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Abstract 

Stem rot caused by Sclerotinia sclerotiorum (Lib.) de Bary is a major fungal disease of 

canola and other oilseed rape worldwide, including Australia. Prevalence of the disease was 

investigated in eight major northern mustard growing districts of Bangladesh where 

sclerotinia stem rot is present in all districts occurring as petal and stem infections. The 

existence of Sclerotinia minor Jagger was also observed, but only from symptomatic petals. 

The management of stem rot relies primarily on strategic application of synthetic fungicides 

throughout the world. An alternative biocontrol approach was attempted for management of 

the disease with 514 naturally occurring bacterial isolates screened for antagonism to S. 

sclerotiorum. Three bacterial isolates demonstrated marked antifungal activity and were 

identified as Bacillus cereus (SC-1 and P-1) and Bacillus subtilis (W-67) using 16S rRNA 

sequencing. Dual culture assessment of antagonism of these isolates toward S. sclerotiorum 

resulted in significant inhibition of mycelial growth and restriction of sclerotial germination 

due to the production of both non-volatile and volatile metabolites. The viability of sclerotia 

was also significantly reduced in a glasshouse pot trial with soil collected from the field. 

Spray treatments of bacterial strains reduced disease incidence and yielded higher control 

efficacy both on inoculated cotyledons and stems under controlled environment conditions. 

Three field trials with application of SC-1 and W-67 at 10% flowering stage of canola 

showed high control efficacy of SC-1 against S. sclerotiorum in all trials when sprayed twice 

at 7-day intervals. The application of SC-1 twice and a single application of the 

recommended fungicide Prosaro 420SC showed greatest control of the disease. When taking 

into consideration both cost and environmental concern surrounding the application of 

synthetic fungicides, B. cereus SC-1 may have potential as a biological control agent of 

sclerotinia stem rot of canola in Australia. 
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As a biocontrol agent against sclerotinia stem rot disease of canola both in vitro and in vivo, 

B. cereus SC-1 was further evaluated against lettuce drop caused by S. sclerotiorum. Soil 

drenching with B. cereus SC-1 applied at 10
8
 CFU mL

-1
 in a glasshouse trial completely 

restricted infection by the pathogen and no disease was observed. Sclerotial colonisation was 

tested and results showed that 6-8 log CFU per sclerotia of B. cereus resulted in significant 

reduction of sclerotial viability compared to the control. Volatile organic compounds 

produced by the bacteria increased root length, shoot length and seedling fresh weight of the 

lettuce seedlings compared with the control. B. cereus SC-1 was able to enhance lettuce 

growth resulting in increased root length, shoot length, head weight and biomass weight 

compared with untreated control plants. The bacteria were able to survive in the rhizosphere 

of lettuce plants for up to 30 days. These results indicate that B. cereus SC-1 could also be 

used as an effective biological control agent of lettuce drop. 

 

The biocontrol mechanism of B. cereus strain SC-1 was observed to be through antibiosis. 

The culture filtrate of B. cereus strain SC-1 significantly reduced mycelial growth, 

completely inhibited sclerotial germination and degraded the melanin of sclerotia, indicating 

the presence of antifungal metabolites in the filtrates. Application of culture filtrate to canola 

cotyledons resulted in significant reduction in lesion development. Scanning electron 

microscopy of the zone of interaction of B. cereus SC-1 and S. sclerotiorum demonstrated 

vacuolated hyphae with loss of cytoplasm and that the sclerotial rind layer was completely 

ruptured with heavy bacterial colonisation. Transmission electron microscopy revealed the 

cell content of fungal mycelium and the organelles in sclerotial cells to be completely 

disintegrated, suggesting the direct antifungal action of B. cereus SC-1 metabolites. The 

presence of bacillomycin D, iturin A, surfactin, fengycin, chitinase and β-1,3-glucanase 
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associated genes in the  genome of B. cereus SC-1 revealed that it can produce both 

lipopeptide antibiotics and hydrolytic enzymes essential for biocontrol. 

 

The dual culture screening for bacterial antagonists is a time consuming procedure therefore a 

rapid marker-assisted approach was adopted for screening of Bacillus spp. from the canola 

rhizosphere. Bacterial strains were isolated and screened using surfactin, iturin A and 

bacillomycin D peptide synthetase biosynthetic gene specific primers through multiplex 

polymerase chain reaction. Oligonucleotide primer based screening from the 96 combined 

Bacillus isolates showed the presence of all the genes in the genome of one isolate. The 

marker selected Bacillus strain was identified by 16S rRNA gene sequencing as Bacillus 

cereus (designated strain CS-42). This strain was effective in significantly inhibiting the 

growth of S. sclerotiorum both in vitro and in planta. Scanning electron microscopy of the 

dual culture interaction region revealed that mycelial growth was exhausted in the vicinity of 

bacterial metabolites and that the melanised outmost rind layer of sclerotia was completely 

degraded. Transmission electron microscopy of ultrathin sections of hyphae and sclerotia 

challenged with SC-1 resulted in partially vacuolated hyphae and the complete degradation of 

sclerotial cell organelles. Genetic marker assisted selection may provide opportunities for 

rapid and efficient selection of pathogen-suppressing Bacillus and other bacterial species for 

the development of microbial biopesticides. 
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Chapter 1      General Introduction 

Canola is an oilseed crop derived from rapeseed (Brassica napus, Brassica rapa (syn. 

Brassica campestris L.)) and was developed in the 1970s through traditional plant breeding. 

The word “Canola” originates from a combination of two words, “Canadian” and “Oil”, 

which contain low erucic acid and glucosinolate (Colton & Potter, 1999). Canola seeds and 

meal contain more than 40% oil and 36-44% protein respectively (Kimber & McGregor, 

1995). These characteristics also make it an important source of animal feeds. Canola oil 

bears lower saturated fatty acids compared to butter, lard or margarine. It is free from 

cholesterol and is an important source of vitamin E and phytosterols (Paas & Pierce, 2002). 

 

Rapeseed suffers from a number of diseases worldwide of which stem rot, also referred to as 

white mould, has negatively impacted on crop yield over past decades (Sharma et al., 2015). 

The disease stem rot is caused by Sclerotinia sclerotiorum (Lib.) de Bary, a necrotropic 

fungal plant pathogen with a reported host range of over 500 species from 75 families 

(Boland & Hall, 1994; Saharan & Mehta, 2008). The major hosts include canola, chickpea, 

lettuce, mustard, pea, lentil, flax, sunflower, potato, sweet clover, dry bean, buckwheat and 

faba bean (Bailey, 1996). The yield, quality and grade of these crops can decline gradually 

and cost millions of dollars annually due to Sclerotinia infection (Purdy, 1979).  

 

In Australia, production of canola has notably increased over the last decade (Anonymous, 

2014). Concurrent with the rapid increase in canola production has been an increase in 

disease pressure. In Australia, the annual losses from sclerotinia stem rot in canola are 

estimated to be AU$ 39.9 million and the cost of fungicide to control stem rot estimated to be 

approximately AU$ 35 per hectare (Murray & Brennan, 2012). Yield loss as high as 24% 
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(Hind-Lanoiselet et al., 2003) and of 0.39-1.54 t/ha (Kirkegaard et al., 2006) have been 

reported in southern New South Wales, Australia.  In 2013-14,  higher inoculum pressure was 

observed in high-rainfall zones of NSW (Kurt Lindbeck, personal communication) and stem 

rot outbreak in canola was reported to occur across the wheat belt region of Western 

Australia (Khangura et al., 2014). The disease is also prevalent in north-eastern and western 

districts of Victoria and has become an emerging problem in the south-eastern regions of 

South Australia. In addition to stem rot of canola, the pathogen also causes lettuce drop in all 

states of Australia and reduces yield significantly (20-70%) (Villalta & Pung, 2010). 

 

Sclerotinia stem rot is the second most damaging disease of oilseed rape worldwide, after 

blackleg (Saharan and Mehta 2008). Rapeseed mustard is the most important source of edible 

oil in Bangladesh occupying about 0.59 million hectare of area with annual production of 

0.53 million tonnes (DAE, 2014). In Bangladesh, S. sclerotiorum has been reported on 

mustard (Hossain et al. 2008) chilli, aubergine, cabbage (Dey et al. 2008) and jackfruit 

(Rahman et al., 2015). Standard literature regarding the prevalence of the pathogen and 

incidence of sclerotinia stem rot in a region known for intensive mustard production is 

limited in Bangladesh. It is extremely important to know the current status of infection in 

order to minimise the potential for an outbreak of stem rot disease. A rigorous investigation 

to determine the magnitude of petal infestation and incidence of sclerotinia stem rot is crucial 

to design appropriate control measures.  

 

There are a number of approaches which are used to control S. sclerotiorum but sustainable 

management of the pathogen remains a challenging task worldwide. Conventional disease 

management approaches are not completely effective in controlling sclerotinia stem rot. 

Registered chemical fungicides are undoubtedly effective in reducing the incidence of disease 
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however their efficacy in the long term is not sustainable (Fernando et al., 2004). Breeding 

for disease resistance is difficult because the trait is governed by multiple genes (Barbetti et 

al., 2014). Interest in the biocontrol of Sclerotinia diseases has increased over the last few 

decades as chemical pesticides have failed to deliver adequate control of the pathogen and 

there is increased concern regarding their impact on the environment (Saharan & Mehta, 

2008; Agrios, 2005). The reduction in the density of primary and secondary inoculum 

through killing of sclerotia or restricting germination, infection in the rhizosphere and 

phyllosphere as well as a reduction of virulence are key strategies for potential biocontrol of 

Sclerotinia diseases (Saharan & Mehta, 2008).  

 

A wide range of micro-organisms isolated from the rhizosphere, phyllosphere, sclerotia and 

other habitats have been screened as potential biocontrol agents against S. sclerotiorum 

(Saharan & Mehta, 2008). The inhibition or suppression of growth and multiplication of 

harmful microorganisms by antagonistic bacteria or fungi through production of antibiotics, 

toxic metabolites and hydrolytic enzymes is well established (Skidmore, 1976; Singh & 

Faull, 1988; Solanki et al., 2012). Similarly, a number of bacterial strains can produce 

antifungal, organic, volatile compounds which inhibit mycelial growth as well as restrict 

ascospore and sclerotial germination (Fernando et al., 2005). Currently there are no native 

bacterial biological control agents commercially available for the control of sclerotinia 

diseases in Australia. Development of a suitable bacterial biocontrol agent with multiple 

modes of action either alone or as a component of integrated disease management would pave 

the way for sustainable management of sclerotinia stem rot disease of canola and other 

agricultural and/or horticultural cropping systems.  
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The selection and evaluation of bacteria with biocontrol potential from plants and soil is 

accomplished using dual culture assessment. However, detection of antagonistic bacteria 

from bulk bacterial samples using direct dual culture techniques is time consuming and 

resource intense (de Souza & Raaijmakers, 2003). A number of polymerase chain reaction 

(PCR) based approaches have been adapted for screening of potential biocontrol organisms 

(Raaijmakers et al., 1997; Park et al., 2013; Giacomodonato et al., 2001; Gardener et al., 

2001) in an effort to increase the efficacy of selection. However, complex methodology and 

lack of specificity are major drawbacks of these approaches (Park et al., 2013). A more 

efficient and affordable molecular based approach is crucial for rapid detection of bacterial 

antagonists that can inhibit fungal growth and protect plants from pathogen invasion.  

 

The specific objectives of this research were mentioned below: 

1. Survey sclerotinia stem rot in intensive rapeseed mustard growing areas of 

Bangladesh. 

 

2. Identify bacterial isolates associated with canola and with multiple modes of action 

against sclerotinia stem rot of canola in in vitro, glasshouse and field conditions. 

 

3. Evaluate the efficacy of bacterial isolates against sclerotinia lettuce drop in vitro and 

in the glasshouse. 

 

4. Determine the mechanisms of biocontrol by the most promising bacterial strain and its 

effect on the morphology and cell organelles of S. sclerotiorum. 

 

5. Develop a genomic approach through marker-assisted selection to screen canola 

associated bacterial biocontrol agents for the potential management of S. 

sclerotiorum. 
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The thesis is divided into eight chapters and appendices. The first chapter is a general 

introduction providing background information about S. sclerotiorum, management strategies 

for sclerotinia stem rot and the aims considered in this study. Chapters two to seven have 

been presented as published papers or submitted manuscripts. The second chapter is a review 

of the literature relevant to pathogen biology, importance and management of S. 

sclerotiorum. The third chapter presents survey results of S. sclerotiorum associated with 

stem rot disease of rapeseed mustard in Bangladesh, with emphasis on prevalence and 

incidence of the pathogen in mustard dominated regions. The fourth chapter focuses on a 

comprehensive investigation of the development of promising bacterial biocontrol agents for 

sustainable management of sclerotinia stem rot disease of canola. The fifth chapter describes 

the performance of promising bacterial antagonists from the previous study to control 

sclerotinia lettuce drop. Chapter six describes the biocontrol mechanism of the best bacterial 

strain that successfully inhibit S. sclerotiorum. Chapter seven presents a novel PCR-based 

approach for the rapid detection of antagonistic biocontrol bacterial strains to manage S. 

sclerotiorum. Chapter eight discusses the relevant information gained from this research, a 

summary and an outline for further research. The appendices comprise published conference 

abstracts and newsletter articles. Apart from the published and submitted manuscript, all 

references are listed at the end of the thesis by following the ‘Plant Pathology’ journal’s 

bibliographic style. 
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Chapter 2      Literature Review 

M.M. Kamal, S. Savocchia, K.D. Lindbeck and G.J. Ash. (2015) Biology and biocontrol of

Sclerotinia sclerotiorum (Lib.) de Bary in oilseed Brassicas. Australasian Plant Pathology. 

(Accepted: DOI: 10.1007/s13313-015-0391-2) 

Chapter 2 contains a literature review of the biology of the pathogen S. sclerotiorum, as well 

as information on stem rot disease, its economic importance, infection process, pathogenicity 

factors, symptoms, disease cycle, epidemiology and deployment of promising microbial 

biocontrol strategies for sustainable management of S. sclerotiorum. The main objective was 

to explore major findings of pathogen biology and disease management strategies with 

special emphasis on biological control and identifying future research to be addressed. This 

chapter is presented as an accepted manuscript in the 'Australasian Plant Pathology' journal.
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Biology and biocontrol of Sclerotinia sclerotiorum (Lib.) de Bary in oilseed Brassicas 1 

Mohd. Mostofa Kamal
a
, Sandra Savocchia

a
, Kurt D. Lindbeck

b
 and Gavin J. Ash

a
2 
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a
Graham Centre for Agricultural Innovation (an alliance between Charles Sturt University 4 

and NSW DPI), School of Agricultural and Wine Sciences, Charles Sturt University, 5 

Boorooma Street, Locked Bag 588, Wagga Wagga, NSW 2678, Australia. 6 

b
New South Wales Department of Primary Industries, Wagga Wagga Agricultural Institute, 7 

Pine Gully Road, Wagga Wagga, NSW 2650. 8 

9 

Abstract 10 

Sclerotinia sclerotiorum (Lib.) de Bary is a necrotrophic plant pathogen infecting over 500 11 

host species including oilseed Brassicas. The fungus forms sclerotia which are the asexual 12 

resting structures that can survive in the soil for several years and infect host plants by 13 

producing ascospores or mycelium. Therefore, disease management is difficult due to the 14 

long term survivability of sclerotia. Biological control with antagonistic fungi, including 15 

Coniothyrium minitans and Trichoderma spp, has been reported, however, efficacy of these 16 

mycoparasites is not consistent in the field. In contrast, a number of bacterial species, such as 17 

Pseudomonas and Bacillus display potential antagonism against S. sclerotiorum. More 18 

recently, the sclerotia-inhabiting strain Bacillus cereus SC-1, demonstrated potential in 19 

reducing stem rot disease incidence of canola both in controlled and natural field conditions 20 

via antibiosis. Therefore, biocontrol agents based on bacteria could pave the way for 21 

sustainable management of S. sclerotiorum in oilseed cropping systems. 22 

23 

Key words: Biology; Biocontrol; Sclerotinia; Oilseed; Brassica 24 
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Introduction 

Sclerotinia sclerotiorum (Lib.) de Bary is a ubiquitous and necrotrophic fungal plant 

pathogen with a reported host range of over 500 plant species from 75 families (Saharan and 

Mehta 2008). The fungus damages plant tissue, causing cell death and appears as a soft rot or 

white mould on the crop (Purdy 1979). S. sclerotiorum was initially detected from infected 

sunflower in 1861as reported by Gulya et al. (1997). The oilseed producing crops belonging 

to the genus Brassica (canola, rapeseed-mustard) are major hosts of S. sclerotiorum (Bailey 

1996; Sharma et al. 2015a). The yield and quality of these crops are reduced by the disease 

which can cost millions of dollars annually. (Purdy 1979; Saharan and Mehta 2008). The first 

report of stem rot disease in rapeseed-mustard was published by Shaw and Ajrekar (1915). 

Canola production has been threatened by this yield-limiting and difficult to control disease 

in Australia (Barbetti et al. 2014). Sclerotinia stem rot (SSR) of canola has been reported to 

cause significant yield losses around the world including Australia (Hind-Lanoiselet 2004). 

Several attempts have been made to manage sclerotinia diseases through agronomic practices 

such as, the use of organic soil amendments (Asirifi et al. 1994), soil sterilization (Lynch and 

Ebben 1986), zero tillage and crop rotation (Adams and Ayers 1979; Duncan 2003; Morrall 

and Dueck 1982; Gulya et al. 1997; Yexin et al. 2011), tillage and irrigation (Bell et al. 

1998). The broad host range of the pathogen has restricted the efficacy of cultural disease 

management practices to minimize sclerotinia infection (Saharan and Mehta 2008).  

Efforts have also been made to search for resistant genotypes to SSR, however no completely 

resistant commercial crop cultivars have yet been developed (Hayes et al. 2010; Alvarez et al. 

2012). Breeding for SSR resistance is difficult because the trait is governed by multiple genes 

(Fuller et al. 1984). In addition, the occurrence of virulent pathotypes has hindered the 

progress towards the development of complete host resistance (Barbetti et al. 2014). In 

Australia, a limited number of fungicides have been registered however the mis-match of 

8 

51 
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appropriate time between ascospore liberation and fungicide application often led to failure of 52 

disease management (Lindbeck et al. 2014). However, biological control agents have been 53 

reported as an alternative means in controlling the infection of the white mould pathogen 54 

(Yang et al. 2009; Fernando et al. 2007; Wu et al. 2014; Kamal et al. 2015b). These naturally 55 

occurring organisms can significantly reduce disease incidence by inhibiting ascospore and 56 

sclerotial germination (Fernando et al. 2007). In this review, we discuss the economic 57 

importance, infection process, pathogenicity factors, symptoms, disease cycle, epidemiology 58 

and deployment of promising microbial biocontrol strategies for sustainable management of 59 

S. sclerotiorum.60 

Economic importance 61 

SSR has threatened the global oilseed Brassica production by causing substantial yield losses 62 

(Sharma et al. 2015a). The yield losses depend on disease incidence and infection at a 63 

particular plant growth stage (Saharan and Mehta 2008). Infection at pre-flowering can result 64 

in up to 100 per cent yield loss in infected plants (Shukla 2005). Plants usually produce little 65 

or no seed if infection occurs at the early flowering stage whereas infection at a later growth 66 

stage may cause little yield reduction. Premature shattering of siliquae, development of small, 67 

sunken and chaffy seeds in rapeseed are the yield limiting factors of S.sclerotiorum infection 68 

(Sharma et al. 2015a; Morrall and Dueck 1983). Historically, the estimated yield losses were 69 

reported as 28 per cent in Alberta and 11.1- 14.9 per cent in Saskatchewan, Canada (Morrall 70 

et al. 1976), 5-13 per cent in North Dakota  and 11.2-13.2 per cent in Minnesota, USA 71 

(Lamey et al. 1998), up to 50 per cent in Germany (Pope et al. 1989), 0.3 to 34.7 per cent in 72 

Golestan, Iran (Aghajani et al. 2008), 60 percent in Rajasthan, India (Ghasolia et al. 2004), 73 

10-80 per cent in China (Gao et al. 2013) and 80 percent in Nepal (Chaudhury 1993). North74 

Dakota and Minnesota faced an income loss of $24.5 million in canola during 2000 (Lamey 75 

et al. 2001). In Australia, the annual losses are estimated to be AU$ 39.9 million and the cost 76 
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of fungicide to control SSR was reported to be approximately $35 per hectare (Murray & 77 

Brennan, 2012). Yield loss was reported as high as 24% (Hind-Lanoiselet et al. 2003) and 78 

0.39-1.54 t/ha (Kirkegaard et al. 2006) in southern New South Wales (NSW), Australia.  In 79 

2013-14, a higher inoculum pressure was observed in high-rainfall zones of NSW and SSR 80 

outbreak in canola was reported to occur across the wheat belt region of Western Australia 81 

(Khangura et al., 2014). 82 

83 

Plant infection 84 

The asexual resting propagules of S. sclerotiorum, commonly known as sclerotia, are capable 85 

of remaining viable in the soil for five years (Bourdôt et al. 2001). Sclerotia can germinate 86 

either myceliogenically or carpogenically with favourable environmental conditions. 87 

Saturated soil and a temperature range of 10 to 20°C can trigger the development of 88 

apothecia (Abawi et al. 1975a). S. sclerotiorum is homothallic and produces ascospores after 89 

self-fertilisation without forming any asexual spores (Bourdôt et al. 2001). Apothecia are the 90 

sexual fruiting bodies which form through sclerotial germination during favourable 91 

environmental conditions and liberate ascospores that can disseminate over several 92 

kilometres through air currents (Clarkson et al. 2004). The air-borne ascospores land on 93 

petals, germinate and produce mycelium by using the senescing petals as an initial source of 94 

nutrients (McLean 1958). The presence of water on plant parts enhances the mycelia growth 95 

and infection process (Abawi et al. 1975a; Hannusch and Boland 1996). The secretion of 96 

oxalic acid and a battery of acidic lytic enzymes kill cells ahead of the advancing mycelium 97 

and causes death of cells at the infection sites (Abawi and Grogan 1979; Adams and Ayers 98 

1979). Upon nutrient shortages the fungal mycelia aggregate and turn into melanised sclerotia 99 

which are retained in the stem or drop to the soil and remain viable as resting structures for 100 

many years. Mycelium directly arising from sclerotia at plant base is not as infective as the 101 
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primary inoculum of ascospores  because sclerotial mycelium  compete with other 102 

saprophytes (Newton and Sequeira 1972). The mycelium can directly infect host plant tissue 103 

using either enzymatic degradation or mechanical means by producing appressoria (Le 104 

Tourneau 1979; Lumsden 1979). 105 

Pathogenicity  106 

Being a necrotrophic fungus, S. sclerotiorum kills cells ahead of the advancing mycelium and 107 

extracts nutrition from dead plant tissue. Oxalic acid plays a critical role in effective 108 

pathogenicity (Cessna et al. 2000). Several extracellular lytic enzymes such as cellulases, 109 

hemi-cellulases and pectinases (Riou et al. 1991), aspartyl protease (Poussereau et al. 2001), 110 

endo-polygalacturonases (Cotton et al. 2002) and acidic protease (Girard et al. 2004) show 111 

enhanced activity and degrade cell organelles under the acidic environment provided by 112 

oxalic acid. Oxalic acid is toxic to the host tissue and sequesters calcium in the middle 113 

lamellae which disrupts the integrity of plant tissue (Bateman and Beer 1965; Godoy et al. 114 

1990a). The reduction of extracellular pH helps to activate the secretion of cell wall 115 

degrading enzymes (Marciano et al. 1983). Suppression of an oxidative burst directly limits 116 

the host defence compounds (Cessna et al. 2000). The fungus ramifies inter or intra-cellularly 117 

colonizing tissues and kills cells ahead of the invading hyphae through enzymatic dissolution. 118 

Pectinolytic enzymes macerate plant tissue which cause necrosis followed by subsequent 119 

plant death (Morrall et al. 1972). The release of lytic enzymes and the oxalic acid from the 120 

growing mycelium work synergistically to establish  the infection (Fernando et al. 2004). 121 

Characteristic symptoms 122 

SSR produces typical soft rot symptoms which first appear on the leaf axils. Spores cannot 123 

infect the leaves and stems directly and must first grow on dead petals or other organic 124 

material adhering to leaves and stems (Saharan and Mehta 2008). The petals provide the 125 

necessary food source for the spores to germinate, grow and eventually penetrate the plant. 126 
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Infection usually occurs at the stem branching points where the airborne spores land and 

droplets of water can be frequently found (Fernando et al. 2007). Rainfall or heavy dew helps 

to create moist conditions, which may keep leaves and stems wet for two to three days. 

Spores can remain alive and able to penetrate the tissue up to 21 days after liberation 

(Rimmer and Buchwaldt 1995). Two to three weeks after infection, soft watery lesions or 

areas of very light brown discolouration become obvious on the leaves, main stems and 

branches (Fig. 1A). Lesions expand, turn to greyish white, and may have faint concentric 

markings (Fig. 1B, C). Plants with girdled stems wilt prematurely ripen and become 

conspicuously straw-coloured in a crop that is otherwise still green (Fig. 1D, E). Infected 

plants may produce comparatively fewer pods per plant, fewer seeds per pod or tiny 

shrivelled seeds that blow out the back of the combine. The extent of damage depends on 

time of infection during the flowering stage as well as infection time on the main stems or 

branches. Severely infected crops result in lodging, shattering at swathing and are difficult to 

swathe. The stems of infected plants eventually become bleached and tend to shred and 

break. When the bleached stems of diseased plants are split open, a white mouldy growth and 

hard, black resting bodies (sclerotia) become visible (Fig. 1F) (Rimmer and Buchwaldt 1995; 

Dueck 1977). 

Life cycle 

S. sclerotiorum spends most of its life cycle as sclerotia in the soil. The sclerotia from 

infected plants can become incorporated into the soil following harvest which provides a 

source of inoculum for future years. Sclerotia are hard walled, melanised resting structures 

that are resilient to adverse conditions and remain viable in the top five centimetres of the soil 

for approximately four years and up to ten years if buried deeper (Khangura and MacLeod 

2012). Sclerotia can infect the base of the stem through direct mycelial germination in the 

presence of an exogenous source of energy.  However, the direct myceliogenic germination 
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of sclerotia is limited as a means of infection in oilseed Brassicas (Sharma et al. 2015a). 152 

Carpogenic germination of sclerotia results in the formation of apothecia which occurs after 153 

“conditioning” for at least two weeks at 10-15
o
C in moist soil (Smith and Boland 1989).154 

Apothecia are small mushroom-like structures that can release over two million tiny air-borne 155 

ascospore during a functioning period of 5 to 10 days (Sharma et al. 2015a). These 156 

ascospores are mainly deposited within 100 to 150 meters from their origin but can travel 157 

several kilometres through air currents (Bardin and Huang 2001). The ascospores can survive 158 

on the plant surface or in the soil for two to three weeks in the absence of petals (Sharma et 159 

al. 2015a; Rimmer and Buchwaldt 1995). The petals act as a food source for the germinating 160 

spores of S. sclerotiorum and to establish the infection (Rimmer and Buchwaldt 1995). 161 

Infected and senescing petals then lodge on leaves, leaf axils or stem branches and commence 162 

infection as water soaked tan coloured lesions or areas of very light brown discolouration on 163 

the leaves, main stems and branches 2-3 weeks after infection. Lesions turn to greyish white 164 

covering most plant parts and eventually become bleached and tend to shred and break. At 165 

the end of growing season the fungal mycelia aggregates and develop sclerotia. These 166 

sclerotia then return to the soil on crop residues or after harvest, overwinter and the disease 167 

cycle is complete under favourable environmental conditions (Fig. 2). 168 

Epidemiology 169 

Several studies conducted in Australia, Canada, China, USA and Norway have demonstrated 170 

the effect the environment plays in increasing the disease severity caused by S. sclerotiorum 171 

(Koike 2000; Kohli and Kohn 1998; Zhao and Meng 2003). Spore dispersal usually occurs in 172 

windy, warm and dry conditions. The apothecia shrivel in dry conditions and excessive rain 173 

washes out the spore bearing fruiting body into the soil (Krüger 1975). The frequency of 174 

apothecial production was found to be similar in both saturated and unsaturated soil but 175 

moisture is essential for initial infection and disease progression (Teo and Morrall 1985; 176 
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Morrall and Dueck 1982). The germination of apothecia also varies with temperature, for 177 

example the consecutive temperature of 4, 12, 18 and 24
o
C is conducive to maximize178 

germination rate (Purdy 1956). A comprehensive study demonstrated that the mean percent 179 

petal infestation was comparatively higher in the morning compared to the afternoon and was 180 

greatly favoured during lodging, but secondary infection through plant contact was limited 181 

for disease development and dissemination (Turkington et al. 1991; Venette 1998). Honey 182 

bees are also responsible for the spread of infected pollen grains causing pod rot of rapeseed 183 

(Stelfox et al. 1978). The spores can survive generally for 5 to 21 days on petals while 184 

survivability was found to be higher on lower and shaded leaves (Venette 1998; Caesar and 185 

Pearson 1982).   186 

Management of Sclerotinia 187 

Host resistance 188 

S. sclerotiorum has a diverse host range and a completely resistant genotype of canola against189 

the pathogen have not yet been reported (Fernando et al. 2007). The first report of genetic 190 

resistance against S.sclerotiorum was cited a century ago, observed in Phaseolus coccineus 191 

(Steadman 1979; Bary et al. 1887). A number of broad leaf crops are now reported to have 192 

resistance to S. sclerotiorum, including Phaseolus vulgaris (Lyons et al. 1987) and Phaseolus 193 

coccineus (Abawi et al. 1975b); Solanum melongena (Kapoor et al. 1989); Pisum sativum 194 

(Blanchette and Auld 1978); Arachis hypogaea (Coffelt and Porter 1982); Carthamus 195 

tinctorius (Mündel et al. 1985); Glycine max (Nelson et al. 1991); Helianthus annuus (Sedun 196 

and Brown 1989) and Ipomoea batatas (Wright et al. 2003). The Australian, Canadian and 197 

Indian registered canola varieties possess minimal or no resistance to S. sclerotiorum to date 198 

and complete resistance to the pathogen has not been identified (Kharbanda and Tewari 1996; 199 

Sharma et al. 2009; Li et al. 2009). In China, two canola cultivars namely Zhongyou 821 and 200 
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Zhongshuang no.9 were reported to be partially resistant to S. sclerotiorum in addition to 201 

containing low glucosinolates and erucic acid with high yield potential (Gan et al. 1999; 202 

Buchwaldt et al. 2003; Wang et al. 2004). Also a less susceptible canola cultivar was 203 

developed  against stem rot disease in France, however yields were observed to be lower 204 

under disease free conditions (Winter et al. 1993; Krueger and Stoltenberg 1983).  205 

206 

Cultural management 207 

208 

A number of cultural strategies including disease avoidance, pathogen exclusion and 209 

eradication can be used to minimise stem rot disease in canola (Kharbanda and Tewari 1996). 210 

Crop rotation is also an efficient strategy to reduce the sclerotia; but 3-4 years rotation cannot 211 

significantly eliminate the sclerotia from field (Williams and Stelfox 1980; Morrall and 212 

Dueck 1982; Bailey 1996). Furthermore, a long rotation of 5-6 years is not adequate to 213 

completely eliminate sclerotia that can survive below 20 cm of soil depth (Nelson 1998). 214 

Tillage is regarded as a potential method of minimising disease through burying of sclerotia 215 

(Gulya et al. 1997). Generally, the sclerotia are not functional if residing below 2-3 cm soil 216 

profile but exceptionally low carpogenic germination was observed at 5 cm soil depth (Kurle 217 

et al. 2001; Abawi and Grogan 1979; Duncan 2003). The survival of sclerotia is prolonged 218 

when buried near the soil surface (Gracia-Garza et al. 2002; Merriman et al. 1979). Burying 219 

of sclerotia through deep ploughing reduced germination and restricted the production of 220 

apothecia (Williams and Stelfox 1980). On the other hand, stem rot incidence was found to 221 

be greater when fields are cultivated with a mouldboard plough compared with zero tillage 222 

(Mueller et al. 2002b; Kurle et al. 2001). However, minimum or zero tillage may create a 223 

more competitive and antagonistic environment as well as restrict the ability of  the pathogen 224 

to survive (Bailey and Lazarovits 2003). 225 

226 
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Chemical control 227 

The application of foliar fungicides is a widely used practice to manage SSR (Hind-228 

Lanoiselet and Lewington 2004; Hind-Lanoiselet et al. 2008). The efficacy of foliar 229 

fungicides depends on several factors including time of application, crop phenology, weather 230 

conditions, disease cycle, spraying coverage, protection duration (Mueller et al. 2002c; 231 

Hunter et al. 1978; Mueller et al. 2002a). The general reason behind poor management of 232 

disease is poor timing of the fungicide application (Mueller et al. 2002a; Hunter et al. 1978; 233 

Steadman 1983) where protectant fungicides are recommended to be applied at the pre-234 

infection stage (Rimmer and Buchwaldt 1995; Steadman 1979). The early blooming stage 235 

before petal fall is the best time to spray a foliar fungicide for a significant reduction in 236 

disease incidence (Dueck and Sedun 1983; Morrall and Dueck 1982; Rimmer and Buchwaldt 237 

1995; Dueck et al. 1983). The fungicides widely used  against sclerotinia in Canada are 238 

Benlate (benomyl), Ronilan (vinclozolin), Rovral (iprodione), Quadris (azoxystrobin), 239 

Sumisclex  (procymidone), Fluazinam (shirlan) and cyprodinil plus fludioxonil (Switch). 240 

Fungicides registered in Australia include Rovral Liquid, Chief 250, Iprodione Liquid 250, 241 

Corvette Liquid (iprodione), Fortress 500 (procymidone), Sumisclex 500, Sumisclex 242 

Broadacre  (procymidone) and   Prosaro® (prothioconazole and tebuconazole) (Anonymous 243 

2001; Hind-Lanoiselet et al. 2008). The registration of Benlate was ceased in Canada due to 244 

public health concerns and crop damage caused by the fungicide as claimed by canola 245 

growers (Gilmour 2001). 246 

Biological control 247 

The use of microorganisms to suppress plant diseases was observed nearly a century ago and 248 

since then plant pathologists have attempted to apply  naturally occurring biocontrol agents 249 

for managing important plant diseases. Over 40 microbial species have been explored and 250 

studied for managing S. sclerotiorum (Li et al. 2006). Since its first report in 1837, a total of 251 
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185 studies have been reported on mycoparasitism and biocontrol of the pathogen (Sharma et 

al. 2015b). The interest in biocontrol of Sclerotinia diseases has increased over the last few 

decades as chemical pesticides failed to properly control the pathogen and concerns of their 

impact on the environment (Saharan and Mehta 2008; Agrios 2005). Key strategies for 

potential biocontrol of Sclerotinia diseases include a reduction in the density of primary and 

secondary inoculum by killing sclerotia or restricting germination, infection in the 

rhizosphere and phyllosphere, as well as reduction in virulence (Saharan and Mehta 2008). 

Several procedures including mycelial and sclerotial baiting as well as direct isolation from 

the natural habitat have been used to explore biocontrol organisms against Sclerotinia spp 

(Sandys‐Winsch et al. 1994). A wide range of micro-organisms have been screened, 

recovered from the rhizosphere, phylosphere, sclerotia and other habitats to detect 

antagonism that are suitable potential biocontrol agents. Screening of antagonistic organisms 

in soil or on plant tissue instead of artificial nutrient media have been shown to better predict 

the potential of the agent as field assays are expensive and impractical for large numbers of 

isolates (Sandys‐Winsch et al. 1994; Andrews 1992; Whipps 1987). More than 100 species of 

fungal and bacteria biocontrol agents have been identified against Sclerotinia. These 

biocontrol agents parasitise, reduce, weaken or kill sclerotia as well as protect plants from 

ascospore infection (Mukerji et al. 1999; Saharan and Mehta 2008). 

Fungal antagonists 

Several sclerotial mycoparasitic fungi have been studied to control S. sclerotiorim for 

example,  Coniothyrium minitans, Trichoderma spp., Gliocladium spp., Sporidesmium 

sclerotivorum, Talaromyces flavus, Epicoccum purpurescens, Streptomyces sp., Fusarium, 

Hormodendrum, Mucor, Penicillium, Aspergillus, Stachybotrys and Verticillium (Adams 

1979; Saharan and Mehta 2008). The sclerotial mycoparasite C. minitans was discovered by 

Campbell (1947) and is considered as the most studied and widely available fungal biocontrol 
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agent against S. sclerotiorum (Whipps et al. 2008). Application of C. minitans to the soil can 277 

infect and destroy sclerotia of S. sclerotiorum, resulting in reduced carpogenic germination 278 

and viability of sclerotia (McLaren et al. 1996). Sclerotial destruction by C. minitans was 279 

observed when  1x10
9
 viable conidia was applied against S. sclerotiorum in different hosts280 

including oilseed rape (Luth 2001). Soil incorporation of C. minitans three months before 281 

planting to 5 cm depth allows maximum colonisation and degradation of sclerotia (Peltier et 282 

al. 2012). The commercial formulation of C. minitans has been registered in many countries 283 

including Germany, Belgium, France and Russia under various trade names (De Vrije et al. 284 

2001). The use of C. minitans to control sclerotinia diseases has been extensively reviewed 285 

by Whipps et al. (2008). 286 

T. harzianum has been reported to reduce linear growth of mycelium and apothecial287 

production of S. sclerotiorum as well as reducing the lesion length and disease incidence 288 

when applied simultaneously, or seven days prior to pathogen inoculation under glass house 289 

conditions (Mehta et al. 2012). Reduction of mycelia growth was also observed through 290 

culture filtrates of T. harzianum and T. viride (Srinivasan et al. 2001). The use of T. 291 

harzianum as a soil inoculant, seed treatment and foliar spray, singly or in combination, 292 

showed significant efficacy against S. sclerotiorum in mustard (Meena et al. 2014). 293 

Application of T. harzianum isolate GR in soil and farm yard manure infested with T. 294 

harzianum isolate SI-02 minimised disease incidence by 69% and 60.8%, respectively 295 

(Meena et al., 2009). Seed treatment with T. harzianum and foliar sprays with garlic bulb 296 

extract, not only significantly reduced disease incidence, but also provided higher economic 297 

return (Meena et al. 2011). T. harzianum and T. viride significantly reduced disease incidence 298 

when mustard seeds were treated with chemicals prior to soil treatment of microbes (Pathak 299 

et al. 2001). Rhizosphere inhabiting strains of T. harzianum and Aspergillus sp. also showed 300 

inhibitory effect against the pathogen (Rodriguez and Godeas 2001). The mycoparasite 301 
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Sporidesmium sclerotivorum, detected in soils of several states of the USA, has been 302 

considered as a promising invader of sclerotia. Soil incorporation of the sclerotial parasite S. 303 

sclerotivorum and Teratosperma oligocladum caused 95% reduction in inoculum density 304 

(Uecker et al. 1978; Adams and Ayers 1981). The unique characteristics of S. sclerotivorum 305 

is its ability to grow from one sclerotium to another through soil, producing many new 306 

conidia throughout the soil mass which are able to infect surrounding sclerotia (Ayers and 307 

Adams 1979). Application of 100 spores of S. sclerotivorum per gram of soil caused a 308 

significant decline in the survival of sclerotia (Adams and Ayers 1981). 309 

310 

Gliocladium virens has also been evaluated as a mycoparasite of both mycelia and sclerotia 311 

of S. sclerotiorum (Phillips 1986; Tu 1980; Whipps and Budge 1990). Sclerotial damage was 312 

found to occur over a wide range of soil moistures and pH (5-8), but bio-activity was reduced 313 

at temperatures below 15
o
C (Phillips 1986). The type and quality of substrates used to raise314 

the G. virens inoculum affected its ability to infect and reduced the viability of sclerotia 315 

(Whipps and Budge 1990). The use of sand and spores as substrate and inoculum, 316 

respectively, has provided the easiest method for screening G. virens as a mycoparasite 317 

(Whipps and Budge 1990). Other researchers also indicated that the ability of various strains 318 

of G. virens to parasitise S. sclerotiorum varied, and that strain selection will play an 319 

important role in the mycoparasite-pathogen interaction (Phillips 1986; Tu 1980). G. virens 320 

has great potential as a mycoparasite due to its ability to grow and sporulate quickly, spread 321 

rapidly and produce metabolites such as glioviren, an antibiotic with significant antagonistic 322 

properties (Howell and Stipanovic 1995). Other Gliocladium spp. including G. roseum and G. 323 

catenulatum can parasitise the hyphae and sclerotia of S. sclerotiorumas well as produce 324 

toxins and cell wall degrading enzymes such as β-(1-3)-glucanases and chitinase (Huang 325 

1978; Pachenari and Dix 1980). 326 
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Bacterial antagonists 

Plant growth promoting rhizobacteria have been exploited for sustainable management of 

both foliar and soil borne plant pathogens. Some antagonistic bacteria belonging to Bacillus, 

Pseudomonas, Burkholderia and Agrobacterium species are commercially available for their 

potential role in disease management (Fernando et al. 2004). A number of bacterial isolates 

have been investigated against S. sclerotiorum for their potential antagonistic properties. 

Research on the application of antagonistic bacteria for the control of S. sclerotiorum still 

demands to be fully explored (Boyetchko 1999). The gram positive Bacillus spp are often 

considered as potential biocontrol agents against foliar and soil borne plant diseases 

(McSpadden Gardener and Driks 2004; Jacobsen et al. 2004). Bacillus species have been less 

studied than Pseudomonas but their ubiquity in soil, greater thermal tolerance, rapid 

multiplication in liquid culture and easy formulation of resistant spores has made them 

potential biocontrol candidates (Shoda 2000).  

Bacillus cereus strain SC-1 isolated from the sclerotia of S. sclerotiorum shows strong 

antifungal activity against canola stem rot and lettuce drop disease caused by S. sclerotiorum 

(Kamal et al. 2015a; Kamal et al. 2015b). Dual cultures have demonstrated that B. cereus 

SC-1 significantly suppressed hyphal growth, inhibited the germination of sclerotia and was 

able to protect cotyledons of canola from infection in the glasshouse. Significant reduction in 

the incidence of canola stem rot was observed both in glasshouse and field trials (Kamal et al. 

2015b). In addition, B. cereus SC-1 showed 100% disease protection against lettuce drop 

caused by S. sclerotiorum in glasshouse studies (Kamal et al. 2015a). The biocontrol 

mechanism of B. cereus SC-1 was observed to be through antibiosis. PCR amplification of 

genomic DNA using gene-specific primers revealed that B. cereus SC-1 contains four 

antibiotic biosynthetic operons responsible for the production of bacillomycin D, iturin A, 

surfactin and fengycin. Mycolytic enzymes of chitinase and β-1,3-glucanase corresponding 
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genes were also documented. Sclerotia submerged in cell free culture filtrates of B. cereus 

SC-1 for 10 days showed degradation of melanin, the formation of pores on the surface of the 

sclerotia and failure to germinate. Significant reduction in lesion development caused by 

S. sclerotiorum was observed when culture filtrates were applied to 10-day-old 

canola cotyledons. Histological studies using scanning electron microscopy of the 

zone of interaction of B. cereus SC-1 and S. sclerotiorum demonstrated restricted hyphal 

growth and vacuolated hyphae with loss of cytoplasm (Figure 3.A). In addition, cells of the 

sclerotial rind layer were ruptured and heavy colonisation of bacterial cells was observed 

(Figure 3.B). Transmission electron microscopy studies revealed that the cell content of 

fungal mycelium and the organelles in sclerotial cells were completely disintegrated, 

suggesting the direct antifungal action of B.cereus SC-1 metabolites on cellular 

components through lipopeptide antibiotics and mycolytic enzymes (Kamal et al. 

unpublished data).

An endophytic bacterium, B. subtilis strain EDR4, was reported to inhibit hyphal growth and 

sclerotial germination of S. sclerotiorum in rapeseed. The maximum inhibition was observed 

at the same time of inoculation either by cell suspension or cell free culture filtrates. 

Two applications of EDR4 at initiation of flowering and full bloom stage in the field 

resulted in the best control efficiency. Scanning electron microscopy showed that strain 

EDR4 caused leakage, vacuolization and disintegration of hyphal cytoplasm as well 

as delayed the formation of infection cushion (Chen et al. 2014).  Another endophytic 

strain of B. subtilis Em7 has performed a broad antifungal spectrum on mycelium 

growth and sclerotial germination invitro and significantly reduced stem rot disease 

incidence in the field by 50-70%. The strain Em7 caused leakage and swelling of 

hyphal cytoplasm and subsequent disintegration and collapse of the cytoplasm (Gao et al. 

2013).  

The application of B. subtilis BY-2 was demonstrated to suppress S. sclerotiorum on oilseed 

rape in the field in China. The strain BY-2 as a coated seed treatment formulation or spraysat 
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flowering or combined application of both treatments provided significant reduction of 

disease incidence (Hu et al. 2013a). In addition, B. subtilis Tu-100, a genetically distinct 

strain also demonstrated its efficacy against SSR of oilseed rape in Wuhan, China (Hu et al. 

2013a). Evaluation of cell suspension, broth culture and cell-free filtrate derived from B. 

subtilis strain SB24 showed significant suppression of SSR of soybean under control glass 

house conditions. The strain SB24 originating from soybean root showed maximum disease 

reduction at two days prior to inoculation of S. sclerotiorum (Zhang and Xue 2010). The 

plant-growth promoting bacterium Bacillus megaterium A6 isolated from the rhizosphere of 

oilseed rape was shown to suppress S. sclerotiorum in the field. The isolate A6 was applied as 

pellet and wrap seed treatment formulations and produced comparable reduction in disease as 

the chemical control (Hu et al. 2013b).  

Furthermore, another attempt to control white mould with B. subtilis showed inconsistent 

results between fields. Spraying of Bacillus in soil significantly reduced the formation of 

apothecia and thereby reduced yield losses in oilseed rape (Lüth et al. 1993). Members of 

Bacillus species showed reduced disease severity and inhibited ascospore germination of S. 

sclerotiorum due to pre-colonization of petals when treated 24 hours before ascospore 

inoculation of canola (Fernando et al. 2004). Bacillus amyloliquefaciens (strains BS6 and 

E16) performed better than other strains under the greenhouse environment in spray trials 

against S. sclerotiorum in canola (Zhang 2004). The results demonstrated that both strains 

reduced stem rot by 60% when applied at 10
-8

 cfu mL
-1

 at 30% bloom stage. In addition, 

HPLC analysis revealed that defence associated secondary metabolites in leaves of canola 

were found to increase after inoculation, which might supress the germination of ascospores 

(Zhang et al. 2004). 

In North Dakota the sclerotia associated with Bacillus spp. showed reduced  germination and 

the sclerotial medulla was infected by the bacterium (Wu 1988). Further studies revealed that 
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more than half of the total number of sclerotia recovered from the soil were infected by 402 

Bacillus spp. contributing to their degradation and inhibition of germination (Nelson et al. 403 

2001). In western Canada, 92 canola associated bacterial strains belonging to Pseudomonas, 404 

Xanthomonas, Burkholderia, and Bacillus were selected for biocontrol activity in vitro 405 

against S. sclerotiorum and other canola pathogens. The bacteria were able to protect the root 406 

and crowns of susceptible plants from infection more efficiently than fungal antagonists by 407 

inhibiting myceliogenic sclerotial germination and limiting ascospore production (Saharan 408 

and Mehta 2008). The bacterial antagonist, Bacillus polymixa has also been demonstrated to 409 

reduce the growth of S. sclerotiorum under controlled environment conditions (Godoy et al. 410 

1990b). 411 

Biological control against SSR of canola using bacterial isolates of Pseudomonas 412 

cholororaphis PA-23 and Pseudomonas sp. DF41 was also demonstrated in vitro through the 413 

inhibition of mycelial growth and sclerotial germination in canola (Savchuk 2002). 414 

Inconsistent results were observed in the green house and field where both of the strains 415 

suppressed the disease through reductions in the germination of ascospores (Savchuk 2002; 416 

Savchuk and Dilantha Fernando 2004). Several plant pathogens including S. sclerotiorum 417 

have been  controlled successfully through antibiotics extracted from P. chlororaphis PA23 418 

which demonstrated inhibition of sclerotia and spore germination, hyphal lysis, vacuolation, 419 

and protoplast leakage (Zhang and Fernando 2004a). Synthesis of two antibiotics namely 420 

phenazine and pyrrrolnitrin from the PA23 strain involved in the inhibitory action was 421 

confirmed through molecular studies (Zhang 2004; Zhang and Fernando 2004b). The results 422 

recommended that P. chlororaphis strain PA23 might potentially be used against S. 423 

sclerotiorum and several other soil-borne pathogens. Bacterial strains Pseudomonas 424 

aurantiaca DF200 and P. chlororaphis (Biotype-D) DF209 isolated from canola stubble 425 

generated a number of organic volatile compounds in vitro including benzothiazole, 426 
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cyclohexanol, n-decanal, dimethyl trisulphate, 2-ethyl 1-hexanol and nonanal (Fernando et al. 427 

2005). These compounds inhibited the mycelial growth as well as reduced sclerotia and 428 

ascospore germination both in vitro and in soil. Both strains released volatiles into the soil 429 

which interrupted sclerotial carpogenic germination and prevented ascospore liberation 430 

(Fernando et al. 2005). Pantoea agglomerans formerly known as Enterobacter agglomerans, 431 

is a gram negative bacterium isolated from canola petals and has demonstrated a capacity to 432 

produce the enzyme oxalate oxidase which can successfully inhibit the pathogenic 433 

establishment of S. sclerotiorum through oxalic acid degradation (Savchuk and Dilantha 434 

Fernando 2004). 435 

A number of Burkholderia species have been considered as beneficial organisms in the 436 

natural environment (Heungens and Parke 2000; Li et al. 2002; Meyer et al. 2001; Parke and 437 

Gurian-Sherman 2001; McLoughlin et al. 1992; Hebbar et al. 1994; Bevivino 2000; Mao et 438 

al. 1998; Jayaswal et al. 1993; Kang et al. 1998; Meyers et al. 1987; Pedersen et al. 1999; 439 

Bevivino et al. 2005; Chiarini et al. 2006). The  antimicrobial activity and plant growth 440 

promoting capability of B. cepacia isolates depends on a number of  beneficial properties 441 

such as indoleacetic acid production, atmospheric nitrogen fixation and the generation of 442 

various antimicrobial compounds, such as cepacin, cepaciamide, cepacidines, altericidins, 443 

pyrrolnitrin, quinolones, phenazine, siderophores and alipopeptide (Parke and Gurian-444 

Sherman, 2001). In the early 1990s four B. cepacia strains obtained registration from the 445 

environmental protection agency (USA) for use as biopesticides which were later classified 446 

as B. ambifaria and one as B. cepacia (Parke and Gurian-Sherman, 2001; McLoughlin, 447 

1992).The bacterial antagonist Erwinia herbicola has also been demonstrated to reduce the 448 

growth of S. sclerotiorum under controlled environment conditions (Godoy et al. 1990b).  449 

450 

451 

http://en.wikipedia.org/wiki/Gram-negative
http://en.wikipedia.org/wiki/Bacterium
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Mycoviruses 452 

As the name explains, mycoviruses are viruses that inhabit and affect fungi. They are either 453 

pathogenic or symbiotic and differ from other viruses due to lack an extracellular stage in 454 

their life cycle and harbour entire life in the fungal cytoplasm (Cañizares et al. 2014). The 455 

potential of hypovirulence-associated mycoviruses including S. sclerotiorum hypovirulence-456 

associated DNA virus 1 (SsHADV-1), Sclerotinia debilitation-associated RNA virus 457 

(SsDRV), Sclerotinia sclerotiorum RNA virus L (SsRV-L), Sclerotinia sclerotiorum 458 

hypovirus 1 (SsHV-1), Sclerotinia sclerotiorum mitoviruses 1 and 2 (SsMV-1, SsMV-2), and 459 

Sclerotinia sclerotiorum partitivirus S (SsPV-S) have attracted much attention for biological 460 

control of Sclerotinia induced plant diseases (Jiang et al. 2013). The mixed infections of these 461 

mycoviruses are commonly observed with higher infection incidence on Sclerotinia. Recent 462 

investigation revealed that some hypovirulence-associated mycoviruses are capable of 463 

virocontrol of stem rot of oilseed rape under natural field condition (Xie and Jiang 2014). S. 464 

sclerotiorum hypovirulence-associated DNA virus 1 (SsHADV-1) was discovered as the first 465 

DNA mycovirus to infect the fungus and confer hypovirulence (Yu et al. 2010). Strong 466 

infectivity of purified SsHADV-1 particle on healthy hyphae of S. sclerotiorum was  467 

observed (Yu et al. 2013). Application of SsHADV-1infected hyphal fragment suspension of 468 

S. sclerotiorum on blooming rapeseed plants significantly reduced stem rot disease incidence469 

and severity as well as increased seed yield. Moreover, SsHADV-1 was recovered from 470 

sclerotia that were collected from previously infected hyphal fragment applied field indicated 471 

that SsHADV-1might transmitted into other vegetative incompatible individuals. The direct 472 

applicatioin of  SsHADV-1 ahead of virulent strain of S. sclerotiorum on leaves of 473 

Arabidopsis thaliana protected plants against the pathogen (Yu et al. 2013). S. sclerotiorum 474 

debilitation-associated RNA virus (SsDRV) and S. sclerotiorum RNA virus L (SsRV-L) was 475 

shown to coinfect isolate Ep-1PN of S. sclerotiorum (Xie et al. 2006; Liu et al. 2009). Further 476 
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intensive investigation of Sclerotinia mycovirus system could help for better understanding 477 

of mycovirology and their potential application as biocontrol agent. The production of 478 

mycovirues could affect the economic viability of this approach to biological control. 479 

Conclusion 480 

The advantages of biological control over other types of disease management includes 481 

sustainable control of the target pathogen, limited side effects, selective to target pathogen, 482 

self-perpetuating organisms, non-recurring cost and risk level of agent identified prior to 483 

introduction (Pal and Gardener 2006). Biocontrol agents are more environmentally friendly 484 

because they tend to be endemic in most regions. No significant negative effects on the 485 

environment have been reported when antagonistic microorganism have increased in the soil 486 

(Cook and Baker 1983). The major limitation of biological control is that it demands more 487 

technical expertise, intensive management and planning, sufficient time even years to 488 

establish and most importantly the environmental conditions often exclude some agents 489 

(Cook and Baker 1983). Biocontrol agents are likely to perform inconsistently under different 490 

environment and this may explain why the performance of C. minitans against S. 491 

sclerotiorum was not sustainable in natural field conditions (Fernando et al. 2004).  However, 492 

Bacillus spp which are less sensitive to environmental conditions are well adapted in 493 

rhizosphere and are able to successfully manage soil borne pathogens including S. 494 

sclerotiorum. Future research could be directed towards purification of antimicrobial 495 

compounds released from biocontrol agents and their exploitation as fungicides. 496 

The cosmopolitan plant pathogen S. sclerotiorum is challenging the available control 497 

strategies. The broad host range and prolonged survival of resting structures has has led to 498 

difficulties in consistent, economical management of the disease. It is necessary to design an 499 

innovative management strategy that can destroy sclerotia in soil and protect canola petals, 500 
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leaves and stems from  ascospores infection. A number of mycoparasites have demonstrated 501 

significant antagonism against S. sclerotiorum and reduced disease incidence. C. minitans is 502 

the pioneer mycoparasite that has been commercially available as Contans WG
®
 for the503 

management of the white mould fungus however, the commercial product has performed 504 

inconsistently under field conditions. 505 

The use of bacterial antagonists to combat the white mould fungus is limited compared to 506 

mycoparasites. Very recently our lab has explored the sclerotia inhabiting bacterium B. 507 

cereus SC-1 which suppressed Sclerotinia infection in canola both under greenhouse and 508 

field conditions (Kamal et al. 2015b). The bacterium was demonstrated to produce multiple 509 

antibiotics and mycolytic enzymes and also provided broad spectrum activity against 510 

Sclerotinia lettuce drop (Kamal et al. 2015a). Histological studies demonstrated that S. 511 

sclerotiorum treated with B. cereus SC-1 resulted in restricted hyphal growth and vacuolated 512 

hyphae void of cytoplasm. Heavy proliferation of bacterial cells on sclerotia and a complete 513 

destruction of the sclerotial rind layer were also observed. The disintegration of mycelial cell 514 

content and sclerotial cell organelles was the direct outcome of the antifungal activity of B. 515 

cereus SC-1 through lipopeptide antibiotics and mycolytic enzymes (Kamal et al. 2015; 516 

unpublished work) . Owing to the benefits of antagonists, development of commercial 517 

formulations with promising agents could pave the way for sustainable management of S. 518 

sclerotiorum in various cropping systems including oilseed Brassicas. 519 
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Figures: 967 

968 

Fig. 1: Typical symptoms of sclerotinia stem rot in canola. (A) Initial lesion development on 969 

stem (B-D) Gradual lesion expansion (E) Lesion covering the whole plant and causing plant 970 

death (F) Sclerotia developed inside dead stem. 971 

972 

973 

974 

975 

976 

977 

978 

979 

980 

981 

982 

983 



41 

984 

Fig. 2 Disease cycle of Sclerotinia sclerotiorum on canola. 985 
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993 

994 

Fig. 3 SEM observation demonstrated (A) vacuolated hyphae and (D) perforated sclerotial 

rind cell of Sclerotinia sclerotiorum challenged by Bacillus cereus SC-1. Figure 

produced from Kamal et al. (unpublished data).995 
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Chapter 3      Research Article 

M.M. Kamal, M.K. Alam, S. Savocchia, K.D. Lindbeck and G.J. Ash. (2015). Prevalence of

sclerotinia stem rot of mustard in northern Bangladesh. International Journal of BioResearch. 

19(2): 13-19.

Chapter 3 investigates the Sclerotinia spp isolated from the major mustard growing areas of 

northern Bangladesh. Surveys of this stem rot pathogen from Bangladesh provide information 

which can be used to develop better management options for the disease. This chapter 

presents results of the occurrence of Sclerotinia spp both from petals and stems. This chapter 

published in the ‘International Journal of BioResearch’ and describes the incidence of 

sclerotinia stem rot disease and its potential threat to mustard production in Bangladesh. 
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ABSTRACT 

An intensive survey of mustard in eight northern districts of Bangladesh during 2013-14 revealed the 
occurrence of petal and stem infection by Sclerotinia sclerotiorum. Inoculum was present in all districts and 
stem infection was widespread over the region. Sclerotinia sclerotiorum was isolated from both symptomatic 
petals and stems whereas Sclerotinia minor was isolated for the first time only from symptomatic petals. The 
incidence of petal infection ranged from 23.7% to 48.7% and stem infection ranged from 2.3% to 7.4%, 
demonstrating that mustard is susceptible to stem rot disease, however the incidence of disease is not 
dependent on the degree of petal infection. To our knowledge, this is the first report where both petal 
infection and the incidence of stem rot were rigorously surveyed on mustard crops in Bangladesh.  

Key words: Sclerotinia, Stem rot, Mustard, Bangladesh 

INTRODUCTION 

Mustard (Brassica juncea L.) is the most important source of edible oil in Bangladesh occupying about 0.59 
million hectares with an annual production of 0.53 million tonnes (DAE, 2014). The crop is susceptible to a 
number of diseases. Stem rot is generally caused by Sclerotinia sclerotiorum (Lib.) de Bary, a polyphagous 
necrotropic fungal plant pathogen with a reported host range of over 500 species from 75 families (Saharan 
and Mehta, 2008; Boland and Hall, 1994). During favourable environmental conditions sclerotia germinate 
and produce millions of air-borne ascospores. These ascospores land on petals, use the petals for nutrition 
and initiate stem infection (Saharan and Mehta, 2008). Sclerotia are hard resting structures which form on 
the inside or outside of stems at the end of the cropping season. The yield and quality of infected crops can 
decline gradually resulting in losses of millions of dollars annually (Purdy, 1979).  

Sclerotinia stem rot is the second most damaging disease of oilseed rape after blackleg worldwide, with 
significant yield losses having been reported in China (Liu et al., 1990), Europe (Sansford et al., 1996), 
Australia (Hind-Lanoiselet and Lewington, 2004), Canada (Turkington et al., 1991) and United States 
(Bradley et al., 2006). The disease has also been reported from India, Pakistan, Iran and Japan (Saharan and 
Mehta, 2008). In India, the disease is widespread, particularly in mustard growing regions where incidence 
has been recorded up to 80% in some parts of Punjab and Haryana states (Ghasolia et al., 2004). Being a 
neighboring country of India, it would be expected that crops in Bangladesh are also vulnerable to stem rot. 
Literature regarding the prevalence of the pathogen and incidence of Sclerotinia stem rot, particularly in 
intensive mustard growing districts, is limited in Bangladesh. To our knowledge this is the first report of 
Sclerotinia minor in mustard petal and the first survey to determine the petal infestation and incidence of 
Sclerotinia stem rot of mustard in northern Bangladesh. 

mailto:mkamal@csu.edu.au
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METHODS AND MATERIALS 

Petal infestation of mustard caused by ascospores of Sclerotinia spp. was surveyed in eight districts of 
northern Bangladesh namely Panchagarh, Gaibandha, Rangpur, Dinajpur, Nilphamari, Kurigram, 
Thakurgaon and Lalmonirhat (Figure 1).  

Figure 1. Diseased sample collection sites in the mustard growing districts of northern Bangladesh 
 (Map from http://wikitravel.org/en/File:Map_of_Rangpur_Division.png). 

These districts were located between 25°50′N and 89°00′E near the Himalayan Mountains. The selected 
fields ranged from 0.1 to a maximum of 1 ha. In total, 200 fields were randomly selected which were from 2 
to 10 km apart. Sampling was conducted based on the petal testing protocol for S. sclerotiorum (Morrall and 
Thomson, 1991). An average of 20 healthy or asymptomatic petals from five peduncles with more than six 
open flowers were collected from five distantly located sites (300 m) in a field, comprising 100 petals from 
each field and refrigerated at 4oC until assessment in the laboratory. Within 48 hours of collection the petals 
were placed onto half strength potato dextrose agar (PDA, Oxoid) amended with 100 ppm of streptomycin 
and ampicillin (Sigma-Aldrich) and incubated at room temperature. After 5 days, Sclerotinia species were 
morphologically identified and scored based on colony morphology, hyphal characteristics and presence of 
oxalic acid crystals (Hind-Lanoiselet et al., 2003). The average percentage of petal infestation was calculated 
for each field (Morrall and Thomson 1991).  

Colonies of Sclerotinia spp. arising from the petals were transferred to half strength PDA and incubated at 
25oC until sclerotia had formed. The species of Sclerotinia were identified by observing the size of sclerotia 
(Abawi and Grogan, 1979) and confirmed by sequencing of internal transcribed spacers (ITS) of the 
ribosomal DNA with the Norgen′s Plant/Fungi DNA Isolation Kit (Norgen Corporation) using the ITS1 
(TCCGTAGGTGAACCTGCGG) and ITS4 (TCCTCCGCTTATTGATATGC) primers (White et al., 1990). 
DNA samples were purified using a PCR Clean-up kit (Bioline) according to the manufacturer’s 
instructions. The purified DNA fragments were sequenced (ICDDRB, Bangladesh) and aligned using 

http://wikitravel.org/en/File:Map_of_Rangpur_Division.png
http://tools.wmflabs.org/geohack/geohack.php?pagename=Rangpur_Division&params=25_50_N_89_00_E_region:BD_type:adm1st_source:GNS-enwiki
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MEGA v. 6.2 (Tamura et al., 2013) then species were identified through a comparative similarity search in 
GenBank using BLAST (Altschul et al., 1997).  

Pathogenicity tests were conducted in triplicate by inoculating seven healthy, 50-day-old mustard plants 
cv. BARI Sarisha11. Young, 3-day-old mycelial plugs (5 mm diameter) of S. sclerotiorum and S. minor grown 
on PDA were excised from the margins of a culture and attached to the internodes of the main stem of 
mustard plants with Parafilm® (Sigma-Aldrich). Control plants were exposed to non-inoculated plugs and 
incubated at 25oC and c.150 µEm-2s-1 for seven days. The incidence of stem rot was assessed before 
windrowing in the same fields where petal infection was determined. The number of infected plants 
was determined by placing five quadrates (1 m2) in the same sites as where the petals were collected. The 
incidence of stem rot was determined by investigating 100 plants per sample. Stem rot symptoms were 
identified by observing the typical stem lesion (Rimmer and Buchwaldt, 1995) and the disease incidence 
was calculated using the  formula: Disease incidence = (Mean number of diseased cotyledons or 
stems / Mean number of all investigated cotyledon or stem) × 100%.  

RESULTS AND DISCUSSION 

Severe petal infestation and symptoms of stem infection were observed throughout northern Bangladesh. 
Sclerotial morphology arising from petal tests demonstrated that the majority of isolates were S. sclerotiorum 
(Lib.) de Bary, however S. minor Jaggar was also present in a couple of samples (Figure 2).  

Figure 2. Petal infection (left hand side), Sclerotinia sclerotiorum (middle) and Sclerotinia   minor  
 (right hand side) on ½ strength potato dextrose agar at room temperature. 

The phylogenetic analysis of DNA sequences of two samples revealed that KM-1 was closely related to S. 
sclerotiorum while KM-2 was identified as S. minor (Figure 3).  

 Figure 3. Phylogenetic relationship of Sclerotinia isolates KM-1, KM-2 from mustard and closely 
 related species based on neighbour-joining analysis of the ITS rDNA sequence data. 
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The nucleotide sequences of KM-1 and KM-2 were submitted to GenBank as accession KP857998 and 
KP857999, respectively. The isolates KM-1 and KM-2 were deposited in the Oilseed Research Centre of 
Bangladesh Agricultural Research Institute under the accession numbers ORC211455 and ORC211456, 
respectively.  

The pathogenicity test revealed that inoculated stems showed typical lesions of stem rot including the 
formation of white fluffy mycelium and tiny sclerotia on the stem surface. No symptoms were observed on 
control plants. Sclerotinia sclerotiorum and S. minor was reisolated from infected plant tissue therefore 
fulfilling Koch's postulates. S. minor has previously been reported on canola in Australia (Hind-Lanoiselet et 
al., 2001, Khangura and MacLeod, 2013) and Argentina (Gaetan and Madia, 2008). In Bangladesh, S. 
sclerotiorum has been reported on mustard (Hossain et al., 2008). To our knowledge, this is the first report of 
S. minor on mustard in Bangladesh. Although S. sclerotiorum is the major causal agent of stem rot in mustard
in Bangladesh, S. minor has the potential to also cause significant yield losses.

Sclerotinia sclerotiorum is becoming an increasingly important pathogen which causes white mould disease 
throughout a range of host species including mustard. The prevalence of Sclerotinia in mustard was 
observed in all surveyed areas of Bangladesh (Figure 4). 

Figure 4. Typical symptoms of stem rot observed on mustard in the survey areas of Bangladesh. 

The incidence of petal infestation was high in Gaibandha (49%) and Panchagarh (47%) suggesting that 
sclerotinia stem rot is a major threat to mustard production in these districts (Figure 5). This result also 
suggests that Sclerotinia inoculum is widespread throughout the mustard growing areas of Bangladesh. 
Previous anecdotal evidence suggested that sclerotinia stem rot caused by S. sclerotiorum was present in 
Bangladesh however this is the first report of S. minor being present. Sclerotinia minor generally infects 
plants through mycelium as the production of ascospores is scarce (Abawi and Grogan, 1979). However our 
investigation revealed that S. minor may produce ascospores which infect the mustard petals. Abundance in 
host range and growing other susceptible crops in crop rotation has provided Sclerotinia species with the 
opportunity to survive for long periods of time and therefore they can repeatedly infect available host 
species including mustard petals.  

Following petal testing, 200 fields were revisited and the incidence of stem rot disease determined. Typical 
stem rot symptoms were observed throughout the mustard field (Figure 4). Stem testing revealed the 
presence of S. sclerotiorum only where S. minor was absent in all samples. The maximum stem rot incidence 
(7%) was observed in Panchagarh while the number of infected stems was comparatively lower (4%) in the 
highest petal infested district of Gaibandha (Figure 5). These outcomes suggest that the incidence of disease  
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Figure 5 Percent petal and stem infection by Sclerotinia spp in eight districts of Bangladesh. 

is not dependent on the degree of petal infestation. The maximum incidence of stem rot disease in 
Panchagarh district may be due to its close vicinity to the Himalayan mountains where winter is 
comparatively prolonged and humidity is high. Undesired rainfall (33 mm) was observed in this district at 
mid-flowering which made the environment favourable to Sclerotina infection. Other districts were 
comparatively dry as no rainfall was recorded and the winter was shorter (BMD, 2014). The wide scale of 
petal infestation might be due to a combination of relevant factors. Substantial mustard plantings during 
consecutive years and tight mustard rotations have resulted in increased inoculum pressure. In addition, 
varietal susceptibility, prolonged flowering, flowering timed with spore dispersal and conducive 
environmental conditions have initiated petal infections and subsequent stem invasions.  

CONCLUSION  

This is the first report where both petal infection and the incidence of stem rot were rigorously surveyed in 
Bangladesh. To validate the survey results it will be necessary to continue surveying for at least the next 
two consecutive years. However, the results of this preliminary study may assist growers to identify the 
disease and apply appropriate management strategies. In addition, relevant government agencies may be 
able to show initiative in managing the problem before the disease becomes an epidemic. The development 
of a reliable forecasting system by incorporating weather conditions and control measures is crucial for 
sustainable management of sclerotinia stem rot in mustard in Bangladesh.  
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Chapter 4 investigates the isolation, identification and antagonism of bacterial species 

towards Sclerotinia sclerotiorum in the laboratory, glass house and field. This chapter 

describes the discovery of potential biocontrol agents to their application in field conditions. 

By utilising the information from chapter 2 and 3 where Sclerotinia species were observed as 

a potential threat for Brassica spp., a detailed investigation was carried out to develop a 

Bacillus-based biocontrol agent against sclerotinia stem rot disease of canola. The results 

presented in this chapter have opened the opportunity to combat sclerotinia stem rot of canola 

through an eco-friendly approach. This chapter has been published in 'Plant Pathology' 

journal.



Biological control of sclerotinia stem rot of canola using
antagonistic bacteria

M. M. Kamal*, K. D. Lindbeck, S. Savocchia and G. J. Ash

Graham Centre for Agricultural Innovation (an alliance between Charles Sturt University and NSW DPI), School of Agricultural and Wine

Sciences, Charles Sturt University, Boorooma Street, Locked Bag 588, Wagga Wagga, NSW 2678, Australia

Stem rot caused by Sclerotinia sclerotiorum is a major fungal disease of canola worldwide. In Australia the manage-

ment of stem rot relies primarily on strategic application of synthetic fungicides. In an attempt to find alternative strate-

gies for the management of the disease, 514 naturally occurring bacterial isolates were screened for antagonism to

S. sclerotiorum. Antifungal activity against mycelial growth of the fungus was exhibited by three isolates of bacteria.

The bacteria were identified as Bacillus cereus (SC-1 and P-1) and Bacillus subtilis (W-67) via 16S rRNA sequencing.

In vitro antagonism assays using these isolates resulted in significant inhibition of mycelial elongation and complete

inhibition of sclerotial germination by both non-volatile and volatile metabolites. The antagonistic strains caused a sig-

nificant reduction in the viability of sclerotia when tested in a greenhouse pot trial with soil collected from the field.

Spray treatments of bacterial strains reduced disease incidence and yielded higher control efficacy both on inoculated

cotyledons and stems. Application of SC-1 and W-67 in the field at 10% flowering stage (growth stage 4�00) of canola
demonstrated that control efficacy of SC-1 was significantly higher in all three trials (over 2 years) when sprayed twice

at 7-day intervals. The greatest control of disease was observed with the fungicide Prosaro� 420SC or with two appli-

cations of SC-1. The results demonstrated that, in the light of environmental concerns and increasing cost of fungicides,

B. cereus SC-1 may have potential as a biological control agent of sclerotinia stem rot of canola in Australia.

Keywords: bacteria, biocontrol, canola, Sclerotinia, stem rot

Introduction

Stem rot is a major disease of canola (Brassica napus)
and other oilseed rape caused by the ascomycete fungal
pathogen Sclerotinia sclerotiorum globally (Zhao et al.,
2004). Sclerotinia sclerotiorum infects more than 400
plant species belonging to 75 families, including many
economically important crops (Boland & Hall, 1994).
Sclerotia of Sclerotinia spp. have the capability of
remaining viable in the soil for several years (Merriman,
1976). Apothecia form through sclerotial germination
during favourable environmental conditions and release
ascospores that can disseminate over several kilometres
via air currents (Sedun & Brown, 1987). The airborne
ascospores land on petals, germinate using the petals as a
nutrient source and produce mycelia, which subsequently
invade the canola stem (McLean, 1958). Typical scleroti-
nia stem rot symptoms first appear on leaf axils and
include soft watery lesions or areas of very light brown
discolouration on the leaves, main stems and branches
2–3 weeks after infection. Lesions expand, turn to grey-
ish white and may have faint concentric markings (Saha-

ran & Mehta, 2008). The stems of infected plants
eventually become bleached and tend to shred and break.
When the bleached stems of diseased plants are split
open, a white mouldy growth and sclerotia become evi-
dent. Sclerotinia stem rot is the second most damaging
disease on oilseed rape yield worldwide, after black leg
caused by Leptosphaeria maculans/Leptosphaeria biglob-
osa (Fernando et al., 2004). Based on average historical
data in Australia, the annual losses are estimated to be
Australian $39.9 million if the current control measures
are not taken. The cost of fungicide to control stem rot
was reported to be approximately Australian $35 per
hectare (Murray & Brennan, 2012). Fungicide resistance
in Australia has not yet been reported to Sclerotinia in
canola. The disease is mainly caused by S. sclerotiorum
but Sclerotinia minor has also been implicated (Hind
et al., 2001). In surveys conducted in 1998, 1999 and
2000 in southeastern Australia, levels of stem rot in
some crops were found to exceed 30% in all years and
this was correlated to yield losses of 15–30% (Hind
et al., 2003). Estimates of losses due to Sclerotinia in
1999 in New South Wales (NSW) alone exceeded Aus-
tralian $170 million. In 2012 and 2013, an increase in
inoculum pressure was observed in high-rainfall zones of
NSW and an outbreak of stem rot in canola was also
reported across the wheat belt region of Western Austra-
lia (Khangura et al., 2014).
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Several efforts have been made for sustainable man-
agement of sclerotinia stem rot of canola including the
search for resistant genotypes (Barbetti et al., 2014) and
agronomic management (Abd-Elgawad et al., 2010).
However, completely resistant genotypes of canola are
very difficult to develop because the pathogen does not
exhibit gene-for-gene specificity in its interaction with
the host (Li et al., 2006). There are currently no resistant
varieties of Australian canola available and therefore
management of the disease relies solely on the strategic
use of fungicides combined with cultural management
practices (Khangura & MacLeod, 2012). Chemical con-
trol alone has been found to be comparatively less effec-
tive because of the mismatch in spray timing and
ascospore releases (Bolton et al., 2006), and many fungi-
cides are gradually losing their efficacy due to the
increasing development of resistant strains (Zhang et al.,
2003). Reduction in performance of fungicides over time
and the reduced cost–benefit ratio of chemical control,
together with environmental concerns, have led to the
search for an alternative management strategy against
S. sclerotiorum in canola. Interest in biocontrol of Scle-
rotinia has increased over the last few decades (Saharan
& Mehta, 2008). A wide range of microorganisms recov-
ered from the rhizosphere, phyllosphere, sclerotia and
other habitats have been screened in the search for
potential biocontrol agents. Several investigations have
been conducted on the potential of fungal biocontrol
agents against sclerotinia stem rot. For example, Conio-
thyrium minitans has been extensively studied and regis-
tered as a sclerotial mycoparasite in several countries
(Whipps et al., 2008). However, there are few reports
where antagonistic bacteria have been used successfully
(Saharan & Mehta, 2008). Currently there are no indige-
nous bacterial biological control agents commercially
available for the control of sclerotinia diseases in Austra-
lia. In this study, the selection, identification and activity
of three bacterial strains isolated in Australia for the bio-
control of S. sclerotiorum infecting canola is reported.

Materials and methods

Isolation of S. sclerotiorum and inoculum preparation

A single sclerotium of S. sclerotiorum was isolated from a

severely diseased canola plant at the Charles Sturt University

experimental farm, Wagga Wagga, NSW, Australia in 2012.

The sclerotium was surface sterilized in 1% (v/v) sodium hypo-
chlorite for 2 min and 70% ethanol for 4 min followed by three

rinses in sterile distilled water for 2 min. The clean sclerotium

was bisected and transferred to potato dextrose agar (PDA;

Oxoid) amended with 10 g L�1 peptone (Sigma Aldrich) in a
90 mm diameter Petri dish and incubated in a growth chamber

at 22°C for 3 days. A single mycelial plug arising from the scle-

rotium was cut from the culture and transferred to fresh PDA
and incubated for 3 days. Several mycelial discs of 5 mm in

diameter were cut from the culture and stored at 4°C in sterile

distilled water for further studies.

A mycelial suspension was used to inoculate canola seedlings
(Chen & Wang, 2005; Garg et al., 2008). Ten agar plugs of

5 mm diameter were cut from the margin of actively growing

3-day-old colonies, transferred to a 250 mL conical flask
containing sterile liquid medium (24 g L�1 potato dextrose

broth with 10 g L�1 peptone) and placed on a shaker at

130 rpm. The inoculated medium was incubated at 22°C for

3 days. Colonies of S. sclerotiorum were harvested and rinsed
three times with sterile deionized water. Prior to the inoculation

of plants, the harvested mycelial mats were transferred to

150 mL of the liquid medium and homogenized with a blender
for 1 min at medium speed. The macerated mycelia were then

filtered using three layers of cheesecloth and suspended in the

same liquid medium. Finally, the mycelial concentration was

adjusted to 104 fragments mL�1 based on haemocytometer
(Superior) counts. The pathogenicity of the Sclerotinia isolate

was tested through mycelia inoculation of wounded plants. A

3-day-old, PDA-grown, 5 mm mycelial disc was placed into the

wounded stem of canola and wrapped with Parafilm M (Sigma
Aldrich). The whole plant was covered with polythene to retain

moisture. After 5 days the lesion size was observed and the

pathogen reisolated from the canola stem onto half-strength

PDA to satisfy Koch’s postulates.

Production of sclerotia

Baked bean agar (BBA) medium (200 g baked beans, 10 g tech-

nical agar and 1 L distilled water) was used for producing large,

numerous sclerotia from S. sclerotiorum (Hind-Lanoiselet,
2006). A 5 mm diameter mycelial disc from a 3-day-old culture

of S. sclerotiorum was used to inoculate the medium. The cul-

tures were incubated in the dark at 20°C. After 3 weeks fully

formed sclerotia were harvested, air dried for 4 h at 25°C in a
laminar flow cabinet, and either preserved at room temperature

(to avoid conditioning in favour of carpogenic germination;

Smith & Boland, 1989) or preserved at 4°C for longer term
storage. Sclerotia preserved at room temperature were used in

all further experiments.

Preparation of plant materials

The canola cultivar AV Garnet was used in all glasshouse exper-

iments. Initially, 140 mm diameter pots (Reko) were surface
sterilized with 6% sodium hypochlorite followed by three

washes in sterile distilled water. Each pot was then filled with

pasteurized clay loam soil, all-purpose potting mix (Osmocote)
and vermiculite at a ratio of 2:1:1 by volume. Ten seeds were

sown into each pot. For cotyledon assessments, the seedlings

were thinned to five plants per pot after 10 days and the cotyle-

dons were used for inoculation.
For stem assessments, plants were grown and maintained in a

glasshouse with temperatures of 15–20°C and a 16 h photope-

riod. Prior to the application of antagonistic bacteria or inocula-

tion with S. sclerotiorum, plants were grown until 10% petal
initiation, equivalent to growth stage 4�00 (Sylvester-Bradley

et al., 1984). The plants were watered regularly and Thrive fer-

tilizer (Yates) was applied at 2-week intervals.

Isolation and identification of antagonistic bacteria

Bacterial isolates (514) were collected from the phyllosphere of

canola plants from five locations [Belfrayden (35°08000″S,
147°03000″E), Coolamon (34°50054″S, 147°11004″E), Winche-

don Vale (34°45054″S, 147°23004″E), Illabo (34°49000″S,
147°45000″E) and Wagga Wagga (35°07008″S, 147°22008″E)]
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across southern NSW, Australia. Twenty healthy plants, from

each location, with more than 50% open flowers were used for
isolation of bacteria. The petals and young leaves of canola

plants were surface sterilized with 70% ethanol and placed into

50 mL Falcon conical centrifuge tubes (Fisher Scientific) contain-

ing 30 mL sterile distilled water. To dislodge the bacteria each
sample was vortexed four times for 15 s, followed by a 1 min

sonication. Aliquots of 1 mL of the suspension were stored in

individual microfuge tubes. Microfuge tubes containing 1 mL of
each phyllosphere-derived suspension were incubated in a water

bath at 85°C for 15 min then allowed to cool to 40°C. Using a

sterile glass rod, 20 lL of the bacterial suspension was then

spread onto nutrient agar (NA; Amyl Media) and incubated for
24–48 h at room temperature. Following incubation, individual

colonies were inoculated into 96-well microtitre plates (Costar)

containing 200 lL nutrient broth (NB; Amyl Media) and incu-

bated at 28°C for 24 h. A 50 lL aliquot of each liquid culture
was mixed with an equal amount of 32% glycerol and preserved

at �80°C.
Additionally, sclerotia were collected from severely infected

canola plants then bacterial strains were isolated from these. A
single sclerotium was surface sterilized, dried and placed into a

conical flask containing NB. After shaking at 160 rpm for 24 h

at 28°C, the broth was heated to 85°C for 15 min to kill unde-
sired fungi and non-spore-forming bacteria. An aliquot of 20 lL
of broth was spread on to NA and incubated at 28°C for

3 days. Single colonies were established by streaking the bacteria

onto NA for 72 h. These isolates were also preserved at �80°C
as described earlier.

The active strains were identified by their 16S rRNA

sequences, obtained by PCR amplification from purified genomic

DNA using the forward primer 8F (50-AGAGTTTGATCCT
GGCTCAG-30) and reverse primer 1492R (50-GGTTACCTTGT-

TACGACTT-30) (Turner et al., 1999; GeneWorks). An FTS-960

thermal sequencer (Corbett Research) was used for amplification
using the one cycle at 95°C denaturation for 3 min; then 35

cycles of 95°C for 15 s, annealing temperature of 56°C for

1 min; followed by a final extension step at 70°C for 8 min.

Each DNA sample was purified using a PCR Clean-up kit (Axy-
gen Biosciences) according to the manufacturer’s instructions.

The purified DNA fragments were sequenced by the Australian

Genome Research Facility (AGRF, Brisbane, Queensland). All

sequences were aligned using MEGA v. 6.2 (Tamura et al., 2013)
then species were identified through a comparative similarity

search of all publicly available GenBank entries using BLAST

(Altschul et al., 1997).

Assessment of bacterial antagonism through diffusible
metabolites

To determine the inhibition spectrum of antagonistic bacterial
strains, the antifungal activity of each isolate was assessed on

PDA using a dual-culture technique. Single bacterial beads from

Microbank were transferred into 3 mL NB and placed on a sha-

ker at 160 rpm at 28°C for 16 h until the mid-log phase of
growth. The optical density of the broth culture was measured

at 600 nm using a Genesys 20 spectrophotometer (Thermo

Scientific). The bacterial suspension was adjusted to 108 CFU

mL�1, which was further confirmed by dilution plating. A
10 lL aliquot of each 108 CFU mL�1 bacterial suspension was

placed onto PDA at opposite edges of the Petri plate. The plates

were sealed with Parafilm M and incubated at 28°C for 24 h.
Mycelial plugs, 5 mm in diameter, from the edges of actively

growing S. sclerotiorum cultures, were placed in the centre of

each Petri plate and incubated at 28°C. A 5 mm plug of S. scle-
rotiorum mycelium placed alone on PDA was used as a positive
control. The activity of each bacterial isolate was evaluated by

measuring the diameter of the fungal colony or the zone of inhi-

bition after 7 days for both bacteria-treated and control plates.

The experiment was repeated three times with five replicates of
promising isolates. To test the inhibition of sclerotial germina-

tion by bacterial isolates, a similar set of experiments were con-

ducted using surface sterilized sclerotia that were dipped into
108 CFU mL�1 individual bacterial suspensions and placed onto

PDA prior to incubation at 28°C for 7 days. The experiment

was repeated three times with five replicates. The antagonistic

spectrum was calculated using the following formula:

Inhibition (%) ¼ R1� R2

R1
�100

where R1 is the radial mycelial colony growth of S. sclerotiorum
on control plate, and R2 is the radial mycelial colony growth of

S. sclerotiorum on bacteria-treated plate.

The three most active isolates that showed inhibition of

hyphal growth of S. sclerotiorum were preserved at �80°C in
Microbank (Pro-Lab Diagnostics) according to the manufac-

turer’s instructions and used for further evaluation.

Evaluation of bacterial antagonism via production of
volatile compounds

The inhibition of S. sclerotiorum growth via production of vola-

tile compounds by the three potential antagonistic bacterial iso-
lates (SC-1, W-67 and P-1) was assessed using a divided plate

method (Fernando et al., 2005). Petri plates split into two com-

partments (Sarstedt) were used, with PDA on one side and NA

on the opposite side. For each bacterial isolate, 24-h-old cultures
growing in NB were streaked onto the NA side and incubated

for 24 h. A 5 mm actively growing mycelial plug of S. sclerotio-
rum was placed onto the PDA side and the plate was immedi-

ately wrapped in Parafilm M to trap the volatiles. The tightly
sealed plates were incubated at 25°C. Although mycelium

reached the edge of plate within 4 days, the radial growth of

mycelium was measured after 10 days to discriminate between
the antagonistic capability against mycelia growth and the sus-

tainability of suppression. A Petri plate containing only mycelial

discs was used as a control. Furthermore, a similar experiment

was conducted to evaluate the inhibition of sclerotial germina-
tion by bacterial volatiles. The individual bacterial isolate was

streaked onto the NA side, kept for 24 h prior to placing a sur-

face sterilized sclerotium onto the PDA side and then incubated

at 25°C. Myceliogenic germination was observed after 10 days,
then all challenged hyphal plugs and sclerotia were transferred

onto new PDA plates in the absence of the bacteria to assess

viability. The experiment was conducted with five replications
and the trial was repeated three times.

Antagonistic effects of bacteria on sclerotia in soil

Twenty uniform sclerotia (9 9 5 mm, 40–50 mg each) grown

on BBA were dipped into individual antagonistic bacterial sus-

pensions (108 CFU mL�1) and placed into nylon mesh bags
(5 cm2) with 1�5 mm2 holes in the mesh. Pots containing clay

loam field soil were watered to 80% field capacity prior to bury-

ing the nylon bags containing the sclerotia under 2 cm of soil.

The pots were maintained at 20°C in the glasshouse for 30 days
then the sclerotia were recovered, counted and washed in sterile
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distilled water. All sclerotia were surface sterilized (20 per

batch) by soaking for 3 min in 4% NaOCl then 70% ethanol
and kept at room temperature for 24 h to allow dissipation of

remaining contaminants. The surface sterilization process was

repeated once. Individual air-dried sclerotia were bisected and

plated onto PDA amended with 50 mg L�1 penicillin and
100 mg L�1 streptomycin sulphate (Sigma Aldrich). The plated

sclerotia were placed in an incubator at 25°C under a 12 h/12 h

light/dark regime until the growth of mycelia was observed;

sclerotia that produced mycelia were considered as viable sclero-

tia. The percentage of germinating sclerotia was recorded. The

experiment was established as a randomized complete block

design with five replications and repeated three times. Sclerotial
viability was assessed using the following formula:

Viability (%) ¼ R1� R2

R1
�100

where R1 is the no. of myceliogenic germinated sclerotia of

S. sclerotiorum in control treated with sterilized water, and R2

is the no. of myceliogenic germinated sclerotia of S. sclerotio-
rum treated with bacteria.

Cotyledon bioassay

Bacterial antagonism against S. sclerotiorum on 10-day-old

canola (cv. AV Garnet) cotyledons was conducted in a glass-

house. Individual bacterial cell suspensions (108 CFU mL�1)
of SC-1, W-67 and P-1 were sprayed on three cotyledon-stage

seedlings using an inverted handheld sprayer (Hills) and

plants were then covered with transparent polythene to retain

moisture. As the efficiency of control depends on the inocula-
tion time of the bacterial strains and of the pathogen inocu-

lum (Gao et al., 2014), all bacteria were inoculated onto

seedlings 24 h before inoculation with S. sclerotiorum. After
24 h, macerated mycelial fragments (104 fragments mL�1)

were applied using a similar sprayer. The mycelial suspensions

were agitated prior to inoculation to maintain a homogenous

concentration. Cotyledons inoculated only with mycelial frag-
ments of S. sclerotiorum were used as controls. Misting was

conducted over the cotyledons at 8-h intervals to create and

maintain a relative humidity of 100%. The seedlings were

placed in a growth chamber and maintained at low light
intensity of c. 15 lE m�2 s�1 for 1 day then moved to c.
150 lE m�2 s�1 in a glasshouse. The temperatures were

adjusted to 19/15°C (day/night). The disease incidence and
severity was assessed from five seedlings/pot (two cotyledon/

seedlings) at 4 days post-inoculation (dpi) where 0 = no

lesion; 1 = <10% cotyledon area covered by lesion; 2 = 11–
30% cotyledon area covered by lesion; 3 = 31–50% cotyledon
area covered by lesion; and 4 = >51% cotyledon area covered

by lesion (Zhou & Luo, 1994). The experiment was con-

ducted in a randomized complete block design with five repli-
cates and repeated three times. Disease incidence, disease

index and control efficiency was calculated according to the

following formulae:

Disease incidence(%)¼ Meanno. diseased cotyledons

Meanno. all investigated cotyledons
�100

Whole plant bioassay

The inoculation of whole canola (cv. AV Garnet) plants was car-

ried out in a glasshouse at growth stage 4�00. The three antagonis-
tic bacterial suspensions (108 CFU mL�1) were amended with
0�05% Tween 20 (Sigma Aldrich) and sprayed until run-off with a

handheld sprayer (Hills) at a rate of 5 mL per plant. The plants

were covered with transparent moistened polythene bags and
incubated for 24 h. A homogenized mixture of mycelial fragments

(104 fragments mL�1) of S. sclerotiorum was sprayed at a rate of

5 mL per plant. The plants were covered again and kept for 24 h

within a polythene bag to retain moisture. The experiments were
conducted in a controlled environment with 16 h photoperiod at

20°C, darkness for 8 h at 15°C and 100% relative humidity.

Plants treated with the mycelial suspensions and Tween 20 were

used as positive controls and plants sprayed with water and
Tween 20 were used as negative controls. The experiment was

established as a randomized complete block design with 10 repli-

cates and repeated three times. Data on disease incidence and
severity was taken from 10 plants for individual treatments and

recorded at 10 dpi. The percentage of disease incidence was calcu-

lated by observing disease symptoms and disease severity was

recorded using a 0–9 scale where 0 = no lesion; 1 = <5% stem
area covered by lesion; 3 = 6–15% stem area covered by lesion;

5 = 16–30% stem area covered by lesion; 7 = 31–50% stem area

covered by lesion and 9 = >50% stem area covered by lesion

(Yang et al., 2009). Disease incidence, disease index and control
efficacy on stems were calculated as above for the cotyledon

bioassay where cotyledons are replaced by stems in the formulae.

Disease assessment in field

During the 2013 and 2014 seasons, three experimental canola
cv. AV Garnet field sites (2013, one site; 2014, two sites) were

selected based on the known natural high inoculum incidence

documented in the previous year. Petal tests were performed to

confirm the presence of adequate inoculum. An average of 20
healthy or symptomless petals from five peduncles with more

than six open flowers were collected from five locations within

each trial, comprising 100 petals, and were refrigerated at 4°C
until assessment in the laboratory. Within 48 h of collection
the petals were placed onto half-strength PDA (Oxoid)

Disease index (%) ¼
XNo. diseased cotyledons in each index�Disease severity index

Total no. cotyledons investigated�Highest disease index
�100

Control efficacy (%) ¼ Disease index of control�Disease index of treated group

Disease index of control
�100
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amended with 100 mg L�1 streptomycin and 250 mg L�1

ampicillin (Sigma Aldrich) and incubated at room temperature.
After 5 days, Sclerotinia spp. were identified and scored based

on colony morphology, hyphal characteristics and presence of

oxalic acid crystals (Hind et al., 2003). The average percentage

of petal infestation was calculated for each field (Morrall &
Thomson, 1991). Colonies of Sclerotinia spp. arising from the

petals were transferred to fresh half-strength PDA and incu-

bated at 25°C until sclerotia had formed. The species of Scle-
rotinia were identified by observing the size of sclerotia (Abawi

& Grogan, 1979). The field sites (10 9 50 m) were located at

the NSW Department of Primary Industries and Charles Sturt

University (Wagga Wagga, NSW, Australia). The seed rate of
5 kg ha�1 was used in each 9 9 2 m2 plot to achieve a plant

population of 50–70 plants m�2 and guard rows were estab-

lished to limit cross contamination of pathogen inoculum. The

experiments were established as a randomized complete block
design using six treatments with four replicates per treatment.

The treatments consisted of spraying bacteria (108 CFU mL�1)

or a registered fungicide, Prosaro� 420 SC (210 g L�1 prot-

hioconazole + 210 g L�1 tebuconazole; 70 L water ha�1; Bayer
CropScience), as follows: (i) a single application of SC-1, (ii)

two applications of SC-1 at 7-day intervals, (iii) a single appli-

cation of W-67, (iv) an application of SC-1 and W-67 mixed
together, (v) a single application of Prosaro 420 SC, and (vi)

untreated control (sprayed with water). Prior to spraying the

bacteria, 0�1% Tween 20 was added as surfactant to the bacte-

rial suspensions. All initial treatments were applied at growth
stage 4�00 by using a pressurized handheld sprayer (Hills).

Standard agronomic practices for the management of canola

were conducted when required. The disease incidence was

recorded by random sampling of 200 plants per plot 4 weeks
after each final spray. Disease severity was assessed using the

same scale as described for the whole plant bioassay. In addi-

tion, calculations of disease incidence, disease index and con-
trol efficacy were conducted using the same formulae as used

in the glasshouse assessment.

Data analysis

For every data set, analysis of variance (ANOVA) was conducted

using GENSTAT (16th edition; VSN International). Arcsine trans-
formation was carried out for all percentage data prior to statis-

tical analysis. As there was no significant difference observed in

any of the repeated experiments, the data were combined to test

the differences among treatments using Fisher’s least significant
differences (LSD) at P = 0�05.

Results

Isolation and identification of antagonistic bacteria

Bacteria (514 samples) were isolated from canola leaves,
petals, stems and sclerotia of S. sclerotiorum. The dual-
culture test demonstrated strong antagonistic ability of
three isolates, SC-1, W-67 and P-1, that produced the
greatest inhibition zones against mycelial growth of
S. sclerotiorum. SC-1 was isolated from sclerotia of
S. sclerotiorum whereas W-67 and P-1 were collected
from canola petals. These bacteria were identified to spe-
cies level by sequence analysis of the 16S rRNA gene.
The phylogenetic analysis showed that SC-1 and P-1 are
closely related to Bacillus cereus while W-67 was identi-
fied as Bacillus subtilis (Fig. 1). The sequence similarity
was >98% according to sequences available at NCBI.

Effect of diffusible metabolites on mycelial growth and
sclerotial germination in vitro

Three bacterial isolates, SC-1, W-67 and P-1, strongly
inhibited the mycelial growth of S. sclerotiorum. A clear
inhibition zone was observed between bacterial colonies
and fungal mycelium (Fig. 2a). These strains exhibited
high levels of antagonism in repeated tests and signifi-
cantly reduced the radial mycelial growth in vitro: the
mean hyphal growth ranged from 15�4 to 29 mm com-
pared with 85 mm for the control, with the highest mean
inhibition (82%) recorded for SC-1 (Table 1). The ability
of the three isolates to inhibit the germination of sclero-
tia was also demonstrated (Fig. 2c): only bacterial
growth was observed around sclerotia and the growth of
mycelia from sclerotia was completely inhibited at 7 dpi
by all three bacterial isolates tested, whereas the mycelia
continued to grow in the controls.

 Bacillus subtilis (GU258545)
 Bacillus W-67

 Bacillus vallismortis (AB021198)
 Bacillus tequilensis (HQ223107)
 Bacillus mojavensis (AB021191)

 Bacillus atrophaeus (AB021181)
 Bacillus sonorensis (AF302118)
 Bacillus aerius (AJ831843)

 Bacillus safensis (AF234854)
 Bacillus altitudinis (AJ831842)

 Bacillus P-1
 Bacillus cereus (KJ524513)
 Bacillus SC-1

 Pseudomonas fluorescens (FJ605510)
82
100

100

100
100

97

98

97
69

72

43

0·01

Figure 1 Phylogenetic tree of Bacillus

isolates SC-1, W-67 and P-1 and closely

related species based on 16S rRNA gene

sequences retrieved from NCBI following

BLAST analysis. Bootstrap values derived from

1000 replicates are indicated as

percentages on branches.
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Inhibition of mycelial growth and sclerotial
germination in vitro by volatile substances

Isolates SC-1, W-67 and P-1 all produced volatile
substances that reduced mycelial growth and sclerotial
germination of S. sclerotiorum in vitro. Each signifi-
cantly reduced the mycelial growth where the mean
mycelial growth ranged from 3�3 to 14�8 mm com-

pared with 85 mm in the control (Table 1; Fig. 2b)
and completely inhibited the germination of sclero-
tia (Fig. 2d). The inhibition capability among the
strains varied significantly (P = 0�05); SC-1 consis-
tently showed the greatest inhibition (96�2%). Both
mycelial plugs and sclerotia from plates treated
with bacteria failed to grow when plated onto fresh
PDA.

(a)

(b)

(c)

(d)

(e)

(f)

Figure 2 Antagonism assessments of Bacillus isolates SC-1, W-67 and P-1 against Sclerotinia sclerotiorum using dual-culture technique by (a)

diffusible non-volatile metabolites at 7 days post-inoculation (dpi) and (b) volatile compounds at 10 dpi. (c) Inhibition of sclerotial germination by

dipping the sclerotia into 108 CFU mL�1 bacteria at 10 dpi. (d) Inhibition of sclerotial germination by bacterial volatile compounds at 10 dpi.

Evaluation of bacterial antagonism on (e) cotyledons at 4 dpi, and (f) stems at 10 dpi.

Plant Pathology (2015) 64, 1375–1384

1380 M. M. Kamal et al.

57



Bacterial antagonism of sclerotial recovery and viability
in soil

The recovery and viability of sclerotia treated with bacte-
rial strains showed significant (P = 0�05) differences
compared to the control. Sclerotia were dipped into a
bacterial concentration of 108 CFU mL�1 and placed in
potted field soil. After 30 days, 82�5–94�5% sclerotia
treated with bacteria were recovered, but viability of
these sclerotia was reduced to <30% in comparison with
88% of the control sclerotia (Table 1). The smallest
number of recovered (82�5%) and viable (12�5%) sclero-
tia was observed when the sclerotia were treated with
SC-1 (Table 1).

Biocontrol efficacy in glasshouse

Canola cotyledons treated with antagonistic bacterial
strains were shown to have significantly (P = 0�05) lower
disease incidence and disease index than the control
(Table 2; Fig. 2e). The efficacy of control ranged from
78�9 to 87�9%. The typical symptoms of infection with
S. sclerotiorum began 24 h post-inoculation (hpi) in con-
trol plants. A steady rate of disease development was
observed over 4 days. Pretreatment with SC-1 24 h prior
to inoculation with S. sclerotiorum reduced disease inci-
dence to 13�2% compared to 100% for the control
(Table 2). Similarly, canola stems inoculated with antag-
onistic bacteria 24 h before inoculation with S. sclerotio-
rum showed a significantly (P = 0�05) lower rate of
disease incidence (37�6–47�2%) and disease index (24�2–
33�8%) than untreated controls. Control plants showed
symptoms of infection (Fig. 2f) with S. sclerotiorum by
24 hpi, with a dramatic rise in disease incidence with

further incubation, reaching 100% by 10 dpi. SC-1 pro-
vided a control efficacy of 73�6%, which was signifi-
cantly higher than that of W-67 and P-1. The presence
of S. sclerotiorum was confirmed in tissue samples with
symptoms by plating onto PDA.

Evaluation of biocontrol by antagonistic bacteria in the
field

The three field trials conducted in 2013 and 2014 dem-
onstrated that all of the bacterial applications at growth
stage 4�00 significantly reduced the disease incidence of
sclerotinia stem rot and were not significantly different
to the disease incidence in the treatment using the syn-
thetic fungicide, Prosaro 420 SC (Table 3), with the
exception of a single application of W-67 in trial 3. In
terms of disease index, two applications of SC-1 at 7-day
intervals significantly improved control efficacy in all tri-
als (78�2%, 80�2% and 70�9%), when compared to a
single application. A mixed application of SC-1 and W-
67 also demonstrated higher control efficacy in all trials
(76�8%, 75�4% and 69�4%) in comparison to a single
individual application (Table 3) of either strain.
Although Prosaro 420 SC was more efficient in control-
ling the disease in all trials (84�6%, 81�3% and 73�7%)
than the single application of each bacterial strain, the
differences were not significant in comparison to two
applications of SC-1 at 7-day intervals.

Discussion

The aim of the study was to identify bacterial strains
for the management of S. sclerotiorum under field con-
ditions. The controlled environment assays were used

Table 2 Biocontrol of Sclerotinia sclerotiorum on canola cotyledons and stems by antagonistic Bacillus sp. isolates (108 CFU mL�1) in the

glasshouse

Isolate

Disease incidence (%) Disease index (%) Control efficacy (%)

Cotyledon Stem Cotyledon Stem Cotyledon Stem

SC-1 13�2 a 37�6 a 11�6 a 24�2 a 87�9 b 73�6 b

W-67 18�4 b 42�4 b 17�3 b 29�8 b 81�9 a 67�5 a

P-1 21�8 b 47�2 b 20�2 b 33�8 b 78�9 a 63�3 a

Control 100�0 c 100�0 c 95�6 c 91�6 c – –

Values in columns followed by same letter were not significantly different according to Fisher’s protected LSD test (P = 0�05).

Table 1 Effect of Bacillus strains on Sclerotinia sclerotiorum mycelial growth in vitro and sclerotial viability in soil

Strain

Mycelial colony diameter (mm) Inhibition (%) Sclerotia (%)

Diffusible metabolites Volatile compounds Diffusible metabolites Volatile compounds Recovered Viable

SC-1 15�4 a 3�3 a 81�9 c 96�2 c 82�5 a 12�5 a

W-67 22�8 b 9�3 b 73�2 b 89�4 b 93�0 b 24�0 b

P-1 29�0 c 14�8 c 65�9 a 82�8 a 94�5 b 28�0 b

Control 85�0 d 85�0 d – – 100�0 c 88�0 c

Values in columns followed by the same letters were not significantly different according to Fisher’s protected LSD test (P = 0�05).
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to evaluate the potential of these strains associated with
the canola phyllosphere and sclerotia for the manage-
ment of S. sclerotiorum in controlled and natural field
conditions. A total of 514 isolates were evaluated using
a dual-culture assay to find strains with the ability to
inhibit hyphal growth of S. sclerotiorum. The screening
of antagonistic bacteria against sclerotinia stem rot
using a similar strategy has been adopted in several
studies (Chen et al., 2014; Gao et al., 2014; Wu et al.,
2014). However, screening of such a large number of
isolates using direct dual-culture is a time-consuming
task. In the current study, two isolates of B. cereus
(SC-1 and P-1) and one of B. subtilis (W-67) were
selected after rigorous investigation in vitro and in
planta; SC-1 and W-67 were also tested under field
conditions. Among the three isolates, B. cereus SC-1
performed with the greatest efficiency under controlled
and natural field conditions. Previous studies have iden-
tified members of this genus as potential biocontrol
agents against S. sclerotiorum (Saharan & Mehta,
2008).
The mechanism of in vitro mycelial growth suppres-

sion and inhibition of sclerotial germination is considered
as antibiosis, indicating that diffusible inhibitory antibi-
otic metabolites produced by bacteria may be involved
in creating adverse conditions for the pathogen. Strains
of B. cereus and B. subtilis reduced hyphal elongation
in vitro and minimized sclerotinia stem rot disease inci-
dence in sunflower (Zazzerini, 1987). Members of the
Bacillus genus produce a wide range of bioactive lipo-
peptide-type compounds that suppress plant pathogens
through antibiosis (Lecl�ere et al., 2005; Stein, 2005;
Chen et al., 2009; Le�on et al., 2009). SC-1, W-67 and P-
1 might produce antifungal antibiotics that result in sup-
pression and inhibition of mycelial growth and sclerotial
germination by inducing chemical toxicity. A previous
study revealed that strains of Bacillus amyloliquefaciens
showed antibiosis against sclerotia-forming phytopatho-
genic fungi by releasing protease-resistant and thermosta-
ble chemicals in vitro (Pr�ıncipe et al., 2007). More
recently, the endophytic bacterium B. subtilis strains
EDR4 and Em7 were reported to have a broad antifun-
gal spectrum against several fungal species including
mycelial growth of Sclerotinia sclerotiorum through leak-
age and disintegration of hyphal cytoplasm (Chen et al.,

2014; Gao et al., 2014). EDR4 significantly inhibited
sclerotial germination (72�8%). However, in the current
study the mode of action of the bacterial strains was not
investigated.
Bacterial organic volatiles have the potential to influ-

ence the growth of several plant pathogens (Alstr€om,
2001; Wheatley, 2002). In the current study, the results
of the divided plate assay clearly demonstrated that vola-
tile substances produced by the bacteria were also
responsible for suppression of mycelial growth and
restricted sclerotial germination. These volatiles may con-
tain chemical compounds that affect hyphal growth and
inhibit sclerotial germination even under highly favour-
able conditions. A similar study revealed that Pseudomo-
nas spp. completely inhibited mycelial growth, ascospore
germination and destroyed sclerotial viability of S. scle-
rotiorum by consistently emitting 23 types of volatiles
(Fernando et al., 2005). Several volatile compounds pro-
duced by B. amyloliquefaciens NJN-6 also showed com-
plete inhibition of growth and spore germination of
Fusarium oxysporum f.sp. cubense (Yuan et al., 2012).
Although volatile compounds have received less attention
than diffusible metabolites, the current study revealed
that they can induce similar or greater effects against the
growth of S. sclerotiorum. Future research will be direc-
ted towards the strategic use of antifungal volatile-pro-
ducing bacterial strains to minimize soilborne plant
pathogens including S. sclerotiorum.
For sustainable management of S. sclerotiorum the

regulation of sclerotial germination is a major strategy as
it could prevent the formation of apothecia and mycelio-
genic germination. In the current study a significant
reduction of sclerotial recovery was observed in compari-
son to the control treatments. In addition, the bacterial
isolate SC-1 demonstrated its ability to reduce the sclero-
tial viability below 13% in the soil. This indicates that
the colonizing bacteria have the potential to disintegrate
or kill the overwintering sclerotia in the soil. Duncan
et al. (2006) reported that viability of sclerotia depends
on time, burial depth and bacterial population. The para-
sitism of sclerotia with biocontrol agents is a crucial
method for inhibiting the germination of sclerotia and
eradicating sclerotinia diseases (Saharan & Mehta,
2008). The incorporation and presence of strong antago-
nistic strains such as SC-1 in soil amendments may be an

Table 3 Control of sclerotinia stem rot of canola in the field following the application of antagonistic bacterial strains (108 CFU mL�1) or Prosaro 420

SC fungicide at growth stage 4�00 in Wagga Wagga, NSW, Australia during 2013 (trial 1) and 2014 (trials 2 and 3)

Treatment

Disease incidence (%) Disease index (%) Control efficacy (%)

Trial 1 Trial 2 Trial 3 Trial 1 Trial 2 Trial 3 Trial 1 Trial 2 Trial 3

SC-1 (91) 6�5 a 7�8 a 9�3 a 5�5 b 7�9 b 12�3 b 53�8 b 62�3 b 54�0 b

SC-1 (92, at 7-day intervals) 7�0 a 6�5 a 7�3 a 2�6 a 4�1 a 7�8 a 78�2 c 80�2 c 70�9 c

W-67 (91) 7�5 a 9�5 a 13�3 b 9�2 c 14�1 c 18�2 c 22�7 a 32�4 a 32�1 a

SC-1 + W-67 (91) 5�8 a 7�5 a 8�5 a 2�8 a 5�1 a 8�2 a 76�8 c 75�4 c 69�4 c

Prosaro 420 SC (91) 5�5 a 5�8 a 6�8 a 1�8 a 3�9 a 7�0 a 84�6 c 81�3 c 73�7 c

Water (91) 20�0 b 22�5 b 29�8 c 11�9 d 20�9 d 26�8 d – – –

Values in columns followed by same letter were not significantly different according to Fisher’s protected LSD test (P = 0�05).
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efficient strategy to break the disease life cycle by killing
overwintering sclerotia in soil.
In the controlled glasshouse experiments, the disease

control efficiency by all strains, in both the cotyledon
and stem study, produced similar results. The bacterial
strains were applied 24 h before pathogen inoculation
because bacteria might not be able to inhibit the elonga-
tion of mycelia upon establishment of infection by
S. sclerotiorum, as reported by Fernando et al. (2004).
The results confirmed the in vitro assessment that the
bacterial strains tested possess various degrees of antago-
nism. In the glasshouse, SC-1 yielded the best suppres-
sion over 10 days when applied 24 h before inoculation
of S. sclerotiorum. Therefore, the dispersible antifungal
metabolites and volatiles may be key weapons in protect-
ing canola from S. sclerotiorum. Future research in this
area may shed light on understanding the mechanism of
biocontrol.
Under natural field conditions the majority of inocu-

lum is ascosporic and a small number of germinating
sclerotia can significantly increase disease severity
(Davies, 1986). Application of a biocontrol agent on
canola petals is extremely important as senescing petals
are commonly infected by ascospores (Turkington &
Morrall, 1993). Previous studies showed that younger
rapeseed petals are more susceptible to infection by as-
cospores compared to the older flowers (Inglis & Boland,
1990). Therefore, the main aim of the current research
was the protection of canola petals from early infection
of ascospores using a biocontrol agent in the field. In this
study, all field trials showed that SC-1 produced more
than 70% control efficiency against sclerotinia stem rot
of canola in a naturally infested field. Despite the various
levels of S. sclerotiorum infection among trials, the
strains of Bacillus reduced disease incidence compared to
the controls. Of the bacterial treatments tested, two
applications of B. cereus SC-1 at 7-day intervals gave the
highest control efficacy (80�2% in trial 2), which con-
firms the results obtained from the glasshouse studies. A
relevant investigation on phyllosphere biological control
of Sclerotinia on canola petals using antagonistic bacteria
has been reported previously, in which Pseudomonas
chlororaphis (PA-23), B. amyloliquefaciens (BS6), Pseu-
domonas sp. (DF41) and B. amyloliquefaciens (E16) pro-
vided biocontrol activity against ascospores on canola
petals in in vitro and field conditions (Fernando et al.,
2007). Another study revealed that Erwinia spp. and
Bacillus spp. inhibit Sclerotinia in vitro and in vivo and
reduce sclerotinia rot of bean (Tu, 1997). Comparatively
lower control efficiency was observed at the trial 3 site,
which was located in a highly favourable environment
for disease development. The incidence of sclerotinia
stem rot depends on environmental factors (Saharan &
Mehta, 2008) and stage of infection (Chen et al., 2014),
which may have contributed to the reduction in control
efficacy in this trial. Although the commercial fungicide
Prosaro provided the highest control efficacy in all trials,
there was no significant difference in disease incidence
between treatment with a single application of Prosaro

or with two applications of SC-1 at 7-day intervals. A
single application of SC-1 gave lower levels of control
than two applications, indicating that the survival of bac-
teria on canola requires further research. Hence, the
selected bacterial strains gave significant protection in
controlled conditions but field performance varied signifi-
cantly among strains. Thus, the viability, longevity and
multiplication capability of bacteria under natural condi-
tions in heavily infested fields also requires further inves-
tigation. In addition, rhizosphere competence, soil
treatment as well as the plant growth promotion capabil-
ity of SC-1 under various cropping systems should be
explored.
Finally, the present study successfully showed that

native biocontrol strain B. cereus SC-1 can effectively
suppress sclerotinia stem rot disease of canola both in vi-
tro and in vivo in Australia. Further evaluation of this
strain against sclerotinia diseases of other high value
crops, such as lettuce drop, demands investigation. Bacil-
lus cereus SC-1 appears to have multiple modes of action
against S. sclerotiorum and therefore the potential bio-
control mechanisms should be explored further. Com-
mercialization of B. cereus SC-1 upon development of a
suitable formulation would enhance the armoury for the
sustainable management of sclerotinia stem rot disease of
canola in Australia.
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Chapter 5      Research Article 

M.M. Kamal, K.D. Lindbeck, S. Savocchia, and G.J. Ash. (2015). Bacterial biocontrol of

sclerotinia diseases in Australia. Acta Horticulturae. (In press).

Chapter 5 investigates the potential antagonism of bacterial isolate Bacillus cereus SC-1 

towards sclerotinia lettuce drop in the laboratory and glasshouse. This chapter describes the 

efficacy of strain SC-1 against sclerotinia lettuce drop of lettuce, a model high value crop, 

and to evaluate its capability in various cropping systems. By using the information from 

chapter 4 in vitro and glasshouse investigations were carried out to assess antagonism, growth 

promotion and rhizosphere competence of this bacterium. The results obtained from this 

chapter have opened the opportunity to apply the strain SC-1 for the management of 

Sclerotinia in a freshly consumed crop such as lettuce. This chapter has been accepted for 

publication in the 'Acta Horticulturae' journal.
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Abstract 

Among the Sclerotinia diseases in Australia lettuce drop was considered as a 

model in this study which is caused by the fungal pathogens Sclerotinia minor and 

Sclerotinia sclerotiorum and posed a major threat to lettuce production in Australia. 

The management of this disease with synthetic fungicides is strategic and the 

presence of fungicide residues in the consumable parts of lettuce is a continuing 

concern to human health. To address this challenge, Bacillus cereus SC-1 was chosen 

from a previous study, for biological control of S. sclerotiorum induced lettuce drop. 

Soil drenching with B. cereus SC-1 applied at 1x10
8
 CFU mL

-1 
in a glasshouse trial

completely restricted the pathogen and no disease incidence was observed (P=0.05). 

Sclerotial colonization was tested and found 6-8 log CFU per sclerotia of B. cereus 

resulted in reduction of sclerotial viability to 1.58% compared to the control 

(P=0.05). Volatile organic compounds (VOC) produced by the bacteria increased 

root length, shoot length and seedling fresh weight of the lettuce seedlings by 46.6%, 

35.4% and 32% respectively as compared with the control (P=0.05). In addition to 

VOC induced growth promotion, B. cereus SC-1 was able to enhance lettuce growth 
resulting in increased root length, shoot length, head weight and biomass weight by 

34.8%, 21.5%, 19.4% and 24.8%, respectively compared with untreated control 

plants (P=0.05). The bacteria were able to survive in the rhizosphere of lettuce 

plants for up to 30 days reaching populations of 7 log CFU g
-1

 of root adhering soil.

These results indicate that biological control of lettuce drop with B. cereus SC-1 

could be feasible used alone or integrated into IPM and best management practice 

programs for sustainable management of lettuce drop and other sclerotinia diseases.   

INTRODUCTION 

Sclerotinia diseases, mainly caused by the fungal pathogens Sclerotinia 

sclerotiorum and Sclerotinia minor, are a major threat to a wide range of horticultural and 

agricultural crops worldwide (Saharan and Mehta, 2008). In Australia, lettuce drop 

caused by either S. minor or S. sclerotiorum can be particularly devastating to lettuce 

(Lactuca sativa) production, causing significant yield losses (20-70%) (Villalta and Pung, 

2010). The symptoms of this disease from soilborne sclerotia appears as water soaked rot 

on the root which progress towards the stem, leaves and heads resulting in wilt (Subbarao, 

1998). When airborne ascospores of S. sclerotiorum initiate infection watery pale brown 

to grey brown lesions appear on exposed parts resulting in a mushy soft rot because of 

severe tissue degradation. The recalcitrant black, hard sclerotia are produced on leaves 

beneath the soil, entire crown and tap root which then function as survival propagules for 

infection of subsequent lettuce crops (Hao et al., 2003). Efforts have been made to search 

for resistant genotypes to sclerotinia lettuce drop however no resistant commercial lettuce 

cultivars have yet been developed (Hayes et al., 2010). In Australia, the disease is 

managed by a limited number of fungicides, predominantly Sumisclex (500 gL
-1
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procymidone; Sumitomo, Australia) and Filan (500 g/kg Boscalid; Nufarm, Australia) but 

Sumisclex has been withdrawn due to long residual effect (Villalta and Pung, 2005). 

Fungicides recommended have been reported to be gradually losing their effectiveness 

over time (Porter et al., 2002). Furthermore, the presence of fungicide residues in the 

consumable parts of produce is a continuing concern to human health (Fernando et al., 
2004). Although several investigations have been conducted on potential of fungal 

biocontrol agents against sclerotinia lettuce drop, there are limited reports where 

antagonistic bacteria have been used successfully (Saharan and Mehta, 2008). To address 

this challenge, the present study was conducted in invitro and inplanta using antagonistic 

bacterium Bacillus cereus SC-1 retrieved from a previous study. As there are no native 

bacterial biological control agents commercially available for the control of sclerotinia 

lettuce drop in Australia, the aim of this study was to evaluate the potential of B. cereus 

SC-1 for sustainable lettuce drop management and to examine capabilities for plant 

growth promotion. 

MATERIALS AND METHODS 

Production of sclerotia 
Sclerotia were produced and maintained according to Kamal et al., (2014). A 5mm 

in diameter mycelial disc from a 3-day-old culture of S. sclerotorium was used to 

inoculate the baked bean agar media. The isolate was incubated in the dark at 20
o
C. After 

3 weeks fully formed sclerotia were harvested, air dried for 4 hours at 25
o
C in a laminar 

flow and preserved at 4
o
C

 
for use in all further experiments.

Lettuce growth and incorporation of sclerotia in soil 

The lettuce cultivar ‘Iceberg’ was used in all glasshouse experiments. Seeds were 

sown  in trays containing seedling raising mix (Osmocote, Australia) and transplanted 2 

weeks after emergence into 140 mm pots containing pasteurized all purpose potting mix 

(Osmocote, Australia) and vermiculite at a ratio of 2:1:1 by volume. The soil was 

inoculated with 30 sclerotia of S. sclerotiorum by placing them into the top 3 cm of soil 

before transplanting the seedlings. After 7 days the seedlings were thinned to a single 

plant per pot. The plants were maintained in a glasshouse at 15 to 20
o
C with a 16 hour 

photoperiod. The plants were watered regularly and ‘Thrive’ fertiliser (Yates, Australia) 

was applied at fortnightly intervals.  

Evaluation of biocontrol potential 

The bacterial strain Bacillus cereus SC-1 previously known to be antagonist of S. 

sclerotiorum in canola (Kamal et al., 2014) was cultured in Tryptic Soy Broth (TSB) and 

placed on a shaker (150 rpm) at 28°C for 24 hours. The culture was centrifuged at 3000 

rpm for 10 minutes. The supernatant was discarded and pellet was resuspended in sterile 

distilled water. The concentration was adjusted to 1x10
8
 CFU mL

-1
 then 50 mL of 

suspension was evenly poured into each pot immediately before transplanting the lettuce 

seedlings. The control pots received the same amount of water without bacteria. Incidence 

and severity of lettuce drop was recorded every seven days. The experiment was 

established as a randomized complete block design (RCBD) with 10 replicates.  

Effect of bacterial volatiles on growth of lettuce seedlings 

Lettuce seedlings were exposed to volatile organic compounds (VOC) of B. cereus 

SC-1 as described by Minerdi et al., (2009) with minor modification. Half strength 

Murashige and Skoog (MS) salt medium (Sigma-Aldrich, USA) amended with 1% agar 
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and sucrose was placed into the bottom of sterile screw cap containers (Sarstedt, 

Australia). The lids were filled with Tryptic Soy Agar (TSA) medium and streaked with 

overnight grown bacterial suspension of 1x10
4
 CFU mL

-1 
then incubated at 28

o
C for 24 

hours. Five 2-day-old lettuce seedlings were transferred to the MS medium of each 

container before the bacteria inoculated lids were placed on top, sealed with Parafilm
® 

(Sigma-Aldrich, USA) and incubated at 20
o
C under cool fluorescent light. A similar 

procedure was followed using a non-VOC producing isolate B. cereus NS and lids 

without bacteria were considered as controls. After 7 days root and shoot length and 

seedling fresh weight were measured. The experiment was carried out in a completely 

randomized design with ten replicates for each treatment.  

Assessment of plant growth promotion in the glasshouse 

Before transplanting, roots of lettuce seedlings were drenched with a cell 

suspension of B. cereus SC-1 at 1×10
8
 CFU mL

-1
. In the control, the roots of lettuce 

seedlings were similarly drenched with an equal volume of sterile water. At maturity, 

whole lettuce plants were collected and root length, shoot length and head weight 

measured. This experiment was established as a randomized complete block design with 

10 replicates per treatment. 

Production of rifampicin resistant strains 

Rifampicin resistant strains were generated on nutrient agar amended with 

rifampicin (Sigma, USA) according to West et al., (2010) for reisolation of inoculated 

bacteria from soil and sclerotia. B. cereus SC-1 was cultured on nutrient broth at 28
o
C for 

24 hours then 100 µL of  bacterial suspension was spread onto nutrient agar (NA) 

amended with 1 ppm rifampicin and incubated at 28
o
C in the dark. After 2 days the 

mutant strain was re-cultured onto nutrient agar amended with 5 ppm rifampicin and 

incubated for 2 days then subcultured sequentially with increased concentration of 

rifampicin to a maximum of 100 ppm. The individual single colony of the mutant was re-

streaked onto NA amended with 100 ppm rifampicin to check for resistance. The young 

growing rifampicin mutant of B. cereus SC-1 was then isolated and preserved in 

Microbank (Prolab diagnostic, USA) at -80
0
C for further study.

Evaluation of rhizosphere and sclerotial colonization 

The root adhering rhizosphere soil was collected from four individual SC-1 (1x10
8 

CFU mL
-1

) treated lettuce plants at each of the seven time points, 1, 5, 10, 20, 30, 50 and 
70 days after inoculation with bacterial suspensions. The soil samples were thoroughly 

mixed then 1 g of soil was resuspended in 9 mL of sterile distilled water and vortexed for 

5 min to prepare a homogenous suspension. The soil sample was serially diluted and 

plated onto NA amended with 100 mgL
-1

 of rifampcin. After incubation at 28°C for 24 
hours the concentration of B. cereus SC-1 was measured and the colony forming unit 

(CFU) determined per gram of soil (Duncan et al., 2006; Maron et al., 2006). B. cereus 

SC-1 in rhizosphere was confirmed by 16S rRNA  squencing. 

Assessment of sclerotial viability and recovery of bacteria 

Sclerotia were recovered 7 weeks after transplantation and assayed for viability of 

sclerotia and survivability of colonized bacteria. The sclerotia were surface sterilised by 

soaking in 4.0% NaOCl for one minute and 70% ethanol for three minutes and kept at 

room temperature for 24 hours to allow germination of remaining undesired 

contaminants. The surface sterilisation process was repeated once and the sclerotia air-
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dried in the laminar air flow for 8 hours. Sclerotia were cut into two pieces and plated 

onto potato dextrose agar amended with 50 µlL
-1 

penicillin and streptomycin sulphate.

The plated sclerotia were incubated at 25ºC under a 12:12 h light:dark regime until 

myceliogenic germination. Mycelial elongation was considered as an indicator of viability 

and the percentage of germinating sclerotia recorded. To recover bacteria, the remaining 

halves of the sclerotia were sonicated for 30 seconds in sterile distilled water. All viable 

and non viable sclerotia were analysed individually. The suspension was vortexed for 2 

minutes, serially diluted and plated onto half strength NA amended with 100 ppm 

Rifampicin. After 3 days incubation at 28
o
C, bacterial colonies were counted on plates

and  the CFU mL
-1

 determined (Duncan et al., 2006; Maron et al., 2006). Data on mean

colony number per sclerotia was analysed. The experiment was established as a RCBD 

with 10 replicates. 

Statistical analysis 

The data were subjected to analysis of variance (ANOVA) using GenStat (16
th

edition, VSN international, UK). The differences among treatments were tested using 

Fisher’s least significant differences (LSD) at P=0.05.  

RESULTS AND DISCUSSION 

Biocontrol efficacy under glasshouse conditions 

Glasshouse experiments were conducted to assess the potential of B. cereus SC-1 

strain against lettuce drop. Soil drenched with a bacterial suspension of 1x10
8
 CFU mL

-1

completely inhibited (100%) and entirely protected lettuce plants from S. sclerotiorum 

while control plants treated with sclerotia alone showed 100% disease incidence (Fig. 1). 

Upon sclerotial parasitisation, the bacteria might be produced dispersible antifungal 

metabolites and volatiles to inhibit sclerotial germination. Several members of the 

Bacillus genus have been reported to suppress plant pathogens including B. cereus UW85 

against damping-off disease of alfalfa (Handelsman et al., 1990). Suppression of southern 

corn leaf blight and growth promotion of maize was also observed by an induced 

systemic resistance eliciting rhizobacterium B. cereus C1L (Huang et al., 2010). Black leg 

disease of canola caused by Leptosphaeria maculans was controlled by B. cereus DEF4 

through antibiosis and induced systemic resistance (Ramarathnam et al., 2011). In 

addition with the aforementioned report our investigation also demonstrates an agreement 

with the results of El-Tarabily et al., (2000) who reported the use of chitinolytic 

bacterium and actinomycetes reduced basal drop disease of lettuce significantly compare 

to control. However, in this study the mode of action of bacterial isolates was not 

investigated but demands to be explored in future research.  

The viability of sclerotia treated with bacteria showed significant differences 

compared to control (P=0.05). Seven weeks after the  soil drenching application of B. 

cereus SC-1 the number of viable sclerotia was significantly decreased to below 2% in 

comparison with the control. For sustainable management of sclerotinia lettuce drop, the 

inhibition of sclerotial germination is a core strategy to prevent myceliogenic 

germination. The parasitisation of sclerotia with biocontrol agents may be the most 

effective method to kill sclerotia and eradicate disease. The present investigation 

demonstrated that B. cereus SC-1 could inhibit sclerotial germination and reduce viability 

below 2% compared to the control (100%) (Data not shown). Duncan et al., (2006) 

reported that antagonistic bacteria might have the potential to kill or disintegrate 

overwintering sclerotia by parasitisation. This observation indicates that bacteria could be 
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used as soil amendments to break the lifecycle of the pathogen by killing overwintering 

sclerotia in soil. However, the viability, longevity and multiplication capability of bacteria 

under natural conditions in heavily infested fields requires further investigation. 

Plant growth promotion by B. cereus SC-1 volatiles 
An in vitro system was adopted to investigate the influence of B. cereus SC-1 

mediated volatiles on growth promotion in lettuce. Seven days after seedling emergence, 

a significant increase in root (46.6%) and shoot (35.4%) length and seedling fresh weight 

(32%) was observed as compared with the control (Fig. 2). Volatile organic compounds 

(VOC) emitted from several rhizobacterial species have triggered plant growth promotion 

(Farag et al., 2006). Our observation concurs with Ryu et al. (2003) who demonstrated 

that rhizobacteria use volatiles to communicate with plants and promote plant growth. 

They can also protect against pathogen invasion by activating induced systemic resistance 

in Arabidopsis (Ryu et al., 2004). Serratia marcescens NBRI 1213 (Lavania et al., 2006) 

and Achromobacter xylosoxidans Ax10 (Ma et al., 2009) were shown to promote plant 

growth by increasing root length, shoot length, fresh and dry weight of target plants. 

Growth promoting ability of B. cereus SC-1 under glasshouse conditions 

B. cereus SC-1 was assessed for its ability to promote lettuce growth in a 

glasshouse. At 7 weeks post inoculation of bacteria, B. cereus SC-1 treated plants 

exhibited a significant increase in root length, shoot length, head weight and biomass 

weight by 34.8%, 21.5%, 19.4% and 24.8% respectively compared with untreated control 

plants (Table 1). The result of this study is consistent with previous report where 

rhizobacteria were found to promote plant growth by producing phytohormones, nitrogen 

fixation, phosphate solubilisation and antagonism (Choudhary and Johri, 2009). The 

growth promotion of lettuce in this study might be attributed to production of metabolites 

by bacteria that trigger certain metabolic activity and enhanced plant growth. 

Rhizosphere and sclerotial colonization of bacteria 

The rhizosphere and sclerotial colonization of lettuce plant by B. cereus SC-1 was 

investigated. The density of B. cereus SC-1 in rhizosphere was 6 to 7 log CFU g
-1

 of soil

while bacterial population on sclerotia ranged from 6 to 8 log CFU mL
-1

 over seven time

points; 0, 1, 5, 10, 20, 30, 50 and 70 days after treatment (Fig. 3). The maximum 

colonization was observed at 30 days post treatment in both rhizosphere and sclerotia then 

a slow reduction in bacterial density was observed. Several rhizobacterial species promote 

plant growth and confer protection from pathogens by rhizosphere colonization 

(Lugtenberg and Kamilova, 2009). Our rhizosphere competence results showed that 

during lettuce growth the bacterial population reached a noteworthy level indicated the 

bacteria as a good colonist of lettuce rhizosphere. The population dynamics of B. cereus 

SC-1 on sclerotia was found higher than rhizosphere has proved again its better capability 

of colonization. Previous studies have shown B. cereus to activate induced systemic 

resistance, enhance plant growth by colonizing lily (Liu et al., 2008) and maize (Huang et 

al., 2010) roots. 

CONCLUSION 

The present study was undertaken to determine the feasibility of bacterial 

biological control in Australia where management of S. sclerotiorum induced lettuce drop 

was considered as model system. The antagonistic bacterial isolate B. cereus SC-1 was 

selected from a previous study where the bacteria were demonstrated as having multiple 



68

modes of action and successfully reducing the disease incidence of sclerotinia stem rot of 

canola both in glasshouse and field. The results of this study suggest that B. cereus SC-1 

is a promising biocontrol agent and its judicious application might reduce lettuce drop 

disease incidence under glasshouse conditions. In summary, there increased demands for 

vegetable crops that are pesticide-free especially those that are freshly consumed. B. 

cereus SC-1 might be a substitute for fungicides or a component of integrated disease 

management program in controlling Sclerotinia lettuce drop and other horticultural and 

agricultural crops. 
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Table 

Table 1. Growth promotion of lettuce plant treated with 1x10
8
 CFU mL

-1
 of Bacillus

cereus SC-1 cell suspension in compare to control 

Treatment Root length 

(cm) 

Shoot length 

(cm) 

Head weight 

(g) 

Biomass 

increase (%) 

B. cereus SC-1 15.5 ± 0.8 a 17.6 ± 0.9 a 71.1 ± 3.7 a 24.8 

Control 10.1 ± 1.0 b 13.8 ± 1.0 b 57.3 ± 5.1 b - 

Representative data obtained from the means of 10 replicated plants per treatment. 

Different letters indicate statistically significant differences according to Fisher’s 

protected LSD test (P=0.05).  
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Figures 

Fig. 1. Soil drenching application of Bacillus cereus SC-1 compltely inhibited the 

Sclerotinia infection (top line) while 100% disease incidence was obseved in control 

plants (bottom line).  

Fig. 2. Exposure of lettuce plant to volatiles released from Bacillus cereus SC-1 at 7 days 

post inoculation. (A) root and shoot length (B) seedling fresh weight. Represented data 

obtained and combined from three consecutive trial with 10 replicates (P<0.05).   

Fig. 3. Rhizosphere colonization of Bacillus cereus SC-1 in the (A) rhizospheric soil and 

(B) Sclerotia of lettuce plant over time. Data represents the mean numbers of CFU of

bacteria per gram of rhizosphere soil and sclerotia from three repetative experiments with

standard error.

BAA
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Chapter 6      Research Article 

M.M. Kamal, S. Savocchia, K.D. Lindbeck, and G.J. Ash. (2015). Elucidating the

mechanisms of biocontrol of Bacillus cereus SC-1 against Sclerotinia sclerotiorum. 

BioControl (Formatted). 

Chapter 6 investigates the mechanism of antagonism conferred by Bacillus cereus, strain SC-

1, against S. sclerotiorum. The presence of lipopeptide antibiotics and hydrolytic enzymes in 

the genome of B. cereus SC-1 was evaluated. Cell free culture filtrates of the bacterium were 

evaluated in vitro and in the glasshouse to observe the efficacy of metabolites to control S. 

sclerotiorum. Scanning and transmission electron microscopy were employed to further 

investigate the effect of bacteria on morphology and cytology of hyphae and sclerotia of S. 

sclerotiorum. The results obtained from this chapter have provided a better understanding of 

the mode of action of B. cereus SC-1 which should assist in developing sustainable 

management practices for crop diseases caused by Sclerotinia spp. This chapter has been 

presented according to the formatting requirements for the journal of “BioControl”.  
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ABSTRACT 11 

The mechanism by which Bacillus cereus SC-1 inhibits the germination of sclerotia of 12 

Sclerotinia sclerotiorum (Lib.) de Bary was observed to be through antibiosis. Cell-free 13 

culture filtrates of B. cereus SC-1 significantly inhibited the growth of S. sclerotiorum with 14 

degradation of sclerotial melanin and reduced lesion development on cotyledons of canola. 15 

Scanning electron microscopy of the zone of interaction of B. cereus SC-1 and S. 16 

sclerotiorum demonstrated vacuolization of hyphae with loss of cytoplasm. The rind layer of 17 

treated sclerotia was completely ruptured and extensive colonisation by bacteria was 18 

observed. Transmission electron microscopy revealed the disintegration of the cell content of 19 

fungal mycelium and sclerotia. PCR amplification using gene specific primers revealed the 20 

presence of four lipopeptide antibiotic (bacillomycin D, iturin A, surfactin and fengycin) and 21 

two mycolytic enzyme (chitinase and β-1,3-glucanase) biosynthetic operons in B. cereus SC-22 

1 suggesting that  antibiotics and enzymes may play a role in inhibiting multiple life stages of 23 

S. sclerotiorum.24 

25 

KEYWORDS: Biocontrol; Mechanisms; Bacillus cereus; Sclerotinia sclerotiorum 26 
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INTRODUCTION 27 

Sclerotinia sclerotiorum (Lib.) de Bary, commonly known as the white mould pathogen, is a 28 

devastating necrotrophic and cosmopolitan phytopathogen with a reported host range of more 29 

than 500 plant species (Saharan and Mehta 2008). Sclerotinia species are estimated to cause 30 

annual losses of  US$200 million in the USA (Bolton et al. 2006) whereas in Australia they 31 

can cause annual losses of up to AUD$10 million in canola production (Murray and Brennan 32 

2012). The typical symptom of sclerotinia stem rot appears on leaf axils as soft, watery 33 

lesions. Two to three weeks after infection the lesions expand and the main stems and 34 

branches turn greyish white and eventually become bleached. Upon splitting the bleached 35 

stems of diseased plants, mycelia and sclerotia are often visible (Fernando et al. 2004). The 36 

development of canola varieties resistant to S. sclerotiorum is extremely difficult because the 37 

trait is governed by multiple genes (Fuller et al. 1984). Therefore, management of the disease 38 

often relies on the strategic application of fungicides (Mueller et al. 2002). Chemical 39 

fungicides have been used throughout the world to decrease the incidence of disease, 40 

however they have little effect on sclerotial germination and release of ascospores (Huang et 41 

al. 2000). In China, frequent applications have led to the pathogen becoming resistant to 42 

agrochemicals (Zhang et al. 2003). The use of beneficial microorganisms for biological 43 

control has become a desired and sustainable alternative against several plant pathogens, 44 

including S. sclerotiorum (Pal and Gardener 2006).   45 

46 

A diverse number of microorganisms secrete and excrete metabolites that are able to suppress 47 

the growth and activities of plant pathogens. Bacillus species such as B. subtilis, B. cereus, B. 48 

licheniformis and B. amyloliquefaciens have demonstrated antifungal activity against various 49 

plant pathogens through antibiosis (Pal and Gardener 2006). Cell free culture filtrates of 50 

Bacillus spp contain several bioactive molecules that suppress the growth of active pathogens 51 
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or their resting structures. Wu et al. (2014) reported that  B. amyloliquefaciens NJZJSB3 52 

releases a number of bioactive metabolites in culture filtrates that are antagonistic toward the 53 

growth of mycelia and sclerotial germination of S. sclerotiorum. Another study reported that 54 

culture extracts of antibiotic producing Pseudomonas chlororaphis DF190 and PA23, B. 55 

cereus DFE4 and B. amyloliquefaciens DFE16 significantly reduced the development of 56 

blackleg lesions on canola cotyledons (Ramarathnam et al. 2011). Scanning electron 57 

microscopy observations of sclerotia treated with the culture extract of the ant-associated 58 

actinobacterium Propionicimonas sp. ENT-18 revealed severely damaged sclerotial rind 59 

layers suggesting the antibiosis properties of secondary metabolites produced by the 60 

bacterium (Zucchi et al. 2010). The role of bioactive metabolites in cell free culture filtrates 61 

on plant pathogens in vitro, in planta and the ultrastructural observation of cellular organelles 62 

require further investigation to elucidate the biocontrol mechanism of bacteria. Studies 63 

focusing on the mode of action of biocontrol organisms may lead to the identification of 64 

novel molecules specifically antagonistic to target pathogens.  65 

66 

Bacillus species have been shown to produce a range of antifungal secondary metabolites 67 

(Emmert et al. 2004) with diverse structures ranging from lipopeptide antibiotics to a number 68 

of small antibiotic peptides (Moyne et al. 2004). Iturin, surfactin, fengycin and plispastatin 69 

are lipopeptide antibiotics consisting of hydrophilic peptides and hydrophobic fatty acids 70 

(Roongsawang et al. 2002). Members of the iturin family of compounds have been reported 71 

to provide profound antifungal and homolytic activity, but their antibacterial performance is 72 

limited (Maget-Dana and Peypoux 1994). The cyclic lipodecapeptide, fengycin, exhibits 73 

specific activity against filamentous fungi by inhibiting phospholypase A2 (Nishikori et al. 74 

1986), whereas surfactins have been demonstrated to have activity against viruses and 75 

mycoplasmas (Vollenbroich et al. 1997). Apart from these antibiotics, the production and 76 
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release of hydrolytic enzymes by different microbes including Bacillus spp can sometimes 77 

directly interfere with the activities of the plant pathogen (Solanki et al. 2012). These 78 

enzymes are known to hydrolyze a range of polymeric compounds such as chitin, proteins, 79 

cellulose, hemicelluloses and DNA. Chitin, an insoluble linear β-1,4-linked polymer of N-80 

acetylglucosamine (GlcNAc), is a major structural constituent of most fungal cell walls 81 

(Sahai and Manocha 1993). Bacillus species have been reported to produce chitinase which 82 

can degrade the chitin in the cell walls of fungi (Solanki et al. 2012). Serratia marcescens 83 

was reported to control the growth of Sclerotium rolfsii which might be mediated by chitinase 84 

expression (Ordentlich et al. 1988). The biocontrol activities of Lysobacter enzymogenes by 85 

degrading the cell walls of fungi and oomycetes appeared to be due to the presence of β-1,3-86 

glucanase gene (Palumbo et al. 2005).  87 

88 

B. cereus SC-1 isolated from the sclerotia of S. sclerotiorum has strong antifungal activity89 

against canola stem rot and lettuce drop diseases caused by S. sclerotiorum (Kamal et al. 90 

2015a; Kamal et al. 2015b). The strain significantly suppressed hyphal growth, inhibited the 91 

germination of sclerotia and was able to protect cotyledons of canola from infection in the 92 

glasshouse. Significant reduction in the incidence of canola stem rot was observed both in 93 

glasshouse and field trials. In addition, B. cereus SC-1 provided 100% disease protection 94 

against lettuce drop caused by S. sclerotiorum in glasshouse studies (Kamal et al. 2015a). A 95 

better understanding of the mode of action of B. cereus SC-1 would assist in developing 96 

sustainable biocontrol practices for the management of crop diseases caused by Sclerotinia 97 

spp. Therefore, the present investigation was conducted in vitro and in planta to observe the 98 

role of metabolites produced by B. cereus SC-1 against S. sclerotiorum. The histology of 99 

mycelia and sclerotia were studied via scanning electron microscopy to observe the 100 

morphological and cellular changes induced by this bacteria. In addition, PCR amplification 101 
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with gene specific primers was performed to detect lipopeptide antibiotics and hydrolytic 102 

enzyme biosynthesis genes in B. cereus SC-1.  103 

104 
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MATERIALS AND METHODS 

Microbial strains and culture conditions 

Bacillus cereus strain SC-1 used in this study was isolated from sclerotia of S. sclerotiorum 

and found to be antagonistic towards sclerotinia stem rot disease of canola and lettuce drop 

(Kamal et al. 2015a; Kamal et al. 2015b). Stock cultures of B. cereus SC-1 were maintained 

at -80
o
C in Microbank (Pro-lab diagnostic) and S. sclerotiorum was preserved at 4

o
C in 

sterile distilled water. Large and numerous sclerotia were produced using 3-day-old fresh 

mycelium of S. sclerotiorum on baked bean agar medium (Hind-Lanoiselet 2006) and stored 

at room temperature to prevent carpogenic germination (Smith and Boland 1989). 

Antagonism of B. cereus SC-1 culture filtrates to mycelial growth of S. sclerotiorum in 

vitro 

Bacillus cereus SC-1 was grown in MOLP broth, centrifuged at 13,000 rpm for 15 minutes at 

4
o
C and the filtrates were passed through a Millipore membrane filter (0.22 µm) to remove 

any suspended cells. The filtrates were concentrated by using a Buchi R210/215 rotary 

evaporator (Sigma-Aldrich) and dissolved in sterile distilled water. Antifungal evaluation was 

performed by incorporating 50% (v/v) of culture filtrate into potato dextrose agar (PDA) in a 

90 mm diameter Petri dish. The control plates received only sterile MOLP medium. A 5 mm 

diameter mycelial plug from a 3-day-old culture of S. sclerotiorum was excised from the 

actively growing edge and placed onto the centre of each medium. The plates were incubated 

at 4
o
C for 3 hours to allow the diffusion of metabolites before incubation at 25

o
C for 3 days. 

Following incubation the colony diameter was measured for each culture and the inhibition of 126 
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mycelial growth calculated according to the following formula: Growth Inhibition  (%) = (R1-

R2)/R1
 
× 100, where R1 represents the average colony diameter in the control plate and R2 

indicates the average colony diameter in the filtrate treated plate. The bioassay was conducted 

with ten replicates and repeated three times.  

Antagonism of B. cereus SC-1 culture filtrates on sclerotia 

The concentrated filtrate, prepared as detailed above for the mycelia inhibition assay, was 

also assessed for the inhibition of sclerotial germination by transferring 10 uniformly sized 

sclerotia from baked bean agar (Hind-Lanoiselet 2006) onto PDA amended with 50% of the 

culture filtrate. PDA without culture filtrate was used as the control. Following incubation at 

25
o
C for 4 days, all sclerotia were examined using a Nikon SMZ745T zoom 

stereomicroscope (Nikon instruments) to observe sclerotial germination. Sclerotia were 

considered as having germinated if there was emergence of white, cottony mycelia. The 

inhibition of sclerotial germination was calculated by comparing the number of mycelium 

producing sclerotia with the control and expressed as a percentage as described earlier. In 

addition, 10 sclerotia (one replicate) were submerged in 7-day-old concentrated culture filtrate 

and incubated at 25
o
C for 10 days. Sclerotia submerged in sterile distilled water were 

considered as controls. Following incubation the surface of the sclerotia was examined using 

a Nikon SMZ745T zoom stereomicroscope to evaluate their morphology. All treated and non-

treated sclerotia were recovered, dried and subjected to germination assays on PDA. The trial 

was conducted with three replicates and repeated three times. 

Inhibition of S. sclerotiorum by culture filtrates of B. cereus SC-1 in planta 

The antagonism of B. cereus SC-1 culture filtrates against S. sclerotiorum was evaluated on 

10-day-old canola (cv. AV Garnet) cotyledons in a controlled plant growth chamber. The 151 
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culture filtrate was spread onto the adaxial surface of cotyledons (2 cotyledons/seedling) with 

an artist’s wool brush and air-dried. Cotyledons brushed with MOLP broth were considered 

as controls. After 24 hours, filter paper discs (similar size to cotyledons) were soaked in 3-

day-old macerated mycelial fragments of S. sclerotiorum (10
4 

fragments mL
-1

) and placed 

onto the surface of cotyledons. Similarly culture filtrate was also applied 24 hours after 

pathogen inoculation. The mycelial suspensions were agitated prior to the addition of the 

filter paper discs to maintain a homogenous concentration. The plant growth chamber was 

maintained at a relative humidity of 100% and low light intensity of ~15µE/m
2
.s for 1 day 

then increased to ~150 µE/m
2
.s and day/night temperatures of 19

o
C and 15

o
C, 

respectively. The lesion diameter on each cotyledon was assessed after removing the filter 

paper disc at 4 days post inoculation. The experiment was conducted in a randomised 

complete block design with 10 replicates and repeated twice.  

Scanning electron microscopy (SEM) studies 

Dual culture assays with B. cereus SC-1 and S. sclerotiorum were performed according to 

Kamal et al. (2015b). Mycelia were excised from the edges of the interaction zone between 

the fungi and bacterial colonies 10 days after inoculation and processed according to Gao et 

al. (2014) with some modification. The samples of mycelia were fixed in 4% (v/v) 

glutaraldehyde (Electron Microscopy Sciences) at 4°C for 48 hours. After rinsing with 0.1 M 

phosphate buffer (pH 6.8) samples were dehydrated in graded series of ethanol and replaced 

by isoamyl acetate (Sigms-Aldrich). The dehydrated samples were subjected to critical-point 

drying (Balzers CPD 030), mounted on stubs and sputter-coated with gold-palladium. The 

morphology of the hyphal surface was micrographed using a Hitachi 4300 SE/N Field 

Emission-Scanning Electron Microscope (Hitachi High Technologies) at an accelerator 175 
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potential of 3 kV. The study was conducted on 10 excised pieces of mycelium and repeated 176 

twice. 177 

A co-culture assay to evaluate the effect of B. cereus SC-1 on sclerotial germination was 178 

conducted according to Kamal et al. (2015b). SEM analysis of sclerotia was performed 179 

according to Benhamou & Chet (1996) with minor modification. Sclerotia were vapour-fixed 180 

in 2% (w/v) aqueous solution of osmium tetroxides (ProSciTech) for 40 hours at room 181 

temperature. The fixed samples were sputter-coated with gold-palladium using a K550 182 

sputter coater (Emitech). Micrographs were taken to study the surface morphology of 183 

sclerotia using a Hitachi 4300 SE/N Field Emission-Scanning Electron Microscope (Hitachi 184 

High Technologies) at an accelerator potential of 3 kV. The SEM studies were conducted on 185 

10 sclerotia and repeated twice. 186 

187 

Transmission electron microscopy studies 188 

Samples of mycelia from a dual culture assay were taken from the edge of challenged and 189 

control mycelium which were infiltrated, and embedded with LR White resin (Electron 190 

Microscopy Sciences) in gelatine capsules and polymerised at 55°C for 48 h after fixing, 191 

post-fixing and dehydration. Based on the observations of semi-thin sections using a light 192 

microscope, a diamond knife (DiATOME) was used to cut ultrathin sections of the samples 193 

and collected onto 200-mesh copper grids (Sigma-Aldrich). After contrasting with uranyl 194 

acetate (Polysciences) and lead citrate (ProSciTech) the sections were visualized with a 195 

Hitachi HA7100 transmission electron microscope (Hitachi High Technologies). 196 

197 

Sclerotia of S. sclerotiorum collected from bacterial challenged assays and controls were 198 

fixed immediately in 3% (vol/vol) glutaraldehyde in 0.1M sodium cacodylate buffer (pH 7.2) 199 

for 2 hours at room temperature. Post fixation was performed in the same buffer with 1% 200 
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(w/v) osmium tetroxide at 4
o
C for 48 hours. Upon dehydration in a graded series of ethanol,201 

samples were embedded in LR white resin (Electron Microscopy Sciences). From LR white 202 

block 0.7µm thin sections were cut with glass knives and stained with 1% aqueous toluidine 203 

blue prior to visualization with a Zeiss Axioplan 2 (Carl Zeiss) light microscope. Ultrathin 204 

sections of 80 nm were collected on Formvar (Electron Microscopy Sciences) coated 100 205 

mesh copper grids, stained with 2% uranyl acetate and lead citrate then immediately 206 

examined under a Hitachi HA7100 transmission electron microscope (Hitachi High 207 

Technologies) operating at 100kV. From each sample 10 ultrathin sections were visualized. 208 

209 

Amplification of genes corresponding to lipopeptide antibiotics and mycolytic enzymes 210 

A single bacterial bead containing B. cereus SC-1 preserved in Microbank was introduced 211 

into an Erlenmeyer flask containing medium optimum for lipopeptide production (MOLP) 212 

(Gu et al. 2005) and incubated on a shaker at 150 rpm at 28
o
C for 7 days. To detect mycolytic213 

enzyme producing genes, B. cereus SC-1 was grown in minimal media (MM) (Solanki et al. 214 

2012) supplemented with homogenized mycelium of S. sclerotiorum (1% w/v) then incubated 215 

at 28
o
C for 7 days. For DNA extraction, 250 µl of the cell suspension from each culture was216 

individually transferred into a 0.5 ml microfuge tube, centrifuged at 13,000g for 5 minutes 217 

and the supernatant discarded. To lyse the cells, 50 µl of 1X PCR-buffer (Promega) and 1µl 218 

Proteinase K (10 mg/ml) (Sigma-Aldrich) was added to the cells which were then frozen at -219 

80°C for 1 h. The cells were digested for 1 h at 60°C and subsequently boiled for 15 minutes 220 

at 95°C. The genomic DNA was stored at -20°C for further investigation. The corresponding 221 

fragments involved in the production of lipopeptides and enzymes were amplified by PCR 222 

using gene specific primers (Table 2). PCR amplification was carried out in a 25 µl reaction 223 

mixture consist of 12.5 µl of 2X PCR master mix (Promega) 0.25 µl (1.8 mM/L) of each 224 

primer, 2 µl (20 ng) of template DNA and 10 µl of nuclease free water. Amplified PCR 225 
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reactions were separated on 1.5% agarose stained with gel red (Bioline).  The PCR 

products were purified using a PCR Clean-up kit (Axygen Biosciences) 

according to the manufacturer’s instructions and sequenced by the Australian Genome 

Research Facility (AGRF, Brisbane, Queensland). All sequences were aligned using 

MEGA v. 6.2 (Tamura et al., 2013) and compared to sequences available in GenBank 

using BLAST (Altschul et al., 1997).  

Data Analysis 

ANOVA was conducted using GENSTAT (16th edition; VSN International). As there was 

no significant difference observed in any repeated trials, the data were combined to test 

the differences between treatments using Fisher’s least significant differences (LSD) at P = 

0.05. 

RESULTS 

Antifungal spectrum of B. cereus SC-1 cell free culture filtrates 

The cell free culture filtrates of B. cereus SC-1 were evaluated against hyphal growth and 

sclerotial germination on PDA amended with 50% (v/v) culture filtrate. The in vitro 

inhibition of hyphal growth by culture filtrates was significantly different to controls 

(P≤0.05) (Table 1). The results demonstrated that radial mycelial growth was 4.81 mm in the 

treated plates whereas mycelium was completely inhibited in Petri plates at 4 days post 

inoculation. Sclerotial germination was inhibited when sclerotia were placed on PDA 

amended with culture filtrate whereas all sclerotia were germinated in control plates. After 

submerging sclerotia in culture filtrates for 10 days, degradation of melanin, pores on the 

sclerotial surface and failure to germinate on PDA was observed. The melanin layer remained 

intact in sclerotia submerged in distilled water (Fig. 1A, B). Application of culture filtrates on 

10-day-old canola cotyledon significantly suppressed (P≤0.05) lesions of S. sclerotiorum.The 

250 
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average lesion diameter of culture filtrate treated and control cotyledons were 2.38 mm and 251 

11.72 mm, respectively. The inhibition of lesion development was not significant (P≤0.05) 252 

when the filtrate was applied 1 day post pathogen inoculation with mycelia and compared to 253 

controls. 254 

255 

Microscopic observations of B. cereus SC-1 on S. sclerotiorum 256 

Mycelial samples collected from the zone of interaction between B. cereus SC-1 and S. 257 

sclerotiorum were visualised with a SEM. The hyphal tips of S. sclerotiorum growing 258 

towards the bacterial colonies were deformed and elongation was inhibited (Fig. 2A).  The 259 

hyphae were observed to be vacuolated and loss of cytoplasm was evident when samples 260 

were examined at higher magnification (Fig. 2B). Control, non-parasitized sclerotia of S. 261 

sclerotiorum appeared as spherical structures characterized by their intact globular rind layer 262 

(Fig. 2C). B. cereus SC-1 treated sclerotia demonstrated pitted, collapsed, fractured and 263 

ruptured outmost rind cells of the sclerotia. Bacterial cells were abundantly present inside the 264 

ruptured rind cells of parasitized sclerotia (Fig. 2D). Cell to cell connection of bacteria 265 

through thin mucilage was observed in most samples studied (Fig 2E). The rind layer cells 266 

were completely destroyed and the broken walls of rind cells were discernible (Fig. 2F). 267 

Abundant presence of bacterial cells as well as disintegration of sclerotial rind cells was 268 

frequently visible. 269 

270 

Hyphal ultrastructure was micrographed using a TEM (Fig. 3A,B).  The cell wall of control 271 

hyphae was comparatively thinner and fibrillar structure was clearer than that of the sclerotial 272 

cell wall. The thickness of a single layered hyphal cell wall varied from 0.1 µm to 0.2 µm. In 273 

the hyphal tips, the cytoplasmic membrane was significantly folded. In most sections small 274 

vesicles or tubules were observed between the cytoplasmic membrane and cell wall which 275 
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was not observed in sclerotia cells. The presence of dark bodies were observed in hyphal cells 276 

indicating polysaccharides (Bracker 1967). Generally, ribosomes and mitochondria were 277 

more abundant in hyphal cells than in sclerotia indicating that metabolic activity may be 278 

lower in sclerotial cells.  279 

280 

Additional information on the structural organization of untreated and treated sclerotia was 281 

obtained from ultrathin sections using TEM. The histological appearance of normal and 282 

abnormal sclerotia was similar to that described by Huang (1982). Ultrastructural analysis of 283 

sclerotia in the control treatment demonstrated that the rind layer was approximately three to 284 

four cells in thickness. The rind cells were surrounded by thick and electron dense cell walls 285 

which contained dense cytoplasm. The inner layer, known as the medulla, consisted of 286 

loosely organised pleomorphic cells which were surrounded by thick electron lucent cell 287 

walls. Small polymorphic vacuoles and electron-opaque inclusions were visible in the 288 

cytoplasm. A number of electron lucent vacuoles were visible in the outer cells underneath 289 

the rind cells which were surrounded by electron dense inclusions and comparatively less 290 

electron dense cell walls. Fine granular ground matrix was observed inside vacuoles. A 291 

comparatively reduced electron density of cell walls and reduced cytoplasmic density were 292 

noticed in inner rind cells but the number of vacuoles and inclusions remained similar. The 293 

presence of an electron-opaque middle lamella was observed between the junctions of 294 

contiguous cells. The loosely arranged medullary cells were overlaid by a fibrillar matrix 295 

which acted as a bridge between medullary cells that contained electron dense inclusions 296 

(Fig. 3C).  297 

298 

The effect of B. cereus SC-1 on the rind cells of sclerotia was observed as collapsed and 299 

empty cells and a few contained only cytoplasmic remnants. The normal properties of control 300 
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sclerotia as described earlier were not apparent and delineation of the cell wall indicated that 301 

all cells belonging to the rind and medulla were completely disintegrated by the action of the 302 

bacterial metabolites. Cells had lost all cytoplasmic organisation and aggregated as well as 303 

non-aggregated cytoplasmic remnants were visible. Both electron dense and electron lucent 304 

cell walls were observed with clear signs of collapse indicating that metabolites of B. cereus 305 

SC-1 penetrated the cell wall prior to affecting the cytoplasmic organelles. Finally, 306 

observations of various sections from bacterial challenged sclerotia revealed that the cell wall 307 

of the rind and medulla were extensively altered and disintegrated. Bacterial invasion caused 308 

complete breakdown of adjacent cell walls which resulted in transgress of cytoplasmic 309 

remnants among cells. Massive alteration, disorganization and aggregation of cytoplasm as 310 

well as degradation of the fibrillar matrix were observed in medullary cells (Fig. 3D).  311 

312 

PCR amplification of non-ribosomal lipopeptide and hydrolytic enzyme synthetase 313 

genes 314 

The gene clusters corresponding to bacillomycin D, iturin A, fengycin, surfactin, chitinase 315 

and β-1-3 glucanase biosynthesis were successfully amplified from the B. cereus SC-1. The 316 

bacillomycin D biosynthetic cluster specific primers yielded a ~875 bp PCR product (Fig. 317 

4.A) with 98% homology to the bamC gene of bacillomycin D operon of type strain B.318 

subtilis ATTCAU195. A ~647 bp PCR amplicon was amplified with the gene specific primer 319 

pair iturin A operon (Fig. 4.B). The purified amplicon showed 97% homology to the ituD 320 

gene of iturin A operon of B. subtilis RB14 in Genbank. PCR amplification with fenD gene 321 

specific primer pairs yielded a ~220 bp PCR product (Fig. 4C with 99% homology to the 322 

fenD gene of B. subtilis QST713 in Genbank). Amplification of genomic DNA with surfactin 323 

specific primers yielded a ~441 bp product (Fig 4D) which showed 98% homology with the 324 

srfDB3 gene of the surfactin operon of B. subtilis B3 strain in Genbank. The A ~270 bp band 325 
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corresponding to the chitinase (chiA) gene demonstrated 99% sequence similarity to a 326 

Aeromonas hydrophila chitinase A (chiA) gene (Fig. 4E). Finally, PCR amplification of the 327 

β-glucanase gene resulted in a ~415 bp size product which showed 100% sequence homology 328 

to the β-glucanase gene of B. subtilis 168 (Fig. 4F). 329 

330 

DISCUSSION 331 

This study examined the biocontrol mechanism of a potential bacterial antagonist, B. cereus 332 

SC-1 associated with the suppression of S. sclerotiorum. The experimental results 333 

demonstrated that antibiosis may be the most dominant mode of action attributed to the 334 

bacterium. B. cereus SC-1 was used in this study for its biocontrol properties described in 335 

previous investigations where it exhibited strong antifungal activity against Sclerotinia 336 

diseases of canola and lettuce (Kamal et al. 2015a; Kamal et al. 2015b). Cell-free, 337 

concentrated culture filtrates of B. cereus SC-1 were able to inhibit the mycelial growth of S. 338 

sclerotiorum on PDA suggesting that this is most likely due to diffusible metabolites 339 

produced by the bacterium. A significant suppression of mycelial growth and complete 340 

inhibition of sclerotial germination was observed on PDA containing 50% culture filtrate of 341 

B. cereus SC-1. The filtrates caused alteration of hyphal growth, lysis of cells, degradation of342 

hyphal tips and bleaching of sclerotia due to the scarification of melanin. The sclerotia 343 

displayed reduced firmness and were completely degraded. Similar studies demonstrated that 344 

the cell free supernatant of B. subtilis MB14 and B. amyloliquefaciens MB101 were able to 345 

significantly inhibit the growth of R. solani when 10% and 20% culture filtrates were 346 

incorporated into an artificial growth medium (Solanki et al. 2013). The culture filtrate from 347 

B. amyloliquefaciens strain NJZJSB3 exhibited profound antifungal activity against the in348 

vitro mycelial growth and sclerotial germination of S. sclerotiorum (Wu et al. 2014). When 349 

the culture filtrate was diluted 60-fold the mycelia and sclerotial germination of S. 350 
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sclerotiorum was inhibited by 80.4% and 100%, respectively. Zucchi et al. (2010) also 

reported that the actinobacterium, Propionicimonas sp., is able to release secondary 

metabolites in culture filtrates causing severe degradation of the sclerotia of S. sclerotiorum.  

Bioassays of culture filtrates on 10-day-old canola cotyledons, one day prior to inoculation 

with S. sclerotiorum reduced lesion development by the pathogen. However when the culture 

filtrates were applied one day after inoculation with S. sclerotiorum no significant difference 

in lesion development compared to the controls was observed. This may be attributed to the 

preventive nature of the metabolites within the culture filtrate. Similar results were obtained 

by Ramarathnam et al. (2011) who demonstrated that culture extracts of P. chlororaphis 

DF190 and PA23, B. cereus DFE4 and B. amyloliquefaciens DFE16 were able to 

significantly reduce blackleg lesion development on canola cotyledon when inoculated 24 h 

and 48 h prior to inoculation of the pathogen. Yoshida et al. (2001) also reported that 

antifungal compounds in culture filtrates of B. amyloliquefaciens RC-2 were able to 

significantly reduce Colletotrichum dematium on mulberry leaves when applied prior to 

inoculation of the pathogen.  

Electron microscopy studies have provided valuable insight into the mechanism of bacterial 

antagonism at a physiological and cellular level. Scanning and transmission electron 

microscopy studies revealed that B. cereus SC-1 caused alterations in the cell walls and loss 

of cytoplasmic material in the hyphae of S. sclerotiorum and this may be attributed to the 

bioactive antifungal metabolites produced by the bacterium. The deleterious effect of B. 

cereus SC-1 on sclerotia was observed from the outmost rind cells into the inner medullary 

cells. The loss of cytoplasmic content and cellular lysis could be attributed to the extensive 

degradation of cell walls and cytoplasmic membrane. Our results revealed that B. cereus SC-375 
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1 successfully invaded and colonized the sclerotia of S. sclerotiorum causing significant 376 

cytological alterations. SEM observations of hyphal tips growing towards the bacterial 377 

colonies in dual culture showed that mycelial growth was inhibited in the moiety of bacterial 378 

metabolites with the eventual complete loss of hyphal content. Bacterial invasion of sclerotia 379 

revealed that the outmost rind cells were ruptured and heavily colonized. Ultrathin sections 380 

from parasitized sclerotia demonstrated that the bacteria ingress towards the inner medullary 381 

cells by causing retraction of the plasmalemma, cytoplasmic disorganization and finally 382 

complete loss of protoplasm. All melanised and non-melanised cells and their contents were 383 

disintegrated most likely due to the highly bioactive nature of the bacterial metabolites.  384 

Our results concur with the observations of Zucchi et al. (2010) who also showed that the 385 

direct action of bioactive metabolites released from actinobacterium Propionicimonas sp 386 

strain ENT 18 induced pronounced cytoplasmic damage. Observations regarding cytoplasmic 387 

degradation of medullary cells in the presence of bacterial contact suggested that strong 388 

diffusible compounds may be responsible for such results. Studies conducted by Benhamou 389 

and Chet (1996) investigated the interaction of Trichoderma harzianum and sclerotia of 390 

Sclerotium rolfsii at a cellular level. Their ultrastructural observations demonstrated that 391 

Trichoderma invasion caused massive alteration of sclerotial cells including retraction and 392 

aggregation of cytoplasm and breakdown of vacuoles. To our knowledge this is the first time 393 

that the antagonism of a biocontrol bacterium on mycelium and sclerotia of S. sclerotiorum 394 

has been rigorously studied by SEM and TEM. 395 

396 

The present study attempted to amplify markers associated with the genes responsible for 397 

production of antifungal antibiotics. Amplification of PCR products using previously 398 

published antibiotic gene specific primers revealed the presence of bacillomycin D, iturin A, 399 

surfactin and fengycin lipopeptides operons in B. cereus SC-1. The presence of particular 400 
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antibiotic bio-synthetic operon in a bacterial strain indicates its ability to produce antibiotics 401 

(McSpadden Gardener et al. 2001). The cyclic lipopeptide, bacillomycin D, is an important 402 

member of the iturin family which undergo non-ribosomal synthesis from Bacillus spp and 403 

has strong antifungal activity (Besson and Michel 1992; Koumoutsi et al. 2004). The 404 

bioactive lipopeptide iturin A released from Bacillus spp penetrates the lipid bilayer of the 405 

cytoplasmic membranes and causes pore formation and cellular leakage (Maget-Dana and 406 

Peypoux 1994). Fengycin also shows strong antifungal activity and its production in B. 407 

cereus has been documented (Ramarathnam et al. 2007). These studies indicate that B. cereus 408 

SC-1 harbours genes for four different lipopeptide antibiotics which may contribute to the 409 

biocontrol of S. sclerotiorum. 410 

411 

The fungal cell wall is mostly constituted of chitin, β-1,3-glucan and protein (Inglis and 412 

Kawchuk 2002; Sahai and Manocha 1993). The presence of chitinase and β-glucanase 413 

encoding genes in the genome of B. cereus SC-1 indicates the production of mycolytic 414 

enzymes which may be responsible for the destruction of fungal cell walls along with 415 

lipopeptide antibiotics. Avocado roots inhabited by four B. subtilis strains were reported to 416 

control Fusarium oxysporum f.sp. radicis-lycopersici and Rosellinia necatrix by producing 417 

hydrolytic enzymes (glucanases or proteases) and antibiotic lipopeptides (surfactin, fengycin, 418 

and/or iturin) (Cazorla et al. 2007). Solanki et al. (2012) reported that four strains of Bacillus 419 

harbour chitinase and β-glucanase producing genes and attributed their role against R. solani 420 

to the action of mycolytic enzymes. Our results  agree with the aforementioned studies which 421 

suggest that amplified genes from B. cereus SC-1 corresponding to production of chitinase 422 

and β-glucanase might also play a role in the biological control of S. sclerotiorum through 423 

destruction of mycelia and sclerotia. 424 

425 
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A comparatively low percentage of environmental bacteria have the ability to produce several 426 

antibiotics and mycolytic enzymes simultaneously. B. cereus SC-1 contains the genes for the 427 

production of lipopeptide antibiotics and hydrolytic enzymes that may deploy a joint 428 

antagonistic action towards the growth of S. sclerotiorum. Understanding the mode of action 429 

of B. cereus SC-1 through multiple approaches would provide the opportunity to improve the 430 

consistency of controlling S. sclerotiorum either by improving the mechanism through 431 

genetic engineering or by creating conducive conditions where activity is predicted to be 432 

more successful. Whole genome sequencing would pave the way to further understand the 433 

biocontrol mechanisms exhibited by B. cereus SC-1 and would assist in designing gene 434 

specific primers which could be used for more efficient selection of potential antagonistic 435 

bacteria for biological control of plant diseases.  436 

437 
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Tables 570 

Table 1 In vivo and in vitro effects of culture filtrates of Bacillus cereus SC-1 on Sclerotinia 571 

sclerotiorum.  572 

    Treatment 

Mycelial diameter 

(mm) in vitro

Lesion diameter (mm) on cotyledons
a

One day before 

pathogen inoculation 

One day after  

pathogen inoculation 

B. cereus SC1

culture filtrate 
4.81±0.5 a 2.38±0.2 a 10.36±0.7 a 

Control 85.0±0 b 11.72±0.8 b 11.47±0.9 a 

a
Lesion diameter measured 4 days after inoculation with S. sclerotiorum. 573 

Values in columns followed by the same letters were not significantly different according to 574 

Fisher’s protected LSD test (P=0.05). 575 
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Table 2 Gene specific primers used in this study. 576 

Antibiotic / 

Enzyme 

Primer Primer sequence 

(5´-3´) 

PCR conditions References 

Iturin A 

F GATGCGATCTCCTTGGATGT 

Initial denaturation 94
o
C for 3 min, 35

cycles of at 94
o
C for 1min, annealing at

60
o
C for 30 s, extension at 72

o
C for 1min

45s, final extension 72
o
C for 6 min.

(Ramarathnam 

2007; Ramarathnam 

et al. 2007) 

R ATCGTCATGTGCTGCTTGAG 

Bacillomycin D 

F GAAGGACACGGCAGAGAGTC 

R CGCTGATGACTGTTCATGCT 

Surfactin 

F ACAGTATGGAGGCATGGTC 

R TTCCGCCACTTTTTCAGTTT 

Fengycin 

F CCTGCAGAAGGAGGAGAAGTG

AAG 

Initial denaturation 94
o
C for 1.5 min, 35

cycles of at 94
o
C for 35 s, annealing at

62.2
o
C for 30 s, extension at 72

o
C for 45 s,

final extension 72
o
C for 5 min.

(Solanki et al. 

2013) 

R TGCTCATCGTCTTCCGTTTC 

Chitinase 

F GATATCGACTGGGAGTTCCC 

Initial denaturation 94
o
C for 4 min, 35

cycles of at 92
o
C for 1 min, annealing at

58
o
C for 1 min, extension at 72

o
C for 1

min, final extension 72
o
C for 7 min.

(Ramaiah et al. 

2000) 

R CATAGAAGTCGTAGGTCATC 

β-glucanase 

F AATGGCGGTGTATTCCTTGA CC 

Initial denaturation 94
o
C for 4 min, 35

cycles of at 92
o
C for 1 min, annealing at

61
o
C for 1 min, extension at 72

o
C for 1

min, final extension 72
o
C for 7 min.

(Baysal et al. 2008) 

R GCGCGTAGTCACAGTCAAAGTT 

577 
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Figures 578 

579 

580 

Fig. 1 Effect of culture filtrates of Bacillus cereus SC-1 against sclerotia of Sclerotinia 581 

sclerotiorum. A Culture filtrate treated sclerotia showing removal of melanin on the surface 582 

after 10 days of submergence, B Control sclerotia submerged into water showing intactness 583 

of melanin.  584 
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585 

Fig. 2 Scanning electron micrographs of mycelium and sclerotia of Sclerotinia sclerotiorum. 586 

A  Mycelia excised at the edges towards the bacterial colonies showing inhibition of mycelial 587 

growth in the moity of bacterial metabolites. B Cross section of bacteria treated hyphae 588 

demonstrating the vacuolated structure and loss of hyphal components. C Outer rind layer of 589 

control sclerotia. D Bacteria treated sclerotia showing perforation of outer rind layer and 590 

eruption of cell contents E Massive colonization and cell to cell communication (arrow 591 

indicated) was observed inside of ruptured cell F Bacteria treated sclerotia showing complete 592 

disintegration of outer rind layer and heavy bacterial colonization.         593 
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594 

Fig. 3 Transmission electron micrographs of ultrathin section of vegetative hyphae and 595 

sclerotia of Sclerotinia sclerotiorum. A Control hyphae showing intactness of cellular 596 

contents B Bacteria treated sclerotia showing disintegration of cellular contents. C Control 597 

sclerotia showing intactness of electron dense cell walls and cellular contents. D Bacteria 598 

treated sclerotia showing massive disintegration of cell wall and transgression of cellular 599 

contents. 600 

601 

602 

603 

604 

605 
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606 

Fig. 4 PCR amplification of genes corresponding to lipopeptide antibiotics and mycolytic 607 

enzymes in Bacillus cereus SC-1. A bamC gene (~875 bp) of the bacillomycin D operon; B 608 

ituD gene (~647 bp) of the iturin A operon; C fenD gene (~220 bp) of the fengycin, D srDB3 609 

gene (~441bp) of the surfactin, E chiA gene (~270 bp) of Chitinase and F β-glucanase gene 610 

(~415 bp) synthetase biosynthetic cluster.  A 100-bp DNA size standard (Promega) was used 611 

to measure the size of the amplified products. The visualization of bands in amplification 612 

products indicates that the target genes were present in the isolate.  613 
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Chapter 7      Research Article 

M.M. Kamal, S. Savocchia, K.D. Lindbeck, and G.J. Ash. (2015). Rapid marker-assisted

selection of antifungal Bacillus species from the canola rhizosphere. FEMS Microbiology 

Ecology (Formatted). 

Chapter 7 describes a novel marker-assisted approach using multiplex PCR to screen 

antagonistic Bacillus spp with potential as biocontrol agents against Sclerotinia sclerotiorum. 

Upon identification of marker selected strain CS-42 as Bacillus cereus using 16S rRNA gene 

sequencing, the strain was subsequently evaluated to control the growth of S. sclerotiorum in 

vitro and in planta. Scanning and transmission electron microscopy studies of the zone of 

interaction in dual culture and of treated sclerotia have indicated the mode of action of the B. 

cereus CS-42 strain against S. sclerotiorum. The findings in this chapter have shown the 

opportunity for rapid and efficient selection of pathogen-suppressing Bacillus strains instead 

of time consuming direct dual culture methodologies and could accelerate microbial 

biopesticide development. This chapter has been formatted according to “FEMS 

Microbiology Ecology” journal.  
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ABSTRACT 12 

A marker-assisted approach was adopted to search for Bacillus spp. with potential as 13 

biocontrol agents against stem rot disease of canola caused by Sclerotinia sclerotiorum. 14 

Bacterial strains were isolated from the rhizosphere of canola and screened using multiplex 15 

PCR for the presence of surfactin, iturin A and bacillomycin D peptide synthetase 16 

biosynthetic genes from eight groups of Bacillus isolates, consisting of twelve pooled 17 

isolates. Among the 96 isolates screened, only CS-42 was positively identified as containing 18 

all three markers. It was subsequently identified as Bacillus cereus using 16S rRNA gene 19 

sequencing. This strain was found to be effective in significantly inhibiting the growth of S. 20 

sclerotiorum in vitro and in planta. Scanning electron microscopy studies at the dual culture 21 

interaction region revealed that mycelial growth was curtailed in the vicinity of bacterial 22 

metabolites. Complete destruction of the outmost melanised rind layer of sclerotia was 23 

observed when treated with the bacterium. Transmission electron microscopy of ultrathin 24 

sections challenged with CS-42 showed partially vacuolated hyphae as well as degradation of 25 

organelles in the sclerotial cells. These findings suggest that genetic marker-assisted selection 26 

mailto:mkamal@csu.edu.au


103

may provide opportunities for rapid and efficient selection of pathogen-suppressing Bacillus 27 

strains and the development of microbial biopesticides. 28 

29 

INTRODUCTION 30 

The rhizosphere has been considered as a “Black Box” of microorganisms that provides a 31 

front line defence and protection of plant roots against pathogen invasion (Bais, et al. 2006: 32 

233-66, Weller 1988: 379-407). A number of plant and soil associated beneficial bacteria are33 

able to suppress plant pathogens through multiple modes of action, including antagonism (Pal 34 

and Gardener 2006: 1117-42). The genus Bacillus occurs ubiquitously in soil and many 35 

strains are able to produce versatile metabolites involved in the control of several plant 36 

pathogens (Ongena and Jacques 2008: 115-25). The persistence and sporulation under harsh 37 

environmental conditions as well as the production of a broad spectrum of antifungal 38 

metabolites make the organism a suitable candidate for biological control (Jacobsen, et al. 39 

2004: 1272-5). Members of the Bacillus genus possess the ability to produce heat and 40 

desiccation resistant spores which make them potential candidates for developing efficient 41 

biopesticide products. These spores are often considered as factories of biologically active 42 

metabolites which in turn have been shown to suppress a wide range of plant pathogens. 43 

Bacillus spp are known to produce cyclic lipopeptide antibiotics such as surfactin (Kluge, et 44 

al. 1988: 107-10), iturin A (Yu, et al. 2002: 955-63) and bacillomycin D (Moyne, 2001; 622-45 

9) and exhibit strong antifungal activity against a number of plant pathogens. The selection46 

and evaluation of these bacteria from natural environments using direct dual culture 47 

techniques is a time consuming task. The discovery of lipopeptide synthetases genes 48 

associated with novel biocontrol and the development of gene specific markers has provided 49 

the opportunity to detect antagonistic Bacillus species from large numbers of environmental 50 

samples (Joshi and McSpadden Gardener 2006: 145-54).  51 
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A number of PCR-based methods have been developed for screening antagonistic bacteria 52 

(Gardener, et al. 2001: 44-54, Giacomodonato, et al. 2001: 51-5, Park, et al. 2013: 637-42, 53 

Raaijmakers, et al. 1997: 881). Recently, a high-throughput assay was developed to screen 54 

for antagonistic bacterial isolates for the management of Fusarium verticillioides in maize 55 

(Figueroa-López, et al. 2014: S125-S33). There is no doubt of the contribution of these 56 

studies to facilitate the selection of potential biocontrol organisms. However, a more efficient 57 

and affordable molecular based approach is crucial for the detection of bacterial antagonists 58 

that can inhibit fungal growth, disintegrate cellular contents and protect plants from pathogen 59 

invasion. Therefore, the objective of this investigation was to develop a rapid and reliable 60 

screening method to identify Bacillus isolates from the canola rhizosphere with antagonistic 61 

properties towards S. sclerotiorum. The antagonism of marker selected bacteria was further 62 

evaluated against S. sclerotiorum in vitro and in glasshouse grown canola plants. In addition, 63 

scanning electron microscopy (SEM) and transmission electron microscopy (TEM) studies 64 

were conducted to explore the inhibitory effect of bacteria on cell organelles in mycelium and 65 

sclerotia. 66 

67 

METHODS 68 

69 

Rhizosphere sampling 70 

71 

The root system of whole canola plants from Wagga Wagga (35°07008″S, 147°22008″E) 72 

were collected to a depth of 15 cm using a shovel and immediately placed in plastic bags for 73 

transport to the laboratory. Samples were either immediately processed or placed in a cold 74 

room (8°C) within 3 h of sampling and stored for a maximum of 3 days prior to processing. 75 

Soil samples from 10 individual canola rhizopheres were processed by removing the intact 76 

root system and adhering soil from each plant using a clean scalpel. Each rhizosphere sample 77 

of 3 g was placed in a falcon tube containing 30 mL of sterile distilled water. To dislodge the 78 
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bacteria and adhering soil from the roots each sample was vortexed four times for 15s, 79 

followed by a 1 minute sonication. Aliquots of 1 mL of the suspensions were stored in 80 

individually labelled microfuge tubes for further investigation. 81 

82 

Bacillus culture and maintenance 83 

Microfuge tubes containing 1 mL of each soil suspension were incubated in a water bath at 84 

80
o
C for 15 minutes and then allowed to cool to 40

o
C. Using a sterile glass rod, 50 µl of the85 

soil suspension was then spread onto tryptic soy agar (TSA) and incubated for 24-48 h at 86 

room temperature. Following incubation, individual colonies were inoculated into 96 well 87 

microtiter plates (Costar) containing 200 µl of tryptic soy broth (TSB) and incubated at 40
o
C88 

for 24 h. A 10 µl aliquot of each liquid culture was transferred to fresh TSB in a new 89 

microtiter plate and incubated at room temperature overnight. A Genesys 20 90 

spectrophotometer (Thermo Scientific) was used to assess the optical density of bacterial 91 

growth at 600 nm with a reading of ≥0.05 being scored as positive. Replicate plates were 92 

prepared by mixing individual cultures with 35% sterile glycerol (v/v) which were stored at  93 

-80°C.94 

95 

Preparation of combined isolates and lysis of bacterial cell 96 

The bacterial isolates from 12 wells of the TSB cultures were combined by transferring 10 97 

µl of each into a single well of a 96 well PCR plate (BioRad). This resulted in 8 groups from 98 

a total of 96 isolates. DNA was isolated from each combined sample using a freeze thaw 99 

extraction protocol. Briefly, 90 µl of 1/5x PCR buffer (Promega) was placed into each well of 100 

a PCR plate and 10 µl of combined liquid culture was added and mixed thoroughly. The PCR 101 

plates were then placed into a -80
o
C freezer for 8 minutes before being transferred to a FTS102 

960 thermocyler (Corbert Research) at 94
o
C for 2 minutes. The incubation procedure was103 

repeated thrice and the lysed cells stored at -20
o
C.104 
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Development of PCR assays 105 

The target specific primers used in this study were as described by Ramarathnam et al. 106 

(2007: 901-11). The combined template DNA (representing 12 isolates) was amplified using 107 

gene specific primers corresponding to iturin A (~647 bp), bacillomycin D (~875 bp) and the 108 

surfactin lipopeptide antibiotic biosynthetase operon (~441 bp) (Table 1). DNA of individual 109 

isolates from combinations resulting in positive amplification were then re-amplified with the 110 

same primers to detect target isolates. The PCR reaction volume was 25 µl which comprised 111 

of 12.5 µl of 2X PCR master mix (Promega), 0.5 µl mixture of  primers (1.8 mmole/L), 2 µl 112 

(20 ng) of mix template DNA and 10 µl of nuclease free water. The targets were amplified 113 

using the cycling conditions as initial denaturation 94
o
C for 3 min, 35 cycles of at 94

o
C for 114 

1min, annealing at 60
o
C for 30s, extension at 72

o
C for 1 min 45s and final extension 72

o
C for 115 

6 min. The re-amplification of the positive strain group was conducted with individual 116 

template DNA using the same conditions. Amplified PCR reactions were separated on 1.5% 117 

agarose gels stained with gel red (Bio-Rad) in Trisacetate-EDTA buffer and gel images were 118 

visualized with a Gel Doc XR+ system (Bio-Rad). A 100-bp DNA size standard (Promega) 119 

was used to measure the size of the amplified products.  120 

121 

Identification of genes and bacteria 122 

Each amplicon gel was excised and purified using the Wizard
®
 SV Gel and PCR Clean-Up123 

System (Promega) according to the manufacturer’s instructions. The purified DNA fragments 124 

were sequenced by the Australian Genome Research Facility (AGRF, Brisbane, Queensland). 125 

All sequences were aligned using MEGA v. 6.2 (Tamura, et al. 2013a: 2731-9) then 126 

corresponding genes were identified through a comparative similarity search of all publicly 127 

available GenBank entries using BLAST (Altschul, et al. 1997: 3389-402). Bacterial DNA 128 

extracted from isolates that positively amplified with all three target primers were subjected 129 

to 16S rRNA gene sequencing following partial amplification using universal primers 8F and 130 
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1492R (Turner, et al. 1999: 327-38). The amplified DNA was purified and sequenced as 131 

described earlier. The sequence data was analyzed by BLASTn software and compared with 132 

available gene sequences within the NCBI nucleotide database. Strains were identified to 133 

species level when the similarity to a type reference strain in GenBank was above 99%.  134 

135 

Bio-assay of bacterial strains in vitro 136 

The inhibition spectrum of marker selected Bacillus strains against mycelial growth and 137 

sclerotial germination were conducted according to the method described by Kamal et al. 138 

(2015a). S. sclerotiorum used in this study was collected from a severely diseased canola 139 

plant as described in Kamal et al. (2015a). The isolate was subcultured onto potato dextrose 140 

agar (PDA) and incubated at 25
o
C for 3 days. Agar plugs (5 mm diameter) colonized with141 

fungal mycelium were transferred to fresh PDA and incubated at room temperature in the 142 

dark. The marker-selected bacterial strain CS-42 was cultured in TSB at 28
o
C. After 24 h143 

fresh juvenile cultures of bacterial isolates were measured using a Genesys 20 144 

spectrophotometer (Thermo Scientific) and diluted to 10
8
 CFU mL

-1
 which was subsequently145 

confirmed by dilution plating. A 10 µl aliquot of two different bacterial strains were dropped 146 

at two equidistant positions along the perimeter of the assay plate and incubated at room 147 

temperature in dark for 7 days. The inhibition of sclerotial germination by selected bacterial 148 

isolates was also investigated. Sclerotia grown on baked bean agar (Hind-Lanoiselet 2006) 149 

were dipped into the bacterial suspensions and placed onto PDA and incubated at 28
o
C.150 

Sclerotia dipped into sterile broth were considered as controls. After 7 days incubation the 151 

germination of sclerotia was observed using a Nikon SMZ745T zoom stereomicroscope 152 

(Nikon Instruments). All challenged sclerotia were transferred onto fresh PDA without the 153 

presence of bacteria to observe germination capability. Both experiments were conducted in a 154 

randomized block design with five replications and assayed three times. The inhibition index 155 

for each replicate was calculated as follows:  156 
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Inhibition (%)    , R1 = Radial mycelial colony growth of S. sclerotiorum in 157 

158 
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160 
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179 

180 

control plate, R2 = Radial mycelial colony growth of S. sclerotiorum in bacteria treated plate. 

Disease inhibition bioassay in planta 

Antagonism of the potential biocontrol strain was evaluated against S. sclerotiorum on 50- 

day-old canola plants (cv. AV Garnet) in the glasshouse. A suspension of the antagonistic 

bacterial strain CS-42 was adjusted to 10
8
 CFU mL

-1
, amended with 0.05% Tween 20 and 

sprayed until runoff with a hand-held sprayer (Hills) at a rate of 5 mL per plant. The plants 

were covered with transparent moistened polythene bags and incubated for 24 h. A 

homogenized mixture of 3-day-old mycelial fragments (10
4 

fragments mL
-1

) of S. 

sclerotiorum was sprayed at a rate of 5 mL per plant as described by Kamal et al. (2015a). 

The plants were covered again and kept for 24 h within a polythene bag to retain moisture. 

The plant growth chamber was maintained with at a temperature of 25
o
C and 100% relative 

humidity. Disease incidence was assessed at 10 day post inoculation (dpi) of the pathogen. 

The experiment was conducted in a randomized complete block design with 10 replicates and 

repeated twice. Percentage disease incidence was calculated by observing disease symptoms, 

and disease severity was recorded using a 0 to 9 scale where 0 = no lesion; 1 = <5% stem 

area covered by lesion; 3 = 6-15% stem area covered by lesion; 5= 16-30% stem area covered 

by lesion; 7 = 31-50% stem area covered by lesion and 9 = >50% stem area covered by lesion 

(Yang, et al. 2009: 61-5). Disease incidence, disease index and control efficacy was 

calculated as described below: 

Disease incidence = (Mean number of diseased stems / Mean number of all investigated 

stem) × 100%.  

Disease index = [∑ (Number of diseased stems in each index × Disease severity index) / 

(Total number of stem investigated × Highest disease index)] × 100%.  181 

R1-R2
   R1
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Control efficacy = [(Disease index of control - Disease index of treated group) / Disease 182 

index of control)] ×100. 183 

184 

Scanning electron microscope studies 185 

From the dual culture assay, mycelia were excised at the edges closest to the bacterial 186 

colonies and processed as described by Kamal et al. (2015b). The samples of mycelia were 187 

fixed in 4% (v/v) glutaraldehyde (Electron Microscopy Sciences) at 4°C for 48 h then rinsed 188 

with 0.1 M phosphate buffer (pH 6.8) and dehydrated in a graded series of ethanol. The 189 

dehydrated samples were subjected to critical-point drying (Balzers CPD 030), mounted on 190 

stubs and sputter-coated with gold-palladium. The hyphal surface morphology was 191 

micrographed using a Hitachi 4300 SE/N Field Emission-Scanning Electron Microscope 192 

(Hitachi High Technologies) at an accelerator potential of 3 kV. The SEM studies was 193 

conducted with 10 excised pieces of mycelium and repeated two times. From the co-culture 194 

assay, SEM analysis of sclerotia was performed according to Kamal et al. (2015b). Sclerotia 195 

were vapour-fixed in 2% (w/v) aqueous solution of osmium tetroxides (ProSciTech, 196 

Australia) for 40 h at room temperature then sputter-coated with gold-palladium. 197 

Micrographs were taken to study the sclerotial surface morphology using a Hitachi 4300 198 

SE/N Field Emission-Scanning Electron Microscope (Hitachi High Technologies) at an 199 

accelerator potential of 3 kV. The SEM studies were conducted with 10 sclerotia and repeated 200 

two times. 201 

202 

Transmission electron microscope studies 203 

Samples of mycelia from the dual culture assay were taken from the edge of challenged 204 

and control mycelium were infiltrated, embedded with LR White resin (Electron Microscopy 205 

Sciences, USA) in gelatine capsules and polymerized at 55°C for 48 h after fixing, post-206 
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fixing and dehydration. Based on the observations of semi-thin sections on the light 207 

microscope, ultrathin sections were cut and collected on 200-mesh copper grids (Sigma-208 

Aldrich). After contrasting with uranyl acetate (Polysciences) and lead citrate (ProSciTech) 209 

the sections were visualized with a Hitachi HA7100 transmission electron microscope 210 

(Hitachi High Technologies). Sclerotia of S. sclerotiorum collected from the bacterial 211 

challenged and control test were fixed immediately in 3% (v/v) glutaraldehyde in 0.1 M 212 

sodium cacodylate buffer (PH 7.2) for 2 h at room temperature. Post fixation was performed 213 

in the same buffer with 1% (wt/vol) osmium tetroxides at 4
o
C for 48 h. Upon dehydration in a214 

graded series of ethanol samples were embedded in LR White resin (Electron Microscopy 215 

Sciences). From LR white block, 0.7µm thin sections were cut and stained with 1% aqueous 216 

toluidine blue prior to visualize with Zeiss Axioplan 2 (Carl Zeiss) light microscope. 217 

Ultrathin sections of 80nm were collected on Formvar (Electron Microscopy Sciences) 218 

coated 100 mesh copper grids, stained with 2% uranyl acetate and lead citrate then 219 

immediately examined under a Hitachi HA7100 transmission electron microscope (Hitachi 220 

High Technologies) operating at 100kV. From each sample 10 ultrathin sections were 221 

examined. 222 

223 

RESULTS 224 

225 

Detection and identification of antibiotic producing bacteria 226 

Ninety six Bacillus strains were isolated from the rhizosphere of field grown canola plants 227 

and screened for three lipopeptide antibiotics (surfactin, iturin A and bacillomycin D) that are 228 

antagonistic to S. sclerotiorum. DNA extracted from each group of 12 combined Bacillus 229 

strains were used for multiplex PCR amplification through a combination of three gene 230 

specific primers (Table 1). Only one group of bacterial isolates resulted in positive 231 

amplification for all three genes corresponding to surfactin, iturin A and bacillomycin D 232 
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synthetase biosynthetic cluster (Figure 1.A). The positively amplified single group of isolates 233 

was individually screened with the same multiplex primers and only strain CS-42 resulted in 234 

all three amplicons being amplified (Figure 1.B). The multiplex gene specific primers yielded 235 

a PCR product of approximately 875 bp with 98% homology to the bamC gene of 236 

bacillomycin D operon of type strain B. subtilis ATTCAU195. A PCR product of 237 

approximately 647 bp was amplified with the gene specific primers with 99% homology to 238 

the ituD gene of iturin A operon of B. subtilis RB14 in Genbank. Amplification of genomic 239 

DNA with surfactin specific primers yielded a PCR product of approximately 441 bp with 240 

98% homology to the srfDB3 gene of the surfactin operon of B. subtilis B3 strain in Genbank. 241 

These results demonstrated that only strain CS-42 harboured surfactin, iturin A and 242 

bacillomycin D biosynthesis genes in its genome. The strain CS-42 was subjected to 16S 243 

rRNA gene sequencing and showed greater than 99% similarity to B. cereus UW 85 in 244 

Genbank. 245 

246 

Inhibition of S. sclerotiorum by Bacillus strains in vitro and in planta 247 

The marker selected B. cereus CS-42 strain was evaluated against S. sclerotiorum on PDA 248 

using a dual culture assay to correlate the positive amplification signal with antagonistic 249 

activity. The dual culture assay demonstrated that strain CS-42 significantly inhibited 250 

(80.2%) mycelial growth of S. sclerotiorum compared to the control (Figure 2.A) and no 251 

significant difference in inhibition (81.9%) was observed in comparison to our type 252 

biocontrol strain Bacillus cereus SC-1 (Table 2). In contrast, one group of isolates that 253 

positively amplified both surfactin and iturin A, but negative with bacillomycin D, 254 

demonstrated limited antifungal activity (Figure 2.B). There was no mycelial inhibition 255 

observed by the strains which were amplified only with surfactin on PDA (Figure 2.C). The 256 

antifungal spectrum of marker selected strains on sclerotial germination was evaluated on 257 



112 

PDA. After dipping sclerotia into 10
8
 CFU mL

-1
 bacterial suspension the results258 

demonstrated that the three gene harbouring strain, CS-42, completely restricted sclerotial 259 

germination after 5 days (Figure 2.E). Whereas sclerotia dipped in sterile broth germinated 260 

and completely occupied the whole plate (Figure 2.F). To confirm the in vitro results, strain 261 

CS-42 was used in an in planta bioassay in the glasshouse. Inoculation of bacteria one day 262 

before pathogen inoculation revealed that the disease incidence (39.4%) and disease index 263 

(27.6%) was significantly (P=0.05) reduced in comparison to the control. Control plants 264 

showed typical symptoms of infection (Figure. 2.H) with S. sclerotiorum by 24 hpi, with a 265 

dramatic rise in disease incidence with further incubation, reaching 100% by 10 dpi. The 266 

challenge strain CS-42 provided a control efficacy of 69.8%, which was not significantly 267 

different (73.6%) to that shown by type strain B. cereus SC-1. 268 

269 

SEM and TEM analysis 270 

The region of interaction in dual culture of the bacterium and fungus was observed using 271 

SEM. In this region, the hyphal tips of S. sclerotiorum displayed extreme morphological 272 

alteration characterized by swollen and disintegrated hyphal cells. TEM of the hyphal tips 273 

from the interaction region revealed extensive vacuolization and disorganization of cell 274 

contents. In most cases a degrading thin cell wall and folded cytoplasmic membrane was 275 

observed. Granulated cytoplasm and scattered vacuoles were observed inside the cell 276 

indicating abnormal cell structure.  277 

278 

The sclerotia from the co-culture bioassay were also subjected to SEM analysis. The 279 

bacteria treated sclerotia of S. sclerotiorum displayed deformed spherical structures 280 

characterized by their severely ruptured, collapsed, fractured and pitted outmost rind layer. 281 

Abundant multiplication of bacterial cells inside the ruptured rind cells of parasitized 282 

sclerotia were frequently observed. Ultrastructural analysis of bacteria treated sclerotia was 283 
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obtained from ultrathin sections through TEM. The micrograph demonstrated that most of 284 

cells were collapsed and empty whereas a few contained only cytoplasmic remnants. The 285 

normal properties of the control sclerotia were lost and delimitation of the cell wall indicated 286 

that all cells belonging to rind and medulla were completely disintegrated by bacterial 287 

metabolites. The complete loss of cytoplasmic organization in cells and aggregated 288 

cytoplasmic remnants were frequently visible. Appearance of electron dense and an electron 289 

lucent cell wall demonstrated clear signs of collapse which indicated that damage of cell wall 290 

occurred before damage to cytoplasm organelles. The rind and medullary cells were 291 

extensively altered and disintegrated and cytoplasmic remnants moved among the cells.  292 

293 

DISCUSSION 294 

Several members of the Bacillus genus are inhibitory to plant pathogens and could be used 295 

as biocontrol agents (Emmert and Handelsman 1999: 1-9). The spore forming ability and 296 

high level of resistance to heat and desiccation makes these bacteria suitable candidates in 297 

stable biopesticide formulations (Ongena and Jacques 2008: 115-25). The genus Bacillus 298 

exhibit diversity in the production of a wide range of broad spectrum ribosomally or non-299 

ribosomally synthesized antibiotics (Stein 2005: 845-57). The antimicrobial activity of non-300 

ribosomally synthesized lipopeptide antibiotics including surfactins, iturins and fengycins 301 

have been well documented (Ongena and Jacques 2008: 115-25). The in vitro dual culture 302 

method of bioassay has been widely used to detect potential antagonistic bacteria from the 303 

natural environment. However, screening of large populations of bacteria using in vitro dual 304 

culture assays is laborious and time consuming (De Souza and Raaijmakers 2003: 21-34). 305 

Molecular techniques have accelerated the detection of some antibiotic producing bacterial 306 

strains from huge populations of bacterial isolates (Park, et al. 2013: 637-42). Here we 307 

demonstrate a marker-assisted selection approach where desired strains can be selected using 308 

primers to target specific antibiotic producing genes. Our previous study revealed that gene 309 
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specific primers could amplify surfactin, iturin A and bacillomycin D lipopeptide antibiotic 310 

corresponding antagonistic biosynthetic operon from antagonistic strain B. cereus SC-1 using 311 

the same PCR conditions (Kamal, et al. 2015a). This has led to the design of a multiplex PCR 312 

approach for detection of target Bacillus species from mixed populations. This genus has 313 

been targeted for screening as they have previously been demonstrated to confer 314 

antimicrobial activity (Maget-Dana and Peypoux 1994: 151-74, Maget-Dana, et al. 1992: 315 

1047-51, Moyne, et al. 2001: 622-9, Ongena, et al. 2007: 1084-90, Peypoux, et al. 1991: 101-316 

6).  317 

318 

A rapid marker-based method was introduced to detect novel environmental Bacillus 319 

isolates as putative biocontrol agents of a major pathogen of canola, S. sclerotiorum. DNA 320 

extracted from combined Bacillus isolates was used as a template for multiplex PCR 321 

amplification with a mixture of three sets of previously described primers corresponding to 322 

surfactin,  iturin A and bacillomycin D biosynthetic genes (Ramarathnam, et al. 2007: 901-323 

11).  From the eight groups of isolates, one group of combined isolates was positive for the 324 

all three genes. The individual re-amplification of this group demonstrated that all three genes 325 

together are only contained in one strain. The production of amphiphilic lipopeptides has 326 

been reported by endospore-forming bacteria including B. subtilis (Peypoux, et al. 1999: 553-327 

63). Surfactin is a bacterial cyclic lipopeptide which is commonly used as an antibiotic and 328 

largely prominent for its exceptional surfactant activity (Mor 2000: 440-7). Surfactin was 329 

observed to exhibit antagonism against bacteria, viruses, fungi and mycoplasmas (Ongena, et 330 

al. 2007: 1084-90, Singh and Cameotra 2004: 142-6). Although surfactins are not directly 331 

responsible for antagonism to fungal pathogens they are associated with developmental 332 

functions and catalyze synergistic effects that accelerate the defence activity of iturin A 333 

(Hofemeister, et al. 2004: 363-78, Maget-Dana, et al. 1992: 1047-51). In addition, they can 334 
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interrupt phospholipid functions and are able to produce ionic pores in lipid bilayers of 335 

cytoplasmic membranes (Sheppard, et al. 1991: 13-23). 336 

337 

The cyclic lipopeptide iturins, such as iturin A, iturin C, iturin D, iturin E, bacillomycin D, 338 

bacillomycin F, bacillomycin L, bacillomycin Lc and mycosubtilin, have been classified into 339 

nine groups on the basis of variation of amino acids in their peptide profile (Pecci, et al. 340 

2010: 772-8).  Among all the iturins, iturin A has been shown to be secreted by most Bacillus 341 

strains and found to exhibit a broad spectrum of antifungal activity against pathogenic yeast 342 

and fungi (Klich, et al. 1994: 123-7). It interacts with the cytoplasmic membranes of the 343 

target cell forming ion conducting pores. Its mode of action could be attributed to its 344 

interaction with sterols and phospholipids. In the current study, only one group was positive 345 

for iturin A. Iturin A confers strong antimycotic activity against several phytopathogens and 346 

is commonly produced by Bacillus spp. (Maget-Dana, et al. 1992: 1047-51, Ramarathnam, et 347 

al. 2007: 901-11). Bacillomycin D produced by Bacillus spp. also exhibits strong antifungal 348 

activity against a wide range of fungal plant pathogen (Moyne, et al. 2001: 622-9). The 349 

limited detection of isolates containing the gene conferring bacillomycin D production among 350 

the groups of isolates tested indicates their low frequency in the natural environment. This 351 

result is supported by Ramarathnam et al. (2007: 901-11) who showed that the percentage of 352 

bacteria producing bacillomycin D are comparatively low in the environment and their 353 

capability to produce the antibiotic may be variable.  354 

355 

We observed the presence of either surfactin or iturin A producing genes in another group 356 

of isolates. From each group individual isolates were subjected to further PCR screening and 357 

yielded two positive for surfactin and one for iturin A. It is interesting to note that in vitro 358 

dual culture assays with iturin A positive isolates demonstrated limited inhibition and the 359 

surfactin positive isolate showed zero inhibition of mycelial growth and sclerotial 360 
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germination of S. sclerotiorum. This finding indicates that a combined synergistic effect of 361 

these antibiotics maybe necessary to suppress the pathogen. The production of several 362 

lipopeptide antibiotics is often a very important factor in mycolytic activity against S. 363 

sclerotiorum, which was also evident in this study. Challis and Hopwood (2003: 14555-61) 364 

described that the production of multiple antibiotics by sessile actinomycetes has a 365 

synergistic action in the competition for food and space with other microorganisms. Another 366 

study revealed that B. subtilis M4 is a multiple antibiotic producer; however, only fengycin 367 

was recovered from protected apple tissue upon bacterial inoculation against Botrytis cinerea 368 

(Ongena, et al. 2005: 29-38). Studies to better understand these antibiotic producing bacteria, 369 

their synthesis and activity against Sclerotinia spp. are required.  370 

371 

The antagonistic strain CS-42 was identified as B. cereus through 16S rRNA gene 372 

sequencing. In vitro dual culture assay with CS-42 revealed that the strain was able to 373 

suppress mycelial growth significantly and completely restricted sclerotial germination. 374 

Electron microscopy of the interaction region in the dual culture and parasitized sclerotia 375 

demonstrated that the mode of action of this bacterium may be via antibiosis. The inhibition 376 

of fungal radial mycelial growth by agar-diffusible metabolites produced by bacteria is an 377 

indication of antibiosis (Burkhead, et al. 1995: 1611-6). The scanning electron micrograph 378 

demonstrated that mycelial growth towards the bacteria was restricted in the vicinity of 379 

bacterial metabolites and the hyphae became vacuolated. The transmission electron 380 

micrograph of hyphal tips from the interaction region revealed damage to hyphal cell walls as 381 

well as disintegrated cell contents. SEM analysis of parasitized sclerotia revealed that the 382 

outmost rind layer was ruptured and heavy colonization of bacteria was observed. The TEM 383 

study indicated the complete destruction of medullary cells and transgresses of the cytoplasm 384 

was evident among cells along with other cell contents. This result was in agreement with our 385 
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400 
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402 
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408 

409 

previous study where B. cereus SC-1 destroyed mycelium and sclerotia similarly observed by 

SEM and TEM (Kamal et al. 2015). The histological abnormalities of sclerotia have also 

been reported to be caused by secondary metabolites produced by Propionicimonas sp. 

(ENT-18) (Zucchi, et al. 2010: 811-9). Moreover, in planta evaluation of strain CS-42 against 

S. sclerotiorum demonstrated significant disease suppression. Our previous study revealed 

that B. cereus SC-1 demonstrated profound antifungal activity against mycelial growth and 

sclerotial germination of S. sclerotiorum. This strain has provided a significant reduction of 

disease incidence in canola both in glasshouse and field conditions (Kamal, et al. 2015a). 

Another similar study showed that foliar application of lipopeptide producing B. 

amyloliquefaciens strains ARP23 and MEP218 conferred significant disease reduction of 

Sclerotinia stem rot in soybean (Alvarez, et al. 2012: 159-74). 

Antagonistic Bacillus strains can be rapidly detected by gene specific primers from 

enormous natural rhizosphere bacterial communities of particular ecosystems. The direct 

search for antagonistic bacteria from combined samples via genetic markers may accelerate 

the selection of biocontrol agents against specific plant pathogens. The canola rhizosphere 

associated bacteria isolated in this study has demonstrated <1% representation of potential 

antagonism which might be surprising that such a very low abundance of soil bacteria have 

significant functional impact on pathogens such as S. sclerotiorum. However, similar research 

has previously demonstrated that only 1% of 2,4-diacetylphloroglucinol producing soil 

inhabiting pseudomonads demonstrated significant antagonism towards soil borne pathogens 

(Benítez and Gardener 2009: 915-24, McSpadden Gardener, et al. 2005: 715-24). Finally, we 

propose that this approach may assist in rapid selection of bacterial antagonists and improve 

selection accuracy. The present marker-assisted selection protocol could be adapted towards 

various microbes having existing markers and iterative application of such selection methods 410 
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may lead to the development of more effective pathogen-suppressing bacteria against various 411 

diseases including Sclerotinia stem rot of canola. 412 

413 
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Tables: 559 

Table 1. Gene specific primers used in this study 560 

Antibiotic Primer Primer sequence Reference 

Surfactin SUR3F ACAGTATGGAGGCATGGTC 

(Ramarathnam, 2007; 

Ramarathnam et al., 

2007) 

SUR3R TTCCGCCACTTTTTCAGTTT 

Iturin A ITUD1F GATGCGATCTCCTTGGATGT 

ITUD1R ATCGTCATGTGCTGCTTGAG 

Bacillomycin 

D 

BAC1F GAAGGACACGGCAGAGAGTC 

BAC1R CGCTGATGACTGTTCATGCT 

561 

562 

563 

564 

565 

566 

567 

568 

569 

570 

571 

572 

573 

574 

575 

576 

577 

578 

579 

580 

581 

582 

583 

584 
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585 

Table 2. Effect of Bacillus cereus CS-42 (10
8
 CFU mL

-1
) against Sclerotinia sclerotiorum 586 

and comparison with the type strain, Bacillus cereus SC-1, in vitro and in the glasshouse 587 

Strain 

In vitro In planta 

Mycelial colony 

diameter (mm) 

Inhibition 

(%) 

Disease 

incidence (%) 

Disease 

index
 
(%) 

Control 

efficacy (%) 

CS-42 18.1 b 80.2 a 39.4 b 27.6 b 69.8 a 

SC-1 15.4 b 81.9 a 37.6 b 24.2 b 73.6 a 

Control 85.0 a - 100 a 91.6 a - 

Values in columns followed by the same letters were not significantly different according to 588 

Fisher’s protected LSD test (P=0.05). 589 

590 

591 

592 

593 

594 

595 

596 

597 

598 

599 

600 
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Figures: 601 

602 
603 

Fig. 1. Detection of antibiotic target sequences in bacteria from canola rhizosphere samples. 604 

(A) Eight groups of Bacillus (12 in each) consisting of 96 isolates were amplified605 

simultaneously and showed the presence of three genes (surfactin, iturin A and bacillomycin 606 

D) in the 4
th

 group. (B) Multiplex PCR amplification of the 4
th

 group and comprised of 12607 

individual isolates produced three amplicons for isolate CS-42 and a single amplicon for 608 

isolates CS-38 and CS-45. A 100-bp DNA size standard (M) (Promega) was used to measure 609 

the size of the amplified products. The visualization of bands in amplification product 610 

indicates that target genes were present in the isolate. 611 

612 

613 
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614 

615 

Fig. 2. Antagonism assessment of Bacillus strains against Sclerotinia sclerotiorum. In vitro 616 

dual culture inhibition of mycelial growth by (A) CS-42 (B) CS-38 (C) CS-45 and (D) 617 

Control at 7 dpi.  The clear zone between bacteria and fungi indicates bacterial antagonism. 618 

(E) Inhibition of sclerotial germination by dipping the sclerotia into 10
8
 CFU mL

-1
 of CS-42619 

strain at 5 dpi showing inhibition of germination. (F) Control sclerotia germinate and occupy 620 

the entire plate. Evaluation of bacterial antagonism on an entire canola plant at 10 dpi (G) 621 

CS-42 treated plant showing disease-free appearance (H) Control plants showing a gradual 622 

increase in typical stem rot symptoms. 623 

624 

625 

626 

627 

628 

629 

630 

631 

632 



128 

633 

Fig. 3. Scanning electron micrographs of mycelium and sclerotia of S. sclerotiorum. (A) 634 

Mycelia excised at the edges towards the bacterial colonies showing inhibition and 635 

destruction of mycelial growth in the vicinity of bacterial metabolites. (B) Control hyphae 636 

demonstrated aggressive growth. (C) Bacteria treated sclerotia showing disintegration of 637 

outer rind layer and heavy colonization (B) Control sclerotia showing intact globular outer 638 

rind layer. 639 

640 

641 

642 

643 

644 

645 

646 
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647 

Fig. 4. Transmission electron micrographs of ultrathin section of vegetative hyphae and 648 

sclerotia of S. sclerotiorum. (A) Bacteria treated sclerotia appearing hollow with a lack of 649 

cellular contents. (B) Control sclerotia showing intact cellular organelles. (C) Bacteria treated 650 

sclerotia showing massive disintegration of cell wall and transgression of cellular contents. 651 

(D) Control sclerotia showing intact electron dense cell walls and cellular contents.652 

653 

654 



Chapter 8     General Discussion 

This thesis reports on the development of a promising bacterial biocontrol agent with 

multiple modes of action for sustainable management of sclerotinia stem rot in canola. The 

disease is an important threat to canola and other oilseed Brassica production in Australia and 

around the world. This research was prompted by surveys conducted in 1998, 1999 and 2000 

in southeastern Australia where the incidence of stem rot was found to exceed 30% and 

resulted in yield losses of 15-30% (Hind-Lanoiselet et al., 2003). More recently, yield loss 

was reported as 0.39-1.54 t/ha in southern NSW, Australia (Kirkegaard et al., 2006). Murray 

and Brennan (2012) estimated the annual losses in Australia due to stem rot of canola to be 

AUD 39.9 million and the cost of fungicide to control stem rot was reported to be 

approximately AUD 35 per hectare. In 2012 and 2013, an increase in inoculum pressure was 

observed in high-rainfall zones of NSW and an outbreak of stem rot in canola was also 

reported across the wheat belt region of Western Australia (Khangura et al., 2014).  

The potential threat of sclerotinia to canola production in Australia raised the question as to 

whether the pathogen could have the potential to cause epidemics in other countries such as 

Bangladesh. S. sclerotiorum has been reported on mustard (Hossain et al., 2008) chilli, 

aubergine, cabbage (Dey et al., 2008) and jackfruit (Rahman et al., 2015).  Being a 

comparatively new pathogen in Bangladesh, research regarding distribution of the pathogen 

and incidence of sclerotinia stem rot in an intense mustard growing area was explored. An 

intensive survey was conducted in eight northern districts of Bangladesh in 2013-14. 

Sclerotinia stem rot was observed in all districts with petal and stem infection ranging from 

23.7% to 48.7% and 2.3% to 7.4%, respectively. It is noteworthy that S. sclerotiorum was 

isolated from both symptomatic petals and stems whereas S. minor was isolated for the first 
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time only from symptomatic petals. The survey demonstrated that sclerotinia stem rot poses a 

similar degree of threat to oilseed industries in Australia and Bangladesh.  

Sustainable management of S. sclerotiorum still remains a challenging issue globally. 

Sclerotia are black, melanised, compact and hard resting structure that inhabit soil and remain 

viable up to 5 years (Fernando et al., 2004). Apart from myceliogenic germination of 

sclerotia, millions of ascospores are released through carpogenic germination. The senescing 

petals of canola serve as a nutrient source for ascospores which assist in proliferation and the 

establishment of pathogenicity (Saharan & Mehta, 2008). Therefore, management of sclerotia 

resting in the soil as well as in petals and other aerial plant parts need to be protected from the 

ingress of ascospores. Several methods, ranging from cultural control to host resistance, have 

been used to control S. sclerotiorum. There is no doubt of the contribution of cultural 

methods in reducing sclerotinia disease incidence though seed treatment, altering row, wider 

plant spacing, using erect and non-lodging varieties, organic amendment incorporation, soil 

solarisation and crop rotation but their efficacy is not satisfactory to develop a reliable 

strategy for managing sclerotinia stem rot in canola and mustard crops (Fernando et al., 

2004). The wide host range, limited host resistance and inappropriate timing of fungicide 

application at the correct ascospore release stage have reduced the efficacy of techniques 

which can be adopted for management of S. sclerotiorum (Sharma et al., 2015).  

Scientists are now facing one of the greatest ecological challenges; the development of eco-

friendly alternatives to chemical pesticides against crop diseases. The potential use of 

antagonistic micro-organisms formulated as bio-pesticides has attracted attention worldwide 

as a promising, rational and safe disease management option (Fravel, 2005). The terms 
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“biological control” and its abbreviated synonym “biocontrol” was defined as ‘the reduction 

of inoculum density or disease producing activities of a pathogen or parasite in its active or 

dominant state, by one or more organisms, accomplished naturally or through manipulation 

of the environment, host or antagonist, or by mass introduction of one or more antagonists’ 

(Baker & Cook, 1974). Recently it was redefined as ‘the purposeful utilisation of introduced 

or resident living organisms, other than disease resistant host plants, to suppress the activities 

and populations of one or more plant pathogens’ (Pal & Gardener, 2006). The first recorded 

attempt at biological control was the control of damping off of pine seedlings using 

antagonistic fungi (Hartley, 1921). The success of disease reduction through the use of 

antagonists between 1920 to 1940 led to researchers conducting more experiments with 

diverse organisms (Millard & Taylor, 1927). Successful management of take-all of wheat 

through natural biocontrol agents opened a new era of relevant research between 1960 to 

1965 (Cook, 1967). They found that suppression of take-all was achieved through the 

presence of another natural microorganism. This understanding raised the question of 

whether wheat could grow better by reducing take-all through the introduction of natural 

biocontrol agents (Gerlagh, 1968). Today scientists are explaining biological control as the 

exploitation of a natural phenomenon. The key player is one or more antagonists that have the 

potential to interfere in the life cycles of plant pathogens, such as fungi, bacteria, virus, 

nematodes, protozoa, viroids, and trap plants (Cook & Baker, 1983). A potential biocontrol 

agent should have properties including an ability to compete, persist, colonise, proliferate, be 

inexpensive, be produced in large quantities, maintain viability, and be non-pathogenic to the 

host plant and the environment. Production must result in biomass with an extended shelf life 

and the delivery and application must permit full expression of the agent (Wilson & 

Wisniewski, 1994).  
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Amid these scientific developments, a number of fungal based biocontrol agents have 

emerged as promising tools for the management of S. sclerotiorum. The fungal mycoparasite, 

Coniothyrium minitans, has been formulated and commercialised as Contans WG for the 

management of sclerotinia diseases in susceptible crops. However, Contans WG has often 

displayed inconsistent activity under field conditions (Fernando et al., 2004). Several studies 

have been conducted on the exploration of fungal biocontrol agents but research on bacterial 

antagonist for the management of S. sclerotiorum is scarce. Very recently our laboratory has 

conducted pioneering work in Australia by using bacterial antagonists for the management of 

S. sclerotiorum in canola and lettuce. Our study identified Bacillus cereus SC-1, B. cereus P-

1 and Bacillus subtilis W-67 antagonists from 514 naturally occurring bacterial isolates, 

which mediated biocontrol of stem rot in the phyllosphere of canola (Kamal et al., 2015). The 

rationale for the collection of bacterial isolates from canola petals and sclerotia was inspired 

by the study conducted by Upper (1991) who described that, in general, a unique variety of 

bacterial species are present in the phyllosphere and are able to compete as natural enemies 

against pests and pathogens.  

Inglis and Boland (1990) demonstrated that application of ascospores on bean petals prior to 

surface sterilisation significantly reduced disease incidence of S. sclerotiorum which 

indicated that the microorganisms of a particular habitat play an important role in suppressing 

pathogens. It is interesting to note that the most promising antagonistic strain B. cereus SC-1. 

B. cereus P-1 and B. subtilis W-67 were isolated from sclerotia and canola petal which

confirmed the presence of natural antagonists in the surrounding environment of the invading 

pathogen. Among the antagonistic bacteria Bacillus spp. are known to produce antifungal 

antibiotics (Edwards et al., 1994), heat and desiccation resistant endospores (Sadoff, 1972) 

and have high efficacy against pathogens as aerial leaf sprays (Ramarathnam, 2007). The 
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bacterial biocontrol agents developed in this study belong to Bacillus spp., and showed 

significant antagonism in vitro through the production of non-volatile and volatile 

metabolites. These antagonistic strains significantly reduced the viability of sclerotia. Spray 

treatments of bacterial strains not only reduced disease incidence in the glasshouse but also 

showed similar control efficiency of stem rot of canola as the recommended commercially 

available fungicide, Prosaro 420SC (Bayer CropScience, Australia) under field conditions. 

Timing of bacterial application to the crop is crucial to control sclerotinia infection. This 

study established that disease incidence and control efficiency was significantly reduced 

when the bacteria were applied in the field at 10% flowering stage of canola. The bacterial 

colonisation at early blossom stage may have prevented the establishment of ascospores. This 

investigation could provide the opportunity to utilise a natural biocontrol agent for 

sustainable management of sclerotinia stem rot of canola in Australia.   

Application of chemical fungicides for the management of lettuce drop is a serious health 

concern as lettuce is often freshly consumed (Subbarao, 1998). This investigation 

demonstrated that soil drenching with B. cereus SC-1 restricted the sclerotial activity, 

reduced sclerotial viability below 2% and provided complete protection of the seedlings from 

pathogen invasion. The antagonistic bacterium B. cereus SC-1 might have the potential to kill 

or disintegrate overwintering sclerotia through parasitism. Incorporation of bacteria into the 

soil might break the lifecycle of the pathogen by killing overwintering sclerotia. Apart from 

disease protection B. cereus SC-1 also promoted lettuce growth both in vitro and under 

glasshouse conditions. The production of volatile organic compounds by B. cereus SC-1 

appears to not only suppress pathogen growth by activating induced systemic resistance but 

also induced growth promotion. Plant growth promotion by volatile organic compounds 

emitted from several rhizobacterial species have been previously documented (Farag et al., 
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2006, Ryu et al., 2003). B. cereus strain SC-1 might directly regulate plant physiology by 

mimicking synthesis of plant hormones which promotes the growth of lettuce. Identification 

of bacterial volatiles that trigger growth promotion would pave the way for better 

understanding of this mechanism.  The growth promotion of lettuce in the glasshouse study 

might be attributed to a combined production of metabolites by this bacterium that trigger 

certain metabolic activities which enhance plant growth. The ability to colonise and 

prolonged survival are important properties of potential biocontrol agents. B. cereus strain 

SC-1 showed optimum rhizosphere competency as well as sclerotial colonisation ability by 

reaching noteworthy population levels and survivability. Detailed investigations of strain SC-

1 in natural field conditions could provide the necessary information for successful biocontrol 

of sclerotinia lettuce drop.   

This study demonstrated that strong antifungal action resulting from cell free culture filtrates 

was probably due to direct interference of bioactive compounds released from B. cereus 

strain SC-1. In addition, we observed that bioactive molecules released from B. cereus SC-1 

inhibited S. sclerotiorum and showed greater efficacy than B. subtilis strains against 

Phomopsis phaseoli as reported by Etchegaray et al. (2008). In planta bioassays of culture 

filtrates on 10-dayold canola cotyledons reduced lesion development when applied one day 

prior to pathogen inoculation. However, it is noteworthy that when the culture filtrates were 

applied one day after pathogen inoculation no significant difference was observed in lesion 

development compared to the controls. This may be attributed to the bioactive metabolites 

within the culture filtrate that display a preventive rather than curative nature against the 

pathogen. Electron microscopic observation revealed that B. cereus strain SC-1 caused 

unusual swellings, alteration of cell wall structure, damage to the cytoplasmic membrane of 

both mycelium and sclerotia and caused emptying of cytoplasmic content from cells. The loss 
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of cytoplasmic material may be attributed to the increase in porosity of both the cell wall and 

cytoplasmic membrane by metabolites. Incubation of sclerotia in culture filtrates of B. cereus 

strain SC-1 not only removed the melanin from the outmost rind layer but also damaged the 

medullary cells of the sclerotia. The action of lipopeptide antibiotics and/or hydrolytic 

enzymes might have contributed to cell damage. A comparatively low percentage of 

environmental bacteria have the ability to produce several antibiotics and hydrolytic enzymes 

simultaneously. B. cereus strain SC-1 was shown to have genes for the production of 

bacillomycin D, iturin A, fengycin and surfactin as well as chitinase and β-glucanase which 

may release lipopeptide antibiotics and hydrolytic enzymes that deploy a joint antagonistic 

action towards the growth of S. sclerotiorum. 

For sustainable management of sclerotinia diseases, emphasis should be given to the 

management of sclerotia which are the primary source of inoculum in the environment 

(Bardin & Huang, 2001). Several investigations on the control of Sclerotinia spp. have 

focused mainly on the restriction of ascospores and mycelium, however, information 

regarding the mode of action of bacterial metabolites on sclerotia is comparatively scarce 

(Zucchi et al., 2010). Further confirmation of the presence of these lipopeptides and enzymes 

in broth culture using spectrometric analysis, followed by a rigorous biosafety investigation 

may assist in providing further evidence for the positive use of B. cereus strain SC-1 and/or 

the derived compounds for commercial application against S. sclerotiorum. 

The rapid and efficient selection of potential biocontrol agents is important to the 

development of microbial pesticides. The use of direct dual culture evaluation to screen 

biocontrol potential bacteria is a time consuming process. Marker assisted selection is a 

process whereby a molecular marker is used for indirect selection of a genetic determinant or 
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determinants of a trait of interest which is mainly used in plant breeding to develop certain 

desired varieties (Collard & Mackill, 2008). DNA markers would provide the opportunity to 

accelerate the selection process for antagonists and improve selection accuracy. It is also 

noteworthy that after rigorous screening of thousands of strains, a single potential strain may 

still not be present among those isolates. The current study revealed a unique marker-assisted 

approach to screen Bacillus spp. with biocontrol potential to combat sclerotinia stem rot of 

canola. Canola rhizosphere inhabiting strains of bacteria were screened using multiplex PCR 

by combining three primers for three corresponding antibiotic genes. Positive amplification 

of the three genes was observed in B. cereus strain CS-42. This strain was found to be 

effective in significantly inhibiting the growth of S. sclerotiorum in vitro and in planta. 

Interestingly, Bacillus harbouring a single antibiotic gene showed very little or no inhibition. 

This might be attributed to the synergistic effect of these lipopeptide antibiotics against the 

pathogen.  

Scanning electron microscopy studies of the dual culture interaction region revealed that 

mycelial growth was inhibited in the vicinity of bacterial metabolites. Complete destruction 

of the outmost melanised rind layer was observed when sclerotia were treated with B. cereus 

Sc-1 or CS-42. Transmission electron microscopy of ultrathin sections of hyphae and 

sclerotia of S. sclerotiorum challenged with B. cereus strain CS-42 showed vacuolated 

hyphae as well as degradation of organelles in the sclerotial cells. This study has shown that 

the presence of antibiotic biosynthesis genes in certain Bacillus strains can be detected by 

multiplex PCR in the natural canola rhizosphere bacterial community. The use of direct PCR 

instead of direct dual culture could accelerate the search for potential biocontrol strains in 

specific crop pathogen interactions which are also better adapted to soil conditions than 

foreign strains. In view of the results obtained from this study, we propose a rapid and 
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efficient method through amplification of combined rhizosphere bacterial DNA to detect 

useful Bacillus strains with antifungal activity which should lead to the more rapid 

development of promising microbial biopesticides.  

Though, the research presented in this thesis on biological control of S. sclerotiorum with 

Bacillus spp. could pave the way for better disease management strategies, the following 

research needs to be conducted for the further development of a potential biocontrol agent. 

1. Development of an economically viable large-scale production approach for inoculum of 

B. cereus SC-1 and standardisation of biocontrol formulations. Evaluation of the performance 

of formulations should be conducted over a wide range of field conditions for the suppression 

of S. sclerotiorum infection of canola.  

2. Bio-efficacy improvement of B. cereus SC-1 using gene technology and evaluation of 

performance in different ecological niches. The population stability of B. cereus SC-1 should 

be monitored in relation to pathogen population and their ecological parameters to ensure 

biological balance and to regulate the augmentation of biocontrol inoculum. 

3. Research on compatibility with agrochemicals is essential to use the biocontrol agent as a 

tool in Integrated Disease Management (IDM). The IDM strategy including cultural, 

chemical, biological with B. cereus SC-1 and host resistance should be refined, retested and 

revalidated under natural field conditions in regional trials.  

4. Intensive marker assisted screening should be conducted to detect and develop a widely 

adaptable consortium of native biocontrol agents (BCA) in comparison to B. cereus SC-1 and 

CS-42 that display high competitive saprophytic ability, enhanced rhizosphere competence 

while providing higher magnitude of biological suppressive activity against S. sclerotiorum 

and other plant pathogens. 
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Sclerotinia sclerotiorum (Lib.) de Bary is a polyphagous, 

necrotropic fungal pathogen that infects more than 400 

plant species belonging to almost 60 families and causes 

significant economic losses in various crops including 

canola in Australia. Five hundred bacterial isolates from 

sclerotia of S. Sclerotorium and the rhizosphere and 

endosphere of wheat and canola were evaluated. 

Burkholderia cepacia (KM-4), Bacillus cereus (SC-1) 

and Bacillus amyloliquefaciens (W-67) demonstrated 

strong antagonistic activity against the canola stem rot 

pathogen Sclerotinia sclerotiorum in vitro. A phylogenetic 

study revealed that the Burkholderia strain (KM-4) 

does not belong to the potential clinical or plant pathogenic 

group of B. cepacia. These bacteria apparently 

produced antifungal metabolites that diffuse through the 

agar and inhibit fungal growth by causing abnormal 

hyphal swelling. They also demonstrated antifungal 

activity through production of inhibitory volatile compounds. 

In addition, sclerotial germination was restricted 

upon pre-inoculation with every strain. These results 

demonstrate that the aforementioned promising strains 

could pave the way for sustainable management of S. 

sclerotiorum in Australia. 
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Cotyledon inoculation: A rapid technique 
for the evaluation of bacterial antagonists 
against Sclerotinia sclerotiorum in canola 
under control conditions 
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Graham Centre for Agricultural Innovation (an alliance between Charles 
Sturt University and NSW DPI) School of Agricultural and Wine Sciences, 
Charles Sturt University, Boorooma Street, Locked Bag 588, Wagga 
Wagga, NSW- 2678, Australia 

Sclerotinia stem rot (SSR), caused by Sclerotinia sclerotiorum 
(Ss), is a devastating disease of canola in Australia. Prior to 
field testing, a rapid antagonistic bacterial evaluation involving 
a cotyledon screening technique was adapted against SSR 
in canola. Isolates of Bacillus (W-67, W-7-R, SC-1, P-1 and  
E-2-1), previously shown to be antagonistic to Ss invitro, were

used for further evaluation. Ten days old canola cotyledons 
were detached, surface sterilized and inoculated with 10µL of

a suspension of the Bacillus strains (1x10
8
 CFU mL

-1
) on moist 

blotting paper in sterile Petri dishes for colonization. After 24 
hours macerated mycelium (1x10

4
 mycelial fragments mL

-1
)

of 3-day-old potato dextrose broth grown Ss was similarly drop 
inoculated onto canola cotyledons under controlled glass house 

conditions (19±1
o
C). Concurrently, intact seedlings (ten days 

old) were inoculated with using the same methods in a 
glasshouse. Both experiments were repeated thrice with five 
replications. Five days after inoculation no necrotic lesions were 
observed on seedlings inoculated with W-67, SC-1, P-1; a few 
lesions (≤10%) were formed on seedlings inoculated with W-7-R 
and E-2-1 strains while severe necrotic lesions covered more 
than 90% area in control cotyledons both invitro and in the glass 
house. Further field investigation and correlation between field 
data and cotyledon inoculation assay may establish a relatively 
rapid technique to evaluate the performance of antagonistic 
bacteria against SSR of canola.
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MARKER-ASSISTED SELECTION OF BACTERIAL BIO- 

CONTROL AGENTS FOR THE CONTROL OF SCLEROTINIA 

DISEASES 

M.M. KamalA, K. D. LindbeckA, S. SavocchiaA G.J. AshA and B.B. McSpadden GardenerB

A
Graham Centre for Agricultural Innovation (an alliance between Charles Sturt University 

and NSW DPI) School of Agricultural and Wine Sciences, Charles Sturt University, 

Boorooma Street, Locked Bag 588, Wagga Wagga, NSW- 2678, Australia. 
B
Department of 

Plant Pathology, The Ohio State University, Ohio Agricultural Research and Development 

Center, Wooster 44691, USA. 

Email: mkamal@csu.edu.au 

ABSTRACT. The present investigation was conducted to search for potential bio-

control agents belong to Bacillus, Acinetobacter and Klebsiella from crop 

rhizospheres in Wooster, OH. Almost 1000 bacterial strains were isolated and 

screened through DNA markers to identify isolates previously associated by 

molecular community profiling studies with plant health promotion. Upon 

extraction of genomic DNA, bacterial population of interest was targeted using 

gene specific primers and positive strains were selectively isolated. Restriction 

Fragment Length Polymorphism analysis was performed with two enzymes, MspI 

and HhaI, to identify the most genotypically distinct strains. The marker selected 

strains were then identified by 16S  sequencing and phylogenetically characterized. 

Finally, the selected strains were tested in vitro to evaluate their antagonism 

against Sclerotinia sclerotiorum on Potato Dextrose Agar. The results 

demonstrated that all positive strains recovered have significant inhibitory effect 

against S. sclerotiorum. Repeated application of this method in various systems 

provides the opportunity to more efficiently select regionally-adapted pathogen-

suppressing bacteria for development as microbial biopesticides.  
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