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Abstract 

Discovery of a Paenibacillus isolate for biocontrol of black rot in brassicas 
 

 

by 

Hoda Ghazalibiglar 

 

Black rot, one of the most devastating diseases of brassicas worldwide and a major problem for New 

Zealand’s seed industry, is caused by the seed borne bacterium, Xanthomonas campestris pv. 

campestris (Xcc). The pathogen can spread rapidly from plant to plant during the growing season and 

high losses in both yield and quality can subsequently occur in vegetable and forage brassicas. 

Currently, there is no effective control method. Biological control may offer an option for control of 

this seed borne disease. Potential microbial biocontrol agents were isolated from commercial cabbage 

and rape seed lots as part of the “Smart Seeds for Export” research programme at the Bio-protection 

Research Centre and one of the promising microbes was the bacterium Paenibacillus. This research 

therefore addresses the use of Paenibacillus applied as a seed treatment for biological control of black 

rot on cabbage. Based on dual culture assays, 24 isolates of Paenibacillus were categorized for their 

interactions with Xcc. Eight of these isolates with different bioactivity in suppression of Xcc in vitro 

were then screened for their capacity to reduce black rot symptoms on cabbage in pot trial assays. 

From these results one Paenibacillus isolate (P16), at the concentration of 5 × 109 CFU/ml was selected 

as a potential biocontrol agent. To investigate if the disease control was provided via plant growth 

promotion, the P16 isolate was co-applied with Xcc as a seed treatment. In the presence of Xcc, P16-

treated seedlings had significantly (P ˂ 0.05) greater growth parameters including root length, leaf 

area, and root and shoot dry weight compared to the control. However, there was no significant 

difference in plant growth parameters between P16-treated seedlings and the control in the absence 

of the pathogen. This suggests that the P16 isolate enabled plants to survive and grow normally by 

reducing Xcc infection. A real-time PCR method was developed to facilitate studies on the population 

dynamics of the P16 isolate on the seed, developing seedling and in the surrounding soil environment. 

For this purpose a P16-specific Primer set was designed based on the gyrB region with the highest 

discriminatory area. The specificity, sensitivity and reliability of the real-time PCR to detect and 
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quantify P16 were confirmed. Endophytic activity and rhizosphere competency of the P16 isolate were 

assessed. P16 was recovered from cabbage seedlings grown from P16-treated seeds (1.5 × 107 

CFU/seed) and also their rhizosphere and bulk soil using the developed real-time PCR assay. Standard 

curves were conducted for soil and plant samples individually, and the detection limits of 1 × 103 CFU/g 

of dried soil or plant were determined for both substrates. P16 was not recorded in plant samples, 

indicating either that the BCA is not endophytic or its density in the plant was below the detection 

limit. In rhizosphere soil, P16 density had decreased from 9.9 × 105 to 1.1 × 103 CFU/g by 11 days after 

sowing (DAS), and thereafter it was below the limit of detection. A P16 population in the bulk soil was 

only detected up to 6 DAS. Overall, the P16 isolate is most probably not endophytic and is rhizosphere 

competent only during early cabbage seedling growth. Induced systemic resistance as a mode of action 

of the P16 isolate in suppression of black rot in cabbage was studied. The P16 isolate was applied as a 

seed treatment and 2- and 4-week old plants were challenged with Xcc. A significant (P ˂ 0.05) 

reduction in disease severity of P16-treated seedling was observed compared to the non-treated 

control when Xcc was injected into 4-week old seedlings. As the biocontrol agent and the pathogen 

were spatially separated, induced systemic resistance would appear to be the mode of action. 

However, a study of seven defense-related genes showed no differential gene expression in P16-

protected seedlings in response to Xcc challenge. P16 appeared to prime plants in response to 

wounding. This study has provided a starting point for further research at the molecular level to better 

understand the apparent systemic resistance induced by P16 in cabbage in response to Xcc infection.  

Keywords: Biocontrol agent, Paenibacillus, black rot, brassicas, plant growth promotion, rhizosphere 

competence, endophytic activity, induced systemic resistance, real-time PCR. 
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Preface 

This thesis is presented in six chapters.  

Chapter 1 is a review of literature relevant to the topic of the research and outlines the research aims. 

Chapter 2 describes a dual culture assay used to classify Paenibacillus isolates based on their biocontrol 

activity against isolates of Xcc, causal agent of black rot in brassica. It then describes pot trials used to 

select the best Paenibacillus isolate for the control of cabbage black rot and to test the effect of the 

selected isolates on the growth of cabbage in the presence and absence of the pathogen. From this 

work isolate P16 was selected for further study. 

Chapter 3 describes the development of a real-time PCR method to detect and quantify the P16 isolate 

in the natural environment using a strain-specific marker based on the gryB region.  

Chapter 4 describes an experiment to examine the rhizosphere competency and endophytic activity 

of the P16 isolate using the real-time PCR method. 

Chapter 5 describes experiments to determine the involvement of induced systemic resistance as a 

possible mode of action of P16 in reduction of black rot incidence in cabbage.   

Chapter 6 is a general discussion of the research findings of the present study. Suggestions for future 

research and some general conclusions are highlighted. 
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     Chapter 1 

Literature review 

1.1 Introduction 

This review briefly describes brassica crops, their seed production and importance to New Zealand’s 

economy. Detailed information about one of the most important diseases of brassicas, black rot, 

caused by the seed-borne pathogen Xanthomonas campestris pv. campestris (Xcc) is provided, 

including taxonomy, biology and life cycle of the pathogen, and methods for its control. Biological 

control, modes of action of biocontrol agents and their application for control of seed-borne diseases 

such as black rot are reviewed. Additional information is provided on Paenibacillus as a potential 

biocontrol agent for black rot. Where research data on biological control of black rot with this 

bacterium were limited, research on biocontrol of other seed-borne diseases is presented. Molecular 

tools to detect and quantify a Paenibacillus isolate and to study its effects on plant gene expression 

are discussed, followed by an outline of the research objectives. 

1.2 Brassicas  

1.2.1 Introduction  

Brassicas, which belong to the Brassicase family (also known as the mustard or crucifer family) are 

widely cultivated throughout the world as popular vegetable crops for human food, as fodder crops 

for animal feeding, and as oil seed crops (Rimmer et al., 2007). Recent novel applications for brassicas 

include their use as nutraceuticals for cancer prevention (van Poppel et al., 2000), a bioenergy source, 

particularly for biofuel (Cardone et al., 2003), and as a biofumigant (Sarwar et al., 1998). 
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Brassica vegetables are economically important crops. The major brassica vegetable species is Brassica 

oleracea which includes six groups: cabbages (headed cabbages, brussel sprouts, and savoy cabbages), 

kales (green kale, stem kale), kohlrabi, inflorescence kales (cauliflower, broccoli, sprouting broccoli), 

branching-bush kales and Chinese kale (Rimmer et al., 2007). Worldwide production of brassica 

vegetables (including cauliflower, broccoli, mustard, and cabbage) exceeded 90 million tonnes in 2011, 

an increase of about 2.5 million tonnes from 2001 (FAOSTAT, 16 May 2013). 

Cabbage (B. oleracea var. capitata), cauliflower (B. oleracea var. botrytis) and broccoli (B. oleracea var. 

italica) are the main brassica vegetable crops in New Zealand, being produced on 3,300 ha, mostly in 

the Canterbury, Auckland, Manawatu and Wanganui regions. This production is almost entirely 

consumed in the domestic market, and had a value of approximately NZD 58 million in 2010 (NZD 15, 

13, 30 million for cabbage, cauliflower, and broccoli, respectively). Only a small proportion of cabbage 

produced is exported to Asian countries. The total investment by horticultural industries for these 

three brassicas was approximately NZD 220 million in 2011 (Freshfacts, 2012).  

Brassica seed production is an important part of New Zealand’s horticultural and agricultural industries 

and this market has considerably increased over the last decade (McKay et al., 2010). Brassica forage 

and vegetable seed production was worth NZD 40 million to the New Zealand economy in 2008 and 

almost all vegetable brassica seeds produced in New Zealand are exported (Federated Farmers; 19 

December 2012). As an example, cabbage seed exports in 2010 were valued at NZD 4.7 million, an 

increase of about 32% from 2005 (Hampton et al., 2012).  

More than 20 fungal, viral and bacterial diseases are reported from brassica crops (Rimmer et al., 

2007). The impact of these diseases on the economy of New Zealand is considerable. A moderate 

estimate of the combined damage caused by these pathogens on brassica crops in New Zealand is an 

annual toll of almost NZD 10 million (McLintock, 2009). One of these diseases, black rot, is caused by 

a seed-borne bacterial pathogen and is a major problem for New Zealand’s seed industry. International 

markets are putting increasing pressure on New Zealand’s seed industry to produce pathogen free 

seeds (J. McKay, personal communication, 2012). The control of seed-borne black rot is expected to 

considerably increase the export value of brassica seeds (van Zijll de Jong et al., 2010).  

1.3 Black rot  

1.3.1 Introduction 

Black rot is one of the most important diseases of brassicas and poses a worldwide threat to brassica 

crops (Vicente & Holub, 2013). This disease was first described in Kentucky, USA in 1889 (Garman, 

1890, as cited in Alvarez, 2000, p. 21) and now has been reported in almost every country where 
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brassicas are grown. The bacterium Xanthomonas campestris pv. campestris (Xcc) is the causal agent 

of black rot. In tropical, subtropical, and humid continental regions, it is the most serious disease of 

brassicas crops because the relatively high temperature and humidity favour the disease. Both forage 

and vegetable brassicas are susceptible to black rot (Rimmer et al., 2007). The pathogen can also attack 

several brassicas weeds. Plants infected by black rot can also be invaded by other bacterial pathogens 

such as Pseudomonas spp. and Erwinia spp., casual agents of soft rot (Williams, 1980). Xcc can infect 

brassicas plants at all growth stages. Leaf and head infections reduce the quality and the market value 

of the crop (Figure 1.1) and in severe cases whole plants can be spoiled. Losses can also be experienced 

from postharvest rotting (Rimmer et al., 2007). 

 
Figure 1.1 Xcc leaf and head infections reduce the quality and the market value of the crop.  

1.3.2 Biology of the pathogen 

Xcc is a rod shaped (0.4-1 µm by 1.2-3 µm), aerobic, motile with single polar flagellum, gram-negative 

bacterium. On nutrient agar medium, the bacterium produces yellow, brilliant, round, and smooth 

colonies with an even border. Xcc can be found in or on seeds and plants, or in association with plant 

debris (Agrios, 2005; Rimmer et al., 2007). It can produce acid from dextrose, arabinose, xylose, 

maltose, saccharose, raffinose, glycerol, and mannitol. Its reaction to catalase and oxidase tests is 

positive and negative, respectively. It can also hydrolyze starch, curdle milk, and dilute gelatin (Adhikari 

& Basnyat, 1999).   

1.3.3 Taxonomy  

The genus Xanthomonas belongs to the family Xanthomonadaceae, order Xanthomonadales, and 

Proteobacteria phylum of bacteria (Garrity et al., 2005).  
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Nine races of Xcc have been identified based on avirulence/virulence reactions to different host 

genotypes (Fargier & Manceau, 2007). Races 1 and 4 have been reported as the most predominant 

and virulent races which are responsible for more than 90% of the black rot disease reported 

worldwide (Vicente et al., 2001). 

1.3.4 Disease symptoms 

Yellow and V-shaped lesions expanding from the margins of leaves are the first symptoms of black rot 

on affected plants (Figure 1.3A; Williams, 1980). The bacterium enters plants mainly through natural 

openings such as hydathodes and also via wounds (Robeson & Bretschneider, 1989; Williams, 1980) 

although Bhat et al. (2010) reported that Xcc cannot penetrate into the plants through the stomata. 

After entering the plant, the bacterium can spread to all plant parts through the vascular system. The 

bacteria produce a sticky extracellular polysaccharide called xanthan which eventually blocks the 

vascular system of the veins, so the leaf veins in affected areas may appear black.  As the disease 

develops, lesions on leaves expand down toward the base of the leaf, infected leaves turn yellow, wilt, 

become necrotic (Figure 1.3B) and finally die. The bacterium can move from leaves to the stem and 

plug the xylem vessels which limits water flow and causes wilting of the whole plant. If Xcc attacks the 

vascular system during early stages of plant growth, severe stunting or plant death may result. Under 

favorable environmental conditions for Xcc, symptoms appear 10-14 days after the initial infection. If 

conditions are not ideal for the pathogen, it may persist symptomlessly in plants forming a latent 

infection. Infection of the seeds occurs systemically through flowering stalks (Rimmer et al., 2007; 

Williams, 1980).  

     
Figure 1.2 Black rot symptoms; A: Yellow and V-shape lesions expending from the leaf margins; B: 

Blackening of the veins and necrosis in infected area 

A B 
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1.3.5 Life cycle 

Black rot of brassicas is a seedborne and polycyclic disease (Rimmer et al., 2007). The pathogen, Xcc, 

can survive during winter on or in infected seeds, on the buried residues of brassicas crop and on 

weeds for up to 2 years, or by free living in soil for periods of up to 60 days (Figure 1.2). Infested seeds 

are the primary inoculum source of the disease which leads to infection of seedlings through the 

epicotyl (Schaad et al., 1980b). Bacteria spread to the stems and leaves through the vascular system, 

and black rot symptoms may develop in the whole plant (Williams, 1980). Secondary inoculum 

produced on infected tissues may be spread by water splash from irrigation or rain, wind, agricultural 

equipment, and even insects to other plants and within or even between fields. However, free 

moisture on the plant surface is essential for infection by the bacteria. Infection can occur at any time 

during the growing season. Seed infection occurs during late flowering and seed maturation period in 

the late summer when the temperature is most favourable for the pathogen (Williams, 1980; van der 

Wolf et al., 2013). Systemic infection occurs through the flower stalks but may not produce any typical 

external symptoms, so that visual detection of black rot infection in the seed crop is often difficult 

(Rimmer et al., 2007).   

 
Figure 1.3 Life cycle of X. campestris pv. campestris, the causal agent of black rot (by G. Kwan from 

Wikipedia, May 2013). 
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1.3.6 Control 

Since the bacteria can spread easily from plant-to-plant and multiply rapidly under favorable 

conditions, control of black rot is difficult (Rimmer et al., 2007). Even a low infection level (0.05%) can 

lead to a high level of black rot incidence in the field (Schaad et al., 1980b).  

1.3.6.1 Xcc-free seeds and transplants 

Seeds are the most important source of inoculum for black rot. Schaad et al. (1980b) noted that three 

infected seeds per 10,000 (0.03% infection) can result in a field epidemic in warm and wet conditions. 

Hence, the use of seeds and transplants certified as free of Xcc is critical in the control of the disease 

(Schaad & Thaveechai, 1983). This requires seed health testing using techniques such as seed washing 

(Schaad, 1989), liquid-plating assay (Schaad & Donaldson, 1980), immunofluorescence colony staining 

(Vuurde, 1997), and a flow cytometry method (Chitarra et al., 2002). Other conventional seed testing 

methods are the direct plating method, grinding and soaking, and the grow-out test (Roohie & 

Umesha, 2012). For detection of the pathogen from seed lots, representative seed samples from each 

seed lot need to be examined using a validated seed health testing method (ISTA, 2013). At present, 

an agar plating method and a PCR method are internationally validated and included in the 

International Rules for Seed Testing (ISTA, 2013). If more than 0.03% infection is present in the 

samples, appropriate disinfectant treatments needs to be applied to the whole seed lot. Then, samples 

should be reassessed and if the same level of infection is observed again, the seed lot needs to be 

retreated until infection levels are below the threshold of 0.03% infection (Williams, 1980). To 

eradicate Xcc infection in or on brassica seeds, a number of seed treatments have been reported to be 

effective including hot water (Sharma, 1981), low dosage of ultraviolet light-C (Brown et al., 2001), 

chemical (i.e. thiram, Humaydan et al., 1980; mancozeb, Jarial & Shyam, 2003), and antibiotics such as 

aureomycin, tetramycin, and streptomycin (Humaydan et al., 1980). These methods, however, do not 

completely eliminate the bacteria from seeds and in addition, may have negative effects on seed 

germination and vigour, in particular in cauliflower, kale, and summer turnip seeds (Rimmer et al., 

2007).  

There is an international standard for seed infection tolerance. Schaad and Franklin (1996) proposed 

a standard of 0.01% as a seed infection tolerance for seed health testing which was based on direct-

seeded crops. However this was not satisfactory for transplanted crops. Based on the disease spread 

level in transplants, Roberts et al. (2007) indicated that the standard for seed infection tolerance 

should be revised to 0.004% infected seeds. 

The main reason for an outbreak of brassica black rot in southern Mozambique was due to an 

underestimation of infected seeds and seedlings because detection of Xcc-free transplants was only 
6 

 



based on visual examination (Bila et al., 2009). A number of new techniques for detection of low levels 

of Xcc in brassicas seeds have recently been developed (Berg et al., 2005; 2006). Polymerase chain 

reaction (PCR) has been recommended by the International Seed Testing Association (ISTA) as an 

alternative or complementary method for detection of Xcc in or on brassica seeds (Grimault et al., 

2012; ISTA, 2013; Roohie & Umesha, 2012). In this method, specific primer sets such as DLH (Berg et 

al., 2005) and Zup (Rijslaarsdam et al., 2004) were used to amplify a fragment of the hrpF gene from X. 

campestris and detect Xcc in symptomless planting materials within a short time of 3-4 days (Singh & 

Dhar, 2011). Applying PCR based techniques can help researchers to detect even small traces of Xcc 

infections in seeds and in symptomless transplants.  

1.3.6.2 Resistant cultivars 

Resistant cultivars can play an important role in reducing crop losses caused by diseases (Vicente et 

al., 2002). Many breeding programs have been focused on identifying sources of resistance to black 

rot in brassicas crops and developing brassica cultivars with resistance or tolerance to the disease 

(Jiang et al., 2011; Lema et al., 2011). Early Fiji, a Japanese cabbage variety, was the first to have 

resistance to black rot (Williams et al., 1972). Today, a number of brassica hybrids with tolerance to 

black rot are available (Seebold et al, 2008; Vicente et al., 2002). Recently, Wang et al. (2011) 

successfully transferred black rot-resistant genes from black mustard (Brassica nigra; as a wild species) 

to cauliflower (B. oleracea var. botrytis) and their backcross progenies showed high resistance to black 

rot. These progenies are being used as the selected materials for resistance breeding in future studies. 

However, while many studies have been performed to detect new sources of resistance to black rot, 

in most cases the presence of different races of Xcc has been ignored. Lema et al. (2012) investigated 

new sources of resistance to the most virulent races of Xcc, race 1 and 4, in different B. oleracea crops. 

The majority of cultivars in their study were found to be susceptible to both races and only some plants 

from two cabbage cultivars and one kale landrace showed different levels of resistance to these races, 

which indicated the involvement of race-non-specific resistance. Following this study, they suggested 

that crossing susceptible cultivars with these cabbage cultivars may provide new combinations of 

resistance genes with acceptable long-lasting protection against black rot. 

While resistance to black rot may be possible, many of the cultivars with this trait have undesirable 

agronomic characteristics such as poor taste, small heads, or head splitting (Massomo et al., 2004a). 

There is therefore much more work required to develop resistant or tolerant cultivars of brassicas 

without losing desired agronomic characteristics. At present, the use of resistant or tolerant cultivars 

does not provide control of the disease.  
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1.3.6.3 Cultural methods 

Cultural methods are important in controlling the development and spread of black rot. Williams 

(1980) provided a comprehensive guideline which listed the critical cultural practices to minimize the 

threat of the disease. Since black rot is widespread under high humidity conditions, planting seeds in 

well-drained soils with appropriate planting row distance can reduce the occurrence and severity of 

the disease. Avoiding overhead irrigation if possible or watering early in the day are also useful 

practices to control the disease. In addition, avoiding field activities when plants are wet, can limit 

spread of the bacterium (Williams, 1980). The bacteria can persist and overwinter in diseased plant 

parts, so that removal of plant debris is an effective way to reduce inoculum source (Rimmer et al., 

2007). In addition, rotation with non-susceptible crops for at least 2-3 years can also be an effective 

method to decrease pathogen inoculum (Williams, 1980). So, cultural methods can be useful to reduce 

the spread of black rot.  

1.3.6.4 Insect and weed management 

Insects are known to transmit the bacterium from infected plants to other plants. For example, crucifer 

flea beetle (Phyllotreta cruciferae) has been shown to transfer Xcc from infected to healthy plants, and 

flies (Calliphora vomitoria) have led to Xcc infection of cauliflower seeds through blossoms (Shelton & 

Hunter, 1985; van der Wolf et al., 2010). The importance of insects in the spread of the disease is 

limited but insect feeding wounds can provide an entry gate for the bacteria to infect plants. The 

control of insects can help to reduce the severity and also spread of the disease (Rimmer et al., 2007; 

Verma & Sharma, 1999). 

Elimination of weeds can be another method to reduce pathogen inoculum (Schaad & Dianese, 1981). 

The bacterium can survive in brassicas weeds such as Yellow rocket (Barbarea vulgaris), Shepherd’s 

purse (Capsella bursa-pastoris), and wild mustard (Sinapis arvensis) as secondary hosts (Miller et al., 

n.d.). Shepherd’s purse (Capsella bursa-pastoris) and wild radish (Raphanus raphanistrum) are weeds 

in New Zealand known to be infected with the pathogen (Young, 1969).  

1.3.6.5 Chemical methods 

The use of chemicals for black rot control has had variable results. Xcc is susceptible to some plant 

protectant chemicals such as fosetyl-Al (Mochizuki & Alvarez, 1996), streptomycin-sodium 

hypochlorite (Humaydan et al., 1980), and acidified cupric acetate (Schaad et al., 1980a). Copper 

compounds such as copper oxychloride are registered pesticides with bactericidal activity which delay 

spread of black rot in cauliflower but do not cure an infected head (Roberts & Brough, 2011). As copper 

does not systemically move in the plant, it only protects a cauliflower head from infection by secondary 
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inoculum and it needs to be re-applied after rain. In addition, Roberts and Brough (2011) suggested 

that copper can be phytotoxic if applied in temperatures higher than 32°C.  

As plants are susceptible to the disease throughout the growing season and as infections may occur at 

any time, chemical control is usually unsustainable. Additionally with irrigation and rainfall, chemicals 

need to be re-applied to protect new growth. This in combination with the emergence of strains 

resistant to agrochemicals, and public concerns regarding chemical residues on food and 

environmental contamination is restricting the widespread use of chemicals to control plant diseases 

(Massart & Jijakli, 2007). Thus, there is a need for alternative plant protection strategies such as 

biological control. 

1.4 Biological control  

1.4.1 Introduction 

Increasing demand from society for healthy foods with less chemical residues, concerns about air and 

water pollution caused by chemicals and the negative ecological impact of agrochemicals has 

prompted research on more environmentally friendly alternatives to those traditional methods 

(Alabouvette et al., 2006). In recent years, biological control has been identified as a promising method 

to control plant diseases and pests using microbial antagonists, and the number of manufactured 

biocontrol products is steadily increasing.  

1.4.2 Definition of biological control 

There are many definitions of biological control of plant diseases. According to Baker and Cook (1974) 

biological control is “the reduction of inoculum density or disease-producing activities of a pathogen or 

a parasite in its active or dormant state, by one or more organisms, accomplished naturally or through 

manipulation of the environment, host or an antagonist, or by mass introduction of one or more 

antagonists”. Later, they defined it as “the reduction in the amount of inoculum or disease-producing 

activity of a pathogen accomplished by or through one or more organisms other than man” (Cook & 

Baker, 1983). However, Mukherjee et al. (2008) more recently defined biological control as “the 

purposeful utilization of introduced or resident living organisms, other than disease resistant host 

plants, to suppress the activities and populations of one or more plant pathogens”. 

Thus, biological control is an environmentally friendly method to suppress plant diseases and is 

considered the best alternative to or supplemental method for reducing chemical application in 

agriculture (Emmert & Handelsman, 1999). 
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1.4.3 Key biocontrol organisms 

Among microorganisms, competitive saprophytes, facultative plant symbionts and facultative 

hyperparasites are categorized as microbes involved in biological control of plant diseases. Key 

microorganisms reported as biological control agents (BCAs) include the bacterial genera Bacillus, 

Paenibacillus, Pseudomonas, and Streptomyces and the fungal genera Ampelomyces, Coniothyrium, 

Gliocladium, and Trichoderma (Pal & Gardener, 2006).  

1.4.4 The different mechanisms of action 

Several mechanisms of action are reported for controlling plant diseases. BCAs may use one individual 

or more likely multiple mechanisms of action to provide effective control of a disease (Alabouvette et 

al., 2006). The four main modes of action of BCAs are antibiosis, nutrient competition, destructive 

parasitism, and induced systemic resistance.  

1.4.4.1 Antibiosis 

Antibiosis is the process of production of secondary metabolites by antagonistic agents toxic to other 

microorganisms which inhibit and/or kill them (Fravel et al., 1988). Many of these molecules have been 

identified and their role in controlling many plant diseases has been studied. These anti-microbial 

compounds include antibiotics, sidrophores, bacteriocins, enzymes, and volatile compounds with 

antifungal and antibacterial activities (Alabouvette et al., 2006). Antibiosis is a very common 

phenomenon in many biological control agents such as Bacillus spp., fluorescent Pseudomonas, and 

Trichoderma spp. (Alabouvette et al., 2006; Compant et al., 2005, Leifert et al., 1995). However, the 

anti-microbial activity of a secondary metabolite produced by a particular BCA should not be 

generalized for all BCAs. It also needs to be considered that a single anti-microbial compound cannot 

account for all antagonistic activity of a BCA and in addition, an individual compound may not be 

effective against other pathogens. Biotechnological tools such as mutants deficient for the production 

of a given anti-microbial compound can be used to establish the role of these compounds in biocontrol 

(Alabouvette et al., 2006). This approach was applied by Thomashow and Weller (1988) to 

demonstrate that a phenazine antibiotic produced by Pseudomonas fluorescens was involved in 

controlling the causal agent of wheat take-all Gaeummanomyces graminis var. tritici. 

1.4.4.2 Nutrient competition 

Competition for nutrients is a common phenomenon between organisms that utilize the limited 

nutrient sources and occupy the same ecological niche (Alabouvette et al., 2006). Microorganisms 
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always compete with other microbes for nutrients such as carbon, nitrogen, oxygen, and even minor 

elements such as iron for their growth and development. However, while the competition for nutrients 

occurs mostly in soil, it can happen on root surfaces as well. In this case, a BCA can protect the root 

infection sites by increasing its population on the root surfaces (Berg, 2009). In general, some 

microorganisms including BCAs can limit the growth and development of others by competition for 

nutrients; however this phenomenon is difficult to exploit directly for biological control. Indirect 

evidence suggests that nutrient competition between pathogens and non-pathogens is an important 

issue in decreasing disease incidence and severity (Pal & Gardener, 2006). 

1.4.4.3 Destructive parasitism 

Parasitism is a direct antagonism, which involves hyperparasitism of the pathogen by the microbial 

antagonist. In this direct interaction, the BCA parasitizes the target pathogen and kills the pathogen or 

its propagules (Vinale et al., 2008). Several strategies may be employed to control and suppress the 

pathogens; for example, some of them produce extracellular enzymes such as proteases, β-1,3-

glucanases, and chitinases to degrade host cell walls and enter the hyphae of the pathogen (Berg, 

2009).  

1.4.4.4 Induced systemic resistance 

Plants dynamically react to a variety of natural stimuli such as light, temperature, nutrient availability, 

physical stresses and also a variety of stimuli caused by microbes. These stimuli cause some 

biochemical changes in plants which lead to the induction of the plant’s innate defenses, and therefore 

increase resistance against subsequent infection by pathogens (van Loon et al., 1998). Induced plant 

defenses can be local or systemic depending on the nature, origin, and the quantity of stimuli and also 

plant variety (Pal & Gardener, 2006).  

As systemic resistance induced by Paenibacillus against X. campestris pv. campestris in cabbage 

seedlings was investigated in this study, more general information about this phenomenon is discussed 

to understand the molecular basis underlying this mode of action of Paenibacillus.   

The induced resistance activated by BCAs typically occurs via two pathways which can be discriminated 

based on the nature of the stimuli and the regulatory pathways involved. The first pathway is called 

“systemic acquired resistance (SAR)” which is mediated by salicylic acid. Salicylic acid is produced 

frequently after pathogen challenge in plants which usually leads to the expression of pathogenesis-

related proteins (PRs). These PR proteins contain a range of enzymes which act in different ways such 

as lysing invading pathogen cells, strengthening plant cell walls to resist infection entrances, or 
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inducing localized cell death to protect plants upon stimuli contact. After this initial defense response 

in plants, the activation of the SAR signaling pathway makes the plant’s resistance not only locally but 

also systemically to infection by a wide range of pathogens. The second pathway termed “induced 

systemic resistance (ISR)” is mediated by jasmonic acid and/or ethylene (Mukherjee et al., 2008). These 

compounds were demonstrated to be in plants after application of some nonpathogenic rhizobacteria. 

Although some of these bacteria induce a resistance response in plants through the SA-dependent 

pathway (SAR), others only activate jasmonic acid or ethylene accumulation to develop ISR (van Loon 

et al., 1998). In the model plant Arabidopsis, SAR is reported to be more active against biotrophic 

pathogens, whereas ISR is most effective against nectrotrophic pathogens and wounds (Choudhary et 

al., 2007; Glazebrook, 2005). 

Some plant growth promoting bacteria can induce systemic resistance against a broad spectrum of 

pathogens in different plant species by producing a number of chemical elicitors of SAR and ISR such 

as salicylic acid, siderophores, lipopolysaccharides, and some volatile compounds (Compant et al., 

2005). While the elicitors and molecular basis underlying salicylic acid (SA), jasmonic acid (JA), and 

ethylene (ET) signaling pathways are different in most cases, these signaling pathways do not function 

independently. It has been proposed that these defense pathways (SA-, JA-, and ET-dependent 

pathways) are all involved in a complex signaling network and positive or negative regulatory crosstalk 

between them has been described (Kunkel & Brooks, 2002). Antagonism between the SA, JA, and ET 

pathways has been reported (Thomma et al., 1998), but besides this contradictory effect, co-regulation 

and synergy of defense responses mediated by SA and JA signaling pathways have also been found 

based on a gene expression profiling study (Schenk et al., 2000).  

Induced resistance is often associated with another phenomenon termed “priming” which has 

attracted interest recently. Priming is a physiological process whereby a plant exposed to an elicitor is 

prepared to respond more quickly and/or strongly to future pathogen challenges or abiotic stresses 

(Conrath et al., 2002). Activation of induced defense in plants involves major fitness costs which affect 

plant growth (Heil, 2000). In primed plants the defense responses are only expressed when they are 

needed, i.e. upon pathogen attack. Hence, the energy costs of priming are substantially lower than 

those where the induced defense has been activated (Conrath et al., 2002 & 2006). However, the 

biochemical and molecular mechanisms underlying the priming phenomenon are poorly understood 

and still remain to be investigated. It is hypothesized that, during priming the amount of cellular 

components involved in defense response signaling, i.e. certain transcription factors, increases. This 

increase might lead to enhanced and accelerated defense responses upon pathogen challenge 

(Conrath et al., 2002 & 2006; Goellner et al., 2008).  
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Despite progress in understanding the modes of action of BCAs, in many cases there is not a distinctive 

line between antibiosis, competition, and parasitism. Furthermore, some products of lytic enzyme 

activity such as oligosaccharides derived from fungal and bacterial cell walls act as an inducer of 

systemic resistance as well. Thus, it is difficult to draw a border between different modes of action of 

a microorganism. In most cases, BCAs employ multiple modes of action with one predominant 

mechanism to control the disease and the best way to recognize the exact mechanism of action is using 

molecular tools. Better understanding of different mechanisms of action of BCAs facilitates the 

combination of microorganisms to suppress pathogens more effectively with a wide range of microbial 

weapons (Compant et al., 2005). 

1.4.5 Biological control of seed-borne diseases 

Many microbes have been investigated as potential BCAs to suppress fungal and bacterial seed-borne 

diseases. The most frequently used BCAs include the bacterial genera Pseudomonas and Bacillus and 

the fungal genera Trichoderma and Gliocladium (Susi et al., 2011). 

The severity of leaf blight of onion caused by X. axonopodis pv. allii was reduced by application of 

Pseudomonas fluorescens and Pantoea agglomerans (as a commercial formulation) to the same level 

as application of copper-based bactericides in field experiments. However, the application of these 

BCAs in combination with copper-based bactericides showed better control of disease than the BCAs 

individually (Gent & Schwartz, 2005). Similarly, the incidence of bacterial wilt and seed-borne infection 

of chilli caused by Burkholderia solanacearum was reduced by seed treatment with antagonistic P. 

fluorescens (Umesha et al., 2005). Velusamy et al. (2006) also demonstrated that an antimicrobial 

antibiotic produced by P. fluorescens, 2,4-diacetylphloroglucinol, can suppress rice bacterial blight 

caused by X. oryzae pv. oryzae. Similarly, P. fluorescens gave effective biological control of bacterial 

fruit blotch of watermelon caused by Acidovorax avenae subsp. citrulli (Fessehaie & Walcott, 2005). 

Bacillus species are a popular BCA against a range of fungal and bacterial pathogens which are seed- 

or soil-borne. Sinclair (1993) indicated that seed treatment with Bacillus megaterium and Bacillus 

cereus reduced seed infection by Rhizoctonia solani and seedling damping-off caused by Phytophthora 

spp. in soybean. Similarly, Bacillus subtilis was shown to colonize the roots and lower stems of cabbage 

endophytically following seed inoculation and protect cabbages from seed-borne bacterial diseases 

(Wulff et al., 2003). 

The use of avirulent pathovars and naturally-occurring nonpathogenic strains has been evaluated for 

biological control of some plant diseases. For example, some hrp mutants of X. campestris pv. 

vesicatoria strain 75-3 showed an ability to decrease severity of tomato bacterial spot when applied 
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as a spray onto tomato foliage before inoculation with the wild-type parental pathogen strain under 

both greenhouse and field conditions. Some of these mutants were more effective in controlling 

disease than the known effective biological control agents, Pseudomonas syringae and Pseudomonas 

putida (Moss et al., 2007). However, the introduction of a pathovar as a potential BCA which may 

causes disease in other crops is unlikely. In addition, the risk of plasmid-mediated transmission of 

virulence and resistance genes from pathogenic to non-pathogenic strains should be taken into 

account (Hacker et al., 1997). 

1.4.6 Biological control of black rot disease 

Biological control of black rot has been reported and a small number of microbes have been 

investigated for this purpose. Cook and Robeson (1986) found that X. campestris pv. carotae, the causal 

agent of bacterial blight in carrots, can suppress black rot in cabbage by inducing defense responses in 

the host plant. In another report, the antagonistic activity of some yeast strains (LR32, LR42 and LR19), 

isolated from the phylloplane of cabbage, against X. campestris pv. campestris was demonstrated in 

field trials (Assis et al., 1999). These yeast isolates reduced the black rot severity by 72 to 79% in 

different Xcc application periods; however there was no significant difference among different 

cabbage cultivars. 

The biological activities of members of the Bacillus species have been demonstrated against black rot 

including B. amyloliquefaciens, B. pumilus, and B. subtilis (Wulff et al., 2002a). Monteiro et al. (2005) 

suggested that antagonism towards X. campestris pv. campestris by Bacillus isolates was due to the 

antibiotic and hemolytic activities of these isolates. Luna et al. (2002) also demonstrated high antibiotic 

activity of some Bacillus isolates against Xcc in vitro. Similarly, Yoshida et al. (2001) indicated that a 

culture filtrate of B. amyloliquefaciens RC-2 had antimicrobial activity against Xcc. All these studies 

indicate that antagonistic metabolites produced by Bacillus isolates play an important role in 

suppression of black rot disease.  

The application method of a biocontrol agent is also another issue which should be considered. Root, 

seed, and foliar applications are three common methods to apply the BCAs but depending on the plant, 

pathogen and BCAs, their effectiveness differs. For example, Massomo et al. (2004b) found that root 

application of Bacillus strains was more effective than seed and foliage application in reducing the 

incidence and severity of black rot in cabbage under field conditions. Similarly, a reduction of black rot 

symptoms on stems and leaves of cabbage was observed following root application of the antagonist 

B. subtilis (Wulff et al., 2002b). In another study, Wulff et al. (2006) also showed that Bacillus strains 

suppressed black rot of vegetable brassicas following dipping roots in a suspension of Bacillus before 
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transplanting. Initial results showed that the most promising Bacillus strain activated induced 

resistance and also grew endophytically in plants under greenhouse and field conditions. 

Some reports emphasize that applying more than one promising biocontrol agent is likely to be a more 

effective strategy to control plant diseases. For example in a study conducted by Mishra & Arora 

(2012a), the potential of the rhizobacteria Pseudomonas aeruginosa (KA19) and Bacillus thuringiensis 

(SE) isolated from the rhizospheric region of Brassica campestris was evaluated for control of black rot. 

The results showed that both isolates (KA19 and SE) alone and in combination inhibited the growth of 

Xcc on agar plates and reduced black rot symptoms in a glasshouse study when applied using both a 

foliar spray and the combination of a seed soak and soil drench. It was suggested that P. aeruginosa 

KA19 suppressed black rot disease by producing extracellular siderophores, 4-hydroxy-2-nonyl-

quinoline, and biocontrol activity of B. thuringiensis SE was due to the production of autolysins (b-N-

acetylglucosaminidase) and lactonases (acyl-homoserine lactonase) as antibacterial factors. Mishra 

and Arora (2012a) recommended that using a combination of different biocontrol agents such as 

Pseudomonas and Bacillus with different mechanisms of action would provide better control of black 

rot.  

1.5 Research Background 

Vegetable and forage brassicas are susceptible to black rot caused by X. campestris pv. campestris. 

Currently, there is no effective control method for the pathogen, and therefore biological control 

warrants investigation as a potential control measure for this seed-borne disease.   

The “Smart Seeds” research programme at the Bio-Protection Research Centre is endeavoring to 

develop microbial seed treatments for brassicas to decrease the economic losses caused by the plant 

diseases black rot (X. campestris pv. campestris) and watery soft rot (Sclerotinia sclerotiorum) and the 

insect pest diamondback moth (Plutella xylostella). The aim of the “Smart Seeds” programme is to 

increase the economic value of New Zealand exported brassica seeds by developing a commercial BCA 

product. Research in the first 2 years of the programme (2007-2009) focused on identifying bioactive 

microbes isolated from New Zealand grown cabbage and rape seed lots, and delivered some potential 

biocontrol agents. DNA sequence analysis of the 16S ribosomal RNA gene and intergenic spacer region 

(ITS) identified 36 bacterial and 16 fungal genera, respectively (Hampton, 2008). The ability of microbes 

to reduce or suppress growth of Xcc was assessed, and more than 75% reduction in growth of Xcc was 

demonstrated for 16 bacteria and nine fungi (J. Hampton, personal communication, 2009). This 

included isolates of Paenibacillus spp., which are the focus of this PhD study. 
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1.6 Paenibacillus  

1.6.1 Introduction 

In 1993, Ash et al. created the genus Paenibacillus based on phenotypic and phylogenetic 

considerations, such as 16S rRNA sequence analysis from the previous “group 3” of the genus Bacillus. 

The Latin root of this name is “Paeni” which means almost, so “Paenibacillus” means “almost Bacillus”. 

Paenibacillus belongs to the group of plant growth-promoting rhizobacteria (Timmusk et al., 2005). It 

is a free-living soil bacterium and has a relatively broad host plant range including wheat (Mavingui et 

al., 1992), barley (Ryu et al., 2005), garlic (Kajimura & Kaneda, 1996), and lodgepole pine (Holl & 

Chanway, 1992). In recent years, interest in Paenibacillus has increased considerably due to its 

application in agriculture and horticulture (e.g. P. polymyxa; Raza et al., 2008), industry (e.g. P. 

azoreducens; Meehan et al., 2001) and medicine (e.g. P. polymyxa strain SCE2; Seldin et al., 2002). A 

wide range of activities have been reported, including nitrogen fixation (Hong et al., 2009), phosphate 

solubilization (Hu et al., 2006), competition for nutrients and ecological niches (Timmusk et al., 2005), 

and the production of exopolysaccharides (Timmusk, 2003), lytic enzymes (Budi et al., 2000; Raza et 

al., 2008), antibiotics (Beatty & Jensen, 2002; Dijksterhuis et al., 1999; Li et al., 2007), and the plant 

hormones auxin (Lebuhn et al., 1997) and cytokinin (Timmusk et al., 1999). All these activities can 

contribute to plant growth promotion and also result in suppression of a wide range of plant 

pathogenic bacteria, fungi, and nematodes (Pichard and Thouvenot, 1999; Son et al., 2011). 

Paenibacillus does not spread systemically throughout plants, and accumulation sites are in 

intercellular spaces outside the vascular elements. They often form biofilms in the root tips (Timmusk 

et al., 2005). Biofilms are highly structured groups of cells with surface-adherent characteristics which 

are embedded in an extracellular matrix (Branda et al., 2005). Biofilm formation is suggested to be an 

important property of the bacteria which act as BCAs. The biofilms around plant roots prevent 

pathogen access to colonization sites and root exudates and thus nutrients (Weller & Thomashow, 

2007). 

1.6.2 Biology 

Paenibacillus is a gram-positive, facultatively anaerobic, rod shaped (0.6-0.8 µm by 2-5 µm; Figure 1.4), 

non-pigmented, motile by means of peritrichous flagella, and endospore- forming bacterium. Its 

spores are ellipsoidal, each with a swollen sporangium. The bacterium can produce gas from 

fermented carbohydrates and acid from glucose, arabinose, xylose, and mannitol. It can hydrolyze 

starch, form dihydroxyacetone, and decompose casein (Ash et al., 1993; O'Leary, 1989). 
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Figure 1.4 Optical microscope photograph (100 × magnification) of Paenibacillus cells. 

1.6.3 Taxonomy 

The genus Paenibacillus belongs to the family Paenibacillaceae, order Bacillales, class Bacilli, and 

Firmicutes phylum of bacteria (Garrity et al., 2005). 

1.6.4 Paenibacillus as a BCA 

Paenibacillus sp. are known as commercially promising BCAs of plant diseases due to useful innate 

characteristics such as the ability to form endospores, produce different kinds of antibiotics, and a 

broad host range (Timmusk et al., 2005). The biocontrol activity of Paenibacillus isolates has been 

studied against a range of plant pathogenic fungi, nematodes, and bacteria. For example, P. polymyxa 

was reported to suppress the growth of Fusarium oxysporum, Phytophthora palmivora and Pythium 

aphanidermatum in vitro, and exhibited antagonistic activity against Aspergillus niger, the causal agent 

of crown and root rot in peanut (Dijksterhuis et al., 1999; Haggag and Timmusk, 2008). The GBR-1 

strain of P. polymyxa was also reported to suppress root-knot nematode, Meloidogyne incognita by 

reducing egg hatch, causing substantial mortality of its juveniles in vitro, and also decreasing root 

galling on tomato (Khan et al., 2008). Furthermore, the biocontrol activity of Paenibacillus alvei strain 

K-165 was demonstrated against Verticillium dahlia and Thielaviopsis basicola (Antonopoulos et al., 

2008; Schoina et al., 2011). In a study conducted by Pichard and Thouvenot (1999), a significant 

reduction of the Xcc population was reported by treating infested cauliflower seeds with P. polymyxa 

in greenhouse trials. Another antagonistic activity of Paenibacillus against bacterial diseases was also 

reported for the causal agent of common blight disease in beans (Mageshwaran et al., 2012).  

This antagonistic activity exhibited by Paenibacillus isolates highlights its potential as a BCA and 

therefore a possible alternative to chemical control of plant diseases. However, under certain 

environmental conditions, P. polymyxa can act as a root invading bacterium by formation of biofilms 

around the root tips and decrease plant growth and root development (Raza et al., 2008; Timmusk, 

2003). Hence, Paenibacillus can be considered as a deleterious rhizobacterium in some circumstances 
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and more study is needed to understand all aspects of Paenibacillus biology and mode of action as a 

potential BCA. 

1.6.5 Mechanism of action of Paenibacillus 

Ecological niche deprivation, competition for space and nutrients, production of antagonistic 

substances, and induced resistance are the most possible mechanisms that have important roles in 

Paenibacillus antagonistic activity against plant pathogens (Timmusk, 2003).  

Niche exclusion is proposed as an important mechanism involved in biocontrol activity of Paenibacillus 

(Haggag & Timmusk, 2008; Timmusk et al., 2005). This bacterium has the ability to colonize the same 

regions on the plant roots that are favorable for pathogens (Haggag & Timmusk, 2008). Timmusk et al. 

(2005) showed that P. polymyxa colonized Arabidopsis roots and produced a biofilm consisting of 

bacteria and bacterial exopolysaccharides. They indicated that the biofilm produced by P. polymyxa 

around the plant root tips created a mechanical barrier that prevented access of a pathogen (Erwinia 

carotovora) to key colonization sites on the roots and decreased the available nutrients for the 

pathogen, and also restricted plant water loss, improving the plant’s tolerance to drought stress. 

Biofilm formation by P. polymyxa (isolates B1 & B2) in peanut roots also prevented root colonization 

and thereafter infection by Aspergillus niger, the causal agent of crown rot disease (Haggag and 

Timmusk, 2008). In a similar study, Timmusk et al. (2009b) noted that the antagonistic activity of P. 

polymyxa against oomycetes was due to depriving zoospores of Phytophthora palmivora and Pythium 

aphanidermatum of the opportunity to access and colonize the roots tips and the adjacent root 

segments in plant roots pre-inoculated with P. polymyxa. In a greenhouse study, Paenibacillus alvei 

strain K-165 suppressed cotton black root rot caused by Thielaviopsis basicola by colonizing roots and 

depriving the fungal pathogen from its ecological niche (Schoina et al., 2011). In a recent study, it was 

demonstrated that biofilm formation by P. polymyxa C5 on tobacco root tips and elongation zone was 

a mechanism for the protection of tobacco plants from black shank disease caused by Phytophthora 

parasitica var. nicotianae (Ren et al., 2012). 

The production of hydrolytic enzymes, antibiotics, and siderophores by several species of Paenibacillus 

has been well-studied in recent decades and their roles in the antagonistic activity of the Paenibacillus 

sp. against a range of pathogens have been frequently reported. The antagonistic metabolites 

produced by BCAs can suppress other microbes by either a direct effect on their growth (deformation 

or lysis of pathogen cells) or an indirect effect (nutrient deprivation). For example, the antifungal 

metabolite produced by Paenibacillus sp. strain HKA-15 causes abnormalities in the mycelium of 

Rhizoctonia bataticola such as hyphal fragmentation and cell wall lysis and in this way suppresses 

charcoal rot disease in soybean (Senthilkumar et al., 2007). This peptide-like metabolite also showed 
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antibacterial activities, inhibiting the growth of X. campestris pv. phaseoli the causal agent of common 

blight and decreasing the disease incidence in beans (Mageshwaran et al., 2011; 2012). In several 

studies, it has been revealed that bacterial BCAs produce antibiotics and most of these antibiotics have 

a wide range of activity against a specific or multiple plant diseases. For example, Paenibacillus sp. is 

known to produce several antibiotics such as fusaricidin (Beatty & Jensen, 2002), polymyxin (Selim et 

al., 2005), paenimacrolidin (Wu et al., 2011), and pyrazine (Beck et al., 2003). Fusaricidins have activity 

against a wide range of pathogenic fungi including Fusarium oxysporoum and Leptosphaeria maculans 

(Beatty & Jensen, 2002; Raza et al., 2009). The hydrolytic enzymes produced by Paenibacillus strains 

play a key role in the biocontrol of plant pathogens. For example, extracellular chitinases and β-1,3-

glucanase synthesized by Paenibacillus sp. strain 300 were reported to have an important role in 

suppression of F. oxysporum f .sp. cucumerinum by lysing the fungal cell walls (Singh et al., 1999). 

The ability of Paenibacillus to induce systemic resistance in plants and thereby protect host plants 

against pathogens has attracted much interest. Timmusk (2003) demonstrated that P. polymyxa 

induced a systemic defense response against Erwinia carotovora in the leaves of Arabidiopsis thaliana. 

Furthermore, the presence of P. polymyxa on the roots was reported to protect A. thaliana against 

drought stress. Gene expression and qRT-PCR analysis showed that in addition to genes involved in 

defense systems (e.g. PR1), drought-responsive genes (e.g. ERD15) were highly expressed in this 

interaction. This study suggested that Paenibacillus inoculation triggered defense pathways related to 

both biotic and abiotic stresses. Similarly, Tjamos et al. (2004) reported that induced systemic 

resistance was the mode of action of Paenibacillus alvei K165 involved in suppression of Verticillium 

dahlia in solanaceous plants in glasshouse and field experiments. The induced systemic resistance 

ability of this strain was confirmed in A. thaliana using gene expression and qRT-PCR (Tjamos et al., 

2005). Recently, Lee et al. (2012) indicated that a strain- specific volatile compound, tridecane, 

released from P. polymyxa E681 acted as a bacterial trigger to induce systemic resistance in 

Arabidiopsis plants against P. syringae pv. maculicola. Induction of three defense genes involved in SA, 

JA, and ET signaling pathways was tested by qRT-PCR and gene expression levels showed that the 

volatile compound emitted from strain E681 elicited a plant defense mechanism through SA and/or JA 

signaling pathways. They also demonstrated that P. polymyxa E681 volatiles enhanced Arabidiopsis 

growth.  

1.7 Molecular tools for detection and quantification of Paenibacillus and 
study of gene expression  

The common and traditional laboratory techniques for detection and quantification of microbes 

involves cell culturing which is a time and labour consuming process. Besides, for many bacteria a lack 

of direct detection capacity is often reported. For example for the majority of Paenibacillus spp. there 
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are no selective media. Consequently, molecular tools have been explored as alternatives for more 

specific, sensitive and accurate detection and quantification of microbes in environmental samples. 

Real-time quantitative polymerase chain reaction (real-time PCR), has emerged as a promising tool 

(Fraga et al., 2008; Ginzinger, 2002).  

Real-time PCR is often combined with reverse transcription to quantify and detect any alteration in 

gene expression levels in cells under specific biological stresses. “qRT-PCR” is used as an abbreviation 

for quantitative reverse-transcription PCR. Quantification of gene expression levels not only reveals 

information about the biological state of a cell but provides valuable evidence for gene function. For 

example, the expression level of certain genes in a diseased cell may differ from those in a healthy cell 

and demonstrate a role in disease development. There are other methods to study the gene expression 

level such as Northern blot analysis and RNase protection assays, but these have proven to be time 

and labour consuming, and in some cases their measurements are not consistently accurate when 

compared with qRT-PCR (Fraga et al., 2008).  

1.7.1 Quantitative real-time polymerase chain reaction (Real-time PCR) 

Real-time PCR is a technique based on the polymerase chain reaction (PCR), which was first introduced 

in 1993 (Higuchi et al., 1993) and has become extensively used over the past two decades. This 

technique is applied to amplify and at the same time quantify a specific nucleic acid in a complex 

mixture using fluorescent technology, even if the concentration of the starting material is very low 

(Ginzinger, 2002).  

A PCR reaction has three distinct phases; exponential, linear, and plateau (Figure 1.5). In the first, 

exponential phase, the target DNA sequence is doubled at each cycle (assuming 100% efficiency for 

the reaction) and the reaction is very specific and precise. Over time, as the PCR reagents are used up 

the reaction slows down and the quantity of amplicon is not doubled at the end of each cycle, a linear 

phase occurs. Eventually, due to depletion of PCR reagents and PCR product inhibition, the reaction 

will stop, and the plateau is reached. In real-time PCR, the amplification of the target sequence is 

quantified as the reaction progresses through the exponential phase and the fluorescent signal is 

detected in “real time” as the reaction progresses. For standard PCR the amplified DNA is detected at 

the end point, usually at the plateau phase (Fraga et al., 2008).  

There are two common methods for generating a fluorescent signal in real-time PCR. The most 

widespread approach is using non-specific fluorescent dyes such as SYBR Green I, that attach to any 

double-stranded DNA (Yin et al., 2001). The second method uses a probe that consists of a set of 

nucleotides that are complementary to the target DNA sequence downstream of one of the primers. 

20 
 

http://en.wikipedia.org/wiki/Reverse_transcription
http://en.wikipedia.org/wiki/Laboratory_technique
http://en.wikipedia.org/wiki/Polymerase_chain_reaction
http://en.wikipedia.org/wiki/Fluorescent_dye


The probe is labeled with fluorescent reporter dye at the 5΄ end and a quencher dye at the 3΄ end. 

During the reaction, the fluorescent reporter emits a signal as it is cleaved from the hybridized probe 

by the 5΄ nuclease activity of Taq DNA polymerase during primer extensions (Heid et al., 1996). In both 

methods, the concentration of DNA is quantified by measuring the fluorescence intensity at each cycle. 

Thereby, the increase in the fluorescence intensity correlates with the increase in PCR product during 

the reaction. A threshold should be set for detection of the amplicon which determines a reliable and 

sufficient number of fluorescent signals above the background. The cycle at which the sample reaches 

or exceeds this threshold is the Cycle Threshold or Ct (Figure 1.5). Thus, the Ct value is used to compare 

different samples and analyze the real-time PCR results. There are two methods to quantify the target 

DNA in real-time PCR. Absolute quantification is expressed as exact either concentration or copy 

number of the target DNA in the sample and requires a standard calibration curve with known 

concentrations or copy numbers. Thus, the same amplification efficiency is needed for the PCR of the 

samples and the standard. Another method is relative quantification which determines fold changes 

of the gene expression level of the target sequence and needs a suitable internal control or standard 

to detect the variation between samples (Bustin, 2004; Fraga et al., 2008).   

 

Figure 1.5 Plot of an experimental amplification of real-time PCR reaction which shows three PCR 
phases and the cycle threshold. Ct: cycle of threshold. 

The best way to ensure the specificity of the real-time PCR is using dissociation curve analysis which 

shows that melting temperature (Tm) for each fragment of amplified DNA is specific and depends on 

the length of the fragment and its nucleotide composition. The dissociation curve analysis is considered 

as a quality control step where the target amplicons are distinguished from PCR artifacts such as mis-

primed products or primer-dimers which have usually lower melting temperatures than the target one 

(Bustin, 2004; Fraga et al., 2008).  
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1.7.2 Quantitative reverse-transcription polymerase chain reaction (qRT-PCR) 

Quantitative reverse-transcription PCR (qRT-PCR) is a method commonly used in molecular biology to 

detect and quantify RNA expression levels even at very low level of RNA. This method relies on the 

extraction of pure high quality RNA to achieve accurate and reproducible results. Genomic DNA is 

removed from samples using DNase before reverse transcription of the RNA into its DNA complement 

(cDNA) using reverse transcriptase. The synthesized cDNA is used as a template for amplification using 

real-time PCR (Ginzinger, 2002). As described before, fluorescent signals are used to detect and 

quantify the cDNA and a housekeeping gene, which has a constant gene expression in all samples, is 

required for each qRT-PCR run as an internal control. This enables normalization of the expression level 

in the target genes with the internal control, and any experimental variation can be ignored. The 

simplicity, sensitivity, and specificity of this method make it a common technique for RNA detection 

and quantification (Fraga et al., 2008). 

1.8 Research objectives 

This research addresses the use of Paenibacillus for biological control of Xanthomonas campestris pv. 

campestris (Xcc) in brassicas, specifically cabbage. Objective 1 was to validate previous research 

conducted by the ‘Smart Seeds’ group on biocontrol activity of Paenibacillus isolates against Xcc, the 

causal agent of black rot in brassicas. Paenibacillus isolates from brassica seeds and soil were tested in 

dual culture assays and pot trials to identify the best Paenibacillus isolate for use as a biocontrol agent 

and determine the optimal concentration for biocontrol activity. The effect of this Paenibacillus isolate 

on promoting plant growth was also studied in this objective. In Objective 2, a real-time PCR method 

for quantification of the selected Paenibacillus strain was developed by designing a strain-specific PCR 

marker to facilitate studies on the population dynamics of the biocontrol agent on or in the seed, root, 

and soil environments. Objective 3 involved determination of endophytic activity and rhizosphere 

competency of the Paenibacillus strain using the real-time PCR method. Induced systemic resistance 

as a potential mechanism of action of Paenibacillus against Xcc was studied in Objective 4. Gene 

expression and qRT-PCR analysis were used to gather molecular evidence that induced systemic 

resistance (ISR) is one of the mechanisms involved in the antagonistic activity of Paenibacillus against 

Xcc, the causal agent of black rot in cabbage.  
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     Chapter 2 

Biocontrol activity of Paenibacillus isolates against Xanthomonas 

campestris pv. campestris 

2.1 Introduction 

Black rot is one of the most important diseases of brassicas, caused by the bacterium Xanthomonas 

campestris pv. campestris (Xcc). This pathogen is responsible for severe economic losses worldwide. 

Both forage and vegetable brassicas are susceptible to this disease at all growing stages (Williams, 

1980). In cabbage, infection of the leaves and heads results in low quality crops with reduced market 

value. Plants infected by black rot are also more susceptible to infection by other bacterial pathogens 

such as the soft rot causing agents Pseudomonas spp. and Erwinia spp., adding to the economic 

damage already caused by black rot (Rimmer et al., 2007). Control of black rot is difficult because the 

bacteria can easily spread from infected to healthy plants and can multiply rapidly under favourable 

conditions (Rimmer et al., 2007; Williams, 1980).  

Biological control may provide an alternative to conventional disease control methods which have not 

proved successful with black rot (Emmert & Handelsman, 1999). Paenibacillus spp. are considered 

promising biocontrol agents of a number of plant diseases because of their wide host plant range, 

ability to form endospores, and to produce various antibiotics (Timmusk, 2003). The antagonistic 

activity of Paenibacillus polymyxa has been previously shown against some important plant pathogenic 

bacteria and fungi including Xcc (Pichard and Thouvenot, 1999), Erwinia carotovora (Timmusk, 2003), 

Fusarium oxysporum (Dijksterhuis et al., 1999), Leptosphaeria maculans (Beatty & Jensen, 2002), 

Aspergillus niger (Haggag and Timmusk, 2008), and the oomycete plant pathogens Phytophthora 

palmivora and Pythium aphanidermatum (Timmusk et al., 2009b). It is also active against plant 

pathogenic nematodes such as root-knot nematode, Meloidogyne incognita (Khan et al., 2008). 

In this study the biocontrol activity of 25 isolates of Paenibacillus isolated from New Zealand produced 

cabbage and forage rape seed lots was tested against Xcc in dual culture experiments in vitro and in 

growth chamber experiments based on pot trials. The Paenibacillus isolate with the greatest biocontrol 

activity against Xcc was selected based on the pot trial studies, and the effect of this Paenibacillus 

isolate on the growth of cabbage plants was then examined.  
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2.2 Bioactivity of Paenibacillus isolates against Xcc in dual culture assays 

2.2.1 Background 

The dual culture assay provides a relativity quick primary screening of bioactivity in vitro of a large 

library of microbes (Oldenburg et al., 1996). This simple method is entirely based on the study of 

interactions between a candidate antagonist and a pathogen on an agar plate. In this interaction, the 

antagonists can suppress the growth of the pathogen by antibiosis activity or competition for available 

nutrients. The potential antagonist’s activity is assessed by measuring the size of inhibition zone or the 

diameter of the antagonist colony (Knudsen et al., 1997). The formation of an inhibition zone is mostly 

due to antibiosis activity, mediated by metabolic substances produced by an antagonist against a 

pathogen (Fravel, 1988). Thus, the antibiosis activity in vitro is influenced by parameters that affect 

metabolite production. The composition, age and depth of agar media, amount of inoculum, 

temperature, and other factors can impact on the size of inhibition zone (Dickie & Bell, 1995). The 

competition effect is determined by the formation of a distinct colony of the antagonist which is 

influenced by nutrient availability in the agar plate (Bezzi et al., 1999).   

For many years, in vitro screening has been used to select promising biocontrol agents (BCAs). It has 

been reported to be a reasonable method to screen the bioactivity of specific groups of 

microorganisms, such as Streptomyces spp., which suppress fungal pathogens both in vitro and in vivo 

(Trejo-Estrada et al., 1998). However, some other studies have shown that positive results from a dual 

culture assay do not always provide sufficient proof for biocontrol activity in vivo (Fravel, 1988). In 

many cases, there is poor or no correlation between the inhibition effect of microbes on the growth 

of pathogens in vitro and their biocontrol activity in vivo (Knudsen et al., 1997; Mishra and Arora, 

2012b). A microorganism may show no bioactivity in the in vitro study, but it may suppress the 

development of the disease in vivo, due to the production of metabolites other than antibiotics, such 

as chitinase, cell-wall degrading enzymes, or even compounds that induce plant defense mechanisms 

(Pal & Gardener, 2006). Therefore, the dual culture assay can be only used for a primary screening to 

reduce numbers for in vivo validation. It is, however, critical that in addition to those with high 

bioactivity in vitro, a selection of microbes with no or low bioactivity is chosen for in vivo evaluations 

to ensure selection of BCAs with various modes of action. 

In this study the biocontrol activity of 25 isolates of Paenibacillus was screened against six Xcc isolates 

in dual culture assays. Paenibacillus isolates were then categorized based on their bioactivity levels 

and some isolates were chosen from each category to study their biocontrol activity in pot trials.  
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2.2.2 Materials and methods 

3.2.3.1. Microorganisms and cultures 

Six isolates of Xcc (Xcc1, Xcc2, Xcc4, Xcc5, Xcc20 and Xcc25; Table 2.1) were streaked on petri dishes 

containing yeast dextrose chalk agar (YDCA: 15 g/L bacto agar, yeast extract 10 g/L, CaCO3 20 g/L, D-

glucose 20 g/L; ISTA, 2013) and incubated at 25°C in the dark for 72 hours (h). Colonies of Xcc were 

then suspended with sterile 0.1% (w/v) bacteriological peptone water (BP). Bacterial concentration 

was determined spectrophometrically (JENWAY, Model 6305, London) and adjusted to 1 × 109 CFU/ml 

with sterile 0.1% (w/v) BP (optical density at 600 nm= 0.40 ± 0.01 is equivalent to 6.3 × 108 CFU/ml; B. 

Braithwaite, personal communication, 2009)  

Table 2.1 List of Xanthomonas campestris pv. campestris (Xcc) isolates used in the 
experiments. 

Isolate 
ID 

Source1 Host Tissue 

Xcc1 ICMP 2 Swede (Brassica napobrassica) Leaf 
Xcc2 Smart Seeds Collection Kale (Brassica oleracea var. acephala) - 2 
Xcc4 ICMP 4013 Cabbage (Brassica oleracea var. capitata)  Leaf 
Xcc5 ICMP 6497 Cauliflower (Brassica oleracea var. botrytis) Leaf 
Xcc20 Smart Seeds Collection Kale (Brassica oleracea var. acephala) Seed 
Xcc32 Smart Seeds Collection Cabbage (Brassica oleracea var. capitata)  Seed 
1 ICMP: International Collection of Micro-organisms from Plants; Smart Seeds collection is held 
by the Bio-Protection Research Centre, Lincoln University, Canterbury, NZ. 2 Data not available.  

The 25 isolates of Paenibacillus listed in Table 2.2 (isolated from New Zealand produced cabbage and 

rape seed lots and stored in the Smart Seeds Collection, Lincoln University, New Zealand) were 

streaked on nutrient agar (NA) and incubated at 30°C in the dark for 72 h. All strains used in the study 

were stored in 25% glycerol at -80 °C. 

3.2.3.2. Microbe inoculation and dual culture assessment 

The dual culture assay was performed in sterile 90 × 15 mm Petri dishes, containing YDCA or potato 

dextrose agar (PDA; DifcoTM). Three replicate plates for each Paenibacillus and Xcc combination, and 

three control plates for each Xcc isolate were set up for each agar. In a laminar flow cabinet, 0.1 ml of 

a 1 × 109 CFU Xcc suspension was spread over the agar. After air-drying the inoculated plates in a 

laminar flow cabinet for 1 h, the Paenibacillus isolates were spot-inoculated at four equidistant points 

around the edge of the Petri dishes. The plates were then sealed and incubated at 25°C in the dark for 

5 days (Figure 2.1). 
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Table 2.2 List of Paenibacillus isolates screened for in vitro and in vivo antagonistic activity against 
Xanthomonas campestris pv. campestris. 

Isolate  Isolate 
ID1 

Putative 
Species 2 

Culture 
collection3 Host Source 

P1 462 P. peoriae Smart Seeds Swede Non- surface sterilized seed 
P2 1950 P.polymyxa Smart Seeds Rape Non- surface sterilized seed 

P3 LU1133 P. polymyxa Lincoln University _4 Aphanomyces euteiches-
suppressive soil 

P4 1958 P.polymyxa Smart Seeds Kohl rabi Non- surface sterilized seed 
P5 LU1222 P. polymyxa Lincoln University Pea  Root rhizosphere 
P6 418 P. peoriae Smart Seeds Swede Non- surface sterilized seed 
P7 424 P.polymyxa Smart Seeds Swede Non- surface sterilized seed 
P8 LU1219 P. macerans Lincoln University Pea  Root rhizosphere 
P9 2008 P. illinoisensis Smart Seeds Rape Non- surface sterilized seed 
P10 592 P. terrae Smart Seeds Swede Non- surface sterilized seed 
P11 446 P. terrae Smart Seeds Swede Non- surface sterilized seed 
P12 374 P. illinoisensis Smart Seeds Turnip Surface sterilized Leaf 
P13 1790 P. illinoisensis Smart Seeds Cabbage Non- surface sterilized seed 
P14 27 P. amylolyticus Smart Seeds Turnip Non- surface sterilized seed 
P15 45 P. amylolyticus Smart Seeds Rape Non- surface sterilized seed 
P16 70 P. taichungensis Smart Seeds Rape Non- surface sterilized seed 
P17 83 P. amylolyticus Smart Seeds Kale Non- surface sterilized seed 
P18 441 P. illinoisensis Smart Seeds Swede Non- surface sterilized seed 
P19 1760 P. amylolyticus Smart Seeds Cabbage Non- surface sterilized seed 
P20 1769 P. lautus Smart Seeds Cabbage Non- surface sterilized seed 
P21 1844 P. lactis Smart Seeds Cabbage Non- surface sterilized seed 
P22 2049 P. glebae Smart Seeds Rape Non- surface sterilized seed 
P23 2098 P. amylolyticus Smart Seeds Rape Non- surface sterilized seed 

P24 LU1187 P.polymyxa Lincoln University _ Aphanomyces euteiches-
suppressive soil 

P25 1966 P. humicus Smart Seeds Cabbage Surface sterilized seed 
1 Isolate ID in Smart Seeds Collection. 2 Putative species of Paenibacillus isolates identified by Smart 
Seeds group based on 16S rRNA. 3 Smart Seeds and Lincoln University Collections are held by the 
Bio-Protection Research Centre, Lincoln University, Canterbury, NZ. 4 not applicable.  

Suppressive activity of Paenibacillus isolates either by the production of an inhibition zone or evidence 

of a competition effect was assessed as follows; A: No effect; B: Inhibition zone between 2-4 mm; C: 

Inhibition zone more than 4 mm; D: Competition effect with distinct Paenibacillus colony 10-20 mm in 

diameter; and E: Competition effect with distinct Paenibacillus colony more than 20 mm in diameter 

(Figure 2.2; E. van Zijll de Jong, personal communication, 2009). Suppression of Xcc, be it through 

inhibition or competition, was considered to be of equal value; hence, each score was converted to a 

numerical value as follows; A = 0, B or D = 1, and C or E = 2. Thus, the suppressive activity was calculated 

separately for the inhibition effect as A, D or E = 0, B = 1, and C = 2 and for the competition effect as A, 

B or C = 0, D = 1, and E = 2. The mean combined score of the four inoculated spots on each plate was 

determined for each replicate.  
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Figure 2.1 Preparation steps and incubation of dual culture assay. A and B: inoculation of Xcc 
suspension on media; C: spot-inoculation of Paenibacillus isolates on Xcc pre-inoculated 
media; D: incubation of inoculated media at 25°C in the dark. 

 

  

   
Figure 2.2 Scoring system for assessing suppressive activity in dual culture assays. Ctrl: control; N: 

no effect; A: inhibition zone between 2-4 mm; B: inhibition zone > 4 mm; C: competition 
effect with distinct Paenibacillus colony 10-20 mm; D: competition effect with distinct 
Paenibacillus colony > 20 mm (Photos by van Zijll de Jong, 2009). 

A 

B C D 

A B 

C D 

Ctrl N 
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3.2.3.3. Experimental design and statistics 

The experiments were set up as a randomized complete block design with three blocks (replicates). 

Treatments structure for each Xcc isolate was 24 Paenibacillus isolates + one control (25 treatments) 

× two media (PDA and YDCA). Statistical analysis was performed using GenStat software (14th Edition). 

Analysis of variance (ANOVA) was performed and Fisher’s unprotected test of least significant 

difference (LSD) was used to compare the effect of media on Paenibacillus bioactivity and of different 

Paenibacillus isolates on suppression of various Xcc isolates.  

The dual culture experiment was repeated using eight isolates of Paenibacillus. Seven of these isolates 

were chosen based on the results of the first dual culture assay because they had either considerable 

or no effect on suppression of the Xcc isolates. An additional isolate, P25 (Isolate ID: 1966) that showed 

biocontrol activity against black rot in a pot trial conducted by the Smart Seeds group was also included 

(E. van Zijll de Jong, personal communication, 2010). 

In the first dual culture assay, from a total of 24 Paenibacillus candidates, 10 isolates (P5, P9, P12, P13, 

P14, P16, P18, P19, P21, and P22) had either no or low bioactivity (Table 2.4). Thus, these isolates were 

omitted from the statistical analysis to avoid violating the assumption of homogeneity of variance 

across treatments. The mean bioactivity of 14 Paenibacillus isolates against Xcc was re-analysed and 

compared by a LSD and LSEffect (5%). In the second dual culture assay, for the same reason four 

isolates (P9, P16, P20, and P25) were omitted from the statistical analysis to meet the assumption of 

homogeneity of variance.  

Each isolate was placed into one of three categories based on their mean bioactivity against Xcc 

isolates in vitro. These were: no/low bioactivity (mean bioactivity < 0.20), moderate bioactivity (0.20 ≤ 

mean bioactivity < 0.40), and high bioactivity (mean bioactivity ≥ 0.40).  

2.2.3 Results 

The suppressive activity of 24 isolates of Paenibacillus against 6 isolates of Xcc was examined in the 

first dual culture assay using two different media (PDA and YDCA). By comparing the mean suppressive 

activity of 14 Paenibacillus isolates against Xcc, it was determined that there were no significant 

differences between the two different media (Table 2.3) and thereafter the results for both media 

were combined.   

A total of 14 Paenibacillus isolates showed some levels of bioactivity against Xcc (Table 2.4). P10 had 

in vitro antagonistic activity against all six Xcc isolates. P1 suppressed the growth of five Xcc isolates 

but it did not have any antagonistic activity against Xcc4. The highest biocontrol activity was exhibited 
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by P10 against Xcc2, Xcc20 and Xcc25. All 14 Paenibacillus isolates significantly suppressed the growth 

of Xcc5.   

  Table 2.3 Suppressive activity of Paenibacillus against Xcc isolates 
using two different media in the first dual culture assay. 

Isolate PDA1 YDCA2 LSD (5%) 
Xcc1 0.45 0.36 0.18 
Xcc2 0.46 0.33 0.16 
Xcc4 0.28 0.14 0.15 
Xcc5 0.55 0.68 0.15 
Xcc20 0.16 0.28 0.14 
Xcc25 0.31 0.42 0.15 
1 Potato Dextrose Agar; 2 Yeast Dextrose Chalk Agar. Each value 
represents the mean value of 42 agar plates (3 replicates for each of 
14 Paenibacillus isolates)  

The suppressive activity of almost all Paenibacillus isolates was associated with the production of an 

inhibition zone around their inoculation sites in Xcc pre-inoculated plates (Figure 2.3). Only a few 

Paenibacillus isolates showed a competition effect against Xcc isolates by producing distinct colonies, 

but this effect was not consistent against all Xcc isolates. Hence, Paenibacillus isolates were not 

statistically compared based on their suppression method i.e. inhibition and/or competition effect, 

and the results presented only indicate suppressive activity of Paenibacillus against Xcc isolates in 

general.   

    
Figure 2.3 Evidence of an inhibition zone preventing the growth of Xcc5 isolates around 

Paenibacillus (P10) colonies in PDA (A) and YDCA (B) plates. 

Eight isolates of Paenibacillus were selected for the second dual culture assay based on the results of 

the first dual culture assay and pot trials carried out by the Smart Seeds group (E. van Zijll de Jong, 

personal communication, 2010). These included isolates P1, P6, and P10 that had considerable 

suppression against Xcc, isolates P20 and P24 that had moderate antagonistic activity against Xcc, and 

A B 
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isolates P9 and P16 that had no effect on Xcc growth. As already mentioned, isolate P25 was also 

included in the second dual culture assay based on its bioactivity against Xcc in pot trials conducted by 

the Smart Seeds group. 

Table 2.4 Suppression activity of Paenibacillus isolates on Xcc isolates in the first dual culture assay. 

Isolate  Putative 
species ID1 Xcc1 Xcc2 Xcc4 Xcc5 Xcc20 Xcc25 Mean 

bioactivity2 
Bioactivity 
category3 

P5 polymyxa 0.13 0.00 0.00 0.29 0.21 0.25 0.15 No/low 
P9 illinoisensis 0.00 0.00 0.00 0.00 0.00 0.00 0.00 No/low 
P12 illinoisensis 0.00 0.00 0.00 0.00 0.00 0.00 0.00 No/low 
P13 illinoisensis 0.00 0.00 0.00 0.33 0.17 0.00 0.08 No/low 
P14 amylolyticus 0.42 0.17 0.33 0.21 0.04 0.00 0.19 No/low 
P16 taichungensis 0.00 0.00 0.00 0.00 0.00 0.00 0.00 No/low 
P18 illinoisensis 0.00 0.00 0.00 0.17 0.17 0.08 0.07 No/low 
P19 amylolyticus 0.04 0.00 0.00 0.13 0.00 0.04 0.03 No/low 
P21 lactis 0.00 0.00 0.29 0.00 0.00 0.00 0.05 No/low 
P22 glebae 0.00 0.00 0.00 0.00 0.00 0.00 0.00 No/low 

P1 peoriae 0.63* 0.50* 0.00 0.83* 0.33* 0.46* 0.46 High 
P2 polymyxa 0.25 0.42* 0.00 0.50* 0.33* 0.50* 0.33 Moderate 
P3 polymyxa 0.58* 0.29 0.29* 1.21* 0.08 0.38* 0.38 Moderate 
P4 polymyxa 0.13 0.04 0.00 0.63* 0.21* 0.42* 0.24 Moderate 
P6 peoriae 0.63* 0.21 0.04 0.75* 0.29* 0.54* 0.41 High 
P7 polymyxa 0.17 0.13 0.00 0.50* 0.25* 1.00* 0.34 Moderate 
P8 macerans 0.17 0.25 0.04 0.54* 0.29* 0.08 0.23 Moderate 
P10 terrae 0.83* 1.71* 0.63* 0.42* 0.92* 0.88* 0.90 High 
P11 terrae 0.38* 0.46* 0.00 0.46* 0.21* 0.17 0.28 Moderate 
P15 amylolyticus 0.50* 0.54* 0.29* 0.38* 0.00 0.13 0.31 Moderate 
P17 amylolyticus 0.46* 0.17 0.58* 0.38* 0.00 0.00 0.26 Moderate 
P20 lautus 0.25 0.54* 0.21 0.79* 0.00 0.00 0.30 Moderate 
P23 amylolyticus 0.04 0.17 0.67* 0.50* 0.00 0.00 0.23 Moderate 
P24 polymyxa 0.67* 0.08 0.21 0.67* 0.17 0.54* 0.39 Moderate 

LSD (5%) 0.48 0.43 0.40 0.39 0.36 0.41 0.30  
LSEffect (5%) 0.34 0.30 0.28 0.27 0.20 0.29   
1 The putative species of Paenibacillus isolates were identified by the Smart Seeds group based on 16S 
rRNA. 2 Mean bioactivity was the average of the suppressive activity of each Paenibacillus isolate across 
all Xcc isolates. 3 Bioactivity categories: No/low: mean bioactivity < 0.20, moderate: 0.20 ≤ mean 
bioactivity <0.40, and high: mean bioactivity ≥ 0.40. Suppressive effect was scored as, 0: No effect, 1: 
Inhibition zone between 2-4 mm or competition effect with distinct Paenibacillus colony 10-20 mm, 2: 
Inhibition zone more than 4 mm or competition effect with distinct Paenibacillus colony more than 20 
mm (E. van Zijll de Jong, personal communication, 2009). Each value in the table represents the mean 
score of the four inoculated spots on each plate for all six replicate plates (3 PDA and 3 YDCA). 
*Paenibacillus isolate which significantly suppressed the growth of the Xcc isolate. LSD and LSEffect 
(=LSD/√2) are derived from analyzing data below the double line. The LSD is for comparing these 14 
isolates with one another. The LSEffect is for comparing any one of these isolates with the control (that 
was a constant value of zero). 
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The results of the second dual culture assay were, with the exception of isolate P20, consistent with 

the previous results. Isolate P16 did not inhibit the growth of any Xcc isolates. In addition, isolates P9 

and P25 did not show any significant activity against Xcc. In contrast to the previous results, isolate P20 

only suppressed the growth of Xcc5. Isolates P6, P10, and P24 had significant suppression activity 

against all but one of the six Xcc isolates (Table 2.5). The highest bioactivity was exhibited by isolates 

P10 and P24 against Xcc1 and Xcc5, respectively. All four Paenibacillus isolates (P1, P6, P10, and P24) 

significantly suppressed the growth of Xcc5 and Xcc20.  

Table 2.5 Suppression activity of Paenibacillus isolates against Xcc isolates in the second dual 
culture assay. 

Isolate Putative 
species ID1 Xcc1 Xcc2 Xcc4 Xcc5 Xcc20 Xcc25 Mean 

bioactivity2 
Bioactivity 
category3 

P9 illinoisensis 0.00 0.04 0.00 0.00 0.00 0.00 0.01 No/low 
P16 taichungensis 0.00 0.00 0.00 0.00 0.00 0.00 0.00 No/low 
P20 lautus 0.04 0.00 0.00 1.08 0.00 0.00 0.19 No/low 
P25 humicus 0.04 0.00 0.00 0.00 0.00 0.00 0.01 No/low 

P1 peoriae 0.08 0.17 0.04 1.00* 0.42* 0.38* 0.35 Moderate 
P6 peoriae 0.29* 0.46* 0.08 0.50* 0.42* 0.42* 0.36 Moderate 
P10 terrae 1.58* 0.58* 0.33* 0.96* 0.75* 0.21 0.74 High 
P24 polymyxa 0.29* 0.17 0.17* 1.25* 0.50* 0.46* 0.47 High 

LSD (5%) 0.31 0.24 0.20 0.67 0.46 0.31 0.38  
LSEffect (5%) 0.22 0.18 0.14 0.47 0.33 0.22   
1 The putative species of Paenibacillus isolates have been identified by the Smart Seeds group based 
on 16S rRNA. 2 Mean bioactivity was the average of the suppressive activity of each Paenibacillus isolate 
across all Xcc isolates. 3 Bioactivity categories: No: mean bioactivity < 0.20; moderate: 0.20 ≤ mean 
bioactivity <0.40; and high: mean bioactivity ≥ 0.40. Suppressive effect was scored as; 0: No effect; 1: 
Inhibition zone between 2-4 mm or competition effect with distinct Paenibacillus colony 10-20 mm; 2: 
Inhibition zone more than 4 mm or competition effect with distinct Paenibacillus colony more than 20 
mm (E. van Zijll de Jong, personal communication, 2009). Each value in the table represents the mean 
score of the four inoculated spots on each plate for all six replicate plates (3 PDA and 3 YDCA). 
*Paenibacillus isolate which significantly suppressed the growth of the Xcc isolate. LSD and LSEffect 
(=LSD/√2) are derived from analyzing data below the double line. The LSD is for comparing these four 
isolates with one another. The LSEffect is for comparing any one of these isolates with the control (that 
was a constant value of zero). 
   

2.2.4 Discussion 

Paenibacillus isolates differed in their ability to suppress the growth of Xcc isolates in vitro. Differences 

in the genetic backgrounds of the Paenibacillus isolates are likely to have contributed to this variation. 

For the 25 Paenibacillus isolates, based on DNA sequence variation the 16S rRNA gene represented 11 

different species of which six displayed activity against Xcc. Even among species there was considerable 

variation in the bioactivity of the isolates. For example, the activity of P. polymyxa ranged from none 
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to suppressive activity against three or four different combination of Xcc isolates. Genetic variation 

among P. polymyxa isolates was reported by Phi et al. (2010) using BOX-PCR which classified the 

isolates into five groups with different antagonistic activity against E. caratovora subsp. carotovora 

and X. axonopodis pv. vesicatoria.  

In this study, only one Paenibacillus isolate suppressed the activity of all six Xcc isolates, although in 

the second dual culture assay it failed to suppress the activity of Xcc25. This particular Paenibacillus 

isolate (P10) likely has a broad spectrum mode of action and/or multiple modes of action. This 

phenomenon has been documented in P. polymyxa which suppresses a wide range of bacteria and 

fungi using different modes of action (Beatty & Jensen 2002; Dijksterhuis et al., 1999; Lai et al., 2012; 

Timmusk et al., 1999; Timmusk, 2003). Alternatively, Xcc isolates may have different levels of 

sensitivity to the various Paenibacillus isolates. Nine races of Xcc with different pathogenic properties 

have been identified (Fargier & Manceau, 2007). However, the genetic diversity of the Xcc isolates 

used in this study was not investigated.  

The suppressive activity of almost all of the Paenibacillus isolates tested in this study was associated 

with the production of an inhibition zone, indicating the production of antibiotics by Paenibacillus 

isolates. Various antibiotics have been isolated from Paenibacillus cultures (Beatty & Jensen 2002; 

Pichard & Thouvenot, 1999; Weid et al., 2003). There have also been a number of genes for antibiotic 

production detected in the whole genome sequences of Paenibacillus sp. including fusaricidin- 

polymyxin-, lantibiotic-, and polyketide synthetic gene clusters and bacitracin synthetase 1, bacillorin 

synthetase B, iturin A synthetase genes (Choi et al., 2008; 2009; Ma et al., 2011). Conversely, only a 

few Paenibacillus isolates produced distinct colonies and showed a negligible competition effect 

against some but not all Xcc isolates. The absence of any competition effect may be due to the use of 

the nutrient-rich media (PDA and YDCA) which likely provide sufficient carbon and nitrogen to support 

the growth of both bacteria in the dual culture assays. Maier et al. (2009) suggested that the 

competitive effect of microbes can be detected more strongly in minimal media, where there is a 

limited source of nutrients compared to nutrient-rich media, so microbes will compete for the available 

nutrients.  

There were no differences in the suppressive effects of Paenibacillus isolates against Xcc on the two 

different media. As the size of inhibition zone is illustrative of the bioactivity of antagonists through 

metabolite production, it may vary in different agar media because of differences in pH, water 

potential, temperature, or nutrients (Leifert et al., 1995; Raaijmakers et al., 2002). For example, the 

inhibitory activity of Streptomyces spp. on the growth of R. solani varied on different agar media 

(Fravel, 1988). Similarly, Borowicz & Omer (2000) reported that the nature of the culture media 

influenced the antagonistic activity of a Pseudomonas sp. against some fungal pathogens in a dual 
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culture assay. However, in the present study no differences was observed in bioactivity of Paenibacillus 

isolates using PDA and YDCA media, so it can be assumed that Paenibacillus isolates produced 

metabolites with similar effect in these media. It seems that any variation in the nutrients, pH (5.6 ± 

0.2 and 6.8 ± 0.2 in PDA and YDCA media, respectively) and water availability of these media were 

insufficient to have any considerable effect on the bioactivity of Paenibacillus isolates. It is possible 

that if the bioactivity of Paenibacillus isolates were tested using other media, there could be different 

inhibition activity against Xcc. 

Dual culture assays provided the opportunity to screen a number of Paenibacillus isolates against 

various Xcc isolates. These assays provided insight into the level and range of bioactivity of the different 

Paenibacillus isolates. There were, however, some small differences in the outcomes from the first and 

second dual culture assays. Among the bioactive isolates, P1, P10 and P20 significantly suppressed the 

growth of fewer Xcc isolates in the second dual culture assay, whereas the reverse was observed with 

P24. These small differences in the results between the two dual culture assays may have resulted 

from variations in the experimental conditions such as inoculum size, agar plate characteristics and 

incubation conditions, despite the fact that every effort was made to control the variables and avoid 

any differences in the experimental conditions. The effect of variables on results of in vitro studies has 

been previously reported. Vidaver et al. (1972) noted that parameters such as water availability, 

composition, age, and depth of agar plates and also the inoculum size affected the production of 

bacteriocins by Pseudomonas spp. on agar plates. Therefore even a small variation in the experimental 

conditions may lead to a contradictory and unreliable bioassay. However, the differences found 

between the two assays in this study were considered minor; hence the results were accepted as 

reliable. 

At the end of the dual culture assays, eight Paenibacillus isolates were chosen within the different 

categories, viz: no/low bioactivity (P9, P16, P20, and P25), moderate bioactivity (P1 and P6), and high 

bioactivity (P10 and P24) to evaluate their ability to provide biocontrol of black rot disease in cabbage.   

2.3 Biological control of black rot in cabbage with Paenibacillus isolates 

2.3.1 Background 

In vitro antagonisms are not always a good indicator of biocontrol activity in vivo (Fravel, 1988; 

Massomo et al., 2004; Wulff et al., 2002a). For example, in this study, Paenibacillus isolate P25 which 

in the dual culture assay exhibited no bioactivity had shown activity against Xcc in pot trials performed 

by the Smart Seeds group (E. van Zijll de Jong, personal communication, 2010). In most cases, an in 

vitro study is only used as a preliminary screening method to minimize the number of microbes for the 
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in vivo study. The need to evaluate the activity of BCAs as part of the plant-pathogen interaction is 

recognised (Knudsen et al., 1997).  

Eight Paenibacillus isolates (P1, P6, P9, P10, P16, P20, P24, and P25), representative of the range of 

bioactivity against Xcc in the dual culture assays, were selected for further evaluation. In this 

experiment their ability to control black rot in cabbage was investigated in a pot trial carried out in a 

growth cabinet. The correlation between the biocontrol activity of Paenibacillus isolates against Xcc in 

vitro and in vivo was determined.  

2.3.2 Material and methods 

3.2.3.1. Microorganisms and cultures 

A concentration of 1 × 109 CFU/ml of Xcc5 (= ICMP 6497 isolated from cauliflower) was prepared using 

the same method as previously described in the dual culture assays. The eight Paenibacillus isolates 

were grown in Universal tubes containing 5 ml sterile Luria-Bertani broth media (LB; ScharlauTM) on an 

orbital shaker (MaxQ 5000, Barnstead/ Lab-Line) at 180 rpm and 30°C in the dark for 24 h. Then, 2 ml 

of the bacterial culture was transferred to a 250 ml conical flask containing 98 ml sterile LB and 

incubated on the orbital shaker at 180 rpm, 30°C in the dark. After 18 h, Paenibacillus cells were 

harvested by centrifugation (3220 × g for 20 min). The bacterial pellet was washed in sterile 0.1% (w/v) 

BP and centrifuged a second time before adjusting the concentration to 5 × 109 CFU/ml in sterile 0.1% 

(w/v) BP using a spectrophotometer (JENWAY, Model 6305, London).  

The quantity and purity of the inoculum was confirmed by the microdot method whereby an aliquot 

of the inoculum was serially diluted in 0.1% (w/v) BP and three 10 μl aliquots of selected dilutions run 

across the surface of a nutrient agar plate. Plates were incubated at 28°C for 24h in the dark. The 

number of colonies was counted in each aliquot and used to calculate the mean number of colonies. 

The actual inoculum concentration was determined using the following equation. 

 

Actual inoculum concentration =
Mean number of colonies

(Volume of aliquot × Dilution factor) 

 

3.2.3.2. Inoculation of seeds and germination tests 

Seeds of cabbage cv. Kameron were immersed in Xcc suspensions of 1 × 109 CFU/ml (3 ml suspension 

per 1 g seed = 3 × 109 CFU/g seed) or in sterile 0.1% BP (non-inoculated control) in a conical flask. These 

seed suspensions were gently mixed under vacuum (c. 50 mm Hg) for 5 min. Seeds were collected by 

filtration through sterile Mira Cloth, and air-dried in open Petri dishes in a laminar flow cabinet 
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overnight in the dark. The next day, 0.6 ml of Paenibacillus suspensions (5 × 109 CFU/ml) or sterile 0.1% 

BP (non-inoculated control) was added to 1 g of these seeds (3 × 109 CFU/g seed). Inoculated seeds 

were incubated in closed Petri dishes (non-sealed) in the laminar flow cabinet overnight in the dark. 

The inoculum from 10 seeds inoculated with Xcc or Paenibacillus isolates was washed off using a 10 ml 

sterile saline solution (8.5 g/L Nacl) plus 0.02% Tween 20 for 2.5 h at 120 rpm on an orbital shaker 

(Orbitron, INFORS HT) at room temperature.  A serial dilution of the seed washing was prepared and 

three 10 µl aliquots of each dilution were transferred to NA. Plates were then incubated for 48 h at 

25°C for Xcc or 24 h at 28°C for Paenibacillus isolates. The initial concentration of the bacteria per seed 

was calculated based on mean number of colonies and recorded as CFU/seed. 

A grow-out test was performed to determine the incidence of Paenibacillus on individual inoculated 

cabbage seeds. P16-inoculated seeds (50 seeds per treatment) were placed on NA and after 24 h at 

28°C assessed for the presence of Paenibacillus colonies. 

To evaluate the effect of Paenibacillus isolates on the germination of cabbage seeds, germination tests 

were performed using the top of paper method described in the International Rules for Seed Testing 

(ISTA, 2013). For each replicate, 50 Paenibacillus-treated or non-inoculated seeds were placed on a 

moist germination blotter in a sealed transparent plastic container. Four replicates were prepared for 

each treatment and incubated at 30°C in the light for 8 h, and at 20°C in the dark for 16 h. After 5 and 

10 days, the normality/abnormality of seedlings’ root, shoot and cotyledons were assessed following 

the ISTA Handbook on Seedling Evaluation (ISTA, 2013) and the percentage of normal seedlings was 

calculated.  

3.2.3.3. Pot trial set up 

Inoculated seeds were sown in a 10-cell tray containing 25 ml seed raising mix per cell. The seed raising 

mix (600 L Southland peat, 400 L pumice) contained the following fertilizer additions per cubic meter: 

1.5 kg Osmocote exact mini (16% N, 3.5% P, 9.1% K), 5.0 kg dolomite lime, 2.0 Kg Agricultural lime, 1 

Kg hydroflo and 1.0 Kg Superphosphate (P 11%). Two seeds were sown in each cell at a depth of 1 cm. 

Cell trays were arranged in a randomized complete block design in a growth chamber adjusted to a 13-

h photoperiod of 400 μmol/m2/s light at 25°C, and 11 h dark at 15°C, with constant relative humidity 

of 79% (Figure 2.4). Plants were watered daily and fed weekly with High NKTM (18% nitrogen, 6% 

phosphorous, and 13.5 % potassium; 50 ml fertilizer per 10 L water). 
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3.2.3.4. Assessment of pot trial 

Seedling emergence was assessed 7 days after sowing (DAS) using the above ground tissues following 

the ISTA guidelines for normality/abnormality (see Section 2.3.2.2). The percentage of normal 

seedlings was calculated for each treatment. The occurrence of black rot symptoms was recorded for 

each plant twice a week from 14 until 42 DAS. The typical symptoms of the disease are characterized  

    
Figure 2.4 Two cabbage seeds were sown in each cell of the 10-cell tray (A); and placed in separate 

collection trays in the growth chamber in a randomised complete block design (B). 

by “V- shaped” chlorotic lesions in the leaf margin and blackening of veins (Figure 2.5). Disease 

presence was assessed on the cotyledons and true leaves separately and the percentage of plants 

with disease symptoms was expressed as percentage disease incidence. 

    
Figure 2.5 Black rot symptoms on a cabbage cotyledon (A) and true leaf (B). 

3.2.3.5. Experimental design and statistics 

The experiments were set up as a randomized complete block design. Because of space limitations, 

the pot experiments were done twice to provide a total of ten replicates for each isolate (five replicates 

× two time replicates). Each block (replicate) included one tray for each Paenibacillus isolate, three 

trays as a positive control (only inoculated with Xcc), and one tray as a negative control (non-inoculated 

with Xcc or Paenibacillus). Statistical analysis on data was performed using GenStat software (14th 

A B 

A B 
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Edition). Analysis of variance (ANOVA) was used to test the significance of the effects of Paenibacillus 

seed treatments on seed germination, seedling emergence, and black rot incidence in cabbage. 

Additionally, Fisher’s unprotected least significant difference (LSD) procedure was employed to 

compare the treatment effects on the mean seed germination.   

2.3.3 Results 

The Xcc inoculum quantity used to inoculate seeds was 9.58 × 108 CFU/ml (Table 2.6) and this was close 

to the target concentration of 1 × 109 CFU/ml. The concentrations of Paenibacillus isolates ranged from 

1.28 × 109 to 8.33 × 109 CFU/ml. For four of the eight isolates (P1, P6, P9 and P25), the concentration 

was less than the target concentration (5 × 109 CFU/ml). Colonies of P20 were transparent and 

clustered, making it difficult to obtain an accurate count. The quantity of Paenibacillus recovered from 

seed ranged from 7.58 × 106 to 1.11 × 108 CFU/g seed (Table 2.6), which were lower than the target of 

3 × 109 CFU/g seed. Paenibacillus isolates were present on all seeds in the grow-out tests. Xcc was 

recovered from seed at a concentration of 3.44 × 107 CFU/g seed, almost 100 times less than the target 

(3 × 109 CFU/g seed).  

Table 2.6 Actual concentration of Xcc and Paenibacillus 
isolates used for inoculation of cabbage seeds 
and recovered from inoculated seeds 

Isolate  
Actual concentration 

(CFU1/ml) (CFU/g seed) 
P1 2.75 × 109 6.15 × 107 
P6 1.28 × 109 5.63 × 107 
P9 2.71 × 109 5.85 × 107 
P10 4.17 × 109 7.65 × 107 
P16 6.33 × 109 1.11 × 108 
P20 -2 7.58 × 106 
P24 8.33 × 109 1.07 × 108 
P25 1.58 × 109 5.70 × 107 
Xcc5 9.58 × 108 3.44 × 107 
1 Colony forming unit. 2 Data not available. The target 
inoculum concentrations for Xcc and Paenibacillus isolates 
were 1 × 109 and 5 × 109 CFU/ml, respectively. The target 
concentration of both Xcc and Paenibacillus on inoculated 
seeds was 3 × 109 CFU/g seed. 

Four Paenibacillus isolates, P1, P6, P9 and P24, significantly reduced the germination of the cabbage 

seeds in comparison to the positive control (non-inoculated seeds) in the germination tests (Table 2.7 

and Figure 2.6 A). The remaining Paenibacillus isolates had no effect on the germination of cabbage 

seeds. One of these isolates, P16, increased the length of the roots and density of roots hairs (Figure 

37 
 



2.6 C) in comparison to the positive control (Figure 2.6 B). A similar effect was observed with P25 

(Figure 2.6 D).  

   

    
Figure 2.6 Germination of cabbage seeds on blotter paper after 5 days. Cabbage seeds treated with 

A: sterile 0.1% (w/v) BP (positive control); B: Paenibacillus isolate P1; C: Paenibacillus 
isolate P16; and D: Paenibacillus isolate P25. 

Table 2.7 Germination of seeds treated with 
Paenibacillus isolates 

Treatment Seed germination (%) 
 P1 76  d 
 P6 92  b 
 P9 92  b 
 P10 97  a 
 P16 98  a 
 P20 97  a 
 P24 86  c 
 P25 96  a 
 Ctrl+ 96  a 
 LSD (5%) 2.4  
Ctrl+: positive control, cabbage seeds 
inoculated with sterile 0.1% (w/v) BP. Each 
value presents a mean germination of 200 
seeds after 10 days. Different letters indicate 
significant differences between treatments 
according to least significant differences at P = 
0.05. 

A B 

C 

Abnormal 
seedlings 

D 
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The effect of Paenibacillus isolates on cabbage seedling emergence after one-week was evaluated by 

comparing the number of normal emerged seedlings from the Paenibacillus-inoculated seeds with the 

negative control (emerged from non-inoculated seeds). As in the germination tests, Paenibacillus 

isolates P1, P6, P9 and P24 significantly reduced cabbage seedling emergence (Figures 2.7 and 2.8). 

Emergence for other Paenibacillus isolates did not differ from the positive control (emerged from 

inoculated seeds with pathogen). Inoculation of seed with Xcc also did not have any effect on cabbage 

seedling emergence; emergence in the positive control was as high as in the negative control. 

     

Figure 2.7 The negative effect of Paenibacillus isolate (P9) on seedling emergence (A) compared to 
the negative control (B). 

 
Figure 2.8 The mean percent cabbage seedling emergence 7 days after sowing. Ctrl-: negative 

control, seeds treated with sterile 0.1% (w/v) BP; Ctrl+: positive control, seeds 
inoculated with Xcc5. Each bar line presents the mean of 10 replicates (each 
replicate includes ≤ 10 pseudo-replicates); *: Statistically different from positive 
control according to the Fisher’s unprotected least significant difference 
procedure. 

All Paenibacillus isolates except P9 tended to reduce black rot incidence in both the cotyledons and 

the true leaves (Figure 2.9). Isolates P16 and P25 significantly reduced disease incidence in both 
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cotyledons (by 45 and 47%, respectively) and true leaves (by 53 and 60%, respectively) in comparison 

to the positive control. P10 also significantly reduced the black rot incidence on the true leaves by 60% 

compared to the positive control. Although not significant, isolate P20 tended to have lower disease 

levels. P9 in comparison increased disease levels in the cotyledons. Isolates P1, P6, and P24 were 

omitted from analysis of disease incidence because of the low number of normal seedlings obtained 

from seeds inoculated with these isolates.   

 
Figure 2.9 The mean percent disease incidence on cabbage cotyledon and true leaves. Ctrl+: 

positive control, cabbage seeds inoculated with Xcc5. Each bar line presents the 
mean of 10 replicates (each replicate includes ≤ 10 pseudo-replicates). The black rot 
incidence of cotyledons and true leaves was measured 21 and 42 days after sowing 
seeds, respectively. Least significant differences are derived from re-analyzing of 
data excluding P1, P6, and P24; *: Statistical difference from the positive control 
according to the unprotected least significant difference procedure. 

 

2.3.4 Discussion 

Paenibacillus isolates differed in their effects on cabbage seed germination and seedling emergence. 

Isolates from three species, P. peoriae, P. illinoisensis and P. polymyxa, reduced germination and 

emergence. These negative effects may be due to the production of phytotoxins and/or 

phytohormones. In a study conducted by Zhao et al. (2011) it was noted that P. polymyxa strain BMP-

11 synthesised volatile compounds that had suppressive effects on seed germination and seedling 

growth of three weed species (Amaranthus retroflexus, Echinochloa crusgalli and Chenopodium 

album). The production of phytohormones such as auxin (Lebuhn et al., 1997), a cytokinin-like 

compound (Timmusk et al. 1999), and indolyl-3-acetic acid (IAA; da Mota et al., 2008) has been 

reported in different P. polymyxa strains, some of which are known to be involved in the seed 
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germination process as well as plant growth and development (Gamalero & Glick, 2011). The 

phytohormones produced by bacteria, in addition to those produced by the plant, may positively or 

negatively affect plant development. Seed germination and plant growth may be promoted by 

increasing levels of phytohormones but beyond certain levels may become toxic to plants (Gamalero 

& Glick, 2011).  

Although eight of the Paenibacillus isolates enhanced seed germination, isolates of P. taichungensis 

and P. humicus appeared to increase the length of the root and density of root hairs (Figure 2.6). Similar 

observations have been reported for Azospirillum spp., a plant growth promoting rhizobacterium, 

which stimulates the density and length of root hairs and lateral roots and root surface area, through 

alteration of IAA and indole-3-butyric acid accumulation, respiration rate and also through activation 

of key enzymes on plant roots which influence root morphology and development (Okon et al., 1994). 

Paenibacillus isolates P16 and P25, like other Paenibacillus spp., may act through the production of 

phytohormones. Besides IAA, the role of auxin and gibberellin in the development of roots by 

regulating root hair abundance has been reported (Bottini et al., 2004).  

Most Paenibacillus isolates used in this study showed biocontrol activity against black rot. This finding 

was in agreement with a study conducted by Pichard and Thouvenot (1999) who demonstrated the 

control of Xcc in cauliflower following seed treatment by P. polymyxa strain BP1. Paenibacillus spp. has 

been frequently reported to control a range of pathogens in different crops (Antonopoulos et al., 2008; 

Khan et al., 2008; and Schoina et al., 2011). For example, P. polymyxa reduced the incidence of crown 

rot caused by Aspergillus niger in peanut (Haggag and Timmusk, 2008). In recent studies by Ren et al. 

(2012) and Mageshwaran et al. (2012), P. polymyxa reduced the incidence of tobacco black shank 

disease caused by Phytophthora parasitica var. nicotianae and bean common blight caused by X. 

campestris pv. phaseoli. However, not all Paenibacillus isolates decreased black rot incidence. Isolate 

P20 had no impact, whereas isolate P9 increased disease incidence in both the cotyledons and true 

leaves of cabbage. This is not the first report of harmful effect of a Paenibacillus isolate on a plant. 

Timmusk et al. (2005) also reported a negative effect of P. polymyxa on the growth and development 

of Arabidopsis roots in certain experimental conditions. 

There was no or little correlation between biocontrol activity of Paenibacillus isolates against Xcc in 

the pot trial and in vitro dual culture assays (Table 2.8). Isolates P16 and P25 did not inhibit Xcc growth 

in vitro, despite significantly decreasing black rot incidence in vivo. In addition, isolate P10 which 

suppressed the growth of almost all Xcc isolates in the dual culture assays, could not significantly 

decrease black rot incidence on the cotyledons. These observations were in agreement with a study 

conducted by Schreiber et al. (1988) who found that in spite of high suppression activity of B. subtilis 

against Ceratocystis ulrni, the causal agent of Dutch elm disease, in vitro, no biological control was 
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observed in vivo. Similarly, Wulff et al. (2002a) indicated that there was no correlation between 

antagonistic activity of Bacillus isolates against Xcc in vivo and in vitro studies. Mishra and Arora 

(2012b) also reported that Pseudomonas isolates (SA3 and CA9) with an inhibitory effect on Xcc growth 

in vitro did not significantly control black rot disease in an in vivo study.  

Inhibition zone formation in a dual culture assay is typically due to antibiosis activity which is mediated 

by metabolites produced by the antagonist. Many parameters such as age, temperature, pH, and in 

particular composition of the media affect metabolite production by an antagonist and  

Table 2.8 A comparison between in vitro suppression activity and in vivo 
biocontrol activity of Paenibacillus isolates against Xcc 

Isolate 

Dual culture assay Pot trial2 

Bioactivity1  Seedling 
emergence  

Disease incidence (%) 

Cotyledon  True leaves 

P1 Moderate Negative* -3 - 
P6 Moderate Negative* - - 
P9 No/low Negative* Negative* Negative 
P10 High No reduction Positive Positive* 
P16 No/low No reduction Positive* Positive* 
P20 No/low No reduction No effect No effect 
P24 Moderate Negative* - - 
P25 No/low No reduction Positive* Positive* 
1 The bioactivity of each Paenibacillus isolate was measured across 6 isolates of Xcc 
in dual culture assays (See table 2.4 and 2.5). 2 The biocontrol activity of 
Paenibacillus isolates against Xcc5 was assessed in a pot trial. *: Paenibacillus 
isolate had a significant effect on seedling emergence or black rot incidence in 
cabbage. The seedling emergence and black rot incidence on cotyledons and true 
leaves of cabbage was measured 7, 21 and 28 days after sowing seeds, 
respectively. 3 Data not included because of low seedling numbers. 

can result in different bioactivity outcomes to an in vitro study. For example, the bioactivity of 

Talaromyces flavus against Verticillium dahliae in vitro and soil is due to production of glucose oxidase, 

but in the absence of glucose in the media this antibiosis would not be seen (Kim et al., 1990). 

Antibiosis mediated by an enzyme cannot therefore be observed where its enzyme substrate is not 

present in the in vitro study. However, antibiosis is only one of the mechanisms involved in the 

biocontrol activity of Paenibacillus. Competition, root colonization, and induced systemic resistance 

have also been reported as possible modes of action of Paenibacillus, and these cannot be confirmed 

using a dual culture assay. Utkhede and Rahe (1983) pointed out that the coincidental biocontrol 

activity of B. subtillis against Sclerotium cepivorum reported from in vivo and in vitro studies may not 

only be due to antibiosis, but could involve other mechanisms such as root colonization and toxicity of 
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root exudates on the pathogen in the biocontrol activity of B. subtillis in soil. Hence, the high biocontrol 

activity that P16 and P25 exhibited against black rot disease in cabbage, despite the lack of bioactivity 

in vitro might be due to mechanisms other than antibiosis. This was investigated later in this study and 

is discussed in Chapter 4 and 5. In addition, dual culture assays cannot predict if the isolate has a 

negative effect on plant growth. Isolates P1, P6 and P24 suppressed the growth of most Xcc isolates in 

vitro, but they had a significant and negative effect on seed germination and seedling emergence.  

This work has demonstrated that the selection of potential biocontrol agents based just on an in vitro 

screening method such as the dual culture assay may well lead to poor and contradictory results in the 

in vivo study.  

2.4 Effect of inoculum rate on biocontrol of black rot by Paenibacillus 
isolates 

2.4.1 Background 

Biological control of plant pathogens is influenced by several factors such as application time, 

application methods, and more particularly, pathogen and BCA densities (Berger et al., 1996). It is 

known that the population of BCAs needs to be at a sufficient level to interact effectively with the 

pathogen or host plant to achieve satisfactory disease control. Due to the importance of this issue, in 

recent years some dose-response models have been designed to explain the relationship between 

host, pathogen and BCA, and also to characterize the effects of BCAs on disease control (Smith et al., 

1997). In most of these models, the degree of biological control obtained with a BCA is mainly based 

on the density of the BCA and the pathogen, the efficiency of the BCA in defeating the pathogen, and 

the level of the pathogen density at which the BCA is most effective (Montesinos & Bonaterra 1996).  

In this study the effect of three different inoculum concentrations of three Paenibacillus isolates on 

biocontrol of Xcc isolates at only one concentration was investigated. P6, P10, and P16 were selected 

based on their biocontrol activity in the previous study (see Section 2.3). Although P6 had negative 

effects on seedling emergence, it was included because the effects on emergence may be 

concentration dependent. In the previous study, P16 and P25 significantly reduced black rot incidence 

in both cotyledons and true leaves of cabbage seedlings, but in a pilot trial carried out prior to this 

study using a different cabbage cultivar (Asia), P16 and P10 but not P25 reduced disease incidence 

(data not shown). In addition to Xcc5, a second Xcc isolate, Xcc32 isolated from cabbage seeds, was 

used in this pot trial. This isolate was found by the Smart Seeds group to be more pathogenic in 

cabbage than Xcc5 (E. van Zijll de Jong, personal communication, 2010). 
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2.4.2 Material and methods 

3.2.3.1. Microorganisms  

Xcc isolates, Xcc5 and Xcc32, were used at a concentration of 1 × 109 CFU/ml and the three 

Paenibacillus isolates (P6, P10, and P16) at concentrations of 5 × 108, 5 × 109, and 5 × 1010 CFU/ml. The 

inoculum was prepared and quantified as described in Section 2.3.2.1.  

3.2.3.2. Inoculation of seeds 

Cabbage seeds (cv. Kameron) were treated with Xcc and Paenibacillus isolates following the method 

described in Section 2.3.2.2. Xcc32-inoculated seeds were treated with one of three different 

concentrations of the Paenibacillus isolates (5 × 108, 5 × 109 and 5 × 1010 CFU/ml) whereas only the 

medium concentration of the Paenibacillus isolates (5 × 109 CFU/ml) was applied to seed inoculated 

with Xcc5. Concentration of the bacteria on seed was quantified as described previously (Section 

2.3.2.2).  

3.2.3.3. Pot trial set up 

Two seeds were sown in each cell (25 ml) of a four-cell tray at a depth of 1 cm in seed raising mix and 

placed in a growth chamber. The seed raising mix and growing conditions in the growth chamber were 

the same as previously described (Section 2.3.2.3). Plants were watered daily and fed with High NKTM 

weekly. 

3.2.3.4. Assessment of pot trial 

The effects of the different inoculum rates of the Paenibacillus isolates on seedling emergence and 

black rot incidence on cotyledons and true leaves of cabbage were evaluated 7 DAS and 14 until 42 

DAS, respectively, as previously described (Section 2.3.2.4).   

3.2.3.5. Experimental design and statistics 

The experiment was carried out as a randomized complete block design. Sixteen replicates (of 4-cell 

trays) were set up for each of the 15 treatments, consisting of the three Paenibacillus isolates × one 

concentration for Xcc5, the three Paenibacillus isolates × three concentrations for Xcc32 plus two 

positive controls (pathogens; Xcc5 and Xcc32) and one negative control (no pathogen and 

Paenibacillus). Statistical analysis on data was performed using GenStat software (14th Edition). After 

checking for normality and equal variances among treatments, an analysis of variance was conducted 

which included appropriate factorial terms. The concentration factor was further broken into linear 
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and quadratic polynomial components. In addition, the means were separated according to Fisher’s 

unprotected least significant difference (LSD) procedure.  

2.4.3 Results 

The actual concentrations of all Paenibacillus isolates used to inoculate cabbage seeds were less than 

the expected except for P16 (Table 2.9). In all cases, the quantity of Paenibacillus recovered from seeds 

was less than the target concentrations (Table 2.9). 

  Table 2.9 The actual concentrations of Paenibacillus isolates used for inoculation of cabbage 
seeds and that recovered from inoculated seeds. 

Isolate 
Actual concentration 

CFU1/ml CFU/g seed 
Low Medium High Low Medium High 

P6 1.25×108 1.25×109 1.92×1010 3.97×106 3.71×107 3.87×108 
P10 1.31×108 1.32×109 1.02×1010 9.00×106 1.61×108 7.65×108 
P16 2.16×109 2.06×1010 1.88×1011 4.44×107 2.57×108 4.05×109 
Target 
concentration 5.00×108 5.00×109 5.00×1010 3.00×108 3.00×109 3.00×1010 
1 Colony forming unit. 

Isolate P6 at the high and medium concentrations had a small but significant negative effect (P  < 0.05) 

on seedling emergence, but at the low concentration did not reduce seedling emergence (Figure 2.10). 

The other Paenibacillus isolates did not affect cabbage seedling emergence. There were no differences 

between the different concentrations applied for P10 and P16. In addition, the two Xcc isolates 

(positive controls) did not have any negative effect on seedling emergence as compared to the 

negative control (non-inoculated seedlings). 

All concentrations of Paenibacillus isolates significantly (P ˂ 0.05) suppressed black rot symptoms 

caused by Xcc32 on cotyledons and true leaves (Figure 2.11). Mean disease incidence on the 

cotyledons decreased as the Paenibacillus concentration increased (P ˂ 0.05 for the linear component 

of the concentration factor); however, this trend was not repeated on the true leaves. The isolates did 

not differ significantly in their ability to control Xcc at any of the three concentrations, except for P10 

where there was significantly less black rot on the cotyledons at the high concentration (4.7%) in 

comparison to the low concentration (10.9%). 
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Figure 2.10 Seedling emergence (%) of cabbage seeds inoculated with Xcc5, Xcc32 and 

Paenibacillus isolates 7 days after sowing. Ctrl+: Positive control (cabbage seeds 
inoculated with Xcc5 or Xcc32); Ctrl-: Negative control (cabbage seeds treated with 
sterile 0.1% (w/v) BP); H, M, L = High (5 × 1010 CFU/ml), Medium (5 × 109 CFU/ml), 
Low (5 × 108 CFU/ml) concentrations of Paenibacillus inoculum, respectively. *: 
Significantly different from the positive control. Each value is the mean of 16 
replicates (each replicate includes ≤ 4 pseudo-replicates). LSD (5%) value is 5.8. 

 

 
Figure 2.11 The mean percent disease incidence caused by Xcc32 on cabbage cotyledons and 

true leaves. Ctrl+: positive control (cabbage seeds inoculated with Xcc32); H, M, L = High 
(5 × 1010 CFU/ml), Medium (5 × 109 CFU/ml), Low (5 × 108 CFU/ml) concentrations of 
Paenibacillus inoculum, respectively. Each bar line presents the mean of 16 replicates 
(each replicate includes ≤ 4 pseudo-replicates). The black rot incidence of cotyledons and 
true leaves was measured 21 and 42 days after sowing seeds, respectively. Treatments 
with a letter in common are not significantly different according to Fisher’s unprotected 
least significant difference procedure. LSD (5%) values for disease incidence on 
cotyledons and true leaves are 10 and 11, respectively, for comparisons between the 
positive control and any other treatment. The corresponding LSD (5%) values for 
comparisons between any two Paenibacillus treatments is 12 for both cotyledons and 
true leaves. 
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Against Xcc5, only P16 significantly (P < 0.05) reduced black rot disease on the cotyledons (Figure 2.12). 

None of the isolates significantly reduced disease incidence on the true leaves. Against Xcc32, all 

isolates showed a significant suppressive effect (P < 0.05) on disease incidence on both cabbage 

cotyledons and true leaves. Black rot incidence caused by Xcc5 was significantly (P < 0.05) lower than 

that caused by Xcc32, with the incidence on Xcc5 being only 49% and 29% of the incidence on Xcc32 

on the cotyledons and true leaves, respectively. 

 
Figure 2.12 The mean percent disease incidence caused by Xcc5 and Xcc32 on cabbage 

cotyledons and true leaves at the medium concentration of Paenibacillus isolates (5 × 
109 CFU/ml). Ctrl+: positive control (cabbage seeds inoculated with Xcc5 or Xcc32). Each 
bar line presents the mean of 16 replicates (each replicate includes ≤ 4 pseudo-
replicates). The black rot incidence of cotyledons and true leaves was measured 21 and 
42 days after sowing seeds, respectively. Treatments with a letter in common are not 
significantly different according to Fisher’s unprotected LSD procedure. LSD (5%) values 
for disease incidence on the cotyledons and true leaves are 11 and 9, respectively, for 
comparisons between the positive control and any other treatment. The corresponding 
LSD (5%) values for comparisons between any two Paenibacillus treatments are 13 and 
10, respectively. Similarly, the LSD (5%) values for the comparison between the positive 
controls are 9 and 7, respectively. 

   

2.4.4 Discussion 

Several factors have been identified that influence the biocontrol of plant diseases. One of these 

factors is the population size of the BCA which characterizes the efficiency of the BCA and has an 

important role in the interaction with the plant and pathogen (Montesinos and Bonaterra 1996). 

However in the present study, for two of the three Paenibacillus isolates, the concentrations did not 

have a significant effect on black rot incidence. This has been previously reported by Rojo et al. (2007) 
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who demonstrated that an increase in the inoculum concentration of Trichoderma from 102 to 

106 cfu/seed did not significantly increase the efficacy of biocontrol against peanut brown root rot 

caused by Fusarium solani. However, for isolate P10, there was a decrease in black rot incidence in 

cabbage cotyledons at the highest concentration. This result was in agreement with a study conducted 

by Lai et al. (2012) who demonstrated that the inoculum rate of P. polymyxa had significant effects on 

biocontrol of postharvest green mold decay of citrus fruit caused by Penicillium digitatum. They found 

that the higher concentration of the antagonist had the lower disease incidence in harvested fruits. 

Similarly, Jones and Whipps (2002) illustrated that inoculum level (CFU/cm3 of soil) of Coniothyrium 

minitans was a key factor in suppression of Sclerotinia sclerotiorum disease in lettuce, and also in 

reduction of sclerotia. Based on these contradictory results, it can be concluded that the efficiency of 

Paenibacillus isolates as biocontrol agents for suppression of cabbage black rot does not always 

depend on inoculum concentration. 

In addition to the effect of population size on the biocontrol efficiency of an antagonist, its effects on 

plant growth promotion and seedling emergence have also been reported (Okon & Labandera-

Gonzalez, 1994). The effect of one of the Paenibacillus isolates, P6, on emergence in this study was 

dependent on concentration. High and moderate concentrations of P6 significantly reduced seedling 

emergence, while at the low concentration there were no negative effects on emergence. The effect 

of population size on seedling emergence can be related to the accumulation of phytohormones or 

phytotoxins around roots, as mentioned in Section 2.3.4. In a study carried out by Dobbelaere et al. 

(1999), a link between IAA accumulation in the rhizosphere and the population size of Azospirillum 

brasilense, which in turn influenced plant growth, has been reported. The optimum concentration of 

Azospirillum spp. to obtain the best root development, growth promotion and therefore crop yield 

enhancement was about 1 × 107 CFU/seed (Okon & Labandera-Gonzalez, 1994). Accumulation of 

sufficient phytohormones may promote plant growth, but further accumulation may have negative 

effects on plant growth and consequently the biocontrol efficiency of the antagonism, as previously 

discussed.  

Although the level of disease was lower in this trial compared to the previous pot trial (Section 

2.3), similar trends in the bioactivity of the different Paenibacillus isolates were observed. P16 

showed consistent disease control on cabbage cotyledons and true leaves in both pot trials. 

Overall, the results showed that all tested Paenibacillus isolates significantly reduced black rot caused 

by both Xcc5 and Xcc32 in cabbage cotyledons and true leaves. In addition, the pathogenicity of Xcc32 

was significantly higher than that of Xcc5, which was in agreement with the Smart Seeds findings (E. 

van Zijll de Jong, personal communication, 2010). As mentioned before, nine races of Xcc with different 

pathogenicity have been identified (Fargier & Manceau, 2007); therefore Xcc32 and Xcc5 with different 
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pathogenicity may belong to different Xcc races. Isolate P16 was chosen as the most promising 

Paenibacillus isolate for further study to understand the mechanisms underlying its biocontrol activity. 

Isolate P16 provided consistent black rot control and did not have any negative effects on cabbage 

seedling emergence. Also, the medium concentration (5 × 109 CFU/ml) was selected as the optimum 

inoculum level for P16. 

2.5 Effect of Paenibacillus isolate P16 on plant growth  

2.5.1 Background 

Plant growth promotion is one of the mechanisms involved in biocontrol activity of antagonists. Several 

microbes have been reported to promote plant growth directly or indirectly. The direct beneficial 

effect of microbes on plant growth promotion occurs in the absence of the pathogen by means of 

phytostimulation, biofertilization, and plant stress control (Lugtenberg & Kamilova, 2009). Some BCAs 

also improve the growth of the plant indirectly by reducing the impact of the pathogen. By utilizing 

mechanisms such as antibiosis, induced systemic resistance, and competition for nutrients and 

ecological sites, BCAs decrease the level of disease and harm caused by pathogens (Lugtenberg & 

Kamilova, 2009). These modes of action have been reported for Paenibacillus spp. as a biocontrol agent 

as well (Timmusk, 2003).  

Plant growth promotion may be one of the mechanisms involved in the biocontrol activity of 

Paenibacillus; therefore plants may escape from the stage when they are sensitive to the pathogen 

attack. In this way the infection and harm caused by the pathogen may be reduced. However, some 

negative effects of biocontrol agents on growth and development of the host have also been reported 

(Timmusk et al., 2005). This negative effect can be related to the concept called “fitness cost” (Heil, 

2002). Plants invest their limited source of energy to grow and reproduce, and also to protect 

themselves against phytopathogens. When plants are attacked by a pathogen, this limited resource 

might be allocated to activate the plant’s defense system; thereby the growth of the plants might be 

disrupted. This cost to plant growth has been observed with some BCAs that act by stimulating the 

plant defense system (Heil, 2002; Phi et al., 2010).   

From the previous study, Paenibacillus isolate P16 was selected as the promising BCA for control of 

black rot in cabbage. This isolate consistently reduced black rot incidence on the cotyledons and true 

leaves when applied to the seed at a concentration of 3 × 109 CFU/g seed. P16 was antagonistic towards 

Xcc5 and the more pathogenic isolate Xcc32. In this study, the effect of P16 on cabbage growth 

promotion was investigated, both in the presence and absence of the pathogen (Xcc32). 
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2.5.2  Material and methods 

3.2.3.1. Microorganisms 

Xcc isolate (Xcc32) was applied at a concentration of 1 × 109 CFU/ml and Paenibacillus isolate (P16) at 

a concentration of 5 × 109 CFU/ml in this study following the methods described previously (Section 

2.3.2.1).  

3.2.3.2. Inoculation of seeds 

Cabbage seeds (cv. Kameron) were inoculated with Xcc32 and P16, and quantified as described in 

Section 2.3.2.2.  

3.2.3.3. Pot trial set up 

In order to investigate the effect of the BCA on plant growth, a low nutrient seed raising mix was used. 

The seed raising mix (600 L Southland peat, 400 L pumice) contained the following fertilizer additions 

per cubic meter: 1.0 kg Osmocote exact mini (16% N, 3.5% P, 9.1% K), 4.0 kg dolomite lime, and 1.0 Kg 

hydroflo. Seeds were sown in 4-cell trays (25 cm2) for the early assessment times (1-, 2- and 3- week 

old plants) and plastic pots (10 × 10 × 12 cm) for the late assessment times (4- and 5- week old plants). 

One seed was planted in each cell of the 4-cell trays and four seeds were sown in the plastic pot at a 

depth of 1 cm. One pot was prepared for each treatment (Xcc+P16, P16, Xcc and non-inoculated seeds) 

per replicate. Plants were grown in a Biotron growth room adjusted to a 13-h photoperiod at 400 

μmol/m2/s light and 25°C, 11 h dark at 15°C, and 79% relative humidity (Figure 2.13), and were watered 

daily.  

 
Figure 2.13 Set up of the experiment in a growth room in the Biotron. 
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3.2.3.4. Assessment of pot trial 

The effect of P16 on plant growth parameters and black rot incidence was assessed 1, 2, 3, 4, and 5 

weeks after sowing. As the roots developed over time and occupied the whole space of a cell of the 4-

cell trays, plants sown on these cell trays were used only for the early assessment times (1-, 2-, and 3- 

week old plants). The late assessments were done on 4-, and 5-week old plants sown in the plastic 

pots. Plants were uprooted carefully at each sampling time, and separated into roots and shoots 

(above ground part). The roots were washed in running tap water before scanning using a WinRhizo 

(Regent Instruments, Inc) to determine their length (Himmelbauer, 2004; Figure 2.14). The leaf area 

was also measured by scanning all fully extended cotyledons and true leaves. Samples were then dried 

in an oven at 65°C for 2 days and dry weight of samples was recorded.  

Cabbage growth and black rot disease progress over time were measured using the following equation 

for area under the curve (AUC) of growth and disease progress (Campbell & Madden, 1990):  

 AUC = �{[(yi + yi+1) 2] × (ti+1 − ti)⁄ }
n−1

i=1

 

where “n” is the number of evaluations, “y” is the percentage of disease incidence (DI) or growth 

parameter measurments, and “t” is time in days after sowing seeds when the evaluation is done. The 

AUC values of growth and disease, rather than single plant growth and disease incidence values, were 

used in order to reflect the growth and disease progress throughout the period of assessment.  

    

    
Figure 2.14 A: washing root under tap water; B: root and upper part of cabbages; C: scanning 

roots using WinRhizo; D: scanning leaves using WinRhizo. 

A B 

D C 
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3.2.3.5. Experimental design 

The experiment was run in two mini-trials for the two different pot sizes. In each mini-trial the 

experiment was set up as a randomized complete block design with 15 and 12 replicates for the 4-cell 

trays and plastic pots, respectively. Each replicate (block) contained 12 and 8 pots for the three early 

assessment times and two late assessment times, respectively. This allowed for destructive sampling 

at each assessment time. For each assessment time, four pots were assessed from each block which 

contained one pot as a negative control (non-inoculated with Xcc or P16), one pot treated only with 

P16, one pot inoculated only with Xcc and one pot inoculated with both Xcc and P16 (a total of 180 

and 96 pots in each mini-trial, respectively).  

3.2.3.6. Statistical analyses 

Statistical analyses of data were performed using GenStat software (14th edition). Analysis of variance 

(ANOVA) was used to test the significance of the effect of seed treatment with P16 on black rot 

incidence (for Xcc-inoculated seedlings only). As there were no black rot symptoms on the seedlings 

that had not been inoculated with Xcc (Nil and P16 treatment), they were not included in the analyses 

of data. The influence of P16 and Xcc seed treatments on plant growth parameters were analysed for 

each assessment time separately in a 2 × 2 factorial design with P16 (+,-) and Xcc (+,-) as the treatment 

factors. Least significant difference (LSD 5%) was used to compare different treatments with each 

other. The interaction between P16 and Xcc was calculated as follows [(Xcc + P16) - Xcc] - [P16 - Nil] 

and the least significant interaction (LSInteraction 5% = LSD × √2) was used to test the significance of 

the interaction. 

2.5.3 Results 

3.2.3.1. Seedling emergence 

The actual concentration of P16 used to inoculate seeds (2.32 × 109 CFU/ml) was close to the target (5 

× 109 CFU/ml) while the P16 concentration recovered from inoculated seeds was lower; 1.1 × 108 CFU/g 

seed.  

Seedling emergence of cabbage seeds inoculated with P16 and Xcc was calculated separately for 

seedlings in the 4-cell pot mini-trial and big pot mini-trial. In both mini-trials, Paenibacillus and Xcc 

seed applications did not reduce cabbage seedling emergence compared to the negative control 

(Figure 2.15).  
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Figure 2.15 Seedling emergence (%) 7 days after sowing of cabbage seeds 

inoculated with P16 and Xcc. Nil: Negative control (seeds treated with 
sterile 0.1% (w/v) BP); Xcc: seeds inoculated with Xcc32; P16: seeds 
inoculated with P16; P16+Xcc: seeds inoculated with both P16 and Xcc. 
Each value is the mean of 45 and 24 replicates for the trials with 4-cell 
trays and big plastic pots, respectively. LSD (5%) values are 6 and 8 for 
the trials with 4-cell trays and big pots, respectively. There was no 
significant differences. 

3.2.3.2. Black rot incidence 

P16 significantly reduced black rot incidence compared to the control at all assessment times from the 

onset of symptoms (14 DAS) until the end of the experiment (35 DAS) (Table 2.10). In 2- and 3-week 

old seedlings, P16 reduced disease incidence by 54 and 38%, respectively.  Overall, the average black 

rot incidence from day 14 to 21 after sowing seeds (based on AUC) was reduced by 44% in the P16 

treatment (P ˂ 0.001). Similarly, at the last two assessments (28 and 35 DAS), P16-treated seedlings 

had an almost 49% decrease in black rot incidence in comparison with the positive control (Xcc-

treated) (P ˂ 0.001; Table 2.10). All cabbage seedlings that had not been inoculated with Xcc (Nil and 

P16 treatment) were free of black rot symptoms. 

Table 2.10 Effect of P16 on black rot incidence in cabbage seedlings inoculated with Xcc32.  

Treatments 
Disease incidence (%) 

14 
DAS1 

21 
DAS 

Average  
(based on AUC) 

28 
DAS 

35 
DAS 

Average  
(based on AUC) 

Positive control 39 61 50 41 62  51 
Xcc + P16 18 38 28 21 32 26 
LSD (5%) 20 15 10 18 23 12 
Significance * ** *** * ** *** 
1 Day after sowing. Positive control: seeds inoculated with Xcc32; Xcc+P16: seeds inoculated with 
both P16 and Xcc32; *: Significantly different at 0.05% confidence level, **: Significantly different 
at 0.01% confidence level, ***: Significantly different at 0.001% confidence level. Each value 
presents the mean percentage of disease incidence on cabbage. The other treatments, not 
inoculated with Xcc, were free of symptoms and not included in the statistical analysis.  
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3.2.3.3. Plant growth promotion  

Application of Paenibacillus isolate P16 to the seed in the presence or absence of Xcc altered plant 

growth in cabbage (Figure 2.16). Differences in root length, leaf area, root and shoot dry weights of 

cabbage were detected.  

Root length: Xcc had a negative effect on root length (P = 0.027) averaged over the early assessment 

times from day 7 to day 21 (Table 2.11a). P16 reduced root length only at day 7 (P ˂ 0.05) and the root 

length averaged over the early assessment time did not differ from the control (P = 0.477). At the late 

assessment times (28 and 35 DAS) Xcc decreased the average root length while P16 significantly 

increased the average root length (P ˂ 0.001). At the early assessment times, there was a significant 

negative interaction between P16 and Xcc in terms of root length based on the AUC (P = 0.034). 

However, at the late assessment times, this interaction was not statistically significant (P = 0.06). There 

was a significant positive effect of P16 on root length, particularly in the presence of the pathogen in 

older plants. 

Leaf area: Xcc did not have any significant effect on leaf area at the early assessment times (P = 0.327), 

while P16, only at day 7, had a significant negative effect on leaf area (P ˂ 0.05). However its effect on 

leaf area averaged over the early assessment time was not significant (P = 0.124). At the late 

assessment times based on the average AUC, Xcc significantly decreased leaf area (P ˂ 0.001), while 

P16 significantly increased leaf area (P ˂ 0.001) (Table 2.11b). There was no statistically significant 

interaction of P16 and Xcc on an average of leaf area at either the early or late assessment times (P = 

0.124 and P = 0.068). At the late assessment times based on the average AUC, there was a large positive 

effect of P16 in the presence of Xcc as compared to a small positive effect of P16 in the absence of the 

pathogen. 

Root and shoot dry weight: Xcc significantly decreased the root and shoot dry weights of cabbage at 

the early (P = 0.033 and P = 0.049, respectively) and late assessment times (P ˂ 0.001) (Table 2.11c and 

d). P16, only at day 7, had a significant negative effect on root and shoot dry weights (P = 0.011 and P 

= 0.004, respectively). Its effect on the average of root and shoot dry weight was not significant (P = 

0.477) at the early assessment time, but it significantly increased root and shoot dry weights based on 

the AUC at the late assessment times (P = 0.013 and P = 0.036, respectively). At the early assessment 

time, based on the AUC, there was no significant interaction between Xcc and P16, but for the late 

assessment times, there was a highly significant positive interaction between Xcc and P16 for both root 

and shoot dry weight (P = 0.003 and P = 0.005). In the presence of Xcc, there was a large positive effect 

of P16 on both root and shoot dry weight in comparison with a small negative effect of P16 in the 

absence of the pathogen.  
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Table 2.11 Effect of seed treatment with P16 and Xcc on the growth of cabbage seedlings. 
Measurements were made over a 5 week period.  

a. Root length (cm/plant) 

Main effects Assessment time(DAS1) Average 
(AUC2) 

Assessment time 
(DAS) Average 

(AUC) 7 14 21 28 35 
Xcc        
No Xcc 17.0 168 434 196 2356 3317 2836 
Xcc 18.2 167 383 184 1924 2683 2304 
LSD (5%) 1.7 13 36 11 256 287 169 
Significance of 
difference ns ns ** * ** *** *** 

P16        
No P16 18.6 170 411 192 2002 2749 2375 
P16 16.6 165 406 188 2279 3251 2765 
LSD (5%) 1.7 13 36 11 256 287 169 
Significance of 
difference * ns ns ns * ** *** 

Treatment means        
Nil 17.6 167 419 192 2277 3169 2723 
P16 16.3 168 449 201 2436 3464 2950 
Xcc 19.6 172 403 192 1727 2329 2028 
Xcc + P16 16.8 161 363 176 2121 3037 2579 
LSD (5%) 2.5 19 51 16 362 405 239 
Interaction3 -1.5 -13 -69 -24 235 413 324 
LSInteraction (5%) 3.5 26 72 22 512 573 337 
Significance of 
interaction ns ns ns * ns ns ns 

b. Leaf area (cm2/plant) 
Xcc        
No Xcc 1.04 8.39 20.4 9.58 168 202 185 
Xcc 1.11 8.16 19.8 9.31 144 188 166 
LSD (5%) 0.10 0.74 1.8 0.56 14 17 9 
Significance of 
difference ns ns ns ns ** ns *** 

P16        
No P16 1.14 8.22 20.2 9.47 150 185 168 
P16 1.01 8.34 20.0 9.42 161 205 183 
LSD (5%) 0.10 0.74 1.8 0.56 14 17 9 
Significance of 
difference * ns ns ns ns * *** 

Treatment means        
Nil 1.05 8.22 19.9 9.39 165 198 181 
P16 1.03 8.57 20.9 9.77 171 207 189 
Xcc 1.22 8.21 20.6 9.55 136 172 154 
Xcc + P16 1.00 8.11 19.1 9.07 152 204 178 
LSD (5%) 0.14 1.05 2.5 0.78 20 25 12 
Interaction -0.19 -0.45 -2.6 -0.86 9 23 16 
LSInteraction (5%) 0.20 1.48 3.6 1.11 28 35 17 
Significance of 
interaction ns ns ns ns ns ns ns 
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c. Root dry weight (mg/plant) 

Main effects Assessment time (DAS) Average 
(AUC) 

Assessment time 
(DAS) Average 

(AUC) 7 14 21 28 35 
Xcc        
No Xcc 0.90 5.83 20.9 8.38 169 250 209 
Xcc 0.95 5.72 18.7 7.68 123 198 161 
LSD (5%) 0.08 0.56 2.2 0.64 20 28 17 
Significance of 
difference ns ns * * *** *** *** 

P16        
No P16 0.98 5.78 19.6 8.02 144 204 174 
P16 0.87 5.77 20.0 8.03 147 245 196 
LSD (5%) 0.08 0.56 2.2 0.64 20 28 17 
Significance of 
difference * ns ns ns ns ** * 

Treatment means        
Nil 0.95 5.72 19.9 8.08 176 247 212 
P16 0.83 5.95 22.0 8.68 162 253 207 
Xcc 1.00 5.85 19.3 7.97 113 160 137 
Xcc + P16 0.90 5.59 18.1 7.38 133 236 185 
LSD (5%) 0.12 1.08 3.1 0.91 28 39 24 
Interaction 0.02 -0.49 -3.32 -1.20 35 70 53 
LSInteraction (5%) 0.17 1.10 4.50 1.30 39 56 34 
Significance of 
interaction ns ns ns ns ns * ** 

d. Shoot dry weight (mg/plant) 
Xcc        
No Xcc 3.15 25.1 119 43.4 888 1662 1275 
Xcc 3.18 25.5 109 40.5 678 1397 1038 
LSD (5%) 0.26 2.2 11 2.8 99 161 95 
Significance of 
difference ns ns ns * *** ** *** 

P16        
No P16 3.36 25.1 114 42.1 786 1425 1105 
P16 2.97 25.4 115 41.8 780 1634 1207 
LSD (5%) 0.26 2.2 11 2.8 99 161 95 
Significance of 
difference ** ns ns ns ns * * 

Treatment means        
Nil 3.31 24.5 117 42.6 914 1675 1294 
P16 2.94 25.6 122 44.1 863 1649 1256 
Xcc 2.99 25.7 111 41.6 657 1176 917 
Xcc + P16 3.42 25.2 108 39.5 698 1618 1158 
LSD (5%) 0.36 4.2 15 4.0 140 228 134 
Interaction -0.16 -1.47 -9 -3.6 92 468 279 
LSInteraction (5%) 0.51 5.9 22 5.6 198 323 190 
Significance of 
interaction ns ns ns ns ns ** ** 
1 day after sowing; 2 area under curve; 3 Interaction= [(Xcc + P16) - Xcc] - [P16 - Nil] 
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In the first week of plant growth, P16 significantly decreased all measured seedling growth parameters 

(Table 2.11). Root length (P = 0.022), leaf area (P = 0.016), and root dry weight (P = 0.011) and shoot 

dry weights (P = 0.004) decreased significantly. In the second week there was no significant effect of 

P16 or Xcc on seedling growth. In the third week of growth, Xcc significantly decreased root growth, 

while P16 did not have any significant effect on the growth of the cabbage. Overall, based on the 

average of each of the different growth parameters (i.e. AUC) during the first three weeks plant growth 

was reduced by Xcc while P16 had no effect.  

In the fourth week, Xcc negatively affected all cabbage growth parameters, causing a significant 

decrease in root length (P = 0.002), leaf area (P = 0.002), root dry weight (P ˂ 0.001), and shoot dry 

weight (P = 0.002). Except for root length (P = 0.035), P16 did not significantly increase other plant 

growth parameters at this assessment time. In the last week of assessment, Xcc significantly decreased 

the root length and dry weight and also the shoot dry weight of cabbage seedlings (P ˂  0.001, P ˂  0.001, 

and P = 0.002, respectively). In contrast, P16 significantly increased all growth parameters. Overall, the 

average of cabbage growth during the last two weeks of the experiment. 

(based on the AUC) showed plant growth parameters were decreased with Xcc treatment and 

increased with P16 treatment and there was a significant positive interaction between Xcc and P16. 

P16 reduced the negative impact of Xcc on plant growth. 

     
Figure 2.16 The effect of Paenibacillus isolate (P16) on the growth of three-week old plants. A: 

negative control; B: seedling grown from P16 inoculated seeds without Xcc. These are the 
same pots from two different views. 

2.5.4 Discussion 

Paenibacillus spp. have been reported to be plant growth promoting bacteria which can enhance the 

growth of the plants directly or indirectly (Cakmakci et al., 2006; Timmusk et al., 1999). In this study, 

Paenibacillus isolate P16 did not promote cabbage growth directly. P16 applied to seed alone (in the 

absence of Xcc) did not enhance any of the growth parameters in comparison to the control suggesting 

that the bacterium was probably unable to produce phytostimulators  or phytohormones or if so, their 

A A B B 
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concentration was insufficient to facilitate plant growth. Production of phytohormones such as auxins 

and cytokinins by Paenibacillus sp. has been shown to improve root development and consequently 

promote plant growth (da Mota et al., 2008; Timmusk et al., 1999); however, their effects on plant 

growth depend on the soil type, variety of plants and also phytohormones quantity (Egamberdiyeva, 

2007; Gamalero & Glick, 2011; Bent et al., 2001). The present observation was similar to that reported 

by Lindberg et al. (1985) who found no significant growth promotion in wheat in response to P. 

polymyxa in the absence of pathogens.  

In this study, the effect of P16 on plant growth promotion was indirect and appeared to be due to its 

biocontrol activity. It was observed that Xcc reduced plant growth parameters, but in the presence of 

P16 these negative effects were diminished. This was also associated with a reduction in black rot 

incidence. Hence black rot symptoms disrupted the growth of the plant by blocking xylem vessels, 

causing leaf senescence, and reducing photosynthesis; P16 decreased the negative effects of Xcc on 

the cabbage growth by preventing the development of these symptoms. The indirect effects of BCAs 

on the enhancement of plant growth have been noted frequently; however the exact mechanisms by 

which they improve plant growth are not fully understood (Compant et al., 2005; Guo et al. 2004; Raj 

et al. 2003). The possible mechanisms by which Paenibacillus spp. promote plant growth include 

induction of systemic resistance (Lee et al. 2012), production of antibiotics to restrict the growth of 

the pathogen (Senthilkumar et al., 2007; Singh et al., 1999), and competition with pathogens for 

nutrients or ecological niches (Haggag & Timmusk, 2008; Schoina et al., 2011). For example, Ryu et al. 

(2006) reported that P. polymyxa E681 applied to sesame seed indirectly promoted plant growth in 

the presence of the pathogen through root colonization and antibiotic production which suppressed 

pathogens. 

In the present study plant growth promotion was not achieved consistently following P16 inoculation, 

as plant growth parameters reduced in the first week. This observation suggested that seed application 

of P16 has an initial cost on plant fitness. The negative fitness effects of P16 might be through inducing 

systemic resistance in the plant which heavily involves plant resources and restricts the energy 

allocated for plant growth at this early stage (Heil, 2002; Phi et al., 2010). This assumption is in 

agreement with a study by Heidel et al., (2004), who reported that the induction of systemic resistance 

in Arabidopsis thaliana is costly in the absence of pathogens while its expression may protect plants 

against pathogens. Another reason for this negative plant growth can be explained by P16 competing 

with the emerging seedling for available nutrients in the soil. Brassica seed does not have a true 

endosperm as a food supply to support the emerging seedling, so the young radicles may compete 

with microorganisms in the soil for nutrients during the early stage of cabbage growth before 

development of the cotyledons. Moreover, the presence of phytotoxins or imbalanced 

phytohormones might decrease the growth of the plant. This assumption can be supported with the 
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previous observation, where P16 appeared to promote root growth on germination blotters (Figure 

2.6C), since there were no other microbes to synthesis phytohormones and make the phytohormones 

levels imbalanced for young seedlings. Reducing the application rate of the BCAs to decrease the cost 

of fitness has been suggested, but it may impact on biocontrol performance. In this study, the cost of 

fitness of P16 was transient and P16 did not reduce seedling emergence. 

In this study, disease levels, and also the biocontrol activity of P16, were higher than in the previous 

pot trial. This might be due to the differences in potting mix. In a low nutrient environment the 

pressure of the pathogen on the plant might be greater than in a high nutrient potting mix. For 

example, Hoffland et al. (1999) reported that low nitrogen availability leads to more frequent primary 

lesions on tomatoes infected by Botrytis cinerea, the causal agent of grey mould. However, different 

microbes respond in different ways to nutrient availability in soil (Solomon & Oliver, 2003). Whether 

Xcc was able to increase infection because of the low nutrient potting mix was not examined here.  

2.6 Overall conclusion 

In this chapter, the biocontrol activity of Paenibacillus strains isolated from New Zealand produced 

cabbage and rape seed lots, was evaluated against Xcc in in vitro and in vivo studies. There was no 

correlation between suppression activity of most Paenibacillus isolates against Xcc growth in the dual 

culture assay and the ability to control black rot in pot trials. Black rot incidence was not affected by 

inoculum quantity except for Paenibacillus isolate P10, where disease incidence was decreased by 

increasing the inoculum concentration. The effect of Paenibacillus on cabbage seedling emergence 

was inoculum independent with one exception; Paenibacillus isolate P6, which reduced seedling 

emergence at the high and medium concentrations.  

The aim of this part of the project was to select the Paenibacillus isolate with the most consistent 

biocontrol activity against Xcc, and P16, at a concentration of 3 × 109 CFU/g seed was chosen for further 

study. In the next step, the effect of P16 on plant growth promotion was investigated. P16 in 

comparison to the control enhanced cabbage growth in the presence of Xcc, but in the absence of the 

pathogen it did not promote plant growth. These results support the idea that P16 can only indirectly 

promote the growth of the plant. The indirect effect of biocontrol agents on plant growth promotion 

has been reported to be due to preventing the deleterious effects of pathogens and a reduction in the 

level of the disease. Different mechanisms are reportedly used by Paenibacillus to control plant 

pathogens; these include the production of antibiotics, colonizing the root system and inducing 

systemic resistance in the plants. The ability of P16 to colonize cabbage roots, grow endophytically 

within cabbage plants and induce systemic resistance was therefore investigated and is reported in 

the following chapters.  
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     Chapter 3 

Development of a method for strain-specific detection and 

quantification of Paenibacillus isolate P16 

3.1 Introduction 

Until recently, identification and enumeration of microbes was based on the morphological and 

physiological traits of individual organisms using culture-based methods (Gerhardt et al., 1981; 

Whitman et al., 2012). Some Paenibacillus spp. have been cultured from natural habitats such as soil, 

roots, and the rhizosphere, whereas others have been identified using identification kits such as API 

50CH, a micromethod system to assess biochemical and nutritional traits of a test organism (von der 

Weid et al., 2000 & 2002). However, the lack of selective media for most Paenibacillus species coupled 

with the production of inactive spores can lead to misidentification of the bacteria. Determination of 

many of the phenotypic characteristics of the bacteria is laborious, time-consuming and more 

importantly unreliable (Araujo da Silva et al., 2003). Moreover, slower growing bacteria are 

outcompeted by others when grown in culture (Aslam et al., 2010). For these reasons, more rapid, 

robust, and reliable methods are required for the ecological study of Paenibacillus in complex natural 

systems.  

DNA based methods are now available for rapid identification, detection and quantification of bacteria 

in environmental samples (Araujo da Silva et al., 2003; da Mota et al., 2005; van Elsas et al., 1998). 

Quantitative real-time polymerase chain reaction (qPCR or real-time PCR) is one of the culture-

independent methods which can not only detect bacteria in rhizosphere samples but also quantify the 

bacterial community in the samples in real time regardless of their phenotypic characteristics (Fraga 

et al., 2008). More details about this method have been given in Chapter 1 (Section 1.7.1). 

Several specific regions of bacterial DNA have been identified as potential sources of molecular 

markers to identify bacteria in complex natural systems. The 1,600 nucleotide long 16S rRNA sequence 

is one of the most popular molecular markers for bacterial identification. 16S rRNA is a structural 

component of the small subunit of the bacterial ribosome and has been widely used to estimate the 

relationships among bacteria (Sacchi, 2002; Han, 2006). A hypervariable region in the 16S rRNA 

sequence has been reported for rapid identification of Paenibacillus species (Goto et al., 2002) and has 

been used to investigate the diversity of Paenibacillus spp. in soil (Araujo da Silva et al., 2003). 

However, some limitations such as the presence of multiple copies of the 16S rRNA operons have 

restricted the use of this genomic region for identification of Paenibacillus species (Nubel et al., 1996).  
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Another molecular marker that has been used in bacterial taxonomic studies is the rpoB gene which 

encodes the RNA polymerase beta subunit (Mollet et al., 1997). Unlike 16S rRNA, rpoB is a single copy 

gene across all bacteria (Case et al., 2007; Dahllof et al., 2000). The rpoB gene has both conserved and 

variable regions which allows the design of target-specific primers (Mollet et al., 1997). In 

Paenibacillus, rpoB has been reported to be more discriminatory than 16S rRNA (da Mota et al., 2004). 

RpoB sequences are not widely available in databases and studies based on this genomic region have 

not been extensively performed for Paenibacillus species in comparison with 16S rRNA (da Mota et al., 

2004). Another alternative to 16S rRNA is the gyrB gene which encodes the beta subunit of the DNA 

gyrase (Kasai et al., 1998). The gyrB gene has been reported to contain more informative regions than 

16S rRNA for identification of bacteria at the species and subspecies level (Wang et al., 2007b).  

The aim of this study was to design and validate a specific real-time PCR primer set for the P16 isolate 

and to use this primer set for detection and quantification of the P16 isolate in environmental samples. 

For this purpose, three genomic regions of the Paenibacillus genome, 16S rRNA, rpoB, and gyrB, were 

used to design the P16-specific primer set. 

3.2 Detection and quantification of a Paenibacillus strain in the natural 

environment with real-time PCR 

3.2.1 Background 

From a total of 25 Paenibacillus isolates evaluated in objective one, P16 was selected as a promising 

BCA against Xcc. P16 in contrast to some of the other isolates, had no negative effect on the growth of 

cabbage and reduced the negative effect of Xcc on plant growth. To investigate the mode of action of 

P16 as a BCA, an attempt was made to design an isolate specific marker to be used in real-time PCR.  

3.2.2 Materials and methods 

3.2.2. 1 Bacterial strains and growth conditions 

Nineteen isolates of Paenibacillus (including a type strain) and one isolate of Bacillus (type strain) were 

used in this study (Table 3.1). The putative species identities of these isolates had been made by the 

Smart Seeds group based on alignment of their 16S rRNA sequences against the GenBank database 

using the Basic Local Search Tool (BLAST; Altschul et al., 1990). Isolates were cultured aerobically in 

Luria-Bertani broth media (LB; Sigma-Aldrich) on an orbital shaker (MaxQ 5000, Barnstead/ Lab-Line) 

at 180 rpm and 30°C in the dark for 24 h. Cells of the isolates were harvested by centrifuging 1 ml of 
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the cultures (2 × 109 CFU/ml) at 3220 × g for 20 min. The supernatant was discarded and bacterial cells 

were stored at -20°C for further use. 

Table 3.1 List of Paenibacillus and Bacillus isolates used in this study. 

Isolate  Isolate ID1 Culture collection2 Putative species 3 
P1 462 Smart Seeds P. peoriae 
P5 LU1222 Lincoln University P. polymyxa 
P6 418 Smart Seeds P. peoriae 
P8 LU1219 Lincoln University P. macerans 
P9 2008 Smart Seeds P. illinoisensis 
P10 592 Smart Seeds P. terrae 
P15 45 Smart Seeds P. amylolyticus 
P16 70 Smart Seeds P. taichungensis 
P18 441 Smart Seeds P. illinoisensis 
P21 1844 Smart Seeds P. lactis 
P23 2098 Smart Seeds P. amylolyticus 
P24 LU1187 Lincoln University P. polymyxa 
P25 1966 Smart Seeds P. humicus 
P26 55 Smart Seeds P. pabuli or P. xylanexedens 
P27 177 Smart Seeds P. taichungensis 
P28 1751 Smart Seeds P. pabuli or P. xylanexedens 
P29 1754 Smart Seeds P. lautus 
P30 1944 Smart Seeds P. jamilae 
P31 ESR 9842 ESR Bacillus thuringiensis (type strain) 
P32 ESR 2589 ESR P. polymyxa (type strain) 
1 Isolate ID in Smart Seeds Collection. 2 Smart Seeds and Lincoln University Collections are held by 
the Bio-Protection Research Centre, Lincoln University, Canterbury, NZ. ESR collection is held by 
the Institute of Environmental Science and Research Ltd (ESR), Porirua, New Zealand. 3 Putative 
species of Paenibacillus isolates identified by the Smart Seeds group based on 16S rRNA.  

 

3.2.2. 2 DNA extraction  

Genomic DNA of bacterial cells was extracted using the DNeasy Blood and Tissue Kit (Qiagen, Hilden, 

Germany) according to the manufacturer’s instructions. The quality and molecular size of the DNA was 

visualized by electrophoresis in a 1% (w/v) agarose gel. The DNA purity was also confirmed by 

measuring the UV absorbance at 260 and 280 nm to determine the A260/280 ratio using a Nanodrop 

Spectrophotometer (ND-1000; 100W Rockland Rd., Montchanin, DE, USA). The DNA concentration was 

adjusted to 5 ng/µl using UltraPureTM DNase/RNase-Free distilled water (InvitrogenTM, USA) and stored 

at -20°C for further use. 
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3.2.2. 3 Amplification of target genomic regions 

Three genomic regions were chosen for this study; 16S rRNA, gyrB, and rpoB regions. In order to 

amplify the target fragments, the PCR master mix was optimized as summarized in Table 3.2. Forward 

and reverse primers used to amplify these genomic regions have been listed in Table 3.3. 

 Table 3.2 Reaction mixture for standard PCR of three genomic regions. 

Component1 16S rRNA2 gyrB3 rpoB4 
PCR buffer 1× 1× 1× 
MgCl2 2.5 mM 2 mM 2.5 mM 
Forward primer 0.2 mM 0.2 mM 0.2 mM 
Reverse primer 0.2 mM 0.2 mM 0.2 mM 
Deoxynucleotide triphosphate (dNTP) 0.25 mM 0.25 mM 0.25 mM 
GC-rich PCR solution - 1× 1× 
FastStart Taq DNA polymerase 1.5 U 1.5 U 1.5 U 
Template DNA 25 ng 25 ng 25 ng 
dH2O Up to 25 µl Up to 25 µl Up to 25 µl 
Total volume 25 µl 25 µl 25 µl 
1 PCR components, except primers and dH2O, were from Roche Diagnostics GmbH, Mannheim, 
Germany. 2 16S rRNA is a structural component of the small subunit of the bacterial ribosome. 3 
gyrB encodes the beta subunit of DNA gyrase. 4 rpoB encodes the beta subunit of bacterial RNA 
polymerase.  

 

Table 3.3 List of primers used to amplify the 16S rRNA, gyrB, and rpoB fragments of the bacteria in this 
study. 

Target 
fragment 1 

Primer ID2 Sequence3 Reference 

16S rRNA F: f8-27  5′-AGAGTTTGATCCTGGCTCAG-3′ Lipson et al., 2006 
R: r1510 5'-GGTTACCTTGTTACGACTT-3' 

gyrB F: 
 

UP-1 
 

 5′-GAA GTC ATC ATG ACC GGT CTG CAY 
GCN GGN GGN AAR TTY TTY GA-3′ 

Yamamoto & 
Harayama, 1995 

R: UP-2r  5′-AGC AGG GTA CGG ATG TGC GAG CCR 
TCN ACR TCN GCR TCN GTC AT-3′ 

gyrB F: P16-gyrB-H-363f 5′- GCG RCG GGA TAC SGA AGG RT-3′ Designed in this 
study R: P16-gyrB-H-797r 5′- GTM TCC TTC CTG AAY CAR AAG CG-3′ 

rpoB F: rpoB-1698f  5′-AAC ATC GGT TTG ATC AAC-3′ Dahllof et al., 2000 
R: rpoB-2041r  5′-CGT TGC ATG TTG GTA CCC AT-3′ 

1 See Table 3.2.  2 F: Forward primer, R: Reverse primer. 3 R represents G or A, S represents G or C, M 
represents A or C, and Y represents T or C based on the rules of the International Union of Pure and Applied 
Chemistry (IUPAC; Cornish-Bowden, 1985). 
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Standard PCR was carried out in an iCycler (Bio-Rad) and the PCR conditions for amplification of the 

16S rRNA fragment were 1 cycle of 4 min, 95°C, 30 cycles of 30 sec, 95°C; 30 sec, 55°C; 2 min, 72°C, 

with a final 7 min extension period at 72°C. Those for gyrB and rpoB genes were 1 cycle of 4 min, 95°C, 

8 cycles of 30 sec, 95°C; 30 sec, 40°C; 1 min, 72°C, 32 cycles of 30 sec, 95°C; 30 sec, 50°C; 1 min, 72°C, 

with a final 10 min extension period at 72°C. A negative control (without DNA) was run in all 

amplifications.  

The quality and size of the PCR products were confirmed by agarose gel electrophoresis (1.5% for rpoB 

fragment and 1% for 16S rRNA and gyrB fragments). For this purpose, 5 µl of each PCR product were 

mixed with 1 µl of DNA loading buffer (Bioline, USA) and loaded in the agarose gel containing a DNA 

gel stain (0.5 x SYBR Safe, InvitrogenTM, USA), together with 6 µl of a 2 kb DNA ladder (Hyperladder II, 

Bioline, USA) and water (as the negative control). PCR products were separated by electrophoresis in 

1 × TAE buffer at 100 v for 45-60 min and visualized after exposure to UV light using the Versadoc 

Imaging Systems Model 3000 (Bio-Rad, USA).     

As the universal primer pair, UP-1 and UP-2r, could only amplify a gyrB fragment from P16 and P27, 

another primer set was designed to amplify the gyrB gene in the other Paenibacillus isolates tested in 

this study. For this purpose, seven gyrB sequences of Paenibacillus species available at the time of this 

research in the GenBank database (Appendix 1) were aligned with two gyrB sequences of the tested 

isolates (P16 and P27) using Sequencher 4.9 software (Gene Codes Corporation, Ann Arbor, MI, USA). 

Two regions containing conserved sequences were used to design a primer set which amplified a 

fragment of 434 nucleotides of the gyrB gene. The sequences of the forward and reverse primers (P16-

gyrB-H-363f and P16-gyrB-H-797r, respectively) are shown in Table 3.3. The PCR product using P16-

gyrB-H-363f and P16-gyrB-H-797r primers was visualized on a 1.5% agarose gel to confirm their quality 

and size.  

3.2.2. 4 P16-specific primer design 

PCR products were purified using the Agencourt AmPure-XP kit (Agencourt Bioscience, Beckman 

Coulter, Brea, CA, USA) according to the manufacturer’s instructions. The concentration of PCR 

products was measured using the Nanodrop Spectrophotometer. Sample concentrations were 

adjusted to 40 ng/µl, then 1 µl was sequenced using the automated sequencer (ABI PRISM 3100-Avant 

Genetic Analyzer, Applied Biosystems, USA) at the Lincoln University Sequencing facility. The 

unidirectional sequences obtained from all Paenibacillus isolates were compared with those from 

GenBank (http://www.ncbi.nlm.nih.gov/) to assign the putative Paenibacillus species. 
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To identify areas of variability, sequences of all Paenibacillus isolates were aligned with the P16 

sequence using the multiple sequence alignment option of the SequencherTM 4.9 software. Primers 

discriminatory for P16, on the basis of the target genomic regions, were designed manually as an initial 

step. The primer sequences were then entered into the BLAST search of GenBank to check their 

specificity for P16. As a final step, the Primer Express software (Applied Biosystems, Roche, 

Branchburg, NJ) was used to check the secondary structure, dimerization, and melting temperature of 

the primers. All the primers in this study were synthesised by Integrated DNA Technologies (IDTTM, San 

Diego, CA, USA).  

3.2.2. 5 Development of a real-time PCR using the P16-specific primer sets 

Real-time PCR was conducted using an ABI PRISM 7000 Sequence Detection System to assess the 

sensitivity and specificity of the designed primer sets for amplification of P16. The reaction mix (16 µl 

volume) was optimized as follows: 25 ng of template DNA, 1 × PCR buffer (Roche diagnostics GmbH, 

Mannheim, Germany), 2 mM MgCl2 (Roche diagnostics GmbH, Mannheim, Germany), 0.3125 mM of 

the forward and reverse P16-specific primer, 0.625 mM of each dNTP (Roche diagnostics GmbH, 

Mannheim, Germany), 0.825 × GC-rich solution (Roche diagnostics GmbH, Mannheim, Germany), 0.23 

µl of an 1/1000 dilution of SYBR Green 1 (Bio-Rad Laboratories Inc, Hercules, CA), 0.625 µM ROX 

passive reference dye (InvitrogenTM, USA), and 1.5 U/µl of FastStart Taq DNA polymerase (Roche 

diagnostics GmbH, Mannheim, Germany). The DNA extracted from Paenibacillus isolates was used as 

the real-time PCR template. All samples and the negative control (without DNA) were run in triplicate 

in all amplifications. B. thuringiensis and Xcc were also used as negative controls to check the specificity 

of the primer sets.   

The conditions for real-time PCR amplification of the 16S rRNA fragment were optimized as 1 cycle of 

4 min, 95°C and 40 cycles of 15 sec, 95°C; 1 min, 60°C. The annealing temperature was raised to 64°C 

for amplification of the gyrB fragment. Dissociation curve analysis was performed as 1 cycle of 15 sec, 

95°C; 20 sec, 60°C; 15 sec, 95°C. Efforts were made to improve the specificity of the reaction and 

remove primer dimers by optimizing the annealing temperature (between 60 to 66°C), and the 

concentrations of MgCl2 (between 1.5 to 4.5 mM) and primers. The threshold level was set at the 0.2 

RF (relative fluorescent) level and the baseline was set at a level below the Ct of P16 (at the 

concentration of 2 × 109 CFU/ml).  

To determine the sensitivity of the real-time PCR, a standard curve was constructed. The P16 genomic 

DNA was serially diluted (16-fold) to achieve concentrations of 5, 0.3, 0.02, 0.001, and 0.00008 ng/µl. 

The samples were subjected to analysis by real-time PCR using the same conditions as mentioned 

above. The standard curve was obtained by plotting the Ct values versus DNA concentrations. The 
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amplification efficiency of the real-time PCR was calculated from the slope of the standard curve as 

follows:  

Amplification efficiency (%) = (10−1 𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆⁄ − 1) × 100 

3.2.2. 6 Detection and recovery of P16 spiked into the potting mix using real-time PCR 

Potting mix was spiked with different concentrations of P16 to examine the sensitivity and specificity 

of the real-time PCR assay under natural conditions. Different concentrations of P16 were added to 5 

g of potting mix to achieve inoculation levels of  1 × 101, 1 × 102, 1 × 103, 1 × 104, 1 × 105, 1 × 106, 1 × 

107, 1 × 108, 1 × 109, and 1 × 1010 CFU/g of potting mix. P16-spiked potting mix was snap-frozen using 

liquid nitrogen and freeze-dried using a MicroModulyo Bench Top Freeze dryer (ThermoSavant, 

Holbrook, NY, USA). DNA was extracted from 0.25 g of freeze dried samples in triplicate from each 

sample using a NucleoSpinTM Soil DNA Isolation Kit (Macherey-Nagel, GmbH & Co. KG, Germany) 

according to the manufacturer’s instructions. DNA from the non-spiked potting mix (without P16) was 

used as a negative control. After the quality of the DNA was confirmed by performing electrophoresis 

in a 1% (w/v) agarose gel, the three replicate DNA samples were mixed together to make a 

representative sample. A 4-fold dilution of this DNA was used as a template in the real-time PCR 

reaction.  

The real-time PCR amplification was done in triplicate for each sample under the following conditions: 

1 cycle of 4 min, 95°C and 40 cycles of 15 sec, 95°C; 1 min, 64°C, followed by 1 cycle of 15 sec, 95°C; 20 

sec, 60°C; 15 sec, 95°C for the dissociation curve analysis. The reaction mix was as described previously 

in Section 3.2.2.5 with the following change; 0.625 mM of dNTP with dUTP was used (2.5 mM/ml each 

of dATP, dCTP, dGTP, and 5 mM/ml of dUTP; Applied Biosystems, Warrington, England). A negative 

control (without DNA) and a positive control (DNA extracted from 2 × 109 CFU/ml of P16 pure culture) 

were run in triplicate in all amplifications. The threshold level was set at the 0.2 relative fluorescent 

(RF) level and the baseline was set at a level below the threshold cycle (Ct) of the P16 positive control. 

The standard curve was obtained by plotting the Ct values versus the log10 CFU/g of dried potting mix. 

The amplification efficiency of the reaction was calculated based on the slope of the standard curve as 

described previously. 

3.2.3 Results 

3.2.3.1. P16 identification 

The universal primer pair f8-27 and r1510 amplified a 1483 bp region of 16S rRNA from each of 19 

Paenibacillus and one Bacillus isolates (Figure 3.1). The comparison of their sequences with 16S rRNA 
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sequences held in the GenBank database indicated that all tested isolates were related to strains and 

species of the genus Paenibacillus, except P31 which was identified as B. thuringiensis (Table 3.4). For 

P16, the highest similarity levels of 16S rRNA sequence were found with P. taichungensis (GenBank 

accession No. EU179327.1) and P. pabuli (GenBank accession No. AM087615.1) with a homology of 

99.8%.  

 
Figure 3.1 PCR amplification of 16S rRNA of Paenibacillus isolates using the f8-27 and r1510 primer 

set. Lanes: L: molecular size marker (HyperLadder II), 1: P1, 2: P5, 3: P8, 4: P9, 5: P10, 6: 
P11, 7: P15, 8: P16, 9: P18, 10: P21, 11: P23, 12: P24, 13: P25, 14: P26, 15: P27, 16: P28, 17: 
P29, 18: P30, 19: P31, 20: P32, NC: negative control. Amplified fragments were analysed 
by electrophoresis in a 1% agarose gel. The expected length of amplified fragments was 
1483 bp. 

Table 3.4 Identification of Paenibacillus isolates based on 16S rRNA, rpoB, and gyrB fragments 

Isolate 

ID 

Putative species based 

on 16S rRNA (≈ 1400 bp)1 

Similarity 

(%) 

Putative species based 

on rpoB (≈ 300 bp) 

Similarity 

(%) 

Putative species based 

on gyrB (≈ 400 bp)  

Similarity 

(%) 

P1 - - P. peoriae  96 - - 
P5 - - P. polymyxa 96 P. amylolyticus 99 
P6 P. polymyxa 99.5 P. polymyxa 97 P. polymyxa 95 
P8 P. polymyxa 99.4 P. polymyxa 96 P. amylolyticus 96 
P9 P. illinoisensis 95.6 P. polymyxa, P. peoriae 97 - - 
P10 P. terrae 97.0 P. polymyxa 96 - - 
P15 P. xylanexedens 99.8 P. polymyxa 96 P. amylolyticus 87 
P16 P. taichungensis 99.8 P. polymyxa 96 P. amylolyticus 92 
P18 P. illinoisensis 95.2 P. polymyxa 96 - - 
P21 P. purispatii 99.8 Staphylococcus 82 - - 
P23 P. amylolyticus 98.0 P. polymyxa 96 P. amylolyticus 85 
P24 P. peoriae 99.3 P. polymyxa 87 P. amylolyticus 92 
P25 P. humicus 99.4 P. polymyxa 96 - - 
P26 P. xylanexedens 99.5 P. polymyxa, P. peoriae  90 P. amylolyticus 88 
P27 P. taichungensis 99.5 P. polymyxa 96 P. amylolyticus 99 
P28 P. pabuli  99.6 P. polymyxa 96 P. amylolyticus 86 
P29 P. lautus 99.1 P. polymyxa 96 - - 
P30 P. polymyxa 99.9 P. polymyxa  97 - - 
P31 Bacillus thuringiensis 98.0 P. polymyxa 93 Bacillus sp. 96 
P32 P. polymyxa  99.9 - - - - 
1 the length of the amplicon   

L 1        2         3          4         5         6         7         8        9         10       11    12      13       14       15       16      17       18       19      20       NC 
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Primers rpoB-1698f and rpoB-2041r facilitated the amplification of the rpoB gene region from all 

Paenibacillus isolates by standard PCR and gave PCR products of the expected size of 343 bp (Figure 

3.2). A comparison of rpoB sequences showed that all isolates except P1 and P21 were similar to P. 

polymyxa (GenBank accession No. CP000154.1) with homologies of between 87 to 97% (Table 3.5). 

Isolate P1 was found to be similar to P. peoriae (GenBank accession No. AY493865.1) based on its rpoB 

sequence showing 96% sequence identity. Alignment of the rpoB sequence from P21 with other rpoB 

gene sequences held in the GenBank database indicated that this isolate was not related to the 

Paenibacillus genus and was more similar to the genus Staphylococcus (GenBank accession No. 

AF325879.1).   

 
Figure 3.2 PCR amplification of rpoB of Paenibacillus isolates using the rpoB-1698f and rpoB-2041r 

primers. Lanes: L: molecular size marker (HyperLadder II), 1: P1, 2: P5, 3: P8, 4: P9, 5: P10, 
6: P11, 7: P15, 8: P16, 9: P18, 10: P21, 11: P23, 12: P24, 13: P25, 14: P26, 15: P27, 16: P28, 
17: P29, 18: P30, 19: P31, 20: P32, NC: negative control. Amplified fragments were 
analysed by electrophoresis in a 1.5% agarose gel. The expected length of amplified 
fragments was 343 bp. 

Universal primers UP-1 and UP-2r produced amplification products of the predicted size (≈ 1,200 bp) 

from the gyrB region in only P16 and P27. The gyrB sequence from P16 was most similar to 

Paenibacillus barcinonensis (93%; GenBank accession No. EU272027.1), P. pabuli (93%; GenBank 

accession No. EU272025.1), P. amylolyticus (92%; GenBank accession No. HQ597041.1), P. xylanilyticus 

(86%; GenBank accession No. EU272028.1), and P. taichungensis (84%; GenBank accession No. 

EU272029.1).  

Amplification products were detected in nine of the 22 isolates with the primer set P16-gyrB-H-363f 

and P16-gyrB-H-797r targeting the gyrB region (Figure 3.3). When the PCR products were visualized in 

a 1.5% agarose gel, isolates P15, P16, P23, P26, P27, and P28 showed a strong band while isolates P5, 

P8, and P18 had very weak bands of the predicted size (434 bp). For isolates P10 and P11, two weak 

bands of different sizes (≈ 500 and 1000 bp) were observed, while P21 amplified a non-specific 1000 

bp long amplicon. The gyrB sequences of most isolates were found to be most similar to P. amylolyticus 

(85-99%; GenBank accession No. EU272024.1 and HQ597041.1). Only isolate P6 differed, showing 

similarity to P. polymyxa (96%; GenBank accession No. CP000154.1) (Table 3.4).  
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Figure 3.3 PCR amplification of gyrB of Paenibacillus isolates using the P16-gyrB-H-363f and P16-

gyrB-H-797r primers. Lanes: L: molecular size marker (HyperLadder II), 1: P1, 2: P5, 3: P6, 
4: P8, 5: P9, 6: P10, 7: P11, 8: P15, 9: P16, 10: negative control, 11: P18, 12: P21, 13: P23, 
14:P24, 15: P25, 16: P26, 17: P27, 18: P28, 19: P29, 20: P30, 21: P31, 22: P32, 23: Xcc. 
Amplified fragments were analysed by electrophoresis in a 1.5% agarose gel. The 
expected length of amplified fragments is 434 bp. 

3.2.3.2. P16-specific primer sets 

The sequence alignment of the P16 rpoB amplification product with the other Paenibacillus isolates 

tested in this study showed that there were very few nucleotide differences among the Paenibacillus 

isolates and no P16-specific primer set could be designed. Within the 16S rRNA, an area with high 

variability was identified in P16 in comparison with the other isolates (Appendix 2) and a discriminatory 

primer set P16-16S-70f and P16-16S-165r was designed (Table 3.5). This primer set amplified a 96 bp 

product. In addition, another primer pair P16-gyrB-S-205f and P16-gyrB-S-372r was designed from 

sufficiently variable regions in the gyrB region of P16 which discriminated P16 from other isolates 

(Table 3.5; Appendix 3). This primer set amplified a product of 187 bp. The specificity of the primer 

sets was confirmed using the BLAST search of GenBank. 

Table 3.5 Specific primer sets designed for isolate P16 based on the 16SrRNA and gyrB fragments.  

Target 
fragment1 

Primer’s ID2 Sequence (5΄        3΄) Tm3 
(°C) 

GC% 
content 

Product 
size (bp) 

16S rRNA F: P16-16S-70f GCA ACC TGC CCT CAA GCT 60 61 96 
R: P16-16S-165r TTG CTC CGT CTT TCC AGT TCT 60 48 

gyrB F: P16-gyrB-S-205f GAA ACA ACG GTT TAT GAC TAT GAA 
ACG  

60 37 187 

R: P16-gyrB-S-372r GAT TTT CGT GCA ACG CTT CG 60 50 
1 16S rRNA is a structural component of the small subunit of the bacterial ribosome; gyrB encodes the 
beta subunit of DNA gyrase. 2 F: Forward primer, R: Reverse primer. 3 Melting temperature. 
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3.2.3.3. Specificity of real-time PCR  

5.3.4.1.1 The 16S rRNA-based primer set 

P16 was first detected at the Ct of 15.25 using the P16-specific primer set based on 16S rRNA (P16-

16S-70f and P16-16S-165r) at an annealing temperature of 60°C (Figure 3.4). This primer set also 

amplified DNA from other isolates, including B. thuringiensis and Xcc which were used as negative 

controls, but the detection occurred at late cycles (Ct of 28-34). By increasing the annealing 

temperature from 60 to 62°C to improve the specificity of the primer set, all tested isolates, including 

P16, experienced a Ct shift to later cycles (at least 2 Cts). For example, the Ct of P16 shifted from 15.25 

to 17.89 by increasing the annealing temperature from 60 to 62°C (Figure 3.5). No amplification was 

detected in negative controls (without DNA).      

    
 

Figure 3.4 Amplification plot of Paenibacillus isolates in real-time PCR using P16-16S-70f and P16-
16S-165r primer set at an annealing temperature of 60°C. NC: negative control.    

 
 

Figure 3.5 Amplification plot of Paenibacillus isolates in real-time PCR using P16-16S-70f and P16-
16S-165r primer set at an annealing temperature of 62°C. NC: negative control. 
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3.2.3.3.2 The gyrB-based primer set 

The detection of P16 occurred at Ct 12.5 using the P16-specific primer set based on the gyrB gene 

(P16-gyrB-S-205f and P16-gyrB-S-372r). PCR products of other samples were detected at Cts ranging 

from 22 to 34. B. thuringiensis and Xcc, used as negative controls, were detected at Cts of 25 and 27, 

respectively (Figure 3.6). By increasing the annealing temperature from 62 to 64°C, the Ct of P16 did 

not change while other bacterial species were detected at later cycles; B. thuringiensis and Xcc were 

detected at Cts of 28 and 33, respectively (Figures 3.6 and 3.7). By increasing the annealing 

temperature to 66°C, all isolates, including P16, were detected at later cycles. No contamination was 

detected in negative controls (without DNA).  

 
 

Figure 3.6 Amplification plot of Paenibacillus isolates in real-time PCR using P16-gyrB-S-205f and 
P16-gyrB-S-372r primer set at an annealing temperature of 62°C. NC: negative control. 

 

 
 

Figure 3.7 Amplification plot of Paenibacillus isolates in real-time PCR using P16-gyrB-S-205f and 
P16-gyrB-S-372r primer set at an annealing temperature of 64°C. NC: negative control. 
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3.2.3.4. Dynamic range and sensitivity of real-time PCR 

Real-time PCR with the P16-gyrB-S-205f and P16-gyrB-S-372r primer set was able to detect DNA of P16 

at levels as low as 0.4 pg per reaction at a mean Ct of 31.6 and as high as 25 ng of DNA at a mean Ct of 

14.1 (Table 3.6 and Figure 3.8). There was no contamination in the negative controls (without DNA). 

After amplification, dissociation curve analysis of PCR products confirmed the specificity of the 

primers, and that there were no non-specific products at different melting temperatures (Figure 3.9). 

The melting temperature of the amplicon was consistently between 79.8°C and 80.0°C, confirming the 

specificity of the reaction (Table 3.6).  

Table 3.6 Sensitivity of the primers P16-S-gyrB-221f 
and P16-S-gyrB-408r for detection of P16 
by rel-time PCR. 

DNA amount (ng) Ct 1 Tm (°C)2 
25 14.1 80.0 
1.5 18.4 79.9 
0.1 22.8 79.8 
0.005 27.2 79.9 
0.0004 31.6 79.8 
1 threshold cycle. 2 melting temperature of amplicon.  

 

 
 

Figure 3.8 Amplification plot of a 16-fold serial dilution of P16 genomic DNA (n=3) in real-time PCR 
using the P16-gyrB-S-205f and P16-gyrB-S-372r primer set at an annealing temperature of 
64°C. A: 25 ng, B: 1.5 ng, C: 0.1 ng, D: 0.005 ng, E: 0.0004 ng of P16 genomic DNA per 
reaction; NC: negative control. 
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Figure 3.9 The dissociation curve for real-time PCR products from Paenibacillus isolates using the 
P16-gyrB-S-205f and P16-gyrB-S-372r primer set at an annealing temperature of 64°C. NC: 
negative control. 

There was a significant and strong linear inverse relationship (R2 = 0.999) over five orders of magnitude 

between the log10 quantity of P16 genomic DNA and the Ct value (Figure 3.10). The equation 

describing this relationship is Ct = -3.63 × log10 (DNA amount) + 31.56. The amplification efficiency of 

the real-time PCR assay calculated from the slope of the standard curve was 90%.  

 
 

Figure 3.10 Relationship between the threshold cycle and 16-fold serial dilutions of P16 genomic 
DNA (n=3). Real-time PCR was run using P16-gyrB-S-205f and P16-gyrB-S-372r primer set 
at an annealing temperature of 64°C. The correlation coefficient (R2) was 0.999. 
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3.2.3.5. Limit of detection of real-time PCR to detect P16 from spiked potting mix  

In spiked potting mix samples, the lowest P16 concentration which could be detected by real-time PCR 

with the P16-gyrB-S-205f and P16-gyrB-S-372r primer set was 1 × 103 CFU/g of dried potting mix. The 

DNA extracted from potting mix spiked with P16 at the concentration of 1 × 109 CFU/g was detected 

at a mean Ct of 12.5 (Figure 3.11). No amplification was detected in negative controls (without DNA) 

or if present was detected at very late cycles (Ct ˃ 37). The DNA extracted from non-spiked potting mix 

(without P16) was detected at the late cycle of 32.7.  

Dissociation curve analysis of PCR products provided one single peak at a melting temperature of 

79.9°C (Figure 3.12). The consistency of the melting temperature confirmed the specificity of the 

reaction. A primer-dimer was observed in the negative control (without DNA).  

  
 

Figure 3.11 Amplification plot of DNA extracted from potting mix spiked with different 
concentrations of P16 (n=3) in real-time PCR using P16-gyrB-S-205f and the P16-gyrB-S-
372r primer set at annealing temperature of 64°C. A: 1 × 109, B: 1 × 108, C: 1 × 107, D: 1 × 
106, E: 1 × 105, F: 1 × 104, G: 1 × 103 CFU/g of potting mix; NC1: DNA extracted from non-
spiked potting mix (without P16); NC2: negative control (without DNA). 
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Figure 3.12 The dissociation curve of DNA extracted from potting mix spiked with different 
concentrations of P16 in real-time PCR using the P16-gyrB-S-205f and P16-gyrB-S-372r 
primer set at annealing temperature of 64°C. NC1: DNA extracted from non-spiked potting 
mix (without P16); NC2: negative control (without DNA). 

The standard curve generated for the DNA extracted from potting mix spiked with different 

concentrations of P16 also showed a significant and strong linear relationship (R2= 0.973) over seven 

orders of magnitude between the log10 of P16 concentrations spiked into the potting mix and Ct value 

(Figure 3.13). The equation describing this relationship is Ct = -2.81 × log10 (P16 concentration) + 33.51. 

The dynamic range of the real-time PCR assay was between 1 × 103 and 1 × 109 CFU/g of dried potting 

mix. 

 
 

Figure 3.13 Relationship between the threshold cycle and different concentrations of P16 spiked 
into the potting mix (n=3). Real-time PCR was run using P16-gyrB-S-205f and P16-gyrB-S-
372r primer set at an annealing temperature of 64°C. The correlation coefficient (R2) was 
0.973. 
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3.2.4 Discussion  

The identification of P16 to species level, whilst not an imperative for this study, is required for future 

work with this isolate. This study sequenced three single loci in an effort to elucidate the species level 

nomenclature. However, the P16 isolate was determined as being most similar to P. taichungensis, P. 

polymyxa and P. amylolyticus based on the BLAST analysis of 16SrRNA, rpoB and gyrB sequences, 

respectively. This is likely due to the limited number of informative sites within each of the gene 

regions, and the limited number of representative sequences from each locus within GenBank. 

Accurate identification of this isolate would require the use of a combination of morphological, 

biochemical and immunological analyses along with sequence analysis, to create a matrix of 

informative traits that could be phylogenetically compared to a similar matrix of type cultures. 

In this study, a P16-specific real-time PCR assay was developed as a culture-independent method to 

detect the P16 isolate. To design the P16-specific primer set, three genomic regions (16S rRNA, gyrB, 

and rpoB) were studied. A sequence alignment of all Paenibacillus isolates tested in this study showed 

very few nucleotide differences between the partial sequences of P16 rpoB region and that of other 

Paenibacillus isolates. As the rpoB fragment did not have sufficient polymorphic sites, it was not 

possible to design a marker that could discriminate P16 from other Paenibacillus isolates. However, da 

Mota et al. (2005) successfully used a rpoB-based primer set in a PCR-DGGE method for discrimination 

of species within Paenibacillus. PCR-DGGE can discriminate based on a single base change, whereas 

for discriminatory PCR there should be at least 2-3 differences per primer binding site (where possible). 

For the other genomic regions, 16S rRNA and gyrB, P16-discriminatory regions were identified and two 

P16-specific primer sets based on these sequences were designed. The results of real-time PCR showed 

that not only P16 but all other tested isolates including B. thuringiensis and Xcc were amplified using 

the P16-specific primers. To improve the specificity of the primer sets, the annealing temperature was 

increased by 2°C as mentioned by Vollu et al. (2003) who demonstrated an increase in the specificity 

of primers designed for detection of Paenibacillus macerans with a 2°C increase in the annealing 

temperature. In this study, increasing the annealing temperature improved the specificity of the gyrB-

based primer set but not for the 16S rRNA primer set. However, Ct difference between P16 and the 

next “closest” isolate was almost the same for both primer sets after increasing the annealing 

temperature. Even though both primer sets were not 100% specific to P16, the gyrB primer was able 

to detect P16 at an earlier cycle (Ct of 12.5) than the 16S rRNA primer set (Ct of 15.25). Thus, despite 

the fact that both primer sets had the same specificity to detect P16, the gyrB-based primer set was 

more sensitive than the 16S rRNA-based primer set. As a result, the P16-gyrB-S-205f and P16-gyrB-S-

372r primer set was chosen as the real-time PCR marker for the rest of the study. 
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The comparison of gyrB sequences also indicated that this region contained more informative sites for 

the identification of Paenibacillus species than 16S rRNA. This result is in agreement with other studies 

where it was reported that the 16S rRNA sequences was not sufficiently divergent to identify species 

level differences among Bacillus strains (Fox et al,. 1992; Wang et al., 2007b). However, 16S rRNA 

sequences may be effective for the analysis of genera and higher orders (Yamamoto and Harayama, 

1995). In agreement with this study, La Duc et al. (2004) also reported that gyrB gene sequences 

provided a better discriminatory tool to distinguish and identify different Bacillus and Paenibacillus 

species than 16S rRNA gene sequences. The gyrB gene has also been employed to identify Paenibacillus 

durus (Peixoto de Albuquerque et al., 2006), Paenibacillus taichungensis (Lee et al., 2008), and 

Paenibacillus mucilaginosus (Wu et al., 2010).  

The dissociation curve analysis confirmed the specificity of the real-time PCR assays. As PCR artifacts 

like primer-dimer or misprimed products have different melt temperatures from the target amplicon, 

they can be distinguished by a second peak in the dissociation analysis. However, in this study all 

attempts were made to avoid any non-specific amplification through fully optimizing the real-time PCR 

procedure, including the concentration of MgCl2 and primers. In addition, the real-time PCR was set 

on a hot-start mechanism to obtain more specific priming and accurate quantification and decrease 

the amplification of non-specific products (Bustin, 2004; Fraga et al., 2008).  

The real-time PCR assay using the P16-gyrB-S-205f and P16-gyrB-S-372r primer set was able to detect 

as little as 0.4 pg of the P16 DNA per reaction which was considered as the detection threshold or limit 

of detection for P16 DNA. This assay was more sensitive than the real-time PCR assay conducted by 

Timmusk et al. (2009a) who used a 16S rRNA primer set to detect P. polymyxa with the detection limit 

of 1 pg of target DNA per reaction. The sensitivity of the real-time PCR was also confirmed by 

recovering P16 spiked at different concentrations into the potting mix. The dynamic range of the real-

time PCR assay was 1 × 103 to 1 × 109 CFU/g potting mix. The detection limit for real-time PCR reflects 

the sensitivity of the reaction and depends on factors such as the specificity of the primers, optimized 

real-time PCR conditions, and the concentration of the real-time PCR components in the master mix 

(Bustin, 2004; Fraga et al., 2008). However, the efficiency of the DNA extraction method and purity 

and integrity of the target DNA can also influence the limit of detection of the real-time PCR method 

(Bustin, 2004). In this study, the real-time assay could detect as low as 1 × 103 CFU of the P16 isolate 

per gram of dry potting mix, which was the same as the limit of detection of a real-time assay for 

Paenibacillus macerans using a 16S rRNA-based primer set (Vollu et al., 2003). It is known that a 

sensitive real-time PCR assay with a broad dynamic range will help the detection of even a small trace 

of the target in natural environmental samples. In this study, efforts were made to improve the 

dynamic range and sensitivity of the real-time PCR assay. As the P16-specific primer set was not 100% 

specific for P16 detection and it detected other isolates at late cycles, care was taken to use a 
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conservative dynamic range estimation within the linear range of the standard curve to avoid the 

likelihood of false-positive detection of P16. The real-time PCR assay developed in this study was 

sensitive enough to detect the P16 isolate among other natural microbes present in the potting mix. 

Non-sterilized potting mix was used in this study to mimic the natural conditions of the real 

environment. Either no amplification was detected from non-inoculated potting mix or the detection 

occurred at very late cycles (beyond the dynamic range of the assay). Therefore, this result additionally 

confirmed the specificity of the P16-specific primer set.  

In this assay, the amplification efficiencies of the standard curves were 89% and 127% for amplification 

of different amounts of P16 DNA, and DNA extracted from potting mix spiked with different 

concentrations of P16, respectively. The optimal efficiency of real-time PCR is between 90-105% (Fraga 

et al., 2008). An efficiency of less than 100% can occur due to amplification of a large amplicon or 

suboptimal conditions for real-time PCR, such as an inappropriate annealing temperature or poor 

primer design, and an efficiency of more than 100% may occur due to amplification of a non-specific 

amplicon such as a primer-dimer, or even a pipetting error (Bustin, 2004). While the efficiencies of the 

assays in this study were lower or higher than the range of optimal efficiency, this does not affect the 

accuracy of this assay. As the aim of this study was to develop a detection and quantification method 

(relative quantification not absolute) for P16, the assay will be accurate as long as the coefficient of 

determination (R2) is close to one, which means the standard curves are linear enough to relatively 

quantify the unknown samples in comparison with the standard curves. In this study, the coefficient 

of determination for the standard curves was very close to 1 (˃ 0.97) which indicated that the assays 

were reproducible and robust. 

Real-time PCR has been used as an accurate and precise culture-independent method for the 

quantification of Paenibacillus spp. in complex environments such as soil (Timmusk et al., 2009a), but 

the application has encountered some uncertainties. As mentioned before, factors involved in real-

time PCR, such as the design of specific primers, concentration of components, and error in real-time 

PCR influence the sensitivity and precision of the method, but also the DNA extraction methods affect 

the outcomes (Bustin, 2004). DNA extracted from soil samples may contain natural fluorescence and 

inhibitory substances such as humic acid which may interfere with real-time PCR amplification (Martin-

Laurent et al., 2001). To overcome this problem in this study, a 4-fold dilution of the extracted DNA 

from potting mix was used in the real-time PCR reactions to decrease the negative effect of any 

inhibitor substrates not removed during DNA extraction prior to the real-time PCR assay. Kontanis and 

Reed (2006) have also suggested dilution of the template DNA to a point that inhibitor substrates are 

ineffective at interfering with the process of the real-time PCR amplification.  
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3.2.5 Overall conclusion 

In this chapter, a real-time PCR method for detection and quantification of the Paenibacillus isolate 

P16, a potential BCA, was developed. For this purpose, two P16-specific primer sets were designed 

based on the 16S rRNA and gyrB DNA regions. While the specificity of the 16S rRNA-and gyrB-based 

primer set was the same and sufficient for detection of P16, the primer set based on the gyrB region 

was more sensitive than that of 16S rRNA. Therefore, the gyrB-based primer set, P16-gyrB-S-205f and 

P16-gyrB-S-372r, was chosen as a P16-specific marker for P16 detection in the rest of this study. The 

gyrB-based primer set was able to detect P16 in a complex environmental sample at levels as low as 

103 CFU/g of potting mix.  

Overall, the specificity, sensitivity, reproducibility, and precision of the real-time PCR assay using the 

gyrB-based primer set was confirmed for the detection of the P16 isolate in natural environmental 

samples. 
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     Chapter 4 

Population ecology of Paenibacillus 

4.1 Introduction 

The interaction between the biocontrol agent (BCA), pathogen and host in the natural environment is 

an important concept in the use of BCAs to control plant diseases (Whipps, 2001). The main traits of 

an ideal BCA are the ability to colonize available substrates, dominate the ecological niche, and also 

persist in the environment and/or host (Babalola, 2010; Weller, 1988). Many successful BCAs have 

been isolated from soil, in particular from the rhizosphere (Weller, 1988). The rhizosphere is a nutrient-

rich area around the roots which provides a suitable niche for soil microbes including BCAs to inhabit, 

and is the first line of defense against root pathogens (Andrews & Harris, 2000). However, less than 

10% of the total bacterial population in the rhizosphere has been reported to have biocontrol ability 

(Schroth & Hancock, 1982). The rhizospheric BCAs have been shown to suppress primary infection 

caused by pathogens and also decrease secondary spread of the disease on the root and by this way 

may improve the growth of the plant (Weller, 1988). The recovery of rhizospheric BCAs from plant 

roots indicates that they can be considered as ideal BCAs due to their ability to penetrate and colonize 

the root tissue in addition to their presence in the soil surrounding the roots (Quadt-Hallman et al., 

1997).  

Most beneficial bacteria recognized as plant growth promoters or BCAs have been detected from the 

rhizosphere, and small number has been characterized as endophytes (Sturz & Nowak, 2000). 

Endophyte is a Greek term meaning “within plant” and has been defined by Wilson (1995) as “fungi or 

bacteria, which for all or part of their life cycle invade the tissues of living plants and cause unapparent 

and asymptomatic infections entirely within plant tissues, but cause no symptoms of disease”. The 

origin of many endophytes is the phylloplane and/or rhizoplane, but some may be present within seeds 

and be vertically transmitted (seed to seed) between plants (Ryan et al., 2008; Shishido et al., 1995). 

Endophytic activity of rhizospheric bacteria was suggested by Darbyshire and Greaves (1973). Due to 

the habitat of endophytic bacteria, they are better protected from direct environmental stressors in 

comparison with rhizospheric bacteria, and are considered to be good candidate BCAs (Rosenblueth & 

Martinez-Romero, 2006). Endophytic bacteria have been reported to promote plant growth and 

development, suppress or reduce the deleterious effects of pathogens, produce natural products such 

as secondary metabolites, and also improve phytoremediation (Sturz et al., 2000).  

Paenibacillus spp. as promising BCAs have been isolated from the rhizosphere of many plants including 

wheat (Mavingui et al., 1992), barley (Ryu et al., 2005), garlic (Kajimura & Kaneda, 1996), lodgepole 
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pine (Holl & Chanway, 1992) and maize (von der Weid et al., 2000). Endophytic activity of some 

Paenibacillus isolates has been also reported (Shishido et al., 1995; Ulrich, 2008). However, the degree 

of distribution and niche localization of Paenibacillus spp. has not been thoroughly studied. Their 

diverse population in soil and plants may contribute to plant health in different ways, such as 

increasing nutrient uptake by plants, inducing plant defense systems against pathogen attack, or 

inhibiting plant diseases through secondary metabolite production (Gardener, 2004). For successful 

development of a BCA, it is important to understand the population ecology of the BCA and the 

interaction with other natural inhabitants, which may affect its activity and persistence.  

4.2 Rhizosphere competency and endophytic activity of Paenibacillus 

4.2.1 Background 

Based on the initial work presented in Chapter 2, P16 was selected as a potential biocontrol agent as 

it demonstrated consistent biocontrol activity against black rot of brassicas in pot trials. It also had the 

ability to promote plant growth due to the disease control properties. As an ideal BCA is one that can 

colonize plant tissues, internally and externally, and exhibit rhizosphere competence (Brown, 1974); 

these traits of P16 were investigated in this part of the research. As there are no selective media for 

most Paenibacillus isolates, a real-time PCR assay was developed (Chapter 3). A P16-specific primer set 

was designed to detect and quantify this isolate in the environment. In this study, the distribution of 

isolate P16 in the rhizosphere and bulk soil was investigated using this real-time PCR technique. As 

many bacteria present in the rhizosphere are able to penetrate the plant’s root and become 

endophytic (Quadt-Hallman et al., 1997), the presence of this isolate within cabbage tissues was also 

studied.  

4.2.2 Materials and methods 

4.2.2.1 Microorganism 

P16 at the concentration of 5 × 109 CFU/ml was used in this study. Inoculum preparation and the 

confirmation of density and purity were performed following the same method as described in Chapter 

2 (Section 2.3.2.1).  

4.2.2.2 Seed treatment 

Seeds of cabbage cv. Kameron were inoculated with P16 (5 × 109 CFU/ml) or sterile 0.1% (w/v) BP (non-

inoculated control). The seed inoculation process was the same as previously described in Chapter 2 

(Section 2.3.2.2). P16 was also applied to surface-sterilized seeds to determine the exact concentration 
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of inoculum and BP was applied to surface-sterilized seeds to determine if Paenibacillus was present 

on the seeds before inoculation with P16. To sterilize seeds, the seeds were placed under running tap 

water for 15 min, immersed in 70% ethanol for 2 mins and then rinsed once with sterilized distilled 

water. Seeds then were immersed in a 1 % (w/v) sodium hypochlorite solution (10 % v/v commercial 

bleach) containing 0.02% (v/v) Tween 20 for 15 mins. Finally, seeds were rinsed three times with sterile 

distilled water.  

To determine the actual number of bacterial CFU per seed, a traditional culturing method and the real-

time PCR method were used. For the former, the inoculum from 10 sterilized seeds inoculated with 

P16 was washed off using a 10 ml sterile saline solution (8.5 g/L NaCl) plus 0.02% Tween-20 for 2.5 h 

at 120 rpm on an orbital shaker (Orbitron, INFORS HT) at room temperature. A serial dilution of the 

seed washing was prepared and three 10 µl aliquots of each dilution were transferred to NA. Plates 

were then incubated at 28°C for 24 h. The initial concentration of P16 per seed was calculated based 

on the mean number of colonies and recorded as CFU/seed. For the real-time PCR method, two 

sterilized seeds inoculated with P16 were placed into the microcentrifuge tubes containing 200 µl 

sterilized 0.85% (w/v) saline solution and shaken for 2 h at room temperature at 120 rpm on the orbital 

shaker. DNA was extracted from the solution using the DNeasy Blood and Tissue kit (Qiagen, Germany). 

The extracted DNA was used as a template for real-time PCR.  

4.2.2.3 Pot trial setup  

A single inoculated seed was sown in each cell (25 cm3) of a 4-cell tray at a depth of 1 cm in seed raising 

mix and the pots were placed in a Biotron growth room. The growing conditions in the Biotron, the 

seed raising mix, watering regime and fertilizer regime were the same as previously described in 

Chapter 2 (Section 2.3.2.3).  

4.2.2.4 Assessment of pot trial   

At different intervals (1, 2, 3, 4, 5, 6, 7, 8, 9, 10, 11, 12, 13, 14, 15, 20, 25, and 30 days after sowing) the 

rhizosphere competency and endophytic activity of isolate P16 were assessed. 

5.3.4.1.1 Rhizosphere competency 

The distribution of P16 in the rhizosphere and bulk soil and on seed was investigated. Seeds and 0.25 

g of soil around seeds were collected from day 1 to 5 before the plants had emerged. The remaining 

soil in each cell was mixed thoroughly and 0.25 g of that was collected as a bulk soil sample. To study 

the population dynamics of Paenibacillus in the rhizosphere and bulk soil after day 5, newly emerged 

plants were carefully uprooted and loosely adhering soil was shaken off the roots. The roots with 
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adhering rhizosphere soil were suspended in 5 ml sterilized 0.85% (w/v) saline solution plus 0.02% 

Tween-20 and shaken on a wrist-action shaker (BioCote, Stuart Scientific, USA) at 700 oscillations 

(OSC)/min for 30 mins at room temperature. The root was removed and the solution was then 

centrifuged at 3,220 × g for 20 mins. The supernatant was discarded and the pellet was freeze-dried 

as rhizosphere soil. Bulk soil was mixed thoroughly and a sample of 0.25 g was collected from one cell 

of a 4-cell tray and freeze-dried.  

DNA was extracted from the dried rhizosphere and bulk soil samples using the NucleoSpin® Soil DNA 

isolation kit (Macherey-Nagel, Germany) according to the manufacturer’s instructions and from the 

seed coats as described in Section 4.2.2.2. The DNA was visualized by electrophoresis on 1% (w/v) 

agarose gels to assess its quality and molecular size. The DNA purity was also checked by the UV 

absorbance at 260 and 280 nm using a Nanodrop Spectrophotometer (ND-1000; 100W Rockland Rd., 

Montchanin, DE, USA).  

Quantitative PCR analysis was conducted using an ABI PRISM 7000 Sequence Detection System 

(Applied Biosystems) under the following amplification conditions: 1 cycle × (4 min, 95°C)and 40 cycles 

× (15 sec, 95°C; 1 min, 64°C), followed by 1 cycle × (15 sec, 95°C; 20 sec, 60°C; 15 sec, 95°C) for the 

dissociation curve analysis. The reaction mix (16 µl volume) contained 25 ng of template DNA, 1 × PCR 

buffer (Roche diagnostics GmbH, Mannheim, Germany), 2 mM MgCl2 (Roche diagnostics GmbH, 

Mannheim, Germany), 0.3125 mM of each primer (P16-gyrB-S-221f and P16-gyrB-S-408r), 0.625 mM 

of each deoxynucleotide triphosphate with dUTP (2.5 mM/ml each of dATP, dCTP, dGTP, and 5 mM/ml 

of dUTP; Applied Biosystems, Warrington, England) , 0.825 × GC-Rich PCR solution (Roche diagnostics 

GmbH, Mannheim, Germany), 0.23 µl of a 1/1000 dilution of SYBR Green 1 (Bio-Rad Laboratories Inc, 

Hercules, CA), 0.625 µM ROX passive reference dye (InvitrogenTM, USA), and 1.5 U/µl of FastStart Taq 

DNA polymerase (Roche diagnostics GmbH, Mannheim, Germany). A negative control (without DNA) 

and a positive control (DNA extracted from 2 × 109 CFU/ml of P16 pure culture) were run in triplicate 

in all amplifications. To analyse the real-time PCR results, the threshold level was set at the 0.2 relative 

fluorescent (RF) level and the baseline was set at a level below the threshold cycle (Ct) of the P16 

positive control, between the Cts of 3 and 15. 

5.3.4.1.2 Endophytic activity 

The possible endophytic colonization by P16 was examined by comparing surface sterilized and non-

sterilized plant tissue samples from the roots and shoots. Plants were surface sterilized by rinsing 

under tap water, and then washing in water plus 0.02% Tween-20. They were then washed in 70% 

ethanol for 30 sec and immersed in 1% (v/v) sodium hypochlorite for 1 min before finally washing three 

times in sterile distilled water. To ensure that a plant had been completely surface disinfected, 100 μl 
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of the last wash was spread over a NA plate and incubated at 28°C for 48 h. From day 1 to day 4, the 

whole plant was sampled and the different plant parts were assessed together. The roots and shoots 

of the plants were assessed separately from day 5 to day 15, after which the roots, cotyledons, stems 

and true leaves of plants were separately assessed. The samples were freeze-dried and the dry weight 

was recorded. DNA was extracted from the dried samples using the Isolate Plant DNA Mini kit (Bioline, 

London, UK) and visualized by electrophoresis on 1% (w/v) agarose gels. Real-time PCR of the extracted 

DNA was conducted as described in Section 4.2.2.4.1 to quantify P16 in the plant tissues.  

4.2.2.5 Standard curves and data normalization  

Standard curves were constructed to quantify P16 in soil, plant, seed and seed coat samples using real-

time PCR. P16 was quantified in seed and seed coat samples using a standard curve prepared from a 

10-fold dilution series of P16 pure culture (1 × 101, 1 × 102, 1 × 103, 1 × 104, 1 × 105, 1 × 106, 1 × 107, 1 

× 108, and 1 × 109 CFU/ml). All concentrations were centrifuged at 3,220 rpm for 10 mins at 4°C. The 

supernatants were discarded and the pellets were snap-frozen using liquid nitrogen. DNA was 

extracted from pellets using the DNeasy Blood and Tissue kit. A standard curve to quantify P16 in soil 

samples was constructed using potting mix spiked with 1 × 101, 1 × 102, 1 × 103, 1 × 104, 1 × 105, 1 × 

106, 1 × 107, 1 × 108, and 1 × 109 CFU of P16 per gram. The negative control was a potting mix sample 

spiked with 0.1% (w/v) BP. The spiked potting mix samples were freeze-dried and DNA was extracted 

using the NucleoSpin® Soil kit. In plant samples P16 was measured against a standard curve 

constructed from two layers of surface sterilized plant discs (10 mm in diameter; Figure 4.1) spiked 

with different concentrations of P16 to produce 1 × 101, 1 × 102, 1 × 103, 1 × 104, 1 × 105, 1 × 106, 1 × 

107, 1 × 108, and 1 × 109 CFU/g plant. Inoculated plant discs were immediately snap-frozen. DNA was 

extracted from freeze-dried samples using the Isolate Plant DNA Mini kit.  

 
Figure 4.1 P16 inoculation between two plant discs. 

To quantify the P16 population in different samples (soil, plant, seed and seed coat) standard curves 

were obtained by plotting the cycle at threshold value (Ct) versus the logarithmic concentration of P16 

serial dilutions applied to the appropriate substrate (soil and plant material) on each real-time PCR 
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plate. Average standard curves were generated from 7, 5, and 4 separate standard curves which were 

run in each real-time PCR plate for soil, plant, and seed and seed coat samples, respectively. An average 

standard curve for each substrate was generated by calculating the mean Ct at each P16 concentration 

across all plates testing that substrate. For each plate, the normalization factor was determined by 

comparing the Ct differences between a test plate standard curve and the average standard curve. 

This normalization factor was then applied to Ct values obtained from all test samples within the plate. 

4.2.2.6 Experimental design and statistics 

The pot trial was carried out as a completely randomized design.  A total of 160 cell trays were sown 

of which 40 trays were negative controls (non-treated seeds). At each assessment time, six pots with 

plants grown from P16-inoculated seeds and two control pots were randomly sampled. Half of the 

plants at each assessment time (three P16-inoculated plants and one control) were surface sterilized. 

From each 4-cell pot, one plant was randomly selected for soil, plant, and seed coat samplings.    

The real-time PCR data were analysed by taking the mean of triplicate Ct values for each sample. The 

mean Ct values were then normalized using the normalization factor from the averaged standard 

curve. The concentration of samples whose normalized Ct values were within the upper and lower 

detection limits was determined by interpolation on the average standard curves. The CFUs were log10-

transformed to meet the premises of analysis of variance (ANOVA) before being subjected to the 

aforementioned analysis. The mean Log10 CFU/g of dried soil, plant or seed and seed coat were 

compared using the Fisher’s unprotected least significant difference (LSD) test.  

4.2.3 Results 

4.2.3.1 Sensitivity and specificity of the real-time PCR assays 

The real-time PCR detected as low as 10, 1.5, and 3.33 CFU per reaction for soil, plant, and seed and 

seed coat samples, respectively. This corresponds to 1 × 103 CFU/g of dried soil, 1 × 103 CFU/g of dried 

plant, and 1 × 102 CFU/seed coat (or 5 × 101 CFU/seed), if the efficiency of DNA extraction is assumed 

to be 100%. The average standard curves for soil, plant, and seed and seed coat samples were linear 

(R2: 0.98, 0.98, and 0.99; respectively; Figure 4.2) and displayed an inverse relationship between Ct 

values and the log10 concentration of P16 over 7, 6, and 7 orders of magnitude for soil, plant, and seed 

and seed coat samples, respectively.   
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Figure 4.2 Average standard curves plotting threshold cycle (Ct) versus log10 concentration of P16 

for seed and seed coat (A), soil (B), and plant (C) samples. Average standard curves were 
generated from 4, 7, and 5 separate standard curves for seed and seed coat, soil, and plant 
samples, respectively. 
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Example real-time PCR profiles including the upper and lower standards for soil, plant, and seed and 

seed coat samples are shown in Figure 4.3. No amplification was detected in the negative controls 

(without DNA).  

The dissociation curve analysis confirmed the specificity of the real-time PCR amplification. In the 

majority of real-time PCR runs a single peak with a melting temperature of 79-80°C (Figure 4.4) was 

detected, confirming the presence of the expected amplicon. Occasionally melting temperature lower 

or higher than the appropriate temperature (79-80°C) was recorded and those samples were removed 

from the data analysis. In some samples a second peak at lower temperature (73°C) was also observed, 

which indicates the presence of a primer-dimer in the reaction (Figure 4.4C).  

4.2.3.2 Detection and quantification of P16 

5.3.4.1.1 Seed and seed coats 

The actual number of bacterial CFU per seed using both the traditional culturing method and real-time 

PCR method is shown in Table 4.1. The confirmed concentration of P16 used for inoculation of cabbage 

seeds was 9 × 109 CFU/ml and based on this concentration, 1.5 × 107 CFU of P16 was expected to be 

detected around each inoculated seed at day 0. P16 was detected only on treated seeds at day 0 and 

1 with both methods, culturing and real-time PCR. The level of P16 detected by the real-time PCR 

method was higher than that in the culturing method. In both methods, the concentration of P16 

around seed at day 0 was less than the expected concentration. The P16 population increased over 

time. In the real-time PCR method, the P16 density around non-sterilized seeds was significantly 

greater at day 1 in comparison with day 0. Moreover, there was a significant difference in the P16 

density around sterilized seeds and non-sterilized seeds at day 1, but not at day 0.   

P16 was detected on the coat of treated seeds within the detection range of 1 × 102 to 1 × 108 CFU/seed 

coat (Figure 4.2A) in the first 5 days after sowing seeds (Table 4.2). The highest density of P16 around 

seed coats was detected one day after sowing seeds (1.7 × 105CFU/seed coat) which was almost 10 

times less than the P16 population around seeds immediately before sowing (1.8 × 106 CFU/seed, Table 

4.1). The P16 population around seed coats decreased over time from day 1 to day 5; thereafter it was 

below the lower limit of detection. The normalized Ct values for seed coat samples (treated and non-

treated seeds) are presented in Appendix 4. 
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Figure 4.3 Real-time PCR amplification plots of delta Rn versus cycle number for seed and seed coat 
(A), soil (B), and plant (C) samples. Each DNA sample was run in triplicate (n=3). The 
highest and lowest concentrations of P16 to generate standard curves are marked. 

 

  1    2    3   4    5    6    7    8   9   10 11  12 13 14 15  16  17 18 19  20 21  22 23 24  25 26  27 28  29 30 31  32 33  34 35 36  37  38  39 40    

  1    2    3   4    5    6    7   8   9   10  11  12 13 14  15 16  17 18 19  20 21  22 23  24 25 26  27  28 29 30  31 32  33 34  35 36  37 38  39  40    

B 

C 

Cycle number 

De
lta

 R
n 

Cycle number 

De
lta

 R
n 

3 

2 

1 

0 

3 

2 

1 

0 

109 CFU/g  
103 CFU/g  

Negative control 

108 CFU/g  

103 CFU/g  

Negative control 

  1   2    3    4   5    6    7    8   9  10  11  12 13 14 15  16  17  18 19 20 21  22 23 24  25 26  27 28  29 30  31 32 33 34  35 36  37 38  39  40    

A 

Cycle number 

De
lta

 R
n 

0 

1 

2 

4 

3 

108 CFU/ml  
102 CFU/ml  

Negative control 

88 
 



 

 

 

 

 

Figure 4.4 Dissociation curve analysis performed on the real-time PCR amplification products from 
seed and seed coat (A), soil (B), and plant (C) samples. Single peaks in the melting curve 
(A and B) indicate amplification of a single PCR product in the reaction. The second peak 
in (C) represents a fragment denaturing at a lower temperature, which most likely is due 
to a primer-dimer. 
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Table 4.1 Concentration of P16 in treated and non- treated seeds detected using 
culturing and real-time PCR methods. 

Time* Inoculated 
seed** 

Concentration × 105  (CFU***/seed ± standard deviation) 
Culturing method Real-time PCR method 

Treated Non-treated Treated Non-treated  

0 
Sterile 5.9 ± 1.1 de 0 7.0 ± 0.1 cd -**** 

Non-sterile 0.7 ± 2.5  f 0 7.5 ± 0.8 c - 

1 
Sterile 6.5 ± 0.3 cde 0 11 ± 1.4 b -  

Non-sterile 5.5 ± 1.6 e 0 18 ± 1.9 a - 
* 0= immediately after inoculation; 1= One day after inoculation and just before sowing 
seeds. ** Sterilized and non-sterilized seeds were inoculated with P16 at the 
concentration of 1.5 × 107 CFU/seed. *** Colony forming units. **** Below the limit of 
detection or not detected. Values followed with the same letter within the table do not 
significantly differ according to Fisher’s unprotected LSD (5%) test. The means were 
analyzed statistically using Log10 transformed data. Values in the table are Log10 back-
transformed data.   

 

Table 4.2 Quantification of P16 from the seed 
coat of treated seeds 

Day Concentration × 102  
(CFU*/seed coat ± standard deviation) 

1  1700 ± 1800 a  
2  45 ± 9.4    ab 
3  7.3  ± 6.2    bc 
4  2.2  ± 2.5    c 
5  1.2   ± 1.8    c 

* Colony forming unit. Means followed with the 
same letter do not significantly differ according to 
Fisher’s unprotected LSD test. The means were 
analyzed statistically using Log10 transformed data. 
The values in the table are Log10 back-transformed 
data.  

 

5.3.4.1.2 Rhizosphere and bulk soil 

The population of P16 in the rhizosphere soil of treated seeds gradually decreased over time (Figure 

4.5). In the bulk soil of treated seeds, P16 was only detected 1, 2, and 6 days after sowing. At day 1, 

the P16 population in the rhizosphere soil was greater than in the bulk soil. However, at day 2 the P16 

density in both rhizosphere and bulk soil was almost at the same level. In the non-treated rhizosphere 

and bulk soils, the p16 population size remained below the limit of detection (< 1 × 103 CFU/g dried 

soil; Figure 4.2B) at all sampling times. The highest population of P16 was found in the rhizosphere soil 
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with 9.9 × 105 ± 9.8 × 105 CFU/g dried soil one day after sowing treated seeds, and it was significantly 

different from subsequent days (P ≤ 0.001; Table 4.3). The P16 population in the rhizosphere soil 

decreased over time, reducing by 400 times in 10 days. The density of P16 population of rhizosphere 

soil at day 9 was close to the limit of detection (1.1 × 103 CFU/g dried soil). The P16 population in the 

bulk soil at days 1, 2, and 6 was not significantly different with the P16 population in the rhizosphere 

soil after day 1. The normalized Ct values for rhizosphere and bulk soil samples are presented in 

Appendix 5.    

5.3.4.1.3 Plant 

P16 was not detected on/in sterilized or non-sterilized plant tissues. The comparison between the Ct 

values with those of the average standard curve showed that the Ct values of plant samples were 

below the detection limit (˂ 1 × 103 CFU/g of dried plant; Figure 4.2C). The normalized Ct values for 

plant samples are presented in Appendix 6. 

 
Figure 4.5 P16 populations in soil over time, based on real-time PCR analysis of DNA extracted from 

rhizosphere and bulk soils of P16-treated and non-treated seeds sampled at the indicated 
times. The dotted line indicates the quantitative detection limit of 1 × 103 CFU/g of dried 
soil. 
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Table 4.3 Quantification of P16 in the rhizosphere and bulk 
soil of plants grown from P16-treated seeds 

Day 
Concentration × 103  

(CFU*/g dry soil ± standard deviation) 
Bulk soil Rhizosphere soil 

1  2.4 ± 3.3 b  990 ± 980 a 
2  55 ± 65 ab  22 ± 41 ab 
3   -**  16 ± 81 ab 
4   -  15 ± 16 b 
5   -  3.0 ± 2.4 b 
6  1.9 ± 2.0 b  2.3 ± 2.7 b 
7   -  1.7 ± 1.4 b 
8   -   - 
9   -  1.1 ± 0.4 b 

10   -  1.3 ± 0.9 b 
11   -  2.5 ± 0.7 b 
12   -   - 
13   -   - 
14   -   - 
15   -   - 
20   -   - 
25   -   - 
30   -   - 

* Colony forming unit. ** Samples were either below the 
detection limit of the average standard curve or not detected. 
Means followed with the same letter within the table do not 
significantly differ according to Fisher’s unprotected LSD test. 
The means were analyzed statistically using Log10 transformed 
data. The values in the table are Log10 back-transformed data. 

 

4.2.4 Discussion 

In this study, real-time PCR, as a rapid and culture-independent method, was used to detect and 

quantify the Paenibacillus isolate P16 in the natural environment. The real-time PCR assay using a gyrB-

based primer set was successful in detection and quantification of P16 from seed, seed coat, and soil 

samples following P16 seed treatment. The specificity of the assay was confirmed by dissociation curve 

analysis, which showed high specificity in detection of P16 evidenced by a single melting peak in the 

analysis. However, in a few samples, especially in the negative controls (without P16), a second peak, 

which was probably due to the primer-dimer was observed at a lower melting temperature than the 

target amplicon. Where P16 is absent or its concentration is too low in the master mix, primers might 

match together and increase the chance of primer dimerization (Bustin, 2004).  
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Sensitivity and precision of the real-time PCR assay were also confirmed by separate standard curves 

for each experimental substrate. The sensitivity and detection limit of the assay are not only influenced 

by the factors involved in the real-time PCR (as described in Chapter 3), but may also be affected by 

the efficiency of DNA extraction and the substrate from which the target is isolated. Therefore, for 

each substrate tested in this study (seed and seed coat, soil, and plant) a separate standard curve was 

prepared, so real-time assays conducted for each substrate had a specific dynamic range of detection. 

The dynamic range of P16 detection from soil samples (rhizosphere and bulk soils) was determined as 

103 to 109 CFU/g of dried soil which was similar to the culturable range of Bacillus and Paenibacillus 

spp. isolated from rhizosphere and bulk soils on agar media (103 to 106 CFU per gram of fresh weight 

of soil; Gardener, 2004). The reliable range of P16 detection from plant samples was almost similar to 

that of soil samples (103 to 108 CFU/g of dried soil). The detection below and above this dynamic range 

was outside the linear range of the standard curve. If a sample was detected below the dynamic range 

of the standard curve, it could be assumed that this was either a microbial background or a too low 

copy number of the amplicon in the samples. But if detection occurred above this range, the 

concentration of the sample was higher than the level to fall in the range of the standard curve. In this 

case, the sample’s DNA should be diluted to fall in this range. However, detection above the dynamic 

range of the standard curve was not observed in this study.  

The P16 population detected from inoculated cabbage seeds using the real-time PCR method was 

almost 10 times higher than that of using the culturing method. The reason might be the fact that the 

real-time PCR method can detect both viable and dead bacterial cells, while in the culturing method 

only live bacterial cells can grow on the agar plates (Josephson et al., 1993). Therefore, while PCR-

based methods are well-known for their great sensitivity (Orita et al., 1989), they cannot be used to 

evaluate the viability of bacterial cells because they may lead to erroneous conclusions. Thus, care 

needs to be taken in the interpretation of these data in respect to the viability of the P16 detected 

from samples. 

The P16 density present on the treated cabbage seeds before sowing was lower than the expected 

concentration (1.5 × 107 CFU/seed; based on the initial P16 inoculum). As no additives were used to 

apply P16 on the seeds, it can be assumed that P16 inoculum could not effectively adhere to the seeds. 

A minimum inoculum of BCAs needs to be around the seed to be effective in the early stage of plant 

growth. For example, Warrior et al. (2002) suggested the density of 104- 105 CFU of B. subtilis per seed 

to be an effective BCA as a commercial seed treatment. In this study, the low level of P16 around seeds 

seems to be still sufficient to obtain biocontrol. This was concluded from the biocontrol trials in 

Chapter 2, where the same level of P16 was applied on cabbage seeds and consequently the black rot 

incidence on cabbage was effectively decreased. 
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The P16 isolate did not strongly colonize the rhizosphere of cabbage after it was introduced through 

seeds, occurring only in the early stages of plant growth. This early establishment of P16 around roots 

and its rhizosphere colonization may contribute to the protection conferred by this bacterium at a 

stage when the plant roots are most vulnerable to pathogen attack (Burdon, 1987). Whipps (2001) 

suggested that a proven BCA which suppresses seed and soil-borne pathogens may not always be able 

to colonize the rhizosphere strongly or promote plant growth. Gilbert et al. (1994) also reported a low 

population of Bacillus cereus UW85 around roots after seed treatment even though plant growth was 

promoted and pathogen attack was suppressed. Alternative approaches may be utilized by poor root-

colonizing bacteria for disease control and plant growth promotion. These may include stimulation of 

other beneficial rhizo-microbes to improve plant growth, antagonizing the pathogens, inducing plant 

resistance, or changing the rhizosphere community to make it unfavourable for the pathogens 

(Lugtenberg & Kamilova, 2009; Meera et al., 1995). However, a large population of a BCA in the 

rhizosphere and around roots is not always necessary to gain disease control. For control of some seed 

and soil-borne pathogens the role of root colonization by introduced bacteria has been highlighted 

(Brown, 1974; Suslow, 1982; Tjamos & Fravel, 1997), where the root colonization trait was 

demonstrated to be a prerequisite for biocontrol mechanisms such as antibiosis and competition for 

nutrients and niches (Chin-A-Woeng et al., 2000; Kamilova et al., 2005). However, root infection by Xcc 

is insignificant in comparison to the leaves, so poor-root colonization by P16 is less of an issue. 

In this study, the real-time PCR assay was unable to detect endophytic populations of P16 within plant 

tissues. Whilst it cannot be concluded that there is no P16 present endophytically within cabbage 

tissues, if present the population was at very low levels (below 1.5 cells per real-time PCR reaction 

which is equal to 1 × 103 CFU per gram of dried plant leaves). Endophytic activity of Paenibacillus 

isolates has been previously reported. For example, P. polymyxa was isolated as endophyte from 

ginseng and spruce roots (Cho et al., 2006; Shishido et al., 1999), but in another study, the GFP-tagged 

cells of P. brasilensis were not found inside the maize root (von der Weid et al., 2005). The most 

common method to identify endophytic bacteria is culturing surface-sterilized plant tissues on an agar 

plate (Sturz et al., 2000). The surface sterilization process may kill microbes not only present outside 

of the plant tissues but also those which colonise inside the plant tissues and lead to misidentification 

of an endophytic microbe as non endophytic. However, this was not an issue in this study, as the real-

time PCR method would have detected dead bacterial cells if they had been present within plant 

tissues. On the other hand, when a culture-based method is used for identification of endophytic 

bacteria within plant roots, it may lead to misidentification or false positive detection due to 

persistence of the bacteria in the outer layer of the plant roots even after disinfection. For example, P. 

polymyxa Pw-2 was misidentified as an endophytic bacterium using a culture-based method, whilst 

confocal microscopy failed to find the bacterium within lodgepole pine root tissues (Bent et al., 2002). 
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In general, surface sterilization is a critical stage in the process of identification of endophytes within 

plants. It also needs to be considered that endophytic activity of a microorganism doesn’t prove its 

biocontrol activity. For example, endophytic colonization of cabbage roots by B. subtilis (strain BB) has 

been confirmed by Wulff et al. (2003); however, they failed to reveal any relationship between the 

endophytic colonization and biocontrol activity of strain BB against Xcc. 

4.3 Overall conclusion 

In this study, the P16 isolate was confirmed as a poor-root colonizer as it only colonized the cabbage 

rhizosphere at the very early stage of plant growth. Additionally, this bacterium apparently did not 

have the ability to grow endophytically within cabbage tissues. As the P16 isolate was shown to control 

black rot cabbage in Chapter 2, it can be concluded that root colonization and endophytic activity are 

not strongly involved in its biocontrol activity. It is known that the biocontrol characteristics of a BCA 

cannot be completely covered by a single trait such as root colonization, and a more complex model 

should be considered for biocontrol activity. Thus, by considering that poor-colonizers may act as a 

BCA through stimulating the induced systemic resistance in the plant, the implication of this 

mechanism for black rot reduction by P16 was investigated and is discussed in Chapter 5.   
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     Chapter 5 

Mechanism of action of Paenibacillus 

5.1 Introduction 

The potential for biological control agents (BCAs) to control plant pests and diseases in sustainable 

agricultural systems has been promoted for decades. However, their application has not been very 

consistent and just a few BCAs are currently on the market (Stewart, 2001; Ravensberg, 2011). This is 

partly due to an incomplete understanding of their modes of action (Alabouvette et al., 2006). For 

many years, most studies have been focused only on the identification of potential BCAs with high 

bioactivity against plant pathogens. However, the study of the mode of action of BCAs and their 

interaction with plants and also pathogens is critical to improve biological control (Emmert & 

Handelsman, 1999). By understanding the mode of action of a BCA, the efficiency of the BCA can be 

increased by applying the BCA in the appropriate dose to the right place and at the best application 

time (Alabouvette et al., 2006).  

Paenibacillus spp. have shown promising biocontrol activity against a range of fungal and bacterial 

pathogens (Dijksterhuis et al., 1999; Haggag and Timmusk, 2008; Mageshwaran et al., 2011; Pichard & 

Thouvenot, 1999). In addition, they also promote plant growth through nitrogen fixation, soil 

phosphorous solubilisation, and/or phytohormone production (Govindasamy et al., 2011; Heulin et al. 

1994, Lal & Tabacchioni, 2009; Timmusk et al., 1999). Paenibacillus spp. have been reported to produce 

different antibiotics, colonize plant roots, compete with other microbes for nutrients and space, and 

to induce systemic resistance (ISR), all of which have been attributed to their ability to control plant 

diseases (Haggag, 2007; Timmusk, 2003).  

Most studies on the modes of action of Paenibacillus spp. have focused on the production of antibiotics 

and secondary metabolites (Beatty & Jensen., 2002; Dijksterhuis et al., 1999; Mageshwaran et al., 

2011; Choi et al., 2009; Weid et al., 2003). There is only limited information on the interaction between 

Paenibacillus spp. and the plant, and the induction of systemic resistance. Timmusk and Wagner (1999) 

suggested that ISR induced by P. polymyxa was the mechanism involved in increasing resistance 

against Erwinia carotovora in tomato in comparison with non-inoculated control plants. This chapter 

reports on an investigation of ISR as a possible mode of action used by Paenibacillus for biocontrol of 

cabbage black rot. 
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5.2 Induced resistance  

5.2.1 Background 

Plants actively react to a variety of biotic and abiotic stresses including physical stress (injury, light, 

and/or nutrient availability), pathogenic and non-pathogenic microorganisms, and chemical molecules 

by eliciting plant defense responses (Alabouvette et al., 2006). Based on the nature, source, and the 

quantity of stimuli and also plant variety, the induced plant defenses can be local or systemic (Pal & 

Gardener, 2006). ISR occurs when a stimuli is applied to plants before challenge by a pathogen which 

results in disease reduction (incidence or severity) in comparison to the non-induced plants 

(Ramamoorthy et al., 2001). Since some ISR-inducer BCAs can constrain the growth of the pathogen 

by direct antagonism or competition, the application site of BCAs should be spatially separated from 

the site of pathogen challenge to confirm the existence of an ISR response (Bakker et al., 2003; 

Choudhary et al., 2007). However, induced plants often do not display complete protection against 

pathogens; the disease reduction with most ISR-inducer BCAs can range between 20-85%, but they 

can delay symptom development caused by the pathogen (Zhou & Paulitz, 1994; Walters et al., 2013). 

A more comprehensive explanation of systemic resistance activated by BCAs has been presented in 

Chapter 1 (Section 1.4.4.4). Paenibacillus spp. have been reported to induce systemic resistance in 

some plants and protect them against pathogen attack (Phi et al., 2010; Timmusk 2003; Tjamos et al., 

2005; Lee et al., 2012).  

So far, the BCA Paenibacillus isolate P16 has been found to promote cabbage growth indirectly in the 

presence of the pathogen (Chapter 2), to be a poor colonizer of the rhizosphere soil, and was not 

detected growing endophytically within cabbage tissues (Chapter 4). It has been reported that poor 

rhizosphere colonizers cannot act through antibiosis, since the antibiotics and secondary metabolites 

are only effective if they have been synthesised close to the host plant’s root system (Chin-A-Woeng 

et al., 2000). However, certain metabolites produced by poor rhizosphere colonizers are able to induce 

ISR in plants (Lugtenberg & Kamilova, 2009). Therefore, some bacteria with poor root colonization 

ability may protect plants against pathogens through ISR rather than antibiosis. As P16 was a poor 

colonizer, it was hypothesised that induced systemic resistance may be involved in the biocontrol 

activity of P16.   
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5.2.2 Materials and methods 

5.2.2.1 Microorganism 

Isolate Xcc32, at three concentrations of 1 × 103, 1 × 106, and 1 × 109 CFU/ml and Paenibacillus isolate, 

P16, at a concentration of 5 × 109 CFU/ml were used in this study. The preparation of the inoculum 

and the confirmation of their concentration and purity were as described in Chapter 2 (Sections 2.2.2.1 

and 2.3.2.1). 

5.2.2.2 Seed treatment 

Cabbage seeds (cv. Kameron) were inoculated with isolate P16 or sterile 0.1% (w/v) BP (non-inoculated 

control). Seeds were then air-dried in closed Petri dishes (non-sealed) in a laminar flow cabinet 

overnight at room temperature. Isolate P16 and BP were also applied to sterilized seeds to determine 

the exact concentration of inoculum, and also identify if Paenibacillus was present on the seeds before 

inoculation with P16. The seed sterilization method was described in Chapter 4 (Section 4.2.2.2). The 

actual number of bacterial cells (CFU) per seed was determined using both a traditional culturing 

method and a real-time PCR method as described in Chapter 4 (Section 4.2.2.2). 

5.2.2.3 Pot trial set up  

A single treated seed was sown at a depth of 1 cm in each cell (25 cm3) of a 4-cell tray containing the 

seed raising mix and placed in a Biotron growth room. The seed raising mix and growing conditions in 

the Biotron were the same as previously described in Chapter 2 (Section 2.3.2.3). The plants (maximum 

of four) were thinned to one per 4-cell tray one week after sowing.   

5.2.2.4 Xcc challenge 

Xcc suspensions were applied to 2- and 4-week old plants via two application methods. Seedlings were 

inoculated either by spraying the Xcc suspension containing 0.01% Tween 20 (as a wetting agent to 

enhance coverage of bacteria on the leaf surface) onto the top and bottom of the plant’s two youngest 

true leaves until runoff (about 250 μl of Xcc suspension on each leaf), or by injecting the Xcc suspension 

(2 μl) using a sterile 10 μl syringe into the main vein of each of the two youngest true leaves. Control 

plants were sprayed with sterile tap water containing 0.01% Tween 20 or were injected with sterile 

tap water. The concentration of the wetting agent used was initially tested and shown to have no effect 

on disease severity and did not cause phytotoxicity symptoms. Pots were placed into sealed zip-lock 

plastic bags for 24 h to create humid conditions (almost 100% RH; Figure 5.1). 
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The population of Xcc established on the foliage in the spray method was verified by dilution plating 

on NA medium and two different Xcc semi-selective media, mCS20ABN (Appendix 7) and FS 

(Fieldhouse- Sasser; Appendix 8) agar media (ISTA, 2013). The inoculum from two sprayed true leaves 

(with three different concentrations of Xcc; 1 × 103, 1 × 106, and 1 × 109 CFU/ml) was washed off with 

10 ml of sterile saline solution (8.5 g/L NaCl) plus 0.02% Tween 20 for 30 mins at 700 Oscillations 

(OSC)/min on a wrist-action shaker (BioCote, Stuart Scientific, USA). A serial dilution of the suspension 

was prepared. One hundred microliters of each dilution was spread over mCS20ABN and FS, and three 

10 μl aliquots of each dilution were run across the surface of NA. All plates were incubated at 25°C in 

the dark for 72 h. Leaves from non-inoculated plants were used as the control.  

 
Figure 5.1 Injection of Xcc suspension using a sterile 10 μl syringe into the main vein of two youngest 

true leaves (A).  Spraying the Xcc suspension onto two youngest true leaves (B).  
Inoculated plant in sealed plastic bags to create  humidity chamber of 100% RH (C). 

Two semi-selective media were used to minimise the likelihood of false negative results. Xcc growth 

was confirmed for every batch of the medium that was prepared by streaking out the Xcc isolate on a 

plate. Colonies of Xcc were mucoid and pale yellow on mCS20ABN agar medium, and mucoid, small, 

and pale green on FS agar medium, and were surrounded by a zone of starch hydrolysis in both media 

(Figure 5.2).  

A B 

C 
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Figure 5.2 The growth of Xcc colonies on mCS20ABN agar medium (A) and FS agar medium (B) 

To confirm the absence of P16 on the cabbage leaves, the youngest true leaf of five plants at each 

application time was tested before Xcc challenge. Plant samples were freeze-dried and subsequently 

DNA extraction and real-time PCR was performed as described in Chapter 4 (Section 4.2.2.4.2).    

5.2.2.5 Bioassay assessment   

Disease severity was scored every second day from the onset of symptoms until 17 days after pathogen 

challenge. This was from day 5 for the injection method and from day 9 for the spray method. The 

inoculated leaves (youngest true leaves) of each cabbage seedling were scored based on a 1 to 6- scale 

(Krause et al., 2003) where 1, 2, 3, 4, 5, and 6 indicate, respectively, none, < 10%, 11 - 25%, 26 - 50%, 

51 - 75%, and > 75% of the surface of the leaf showing black rot symptoms (Figure 5.3). Disease 

progress over time was measured using the following equation for the area under the curve (AUC; 

Campbell & Madden, 1990): 

AUC = �{[(yi + yi+1) 2] × (ti+1 − ti)⁄ }
n−1

i=1

 

where “n” is the number of assessments, “y” the disease severity (DS), and “t” is the assessment time 

in days after Xcc challenge. The AUC values, rather than single disease severity values, were used in 

order to reflect disease progress throughout the whole assessment time. Although the development 

of black rot symptoms started 5 and 9 days after Xcc challenge by the injection and spray methods, 

respectively, the AUC value was calculated after day 9 for both application methods to compare the 

effect of application method on disease severity over a common time period (9 to 17 days after Xcc 

challenge). For ease of interpretation, the AUC values were converted to an average disease severity 

score by dividing by the length of the assessment time period (12 days).  
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Figure 5.3 Disease severity (1-6) was measured as an indicator of ISR. 1: No symptoms; 2: < 10%; 3: 

11 - 25%; 4: 26 - 50%; 5: 51 - 75%; and 6:  > 75% of the surface of leaf showing black rot 
symptoms. 

The relationship between disease severity and pathogen population on the infected leaves was 

assessed to determine if symptom expression was correlated with the quantity of the pathogen. After 

recording the disease severity, five leaves from each disease severity were detached and the bacterial 

populations detected as follows: The leaves were surface-disinfected with 2% (v/v) sodium 

hypochlorite for 1 min. Five discs of 1 cm in diameter were cut off from each leaf with a cork borer and 

discs were crushed in 2 ml of saline solution using a sterile mortar and pestle. A serial dilution of the 

solution was prepared. One hundred microlitres of each dilution was spread out on mCS20ABN and FS 

agar media, and three 10 μl aliquots of each dilution were run across the surface of NA. All plates were 

incubated at 25°C in the dark for 72 h. Leaves from non-inoculated plants were used as the control.  

5.2.2.6 Experimental design 

The experiment was carried out as two mini-trials in two halves of the Biotron unit, one mini-trial for 

Xcc application on 2-week old plants and the other for Xcc application on 4-week old plants (2 weeks 

later). Each mini-trial was laid out in a randomized complete block design with five replicate blocks and 

28 pots per block. Within each block, the experimental treatments formed a 2 × 4 × 2 factorial, with 

1 

6 

3 2 

5 4 
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two levels of seed treatment (no P16, P16), four levels of pathogen challenge (No Xcc, Xcc at 103, 106, 

and 109 CFU/ml), and two Xcc application methods (spray and injection). For plants grown from P16-

inoculated seed, three pots were challenged by Xcc at concentrations of 103, 106, and 109 CFU/ml 

within each block, allowing extra precision (triple replication) for comparison of these treatments.  

5.2.2.7 Statistical analysis 

Statistical analyses of the data were performed using GenStat software (14th edition, VSN 

International Ltd). For each mini-trial (Xcc application time), analysis of variance (ANOVA) was 

performed to determine the main effects of P16-seed treatments, Xcc application methods, Xcc 

concentrations, and their interactions. For the lowest concentration of Xcc (1 × 103 CFU/ml), the 

disease severity on plants grown from P16-treated seeds and non-treated seeds was very low in both 

spray and injection methods, so this Xcc concentration was omitted from the analysis of the data. In 

addition, in the absence of pathogen challenge (leaves not inoculated with Xcc), there was no disease 

observed on the cabbage leaves, so these treatments were also excluded from the analysis, hence, the 

Xcc concentration factor was reduced to only two levels (1 × 106 and 1 × 109 CFU/ml). To find the 

relationship between disease severity and Xcc population on infected leaves, and also to compare 

different selective media, the mean number of CFU/cm diameter of leaf was compared using analysis 

of variance for a 3 (culturing media) × 5 (disease severity levels) factorial treatment structure. 

5.2.3 Results 

5.2.3.1 Concentrations of P16 and Xcc  

The actual concentration of P16 used for inoculation of seeds was 8.5 × 109 CFU/ml which was 1.7 

times more than the target concentration (5 × 109 CFU/ml). In both culturing and real-time PCR 

methods P16 population detected on treated seeds was less than the target concentration based on 

the initial P16 inoculum (1.7 × 107 CFU/seed). There was no significant difference in the P16 population 

around treated seeds from day 0 to day 1 (Table 5.1). No significant differences were detected between 

the population of P16 around sterile and non-sterile treated seeds. P16 did not grow on the NA 

medium from non-treated seeds. Using the real-time PCR method, P16 either was not detected from 

non-treated seeds or it was below the limit of detection (5×101 CFU/seed as mentioned in Chapter 4, 

Section 4.2.3.1.  
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Table 5.1 Concentration of P16 in treated and non- treated seeds using culturing and 
real-time PCR methods. 

Time* Seed 
sterilization 

Concentration × 106 (CFU**/seed ± standard deviation) 
Culturing method Real-time PCR method 

Treated  
seeds 

Non-treated 
seeds 

Treated  
seeds 

Non-treated 
seeds 

0 + 6.5 ± 1.9  b ND 9.8 ± 4.1  ab ND 
- 8.0 ± 2.5  ab ND 9.5 ± 0.3 ab ND 

1 + 7.0 ± 4.2  ab ND 12  ± 3.1 a -*** 
- 8.5 ± 3.6  ab ND 7.9 ± 0.2  ab - 

* 0= immediately after inoculation; 1= One day after inoculation and just before sowing 
seeds. ** Colony forming units. *** Below the limit of detection. ND: not detected. Values 
followed with the same letter within the table do not significantly differ according to 
Fisher’s unprotected LSD (5%) test. The means were analyzed statistically using Log10 
concentration. Values in the table are Log10 back-transformed data.  

The Xcc population recovered from the cabbage true leaves sprayed with 1 × 109 CFU/ml and 1 × 106 

CFU/ml of Xcc on FS agar medium was almost 39 and 7 times less than the target concentrations, 

respectively, (Table 5.2). The number of Xcc recovered from the leaves sprayed with 1 × 103 CFU/ml of 

Xcc on FS agar medium was almost the same as the target concentrations. The number of bacteria 

recovered on mCS20ABN agar and NA media was consistently less than that on FS media.    

No P16 was detected from 2- and 4- week old plants (before Xcc challenge), meaning P16 was absent 

or was below the limit of detection (1 × 103 CFU/g of dried plant) for the real-time PCR method as 

previously described in Chapter 4 (Section 4.2.3.3.3).  

Table 5.2 The population of Xcc (CFU*/plant) recovered from 
cabbage true leaves after application as a spray 

Sprayed Recovered concentration 
FS agar mCS20ABN agar NA 

5 × 108 1.3 × 107 7.0 × 106 1.2 × 107 
5 × 105 7.3 × 104 6.9 × 104 6.9 × 104 
5 × 102 4.5 × 102 3.8 × 102 4.1 × 102 

* Colony forming units. Each value is a mean of three plant 
replicates. 

 

5.2.3.2 Induced systemic resistance 

When data for 2-week old plants were averaged over five assessment times, no significant differences 

were detected between disease severity of cabbages grown from P16-treated seeds and those grown 
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from non-treated seeds for both Xcc concentrations challenged by each application method (P = 0.793; 

Table 5.3). The disease severity caused by Xcc injection by both Xcc concentrations was significantly 

greater than that caused by spraying Xcc on 2-week old plants grown from both P16-treated and non-

treated seeds.  

When Xcc was injected into 4-week old plants at either concentration, the disease severity on cabbages 

grown from P16-treated seeds was significantly less than that from non-treated seeds (Table 5.3). 

While, using spray method by both Xcc concentrations, the disease severity on cabbages grown from 

P16-treated seeds did not differ significantly from that of non-treated seeds (P = 0.829).  

There was no significant difference in disease severity between the two different Xcc concentrations 

applied by either method on 2- and 4-week old plants (P = 0.069 and P = 0.972, respectively). 

Table 5.3 Black rot severity caused by Xcc applied on the youngest true leaves of 2- and 4-week 
old cabbages, averaged over five assessment times (as presented separately in Table 
5.4)  

Xcc application time Seed treatment 

Disease severity*  
LSD 
(5%) 

Injection Spray 

106  109 106 109 

2-week old plant 
Non-treated with P16 5.3 5.3 4.0 4.1 0.8 

Treated with P16 5.2 5.0 3.8 3.8 0.4 

LSD (5%) 0.6 0.6 0.6 0.6  

4-week old plant 
Non-treated with P16 3.0 3.3 3.1 3.5 1.2 

Treated with P16 1.8 2.3 2.4 2.8 0.7 

LSD (5%) 0.9 0.9 0.9 0.9  
Data presented in the table are averages based on the area under curve (AUC) of the disease 
progress which was calculated using data from 5 assessment times (days 9 to 17 after Xcc 
challenge). * Xcc was applied on true leaves of 2- and 4-week old cabbages at concentrations of 1 × 
106 and 1 × 109 CFU/ml. Note: P16 treatments had three times the replication of P16 non-inoculated 
treatments.  

In 2-week old plants, disease severity on cabbages grown from P16-treated seeds at 9 and 11 days 

after Xcc challenge was significantly less than on those grown from seeds not treated with P16 (Table 

5.4). Thereafter, there were no significant differences between disease severity on cabbages grown 

from P16-treated seeds and non-treated seeds; however, the disease severity scores on cabbages 

grown from P16-treated seeds were always less than those from the non-treated control. Overall, the 

AUC average value revealed that there was no significant difference between disease severities on 

cabbages grown from P16-treated seeds and those grown from non-treated seeds during the period 9 

to 17 days after Xcc challenge. In relation to Xcc application method, the disease severity for the 
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injection method was significantly higher than that from the spray method at all assessment times 

(Table 5.4). 

The disease severity on 2-week old cabbages caused by different Xcc concentrations increased over 

time. At 9 days after Xcc challenge, the disease severity caused by the low Xcc concentration (1 × 106 

CFU/ml) was significantly lower than that caused by the high concentration of Xcc (1 × 109 CFU/ml). By 

13 days after Xcc challenge, the disease severities caused by the low and high Xcc concentrations were 

the same. At the last assessment time (17 days after Xcc challenge) the disease severity caused by the 

low Xcc concentration was significantly greater than that caused by the high concentration. Overall, 

based on the AUC average value, Xcc concentration did not have a significant effect on disease severity 

during the period 9 to 17 days after Xcc challenge.  

In 4-week old plants, the disease severities on cabbages grown from P16-treated seeds were 

significantly lower than on those grown from the non-treated control at all assessment times (Table 

5.4). There were no significant differences in the disease severities for the injection and spray methods 

at 9 and 11 days after Xcc challenge (Table 5.4). Thereafter, disease severity on cabbages sprayed by 

Xcc was significantly higher than on those injected by Xcc. Overall, based on the AUC average value; 

there was no significant difference in disease severity between the two Xcc application methods during 

the period 9 to 17 days after Xcc challenge. The disease severity caused by the high concentration of 

Xcc (1 × 109 CFU/ml) was significantly higher than that caused by the low Xcc concentration (1 × 106 

CFU/ml) at 9 and 13 days after Xcc challenge, but not at other assessment times (Table 5.4). Overall, 

based on the AUC average, there was no significant difference in disease severity between the two Xcc 

concentrations during the period 9 to 17 days after Xcc challenge. 

Based on the AUC average disease severity, no significant interactions were observed among seed 

treatment, method of application, and Xcc concentration in both 2-week old and 4-week old plants 

during the period 9 to 17 days after Xcc challenge; the exception was in 2-week old plants at days 9 

and 17 after Xcc challenge which showed significant interactions between Xcc concentration and Xcc 

application method. 
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Table 5.4 Black rot severity on the cabbage true leaves challenged by two concentrations of Xcc 
using the injection and spray method for 2- and 4-week old plants 

Xcc 
application 
time 

Main effect means 
Disease severity 

Days after Xcc challenge AUC1 

(average) 9 11 13 15 17 

2-week old 
plants 

Seed treatments       
Non-treated with P16 3.3 4.5 4.7 5.0 5.4 4.6 
Treated with P16 2.9 4.1 4.5 4.9 5.3 4.4 
LSD (5%) 0.3 0.4 0.4 0.4 0.4 0.3 
Significance * * ns ns ns ns 
Xcc application method       
Injection 4.0 4.9 5.2 5.5 5.6 5.1 
Spray 2.1 3.5 3.8 4.4 5.1 3.8 
LSD (5%) 0.2 0.3 0.3 0.3 0.3 0.3 
Significance * * * * * * 
Xcc concentration (CFU/ml)       

1 × 106 2. 8 4.1 4.5 5.1 5. 6 4.5 
1 × 109 3.3 4.3 4.5 4.9 5.1 4.5 
LSD (5%) 0.2 0.3 0.3 0.3 0.3 0.3 
Significance * ns ns ns * ns 
Significance of interactions       
P16-seed treatment × Xcc concentration ns ns ns ns ns ns 
P16-seed treatment × Xcc application method ns ns ns ns ns ns 
Xcc concentration × Xcc application method * ns ns ns * ns 
P16-seed treatment × Xcc concentration × Xcc 
application method ns ns ns ns ns ns 

4-week old 
plants 

Seed treatments       
Non-treated with P16 2.3 2.6 3.3 3.7 4.3 3.2 
Treated with P16 1.7 1.9 2.4 2.7 3.0 2.3 
LSD (5%) 0.4 0.4 0.5 0.6 0.7 0.5 
Significance * * * * * * 
Xcc application method       
Injection 1.9 2.0 2.3 2.6 2.9 2.4 
Spray 1.8 2.0 3.0 3.7 3.7 2.8 
LSD (5%) 0.3 0.4 0.5 0.5 0.6 0.4 
Significance ns ns * * * ns 
Xcc concentration (CFU/ml)       
1 × 106 1.7 1.9 2.4 2.8 3.2 2.4 
1 × 109 2.0 2.2 2.9 3.2 3.5 2.8 
LSD (5%) 0.3 0.4 0.5 0.5 0.6 0.4 
Significance * ns * ns ns ns 
Significance of interactions       
P16-seed treatment × Xcc concentration ns ns ns ns ns ns 
P16-seed treatment × Xcc application method ns ns ns ns ns ns 
Xcc concentration × Xcc application method ns ns ns ns ns ns 
P16-seed treatment × Xcc concentration × Xcc 
application method ns ns ns ns ns ns 
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1 Area under disease progress curve based on disease severity which was calculated using data from 
five assessment times (days 9 to 17 after Xcc challenge). Disease severity was scored as 1: no 
symptoms; 2: < 10%; 3: 11 - 25%; 4: 26 - 50%; 5: 51 - 75%; and 6:  > 75% of the surface of leaf showing 
black rot symptoms. *= P ≤ 0.05; ns= not significantly different. 

5.2.3.3 The relationship between disease severity and Xcc population on infected leaves 

No Xcc was recovered from non-inoculated leaves without Xcc symptoms (disease severity = 1; Table 

5.5). There were no significant differences among Xcc populations recovered from leaves with disease 

severity scores of 2, 3, and 4, for all three media. However a significantly higher Xcc density was 

recovered from leaves with a disease severity score of 5, for all three media. The population of Xcc 

recovered from the leaves with the highest disease severity score (= 6) was significantly lower than 

those with disease severities of 4 and 5 on FS medium, 5 on mCS20ABN medium, and ≤ 5 on NA 

medium.  

Overall, the number of Xcc CFU recovered from infected leaves on FS medium (8.8 × 107 CFU/cm2) was 

significantly greater than those recovered on mCS20ABN (4.5 × 107 CFU/cm2) and NA (5.4 × 107 

CFU/cm2) media (P = 0.013). There was no significant interaction (P = 0.09) between disease severity 

and the media used to recover Xcc. 

Table 5.5 The relationship between disease severity score and the 
population of Xcc recovered from the infected leaves  

Disease severity Xcc population (CFU/cm diameter of leaf)  
FS* mCS20ABN NA 

1 0 0 0 
2 7.7 (5.4×107) 7.3 (2.2×107) 7.7 (4.9×107) 
3 7.8 (6.5×107) 7.4 (2.2×107) 7.8 (6.4×107) 
4 7.9 (7.7×107) 7.6 (3.6×107) 7.9 (7.0×107) 
5 8.7 (4.7×108) 8.4 (2.7×108) 8.0 (1.0×108) 
6 7.6 (4.1×107) 7.6 (3.7×107) 7.3 (1.9×107) 
LSD (LSRatio) 5% 0.3 (1.8) 
The values in the table represent log10 of Xcc population recovered from 
infected cabbage leaves of the specified disease severity score. Numbers 
in brackets are back-transformed data to give the CFU/cm2 values. The 
log10 data were subjected to ANOVA for a 3 (media) × 5 (disease 
severity) factorial (data for a disease severity score of 1 was not included 
in the analysis). The LSD of 0.3 is for comparing any two log10 means, 
and the LSRatio of 1.8 is for comparing the relative size (ratio) of any two 
back-transformed means. * FS and mCS20ABN are semi-selective media 
for Xcc. NA: Nutrient agar 
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5.2.4 Discussion 

In the current study induced systemic resistance was evaluated as a possible mode of action of P16 

against Xcc. Significant reductions in black rot severity were observed on cabbages grown from P16-

treated seeds when Xcc was injected into 4-week old plants. P16 did not prevent the disease from 

occurring but did reduce its extent or severity. The application sites of P16 and Xcc were spatially 

separated on the plant. P16 that had been applied to the seed was not detected in the cabbage leaves 

where the pathogen was applied. This implies that competition, antibiosis or direct antagonism was 

not involved in the reduction of black rot severity. In addition, it is unlikely that P16 might produce a 

toxin which was translocated to the leaves and suppressed Xcc, as in Chapter 4 it was demonstrated 

that P16 was probably unable to grow endophytically within cabbage. Therefore, because of the spatial 

separation of P16 and Xcc on cabbage, it can be concluded that the reduction in black rot severity most 

likely resulted from systemic resistance induced by P16. This conclusion is in agreement with studies 

that reported induced systemic resistance as the mode of action of a BCA where the BCA was also 

spatially separated from the pathogen (Liu et al., 1995; Maldonado-González et al., 2011). For example, 

the biological control of bacterial leaf spot caused by X. axonopodis pv. vesicatoria in pepper and 

bacterial soft rot caused by E. caratovora subsp. caratovora in tobacco was due to systemic resistance 

induced by the root colonizing P. polymyxa, where the pathogens and P. polymyxa were found in two 

spatially separate sites (Phi et al., 2010). Wei et al. (1991) demonstrated that seed treatment by some 

plant growth promoting rhizobacteria protected cucumber leaves from anthracnose caused by 

Colletotrichum orbiculare. However, in many studies that suggested induced systemic resistance as the 

mode of action of a BCA, the spatial separation of the BCA and pathogen in the plant was not 

specifically addressed, so there was a strong probability of the involvement of other mechanisms in 

the disease suppression. 

In this study, black rot severity on cabbages grown from P16-treated seed after Xcc injection into 4-

week old plants was significantly reduced, but this did not occur after Xcc injection into 2-week old 

seedlings. Regardless of ISR induction, black rot symptoms on 2-week old seedlings challenged by Xcc 

were always greater than those on 4-week old plants, showing older cabbage plants were more able 

to resist Xcc infection. A correlation between disease resistance and the age of the plant in many plant-

pathogen systems has previously been reported (Develey-Riviere & Galiana, 2007; Panter & Jones, 

2002; Wyatt et al., 1991). In most cases, plants become more resistant to the pathogens as they age 

which is known as age-related resistance (Panter & Jones, 2002). Koch and Mew (1991) confirmed that 

rice became more resistant to X. campestris pv oryzae as plants matured, while Kus et al. (2002) 

revealed that the susceptibility of Arabidopsis to virulent P. syringae pv. tomato or maculicola 

decreased as plant age increased. Increasing resistance following plant maturity may be related to the 
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development of innate immune systems in plants (Panter & Jones, 2002). An increase in accumulation 

of some PR proteins and SA in tobacco and rapeseed leaves, and also enhanced activity of glucanase, 

chitinase and peroxidase in tobacco were reported to be correlated to plant aging (Hanfrey et al., 1996; 

Wyatt et al., 1991). In the present study, as P16 did not induce systemic resistance in young cabbages 

to protect them against black rot, it is concluded that ISR can only be effective in a plant which is 

already equipped with defence mechanisms to some extent to provide  strong and quick protection 

against invading pathogens. In general, by increasing plant age, beside development of the innate 

immune system, the inducible defense responses would be stimulated in a rapid and robust way.  

In the current study, black rot symptoms developed slowly or failed to appear after applying 1 × 103 

CFU/ml of Xcc. It has been reported that the bacterial population on the leaf must achieve a threshold 

level before visible disease symptoms occur (Beattie & Lindow, 1995; Ercolani & Crosse, 1966). This 

critical level is usually between 106 to 107 CFU/cm2 of leaf tissue (Smith & Mansfield, 1981; Weller & 

Saettler, 1980). In this study the rate of Xcc required to induce visible black rot symptoms in cabbage 

leaves was 1 × 106 CFU/ml which was equivalent to 2.5 × 105 CFU/leaf for the spray method and 2 × 

104 CFU/leaf for the injection method. Weller and Saettler (1980) reported almost the same infection 

threshold (5 × 106 CFU/leaf; 20 cm2 leaf tissue) of X. campestris pv. phaseoli required for common 

blight symptoms to appear in bean. The Xcc inoculum density also affected the rate of the disease 

development, as black rot symptoms appeared earlier on cabbages inoculated with the higher Xcc 

density (1 × 109 CFU/ml). It seems that a high pathogen population can more easily overcome the plant 

defense system and allow disease symptoms to appear more quickly. This is consistent with Stromberg 

et al. (2004) who indicated that bacterial leaf streak symptoms appeared most rapidly on wheat 

seedlings challenged with higher densities of X. translucens pv. translucens. They suggested that the 

time between inoculation of the pathogen and the onset of the disease symptoms depended on the 

inoculum density of the pathogen. However, on 2-week old plants, although black rot symptoms 

appeared earlier after inoculation with higher concentration of Xcc, they developed more rapidly on 

plants challenged with a lower density of Xcc (1 × 106 CFU/ml). This suggests not only that the pathogen 

population size might accelerate the occurrence of the symptoms, but also the age at which a plant 

becomes inoculated by the pathogen probably affects the rate and intensity of symptoms 

development by considering the time needed for activation of the innate and inducible defense 

mechanisms in the plant. 

The presence or absence of induced systemic resistance by P16 in cabbage was not related to the initial 

Xcc population size. This suggests that the stimulation of induced systemic resistance was probably 

independent of the pathogen pressure. However, this observation is contradictory to a report by van 

Loon et al. (1998) who found that at higher pathogen pressure, induced systemic resistance was unable 

to decrease disease development and if pathogen pressure was too low, no significant disease 
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reduction was found in plants inoculated by inducing bacteria. It should be mentioned that in this study 

only three pathogen inoculum levels (103, 106, and 109 CFU/ml) were used and if a higher inoculum 

level had been used in the P16-treated plants, the pattern of induced systemic resistance might have 

differed.   

Both the spray and injection methods were used to apply Xcc. The onset of the symptoms using the 

latter was more rapid than that using the former. This observation was in agreement with Bhat et al. 

(2010) who indicated that black rot symptoms were expressed more quickly in crucifers using vein 

inoculation rather than spray and hydathode inoculations. In both studies, black rot symptoms were 

expressed 4-5 days after Xcc challenge into the veins. It is expected that the infection efficiency in 

causing disease symptoms was increased by the injection method as it introduced the bacterial cells 

mechanically and directly into the plants, and so the first critical stage of the infection process, 

penetration, was omitted. This was particularly the cause for Xcc injection into 2-week old plants, 

where the black rot symptoms were significantly greater than that in the spray method. However, the 

infection efficiency in 4-week old plants challenged by Xcc did not follow the same pattern and the 

symptom expression caused by injection and spray methods was not significantly different. This 

suggests that the development pace of different defense mechanisms in plants varies with increasing 

plant age.  

The spray method mimics the in vivo entry of Xcc through natural openings such as hydathodes, or 

through wounds (Bhat et al., 2010). However, stomatal penetration of Xcc was also observed in this 

study when Xcc was sprayed on both sides of the cabbage leaf (Figure 5.4 A). Bhide (1949, as cited in 

Gandhi, 2005 p. 91) observed leaf spots on the surface of leaves after Xcc had been sprayed onto 

plants, and suggested the possibility of stomatal infection by Xcc, but found that this bacterium could 

not reach the vascular system. However in the present trial, the leaf spots developed into the typical 

black rot symptoms via systemic vein blackening. In another study, Lopes & Quezado-Soares (1997 as 

cited in He & Zhang, 2008) confirmed that Xcc can penetrate into cabbages through the stomata, 

causing round lesions. However, Xcc stomatal penetration is contradictory to that reported by Bhat et 

al. (2010) who stated that Xcc was unable to penetrate the plant through the stomata. Previously, 

hydathodes and natural wounds have been reported as the only way by which Xcc infects plants 

(Williams, 1980; Shaw and Kado, 1988). In this study hydathodes were not the only, but by far the most 

common, way by which Xcc penetrated cabbages and then developed black rot symptoms, as most of 

the symptoms were observed to develop from the leaf margins (hydathodes sites) toward the centre 

(Figure 5.4 B). Guttation droplets from hydathodes were formed in the leaf margins in the high 

humidity conditions of the experiment (for 24h after Xcc challenge) enabling access to the cabbage 

xylem.  
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Although not significant, P16-treated plants had fewer black rot symptoms after spraying Xcc 

compared with the non-treated control. It is likely that P16 induced the defense mechanisms in 

cabbage through discouraging entry of Xcc into the leaves. However, this inhibition was not sufficient 

to protect plants significantly against Xcc. Cytochemical and ultrastructural alterations in plants have 

been reported to be associated with induced systemic resistance (van Loon et al., 1998). For example, 

Benhamou et al. (1996, 1998) described such induced structural modifications in pea and tomato 

inoculated with B. pumilus after challenge by Fusarium oxysporum. The narrow hydathode opening 

pores in Japanese cutgrass were responsible for its resistance to X. oryzae pv. oryzae (Horino, 1984). 

McLean (1921) also reported that the changes in the stomatal structure of a resistance Citrus spp. after 

X. axonopodis pv. citri challenge hindered the entrance of the pathogen into plant tissues and therefore 

the plant showed resistance to the citrus canker.  

 

                            
Figure 5.4 Black rot symptoms developed through stomata (A) and hydathods (B) 9 days after 

spraying Xcc on cabbage leaves.  

As noted, defense responses were probably stimulated through induced systemic resistance in 

cabbage after Xcc injection into the 4-week old plant grown from P16-treated seeds. In this case, it 

seems that the plant did not need to activate the first defense barrier, responsible for prohibition of 

Xcc entry, so defense responses involved in restricting Xcc multiplication inside the plant were 

triggered more strongly. Therefore, Xcc could not strongly reach or colonize the xylem vessels. Such 

an impediment to further colonization of the vascular system by a pathogen has been reported in 

radish through stimulation of induced systemic resistance against Fusarium wilt (Hoffland et al., 1995). 

By considering that the plant has a limited energy source to be spent in defense mechanisms, cabbage 

likely had a stronger inducible defense response to Xcc inside the plant compared to that when the 

defense responses are required to restrict both Xcc entrance and its multiplication and colonization 

inside the plant. The mechanisms by which P16 elicited induced systemic resistance in cabbage against 

Xcc could be through metabolite and/or structural alterations in the plant. Some reported mechanisms 

of induced resistance by Paenibacillus and Bacillus biocontrol agents in different host plants are: 

accumulation of PR proteins; the activation of salicylic acid, jasmonic acid, and/or ethylene pathways; 
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increase in synthesis of chitinase and β-1,3-glucanase and also secondary metabolites such as 

glycosides (Timmusk & Wagner, 1999; Tjamos et al., 2005; Kloepper et al., 2004).    

To understand if there is a link between the bacterial densities in the leaves and different levels of 

disease symptoms, the bacterial cells were recovered from surface-sterilized leaves. Although not 

significantly different, Xcc populations tended to increase as severity increased. The populations of Xcc 

recovered from leaves with a disease severity of 2, 3, and 4 did not significantly differ, so it would 

appear that in the early stage of disease development, when 50% or more of the leaf was still healthy, 

there were sufficient nutrients for the bacteria to overcome innate plant defense reactions and 

establish and support Xcc populations in the plant. However the population of bacteria recovered from 

leaves showing 50 to 75% black rot symptoms (disease severity of 5) increased significantly at the 

highest inoculation level (4.7 × 108 CFU/cm diameter of leaf). This increase in the Xcc population size 

might be due to the log (exponential) phase of bacterial growth, when the population exponentially 

increased (Buchanan, 1918; Hinshelwood, 1944). Following this exponential increase, the toxic 

metabolites produced by the bacteria, such as organic acids, which accumulate at the site of infection, 

can be toxic against the bacteria themselves, and also they may change the optimal pH for bacterial 

growth (Monod, 1949); therefore a decrease in the bacterial density may occur, indicating the onset 

of the stationary and death phase of bacterial growth (Kolter et al., 1993). This may explain the reason 

for the reduction in Xcc population recovered from leaves with a disease severity of 6. In addition, 

more than 75% of a leaf with a disease severity of 6 was necrotic, so that the bacteria would have a 

lack of essential nutrients. In this situation, some bacterial cell death will be induced to protect the rest 

of the bacteria; i.e. programmed cell death (Yarmolinsky, 1995). This phenomenon has been reported 

in E. coli following stressful conditions such as starvation (Sat et al., 2003). Some bacteria have “death 

genes” in their genome which elicit the death of bacterial cells at the beginning of the stationary phase 

(Chaloupka & Vinter, 1996). In some cases, it was observed that black rot symptoms developed on 

other leaves close to the Xcc-challenged leaf of a plant when more than 75% of the Xcc-challenged leaf 

had black rot symptoms. This observation suggested that the bacterial cells moved from low nutrient 

and high toxic sites to the healthy leaves as a new niche to access the rich nutrient sources.  

The numbers of Xcc recovered from infected leaves on FS agar medium were greater than those 

recovered on mCS20ABN agar and NA medium, which was in agreement with the study done by 

Roberts et al. (2004). On both media a zone of starch hydrolysis was formed, but the zone on FS media 

was more distinctive than that on mCS20ABN. The size of the zone on mCS20ABN was large and 

overlapped with the neighbouring zones, so counting individual colonies was difficult. This observation 

was also mentioned by Fukui et al. (1994). They declared that FS was more selective and consistent in 

recovery of Xcc in comparison with mCS20ABN. The reason for using two different semi-selective 

media was to test if there was any limitation in Xcc growth on those media. It has been reported that 
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certain strains of Xcc are sensitive to neomycin and cephalexin and therefore they cannot be detected 

on mCS20ABN and FS agar media, respectively (Roberts et al. 2004). Both semi-selective media, with 

different antibiotics sensitivity, have been used to minimize the likelihood of false negative results in 

detection of Xcc (Koenraadt et al., 2005). The sensitivity of Xcc strains to neomycin was reported to be 

strongly influenced by the pH of the mCS20ABN medium (Roberts et al. 2004) and it is the reason why 

adjusting the pH to 6.6 or lower is an important criterion in the mCS20ABN preparation. 

Overall, P16 as a seed treatment suppressed black rot symptoms after Xcc injection into 4-week old 

cabbage plants. As the P16 inoculation and Xcc infection sites were spatially apart, this suggests that 

induced systemic resistance could be the potential mode of action of P16. The possible mechanism by 

which P16 can elicit induced systemic resistance in cabbage needs to be investigated. Therefore, 

further studies are required firstly to confirm the role of P16 in induction of cabbage defense 

mechanisms against Xcc, and secondly to determine the mechanism of induced systemic resistance in 

the plant. In the next part of this chapter, molecular changes in the plant defense responses induced 

by P16 were investigated to better understand this mechanism.  

5.3 Molecular evidence of induced systemic resistance 

5.3.1 Introduction 

Plants possess a number of defense strategies to protect themselves from pathogen attacks. These 

strategies are modulated by alterations in the expression of genes involved in stress responses (Bruce 

et al., 2007). Induced resistance occurs when a stimulus is applied to plants before challenge by a 

pathogen. This enhances expression of the plant’s natural defense responses and results in a reduction 

of disease severity or incidence in comparison to the non-induced plants (Ramamoorthy et al., 2001). 

The activation of some signal transduction cascades involved in defense mechanisms makes plants not 

only locally but also systemically resistant to infection by a broad range of pathogens (Compant et al, 

2005; Kloepper et al., 2004; Reglinski & Walters, 2009; Walters et al., 2013). The importance of 

defense-related hormones including salicylic acid (SA), jasmonates (JA), and ethylene (ET) as primary 

signals in the regulation of signal transduction cascades in plant defense is well known (Pieterse et al., 

2009; Verhage et al., 2010). The involvement of these defense-related hormones in systemic acquired 

resistance (SAR) and induced systemic resistance (ISR) has been already discussed in Chapter 1, section 

1.4.4.4.  

Gene expression studies of plant defense responses may lead to a better understanding of the plant-

microbe interactions. Although genes involved in Xcc pathogenicity have been identified (Qian et al., 

2005; McCarthy et al., 2008), there is little known about the genes and metabolic pathways involved 
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in defense responses in brassicas after pathogen attack. Research conducted by the Smart Seeds team 

has shown that some defense-related genes were differentially expressed and activated in cabbage 

upon elicitation, wounding or infection (D. Desai, personal communication, 2013). Genes homologous 

to ethylene insensitive 3 (EIN3), Coronatine-insensitive protein 1 (COI1), PR1 pathogenesis related 

protein (PRB1), Botrytis-induced kinase 1 (BIK1), WRKY transcription factor 70 (WRKY70), ribulose-1,5-

bisphosphate carboxylase/oxygenase (RubisCO), and extracellular Ca2+-sensing receptor (CAS) in 

Arabidiopsis thaliana are some of the known active defense-related genes in brassicas (Jiang et al., 

2011; D. Desai, personal communication, 2013). EIN3 is a probable transcription factor which acts as a 

positive regulator in the ET response pathway (Gray, 2004). COI1 is a known receptor for jasmonate 

and the bacterial virulence factor coronatine (COR) which facilitates plant defense responses against 

necrotrophic pathogens and wounds (Katsir et al., 2008). The expression of PRB1 is regulated by 

salicylic acid accumulation and is used as a molecular marker for SAR response (Uknes et al., 1993). 

BIK1 is likely a negative regulator of salicylic acid accumulation, and is involved in basal defense against 

necrotrophic pathogens through JA and ET signalling pathways (Veronese et al., 2006). The protein 

encoded by BIK1 has a complex interaction with other defense response regulators including COI1 and 

EIN3. WRKY70 acts as an activator of the SA-dependent signalling pathway and is a repressor of JA-

regulated genes (Ülker et al., 2007). The expression of this gene varies in response to different 

pathogens and it seems that WRKY70 can modulate the balance between SA-and JA-dependent 

defenses (Li et al.  2006). The RubisCO gene is activated in photosynthetic carbon metabolism 

(Spreitzer & Salvucci, 2002). Some studies have shown that genes involved in the photosynthesis 

phenomenon may have an important role in the disease resistance process (Jiang et al., 2011). CAS, a 

protein located at the chloroplast thylakoid membrane, is a key regulator of stomata closure (Han et 

al., 2003). High extracellular calcium levels elevate the accumulation of H2O2 and/or NO in guard cells 

and chloroplast through a CAS signalling pathway which leads to an increase in the level of cytosolic 

calcium and finally stomatal closure (Nomura et al., 2008; Wang et al., 2012). In addition, CAS has been 

reported to be involved in activation of plant defense signalling in chloroplasts (Nomura et al., 2012).   

To study changes in gene expression in plants, sensitive and accurate techniques are required to 

measure the levels of RNA expressed in a cell at defined times. Northern blotting has long been used 

to determine gene expression levels. This technique is time-consuming, requires large quantities of 

RNA, and detection of weakly expressed transcripts is poor (Gachon et al., 2004). More recently, 

quantitative reverse transcription polymerase chain reaction (qRT-PCR) has been shown to be a more 

sensitive and accurate method for quantitative detection of gene expression, even at low levels, 

through construction of complementary DNA (cDNA) transcripts from RNA (Bustin, 2004; Gadkar & 

Filion, 2013). To avoid intrinsic variability, the qRT-PCR technique uses a reference gene (endogenous 

control) which has a stable expression over the period of the experiment and is little influenced by the 
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experimental conditions (Bustin, 2004). Genes such as glyceraldehyde 3-phosphate dehydrogenase 

(GAPDH) and actins are commonly used as endogenous controls (Thellin et al., 1999).  

5.3.2 Background 

Specific strains of Paenibacillus spp. are known to stimulate ISR in various plants with the elicitation of 

host defense mechanisms against several pathogens (Jung et al., 2004; Lee et al., 2012; Phi et al., 2010; 

Timmusk et al., 1999; Tjamos et al., 2005). The involvement of ISR as a possible mode of action of P16 

in biocontrol of black rot was investigated in Section 5.2 of this chapter. Application of P16 to seed 

lead to a significant reduction in the disease severity following Xcc injection into 4-week old cabbage 

seedlings. The spatial separation between P16 and Xcc inoculation sites and the lack of evidence of 

P16 colonising the plant endophytically strongly suggested the role of systemic resistance in the 

disease reduction. Molecular evidence is needed to prove the role of ISR in P16 mediated control of 

black rot. In this study the effect of P16 on the expression of defense genes in cabbage was assessed 

using the qRT-PCR technique. For this purpose, and based on the results of the previous section, the 

injection method was used to infect 4-week old cabbage seedlings with Xcc. 

5.3.3 Materials and methods 

5.3.3.1 Seed inoculation by Paenibacillus isolate P16  

Paenibacillus isolate P16 at a concentration of 5 × 109 CFU/ml was used in this study. The inoculum 

was prepared and its concentration and purity were confirmed following the methods described in 

Chapter 2 (Sections 2.2.2.1 and 2.3.2.1).  

Cabbage seeds (cv. Kameron) were treated with P16 suspension (0.6 ml/g seed) or sterile 0.1% (w/v) 

BP (non-treated control). The process of seed inoculation and P16 recovery from coated seeds to 

determine the actual concentration of P16 per seed were the same as previously described in Section 

5.2.2.2.  

5.3.3.2 Xcc challenge 

A suspension of Xcc isolate Xcc32 at a concentration of 1 × 106 CFU/ml or sterile water (non-inoculated 

control) was injected into the main vein of the youngest true leaf in 4-week old plants as described in 

Section 5.2.2.4.  
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5.3.3.3 Pot trial set up and experimental design 

A pot trial was set up as described in Section 5.2.2.3. The experimental design was a split plot with 10 

replicate blocks. Each block contained two main plots for plants infected with Xcc or without Xcc. The 

next level (subplot) was plants grown from treated seeds with P16 or without P16, and the lowest level 

(sub-sub plot) was sampling time. Each block contained 16 pots (4 subplots × 4 sampling times). This 

design was chosen to minimize the risk of cross-contamination by Xcc.  

5.3.3.4 Plant sampling for RNA extraction 

Randomly selected plant samples were collected at four sampling times: before Xcc injection into 4-

week old plants, and 12, 24, and 48 hours after injection. Three plant discs (about 100mg) were cut 

from each leaf with a sterile cork borer and placed into a sterile 2 ml screw cap tube (Figure 5.5). Plant 

samples were snap-frozen in liquid nitrogen immediately after sampling and stored at -80°C before 

RNA extraction.  

     
Figure 5.5 Injection of Xcc into a youngest fully extended true leaf of a four-week old cabbage (A). 

Three plant discs were cut out of each leaf for RNA extraction (B).  

5.3.3.5 RNA extraction 

The frozen plant discs were homogenized using a TissueLyser II (Qiagen; Valencia, CA, USA; 120/220-

240 V, 50/60 Hz). Each tube contained one sterile stainless steel bead (5mm diameter) and was 

disrupted at 30 Hz for 30s. The disrupted tissue was lysed in buffer RLT Plus containing β-

mercaptoethanol. The homogenised lysate was transferred to a QIAshredder spin column (Qiagen; 

Valencia, CA, USA) and centrifuged at ≥8,000 × g (≥10,000 rpm) for 2 min. The flow-through was used 

for extraction of total RNA with an RNeasy Plus mini kit (Qiagen; Valencia, CA, USA) according to the 

manufacturer’s instructions. A Turbo DNase kit (Ambion; Austin, TX, USA) was used to remove any DNA 

contained in the RNA samples following extraction. The concentration and quality of RNA were 

measured by UV absorbance at 260 and 280 nm (the A260/280 ratio) using a Nanodrop 
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Spectrophotometer (ND-1000; 100W Rockland Rd., Montchanin, DE, USA). The RNA integrity was also 

verified by running on 1.5% (w/v) agarose gel electrophoresis. To confirm the absence of the genomic 

DNA, real-time PCR (see Section 4.2.2.4.1) was carried out using RNA samples as templates.  

5.3.3.6 cDNA synthesis 

First-strand cDNA was synthesised immediately after RNA extraction using a SuperScript® VILO™ cDNA 

Synthesis Kit (Invitrogen; Carlsbad, CA, USA). Reactions were carried out in a 20 µl volume containing 

1 x reaction mix, 1 x SuperScript enzyme mix, 5 µl of RNA (up to 2.5 µg) and 9 µl RNase and DNase free 

water. The reaction was incubated at 25°C for 10 min followed by 42°C for 60 min and terminated at 

85°C for 5 min. As higher concentrations of cDNA can affect the signal baseline in SYBR Green 1 based 

real-time PCR reactions, the cDNA samples were diluted 10-fold before storing at -20°C until being 

used in the real-time PCR.  

5.3.3.7 Primer sets for target genes 

The gene expression profiles of seven defense-related genes were studied in P16-treated and non-

treated cabbage seedlings. CAS and RubisCO are known to be involved in cauliflower defense response 

against Xcc infection (Jiang et al., 2011). The other five target genes; BIK1, COI1, EIN3, WRKY70, and 

PRB1 were differentially expressed in cabbage following Xcc challenge (D. Desai, personal 

communication, 2013). The glyceraldehyde 3-phosphate dehydrogenase (GAPDH) gene was used as 

an endogenous control (called also reference gene or housekeeping gene) in this study. The sequences 

of the primer sets to amplify these genes and the size of the amplified product are listed in Table 5.6.  

Table 5.6 List of primer sets for amplification of seven defense-related genes and a reference 
gene 

Primer ID  Primer Sequences (5′- 3′) Amplicon size 
(bp) 

Reference 

CAS F: GGATAATCCTCGACGGAGAC 167 Jiang et al., 2011 
R: GGACTCAGCTAAAATAGTGGC  

RubisCO F: GTTAACTCTTCCTCCGTT 163 Jiang et al., 2011 
R: CATGGCTTACTCTATGCT  

BIK1 IP* 151 - 
EIN3 IP 151 - 
WRKY70 IP 200 - 
COI1 IP 266 - 
PRB1 IP 269 - 
GAPDH (Reference) IP 163 - 
*The sequences of the primer set cannot be provided to protect intellectual property (D. Desai, 
personal communication, 2013).  
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5.3.3.8 Gene transcription measurement by real-time PCR 

Real-time PCR was carried out on cDNA samples in a StepOne PlusTM Real-Time PCR System (Applied 

Biosystems, California, USA) machine using SYBR Green I to quantify the relative expression of cabbage 

genes under different treatments. The results were analysed with Applied Biosystems StepOne 

software V2.1. The reaction mixture contained cDNA (2 μl of a 10-fold dilution), PCR forward and 

reverse primers (10 μM), and iTaqTM Universal SYBR Grean Supermix (10 μl; Bio-Rad; Hercules, CA, USA) 

in a total volume of 20 μl. The following amplification program was used: 1 cycle at 95°C for 30s and 

40 cycles at 95°C for 15s and 60°C for 1 min, with data capture during the extension phase of each 

cycle. The reaction was followed by 1 cycle at 95°C for 15s; 60°C for 1 min, and 95°C for 15s for the 

generation of a dissociation curve to monitor the specificity of the amplification. Two cDNA samples 

(diluted 10-fold) from each treatment were pooled together and used as one biological replicate in the 

qRT-PCR. If the quality of the RNA was sufficiently high, cDNA samples from blocks 1 and 2 were pooled 

together and likewise for blocks 3 and 4, and blocks 5 and 6, otherwise cDNA samples from blocks 7-

10 were used to replace poor quality samples. Three biological replicates were used for each treatment 

and each biological replicate was amplified in triplicate (technical replicate). 

5.3.3.9 Development of standard curves for relative quantification of target genes 

For relative gene quantification, standard curves were constructed for each gene to determine the 

amplification efficiency and the regression correlation coefficient (R2) for each primer set. All test 

samples were amplified using different primer sets to determine the maximum and minimum Ct 

values. For each gene, a sample detected at the lowest Ct value (the highest gene expression) was 

selected as a standard sample. The standard sample was diluted 4-fold down to a level that enabled 

detection of all test samples and 4 µl of the undiluted and diluted standard sample were used as 

templates in real-time PCR for construction of a standard curve. A larger volume of template was used 

to extend the detection range of the standard curve beyond that of the selected standard sample when 

assessed as a test sample in real-time PCR.  

5.3.3.10 Gene expression level calculation 

The expression levels of the seven target genes were assessed for all treatments based on their Ct 

values. As samples were run in two qRT-PCR plates for each target gene, an average standard curve 

for each target gene was generated as explained in Chapter 4 (Section 4.2.2.5). The standard curve 

efficiency was calculated according to the equation E = 10(-1/slope), where the ‘‘slope’’ is the linear 

regression between the logarithmic of the initial quantities of cDNA and Cts. To normalise the Ct 
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values, a normalization factor was determined by comparing the Ct differences between a test plate 

standard curve and the average standard curve. This normalization factor was then applied to all test 

samples within the plate. The mean normalized Ct values of triplicates for each biological replicate 

were calculated. The gene expression level was determined by comparing the efficiency obtained for 

the target gene with that of the reference gene (GAPDH) amplification run for the same cDNA 

templates using a formula from Pfaffl (2001) with some modification (D. Saville, personal 

communication, 2013): 

𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺 𝐺𝐺𝑒𝑒𝑒𝑒𝑒𝑒𝐺𝐺𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝐺𝐺 𝑙𝑙𝐺𝐺𝑙𝑙𝐺𝐺𝑙𝑙 =  
(𝐸𝐸𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑆𝑆𝑇𝑇)𝐶𝐶𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇

(𝐸𝐸𝑅𝑅𝑆𝑆𝑅𝑅𝑆𝑆𝑇𝑇𝑆𝑆𝑅𝑅𝑅𝑅𝑆𝑆)𝐶𝐶𝑇𝑇𝑅𝑅𝑇𝑇𝑅𝑅𝑇𝑇𝑇𝑇𝑇𝑇𝑅𝑅𝑅𝑅𝑇𝑇
 

where, ETarget is the qRT-PCR efficiency of the target gene transcript, EReference is the qRT-PCR efficiency 

of the reference gene transcript (GAPDH); CtTarget is the mean Ct of the target gene transcript, and 

CtReference is the mean Ct of the reference gene transcript (GAPDH).  

5.3.3.11 Statistical analysis 

For analysis of gene transcription, the gene expression level for each biological replicate was Log2 

transformed. The data were analysed with GenStat (14th edition, VSN International Ltd) as a complete 

randomized design due to the pooling strategy that was followed (Section 5.3.3.8). An ANOVA was 

performed for a 2 (seed treatment) × 2 (Xcc challenge) factorial to determine the main effects of P16 

and Xcc and their interactions. The Log2 fold change was calculated by measuring the difference 

between the mean gene expressions of each treatment with the control at each time point. The LSD 

(5%) value was used to compare treatments with each other at each time point.  

5.3.4 Results 

5.3.4.1 Initial steps of qRT PCR amplification  

5.3.4.1.1 RNA quality 

The integrity of the RNA was confirmed by running each RNA sample in the agarose gel. There was no 

evidence of RNA degradation. Distinct 28S and 18S ribosomal RNA bands were evident and there was 

no smearing on the agarose gel following electrophoresis (Figure 5.6). Protein contamination was low. 

The A260/280 ratio of absorbance ranged from 1.80 to 2.03. The yield of total RNA was sufficiently 

high in most samples (~100 ng/µl). There was no genomic DNA detected in the RNA samples by qRT-

PCR prior to reverse transcription. 
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Figure 5.6 Example of agarose gel electrophoresis of RNA samples extracted from cabbage leaves 
using the RNeasy Plus Mini kit. L: HyperLadder I; 1- 8: RNA extracted from cabbage leaves 
after DNase treatment.  

5.3.4.1.2 Specificity, sensitivity and accuracy of qRT-PCR amplification 

All PCR primer sets produced an amplification product from cDNA. A unique single peak occurred in 

dissociation curve analysis of the qRT-PCRs of the seven primer sets, confirming their specificity (for 

example: Figure 5.7 B). The following specific melting temperatures were recorded for each primer 

set: EIN3: 80.45 ± 0.09°C; COI1: 84.36 ± 0.12°C; PRB1: 81.12 ± 0.05°C; BlK1: 79.67± 0.07°C; WRKY70: 

80.02 ± 0.08°C; RubisCO: 83.56 ± 0.12°C; and CAS: 80.87± 0.07°C.  

Standard curves with at least six data points over a large linear dynamic range were constructed for 

each target gene. All cDNA samples were detected within the dynamic range (for example: Figure 5.7 

A and C). The efficiencies for all standard curves were greater than 1.88 and the regression correlation 

coefficient (R2) ranged from 0.990 to 0.997 (Table 5.7).  

Amplification was reproducible between triplicate pooled samples of the same treatment. The 

negative control (without cDNA template) was not detected or remained well below the threshold 

level of detection. Figure 5.7 illustrates an amplification plot, dissociation curve and standard curve for 

RubisCO. All tested cDNA samples were detected within the upper and lower detection limits of the 

standard curve. No product was detected in the negative control. 

5.3.4.1.3 Validation of reference gene for normalization 

The reference gene, GAPDH, was expressed at the same level in all treatments; differences were less 

than one cycle. The gene expression level for each of the target genes was normalized against GAPDH. 

1,000 bp 28S rRNA 
18S rRNA 

L      1       2      3      4       5      6      7       8 
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Table 5.7 Amplification efficiency and regression correlation coefficient 
(R2) of the average standard curve for each target gene. 

Target gene  Efficiency* ± standard deviation R2 ± standard deviation 
CAS 1.92 ± 0.007 0.997 ± 0.004 
RubisCO 1.96 ± 0.025 0.996 ± 0.001 
BIK1 2.01 ± 0.041 0.992 ± 0.002 
EIN3 1.99 ± 0.009 0.990 ± 0.011 
WRKY70 1.96 ± 0.003 0.997 ± 0.001 
COI1 1.88 ± 0.013 0.990 ± 0.001 
PRB1 2.02 ± 0.013 0.993 ± 0.003 
GAPDH 1.99 ± 0.065 0.996 ± 0.004 
*Efficiency= [10(-1/slope)]; R2: The square of the coefficient of regression. 

 

5.3.4.2    Expression analysis of target genes  

All the target defense-associated genes were expressed in P16-treated and non-treated cabbage 

seedlings injected with either Xcc or sterile water. There were no significant differences in the 

expression of the target genes in P16-treated and non-treated seedlings before injection (T = 0) 

(Appendix 9).  

The main factor affecting the expression of the target genes was P16 treatment (Appendix 10). At all 

three post-injection assessment times, no significant differences were detected in the expression of 

target genes in P16-treated seedlings injected with Xcc (red bars) in comparison with those injected 

with sterile water (blue bars; Figure 5.8). Likewise there were no differences in the gene expression of 

non-treated plants injected with Xcc (green bars) compared with those injected with water (water 

control). 

There were no significant differences in the expression of WRKY70, BIK1, and PRB1 between 

treatments and the water control 12 h post-injection, but at 24 h post-injection the expression of PRB1 

was significantly down-regulated in P16-treated seedlings and for BIK1 and WRKY70 at 48 h post-

injection in comparison to the water control (Figure 5.8). In P16-treated seedlings, BIK1 was 

significantly down-regulated 24 and 48 h after Xcc challenge in comparison with non-treated seedlings 

and 48 h after Xcc challenge for WRKY70. The expression of COI1 in P16-treated seedlings injected with 

water was significantly up-regulated in comparison with the water control at all three post-injection 

assessment times, similar to P16-treated seedlings injected with Xcc at 12 and 48 h post-injection. 

There was also significant up-regulation of this gene in P16-treated seedlings compared to non-treated 

ones 12 and 48 h after Xcc injection.  

121 
 



 

 

 

 

 

Figure 5.7 A: Real-time PCR amplification plot of Rn versus cycle number for a dilution series of a 
standard sample (n=3) and all cDNA samples (n=3) using the RubisCO primer set. The 
highest and lowest quantities of standard sample to generate standard curves are 
indicated. B: Melting curve analysis performed on the real-time PCR instrument for the 
standard and all cDNA samples. C: A linear standard curve for RubisCO primer set (R2= 
0.997, Efficiency (%) = 97.01, Slope= -3.396). All samples are within the linear range of the 
standard curve (n=3).  
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Figure 5.8 The fold change of target gene transcripts in different treatments versus the water 

control (non-treated plants injected with sterile water) at three time points 12, 24, and 
48 h post-injection of Xcc or sterile water. +P16/-Xcc: P16-treated seedlings injected 
with sterile water; +P16/+Xcc: P16-treated seedlings injected with Xcc; and –P16/+Xcc: 
non-treated plants injected with Xcc. The results of qRT-PCR were normalized to the 
GAPDH gene expression measured in the same samples. The log2 fold change 
represents the average of three biological replicates in triplicate. The means were 
analyzed statistically using Log2 transformed data. The LSD (5%) value for comparing 
treatments at each sampling time is presented as an error bar to the right of the 
corresponding treatments.   
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EIN3 was significantly up-regulated in P16-treated seedlings at 48 h post-injection with water in 

comparison to the water control. In P16-treated seedlings injected with Xcc, CAS expression was up-

regulated in comparison with the water control at all three post-injection assessment times, the same 

expression pattern as in P16-treated seedlings injected with water at 12 and 48 h post-injection. The 

expression of RubisCO was significantly down-regulated in P16-treated seedlings 12 and 48 h after Xcc 

injection, and also 48 h after water injection in comparison with the water control. In non-treated 

seedlings, this gene was also down-regulated 48 h after Xcc injection compared to the water control. 

5.3.5 Discussion 

In this study, a two-step qRT-PCR was used to determine the expression levels over time of seven target 

genes that were believed to be involved in the defense response of cabbage to Xcc and hence, may be 

modulated by P16 to induce systemic resistance. In two-step qRT-PCR, cDNA synthesis and real-time 

PCR reactions are performed separately which minimizes RNA handling and enables the constructed 

cDNA from one sample to be used to study multiple genes (Ginzinger, 2002).  

The onset of induced systemic resistance in cabbage by P16 was not associated with any pre-emptive 

changes in the expression of the target defense genes. Although all seven genes were differentially 

expressed in cabbage, their expression levels prior to Xcc challenge inoculation (T = 0) were similar 

between P16-treated and non-treated seedlings. Consistent with other inducers of systemic 

resistance, P16 may increase sensitivity of seedlings to plant hormones such as JA and ET, rather than 

increasing their production (Pieterse et al., 2000; Verhagen et al., 2004). Likewise rather than causing 

major changes in gene expression before pathogen attack, P16 may induce a primed state in cabbage. 

Significant differences in the level of gene expression were detected between P16-treated and non-

treated seedlings after Xcc challenge inoculation. In the primed state, plants have been shown to 

respond faster and/or stronger to biotic and abiotic stresses (Goellner & Conrath, 2008). 

A specific response to the pathogen was not detected in either P16-treated or non-treated seedlings. 

Gene expression did not differ significantly between water and Xcc injection treatments in P16-treated 

seedlings, or in non-treated seedlings. P16, however, primed the seedlings to respond to physical injury 

caused by injection.  P16-treated seedlings injected with either water or Xcc displayed differential gene 

expression from the non-treated controls. A direct wound response, however, remains to be confirmed 

as a non-injected control was not included beyond injection time point zero (T = 0). 

The JA and ET pathways (Figure 5.9A) have emerged as the main signalling pathways in response to 

wounding (Creelman et al., 1992; Hildmann et al., 1992; León et al., 2001; O'Donnell et al., 1996; 

Reymond et al., 2000) and four of the seven genes that were differentially expressed are involved 
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directly or indirectly in these pathways. The genes EIN3 and COI1, which were up-regulated in P16-

treated seedlings, encode protein regulators of the ET and JA pathways (Katsir et al., 2008; Gray, 2004). 

In predicted protein-protein interaction networks in Arabidopsis (von Mering et al., 2003), COI1 

interacted directly with the JA signalling pathway regulator proteins JAZ1 and JAZ3 (Figure 5.10).  EIN3 

interacted with EBF1 which through modulating the stability of EIN3 regulates the ET signalling 

pathway. Interactions between EIN3, COI1 and JAZ1 were also predicted in this network. 

Consistent with P16 associated up-regulation of the JA and ET pathways through EIN3 and COI1, the 

expression of WRKY70 and PRB1 were down-regulated in P16-treated seedlings. WRKY70 is a co-

activator of PR genes, such as PRB1, and suppresses JA-related genes while activating SA-related genes 

in A. thaliana (Li et al., 2004). In the predicted protein-protein interaction network, the proteins 

WRKY70 and PRB1 were co-expressed and both interacted with COI1. Down-regulation of SA-related 

genes by P16 in combination with up-regulation of JA-related genes after wound stress may improve 

the plant defense response through the accumulation of wound-induced proteins. SA has been shown 

to inhibit the synthesis and accumulation of wound-induced proteins such as proteinase inhibitor 

(Doares et al., 1995; Niki et al., 1998). Negative cross-talk between SA and JA signalling pathways has 

been frequently reported, and may be facilitated by regulatory molecules such as COI1, WRKY70 and 

NPR1 (Figure 5.9A; Li et al., 2004; Reymond & Farmer, 1998; Spoel et al., 2003). Lee et al. (2004) also 

demonstrated a reverse correlation between JA and SA pathways in rice in the early response to 

wounding. 

Similar to the other four defense genes, the up-regulation of CAS in P16-treated seedlings was a 

wound-related response. The up-regulation of CAS has been reported to elevate the cytosolic calcium 

levels in both the guard cells and chloroplasts through the accumulation of H2O2 and/or NO (Klüsener 

et al., 2002; Nomura et al., 2008). This leads to stomatal closure and activation of a series of calcium-

related responses in the chloroplasts, resulting in plant defense against pathogens and abiotic stresses 

(Figure 5.9B; Nomura et al., 2012). The P16-primed wound response through the CAS signalling 

pathway may also be important for protection against Xcc and water stress. The stomata have been 

reported as a point of entry for Xcc in plants (Bhide, 1949 as cited in Gandhi, 2005 p. 91; Lopes & 

Quezado-Soares, 1997 as cited in He & Zhang, 2008), and CAS-induced stomatal closure may protect 

the plant from infection. Activation of CAS expression by Piriformospora indica leading to stomatal 

closure was reported to improve drought tolerance in Chinese cabbage (Sun et al., 2010). Whether P16 

induces CAS expression following pathogen attack in the absence of wounding and its role in plant 

protection needs further investigation. 

 

125 
 

http://www.sciencedirect.com/science/article/pii/S0176161710001999%23bib27
http://www.sciencedirect.com/science/article/pii/S0176161710001999%23bib27


JAR1 

 

Figure 5.9 Schematic of defense signal 
transduction networks involving ET, JA, 
and SA signalling pathways (A) and CAS 
and Rubisco signalling pathways (B). JA 
and ET pathways act synergistically 
through EIN2 and COI1 to activate 
defense responses. Aside from 
negative cross-talk between JA and SA 
pathways at the COI1 and NPR1 levels, 
JA and SA pathways interact 
synergistically through TGA and MYC2. 
WRKY70 integrates signals from SA and 
JA pathways and determines the type 
of defense responses by repressing JA-
responsive genes or activating SA- 
responsive genes. CAS, a protein 
localized in chloroplast thylakoid 
membrane, is involved in the 
generation of chloroplast Ca2+ signals. 
Elevation of cytosolic Ca2+ leads to 
activation of defense responses 

through different signal transduction cascades. CAS also is co-expressed with RubisCO and 
optimizes photosynthesis through formation of PhET localized in the thylakoid 
membrane. Arrows and bars represent activation and repression, respectively. 
Abbreviations are as follows: ETR1: ET receptor 1, CTR1: Constitutive triple response 1, 
EIN2:  ethylene insensitive 2 which is located in the endoplasmic reticulum (ER), MAPK: 
mitogen-activated protein kinase, EBF1: EIN3-binding F-box 1 , +u: positive change in 
internal energy , JAR1: Jasmonate resistant 1 , JA-Ile: JA–isoleucine , JAZ: Jasmonate zim 
domain, MYC2: basic helix-loop-helix transcription factor 2, NPR1: non-inducible 
pathogenesis-related 1, TGA: basic leucine zipper transcription factor 2. CNGSs: Cyclic 
nucleotide gated channels, CaM/CML: Calmodulin/Calmodulin-like, NOS: Nitric oxide 
synthase, NO: Nitric oxide, PhET: Photosynthesis electron transport, NADPH: 
Nicotinamide adenine dinucleotide phosphate, ATP: Adenosine triphosphate, ADP: 
Adenosine diphosphate. 
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Figure 5.10 Phylogenomic profiling of PRB1, WRKY70, COI1, BIK1, CaS, RubisCO, GSH-PX, and 
EIN3 functions. The protein-protein interaction network is visualized by STRING (version 
9.05; Von Mering et al., 2003). JAZ1 (Jasmonate-Zim-Domain protein 1) and JAZ3 
(Jasmonate-Zim-Domain protein 3) are regulators involved in the JA signalling pathway 
and response to wounding. These proteins are not involved in the growth response to SA 
or indole-3- acetic acid. ATCUL1 (A. thaliana Cullin 1) encodes a cullin that is involved in 
mediating responses to auxin and JA. SKP1 (S-phase kinase-associated protein 1) is a key 
regulator in signal transduction and transcriptional factors. EBF1 (EIN3-Binding F box 
protein 1) is a regulator of the ET signalling cascade by modulating the stability of EIN3 
protein. In the table, values represent the confidence score of a functional association.  

The expression of RubisCO also followed a P16-induced wound response and was consistent with the 

findings of Giri et al. (2006) who reported a strong reduction in RubisCO activase levels in response to 

wounding in tobacco leaves. Down-regulation of RubisCO, as observed in P16-treated seedlings 

following injection, has been reported to reduce photosynthesis and enable plants to more heavily 

invest resources in defense systems (Bilgin et al., 2010; Selvaraj & Fofana, 2012). RubisCO was 

predicted to be co-expressed with CAS in the protein-protein interaction network (Figure 5.10). The 

co-expression of photosynthesis-related genes and CAS has been reported to optimize photosynthesis 

in Arabidiopsis through regulation of stomata movement and also formation of photosynthetic 

electron transport (Wang et al., 2014). Different biotic and abiotic stresses have different impact on 

 JAZ3 0.999 

 SKP1 0.999 

 JAZ1 0.999 

 EBF1 0.999 

 ATCUL1 0.999 
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photosynthesis in plants through expression of photosynthesis-related genes, which play an important 

role in the resistance process (Selvaraj & Fofana, 2012). For example, in response to Xcc infection, 

RubisCO was up-regulated in both susceptible and tolerant cauliflower cultivars (Jiang et al., 2011), 

while most biotic stresses down-regulated the expression of photosynthesis-related genes (Bilgin et 

al., 2010). Down-regulation of RubisCO has been also reported in response to abiotic stresses such as 

heat stress and CO2 elevation (Bowes, 1991; Crafts-Brandner & Salvucci, 2000; Vu et al., 2001,). Down-

regulation of RubisCO together with up-regulation of CAS may enable P16-treated seedlings to divert 

plant resources to a defense response rather than photosynthesis.  

BIK1 which was down-regulated in response to wounding in P16-treated seedlings has been reported 

to be expressed differentially in response to biotrophic and necrotrophic pathogens, suggesting it 

modulates cross talk between diverse defense signalling pathways (Veronese et al., 2006). In the 

predicted protein-protein interaction network, BIK1 did not interact with other proteins (Figure 5.10).  

When screening multiple transcripts for ‘significant’ differential gene expression, many researchers 

use an arbitrary fold change threshold of 2 in an effort to reduce the number of ‘candidate’ genes, with 

the thought that fold change differences under 2 are more prone to stochastic variation (A. Holyoake, 

personal communication, 2014).  However, even small fold changes in the transcript levels may be 

biologically important and produce notable changes in phenotype (Laurent et al., 2013). For example 

small changes in the expression of a gene in one pathway may alter the expression of other genes 

which are in cross-talk with the target gene in different pathways. In addition, many dramatic cell 

responses, including oxidative stress responses, do not involve large changes in gene expression 

(Desikan et al., 2001). In this study whilst the fold change in expression of some of the genes was below 

the commonly accepted threshold of 2, it was still statistically significant. Whilst there are no 

comparable data in the literature illustrating the expression of these target genes in cabbage under 

similar experimental conditions, their expression levels were comparable to similar ISR studies 

conducted in cabbage by the Smart Seeds group (unpublished data, D. Desai, personal communication, 

2013). In the study carried out by Jiang et al. (2011), the expression of CAS in tolerant cauliflower 

cultivars 12 and 24 h after Xcc challenge showed similar fold change compared with that in P16-treated 

seedlings in the present study. However, it needs to be considered that different experimental 

conditions, substrates, sample preparation and handling, and data processing methods in each 

individual study may affect the gene expression levels. Therefore, the comparison of different gene 

expression studies is not always valid.  

The gene expression profiles strongly suggest that seed treatment by P16 primed plants to respond to 

wounding, not pathogen challenge. In the research described in Section 5.2, a reduction of black rot 

was observed in the P16-treated seedling when P16 and Xcc were spatially separated. This observation 
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supported the hypothesis that P16 induced systemic resistance against Xcc in cabbage. However, no 

alteration in expression of seven defense-related genes was detected in P16-treated or non-treated 

seedlings in response to Xcc. It is possible that initially the impact of the stress induced by wounding 

may be stronger than pathogen challenge, and hence, plants allocate a greater portion of energy to 

mitigate the impact of wounding through the activation of wound-related defense genes. In addition, 

three sampling time points may be insufficient to measure significant alteration in gene expression 

due to pathogen challenge. Differential gene expression for most target genes, however, was detected 

in the same sampling time frame (12 to 48 h after Xcc challenge) in earlier studies (Jiang et al., 2011; 

D. Desai, personal communication, 2013). An extension of the sampling time, from less than 12 h to 

more than 48 h post-injection, may allow the detection of differential gene expression in response to 

pathogen challenge.  

Although most of the seven genes investigated in this study were reported to be involved in the 

defense response of brassica as JA, ET, or SA-related genes, systemic resistance induced by P16 may 

be through alternative plant signalling pathways. P. syringae was shown to induce the expression of 

Pti4 and Pti5 in tomato through an unknown pathway that was independent of SA, JA and ET pathways 

(Thara et al., 1999). P16 may induce systemic resistance in cabbage seedlings against Xcc through other 

defense pathways, such as reactive oxygen species (ROS) (Bolwell & Wojtaszek, 1997; Mittler et al., 

2004), or other hormonal-dependent signal transduction pathways involving auxin (Wang et al., 

2007a), abscisic acid (Mauch-Mani & Mauch, 2005), or brassinosteroid (Krishna, 2003; Nakashita et al., 

2003). For example, high expression of Trx, which encodes a key regulator of oxidative stress response 

in the ROS pathway, protected cauliflower leaves against Xcc infection (Jiang et al., 2011). The 

involvement of alternative signalling cascades in induction of systemic resistance in cabbage after Xcc 

challenge needs further investigation.  

5.4 Conclusion 

The P16 isolate reduced the severity of black rot in cabbage when the inoculation sites of P16 and Xcc 

were spatially separated, demonstrating the involvement of induced systemic resistance as a mode of 

action of P16. A gene expression study, however, detected a P16-induced priming only in response to 

wounding, not Xcc challenge. The time period for the gene expression study may have been insufficient 

to detect the seedling’s response to the pathogen inoculation. In addition, alternative defense 

pathways which were not represented by the seven target genes may be activated by P16 to induce 

systemic resistance. The present study was just a starting point for more detailed studies involving the 

molecular levels of the systemic resistance induced by P16. Thus, more genes involved in JA, ET, and 
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SA pathways and also other plant defense pathways need to be assessed over a wider time period to 

confirm that systemic resistance is induced by P16 in biocontrol of Xcc. 
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     Chapter 6 

Outcome, general discussion and future research 

The aim of this research was to study the biocontrol activity of isolates of Paenibacillus against Xcc, the 

cause of black rot in cabbage. The possible mode of action of one Paenibacillus isolate, P16, against 

Xcc was investigated.  As a full discussion was included in each of the previous research chapters, this 

chapter presents only a summary of the outcomes, a general discussion, and suggestions for further 

research. 

The New Zealand seed industry has been interested in developing beneficial microbial products for 

seeds that confer disease control and/or growth promotion. The ability to provide effective control of 

seed-borne Xcc would improve brassica production and increase the value of New Zealand brassica 

seed exports. The results of this work indicated that P16 could become a value-added beneficial 

microbial product for brassica seeds.  

6.1 Summary of outcomes 

In this study, 25 Paenibacillus isolates obtained from New Zealand grown brassica seeds were classified 

in three categories (no/low, medium, and high) based on their bioactivity against Xcc isolates using 

dual culture assays. Eight of these Paenibacillus isolates with different bioactivity were then evaluated 

in pot trials and one isolate, P16, at the concentration of 5 × 109 CFU/ml was chosen as the most 

promising isolate to control cabbage black rot. Unlike some of the other isolates, P16 did not have a 

negative effect on cabbage seedling emergence and growth. In the absence of the pathogen, P16 did 

not improve cabbage growth, but by preventing disease development it did significantly enhance 

growth in the presence of Xcc. This effect may be through competition for space and nutrients, direct 

antagonism, induced systemic resistance, and/or antibiosis. A real-time PCR assay was developed using 

a specific primer set based on the gyrB region to track colonization patterns of the P16 isolate following 

its application to cabbage seeds (i.e. in the rhizosphere and bulk soil and also plant tissue over time). 

These assays showed that P16 was a poor root-colonizer and was not detected within plant tissues. 

This suggested that induced systemic resistance may be the mechanism by which this isolate restricted 

disease development. The fact that P16 reduced the black rot severity in cabbage seedlings while its 

inoculation site was spatially separated from that of Xcc indicated the involvement of ISR in disease 

reduction, although this was not confirmed in a study of seven defense-related genes.   
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6.2 General discussion 

Screening indigenous microorganisms in order to discover potential BCAs is now a common practice in 

plant protection (Knudsen et al., 1997). However, using an inappropriate screening approach may lead 

to an overestimation of antagonists (Hökeberg et al., 1997) or, conversely disregarding suitable BCAs 

(Knudsen et al., 1997), a result that was also observed in the present study. The P16 isolate, which 

failed to suppress Xcc in dual culture assays, displayed strong biocontrol activity against black rot in 

cabbage. The lack of a relationship between in vivo and in vitro activity of a BCA has been previously 

reported (Fravel, 1988; Knudsen et al., 1997; Schmiedeknecht et al., 2001). Paenibacillus spp. which 

act by antibiosis (Beatty & Jensen, 2002; Dijksterhuis et al., 1999) can be identified in a dual culture 

assay, but other reported modes of action of Paenibacillus spp., such as induced systemic resistance 

(Lee et al. 2012; Tjamos et al. 2004) cannot be expressed in in vitro studies (Knudsen et al., 1997). 

Therefore, the selection of a potential BCA based only on the dual culture screening method may lead 

to poor and inconsistent results in greenhouse and field studies. However, this method is useful as a 

preliminary approach to screen and minimize a large library of microbes and categorize them into 

different bioactivity groups. Then, isolates from each category can be chosen to be tested in pot trials 

to find the most active BCA, the approach followed in the present study.  

The key parameters for a pot trial study include the initial pathogen and BCAs inoculum levels and 

environmental conditions such as temperature, humidity and light regime (Weller, 1988). Based on a 

study conducted by Massomo et al., (2004b) and also previous research done by the Smart Seeds team, 

Xcc was applied to cabbage seeds at a concentration of 1 × 109 CFU/ml to provide an adequate level 

of black rot symptoms on the positive control plants. The optimum inoculum level for P16 was found 

to be 5 × 109 CFU/ml. At this level there was effective biocontrol of black rot without any negative 

effects on cabbage seedling emergence (Section 2.4). Following the aim of the Smart Seeds 

programme, vegetative cells of Paenibacillus isolates were applied to cabbage seeds to protect the 

emerging seedlings against the seed-borne pathogen, Xcc. The pot trials were conducted in a plant 

growth room adjusted to conditions favourable to the pathogen, including high relative humidity (79%) 

and high temperature (day temperature 25°C and night temperature 15°C) (Williams, 1980). These 

conditions ensured a Paenibacillus isolate was selected that could overcome the pathogen under high 

disease pressure.  

Farmers prefer to use the most reliable, convenient and cost effective methods to protect their crops, 

and for most this involves the use of chemicals. While it is unlikely that biological control methods will 

be able to completely replace chemicals for control of pest and diseases, it is expected to play an 

important role in integrated pest management (Jacobsen et al., 2004). A combination of cultural, 

physical, chemical, and biological control methods is likely to provide a more consistent disease control 
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strategy. As black rot is a seed-borne disease, using seeds coated with P16 could protect cabbage 

seedlings from this primary inoculum. However, secondary infection by Xcc is also a significant problem 

and control of the seed-borne phase alone may not be sufficient (Williams, 1980). Crop management 

is an important factor for control of secondary infection; for example using trickle or ground applied 

irrigation rather than overhead irrigation that favours pathogen spread. A foliar application of P16 on 

the plants may also offer some protection to brassicas from secondary infection by Xcc. However, 

research is needed to determine its biocontrol activity, exact modes of action, best inoculum type, and 

also the best application time. If P16 did show promising biocontrol activity following foliar application, 

the fact that it is a gram positive bacterium would be an advantage. Gram positive bacteria have been 

reported to be more resistant than other bacteria to UV radiation and high temperature due to their 

pigmentation and endospore production traits (Francis et al., 2010). Therefore, the durability of the 

P16 isolate on plant foliage may be expected to be high after spray application.  

Several modes of action of Paenibacillus spp. have been reported to be involved in their biocontrol 

activity against plant pathogens in different crops (Dijksterhuis et al., 1999; Haggag and Timmusk, 

2008; Mageshwaran et al., 2011; Senthilkumar et al., 2007; Timmusk et al., 2005). Among them, root 

colonization, endophytic activity, and induced systemic resistance were investigated in this study. The 

results of the population study revealed that the P16 isolate was a poor root-colonizer and it was not 

detected endophytically within cabbage seedling tissues. As the real-time PCR assays were pre-

optimized, the failure in the detection of P16 was probably due to its low levels in the different 

substrates rather than an error in methodology. A single peak in the dissociation curve analysis 

confirmed the specificity of the primer set to amplify a unique product in the real-time PCR assay. 

Further, the linear standard curves were conducted with appropriate coefficient correlations (R2) 

which lead to accurate calculation of the concentration of unknown samples using the amplification 

efficiency of assays. Thus, the real-time PCR assays were reliable for detection of the P16 isolate, even 

though the performance of the assay is also affected by sample properties, and the suitability of the 

DNA extracted from different matrices plays an important role in quantitative analysis of the assay 

(Bustin, 2004). DNA extraction buffers and also substances present in soil and plant samples, such as 

humic acids, polysaccharides, and phenolic compounds may inhibit or enhance the PCR reactions, 

affecting the PCR efficiency (Rossen et al., 1992; Tebbe et al., 1993; Pandey et al., 1996; Wilson, 1997). 

Therefore, for an accurate quantification of samples in real-time PCR, the efficiency of the standard 

curve needs to be the same as that for the samples (Cankar et al., 2006). For this purpose, the DNA 

used to construct the standard curve should be extracted from the same substrate using the same 

protocol as the samples. For this reason, the results from a study conducted by Timmusk et al. (2009a) 

to quantify P. polymyxa in soil are arguable. In their study, DNA extracted from pure culture of the 

bacteria was used to construct a standard curve, but the method for bacterial DNA extraction from soil 
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was different from the extraction method from the pure culture. Hence, the PCR efficiency for the 

samples was not the same as for the standard curve, and this may have led to imprecise quantification 

of samples. In light of this fact, potting mix or plant discs were spiked with known concentrations of 

P16 to construct separate standard curves for the different backgrounds. DNA extraction methods for 

potting mix and plant samples were also the same as their relevant standard curves, leading to similar 

DNA extraction efficiency. Taken together, DNA extraction methods and real-time PCR assays were 

considered accurate and reliable for quantification of P16 from different substrates.  

The possibility of P16 inducing systemic resistance in cabbage against Xcc was also investigated in this 

study. Although a P16-seed treatment delayed symptom development in cabbage seedlings, there was 

no significant alteration in gene expression in response to the pathogen in the P16-treated seedlings 

in comparison with the non-treated ones. Some of the selected genes had previously shown a notable 

alteration in transcription after Xcc challenge in a study conducted by the Smart Seeds team (personal 

communication, D. Desai, 2013), and others were recognised as defense and stress markers (Jiang et 

al., 2011). None of the genes showed changes in expression due to pathogen challenge; all the changes 

were indirectly due to the injection and therefore a response to wounding. Despite the gene 

expression results, ISR appears to be the main mode of action of P16 as the disease severity in P16-

treated cabbage was significantly lower than that in non-treated seedlings where the inoculation sites 

of P16 and Xcc were spatially separated. Selection and design of new primers for genes other than 

those studied here, such as those involved in the earlier stage of ISR development, may give greater 

understanding of the plant resistance induced by P16. 

It has been frequently reported that several modes of action are required to act together in an effective 

BCA to provide reasonable biocontrol and/or promote plant growth (Guetsky et al., 2002; Whipps, 

2001). In the present study, it is likely that root colonization, even for a short period of time, was of 

primary importance to trigger the host defense mechanisms. It is not clear from this study how P16 

could induce systemic resistance in the cabbage seedlings, what were the bacterial determinants 

which triggered the plant defense system, and what was the durability of the resistance; but it was 

found that a short period of root colonization by P16 had a positive result in protecting the plant. Some 

other studies have reported no relationship between the population of a microorganism and its 

biocontrol trait. For example, Liu et al. (1995) did not find any relationship between population of two 

plant growth promoting rhizobacteria (PGPR) on cucumber roots and their biocontrol activity against 

anthracnose caused by Colletotrichum orbicular. They concluded that even though these PGPRs were 

a poor root-colonizer, they triggered systemic resistance in cucumber and controlled the disease. This 

supports the observation of the present study. An effective BCA of a soil-borne pathogen may not 

always be able to colonize the rhizosphere strongly or promote plant growth (Whipps, 2001).  
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In addition to the modes of action investigated in the present study, antibiosis is also reported as a 

biocontrol trait of Paenibacillus spp. (Beatty & Jensen, 2002; Dijksterhuis et al., 1999; Senthilkumar et 

al., 2007). Antibiosis is an important characteristic of a BCA which strongly colonizes the root system 

as an important delivery site for antimicrobial products (Chin-A-Woeng et al., 2000). As P16 only poorly 

colonized cabbage roots, it was assumed that antibiosis was not an important mode of action for 

control of Xcc, but this needs to be confirmed. 

There were also some limitations with the application of real-time PCR and qRT-PCR. To analyse the 

quantitative data by these methods, a standard curve is required for quantification of each individual 

gene or substrate, which takes a lot of space in the 96-well plate. In the case of running samples in 

different plates, additional plate controls are needed to reduce the chance of more variation 

(Ginzinger, 2002). In this study, the standard curve related to each gene or substrate was run in each 

individual plate which acted as a plate control as well. To compare the data of the same gene or 

substrate from different plates, an average standard curve was generated based on the individual 

standard curves on different plates, and all data from those plates were normalized using the average 

standard curve to minimize the variation. As the standard samples for generation of the standard curve 

are different, the data obtained from different laboratories cannot be compared, unless, for example, 

the data were normalized using a standard cell line (Ginzinger, 2002). 

6.3 Conclusion 

From a total of 25 Paenibacillus spp. isolated from New Zealand grown rape and kale, one isolate, P16, 

was found to have promising biocontrol activity against cabbage black rot in repeated pot trials. Its 

ability to prevent disease development lead to enhanced growth of cabbage in the presence of Xcc. 

P16 did not grow endophytically within plant tissues and could only poorly colonize the cabbage root. 

Despite this poor root colonization trait of P16, it appeared to be able to induce the plant defense 

system and protect cabbage seedlings against subsequent Xcc challenge. Since the P16 isolate 

decreased black rot severity when its inoculation site in the cabbage seedlings was spatially separated 

from that of Xcc, it was concluded that the BCA induced systemic resistance in cabbage. Despite the 

strong evidence of ISR as a mode of action of P16, no changes were observed in the expression levels 

of seven defense-related genes because of P16 following Xcc challenge, although P16-treated plants 

did respond to wounding.   
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6.4 Future directions 

Before attempting to introduce the P16 isolate as a commercial biocontrol agent, further research is 

necessary. The accurate identification of the isolate at the strain level is essential for registration 

purposes. As many species of a microorganism may include pathogenic strains besides beneficial 

strains, correct identification of the microorganism will avoid the unintentional release of a BCA which 

may be a potential risk to the environment or human health (Albouvette & Cordier, 2011). Therefore, 

a combination of morphological, biochemical and immunological analyses along with sequence 

analysis will be necessary to accurately identify the isolate. If no strain from the same species as the 

P16 isolate was reported in the medical data banks in case of pathogenicity or toxicity for human, 

animals or plants, it could receive release approval by regulators and be introduced to the market as a 

BCA after completion of the supplementary studies.  

The biocontrol activity of the P16 isolate against black rot also needs to be proven in an environment 

and scale similar to commercial practice. In commercial cabbage production in New Zealand, seedlings 

are usually raised in the nursery before being transplanted to the field. How these different 

environmental conditions affect the biocontrol activity of P16 needs to be determined. The previous 

inconsistency of some BCAs’ performance under field conditions, despite their effective bioactivity in 

laboratory and glasshouse trials (Stewart, 2001; Serfling et al., 2007), emphasizes the necessity of 

complementary field studies.  

In addition, an effective formulation needs to be developed for application of P16 as a seed treatment. 

To attain a successful commercial BCA, formulation plays an important role by stabilizing the 

microorganism during production and storage, improving the ease of application and promoting the 

BCA’s function in variable environmental conditions (Leggett et al., 2011). Paenibacillus endospores 

can be readily formulated into stable products such as dry powders; however, this may delay 

bioactivity against Xcc infection and this would need to be determined. Recent developments with 

formulations support the use of even sensitive vegetative cells of the bacteria as the initial substrate. 

This may overcome possible obstacles faced in their handling and application by protecting them 

against UV radiation, desiccation, and variable environmental conditions (Leggett et al., 2011; Peeran 

et al., 2014). 

To improve biocontrol, the use of the P16 isolate along with one or more other BCAs also with 

biocontrol activity against black rot could be investigated. It has been reported that better biocontrol 

can be obtained when a combination of BCAs with different modes of action is applied rather than a 

single strain of BCA (Fukui et al., 1999). This may be other Paenibacillus strains or different bacterial 

species. For example, a mixture of four Trichoderma atroviride strains is providing better control of 
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soil-borne diseases of pasture grasses than any individual isolate (J. Hampton, personal 

communication, 2013). 

The sensitivity and specificity of the real-time PCR assay used in this research was sufficient for the aim 

of the study. However, the specificity of the assay may be improved by using a labelled probe, which 

would be more expensive. In addition, only three genomic regions (16S rRNA, rpoB, and gryB) were 

used in the present study to design a specific primer set. It may be possible to use other genomic 

regions and design a more specific primer set. Also the application of more accurate and precise 

technology may improve sensitivity of the method and allow the detection of even a small trace of a 

microbe in the natural environment. For example the recently introduced droplet digital PCR, a precise 

and sensitive quantification method, overcomes some of the difficulties associated with real-time PCR, 

such as the need for standard curves and reference genes (Hindson et al., 2011; Pinheiro et al., 2011).  

Most previous studies have focused on the signal transduction pathways in relation to the 

resistance/susceptibility of brassicas cultivars (Jiang et al., 2011; Gu et al., 2008), while the pathways 

involved in ISR have been little studied. There is scope for more research in this direction to improve 

the understanding of the molecular basis of ISR. For example, more defense-related genes could be 

identified using a genome wide transcriptome study, which would help to construct more marker 

genes. Gene expression studies should also be conducted in an appropriate time window to detect all 

gene alterations following pathogen challenge. To achieve a better understanding of the precise roles 

of the defense-related genes, cloning those genes and characterizing their functions is also 

recommended. Using mutants defective in various aspects of defense signalling pathways is a powerful 

method in the study of the signal transduction involved in plant defense responses. A mutant screen 

with the use of new molecular tools could facilitate the identification and characterization of 

alternative genes involved in the plant defense pathways.  

The whole genome of the P16 isolate has recently been sequenced by Illumina FastTrack Sequencing 

Service (Diego, USA) with 100 bp paired end reads which were assembled into contigs at Massey 

University, New Zealand (T. Glare, personal communication, 2013). Being able to use the whole-

genome sequence data will provide an opportunity to understand the properties and traits of the 

bacterium that are beneficial to plants; for example the production of phytohormones, antibiotics, 

secondary metabolites, hydrolytic enzymes and other suppression capacities of the bacterium for 

biocontrol. These include genes related to nitrogen fixation, siderophores, production of volatile 

compounds, and formation of biofilms. In addition to identification of useful genes for agricultural 

aspects, whole-genome sequencing could also provide information to allow the identification of useful 

genes for medical and industrial applications. 
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Appendices 
 

 The gyrB sequences of Paenibacillus species available in the GenBank. 

Organism GenBank accession number 
Paenibacillus amylolyticus strain BCRC 14684 EU272024 
Paenibacillus lautus AB464838 
Paenibacillus pabuli strain BCRC 15857 EU272025 
Paenibacillus barcinonensis strain BCRC 17560 EU272027 
Paenibacillus amylolyticus strain Se9 HQ597041 
Paenibacillus xylanilyticus strain BCRC 17561 EU272028 
Paenibacillus taichungensis strain BCRC 17757 EU272029 
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 Sequence alignments of P16 specific regions of the 16S rRNA sequence with other isolates sequences, showing target regions for the design of a 
strain-specific primer set P16-16S-70f and P16-16S-165r for selective amplification and quantification of P16 in real-time PCR. Only the oligonucleotides 
different from the P16 sequences are indicated. The sequences of forward and reverse primers are bolded and underlined. Y represents T or C, and R 
represents G or A based on the rules of the International Union of Pure and Applied Chemistry (IUPAC) (Cornish-Bowden, 1985). 

 
 
 
       5΄     3΄ 
       
 
 
P16   TAACACGTAGGCAACCTGCCCTCAAGCTTGGGACAACTACCGGAAACGGTAGCTAATACCGAATAGTTGTTTTCTTCGCCTGAAGAGAACTGGAAAGACGGAGCAATCTGTCACTT 
 
P6    ---------------------A----ACA----T---------------------------G---Y-----------—AT-----GA-GGA------------------------- 
P8    ---------------------A----ACA----T---------------------------G----------------------AGA-GGA------------------------- 
P9    ---------------------A-----C---------------------------------------—A----G----------CGA-TT-------------------------- 
P10   ---------------------ATC--AC-----T---------------------------G-------------------------GGGA------------------------G 
P11   ---------------------ATC--AC-----T---------------------------G--------------------------GGA------------------------G 
P15   --------------------------T--------------------------------------A-------------------GA----------------------------- 
P18   ---------------------A-----C-----------------------------------------A---G----------CGA-TT-------------------------- 
P21   ----------------------T---AC-----T---------------------------G----T-TA----G-Y--------RA-TAAT-----G------------C----- 
P23   --------------------------T----------------------------------------------------------------------------------------- 
P24   ---------------------A----ACA----T---------------------------G---CA-----------------AGA-GGA------------------------- 
P25   --------------------------AC-----T---CT----------AT----------G-------G-------T----------T-G------------------------- 
P26   --------------------------T--------------------------------------A-------------------GA----------------------------- 
P27   --------------------------T--------------------------------------------------T-------GA----------------------------- 
P28   --------------------------T--------------------------------------A-------------------GA----------------------------- 
P29   --------------------------AC-----T---------------------------G------TA-------------T-GA-TAAT------------------------ 
P30   ---------------------A----ACA----T---------------------------G---CA-C---------------AGA-GGA------------------------- 
P31   --------G--T---------AT---AC-----T----C-G------C-GG----------G---ACA----GAAC-------TTC---A-T-----G---CTT-GG--------- 
P32   ---------------------A----ACA----T---------------------------G---CA-C---------------AGA-GGA------G------------------ 
  
 
 
 
 
 
 

70 90 110 130 150 170 
Forward primer Reverse primer 
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 Sequence alignments of P16 specific regions of the gyrB sequence with other isolates sequences, showing target regions for the design of a strain-

specific primer set P16-gyrB-S-205f and P16-gyrB-S-372r for selective amplification and quantification of P16 in real-time PCR. Only the oligonucleotides 
different from the P16 sequences are indicated. The sequences of forward and reverse primers are bolded and underlined.  

 
 
 
      5΄     3΄ 
       
 
 
P16   ATTTTCACGGAAACAACGGTTTATGACTATGAAACGTTACTGACTCTTACTGACTC/ /GTATGTCTCCTTCCTGAACCAGAAGCGCGAAGCGTTGCACGAAAATCCGATTTATGT   
 
P5    ----------------GA-----C----------T---------------------/ /---C----------------------------------------AAC----------  
P6    ---A---G--------------------------G--AG--T--G-----------/ /----------------A----------G-C-A-CC--------------TA--CC--  
P8    ---------C-------A-----C---------------------------C----/ /--------G------------------------------------AC----------  
P15   ----------------GA--G-TC--A-----C-TC-----T--C-----------/ /-------------G------------------TCC----T--G-----A-----C--  
P23   ----------------GA----TC--A-----------------------------/ /--------------------------------TCC-------G--------------  
P24   --------------------------A-----C--------------------G--/ /A--C-------A---------------------------------C-------G---  
P26   ----------------GA----TC--------C--C--------------------/ /--------------------------------TCC-------G--------------  
P27   ----------------GA--G-------------TT--------------------/ /---------------------------T----T-A----------C-----------   
P28   ----------------GA--G-TC--A-----C-TC-----T--C-----------/ /--G--T-------A------------------TCC----T-G------A-----C--  
P31   ---A---G-C----G--A-AG-----GT--A-T---C-GC-T--C------CT---/ /A--C---AAG-A-------G-----AAG-----TC-T--T--GG-G-----C--C--  

 

 

 

 

200 220 340 360 380 240 
Forward primer Reverse primer 
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 Normalized Ct values obtained from real-time PCR 
runs for seed coat samples. 

Day Mean Ct* ± standard deviation 
Non-treated Treated 

1 35.0 ± 1.0 20.3 ± 1.6 
2 NT 24.2 ± 1.4 
3 34.5 ± 2.3 26.3 ± 1.1 
4 35.7 ± 0.9 28.7 ± 2.1 
5 NT 29.9 ± 2.9 
6 35.6 ± 1.0 30.1 ± 2.1 
7 36.3 ± 1.6 31.6 ± 2.8 
8 38.6 ± 0.9 31.6 ± 2.4 
9 ND 32.7 ± 2.8 

10 39.4 ± 2.5 31.7 ± 2.8 
11 34.8 ± 1.1 33.5 ± 0.8 
12 35.0 ± 0.6 36.6 ± 0.6 
13 36.8 ± 1.1 36.4 ± 1.7 
14 38.8 ± 1.6 36.2 ± 1.3 
15 ND 34.6 ± 2.1 
20 36.4 ± 1.0 35.5 ± 2.5 

* Cycle threshold. NT: not tested. ND: Not detected 
 

 Normalized Ct values obtained from real-time PCR in the rhizosphere and bulk soil. 

Day 
Sample size Mean Ct* value ± Standard deviation 

Non-
treated Treated 

Bulk Rhizosphere 
Non-treated Treated Non-treated Treated 

1 2 3 35.4 ± 0.4 32.0 ± 1.3 35.4 ± 0.2 24.7 ± 1.5 
2 2 3 34.6 ± 0.1 29.1 ± 2.9 35.0 ± 0.1 31.8 ± 1.2 
3 2 3 34.6 ± 0.5 35.1 ± 1.4 36.2 ± 0.4 29.3 ± 0.8 
4 1** 3 36.1 ± 0.2 36.1 ± 1.0 36.0 ± 0.7 31.2 ± 1.1 
5 1** 3 34.1 ± 0.1 33.5 ± 0.5 34.4 ± 0.4 31.6 ± 1.1 
6 2 3 33.1 ± 0.2 32.2 ± 1.6 32.3 ± 0.6 32.5 ± 1.7 
7 2 2** 32.8 ± 0.2 34.3 ± 0.3 33.7 ± 0.2 32.0 ± 0.4 
8 2 3 33.2 ± 0.3 33.9 ± 0.7 33.6 ± 0.6 34.0 ± 1.4 
9 2 3 35.1 ± 0.5 35.2 ± 0.7 37.0 ± 1.0 32.4 ± 0.6 

10 2 3 38.5 ± 0.4 34.0 ± 1.0 37.9 ± 1.1 32.3 ± 0.8 
11 2 2** 37.4 ± 0.4 36.2 ± 1.4 38.2 ± 2.3 31.5 ± 0.1 
12 2 3 37.4 ± 0.4 35.7 ± 1.1 35.5 ± 0.8 33.5 ± 1.7 
13 2 2** 38.6 ± 1.3 34.6 ± 1.0 36.5 ± 1.0 34.3 ± 0.9 
14 2 3 34.9 ± 0.3 34.4 ± 0.8 35.6 ± 0.3 33.6 ± 0.6 
15 2 3 35.2 ± 1.1 33.7 ± 1.1 34.2 ± 0.3 33.8 ± 2.8 
20 2 3 36.2 ± 0.1 36.1 ± 2.4 36.1 ± 0.4 35.3 ± 0.3 
25 2 2** 34.4 ± 0.3 35.1 ± 0.7 35.0 ± 1.1 34.2 ± 1.0 
30 2 3 35.9 ± 0.8 34.9 ± 1.2 37.3 ± 1.5 34.7 ± 2.1 

* Cycle threshold. ** Other samples either were not detected by real-time PCR or their dissociation 
curve analysis indicated the presence of non-specific amplicons. 
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 Normalized Ct values obtained from real-time PCR for different plant tissues. 

Day** Plant site 
Sample size 

Sterilization 

Mean Ct* values ± standard 
deviation 

Non- 
treated Treated Non-treated Treated 

4 Whole plant 
1 3 + 38.2 ± 1.2 34.9 ± 1.1 
1 3 - 34.8 ± 0.9 29.8 ± 0.5 

5 Whole plant 
1 3 + 33.3 ± 0.4 34.3 ± 0.7 
1 3 - 35.5 ± 0.7 30.6 ± 2.1 

6 
Root 

1 3 + 36.9 ± 0.6 36.5 ± 2.4 
1 3 - 38.7 ± 0.5 32.4 ± 1.2 

Upper part of 
plant*** 

1 2**** + 37.6 ± 0.8 34.7 ± 0.3 
1 2**** - 36.7 ± 1.0 29.8 ± 0.6 

7 
Root 

1 2**** + ND 38.0 ± 1.2 
1 2**** - ND 33.8 ± 1.8 

Upper part of 
plant*** 

1 2**** + ND 33.9 ± 0.9 
1 2**** - ND 31.7 ± 0.4 

8 
Root 

1 3 + 35.0 ± 0.2 35.9 ± 0.4 
1 3 - 37.6 ± 0.9 ND  

Upper part of 
plant*** 

1 3 + ND 37.0 ± 1.6 
1 3 - 37.5 ± 2.1 ND 

9 
Root 

1 3 + 36.9 ± 0.7 36.5 ± 1.1 
1 2**** - ND 35.9 ± 0.8 

Upper part of 
plant*** 

1 3 + 36.0 ± 0.7 33.7 ± 2.9  
1 2**** - 38.4 ± 0.9 36.1 ± 1.7 

10 
Root 

1 3 + ND ND 
1 3 - ND 34.5 ± 1.4 

Upper part of 
plant*** 

1 3 + 36.3 ± 1.4 34.9 ± 0.5 
1 3 - ND 34.0 ± 0.5 

11 
Root 

1 3 + ND ND 
1 3 - ND 35.6 ± 0.9 

Upper part of 
plant*** 

1 3 + ND ND 
1 3 - ND 33. 6 ± 0.7 

15 

Root 
1 2**** + 37.1 ± 1.4 36.7 ± 1.1 

NT 3 - NT 35.8 ± 0.9 

Stem 
1 2**** + ND 36.5 ± 1.3 

NT 2 - NT 37.1 ± 1.0 

Cotyledon 
1 2 + ND 34.2 ± 0.6 

NT 2**** - NT 36.0 ± 0.6 

True leaf 
1 2**** + ND 35.2 ±  0.5 

NT 2**** - NT 36.3 ±  1.2 
* Cycle threshold. ** P16 was not detected from samples collected at day 12, 13, 14, 20, 25, and 
30. *** Upper part of plant contains stem and cotyledons and very young true leaves. **** Other 
samples either were not detected by real-time PCR or their dissociation curve analysis indicated 
the presence of non-specific amplicons. NT: Not tested. ND: Not detected. 
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 mCS20ABN agar medium (ISTA, 2013) contained per litre: Bacto agar (Difco) 15 g, 
soluble starch (Sigma Aldrich No. S9765) 25 g, soya peptone (Oxoid No. LP0044) 2 g, Bacto 
tryptone (Difco Bacto No. 211705) 2 g, KH2PO4 1.59 g, (NH4)2HPO4 (JT Baker No. 0784-01) 0.33, 
MgSO4.7H2O 0.4 g, L-glutamine (Sigma No. G3126) 6 g, L-histidine (Sigma Aldrich No. 
117KO763) 1 g, D-glucose (BDH No. 1011747) 1 g, cycloheximide (Sigma No. 018K1605; stock: 
200 mg/ml 70% ethanol) 1 ml; neomycin (stock: 40 mg/ml 20% ethanol) 1 ml, Bacitracin (Sigma 
No. 079K1122; stock: 100 mg/ml in 50% ethanol), 1 ml. The pH was adjusted to 6.6 before 
autoclaving and antibiotics were added after autoclaving and when the medium was cooled 
down to approximately 50°C. 

 

 FS agar medium (ISTA, 2013) contained per litre: Bacto agar (Difco) 15 g, soluble starch 
(Sigma Aldrich No. S9765) 10 g, Bacto yeast extract (Difco) 0.1 g, K2HPO4 0.8 g, KH2PO4 0.8 g, 
MgSO4.7H2O 0.1 g, methyl green (Sigma Aldrich No. MKBB2101; stock: 0.1 g in 10 ml RO water) 
1.5 ml, cycloheximide (Sigma No. 018K1605; stock: 200 mg/ml 70%  ethanol) 1 ml, D-methionine 
(Sigma Aldrich No. 129K1396; stock: 3 mg/ml H2O) 1 ml, pyridoxine-HCl (Sigma Aldrich No. 
039K1637; stock: 1 mg/ml  H2O) 1 ml, cephalexin (Sigma No. 100930805; stock: 10 g/ml H2O) 1 
ml, gentamycin (stock: 1 mg/ml H2O) 0.4 ml, trimethoprim (Sigma Aldrich No. 100924681; 
stock: 10 mg/ml 70% ethanol) 3 ml. Methionine and antibiotics were added after autoclaving 
and when the medium was cooled down to approximately 50°C.  

 

 

 

 The log2 gene expression level of target gene transcripts in P16-protected and non- 
protected seedlings before injection at time point zero (T = 0). The results of qRT-PCR were 
normalized to the GAPDH gene expression measured in the same samples. The gene expression 
level represents the average of three biological replicates in triplicate. The means were 
analyzed statistically using Log2 transformed data. The LSD (5%) value is presented as an error 
bar for each gene. 
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A: COI1 

Treatment 
Time after injection (h)  
12 24 48 

-P16/-Xcc 2.4 2.8 2.0 
+P16/-Xcc 4.0 4.6 4.9 
-P16/+Xcc 2.3 2.7 2.1 
+P16/+Xcc 3.8 3.8 4.6 
LSD(5%) 0.9 1.3 1.7 
Significance of 2 x 2 factorial contrasts 
Main effect of P16 * * * 
Main effect of Xcc ns ns ns 
Interaction ns ns ns 

 

B: BIK1 

Treatment 
Time after injection (h)  
12 24 48 

-P16/-Xcc 4.2 4.1 5.1 
+P16/-Xcc 3.4 2.9 2.2 
-P16/+Xcc 3.9 4.5 5.3 
+P16/+Xcc 3.4 2.6 1.8 
LSD(5%) 1.7 1.637 1.9 
Significance of 2 x 2 factorial contrasts 
Main effect of P16 ns * * 
Main effect of Xcc ns ns ns 
Interaction ns ns ns 

 

C: EIN3 

Treatment 
Time after injection (h)  
12 24 48 

-P16/-Xcc 0.6 1.5 0.8 
+P16/-Xcc 2.0 2.5 3.0 
-P16/+Xcc 0.6 1.1 0.8 
+P16/+Xcc 1.7 1.7 1.9 
LSD(5%) 1.1 1.4 1.1 
Significance of 2 x 2 factorial contrasts 
Main effect of P16 * * * 
Main effect of Xcc ns ns ns 
Interaction ns ns ns 

 

D: CAS 

Treatment 
Time after injection (h)  
12 24 48 

-P16/-Xcc 0.1 0.5 0.7 
+P16/-Xcc 1.4 1.4 2.0 
-P16/+Xcc -0.7 0.6 0.2 
+P16/+Xcc 1.3 2.5 2.3 
LSD(5%) 1.1 1.4 1.2 
Significance of 2 x 2 factorial contrasts 
Main effect of P16 * * * 
Main effect of Xcc ns ns ns 
Interaction ns ns ns 

 

E: PRB1 

Treatment 
Time after injection (h)  
12 24 48 

-P16/-Xcc 9.1 9.0 9.0 
+P16/-Xcc 7.1 4.9 6.5 
-P16/+Xcc 8.2 8.7 7.4 
+P16/+Xcc 8.1 5.9 4.9 
LSD(5%) 2.5 2.5 3.5 
Significance of 2 x 2 factorial contrasts 
Main effect of P16 ns * * 
Main effect of Xcc ns ns ns 
Interaction ns ns ns 

 

F: RubisCO 

Treatment 
Time after injection (h)  
12 24 48 

-P16/-Xcc -6.3 -6.2 -4.9 
+P16/-Xcc -7.3 -6.7 -7.5 
-P16/+Xcc -6. 7 -6.3 -5.8 
+P16/+Xcc -8.0 -7.6 -7.2 
LSD(5%) 1.2 1.7 0.8 
Significance of 2 x 2 factorial contrasts 
Main effect of P16 * ns * 
Main effect of Xcc ns ns ns 
Interaction ns ns * 

 

G: WRKY70 

Treatment 
Time after injection (h)  
12 24 48 

-P16/-Xcc 5.9 6.2 6.67 
+P16/-Xcc 7.1 5.5 3.97 
-P16/+Xcc 5.8 6.0 6.7 
+P16/+Xcc 6.8 5.7 3.2 
LSD(5%) 1.6 2.3 1.6 
Significance of 2 x 2 factorial contrasts 
Main effect of P16 ns ns * 
Main effect of Xcc ns ns ns 
Interaction ns ns ns 

 

 The log2 gene expression of target 
gene transcripts in different treatments at 
three time-courses of 12, 24, and 48 h post-
injection. –P16/-Xcc: non-protected seedlings 
injected with sterile water; +P16/-Xcc: P16-
protected seedlings injected with sterile water; 
–P16/+Xcc: non-protected seedlings injected 
with Xcc; and +P16/+Xcc: P16-protected 
seedlings injected with Xcc. The gene 
expression represents the average of three 
biological replicates in triplicate. LSD (5%) is 
derived from analyzing the Log2 transformed 
data. ns: not significant; *: statistically 
significant at the level of 5%.  
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