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 Plants are under continuous attack by pathogenic microorganisms and pest insects. 
Despite significant advances that have been achieved to prevent crop losses due to diseases 
(Cook 2000), it is estimated that plant diseases cause a 20% yield loss in food and cash 
crops worldwide (Schumann and D’Arcy 2006). Disease incidence can be minimized by 
agricultural practices such as crop rotation, the application of chemical pesticides and 
breeding of resistant crop varieties. However, occurrence of pesticide-tolerant pathogens, 
the banning of chemical pesticides, and public concern about genetically modified 
crops, urge the development of biological control of plant diseases (Alabouvette et al. 
2006). According to Cook and Baker (1983) ‘Biological control is the reduction of the 
amount of inoculum or disease-producing activity of a pathogen accomplished by or 
through one or more organisms other than man’. There are multiple mechanisms by 
which naturally occurring beneficial bacteria and fungi can suppress disease incidence 
or severity, including antibiosis, competition for nutrients and space, and the production 
of lytic enzymes (Weller 1988, Chet et al. 1990, Chet and Inbar 1994, Handelsman and 
Stabb 1996, Raaijmakers et al. 2002, Haas and Defago 2005, Van Loon 2007). Of special 
interest is the enhancement of plant innate defense responses against pathogens by 
beneficial bacteria that occur naturally on plant roots (Zehnder et al. 2001, Van Wees et 
al. 2008). This rhizobacterially induced resistance of plant defenses is effective against a 
wide variety of plant pathogens for prolonged periods. It is unknown, however, how the 
natural microflora on plant roots, that plays an important role in maintaining plant health, 
reacts to an augmented defensive state of the plant.
 
 Bacterial abundance and diversity in soil

 The number of prokaryotic cells on earth is estimated to exceed 1030, of which the 
biggest fraction occurs in the soil (Whitman et al. 1998). The soil matrix is a favorable 
niche for bacteria since both temperature and humidity are relatively stable (Lavelle 
and Spain 2001). The community structure of the indigenous bacterial microflora in 
soil is determined by many variables, including geographic location and soil structure 
(Gelsomino et al. 1999), soil particle size  (Postma and Van Veen 1990, Ranjard et al. 2000, 
Sessitsch et al. 2001), mineral composition (Carson et al. 2009), and agricultural practices 
(Benizri et al. 2007, Rooney and Clipson 2009). Fierer and Jackson (2006) analyzed 
almost 100 soil samples from across the North and the South American continent by 
DNA fingerprinting methods to compare the bacterial community composition and 
diversity across sites. The authors showed that the diversity of soil bacterial communities 
differed by edaphic variables, particularly pH, whereas site temperature and latitude were 
of no influence. In general, pH-neutral soils showed a higher bacterial diversity, whereas 
acidic soils were least diverse.
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 Such extensive molecular studies were impossible until a relatively short time ago, 
when microbial abundance could be assessed mainly by cultivation-dependent techniques, 
of which counting of bacterial colony-forming units (cfu) on (semi-)selective media was 
the most popular. But also other methods, such as assessing bacterial enzymatic activities 
or measurement of soil respiration were of valuable use (Jenkinson and Ladd 1981). 
Implementation of molecular techniques have greatly contributed to our understanding 
of the microbial diversity in soil, since they do not depend on a cultivation-dependent 
bias. For instance, PCR-fingerprinting techniques based on differences in the nucleotide 
sequence of phylogenetic markers, of which the small subunit 16S rDNA is predominantly 
used, are now widely employed. Nevertheless, cultivation-dependent techniques remain 
important for the physiological and genetic characterization of specific bacterial species 
containing functionally important traits. Hence, culturable plating methods are still 
required (Nichols 2007) and further optimized (Janssen et al. 2002).
 Microbial diversity is now estimated to comprise up to 107 species. Hence, describing 
bacterial community structure is still a daunting and challenging task (Hughes et al. 
2001, Bent and Forney 2008, Little et al. 2008). Torsvik et al. (1990) demonstrated 
that the number of bacterial genomes in a deciduous forest soil exceeded the genetic 
diversity found by selective plating by about 200-fold, indicating that bacteria isolated by 
cultivation-dependent techniques are only a fraction of the total soil bacterial diversity. 
The acceptance that bacterial cell densities revealed by cultivation-dependent techniques 
represent only 1-10% of the total bacterial microflora present in soil is now known as 
‘the great plate count anomaly’ (Amann et al. 1995). Therefore, prokaryotic taxonomy is 
nowadays based on genomic data, which allow classification of non-culturable bacteria 
as well (Rosselló-Mora and Amann 2001, Konstantinidis and Tiedje 2005).

 Root exudates influence soil microbial communities

 Soil organisms have to compete for nutrients and other resources that are sparsely 
available in soil. Because of these limiting circumstances, bacterial proliferation in soil 
is slow. However, microbial activity in soil is greatly influenced by plant roots (Bais et 
al. 2006). The main reason for this is the loss of carbon-containing metabolites from 
the roots into the soil matrix as a result of rhizodeposition. Rhizodeposition includes 
shedding of root cells and the exudation, secretion and leakage of e.g. sugars, organic 
acids and amino acids into the soil (Bertin et al. 2003, Bais et al. 2006). Microorganisms 
can use these compounds as substrates, resulting in an increased microbial biomass and 
activity around the roots, the so-called rhizosphere effect. The term rhizosphere, meaning 
the soil compartment influenced by plant roots, was first defined in 1904 by Lorentz 
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Hiltner (Hiltner 1904, Hartmann et al. 2008), and after a century of rhizosphere research 
it can be concluded that many microbial interactions occur in this specific environmental 
niche (Whipps 2001, Lugtenberg et al. 2002).
 Up to 40% of photosynthetically fixed carbon is secreted into the rhizosphere 
(Bais et al. 2006). Root exudation has long been regarded as a passive process. However, 
increasing evidence is available that ATP-binding cassette (ABC) transporters in the roots 
are involved in the translocation of phytochemicals into the rhizosphere, indicating that 
plants actively secrete metabolites into the environment (Loyola-Vargas et al. 2007, Badri 
et al. 2008). A wide variety of plants possess specialized root cells that contain many 
mitochondria, Golgi stacks and Golgi-derived vesicles, indicative of active secretion of 
metabolites (Brigham et al. 1995, Brigham et al. 1999, Hawes et al. 2000, Vicré et al. 
2005). These cells were designated border cells; they become detached from the root and 
enmeshed in the mucilage surrounding the root surface (Hawes et al. 1998). Although 
they are common in most plant species, border cells were initially not observed in various 
Brassicaceae, including Arabidopsis thaliana (Driouich et al. 2007). However, Vicré et al. 
(2005) observed a different organization of border cells in Arabidopsis, which are therefore 
designated as border-like cells. Proposed functions of border cells include attraction of 
beneficial microorganisms, reduction of sensitivity to heavy metals such as aluminum and 
entrapment of pathogenic bacteria and nematodes in the mucilage surrounding the roots 
(Hawes 1990, Hawes et al. 2000, Miyasaka and Hawes 2001).
 Among the most prevalent rhizosphere bacteria are the Pseudomonas spp., which are 
ubiquitously present in soils, easily culturable in vitro, and possess a variety of traits that are 
relevant for the biological control of plant diseases. Traits of Pseudomonas spp. that enable 
successful rhizosphere colonization are well documented (Weller 1988, Lugtenberg et al. 
2001). Among these traits is the flagellar motility towards substrates, such as the organic 
acids and amino acids secreted by plant roots (De Weert et al. 2002).
 The composition of root exudates depends on plant species and cultivar, developmental 
stage, plant growth substrate, and stress factors (Uren 2000). Analysis of tomato, cucumber 
and sweet pepper root exudates from plants grown under gnotobiotic conditions on 
rockwool showed that the exudates contained higher total amounts of organic acids 
than of sugars. Citric, succinic, and malic acid were the major organic acids, and fructose 
and glucose the major sugars (Kamilova et al. 2006b). Root exudate composition is also 
influenced by the rhizosphere microflora itself. Application of the bacterial biocontrol 
strain Pseudomonas fluorescens WCS365 (WCS365) on tomato roots resulted in increased 
levels of total organic acids, whereas the amount of succinic acid decreased (Kamilova 
et al. 2006a). Inoculation of the tomato roots with the pathogenic fungus Fusarium 
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oxysporum f.sp. radicis-lycopersici caused severe foot and root rot and led to decreased 
amounts of citric acid, while the amount of succinic acid increased compared to non-
treated control plants (Kamilova et al. 2006a). When both WCS365 and the pathogen 
were present, disease was much less severe and the content of succinic acid in the root 
exudate was decreased (Kamilova et al. 2006a). Thus, availability and composition of 
the nutritional diet for microorganisms in the rhizosphere are highly dynamic. As root 
exudation also depends on as yet unpredictable interactions between microorganisms, the 
analysis of root exudates in gnotobiotic systems is just at the beginning of understanding 
conditions in the rhizosphere.
 
 Plants shape their microbial rhizosphere community

 Soil is the main reservoir of the potential bacterial rhizosphere community 
(Normander and Prosser 2000, De Ridder-Duine et al. 2005, Berg and Smalla 2009). 
Evidence is increasing that plants are able to actively select for their bacterial rhizosphere 
microflora, thereby creating a habitat which is most favorable for the plant (Latour et 
al. 1996, Bais et al. 2004, Garbeva et al. 2004a, Robin et al. 2007, Broeckling et al. 2008, 
Houlden et al. 2008, Rudrappa et al. 2008). Indeed, plant-species specific rhizosphere 
communities have been reported. Smalla et al. (2001) monitored the bacterial rhizosphere 
communities of strawberry, oilseed rape and potato for two consecutive years by the 
cultivation-dependent fingerprinting method, denaturing gradient-gel electrophoresis 
(DGGE). Plant species-specific rhizosphere communities were observed, and differences 
became more pronounced in the second year. In both years seasonal effects on both the 
abundance and composition of the bacterial rhizosphere populations were also observed. 
Lemanceau et al. (1995) studied the effect of flax and tomato roots on the diversity 
of Pseudomonas populations. In their study both plant species affected Pseudomonas 
populations differentially, and rhizosphere populations differed from those in bulk soil. 
Glandorf et al. (1993a) studied the Pseudomonas diversity on the roots of potato, grass and 
wheat. Most characterized isolates from each crop were not observed on the other two 
crops, indicating that composition of Pseudomonas populations differed between these 
plant species. However, upon application of a mixture of selected isolates, no crop-
specific root colonization was apparent.
 Plant defenses have the potential to affect bacterial populations in the rhizosphere by 
either recruiting beneficial bacteria or actively repressing pathogen proliferation. One of 
the best-studied examples is the biological control of the fungus Gaeumannomyces graminis 
var. tritici (Ggt), the causal agent of take-all in wheat. When wheat is continuously grown 
in the same field, a build-up of the pathogen occurs. However, after several years of wheat 

General introduction



14

monoculture and a severe outbreak of the disease, a decrease in take-all is observed, a 
phenomenon known as take-all decline (TAD). TAD is associated with the proliferation 
of specific strains of fluorescent Pseudomonas spp. in the wheat rhizosphere that produce 
the antibiotic 2,4-diacetylphloroglucinol (DAPG) and successfully suppress Ggt (Weller 
et al. 2002).
 Recently, Rudrappa et al. (2008) demonstrated in a gnotobiotic system that infection 
of Arabidopsis with the bacterial leaf pathogen Pseudomonas syringae pv. tomato DC3000 
(Pst) results in the recruitment of the biocontrol strain Bacillus subtilis FB17 to the roots. 
The authors demonstrated that roots of Pst-infected plants secrete large amounts of malic 
acid, which is a chemo-attractant for FB17 (Rudrappa et al. 2008). Therefore, it was 
postulated that diseased plants ‘signal for help’ in the rhizosphere (Fig. 1).
 Root exudates can also have direct defensive qualities. Pathogen-activated plant 
defenses can result in root secretion of antimicrobial compounds. Hairy root cultures of 
Ocimum basilicum challenged with Pythium ultimum produce rosmarinic acid, a caffeic acid 
derivative with antimicrobial activity against multiple soilborne microorganisms (Bais et 
al. 2002). In another study (Bais et al. 2005), it was shown that root-derived antimicrobial 
metabolites from Arabidopsis confer resistance to a variety of P. syringae pathovars. 
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Figure 1:  Scheme of intra-plant signaling to recruit beneficial rhizosphere bacteria through secretion of 
malic acid, which acts as a chemo-attractant for Bacillus subtilis FB17, after leaf infection by 
Pseudomonas syringae pv. tomato (Pst). Adapted from Rudrappa et al. (2008).
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 All these results were obtained predominantly in vitro, and cannot be easily extrapolated 
to in situ conditions. Moreover, to what extent the indigenous non-pathogenic bacterial 
community that is intimately associated with plants is affected by plant defenses remains 
mostly untouched.

 Plant-microbe interactions in the rhizosphere

 In view of the immense diversity of microbial life in the soil and the rhizosphere, it 
is not only important to assess microbial abundance and diversity, but also to relate the 
presence of the variety of microorganisms to ecological function (Kent and Triplett 2002, 
Torsvik and Øvreås 2002). In the natural environment, microbial root colonization leads to 
multiple types of physical and chemical interactions between microorganisms and plants. 
These interactions can vary from neutral to beneficial on the one side, and deleterious 
on the other side when plant-pathogenic microorganisms are involved (Lugtenberg et al. 
2002, Singh et al. 2004, Mercado-Blanco and Bakker 2007, Raaijmakers et al. 2009).
 Many non-pathogenic soil bacteria have the ability to promote the growth of plants 
and, therefore, are often designated as plant growth-promoting rhizobacteria (PGPR) 
(Kloepper et al. 1980, Glick 1995, Bloemberg and Lugtenberg 2001, Persello-Cartieaux 
et al. 2003, Van Loon 2007). Different mechanisms are involved, of which fixation of 
atmospheric nitrogen to ammonia by diazotrophs has been studied most (Dobbelaere 
et al. 2003). Rhizobia show a highly specific symbiotic association with leguminous 
plants in which the rhizobia induce the plant to form root nodules, a specialized organ 
wherein the rhizobia reside and provide the plant with directly available nitrogen in the 
form of ammonia (Oldroyd and Downie 2008). Besides fixing nitrogen, the diazotroph 
Azospirillum secretes several plant hormones involved in the direct promotion of plant 
growth, namely auxins, cytokinins and gibberellins. Auxins, which are quantitatively the 
most abundantly secreted hormone by Azospirillum, stimulate root development, thereby 
promoting growth of the whole plant (Steenhoudt and Vanderleyden 2000).
 Another mechanism of plant growth stimulation by PGPR is the production of 
1-aminocyclopropane-1-carboxylate (ACC) deaminase (Glick et al. 2007). ACC is the 
immediate precursor of the plant hormone ethylene (ET), which is involved in stress 
signaling and negatively regulates root elongation. The bacterial enzyme ACC deaminase 
hydrolyzes ACC to ammonia and α-ketobutyrate. Glick et al. (1995, 1998) postulate 
that plants release ACC into the rhizosphere, and that this ACC is hydrolyzed by the 
bacterial ACC deaminase, thereby reducing ET-mediated suppression of root growth. 
This interaction is also beneficial for the bacteria, as ammonia and α-ketobutyrate 
are sources of N and C, respectively. Ryu et al. (2003) demonstrated that the volatiles 
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2,3-butanediol and acetoin produced by two Bacillus spp. can also enhance growth of 
Arabidopsis, indicating that a physical interaction between the PGPR and the plant is 
not necessarily required (Ping and Boland 2004).
 Besides promoting plant growth directly, plant growth promotion by PGPR can 
also be indirect. The rhizosphere microflora can benefit plants by increasing tolerance 
to abiotic stresses such as drought (Belimov et al. 2009), nutrient deficiency (Yang et 
al. 2009), and heavy metal toxicity (Zhuang et al. 2007), as well as protection against 
pathogens through microbial antagonism and increasing plant defensive capacity (Bent 
2006, Van Loon 2007). Thus, beneficial soil bacteria can protect plants against diseases 
caused by different types of pathogens. A growing understanding of the mechanisms 
involved has made it clear that many PGPR strains have the potential to be implemented 
as biological control agents against plant pathogens.

 Biological control of pathogens

 Soil suppressiveness is the phenomenon that in spite of the presence of a virulent 
pathogen and a susceptible host plant, disease does not occur. General soil suppressiveness 
is the capacity of the total microbial biomass to suppress the growth or activity of 
deleterious organisms, whereas specific soil suppressiveness generally depends on a single 
organism with the ability to antagonize a specific pathogenic species or genus (Weller et 
al. 2002). In contrast to specific suppressiveness, general suppressiveness is not transferable 
to other soils. However, microbial populations can be stimulated by the addition of 
organic amendments such as manure or compost (Hoitink and Boehm 1999). This can 
make a conducive soil suppressive (Weller et al. 2002, Garbeva et al. 2004a).
 Specific suppression of plant pathogens has been found for representatives of a 
wide variety of bacterial genera, including Agrobacterium, Alcaligenes, Arthrobacter, Bacillus, 
Enterobacter, Erwinia, Pseudomonas, Rhizobium, Serratia, Streptomyces, and Xanthomonas (Weller 
1988, Whipps 2001). Efficient root colonization and establishment of biocontrol bacteria 
is of key importance for effective suppression of deleterious organisms (Weller 1988, 
Lugtenberg et al. 2001). Therefore, focus has been mainly on fluorescent Pseudomonas spp. 
because of their excellent root-colonizing capacity and ability to produce antimicrobial 
compounds (Lugtenberg et al. 2001, Haas and Keel 2003, Haas and Defago 2005, Weller 
2007). Several studies have demonstrated a correlation between inoculum density and 
efficacy of disease suppression. For example, Raaijmakers et al. (1995) demonstrated 
that effective biological control of Fusarium wilt in radish by P. fluorescens WCS374r 
(WCS374r) or Pseudomonas putida WCS358r (WCS358r) required at least 105 cfu/g root. 
A small decline in population density below this threshold resulted in a rapid decrease 
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of efficacy. Once biocontrol bacteria are established in the rhizosphere, a wide variety of 
mechanisms can result in suppression of plant pathogens.
 Competition for iron can suppress various soilborne diseases, for example Fusarium 
wilt in carnation (Duijff et al. 1994) and radish (Raaijmakers et al. 1995, De Boer et 
al. 2003). Because of its extremely low solubility, iron is often a limiting element in 
the soil and rhizosphere. Hence, most microorganisms secrete siderophores that chelate 
iron which is subsequently acquired through membrane receptors (Loper and Buyer 
1991, Neilands 1995). Under iron-limiting conditions, WCS358 secretes the fluorescent 
siderophore pseudobactin-358. Iron chelated by pseudobactin-358 is taken up by a 
highly specific receptor, and therefore unavailable to organisms that do not possess this 
receptor (De Weger et al. 1988). Thus, WCS358r can monopolize the available iron in 
the environment, thereby effectively antagonizing deleterious organisms in their growth 
or activity. However, in field soils disease suppression by competition for iron is often 
inconsistent, since iron availability varies in time and space and can be affected by 
the utilization of heterologous siderophores by other organisms or degradation of the 
siderophore-iron complex (Loper and Henkels 1997, 1999).
  Van Wuytswinkel et al. (1999) overexpressed the iron-storage protein ferritin in 
tobacco. As a consequence, the transgenic tobacco accumulated iron, thereby depleting 
the already low level of available iron in the soil. Robin et al. (2006) demonstrated that 
the composition of Pseudomonas spp. on ferritin-overexpressing tobacco roots was altered 
compared to wild-type tobacco. The Pseudomonas community on the roots of the transgenic 
tobacco was less susceptible to the iron-stress conditions, and moreover, individual isolates 
from the transgenic tobacco roots showed an increased in vitro antagonism against the 
plant pathogen Pythium aphanidermatum Op4 (Robin et al. 2007). 
 Antibiosis is the antagonistic effect of a beneficial microorganism by the production 
of secondary metabolites, such as antibiotics or biosurfactants. Antibiotics are low-
molecular weight compounds produced by microorganisms that are deleterious to the 
metabolism or growth of other microorganisms. A wide variety of antibiotics exists, 
for example phenazines, DAPG, pyoluteorin, and pyrrolnitrin, and their involvement 
in biological control of plant diseases has been well studied (Raaijmakers et al. 2002, 
Chin-A-Woeng et al. 2003, Haas and Keel 2003, Haas and Defago 2005). Production 
of antibiotics is now often implicated as an important mechanism of biological control, 
resulting from the fact that it is a relatively easy mechanism to study and can provide a 
highly effective mode of action (Handelsman and Stabb 1996).
 Biosurfactants are amphiphilic compounds that can damage cellular membranes, 
thereby causing leakage and cytolysis (Maier 2003, Raaijmakers et al. 2006). They can have 
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antimicrobial activity against a variety of organisms, including the pathogenic oomycetes 
Pythium and Phytophthora, the fungus Rhizoctonia, as well as a number of Gram-positive 
and Gram-negative bacteria that are pathogenic to humans, such as Staphylococcus aureus 
and Proteus vulgaris (Raaijmakers et al. 2006, Das et al. 2008).
 Lytic enzymes can degrade several components that are present in the cell walls of 
fungi and oomycetes (Chet and Inbar 1994). A wide variety of bacterial lytic enzymes 
are known, including cellulases, glucanases, proteases, and chitinases. A ß-1,3-glucanase-
producing Pseudomonas cepacia significantly decreased the incidence of diseases caused 
by Rhizoctonia solani, Sclerotium rolfsii and Pythium ultimum (Fridlender et al. 1993). 
Garbeva et al. (2004b) studied the effect of agricultural practices on the composition 
of Pseudomonas spp. and their antagonistic activity towards R. solani. They observed that 
disease suppressiveness against R. solani was higher in grassland than in arable land, and 
linked this to an increased number of antagonistic Pseudomonas spp. possessing chitinolytic 
activity. However, De Boer et al. (1998) demonstrated that besides the production of lytic 
enzymes also other mechanisms, such as the production of antibiotics, are involved in the 
suppression of pathogens.
 Induction of systemic resistance by beneficial rhizosphere bacteria increases the  
defensive capacity of the plant and thereby reduces disease incidence or severity after 
pathogen attack (Van Loon et al. 1998). Van Peer et al. (1991), and Wei et al. (1991) 
independently demonstrated that induced systemic resistance (ISR) was expressed 
while the bacterial inoculum and the pathogen were applied and remained spatially 
separated. The spatial separation excluded the possibility of a direct antagonistic effect 
of the biocontrol bacteria on the pathogen. Unlike direct bacterial antagonism towards 
soilborne pathogens, ISR is also effective in above-ground plant parts against a broad 
range of bacterial, fungal, and oomycetous pathogens, and even sometimes against viruses, 
nematodes, and herbivorous insects (Van Loon et al. 1998, Van Loon and Bakker 2003, Van 
Oosten et al. 2008).
 ISR can be induced by many different rhizosphere bacteria (Bent 2006) in a variety 
of plant species (Bakker et al. 2007). However, successful elicitation is based on a specific 
interaction between the inducing strain and the host plant (Pieterse et al. 2002, Meziane 
et al. 2005, Van Loon 2007, Van Wees et al. 2008). For example, Leeman et al. (1995a, 1996) 
demonstrated that ISR can be elicited in radish by P. fluorescens WCS417r (WCS417r) 
and WCS374r, but not by WCS358r. Conversely, WCS358r and WCS417r are capable of 
inducing ISR in Arabidopsis accession Columbia (Col-0), whereas WCS374r does not 
(Van Wees et al. 1997). However, when grown at high temperature prior to inoculation 
(Ran et al. 2005), or when applied at a low inoculum density (Djavaheri 2007), WCS374r 
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does elicit ISR. Variation in the ability to express ISR is observed between different 
Arabidopsis accessions. Whereas the accessions Col-0 and Landsberg erecta (Ler-0) are 
able to express WCS417r-elicited ISR, the accessions RLD1 and Wassilewskija (WS-0) 
are not (Van Wees et al. 1997, Ton et al. 1999b, Ton et al. 2001). Genetic studies revealed 
that the inability of RLD1 and WS-0 to express ISR is mediated by one single dominant 
gene, ISR1, that is associated with sensitivity of the plant to ET (Ton et al. 1999b, Ton et 
al. 2001).

 Activation of plant inducible defense responses

 Plants possess different strategies to recognize and counteract pathogen attack (Jones 
and Dangl 2006, Boller and He 2009). As a first line of defense, the plant cell surface 
contains pattern recognition receptors (PRRs) that recognize potential pathogens by 
conserved pathogen-associated molecular patterns (PAMPs), such as flagella, outer 
membrane lipopolysaccharides (LPS) and other cell wall or secreted components (Zipfel 
2008). Non-pathogenic microorganisms are recognized in a similar way. Hence, their 
elicitors are designated as microbe-associated molecular patterns (MAMPs) (Bittel and 
Robatzek 2007). In addition to flagella (Gómez-Gómez and Boller 2002, Zipfel et al. 
2004), and LPS (Newman et al. 2007), there are various bacterial compounds that can 
be recognized by the plant, including N-acyl-L-homoserine lactones (Schuhegger et 
al. 2006), biosurfactants (Ongena et al. 2007, Tran et al. 2007), siderophores (Höfte and 
Bakker 2007), and the antibiotics DAPG (Iavicoli et al. 2003), and pyocyanin (Audenaert 
et al. 2002). 
 Recognition of any of these PAMPs/MAMPs can lead to the activation of a defense 
signaling cascade, thereby enhancing plant immunity (Bittel and Robatzek 2007, Van 
Wees et al. 2008). One of the best understood PAMP/MAMP – receptor interactions is 
the recognition of flagellin, the main component of the bacterial flagellum, by the PRR 
FLAGELLIN SENSING 2 (FLS2) (Gómez-Gómez and Boller 2000, Zipfel 2008). In 
Arabidopsis, Chinchilla et al. (2006) demonstrated direct binding of flg22, a conserved 
22-amino-acid peptide of bacterial flagellin, to the transmembrane leucine-rich-repeat-
receptor kinase FLS2. Upon binding of flg22 by FLS2, a mitogen-activated protein kinase 
(MAPK) signaling cascade is triggered (Asai et al. 2002). Both MAPK3 and MAPK6 are 
rapidly activated, resulting in the induction of plant defenses and the biosynthesis of 
antimicrobial metabolites (Nühse et al. 2000, Denoux et al. 2008).
 Although non-pathogenic microorganisms lack virulence factors and thereby 
the ability to effectively exploit plants, recognition of MAMPs can also lead to the 
elicitation of ISR (Zipfel et al. 2004, Bittel and Robatzek 2007, Van Wees et al. 2008). 
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Plant defenses are regulated by a complex network of signaling pathways (Koornneef 
and Pieterse 2008, Grant and Jones 2009), in which the plant hormones salicylic acid 
(SA), jasmonic acid (JA), and ET play major roles (Thomma et al. 2001, Pozo et al. 2004, 
Van Loon et al. 2006, Loake and Grant 2007). Also other hormones, such as abscisic acid, 
auxins, gibberellins, cytokinins and brassinosteroids are involved (Grant and Jones 2009, 
Pieterse et al. 2009). By using hormone signaling mutants, Pieterse et al. (1996, 1998) 
demonstrated that the signaling pathway underlying ISR in Arabidopsis differs from 
the classic form of systemically induced resistance, systemic acquired resistance (SAR), 
that results from limited pathogen infection (Ross 1961). Whereas SAR is associated 
with local and systemic accumulation of SA and the expression of pathogenesis-related 
(PR) genes (Métraux et al. 1990, Uknes et al. 1992, Sticher et al. 1997, Mauch-Mani and 
Métraux 1998, Durrant and Dong 2004), ISR requires responsiveness of the plant to JA 
and ET (Pieterse et al. 1996, 1998). However, ISR is not associated with an increased 
synthesis of these hormones, nor with an increased expression of known defense-related 
genes (Van Wees et al. 1999, Pieterse et al. 2000, Verhagen et al. 2004).
 Both SAR and ISR enhance plant innate immunity by a mechanism designated 
priming, which enables the plant to react faster and more strongly to subsequent pathogen 
attack (Conrath et al. 2002, 2006). Primed plants do not exhibit augmented expression 
of defense-related genes in the absence of pathogen attack. Instead, an accelerated 
activation of plant defenses occurs upon pathogen recognition, providing a stronger and 
faster defense response. Possible mechanisms of priming in SAR and ISR involve the 
expression of signaling components such as transcription factors (Van der Ent et al. 2008, 
Van der Ent et al. 2009), or the activation of protein kinases such as MAPK3 and MAPK6 
(Beckers et al. 2009), which stay inactive until pathogen recognition. Another mechanism 
behind priming appears to be a change in chromatin structure (Bruce et al. 2007, Van den 
Burg and Takken 2009). DNA methylation and/or histone modification can result in a 
more accessible chromatin structure, allowing a quicker transcriptional response upon 
pathogen attack. 
 Expression of plant defenses is necessary for a plant to ward off attack by a pathogen. 
However, the expression of plant defenses in the absence of deleterious organisms 
involves fitness costs (Heil 2002, Heil and Baldwin 2002, Heidel et al. 2004, Van Hulten 
et al. 2006, Walters and Heil 2007). The Arabidopsis mutant cpr1 (constitutive expressor of 
PR genes 1) constitutively expresses SA-dependent defenses and is more resistant to a 
variety of pathogens (Bowling et al. 1994). However, cpr1 has a dwarf phenotype and 
produces fewer seeds compared to wild-type Col-0 plants (Bowling et al. 1994, Heidel 
et al. 2004). In contrast, the edr1 (enhanced disease resistance 1) mutation in Arabidopsis 
results in a plant that is constitutively primed for SA-dependent defenses (Frye and Innes 
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1998). The edr1 mutant shows only a slightly lower fitness compared to the wild type and 
performed considerably better than cpr1 in the absence of pathogens (Van Hulten et al. 
2006). Moreover, upon challenge inoculation with Pst or Hyaloperonospora arabidopsidis, 
edr1 displayed a comparable level of disease protection as cpr1, similar to that in wild-
type plants in which defenses were activated by chemical elicitors. These observations 
indicate that priming of inducible defenses outweighs the fitness costs in an environment 
in which disease occurs (Van Hulten et al. 2006). 

 Inducible defense signaling

 In general, pathogens with a necrotrophic lifestyle are resisted by JA/ET-dependent 
defenses, whereas SA-dependent defenses are effective against pathogens with a 
biotrophic lifestyle (Glazebrook 2005). This differential effectiveness of plant defenses is 
also displayed by ISR and SAR (Ton et al. 2002b). For example, ISR is effective against 
the necrotrophic fungus Alternaria brassicicola whereas SAR is not, while SAR is effective 
against the biotrophic turnip crinkle virus, and ISR is not.
 A schematic representation of the SAR- and ISR signal-transduction pathways is 
shown in figure 2.
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Figure  2:  Schematic representation of the signal-transduction pathways leading to  rhizobacteria-
mediated induced systemic resistance (ISR) and pathogen-induced systemic acquired resistance 
(SAR) in Arabidopsis. Solid arrows indicate stimulation; dotted arrows indicate priming for 
stimulation; T-bars indicate repression (see text for details). Adapted from Pieterse et al. (1998) 
and Ton (2006).
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 SAR signaling
 By transforming tobacco with the bacterial gene NahG, which encodes the 
enzyme salicylate hydroxylase that converts SA into catechol, it was demonstrated that 
accumulation of SA is required for the expression of PR-proteins and SAR (Gaffney et 
al. 1993, Delaney et al. 1994, Van Loon 1997). Similarly, Arabidopsis genotypes that are 
unable to synthesize SA, such as the mutants sid1 (salicylic acid induction-deficient 1), sid2, 
and pad4 (phytoalexin deficient 4), are deficient in the expression of both PR-proteins and 
SAR as well (Lawton et al. 1995, Zhou et al. 1998, Nawrath and Métraux 1999). Local 
synthesis of SA is necessary for the activation of SAR. However, SA is not the mobile 
signal required for the systemic activation of SAR (Vernooij et al. 1994). In a search 
for this mobile signal, it was proposed that locally produced SA is esterified to methyl 
salicylate (MeSA), which is transported to systemic tissues and there converted back to 
SA (Seskar et al. 1998, Park et al. 2007). However, Attaran et al. (2009) demonstrated that 
in Arabidopsis the synthesis of MeSA does not coincide with the expression of SAR. 
Earlier, Maldonado et al. (2002) suggested that a lipid-based molecule could function as 
the long-distance regulator of SAR in Arabidopsis. The mutant dir1 (defective in induced 
resistance 1) is impaired in the synthesis of a lipid-transfer protein and in the systemic, but 
not the local, accumulation of SA. Moreover, a recent study by Jung et al. (2009) suggests 
azelaic acid to be the transported mobile signal required for the systemic activation of 
SAR in Arabidopsis. Although also JA signaling occurs in the early response of SAR, 
JA biosynthesis or downstream signaling are not required for the systemic expression of 
SAR (Truman et al. 2007, Vlot et al. 2008, Attaran et al. 2009).
 Subsequent signaling in the SAR signal-transduction pathway requires the function 
of NPR1 (NON-EXPRESSOR OF PR GENES 1), also known as NIM1 (NON-
INDUCIBLE IMMUNITY 1) or SAI1 (SALICYLIC ACID-INSENSITIVE 1), which 
serves as a key regulator of induced resistance signaling (Cao et al. 1994, Pieterse and 
Van Loon 2004). Upon SA accumulation, inactive NPR1 oligomers in the cytosol are 
reduced to active monomers, and translocated into the nucleus (Kinkema et al. 2000, 
Mou et al. 2003). There, NPR1 interacts with TGA and WRKY transcription factors 
to regulate the expression of defense-related genes, such as PR-1 (Zhang et al. 1999, 
Pieterse and Van Loon 2004, Wang et al. 2006). Besides this regulatory function, NPR1 
also controls the expression of the protein secretory machinery, which is required for the 
translocation of defense proteins into the apoplast (Wang et al. 2005).
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 ISR signaling
 Like SAR, ISR requires expression of NPR1, since the npr1 mutant treated with ISR-
inducing WCS417r had lost the ISR phenotype (Pieterse et al. 1998). However, the exact 
function of NPR1 in ISR signaling is not fully understood. By using a transcriptomic 
approach, Verhagen et al. (2004) found only priming of defense-related genes in the 
leaves. However, WCS417r-treated roots showed upregulation of 97 genes. Among these, 
the R2R3-MYB-like transcription factor gene MYB72 was specifically expressed in the 
roots upon colonization by P. putida WCS358r, P. fluorescens WCS417r, and crude cell walls 
of WCS417r, concomitant with the elicitation of ISR (Verhagen et al. 2004, Van der Ent 
et al. 2008). MYB72 binds in vitro to the EIL3 (ETHYLENE INSENSITIVE3 (EIN3)-
LIKE) transcription factor, indicating a link with the ET-response pathway. Moreover, 
MYB72 was found to be essential for the activation of ISR, since myb72 knockout mutants 
did not exhibit ISR after treatment with WCS417r. However, activation of MYB72 is not 
sufficient for the expression of ISR, since overexpressing 35S::MYB72 Arabidopsis plants 
did not show enhanced resistance against different pathogens tested (Van der Ent et al., 
2008).
 Microarray analysis further demonstrated that the promoter regions of MeJA-
responsive genes that were primed by WCS417r were enriched for binding sites of the 
transcription factor MYC2 (Pozo et al. 2008). Moreover, MYC2 expression was found to 
be upregulated in the leaves of WCS417r-induced plants. A role for MYC2 in the ISR 
signal-transduction pathway was demonstrated by the observation that the MYC2 mutant, 
jin1 (jasmonate-insensitive 1), had lost the ability to express WCS417r-elicited ISR. 

 Outline of this thesis

 Plant defenses are directed against pathogenic microorganisms, but possible effects 
on the indigenous rhizosphere microflora have hardly been investigated. The research 
described in this thesis focuses on quantitative and qualitative analysis of the indigenous 
bacterial microflora in the rhizosphere of Arabidopsis plants differing in defense-signaling 
pathways. Generating such knowledge will allow more sensible implementation of 
beneficial rhizosphere bacteria for biological control of diseases. Arabidopsis is widely 
used as model plant for studying plant-pathogen interactions. As a result, its defense 
signal-transduction pathways are well understood and constitutive expressors, as well as 
mutants impaired in the expression of SAR and/or ISR are available.
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 In chapter 2, we assess the natural variation of rhizosphere bacterial communities, 
and in particular Pseudomonas spp., in the rhizosphere of Arabidopsis in a cultivation-
dependent and a cultivation-independent manner. For comparison, the analysis was 
extended to tobacco, another model plant species. Plants were cultivated on either a 
potting soil-sand mixture or a clay soil. Both soil types were untreated, or autoclaved 
in order to allow species-specific recolonization from surviving bacteria. Microbial 
abundance and diversity in the rhizosphere were compared to those in bulk soil using 
two complementary techniques: (selective) plating to quantify the culturable bacterial 
and Pseudomonas microflora, and PCR-DGGE to assess the community structure of 
both culturable and non-culturable bacteria and Pseudomonas spp. Increased bacterial 
numbers were observed in the rhizospheres of both plant species compared to bulk soil. 
The rhizosphere effect was larger for tobacco than for Arabidopsis and stronger for the 
Pseudomonas spp. than for total culturable bacteria. PCR-DGGE analysis showed clear 
differences in the bacterial community composition of bulk soil and the Arabidopsis 
and tobacco rhizospheres. The major factors determining bacterial community structure 
were soil type and autoclaving rather than plant species. In non-autoclaved soil the effect 
of Arabidopsis on the bacterial diversity was smaller than that of tobacco. These data 
indicated that Arabidopsis is a suitable model for rhizosphere ecological studies.
 In Chapter 3 the indigenous bacterial rhizosphere microflora of Arabidopsis 
genotypes with altered SA-, JA- and/or ET-, and a tobacco genotype with altered 
ET-defense signaling were studied. Some mutants had altered numbers of culturable 
bacteria and Pseudomonas spp., but the bacterial diversity was hardly affected compared 
to the wild type. Moreover, differences were dependent primarily on soil type, and could 
not be linked to an altered expression of plants defenses.
 In Chapter 4, effective induction of ISR by WCS358r and WCS417r was 
demonstrated when plants were grown on a substrate of granulated rockwool. As 
a control, non-ISR-inducing WCS374r was used. By use of the mutants jar1, myb72, 
npr1 and sid2 it was demonstrated that the signal-transduction pathway involved in ISR 
elicited by WCS358r was similar to that triggered by WCS417r. Root colonization by 
strains WCS358r, WCS374r and WCS417r was monitored on wild-type and myb72 plants. 
Whereas WCS358r and WCS417r both showed a high proliferation on the roots of wild-
type plants, growth of WCS374r lagged behind. Moreover, root colonization by WCS358r 
and WCS417r was reduced on the myb72 mutant.
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 Since ISR-inducing WCS417r bacteria alter the transcriptional profile of Arabidopsis 
roots, one or more metabolites might be formed that are transported from the roots to 
the leaves. To discriminate between systemic responses in the plant metabolome as a 
result of bacterial colonization in general and alterations associated with the expression of 
ISR, ISR-eliciting WCS358r and WCS417r, and the non-ISR inducing strain WCS374r, 
as well as the non-ISR expressing Arabidopsis mutant myb72 were used. A possible 
priming effect was investigated in mock- and WCS417r-treated wild-type and myb72 
plants inoculated with Pst. Analysis of primary metabolites demonstrated a significant 
change in the intensity of 44 metabolite fragments. Although none of the fragments 
could be linked to ISR, differences between the wild type and the myb72 mutant were 
observed, as well as differences due to rhizobacterial treatment and Pst infection.
 Recently, it was shown that infection of Arabidopsis with Pst can attract beneficial  
soil bacteria (Rudrappa et al. 2008). Therefore, it was investigated to what extent bacterial 
abundance and diversity are affected on Arabidopsis genotypes that differ in their response 
to Pst. Chapter 5 describes that Arabidopsis mutants with increased sensitivity to Pst had 
also increased population densities of indigenous total bacteria and Pseudomonas spp. on 
the leaves. However, infection with Pst did not affect population densities of Pseudomonas 
spp. in the rhizosphere. BOX profiling showed that the Pseudomonas community in the 
rhizosphere is too diverse to allow definite conclusions to be drawn.
 In Chapter 6, the results obtained are discussed with regard to our current knowledge 
on plant-microbe interactions.
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 Abstract

 Arabidopsis and tobacco are widely used as model plants for studying plant-pathogen 

interactions, but little is known about their non-pathogenic rhizosphere microflora. To compare 

the abundance and community structure of the bacterial microflora on the root, total bacterial and 

Pseudomonas spp. were studied by both cultivation-dependent and -independent methods. Plants 

were cultivated on either a potting soil-sand mixture or a clay soil. Both soil types were either 

untreated, or autoclaved in order to allow species-specific recolonization from surviving bacteria 

or the ambient environment.

 Increased bacterial numbers were observed in the rhizosphere of both plant species compared 

to bulk soil. In all four soil types the rhizosphere effect was greater in the tobacco than in the 

Arabidopsis rhizosphere and stronger for the Pseudomonas spp. than for total culturable bacteria.

 PCR-DGGE analysis showed clear differences in the bacterial composition of bulk soil and 

the Arabidopsis and tobacco rhizospheres. The major factors influencing bacterial populations were 

autoclaving and soil type rather than plant species. However, in non-autoclaved soil the effect 

of Arabidopsis on the bacterial diversity was smaller than that of tobacco. Roots of Arabidopsis 

stimulated bacterial numbers in the rhizosphere, but had only a minor effect on the composition 

of the bacterial microflora, whereas tobacco had a significant impact on both.
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 Introduction

 Microbial activity in the soil is greatly influenced by plant roots (Garbeva et al. 
2004a, Bais et al. 2006, Berg and Smalla 2009). The main cause is the loss of carbon-
containing metabolites from the roots into the soil matrix as a result of rhizodeposition. 
Rhizodeposition includes shedding of root cells and the exudation, secretion and leakage 
of e.g. carbohydrates, organic acids and amino acids into the soil (Bais et al. 2006). 
Microorganisms can use these compounds as substrates, resulting in an increased bacterial 
numbers and/or proliferation of specific bacterial species around the roots, the so-called 
rhizosphere effect. The term rhizosphere, meaning the soil compartment influenced by 
plant roots, was first defined in 1904 by Lorentz Hiltner (Hiltner 1904, Hartmann et al. 
2008). The composition of the rhizosphere microflora can be influenced by soil type 
(Marschner et al. 2001, De Ridder-Duine et al. 2005, Berg et al. 2006, Berg and Smalla 
2009), agricultural practices (Van Elsas et al. 2002), and soil-use history (Garbeva et al. 
2008), but is also affected by plant species (Glandorf et al. 1993b, Lemanceau et al. 1995, 
Marschner et al. 2001, Berg et al. 2002, Haichar et al. 2008, Berg and Smalla 2009), plant 
developmental state (Smalla et al. 2001), and variation in plant-defense signaling (Hein et 
al. 2008).
 The soil matrix is a highly dynamic habitat where bacterial populations can reach 
densities of over 1010 cells, comprising up to 38.000 species, per gram soil (Torsvik et 
al. 1996, Curtis et al. 2002). Plating of environmental samples on general or selective 
culture media has proven to be an important tool to quantify culturable bacteria or to 
monitor marked bacterial strains in time and space (Andrews 1986). However, up to 
99% of the bacterial soil microflora is not culturable on standard growth media (Torsvik 
et al. 1996), and molecular techniques that allow analysis of the ‘unculturable majority’ 
have become indispensable (Lynch et al. 2004). PCR-fingerprinting techniques based 
on differences in the nucleotide sequence of phylogenetic markers, of which the small 
subunit 16S rDNA is predominantly used, are now widely employed. Primers that target 
conserved sequences made it possible to selectively focus on specific microbial genera 
or functional groups (Muhling et al. 2008). Community structure can be determined 
by several fingerprinting methods, including automated ribosomal intergenic spacer 
analysis (ARISA), single strand conformation polymorphism (SSCP), terminal restriction 
fragment length polymorphism (T-RFLP), and denaturing gradient gel electrophoresis 
(DGGE) (Nocker et al. 2007, Smalla et al. 2007).
 Among the various root-colonizing bacterial genera that have been isolated and 
characterized, Pseudomonas spp. has received special attention. The pseudomonads 
are considered to be very efficient root colonizers and are model organisms in root 
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colonization studies (Lugtenberg et al. 2001). Moreover, specific Pseudomonas spp. can 
promote plant growth and suppress diseases caused by different types of pathogens in a 
number of plant species (Mercado-Blanco and Bakker 2007, Weller 2007), including the 
model species Arabidopsis thaliana and tobacco (Pieterse et al. 1996, Geraats et al. 2003, Van 
der Ent et al. 2008, Van Loon et al. 2008). Although these two plant species are extensively 
used to study plant-pathogen interactions, relatively little is known about the dynamics 
of their non-pathogenic rhizosphere microfloras.
 The aim of this study is to compare the natural variation of bacteria, and in particular 
Pseudomonas spp., in the rhizosphere of Arabidopsis and tobacco in a cultivation-dependent 
and a cultivation-independent manner. The composition of the rhizosphere microflora 
was determined for plants grown in a potting soil-sand mixture and in a clay soil. Both 
soil types were also autoclaved and allowed to be recolonized in order to allow possibly 
species-specific recolonization from surviving bacteria or the ambient environment. 
Microbial abundance and diversity in the rhizosphere were compared to those in bulk 
soil using two complementary techniques: plating to quantify the culturable bacterial 
microflora and DGGE to assess the community structure of both culturable and non-
culturable bacteria and Pseudomonas spp.

 Materials and methods

 Cultivation of plants
 Seeds of Arabidopsis thaliana accession Col-0 and Nicotiana tabacum cv. Samsun NN 
were sown in autoclaved (20 min at 121 oC) sand in shallow plastic containers. The 
seeded containers were covered and kept at 4 oC in the dark for 2 days, after which seeds 
were allowed to germinate in a greenhouse (for conditions see below) at 100% relative 
humidity. Two–week-old seedlings were transferred individually to 60 ml pots containing 
either a potting soil-sand mixture (12:5 v/v) (Pieterse et al. 1996) or a field-derived clay 
soil (Glandorf et al. 2001, Viebahn et al. 2003). Both soils were used as such, or, to reduce 
the complexity of the bacterial microflora, autoclaved twice for 20 min at 121 oC with 
a 24 h interval. Plants were grown in the greenhouse with an 8 h day (200 μE m-2 sec-1) 
at 24 oC and 16 h night cycle at 20 oC and 70% relative humidity. Plants were watered 
with half-strength Hoagland nutrient solution (Hoagland and Arnon 1938) once a week 
and with tap water as required. Unplanted pots containing bulk soil were kept under the 
same conditions and treated similarly. No differences were noticed between plants grown 
on autoclaved or non-autoclaved soils, but plants grew more slowly on the clay than on 
the potting soil-sand mixture.
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 Quantif ication of bacteria
 After plants had been grown for seven weeks, bulk soil or roots with tightly adhering 
soil were harvested and shaken three times in 10 mM MgSO

4
 with glass beads (0.6-

0.8 mm) on a vortex at maximum speed for 1 min. Population densities of aerobic 
heterotrophic bacteria were assessed by plating serial dilutions on 1/10 strength TSA+ [3 
g/l tryptic soy broth (Difco Laboratories, Detroit, Mi, USA), 13 g/l agar technical (Oxoid 
Ltd, Basingstoke, UK) and 100 µg/ml natamycin (Pedersen 1992) (Delvocid, DSM, Delft, 
NL)] and numbers of colony-forming units (cfu) per gram of soil were determined after 
7 days incubation at 20 oC. Quantification of Pseudomonas spp. was performed by plating 
appropriate dilutions on KB+ agar [KB agar (King et al. 1954), supplemented with 13 µg/
ml chloramphenicol, 40 µg/ml ampicillin and 100 µg/ml natamycin (Delvocid, DSM, 
Delft, NL) (cf. Geels & Schippers, 1983)] and numbers of cfu were determined after 
incubation for 48 h at 28 oC. The rhizosphere effect was expressed as the number of cfu 
in the rhizosphere (R) divided by the number of cfu in the bulk soil (S) (R/S-ratio) 
(Kennedy 1999).

 DNA extraction and PCR analysis
 Two replicate samples, each derived from five pooled plants, were analyzed for every 
treatment. DNA was extracted directly from rhizosphere or bulk soil as described by 
Viebahn et al. (2005a). Briefly, 500 mg root material with adhering soil or 500 mg bulk 
soil was used for direct DNA extraction with the FastDNA SPIN Kit for Soil (Bio101, 
Biogene, Vista, CA, USA) according to the manufacturer’s instructions. Bead beating was 
performed with a Ribolyser (Hybaid, Ashford, UK) and 50 μl DES was replaced by 100 
μl sterile water for the final elution. DNA extracts were further purified with the Wizard 
DNA Clean-up System (Promega, Madison, WI, USA) according to the manufacturer’s 
protocol. The V6-V8 region of the 16S rDNA gene was amplified with primers 968f_GC 
and 1401R (Nübel et al. 1996). The PCR reaction mix consisted of 1x PCR buffer 2 
(Roch Diagnostics, Mannheim, Germany), 250 μM of each dNTP, 200 nM of each 
primer, 2.5 U Expand Long Template enzyme (Roch Diagnostics), and 1 μl purified DNA 
extract representing 100-200 ng total DNA. PCR conditions used in the thermocycler 
(Hybaid, Ashford, UK) were 5 min at 94 oC, followed by 35-40 cycles of 1 min 94 oC, 1 
min 66 oC and 3 min 72 oC, and a final extension of 10 min at 72 oC. PCR specific for 
Pseudomonas spp. was performed with 16S rDNA primers PsF and PsR (Widmer et al. 
1998). To obtain Pseudomonas-specific amplicons suitable for separation by DGGE, nested 
PCR on 50-times diluted primary PCR product was performed according to Garbeva 
et al. (2004b). All amplicons were checked for size and concentration by electrophoresis 
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on a 1.0% agarose gel in 1x TAE (40 mM Tris-acetate, 20 mM Na-acetate and 1.0 mM 
Na-EDTA, pH 8.0) (Sambrook et al. 1989).

 Denaturing Gradient Gel Electrophoreses
 PCR amplicons were separated on polyacrylamide gels (8% acrylamide, acrylamide/
bisacrylamide ratio 37.5:1) with a gradient of 30-60% denaturant, (100% denaturing 
solution is 7 M urea, 40% formamide). Depending on amplicon concentration, 15-25 μl 
of PCR products were loaded in random order. Gels were run in 0.5x TAE at 60 oC for 
17 h at 80 V in a DCode™ Universal Mutation Detection System (Bio-Rad Laboratories, 
Veenendaal, The Netherlands). Gels were stained with 1:10.000 diluted CyberGold 
(Molecular Probes, Leiden, The Netherlands) in 0.5x TAE, and photographed on a blue 
light transilluminator (Clare Chemical Research, Dolores, CO, USA) with a GeneGenius 
Bio imaging System (Syngene, Cambridge, UK).

 Statistics
 Bacterial plate counts were 10log transformed and analyzed by ANOVA (SPSS v16.0). 
Multivariate analysis was performed with the Bionumerics v4.5 program (Applied Maths, 
Sint-Martens-Latem, Belgium) and Canoco v4.5 (Microcomputer Power, Ithaca, NY, 
USA). as described previously by Costa et al. (2006b). Briefly, images were aligned and 
standardized with Bionumerics v4.5 prior the generation of presence/absence and relative 
peak intensity data at different band positions in each lane. Subsequently, Canoco v4.5 
was applied for ordination of DGGE-fingerprints and environmental variables in the 
biplots. Detrending corresponding canonical analysis (DCCA) was applied to check for 
heterogeneity within the data set. Since DCCA analysis indicated a homogeneous data set, 
redundancy analysis (RDA) was used as the most appropriate algorithm to generate the 
biplots. In the biplots, distances between symbols represent a measure of similarity. The 
X-axis corresponds to the first eigenvalue and explains a higher percentage of the total 
variance than the Y-axis, which corresponds to the second component (Marschner and 
Rumberger 2004). Monte Carlo permutation tests were performed to assess significant 
correlations between DGGE-derived fingerprints and the environmental variables, 
assuming the null hypothesis that DGGE ribotype data are not related to environmental 
data.
 All experiments were performed at least twice.
 

Chapter 2



33

 Results

 Abundances of culturable bacteria
 Both Arabidopsis and tobacco developed dense root masses during the 7-week-
growth period. At this time the number of culturable aerobic bacteria and Pseudomonas 
spp. were determined in the rhizospheres of both plant species and in the control pots 
containing bulk soil only. In both the potting soil-sand mixture and the clay soil, numbers 
of cfu of aerobic bacteria in the Arabidopsis and tobacco rhizospheres were higher than 
those in bulk soil, although the difference was not always significant (Figs. 1A and B). 
As shown in table 1, the rhizosphere effect was more pronounced in tobacco than in 
Arabidopsis. For instance, in clay soil the aerobic bacterial population was 3 to 9 times 
higher on the Arabidopsis roots than in rootless soil, while tobacco roots supported 
bacterial populations of up to 60 times the bulk soil population.

The bacterial microflora in the Arabidopsis and tobacco rhizospheres

Figure 1:  Numbers (log cfu/g) of culturable bacteria and Pseudomonas spp. in bulk and rhizosphere soil in 

two independent experiments. A, B) Aerobic bacteria grown on 1/10 TSA+. C, D) Pseudomonas 

spp. grown on KB+. Plants were grown for 7 weeks on a potting soil-sand mixture or a clay 

soil, which were either untreated or autoclaved twice before planting. Different letters indicate 

significant differences within each soil type. Asterisks (*) indicate significantly higher numbers 

in the autoclaved bulk soil compared to the same non-autoclaved soil.
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 Similar to total aerobic bacteria, the numbers of cfu of Pseudomonas spp. in the 
Arabidopsis and tobacco rhizospheres were higher than in the bulk soils (Figs. 1C and 
D). However, the rhizosphere effect for pseudomonads was much more pronounced than 
that for total bacteria (Table 1), indicating that the Pseudomonas spp. profit more from 
the presence of roots than most other bacteria. For example, in the potting soil-sand 
mixture, Pseudomonas spp. represented 3% of the total culturable bacteria, whereas in the 
Arabidopsis and tobacco rhizospheres the fraction of pseudomonads was 6% and 11%, 
respectively.

Table 1:  R/S-ratios of total culturable bacteria and culturable Pseudomonas spp. for Arabidopsis and 
tobacco grown on different soil types from two independent experiments.

Culturable 
bacteria

Potting soil Autoclaved potting 
soil

Clay soil Autoclaved clay 
soil

Exp. 1 Exp. 2 Exp. 1 Exp. 2 Exp. 1 Exp. 2 Exp. 1 Exp. 2

  Arabidopsis 32 7 3 6 3 9 3 1

  Tobacco 6 19 2 17 6 60 6 10

Pseudomonas 
spp.

Potting soil Autoclaved potting 
soil

Clay soil Autoclaved clay 
soil

Exp. 1 Exp. 2 Exp. 1 Exp. 2 Exp. 1 Exp. 2 Exp. 1 Exp. 2

  Arabidopsis 79 13 25 24 316 11 4 0

  Tobacco 25 55 20 30 501 71 8 1

 In the autoclaved soils the culturable bacterial microflora dropped to below the 
detection level (100 cfu/g soil), but a microflora redeveloped with time. After 7 weeks, 
quantification of aerobic bacteria and Pseudomonas spp. revealed that numbers of cfu 
in autoclaved soils were higher than those in the non-autoclaved soils. Rhizosphere 
population densities in the autoclaved soils were likewise higher compared to those 
in the non-autoclaved soils (Fig. 1). Consequently, the R/S-ratios were comparable to 
those in the non-autoclaved soils (Table 1). However, autoclaving of clay soil increased 
the population of Pseudomonas spp. in bulk soil to such numbers that a rhizosphere effect 
was negligible (Fig. 1D). Whereas in non-autoclaved potting soil 2% of the bacteria 
consisted of Pseudomonas spp., and in the Arabidopsis and tobacco rhizospheres these 
percentages were 5% and 8%, respectively, the increases were even more pronounced 
upon autoclaving, leading to an enrichment of Pseudomonas spp. from 2% in bulk soil to 
20% in both the Arabidopsis and tobacco rhizospheres.
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 DGGE analysis of total eubacterial and Pseudomonas populations
 To examine the effect of Arabidopsis and tobacco roots on the community structure 
of the dominant bacterial microflora in a cultivation-independent manner, eubacterial- 
and Pseudomonas-specific PCR-DGGE analyses were performed. The PCR-DGGE 
profiles for the eubacterial (Fig. 2) and the Pseudomonas community (Fig. 3) revealed 
complex fingerprint patterns for all soils.

The bacterial microflora in the Arabidopsis and tobacco rhizospheres

Figure 2:  Denaturing gradient gel electrophoresis (DGGE) profile showing the eubacterial community 

structure from bulk soils (A: potting soil and B: clay soil), and the rhizospheres of Arabidopsis and 

tobacco grown on these soils. M, reference marker; lanes 1 and 10: rhizosphere of Arabidopsis 

grown on non-autoclaved soil; lanes 2 and 6: autoclaved bulk soil; lanes 3 and 9: rhizosphere 

of tobacco grown on autoclaved soil; lanes 4 and 12: non-autoclaved bulk soil; lanes 5 and 7: 

rhizosphere of tobacco grown on non-autoclaved soil; lane 8 and 11: rhizosphere of Arabidopsis 

grown on autoclaved soil.

Figure 3:  Denaturing gradient gel electrophoresis (DGGE) profile showing the Pseudomonas spp. 

community structure from bulk soils (A: potting soil and B: clay soil), and the rhizospheres of 

Arabidopsis and tobacco grown on these soils. M, reference marker; Lanes 1 and 10: Arabidopsis 

rhizosphere grown on non-autoclaved soil; lanes 2 and 6: autoclaved bulk soil; lanes 3 and 

9: tobacco rhizosphere grown on autoclaved soil; lanes 4 and 12: non-autoclaved bulk soil; 

Lanes 5 and 7: tobacco rhizosphere grown on non-autoclaved soil; lanes 8 and 11: Arabidopsis 

rhizosphere grown on non-autoclaved soil.
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 Recolonization of autoclaved soils resulted in a reduced eubacterial complexity 
when compared to non-autoclaved soils (Table 2). Whereas 23 DGGE bands were 
detected in the potting soil-sand mixture, only 19 bands were detected in the same 
soil after autoclaving. Likewise, the clay soil showed a reduction from 17 to 14 bands in 
non-autoclaved and autoclaved soil, respectively. Thus, autoclaving effectively reduced 
eubacterial complexity. Similarly, the DGGE-patterns of Pseudomonas spp. contained 10 
and 7 bands in non-autoclaved potting- and clay soil, respectively, which were reduced 
to 7 and 4 bands, respectively, upon autoclaving. In the rhizospheres of Arabidopsis and 
tobacco grown on non-autoclaved potting-soil mixture, the number of bands, 24 and 29, 
respectively, were higher than the 23 detected in the bulk soil. In the non-autoclaved 
clay soil, detectable bands increased from 17 to 18 in the Arabidopsis rhizosphere and to 
25 in the tobacco rhizosphere. These results suggest that tobacco supports a more diverse 
bacterial community than Arabidopsis. In the Pseudomonas-specific DGGE analysis, higher 
diversities were evident in the rhizospheres of both Arabidopsis and tobacco compared to 
bulk soil.

Table 2: Numbers of PCR-DGGE bands in bulk soil and rhizospheres of Arabidopsis and tobacco grown on 

different soil types as determined by computerized image analysis (mean of two experiments). 

Eubacteria Potting soil Autoclaved potting soil Clay soil Autoclaved clay soil

  Bulk 23 19 17 14

  Arabidopsis 24 19 18 18

  Tobacco 29 19 25 18

Pseudomonas Potting soil Autoclaved potting soil Clay soil Autoclaved clay soil

  Bulk 10 7 7 4

  Arabidopsis 10 10 5 9

  Tobacco 11 9 4 7

 Multivariate analysis of the DGGE data was performed to assess the impact of soil type, 
autoclaving and plant roots on the composition of the bacterial soil microflora. Distinct 
clusters were obtained based on soil type and treatment, and Monte Carlo permutation 
tests indicated that autoclaving and soil type are both factors that significantly influence 
(p<0.05) eubacterial and Pseudomonas populations (Fig. 4). Arabidopsis and tobacco roots 
also affected eubacterial and Pseudomonas populations, indicated by an opposite position of 
the environmental variables in the ordination space with respect to the bulk soil (Fig. 4). 
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However, their effects appeared to be small relative to those of soil type and autoclaving. 
Therefore, bacterial and Pseudomonas community structure in the rhizospheres relative 
to bulk soil were analyzed by RDA separately for each soil type. Irrespective of the soil 
type, bulk soil, Arabidopsis rhizosphere and tobacco rhizosphere formed distinct clusters 
(Figs. 5 and 6). When plants were grown on non-autoclaved soils, the main difference 
in the eubacterial composition was found between the clusters of bulk soil and tobacco 
rhizosphere, differences between the clusters bulk soil and Arabidopsis rhizosphere being 
smaller (Figs. 5A and C). Analysis of bulk and rhizosphere samples derived from the 
autoclaved soils (Figs. 5B and D) showed a main separation of both rhizosphere clusters 
from the bulk cluster. In both the autoclaved and non-autoclaved soils, the Arabidopsis 
rhizosphere clusters were distinct from those of the tobacco rhizosphere, indicating plant-
specific influences on the eubacterial population.

The bacterial microflora in the Arabidopsis and tobacco rhizospheres

Figure 4:  Ordination biplot generated by redundancy analysis (RDA) of A) eubacterial- and B) Pseudomonas-

specific DGGE fingerprints of bulk soil and the rhizospheres of Arabidopsis and tobacco grown 

on four different soil types. Triangles: bulk; circles: Arabidopsis rhizosphere; squares: tobacco 

rhizosphere; grey triangles: centroid position of variables. Open symbols: sample derived from 

potting soil-sand mixture; closed symbols: samples derived from clay soil. Asterisks (*) indicate 

significant impact of the environmental variable on the observed variation.



38

 

Ordination biplots derived from Pseudomonas spp.-specific DGGE fingerprints are shown 
in Fig. 6. Variation between duplicate samples was higher compared to differences between 
duplicates of the eubacterial community structure, particularly in the non-autoclaved 
soils. However, as for the eubacterial microflora, analysis of Pseudomonas spp. showed 
distinct clusters between the bulk soil, the Arabidopsis rhizosphere, and the tobacco 
rhizosphere. Differences between both rhizospheres and bulk soil were more pronounced 

Chapter 2

Figure 5:  Ordination biplot generated by redundancy analysis (RDA) of eubacterial specific DGGE 

fingerprints of bulk soil and the rhizospheres of Arabidopsis and tobacco grown on A) potting 

soil-sand mixture; B) autoclaved potting soil-sand mixture; C) clay soil; D) autoclaved clay soil. 

Open triangles: bulk; open circles: Arabidopsis rhizosphere; open squares: tobacco rhizosphere; 

grey triangles: centroid position of variables.
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when plants were grown on the autoclaved soils than on the non-autoclaved soils. Yet, 
also on the non-treated soils both Arabidopsis and tobacco showed a plant-specific effect 
on the Pseudomonas community (Figs. 6A and C).

The bacterial microflora in the Arabidopsis and tobacco rhizospheres

Figure 6: Ordination biplot generated by redundancy analysis (RDA) of Pseudomonas specific DGGE 

fingerprints of bulk soil and the rhizospheres of Arabidopsis and tobacco grown on A) potting 

soil-sand mixture; B) autoclaved potting soil-sand mixture; C) clay soil; D) autoclaved clay soil. 

Open triangles: bulk; open circles: Arabidopsis rhizosphere; open squares: tobacco rhizosphere; 

grey triangles: centroid position of variables.
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 Discussion

 Model plant species such as Arabidopsis and tobacco are widely used in studies 
on plant-microbe interactions (Pieterse et al. 1996, Geraats et al. 2003, Van der Ent et 
al. 2008, Van Loon et al. 2008), but relatively little is known about their rhizosphere 
microfloras. Therefore, we compared the total bacterial and Pseudomonas microflora in 
the rhizospheres of Arabidopsis and tobacco using both a cultivation-dependent and 
a cultivation-independent analysis. Effects of soil type were studied by comparing a 
commonly used potting soil-sand mixture (Pieterse et al. 1996, Geraats et al. 2003) and a 
clay soil previously characterized in field experiments (Glandorf et al. 2001, Bakker et al. 
2002, Viebahn et al. 2003). 
 Plant species can have a major impact on the community structure of the bacterial 
microflora in the rhizosphere, whereas soil type and history determine the composition 
of the bacterial community in bulk soil. Growing plants can selectively favor proliferation 
of specific bacterial genera from bulk soil, which would lead to higher populations of 
specific species on plant roots compared to bulk soil. These effects are likely to be larger 
when the number of bacteria in bulk soil are lower. To test these assumptions, a comparison 
was made on autoclaved and non-autoclaved soil. Autoclaving reduced the number of 
cfu below the limit of detection on the plating media used, but bacterial microfloras 
were reestablished with time, apparently as a result of proliferation of surviving bacteria 
and exposure to the ambient environment. Differences in the populations of autoclaved 
and non-autoclaved soils were indeed observed. In the recolonized autoclaved bulk soil 
higher numbers of culturable bacteria and Pseudomonas spp. were detected compared 
to the non-autoclaved soils. This is in line with the observed increase in bacterial 
abundance (Marschner and Rumberger 2004) and activity (Endlweber and Scheu 2006) 
upon recolonization of heat-treated soils. In the latter case the increased activity was 
linked to an increased ammonium, nitrate and phosphorus availability (Endlweber and 
Scheu 2006). Recent data from Wertz et al. (2007) also showed that heat-treated soil was 
recolonized within a few days and newly established bacterial populations differed from 
source populations.
 In the present study, numbers of cfu of bacteria and Pseudomonas spp. were high 
in the rhizospheres of both Arabidopsis and tobacco. Increased numbers of culturable 
bacteria in the rhizosphere of plants have been reported for many plant species (Garbeva 
et al. 2004a), including Arabidopsis (Fromin et al. 2001) and tobacco (d’Angelo-Picard 
et al. 2004). Fromin et al. (2001) observed that Pseudomonas brassicacearum was present in 
high numbers in rhizospheres of different Arabidopsis genotypes, but more difficult to 
detect in bulk soil. Moreover, some P. brassicacearum genotypes were stimulated by the 
Arabidopsis roots, whereas other genotypes were poorly represented.
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 Our results demonstrate a stronger stimulation of bacterial growth, and consequently 
a higher R/S-ratio, in the rhizosphere of tobacco than of Arabidopsis. Plants can regulate 
microbial abundance and composition in the rhizosphere by secretion of metabolites 
that support or suppress microbial fitness (Bais et al. 2002, Rudrappa et al. 2008). Root 
border cells, present in many plant species, play an important role in shaping an optimal 
environment for both the plant roots and beneficial microorganisms (Hawes et al. 1998). 
However, Arabidopsis shows a different and unique organization of such cells compared 
to other plant species, which therefore are designated border-like cells (Vicré et al. 2005). 
Besides differences in root anatomy between Arabidopsis and tobacco, the amount and 
composition of root exudates are likely to differ between these two plant species. Perhaps, 
the bulk soil adhering to the roots may also have contributed to the observed differences 
between the two plant species. However, dense root masses were present throughout the 
pot, such that all soil present was influenced. 
 PCR-DGGE fingerprinting was used to examine the diversity of the most prevalent 
eubacteria and Pseudomonas spp. in bulk soil and in the Arabidopsis and tobacco 
rhizospheres. DGGE bands detected by computerized image analysis revealed a reduced 
number of bands in the bulk soils that were autoclaved before use compared to the non-
autoclaved soils. These observations demonstrate that, indeed, the number of prevalent 
ribotypes was decreased by autoclaving. In the non-autoclaved soils, more bands were 
derived from the rhizospheres of Arabidopsis and tobacco than from bulk soil. This proves 
that the plant roots stimulated bacterial species that were present in numbers below 
levels of detection in the bulk soil. In contrast, a number of other studies have shown 
a decrease in bacterial diversity in rhizosphere soils compared to bulk soil (Duineveld 
et al. 2001, Smalla et al. 2001, Kowalchuk et al. 2002), indicating a high diversity with 
several prevalent ribotypes in bulk soil and few dominant ribotypes in rhizosphere soils. 
However, highly similar profiles of bacterial taxa in bulk and rhizosphere soils have also 
been reported (De Ridder-Duine et al. 2005).
 Multivariate analysis of DGGE-derived fingerprints has been used successfully in 
numerous ecological studies and has proven to be a powerful tool to study the impact 
of different treatments on soil bacterial communities (Ramette 2007). We found that soil 
type and autoclaving were the most important factors that influenced the eubacterial 
and Pseudomonas microflora. However, for each soil type, the eubacterial and Pseudomonas 
communities in the bulk soil, the tobacco rhizosphere and the Arabidopsis rhizosphere 
were different. Studies by Marschner et al. (2001), De Ridder-Duine et al. (2005) and 
Berg et al. (2006) showed a major influence of soil type on the rhizosphere microflora 
of different plant species, but plant-specific effects on bacterial soil populations have also 
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been described before (Garbeva et al. 2004a, Haichar et al. 2008, Berg and Smalla 2009). 
In a field experiment that focused on three different soil types and three different crops, 
Berg et al. (2002) isolated predominantly Pseudomonas putida from strawberry, but Serratia 
spp. and Pantoea agglomerans where mainly isolated from oilseed rape. Recently, Hein 
et al. (2008) studied the bacterial diversity in the rhizosphere of Arabidopsis mutants 
affected in the salicylic acid signal-transduction pathway by T-RFLP. Although they did 
not observe an effect related to the mutant genotypes, differences between rhizosphere 
and bulk soil, as well as differences between Arabidopsis genotypes were observed.
 Thus, the presence of roots of Arabidopsis stimulated bacterial numbers but had 
only a minor influence on bacterial diversity, whereas in the tobacco rhizosphere a more 
selective proliferation took place. These findings provide a solid basis for further studies 
on the bacterial microflora of the model plants Arabidopsis and tobacco and may aid in 
clarifying factors that determine the effectiveness of bacterial biocontrol strains that are 
able to suppress plant diseases by antagonizing pathogenic microorganisms and inducing 
resistance in the plant.
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 Abstract 

 Systemically induced resistance is a promising strategy to control plant diseases as it is effective 

against numerous pathogens. However, since induced resistance reduces the growth and activity of 

plant pathogens, the indigenous microflora may also be affected by the enhanced defensive state of 

the plant. The aim of this study was to elucidate in how far the indigenous bacterial rhizosphere 

microflora of Arabidopsis could be affected by the induction of rhizobacteria-mediated induced 

systemic resistance (ISR) or pathogen induced systemic acquired resistance (SAR). To exclude 

additional effects of biological inducers, ISR was induced by application of methyl jasmonate 

(MeJA) and SAR by treatment with salicylic acid (SA). Moreover, mutant and transgenic plants 

were used that are affected in their JA-, ET- or SA-signal transduction pathways. As a comparative 

model we also used tobacco and an ET-insensitive transformant.

 Some of the Arabidopsis genotypes affected in JA-, ET-, or SA-defense signaling showed 

altered numbers of culturable bacteria in their rhizospheres. Particularly, constitutive expression 

of SA-dependent defenses reduced the abundance of the bacterial microflora. However, effects 

were dependent on soil type. Changes were predominantly observed when plants were grown on 

a potting soil-sand mixture, but not on a clay soil or when both soils were autoclaved before use. 

Under none of these conditions, rhizosphere bacterial community structure was affected.

 Chemical activation of the JA- or SA-signaling pathways did not affect the abundance and 

structure of the bacterial community on wild-type plants either, indicating that activated JA- or 

SA-dependent defense signaling has little influence on rhizosphere bacterial populations. These 

findings support the notion that control of plant diseases by elicitation of induced systemic 

resistance will not significantly affect indigenous soil bacteria.
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 Introduction

 The bacterial rhizosphere microflora plays an important role in plant health. A 
well-studied phenomenon is the suppression of soilborne plant diseases by plant root-
inhabiting bacteria, including Bacillus, Erwinia, Pseudomonas, Rhizobium, Serratia, and 
Xanthomonas (Weller 1988, Whipps 2001). Mechanisms of suppression of plant diseases by 
such bacteria include competition for substrates, competition for iron by siderophores, 
antibiosis, lytic activity, and induced systemic resistance (ISR) (Van Loon and Bakker 
2003). Induced resistance is the state of enhanced defensive capacity developed by plants 
when appropriately stimulated (Van Loon et al. 1998, Zehnder et al. 2001, Van Wees et 
al. 2008). Rhizobacteria-mediated ISR is effective against a wide range of pathogens on 
dicotyledonous plant species, including Arabidopsis, bean, carnation, eucalyptus, radish, 
tobacco, and tomato (Bakker et al. 2007), as well as the monocot rice (De Vleesschauwer 
et al. 2008). ISR resembles pathogen-induced systemic acquired resistance (SAR) in 
that i) upon challenge inoculation induced plants show an enhanced defensive capacity, 
enabling the plant to respond faster and/or more effectively to microbial attackers 
(Conrath et al. 2002, Conrath et al. 2006, Van Wees et al. 2008), and ii) both are dependent 
on a functional NPR1 gene (Pieterse and Van Loon 2004). However, whereas SAR is 
dependent upon the plant hormone salicylic acid (SA) and associated with the expression 
of pathogenesis-related (PR) proteins, rhizobacteria-mediated ISR in Arabidopsis does 
not require SA signaling, nor is it associated with the expression of known defense-
related genes (Pieterse et al. 1996, Pieterse et al. 1998, Van Wees et al. 1999, Verhagen et al. 
2004, Van der Ent et al. 2008). Instead, ISR requires responsiveness to jasmonic acid (JA) 
and ethylene (ET), yet, it is not associated with endogenous increases of these hormones 
(Pieterse et al. 2000).
 In general, pathogens with a necrotrophic lifestyle are resisted by JA/ET-dependent 
defenses, whereas SA-dependent defenses are effective against pathogens with a biotrophic 
lifestyle (Thomma et al. 1998, Glazebrook 2005). This differential effectiveness of plant 
defenses is also displayed by ISR and SAR (Ton et al. 2002b). For example, ISR is effective 
against the necrotrophic fungus Alternaria brassicicola whereas SAR is not, while SAR is 
effective against the biotrophic turnip crinkle virus, whereas ISR is not. However, almost 
nothing is known about effects of the augmented defensive state on the indigenous 
rhizosphere microflora. A recent study by Micallef et al. (2009) assessed the rhizobacterial 
community structure of eight Arabidopsis accessions. Of these, the non-ISR expressing 
accessions RLD and WS-0 showed a bacterial community structure that tended to differ 
from that of the other six, which are ISR-responsive. Such differences might be related 
to differences in plant defensive capacity.
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 The aim of this study was to investigate if the indigenous bacterial rhizosphere 
microflora is affected by the JA/ET-, and/or SA-dependent defense-signaling pathways. 
Two experimental approaches were used. First, we analyzed the bacterial rhizosphere 
microflora of Arabidopsis thaliana accession Col-0 and derivatives affected in specific 
defense signal-transduction pathways. Second, we activated the JA- and SA-signaling 
pathways, by exogenous application of the hormones, to study the effect of activated 
defenses on the bacterial abundance and community structure.
 In addition, we used tobacco and its ET-insensitive transformant Tetr18 (Wilkinson 
et al. 1997, Knoester et al. 1998). Tetr18 plants have reduced resistance against several 
soilborne fungi and oomycetes, including Fusarium, Thielaviopsis, and Pythium (Knoester et 
al. 1998, Geraats et al. 2003). Geraats (2003) suggested that Tetr18 plants differ from non-
transformed plants in root characteristics that influence bacterial community structure in 
the rhizosphere. The Arabidopsis JA-response mutant jar1 and ET-signaling mutant ein2 
also have an enhanced susceptibility to different soilborne Pythium isolates (Geraats et 
al. 2002). Moreover, Arabidopsis genotypes affected in SA-signaling display an enhanced 
sensitivity to the necrotrophic soilborne oomycete Phytophthora parasitica, the leaf spot 
fungus Cercospora nicotianae, and the hemi-biotrophic bacterial leaf pathogen Pseudomonas 
syringae pv. tomato (Pst) (Cao et al. 1994, Delaney et al. 1994). Conversely, the constitutive 
expressor of SA-dependent defenses cpr1 has increased resistance to the downy mildew 
oomycete Hyaloperonospora arabidopsidis as well as to P. syringae pv. maculicola (Bowling et 
al. 1994).
 In order to obtain representative results, plants were grown on different soil types: 
i) a mixture of commercially available potting soil and sand and ii) a clay soil. Both 
soils were used as such, or autoclaved to allow possible species-specific recolonization 
from surviving bacteria or the ambient environment. The rhizosphere microflora, with 
focus on the total bacterial community and Pseudomonas spp., was explored using two 
complementary techniques: cultivation-dependent semi-selective plating was used for 
bacterial quantification, and denaturing gradient-gel electrophoresis (DGGE), a cultivation 
independent-fingerprinting technique, was used to monitor possible shifts in microbial 
community structure. It was previously demonstrated that in these soil types the presence 
of Arabidopsis or tobacco roots stimulated bacterial numbers and influenced bacterial 
community structure in a plant-specific way (Chapter 2).
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 Materials and methods

 Cultivation of plants
 Seeds of Arabidopsis thaliana wild type, accession Col-0, and the JA, ET or SA signal-
transduction derivatives jar1-1, etr1-1, ein2-1, cpr1-1, npr1-1 and NahG (Table 1), as well as 
seeds from Nicotiana tabacum cv. Samsun NN and its ethylene-insensitive transformant 
Tetr18 were sown in autoclaved (20 min at 121 oC) sand. Seeds were kept at 4 oC in the 
dark for 2 days and subsequently allowed to germinate in a greenhouse with a cycle of 
8 h day (200 μE m-2 sec-1) at 24 oC and 16 h night at 20 oC and 70% relative humidity 
(RH). After two weeks, germinated seedlings were transferred individually to 60 ml pots 
containing either a potting soil-sand mixture (12:5 v/v) (Pieterse et al. 1996) or a clay 
soil (Glandorf et al. 2001, Viebahn et al. 2003). Both soils were either non-autoclaved or 
autoclaved (2 x 20 min at 121 oC with a 24 h interval). The transferred seedlings were 
grown under the conditions described above. Plants were watered with half-strength 
Hoagland nutrient solution (Hoagland and Arnon 1938) once a week and with tap water 
as required. No differences were noticed between plants grown on autoclaved or non-
autoclaved soils, but plants grew more slowly on the clay than on the potting soil-sand 
mixture.

Table 1: Listing and relevant characteristics of Arabidopsis lines used

Genotype Relevant characteristics Reference

Col-0 Wild-type accession Colombia-0 -

jar1-1 jasmonate resistance 1, JA-insensitive (Staswick et al. 1992)

etr1-1 ethylene response 1, ET-insensitive (Bleecker et al. 1988) 

ein2-1 ethylene insensitive 2, ET-insensitive (Guzman and Ecker 1990)

npr1-1 non-expressor of PR genes, impaired in SA- 
and JA/ET-dependent defense responses

(Cao et al. 1994, Pieterse and 
Van Loon 2004)

cpr1-1 constitutive expressor of PR genes 1, 
SA overproducer

(Bowling et al. 1994)

NahG Transformant expressing bacterial SA 
hydroxylase, does not accumulate SA

(Delaney et al. 1994)

 Foliar application of MeJA, SA, and BHT
 Application of methal jasmonate (MeJA) elicits JA-dependent ISR (Pieterse et al. 
1998), while application of SA or its functional analogue benzothiadiazole (BTH) results 
in SAR (Gaffney et al. 1993, Lawton et al. 1996). One day before treatment, plants were 
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put at 100% RH. The leaves of 3-week-old plants were briefly submerged in an aqueous 
solution of either 0.1 mM MeJA, 1 mM SA, or 200 µg/ml BTH, supplemented with 
0.015% Silwet L-77 (Van Meeuwen Chemicals BV, Weesp, The Netherlands), avoiding 
spillover to the soil. Leaves of control plants were briefly submerged in 0.015% Silwet 
L-77. After treatment, plants were further grown in the greenhouse as described above. 
After 24 h, from part of the plants leaves and roots were harvested, frozen in liquid 
nitrogen and stored at -80 oC for analysis of marker gene expression. Two weeks after 
chemical treatment, rhizosphere samples were harvested from the remaining plants for 
bacterial quantification and PCR-DGGE analysis.

 Quantif ication of bacteria
 Roots with tightly adhering soil were harvested and shaken three times in 10 mM 
MgSO

4
 with glass beads (0.6-0.8 mm) on a vortex at maximum speed for 1 min. Population 

densities of aerobic heterotrophic bacteria were determined by plating serial dilutions 
on 1/10 strength TSA+ [3 g/l tryptic soy broth (Difco Laboratories, Detroit, Mi, USA), 
13 g/l agar technical (Oxoid Ltd, Basingstoke, UK) and 100 µg/ml natamycin (Pedersen 
1992) (Delvocid, DSM, Delft, NL)] and colony-forming units (cfu) were counted after 
7 days incubation at 20 oC. Quantification of Pseudomonas spp. was performed by plating 
appropriate dilutions on KB+ agar [KB agar (King et al. 1954), supplemented with 13 µg/
ml chloramphenicol, 40 µg/ml ampicillin and 100 µg/ml natamycin (Delvocid, DSM, 
Delft, NL) cf. (Geels and Schippers 1983)] and cfu were counted after incubation for 48 
h at 28 oC.

 DNA extraction and PCR-analysis
 Two replicate samples from five pooled individual plants each were analyzed for 
every treatment. DNA was extracted from the rhizosphere as described by Viebahn et 
al. (2005a). Briefly, 500 mg root material with adhering soil was used for direct DNA 
extraction with the FastDNA SPIN Kit for Soil (Bio101, Biogene, Vista, CA, USA) 
according to the manufacturer’s instructions. Bead beating was performed with a 
Ribolyser (Hybaid, Ashford, UK) and for the final elution 100 μl sterile water was used 
instead of 50 μl. DNA extracts were purified with the Wizard DNA Clean-up System 
(Promega, Madison, WI, USA) according to the manufacturer’s protocol. Amplification of 
the V6-V8 region of eubacterial 16S rDNA genes was done with primers 968f_GC and 
1401R (Nübel et al. 1996). The PCR reaction mix consisted of 1x PCR buffer 2 (Roch 
diagnostics, Mannheim, Germany), 250 μM of each dNTP, 200 nM of each primer, 2.5 
U Expand Long Template enzyme (Roch diagnostics, Mannheim, Germany), and 1 μl 
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purified DNA extract representing 100-200 ng total DNA. PCR conditions used in 
the thermocycler (Hybaid, Ashford, UK) were 5 min at 94 oC, followed by 35 cycles of 
1 min 94 oC, 1 min 66 oC and 3 min 72 oC, and a final extension of 10 min at 72 oC. 
PCR specific for Pseudomonas spp. was performed with 16S rDNA primers PsF and PsR 
(Widmer et al. 1998). To obtain Pseudomonas-specific amplicons suitable for separation by 
DGGE, nested PCR on 50-fold diluted primary PCR product was performed according 
to Garbeva et al. (2004b). All amplicons were checked for size and concentration by 
electrophoresis on a 1.0% agarose gel in 1x TAE (40 mM Tris-acetate, 20 mM Na-acetate 
and 1.0 mM Na-EDTA, pH 8.0) (Sambrook et al. 1989).

 Denaturing Gradient Gel Electrophoresis
 PCR amplicons were separated on polyacrylamide gels with a 30-60% denaturant 
gradient (8% acrylamide, acrylamide/bisacrylamide ratio 37.5:1; 100% denaturing solution 
is 7 M urea, 40% formamide). Depending on amplicon concentration, 15-25 μl of PCR 
products were loaded in random order. Gels were run in 0.5x TAE at 60 oC for 17 h 
at 80 V in a DCode™ Universal Mutation Detection System (Bio-Rad Laboratories, 
Veenendaal, The Netherlands). Gels were stained with 1:10.000 diluted CyberGold 
(Molecular Probes, Leiden, The Netherlands) in 0.5x TAE and photographed on a blue 
light transilluminator (Clare Chemical Research, Dolores, CO, USA) with a GeneGenius 
Bio imaging System (Syngene, Cambridge, UK).

 RNA extraction and qPCR analysis
 RNA extraction and qPCR analysis were performed according to Van der Ent et 
al. (2008) and Czechowski et al. (2004). Briefly, frozen plant material was pulverized in 
a mortar with pestle. From a 500 µl aliquot, total RNA was extracted by the addition 
of an equal volume of extraction buffer (0.35 M glycine, 0.0048 M NaOH, 0.34 M 
NaCl, 0.04 M EDTA, 4% (w/v) SDS). The homogenates were extracted twice with an 
equal volume of phenol-chloroform-isoamylalcohol (25:24:1), followed by an extraction 
with an equal volume of chloroform/isoamylalcohol (24:1). RNA was precipitated with 
LiCl and purified by NaAc (pH 5.2)/ethanol precipitation according to Sambrook et 
al. (1989). Two µg of RNA was DNAse treated (Ambion, Huntingdon, UK) according 
to the manufacturer’s instructions. To check for contamination with genomic DNA, a 
PCR with primers for EIL2 (At5g21120) was carried out (EIL2fw: TCT CGT GAG 
ACG GTC TAG AAG TT; EIL2rev: ATG AAA CCT AAT CTT CTC CAT TGC), as 
described by Van der Ent et al. (2008).
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 DNA-free total RNA was converted to cDNA using oligo dT20 primers (Invitrogen, 
Breda, The Netherlands), dNTPs and SuperScript III Reverse Transcriptase (Invitrogen, 
Breda, The Netherlands) according to the manufacturer’s instructions. Q-PCR reactions 
took place in optical 96-well plates with a MqIQ Single Color Real-Time PCR Detection 
system (Bio-Rad, Veenendaal, The Netherlands) using Power SYBR Green PCR Master 
Mix (Applied Biosystems, Warrington, UK) according to the manufacturer’s instructions 
with primers designed for PR-1 (At2g14610: PR1fw: CTC GGA GCT ACG CAG AAC 
AA; PR1rev: TTC TCG CTA ACC CAC ATG TTC A) and VSP2 (At5g24770: VSP2fw: 
TCG AAG TTG ACG CAA GTG GT; VSP2rev: GGG GAC AAT GCC ATG AAG AT). 
Expression of PR-1 and VSP2 was corrected for At1g13320 expression (At1g13320fw: 
TAA CGT GGC CAA AAT GAT GC; At1g13320rev: GTT CTC CAC AAC CGC TTG 
GT), after which expression levels were calculated relative to the control treatments.

 Statistics
 Bacterial plate counts were 10log transformed and analyzed by ANOVA and Tukey 
post-hoc test (p<0.05) (SPSS v16.0).
 Multivariate analysis was performed with Bionumerics v4.5 program (Applied 
Maths, Sint-Martens,-Latem, Belgium) and Canoco v4.5 (Microcomputer Power, Ithaca, 
NY, USA) as described previously (Costa et al. 2006b). Briefly, images were aligned and 
standardized with Bionumerics v4.5 prior to generation of presence/absence and relative 
peak intensities data of different band positions within each lane. Subsequently, Canoco 
v4.5 was used for ordination of DGGE-fingerprints and environmental variables in the 
biplots. Detrending corresponding canonical analysis (DCCA) was applied to check for 
heterogeneity within the data set. Since DCCA indicated a homogeneous data set, the 
use of redundancy analysis (RDA) or principal component analysis (PCA) was used 
as the most appropriate algorithm to generate the ordination plots. In the ordination 
plots, distances between symbols represent a measure of similarity in that symbols that 
lie close together have a similar community structure, whereas a large distance between 
symbols indicates differences in community structure. The X axis corresponds to the first 
eigenvalue and explains a higher percentage of the total variance than the Y axis, which 
corresponds to the second component. Thus, the first component is more important 
for explaining the variance than the second (Marschner and Rumberger 2004). In case 
of RDA, Monte Carlo permutation tests were performed to assess the significance of 
DGGE-derived fingerprints and environmental correlations, assuming that DGGE 
ribotype is not related to environment.
 All experiments were performed at least twice with comparable results.
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 Results

 Abundance of rhizosphere populations of culturable bacteria and Pseudomonas spp. 
Population densities of total culturable bacteria in the rhizospheres of the different 
Arabidopsis genotypes ranged from 2∙107 to 1∙109 cfu per gram of rhizosphere soil (Fig. 
1). 

 Significant differences were observed for plants grown in untreated potting soil-
sand mixture (Fig. 1A). The JA-response mutant jar1, the ET-response mutant ein2 and 
the constitutive SA-producing cpr1 showed significantly lower numbers of culturable 
bacteria compared to the Col-0 wild type. These differences were not observed when the 
potting soil-sand mixture was autoclaved before use, or when plants were grown on non-
autoclaved or autoclaved clay soil (Fig. 1B-D). Numbers of cfu of Pseudomonas spp. in the 
rhizosphere were between 5∙105 and 5∙107 per gram root and demonstrated tendencies 
similar to total bacteria, except for ein2 (Fig. 2). However, Pseudomonas populations seemed 
more sensitive to SA-dependent defenses, as illustrated by a decreased abundance in cpr1 
and a tendency of increased bacterial numbers in the NahG rhizospheres (Fig. 2A and 

Effects of defense signaling on the Arabidopsis rhizosphere microflora

Figure 1: Number of total culturable bacteria in the rhizosphere (log cfu/g root) of Arabidopsis Col-0 and 

its derivatives affected in JA-, ET- or SA-dependent responses. A) Plants grown on potting soil-

sand mixture; B) Plants grown on autoclaved potting soil-sand mixture; C) Plants grown on  clay 

soil; D) Plants grown on autoclaved clay soil. Different letters indicate significant differences 

(ANOVA  and Tukey post-hoc test; p<0.05).
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B). Although significant differences in bacterial abundance between the genotypes were 
not observed when plants were grown on the clay soil, Pseudomonas population densities 
were also consistently lower in the cpr1 rhizosphere (Fig. 2C-D).

Figure 2: Number of total culturable Pseudomonas spp. in the rhizosphere (log cfu/g root) of Arabidopsis 

Col-0 and its derivatives affected in JA-, ET- or SA-dependent responses. A) Plants grown on 

potting soil-sand mixture; B) Plants grown on autoclaved potting soil-sand mixture; C) Plants 

grown on  clay soil; D) Plants grown on autoclaved clay soil. Different letters indicate significant 

differences (ANOVA and Tukey post-hoc test; p<0.05).

 The transgenic Tetr18 tobacco contains the mutant etr1 ethylene receptor of 
Arabidopsis, resulting in ET insensitivity. When grown in either potting soil-sand mixture 
or clay soil, autoclaved or not, no differences were observed in rhizosphere population 
densities of total culturable bacteria or Pseudomonas spp. (Fig. 3). These results are largely 
comparable to those of the Arabidopsis etr1 and ein2 genotypes.
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Effects of defense signaling on the Arabidopsis rhizosphere microflora

Figure 3: Number of total culturable bacteria and Pseudomonas spp. in the rhizosphere (log cfu/g root) 

of wild-type Samsun NN tobacco and its ethylene-insensitive transformant Tetr18. A) plants 

grown on  potting soil-sand mixture; B) plants grown on autoclaved potting soil-sand mixture; 

C) plants grown on clay soil; D) plants grown on autoclaved clay soil. No significant differences 

were observed (ANOVA; p<0.05).
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 Composition of total bacterial and Pseudomonas populations in the   
 rhizosphere of Arabidopsis defense signaling mutants
 Possible differences in the bacterial rhizosphere community of the different Arabidopsis 
genotypes were studied in a cultivation-independent manner, using PCR-DGGE with 
eubacterial- and Pseudomonas spp.-specific primers. We used RDA to evaluate effects 
of plant genotype on the indigenous rhizosphere microflora. Ordination plots of the 
eubacterial data are shown in figure 4 and those for the Pseudomonas data in figure 5.
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Figure 4: Ordination biplots generated by redundancy analysis (RDA) of eubacterial DGGE fingerprints of 

the rhizosphere of Arabidopsis Col-0 and its derivatives affected in defense signal-transduction 

pathways. A) Plants grown on potting soil-sand mixture; B) Plants grown on autoclaved potting 

soil-sand mixture; C) Plants grown on clay soil; D) Plants grown on autoclaved clay soil. Crosses: 

individual samples; triangles represents the centroid position of each genotype

.
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 Multivariate analysis showed that differences in the bacterial rhizosphere microflora 
were not affected by plant genotype. However, in all soils the eubacterial rhizosphere 
microflora from mutants jar1, etr1, and ein2 consistently clustered away from the Col-0 wild 
type. Similar results were obtained for the Pseudomonas spp. community. Independently 
of the soil used, the genotypes jar1, etr1, and ein2 clustered separately from the wild type, 
whereas the other genotypes showed more variable patterns in the different soils.

Effects of defense signaling on the Arabidopsis rhizosphere microflora

Figure 5: Ordination biplots generated by redundancy analysis (RDA) of Pseudomonas spp.-specific  

DGGE fingerprints of the rhizosphere of Arabidopsis Col-0 and its derivatives affected in 

defense signal-transduction pathways. A) Plants grown on potting soil-sand mixture; B) Plants 

grown on autoclaved potting soil-sand mixture; C) Plants grown on  clay soil; D) Plants grown 

on autoclaved clay soil. Crosses: individual samples; triangles represents the centroid position 

of each genotype.
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 Bacterial and Pseudomonas community structure in the rhizosphere of  
 ethylene-insensitive tobacco 
 The eubacterial and Pseudomonas rhizosphere community of wild-type and Tetr18 
tobacco were assessed by PCR-DGGE and analyzed by PCA. Plants grown in non-
autoclaved soil showed distinct clusters of the eubacterial microflora between the wild 
type and the Tetr18 transformant. This effect was less pronounced for the rhizosphere 
community of plants grown in autoclaved soil (Fig. 6). The rhizosphere Pseudomonas 
community only revealed separate clusters between wild type and Tetr18 tobacco for 
plants grown on non-autoclaved potting soil-sand mixture (Fig. 7).
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Figure 6: Ordination biplots generated by principal component analysis (PCA) of eubacterial DGGE 

fingerprints of the rhizosphere of tobacco wild-type and its ethylene-insensitive transformant 

Tetr18. A) Plants grown on potting soil-sand mixture; B) Plants grown on autoclaved potting 

soil-sand mixture; C) Plants grown on  clay soil; D) Plants grown on autoclaved clay soil. 

Crosses: individual samples; triangles represents the centroid position of the genotypes.
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 Ef fects of foliar application of MeJA, SA, and BTH on local and systemic  
 VSP2- and PR1 expression
 To investigate if activation of JA- and SA-signaling pathways affects the composition 
of the indigenous rhizosphere microflora, MeJA, SA, or BTH, were applied to the leaves. 
Application of MeJA activated the JA-dependent defense response both locally (leaves) 
and systemically (roots), indicated by an about 7.5-fold increase in the expression of the 
JA-responsive marker gene VSP2 (Fig. 8A). Although SA and BTH application did not 
induce expression of VSP2 in the leaves, in the roots the expression of VSP2 was increased 
2.8- and 1.6-fold. Local expression of the SAR marker gene PR-1 was increased 49-fold 
in response to SA and 73-fold in response to BTH treatment (Fig. 8B). Foliar application 

Effects of defense signaling on the Arabidopsis rhizosphere microflora

Figure 7: Ordination biplots generated by principal component analysis (PCA) of Pseudomonas spp.-

specific DGGE fingerprints of the rhizosphere of tobacco wild-type and its ethylene-insensitive 

transformant Tetr18. A) Plants grown on potting soil-sand mixture; B) Plants grown on autoclaved 

potting soil-sand mixture; C) Plants grown on  clay soil; D) Plants grown on autoclaved clay soil. 

Crosses: individual samples; triangles represents the centroid position of the genotypes.
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of SA or BTH also resulted in activation of the corresponding defense-signaling pathway 
in the roots, as indicated by a 9- and 4-fold induction of PR-1 expression, respectively. As 
expected, application of MeJA did not affect PR-1 expression.

 

Ef fect of activated defense signal-transduction pathways on bacterial   
abundance
 The abundance of the bacterial and Pseudomonas spp. microflora in the rhizospheres of 
mock-, MeJA-, SA- and BTH-treated plants was quantified by selective plating two weeks 
after treatment (Fig. 9). Numbers of cfu of total culturable bacteria in the rhizosphere 
of Col-0 revealed no significant influences of the hormone treatments. Likewise, the 
treatments had no effect on numbers of total culturable bacteria in the rhizospheres of 
mutants npr1 and jar1, nor in transgenic NahG plants. Colony counts of Pseudomonas spp. 
showed comparable results. However, compared to the mock-treated control, significantly 
higher numbers of Pseudomonas spp. were measured in NahG plants treated with SA or 
BTH.
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Figure 8: Levels of A) VSP2 expression and B) PR-1 expression in Arabidopsis Col-0 leaves (local effect) 

and roots (systemic effect) 24 hours after foliar treatment with 0.1 mM MeJA, 1 mM SA, or 200 

µg/ml BTH compared to mock-treated control (set at 1). ΔCt mock-treated controls: PR1leaves: 

0.88; PR1roots: 6.6; VPS2leaves: 1.83; VPS2roots: 4.45.
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 Ef fect of activated plant defense signaling on bacterial community structure
 Ordination plots derived from DGGE-fingerprints were generated by RDA and 
revealed that all samples clustered predominantly by plant genotype (Fig. 10). Induction 
of defense signaling in the different genotypes did not affect rhizobacterial communities, 
as the variables mock, MeJA, SA and BTH are all in the center of the ordination plot. 
Pseudomonas-specific DGGE analysis revealed a higher variability among the samples, 
resulting in less distinct clusters compared to the eubacterial analysis. However, RDA 
analyses indicated that none of the hormone treatments had a relevant influence on the 
Pseudomonas community structure.
 

Effects of defense signaling on the Arabidopsis rhizosphere microflora

Figure 9: Number of total culturable bacteria and Pseudomonas spp. in the rhizosphere (log cfu/g root) 

of Arabidopsis Col-0, npr1, jar1 and NahG 2 weeks after foliar treatment with 0.1 mM MeJA, 1 

mM SA, or 200 µg/ml BTH. Plants were grown on a potting soil-sand mixture. Different letters 

indicate significant differences (ANOVA  and Tukey post-hoc test; p<0.05), capitals and lower-

case letters indicate a separate comparison.
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 Discussion

 Rhizobacteria-mediated ISR and pathogen-induced SAR can reduce disease 
severity and microbial proliferation of a wide range of plant pathogens (Van Loon et al. 
1998, Durrant and Dong 2004, Loake and Grant 2007, Van Loon 2007, Van Wees et al. 
2008). However, it is not known if augmented plant defense responses affect indigenous 
populations of plant–associated microorganisms. To elucidate if the indigenous bacterial 
rhizosphere microflora of Arabidopsis is affected by JA-, ET- and/or SA-dependent 
defenses, we investigated the abundance and community structure of the total bacterial 
microflora, as well as the prevalent Pseudomonas spp., in the rhizosphere of different 
Arabidopsis and tobacco genotypes with altered defense signaling characteristics.

 Ef fect of plant defense signaling on bacterial abundances
 Total bacterial and Pseudomonas spp. population densities in the rhizospheres of 
Arabidopsis and tobacco, and of derivatives of these plants with altered defense signaling 
properties, were studied by dilution plating on selective media. Bacterial population 
densities in the rhizospheres of the jar1 and ein2 mutants were significantly lower compared 
to those in the wild-type rhizosphere when plants were grown in non-autoclaved potting 
soil-sand mixture (Fig. 1). However, such differences were not detected when plants were 
grown on clay soil or when the soil was autoclaved before use. Abundance of Pseudomonas 
spp. was not significantly different in the rhizospheres of JA- or ET-signaling mutants 

Figure 10: Ordination biplots generated by RDA of A) eubacterial and B) Pseudomonas spp.- specific 

fingerprints of the rhizosphere of the Arabidopsis genotypes Col-0, npr1, jar1 and NahG 2 

weeks after foliar treatment with 0.1 mM MeJA (crosses), 1 mM SA (small triangles), or 200 

µg/ml BTH (rectangles) or mock (squares). Large triangles represents the centroid position 

of genotypes/treatments.
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(Fig. 2). Likewise, rhizosphere population densities of total bacteria or Pseudomonas spp. of 
ET-insensitive Tetr18 tobacco were not different from those of wild-type tobacco (Fig. 3).
 Soil type is one of the major factors determining bacterial community structure 
and activity in the rhizosphere (Garbeva et al. 2004a, Berg and Smalla 2009)(wChapter 
2). Since differences in the bacterial abundances on the jar1 and ein2 roots were not 
detectable in the clay soils or when a new indigenous microflora was established after 
autoclaving, the decreased abundance is probably the result of the combination of plant 
genotype and other factors, such as extant microbial composition or edaphic variables. 
Indeed, previous analysis demonstrated that the eubacterial community structure of the 
non-autoclaved potting soil-sand mixture differs from that of the other soil types (Chapter 
2). Marschner et al. (2001) experienced comparable bacterial community stability in a 
clay soil. Whereas in their study it was found that root zone was an important factor for 
the composition of the rhizosphere communities in a sandy and a sandy loam soil, this 
was of little importance for the rhizosphere composition in the clay soil.
 Since few differences were apparent in the absence of pathogens when defense 
signaling pathways are not activated, differences might only be expressed when plant 
defenses have been activated. Metabolic profiling of Arabidopsis roots upon chemical 
activation of plant defenses displayed secretion of numerous secondary metabolites of 
which several have antibacterial and antifungal activity at the concentrations detected 
in the exudates (Walker et al. 2003b). For example, o-coumaric acid was secreted after 
JA treatment and has in vitro antimicrobial activity against Rhizoctonia solani, Erwinia 
carotovora and Erwinia amylovora.
 Activation of the JA-dependent signaling pathway by foliar application of MeJA 
resulted in local and systemic expression of the JA-responsive gene VSP2 (Fig. 8). However, 
VSP2 expression in roots was stimulated not only by JA, but also, to a lesser extent, by SA 
and BTH. In spite of the activation of the JA-dependent defense-signaling pathway, no 
significant changes in the abundance of total culturable bacteria or Pseudomonas spp. were 
apparent in the rhizospheres of Col-0, jar1,npr1, or NahG (Fig. 9). Thus, the induction 
of ISR does not influence the number or diversity of the Arabidopsis rhizosphere 
microflora.
 In all soils used, we observed a consistently lower number of total bacteria and 
Pseudomonas spp. on the roots of the cpr1 mutant (Fig. 1 and 2). The cpr1 mutant contains a 
high level of SA, resulting in constitutive expression of SA-dependent defenses (Bowling 
et al. 1994). As a result, the cpr1 mutant has increased resistance to a variety of pathogens, 
including the oomycete Hyaloperonospora arabidopsidis and the bacterium P. syringae pv. 
maculicola (Bowling et al. 1994). This expression of defenses has energy costs involved 
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(Heidel et al. 2004, Van Hulten et al. 2006, Walters and Heil 2007), resulting in a dwarf 
phenotype of the cpr1 mutant. To dissect the effect of activated SA signaling from the 
effect on plant growth, SA-dependent defenses were activated in wild-type plants by 
foliar application of SA or BTH, as reflected by local and systemic expression of the SAR 
marker gene PR-1 (Fig. 8). Under these conditions, the activated SA-dependent defenses 
did not result in changes in the abundance of total culturable bacteria or Pseudomonas spp. 
in the rhizospheres of Col-0, npr1, or jar1 (Fig. 9A-C). However, numbers of Pseudomonas 
spp. were increase in the rhizosphere of NahG (Fig. 9D). Because the NahG gene 
encodes salicylate hydroxylase, these plants convert SA to catechol (Delaney et al. 1994, 
Van Wees and Glazebrook 2003). In bacteria, NahG is part of the operon responsible for 
degradation of naphthalene, by which many pseudomonads can use aromatics as a carbon 
source (Yen and Serdar 1988, Zhao et al. 2005). It is possible, and perhaps even likely, that 
increased population densities of Pseudomonas spp. in the rhizosphere of SA-treated NahG 
plants result from increased levels of catechol in the rhizosphere. Also BTH treatment 
may have increased SA content and, consequently, catechol levels in NahG plants. In 
strawberry, BTH treatment has been reported to increase SA content (Hukkanen et al. 
2007); however, this does not occur in tobacco (Friedrich et al. 1996). In Arabidopsis, 
levels of phenolic metabolites are significantly reduced in BTH-treated plants (Hien Dao 
et al. 2009), but specific data for SA are lacking.

 Ef fect of plant defense signaling on the bacterial community structure
 Whereas effects of activated defense signaling on bacterial abundances were very small, 
these might still have affected bacterial diversity. Analysis of community structure of total 
bacteria and Pseudomonas spp. by PCR-DGGE and multivariate analysis demonstrated 
consistent clustering of the JA and ET mutants jar1, etr1 and ein2 opposite to the Col-0 
wild type (Figs. 4 and 5). However, plant genotype played only a minor role, and other 
factors must be primarily responsible for the variance in the bacterial communities.
 In ET-insensitive Tetr18 tobacco, Geraats (2003) observed that differences in the 
community structure of root-associated bacterial populations between wild type and the 
transformant were detectable already before spontaneous development of disease symptoms 
occurred. These symptoms occurred only when plants were grown in non-autoclaved 
soil; autoclaving the soil effectively reduced the population of deleterious oomycetes 
(Pythium spp.) held responsible for the wilting and root rot observed (Knoester et al. 1998, 
Geraats et al. 2003). In line with those results, we observed a more distinct difference 
of both eubacterial- and Pseudomonas spp. rhizosphere communities between Tetr18 and 
wild type tobacco on non-autoclaved soils than on the soils that were autoclaved before 
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use (Figs. 6 and 7). Although disease symptoms were not observed in our experiments, 
the shifts in the bacterial community structure may have been due to early stages of root 
infection causing changes in root exudates of the Tetr18 plants.
 Activation of SA-dependent defenses did not alter total bacterial or Pseudomonas 
spp. community structure in the rhizosphere of Arabidopsis wild-type plants (Fig. 10). 
Whereas we observed reduced bacterial abundance in the rhizosphere of the cpr1 mutant, 
a reduction of the bacterial diversity in the cpr1 rhizosphere was not apparent. This 
observation is in line with observations made by Hein et al. (2008), who could not 
demonstrate a postulated decrease of bacterial diversity in the cpr1 rhizosphere by TRFLP. 
The cpr1 mutant has constitutively activated SA-dependent defense responses. Thus, it 
must be concluded that SA-activated SAR had no significant effect on bacterial and 
Pseudomonas rhizosphere community structures in the rhizosphere of Arabidopsis.
 Taken together, mutant/transgenic derivatives of Arabidopsis affected in ISR or 
SAR expression sometimes had altered bacterial or Pseudomonas spp. population densities 
in their rhizosphere, but no consistent impact on community structure of rhizosphere 
bacteria was apparent. Moreover, activating the JA or SA defense-signaling pathway by 
exogenous application of MeJA, or SA or BTH, had no effect on the bacterial rhizosphere 
microflora either. In tobacco, differences in the bacterial community structure were 
observed between wild type and ET-insensitive Tert18 plants, but only when these plans 
were grown on soils likely to contain opportunistic pathogens. Therefore, the observed 
differences in tobacco seem to be due to the increased sensitivity of the Tetr18 plants to 
infection rather that to defective ET-signaling per se. In contrast, differences observed in 
the rhizospheres of the different Arabidopsis genotypes do not appear to be related to 
plant defense. We conclude that control of plant diseases by activation of ISR or SAR is 
unlikely to have a significant impact on the indigenous soil microflora.
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 Abstract

 Elicitation of induced systemic resistance (ISR) by plant growth-promoting rhizobacteria 

(PGPR) primes plants for enhanced defense responses upon pathogen attack. In Arabidopsis 

thaliana, expression of ISR requires responsiveness to jasmonic acid (JA) and ethylene (ET), as 

well as the transcription factor MYB72, but is independent of salicylic acid (SA) signaling. The 

same defense-signaling pathway as demonstrated previously for ISR against Pseudomonas syringae 

pv. tomato (Pst) elicited by Pseudomonas fluorescens WCS417r in plants grown in a potting soil-sand 

mixture, was shown to be operative in plants grown on rockwool, and in response to the ISR-

eliciting rhizobacterial strain Pseudomonas putida WCS358r.

 To elucidate in how far induction and expression of ISR are accompanied by changes in 

primary metabolites in the leaves, a metabolic profiling study was conducted. In differentially 

induced or Pst-infected plants, in total 44 metabolite fragments, including sugars, organic acids and 

amino acids, displayed significantly altered intensities. Most annotated metabolite fragments could 

be linked to known plant-microbe or plant-pathogen interactions, but not to ISR.
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 Introduction

 Plant growth-promoting rhizobacteria (PGPR) have beneficial effects on plants. 
Mechanisms involved include promotion of plant nutrient uptake (Dobbelaere et al. 2003, 
Yang et al. 2009), production of plant hormones such as IAA, gibberellins and cytokinins 
(Costacurta and Vanderleyden 1995, Glick 1995), and protection against pathogens (Haas 
and Defago 2005, Weller 2007). Biological control of plant pathogens can be provided 
by several mechanisms, such as direct antagonism through competition for nutrients 
(Alabouvette et al. 1998), notably iron (Duijff et al. 1993, De Boer et al. 2003), antibiosis 
by the production of toxic metabolites (Raaijmakers and Weller 1998, Haas and Keel 
2003) or biosurfactants (Raaijmakers et al. 2006), lytic activity (Chet and Inbar 1994), 
and the induction of systemic resistance (Van Loon et al. 1998, Van Loon 2007, Van Wees 
et al. 2008). Of special interest is bacterially elicited induced systemic resistance (ISR), 
by which rhizosphere bacteria provide an enhanced plant-mediated defensive capacity 
against a broad spectrum of pathogens (Ton et al. 2002b, Van Loon 2007, Van Wees et al. 
2008).
 In Arabidopsis, expression of ISR requires responsiveness to jasmonic acid (JA) and 
ethylene (ET), but is not associated with an increased production of these hormones, 
nor dependent on the defense-signaling hormone salicylic acid (SA) (Pieterse et al. 
1996, 1998, Van Wees et al. 1999, Pieterse et al. 2000). However, ISR does require the 
function of NPR1, which is a key regulator of induced defense responses (Pieterse and 
Van Loon 2004). Although the molecular details of ISR are not fully understood, the 
enhanced disease resistance is based on a phenomenon designated priming (Conrath 
et al. 2006). Primed plants do not show an augmented expression of defense-related 
activities in the leaves in the absence of pathogens. Instead, upon pathogen attack an 
accelerated activation of plant defenses occurs, providing a stronger and faster defense 
response. Possible mechanisms of priming in ISR involve the expression of signaling 
components such as MAPK3 and MAPK6 proteins (Beckers et al. 2009) and transcription 
factors (Van der Ent et al. 2008, Van der Ent et al. 2009) that stay inactive until infection 
occurs. Upon pathogen perception, these signaling components are activated, resulting in 
boosted defense gene activation. Another possible explanation of priming is a change in 
chromatin structure (Bruce et al. 2007, Van den Burg and Takken 2009). DNA methylation 
or histone modification would result in a more accessible chromatin structure, allowing 
for a quicker rate of transcription upon pathogen attack.
 ISR can be triggered by different rhizosphere bacteria (Bent 2006) in a variety of 
plant species (Bakker et al. 2007), but successful elicitation requires a specific interaction 
between the inducing strain and its host plant (Meziane et al. 2005, Van Loon 2007, Van 
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Wees et al. 2008). For example, Pseudomonas putida strain WCS358r (WCS358r) and  
Pseudomonas fluorescens WCS417r (WCS417r) are capable of inducing ISR in Arabidopsis 
thaliana accession Col-0, whereas P. fluorescens WCS374r (WCS374r) is not (Van Wees et 
al. 1997).
 Microarray analysis revealed that the R2R3-MYB-like transcription factor gene 
MYB72 is specifically activated in the roots of Arabidopsis upon colonization by ISR-
eliciting WCS358r, WCS417r, as well as crude cell wall extracts of WCS417r (Verhagen et 
al. 2004, Van der Ent et al. 2008). The myb72 mutant appeared to be specifically disrupted 
in ISR signaling. However, expression of MYB72 is not sufficient for the onset of ISR, 
since overexpressing 35S::MYB72 Arabidopsis plants did not show an augmented defense 
response towards different types of pathogens (Van der Ent et al., 2008).
 Recognition of pathogens and the subsequent activation of plant defenses result in 
increased demands for energy (Heil 2002, Van Hulten et al. 2006, Walters and Heil 2007). 
This energy is provided by photosynthesis and primary metabolic pathways (Berger 
et al. 2007, Bolton 2009). In order to elucidate in how far ISR is accompanied by 
systemic changes in plant primary metabolism, we performed a metabolic profiling study 
of Arabidopsis wild-type and myb72 mutant plants, treated either with ISR-inducing 
WCS358r or WCS417r, or with non-ISR inducing WCS374r. WCS417r-treated plants 
were further analyzed after infection with the bacterial leaf pathogen Pseudomonas 
syringae pv. tomato (Pst). To avoid variation due to soil heterogeneity, we grew the plants 
on rockwool as was used previously for the induction of ISR in radish (Leeman et al. 
1995a).

 Material and Methods

 Cultivation of plants
 Seeds of Arabidopsis thaliana accession Col-0 and its mutants myb72-1, jar1-1, npr1-1 
and sid2-1 were sown in autoclaved (20 min at 121 oC) sand, kept at 4 oC in the dark for 
2 days, and subsequently allowed to germinate in a greenhouse with a 8 h day (200 μE 
m-2 sec-1) at 24 oC and 16 h night cycle at 20 oC and 70% relative humidity (RH). After 
two weeks, germinated seedlings were transferred individually to 60 ml pots containing 
autoclaved (2x 20 min at 121 oC with a 24 h interval) granulated rockwool (Grodan, 
Roermond, The Netherlands), and plants were further grown as described above. Pots 
were watered with half-strength Hoagland nutrient solution (Hoagland and Arnon 1938) 
once a week and with tap-water as required. 
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 Induction of ISR
 For the induction of ISR, one-week-old rockwool-grown plants were treated with 
ISR-inducing P. fluorescens WCS417r or P. putida WCS358r. P. fluorescens WCS374r was used 
as non-ISR inducing strain (Van Wees et al. 1997). Bacterial cells were grown overnight 
at 28 oC on King’s medium B (KB) agar plates (King et al. 1954), scraped off the plates in 
sterile 10 mM MgSO

4
, and washed by centrifugation for 5 min at 3.000 x g. Washed cells 

were resuspended in 10 mM MgSO
4 
to a density of 109 colony-forming units (cfu) per 

ml. Five ml of the bacterial suspension was pipetted onto the rockwool around the plant, 
carefully avoiding contact with the leaves, resulting in a bacterial density of ~108 cfu/ml 
volume of rockwool. Five ml of sterile 10 mM MgSO

4
 was pipetted around mock-treated 

control plants. 

 Pathogen inoculation
 Five-week-old plants were challenge inoculated with P. syringae pv. tomato (Whalen 
et al. 1991) as described by Pieterse et al. (1996). Briefly, plants were put at 100 % RH 
one day before inoculation. Pst was cultured overnight in liquid KB medium at 28 oC 
under gentle shaking. Bacterial cells were collected by centrifugation for 5 min at 3.000 
x g and resuspended in 10 mM MgSO

4
. For inoculation, leaves were dipped in a Pst 

suspension containing 2.5∙107 cfu/ml, supplemented with 0.015% (v/v) Silwet L-77 (Van 
Meeuwen Chemicals BV, Weesp, The Netherlands), and kept at 100% RH. Because of 
the hypersusceptible phenotype of the sid2 mutant, these plants were challenged with Pst 
at a density of 1.0∙107 cfu/ml. Three days after challenge, disease severity was quantified 
by assessing the percentage of leaves showing typical disease symptoms, recognizable 
as necrotic or water-soaked lesions surrounded by chlorosis. Leaves of Pst-inoculated 
plants were weighed and subsequently ground in 10 mM MgSO

4
 with mortar and 

pestle. Numbers of Pst were quantified by plating appropriate dilutions on KB agar 
supplemented with 100 µg/ml natamycin (Delvocid, DSM, Delft, NL) (Pedersen 1992) 
and 50 µg/ml rifampicine. Numbers of cfu were determined after incubation for 48 h at 
28 oC.

 Root colonization by Pseudomonas strains
 Active colonization of the Arabidopsis roots by P. putida WCS358r, P. fluorescens 
WCS374r and WCS417r, and was determined on both wild-type and myb72-1 plants. 
During the transfer of 2-week-old seedlings to 60 ml pots with rockwool, roots were dipped 
in a bacterial suspension containing 103 cfu/ml. One, 2, 3 and 7 days after inoculation, 
roots from five replicate pots containing three plants per pot were sampled and used 
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immediately for quantification of bacterial numbers. Roots were weighed and ground 
in 10 mM MgSO

4
 in an Eppendorf tube with a sterile Eppendorf pestle (Eppendorf, 

Hamburg, Germany). Appropriate dilutions of the homogenates were plated on KB+ 
agar [KB agar (King et al. 1954), supplemented with 13 µg/ml chloramphenicol, 40 µg/
ml ampicillin, 150 µg/ml rifampicine and 100 µg/ml natamycin (Delvocid, DSM, Delft, 
NL) cf. (Geels and Schippers 1983)]. Numbers of cfu per gram root were determined 
after incubation for 48 h at 28 oC. 

 Metabolite prof iling
 Metabolite profiling and annotation was carried out based on Lisec et al. (2006). 
Briefly, 100 mg plant material was ground and homogenized in liquid nitrogen with a 
ball mill (Retsch, Haan, Germany) for 2 min at 20 Hz. Enzymatic activities were stopped 
by the addition of 1.4 ml precooled (-20 oC) methanol and subsequent vortexing for 10 
s. As internal standard, 12 µg ribitol was added. Samples were mixed and heated to 70 oC 
for 10 min in a thermomixer at 950 rpm. Cell debris were pelleted by centrifugation for 
10 min at 11,000 x g and the supernatant, containing soluble metabolites, was transferred 
to a clean glass vial. Purification of metabolites was performed by the addition of 750 µl 
pre-cooled (-20 oC) chloroform and 1.5 ml pre-cooled (4 oC) sterile water and vortexed 
for 10 s. Polar and apolar phases were separated by centrifugation for 15 min at 2,200 x 
g. 150 µl of the upper (polar) phase was transferred to a fresh tube and dried overnight 
in a vacuum concentrator. Chemical derivatization was conducted by incubation with 
methoxyamination reagent for 2 h at 37 oC, followed by the addition of silylation reagent 
with subsequent incubation for 30 min at 37 oC. Samples were analyzed by GC-TOF-MS. 
Prior to metabolite fingerprinting, baseline correction was performed with ChromaTOF 
software v1.0 and Pegasus driver 1∙61 (LECO, St Joseph, MI, USA). Normalization of the 
peak heights of the different mass fragments was performed based on the internal standard 
(ribitol) and sample fresh weight. Statistical analysis (two-way ANOVA) of the data and 
visualization in a heat map of metabolites with intensities altered significantly by any 
of the treatments was done using the MeV (Multi Experiment Viewer) software (Saeed 
et al. 2003). Annotation was manually supervised using the TagFinder visualizations of 
TimeGroups (Annotation) and Clusters (minimally three correlating fragments as unique 
masses for quantification) with maximum of 5% of time deviation between expected 
retention index from library and measurement (Luedemann et al. 2008).
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 Results

 Root colonization by WCS358r, WCS374r, and WCS417r 
 After Arabidopsis wild-type roots had been dipped in a bacterial suspension 
containing 103 cfu/ml during transfer to the rockwool system, within 3 days population 
densities of WCS358r and WCS417r increased to 4∙106 and 2∙106 cfu/g root, respectively, 
and thereafter remained rather stable (Fig. 1A). In contrast, populations of WCS374r 
did not increase and remained below 3∙104 cfu/g root. Colonization patterns of both 
WCS358r and WCS417r were very different on the myb72 mutant (Fig. 1B). Population 
densities on myb72 reached only 2∙105 and 6∙104 cfu/g root, respectively, after 2 days and 
declined thereafter to about 104 cfu/g root, similar to the maximum population level 
reached by WCS374r.

 Induction of ISR in rockwool-grown plants
 To test the rockwool system for its suitability for expression of ISR, the three 
Pseudomonas strains WCS358r, WCS374r, and WCS417r, were applied at high inoculum 
densities to avoid insufficient root colonization for ISR elicitation. Indeed, application 
of the bacterial strains as a drench to 2-week-old rockwool-grown seedlings resulted in 
populations of 106 cfu/g root up to four weeks later. At that time, inoculated strains were 
not detected on the leaves (detection limit 10log 2.4 ± 0.2 cfu/g leaf), demonstrating 
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Figure 1:  Population densities of P. putida WCS358r, P. fluorescens WCS374r, and P. fluorescens 

WCS417r on roots of Arabidopsis Col-0 wild-type (A) and myb72 mutant plants (B). Roots 

of 2-week-old plants were dipped in a bacterial suspension containing 103 cfu/ml and then 

transferred to pots containing autoclaved granulated rockwool. Root colonization was 

determined by selective plating on KB+ containing 150 µg/ml rifampicine. Different letters 

indicate statistically significant differences (ANOVA and Tukey post-hoc test, p< 0.05), nd: 

no difference.
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sustained physical separation of the biocontrol strain and the pathogen. Three days after 
challenge inoculation with Pst, plants inoculated with either WCS358r or WCS417r 
showed significantly less severe disease symptoms compared to control-treated plants, 
confirming successful elicitation of ISR by these two strains. In contrast, disease incidence 
on plants grown on WCS374r-treated rockwool was not significantly different from that 
in the control treatment (Fig. 2A). Although WCS374r is considered a non-ISR-inducing 
strain in Arabidopsis, Djavaheri (2007) demonstrated elicitation of ISR against Pst when 
WCS374r was applied at low inoculum densities. However, application of WCS374r at 
104 cfu/g rockwool did not result in significant protection against Pst (Fig. 2B).

 The ISR signal-transduction pathway in Arabidopsis elicited by WCS417r has been 
well characterized (Pieterse et al. 1998, Verhagen et al. 2004, Van der Ent et al. 2008). 
However, this has not been the case for WCS358r. To investigate whether WCS358r 
activates the same signal-transduction pathway as WCS417r, both strains were tested for 
their abilities to elicit ISR in the mutants myb72, the JA-insensitive jar1, npr1, and sid2, 
which is impaired in induced SA synthesis. WCS417r is known to be unable to elicit 
ISR in myb72, jar1 and npr1, but does in sid2. These data were confirmed in the rockwool 
system (Fig. 3). Moreover, treatment with WCS358r led to comparable results, indicating 
that functional MYB72 and NPR1, as well as JA responsiveness are similarly necessary for 
the expression of ISR elicited by both Pseudomonas strains, whereas SA production is not.
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Figure 2:  A) Quantification of induced resistance in the Arabidopsis-Pst bioassay. Arabidopsis Col-0 

was grown on rockwool and treated with P. putida WCS358r, P. fluorescens WCS417r, or 

P. fluorescens WCS374r (107 cfu/g), or mock-treated (10 mM MgSO4). Five-week-old plants 

(n=20) were challenged with 2.5∙107 cfu/ml Pst and the percentage of diseased leaves per 

plant was determined 3 days later. B) Rockwool was supplemented with P. fluorescens 

WCS374r at 104 cfu/g rock wool. Different letters indicate statistically significant differences 

(ANOVA and Tukey post-hoc test, p< 0.05).  
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 Metabolic prof iling
 ISR-related changes in the metabolome of Arabidopsis leaves were investigated upon 
treatment of the roots with WCS358r or WCS417r. To differentiate general responses of 
the metabolome to bacterial colonization from those specific for ISR, the non-ISR 
expressing myb72 mutant, as well as the non-ISR inducing bacterium WCS374r were 
examined. Possibly primed metabolites should become evident by comparing mock- 
and WCS417r-inoculated wild-type and myb72 plants harvested 24 h after challenge 
inoculation with Pst.
 Whereas treatment of wild-type plants with WCS358r and WCS417r reduced Pst 
symptoms significantly, such a reduction was not observed after treatment with WCS374r 
(Fig. 4A). In the myb72 mutant, none of the bacterial treatments affected disease severity. 
Proliferation of Pst in mock- and WCS417r-treated wild-type and myb72 plants was 
not statistically different. Nevertheless, in the leaves of wild-type plants treatment with 
WCS417r reduced Pst populations by 41% (Fig. 4B). On myb72, WCS417r treatment 
reduced Pst proliferation by 24%.
 Metabolic profiling by GC-TOF-MS was conducted on differentially induced or 
Pst-infected plants. In total, a significant change was evident for 44 metabolite fragments. 
Figure 5 depicts the intensities of these metabolite fragments organized by functional 
group. Sugars that displayed significantly altered levels in at least one of the treatments 
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Figure 3:  Quantification of induced resistance in the Arabidopsis-Pst bioassay. Arabidopsis Col-0 wild 

type and its mutants jar1, myb72, npr1, and sid2 were grown on rockwool and treated with 

10 mM MgSO4 (mock), P. fluorescens WCS417r (107 cfu/g), or P. putida  WCS358r (107 cfu/g). 

Five-week-old plants (n=20) were challenged with 2.5∙107 cfu/ml Pst, except for sid2, which 

received 1.0∙107 cfu/ml Pst, and the percentage of diseased leaves per plant was determined 

3 days later. Asterisks (*) indicate statistically significant differences compared to the control 

treatment within each genotype (Students t-test, p< 0.05).
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were sucrose, fructose and glucose, as well as the sugar alcohols galactinol and myo-
inositol (Fig. 5A). The myb72 mutant had reduced fructose and glucose levels compared 
to the wild type. Application of all three WCS strains on the roots of myb72 resulted in a 
decrease of sucrose and increases of fructose and glucose in the leaves. Such changes were 
observed to an even larger extent in WCS417-treated myb72 infected with Pst, whereas in 
wild-type plants bacterial treatment or Pst infection had little influence on sugar levels. A 
reduction in the level of galactinol was most pronounced in Pst-infected as compared to 
non-infected plants, and also in Pst-infected myb72 mutant plants compared to the wild 
type.
 Fumaric and succinic acid levels were notably lower as a result of Pst infection. 
WCS358r-treated wild-type and WCS374r-treated myb72 plants also displayed decreases 
in these organic acids (Fig 5B). Specific changes were observed for the amino acids 
serine and threonine (Fig. 5C). Upregulation of threonine was evident in the wild 
type upon WCS374r, and in myb72 upon WCS417r treatment, whereas serine showed a 
downregulation in the Pst-infected plants and in myb72 treated with WCS374r.
 The vitamin dehydroascorbic acid showed pronounced changes in several treatments 
(Fig. 5D). Treatment of wild-type plants with WCS417r or WCS358r resulted in an 
upregulation of dehydroascorbic acid, as did treatment of myb72 with WCS417r and 
WCS374r. Similarly, Pst infection increased dehydroascorbic acid levels, except in 
WCS417r-treated myb72. Other metabolite fragments of which the intensities were 
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Figure 4:  Quantification of induced resistance in the Arabidopsis-Pst bioassay. A) Percentage of diseased 

leaves of Col-0 wild type and mutant myb72 plants 3 days after challenge inoculation with 

Pst. Plants were grown on rockwool and treated with 10 mM MgSO4 (control), P. putida  

WCS358r (107 cfu/g), P. fluorescens WCS417r (107 cfu/g), or P. fluorescens WCS374r (107 

cfu/g). Five-week-old plants (n=20) were challenged with 2.5∙107 cfu/ml Pst. Different letters 

indicate statistically significant differences (ANOVA and Tukey post-hoc test, p< 0.05). B) 

Proliferation of Pst in challenge-inoculated plants. No statistically significant differences 

between genotype/treatment were apparent (ANOVA and Tukey post-hoc test, p< 0.05).
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significantly changed could not be annotated (Fig. 5E). In general, the largest effects were 
evident as a result of infection by Pst, but specific effects of treatment with biocontrol 
bacteria were also apparent.
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Figure 5:  List of metabolites that were significantly changed in at least one of the treatments (ANOVA 

p<0.05); intensities (low – high) in arbitrary units. A) Sugars (intensity-range: 1-18) and 

sugar alcohols (intensity range:1-11); B) Organic acids (intensity range: 6-24); C) Amino acids 

(intensity range: 5-17); D) Vitamins (intensity range 5-13); E) Unknown metabolites (intensity 

range 4.5-20).
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 Discussion

 Of the three rhizobacterial strains P. putida WCS358r, P. fluorescens WCS374r and P. 
fluorescens WCS417r, WCS358r and WCS417r were previously demonstrated to induce 
systemic resistance in Arabidopsis, whereas WCS374r did not (Van Wees et al. 1997). Like 
in the routinely used potting soil-sand mixture, the same differential effectiveness was 
evident when plants were grown on rockwool (Fig. 2). Furthermore, it was shown that 
elicitation of ISR by WCS358r follows the same signal-transduction pathway as described 
previously for WCS417r (Fig. 3) (Pieterse et al. 1998). ISR was induced successfully in 
the SA-deficient mutant sid2, illustrating its SA-independency. Moreover, WCS417r and 
WCS358r both failed to elicit ISR in the mutants myb72, jar1 and npr1, indicating the 
same requirement of MYB72, JA responsiveness, and NPR1, respectively, for the expression 
of WCS358r-mediated ISR as for WCS417r-mediated ISR. A number of ISR-eliciting 
rhizobacteria (Ahn et al. 2007) and fungi (Segarra et al. 2009) have been demonstrated 
to activate this same signaling pathway, although for some specific strains a requirement 
for SA has been documented (Van Loon and Bakker 2005).
 Sufficient root colonization by PGPR is essential for the elicitation of ISR 
(Raaijmakers et al. 1995). Whereas WCS358r and WCS417r proliferated on the roots 
of wild-type plants when applied at low densities, active colonization was much less                       
observed on the roots of myb72 (Fig. 1). These results suggest that the myb72 mutant did 
not express ISR because of insufficient root colonization. However, in the experiments 
of Van der Ent et al. (2008), in which high densities of WCS358r or WCS417r were 
introduced, the rhizobacteria persisted at high population densities (106-107 cfu/g root) 
in the rhizospheres of both wild-type and myb72 plants. Moreover, cell wall preparations 
of WCS417r did elicit ISR against Pst in wild-type plants, but not in the myb72 mutant, 
demonstrating that the levels applied were sufficient for the elicitation of ISR and the 
myb72 mutant must be impaired in ISR expression itself (Van der Ent et al. 2008).
 In line with previous research in which the potting soil-sand mixture was used (Van 
Wees et al. 1997), WCS374r did not proliferate on the roots of Arabidopsis grown on 
rockwool either (Fig. 1). However, WCS374r can induce ISR in Arabidopsis. Ran et al. 
(2005) demonstrated that when WCS374r was grown at temperatures above 28 oC, ISR 
was successfully elicited against Pst. Also, Djavaheri (2007) showed that root application 
of WCS374r at low inoculum density protected Arabidopsis systemically against Pst. 
However, in the rockwool system, WCS374r also did not elicit ISR when applied at 
a low density and thus, this rhizobacterium can act as a valid negative control for ISR 
expression in Arabidopsis.
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 Upon elicitation of ISR in Arabidopsis by WCS417r, no transcriptional changes 
were observed to occur in the leaves, but in the roots transcriptional reorganization did 
occur (Verhagen et al. 2004). Thus, ISR-associated metabolites could be transported from 
the roots to the leaves to confer the enhanced defensive capacity characteristic of ISR. 
Therefore, we performed metabolic profiling to investigate whether the induction of ISR 
in Arabidopsis is accompanied by specific changes of metabolites in the leaves. Leaves 
were harvested from plants in which high inoculum densities of WCS417r and WCS358r 
had elicited ISR in Col-0, but not in myb72, and WCS374r had not elicited ISR in either 
genotype (Fig. 4).
 Within our experimental set-up, we detected a significant change for a total of 
44 metabolite fragments, mainly sugars and organic acids (Fig. 5). Most pronounced 
differences in the metabolome were observed as a result of Pst infection, indicated by 
a decrease of most metabolite intensities. For example, whereas galactinol levels were 
high in non-infected plants, these intensities were clearly reduced upon Pst  infection 
in all treatments. Differences in galactinol intensity were also evident between the wild 
type and myb72 mutant, both before and after Pst infection. Galactinol is a disaccharide 
demonstrated to protect Arabidopsis from oxidative stress (Nishizawa et al. 2008), and 
has been suggested to function as a signal molecule and elicitor of defense responses in 
cucumber (Kim et al. 2008). Indeed, inoculation of cucumber with the ISR-inducing 
strain P. chlororaphis O6 resulted in an endogenous increase of galactinol, accompanied by 
effective protection against the fungus Corynespora cassiicola. However, none of the ISR-
inducing strains used affected galactinol levels in Arabidopsis either before or after Pst 
infection.
 Treatment with the different rhizobacterial strains resulted in more diverse changes. 
For example, dehydroascorbic acid displayed increased levels in both the wild-type and 
myb72 mutant, whereas intensities were much lower in Pst-infected myb72 treated with 
WCS417r compared to its control. Changes in dehydroascorbic acid levels are likely to 
reflect increases in active oxygen species that are associated with pathogen infections and 
the onset of ISR (Van Loon et al. 2008).
 The activation of plant defenses requires energy provided by photosynthesis and 
respiration, and is likely to affect primary metabolism (Berger et al. 2007, Bolton 2009). 
Indeed, metabolic profiling demonstrated differences in sugar levels, predominantly 
between the wild type and myb72 mutant, as well as between mock-treated and 
rhizobacterially treated myb72 plants. A decrease in sucrose combined with increased 
glucose and fructose intensities suggests invertase activity (Roitsch and González 2004). 
Upregulation of invertase is a common response to biotic and abiotic stresses, including 
pathogens, and is believed to provide energy required for the stress response (Roitsch et 
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al. 2003, Bolton 2009). Moreover, increased sugar uptake deprives apoplast-colonizing 
pathogens from potential nutrients (Fotopoulos et al. 2003), and functions as a signal that 
locally represses photosynthesis and induces defense-related genes (Berger et al. 2007, 
Bolton 2009).
 Fumaric and succinic acid were decreased upon Pst infection, as well as in 
WCS358r-treated wild-type and WCS374r-treated myb72 plants. The depletion of these 
Krebs cycle intermediates may be related to an increased need for carbon skeletons 
and, consequently, increased respiration. Organic acids are potent chemo-attractants for 
soil bacteria (Lugtenberg et al. 2001, De Weert et al. 2002). For example, in roots of 
tomato, application of P. fluorescens WCS365 resulted in an increase of the total amount 
of organic acids, although the amount of succinic acid decreased (Kamilova et al. 2006a). 
Fumaric and succinic acid are immediate precursors of malic acid in the tricarboxylic 
acid cycle. It was demonstrated by Rudrappa et al. (2008) that malic acid, when secreted 
by Arabidopsis roots, can function as a positive chemotactic stimulus for the beneficial, 
ISR-eliciting rhizobacterium Bacillus subtilis FB17. In their study, secretion of malic acid 
was increased in roots of Arabidopsis plants that were infected by Pst, suggesting that 
diseased plants can ‘signal for help’ from beneficial bacteria in the rhizosphere.
 Changes in levels of primary metabolites related to plant defense responses have been 
reported previously. Direct activation of JA- or SA-dependent defenses in Arabidopsis by 
methyl jasmonate (MeJA) (Hendrawati et al. 2006) or the SA-analog benzothiadiazole 
(BTH) (Hien Dao et al. 2009) revealed both similar and opposing changes. For example, 
whereas MeJA treatment resulted in decreases in malic acid and glutamine, these 
compounds were increased in BTH-treated plants. On the other hand, the intensity of 
threonine was upregulated upon treatment with either MeJA or BTH. These data are 
difficult to relate to our findings. It appears that most annotated metabolite fragments 
can be linked to known plant-microbe or plant-pathogen interactions. However, none 
of the metabolite fragments could be linked directly to ISR. Thus, further research will 
be necessary, both to obtain a more complete inventory of the changes occurring, and to 
define their significance in relation to rhizobacteria-mediated ISR.
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 Abstract

 Plants respond to pathogen infection by activating specific signal-transduction pathways in 

order to prevent or reduce damage. To what extent induced plant defenses affect non-pathogenic 

microorganisms in the phyllosphere and rhizosphere is not well documented. Using the model 

plant Arabidopsis thaliana we determined the abundance and diversity of the natural indigenous 

bacterial microflora on mutant and transgenic genotypes that differ in their sensitivity to the hemi-

biotrophic bacterial leaf pathogen Pseudomonas syringae pv. tomato DC3000 (Pst).

Overall, Arabidopsis mutants showing increased symptom severity and/or pathogen 

proliferation also had increased population densities of total culturable bacteria and Pseudomonas 

spp. in the phyllosphere. Pst infection did not affect the abundance of Pseudomonas spp. in the 

rhizosphere. Genotypic fingerprinting with BOX-PCR indicated a highly diverse Pseudomonas 

community in the rhizosphere. Apparently, plant defense signaling not only reduces pathogen 

proliferation, but also influences the natural indigenous microflora.
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 Introduction

 Plants possess various mechanisms to protect themselves against pathogens (Thomma 
et al. 2001, Glazebrook 2005, Jones and Dangl 2006). Among these mechanisms are non-
host or basal resistance, which is characterized by the presence of pre-existing barriers 
such as trichomes or fortified cell walls, as well as the ability to quickly detect and 
respond to pathogen attack by activating inducible defenses (Heath 2000, Lipka et al. 
2005, Hardham et al. 2007); resistance (R) gene-mediated resistance, which depends on 
the specific recognition of pathogen-derived effector molecules (McDowell and Simon 
2006); and induced systemic resistance, elicited in response to limited primary infection 
(Durrant and Dong 2004, Bruce and Pickett 2007), certain chemicals (Oostendorp et al. 
2001), or specific root-colonizing microorganisms (Van Wees et al. 2008). These types of 
resistance are regulated by complex interactions between the defense signaling hormones 
salicylic acid (SA), jasmonic acid (JA), and ethylene (ET), which orchestrate flexible plant 
responses to different invaders (Thomma et al. 1998, Glazebrook 2005). As shown in the 
model plant Arabidopsis thaliana, attack by bacterial or fungal pathogens, or insects with 
distinct feeding types, leads to attacker-specific signatures of SA, JA and ET production 
and changes in the transcriptional profile (De Vos et al. 2005). Although the modes of 
action of, and interactions between these plant defense signals have been studied in great 
detail (Koornneef and Pieterse 2008, Grant and Jones 2009), little attention has been paid 
to how activated plant defenses affect non-pathogenic microbial communities present on 
plant surfaces.
 Both the phyllosphere and the rhizosphere are important niches for microorganisms. 
Bacteria are by far the most numerous colonists of plant surfaces and can reach population 
densities of up to 109 cells per gram of leaf or root (Lindow and Brandl 2003, Raaijmakers 
et al. 2006). Particularly roots release abundant quantities of organic acids and sugars 
that serve as carbon sources for microbial growth and activity (Bais et al. 2006). Non-
pathogenic bacteria that are intimately associated with plants can be beneficial to their 
host (Ryu et al. 2005): they can promote plant growth by increasing nutrient availability 
(Dobbelaere et al. 2003), increase tolerance to pollutants (Sandhu et al. 2009) and abiotic 
stresses (Yang et al. 2009), antagonize pathogens (Haas and Defago 2005, Raaijmakers et 
al. 2009), or induce systemic resistance in the plant against subsequent attack (Zehnder et 
al. 2001, Van Wees et al. 2008). Therefore, perturbations of the non-pathogenic microflora 
can result in less favorable or even detrimental conditions for the plant. Because of this 
notion, numerous studies on effects of stressful conditions on the indigenous microbial 
communities have been performed. Particular interest has been devoted to possible non-
target effects of transgenic plants (Glandorf et al. 1997, Bruinsma et al. 2003, Liu et al. 
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2005, Widmer 2007). For example, potato plants engineered to secrete T4-lysozyme for 
enhanced resistance against bacterial invasion, also affected microbial communities in 
both the phyllosphere and the rhizosphere, although the effects were transient or small 
compared to differences between cultivars, developmental stages, and seasonal effects 
(Heuer and Smalla 1999, Lottmann et al. 1999, Heuer et al. 2002, Rasche et al. 2006a, 
Rasche et al. 2006b).
 To study the possible impact of activated plant defenses on the indigenous microflora, 
Kniskern et al. (2007) performed a field study on Arabidopsis. Culturable bacterial 
phyllosphere communities of plants treated with SA or JA, as well as plants deficient in 
the expression of JA- and SA-dependent signaling were characterized. Plants deficient in 
JA-mediated defenses showed a greater diversity of epiphytic bacteria, while induction 
of SA-dependent defenses reduced endophytic bacterial community diversity. As no 
differences in bacterial abundance were observed, it appeared that specific bacterial species 
in the phyllosphere are selectively repressed by plant defenses (Kniskern et al. 2007). 
Hein et al. (2008) investigated effects of SA-dependent defenses on rhizosphere microbial 
populations. Differences in rhizosphere bacterial communities of SA-signaling mutants 
were detected, but an expected decrease in bacterial diversity in plants constitutively 
expressing SA-dependent defenses was not apparent. In our studies (Chapter 3), activation 
of SA- and JA-dependent defense responses by foliar application of methyl jasmonate 
(MeJA), SA or the SA-analog benzothiadiazole (BTH) had no effect on the indigenous 
bacterial microflora in the rhizosphere.
 In a gnotobiotic system, Rudrappa et al. (2008) demonstrated that infection of 
Arabidopsis with the hemi-biotrophic bacterial leaf pathogen Pseudomonas syringae pv. 
tomato (Pst) resulted in increased numbers of the introduced biocontrol strain Bacillus 
subtilis FB17 (FB17) in the rhizosphere. The increased root colonization by FB17 
appeared to be mediated by an enhanced secretion of malic acid. Malic acid is a major 
chemo-attractant for Pseudomonas fluorescens WCS365 (De Weert et al. 2002), an efficient 
colonizer of plant roots (Lugtenberg et al. 2001). Therefore, leaf infection with Pst may 
also have an effect on indigenous populations of Pseudomonas spp. in the rhizosphere.
 In this study, we analyzed the abundance of the indigenous phyllosphere microflora 
of Arabidopsis genotypes differing in their level of resistance to Pst. We focused on the 
abundance of Pseudomonas spp., as this well-characterized bacterial group is known for 
its ability to suppress plant diseases in both the phyllosphere and the rhizosphere (Haas 
and Defago 2005, Mercado-Blanco and Bakker 2007, Stockwell and Stack 2007, Weller 
2007). In addition, the influence of foliar Pst infection on the abundance and diversity of 
fluorescent Pseudomonas spp. in the rhizosphere was determined.
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 Materials and Methods
 Cultivation of plants
 Arabidopsis genotypes used are listed in table 1. Seeds were sown in autoclaved (20 
min at 121 oC) sand in shallow plastic containers. The containers were covered and kept 
at 4 oC in the dark for 2 days, after which the seeds were allowed to germinate in a 
greenhouse conditioned as described below, at 100% relative humidity (RH). Routinely, 
2–week-old seedlings were transferred individually to 60 ml pots containing a potting-
soil/sand mixture (12:5 v/v) that had been autoclaved twice for 20 min with a 24 h 
interval. However, plants used for analysis of abundance and diversity of indigenous 
Pseudomonas populations in the rhizosphere were transplanted into non-autoclaved 
potting soil-sand mixture. After transplanting, plants were grown in the greenhouse with 
an 8 h day (200 μE m-2 sec-1) at 24 oC and 16 h night cycle at 20 oC and 70% RH, and 
watered with half-strength Hoagland nutrient solution (Hoagland and Arnon 1938) once 
a week and with tap water as required.

Table 1:  Listing and relevant characteristics of Arabidopsis lines used

Genotype Relevant characteristics Reference

Col-0 Wild-type accession Colombia-0 -

cpr1-1 constitutive expressor of PR genes 1, SA overproducer (Bowling et al. 1994)

edr1 enhanced disease resistance 1, constitutively primed 
for SA-dependent defenses

(Frye and Innes 1998)

etr1-1 ethylene response 1, ET insensitive (Bleecker et al. 1988) 

jar1-1 jasmonate resistance 1, JA insensitive (Staswick et al. 1992)

jin1-2 jasmonate insensitive 1, non-functional MYC2 
transcription factor

(Berger et al. 1996, 
Lorenzo et al. 2004)

NahG Transformant expressing bacterial SA hydroxylase, does 
not accumulate SA 

(Delaney et al. 1994)

npr1-1 non-expressor of PR-genes, impaired in SA and JA/
ET-dependent defense responses

(Cao et al. 1994, Pieterse and 
Van Loon 2004)
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 Disease induction and assessment 
 Five-week-old plants were inoculated with Pseudomonas syringae pv. tomato DC3000  
(Pst) as described by Pieterse et al. (1996). Briefly, plants were placed at 100 % RH 
one day before inoculation. Pst (Whalen et al. 1991) was cultured overnight in liquid 
KB medium (King et al. 1954) at 28 oC while shaken at 180 rpm. Bacterial cells were 
washed by centrifugation for 5 min at 3.000 x g and resuspended in 10 mM MgSO

4
. 

Leaves were dipped in a bacterial suspension of 2.5∙107 cfu/ml Pst supplemented with 
0.015% (v/v) Silwet L-77 (Van Meeuwen Chemicals BV, Weesp, The Netherlands), 
and kept at 100% RH. Four days after inoculation, disease severity was quantified by 
determining the fraction of leaves per plant showing necrotic lesions and/or chlorosis. 
From ten plants of each genotype, leaves of five replicates consisting of two pooled 
plants were ground in a mortar and pestle in 10 mM sterile MgSO

4
. Population 

densities of Pst were quantified by plating appropriate dilutions on KB agar (King et al. 
1954) supplemented with 100 µg/ml natamycin and 50 µg/ml rifampicine. Numbers of 
colony-forming units (cfu) were determined after incubation for 48 h at 28 oC (Pieterse 
et al. 1996).

 Analysis of bacterial phyllosphere communities
 From ten 5-week-old plants three leaves were removed with sterile scissors and 
placed in an Eppendorf vial. Weighed samples were ground in 10 mM sterile MgSO

4 

with a sterile Eppendorf pestle (Eppendorf, Hamburg, Germany). Population densities of 
aerobic heterotrophic bacteria were assessed by plating serial dilutions on 1/10 strength 
TSA+ [3 g/l tryptic soy broth (Difco Laboratories, Detroit, Mi, USA), 13 g/l agar technical 
(Oxoid Ltd, Basingstoke, UK) and 100 µg/ml natamycin (Pedersen 1992) (Delvocid, 
DSM, Delft, NL)]. Numbers of cfu per gram of leaf were determined after incubation 
for 7 days at 20 oC. Quantification of predominantly Pseudomonas spp. was performed by 
plating appropriate dilutions on KB+ agar [KB agar (King et al. 1954), supplemented with 
13 µg/ml chloramphenicol, 40 µg/ml ampicillin and 100 µg/ml natamycin (Delvocid, 
DSM, Delft, NL) (cf. Geels & Schippers, 1983)]. Numbers of cfu were determined after 
incubation for 48 h at 28 oC.

 Sampling of Pseudomonas populations from the rhizosphere
 When 5 weeks old, one hundred wild-type plants were inoculated with 2.5∙107 cfu/
ml Pst. An additional 10 plants were left non-inoculated. Four days later, the percentage of 
diseased leaves per plant was determined as described above. From the 10 least and the 10 
most diseased plants, as well as 10 intermediately diseased and the non-inoculated control 
plants, roots with adhering soil were sampled and shaken three times in 10 mM MgSO

4
 

with glass beads (0.6-0.8 mm) on a vortex at maximum speed for 1 min. Quantification 
of Pseudomonas spp. was performed as described above.
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 BOX-PCR analysis of Pseudomonas spp. isolates
 The diversity of Pseudomonas spp. isolated from the rhizospheres of non-inoculated 
control and Pst-diseased plants were studied by BOX-PCR. From three (non-inoculated 
control) or two (highly diseased plants) plates, derived from the Pseudomonas quantification 
analysis, all individual colonies (80 and 64, respectively) were isolated, suspended in 20 µl 
lysis buffer (0.05 M NaOH, 0.25% SDS), and heated to 95 oC for 15 min. Bacterial lysates 
were quickly chilled on ice, after which 200 µl sterile water was added. Cell debris were 
pelleted by brief centrifugation at 12.000 x g, and supernatants were stored at –20 oC.
 BOX-PCR was performed with primer BOX A1R (5’ CTA CGG CAA GGC GAC 
GCT GAC G) (Versalovic et al. 1994). The PCR-reaction mix consisted of 1x Stoffel 
buffer (Applied Biosystems, Foster City, Ca, USA), 3.75 mM MgCl

2
, 600 μM of each 

dNTP, 1 μM primer BOX A1R and 2.5 U AmpliTaq Stoffel fragment DNA polymerase 
(Applied Biosystems, Foster City, Ca, USA) and 0.5 µl cell lysate in a total volume of 25 
μl. PCR conditions used in the thermocycler (Hybaid, Ashford, UK) were 7 min at 95 oC, 
followed by 30 cycles of 30 s 90 oC, 1 min 95 oC, 1 min 52 oC and 8 min 65 oC, and a final 
extension of 16 min at 65 oC. Amplified PCR fragments were analyzed by electrophoresis 
on 1.5 % agarose gel in 1x TAE (Sambrook et al. 1989).

 Statistics
 Bacterial plate counts were 10log transformed and analyzed by ANOVA (SPSS v16.0). 
Rarefaction curves of BOX-types were constructed using Analytical Rarefaction v1.3, 
made available by Steve Holland, University of Georgia Stratigraphy Lab (http://www.
uga.edu/~strata/software).

 Results

 Culturable bacteria and Pseudomonas spp. in the phyllosphere 
 Severity of bacterial speck disease was determined in Arabidopsis genotypes variously 
affected in defense signaling pathways four days after infection with Pst. A significantly 
higher percentage of diseased leaves was observed in the mutants etr1 and npr1, and in 
the NahG transformant as compared to the wild type (Fig. 1A). Population densities of 
Pst were determined by selective plating and varied between 104 and 106 cfu per gram 
of leaf (Fig. 1B). Although no significant differences in Pst populations were observed, 
their numbers were approximately 10-fold lower in the cpr1 mutant, which constitutively 
expresses SA-dependent defenses. In line with this observation, the genotypes unable to 
express SA-dependent defense responses, npr1 and NahG, displayed 8- and 6-fold higher 
population densities of the pathogen, respectively. However, a significant correlation 
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between disease severity and population densities of the pathogen was not apparent for 
the different genotypes (Fig. 1C).

 To assess the effect of altered defense signaling on the indigenous bacterial microflora 
in the phyllosphere, the same genotypes were assayed for their bacterial microflora in 
the absence of Pst. Population densities of aerobic bacteria and Pseudomonas spp. were 
quantified by selective plating. Compared to Col-0, higher population densities of 
culturable bacteria were found in the phyllospheres of edr1, etr1, npr1, and NahG (Fig. 
2A). For the Pseudomonas spp. it was observed that not only edr1, etr1, npr1, NahG, but 
also jar1 harbored significantly higher population densities (Fig. 2B). Apparently, increased 
susceptibility of a genotype to Pst is correlated with higher population densities of 
indigenous bacteria in the phyllosphere.

Chapter 5

Figure 1:  A) Percentage of diseased leaves and B) population densities of Pseudomonas syringae pv. 

tomato DC3000 four days after inoculation (2.5∙107 cfu/ml) of Arabidopsis genotypes differing 

in sensitivity to the pathogen. C) Correlation between disease severity and Pst proliferation. 

Different letters indicate significant differences (ANOVA and Tukey post-hoc test; p<0.05).
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 Ef fects of leaf infection with Pst on abundance and diversity of   
 Pseudomonas spp. in the rhizosphere
 Earlier, we demonstrated that bacterial abundance is reduced in the rhizosphere of 
the cpr1 mutant (Chapter 3). To also investigate the relation between sensitivity to Pst and 
the number of indigenous culturable Pseudomonas spp. in the rhizosphere, 100 wild-type 
plants were inoculated with Pst. Four days later, disease severity was assessed. At that time, 
population densities of Pseudomonas spp. in the rhizospheres of non-inoculated control 
plants, the ten least (10 ± 1.2% diseased leaves), the ten most (56 ± 1.6% diseased leaves), 
and ten intermediately (31 ± 0.3% diseased leaves) diseased plants were determined by 
selective plating (Fig. 3). The numbers of Pseudomonas spp. on the roots of the Pst-infected 
plants were not significantly different from those on the non-inoculated control plants.

Sensitivity of Arabidopsis to bacterial speck disease…

Figure 2:  A) Population densities of indigenous total culturable bacteria and B) Pseudomonas spp. in 

the phyllosphere of Arabidopsis genotypes differing in sensitivity to bacterial speck disease. 

Different letters indicate significant differences (ANOVA and Tukey post-hoc test; p<0.05).

Figure 3:  Relation between the severity of bacterial speck disease and number of cfu of Pseudomonas 

spp. in the rhizosphere. Horizontal and vertical error bars represent standard error of the 

corresponding axis. No significant differences between data points were evident (ANOVA and 

Tukey post-hoc test, p< 0.05).
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 To assess whether diversity of Pseudomonas spp. in the rhizosphere was influenced by 
Pst infection, Pseudomonas isolates from the non-diseased control and the most diseased 
plants were characterized by BOX-PCR. BOX-fingerprints were aligned and designated 
a BOX-type. Analysis of a total of 144 individual isolates resulted in 78 different BOX-
types. A rarefaction curve was constructed to determine if the number of isolates 
sufficiently represented the total diversity (Fig. 4A). Since the curve did not reach a 
plateau, it must be concluded that the Pseudomonas population in the rhizosphere is 
highly diverse. Few Pseudomonas isolates belonging to the same BOX-type were detected.
Moreover, no BOX-types were shared by healthy and diseased plants (Fig 4B). Thus, 
although differences in Pseudomonas diversity in the rhizospheres of healthy and diseased 
plants were noted, they do not sufficiently represent the existing diversity in Pseudomonas 
spp. in the rhizosphere to allow a definite conclusion about variation to be drawn.
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Figure 4:  A) Rarefaction curve of the Pseudomonas BOX-types derived from the rhizosphere of non-

inoculated and highly diseased plants. B) Distribution of the Pseudomonas BOX-types from 

non-inoculated control (black) and highly diseased (grey) plants.
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Discussion

 Plants respond to pathogen infection by activation of the most appropriate defense 
response (Glazebrook 2005, Jones and Dangl 2006). To what extent plant defenses also 
affect non-pathogenic microorganisms in the phyllosphere and rhizosphere is not well 
documented. Using the model plant Arabidopsis we determined in how far bacterial 
abundance and diversity are affected on selected genotypes that are differentially affected 
by infection with the bacterial speck causing leaf pathogen Pst.
 Mutants and transgenic lines of accession Col-0 affected in SA, JA and/or ET signaling 
showed different levels of disease severity upon Pst infection (Fig. 1A and B). De Vos et al. 
(2005) demonstrated a rapid endogenous accumulation of SA, JA and ET upon infection 
and the subsequent activation of corresponding defense-related marker genes, indicating 
that functional SA and JA/ET signal-transduction pathways are important for resistance 
to this pathogen. In line with these observations, the mutant npr1 and transgenic NahG, 
both compromised in their SA-dependent defense signaling, showed a higher percentage 
of diseased leaves after challenge inoculation with Pst compared to the wild type. In 
contrast, the cpr1 mutant, which displays constitutive SA-dependent defense responses, 
showed a considerable reduction of Pst proliferation compared to the wild type. The jar1 
and etr1 mutants have been described to be more susceptible to a variety of soilborne 
and foliar pathogens, such as Pythium spp. (Geraats et al. 2002) and Pst (Pieterse et al. 
1998). However, in our experiments Pst disease incidence was relatively high in the etr1 
mutant, but not in jar1. Although mutants edr1 and jin1 have been reported to display 
increased resistance against Pst and other pathogens (Frye and Innes 1998, Nickstadt et 
al. 2004, Laurie-Berry et al. 2006, Van Hulten et al. 2006), we did not detect differences 
in sensitivity compared to wild-type plants. Apparently, there is variability in the reaction 
of different genotypes under different conditions.
 Comparison of disease severity did not correlate with proliferation of Pst (Fig 
1C). For example, the ET mutant etr1 displayed significantly more disease symptoms, 
but Pst proliferation was comparable to that in the wild type (Fig. 1A and B). Kloek 
(2001) and Laurie-Berry (2006) also described that disease symptoms and pathogen 
proliferation do not always correlate. They demonstrated that Arabidopsis mutants 
affected in the JA signal-transduction pathway were less susceptible to Pst, whereas 
SA-signaling mutants showed a hyper-susceptible phenotype. However, JA/SA double 
mutants displayed pathogen proliferation comparable to the SA-signaling mutant, while 
fewer disease symptoms developed. These observations illustrate that proliferation of Pst 
is predominantly restricted by SA-dependent defenses, whereas symptom development 
must depend on other factors as well.
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 The npr1 mutant and transgenic NahG not only showed more severe symptom and 
enhanced pathogen populations upon infection with Pst, but also had higher numbers 
of indigenous total bacteria and Pseudomonas spp. on their leaves in the absence of the 
pathogen (Fig. 2). Similar tendencies were apparent for edr1 and etr1. Significantly higher 
population densities of Pseudomonas spp. were detected in the phyllosphere of the jar1 
mutant as well. These data indicate that plants with increased susceptibility to Pst have 
higher phyllosphere bacterial populations. In an extensive survey on effects of SA- and 
JA-dependent defenses on phyllosphere bacteria, Kniskern et al. (2007) did not observe 
differences in bacterial abundance. However, they found reduced endophytic diversity 
after SA treatment, while plants unable to synthesize JA showed increased epiphytic 
diversity. Our results support these observations of Kniskern et al. (2007) in that non-
pathogenic phyllosphere bacteria were sensitive to plant-defense signaling.
 In the rhizosphere, large amounts of root-secreted malic acid of Pst-infected 
Arabidopsis plants are suggested to stimulate population densities of the biocontrol agent 
B. subtilis FB17 (Rudrappa et al. 2008). Malic acid is also a major chemo-attractant 
of the rhizosphere-competent biocontrol strain P. fluorescens WCS365 (De Weert et al. 
2002, Rudrappa et al. 2008). Therefore, we anticipated that Pst infection of Arabidopsis 
leaves would also affect the abundance and/or diversity of indigenous Pseudomonas spp. 
in the rhizosphere. However, we did not observe differences in the numbers of cfu of 
Pseudomonas spp. in the rhizospheres of control and Pst-inoculated plants (Fig. 3). To 
study genotypic diversity of Pseudomonas at the strain level, BOX-PCR was employed 
(Versalovic et al. 1994, Louws et al. 1999). In this case the Pseudomonas specific DGGE 
(Chapters 2 and 3) was not applicable because it discriminates only at the species level. 
BOX profiling of a total of 144 Pseudomonas isolates revealed that the Pseudomonas 
diversity was very high, as 78 unique BOX-types could be distinguished. No BOX-types 
were shared by healthy (80 isolates) and diseased (64 isolates) plants, and few Pseudomonas 
isolates belonging to the same BOX-type were detected (Fig 4B). The rarefaction curve 
shown in figure 4 indicates that the number of isolates to be fingerprinted in order 
to obtain a reliable estimate of Pseudomonas diversity was far from sufficient. Thus, the 
Pseudomonas population in the rhizosphere is too diverse to allow definite conclusions to 
be drawn.
 In Pst-diseased plants, active recruitment of rhizosphere pseudomonads, as 
demonstrated for B. subtilis by Rudrappa et al. (2008), was not observed. This could be 
explained by differences in experimental approaches. Whereas we used a natural soil-
mixture and non-sterile conditions, Rudrappa et al. introduced selected bacterial isolates 
into a gnotobiotic environment thereby excluding any interactions between resident 
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microorganisms. Using this natural soil, we previously demonstrated that activation of 
SA-dependent defense signaling by leaf application of SA or its analog BTH did not affect 
the Pseudomonas spp. abundance and community structure either (Chapter 3). Together, 
these data clearly indicate that under natural conditions plant defense signaling affects 
bacterial abundances in the phyllosphere, but not in the rhizosphere.
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 The development of integrated pest management programs and the breeding 
of resistant crops contribute to reducing the input of agrochemicals and preventing 
pathogens from becoming tolerant to common disease control measures (Van Lenteren 
2000, Hammond-Kosack and Parker 2003). Biological control of plant diseases by plant 
growth-promoting rhizobacteria (PGPR) has been implemented in integrated pest 
management programs as an environmentally friendly alternative to chemical crop 
protection (Alabouvette et al. 2006). Different traits of PGPR, such as competition with 
plant pathogens, antibiosis, and production of lytic enzymes, have been demonstrated to 
effectively reduce soilborne diseases in a wide variety of plant species (Chet et al. 1990, 
Chet and Inbar 1994, Handelsman and Stabb 1996, Raaijmakers et al. 2002, Haas and 
Defago 2005, Van Loon 2007). Moreover, specific PGPR can elicit induced systemic 
resistance (ISR) in the plant, which confers an increased defensive capacity against not 
only soilborne but also foliar pathogens and even insect herbivores (Van Loon et al. 1998, 
Bent 2006, Bakker et al. 2007, Van Oosten et al. 2008).
 ISR has several characteristics that are of interest for commercial applications: (i) it 
is effective against a broad range of pathogens (Van Loon et al. 1998, Ton et al. 2002b), 
(ii) in a large variety of plant species (Bakker et al. 2007), (iii) for prolonged periods 
of time (Hammerschmidt and Kuc 1995, Van Loon 2000), (iv) with little fitness costs 
involved in the absence of pathogens (Van Hulten et al. 2006). In several cases, ISR 
has been successfully implemented under commercial greenhouse and field conditions 
(Leeman et al. 1995b, Wei et al. 1996, Raupach and Kloepper 1998, Murphy et al. 2000, 
Zehnder et al. 2001, Jetiyanon et al. 2003, Ji et al. 2006). For instance, a mixture of Bacillus 
amyloliquefaciens IN937a and Bacillus pumilus IN937b significantly protected tomato against 
Sclerotium rolfsii, cayenne pepper against Colletotrichum gloeosporiodes, and cucumber against 
Cucumber mosaic virus (CMV) (Jetiyanon et al. 2003).
 Combining ISR with other modes of action of PGPR can significantly increase the 
efficacy and consistency of biological control against soilborne pathogens. For example, 
radish can be protected against Fusarium wilt, caused by Fusarium oxysporum f. sp. raphani, 
by either Pseudomonas putida WCS358r (WCS358r), which antagonizes the pathogen by 
competition for iron, or by P. putida RE8, which elicits ISR. However, when both strains 
were used simultaneously, suppression of Fusarium wilt was more effective, or at least 
more consistent and reliable than when either of these strains was used alone (De Boer 
et al. 2003).
 Nevertheless, PGPR should not be implemented without vigilance for possible 
non-target affects. Although most PGPR are antagonists that occur naturally in soil 
ecosystems, application on a large scale and at high densities might disturb other beneficial 
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organisms or biogeochemical processes (Winding et al. 2004). However, in various studies 
non-target effects of PGPR, genetically modified or not, were reported to be either 
transient or negligible (Glandorf et al. 2001, Bakker et al. 2002, Viebahn et al. 2003, 2005b, 
Scherwinski et al. 2007, Scherwinski et al. 2008).
 Since ISR enhances the defensive capacity of the plant and can effectively reduce 
pathogen proliferation and/or activity, non-target effects cannot be excluded. Bacterial 
elicitors of ISR, such as flagella, siderophores and lipopolysaccharides act similarly to 
pathogen-associated molecular patterns (PAMPs), which activate plant defense responses 
(Jones and Dangl 2006, Boller and He 2009). Therefore, non-pathogenic microorganisms 
might also be affected by the augmented defensive state of induced plants.
 The research described in this thesis focuses on possible perturbations of the 
indigenous bacterial microflora in the rhizosphere of plants with altered defense signaling. 
The model plant, Arabidopsis thaliana was used, because numerous defense signaling 
mutants are available in this species and interactions with bacterial, fungal, oomycetous, 
and viral pathogens are well documented. In contrast, very little is known about the 
dynamics of the non-pathogenic microflora of Arabidopsis.

 Rhizosphere ecology of Arabidopsis

 Whereas soil type and history predominantly determine the composition of the 
bacterial community in bulk soil (Garbeva et al. 2004a, Berg and Smalla 2009), in the 
rhizosphere plants release root exudates that stimulate proliferation and/or activity of 
various bacterial genera (Bais et al. 2006). As a result, numbers of culturable bacteria 
in the rhizosphere are higher than in bulk soil. This so-called ‘rhizosphere effect’ has 
been observed for many plant species, including Arabidopsis (Fromin et al. 2001) and 
another model plant species, tobacco (d’Angelo-Picard et al. 2004). To study the effect 
of plant defensive capacity on the non-pathogenic rhizosphere microflora, we monitored 
the bacterial microflora on Arabidopsis roots, using both cultivation-dependent and 
–independent techniques, and compared it to that of tobacco.
 As expected, we observed increased bacterial numbers in the rhizospheres of both 
plant species compared to bulk soil, but the rhizosphere effect of tobacco was larger than 
that of Arabidopsis (Chapter 2). This may be explained by differences in root architecture, 
and possibly by differences in amounts and/or composition of root exudates. Pseudomonas 
spp. proliferated much more strongly in the presence of plant roots than the total 
culturable bacterial microflora. This agrees with the general opinion that Pseudomonas spp. 
are r-strategists that take selective advantage of low-molecular weight root exudates, and 
can explain why Pseudomonas spp. belong to the most effective root-colonizing bacteria 
(Lugtenberg et al. 2001).
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 Characterization of the community structure by molecular-fingerprinting techniques 
established soil type and recolonization capacity after autoclaving as the most dominant 
factors that shaped the bacterial community in the potting soil-sand mixture and the 
clay soil used. The influence of plant roots was minor (Chapter 2). Soil is the main 
reservoir for rhizosphere microorganisms from which plant roots can ‘select’ a species-
specific microflora (De Ridder-Duine et al. 2005, Berg and Smalla 2009). Indeed, 
both in the autoclaved and the non-autoclaved soils the bacterial composition in the 
rhizosphere differed from that of the bulk soil, and the rhizosphere bacterial communities 
of Arabidopsis differed from those of tobacco. Besides geographical location and year-to-
year variation, influences of plant species are a major determinant of bacterial rhizosphere 
community structure (Glandorf et al. 1993a, Lemanceau et al. 1995, Marschner et al. 
2001, Smalla et al. 2001, Berg et al. 2002, Costa et al. 2006a, Haichar et al. 2008, Berg and 
Smalla 2009). Also different accessions or cultivars of the same species can influence the 
bacterial composition in the rhizosphere. Fromin et al. (2001) described the diversity of 
Pseudomonas brassicacearum on the roots of Arabidopsis. It was shown that the genotypic 
diversity of P. brassicacearum was homogeneous among individual plants of the same 
genotype, but differed significantly between the two different Arabidopsis ecotypes Col-0 
and Wassilewskija (WS), the Arabidopsis pgm mutant that is impaired in starch metabolism, 
and wheat. A recent study by Micallef et al. (2009) demonstrated marked differences in 
the natural variation of root exudate composition and rhizosphere bacterial community 
structure between eight Arabidopsis accessions. In line with our research, differences in 
the bacterial community structure between Col-0 and bulk soil were relatively small.
 Taken together, these results demonstrate that the rhizosphere microflora of 
Arabidopsis is affected by plant genotype and, thus, could also react to variations in traits 
related to plant defensive capacity.

 Effects of plant defenses on the indigenous bacterial   
 rhizosphere microflora

 Plants posses different strategies to recognize and suppress pathogen attack, which 
are regulated by a complex network of various signaling cascades. In these defense signal-
transduction pathways, the roles of the plant hormones jasmonic acid (JA), ethylene (ET), 
and salicylic acid (SA) are well established (Thomma et al. 2001, Alonso and Stepanova 
2004, Pozo et al. 2004, Van Loon et al. 2006, Loake and Grant 2007), but also other 
hormones such as abscisic acid, auxins, gibberellins, cytokinins and brassinosteroids 
are involved (Bari and Jones 2009, Pieterse et al. 2009). Whereas JA- and ET-mediated 
defenses are generally effective against necrotrophic pathogens and herbivorous insects, 
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SA-mediated defenses are predominantly effective against biotrophic pathogens (Thomma 
et al. 2001, Glazebrook 2005). The non-pathogenic microflora cannot be placed in these 
categories and thus, it is difficult to predict what types of defenses might have an effect on 
non-pathogenic rhizobacteria. Therefore, the abundance and diversity of the rhizosphere 
microflora of different Arabidopsis mutants and transgenics that are impaired in either or 
both defense signaling pathways, were analyzed.

 Effect of jasmonic acid and ethylene signaling
 ISR is dependent on plant responsiveness to JA and ET, as well as on the master 
regulatory protein NPR1 (Pieterse et al. 1998). Furthermore, ISR elicited by Pseudomonas 
fluorescens WCS417r (WCS417r) is associated with increased expression in the roots of 
the transcription factor MYB72 (Van der Ent et al. 2008). We demonstrated that strain 
WCS358r elicits ISR by the same signal transduction pathway as WCS417r (Chapter 4) 
and confirmed that P. fluorescens WCS374r (WCS374r) does not induce ISR in Arabidopsis, 
as reported earlier by Van Wees et al. (1997). Although bacteria can induce systemic 
resistance by different defense signaling routes, SA-independent, MYB72-, JA/ET- and 
NPR1-dependent induction has been shown for several bacteria and fungi (Pieterse et 
al. 1998, Ahn et al. 2007, Van der Ent et al. 2008, Segarra et al. 2009), indicating that 
the elicitation of ISR by this signal-transduction pathway is common. However, not 
all bacteria elicit ISR in this JA-, ET- and NPR1-dependent manner (Bent 2006). For 
example, Ryu et al. (2004) showed that Serratia marcescens elicits ISR in Arabidopsis against 
CMV in a JA-dependent, but NPR1-independent manner. Bacterially mediated ISR can 
also require SA signaling, as illustrated by Pseudomonas aeruginosa 7NSK2-mediated ISR 
against Tobacco mosaic virus in tobacco (De Meyer et al. 1999) and the fungus Magnaporthe 
grisea, which causes blast disease in rice (De Vleesschauwer et al. 2006).

 Bacterial abundance and community structure on JA/ET signaling mutants
 In the rhizospheres of the Arabidopsis JA-response mutant jar1 and the ET-response 
mutant ein2 bacterial abundances were lower than in that of the wild type when these 
plants were grown on the non-autoclaved potting soil-sand mixture (Chapter 3). Such 
changes were not observed on the clay soil, or when the soils were autoclaved before 
use. Thus, it is unlikely that the observed differences in the potting soil-sand mixture are 
a direct effect of the plant genotype alone; soil factors obviously play a role.
 The jar1 and ein2 mutants are impaired in ISR, but in the analysis described above 
no ISR-inducing conditions were employed. To test the effect of ISR on the bacterial 
microflora, JA-dependent defense signaling was activated by foliar treatment with the JA 
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precursor methyl jasmonate (MeJA) in plants grown on the potting soil-sand mixture. 
Analysis of the expression of the marker gene for JA-dependent defenses, VSP2, confirmed 
both local and systemic activation. Treatment with MeJA did not result in a significant 
effect on the bacterial population density or community structure in the rhizosphere of 
wild-type Arabidopsis (Chapter 3). Similarly, Walker et al. (2003b) found that treatment 
of Arabidopsis roots with JA resulted in increased levels of o- and p-coumaric acid in 
the root exudate, but these compounds showed little, if any anti-bacterial activity at the 
concentrations detected in the exudates.
 Whereas our results indicate that ISR-expressing Arabidopsis has no effect on 
the bacterial rhizosphere microflora, Micallef et al. (2009) recently demonstrated that 
bacterial communities in the rhizosphere of the Arabidopsis accessions RLD and WS-0 
were distinctly different from those of Col-0 and five other accessions. In contrast to the 
latter, RLD and WS-0 are relative insensitive to ET and impaired in the expression of 
ISR (Ton et al. 1999a, 2001). These data do suggest some connection between defense 
signaling and bacterial community structure
 In tobacco, ET-insensitivity has been shown to affect root colonization by the 
indigenous microflora. Knoester et al. (1998) and Geraats et al. (2002, 2003, 2007) 
demonstrated spontaneous infection by various soilborne fungi and oomycetes in 
ET-insensitive Tetr tobacco on non-autoclaved potting soil. Autoclaving the soil before 
sowing effectively eliminated the indigenous pathogens, preventing disease development 
in the Tetr genotype. Disease symptoms were not observed in our experiments, nor did 
we observe changes in the bacterial abundance between the wild-type and Tetr tobacco 
rhizospheres. However, bacterial and Pseudomonas community structures displayed 
differences between wild-type and Tetr plants when plants were grown on non-autoclaved 
soils, whereas they were more similar on autoclaved soils. Whether these difference were 
due to pathogen-induced changes in root exudates remains unresolved.

 Bacterial proliferation on Col-0 and myb72 roots
 Whereas the induction of ISR by MeJA did not appear to affect the indigenous 
bacterial microflora (Chapter 3), chemical induction might not have the same effect 
as ISR-eliciting rhizobacteria. Analysis of active root colonization by three well-
characterized Pseudomonas spp. demonstrated that ISR-inducing strains WCS358r and 
WCS417r proliferated on the roots of the Col-0 wild type, but much less so on the roots 
of the ISR-impaired myb72 mutant (Chapter 4). The non-ISR inducer WCS374r did not 
proliferate on either wild-type or myb72 roots. Sufficient root colonization is required for 
the successful elicitation of ISR (Raaijmakers et al. 1995). Therefore, the results suggest 
that ISR may not be expressed in the myb72 mutant because of insufficient colonization. 

Chapter 6



103

However, when high densities of ISR-eliciting bacteria were applied to Arabidopsis roots, 
bacterial abundance of WCS417r and WCS358 on myb72 roots was comparable to that 
on the wild type (Van der Ent et al. 2008). Moreover, ISR against Pseudomonas syringae 
pv. tomato (Pst) can be elicited by cell wall extracts of WCS417r in wild-type plants, but 
not in the myb72 mutant (Van der Ent et al. 2008), indicating that the transcription factor 
MYB72 is involved in ISR signaling.
 As the exact function of MYB72 is not understood, it is difficult to explain the 
reduced colonization of WCS358r and WCS417r on this mutant. MYB72 binds in vitro 
to the EIL3 (ETHYLENE INSENSITIVE EIN3)-LIKE3) transcription factor, thereby 
linking it to the ethylene-response pathway (Van der Ent et al. 2008). However, MYB72 
is also associated with metal homeostasis (Van de Mortel et al. 2006, Van de Mortel et 
al. 2008). In view of the importance of metals such as Fe in the ecology of rhizosphere 
pseudomonads, the observed effects on WCS358r and WCS417r might be related to 
disturbances in metal concentrations.
 The relatively low colonization of WCS374r on wild-type plants could be explained 
by the observation that WCS374r produces relatively high amounts of SA in vitro (up to 
60 mg/l), compared to WCS417r (up to 10 mg/l), and WCS358r, which does not produce 
detectable amounts of SA (Leeman et al. 1996). The SA produced by WCS374 might 
stimulate SA-dependent defenses in the plant, and thereby reduce bacterial proliferation. 
However, in the rhizosphere most SA of WCS374r appears to be incorporated into its 
siderophore pseudomonine (Mercado-Blanco et al. 2001, Djavaheri 2007). A more likely 
explanation for the poor rhizosphere competence of WCS374r is the production of the 
specific pseudobactine-type siderophore Psb374. A mutant of WCS374r deficient in the 
synthesis of Psb374 demonstrated a 10-fold higher population density on Arabidopsis 
roots than the wild-type strain (Djavaheri 2007).  

 Metabolic prof iling
 The expression of ISR results in priming for an augmented defense response upon 
pathogen attack. Nevertheless, the onset of ISR is not associated with increased production 
of JA or ET, nor with increased expression of known defense-related genes (Van Wees et 
al. 1999, Pieterse et al. 2000, Verhagen et al. 2004). However, priming is associated with 
an enhanced expression of a specific set of transcription factors (Van der Ent et al. 2009). 
It can be expected that the transcriptional reprogramming involves energy demands that 
must be met by photosynthesis and primary metabolic pathways. Indeed, priming for 
defense resulted in a small reduction in relative growth rate (Van Hulten et al. 2006). 
Furthermore, priming might involve metabolites that are transported from the roots to 
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the leaves. To elucidate if the induction of ISR is accompanied by a systemic change in 
primary metabolites, a metabolic profiling study was performed (Chapter 4). None of 
the 44 differently regulated metabolite fragments detected could be linked directly to the 
priming phenomenon of ISR, but some tendencies are worth noting.
 Activated plant defenses require further energy, as indicated by local decreases of 
photosynthetic activity in order to prioritize production of defense-related compounds 
(Berger et al. 2007, Bolton 2009). In our experimental set-up, we measured a decrease in 
sucrose accompanied by increases in glucose and fructose, indicative of invertase activity. 
Increased expression of apoplastic invertases is associated with stress responses that increase 
local sink strength in order to provide hexoses for stress alleviation (Roitsch et al. 2003, 
Bolton 2009). Moreover, an increase in intercellular carbohydrates deprives apoplast-
colonizing pathogens from readily metabolized nutrients (Fotopoulos et al. 2003) and 
functions as a signal that locally represses photosynthesis and induces defense-related 
genes (Bolton 2009).
 Organic acids are an important source of carbon and potent chemo-attractants for 
many bacteria. Moreover, bacteria are able to manipulate the organic acid content of root 
exudates. For example, application of P. fluorescens WCS365r to tomato roots increased 
amounts of total organic acid, although the amount of succinic acid decreased (Kamilova 
et al. 2006a). In our metabolic profiling experiment, the organic acids fumaric and succinic 
acid showed lower levels in WCS358r-treated wild-type and WCS374r-treated myb72 
plants, and upon Pst infection. These organic acids are immediate precursors of malic acid 
in the tricarboxylic acid cycle. Secretion of malic acid has been reported to be increased 
in Arabidopsis roots of plants infected with Pst, and this organic acid can function as a 
positive chemotactic stimulus for the beneficial, ISR-eliciting rhizobacterium Bacillus 
subtilis FB17 (Rudrappa et al. 2008). 
 Another differentially regulated metabolite was the disaccharide sugar alcohol 
galactinol. Inoculation of cucumber with the ISR-inducing strain P. chlororaphis O6 resulted 
in effective protection against the fungus Corynespora cassiicola and was associated with an 
endogenous increase in galactinol content (Kim et al. 2008). The authors demonstrated 
that galactinol functions as a signal molecule and elicitor of ISR in cucumber. Moreover, 
transgenic tobacco overexpressing cucumber galactinol synthase had increased galactinol 
content, exhibited constitutive resistance against the fungal pathogen Botrytis cinerea and 
the bacterial pathogen Erwinina carotovora, and was more tolerant to drought and salinity 
stresses (Kim et al. 2008). However, none of the ISR-inducing strains used in our study 
affected galactinol levels in Arabidopsis either before or after infection with Pst.
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 These results demonstrate clear differences in primary metabolites as a result of plant-
microbe interactions. Further analysis will aid in the elucidation of metabolic pathways 
related to defense signaling and possibly of the induction of the transported mobile signal 
that is responsible for the systemic activation of induced defense responses.

 Effect of salicylic acid signaling
 Since transgenic NahG plants cannot accumulate SA, these plants are unable to 
express SA-related defenses, resulting in increased sensitivity to various pathogens, 
including the oomycete Phytophthora parasitica, the fungus Cercospora nicotianae and the 
bacterium Pseudomonas syringae (Cao et al. 1994, Delaney et al. 1994). Analysis of the 
abundances of total bacteria and Pseudomonas spp. in the rhizosphere of SA-signaling 
mutants (Chapter 3) showed a trend towards increased population densities compared to 
wild-type plants. Conversely, bacterial abundance in the rhizosphere of the constitutive 
expressor of SA-dependent defenses cpr1 was significantly lower than in the rhizosphere 
of the wild type. Thus, decreased SA levels affected the abundance of the bacterial 
rhizosphere microflora positively, whereas increased SA levels did so negatively. Walker 
et al. (2003b) demonstrated that roots of Arabidopsis treated with SA secrete numerous 
secondary metabolites, including butanoic acid, ferulic acid, and 3-indolepropanoic 
acid, all of which exhibit in vitro antibacterial activity against pathogenic Erwinia spp., 
Xanthomonas campestris and P. syringae at the concentrations detected in the exudates. Since 
cpr1 has constitutive, high levels of SA (Bowling et al. 1994), increased concentrations of 
such antibacterial compounds might also be present in its rhizosphere.
 To confirm that the effects seen in the cpr1 rhizosphere are due to SA, and not 
to its dwarf phenotype, SA-dependent defenses were activated in wild-type plants by 
dipping in SA or its analog benzothiadiazole (BTH). Analysis of the expression of 
the SA-inducible marker gene PR-1 confirmed that local and systemic activation of 
SA-dependent defense signaling had occurred in both leaves and roots. Treatment with 
SA did not affect bacterial abundance in the rhizosphere of wild-type plants. However, 
numbers of Pseudomonas spp. were increased in the rhizosphere of SA- or BTH-treated 
transgenic NahG plants (Chapter 3). This effect seemed specific for Pseudomonas spp., as 
total culturable bacterial numbers were not affected and the composition of the bacterial 
community was not altered. NahG converts SA to catechol, which can serve as a carbon 
source for Pseudomonas spp. (Yen and Serdar 1988). Thus catechol production might 
explain the increased proliferation of Pseudomonas spp. on NahG roots.
 Multivariate analysis of PCR-DGGE-derived fingerprints from the rhizospheres of 
the SA-signaling mutants npr1 and cpr1, and transgenic NahG plants, showed no relevant 
differences in the structures of the eubacterial and Pseudomonas communities compared to 
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those of the wild type (Chapter 3). Hein et al. (2008) studied the effect of the constitutive 
expression of systemic acquired resistance (SAR) on bacterial community structure and 
diversity in the rhizosphere of Arabidopsis by T-RFLP. They postulated that SAR would 
result in a decreased bacterial diversity. Although differences in bacterial diversity between 
the wild type and the npr1 and cpr1 mutants were observed, they could not be linked 
to the constitutive expression of SAR. Activation of SA-dependent defenses in barley 
by application of BION, which contains BTH, did not affect the composition of free-
living soil biota or infection by mycorrhizal fungi (Sonnemann et al. 2002). However, 
increased root infections by the parasitic nematode Pratylenchus were evident. One of the 
explanations put forward was a signaling conflict or trade-off between different types 
of defense responses, as suggested by Heil (2001). Activation of SA-dependent defenses 
antagonizes the JA-dependent signaling pathway (Beckers and Spoel 2006, Koornneef and 
Pieterse 2008, Grant and Jones 2009). Thus, the prioritizing of SA-dependent defenses 
over JA-dependent defenses can result in an increased susceptibility to deleterious 
organisms that are resisted by JA-dependent defense responses.
 A recent study by Rudrappa et al. (2008) demonstrated that under gnotobiotic 
conditions leaf infection of Arabidopsis with Pst led to the recruitment of the biocontrol 
bacterium B. subtilis FB17, as evidenced by an increased abundance of this strain on 
the Arabidopsis roots. We determined similarly whether the abundance of indigenous 
Pseudomonas spp. in the rhizosphere was affected by infection with Pst. However, no 
differences in the abundance of Pseudomonas spp. in the rhizospheres of healthy and Pst 
infected plants were observed (Chapter 5). Yet, BOX-typing the Pseudomonas populations 
suggested that the rhizospheres of healthy controls and Pst-infected plants had completely 
different Pseudomonas communities. However, the number of Pseudomonas isolates analyzed 
was not sufficient to fully explore the genotypic diversity of the rhizosphere Pseudomonas 
community and these results thus have to be interpreted with caution.
 Kniskern et al. (2007) demonstrated that activation of SA-dependent defenses by 
application of SA to field-grown Arabidopsis led to a reduction in the diversity of 
bacterial endophytes in the leaves. We determined population densities of the bacterial 
and Pseudomonas spp. communities in the phyllospheres of Arabidopsis genotypes affected 
in defense signaling, to see whether there is a correlation with their sensitivity to bacterial 
speck disease (Chapter 5). Overall, those genotypes that had more severe symptoms of 
disease also had higher densities of indigenous phyllosphere populations in the absence 
of Pst. This effect was most pronounced in genotypes that are affected in SA signaling. 
In line with the observations by Pieterse et al. (1998), the npr1 mutant and transgenic 
NahG were both highly sensitive to Pst. These genotypes also had higher bacterial and 
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Pseudomonas population densities on their leaves. De Vos et al. (2005) demonstrated that 
ET signaling is involved in defense against Pst as well and, indeed, the abundances of 
bacteria and Pseudomonas spp. on the etr1 mutant were likewise higher.
 From our results, it appears that SA signal-transduction pathways of Arabidopsis affect 
the abundance of the indigenous rhizosphere and phyllosphere microflora, but not the 
composition of the bacterial community. However, chemical activation of SA-dependent 
defenses in wild-type Arabidopsis did not affect bacterial abundance or community 
structure. Thus, the lower population densities on the constitutively SA-expressing cpr1 
are more likely due to pleiotrophic effects of this mutation, than to the increased SA 
signaling. 

 Concluding remarks

 The research described in this thesis explored the possibility of non-target effects 
of activated plant defenses on the indigenous bacterial microflora of Arabidopsis. Like 
other plant species, Arabidopsis showed a clear rhizosphere effect, reflected by increased 
bacterial numbers and a plant-specific microbial community composition around the 
roots. JA/ET- and SA-dependent defenses had little influence on the abundance or 
diversity of the bacterial microflora. These results indicate that biological control by 
PGPR which stimulate plant defenses, does not pose a threat to the non-pathogenic 
bacterial soil microflora.
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 Summary

 Plant roots significantly influence soil microbial activity. Root-secreted carbon-

containing metabolites are used by microorganisms as substrate, which results in increased 

microbial biomass and activity around plant roots. This phenomenon is called ‘the rhizosphere 

effect’. In the rhizosphere, numerous microbial and plant-microbe interactions occur. These 

interactions can be either beneficial, neutral, or deleterious to plants. Soilborne pathogenic 

fungi and bacteria can infect roots, and although plants have sophisticated mechanisms to 

defend themselves against these deleterious organisms, infections often result in disease. 

Particularly in agriculture, such diseases cause significant yield losses. On the other hand, 

beneficial microorganisms can protect plants against the deleterious effects of pathogens. 

Of special interest is the ability of specific rhizosphere bacteria to elicit induced systemic 

resistance (ISR), which enhances the innate defensive capacity of plants and is effective 

against a wide range of pathogens and even insects. The goal to minimize the use of 

agrochemicals in crop protection stimulates the development of practical applications of 

ISR-eliciting bacteria as an environmentally friendly alternative. However, application of 

these bacteria on a large scale and at high densities may perturb the indigenous microflora. 

As intended, the expression of ISR can effectively reduce pathogen proliferation, but similar 

effects on non-target microorganisms cannot be excluded. The research described in this 

thesis focuses on possible effects of plant defense signaling capacity on the indigenous 

bacterial rhizosphere microflora.

 As the host plant we used Arabidopsis thaliana, since numerous defense signaling 

mutants and transgenics are available and rhizobacteria-mediated ISR in this model plant 

species has been characterized in considerable detail. However, little is known about the 

dynamics of the indigenous rhizosphere microflora of Arabidopsis. We observed the classic 

rhizosphere effect for bacterial populations on Arabidopsis roots. However, when compared 

to tobacco, another model plant species, the rhizosphere effect for Arabidopsis was relatively 

small (chapter 2). In the rhizospheres of both Arabidopsis and tobacco, population densities 

of particularly Pseudomonas spp. were increased. Characterization of the total bacterial and 

Pseudomonas spp. community by molecular-fingerprinting techniques revealed that the 

predominant factor that shapes these microbial communities was soil type. In addition, the 

host plants Arabidopsis and tobacco had differential effects on the composition of these 

communities (chapter 2). This indicates that the rhizosphere microflora is adapted to the 

plant species and, thus, might react also to variations in traits related to plant defensive 

capacity.
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 To determine if the indigenous bacterial microflora in the rhizosphere is affected 

by plant defense capacity, a variety of Arabidopsis genotypes with altered defense signal 

transduction pathways were examined (chapter 3). Both the total bacterial and Pseudomonas 

diversity in the rhizospheres of selected Arabidopsis genotypes were similar to those of wild-

type plants. However, the jasmonic acid (JA)-insensitive jar1, the ethylene (ET)-insensitive 

ein2 and the constitutive salicylic acid (SA)-signaling mutant cpr1 had lower numbers of 

culturable bacteria or Pseudomonas spp. when grown on a non-autoclaved potting soil-sand 

mixture. Such changes were neither observed in other mutants impaired in ET- or SA-

dependent signaling mutants, nor when plants were grown on a clay soil or when the soils 

were autoclaved before use. Apparently the observed differences were due to soil factors.

 To investigate effects of activated plant defenses on the indigenous bacterial microflora, 

JA- or SA-dependent defenses were activated by exogenous application of the hormones. 

Marker gene expression analysis confirmed both local and systemic activation of JA- and 

SA-dependent defenses, but changes in the abundance or community structure of the 

bacterial rhizosphere microflora were not apparent. We conclude that differences in bacterial 

abundance observed in the rhizosphere of some of the Arabidopsis defense signaling mutants 

are not related to defense (chapter 3).

 It was demonstrated earlier that the expression of Pseudomonas fluorescens WCS417r-

mediated ISR is associated with reprogramming of the transcriptional profile. WCS417r-

mediated ISR in Arabidopsis requires responsiveness to JA and ET, as well as the function 

of the regulatory gene MYB72, whereas SA synthesis is not necessary. In chapter 4 it 

was demonstrated that Pseudomonas putida WCS358r elicits ISR through the same signal 

transduction pathway as WCS417r. Furthermore it was confirmed that P. fluorescens WCS374r 

does not elicit ISR in Arabidopsis. Root colonization by the three bacterial strains was 

monitored on wild-type Arabidopsis and the non ISR-expressing myb72 mutant. Whereas 

WCS358r and WCS417r proliferated on the roots of wild-type Arabidopsis, this was not 

the case for WCS374r. None of the strains proliferated on the roots of the myb72 mutant 

(chapter 4). Apparently, MYB72 is required not only for the expression of ISR, but also 

influences root colonization by the rhizobacteria.
 Metabolic profiling was used to further elucidate the plant response in the leaves upon 

treatment of the roots with ISR-inducing bacteria (chapter 4). Treatment of wild-type 

plants and the myb72 mutant with WCS358r, WCS417r and WCS374r, as well as challenge 

inoculation with the leaf pathogen Pseudomonas syringae pv. tomato (Pst) on WCS417r-

treated plants revealed significantly altered intensities of 44 metabolite fragments, including 

sugars, organic acids and amino acids. Most annotated metabolite fragments could be linked 
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to known plant-microbe or plant-pathogen interactions, but not to the expression of ISR 

(chapter 4).

 The abundance and diversity of the indigenous bacterial microflora on mutant and 

transgenic Arabidopsis genotypes that differ in their sensitivity to the hemi-biotrophic leaf 

pathogen Pst are described in chapter 5. Mutants showing increased symptom severity and/

or pathogen proliferation also had increased population densities of total culturable bacteria 

and Pseudomonas spp. in the phyllosphere. Pst infection did not influence the abundance of 

Pseudomonas spp. in the rhizosphere. Assessment of the Pseudomonas community structure 

by BOX-PCR demonstrated that the Pseudomonas diversity was too high to allow definite 

conclusions about possible changes as a result of Pst infection (chapter 5).

 In conclusion, the research described in this thesis strongly suggests that control of plant 

diseases by elicitation of induced systemic resistance will not significantly affect abundance 

or diversity of indigenous rhizosphere bacteria.

Summary
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 Samenvatting

 Planten hebben grote invloed op het microbiële leven in de bodem. Koolstof 
bevattende metabolieten die door de wortels worden uitgescheiden dienen als 
voedselbron voor bodembacteriën. Hierdoor is er rondom de plantenwortel een zone 
waarin, in vergelijking met niet bewortelde grond, microbiële biomassa en activiteit 
zijn verhoogd. Dit fenomeen wordt ‘het rhizosfeereffect’ genoemd. In de rhizosfeer 
vinden vele interacties tussen bacteriën en tussen bacteriën en planten plaats. Dergelijke 
interacties kunnen voor planten gunstig zijn, maar ook neutraal of schadelijk. Zo 
zijn verschillende ziekteverwekkende bacteriën en schimmels in staat om planten te 
infecteren. Hoewel planten zich effectief kunnen verdedigen tegen ziekteverwekkers, 
leidt infectie regelmatig tot ziekte en daarmee gepaard gaande oogstverliezen. Gunstige 
microorganismen kunnen daarentegen de plant beschermen tegen ziekteverwekkers. Zo 
kunnen bepaalde bodembacteriën een verdedigingsmechanisme activeren die het al in 
de plant aanwezige afweersysteem versterkt. Deze vorm van induceerbare systemische 
resistentie (ISR) is effectief tegen meerdere typen belagers. Het toepassen van natuurlijke 
ISR opwekkende bacteriën zou het gebruik van chemische gewasbeschermingsmiddelen 
kunnen verminderen, en is daarom een mogelijk milieuvriendelijk alternatief voor 
chemische gewasbescherming. Toepassing van deze bacteriën op grote schaal en in hoge 
dichtheden zou de bodemmicroflora echter kunnen verstoren. Het onderzoek dat in dit 
proefschrift beschreven wordt richt zich op mogelijke effecten van de afweercapaciteit 
van planten op de aanwezige bacteriële microflora in de rhizosfeer.
 Het onderzoek is uitgevoerd met Arabidopsis thaliana, omdat van deze modelplant 
verschillende genotypen met een veranderde afweercapaciteit beschikbaar zijn en de 
expressie van ISR en de interactie met verschillende ziekteverwekkers gedetailleerd in 
kaart zijn gebracht. Er is echter weinig bekend over de natuurlijke bacteriële microflora 
in de rhizosfeer van Arabidopsis. In hoofdstuk 2 wordt beschreven dat Arabidopsis 
een duidelijk rhizosfeereffect voor bacteriën laat zien. Dit rhizosfeereffect was echter 
minder sterk dan in tabak, een andere veel gebruikte modelplant. In de rhizosfeer van 
zowel Arabidopsis als tabak was vooral de populatiedichtheid van Pseudomonas soorten 
verhoogd. Analyse van de totale bacteriële en de Pseudomonas gemeenschap met behulp 
van moleculaire technieken toonde aan dat verschillen tussen bacteriële gemeenschappen 
in grote mate werden bepaald door het type grond. Daarnaast hadden Arabidopsis en 
tabak differentiële effecten op de samenstelling van de bacteriële gemeenschap die 
weer verschilde van die van onbewortelde grond (hoofdstuk 2). Dit wijst er op dat de 
bacteriële microflora rondom de wortels van Arabidopsis en tabak ten dele plantspecifiek 
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is en dat de microflora dus ook zou kunnen veranderen onder invloed van variaties in 
het afweersysteem van deze planten (hoofdstuk 2).
 Om te bestuderen in hoeverre de bacteriële microflora in de rhizosfeer wordt 
beïnvloed door de afweercapaciteit van de plant, is gebruik gemaakt van verschillende 
Arabidopsis genotypen (hoofdstuk 3). De bacteriële diversiteit op de wortels van de 
verschillende Arabidopsis genotypen verschilde nauwelijks van die van het wilde 
type. Wanneer de planten werden opgekweekt op een mengsel van potgrond en zand 
vertoonden sommige mutanten echter wel afwijkende bacterie en Pseudomonas aantallen 
in de rhizosfeer. Dergelijke veranderingen werden niet waargenomen wanneer de 
planten waren opgekweekt op een kleigrond, of wanneer de grond voor gebruik was 
geautoclaveerd (hoofdstuk 3). De waargenomen effecten van het plant genotype lijken 
dus afhankelijk te zijn van factoren in de grond.
 Om te onderzoeken of geactiveerde plantenafweer een effect heeft op de bacteriële 
rhizosfeer microflora werd zowel de jasmonzuur (JA)- als de salicylzuur (SA)-afhankelijke 
afweer geactiveerd door middel van behandeling met deze plantenhormonen. Analyse van 
merkergenen bevestigde dat de behandeling met de hormonen zowel lokaal als systemisch 
de juiste afweer had geactiveerd. Effecten op populatiedichtheden of samenstelling van 
de bacteriële microflora werden echter niet waargenomen. De eerder waargenomen 
verschillen in bacteriële populatiedichtheden in sommige van de Arabidopsis genotypen 
lijken dus niet aan afweer gerelateerd te zijn (hoofdstuk 3).
 Eerder onderzoek heeft aangetoond dat diverse genen in de plant worden aan- of 
uitgeschakeld wanneer de wortels van Arabidopsis worden gekoloniseerd door de ISR 
inducerende bacterie Pseudomonas fluorescens WCS417r. Voor expressie van door WCS417r 
geinduceerde resistentie moet de plant kunnen reageren op de hormonen JA en ethyleen, 
terwijl het bij afweer betrokken hormoon SA hiervoor niet van belang is. Ook het 
regulerende gen MYB72 is van belang voor de expressie van ISR. In hoofdstuk 4 werd 
aangetoond dat Pseudomonas putida WCS358r, die ook ISR kan induceren, dezelfde signaal-
transductieroute aanschakelt als WCS417r. Bovendien werd bevestigd dat P. fluorescens 
WCS374r niet in staat is om ISR te activeren in Arabidopsis. Het vermogen van deze drie  
Pseudomonas spp. stammen om wortels van wild type Arabidopsis en een myb72 mutant 
te koloniseren werd vergeleken. De dichtheid van WCS358r en WCS417r nam snel toe 
op de wortels van wild-type planten, terwijl de populatiedichtheid van WCS374r niet 
toenam in de tijd. Geen van de bestudeerde Pseudomonas spp. stammen nam in aantal toe 
op de wortels van de myb72 mutant (hoofdstuk 4). Blijkbaar is het functioneren van het 
MYB72 gen dus niet alleen belangrijk voor de expressie van ISR, maar beïnvloedt het 
ook wortelkolonisatie door bacteriën.
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 Om de reactie van de plant op de ISR inducerende bacteriën verder op te helderen, 
werden mogelijke stofwisselingsveranderingen in de bladeren onderzocht door bepaling 
van de gehalten van primaire metabolieten. Behandeling van wild-type en myb72 planten 
met WCS358r, WCS417r en WCS374r, en/of met de bacteriële bladziekteverwekker 
Pseudomonas syringae pv. tomato (Pst) liet veranderingen zien in de intensiteit van 44 
verschillende metabolietfragmenten, waaronder suikers, organische zuren en aminozuren. 
De functie van de meeste van deze metabolieten kon worden gerelateerd aan bekende 
plant-microorganismen of plant-ziekteverwekker interacties, maar niet aan de expressie 
van ISR (hoofdstuk 4). 
 In hoofdstuk 5 werd bestudeerd of er een relatie is tussen de gevoeligheid van 
verschillende Arabidopsis mutanten voor Pst en de populatiedichtheden en diversiteit van 
de inheemse fyllosfeer en rhizosfeer microflora. Het bleek dat van mutanten die ernstiger 
ziektesymptomen en/of hogere dichtheden Pst ontwikkeld, ook de populatiedichtheden 
van bacteriën in de fyllosfeer verhoogd waren. Infectie van de bladeren met Pst had echter 
geen invloed op de populatiedichtheden van Pseudomonas bacteriën in de rhizosfeer. De 
diversiteit van deze pseudomonaden werd bepaald door middel van BOX-PCR, maar 
bleek te groot om conclusies te kunnen trekken over mogelijke veranderingen als gevolg 
van infectie met Pst (hoofdstuk 5).
 Samengevat laten deze resultaten zien dat het afweersysteem van de plant nauwelijks 
invloed heeft op de hoeveelheid en diversiteit van de aanwezige bacteriële microflora. 
Het gebruik van bacteriën die de afweercapaciteit van de plant verhogen zal naar alle 
waarschijnlijkheid ook geen nadelige invloed hebben op de natuurlijke bacteriële 
bodemmicroflora.

Samenvatting
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 Nawoord

 Het is zeer onterecht te denken dat dit proefschrift slechts het werk van één persoon 
is. Gelukkig is dit de plek om iedereen te noemen die op welke wijze dan ook een 
bijdrage heeft geleverd aan de totstandkoming van dit boekje.

Voorop gaan uiteraard mijn promotor Kees en mijn co-promotor Peter. Hun 
adviezen tijdens de maandelijkse gesprekken hebben mijn er regelmatig van weerhouden 
af te dwalen. Kees, ik ben je bijzonder dankbaar voor alle tijd die je, ook na je emeritaat, 
hebt besteed aan de totstandkoming van dit proefschrift. Nu ik als laatste van jouw AIO’s 
klaar ben, wens ik jou en Ada een zee van vrije tijd zonder verdere verplichtingen toe. 
Peter, als co-promotor ben ik jou bijzonder dankbaar voor het vertrouwen dat ik van je 
kreeg. Mijn lang sluimerende wens om een promotietraject te kunnen volgen kon via 
onze kennismaking bij het RIVM in vervulling gaan. Omdat je deur altijd open stond, 
liep ik regelmatig binnen met een vraag. Dat ik in plaats van een antwoord vaak meerdere 
vragen retour kreeg heeft naast frustratie er ook voor gezorgd dat ik me kon vormen in 
het onderzoek. Bedankt hiervoor.
 Uiteraard wil ik ook alle PMIers bedanken, en dat zijn er ondertussen nog al wat. 
Uiteraard mijn kamergenoten: luie donder-Antonio3, paranimf (!) Roeland3, Vivian en 
Tita (wiens bril was nu het hipst?) in ‘het Went’, en vervolgens μαλακ ς-Christos en 
Dieuwertje in ‘het Kruyt’. De andere AIO’s, waaronder Chiel, Sjoerd1, Stan, Adriaan2, 
Marieke2, Moh1, 00110010-Joost, Annemart en Tieme. Deze totaal onverantwoorde, lol 
makende/ niet drinkende1/ niet tegen drank kunnende2/ niet zat te krijgen3 (doorhalen 
wat niet van toepassing is) collega’s werden voornamelijk in het gareel gehouden door 
Corné en kompanen, te weten Guido, Adriana, Saskia en Jur… ‘respect!’. En dan is er 
natuurlijk ook nog de ‘technische staf ’, oftewel Hans, Ientse en Ruth, bedankt voor alle 
hand- en spandiensten; Miek voor de vroege koffie en uiteraard ook Joyce en Pim. Ook 
nog een woord van dank aan Fred en Bas, maar ook alle anderen van de kassendienst, 
die regelmatig klaar stonden voor een praatje en altijd wel even de autoclaaf aan wilden 
zetten op zondagmiddag.
 De afgelopen viereneenhalf jaar heb ik een tweetal studenten begeleid, te weten 
Jet en N

2(l)
-Tan. Juist omdat persoonlijke omstandigheden op dat moment niet optimaal 

waren hebben jullie een enorme bijdrage kunnen leveren aan diverse experimenten die 
terug te vinden zijn in dit boekje. Jet, als schrijven je net zo makkelijk af gaat als kletsen 
zal het niet lang meer duren voordat we jouw proefschrift mogen ontvangen.
 Behalve de collega’s uit Utrecht zijn er natuurlijk ook oud collega’s, die me, bewust 
maar meer waarschijnlijk onbewust, er op de een of andere manier toe hebben gebracht 
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dit proefschrift te gaan schrijven. In eerste instantie Mareike. Door met jou een jaar te 
hebben samengewerkt bij het RIVM zag ik in dat het doen van promotieonderzoek 
een kwestie is van gewoon doen, ‘Sometimes you just have to take the leap, and build 
your wings on your way down’. Dankzij Remy, Karel, Merel, Bart, en Heike heb ik erg 
genoten van de RIVM tijd. Niet alleen bij PMI was het grappen en grollen, maar ook bij 
PRI konden we er wat van. Dat-wordt-schaal-6 Rob, trek-is-wat-fatsoenlijks-aan Krysta, 
de-vis-wordt-duur-betaald Paolina, bailar-bailar Joana, nog een keer Remy (wanneer 
worden we weer directe collega’s?), Margarit, Els en Arjen ‘Flubbercutter’ op het lab, maar 
ook Joeke, Leo en Dick. Fernando, thank you for our MSN discussions about Canoco.

Gelukkig waren er ook de vrienden die niets met dit boekje te maken hebben, maar 
wel hebben bijgedragen aan de nodige ontspanning. Marleen en Frederik voor de wijn. 
Mark, Michiel, Hanneke en Arjen, maar ook Vincent, Klaas, Kees, Hank, Rob, Sander en 
Dirkjan voor de ontsnappingen uit de werkelijkheid en Els voor de gastvrijheid. Fabian, 
jou bedank ik voor de wetenschap dat wanneer we elkaar 2 jaar niet spreken het toch 
weer als de dag van gisteren is. 

En last but not least de familie. Piet, wat missen we je allemaal ontzettend en 
Anneke, wat doe je het fantastisch! Bedankt voor het extra ‘thuis’. Arjen, ik had je al bij 
de vrienden genoemd, en dat zegt denk ik wel genoeg. Uiteraard geldt dit ook voor jou, 
Annemarie. Femke, bedankt voor al je wijze adviezen, maar vooral omdat je gewoon 
mijn grote zus bent. En ook mijn grote broer Eelco, ik ben ongelofelijk trots dat wij 
elkaar tijdens de verdediging van onze proefschriften ter zijde mogen staan als paranimf. 
Papa en mama, dankzij jullie ben ik nooit iets te kort gekomen. Jullie hebben mij altijd 
gestimuleerd, maar nooit gepusht, verder te studeren. Dat dit tot het verdedigen van een 
proefschrift zou zijn gekomen had ik 5 jaar geleden nog niet voor mogelijk gehouden, 
en jullie misschien ook wel niet.

Ten slotte mijn ‘love of my life’ Meino, zonder jouw steun en vertrouwen was 
dit avontuur simpelweg niet gelukt. Ondanks dat je er geen geheim van maakt dat je 
van mijn werk toch geen snars begrijpt, kon ik wel altijd voor alle niet inhoudelijke 
dilemma’s bij je terecht. Christof, jij zorgt voor de nodige relativering en het onmisbare 
stukje humor. Jij en je kleine zus laten ons zien wat pas echt belangrijk is: ‘plakken!’.

Nawoord
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