0 99% CP032506.1 

B. velezensis strain ZF2 chromosome, complete genome 1788 1788 99% 0 99% CP032154.1 

B. velezensis strain LDO2 chromosome, complete genome 1788 1788 99% 0 99% CP029034.1 

B. velezensis strain GYL4 chromosome, complete genome 1788 1788 99% 0 99% CP020874.1 

B. velezensis strain DR-08 chromosome, complete genome 1788 1788 99% 0 99% CP028437.1 

B. velezensis strain GQJK49, complete genome 1788 1788 99% 0 99% CP021495.1 

B. amyloliquefaciens strain BPD1 DNA Gyrase subunit A (Gyr A ) gene, partial 
Cds 

 

1788 

 

1788 

 

99% 

 

0 

 

99% 

 

KX819300.1 
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B. velezensis strain CBMB205 chromosome, complete genome 1788 1788 99% 0 99% CP011937.1 

B. vallismortis strain NBIF-001, complete genome 1788 1788 99% 0 99% CP020893.1 

B. velezensis strain JTYP2, complete genome 1788 1788 99% 0 99% CP020375.1 

B. velezensis strain sx01604, complete genome 1788 1788 99% 0 99% CP018007.1 

B. amyloliquefaciens strain WS-8, complete genome 1788 1788 99% 0 99% CP018200.1 

B. velezensis strain LS69, complete genome 1788 1788 99% 0 99% CP015911.1 

B. velezensis strain S3-1, complete genome 1788 1788 99% 0 99% CP016371.1 

B. velezensis strain CBMB205, complete genome 1788 1788 99% 0 99% CP014838.1 

B. velezensis strain YJ11-1-4, complete genome 1788 1788 99% 0 99% CP011347.1 

       

Sequences producing significant alignments:B92 

Description Max 

score 

Total 

score 

Query 

cover 

E value Ident Accession 

B. velezensis strain VCC-2003 chromosome 1757 1757 99% 0 99% CP027429.1 

B. velezensis strain JT3-1 chromosome, complete genome 1755 1755 99% 0 99% CP032506.1 

B. velezensis strain ZF2 chromosome, complete genome 1755 1755 99% 0 99% CP032154.1 

B. velezensis strain LDO2 chromosome, complete genome 1755 1755 99% 0 99% CP029034.1 

B. velezensis strain GYL4 chromosome, complete genome 1755 1755 99% 0 99% CP020874.1 

B. velezensis strain DR-08 chromosome, complete genome 1755 1755 99% 0 99% CP028437.1 

B. velezensis strain GQJK49, complete genome 1755 1755 99% 0 99% CP021495.1 

B. amyloliquefaciens strain BPD1 DNA Gyrase subunit A (Gyr A ) gene, partial 
Cds 

 

1755 

 

1755 

 

99% 

 

0 

 

99% 

 

KX819300.1 

B. velezensis strain CBMB205 chromosome, complete genome 1755 1755 99% 0 99% CP011937.1 

B. vallismortis strain NBIF-001, complete genome 1755 1755 99% 0 99% CP020893.1 

B. velezensis strain JTYP2, complete genome 1755 1755 99% 0 99% CP020375.1 
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B. velezensis strain sx01604, complete genome 1755 1755 99% 0 99% CP018007.1 

B. amyloliquefaciens strain WS-8, complete genome 1755 1755 99% 0 99% CP018200.1 

B. velezensis strain LS69, complete genome 1755 1755 99% 0 99% CP015911.1 

B. velezensis strain S3-1, complete genome 1755 1755 99% 0 99% CP016371.1 

B. velezensis strain CBMB205, complete genome 1755 1755 99% 0 99% CP014838.1 

B. velezensis strain YJ11-1-4, complete genome 1755 1755 99% 0 99% CP011347.1 
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Sequences producing significant alignments: B94       
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score 
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score 
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E value 
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Accession 

B. sp. NK-2 DNA Gyrase subunit A (Gyr A ) gene, partial cds 1816 1816 100% 0 99% GU226662.1 

B. velezensis TrigoCor1448 chromosome, complete genome 1812 1812 99% 0 99% CP007244.1 

B. amyloliquefaciens strain SH-B74 chromosome, complete genome 1796 1796 99% 0 99% CP030097.1 

B. velezensis strain L-1 chromosome, complete genome 1796 1796 99% 0 99% CP023859.1 

B. velezensis strain TB1501, complete genome 1796 1796 99% 0 99% CP022531.1 

B. velezensis strain 1B-23 chromosome, complete genome 1790 1790 99% 0 99% CP033967.1 

B. velezensis strain AGVL-005 chromosome, complete genome 1784 1784 99% 0 99% CP024922.1 

B. velezensis S141 DNA, complete genome 1784 1784 99% 0 99% AP018402.1 

B. velezensis strain 9D-6, complete genome 1784 1784 99% 0 99% CP020805.1 

B. subtilis strain J-5, complete genome 1784 1784 99% 0 99% CP018295.1 

B. velezensis strain BCSo1 chromosome, complete genome 1779 1779 99% 0 99% CP034037.1 

B. velezensis strain OSY-S3 chromosome 1779 1779 99% 0 99% CP024706.1 

B. subtilis strain Bs-916, complete genome 1779 1779 99% 0 99% CP009611.1 

B. amyloliquefaciens subsp. plantarum UCMB5033, complete genome 1779 1779 99% 0 99% HG328253.1 

B. velezensis strain BIM B-439D chromosome, complete genome 1773 1773 99% 0 99% CP032144.1 

B. velezensis strain DSYZ chromosome, complete genome 1773 1773 99% 0 99% CP030150.1 
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Appendix 2.5 Top hits in Blast in NCBI for selected potential BCAs with Che A gene (Date accessed: 20 Nov, 2018). 

Sequences producing significant alignments: B17       

Description Max 

score 

Total 

score 

Query 

cover 

E 
value 

Ident Accession 

B. velezensis S141 DNA, complete genome 1254 1254 99% 0 99% AP018402.1 

B. velezensis strain LABIM40 chromosome, complete genome 1254 1254 99% 0 99% CP023748.1 

B. amyloliquefaciens strain ALB79 chromosome, complete genome 1249 1249 99% 0 99% CP029071.1 

B. velezensis strain QST713 chromosome, complete genome 1249 1249 99% 0 99% CP025079.1 

B. velezensis strain AGVL-005 chromosome, complete genome 1249 1249 99% 0 99% CP024922.1 

B. amyloliquefaciens subsp. plantarum UCMB5113, complete genome 1249 1249 99% 0 99% HG328254.1 

B. amyloliquefaciens subsp. plantarum UCMB5033, complete genome 1249 1249 99% 0 99% HG328253.1 

B. velezensis strain GQJK49, complete genome 1247 1247 99% 0 98% CP021495.1 

B. velezensis strain LDO2 chromosome, complete genome 1247 1247 99% 0 98% CP029034.1 

B. velezensis strain CBMB205 chromosome, complete genome 1247 1247 99% 0 98% CP011937.1 

B. velezensis strain JTYP2, complete genome 1247 1247 99% 0 98% CP020375.1 

       

 

Sequences producing significant alignments: B48       

Description 
Max 

score 

Total 

score 

Query 

cover 

E 
value 

Ident Accession 

B. velezensis strain AGVL-005 chromosome, complete genome 1284 1284 99% 0 99% CP024922.1 
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B. velezensis strain 1B-23 chromosome, complete genome 1267 1267 98% 0 99% CP033967.1 

B. velezensis S141 DNA, complete genome 1267 1267 99% 0 99% AP018402.1 

B. velezensis strain LABIM40 chromosome, complete genome 1267 1267 99% 0 99% CP023748.1 

B. velezensis TrigoCor1448 chromosome, complete genome 1267 1267 99% 0 99% CP007244.1 

B. velezensis strain BCSo1 chromosome, complete genome 1262 1262 99% 0 98% CP034037.1 

B. velezensis strain JT3-1 chromosome, complete genome 1262 1262 99% 0 98% CP032506.1 

B. velezensis strain ZF2 chromosome, complete genome 1262 1262 99% 0 98% CP032154.1 

B. amyloliquefaciens strain ALB79 chromosome, complete genome 1262 1262 99% 0 98% CP029071.1 

B. velezensis strain LDO2 chromosome, complete genome 1262 1262 99% 0 98% CP029034.1 

B. velezensis strain QST713 chromosome, complete genome 1262 1262 99% 0 98% CP025079.1 

B. velezensis strain DR-08 chromosome, complete genome 1262 1262 99% 0 98% CP028437.1 

B. velezensis strain GQJK49, complete genome 1262 1262 99% 0 98% CP021495.1 
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Sequences producing significant alignments:B74       

 

Description 

Max 

score 

Total 

score 
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cover 

E 
value 

 

Ident 

 

Accession 

B. velezensis S141 DNA, complete genome 1175 1175 99% 0 96% AP018402.1 

B. velezensis strain LABIM40 chromosome, complete genome 1175 1175 99% 0 96% CP023748.1 

B. velezensis strain BCSo1 chromosome, complete genome 1158 1158 99% 0 96% CP034037.1 

B. amyloliquefaciens strain ALB79 chromosome, complete genome 1158 1158 99% 0 96% CP029071.1 

B. velezensis strain QST713 chromosome, complete genome 1158 1158 99% 0 96% CP025079.1 

B. amyloliquefaciens subsp. plantarum UCMB5113, complete genome 1158 1158 99% 0 96% HG328254.1 

B. amyloliquefaciens subsp. plantarum UCMB5033, complete genome 1158 1158 99% 0 96% HG328253.1 

B. velezensis strain JT3-1 chromosome, complete genome 1157 1157 99% 0 96% CP032506.1 

B. velezensis strain ZF2 chromosome, complete genome 1157 1157 99% 0 96% CP032154.1 

B. velezensis strain LDO2 chromosome, complete genome 1157 1157 99% 0 96% CP029034.1 

B. velezensis strain DR-08 chromosome, complete genome 1157 1157 99% 0 96% CP028437.1 

B. velezensis strain GQJK49, complete genome 1157 1157 99% 0 96% CP021495.1 
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Sequences producing significant alignments:B77       

 

Description 

Max 
score 

Total 
score 

Query 
cover 

E 
value 

 

Ident 

 

Accession 

B. velezensis S141 DNA, complete genome 1271 1271 99% 0 99% AP018402.1 

B. velezensis strain LABIM40 chromosome, complete genome 1271 1271 99% 0 99% CP023748.1 

B. velezensis strain BCSo1 chromosome, complete genome 1266 1266 99% 0 99% CP034037.1 

B. amyloliquefaciens strain ALB79 chromosome, complete genome 1266 1266 99% 0 99% CP029071.1 

B. velezensis strain QST713 chromosome, complete genome 1266 1266 99% 0 99% CP025079.1 

B. velezensis strain AGVL-005 chromosome, complete genome 1266 1266 99% 0 99% CP024922.1 

B. subtilis strain Bs-916, complete genome 1266 1266 99% 0 99% CP009611.1 

B. amyloliquefaciens subsp. plantarum UCMB5113, complete genome 1266 1266 99% 0 99% HG328254.1 

B. amyloliquefaciens subsp. plantarum UCMB5033, complete genome 1266 1266 99% 0 99% HG328253.1 

B. velezensis strain JT3-1 chromosome, complete genome 1262 1262 99% 0 99% CP032506.1 

B. velezensis strain LDO2 chromosome, complete genome 1262 1262 99% 0 99% CP029034.1 

B. velezensis strain DR-08 chromosome, complete genome 1262 1262 99% 0 99% CP028437.1 

B. velezensis strain GQJK49, complete genome 1262 1262 99% 0 99% CP021495.1 
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Sequences producing significant alignments:B84       

 

Description 

Max 
score 

Total 
score 

Query 
cover 

E 
value 

 

Ident 

 

Accession 

B. velezensis S141 DNA, complete genome 1262 1262 99% 0 99% AP018402.1 

B. velezensis strain LABIM40 chromosome, complete genome 1262 1262 99% 0 99% CP023748.1 

B. velezensis strain BCSo1 chromosome, complete genome 1256 1256 99% 0 99% CP034037.1 

B. amyloliquefaciens strain ALB79 chromosome, complete genome 1256 1256 99% 0 99% CP029071.1 

B. velezensis strain QST713 chromosome, complete genome 1256 1256 99% 0 99% CP025079.1 

B. velezensis strain AGVL-005 chromosome, complete genome 1256 1256 99% 0 99% CP024922.1 

B. subtilis strain Bs-916, complete genome 1256 1256 99% 0 99% CP009611.1 

B. amyloliquefaciens subsp. plantarum UCMB5113, complete genome 1256 1256 99% 0 99% HG328254.1 

B. amyloliquefaciens subsp. plantarum UCMB5033, complete genome 1256 1256 99% 0 99% HG328253.1 

B. velezensis strain JT3-1 chromosome, complete genome 1254 1254 99% 0 98% CP032506.1 

B. velezensis strain ZF2 chromosome, complete genome 1254 1254 99% 0 98% CP032154.1 

B. velezensis strain LDO2 chromosome, complete genome 1254 1254 99% 0 98% CP029034.1 

B. velezensis strain GQJK49, complete genome 1254 1254 99% 0 98% CP021495.1 

 

Sequences producing significant alignments:B89       

 

Description 

Max 

score 

Total 

score 

Query 

cover 

E 
value 

 

Ident 

 

Accession 

B. velezensis S141 DNA, complete genome 1273 1273 99% 0 99% AP018402.1 

B. velezensis strain LABIM40 chromosome, complete genome 1273 1273 99% 0 99% CP023748.1 

B. velezensis strain BCSo1 chromosome, complete genome 1267 1267 99% 0 99% CP034037.1 
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B. amyloliquefaciens strain ALB79 chromosome, complete genome 1267 1267 99% 0 99% CP029071.1 

B. velezensis strain QST713 chromosome, complete genome 1267 1267 99% 0 99% CP025079.1 

B. velezensis strain AGVL-005 chromosome, complete genome 1267 1267 99% 0 99% CP024922.1 

B. amyloliquefaciens subsp. plantarum UCMB5113, complete genome 1267 1267 99% 0 99% HG328254.1 

B. amyloliquefaciens subsp. plantarum UCMB5033, complete genome 1267 1267 99% 0 99% HG328253.1 

B. velezensis strain JT3-1 chromosome, complete genome 1266 1266 99% 0 99% CP032506.1 

B. velezensis strain ZF2 chromosome, complete genome 1266 1266 99% 0 99% CP032154.1 

B. velezensis strain LDO2 chromosome, complete genome 1266 1266 99% 0 99% CP029034.1 

B. velezensis strain DR-08 chromosome, complete genome 1266 1266 99% 0 99% CP028437.1 

B. velezensis strain GQJK49, complete genome 1266 1266 99% 0 99% CP021495.1 

B. velezensis strain CBMB205 chromosome, complete genome 1266 1266 99% 0 99% CP011937.1 

 

Sequences producing significant alignments:B92       

 

Description 

Max 

score 

Total 

score 

Query 

cover 

E 
value 

 

Ident 

 

Accession 

B. velezensis S141 DNA, complete genome 1258 1258 99% 0 99% AP018402.1 

B. subtilis strain Bs-916, complete genome 1253 1253 99% 0 99% CP009611.1 

B. amyloliquefaciens subsp. plantarum UCMB5113, complete genome 1253 1253 99% 0 99% HG328254.1 

B. velezensis strain LDO2 chromosome, complete genome 1251 1251 100% 0 98% CP029034.1 

B. velezensis strain GQJK49, complete genome 1251 1251 100% 0 98% CP021495.1 

B. velezensis strain CBMB205 chromosome, complete genome 1251 1251 100% 0 98% CP011937.1 

B. velezensis strain S3-1, complete genome 1251 1251 100% 0 98% CP016371.1 

B. velezensis TrigoCor1448 chromosome, complete genome 1247 1247 99% 0 98% CP007244.1 

B. velezensis strain GYL4 chromosome, complete genome 1242 1242 99% 0 98% CP020874.1 
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B. velezensis SQR9, complete genome 1242 1242 99% 0 98% CP006890.1 

B. amyloliquefaciens subsp. plantarum UCMB5036 complete genome 1242 1242 99% 0 98% HF563562.1 

 

B. velezensis strain BIM B-439D chromosome, complete genome 1280 1280 99% 0 99% CP032144.1 

B. amyloliquefaciens strain ALB79 chromosome, complete genome 1280 1280 99% 0 99% CP029071.1 

B. velezensis strain QST713 chromosome, complete genome 1280 1280 99% 0 99% CP025079.1 

B. amyloliquefaciens strain B15, complete genome 1280 1280 99% 0 99% CP014783.1 

B. amyloliquefaciens subsp. amyloliquefaciens KHG19, complete genome 1280 1280 99% 0 99% CP007242.1 

B. amyloliquefaciens subsp. plantarum UCMB5113, complete genome 1280 1280 99% 0 99% HG328254.1 

B. amyloliquefaciens subsp. plantarum UCMB5033, complete genome 1280 1280 99% 0 99% HG328253.1 

B. amyloliquefaciens subsp. plantarum UCMB5036 complete genome 1280 1280 99% 0 99% HF563562.1 

B. amyloliquefaciens subsp. plantarum NAU-B3, complete genome 1253 1253 99% 0 99% HG514499.1 

Sequences producing significant alignments:B94       

 

Description 

Max 

score 

Total 

score 

Query 

cover 

E 

value 

 

Ident 

 

Accession 

B. velezensis TrigoCor1448 chromosome, complete genome 1297 1297 99% 0 99% CP007244.1 

B. velezensis strain 1B-23 chromosome, complete genome 1286 1286 99% 0 99% CP033967.1 
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Appendix 2.6 Top hits in Blast in NCBI for selected potential BCAs with Tet b gene (Date accessed: 20 Nov, 2018) 

Sequences producing significant alignments:B17       

Description 
Max 

score 

Total 

score 

Query 

cover 

E 
value 

Ident Accession 

B. velezensis strain GYL4 chromosome, complete genome 983 983 99% 0 99% CP020874.1 

B. velezensis strain YJ11-1-4, complete genome 983 983 99% 0 99% CP011347.1 

B. subtilis strain ATCC 19217, complete genome 983 983 99% 0 99% CP009749.1 

B. velezensis SQR9, complete genome 983 983 99% 0 99% CP006890.1 

B. amyloliquefaciens strain ALB79 chromosome, complete genome 944 944 99% 0 98% CP029071.1 

B. velezensis strain QST713 chromosome, complete genome 944 944 99% 0 98% CP025079.1 

B. velezensis strain 131-4 chromosome, complete genome 933 933 99% 0 97% CP028441.1 

B. velezensis strain J7-1 chromosome, complete genome 933 933 99% 0 98% CP028440.1 

B. velezensis strain T20E-257, complete genome 933 933 99% 0 97% CP021976.1 

B. velezensis strain GH1-13, complete genome 933 933 99% 0 97% CP019040.1 
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B. velezensis strain DSYZ chromosome, complete genome 928 928 99% 0 97% CP030150.1 

 

Sequences producing significant alignments:B77       

Description 
Max 
score 

Total 
score 

Query 
cover 

E 
value 

Ident Accession 

B. velezensis strain GYL4 chromosome, complete genome 1011 1011 99% 0 99% CP020874.1 

B. velezensis strain YJ11-1-4, complete genome 1011 1011 99% 0 99% CP011347.1 

B. subtilis strain ATCC 19217, complete genome 1011 1011 98% 0 99% CP009749.1 

B. velezensis SQR9, complete genome 1011 1011 98% 0 99% CP006890.1 

B. amyloliquefaciens strain ALB79 chromosome, complete genome 972 972 98% 0 98% CP029071.1 

B. velezensis strain QST713 chromosome, complete genome 972 972 98% 0 98% CP025079.1 

B. velezensis strain 8-2 chromosome, complete genome 966 966 99% 0 97% CP028439.1 

B. velezensis strain 131-4 chromosome, complete genome 966 966 98% 0 97% CP028441.1 

B. velezensis strain J7-1 chromosome, complete genome 966 966 99% 0 97% CP028440.1 

B. velezensis strain T20E-257, complete genome 966 966 98% 0 97% CP021976.1 



 

266 

 

Appendices 2.0 

B. velezensis strain GH1-13, complete genome 966 966 98% 0 97% CP019040.1 
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Sequences producing significant alignments:B84       

Description 
Max 
score 

Total 
score 

Query 
cover 

E 
value 

Ident Accession 

B. velezensis strain GYL4 chromosome, complete genome 1022 1022 99% 0 98% CP020874.1 

B. velezensis strain YJ11-1-4, complete genome 1022 1022 99% 0 98% CP011347.1 

B. subtilis strain ATCC 19217, complete genome 1022 1022 99% 0 98% CP009749.1 

B. velezensis SQR9, complete genome 1022 1022 99% 0 98% CP006890.1 

B. velezensis strain QST713 chromosome, complete genome 983 983 99% 0 97% CP025079.1 

B. velezensis strain 8-2 chromosome, complete genome 977 977 99% 0 97% CP028439.1 

B. velezensis strain 131-4 chromosome, complete genome 977 977 99% 0 97% CP028441.1 

B. velezensis strain T20E-257, complete genome 977 977 99% 0 97% CP021976.1 

B. velezensis strain GH1-13, complete genome 977 977 99% 0 97% CP019040.1 

B. velezensis strain BIM B-439D chromosome, complete genome 972 972 99% 0 97% CP032144.1 

B. amyloliquefaciens subsp. plantarum YAU B9601-Y2 complete genome 972 972 99% 0 97% HE774679.1 

B. amyloliquefaciens subsp. plantarum CAU B946 complete genome 972 972 99% 0 97% HE617159.1 
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Sequences producing significant alignments:B89       

Description 
Max 

score 

Total 

score 

Query 

cover 

E 
value 

Ident Accession 

B. velezensis SQR9, complete genome 990 990 100% 0 97% CP006890.1 

B. velezensis strain YJ11-1-4, complete genome 990 990 99% 0 97% CP011347.1 

B. subtilis strain ATCC 19217, complete genome 990 990 100% 0 97% CP009749.1 

B. velezensis strain 8-2 chromosome, complete genome 968 968 99% 0 96% CP028439.1 

B. velezensis strain 131-4 chromosome, complete genome 968 968 100% 0 96% CP028441.1 

B. velezensis strain J7-1 chromosome, complete genome 968 968 99% 0 96% CP028440.1 

B. velezensis strain T20E-257, complete genome 968 968 100% 0 96% CP021976.1 

B. velezensis strain GH1-13, complete genome 968 968 100% 0 96% CP019040.1 

B. amyloliquefaciens strain LM2303, complete genome 968 968 99% 0 96% CP018152.1 

B. velezensis strain BIM B-439D chromosome, complete genome 963 963 100% 0 96% CP032144.1 

B. amyloliquefaciens strain ALB79 chromosome, complete genome 963 963 100% 0 96% CP029071.1 
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Appendix 2.7 Comparative matches of selected BCAs after a BLAST search on GenBank based on Gyr A gene fragment with reported 

BCAs and PGPRs (Date accessed: 20 Nov, 2018). 

Isolate Matching strain 
Publication 

Reference 

Max 

score 

Total 

score 

Query 

cover 
E value Ident Accession 

 

B17 

B. amyloliquefaciens strain BPD1 DNA 

Gyrase subunit A (Gyr A ) gene, partial cds 

Liao et al. 

(2016) 

 

 

1766 

 

 

1766 

 

 

100% 

 

 

0 

 

 

99% 

 

 

KX819300.1 

 

B89 

B. velezensis strain GQJK49 chromosome, 

complete genome 

 

Ma et al. (2017) 

 

1788 

 

1788 

 

99% 

 

0 

 

99% 

 

CP021495.1 

 

B94 

B. velezensis TrigoCor1448 chromosome, 

complete genome 

Nelson et al. 

(2014) 

 

1812 

 

1812 

 

99% 

 

0 

 

99% 

 

CP007244.1 

 

B77 

B. velezensis strain LDO2 chromosome, 

complete genome 

L. Chen et al. 

(2019) 

 

1766 

 

1766 

 

100% 

 

0 

 

99% 

 

CP029034.1 
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Appendix 2.8 Isolates with high similarity to reported BCAs and PGPRs of different plants based on Che-A gene (Date accessed: 20 Nov, 2018) 

Che A-Mf Subject isolate Publication Reference 
Max 

score 

Total 

score 

Query 

cover 

E 

value 
Ident Accession 

B17 B. velezensis S141 DNA Sibponkrung et al. (2017) 1254 1254 99% 0 99% AP018402.1 

B48 B. velezensis TrigoCor1448 Nelson et al. (2014) 1267 1267 99% 0 99% CP007244.1 

B74 B. velezensis strain QST713 Pandin et al. (2018) 1158 1158 99% 0 96% 
 

CP025079.1 

B77 
B. amyloliquefaciens subsp. 

plantarum UCMB5033 
Niazi, Manzoor, Bejai, et al. (2014) 1266 1266 99% 0 99% HG328253.1 

B84 

B. amyloliquefaciens strain 

ALB79 
Tran et al. (2018) 1256 1256 99% 0 99% CP029071.1 

B. velezensis S141 DNA Sibponkrung et al. (2017) 1262 1262 99% 0 99% AP018402.1 

B89 B. velezensis strain LABIM40 

De Oliveira,A.G., Pereira,U.P., Chideroli,R.T. 

and Baptista,J.P. “Complete genome of B. 

amyloliquefaciens strain LABIM40 and in 

silico and in vitro bioassays, Unpublished; 

NCBI 

1273 1273 99% 0 99% CP023748.1 

B92 B. subtilis strain Bs-916 (Luo, 2015) 1253 1253 99% 0 99% CP009611.1 

B92 B. velezensis S141 Sibponkrung et al. (2017) 1258 1258 99% 0 99% AP018402.1 

B94 B. velezensis strain BIM B-439D (Berezhnaya, 2019) 1280 1280 99% 0 99% CP032144.1 
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Appendix 2.9 Isolates having high similarity with reported BCAs and PGPRs of different plants based on Tet b gene (Date accessed: 20 Nov, 

2018). 

Tet b Matching strain Description 
Max 

score 

Total 

score 
Cover Error Ident. Accession 

 

 

B17 

 

B. velezensis SQR9 

 

Zhang et al. (2015) 

 

983 

 

983 

 

99% 

 

0 

 

99% 

 

CP006890.1 

 

B. velezensis strain YJ11-1-4 

 

Chun et al. (2019) 

 

983 

 

983 

 

99% 

 

0 

 

99% 

 

CP011347.1 

 

 

B74 

B. amyloliquefaciens subsp. 

plantarum YAU B9601-Y2 

 

Hao et al. (2012) 

 

972 

 

972 

 

99% 

 

0 

 

97% 

 

HE774679.1 

B. amyloliquefaciens subsp. 

plantarum CAU B946 

 

Blom et al. (2012) 

 

972 

 

972 

 

99% 

 

0 

 

97% 

 

HE617159.1 

 

 

 

B77 

B. amyloliquefaciens subsp. 

plantarum CAU B946 

 

Blom et al. (2012) 

 

961 

 

961 

 

98% 

 

0 

 

97% 

 

HE617159.1 

 

B. velezensis SQR9 

 

Zhang et al. (2015) 

 

1011 

 

1011 

 

98% 

 

0 

 

99% 

 

CP006890.1 

 

B89 

 

B. velezensis SQR9 

 

Zhang et al. (2015) 

 

990 

 

990 

 

100% 

 

0 

 

97% 

 

CP006890.1 
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Appendix 3.1 Analysis of Variance (split plate assay) 

Variate: Fungal inhibition percentage 

 

 

 

 

 

 

 

 

 

 

  

Analysis of variance 
   

Variate: inhibition percentage of L. maculans 
   

Source of variation d.f. s.s. m.s. v.r. F pr. 

Rep stratum 2 125.29 62.64 2.3 
 

Rep.*Units* stratum 
     

Bacteria 9 9213.28 1023.7 37 <.001 

L. maculans 13 14555.27 1119.64 41 <.001 

Bacteria.fungus 117 24984.97 213.55 7.8 <.001 

Residual 278 7597.86 27.33 
 

  

Total 419 56476.66       

Standard errors of differences of means Least significant differences of means (5%  level)

Table Bacteria L. maculans Bacteria* Fungus Table Bacteria L. maculans Bacteria* Fungus

rep. 42 30 3 rep. 42 30 3

D.F. 278 278 278 D.F. 278 278 278

S.E.D. 1.141 1.35 4.269 L.S.D. 2.246 2.657 8.403
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Appendix 3.2a Table of means (split plate assay) 
Variate: Fungal inhibition percentage; Grand mean=19.26 

 

 

L. maculans strains Mean 

D1 26.28 

D2 16.24 

D3 13.27 

D4 24.11 

D5 9.07 

D6 26.4 

D7 16.1 

D8 19.21 

D9 12.13 

D10 16.57 

D13 21.97 

D14 18.98 

D16 30.93 

D17 18.37 

 

Appendix 3.2b Inhibition percentage of mycelial growth of L. maculans strains by selected bacterial 

BCAs in split plate analysis 

  D1 D2 D3 D4 D5 D6 D7 D8 D9 D10 D13 D14 D16 D17 

B17 33.24 17.32 11.38 19.92 5.69 49.59 8.54 21.22 15.31 12.66 42.63 0.81 43.07 16.23 

B34 5.56 15.45 0.81 12.60 0.81 17.48 2.44 12.61 12.56 3.38 21.63 10.16 30.02 14.88 

B48 38.81 16.02 2.85 20.73 8.13 23.98 8.94 30.13 7.40 6.77 17.80 26.02 32.30 24.42 

B50 29.42 13.58 15.04 17.48 2.44 4.47 0.00 19.80 13.04 10.97 11.62 2.44 23.73 7.71 

B74 25.88 10.41 15.45 36.42 4.07 21.95 15.04 25.24 11.14 20.93 16.80 21.06 41.10 21.51 

B77 8.44 10.57 13.62 28.86 12.20 38.62 24.80 24.02 20.59 28.42 15.76 17.89 33.73 18.91 

B84 32.10 14.63 10.57 24.39 11.38 18.70 11.79 15.51 12.38 24.56 13.87 25.04 32.43 12.14 

B89 53.47 29.67 34.96 34.96 20.73 28.05 33.74 12.57 9.16 23.21 48.61 31.14 25.90 22.48 

B92 9.45 11.22 14.23 31.10 6.50 26.99 32.11 17.80 9.52 21.26 11.32 20.33 24.80 30.01 

B94 26.45 23.58 13.82 14.63 18.70 34.15 23.58 13.21 10.23 13.50 19.62 34.96 22.25 15.44 

 

Bacterial strains Mean 

B17 21.26 

B34 11.46 

B48 18.88 

B50 12.27 

B74 20.5 

B77 21.17 

B84 18.54 

B89 29.19 

B92 19.05 

B94 20.3 
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Appendix 3.3 Analysis of variance in in planta assay for volatile efficacy in 

closed jar analysis 

Variate: Average disease score 

Source of variation D.F. S.S. M.S. V.R. F Pr. 

 

Replicates stratum 

 

3 

 

0.57 

 

0.19 

 

2.69 

 

replicates.*Units* stratum 
     

Bacterial_Isolates 6 258.28 43.04 609 ≤.001 

Residual 18 1.27 0.07   

Total 
27 260.12 
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Appendix 3.4 Table of means (in planta assay for volatiles) and least significant 

differences of means (5% level) 

Variate: Average disease 

Score grand mean =2.0 

Treatment Mean 

B50 3.438 

B89 0.312 

B94 1.375 

B50 control 0.000 

B89 control 0.000 

B94 control 0.000 

L. maculans only 8.875 

 

 

 

Least significant differences of means (5% level) 

Table 
Bacterial isolate 

Rep 4 

d.f. 18 

L.S.D 0.395 
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Appendix 3.5 Fisher's protected least significant difference test 

 

Treatment Mean  

B50 control 0 a 

B89 control 0 a 

B94 control 0 a 

B89 0.312 a 

B94 1.375 b 

B50 3.438 c 

L. maculans only 8.875 d 
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Appendix 3. 6 Principal component analysis of volatile compounds produced by 

potential BCAs 

 PCA  

Component Eigenvalue % variance 

1 2.10E+15 58.85 

2 1.21E+15 33.95 

3 1.94E+14 5.42 

4 4.58E+13 1.28 

5 1.76E+13 0.49 
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Appendix 3.7 PCA loadings 

Loadings PC 1 PC 2 PC 3 PC 4 PC 5 
X1 0.34 0.8 0.44 0.01 0.02 

X2 0.96 0.2 0.186 0.01 0.01 

X3 -0.1 -0.2 0.961 0.02 0.04 

X4 -0.2 -0.4 -0.47 0.63 0.39 

X5 -0.1 -0.3 -0.28 0.47 -0.8 

X6 0.81 0.1 0.574 0.01 0.02 

X7 -0.2 -0.4 -0.1 0.43 0.8 

X8 -0.16 -0.4 -0.03 0.48 -0.78 

X9 -0.12 -0.2 0.961 0.02 0.035 

X10 -0.24 -0.5 -0.33 0.73 0.059 

X11 -0.24 -0.6 -0.15 -0.78 0.005 

X12 -0.33 -0.4 -0.45 0.74 0.12 

X13 -0.12 -0.2 0.961 0.02 0.035 

X14 -0.18 -0.4 -0.45 0.05 0.758 

X15 0.32 0.86 -0.19 -0.36 0.027 

X16 -0.12 -0.2 0.961 0.02 0.035 

X17 0.1 -0.5 -0.79 -0.06 -0.39 

X18 -0.55 -0.1 -0.66 0.4 -0.32 

X19 -0.12 -0.2 0.961 0.02 0.035 

X20 -0.12 -0.2 0.961 0.02 0.035 

X21 -0.13 -0.3 -0.34 0.41 0.776 

X22 -0.46 0.89 -0.04 -0 0.002 

X23 -0.24 -0.6 -0.57 0.47 -0.28 

X24 -0.24 -0.5 0.397 0.21 -0.68 

X25 -0.16 -0.4 -0.36 0.56 -0.62 

X26 -0.12 -0.2 0.961 0.02 0.035 

X27 -0.21 -0.5 -0.5 0.69 0.063 

X28 -0.13 -0.3 -0.28 0.47 -0.77 

X29 -0.12 -0.2 0.961 0.02 0.035 

X30 -0.12 -0.2 0.961 0.02 0.035 

X31 -0.46 0.89 -0.04 -0 0.002 

X32 0.96 0.27 -0.02 0 0.001 

X33 -0.12 -0.2 0.961 0.02 0.035 

X34 -0.13 -0.3 -0.34 0.41 0.776 

X35 -0.46 0.89 -0.04 -0 0.002 

X36 -0.17 -0.4 -0.37 0.21 -0.8 

X37 0.96 0.27 -0.02 0 0.001 

X38 -0.49 0.6 0.634 0.03 0 

X39 -0.13 -0.3 -0.34 0.41 0.776 

X40 0.85 0.21 0.483 0.01 0.019 

X41 0.17 0.9 0.403 0.01 0.019 

X42 -0.13 -0.3 -0.28 0.47 -0.77 
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Appendix 3. 8 Loadings plot 
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Appendix 3. 9 Correlation coefficient based on the loadings detected in GC-Ms analysis 

Spearman Correlation Coefficients, N = 42 Prob > |r| under H0: Rho=0 

 
C1 C2 C3 C4 C5 C6 

C1 1.00000 -0.11591 

0.3187 

-0.09111 

0.4338 

-0.20579 

0.0745 

0.10655 

0.3596 

-0.16547 

0.1532 

C2 -0.11591 

0.3187 

1.00000 -0.06414 

0.5820 

0.25234 

0.0279 

-0.21989 

0.0563 

-0.08558 

0.4623 

C3 -0.09111 

0.4338 

-0.06414 

0.5820 

1.00000 -0.11273 

0.3323 

0.22941 

0.0462 

-0.18310 

0.1134 

C4 -0.20579 

0.0745 

0.25234 

0.0279 

-0.11273 

0.3323 

1.00000 -0.30045 

0.0084 

-0.17195 

0.1375 

C5 0.10655 

0.3596 

-0.21989 

0.0563 

0.22941 

0.0462 

-0.30045 

0.0084 

1.00000 -0.09326 

0.4229 

C6 -0.16547 

0.1532 

-0.08558 

0.4623 

-0.18310 

0.1134 

-0.17195 

0.1375 

-0.09326 

0.4229 

1.00000 

 

 

 

Figure 3.7 Cluster analysis based on correlation coefficient 

Where, C1= B94; C2= B94 + L. maculans; C3= B89; C4= B89 + L. maculans; C5= B50; C6= B50 +L. maculans 
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Appendix 4.1. Top five hits with homologous genes in nBLAST based on sequences obtained from purified PCR products of biosynthetic genes 

and lytic enzymes. 

Primer set Matching strains 
Max 

Score 

Total 

Score 

Query 

Cover 

E 

value 

% 

ident 

Accession 

number 

BMBF2/ 

BMBR2 

B. velezensis strain UCMB5007 chromosome, complete genome 652 652 99% 0 99.17% CP041143.1 

B. velezensis strain UCMB5044 chromosome, complete genome 652 652 99% 0 99.17% CP041144.1 

B. velezensis isolate UFLA258 chromosome, complete genome 652 652 99% 0 99.17% CP039297.1 

B. velezensis strain VCC-2003 chromosome 652 652 99% 0 9.17% CP027429.1 

B. velezensis strain NKG-1 chromosome, complete genome 652 652 99% 0 99.17% CP024203.1 

BACC1F/ 

BACC1R 

Bacillus amyloliquefaciens UMAF6614,complete genome 647 647 99% 0 98.90% CP006960.1 

Bacillus amyloliquefaciens strain ALB79chromosome, complete genome 647 647 99% 0 98.90% CP029071.1 

B. velezensis strain AP183 chromosome 647 647 99% 0 98.90% CP029296.1 

B. velezensis strain QST713 chromosome,complete genome 647 647 99% 0 98.90% CP025079.1 

B. subtilis yxjC, yxjD, yxjE, yxjF, ituD, ituA, ituB, ituC, xynD genes, partial 

and complete cds 

647 647 99% 0 98.90% AB050629.1 

Continued on next page 
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Continued on next page 

 

(continued) Appendix 4.1 Top five hits with homologous genes in nBLAST based on sequences obtained from purified PCR products of biosynthetic 

genes and lytic enzymes. 

Primer set Matching strains Max Score 
Total 

Score 

Query 

Cover 
E value % ident 

Accession 

number 

FND1F/ 

FND1R 

B. velezensis strain GYL4 chromosome,complete genome 481 481 100% 8.00E-132 98.18% CP020874.1 

B. amyloliquefaciens UMAF6614,complete genome 481 481 100% 8.00E-132 98.18% CP006960.1 

B. velezensis strain YJ11-1-4, complete genome 481 481 100% 8.00E-132 98.18% CP011347.1 

B. subtilis strain SQR 9 fengycin synthetase(fenD) gene, 

partial cds 

481 481 100% 8.00E-132 98.18% JN093027.1 

B. subtilis strain GB03 FenD gene, partial cds 481 481 100% 8.00E-132 98.18% DQ011335.1 

GLUCF/ 

GLUCR 

B. velezensis strain At1 chromosome,complete genome 193 193 34% 6.00E-45 94.49% CP041145.1 

B. velezensis strain LPL-K103 chromosome, complete genome 193 193 34% 6.00E-45 94.49% CP039380.1 

B. velezensis isolate UFLA258 chromosome, complete genome 193 193 34% 6.00E-45 94.49% CP039297.1 

B. velezensis strain ANSB01E chromosome, complete genome 193 193 35% 6.00E-45 93.23% CP036518.1 

B. velezensis strain MH25 chromosome,complete genome 193 193 34% 6.00E-45 94.49% CP034176.1 

 B. velezensis strain ZF2 chromosome, complete genome 453 453 99% 2.00E-123 97.39% CP032154.1 

ZWITF2/  

ZWITR1 

B. amyloliquefaciens strain ALB79 chromosome, complete 

genome 

453 453 99% 2.00E-123 97.39% CP029071.1 

B. velezensis strain LDO2 chromosome, complete genome 453 453 99% 2.00E-123 97.39% CP029034.1 

B. velezensis strain QST713 chromosome, complete genome 453 453 99% 2.00E-123 97.39% CP025079.1 

B. velezensis strain GYL4 chromosome, complete genome 453 453 99% 2.00E-123 97.39% CP020874.1 
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(continued) Appendix 4.1 Top five hits with homologous genes in nBLAST based on sequences obtained from purified PCR products of biosynthetic 

genes and lytic enzymes.  

Primer set Matching strains 
Max 

Score 

Total 

Score 

Query 

Cover 
E value 

identity 

% 

Accession 

number 

SRFAF1/ 

SRFAF2 

B. velezensis strain ZF2 chromosome, complete genome 472 472 100% 5.00E-129 98.87% CP032154.1 

B. velezensis strain LDO2 chromosome, complete genome 472 472 100% 5.00E-129 98.87% CP029034.1 

B. velezensis strain GQJK49, complete genome 472 472 100% 5.00E-129 98.87% CP021495.1 

B. velezensis strain CBMB205 chromosome, complete genome 472 472 100% 5.00E-129 98.87% CP011937.1 

B. velezensis strain AP183 chromosome 671 671 100% 0 99.73% CP029296.1 

Sur3F/  

Sur3R 

B. velezensis strain LABIM40 chromosome, complete genome 671 671 100% 0 99.73% CP023748.1 

B. velezensis strain 9D-6, complete genome 671 671 100% 0 99.73% CP020805.1 

B. velezensis AS43.3, complete genome 671 671 100% 0 99.73% CP003838.1 

ITUCF1/ 

ITUCR3 

B. velezensis strain UCMB5007 chromosome, complete genome 1114 1114 99% 0 99.03% CP041143.1 

B. velezensis strain UCMB5044 chromosome, complete genome 1114 1114 99% 0 99.03% CP041144.1 

B. velezensisB. velezensis strain VCC-2003 chromosome 1114 1114 99% 0 99.03% CP027429.1 

B. subtilis bacillomycin D operon, complete sequence; and flanking genes 1114 1114 99% 0 99.03% AY137375.1 

B. velezensis strain R 16 malonyl-CoA transacylase (bamD) gene, partial cds 1109  109 99%  0  98.87% KU504257.1 

ITUD1F/ 

ITUD1R 

B. velezensis strain LPL-K103 chromosome, complete genome 1120 1120 100% 0 99.19% CP039380.1 

B. velezensis strain BIM B-439D chromosome, complete genome 1120 1120 100% 0 99.19% CP032144.1 

B. amyloliquefaciens strain SH-B74 chromosome, complete genome 1120 1120 100% 0 99.19% CP030097.1 

B. velezensis strain AP183 chromosome 1120 1120 100% 0 99.19% CP029296.1 

B. velezensis strain BS-37 chromosome, complete genome 1120 1120 100% 0 99.19% CP023414.1 
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Appendix 4.2 Analysis of variance in antagonistic ability of bacterial whole cells 

and culture filtrates of selected BCAs using the agar well diffusion method 

Two-way ANOVA: Variate: inhibition percentage of L.maculans 

Source of variation D.F. S.S. M.S. V.R. F pr. 

REP stratum 2 3.923 1.962 0.52   

REP.*Units* stratum      

Isolate 8 7719.499 964.937 253.77 <.001 

Cell_type 1 27484.082 27484.082 7228.09 <.001 

Isolate.cell_type 8 1838.266 229.783 60.43 <.001 

Residual 34 129.282 3.802     

Total 53 37175.051       

 

Tables of means        

Variate: inhibition percentage of L. maculans     

Grand mean  55.98       

Isolate  B50_10  B50_15  B50_2  B89_10  B89_15  B89_2  B94_10 

 44.38 35.83 40.16 64.38 60 60.84 72.08 

Isolate  B94_15  B94_2         

 66.67 59.44           

Cell_type  cell_free  whole_cell       

                            33.41  78.54 

 

    
  

 

  cell type     

Isolate 

 

cell_free  whole_cell      

 B50_10 21.67 67.08      

 B50_15 3.75 67.92      

 B50_2 25.3 55.02      

 B89_10 42.92 85.83      

 B89_15 33.33 86.67      

 B89_2 34.94 86.75      

 B94_10 56.25 87.92      

 B94_15 51.25 82.08      

 B94_2 31.33 87.55    
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Appendix 4.3 Fisher’s least significant difference of means test (5% level) 

Standard errors of differences of means 

Table Isolate Cell_type Isolate 

      Cell_type 

rep. 6 27 3 

d.f. 34 34 34 

s.e.d. 1.126 0.531 1.592 

 

Least significant differences of means (5% level) 

Table Isolate cell_type Isolate*cell_type 

rep. 6 27 3 

d.f. 34 34 34 

LSD 2.288 1.079 3.236 

 

Fisher’s least significant difference of means test (5% level) 

Isolate Mean  
B94_10 72.08  a 

B94_15 66.67  b 

B89_10 64.38  c 

B89_2 60.84  d 

B89_15 60  d 

B94_2 59.44  d 

B50_10 44.38  e 

B50_2 40.16  f 

B50_15 35.83  g 
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Appendix 4.4 Analysis of variance of different Bacillus strains against conidial 

viability of L. maculans over different time periods 

Variate = No. of colonies of L. maculans 

Source of variation D.F. S.S. M.S. V.R. F pr. 

Rep stratum 2 0.694 0.347 0.23  

Rep.*Units* stratum 

Isolate 1 17452.03 8726.014 5905.3 <.001 

Day 1 24.5 24.5 16.58 <.001 

Time intervals 3 231.167 77.056 52.15 <.001 

Isolate*day 2 71.583 35.792 24.22 <.001 

Residual 46 67.972 1.478   

Total 71 17870.61    

 

 

Least significant differences of means (5% level) 

Table Isolate Day Time*intervals Isolate* day 

rep. 24 36 18 12 

d.f. 46 46 46 46 

LSD 0.706 0.577 0.816 0.999 

 

Appendix 4.5 Fisher's protected least significant difference test 

Isolate Mean  

B94 6.62 a 

B89 8.67 b 

Control (media) 40.62 c 
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Appendix 4.6 (a) Analysis of variance for efficacy of strain B89 against L. maculans 

cultured and exposed over varied time intervals 

 Variate: No. of viable colonies  

Source of variation D.F. S.S. M.S. V.R. F pr. 

Rep stratum 2 0.58 0.29 0.38  

Rep.*Units* stratum      

Day 1 0.67 0.67 0.87 0.367 

Time intervals 3 84.33 28.11 36.6 <.001 

Day*time_intervals 3 1.00 0.33 0.43 0.732 

Residual 14 10.75 0.77   

Total 
23 97.33 

   

 

Appendix 4.6 (b) Analysis of variance for the efficacy of strain B94 against L. 

maculans cultured and exposed over varied time intervals 

Variate: No. of viable colonies  

 

Source of variation D.F. S.S. M.S. V.R. F pr. 

Rep stratum 2 0.25 0.125 0.23 
 

Rep.*Units* stratum      

Time_intervals 3 92.125 30.7083 55.47 <.001 

Day 1 3.375 3.375 6.1 0.027 

Time_intervals*Day 3 2.125 0.7083 1.28 0.32 

Residual 14 7.75 0.5536   

Total 
23 105.625 
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Appendix 4.7 Mass spectrum of B. velezensis B94 (2 day old dual culture) showing presence of surfactin and iturin 
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Appendix 4.8 Mass spectrum of B. velezensis B94 (2 day old dual culture) showing presence of Fengycin 
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Appendix 4.9 Mass spectrum of B. amyloliquefaciens B89 (2 day old dual culture) showing presence of surfactin and iturin 
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Appendix 4.10 Mass spectrum of B. amyloliquefaciens B89 (2 day old dual culture) showing presence of fengycin 
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Appendix 4.11 Mass spectrum of B. velezensis B94 (10 day old dual culture) showing presence of surfactin and iturin 
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Appendix 4.12 Mass spectrum of B. velezensis B94 (10 day old dual culture) showing presence of fengycin 
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Appendix 4.13 Mass spectrum of B. amyloliquefaciens B89 (10 day old dual culture) showing presence of surfactin and iturins 
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Appendix 4.14 Mass spectrum of B. amyloliquefaciens B89 (10 day old dual culture) showing presence of fengycins 
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Appendix 4.15 Mass spectrum of B. megaterium B50 (10 day old dual culture) 

Polymer peak coming 

from some plastic 
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Appendix 5.1 Analysis of variance for in planta studies in canola seedlings (AV-

Garnet) showing efficacy of potential BCAs against L. maculans (in controlled 

environment pot experiment)  

Variate: disease rating/score 

Source of variation D.F S.S. M.S. V.R. F PR. 

Treatments 3 190.46 63.48 738.79 <.001 

Residual 12 1.03 0.08 
  

Total 15 191.5 
   

 

 

Fisher's unprotected least significant difference test 

Treatments Mean  

B94 0.38 a 

B89 0.56 a 

B50 4.81 b 

L. maculans / control 8.75 c 
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Appendix 5.2 Analysis of variance in seed germination of canola (AV-Garnet) with 

different dilutions of culture filtrates of selected BCAs 

Variate: No. of seeds germinated 

Source of variation D.F. S.S. M.S. V.R. F Pr. 

Replicates  2 0.0513 0.026 0.19  

Isolates 12 25.64 2.14 15.63 <.001 

Residual 24 3.29 0.14   

Total 38 28.97    

 

 

Least significant difference of means (5% Level) 

Table Isolates 

rep. 3 

d.f. 24 

LSD 0.62 

 

Fisher's unprotected least significant difference test 

Treatements Mean  

B50 (10%) 8 a 

B89 (10%) 8 a 

B94 (10%) 8 a 

B94 (30%) 8 a 

NB 10% 8 a 

water 8 a 

B50 (30%) 7.67 ab 

B89 (30%) 7.67 ab 

B94 (50%) 7.33 bc 

NB (30%) 7 c 

NB 50% 6.33 d 

B89 (50%) 6 de 

B50 (50%) 5.67 e 
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Appendix 5.3 Analysis of variance of root length (mm) of canola seedlings treated 

with different dilutions of culture filtrates of selected BCAs 

Source of variation D.F. S.S. M.S. V.R. F PR. 

      

rep stratum 2 8.198 4.099 0.45   

reps.*Units* stratum      

Isolates 12 52831.74 4402.645 483.11 <.001 

Residual 24 218.715 9.113     

Total 38 53058.66       

 

 

Least significant differences of means (5% level) 

Table Treatments 

rep. 3 

d.f. 24 

LSD 5.087 

 

Fisher's unprotected least significant difference test 

Isolates Mean   

B94 (10%) 139.33  a 
water 138.33  a 
B50 (10%) 135.33  a 
B50 (30%) 111.67  b 

NB( 10%) 87.33  c 
B89 (10%) 87  c 
B89 (30%) 60  d 
B50 (50%) 58.33  d 
B94 (30%) 56.33  d 
NB (30% 56  d 
B94 (50%) 48.33  e 

B89 (50%) 45  e 

NB (50%) 32  f 
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Appendix 5.4 Analysis of variance in shoot length of canola seedlings treated 

with different dilutions of culture filtrates of selected BCAs 

Source of variation D.F. S.S. M.S. V.R. F pr. 

Isolates 12 847.897 70.658 54.03 <.001 

Residual 26 34 1.308   

Total 38 881.897    

 

 

Least significant differences of means (5% level) 

Table Isolates 

rep. 3 

d.f. 26 

LSD 1.919 

 

Fisher's unprotected least significant difference test 

Treatments Mean  

B89 (50%) 35 a 

water 30 b 

B89 (30%) 29.67 b 

B50 (30%) 23.67 c 

B94 (10%) 23.33 cd 

B50 (50%) 22.67 cde 

B89 (10%) 21.67 def 

NB (10%) 21.67 def 

water 30% 21.67 def 

B50 (10%) 21 efg 

NB (50%) 20 fgh 

B94 (30%) 19.67 gh 

B94 (50%) 18.33 h 
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Appendix 5.5 Analysis of variance in fresh weight of canola seedlings treated with 

different dilutions of culture filtrates of selected BCAs 

Source of variation D.F. S.S. M.S. V.R. F Pr. 

Isolates 12 92741.63 7728.47 264.78 <.001 

Residual 26 758.91 29.19   

Total 38 93500.53    

 

 

Least significant differences of means (5% level) 

Table Treatments 

rep. 3 

d.f. 26 

LSD 9.067 

 

Fisher's unprotected least significant difference test 

Treatments Mean  

B94 (10%) 282.3 a 

B50 (10%) 259 b 

B89 (50%) 255.2 bc 

B89 (10%) 250.7 bc 

B50 (30%) 250.2 bc 

NB 10% 248.9 c 

water 189.5 d 

B89 (30%) 183.9 de 

B94 (50%) 176 ef 

B94 (30%) 173.3 fg 

NB 30% 165.1 g 

B50 (50%) 144 h 

NB 50% 129.3 i 
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Appendix 5.6 Analysis of variance in dry weight of the canola seedlings treated with 

different dilutions of culture filtrates of selected BCAs 

Source of variation D.F. S.S. M.S. V.R. F Pr. 

Isolates 12 1012.71 84.3925 408.69 <.001 

Residual 24 4.9559 0.2065   

Total 38 1018.037 
   

 

 

Least significant differences of means (5% level) 

Table Treatments 

rep. 3 

d.f. 24 

LSD 0.76 

 

Fisher's unprotected least significant difference test 

Treatments Mean  

B94 (10%) 28.47 a 

B89 (50%) 25.5 b 

water 20.5 c 

B94 (30%) 20.23 c 

B94 (50%) 18.9 d 

B50 (30%) 18.27 d 

B50 (50%) 16.43 e 

B50 (10%) 16.37 e 

B89 (10%) 15.4 f 

T0 10% 13.47 g 

T0 30% 12.8 g 

B89 (30%) 11.77 h 

T0 50% 10 i 
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Appendix 5.7 Analysis of variance in different root traits analysed by WinRhizo in 

canola seedlings (AV-Garnet) treated with culture filtrates of selected BCAs 

Variate: Length (cm) 

Source of variation D.F. S.S. M.S. V.R. F Pr. 

Treatments 4 289.68 72.42 2.56 0.104 

Residual 10 282.74 28.27 
  

Total 14 572.42 
   

 

 

Variate: Forks 

     

Source of variation D.F. S.S. M.S. V.R. F Pr. 

Treatments 4 10110 2527 1.33 0.324 

Residual 
10 18971 1897   

Total 
14 29081    

 

 

Variate: Surface Area (cm2) 

Source of variation D.F. S.S. M.S. V.R. F Pr. 

Treatments 4 3.1214 0.7803 1.52 0.269 

Residual 10 5.1375 0.5138   

Total 
14 

8.2589    

 

 

Variate: Tips 
 

Source of variation D.F. S.S. M.S. V.R. F Pr. 

Treatments 4 3346.5 836.6 2.5 0.109 

Residual 10 3341.3 334.1   

Total 14 6687.8    
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Appendix 5.8 Analysis of variance for the evaluation of culture filtrates for induction 

of induced systemic resistance in detached leaf assay 

Variate: Disease rating   

Source of variation D.F. S.S. M.S. V.R. F Pr. 

Replicates stratum 3 0.04 0.01 0.23  

Replicates.*Units* stratum 

Age of bacterial culture 1 20.66 20.66 342.35 <.001 

Treatments 4 320.37 80.09 1326.93 <.001 

Age of bacterial 

culture*Treatments 

4 31.09 7.77 128.79 <.001 

Residual 27 1.63 0.06   

Total 39 373.80    

 

 

Least significant differences of means (5% level) 

Table Age of bacterial culture Treatments Age of bacterial culture*Treatments 

rep. 20 8 4 

d.f. 27 27 27 

LSD 0.16 0.25 0.36 



 

306 

 

 

Appendix 5.9 Evaluation of culture filtrates for induction of induced systemic 

resistance in detached leaf assay 

Age of bacterial culture Treatments Replicates Disease rating  

2 B94 1 0.3 

2 B94 2 0.5 

2 B94 3 0.5 

2 B94 4 0.3 

2 B89 1 1.0 

2 B89 2 0 

2 B89 3 0.5 

2 B89 4 0.8 

2 L. maculans 1 8 

2 L. maculans 2 8 

2 L. maculans 3 8 

2 L. maculans 4 8 

2 NB 1 8 

2 NB 2 8 

2 NB 3 8 

2 NB 4 8 

2 water 1 8.5 

2 water 2 8 

2 water 3 8 

2 water 4 8 

10 B94 1 4.0 

10 B94 2 4.0 

10 B94 3 4.0 

10 B94 4 4.5 

10 B89 1 3.5 

10 B89 2 4.5 

10 B89 3 4.0 

10 B89 4 4.0 

10 L. maculans 1 8 

10 L. maculans 2 8 

10 L. maculans 3 8 

10 L. maculans 4 8 

10 NB 1 8 

10 NB 2 8 

10 NB 3 8 

10 NB 4 8 

10 water 1 8.5 

10 water 2 8 

10 water 3 8 

10 water 4 8 
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Conference Abstract 1 

Characterisation and screening of Bacillus spp. for lipopeptides and 

enzymes involved in biocontrol of Leptosphaeria maculans. 

S. Hanif1, 2, 4, Benjamin Stodart1, 2, Sandra Savocchia1, Gavin Ash2, 3 

 

1 School of Agricultural and Wine Sciences, Charles Sturt University, Wagga Wagga, NSW 

2678, Australia. 

2Graham Centre for Agricultural Innovation (An Alliance between Charles Sturt University 

and NSW Department of Primary Industries), Charles Sturt University, Locked Bag 588, 

Wagga Wagga, NSW 2678, Australia. 

3Centre for Crop Health, University of Southern Queensland, Toowoomba, QLD, Australia. 

4 Institute of Agricultural Sciences, University of the Punjab, Lahore, Pakistan, 54000 

 

Species of Bacillus have the ability to synthesise different antimicrobial 

peptides (AMPs) and other compounds such as cell wall degrading enzymes which may 

be effective against various phytopathogens. This study aimed to detect AMP and lytic 

enzymes genes, by using biosynthetic gene markers, in a collection of rhizospheric and 

endophytic Bacillus spp. displaying significant inhibition of Leptosphaeria maculans in 

in vitro assays. Bacillus spp. were preliminarily identified by sequencing 16S rRNA 

genes. AMP screening of the selected Bacillus spp. was carried out using 10 primers to 

amplify genes encoding for antibiotics (surfactin, surfactin synthetase; iturin A, iturin 

C, two genes for, bacillomycin D, zwittermycin, fengycin) and lytic enzymes (chitinase, 

β- 1,3-Glucanase) through polymerase chain reaction. The majority of strains possessed 
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four to six genes of interest and strains with seven AMP and enzymes genes were also 

detected, however, none of the strains were positive for all 10 genes. Iturin A and 

Bacillomycin D were present most frequently among the selected Bacillus strains 

whereas the Iturin C encoding gene was the least often amplified. Interestingly, strain 

B94 (Bacillus amyloliquefaciens), the best performer in the in vitro assays, was found 

to carry the highest number (8) of AMP and lytic enzymes genes. Thus, selected AMP 

and enzyme gene markers may be useful for selecting putative bacterial biocontrol 

agents of phytopathogens. 
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Conference Abstract 2 

Bacillus amyloliquefaciens (B89), a potential biocontrol agent for black leg 

disease of Canola 

S. Hanif 1, 2, 5, Benjamin Stodart1, 2, Sandra Savocchia1, 3, Gavin Ash2, 4
 

1School of Agricultural and Wine Sciences, Charles Sturt University, Wagga Wagga, NSW 2678, Australia. 

2Graham Centre for Agricultural Innovation (An Alliance between Charles Sturt University and NSW 

Department of Primary Industries), Charles Sturt University, Locked Bag 588, Wagga Wagga, NSW 2678, 

Australia. 

3National Wine and Grape Industry Centre, Charles Sturt University, Wagga Wagga, NSW 2678, Australia. 

4Centre for Crop Health, University of Southern Queensland, Toowoomba, QLD 4350, Australia. 

5 Institute of Agricultural Sciences, University of the Punjab, Lahore, Pakistan, 54000 

 

Abstract 

A collection consisting of 148 bacterial isolates were tested for antagonistic 

activity against Leptosphaeria maculans, a fungal pathogen of canola. Isolate B89, 

collected from the canola phyllosphere, demonstrated significant antagonistic ability in an 

in vitro dual plate assay. Multigene analysis based on the 16SrRNA, Gyrase A (A), and the 

sensor histidine kinase Che-A genes, provided evidence for identification of the isolate as 

a strain of Bacillus amyliquefaciens. In vitro studies demonstrated that strain B89 

significantly reduced mycelial growth and conidial viability of L. maculans by more than 

80%. During in planta assays, the application of B. amyliquefaciens B89 significantly 

reduced disease severity by 85-90%. The application of cell free extracts of strain B89 

decreased the germination and viability of spores of L. maculans in vitro. 
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Additional genetic analysis of strain B89 by PCR indicated the presence of genes 

associated with lipopeptides and catalytic enzymes, and the production of antibiotics were 

further confirmed in whole cell surface extracts by MALDI-MS. Genes involved in the 

synthesis of antimicrobial peptides (AMPs) such as surfactin, Iturin A, Bacillomycin D, 

Fengycin, Zwittermycin and β-1,3-Glucanase were detected. Gas chromatographic (GC-

MS) studies revealed the presence of a range of classes of antagonistic volatile compounds, 

including alcohols, aldehydes, hydrocarbons and variety of ketones. In planta assays of 

bacterial volatiles produced by B89 reduced disease severity by 75-85%. These results 

demonstrate that B. amyliquefaciens B89 may have potential as a biocontrol agent for 

application in integrated disease management strategies for L. maculans in canola farming 

systems. 
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Conference Abstract 3 

Comprehensive profiling of volatile organic compounds (VOCs) produced 

by Bacillus species with biocontrol properties against Leptosphaeria 

maculans 
 

Sana Hanif 1, 2, 5*, Benjamin Stodart 1, 2, Sandra Savocchia 1, 3, Gavin Ash 2, 4
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2678, Australia. 
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NSW 2678, Australia. 

3National Wine and Grape Industry Centre, Charles Sturt University, Wagga Wagga, NSW 

2678, Australia. 

4Centre for Crop Health, University of Southern Queensland, Toowoomba, QLD 4350, 

Australia. 

5 Institute of Agricultural Sciences, University of the Punjab, Lahore, Punjab 54000 Pakistan, 

* shanif@csu.edu.au; sana.hanif10@gmail.com 

 

Antifungal volatiles of Bacillus species have demonstrated their efficacy in a number of 

pathogen systems. In the present study, ten Bacillus strains were selected based on their 

high antagonistic potential against L. maculans evaluated in a dual culture plate assays. 

Selected Bacillus species were further assessed for evaluation of their efficacy against 

diffential set of L. maculans and to ascertain the role of volatiles produced by these species 

in their antagonistic ability. HS-SPME-GCMS was then employed for profiling of two best 

performing isolates, both of which were later identified as B. amyloliquefaciens based on 

multigene identification. Gas chromatographic (GC-MS) studies revealed the presence of 

mailto:shanif@csu.edu.au
mailto:sana.hanif10@gmail.com
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a range of classes of antagonistic volatile compounds, including alcohols, aldehydes, 

hydrocarbons and variety of ketones. Detected compounds included 2-Pentanone, 3-

methyl, 2-Hexanone, 5- methyl-, Pyrazine, 2,5-dimethyl, 2-heptanone 5-methyl, 2-

heptanone Benzaldehyde, 2,5- bis[(trimethylsilyl)oxy]-,2-Hexadecanol, 2,5-

Cyclohexadiene-1,4-dione, 2,6-bis(1,1- dimethylethyl)-,2-Decanone,2-Decanol 

Cyclohexane, [(1-methylpropyl)thio]-, 6-methyl, 2- heptanone,3-Octanone,2-ethyl, 1-

Hexanol, 2-Nonanone; Based on the correlation matrix, multivariate analysis  was  carried 

out  using Principle component analysis  to  identify  strain differences in VOCs production 

and to determine the mutual relationship among the potential biocontrol strains of Bacillus 

amyloliquefaciens. Some new compounds like ethanol and hexadecane were only detected 

in the head space of dual culture of selected strains and L. maculans; which established that 

profile of volatile alters in the presence of fungal pathogen. In planta assays of bacterial 

volatiles produced by selected isolates reduced disease severity by 75-85%. It is expected 

that profiling of VOCs from selected bacterial species may provide the opportunity to 

develop new tools for integrated management of blackleg disease of canola. 
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