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Abstract Biodiversity is an important ingredient of

environmental conservation and is central to agriculture

production. Most microbial diversity of the soil ecosystem

is confined to the rhizosphere. Rhizodeposition through

plant root exudates plays a major role in defining resident

microflora, which differs from that in bulk soil. Rhizo-

bacterial diversity is influenced by both plant and soil type.

Soil factors, plant root exudates and agricultural manage-

ment are the factors that determine the community com-

position within the rhizosphere.

Keywords Soil � Plant � Diversity � Rhizobacteria �
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Introduction

Soil microorganisms play an important role in soil pro-

cesses that determine plant productivity. The knowledge of

soil microorganisms is limited in part by the inability to

study soil microorganisms. Torsvik et al. [1] estimated that

1 g of soil contains 4,000 different bacterial ‘‘genomic

units’’ as evident from DNA–DNA reassociation. The

estimate suggests that about 5,000 bacterial species have

been described. Approximately 1 % of the soil bacterial

population can be cultured by standard laboratory

practices. It is not certain that only this 1 % represent the

entire bacterial population [2].

Microorganisms in soil are critical to the maintenance of

soil function in both natural and managed agricultural soils

because of their involvement in such key processes as

formation of soil structure, decomposition of organic

matter, toxin removal and the cycling of carbon, nitrogen,

phosphorus, sulphur, etc. In addition, microorganisms play

key roles in suppressing soil-borne plant diseases, in pro-

moting plant growth and in bringing changes in vegetation.

The diversity of microbial communities has effects on

ecological function, soil suppressiveness to plant pathogens

and resilience to disturbances in soil ecosystems [3, 4].

Application of pesticides [5], amendment with chitin

[6], application of compost [7] or manure, and the intro-

duction of genetically modified microorganisms [8] have

all been shown to affect soil microbial community struc-

tures. The physicochemical properties of soil [9], distri-

bution of soil particle size [10], the presence and age of

specific plant species [11], and crop rotations [12] are the

key determinative factors.

Soil microbial communities are often difficult to fully

characterize mainly because of their immense phenotypic

and genotypic diversity, heterogeneity and crypticity.

Bacterial populations in soil top layers can go up to more

than 109 cells per g soil and most of these cells are gen-

erally unculturable. The fraction of the cells making up the

soil microbial biomass that have been cultured and studied

is \5 % [13]. DNA-based methods offer the possibility to

assess the total microbial diversity in soil [14].

Microbial Diversity Versus Community Structure

The term biodiversity has been defined in various ways. In

microbial terms, it describes the number of different types
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(species) and their relative abundance in a given commu-

nity in a given habitat. In molecular-ecological terms, it

can be defined as the number and distribution of different

sequence types present in the DNA extracted from the

community in the habitat. However, the term ‘‘community

structure’’ implies that information is included on the

numbers of individuals of different recognizable taxa [15].

With respect to microbial diversity, the number of types

present and the evenness of their distribution are important.

A habitat with a larger number of species is more diverse,

whereas an evenly distributed community is more diverse

than an unevenly distributed community with the same

number of species [3]. Plant type is a major determinant of

the structure of microbial communities in soil, as plants are

the main providers of specific carbon and energy sources.

Soil type is also a major determinant of the structure of

microbial communities, as the combination of soil texture

and structure, organic matter, microaggregate stability, pH,

and the presence of key nutrients i.e., N, P, and Fe,

determine the habitable niches in soil. Agricultural man-

agement regime, such as crop rotation, tillage, herbicide

and fertilizer application and irrigation is the key deter-

minant of microbial community structure in soil.

Conceptually, the extent to which plant and soil type

influence the structure of microbial communities is

dependent on their relative ‘‘strength’’. In addition, the

nature of the microbial type affected also is significant, as

some organisms may turn out to be virtually refractory to

change (e.g., typical K-strategists or slow growers such as

Arthrobacter types), whereas others are very prone to

stimulatory or destimulatory effects e.g., typical r-strate-

gists (bacteria characterized by high growth rates under

conditions of enhanced nutrient supply) such as the pseu-

domonads [16].

Plant Type as the Determinant of the Structure

of Microbial Communities in Soil

The rhizosphere effect is the most immediate influence of

plants on soil systems [17]. However, since the microbial

inoculations would mainly be performed in soils before the

plant is grown up, the strains should also be able to survive

in the soil and show a good saprophytic ability. To fulfill

these requirements, progress must be made in the knowl-

edge of which bacterial traits affect the soil and rhizosphere

colonizing ability of microbes [18–20].

Plant roots release a wide variety of compounds into the

rhizosphere soil, including ethylene, sugars, amino acids,

organic acids, vitamins, polysaccharides, and enzymes.

These materials create unique environments for the micro-

organisms living in association with plant roots in the rhi-

zosphere. Different compositions of root exudates are

expected to select different microbial communities in soil.

Root exudates are important nutritional sources for

bacteria colonizing the roots. The composition of root

exudates was shown to vary depending on the plant species

and the stages of plant development [21]. Thus, the plant is

supposed to profoundly influence the relative abundance of

indigenous rhizobacteria as well as the population

dynamics of introduced strains and other biotechnological

interventions.

Cultivation-based and molecular methods, indicated that

plant type is indeed a major factor influencing the structure

of microbial communities. Using Community-Level Physi-

ological Profiling (CLPP), Grayston et al. [11] compared the

rhizospheres of wheat, ryegrass, bentgrass, and clover grown

in two different soil types (dystic camnisol and eutic gley-

sol) at two sites in Scotland. A significant clustering of

potential microbial activities along plant type (i.e., different

plant species had different activities) was observed, but no

differentiation was noted between microbial activities in the

two soil types. Two studies by oilseed rape supported the

hypothesis that crop type plays a major role in controlling

the diversity of root-associated bacteria [22, 23]. Further

Kaiser et al. [23] used cultivation-based and culture-inde-

pendent (16S rRNA gene library) approaches. Although the

soil types were different between the two studies, both

strongly indicated that the plant plays a major role in

determining the composition of the bacterial community in

the rhizosphere, whereas soil type seemed to play only a

minor role. Kowalchuk et al. [24], using PCR-DGGE, also

demonstrated clear plant-induced effects on bacterial com-

munity structures in soil. The effects appeared to be limited

to the direct rhizosphere and to be highly plant-specific and

reproducible for a given plant species.

It is the loss of carbon compounds from the roots that

influences the development of their multiplication and

activity of microbial populations in the rhizosphere when

compared with the bulk soil. This phenomenon is wide

spread across all plant species as a general process, although

the compounds lost from different plant species or even

cultivars of particular species, can vary markedly in quality

and quantity. In addition, plants can have specific mycor-

rhizal- and nodulation-based associations that fulfil unique

functions. When considering the rhizosphere effect in gen-

eral, the rhizosphere/bulk soil (r/s) ratios for bacteria, acti-

nomycetes, and fungi are usually in the range of 2–20, 5–10,

and 10–20, respectively. However, many of the bacteria in

the rhizosphere and soil are unable to grow on laboratory

media, which makes their study increasingly difficult. In

young plant roots, however, it is thought that the rhizosphere

bacterial communities are dominated by r-strategists, which

are species with fast growth rates and capacities to utilize

simple substrates [25]. As the roots mature, there is a shift in

dominance to bacterial communities with relatively slow

growth rates and the capacity to degrade more complex

Proc. Natl. Acad. Sci., India, Sect. B Biol. Sci.

123

Author's personal copy



substrates (k-strategists). As a rule, although a general

increase in micro-organisms in the rhizosphere is always

noted, the community structure and functional consequences

of this increase are less well understood.

It is difficult to grow or enumerate microorganisms in

ecological niches using traditional plate count methods. A

variety of molecular methods have been developed to assay

the presence or absence of these microorganisms in samples.

The method of choice to determine what microorganisms are

present in environmental samples is to amplify the con-

served small subunit rRNA gene. In this process, DNA is

isolated from the soil using bead beating, and polymerase

chain reaction (PCR) with gene-specific primers is used to

amplify the specific gene from the sample. To look at the

diversity of small subunit rRNA genes (directly related to

the diversity of microorganisms) present in the sample, the

PCR products are either cloned and sequenced, or profiled

by gel electrophoresis to allow the analysis of many sam-

ples. A variety of techniques are available for microbial

community profiling, including denaturing gradient gel

electrophoresis (DGGE), temperature gradient gel electro-

phoresis, single strand conformation polymorphism, and

terminal restriction fragment length polymorphism. DGGE,

in particular, has commonly been used to analyse microbial

populations in a variety of samples [26]. The complexity of

the banding pattern is used to assess the diversity of

microorganisms present in the sample. Using such methods,

the structures of rhizosphere microbial communities have

been shown to be distinct from those of bulk soil, with lower

density in the rhizosphere relative to bulk soil. The specific

structure and diversity of the rhizosphere bacterial commu-

nity varies between plant species and over time [27], and

different root zones on the same plant can support distinct

bacterial communities, reflecting qualitative and quantitative

differences in root exudation [28]. In addition, soil type has

a key role in determining the specific dominant bacteria

colonizing the rhizosphere [29]. The structure of rhizosphere

bacterial communities can also be influenced by root

infection by pathogenic bacteria, which promote greater

bacterial community variability compared with healthy roots

[30]. Traditionally, pseudomonads have been considered to

be important rhizosphere organisms. The term ‘pseudomo-

nads’ has in the past been applied to bacteria now placed in

different genera (e.g. Burkholderia and Pseudomonas),

let alone of different species, and such conclusions need to

be reconsidered. Many studies have shown elevated pseu-

domonad communities in the rhizosphere [30] and is not

always the case, as in some circumstances Bacillus spp.,

may dominate [31]. While many rhizosphere pseudomonads

are plant growth-promoting rhizobacteria, others inhibit

plant growth and cause disease. However, it is not clear what

makes some pseudomonads beneficial and others patho-

genic, especially since they colonize the same ecological

niches and possess similar mechanisms for plant

colonization.

Little is known about plant specificity of root-associated

bacteria, which are an important functional group of ben-

eficial bacteria in the rhizosphere. A few studies have

indicated a plant-dependent composition of culturable

bacteria [22, 32]. Denaturing gradient gel electrophoresis

(DGGE) fingerprints of PCR-amplified 16S ribosomal

DNA (rDNA) genes from community DNA were used to

study dominant bacterial populations in the rhizosphere of

the three Verticillium dahliae Kleb. host plants-strawberry,

potato, and oilseed rape-over two growing seasons [27].

Using this cultivation-independent approach, a plant-

dependent abundance of dominant bacterial populations

could be shown for most of the sampling times. The DGGE

fingerprints showed plant-dependent shifts in the relative

abundance of bacterial populations in the rhizosphere

which became more pronounced in the second year. DGGE

patterns of oilseed rape and potato rhizosphere communi-

ties were more similar to each other than to the strawberry

patterns. In both years seasonal shifts in the abundance and

composition of the bacterial rhizosphere populations were

observed. Independent of the plant species, the patterns of

the first sampling times for both years was characterized by

the absence of some of the bands which became dominant

at the following sampling times. Bacillus megaterium and

Arthrobacter sp. were found as predominant populations in

bulk soils. Sequencing of dominant bands excised from the

rhizosphere patterns revealed that six out of ten bands

resembled gram-positive bacteria. Nocardia populations

were identified as strawberry-specific bands.

There is increasing evidence that gram-positive bacteria

might be more dominant in the rhizosphere than previously

supposed. Bacillus species were found as dominant popu-

lations in the rhizospheres of Chrysanthemum [33] and of

Barley [34]. Arthrobacter spp. were also found as dominant

populations in the molecular fingerprints of 16S rDNA

fragments amplified from the rhizosphere DNA of maize

grown in tropical soil [35], from the rhizosphere DNA of

Medicago sativa and Chenopodium album [36], and from

the rhizosphere DNA of Chrysanthemum [33]. One

dominant DGGE band obtained at all locations of the

barley rhizospheres grown in controlled pot experiments

performed by Yang and Crowley [28] was identified as

Microbacterium.

Berg et al. [37] studied the effect of plant species on the

abundance and diversity of bacterial antagonists by ana-

lyzing the abundance, the phenotypic diversity, and the

genotypic diversity of rhizobacteria isolated from potato,

oilseed rape and strawberry from bulk soil which showed

antagonistic activity towards the soil-borne pathogen

V. dahliae Kleb. A rather high proportion of antagonists

from the strawberry rhizosphere was identified as
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Pseudomonas putida B (69 %), while antagonists belong-

ing to the Enterobacteriaceae (Serratia spp. and Pantoea

agglomerans) were mainly isolated from the rhizosphere of

oilseed rape. For P. putida A and B plant-specific geno-

types were observed, suggesting that these bacteria were

specifically enriched in each rhizosphere. Several recently

published studies used repetitive extragenic palindromic

(REP)-PCR fingerprints [38], such as those obtained by

BOX-, REP-, or enterobacterial repetitive intergenic con-

sensus (ERIC)-PCR, to explore the diversity of pseudo-

monads originating from rhizospheres and soils. Based on

REP-PCR fingerprints all studies found an enormous

genomic diversity of Pseudomonas spp. at the subspecies

level [32]. Fromin et al. [32] reported that the genotypic

structure of Pseudomonas brassicacearum populations

analyzed by REP-PCR fingerprints are significantly influ-

enced by the Arabidopsis thaliana genotype.

Studies show that plant species richness and plant

functional diversity have a positive influence on overall

catabolic activity and catabolic diversity of the culturable

bacterial community in the bulk soil in an experimental

grassland ecosystem [39]. Catabolic activity and catabolic

diversity of culturable soil bacteria increased linearly with

the logarithm of plant species number and with the number

of plant functional groups. A reduction in plant biomass

caused by a loss in plant diversity is expected to have

strong effects on the decomposer community: microbial

biomass is likely to decrease, because organic carbon

sources limit soil microbial activity in most terrestrial

ecosystems. Higher plant diversity may have influenced the

soil bacteria by increasing the diversity of litter, the het-

erogeneity of soil microhabitats, or energy and material

flows from the vegetation to the soil. The density of

earthworms increased by 63 % across the range of diver-

sities [40], suggesting that effects of plant diversity on

bacterial activity were probably mediated to some extent

by increased heterogeneity of soil microhabitats. Above-

ground biomass increased with increasing plant species

richness and enhanced flow to the soil may well also have

contributed to the positive effect on bacteria.

Experimental results show a positive influence of plant

diversity on C-source utilization patterns in soil samples

and thus on the activity and functional diversity of cul-

turable bacteria in the bulk soil [41]. The relationship may

be a mutual one in that plants may also profit from diverse

soil bacterial communities, e.g. mediated by better nutri-

ent mineralization, growth stimulation, and enhanced

antibiosis to pathogens [42]. In most agro-ecosystems,

microbial growth is limited by input of fresh organic

carbon and hence plant-biomass production. A sensitive

measure for short-term responses to C inputs into soil is

the microbial biomass supported per unit of total

organic soil carbon Cmic/Corg ratio [43]. This ratio also

significantly decreased with a decrease in plant species

richness or plant biomass, which may be an early indi-

cator for a longer-term decline in soil organic matter of

low-diversity mixtures.

PCR-TGGE [44] was used to assess the degree of var-

iation of dominant bacterial populations in respect of soil

type (silty sand and loamy sand), plant type (clover, bean,

and alfalfa) and developmental stage of the plant. Plant

species had the greatest effect on the rhizosphere micro-

flora, whereas the plant developmental stage had the lowest

effect. The effect of soil type exceeded that of plant type in

the soil habitat only, as the clustering of alfalfa plants in

loamy sand was clearly distinct from the clustering of the

same plants in the silty sand. Hence, the effect seen was

dependent on the soil microhabitat sampled. Marschner

et al. [29] examined bacterial community structures in the

rhizosphere based on PCR-DGGE of soil rRNA genes as

affected by three factors: plant species (chickpea, rape, and

Sudan grass), soil type (a sandy soil, a sandy loam, and a

clay), and root zone location. All three factors, as well as

the interaction between them, had significant effects on the

community structures in the respective rhizospheres. The

bacterial community associated with chickpea was influ-

enced mainly by soil type, whereas the communities of

rape and Sudan grass were more affected by root zone than

by soil type. Hence, the effects exerted by the different

plants were, to varying extents, controlled by soil type,

which makes the interactions complex. Finally, studies

have addressed the rhizosphere communities of genetically

modified plants related to those of conventional plants.

Dunfield and Germida [45], using both PLFA and CLPP,

found differences between the bacterial communities

associated with genetically modified Brassica napus and

conventional varieties. This difference may be linked to

differences in the exudation by these plants [46].

In the context of sustained plant production systems, it is

pertinent to appreciate that plants can alter the composition

of soil microbial communities. Germida et al. [22] reported

differences in rhizoplane communities of wheat and canola

grown in the same field site, which indicates that plant

species influence the composition of soil microbial and

root-colonizing communities. The rhizosphere is a reser-

voir of genetically diverse populations of bacteria, the

composition of which is determined by the selective

influence of plant and soil type. The microbial communi-

ties in the soil milieu can undergo temporary variations in

the population of a genotype as a function of root metab-

olites, which in turn changes with the metabolic processes

of plants (plant age), soil species, cultivation techniques,

distance from roots, i.e. rhizosphere effect and plant

genotype [11]. Misko and Germida [47] claimed that dif-

ferent varieties of plant species could be selected for spe-

cific bacterial populations. These workers reported that
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disomic substitution of a specific pair of chromosomes

resulted in changed rhizosphere microflora of spring wheat

(Triticum aestivum). Rhizodeposition also stimulates the

germination of pathogen propagules and directed growth

towards the root, which can lead to disease [48]. Soil-borne

pathogens fall into two broad groupings. Pathogens like

Fusarium, Verticillium, and Pythium rapidly kill all or a

part of the host following their entry through plant roots.

For some necrotrophic fungal pathogens with a broad host

range including Pythium and Fusarium, plant exudate

components including sugars and amino acids stimulate

propagule germination and growth towards the root. For

those pathogens with limited host ranges, propagule

germination stimulants can be compounds specific to the

host family, such as organic S compounds in the case of

the interaction of Sclerotium cepivorum with Allium spp.

Host cells are rapidly killed by cytolytic enzymes or

toxins.

There are many examples of bacteria that can suppress

the growth of pathogenic fungi in the rhizosphere [45].

Effective colonization of the root is a key factor deter-

mining the ability of these bacteria to exert biocontrol. A

number of these bacteria produce anti-fungal metabolites,

including antibiotics, extracellular enzymes, and HCN.

Competition between rhizosphere bacteria and fungal

pathogens for nutrients has also been identified as a bio-

control mechanism. For example, the sequestration of Fe3?

by bacterial siderophores and chelators can limit avail-

ability of the nutrient to pathogens, restricting their growth

through the rhizosphere. Exposure of roots to non-patho-

genic rhizosphere bacteria, including strains of Bacillus

spp. and Pseudomonas spp., can induce resistance of host

plants to some pathogenic fungi. Several mechanisms have

been implicated in induced resistance, including enhanced

production of phytoalexins, production of stress-related

proteins and degradative enzymes, and the strengthening of

epidermal cells [49].

The influence of plant type on the rhizosphere microbial

community of Triticum aestivum and Eleusine coracana

was studied [50]. Shannon diversity indices for wheat and

E. coracana rhizospheric isolates based on genotypic fin-

gerprinting were 0.6 and 0.2, respectively. Sequencing data

showed predominance of genera, Bacillus and Pseudomo-

nas. Using a model Populus system in a common garden

with replicated clones of known genotypes, Schweitzer

et al. [51] evaluated microbial biomass and community

composition as quantitative traits. Plant genotype signifi-

cantly influenced microbial community composition,

explaining up to 70 % of the variation in community

composition within P. angustifolia genotypes alone. These

findings suggest that variation in above-and belowground

traits of individual plant genotypes can alter soil microbial

dynamics.

Plant Developmental Stage

The qualitative composition of root exudates is affected by

plant developmental stages and in turn shows impact on

microbial communities in rhizosphere [28, 52]. The effects

of plant age were also observed by di Cello et al. [53] and

Seldin et al. [54], who showed that populations of Burk-

holderia cepacia and Paenibacillus azotofixans in the

maize rhizosphere changed during plant growth. Bacterial

communities not only adapt to plant type, but also change

over time with the same plant type [55]. Baudoin et al. [56]

also reported clear differences between bacterial commu-

nities on maize in dependency of growth stage. It was also

confirmed by Gyamfi et al. [57] that the plant growth stage

had a strong impact on total bacterial as well as Pseudo-

monas communities. The fact that young plants contained

bacterial communities that were distinct from those in other

plant developmental stages was also observed by Duine-

veld et al. [33] with Chrysanthemum. When the root tips

were compared with root base parts, the PCR-DGGE

analyses revealed higher similarities between samples

derived from root tips and between samples from young

plants. The main sources of easily accessible substrates are

sites at root tips and young roots. The young plants provide

the highest amount of organic carbon available for micro-

bial growth. Young roots and root tips might therefore

represent excellent niches suitable for colonization by

r-strategists.

A field experiment was conducted in dark brown clayey

soil using three soybean genotypes and the results gleaned

from both pot and field experiments indicated that bacterial

communities in the soybean rhizosphere changed with

growth stages, and higher number of DGGE bands

observed in early reproductive growth stages, while sur-

prisingly, a significant impact of genotypes on the bacterial

communities was not observed in these experiments [58].

However, a plate culture experiment targeting the cultur-

able bacterial communities detected a remarkable differ-

ence in the community structures of the rhizosphere

between the two soybean genotypes, suggesting that a

small portion of the total bacteria was influenced by

genotype. Sequence analysis of DGGE bands indicated that

bacterial phyla of Proteobacteria, Actinobacteria, Bacter-

oidetes, Nitrospirae, Firmicutes, Verrucomicrobia and

Acidobacteria commonly inhabit the soybean rhizosphere.

Effects of Function

Plants, plant type and their growth stage can have strong

effects on soil microbial communities viewed from the

functional perspective [52]. To explore the effect of

different plant species on the abundance and diversity

of bacteria antagonistic to plant pathogens, isolates
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originating from the rhizospheres of three host plants of V.

dahliae-strawberry, potato, and oilseed rape-and from soil

were analyzed for their antagonistic properties [37]. The

abundance, taxonomic composition, and diversity of V.

dahliae antagonists were shown to be plant-species

dependent. The proportion of isolates with antagonistic

activities was highest for the strawberry rhizosphere

(9.5 %), followed by oilseed rape (6.3 %), potato (3.7 %),

and bulk soil (3.3 %). Hence, plants affect their associated

communities also in a functional way.

Microbial Communities Affected by Transgenic Plants

Several thousand field releases of transgenic crop plants

have been performed during the last decade and several

transgenic crop plants have been commercialized. How-

ever, there are actually very few studies [24] published

which have tried to analyse the potential effects of trans-

genic crops on soil microbial communities. Two kinds of

scenarios are recognized in which the large-scale use of

transgenic crops could have an effect on microbial com-

munities in rhizosphere and bulk soils:

(1) When the structural and functional composition of the

soil microbial community in the vicinity of the roots

is changed as a result of an altered root exudation or

released transgene product with antifungal, antibac-

terial activity, or others.

(2) When bacterial rhizosphere populations would be

able to capture and stably integrate transgenic plant

DNA, in particular antibiotic resistance genes used as

markers in transgenic crops.

To date only a few studies have been sought to analyse

the potential effects of transgenic crop plants on the com-

position of bacterial communities in the rhizosphere under

field conditions [59]. Heuer et al. [60] studied the structure

and dynamics of bacterial communities in the rhizosphere

of potato under field conditions, and to compare these to

those of the transgenic T4-lysozyme-expressing potato

plants. In contrast to many other transgenic plants, this

genetic modification was targeted at bacteria, and it was

shown that plant-associated bacteria were indeed affected,

in so far as the susceptibility of the transgenic potato plants

to infections by Erwinia carotovora was significantly

reduced. It was demonstrated that a detectable amount of

T4 lysozyme was released from the roots resulting in

bactericidal activity at the root surface [61].

Influence of Soil Type on the Structure of Microbial

Communities in Soil

Soil type along with the constellation of its physico-

chemical factors represents another important factor

influencing the structure of microbial communities. Gels-

omino et al. [62] observed differences in the grouping of

DGGE fingerprints obtained from 16 different soils from

different geographical locations. These authors suggested

that soil type largely determines the structure of bacterial

communities seen by direct PCR-DGGE, and that similar

soil types tend to select similar communities. In a study of

microbial biomass and activity in four grasses in the US

Northeast, soil texture was also shown to have a stronger

effect than plant species [63]. Other studies have also

indicated that soil type can have a marked influence on the

microbial populations in the rhizosphere of maize. Chiarini

et al. [64] compared the influence of soil type, cultivar,

and growth stage of maize on the population size and

structure of bacterial communities associated with the

roots of field-grown maize. The greatest effect on density

and community structure was exerted by soil type,

whereas no significant difference between the effects of

different maize cultivars was observed. In an analysis of

the diversity of Paenibacillus populations in maize plants

grown in two different soils, da Silva et al. [65] observed

that soil type, rather than maize cultivar type, was the

overriding determinative factor that influenced the com-

munity structures of Paenibacilli in the rhizosphere. La-

tour et al. [66] studied the effect of soil type and host plant

type (flax and tomato) on the diversity of the populations

of culturable fluorescent Pseudomonas spp. Although

both soil type and host plant affected the diversity of

fluorescent Pseudomonas species, soil type was clearly

the dominant factor [67].

Soil texture can affect the rhizosphere microflora by

limiting the availability of root exudates. For example, some

amino acids and peptides are adsorbed and bound on clay

minerals and used to a lesser extent than when present free

in soluble state [67, 68]. The characteristics of fluorescent

pseudomonad populations associated with the roots of two

plant species (flax and tomato) were compared with those of

fluorescent pseudomonads from an uncultivated soil [69].

The results from these studies, performed with the same soil,

indicated that bacterial populations are not distributed at

random. Several studies have clearly shown that the survival

of different introduced strains of fluorescent pseudomonads

varies in soils of different textures [70]. However, not much

is known about the effect of the soil type on the selection

achieved by the host plant toward the soilborne populations

of fluorescent pseudomonads. Latour et al. [66] compared

the diversities of fluorescent pseudomonads, from two

uncultivated soils and from the roots of two plant species

cultivated in these two soils. Numerical analysis of phe-

notypic characteristics allowed the clustering of isolates

that showed high levels of similarity. This analysis indi-

cated that both soil type and host plant had an effect on

the diversity of fluorescent pseudomonads. However, of
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the two factors studied, the soil was clearly the domi-

nating one. The population associated with the roots of

each plant species varied from one soil to the other which

could possibly be ascribed to the differences recorded

between the phenotypically diverse populations of fluo-

rescent pseudomonads from the two uncultivated soils.

The plant selection was, at least partly, plant specific. It

was not related to bacterial species and biovars or to the

presence of plasmid DNA. The phenotypic clustering of

isolates was well correlated with genotypic characteriza-

tion by repetitive extragenic palindrome-PCR

fingerprinting.

Microorganisms have also been shown to stimulate the

amount and to affect the composition of the root exudates

[17, 71–78]. Different studies were undertaken to com-

pare the survival of introduced strains of fluorescent

pseudomonads in soils with different textures [79]. Fine

textures or soils amended with clay favor the survival of

the introduced strains. Höper et al. [80] have also shown

that an increase of the soil pH and amendment of a soil

(pH 7) with clay (montmorillonite or illite) induces a

significant increase of the density of the endogenous

populations of fluorescent pseudomonads. Besides their

survival, the levels of activity of fluorescent pseudomo-

nads have also been related to soil characteristics. Sup-

pression of fusarium wilts by siderophore-mediated iron

competition has been associated with a low concentration

of iron available for the pathogen; this low availability is

related to a high pH and a high CaCO3 content in the

suppressive soils. The disease suppression related to

phenazine production by P. fluorescens strain 2–79 has

been positively correlated with the percentage of sand and

pH and negatively correlated with iron and the percent-

ages of silt, clay and organic matter [81]. The intensity of

the carbon and iron competition has been demonstrated to

be higher in the suppressive soil than in the conducive

soil. This difference was related both to the higher levels

of microbial activity and reactivity and to the low con-

centration of available iron [82].

Interactions among soil types, plant species (genotypes),

and growth stages all affect rhizosphere microbial com-

munities in an extremely complex manner. In some cases,

the effect of soil type on the community is greater than the

effect from the specific plant species [83], while in other

cases the plant species may have a greater influence on

community composition than soil type [37].

The observed dominant effect of soil type on microbial

communities in the rhizosphere can thus be explained by

the impact of the soil fabrics on the soil-inhabiting com-

munities, which are the sources for rhizoplane and rhizo-

sphere colonization. Also, soil texture may affect the

rhizosphere microflora by limiting the availability of root

exudates [17].

Agricultural Management Regime as the Determinant

of the Structure of Microbial Communities in Soil

There is an enormous volume of literature on the applica-

tion of bacteria for improvement of plant performance

[84–92], but a few bacteria like Azotobacter and Azospir-

illum have been developed as commercial products. The

organisms under most scrutiny for potential use in agri-

culture are bacteria belonging to the genera Pseudomonas

and Bacillus species [93–97].

Soil management practices such as crop rotation, tillage,

fertilizer, compost, manure or pesticide applications and

irrigation greatly affect soil microbial parameters [16].

Tiedje et al. [98] compared the responses of microbial

communities in three soils of different history to the

application of 2,4-D (2,4-dichlorophenoxyacetate). They

hypothesized that different land use practices will yield

different microbial responses to the applied herbicide.

However, the same population of 2,4-D degraders became

dominant in three soils of different land use history, indi-

cating that 2,4-D was a stronger selector. The impact of

long-term grassland management regimes (N-fertilizer

application and soil drainage) on microbial community

structure was assessed by using PCR-DGGE and PLFA

profiling. N fertilizer was found to exert a significant

impact on the total bacterial and actinomycete community

structures, whereas soil drainage had a significant impact

on the actinomycete and pseudomonad communities [99].

This study strongly indicated that grassland management

practice has an impact on the community structure of

specific bacterial groups. Nusslein and Tiedje [100]

showed that soil bacterial community shifts are correlated

with a change from forest to pasture vegetation in a tropical

soil. The G?C content of the pasture soil DNA was sig-

nificantly higher than that of the forest soil DNA. Although

a- and b-Proteobacteria dominated in the pasture soil,

fibrobacter types were dominant in the forest soil. Four

soils from eastern Washington State with contrasting soil

management (no-till and conventional till) and environ-

mental conditions were analyzed by PLFA and DGGE

[101]. The results indicated that no-till soil practices

improved the biological conditions. This conclusion was

based on the fact that high microbial mass was determined

by PLFA analysis and greater diversity of ammonia-oxi-

dizing bacteria was associated with no-till soil.

In a long-term experiment performed by van Elsas et al.

[102], permanent grassland was studied adjacent to farm-

land under rotation or under monoculture of maize. To

assess the microbial community structure in these soils,

several complementary methods were used, e.g., conven-

tional enumeration on four different agar media for enu-

meration of culturable fungal, bacterial, Bacillus, and

Pseudomonas populations, PCR-DGGE assessment of
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microbial diversity using universal bacterial, fungal and

group-specific primers (for Bacillus and Pseudomonas),

and 16S and 18S rDNA clone libraries obtained from dif-

ferent treatments. The results obtained by all the methods

showed clear differences in microbial community struc-

tures between different treatments. Higher microbial

diversities and biomass were measured in the permanent

grassland than in the arable land under monoculture or

under rotation. Since root exudation is species-specific, it is

a major factor that determines community composition

within the rhizosphere [103].

Microbial Diversity and Community Structure

in Polluted Soils

The use of diversity and changes in community structure as

ecological indicators of perturbations and pollution have

been investigated in soils subjected to different agricultural

management and to heavy-metal contaminated sewage

sludge [104]. Microbial diversity of an arable soil cropped

to cereals, vegetables and potatoes was compared with that

of an organic soil, used solely as a pasture field during the

last decade; the two soils having similar texture and situ-

ated in western Norway 400 m apart. It was suggested that

the total genetic diversity in the arable soil was approxi-

mately 24 times lower than in the relatively undisturbed

pasture soil and that the overall genetic diversity provides a

good indicator of disturbance caused by agricultural man-

agement. PCR combined DGGE indicated that the number

of different bacterial types in both soils was high, meaning

that there was a high ‘‘species’’ richness component of

diversity in both soils. The bacterial populations in the

arable soil were probably less evenly distributed than in the

pasture soil, containing a few numerically dominant bac-

terial populations and many with low abundance.

The community structure of the low and high metal-con-

taminated soils was investigated by hybridization with group-

specific phylogenetic probes [105]. The most abundant group

of clones in the low metal-contaminated soil was the cyto-

phaga-flexibacter-bacteroides group. This group was twice as

abundant in the low as in the high metal-contaminated soil. In

the high metal-contaminated soil, clones belonging to the

a-Proteobacteria were numerically dominant. With respect to

the isolates, 30–37 % of them belonged to Gram-positive

bacteria with low mol% G?C. Accordingly, this was the

largest group of isolates in both soils. In the high metal-

contaminated soil the abundance of isolates and clones

belonging to the a-Proteobacteria subclass differed markedly,

as the percentage of clones was 38 % and that of isolates was

only 14 %. These investigations revealed that the total

microbial diversity in relatively undisturbed and unpolluted

soil was high, and that upon perturbation and pollution the

total soil microbial diversity was dramatically reduced.

Microbial Diversity in Relation to Suppressiveness

of Soil to Plant Pathogens

Some soils are inhospitable to plant pathogens, by limiting

either their survival or growth of the pathogens. Such soils

are known as pathogen—or disease—suppressive and are

found throughout the world.

Representatives of a range of bacterial (Pseudomonas,

Burkholderia, Bacillus, Serratia, Actinomycetes) and fun-

gal (Trichoderma, Penicillium, Gliocladium, Sporidesmi-

um, nonpathogenic Fusarium spp.) groups have been

identified as antagonists of soil-borne plant pathogens. The

mechanisms by which these microorganisms make soil

suppressive can be divided into several categories: nutrient

competition, amensalism, microbial antagonism, parasitism

and systemic induced resistance. Several antibiotic-pro-

ducing Pseudomonas spp. were isolated from soil sup-

pressive to diseases such as take-all of wheat, black rot of

tobacco and fusarium wilt. Naturally occurring root-asso-

ciated fluorescent Pseudomonas spp. producing the anti-

biotic 2,4-DAPG were highly enriched in take-all-

suppressive soil and are key components of specific sup-

pression of Gaeumannomyces graminis var. tritici [106].

This suppression was lost when 2,4-DAPG-producing

Pseudomonas spp. were eliminated and, conversely, con-

ducive soil gained suppressiveness to take-all when 2,4-

DAPG-producing Pseudomonas strains were introduced.

Effect of Cropping System

Disease suppression can be influenced by cropping and

management practice. Next to cover crops, compost

application, tillage and crop rotation are important [1], as

the densities of both soil-borne pathogens and the antago-

nistic microorganisms are affected. Effective crop rotation

results in the lack of positive selection of the pathogen and

provides time needed for the biological destruction of

pathogen inoculum by antagonists residing in soil. The

cultivation of plants influences the microbial activity of

the soil and, therefore, the suppressiveness. For example,

the cultivation of the leguminous cover plant Pueraria

javanica significantly enhanced the suppressiveness to

Fusarium wilt of a palm grove soil compared with soil that

was kept uncultivated [107]. The cultivation of P. javanica

induced changes in the microbial balance, increasing the

population of non-pathogenic Fusarium spp. Root diseases

are generally less severe in organic than in conventional

farms, with reduction attributable to longer rotations, reg-

ular applications of organic amendments, and abstinence

from, or reduction of, pesticide use [108]. Total popula-

tions of fungi and bacteria are generally higher in organi-

cally than in conventionally farmed areas. Populations of

specific groups, i.e., fluorescent pseudomonads and
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actinomycetes are also found to be higher in rhizosphere

soil from organic farms than in those from conventional

farms. A positive correlation was observed between

microbial diversity and the disease-suppressive capacity of

soil, as higher microbial diversities were measured in soil

samples from the permanent grassland and grassland turned

to arable land than in the long-term arable land under

rotation [16].

Soil Amendment and Tillage

Organic amendments such as manure, compost and cover

crops can positively affect the disease suppressiveness of

soil. For instance, composts can suppress Pythium and

Phytophthora root rot as well as Ralstonia solanacearum

[7]. Organic amendments can be combined with the

application of biocontrol agents to control diseases. During

decomposition of organic matter in soil, the soil ecosystem

is subjected to ‘‘oligotrophication,’’ and the ratio of oli-

gotrophic (K-strategist) to copiotrophic (r-strategist)

organisms changes during microbial succession [108].

Knowledge on microbial communities and the major

groups of microorganisms involved in the disease sup-

pressiveness of soil is fundamental to a better under-

standing of the relevance of microbial diversity to disease

suppression.

Conclusions

The two factors which have impact on microbial commu-

nity structure are plant type and soil type which exert their

effects in a complex manner. The fact that in some situa-

tions the soil and in others plant type is the determining

factor affecting the soil microbial community may relate to

the effects being either stronger or weaker in accordance

with the relative strength of the selective forces exerted by

soil or the plant. Also, this determining factor may be

related to the complex microbial interactions in soil,

including interactions between microorganisms and soil

and microorganisms and plants. Plants clearly affect

microbial communities but to what extent in time and

space are not very clear. An improved understanding of

how far the beneficial effects of plants extend in space and

time will be an area for future work. The effects of abiotic

conditions of soil (soil moisture content, temperature, etc.)

on the relationships between the two main drivers of

microbial community structure, plant and soil type, will

enrich the understanding further. The availability of new

and powerful technologies for studying cooperative

microbial interactions in the rhizosphere guarantees a

greater understanding of the processes which will facilitate

their successful applications in biotechnology.
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