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Abstract 

Soil dwelling Plant Growth Promoting (PGP) Bacillus live in intimate associations 

with plants; some species offer direct benefits via plant growth promotion while 

others confer protection against various pathogens. However, the roles of PGP 

Bacillus as elicitors of plant chemical defences against agricultural pests and as a 

component of integrated pest managements systems remain virtually unexplored. The 

effects of three major ubiquitous Gram positive rhizobacteria; Bacillus cereus, 

Bacillus subtilis and Bacillus amyloliquefaciens were studied individually and in 

admixture on (i) calabrese (sprouting broccoli, Brassica oleracea) vegetative and 

reproductive growth parameters, (ii) changes in the profiles of aliphatic and indolic 

glucosinolates, (iii) the population dynamics of the specialist cosmopolitan pest, 

cabbage aphid (Brevicoryne brassicae) infestation, and its important natural enemies; 

the braconid endoparasitoid (Diaeretiella rapae), ladybird beetle (Coccinella 

septempunctata) and syrphid fly (all species). For the first time, we found that all 

Bacillus treatments efficiently suppressed B. brassicae field populations in varying 

magnitudes while B. cereus, B. subtilis and mixed treatments significantly changed 

foliar indole glucosinolate levels. The changes in glucosinolates were not, however, 

significantly associated with aphid and natural enemy population dynamics. None of 

the treated plants lured natural enemies, which responded in a density-dependent 

manner. Furthermore, all Bacillus treatments triggered early reproductive calabrese 

maturity, and B. subtilis, B. amyloliquefaciens and mixed treatments significantly 

improved calabrese biomass. Altogether, PGP Bacillus offer a multitude of plant 

benefits through accelerated maturity, increased biomass and suppressed pest 

infestation in the field. Therefore, they have great potential in future integrated pest 

management programmes.  
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Key message 

• We explored whether soil-dwelling plant growth promoting Bacillus can 

suppress the population of a foliar-feeding pest and alter plant defensive 

chemistry and natural enemy responses in the field.  

• We found that Bacillus spp. alter calabrese glucosinolate profiles, improve 

plant health, suppress the field infestation of the specialist, cabbage aphid (B. 

brassicae) and indirectly affect natural enemies in a density dependent 

manner. 

• Thus, Bacillus species present a novel, cost-effective and sustainable approach 

to suppress field pests and could be a valuable resource in integrated pest 

management programme against foliar-feeding insects. 

 

Introduction 

Rhizobacteria are a major component of the soil microbial community and live in 

intimate associations with plants. Those species that colonize plant roots and promote 

growth are termed Plant Growth Promoting Rhizobacteria (PGPR) (Kloepper and 

Schroth 1978). Bacillus is one of the predominant genera of PGPR which colonizes 

plants exogenously as well as endogenously in a range of environments (Shishido et 

al. 1995; Reva et al. 2004; Fan et al. 2011). Bacillus spp. have the potential to play 

physiologically and functionally diverse roles in multispecies interactions in plant 

ecosystems (Kloepper et al. 2004; Ryu et al. 2004; Pieterse and Dicke 2007; Van der 

Ent et al. 2009) and are being widely exploited for their symbiotic associations with 

plants and antagonistic activities against plant pathogens (Compant et al. 2005; 

Ongena et al. 2007). Plant growth-promoting activity of Bacillus spp. can be ascribed 

to the production of diverse bioactive molecules with broad spectrum activities 

(Ongena and Jacques 2008), stable endospore formulations (Errington 2003), in vitro 

mass multiplication, rapid and extensive colonization and rhizosphere competence 

under stress conditions (Chowdhury et al. 2013). All these attributes add to the 

success of PGP Bacillus spp. as promoters of plant growth and potent microbial 

control agents, suppressing bacterial, nematode and fungal diseases. However, plant-

mediated effects of these bacteria as a biocontrol agent of important agricultural pests 

remain virtually unexplored (Gange et al. 2012).  
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Several species of Bacillus including B. cereus, B. subtilis and B. 

amyloliquefaciens are successful plant colonizers (Kloepper et al. 2004). For instance, 

B. cereus is a persistent and relatively abundant root colonizer (Halverson et al. 1993) 

and shows antifungal and plant growth promoting activities in a range of plants 

(Pleban et al. 1997; Chang et al. 2007; Dutta et al. 2013). Bacillus subtilis is one of 

the predominant rhizobacteria and offers a broad spectrum of plant benefits including 

antibacterial and antifungal activities (Asaka and Shoda 1996; Kinsella et al. 2009), 

reproductive yield increases (Flores et al. 2007; Sharaf-Eldin et al. 2008) and 

protection against the foliar-feeding whitefly, Bemicia tabaci (Valenzuela-Soto et al. 

2010). Bacillus amyloliquefaciens is also abundant in the rhizosphere, colonizes roots 

successfully and promotes plant growth via plant pathogen suppression (Yu et al. 

2002; Kim and Chung 2004) and yield benefits (Idriss et al. 2002; Chowdhury et al. 

2013).    

Bacillus spp. induce chemical changes in plants to promote plant growth and thus 

are likely to alter profiles of foliar primary and secondary metabolites in plants in 

response to herbivory (Gange et al. 2012). Foliar secondary metabolites of plants have 

been widely studied for their role in defence functions against biotic stresses 

(Rosenthal and Berenbaum 1992; Bennett and Wallsgrove 1994). One such class is 

the glucosinolates, secondary metabolic compounds produced in Brassicaceae plants 

as a major constitutive and induced defence against generalist and specialist feeders. 

They are also known to be used as recognition cues and feeding stimulants by 

specialist herbivores (Hopkins et al. 2009). To date, at least 120 glucosinolates have 

been identified from this plant family and grouped on the basis of structural 

similarities into three major classes viz. aliphatic, aromatic and heterocyclic (indolic) 

(Fahey et al. 2001; Hopkins et al. 2009). Aliphatic compounds constitute 50% of the 

identified chemical structures of glucosinolates and are known to affect insect growth 

and performance negatively (Hopkins et al. 2009). Brassicaceae plants show an 

enhanced accumulation of indolic glucosinolates (up to 20-fold) upon herbivory 

(Textor and Gershenzon 2009). Since both aliphatic as well as indolic glucosinolates 

play important roles against herbivory (Mewis et al. 2005; 2006) and act as feeding 

stimulants for specialists (Hopkins et al. 2009), their involvement in governing 

specialist herbivore population dynamics and in plant defences is of considerable 

interest.  
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The cabbage aphid (B. brassicae.), is a specialist feeder, and an economically 

important pest attacking different crops in the family Brassicaceae. The rapid 

colonization and multiplication on plants, adaptation to changing environmental 

conditions (Ruiz-Montoya et al. 2003) and development of rapid resistance to 

insecticides (Oduor et al. 1997; Ahmad and Akhtar 2013) cumulatively play 

significant roles in the ecological and economic importance of this species. This pest 

is cosmopolitan in distribution with extensive occurrence in temperate regions (Ellis 

and Singh 1993) and is present at higher altitudes in tropical countries (Hill 1983). 

The direct damage caused by B. brassicae to infested plants results in losses in yield 

and marketability (Strickland 1957; Liu et al. 1994), whereas indirect damage 

includes the dispersal of viral diseases. This aphid is a vector of 23 viral diseases in 

the Brassicaceae and thus affects cabbage production on a massive scale (Blackman 

and Eastop 2000). The use of pesticides is the most prevalent strategy to manage this 

pest (Lim et al. 1997) but the extensive use of insecticides on directly consumed 

vegetable crops has increasing health and ecological concerns (Ellis 1996). Under 

these circumstances, biological control involving predators, parasitoids and 

microorganisms can be the best alternative pest management strategy. The most 

widespread and important natural enemies of B. brassicae include the braconid 

endoparasitoid, Diaeretiella rapae (Pike et al. 1999) and predatory syrphid flies 

(Jankowska 2005).  

The upward or downward cascade of plant secondary metabolites in food chains 

lays the foundation for bottom-up and top-down regulation of herbivore population 

dynamics (Kessler and Baldwin 2002). Several studies in Brassicaceae show that 

glucosinolates affect normal growth and development of B. brassicae by both these 

approaches. The bottom-up approach highlights direct negative effects which include 

lowering of reproductive rates of individuals and thereby colony abundance and size 

(Cole 1997; Newton et al. 2009a; Newton et al. 2009b), whereas the top-down 

approach involves indirect processes such as emission of Herbivore Induced Plant 

Volatiles (HIPVs) that attract natural enemies of this aphid (Bradburne and Mithen 

2000; Blande et al. 2007). The roles of different species of Bacillus in intervention of 

bottom-up and top-down regulation of B. brassicae population dynamics, by altering 

the levels of aliphatic and indolic glucosinolates is currently unknown.   
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The aims of this study were to determine whether the individual and mixed 

treatments of B. cereus, B. subtilis and B. amyloliquefaciens to calabrese (1) suppress 

the field colonization, reproduction and development of the specialist feeder, B. 

brassicae and its natural enemies, via changes in foliar glucosinolate profiles of 

calabrese, and (2) increase the reproductive and vegetative growth parameters of 

calabrese. We hypothesised that the different treatments of Bacillus will augment 

calabrese growth and alter glucosinolate profiles, which will eventually result in the 

reduction of B. brassicae field infestation, together with altered natural enemy 

responses. To explore this, we took a holistic approach in which we studied microbial, 

morphological, biochemical and ecological aspects of multitrophic, Bacillus-

Brassica-Brevicoryne-natural enemy interactions.    

 

Materials and Methods 

Land preparation, sowing and aftercare  

The field experiment was undertaken at Royal Holloway’s field experimentation site 

(51.4247° N, 0.5669° W), with freely draining slightly acid (pH 5.4) loamy soil, from 

June to October 2013. A site, measuring 20m × 10m was ploughed and five ridges 

were prepared 90 cm apart, 40 cm wide and 30 cm high. Five blocks were prepared 

each containing five ridges, with 4 m length of each ridge. The field was irrigated 

before sowing to facilitate seed germination and early establishment. Seeds of 

calabrese cv. Green Sprouting (Country Value Seeds, UK) were surface sterilized 

using sodium hypochlorite, following the procedure of Bhalla and Singh (2008). In 

brief, approximately 5 ml of seeds were placed in a 50 ml sterile screw cap tube 

containing 40 ml of 2% sodium hypochlorite and this tube was then shaken for 20 

minutes. In a laminar flow cabinet, sodium hypochlorite was discarded and seeds 

were subsequently washed with 40 ml sterile distilled water five times. Randomly 

chosen seeds (n=630) were decanted on to five sterile petriplates, with 126 seeds per 

plate and were subjected to five different treatments; (1) ‘control’, seeds without 

bacterial treatment; seeds that were inoculated individually with (2) B. cereus No. 8 

FW Athal, (3) B. subtilis NRRLB23051, and (4) B. amyloliquefaciens subsp. 

plantarum FZB42BGSC10A6; and (5) seeds inoculated with all three species of 

bacteria (‘mixed’ treatment). Untreated and treated seeds were swirled and imbibed 
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for 4 hours in sterile distilled water and bacterial suspensions respectively. With 

sterile forceps, three randomly picked seeds from each treatment were sown 30 cm 

apart in the field site, in a randomized block design. After the emergence of seedlings, 

two of the three seedlings were removed, the more vigorous growing seedling per 

station being retained. Thereby, 40 replicates per treatment were produced, with eight 

replicates from each different treatment in each of five blocks. No pesticides and 

fertilizers were applied throughout the study but subsequent site management 

practices including irrigation, weeding and harvesting were carried out. Plants were 

irrigated regularly, with an interval of 1 day during dry spells and weeding was 

practised thrice with an interval of 20 days. Plants were harvested at physiological 

maturity, approximately 16 weeks after sowing.  

Bacterial inoculants 

All bacterial cultures were obtained from Dr B. Raymond (Imperial College London, 

UK) and were stored in 80% (v/v) glycerol stock at -80ºC. At the beginning of the 

experiment, the bacteria were recovered on 20 ml LB broth, allowed to incubate at 

37ºC overnight on a rotary shaker, and serially diluted to 10-6 in 0.85% saline water. 

After incubation, 50 µl of a 10-5 dilution of each bacterium was spread on LB agar 

medium individually to determine the viable bacterial population count (colony 

forming units ml-1) after incubation. The concentrations of each bacterium applied 

through seed treatment immediately after seed sterilization were 108 cfu ml-1 per plate. 

To ensure bacterial colonization, one additional application of 200 ml (108 cfu ml-1) of 

each Bacillus formulation was drenched to each treated plant after 1 month.  

Field inoculations of all Bacillus species under study were confirmed 2 weeks 

after sowing. Surface sterilized 1 cm root pieces from calabrese originally treated with 

each Bacillus spp. were carefully excavated and plated on LB media plates following 

the procedure of Sun et al. (2008). The resultant bacterial colony mixtures were sub-

cultured until single and distinct colonies of bacteria were obtained. The colony PCR 

method was performed to amplify DNA from single bacterial colonies using universal 

forward; 63f (5’-CAG GCC TAA CAC ATG CAA GTC-3’) and reverse; 1387r (5’-

GGG CGG WGT GTA CAA GGC-3’) primers. The PCR mixture (50 µl) contained: 

2.5 µl bacterial colony, 1 µl deoxynucleoside triphosphate, 1 µl each of primers, 0.5 

µl taq polymerase (Qiagen Ltd. UK), 5 µl 10x PCR buffer, 2.5 µl 25 mM magnesium 
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chloride and 36.5 µl water. The PCR program involved 30 cycles of 95°C for 1 min, 

55°C for 1 min, and 72°C for 1.5 min followed by a final extension step of 5 min at 

72°C. PCR products were separated using 1% agarose gel electrophoresis and purified 

using a gel extraction kit (Qiagen Ltd. UK). Purified DNA samples were sequenced 

by Eurofins MWG Operon (Eurofins MWG Operon, Germany). The partial 

nucleotide (query) sequences were identified on the basis of homology percentage 

with the existing accessions in the National Center for Biotechnology Information 

(NCBI) database using the Basic Local Alignment Search Tool (BLAST). The 

identified sequences were submitted to NCBI Genbank and accession numbers for 

bacteria were obtained.  

Aphid and natural enemy bioassays 

Plants were allowed to be  naturally colonized by B. brassicae.  These naturally 

occurring colonies were allowed to feed, reproduce and disperse to new plants. As the 

natural enemies of B. brassicae are vital in governing its population dynamics in field, 

their number on each replicate plant was recorded along with aphids. These included 

the braconid endo-parasitoid, D. rapae, seven-spotted ladybird beetle, C. 

septempunctata, and syrphid flies (all observed species). Based on earlier 

experiments, an observation interval of 7 days was considered as optimum for 

development of measurable variation in aphid parameters. All experimental plants 

were monitored for aphid infestation, natural enemy and plant growth parameters 

from six weeks after sowing. The observations were recorded for six subsequent 

(observation) weeks, thereby six repeated measures were obtained over a period of 45 

days (5th August to 13th September 2013). Aphids and natural enemies in each block 

containing all five treatments were counted on each day, thereby five blocks each 

week, to avoid bias between treatments. For each plant, (1) total number of aphid 

nymphs, winged and wingless adults, and (2) number of mummified aphids (due to D. 

rapae), ladybird beetles (larvae, pupae and adults) and syrphid flies (larvae, pupae and 

adults) were counted. Production of reproductive structures was monitored over 

different observation sets, while fresh and dry shoot and root biomass were recorded 

immediately after harvest and after complete drying at 70ºC for 1 week, respectively. 

From oven dry root, reproductive and vegetative biomass, root weight ratios were 

computed. 
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LC/MS for calabrese glucosinolates analysis 

Sample preparation 

Ten randomly chosen plants per treatment were sampled for biochemical analyses. 

Calabrese glucosinolates were extracted by standardizing the previously reported 

procedures (Mellon et al. 2002; Tian et al. 2005). One un-infested middle leaf from 

each plant was picked 6 weeks after sowing, just prior to aphid and natural enemy 

bioassays and transferred to a 50 ml sterile Falcon tube. The tubes were immediately 

frozen in liquid nitrogen, stored at -80ºC and lyophilized for 48 hours to avoid the 

activity of myrosinase enzyme. After drying, each leaf was milled to a fine powder 

using a mortar and pestle and stored in 2 ml sterile Eppendorf Protein LoBIND S/L 

tubes (Eppendorf UK Ltd.) at -20ºC until further use. To a new Eppendorf tube 

containing 40 mg of milled sample, 750 µl of 70% aqueous methanol was added. The 

tubes were sealed and heated at 70ºC for 30 min with vortex mixing at every 5 min. 

The tubes were transferred to an ice bath and centrifuged at 15,000 rpm for 15 min. 

The supernatant was removed using a 1 ml glass syringe (Sigma-Aldrich Co. Ltd., 

Dorset, England), filtered through a 0.2 µm, 4 mm nylon syringe filter (VWR 

International Ltd., UK) and 450 µl supernatant was stored in an ice bath. The pellet 

was re-extracted twice with 750 µl of 70% methanol, heated and centrifuged as 

described above. Finally, all three 450 µl supernatants were combined in a 2 ml 

standard opening (8 mm) amber screw top glass vial (Agilent Technologies UK Ltd.) 

and concentrated under nitrogen. Concentrated samples were re-suspended in 1 ml 

deionized water and filtered through a 0.2 µm nylon filter. 

LC/MS method 

Glucosinolates were separated on an ACE 5 C18 150 x 2.1 mm reversed-phase column 

(Hichrom Ltd., Theale, Berkshire) and eluted using a linear gradient of water 

containing 0.1% formic acid (phase A) and acetonitrile containing 0.1% formic acid 

(phase B) at a flow rate of 0.2 ml min-1. Gradient elution was started at 95% A 

changing to 95% B in 9 min, and then from 95% B to 95% A in 6 min. The column 

was kept at 25˚C and the flow from the chromatograph was injected directly into the 

electrospray ionization source, with an acquisition time of 25 min. Mass spectrometry 

was performed using a BrukerMicrOTOF QII high resolution time of flight (TOF) 

mass spectrometer, in the negative ion mode. The electrospray capillary probe was 
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operated at +3.2kV, with 1 Bar nitrogen nebuliser gas. The dry gas temperature and 

flow rate were optimized at 180ºC and 8 l min-1 nitrogen respectively. The calibration 

range was set at 100-1000 Daltons and the reference standard used was Agilent 

Tunemix (Product Code G1969-85000, Agilent Technologies, UK). Extracted Ion 

Chromatograms (EICs) were used to selectively monitor glucosinolates in mass 

spectra: glucoiberin (422.02), glucoraphanin (436.04), progoitrin (388.03), 

glucobrassicanapin (388.07), glucobrassicin (447.05), 4-methoxyglucobrassicin 

(477.06) and neoglucobrassicin (477.06). The quantification of these seven 

glucosinolates was performed using sinigrin as an external standard. A calibration 

curve was obtained by using 2 µl duplicate injections of sinigrin in mobile phase at 

the levels of 100, 1000 and 10,000 pg µl-1. Peak areas were integrated using 

BrukerQuantAnalysis 1.8 software.  

Statistical analyses 

Data analyses were performed in R version 3.0.2 (R Development Core Team) using 

Linear Model (LM) and Generalized Linear Mixed-Effects Models (GLMER) 

procedures. As the relationships between response (aphid and natural enemy number) 

and explanatory (treatment and time) variables were non-linear, the polynomial 

regression procedure (GLMER procedure, nlme and lme4 libraries in R) using 

treatments as a fixed effect parameter, time as random effect and interaction terms 

(treatments: time), was used to determine if there was a significant effect of 

treatments over time. A model selection, to determine the better of two GLMER 

models, was performed using Akaike Information Criterion (AIC) values (Bolker et 

al. 2009). The data were analysed with a Poisson distribution with a log link mode 

because the response variables were count data, with skewed observation values. 

Along with GLMER procedure, the repeated measures ‘Anova’ function from the 

‘car’ package in R was used to report Chi-squared and p-values for treatment, time 

and interaction effects.  

Differences in glucosinolate levels and plant biomass were analysed as a function 

of different treatments using a linear model procedure (linear regression), with 

treatments as a fixed factor. The degrees of association between glucosinolates and 

aphid counts, and between glucosinolates and natural enemy counts were determined 

by Pearson’s product moment correlation, and r and p values for each combination of 
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glucosinolates with aphids and natural enemy numbers were determined. Discriminant 

analysis (DA) plots on each of aphid and natural enemy matrix were obtained using 

XLSTAT (version 2013.1) to highlight the differences between each of these 

(quantitative explanatory) variables across different treatments (categorical variables). 

The aphid and natural enemy counts across the six observation weeks were summed 

and represented on DA orthogonal plots to eliminate the variation over time and 

thereby simplify the analysis. Glucosinolate variations across different treatments 

were represented using Principal component analysis (PCA) biplot. 

 

Results 

Bacterial colonization 

All three originally applied bacteria from each respective treatment were successfully 

recovered from roots of plants after two weeks. Most isolates showed 95-99% 

homology with existent B. cereus, B. subtilis and B. amyloliquefaciens accessions in 

NCBI Genbank and thus, for each identified bacterial isolate, accession number was 

obtained. Three representative accessions, one from each different treatment, along 

with closest NCBI accession matches are specified below (Table 1). 

Table 1 Accession numbers of representative query samples and their percent 
homology with existing accessions in NCBI Genbank 

Query 
sample 

Accession 
Nos. 

Closest NCBI match Homology 
(%)  

1 KJ459078 Bacillus cereus partial 16S rRNA gene, isolate 
BD17-R16 (HF584799.1) 

99 

2 KJ459079 Bacillus subtilis partial 16S rRNA gene, clone 
KH007 (GU413150.1) 

99 

3  KJ459080 Bacillus amyloliquefaciens partial 16S rRNA 
gene, strain CEN6 (KF822673.1) 

99 

Plant parameters 

The application of Bacillus treatments resulted in accelerated plant reproduction 

compared with control plants (Fig. 1). At 75 days after sowing (DAS) (week 6; 09/09-

15/09), untreated plants attained 57.5% flowering, considerably lower than the treated 

plants; B. cereus (77.5%), B. subtilis (80%), B. amyloliquefaciens (67.5%) and mixed 

(75%). Thus, Bacillus treatments increased the onset of reproductive maturity in 

calabrese. Bacillus cereus tended to increase vegetative and total biomass (Fig. 2a, 



12 

 

Table 2), however, these effects were not statistically different at the 0.05 level. 

Bacillus subtilis increased total dry reproductive biomass (Fig. 2b, Table 2) offering 

plants dual benefits of earlier maturation as well as reproductive yield. Bacillus 

amyloliquefaciens treated plants had significantly higher total dry biomass whereas 

mixed treatment plants had higher vegetative, reproductive and total biomass but 

lowest root weight ratio (Fig. 2a,b,c,d) than control plants. Thus, calabrese displayed 

varied responses to different treatments, but all Bacillus treatments, except B. cereus, 

showed some significant positive impacts on vegetative as well as reproductive 

parameters over untreated plants (Table 2).  

Table 2 Summary of statistical results for fresh and oven dry biomass of differentially 
treated calabrese (linear regression, LM procedure) 

 B. c. B. s. B. a. Mixed 

 t P t P t P t P 

Fresh biomass 

Reproductive 0.661 0.510 1.451 0.150 1.256 0.212 2.654 0.009** 

Vegetative 1.227 0.223 0.257 0.797 0.986 0.326 2.131 0.035* 

Root 1.834 0.069 0.997 0.321 1.957 0.053 1.641 0.103 

Total  1.229 0.222 0.871 0.385 1.335 0.185 2.708 0.008** 

Oven dry biomass 

Reproductive 1.116 0.267 2.049 0.043* 1.726 0.087 2.324 0.022* 

Vegetative 1.947 0.054 0.679 0.499 1.793 0.076 2.518 0.013* 

Root 1.639 0.105 0.338 0.736 1.231 0.221 0.712 0.478 

Total  1.949 0.054 1.276 0.205 2.028 0.045* 2.709 0.008** 

R:W ratio -1.181 0.240 -0.636 0.526 -0.752 0.453 -3.313 0.001** 

* P<0.05, ** P<0.01, *** P<0.001. B. c.: B. cereus, B. s.: B. subtilis,  

B. a.: B. amyloliquefaciens 
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Fig. 1 Calabrese reproduction. The percentage of calabrese plants flowering across all 
treatments over the last 3 observation weeks.  

 

Table 3 The individual (treatments, time) and interaction terms (treatment: time) for 
aphid and natural enemy counts (GLMER procedure)  

  χ² df P 

Total aphids 

Treatment 7827.32 4 <0.001 

Time (quadratic) 53.059 2 <0.001 

Treatment: time (quadratic) 693.58 8 <0.001 

Natural enemy  

Treatment 252.78 4 <0.001 

Time (quadratic) 59.85 2 <0.001 

Treatment: time (quadratic) 179.97 8 <0.001 
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Fig. 2 Effects of Bacillus spp. treatments on biomass. Oven dry biomass (Mean ± SE) 
of control and Bacillus treated calabrese; (a) total vegetative (leaf + stem), (b) 
reproductive, (c) root, and (d) root weight ratio. Different letters represent mean 
values that are significantly different and abbreviations; B. c., B. s. and B. a. represent 
B. cereus, B. subtilis and B. amyloliquefaciens treatments, respectively.  
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significant treatment: time interactions suggested that certain treatments followed 

different temporal patterns over the experimental duration, shown by treated plants 

exhibiting a slower build-up of B. brassicae colonies, compared with untreated plants. 

On all treatments, the mean aphid population density reached a maximum at Week 3 

(Aug. 19-25), but varied in magnitude, being highest on control plants (111 aphids 

plant-1) followed by the mixed treatment (82 aphids plant-1), lower on B. cereus and B. 

amyloliquefaciens (42 aphids plant-1) and lowest on B. subtilis treated plants (27 

aphids plant-1). On all plants, the nymphal form contributed most towards total aphid 

counts followed by winged and wingless adults (Fig. S1a,b,c). A discriminant analysis 

orthogonal plot indicated that aphid numbers differed across control, mixed and 

individual treatments (Fig. 3b). The centroid (mean of aphid counts on 40 plants in 

each treatment) values were much lower on individual treatments compared to control 

and mixed ones, with the lowest on B. subtilis. The cluster (scattering of aphids on all 

replicates in each treatment) of control plants was more spatially isolated from the 

mixed treatment and most from individual treatments, showing the increased degree 

of discordance for aphid numbers between these treatments.  

Fig. 3 Population dynamics of B. brassicae. Differences in aphid populations across 
control and treated plants (a) changes in aphid population density (Mean ± SE) over 
time (b) DA plot of total aphid counts: the centroids and clusters of control and mixed 
treatments were distinct from those of the individual treatments.   
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Fig. 4 Natural enemy population dynamics (a) Natural enemy population variations 
(Mean ± SE) on control and treated plants (b) DA plot of natural enemy counts: 
control and B. amyloliquefaciens treated plants had highest and lowest group means 
respectively which were also spatially separated on orthogonal plot while all other 
treatments had overlapped clusters.   

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Natural enemy bioassay 

Treating plants with rhizobacteria showed similar natural enemy responses to 

untreated plants in the earliest stages of B. brassicae infestation, but highly dissimilar 

in later stages (Fig. 4a). Despite the varied responses in total natural enemies across 

all treatments, control plants had a significantly higher number of natural enemies on 

them when compared with all other treatments (Table 3). The time factor when 

analysed individually was significant along with the treatment: time interaction effects 

showing different time patterns followed by all treatments. Of the natural enemies, D. 

rapae was the most abundant followed by syrphid flies and ladybird beetles (Fig. 

S1d,e,f). The average number of natural enemies on control plants increased gradually 

until observation Week 4 and decreased afterwards. In the mixed treatment, this 

number increased until observation Week 5 and decreased in observation Week 6. 

Plants applied with individual bacteria had consistently lower average natural enemies 

than control plants and showed mixed trends in the first three observation weeks. The 

DA plot showed spatially distant separations of clusters between control and B. 
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amyloliquefaciens, with the highest grouped mean on control plants (Fig. 4b). 

Conversely, other treatments had overlapped clusters which suggests that the group 

means were not as distinct as in the aphid DA plot and application of Bacillus to 

calabrese did not have any significant direct influence on natural enemies. 

Plant Biochemistry 

Two of seven quantified glucosinolates showed significant differences across the 

different treatments (Table 4). Furthermore, the levels of total glucosinolates were not 

significantly changed in any of the treatments. In B. cereus and B. subtilis treated 

plants, 4-methoxyglucobrassicin concentrations were increased (Fig. 5a), whereas in 

the mixed bacterial treatment, neoglucobrassicin concentrations were decreased 

significantly (Fig. 5b). No significant correlation between any of the glucosinolate 

concentrations including total glucosinolates, with aphid counts and with natural 

enemy counts was found in untreated and treated plants. The PCA of glucosinolate 

quantities across different treatments showed that B. cereus and B. subtilis treatments 

were significantly positively associated (Fig. 6). All treatments contributed towards 

variation across PC1. Control and mixed treatments accounted for large variation in 

neoglucobrassicin levels across PC2. No clear pattern of change in all other 

glucosinolates across different treatments was found.     

Table 4 Effects of different Bacillus treatments on the levels of glucosinolates (linear 
regression, LM procedure) 

 B. c. B. s. B. a. Mixed 

 t P t P t P t P 

Glucoiberin 0.566 0.574 -0.443 0.659 -0.578 0.566 -0.898 0.374 

Glucoraphanin 1.354 0.183 0.310 0.758 0.237 0.814 -0.051 0.960 

Progoitrin 0.214 0.832 -0.327 0.746 1.282 0.207 -0.431 0.669 

Glucobrassicanapin 0.693 0.693 -0.996 0.325 -0.399 0.692 -1.119 0.269 

glucobrassicin 0.078 0.938 -1.051 0.299 -1.048 0.300 -1.362 0.180 

4-methoxyglucobrassicin 3.498 0.001** 2.446 0.018* 1.721 0.092 -0.929 0.358 

Neoglucobrassicin 0.826 0.413 -0.640 0.525 -1.599 0.117 -2.339 0.024* 

Total 1.247 0.219 -0.426 0.672 -0.699 0.488 -1.515 0.137 

* P<0.05, ** P<0.01, *** P<0.001. B. c.: B. cereus, B. s.: B. subtilis,  

B. a.: B. amyloliquefaciens 
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Fig. 5 Changes in calabrese glucosinolate profiles. The levels of glucosinolates in 
control and Bacillus treated plants (Mean ± SE); (a) B. cereus and B. subtilis 
treatments significantly increased 4-methoxyglucobrassicin whereas (b) mixed 
treatment significantly decreased neoglucobrassicin levels. Significant differences 
between means are represented by different letters. 

 

 

Discussion 

For the first time, we have shown that field application of PGP Bacillus can 

significantly suppress foliar populations of a specialist insect pest and can change 

foliar indole glucosinolate levels. These results are in contrast with studies in which 

PGP Pseudomonas fluorescens failed to enhance resistance to Arabidopsis against the 

specialists Pieris rapae L. (Van Oosten et al. 2008) and B. brassicae (Pineda et al. 

2012) and PGP Enterobacter radicincitans DSM16656 colonization did not affect 

indole glucosinolate levels in A. thaliana (Brock et al. 2013). The individual and 

mixed bacterial treatments brought about varied degrees of responses in plants, 

aphids, glucosinolates and natural enemies. The mixed treatment was efficient in 

accelerating reproduction as well as boosting total plant biomass, but relatively less 

effective in suppressing cabbage aphid numbers as compared to the individual 

Bacillus treatments. On the contrary, all individual bacterial treatments, in varied 

magnitudes, decreased B. brassicae infestation, but were not as effective as the mixed 

treatment in promoting plant growth.  
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Fig. 6 PCA biplot showing variations in glucosinolate levels (scores) across different 
treatments (vectors). Glucobrassicanapin, glucoiberin, 4-methoxyglucobrassicin, 
glucobrassicin and total glucosinolates contributed towards variation across PC1 
while progoitrin, glucoraphanin and neoglucobrassicin contributed most towards 
variation across PC2.  

 

Root and plant surface colonization by PGPR is crucial to exert beneficial effects 

on plants. The exact mechanisms underlying successful colonization of bacteria on 

roots is not well understood, however, earlier studies on Bacillus showed that biofilm 

formation (Beauregard et al. 2013), plant expansin homolog protein synthesis (Kerff 

et al. 2008), biochemical alterations in cell walls (Dutta et al. 2013) and extracellular 

phytase activity (Idriss et al. 2002) play important roles in plant root colonization. 

Bacillus spp. are rhizosphere competent bacteria as they circumvent unfavourable 

environmental stresses by the production of stable endospores (Nicholson et al. 2000; 

Piggot and Hilbert 2004). Most of these attributes may have played an important role 

in attaining the successful calabrese root colonization by all Bacillus species in the 

present study. This is important, given that successful field trials in this area are 
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remarkably few, due in most part to the failure of the inoculated bacteria to establish 

in the rhizosphere (Gange et al. 2012). 

Previous studies have shown that a combination of PGP B. subtilis and B. 

amyloliquefaciens offered added yield benefits in several crop species. Herman et al. 

(2008) reported that these bacteria increased pepper yield, but failed to reduce the 

green peach aphid (Myzus persicae Sulzer) field populations. In another study, 

Saffron (Crocus sativus) corm sprouting times were significantly shortened and floral 

biomass was improved by B. subtilis (Sharaf-Eldin et al. 2008). In cabbage, growth 

promoting bacteria; Bacillus megaterium TV-91C, Pantoea agglomerans RK-92 and 

B. subtilis TV-17C increased growth, nutrient and hormone content (Turan et al. 

2014). Furthermore, B. amyloliquefaciens FZB42 was reported to colonize lettuce 

rhizospheres effectively and improve growth and health under Rhizoctonia solani 

Kühn pathogen pressure (Chowdhury et al. 2013). Thus, we found similar results, in 

which B. subtilis and B. amyloliquefaciens encouraged reproduction and increased 

yield significantly together with suppression of the field populations of B. brassicae. 

The vegetative and total biomass in B. cereus applied plants were higher and this 

bacterium promoted early reproductive maturity over control plants and showed 

consistently higher suppression of B. brassicae. This accelerated maturity and 

increment in biomass caused by all Bacillus under study could be related to direct and 

indirect plant growth benefits that these bacteria may have facilitated. The direct 

benefits include the production of plant growth hormones, gibberellic acid (GA) and 

indole-3-acetic acid (IAA), increased uptake of nutrients (Vessey 2003; Yao et al. 

2006) while indirect ones include protection of plants through induced systemic 

resistance (ISR) (Valenzuela-Soto et al. 2010) and plant stress control (Yang et al. 

2009). Multiple species of Bacillus have apparently provided most of the above 

advantages and allowed maximum allocation of nutrients to shoot growth as evident 

by the significantly decreased calabrese root weight ratio.  

Initially, the experimental plants were uniformly colonized by winged B. 

brassicae females, which were abundant early in the season. These reproduced 

viviparously and colonized new plants in the field. In the subsequent weeks, steady 

increases in aphid counts on control and mixed treated plants were due to rapid 

embryonic and nymphal development of B. brassicae on actively growing field 

calabrese. Brevicoryne brassicae reproduce best on 2-2.5 month old cabbage plants 
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(Markkula 1953), thus the peak reproductive phase synchronised with access to the 

best quality food source resulted in accelerated numerical increase of nymphs in 

observation Weeks 2-3. In peak infestation stages, wingless, viviparous aphid females 

exploit a rich food supply and reproduce as rapidly as possible (Hughes 1963), 

however, winged females were prominent in the field as compared to wingless, 

viviparous females in their respective peak growing periods. Thus, winged females 

producing wingless progenies played a significant part in rapid multiplication and 

dispersal at this stage. Similarly, these winged morphs may also have dispersed 

throughout the field on Bacillus treated plants, but could not establish themselves as 

successfully as on control plants.  

Colonization of roots with PGPR leads to synthesis of proteins and secondary 

metabolites involved in elicitation of Induced Systemic Resistance (ISR) against 

pathogens and insects (Van Oosten et al. 2008; Van der Ent et al. 2009; Gange et al. 

2012). An extensive study on the effects of Bacillus on ISR and plant growth 

promotion suggested that several strains of these bacteria elicit ISR by chemical 

alterations in plants (Kloepper et al. 2004). Thus, ISR triggered by PGP Bacillus 

likely primed calabrese and thereby eventually reduced the B. brassicae field 

infestation. The fertility of mother aphids and progenies is directly influenced by the 

quality of food allocated (Nevo and Coll 2001; Jahn et al. 2005) and types of fertilizer 

applied to host plants (Stafford et al. 2012), thus changes in amino acid profiles may 

have affected the feeding of B. brassicae and thereby reduced the infestation. A 

relevant study (Cole 1997) showed a strong positive correlation between Brassica 

phloem amino acids and the intrinsic rate of increase of B. brassicae. Four amino 

acids, viz. tyrosine, alanine, leucine and glutamic acid, accounted for 43% of the 

variation in intrinsic rate of increase of B. brassicae. This study suggests that the 

changes in calabrese amino acids may have affected B. brassicae fecundity in treated 

and untreated plants. Whether PGP Bacillus alter the plant amino acid profiles 

remains unknown.  

Environmental factors such as temperature and precipitation significantly impact 

aphid population dynamics (Carver 1988). Heavy showers of rain for two consecutive 

days (19.2 mm on 24/08/2013 and 10.3 mm 25/08/2013) at the end of observation 

Week 4, followed by three infrequent rainfalls (3.3 mm on 06/09/2013, 6.8 mm on 

09/09/2013 and 32.0 mm 13/09/2013) during observation Weeks 5 and 6 severely 
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reduced aphid populations. Thus, some intense showers of rain later in the season 

likely reduced aphid and natural enemy counts, and impeded dispersal.  

In response to the fluctuations in the numbers of aphids, a parallel consistent 

pattern of change in natural enemy counts was observed in control plants. In previous 

studies, the populations of natural enemies were found to be higher on PGPR treated 

plants (Commare et al. 2002; Saravanakumar et al. 2008). Showing discrepancy with 

these studies but consistent with different work (Van Oosten et al. 2008; Kabouw et 

al. 2011), we did, however, find that PGPR-treated plants failed to attract natural 

enemies even though the aphid counts were similar to control plants in earlier 

measurements. Recent studies (Pineda et al. 2010; D'Alessandro et al. 2014), suggest 

that rhizobacteria increase HIPV emission, which trigger natural enemy responses. 

Similarly, Bacillus spp. may have influenced HIPVs and recruited the natural enemies 

to the entire plot rather than just to the treated plants, and so targeted natural enemy 

responses on treated plants were not observed.  

Diaeretiella rapae was the most abundant natural enemy in the field and thereby 

contributed most to overall natural enemy counts and reducing B. brassicae field 

populations. The mummified aphid density is governed by the density of adult 

parasitoids, host aphids and climatic factors (Dhiman 2007). Thus, the highest 

population density of mummified aphids between observation Weeks 3 and 5 could be 

attributed to the highest B. brassicae counts between observation Weeks 2 and 3, on 

control plants. Heavy rain after observation Week 4 seems to have caused the sharp 

decline in the D. rapae population. Plants treated with individual Bacillus had 

insufficient aphids on them, thus the mummified aphid counts were much lower in 

later observation weeks. Aphid predators play an important role in suppression of B. 

brassicae populations (Hafez 1961), however, the average ladybird beetle and syrphid 

fly counts were very low on all plants and made no significant contribution towards 

final natural enemy counts.  

Glucosinolates are the principal defence molecules in Brassicaceae (Hopkins et al. 

2009), but whether PGPR colonization causes qualitative changes in plant 

glucosinolates profiles, and if such qualitative changes affect colonization and 

development of aphids, is less clear. In contrast, with earlier findings that PGPR 

colonization does not affect indole glucosinolate levels in A. thaliana (Brock et al. 

2013), we found that B. cereus and B. subtilis treatments significantly increased 4-



23 

 

methoxyglucobrassicin, whereas the mixed bacterial treatment significantly decreased 

neoglucobrassicin. Neither of these glucosinolates was, however, found to be 

associated with the levels of B. brassicae infestations and natural enemy counts in 

treated as well as untreated plants.  

The large variation in the levels of individual glucosinolates and changes in those 

levels at different plant growth stages and in different plant parts makes the 

interpretation of biological activities associated with them difficult (Hopkins et al. 

2009). In a previous study (Brock et al. 2013), E. radicincitans DSM16656 decreased 

foliar aliphatic glucosinolates in A. thaliana at a fast-growing stage, increased them at 

plant maturity stage, but did not change indole glucosinolate levels averaged over the 

life of the plant. Sampling at different stages in the life of the plants was beyond the 

scope of this study and could have had confounding effects on aphid infestation. It 

would, however, be instructive to do so, as aphid populations are likely to respond to 

temporal variation in plant defences. In our sample, we found no changes in aliphatic 

glucosinolates, but significant ones in the levels of two indole glucosinolates. These 

changes and the other minor changes in glucosinolate profiles were not in harmony 

with aphid or natural enemy dynamics. In another study, Schreiner et al. (2009) 

showed that E. radicincitans DSM16656 neither changed individual and total foliar 

glucosinolate concentrations nor triggered any plant defence responses in five 

cruciferous species. Thus, the effects of colonization of different PGPR on 

glucosinolate profiles appear to be specific to the plant species and plant 

developmental stage. Furthermore, they are likely to depend on the bacterial species 

inoculated and invading insect species as well. 

The current management for B. brassicae involves the extensive use of pesticides, 

which is potentially detrimental to human and ecosystem health (Ellis 1996). Such 

excessive use has led to the development of resistance in B. brassicae (Ahmad and 

Akhtar 2013). Since various PGP Bacillus species suppress B. brassicae field 

infestations, making economic injury levels less likely, their inclusion in B. brassicae 

integrated pest management programmes is highly recommended.  Furthermore, they 

have the added advantage of improving crop yield and maturity. This will ultimately 

reduce the necessity of pesticide and fertilizer applications, lower the probability of 

pesticide resistance development, and help preserve the natural enemies in crop 

ecosystems.  
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Conclusions 

This study showed that the addition of PGPR to field-grown plants offers benefits as 

evidenced by reduced B. brassicae infestation, increment in yield and early flowering 

maturity. Except for the mixed treatment, these effects of B. brassicae suppression 

were consistent throughout the experimental duration. Conversely, on control and 

mixed treated plants this pest grew rapidly until density dependent responses of 

natural enemies occurred and climatic factors intervened. The B. cereus treatment 

improved the onset of reproductive maturity and in part, vegetative and total biomass; 

B. subtilis treated plants matured earliest and showed significantly improved 

reproductive yield. Both bacteria significantly elevated the indole glucosinolate, 4-

methoxyglucobrassicin, levels in calabrese. Bacillus amyloliquefaciens also increased 

reproductive maturity, total biomass, but did not alter glucosinolate levels. Mixed 

treated plants significantly reduced another indole glucosinolate, neoglucobrassicin, 

partly improved reproductive maturity and offered the highest plant health benefits 

through significantly improved reproductive, vegetative and total biomass. None of 

these treatments, however, favoured natural enemy populations in the field. Thus, 

incorporation of PGP Bacillus in an integrated management programme for B. 

brassicae could reduce the use of chemical pesticides and conserve natural enemies in 

the field. Further investigations are needed to establish the mechanisms of these 

treatments in diverse environmental conditions and to unravel the complexity of 

different metabolic pathways and bio-molecules involved in induction of plant 

defences. Nevertheless, it is clear that exploration of effects of PGPR against major 

pests infesting commercially important crops could contribute towards the 

development of novel, cheap and sustainable pest management strategies. 

Acknowledgement  

We are grateful to Ben Raymond and Andrew Matthews for providing bacterial 

cultures; Caroline Clarke, Elizabeth Plumb, Andreas Ebertz, Chris Gerrish, Neil 

Morley and Laurence Bindschedler for their invaluable assistance with field work 

and/or biochemical and molecular analyses and Evalyne Muiruri for her help with the 

R statistical package.  



25 

 

References  

Ahmad M, Akhtar S (2013) Development of insecticide resistance in field populations 

of Brevicoryne brassicae (Hemiptera: Aphididae) Pakistan. J Econ Entomol 

106:954-958 

Asaka O, Shoda M (1996) Biocontrol of Rhizoctonia solani damping-off of tomato 

with Bacillus subtilis RB14. Appl Environ Microbiol 62:4081-4085 

Beauregard PB, Chai Y, Vlamakis H, Losick R, Kolter R (2013) Bacillus subtilis 

biofilm induction by plant polysaccharides. Proc Natl Acad Sci USA 110: 

E1621-E1630 

Bennett RN, Wallsgrove RM (1994) Tansley Review No. 72: Secondary metabolites 

in plant defence mechanisms. New Phytol 127:617-633 

Bhalla PL, Singh MB (2008) Agrobacterium-mediated transformation of Brassica 

napus and Brassica oleracea. Nat Protoc 3:181-189 

Blackman RL, Eastop VF (2000) Aphids on the World Crop Pests: an identification 

and information guide. 2 edn. John Wiley and Sons, London  

Blande JD, Pickett JA, Poppy GM (2007) A comparison of semiochemically mediated 

interactions involving specialist and generalist Brassica-feeding aphids and the 

braconid parasitoid Diaeretiella rapae. J Chem Ecol 33:767-779 

Bolker BM, Brooks ME, Clark CJ, Geange SW, Poulsen JR, Stevens MHH, White J-

SS (2009) Generalized linear mixed models: a practical guide for ecology and 

evolution. Trends Ecol Evol 24:127-135 

Bradburne RP, Mithen R (2000) Glucosinolate genetics and the attraction of the aphid 

parasitoid Diaeretiella rapae to Brassica. Proc R Soc Lond [Biol] 267:89-95 

Brock AK, Berger B, Mewis I, Ruppel S (2013) Impact of the PGPB Enterobacter 

radicincitans DSM 16656 on growth, glucosinolate profile, and immune 

responses of Arabidopsis thaliana. Microb Ecol 65:1-10 

Carver M (1988) Biological control of aphids. In: Minks AK, Harrewijn P (eds) 

Aphids: Their Biology, Natural Enemies, and Control, vol 2C. Elsevier 

Science Publishers, Amsterdam, pp 141–165 

Chang W-T, Chen Y-C, Jao C-L (2007) Antifungal activity and enhancement of plant 

growth by Bacillus cereus grown on shellfish chitin wastes. Bioresour Technol 

98:1224-1230 



26 

 

Chowdhury SP et al. (2013) Effects of Bacillus amyloliquefaciens FZB42 on lettuce 

growth and health under pathogen pressure and its impact on the rhizosphere 

bacterial community. PLoS ONE 8:e68818 

Cole RA (1997) The relative importance of glucosinolates and amino acids to the 

development of two aphid pests Brevicoryne brassicae and Myzus persicae on 

wild and cultivated brassica species. Entomol Exp Appl 85:121-133 

Commare R, Nandakumar R, Kandan A, Suresh S, Bharathi M, Raguchander T, 

Samiyappan R (2002) Pseudomonas fluorescens based bio-formulation for the 

management of sheath blight disease and leaf-folder insect in rice. Crop Prot 

21:671-677 

Compant S, Duffy B, Nowak J, Clement C, Barka EA (2005) Use of plant growth-

promoting bacteria for biocontrol of plant diseases: principles, mechanisms of 

action, and future prospects. Appl Environ Microbiol 71:4951-4959 

D'Alessandro M, Erb M, Ton J, Brandenburg A, Karlen D, Zopfi J, Turlings TC 

(2014) Volatiles produced by soil‐borne endophytic bacteria increase plant 

pathogen resistance and affect tritrophic interactions. Plant Cell Environ 

37:813-826 

Dhiman SC (2007) Population dynamics of Diaeretiella rapae (M'Intosh): a 

parasitoid of mustard aphid, Lipaphis erysimi (Kalt.). J Appl Zool Res 18:117-

120 

Dutta S, Rani TS, Podile AR (2013) Root exudate-induced alterations in Bacillus 

cereus cell wall contribute to root colonization and plant growth promotion. 

PLoS ONE 8:e78369 

Ellis PR, Singh R (1993) A review of the host plants of the cabbage aphid, 

Brevicoryne brassicae (Homoptera, Aphididae). OILB/SROP Bull 16:192-201 

Ellis RL (1996) Rapid test methods for regulatory programs. In: ACS Symposium 

Series, ACS Publications, pp 44-59 

Errington J (2003) Regulation of endospore formation in Bacillus subtilis. Nat Rev 

Microbiol 1:117-126 

Fahey JW, Zalcmann AT, Talalay P (2001) The chemical diversity and distribution of 

glucosinolates and isothiocyanates among plants. Phytochemistry 56:5-51 



27 

 

Fan B, Chen XH, Budiharjo A, Bleiss W, Vater J, Borriss R (2011) Efficient 

colonization of plant roots by the plant growth promoting bacterium Bacillus 

amyloliquefaciens FZB42, engineered to express green fluorescent protein. J 

Biotechnol 151:303-311 

Flores AC, Luna AAE, Portugal VO (2007) Yield and quality enhancement of 

marigold flowers by inoculation with Bacillus subtilis and Glomus 

fasciculatum. J Sustainable Agric 31:21-31 

Gange AC, Eschen R, Schroeder V (2012) The soil microbial community and plant 

foliar defences against insects. In: Iason GR, Dicke M, Hartley SE (eds) The 

Ecology of Plant Secondary Metabolites: From Genes to Global Processes. 

Cambridge University Press, UK, pp 170-188 

Hafez M (1961) Seasonal fluctuations of population density of the cabbage aphid, 

Brevicoryne brassicae (L.), in the Netherlands, and the role of its parasite, 

Aphidius (Diaeretiella) rapae (Curtis). Tijdschrift over Plantenziekten 67:345-

548 

Halverson LJ, Clayton MK, Handelsman J (1993) Population biology of Bacillus 

cereus UW85 in the rhizosphere of field-grown soybeans. Soil Biol Biochem 

25:485-493 

Herman MAB, Nault BA, Smart CD (2008) Effects of plant growth-promoting 

rhizobacteria on bell pepper production and green peach aphid infestations in 

New York. Crop Prot 27:996-1002 

Hill DS (1983) Myzus persicae (Sulz.). In: Agricultural Insect Pests of the Tropics 

and Their Control. 2 edn. Cambridge University Press, Cambridge, p 202 

Hopkins RJ, Van Dam NM, Van Loon JJA (2009) Role of glucosinolates in insect-

plant relationships and multitrophic interactions Annu Rev Entomol 54:57-83 

Hughes RD (1963) Population dynamics of the cabbage aphid, Brevicoryne brassicae 

(L.). J Anim Ecol 32:393-424 

Idriss EE et al. (2002) Extracellular phytase activity of Bacillus amyloliquefaciens 

FZB45 contributes to its plant-growth-promoting effect. Microbiology 

148:2097-2109 



28 

 

Jahn GC, Almazan LP, Pacia JB (2005) Effect of nitrogen fertilizer on the intrinsic 

rate of increase of Hysteroneura setariae (Thomas)(Homoptera: Aphididae) 

on rice (Oryza sativa L.). Environ Entomol 34:938-943 

Jankowska B (2005) Predatory syrphids (Diptera, Syrphidae) occurring in the cabbage 

aphid (Brevicoryne brassicae L.) colonies on the different cabbage vegetables. 

J Plant Prot Res 45:9-16 

Kabouw P et al. (2011) Effects of soil organisms on aboveground multitrophic 

interactions are consistent between plant genotypes mediating the interaction. 

Entomol Exp Appl 139:197-206 

Kerff F et al. (2008) Crystal structure and activity of Bacillus subtilis YoaJ (EXLX1), 

a bacterial expansin that promotes root colonization. Proc Natl Acad Sci USA 

105:16876-16881 

Kessler A, Baldwin IT (2002) Plant responses to insect herbivory: the emerging 

molecular analysis. Annu Rev Plant Biol 53:299-328 

Kim P, Chung KC (2004) Production of an antifungal protein for control of 

Colletotrichum lagenarium by Bacillus amyloliquefaciens MET0908. FEMS 

Microbiol Lett 234:177-183 

Kinsella K, Schulthess CP, Morris TF, Stuart JD (2009) Rapid quantification of 

Bacillus subtilis antibiotics in the rhizosphere. Soil Biol Biochem 41:374-379 

Kloepper JW, Ryu CM, Zhang S (2004) Induced systemic resistance and promotion 

of plant growth by Bacillus spp. Phytopathology 94:1259-1266 

Kloepper JW, Schroth MN (1978) Plant growth-promoting rhizobacteria on radishes. 

In: Proceedings of IVth international conference on plant pathogens and 

bacteria, Angers, France, pp 879-882 

Lim GS, Sivapragasam A, Loke WH (1997) Crucifer insect pest problems: trends, 

issues and management strategies. In: The management of diamondback moth 

and other crucifer pests: The management of diamondback moth and other 

crucifer pests: Proceedings of the 4th International Workshop, Melbourne, 

Australia, pp 3-16 

Liu SS, Hommes M, Hildenhagen R (1994) Damage to white cabbage by the aphid 

Brevicoryne brassicae (L.): influence of aphid density and stage of plant 

growth. IOBC/WPRS Bull 17: 75–89. 



29 

 

Markkula M (1953) Biologisch 6kologische Untersuchungen uiber die Kohlblattlaus, 

(Brevicoryne brassicae (L.) (Hem., Aphididae). Ann Bot Soc Zool Bot Fenn 

Vanamo 15: 113.  

Mellon FA, Bennett RN, Holst B, Williamson G (2002) Intact glucosinolate analysis 

in plant extracts by programmed cone voltage electrospray LC/MS: 

performance and comparison with LC/MS/MS methods. Anal Biochem 

306:83-91 

Mewis I, Appel HM, Hom A, Raina R, Schultz JC (2005) Major signaling pathways 

modulate Arabidopsis glucosinolate accumulation and response to both 

phloem-feeding and chewing insects. Plant Physiol 138:1149 

Mewis I, Tokuhisa JG, Schultz JC, Appel HM, Ulrichs C, Gershenzon J (2006) Gene 

expression and glucosinolate accumulation in Arabidopsis thaliana in 

response to generalist and specialist herbivores of different feeding guilds and 

the role of defense signaling pathways. Phytochemistry 67:2450-2462 

Nevo E, Coll M (2001) Effect of nitrogen fertilization on Aphis gossypii (Homoptera: 

Aphididae): variation in size, color, and reproduction. J Econ Entomol 94:27-

32 

Newton E, Bullock JM, Hodgson D (2009a) Bottom-up effects of glucosinolate 

variation on aphid colony dynamics in wild cabbage populations. Ecol 

Entomol 34:614-623 

Newton EL, Bullock JM, Hodgson DJ (2009b) Glucosinolate polymorphism in wild 

cabbage (Brassica oleracea) influences the structure of herbivore 

communities. Oecologia 160:63-76 

Nicholson WL, Munakata N, Horneck G, Melosh HJ, Setlow P (2000) Resistance of 

Bacillus endospores to extreme terrestrial and extraterrestrial environments. 

Microbiol Mol Biol Rev 64:548-572 

Oduor GI, Lohr B, Seif AA (1997) Seasonality of major cabbage pests and incidence 

of their natural enemies in Central Kenya. In: The management of 

diamondback moth and other crucifer pests: The management of diamondback 

moth and other crucifer pests: Proceedings of the 4th International Workshop, 

pp 37-43 



30 

 

Ongena M, Jacques P (2008) Bacillus lipopeptides: versatile weapons for plant 

disease biocontrol. Trends Microbiol 16:115-125 

Ongena M et al. (2007) Surfactin and fengycin lipopeptides of Bacillus subtilis as 

elicitors of induced systemic resistance in plants. Environ Microbiol 9:1084-

1090 

Pieterse CMJ, Dicke M (2007) Plant interactions with microbes and insects: from 

molecular mechanisms to ecology. Trends Plant Sci 12:564-569 

Piggot PJ, Hilbert DW (2004) Sporulation of Bacillus subtilis. Curr Opin Microbiol 

7:579-586 

Pike KS et al. (1999) Host range and habitats of the aphid parasitoid Diaeretiella 

rapae (Hymenoptera: Aphidiidae) in Washington State. Environm Entomol 

28:61-71 

Pineda A, Zheng S-J, van Loon JJA, Pieterse CMJ, Dicke M (2010) Helping plants to 

deal with insects: the role of beneficial soil-borne microbes. Trends Plant Sci 

15:507-514  

Pineda A, Zheng SJ, Van Loon JJA, Dicke M (2012) Rhizobacteria modify plant-

aphid interactions: a case of induced systemic susceptibility. Plant Biol 14:83-

90 

Pleban S, Chernin L, Chet I (1997) Chitinolytic activity of an endophytic strain of 

Bacillus cereus. Lett Appl Microbiol 25:284-288 

Reva ON, Dixelius C, Meijer J, Priest FG (2004) Taxonomic characterization and 

plant colonizing abilities of some bacteria related to Bacillus 

amyloliquefaciens and Bacillus subtilis. FEMS Microbiol Ecol 48:249-259 

Rosenthal GA, Berenbaum MR (1992) Herbivores: Their interactions with secondary 

plant metabolites: Ecological and Evolutionary Processes. Academic Press, 

San Diego 

Ruiz-Montoya L, Nunez-Farfan J, Vargas J (2003) Host-associated genetic structure 

of Mexican populations of the cabbage aphid Brevicoryne brassicae 

L.(Homoptera: Aphididae). Heredity 91:415-421 

Ryu C-M, Farag MA, Hu C-H, Reddy MS, Kloepper JW, Pare PW (2004) Bacterial 

volatiles induce systemic resistance in Arabidopsis. Plant Physiol 134:1017-

1026 



31 

 

Saravanakumar D, Lavanya N, Muthumeena B, Raguchander T, Suresh S, 

Samiyappan R (2008) Pseudomonas fluorescens enhances resistance and 

natural enemy population in rice plants against leaf-folder pest. J Appl 

Entomol 132:469-479 

Schreiner M, Krumbein A, Ruppel S (2009) Interaction between plants and bacteria: 

glucosinolates and phyllospheric colonization of cruciferous vegetables by 

Enterobacter radicincitans DSM 16656. J Mol Microbiol Biotechnol 17:124-

135 

Sharaf-Eldin M, Elkholy S, Fernandez J-A, Junge H, Cheetham R, Guardiola J, 

Weathers P (2008) Bacillus subtilis FZB24 (R) affects flower quantity and 

quality of saffron (Crocus sativus). Planta Med 74:1316 

Shishido M, Loeb BM, Chanway CP (1995) External and internal root colonization of 

lodgepole pine seedlings by two growth-promoting Bacillus strains originated 

from different root microsites. Canadian J Microbiol 41:707-713 

Stafford DB et al. (2012) Opposing effects of organic and conventional fertilizers on 

the performance of a generalist and a specialist aphid species. Agric For 

Entomol 14:270-275 

Strickland AH (1957) Cabbage aphid assessment and damage in England and Wales, 

1946-55. Plant Pathol 6:1-9 

Sun L, Qiu F, Zhang X, Dai X, Dong X, Song W (2008) Endophytic bacterial 

diversity in rice (Oryza sativa L.) roots estimated by 16S rDNA sequence 

analysis. Microb Ecol 55:415-424 

Textor S, Gershenzon J (2009) Herbivore induction of the glucosinolate-myrosinase 

defense system: major trends, biochemical bases and ecological significance. 

Phytochem Rev 8:149-170 

Tian Q, Rosselot RA, Schwartz SJ (2005) Quantitative determination of intact 

glucosinolates in broccoli, broccoli sprouts, Brussels sprouts, and cauliflower 

by high-performance liquid chromatography-electrospray ionization-tandem 

mass spectrometry. Anal Biochem 343:93-99 

Turan M, Ekinci M, Yildirim E, Gunes A, Karagoz K, Kotan R, Dursan A (2014) 

Plant growth-promoting rhizobacteria improved growth, nutrient, and 



32 

 

hormone content of cabbage (Brassica oleracea) seedlings. Turk J Agric For 

38:327-333 

Valenzuela-Soto JH, Estrada-Hernandez MG, Ibarra-Laclette E, Delano-Frier JP 

(2010) Inoculation of tomato plants (Solanum lycopersicum) with growth-

promoting Bacillus subtilis retards whitefly Bemisia tabaci development. 

Planta 231:397-410 

Van der Ent S, Van Wees S, Pieterse CMJ (2009) Jasmonate signaling in plant 

interactions with resistance-inducing beneficial microbes. Phytochemistry 

70:1581-1588 

Van Oosten VR, Bodenhausen N, Reymond P, Van Pelt JA, Van Loon LC, Dicke M, 

Pieterse CMJ (2008) Differential effectiveness of microbially induced 

resistance against herbivorous insects in Arabidopsis. Mol Plant Microbe 

Interact 21:919-930 

Vessey JK (2003) Plant growth promoting rhizobacteria as biofertilizers Plant Soil 

255:571-586 

Yang J, Kloepper JW, Ryu C-M (2009) Rhizosphere bacteria help plants tolerate 

abiotic stress. Trends Plant Sci 14:1-4 

Yao AV, Bochow H, Karimov S, Boturov U, Sanginboy S, Sharipov AK (2006) 

Effect of FZB 24® Bacillus subtilis as a biofertilizer on cotton yields in field 

tests. Arch Phytopathol Plant Protect 39:323-328 

Yu GY, Sinclair JB, Hartman GL, Bertagnolli BL (2002) Production of iturin A by 

Bacillus amyloliquefaciens suppressing Rhizoctonia solani. Soil Biol Biochem 

34:955-963 


