Chapter 14
Effects of Root Exudates in Microbial Diversity
and Activity in Rhizosphere Soils

P. Nannipieri(t=), J. Ascher, M. T. Ceccherini, L. Landi, G. Pietramellara,
G. Renella, and F. Valori

14.1 Introduction

The rhizosphere is the soil volume at the root-soil interface that is under the influence
of the plant roots and the term was introduced by Hiltner in 1904 (Brimecombe
et al. 2001). Microbial population in the rhizosphere has continuous access to a
flow of low and high molecular weight organic substrates derived from roots. This
continuous flow of organic compounds may affect together with specific physio-
chemical and biological conditions microbial activity and community structure
of the rhizosphere soil (Sorensen 1997; Brimecombe et al. 2001). Current tech-
niques still lack the adequate sensitivity and resolution for data collection at the
micro-scale, and the question ‘How important are various soil processes acting at
different scales for ecological function?’ is therefore challenging to answer. The
nano-scale secondary ion mass spectrometer (NanoSIMS) represents the latest
generation of ion microprobes, which link high-resolution microscopy with iso-
topic analysis. Recently Herrmann et al. (2007) have described the principles of
NanoSIMS and discusses the potential of this tool to contribute to the field of bio-
geochemistry and soil ecology.

Both microbial activity and microbial diversity of the rhizosphere have been
extensively studied as testimonies by numerous chapters and books (Keister and
Creagen 1991; Lynch 1990a; Pinton et al. 2001, 2007; Waisel et al. 1991). This
interest depends on the important effects that microorganisms inhabiting the rhizo-
sphere have on plant activity. Both beneficial and detrimental interactions occur
between microorganisms and plants (Lynch 1990b); among the former symbiotic
dinitrogen fixation, association with mycorrhizae, biocontrol against pathogens and
production of plant growth promoting compounds by beneficial rhizobacteria have
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been the most studied (Brimecombe et al. 2001). Detrimental interactions are due
to the presence of plant pathogens and deleterious rhizobacteria which inhibit plant
growth without causing disease symptoms (Brimecombe et al. 2001). However,
despite the wealth of information of the effects of rhizodeposition on microbial
activity and microbial diversity, there is still considerable debate on the underlying
mechanisms and the extent of the relative effects.

This review discusses the state-of-the-art of microbial activity and microbial
diversity in the rhizosphere soil. Since it is not possible to prepare an exhaustive
review as the complexity and vastness of the treated matter exceeds the limits of a
single chapter, we have operated a selection of related topics. In the case of micro-
bial diversity we have mainly discussed the recent advances obtained by using
molecular techniques, which allow the detection of unculturable microorganisms.
Among the various parameters used to determine microbial activity we have
focused the discussion on soil respiration and enzyme activities because the former
is strictly linked to organic C mineralization, and thus to oxidation of root exudates,
and the latter represent specific reactions involved in the release of plant and micro-
bial available nutrients. The difficulties of interpreting of community-level physio-
logical profiles are also examined. Given the major effects of rhizodeposition on
composition and activities of microbial communities inhabiting rhizosphere soil,
the initial focus will be on the classification, collection, functions, and factors
affecting root exudates.

14.2 Rhizodeposition: Classification, Quantification
and Effects on Biotic Processes of the Rhizosphere Soil

Through rhizodeposition, roots introduce into the soil water soluble exudates, poly-
mers such as carbohydrates and proteins, lysates and cell walls, whole cells, whole
roots and gases such as CO, and ethylene (Morgan and Whipps 2001). Although
most root products are C compounds, the rhizodeposited products include ions,
sometimes O, and even water. Excretions and secretions have a perceived func-
tional role whereas diffusates and root debris do not (Uren 2007). Excretions are
the product of internal metabolism such as respiration while secretions are deemed
to facilitate external processes such as nutrient acquisition. Both excretion and
secretion require energy and some exudates may act as either. For example, protons
derived from CO, production in respiration are deemed excretions while those
derived from an organic acid involved in nutrient acquisition are deemed secre-
tions. Root products differ, not only in their function, but also on the basis of their
(a) chemical properties such as composition, solubility, volatility and molecular
weight and (b) site of origin. The chemical properties determine in turn the biological
activities of these root products and their behaviour in soils; thus the persistence in
soil depends on chemical properties, particularly sorption and biodegradability of
the root compounds. However, it is important to emphasize, first, that biological
activity of some compounds of rhizodeposition such as phytohormones,
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exoenzymes, phytoalexins, allelochemicals, and phytotoxins has been studied pri-
marily in solution cultures or under axenic conditions, whereas it is well established
that the behaviour of these compounds depends on their survival in the soil (Uren
2007) and, second, that usually specific roles or functions have been assigned to
single compounds released from roots (Uren 2007), but it is likely that rhizosphere
soil processes are the result of combined effects of more than one root exudate. In
addition to attributing specific functions to a root exudate, it is important to calculate
the relative amount needed to carry out the specific function. For example, Uren
(2007) has calculated that the amount of ascorbic acid released from wheat plants
to reduce and dissolve sufficient Mn oxide in the rhizosphere to give the observed
Mn concentration in the mature plant should be so high as to be unrealistic. Thus
root exudates in addition to resorcinol should be involved in the reduction of Mn.

Amounts and composition of root exudates depend on plant genotype, plant
growth stage and environmental conditions such as CO,, light, pH, temperature,
moisture and nutrients (Grayston et al. 1996; Neumann and Romheld 2001). It is
well established that plants devote a large proportion of the C fixed to root exudation
(0—40% of the total net C assimilated by plants) (Lynch and Whipps 1991).
According to Uren (2007), the fixed C committed to roots by the plant is generally
divided equally between root tissue and root products. Among the root products,
60% are used in root respiration and the remainder (10% of the net fixed C) is
released as border cells, root debris, diffusates and secretions, with the latter being
the minor components (Darrah 1996; Lynch and Whipps 1991; Whipps 1990). Of
course, caution is required in generalizing these estimates because sick or stressed
plants can involve a larger commitment than healthy plants (Farrar et al. 2003).

Root border cells represent root cap cells that are separated from the root apex
during root growth (Hawes and Lin 1990; Hawes et al. 2003). In the rhizosphere
soil of maize plants these cells remain active among root hairs, secreting mucilage,
for up to three weeks after their separation from the root (Foster et al. 1983;
McCully 1989, 1995). Then, sooner or later, these cells die and are lysed with
release of their content in the external milieu; in this way they contribute to the C
transfer from roots to soil (Uren and Reisenauer 1988).

14.3 Methodology for Collecting Root Exudates and Studying
the Rhizosphere Effect

Systems used to collect the overall root exudation products such as those based on
collection of water soluble root exudates by immersion of the roots into aerated trap
solutions (usually solutions with Ca?* so as to stabilize the membrane) yield no
information to allow distinguishing the part of the root that has produced the root
exudates or determining spatial variability in root exudation (Neumann and
Rombheld 2001). Thus, these methods do not enable one to determine which section
of the root is the source of exudation. It is advisable to avoid long-term exposure of
roots to solutions with low ionic strength, as these can stimulate exudation (Jones
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and Darrah 1993; Prikryl and Vancura 1980). However, the main inconvenience of
these systems is the lack of impedance of solid growth media that stimulate the root
exudation (Neumann and Roémheld 2001). This limit may be overcome by collecting
exudates of plants growing in solid media such as sand or vermiculite and then
percolating the media with the trap solution (Johnson et al. 1996) or letting roots
grow directly on filter papers (Neumann et al. 1999), resin foil (Kamh et al. 1999)
or micro suction cups (Gottlein et al. 1996). The drawback of these methods is the
possibility that certain exudates might be adsorbed by the solid medium.

Under field conditions rhizosphere soil samples are usually taken by removing
the soil attached to roots and the effect of plant on soil properties is studied by
comparing the behaviour of rhizosphere soil with that of the bulk soil. However,
this approach presents several drawbacks. In particular, bulk soil can contain root
hairs (Norvel and Cary 1992). Furthermore, it is not possible to control the various
variables (plant physiology, root age, root section, temperature, moisture, etc.)
affecting the root exudation and thus the rhizosphere soil. Microbial community
structure assessed by phospholipid fatty acid analysis (PLFA) was more affected by
plant species than soil moisture. Community level physiological profiles (CLPP),
in terms of diversity of substrate utilization and average well colour development
(AWCD), were affected by plant species and soil moisture (Chen et al. 2007).

The study of the rhizosphere is a very complex task and several microcosms
have been created to study the dynamics and the interaction between soil, microor-
ganisms and plants in the rhizosphere. Most of these systems are based on the
physical separation of rhizosphere and the adjacent bulk soil by porous membranes
(Kuchenbuch and Jungk 1982) and may allow sampling soil at different distances
from the rhizoplane. These systems are enclosed in so-called rhizoboxes, delimiting
vertical or horizontal nets. In some systems the nets are localised in the bottom of
the box and the soil below the roots is considered rhizosphere soil (roots mate
approach) (Kuchenbuch and Jungk 1982). In the slit system (Hinsinger and Gilkes
1997) the division is made with a 0.2-um membrane and only the hair roots may
grow in a thin layer of soil. In the rhizobox of Li et al. (1991), membranes with dif-
ferent pore diameters can allow penetration of root hairs and hyphae in the soil
compartment. The rhizobox set up by Wenzel et al. (2001) allows monitoring of the
pH, redox potential and soil moisture during the experiment, through the use of
proper microsensors; it also allows the monitoring of root development, distribution
and morphology without involving destructive sampling. In spite of the advantages
of this rhizobox, which is amenable to dynamic measurements, Wenzel et al. (2001)
underlined the importance of combining studies using their rhizobox with field
measurements of rhizosphere processes, since any experimental approach based on
an in vitro system implies deviations from the indigenous soil-plant system.

Model root systems (MRS) have been used to discriminate between the effect of
the various root exudates. In a simple device reported by Badalucco and Kuikman
(2001), the soil is pressed to a precise density (1.4 g cm®) into a plastic ring standing
on a Petri dish covered with aluminium foil. The top of the soil is covered with a
cellulose paper filter (Whatman 41), which can be wetted with different solutions
of root exudates (MRE, model root exudates). This system produces a gradient of
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the root exudate at increasing distance from the filter paper (Falchini et al. 2003)
and it is possible to sample soil slices at different distances from the filter paper,
which simulates the rhizoplane.

When working with model compounds, these should be incorporated in amounts
reflecting the daily carbon input to the rhizosphere, ranging usually between 50 and
100 g C g! soil (Trofymow et al. 1987; Iijima et al. 2000). Therefore it is unreal-
istic to apply several mg C g! of soil (Badalucco and Kuikman 2001; Baudoin
et al. 2003).

14.4 Effects of Root Exudates on Microbial Activity
of Rhizosphere Soils

Microbial activity of rhizosphere soil varies among different plant species, proba-
bly because these differ in root exudates composition (Van der Krift et al. 2001;
Warembourg et al. 2003). Plants with a high concentration of root solutes and a
rapid growth should stimulate a high rhizosphere microbial activity. This hypothe-
sis was evaluated by Vale et al. (2005) by comparing the rhizosphere microbial
activity (in vitro mineralization of a small amount of “C-glucose) and bacterial
abundance (expressed as the number of CFU, or colony-forming units) between six
herbaceous species grown in the greenhouse and differing in plant biomass and root
C concentrations (including soluble and insoluble C). The microbial activity was
positively correlated with root soluble C concentration and shoots biomass and
negatively correlated with concentration of insoluble C in roots.

14.4.1 Competition Between Plants and Microorganisms
Jor Soil Nutrients

Since it stimulates microbial growth, rhizodeposition might actually decrease the
availability of mineral nutrients in the region of the rhizosphere where it is released.
Information on the topology and timing of release of specific compounds from dif-
ferent root districts has been obtained using whole cell biosensors (Jasper et al.
2001; Casavant et al. 2003; see this volume, Chap. 9). However, mineral nutrient
immobilization following rhizodeposition does not impair plant growth because the
apical regions of the root (i.e. the zone extending from the root hair zone to the root
apex) extract most of those nutrients that are available for uptake before extensive
rhizospheric colonization by saprophytic microorganisms occurs. If this hypothesis
is true, microbial growth should be limited.

On the other hand, microbial growth itself becomes limited following depletion
of mineral nutrients in the rhizodeposition zone. This effect was observed in the
maize rhizosphere (Merckx et al. 1987). Similarly it was found that microbial
respiration was not limited in the rhizosphere of winter wheat by available C
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(Cheng et al. 1996) but probably by some other nutrients. Among the major nutrients,
N may be the main limiting nutrient for microbial growth due to the high C to N
ratio of root products (Marschner 1995); indeed, rhizodeposition by maize plants
increased N immobilization but also microbial denitrification due to the presence
of easily available organic C (Qian et al. 1997).

Some factors complicate the study of the competition between roots and micro-
organisms for nutrients. Among these are the fact that: 1) lateral roots explore a soil
different from that explored by the main roots; 2) nutrients immobilized by microbial
assimilation are likely to be recycled following the death and degradation of
microbes and microfauna; 3) root exudation of soluble organic compounds
correspond to a net release between efflux and influx; 4) the uptake of any nutrient
by plants and microorganisms depends on the form of this nutrient in the rhizo-
sphere soil.

The apices of lateral roots must grow through the rhizosphere of the superior
axis from which they originate, and thus they may experience the effects related to
the type of exudates produced by the main axis and the exudate using microbial
population (Uren 2007).

Nutrients immobilized by microbial assimilation are likely to be recycled fol-
lowing the death and degradation of microbes and microfauna, but the timing and
location of such events in relation to the nutrient-absorbing regions of the root are
difficult to investigate because of the difficulties in simulating these processes
under laboratory conditions. However, Mary et al. (1993) measured the recycling
of C and N during the decomposition of root mucilage, glucose and roots by simply
mixing low concentrations of these substrates with soil.

The net release between efflux and influx (Darrah and Roose 2001) can be influ-
enced by microorganisms (Phillips et al. 2004). For example, 2,4-diacetylphloro-
glucinol (DAPG) produced by Pseudomonas can block the amino acid influx
whereas the fungal product zearalenone can increase amino acids efflux in different
plants (alfalfa, Medicago sativa, maize, Zea mays, and wheat, Triticum aestivum).
Studies based on the use of the reporter bacteria have highlighted that DAPG is
likely to mediate the chemical communication among different populations of
rhizobacteria (Maurhofer et al. 2004; see this volume, Chap. 9).

Generally both plants and microorganisms prefer ammonium to nitrate but this
is not always so (Badalucco and Kuikman 2001). For example, tomatoes prefer
nitrate, white spruce ammonium, and some arctic sedges amino acids (Badalucco
and Kuikman 2001). In the rhizosphere soil of pine (Pine ponderosa) the plant
accounted for 70% of the total NO,~ consumption whereas it only accounted for
30% of the total NH,* consumption (Norton and Firestone 1996). However, the
presence of roots reduced NH,* consumption by both nitrifiers and heterotrophs,
and the nitrifiers competed with heterotrophs for NH,*, transforming it to nitrate
and thus keeping inorganic N in a form available to roots. Using two bacterial
biosensors for detecting NO," availability, De Angelis et al. (2005) reported signifi-
cantly lower NO,~ availability in the rhizosphere of wild oat than in bulk soil and
the competition between roots and the whole-cell bioreporters could be attenuated
by soil amendment with NO,".
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14.4.2 Soil Respiration

Soil respiration has often been used as an index of microbial activity (Nannipieri
et al. 1990). The respiration of rhizosphere soil is greater than that of the bulk soil
not located around organic debris, because in the former case CO, can originate not
only from microbial respiration of soil organic C but also from root respiration and
microbial decomposition of rhizodeposition. Raich and Mora (2005) reported that
root and rhizosphere soil respiration of an annual crop accounted for 27-30% of the
overall soil respiration. Separation between root respiration and CO, evolution
from rhizosphere soil is methodologically difficult. An interesting approach was
followed by Cheng et al. (1993), who saturated soil with unlabelled glucose before
the “C pulse-labelling of plant shoots so as to eliminate the use of labelled sub-
strates released from roots by soil microorganisms. Root respiration and microbial
respiration of rhizosphere soil accounted for 40% and 60% of the overall respira-
tion, respectively. Kuzyakov (2002b) suggested that microbial respiration accounted
for 50-60% of the total plant-induced respiration. Usually, microbial respiration in
the rhizosphere soil is highly dependent on climatic conditions, nutrient availability
and root exudation, which is itself controlled by the rate of photosynthesis during
light periods (Kim and Verma 1992).

Another interesting approach was followed by Rochette and Flanagan (1997),
who grew C, (Zea mays L) plants on soil developed under C, plants (mixture of
grass and legumes) to measure the isotope ratio (8"°C) of CO, evolved from soil
under corn or from soil kept free of vegetation. The 8"°C values of CO, from the
control soil were significantly lower than those of CO, from the corn plots and this
allowed to estimate the CO, of the rhizosphere soil, which ranged 18-25% of crop
net photosynthesis and 24-35% of crop net CO, assimilation during most of the
growing season.

Recently, CO,-C evolution from decomposition of root exudates has been stud-
ied in systems simulating the rhizosphere zone, by monitoring the mineralization of
single synthetic low molecular weight organic compounds commonly present in
root exudates (Kozdroj and van Elsas 2000; Badalucco and Kuikman 2001;
Baudoin et al. 2003; Falchini et al. 2003; Landi et al. 2005). Thus, Falchini et al.
(2003) monitored the diffusion of *C-labelled glucose, oxalic acid, or glutamic
acid into soil from a filter placed on the surface of a sandy loam soil. Glutamate
showed a higher mineralization than glucose during the first three days, whereas
the mineralization of oxalic acid showed a three-day lag phase. Both glutamate and
glucose addition caused a positive priming effect. Hamer and Marschner (2005)
reported that fructose and alanine induced a stronger priming effect in forest soil
when compared with other root exudates such as oxalic acid and catechol. Oxalic
acid induced both negative and positive priming effects whereas catechol always
reduced mineralization of soil organic matter. It was not possible to predict the
occurrence and magnitude of the priming effect from the chemical and physical soil
properties, but it was observed that the priming effect was more pronounced in for-
est soils containing low biodegradable organic carbon (Hamer and Marschner
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2005). Li and Yagi (2004) observed that C inputs by rice (Oryza sativa) grown
under elevated CO, retarded the mineralization of organic matter in the 0-5-cm
surface layer of a paddy soil. Several hypotheses have been proposed to interpret
positive priming effects. According to Fontaine et al. (2003), addition of easily
available organic C stimulates the growth of r-strategists and the successive growth
of k-strategists is responsible of the degradation of recalcitrant organic matter.
Another hypothesis explains the positive priming effect as due to the increase in the
turnover of native microbial biomass (Chander and Joergensen 2001; De Nobili
et al. 2001) whereas Kuzyakov et al. (2000) suggested that the activation of soil
microorganisms by the addition of the easily available organic C increases enzyme
synthesis with higher degradation of soil organic matter. The real and apparent
priming effects caused by the addition of '°N labelled fertilizers have been discussed
by Jenkinson et al. (1985).

14.4.3 Nutrient Dynamics and Functional Aspects
of Rhizosphere Soil

It is well established that root exudation of easily available organic compounds
affects nutrient dynamics through the turnover and mineralization of organic com-
pounds (Grayston et al. 1996; Hamilton and Frank 2001; Kuzyakov and Cheng
2001; Kuzyakov 2002a). In this regard the most studied plant nutrients are nitrogen
and phosphorus.

The assimilation of root-derived C stimulates microbial N immobilization
because the average C/N ratio of rhizodeposition is higher than the C/N ratio of soil
microflora (Badalucco and Kuikman 2001). This may result in a temporary reduc-
tion of available N to the plant. Only under conditions of low N availability may
the rhizosphere be a region of excess C supply where N concentration limits
microbial growth (Merckx et al. 1987). Norton and Firestone (1996) suggested that
N immobilization rates of rhizosphere soil of Pinus ponderosa seedling were
limited by NH,* rather than by C availability. The microbial N immobilization
promoted by the microbial assimilation of root-derived C can be counterbalanced
by the protozoan stimulation of the N mineralization; root exudation promotes
bacterial growth with mineralization of organic N and then bacteria are grazed by
protozoa with release of NH,* due to the higher C/N ratio of the protozoa than
bacteria (Clarholm 1985; Kuikman et al. 1990; Liljeroth et al. 1990, 1994). The
higher N mineralization in the rhizosphere soil has been indirectly demonstrated by
the higher protease and histidinase activities, both involved in N mineralization
processes, in the rhizosphere than bulk soil (Badalucco et al. 1996). It has been
postulated that nematodes are the primary consumers of bacteria in the rhizosphere
(Griffiths 1990) and they also release ammonia when grazing bacteria because the
C/N ratio of the former is higher than that of the latter (Badalucco and Kuikman
2001). According to Jones et al. (2005) the NH,* release as the result of grazing of
bacteria by protozoa, nematodes and invertebrates and the slower turnover times of
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roots compared to microorganisms (Hodge et al. 2000) counteract the effects due
to the fact that microorganisms are superior competitors than plants for both
inorganic and organic N sources.

It has been shown that root-derived C stimulates N immobilization-mineralization
turnover and denitrification in a greenhouse experiment based on growing maize
plants, monitoring *C natural abundance and "N added as "NH,"”NO, fertilizer
(Qian et al. 1997). The N mineralization-immobilization turnover (MIT) is very
important in regulating the amount of N available to plants and it is based on the
transformation of organic N to NH,* and the opposite reaction. The alternative
pathway is the so-called “direct route” in which microorganisms take up simple
organic molecules, such as amino acids, and once these amino acids are inside the
microbial cells they are deaminated and the surplus NH,* is released into the extra-
cellular soil environment (Barraclough 1997). Amino acid uptake by rhizobacteria
has been proven by using reporter bacteria (Jaeger et al. 1999; Espinosa-Urgel and
Ramos 2001; see this volume, Chap. 9).

The amount of available N supplied as fertilizer can affect the type of reactions
in the rhizosphere soil. By growing barley plants for 46 days in a sandy loam soil
in a cabinet with a “C-labeled atmosphere and applying either high (169.1 mg N
Kg! wet soil) or low (34.2mg N Kg! wet soil) amounts of fertilizer N as N
labeled ammonium sulphate, it was observed that the proportion of “C translocated
below ground was slightly higher in the high-N than in the low-N treatment and the
decomposition of organic matter was reduced in the high-N treatment (Zagal et al.
1993). In contrast, soil microorganisms in the low-N treatment preferred C from
soil organic matter over root derived C.

From the global change perspective, increase of atmospheric CO, and land cover
transformation are among the major impacts caused by human activities. Pinay et al.
(2007) determined the effects of two years atmospheric CO, enrichment on soil
potential respiration (SIR), denitrification (DEA) and nitrification (NEA) activities.
Soil microbial activities measured by SIR, DEA and NEA were not sensitive to an
increase of atmospheric CO, but some of these functions were significantly altered
by the type of plant cover, i.e. annuals vs perennials. The relative changes of these
microbial activities induced by annual and perennial plants was inversely related to
the density and the diversity of the corresponding functional bacterial groups, i.e.
change in nitrification (NEA)> change in denitrification (DEA)> change in respira-
tion (SIR). In other words, the functional community with the least diversity and
density, i.e. nitrification, was the most affected by the plant cover type and these
changes remained after the rain event. In contrast, the respiration process, under the
control of a wide diversity and density of microorganisms, did not present any
significant change. Denitrification presented an intermediate pattern with signifi-
cant rate differences after the two year experiment, but functionally converged two
months after the rain event.

Increases in bacterial activity were observed in both rhizosphere and bulk soil
by Christensen and Christensen (1994) when N was present in limiting concentra-
tions. In addition, Soderberg and Biath (2004) observed that addition of NH,* but
not NO,* decreased bacterial activity (as determined by thymidine and leucine
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incorporation) of rhizosphere soil of barley seedlings but not bacterial activity of
the bulk soil because plant NH,* uptake decreased the pH of rhizosphere soil due
to secretion of H* by roots. However, a change in the composition of root exudates
in response to the different N source cannot be excluded.

The functional aspects of the microflora inhabiting the rhizosphere soil has been
monitored by the community-level physiological profiles (CLPP) generated with
sole-carbon-source-utilization tests from BIOLOG (Garland and Mills 1991). In
spite of the fact that three closely related legumes, i.e. alfalfa (Medicago sativa),
common bean (Phaseolus vulgaris) and clover (Trifolium pratense), showed
differences in the composition of the rhizosphere communities as assessed by
PCR-SSCP (single strand conformation polymorphism) analysis of 16S rRNA
genes, the overall analysis by CLPP indicated that the metabolic potential of all
rhizosphere samples was similar (Miethling et al. 2003). Treatment of soil for 14
days with artificial root exudate (glucose, fructose, sucrose, citric acid, lactic acid,
succinic acid, alanine, serine and glutamic acid) solution at a rate of 100ug C g™!
day~!, to simulate a daily carbon input to soil by root, markedly changed the BIOLOG
oxidation pattern (Baudoin et al. 2003). However, the addition of the exogenous
substrates was not followed by an increased oxidation of these compounds in the
BIOLOG plates and this does not support the hypothesis that BIOLOG oxidation
patterns can be used as an index of substrate availability in situ. It is well established
that the CLPP presents several drawbacks. In particular, it is culture-dependent, it
does not determine the contribution of fungi and it does not maintain the composi-
tion of the microbial communities constant during the incubation (Nannipieri et al.
2003). Degens and Harris (1997) overcame these limitations by measuring the uti-
lization patterns of various substrates by soil microbial communities using short-
term responses of soil treated with amino acids, carboxylic acids, carbohydrates
and organic polymers.

14.4.4 Enzyme Activity in the Rhizosphere Soil

Enzyme activity is generally higher in rhizosphere than in bulk soil, as a result of a
greater microbial activity sustained by root exudates or due to the release of
enzymes from roots (Badalucco and Kuikman 2001). The overall enzyme activity
of the rhizosphere soil can depend on enzymes localized in root cells, root remains,
microbial cells, microbial cell debris, microfaunal cells and the related cell debris,
free extracellular enzymes or enzymes adsorbed or inglobated in soil particles.
Ultracytochemical techniques have been used with electron microscopy to localize
enzymes in electron-transparent components of soil such as microbial and root
extracellular polysaccharides, fragments of cell walls and microbial membranes but
these techniques cannot be applied in regions of soil with naturally electron-dense
particles such as minerals (Ladd et al. 1996). Thus, acid phosphatase has been
detected in roots, mycorrhizae, soil microbial cells and fragments of microbial
membranes as small as 7x20 nm.
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Soil microbes release extracellular enzymes useful for the initial degradation
of high molecular weight substrates such as cellulose, chitin and lignin, and miner-
alise organic compounds to mineral N, P, S and other elements. Enzymes attached
to the outer surface of microbial cells, the ectoenzymes, can also carry out the
hydrolysis of high-molecular weight substrates (Burns 1982; Nannipieri 1994).
In addition to extracellular enzymes, active intracellular enzymes can also be
released after cell lysis and remain active in the extracellular soil environment
insofar as they do not require cofactors for their activity, extracellular pH and
temperature are not denaturing and abiotic inactivation or proteolytic degradation
does not occur (Nannipieri 1994). Sorption by soil colloids may protect an
enzyme from microbial degradation or chemical hydrolysis and the enzyme can
retain its activity if it is not denaturated and its active site is available to the sub-
strates (Nannipieri 1994).

Most extracellular enzymes have a low mobility in soil due to their molecular
size and charge characteristics, and thus any secreted enzyme must operate close to
the point of secretion and its substrate must be able to diffuse towards it. Acid
phosphatase was secreted in response to P deficiency stress by epidermal cells of
the main tip roots of white lupin and was present in the cell walls and intercellular
spaces of lateral roots (Wasaki et al. 1997). Such apoplastic phosphatase is pro-
tected against microbial degradation and cannot be adsorbed by soil colloids, but is
effective only when soluble organophosphates, normally present in the soil solu-
tion, diffuse in the apoplastic space (Seeling and Jungk 1996). The role of phos-
phatases in the rhizosphere remains uncertain (Tinker and Nye 2000).

Tarafdar and Jungk (1987) carried out a very interesting study on the relation-
ship between enzyme activity of soil and nutrient cycling in the rhizosphere. They
sampled a silt loam soil at different distances from the rhizoplane of either clover
(Trifolium alexandrinum, 10 days old) or wheat (Triticum aestivum, 15 days old)
and found that the total P and organic P contents decreased in the rhizosphere soil,
whereas the inorganic P content increased in the vicinity of the rhizoplane. Such an
increase was probably due to the increase of both acid and alkaline phosphatase
activities in the rhizosphere soil and it paralleled the increase in both fungal and
bacterial counts, suggesting a probable microbial origin of both enzymes in the
rhizosphere soil. Both phosphatase activities increased with plant age, probably as
the result of the increase in microbial biomass and/or the increase in total root surface.
It has been speculated that plants do not need to secrete phosphatases because the
phosphatase activity (mostly of microbial origin) in the rhizosphere soil is generally
sufficient to ensure sufficient available P (Tarafdar and Jungk 1987; Tarafdar and
Marschner 1994). Bacillus amyloliquefaciens FZB45, a plant-growth-promoting
rhizobacterium, stimulated growth of maize seedlings under phosphate limitation
in the presence of phytate whereas a phytase-negative mutant strain FZB45/M2 did
not stimulate plant growth (Idriss et al. 2002). However, the plant origin of phosphatase
as of any enzyme of the rhizosphere soil cannot be excluded because plant-borne
enzyme can be released in the rhizosphere (Tarafdar and Jungk 1987). Indeed,
transgenic Nicotiana tabacum (tobacco) or Arabidopsis thaliana, which expressed
constitutively B-propeller phytase from Bacillus subtilis (168phyA), secreted
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extracellular phytase in much higher amounts than the respective wild-type plants
and used sodium phytate as the sole P source (Lung et al. 2005). Similarly, trans-
genic Arabidopsis thaliana with phytase gene (phyA) from Aspergillus niger was
capable of taking up P from a range of organic phosphorus substrates added to agar
under sterile conditions (Richardson et al. 2001). However, transgenic Trifolium
subterraneum L constitutively expressing a phytase gene (phyA) from Aspergillus
niger was capable of exuding phytase and taking up more P than wild-type plant
when grown in agar with phytate, but it was not successful when it was grown in
soil (George et al. 2004), probably because plant-exuded phytase was adsorbed by
soil colloids and/or degraded by soil protease (George et al. 2005).

In a soil-plant (wheat) microcosm, bacterial numbers, protozoan numbers,
histidinase and casein hydrolysing activity were monitored after 21 and 33 days
of plant growth (Badalucco et al. 1996). Microbial numbers and enzyme activi-
ties were higher in the rhizosphere than in the bulk soil; the closer to the soil-root
interface, the higher the numbers and the enzyme activities (Badalucco et al.
1996). It was hypothesised that bacteria were the main source of histidinase,
whereas protease activity was suggested to be produced by bacteria, protozoa and
root hairs.

Using the model rhizosphere system described above, Renella et al. (2005)
reported that different root exudates were mineralized to different extents and had
different stimulatory effects on microbial growth and on hydrolase activities,
mostly localized in the rhizosphere zone. In particular, the rapid increase in the
alkaline phosphatase activity could be considered as an indirect evidence of the
important role of rhizobacteria in the synthesis of this enzyme in the rhizosphere
(Tarafdar and Jungk 1987).

Measurements of enzyme activities have been used to study the effect of trans-
genic plants on soil metabolism. Both dehydrogenase and alkaline phosphatase
activities of soil sampled from transgenic alfalfa, regardless of association with
recombinant nitrogen-fixing soil Sinorhizobium meliloti, were significantly lower
than those of soil sampled from parental alfalfa (Donegan et al. 1999).

Enzyme activities of rhizosphere soil have been measured to assess the pertur-
bation resulting from the introduction of genetically modified microorganisms in
the ecosystem (Naseby and Lynch 1998). The inoculation of wheat seeds with a
genetically modified strain of Pseudomonas fluorescens increased urease and
chitobiosidase activities of rhizosphere soil at 0-20cm depth and decreased
alkaline phosphatase but not acid phosphatase activity (Naseby and Lynch 1997).
The reduction in alkaline phosphatase activity was attributed to a displacement of
the rhizosphere communities producing the enzyme. Opposite changes in the meas-
ured enzyme activities were observed when inoculation of wheat seeds with the
genetically modified P. fluorescens was carried out in the presence of a mixture of
urea, chitin and glycerophosphate (Naseby and Lynch 1997).

P. fluorescens F113, which naturally produces the antifungal 2,4-diacetylphlo-
roglucinol (DAPG) and is marked with a lacZY gene cassette, increased alkaline
phosphatase, phosphodiesterase and arylsulfatase activities of pea rhizosphere
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whereas the other inocula reduced enzyme activities compared to the control
(without bacterial inoculum) (Naseby and Lynch 1998). It was suggested that
increases in enzyme activities were caused by the production of DAPG, which
decreased the available inorganic phosphate and sulphate in the rhizosphere being
the synthesis of these enzymes controlled by these nutrients (Naseby et al. 1998).
However, an opposite trend was found for acid phosphatase activity, which is
mostly of plant origin, contrarily to the primarily microbially-determined alkaline
phosphatase activity. Therefore, acid phosphatase activity is more dependent upon
the nutritional status of the plant. The presence of the F113 strain was associated
with low B-galactosidase, B-glucosidase, N-acetylglucosaminidase activities and
probably this behaviour depended on the increase in available C. On the other hand,
no effects on enzyme activities were observed when Pseudomonas fluorescens
F113 was present in the rhizosphere of field-grown sugar beet (Naseby et al. 1998).
It was concluded that the impact of various genetically modified Pseudomonas on
the rhizosphere populations and functions depended on the nature of the genetic
modification (Naseby and Lynch 1998).

The potentialities of enzymes produced by rhizosphere microorganisms, including
genetically modified microorganisms, in bioremediation and biocontrol of pests
and diseases have been discussed by Naseby and Lynch (2002).

The main problem in interpreting the meaning of enzyme activities in soil are,
first, that the current enzyme assays measure the potential rather than the real
enzyme activity because the conditions of incubation assays are based on optimal
pH and temperature values, optimal substrate concentrations, presence of a buffer
and shaking of soil slurries; of course the conditions for enzymes in situ are much
different from those used in the assay (Burns 1982; Nannipieri et al. 2002;
Gianfreda and Ruggiero 2006) and, second, that the current enzyme assays do not
distinguish among different enzymes contributing to the measured total enzyme
activity (Burns 1982; Nannipieri 1994; Nannipieri et al. 2002; Gianfreda and
Ruggiero 2006). It has been suggested that enzymes can be present in soil in
different locations, as intracellular enzymes in active, resting, and dead cells as
well as in cell debris and as extracellular enzymes in the soil solution, adsorbed by
inorganic colloids or associated in various ways with humic molecules (Nannipieri
et al. 2002). It would be important to determine the intracellular enzyme activity of
active microbial cells so as to obtain meaningful information on the microbial func-
tional diversity (Nannipieri et al. 2002). Several methods have been proposed to
distinguish the extracellular stabilized enzyme activity (activity due to enzyme
adsorbed or englobated in soil colloids) from intracellular enzyme activity but all
of these have disadvantages (Nannipieri et al. 2002). As discussed above, the
situation is more complex in the rhizosphere than in bulk soil, due to the presence
of active and still intact root cells detached from the roots, of mycorrhizal cells
strictly linked to roots and active bacterial, fungal and faunal cells. All these cells
present a broad array of active enzymes.

The source of active enzyme in soil by using the molecular techniques will be
discussed in this volume (see Chap. 9).
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14.5 Microbial Diversity in the Rhizosphere

Rhizosphere microorganisms are classified on the basis of the interactions with
plants, as they can have negative (e.g. phytopathogenic), positive (e.g. plant growth
promotion, symbiosis), or neutral (e.g. no benefits) effects on plants (Brimecombe
et al. 2001). Symbiotic and pathogenic microorganisms have been well character-
ized by cultural or direct methods, because of the possible applications of such
work in plant protection or crop production, whereas the role of neutral
microorganisms in the rhizosphere has been generally neglected. Recently, however,
the role of ‘neutral’ rhizosphere microorganisms in plant nutrition has been
re-evaluated (Hirsch et al. 2003; Talbot 2003).

The number of rhizosphere-colonizing microbes has been determined by plate
counts or the Most Probable Number (Bakken 1997; Brimecombe et al. 2001;
Johnsen et al. 2001). Soil treated with artificial root exudate (glucose, fructose,
sucrose, citric acid, lactic acid, succinic acid, alanine, serine and glutamic acid)
solution at a rate of 100pug C g™! day™, to simulate a daily carbon input to soil by
root, markedly increased bacterial counts (Baudoin et al. 2003). Variations of the
C/N ratio of the solution added to soil had no effect on the bacterial numbers. It is
well established that culture-dependent methods only detect 1-10% of the microor-
ganisms inhabiting the soil (Torsvik et al. 1996). Molecular techniques based on the
extraction, purification and characterization of nucleic acids from soil, the BIOLOG
technique and phospholipid fatty acid analysis (PLFA) have provided alternative
methods for analyses of the microbial diversity in the rhizosphere (Lynch et al.
2004). The limits of the BIOLOG technique have been already discussed. The
phospholipid fatty acid (PLFA) technique, which is based on the extraction,
fractionation, methylation and chromatography of the phospholipid component of
soil lipids, can only be used to estimate gross changes in community structure
(Zelles 1999). It is possible to identify species by fatty acid analysis using standard
cultural-based media and a suitable database. Molecular methods based on the
extraction, purification and characterization of nucleic acids are generally used to
study both culturable and unculturable microorganisms in soil. There are a broad
variety of these methods for low, intermediate and high resolution analysis (Johnsen
et al. 2001; Lynch et al. 2004). Generally, these methods cannot provide the resolu-
tion of microbial diversity where it is necessary to identify key microbial species at
the community level or to elucidate their role in the ecosystem. These limitations
can be overcome to some extent by rRNA gene analysis for microbial diversity
studies (see this volume, Chap. 9).

Low-resolution techniques, such as the determination of base distribution in
community DNA and the rate at which denatured, single-stranded DNA reanneals,
give an estimate of the total genetic diversity (Torsvik and @vreas 2002; Lynch et al.
2004). Most of the intermediate-resolution techniques are based on comparative
analysis of conserved genes such as those coding for ribosomal RNA (rRNA),
the so-called rDNA (Johnsen et al. 2001; Lynch et al. 2004). They usually involve
polymerase chain reaction (PCR) amplification of rRNA genes from soil DNA
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samples, combined with fingerprinting techniques, such as denaturing gradient gel
electrophoresis (DGGE), temperature gradient gel electrophoresis (TGGE), terminal
restriction fragment length polymorphisms (T-RFLP), amplified rDNA restriction
analysis (ARDRA), cloning and sequencing (Johnsen et al. 2001; Torsvik and
@vreas 2002; Lynch et al. 2004). The DGGE (which separates chemically-
denatured PCR products of the same size but of different sequences) and T-RFLP
(which distinguishes between PCR products by recognizing only the terminal
fragment of restriction digestion), have been generally used to study rhizosphere—
microbe interactions.

By using DGGE, it was revealed that different plants support different bacterial
(Marschner et al. 2002), fungal (Gomes 2003) and archaeal (Nicol et al. 2003) com-
munities and that the structure of microbial communities was affected by root
architecture, plant age and various perturbations (Marschner et al. 2002; Nicol et al.
2003). The effect of plant roots on the composition of archaeal communities has
been confirmed by PCR single stranded conformation polymorphism (PCR-SSCP)
with significant differences in the composition of the Crenarchaeota populations
between the rhizosphere soil of different plant species and their respective bulk soil
(Sliwinski and Goodman 2004). The effect of root architecture on the composition
of bacterial communities from the rhizosphere of grassland species has also been
shown by T-RFLP analyses (Kuske et al. 2002). Marschner et al. (2001) found that
the composition of bacterial rhizosphere community from three plant species
(chickpea, rape and Sudan grass), as determined by PCR-DGGE of 16S rDNA,
depended on the complex interaction between soil type, plant species and root zone
location. Bacterial diversity was higher in mature root zones than at the root tips
in the sand and clay soils but not in the loamy sand soil. They also showed that
N fertilization had no significant effect on the composition of bacterial community
of the rhizosphere soil whereas both fertilization and soil type influenced plant
growth. Stark et al. (2007) recently demonstrated that the addition of green manures
improved soil biology by increasing microbial biomass and activity irrespective of
management history, that no direct relationship existed among microbial structure,
enzyme activity and N mineralization, and that microbial community structure (by
PCR-DGGE) was more strongly influenced by inherent soil and environmental
factors than by short-term management practices.

Plate counts, but not TGGE fingerprintings, showed an effect of root age on
bacterial community structure of rhizosphere soil of Zea mays (Gomes et al. 2001).
Bacterial community composition on the cluster roots and in the rhizosphere soil,
determined by DGGE, differed among three species of Banksia (B. attenuata
R. Brown, B. ilicifolia R.Brown and B. menziesii R.Brown), and depended on
sampling times and cluster root age, as young, mature and senescing roots were
distinguished (Marschner et al. 2005). No changes were observed in both acid and
alkaline phosphatases, whereas both B-glucosidase and protease activities increased
with time. The three species differed in asparaginase activity. Smalla et al. (2001)
showed a plant-dependent shift in the relative abundance of bacterial populations
by comparing DGGE-fingerprinting of 16S rDNA fragments amplified by PCR
from soil or rhizosphere. This shift was more pronounced in the second than in the
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first year. DNA sequencing showed that most of the dominant bands from the rhizo-
sphere patterns corresponded to Gram-positive bacteria. The study concerned
rhizosphere communities of field grown strawberry (Fragaria ananassa Duch),
oilseed rape (Brassica napus L.) and potato (Solanum tuberosum L.), those three
plants being host to the pathogenic fungus Verticillium dahlae. Both the abundance
and composition of V. dahlae bacterial antagonists were plant species dependent
(Berg et al. 2002). While most studies to date have focused on a single functional
gene, analysis of a more complex suite of genes would enable us to better address
the role of the community structure in controlling various processes in soil. In the
recent years there has been a growing interest in genes and transcripts coding for
metabolic enzymes. Besides questions addressing redundancy and diversity, more
and more attention is given on the abundance of specific DNA and mRNA in the
different habitats. Sharma et al. (2007) have recently reviewed several PCR tech-
niques that are suitable for quantification of functional genes and transcripts such
as most probable number (MPN)-PCR, competitive PCR and real-time PCR. These
new quality of data is of high relevance to improve mathematic models of turnover
processes.

The T-RFLP analysis showed that composition of eubacterial community of
rhizosphere of conventionally managed continuous corn and organically managed
corn was similar to that of soil light fraction, which includes plant debris of soil,
but differed respect to that of heavy fraction, which includes the mineral particles
and associated humic matter (Blackwood and Paul 2003). Nunan et al. (2005) have
studied the rhizoplane bacterial community rather than the rhizosphere communi-
ties, after hypothesising that plant effects on microbial community should be more
pronounced on the rhizoplane than in the rhizosphere soil. Neither T-RFLP nor
DGGE fingerprints of PCR-amplified 16rDNA did not show any effect of grassland
plant species on the bacterial community of rhizoplane.

Neither DGGE nor T-RFLP analyses provide information on key microbial spe-
cies nor elucidate their role in the rhizosphere if cloning and sequencing are not
carried out. In addition, it should be stressed that the selected method for extraction
and purification of nucleic acid from rhizosphere soil can markedly affect observa-
tions on bacterial community structure (Niemi et al. 2001).

It was found that there was a higher diversity of amoA genes (Briones et al.
2003) and nifH genes (Cocking 2003) in rhizospheres of rice cultivars and non-
legumes than in bulk soils, respectively. The higher diversity of these two genes
encoding key functions in N cycling might suggest that through rhizodeposition,
plants select functional groups rather than taxonomic groups of microbes.

Many factors (root architecture, root age, perturbation, stability of soil micro-
flora, etc.) can interfere with the recognition of the effects of plant species on the
composition of microbial communities inhabiting rhizosphere soil. In addition, soil
microflora appears very stable, since changes due to perturbations are transitory
(Nannipieri et al. 2003). An ingenious approach for studying the effects of plant
species on composition of microflora by eliminating the problem of the presence of
a stable microbial community was carried out by Bardgett and Walker (2004), who
studied the effect of colonizer plant species on microbial growth and composition
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on recently deglaciated terrain in south-east Alaska by analysing PLFA. Bacterial
biomass was increased by Rhacomitrium, Alnus and Equisetum and fungal biomass
was increased by Rhacomitrium and Alnus with respect to bare soil.

The relative importance of specific plant properties vs soil characteristics in
determining the composition of bacterial communities of the rhizosphere soil was
examined in an innovative experiment, in which Carex arenaria, a non-mycor-
rhizal plant species, was chosen so as to eliminate the confounding factor repre-
sented by different levels of mycorrhizal colonization; this plant was grown in 10
different sites with soils presenting different properties (De Ridder-Duine et al.
2005). Bacterial diversity of rhizosphere and bulk soil was analysed by DGGE. It
was observed that the diversity of a particular rhizosphere community was more
similar to that of the bulk soil community of the same site rather than to that of
rhizosphere communities from other sites.

Better insights on the effects of plant root in modifying the structure of soil
microbial communities can be obtained by studies in which the rhizosphere effect is
simulated by adding specific compounds occurring in root exudates. Both oxalic and
glutamic acid changed the DGGE profiles of soil bacterial communities, causing the
appearance of few extra-bands in the 0—2-mm soil layer of the model root system
(Falchini et al. 2003). Microbial diversity, as determined by ribosomal intergenic
spacer analysis (RISA), was changed when soil was treated with a mixture of root
exudate compounds (glucose, fructose, saccharose, citric acid, lactic acid, succinic
acid, alanine, serine and glutamic acid) at a rate of 100pug C g™! day™! for 14 days
whereas the C/N ratio of the added solution had no effect (Baudoin et al. 2003).

In recent years molecular tools have been developed to analyze the structures
of the rhizosphere-associated fungal communities from several crops (Gomes et al.
2003; Kowalchuk 1999; Smit et al. 1999), and also the function and possible role
of the observed fungal diversity associated with plant roots, especially their
antagonistic potential (Kowalchuk et al. 1997; Vandenkoornhuyse et al. 2003).
Gomes et al. (2003) showed a rhizosphere effect of two maize cultivars grown in
tropical soils on fungal communities analysed by DGGE of 18 S rDNA amplified
by an universal primer. Plant growth development had an effect, whereas no differ-
ence was observed between fungal communities of the rhizospheres of the two
cultivars. Cloning and sequencing of the dominant bands showed a dominance of
members of Ascomycetes and Pleosporales families in young maize plants and a
dominance of Ascomycetes and Basidiomycetous yeast in the rhizosphere of
senescent plants.

14.6 Effect of Transgenic Plants on Microbial Diversity
in the Rhizosphere Soil

Few studies have been conducted to investigate the effect of transgenic plants on
soil microbial communities in spite of the several thousands field releases of trans-
genic crop plants (Kowalchuk et al. 2003; Lynch et al. 2004). Two possible effects
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can occur in the rhizosphere soil. With the first, bacterial population inhabiting the
rhizosphere soil can capture and stably integrate transgenic plant DNA. In this case
it may be risky the acquisition of antibiotic resistance genes, generally used as
markers in transgenic crops, because it may change the composition of microbial
communities. With the second, both composition and activity of microbial commu-
nities of rhizosphere soil can be changed as a consequence of altered root exudation
or root morphology in transgenic plants. For example, in the case of transgenic
modifications made to improve the plant resistance against microbial pathogens,
the composition of rhizosphere microbial communities should be monitored.
Indeed, the introduced resistance trait is based on the release of transgenic products
such as cell-wall-attacking enzymes or molecules like T4-lysozyme, chitinase or
cecropine, which can affect not only bacterial and fungal pathogens but also non-
pathogenic microorganisms. Lynch et al. (2004) suggested that a requirement to an
accurate monitoring of the effect of transgenic plants on soil microbial diversity is
the careful collection of baseline data so as to take natural variations into considera-
tion. In addition, Kowalchuk et al. (2003) have recommended to study effects of
transgenic plants on soil microflora in small-scale field experiments since green-
house conditions can markedly differ from field conditions. The parent variety of
the transformed crop should also be included in the experimental design. For exam-
ple, Dunfield and Germida (2001) observed that the microbial rhizosphere commu-
nity of the transgenic glyphosate-tolerant oilseed, as determined by fatty acid
methyl ester (FAME), was different from those of the three glufosinate ammonium-
tolerant oilseed varieties. However, since the parental non-transgenic variety was
not compared with the transgenic glyphosate-tolerant oilseed it was not possible to
determine if the observed changes were due to the transgenic modification or not
(Lynch et al. 2004). Both rhizosphere samples and bulk soil were sampled six times
in a two-year, multi-site field study involving a transgenic canicola variety and a
conventional variety and the composition of microbial communities as affected by
the use of transgenic plants was investigated by community-level physiological
profiles, fatty acid methyl ester profiles and terminal amplified ribosomal DNA
(Dunfield and Germida 2003). Changes in the composition of microbial communi-
ties associated with the introduction of the transgenic variety were temporary and
did not persist throughout.

A transgenic T4-lysozyme-expressing potato released detectable amount of T4
lysozyme (De Vries et al. 1999) with bactericidal activity at the rhizoplane
(Ahrenholtz et al. 2000). However, the composition of bacterial communities of
rhizosphere of both transgenic and a transgenic control without the T4 lysozyme
gene, monitored by the BIOLOG approach, fatty acid analysis, DGGE or cloning
and sequencing, were influenced by sampling period, plant developmental stage
and field site and not by the T4 lysozyme expression (Heuer and Smalla 1997;
Heuer et al. 1999; Muyzer and Smalla 1998).

Lynch et al. (2004) have suggested that relevant effects of transgenic plants on
composition of microbial communities inhabiting soil should be more important
than those due to season and field site.
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14.7 Conclusions

Microbial activity, as determined by CO, evolution of rhizosphere soil, is often
positively correlated with root soluble C concentrations and negatively correlated
with non-soluble C. Enzyme activities are also generally higher in the rhizosphere
than bulk soil, probably due to higher microbial sources but the currently used
enzyme assays do not make it possible to distinguish the respective contributions
of microbial, plant and faunal enzymes to the overall measured enzyme activity.
Studies on microbial (mostly bacterial) diversity seem to indicate that plant species
do not always affect the composition of microbial communities inhabiting the
rhizosphere soil, because other factors, such as root architecture, root age, perturba-
tions, stability of soil microflora, etc, also exert a significant influence. Growth in
elevated CO, may, however, affect decomposition by changing the amount and
dynamics of litter fall by modifying litter quality through changes in plant commu-
nity composition; and by altering the soil environment and its biological activity
(by increase of soil water, C input to soil, rhizosphere activity, etc.) with conse-
quent priming of the decomposition of old stable organic matter. These indirect
effects can be tested only by long-term studies on litter decomposition in forests
exposed to elevated CO,, but the current literature comprises results only from
short-term incubations (Hyvonen et al. 2007).

Techniques used to determine microbial diversity such as those based on DNA
fingerprinting have the potential to reveal genetic diversity but say nothing about
the expression of these genes (see this volume, Chap. 9). Therefore, a higher microbial
diversity that would be promoted by a higher flux of available C in the rhizosphere,
as compared to bulk soil, would not necessarily imply a consequent higher diversity
of functional genes. A possible objective of further studies would be to relate the
utilization of plant C by microbial species to a particular functional role in the
ecosystem (see this volume, Chap. 9). However because of current limitations on
our understanding with respect to acclimation of the physiological processes, the
climatic constraints, and feedbacks among these processes — particularly those acting
at the biome scale — projections of C-sink strengths beyond a few decades are
highly uncertain.

Interpretation of experiments examining in situ responses of soil microorgan-
isms should be made with caution as incubation studies represent model systems
under optimum conditions that rarely occur in the field. However, assessing soil
properties under constant conditions allows variables such as soil moisture levels,
temperature, microbial-plant interactions and soil type, to be studied individually
(Stark et al. 2007). Due to limitations of the currently used methods, studies on
microbial processes in the rhizosphere soil should be based on combined measure-
ments of microbial diversity and microbial activity (Fig. 14.1). In this context, an
interesting approach was followed by Kourtev et al. (2003), who worked with two
exotic plant species, a Japanese barberry (Berberis thubergii, D.C., a hardy shrub
forming tickets of multi-stemmed plants) and a Japanese stilt grass (Microstegium
vimineum, Camus, a C4 annual plant), and with a native under-story plant



358

MICROBIAL BIOMASS

STAINING and COUNTING of
MICROBIAL CELLS

RESPIRATION
(SIR, Substrate Induced Respiration)

CHLOROFORM FUMIGATION-
EXTRACTION

CHLOROFORM FUMIGATION-
INCUBATION

MICROBIAL DIVERSITY

CLASSIC TECHNIQUES
(CULTURE DEPENDENT)

MOLECULAR TECHNIQUES
(CULTURE INDEPENDENT)

DNA-GENETIC FINGERPRINTING
(DGGE/TGGE, SSCP, ARDRA,
TRFLP, RISA)

L cLONING
L SEQUENCING

PLFA (PhosphoLipidFattyAcid)-Analysis

P. Nannipieri et al.

MICROBIAL ACTIVITY

ATP
RESPIRATION
ENZYME ACTIVITY
(EXTRACELLULAR
INTRACELLULAR)

METABOLIC
FINGERPRINTING

CLPP (Community Level
Physiological Profiling): BIOLOG,
Culture Dependent

GENE EXPRESSIO,

(CULTURE INDEPENDENT)

PROTEOMICS
DNA-/RNA-
MICROARRAYS
mRNA-Analysis

Fig. 14.1 Recommended multidisciplinary approach combining studies on microbial diversity,
activity and biomass, to assess the rhizosphere soil microflora and its interactions with plants

(Vaccinium spp, a blueberry). The two exotic and the native species were grown in
the same soil, and their effect on both microbial diversity and microbial activity
was examined. After a three-month incubation period, soils planted with the
exotic species differed in PLFA profiles, enzyme activities and SIR profile as com-
pared with the initial soil or with the soil under the native under-story plant.
Endocellulase, aminopeptidase, alkaline phosphatase and phenol oxidase activities
were higher in stilt grass soil than in barberry or blueberry soils, whereas cellulase,
acid phosphatase, peroxidase activity decreased in all planted soils.

There is need for better integration between plant physiology and molecular
biology with soil chemistry, physics, and microbial and mesofaunal ecology.
Working in isolation can still advance the field; however, the biggest advances will
be made when scientific fields are integrated. It has been assumed that each com-
pound released by roots has a specific role or function, but the reality is that very
few proposed effects are established (Uren 2007). Probably the reality involves
combination of more than one single root exudate compounds and future research
should be directed at quantifying the significance of root exudates under realistic
plant-soil systems.

References

Ahrenholtz I, Harms K, de Vries J, Wackernagel W (2000) Increased killing of Bacillus subtilis
on hair roots of transgenic T4 lysozyme-producing potatoes. Appl Environ Microbiol
66:1862-1865



14 Microbial Diversity and Activity in Rhizosphere Soils 359

Badalucco L, Kuikman PJ (2001) Mineralization and immobilization in the rhizosphere. In:
Pinton R, Varanini Z, Nannipieri P (eds) The rhizosphere. Biochemistry and organic sub-
stances at the soil-plant interface. Marcel Dekker, New York, pp 141-196

Badalucco L, Kuikman PJ, Nannipieri P (1996) Protease and deaminase activities in wheat rhizo-
sphere and their relation to bacterial and protozoan populations. Biol Fertil Soils 23:99-104

Bakken LR (1997) Culturable and nonculturable bacteria in soil. In: van Elsas JD, Trevors JT,
Wellington EMH (eds) Modern soil microbiology. Marcel Dekker, New York, pp 47-61

Bardgett RD, Walker LR (2004) Impact of coloniser plant species on the development of decom-
poser microbial communities following deglaciation. Soil Biol Biochem 36:555-559

Barraclough D (1997) The direct or MIT route for nitrogen immobilization: a >N mirror image
study with leucine and glycine. Soil Biol Biochem 29:101-108

Baudoin E, Benizri E, Guckert A (2003) Impact of artificial root exudates on the bacterial com-
munity structure in bulk soil and maize rhizosphere. Soil Biol Biochem 35:1183-1192

Berg G, Roskot N, Steidle A, Eberl L, Zock A, Smalla K (2002) Plant-dependent genotypic and
phenotypic diversity of antagonistic rhizobacteria isolated from different Verticillium host
plants. Appl Environ Microbiol 68:3328-3338

Blackwood CB, Paul EA (2003) Eubacterial community structure and population size within the
soil light fraction, rhizosphere, and heavy fraction of several agricultural systems. Soil Biol
Biochem 35:1245-1255

Brimecombe MJ, De Lelj FA, Lynch JM (2001) The rhizosphere. The effect of root exudates on
rhizosphere microbial populations. In: Pinton R, Varanini Z, Nannipieri P (eds) The rhizo-
sphere. Biochemistry and organic substances at the soil-plant interface. Marcel Dekker, New
York, pp 95-140

Briones AM, Satoshi O, Yoshiaki U, Niels-Birger R, Wolfgang R, Hidetoshi O (2003) Ammonia-
oxidising bacteria on root biofilms and their possible contribution to N use efficiency of dif-
ferent rice cultivars. Plant Soil 250:335-348

Burns RG (1982) Enzyme activity in soil: location and a possible role in microbial ecology. Soil
Biol Biochem 14:423-427

Casavant NC, Thompson D, Beattle GA, Phillips GJ, Halverson LJ (2003) Use of a site-specific
recombination-based biosensor for detecting bioavailable toluene and related compounds on
roots. Environ Microbiol 5:238-249

Chander K, Joergensen RG (2001) Decomposition of “C glucose in two soils with different
amounts of heavy metal contamination. Soil Biol Biochem 33:1811-1816

Chen MM, Zhu YG, Su YH, Chen BD, Fu BJ, Marschner P (2007) Effects of soil moisture and
plant interactions on the soil microbial community structure. Eur J Soil Biol 43:31-38

Cheng W, Coleman DC, Carrol CR, Hoffman CA (1993). In situ measurement of root respiration
and soluble C concentrations in the rhizosphere. Soil Biol Biochem 25:1189-1196

Cheng W, Zhang Q, Coleman D (1996) Is available carbon limiting microbial respiration in the
rhizosphere? Soil Biol Biochem 28:1283—-1288

Christensen H, Christensen S (1994) 3H-thymidine incorporation of rhizosphere bacteria influ-
enced by plant N-status. Plant Soil 162:113-116

Clarholm M (1985) Interactions of bacteria, protozoa, and plants leading to mineralization of soil
nitrogen . Soil Biol Biochem 17:181-187

Cocking EC (2003) Endophytic colonisation of plant roots by nitrogen-fixing bacteria. Plant Soil
252:169-175

Darrah PR (1996) Rhizodeposition under ambient and elevated CO, levels. Plant Soil
187:265-275

Darrah PR, Roose T (2001) Modeling the rhizosphre. In: Pinton R, Varanini Z, Nannipieri P (eds)
The rhizosphere. Biochemistry and organic substances at the soil-plant interface. Marcel
Dekker, New York, pp 327-372

De Angelis KM, Ji P, Firestone MK, Lindow SE (2005) Two novel bacterial biosensors for detec-
tion of nitrate availability in the rhizosphere. Appl Environ Microbiol 71:8537-8547

De Nobili M, Contin M, Mondini C, Brookes PC (2001) Soil microbial biomass is triggered into
activity by trace amounts of substrate. Soil Biol Biochem 33:1163-1170



360 P. Nannipieri et al.

De Ridder-Duine AS, Kowalchuk GA, Klein Gunnewiek PJA, Smant W, van een JA, de Boer W
(2005) Rhizosphere bacterial community composition in natural stands of Carex arenaria
(sand sedge) is determined by bulk soil community composition. Soil Biol Biochem
37:349-357

De Vries J, Harms K, Broer Mahn A, During K, Wachernagel W (1999) The bacteriolyitc activity
in transgenic potatoes expressing a chimeric T4 lysozyme gene and the effect of T4 lysozyme
on soil- and phytopathogenic bacteria Syst Appl Microbiol 22:280-286

Degens BP, Harris JA (1997) Development of a physiological approach to measuring the catabolic
diversity of soil microbial communities. Soil Biol Biochem 29:1309-1320

Donegan KK, Seidler RJ, Doyle JD, Porteous LA (1999) A field study with genetically engineered
alfalfa inoculated with recombinant Sinorhizobium meliloti: effects on the soil ecosystem.
J Appl Ecol 36:920-936

Dunfield KE, Germida J (2001) Diversity of microbial communities in the rhizosphere and root
interior of field-grown genetically modified Brassica napus. FEMS Microbiol Ecol 38:1-9

Dunfield KE, Germida J (2003) Seasonal changes in the rhizosphere microbial communities asso-
ciated with field-grown genetically modified canola (Brassica napus) Appl Environ Microbiol
69:7310-7318

Espinosa-Urgel M, Ramos JL (2001) Expression of a Pseudomonas putida involved in lysine
metabolism is induced in the rhizosphere. Appl Environ Microbiol 67:5219-5224

Falchini L, Naumova N, Kuikman PJ, Bloem J, Nannipieri P (2003) CO, evolution and denaturing
gradient gel electrophoresis profiles of bacterial communities in soil following addition of low
molecular weight substrates to simulate root exudation. Soil Biol Biochem 36:775-782

Farrar J, Haes D, Jones D, Lindow S (2003) How roots control the flux of carbon to the rhizo-
sphere Ecology 84:827-837

Fontaine S, Mariotti A, Abbadie L (2003) The priming effect of organic matter: a question of
microbial competition? Soil Biol Biochem 35:837-843

Foster RC, Rovira AD, Cock TW (1983) Ultrastructure of the root-soil interface, American
Phytopathological Society, St. Paul, MN, USA

Garland JL, Mills AL (1991) Classification and characterisation of heterotrophic microbial com-
munities on the basis of patterns of community-level-sole-carbon-source-utilization. Appl
Environ Microbiol 57:2351-2359

George TS, Richardson AE, Hadobas PA, Simpson RJ (2004) Characterization of transgenic
Trifolium subterraneum L which expresses phyA and release extracellular phytase: growth and
P nutrition in laboratory media and soil. Plant Cell Environ 27:1351-1361

George TS, Richardson AE, Simpson RJ (2005) Behaviour of plant-derived extracellular phytase
upon addition to soil. Soil Biol Biochem 37:977-988

Gianfreda L, Ruggiero P (2006) Enzyme activities in soil. In: Nannipieri P, Smalla K (eds) Nucleic
acids and proteins in soil. Springer, Berlin Heidelberg New York, pp 257-311

Gomes NCM (2003) Dynamics of fungal communities in bulk and maize rhizosphere soil in the
tropics. Appl Environ Microbiol 69:3758-3766

Gomes NCM, Heuer H, Schonfeld J, Costa R, Hagler-Mendoca L, Smalla K (2001) Bacterial
diversity of the rhizosphere of maize (Zea mays) grown in tropical soil studied by temperature
gradient gel electrophoresis. Plant Soil 233:167-180

Gomes NCM, Fagbola O, Costa R, Rumjanek NG, Buchner A, Mendonc L, Hagler A, Smalla K
(2003) Dynamics of fungal communities in bulk and maize rhizosphere soil in the tropics.
Appl Environ Microbiol 69:3758-3766

Gottlein A, Hell U, Blasek R (1996) A system for microscale tensiometry and lysimetry.
Geoderma 69:147-156

Grayston SJ, Vaughan D, Jones D (1996) Rhizosphere carbon flow in trees, in comparison with
annual plants: the importance of root exudation and its impact on microbial activity and nutri-
ent availability. Appl Soil Ecol 5:29-56

Griffiths BS (1990) A comparison of microbial-feeding nematodes and protozoa in the rhizo-
sphere of different plants. Biol Fertil Soils 9:83-88



14 Microbial Diversity and Activity in Rhizosphere Soils 361

Hamer U, Marschner B (2005) Priming effects in different soil types induced by fructose, alanine,
oxalic acid and catechol additions. Soil Biol Biochem 37:445-454

Hamilton EW, Frank DA (2001) Can plants stimulate soil microbes and their own nutrient supply?
Evidence from a grazing tolerant grass. Ecology 82:2397-2402

Hawes MC, Lin HJ (1990) Correlation of pectolytic enzyme activity with the programmed release
of cells from root caps of pea (Pisum sativum). Plant Physiol 94:1855-1859

Hawes MC, Bengough G, Cassab G, Ponce G (2003) Root caps and rhizosphere. J Plant Growth
Regul 21:352-367

Herrmann AM, Ritz K, Nunan N, Clode PL, Pett-Ridge J, Kilburn MR, Murphy DV, O’Donnell
AG, Stockdale EA (2007) Nano-scale secondary ion mass spectrometry — a new analytical
tool in biogeochemistry and soil ecology. Soil Biol Biochem 39:1835-1850

Heuer H, Smalla K (1997) Evaluation of community level catabolic profiling using BIOLOG GN
microplates to study microbial community changes in potato phyllosphere. J Microbiol
Methods 30:49-61

Heuer H, Hartung K, Wieland G, Kramer I, Smalla K (1999) Polynucleotide probes that target a
hypervariable region of 16 S rRNA genes to identify bacterial isolates corresponding to bands
of community fingerprints. Appl Environ Microbiol 65:1045-1049

Hinsinger P, Gilkes RJ (1997) Dissolution of phosphate rock in the rhizosphere of five plant spe-
cies grown in an acid, P-fixing mineral substrate. Geoderma 75:231-249

Hirsch AM, Bauer WD, Bird DM, Cullimore J, Tyler B, Yoder JI (2003) Molecular signal and
receptors: controlling rhizosphere interactions between plants and other organisms. Ecology
84:858-868

Hodge A, Robinson D, Fitter AH (2000) Are microorganisms more effective than plants at com-
peting for nitrogen? Trends Plant Sci 5:304-308

Hyvonen R, Goran 110\, Linder S, Persson TM, Cotrufo F, Ekblad A, Freeman M, Grelle A,
Janssens JA, Jarvis PG, Kellomiki S, Lindroth A, Loustau D, Lundmark T, Norby RJ, Oren R,
Pilegaard K, Ryan MG, Sigurdsson BD, Stromgren M, van Oijen M, Wallin G (2007) The
likely impact of elevated [CO,], nitrogen deposition, increased temperature and management
on carbon sequestration in temperate and boreal forest ecosystems: a literature review. New
Phytol 173:463-480

Idriss EI, Makarewicz O, Farouk A, Rosner K, Greiner R, Bochow H, Ritcher T, Borriss R (2002)
Extracellular phytase activity of Bacillus amyloliquefaciens FZB45 contributes to its plant-
growth-promoting effect. Microbiology 148:2097-2109

Iijima M, Griffiths B, Bengough AG (2000) Sloughing of cap cells and carbon exudation from
maize seedlin roots in compacted sand. New Phytol 145:477-482

Jaeger CH 111, Lindow SE, Miller W, Clark E, Firestone MK (1999) Mapping of sugar and amino
acid availability in soil around roots with bacterial sensors of sucrose and tryptophan. Appl
Environ Microbiol 65:2685-2690

Jasper MCM, Meier C, Zehnder AJB, Harms H, van der Meer JR (2001) Measuring mass transfer
processes of octane with the help of an alkS-alkB gfp-tagged Escherichia coli. Environ
Microbiol 3:512-524

Jenkinson DS, Fox RH, Rayner JH (1985) Interactions between fertilizer nitrogen and soil nitro-
gen — the so-called “priming” effect. J Soil Sci 36:425-444

Johnsen K, Jacobsen CS, Torsvik V, Sgrensen J (2001) Pesticide effects on bacterial diversity in
agricultural soils-a review Biol Fertil Soils 33:443-453

Johnson JF, Allan DL, Vance CP, Weiblen G (1996) Root carbon dioxide fixation by phosphorus
deficient Lupinus albus. Contribution to organic acid exudation by proteoid roots. Plant
Physiol 112:19-30

Jones DL, Darrah PR (1993) Re-sorption of organic compounds by roots of Zea mays L. and its
consequences in the rhizosphere: 1. Re-sorption of '“C labelled glucose, mannose and citric
acid. Plant Soil 153:47-59

Jones DL, Healey JR, Willett VB, Farrar JF, Hodge A (2005) Dissolved organic nitrogen uptake
by plants-an important N uptake pathway? Soil Biol Biochem 37:413-423



362 P. Nannipieri et al.

Kamh M, Horst WJ, Amer F, Mostafa H, Maier P (1999) Mobilization of soil and fertilizer phos-
phate by cover crops. Plant Soil 211:19-27

Keister DL, Creagan PB (1991) The rhizosphere and plant growth. Kluwer Academic Publishers,
Dordrecht.

Kim J, Verma SB (1992) Soil surface CO, flux in a flux in a Minnesota peatland. Biogeochem
18:37-51

Kourtev PS, Ehrenfed JG, Hiaggblom M (2003) Experimental analysis of the effect of exotic and
native plant species on the structure and function of soil microbial communities. Soil Biol
Biochem 35:895-905

Kowalchuk GA (1999) New perspectives towards analysing fungal communities in terrestrial
environments. Curr Opin Biotechnol 10:247-251

Kowalchuk GA, Gerards S, Woldendorp JW (1997) Detection and characterization of fungal
infections of Ammophila arenaria (marram grass) roots by denaturing gradient gel electro-
phoresis of specifically amplified 18 S rDNA. Appl Environ Microbiol 63:3858-3865

Kowalchuk GA, Bruinsma M, van Veen JA (2003) Assessing responses of soil microorganisms to
GM plants. Trends Ecol Evol 18:403-410

Kozdroj J, van Elsas JD (2000) Response of the bacterial community to root exudates in soil pol-
luted with heavy metals assessed by molecular and cultural approaches. Soil Biol Biochem
32:1405-1417

Kuchenbuch R, Jungk A (1982) Method for determining concentration profiles at the soil root
interface by thin slicing rhizospheric soil. Plant Soil 68:391-394

Kuikman PJ, Jansen AG, vanVeen JA, Zehnder JB (1990) Protozoan predation and the turnover of
soil organic carbon and nitrogen in the presence of plants. Biol Fertil Soils 10:22-28

Kuske CR, Lawrence OT, Mark EM, John MD, Jody AD, Susan MB, Jayne B (2002) Comparison
of soil bacterial communities in rhizosphere of three plant species and the interspaces in an
arid grassland. Appl Environ Microbiol 68:1854-1863

Kuzyakov Y (2002a) Review: factors affecting rhizosphere priming effects. J Plant Nutr Soil Sci
165:382-396

Kuzyakov Y (2002b) Separating microbial respiration of exudates from root respiration in a non-
sterile soil: a comparison of four methods. Soil Biol Biochem 34:1621-1651

Kuzyakov Y, Cheng W (2001) Photosynthesis controls of rhizosphere respiration and organic mat-
ter decomposition. Soil Biol Biochem 33:1915-1925

Kuzyakov Y, Friedel JK, Stahr K (2000) Review of mechanisms and quantification of priming
effects. Soil Biol Biochem 32:1485-1498

Ladd JN, Foster RC, Nannipieri P, Oades JM (1996) Soil structure and biological activity. In:
Stotzky G, Bollag J-M (eds) Soil biochemistry, vol 9. Marcel Dekker, New York, pp 23-78

Landi L, Valori F, Ascher J, Renella G, Falchini L, Nannipieri P (2005) Root exudates effects on
the bacterial communities, CO, evolution, nitrogen transformations and ATP content of rhizo-
sphere and bulk soils. Soil Biol Biochem 38:509-516

Li X, George E, Marschner H (1991) Phosphorus depletion and pH decrease at the root—soil and
hyphae soil interfaces of VA mycorhizal white clover fertilized with ammonium. New Phytol
119:397-404

Li Z, Yagi K (2004) Rice root-derived carbon input and its effect on decomposition of old soil
carbon pool under elevated CO,. Soil Biol Biochem 36:1967-1973

Liljeroth E, van Veen JA, Miller HJ (1990) Assimilate translocation to the rhizosphere of two
wheat lines and subsequent utilization by rhizosphere microorganisms at two soil nitrogen
concentrations. Soil Biol Biochem 2:1015-1021

Liljeroth E, Kuikamn PJ, van Veen JA (1994) Carbon translocation to the rhizosphere of maize
and wheat and influence of the turnover of native soil organic matter at different soil nitrogen
levels Plant Soil 161:233-240

Lung S-C, Chan W-L, Yip W, Wang L, Yeung EC, Lim BL (2005) Secretion of beta-propeller
phytase from tobacco and Arabidopsis roots enhances phosphorus utilization. Plant Sci
169:341-349

Lynch JM (1990a) The rhizosphere. Wiley, New York



14 Microbial Diversity and Activity in Rhizosphere Soils 363

Lynch JM (1990b) Microbial metabolites. In: Lynch JM (ed) The rhizosphere. Academic Press,
London, pp 177-206

Lynch JM, Whipps JM (1991) Substrate flow in the rhizosphere. In: Keister DL, Creagan PB (eds)
The rhizosphere and plant growth. Kluwer Academic Publishers, Dordrecht, pp 15-45

Lynch JM, Benedetti A, Insam H, Nuti PM, Smalla K, Torsvik V, Nannipieri P (2004) Microbial
diversity in soil: ecological theories, the contribution of molecular techniques and the impact
of transgenic plants and transgenic microorganisms. Biol Fertil Soils 40:363-385

Marschner H (1995) Mineral nutrition of higher plants, 2nd edn. Academic Press, London

Marschner P, Yang C-H, Lieberei R, Crowley DE (2001) Soil plant specific effects on bacterial
community composition in the rhizosphere. Soil Biol Biochem 33:1437-1445

Marschner P, Giinter N, Angelika K, Laure W, Reinhard L (2002) Spatial and temporal dynamics
of the microbial community structure in the rhizosphere of cluster roots of white lupin
(Lupinus albus L.). Plant Soil 246:167-174

Marschner P, Grierson P, Rengel Z (2005) Microbial community composition and functioning in
the rhizosphere of three species of Banksia species in native woodland in western Australia.
Appl Soil Ecol 28:191-201

Mary B, Fresneau C, Morel L, Mariotti A (1993) C and N cycling during decomposition of root
mucilage, roots and glucose in soil. Soil Biol Biochem 25:1005-1014

Maurhofer M, Baehler E, Notz R, Martinez V, Keel C (2004) Cross talk between 2,4-diacetylphlo-
roglucinol- producing biocontrol pseudomonads on wheat roots. Appl Environ Microbiol
70:1990-1998

McCully M (1989) Cell separation: a developmental feature of root caps which may be of funda-
mental functional significance. In: Osborne DJ, Jackson MB (eds) Cell separation in plants.
Springer, Berlin Heidelberg New York, pp 241-280

McCully M (1995) How do real roots work? Some new views of root structure. Plant Physiol
109:1-6

Merckx R, Dijkstra A, den Hartog A, van Veen JAA (1987) Production of root-derived material and
associated microbial growth in soil at different nutrient levels. Biol Fertil Soils 5:126-132

Miethling R, Ahrends K, Tebbe CC (2003) Structural differences in the rhizosphere communities
of legumes are not equally reflected in community-level physiological profiles Soil Biol
Biochem 35:1405-1410

Morgan JAW, Whipps JM (2001) Methodological approaches to the study of rhizosphere carbon
flow and microbial population dynamics. In: Pinton R, Varanini Z, Nannipieri P (eds) The
rhizosphere. Biochemistry and organic substances at the soil-plant interface. Marcel Dekker,
New York, pp 373-409

Muyzer G, Smalla K (1998) Application of denaturing gradient gel electrophoresis (DGGE) and
temperature gradient gel electrophoresis (TGGE) in microbial ecology. Antonie Van
Leeuwenhoek J Microbiol Serol 73:127-141

Nannipieri P (1994) The potential use of enzymes as indicators of productivity, sustainability and
pollution. In: Pankhurst CE, Doube BM, Gupta VVSR, Grace PR (eds) Soil biota — management
in sustainable farming systems. CSIRO, East Melbourne Australia, pp 238-244

Nannipieri P, Grego S, Ceccanti B (1990) Ecological significance of the biological activity in soil.
In: Bollag J-M, Stotzky G (eds) Soil biochemistry, vol 6. Marcel Dekker, New York,
pp 293-355

Nannipieri P, Kandeler E, Ruggiero P (2002) Enzyme activities and microbiological and bio-
chemical processes in soil. In: Burns RG, Dick RP (eds) Enzymes in the environment. Marcel
Dekker, New York, pp 1-33

Nannipieri P, Ascher J, Ceccherini MT, Landi L, Pietramellara G, Renella G (2003) Microbial
diversity and soil functions. Eur J Soil Sci 54:655-670

Naseby DC, Lynch JM (1997) Rhizosphere soil enzymes as indicators of perturbations caused by
enzyme substrate addition and inoculation of a genetically modified strain of Pseudomonas
fluorescens on wheat seed. Soil Biol Biochem 29:1353-1362

Naseby DC, Lynch JM (1998) Impact of wild-type and genetically modified Pseudomonas fluo-
rescens on soil enzyme activities and microbial population structure in the rhizosphere of pea.
Mol Ecol 7:617-625



364 P. Nannipieri et al.

Naseby DC, Lynch JM (2002) Enzymes and microorganisms in the rhizosphere. In: Burns RG,
Dick RP (eds) Enzymes in the environment. Activity, ecology and applications. Marcel
Dekker, New York, pp 109-123

Naseby DC, Moénne-Loccoz JP, O’Gara F, Lynch JM (1998) Soil enzyme activities in the rhizo-
sphere of field-grown sugar beet inoculated with the biocontrol agent Pseudomonas fluores-
cens F113. Biol Fertil Soils 27:39-43

Neumann G, Romheld V (2001) The release of root exudates as affected by plant’s physiological
status. In: Pinton R, Varanini Z, Nannipieri P (eds) Marcel Dekker, New York, pp 41-93

Neumann G, Massonneau A, Martinoia E, Romheld V (1999) Physiological adaptations to phos-
phorus deficiency during proteoid root development in white lupin. Planta 208:373-382

Nicol GW, Glover LA, Prosser JI (2003) Spatial analysis of archaeal community structure in
grassland soil. Appl Environ Microbiol 69:7420-7429

Niemi RM, Heiskanen I, Wallenus K, Lindstrom K (2001) Extraction and purification of DNA in
rhizosphere soil samples for PCR-DGGE analysis of bacterial consortia. ] Microbial Methods
45:155-165

Norton JM, Firestone MK (1996) N dynamics in the rhizosphere of Pinus ponderosa seedling.
Soil Biol Biochem 28:351-362

Norvel WA, Cary EE (1992) Potential errors caused by roots in analyses of rhizosphere soil. Plant
Soil 143:223-231

Nunan N, Daniell TJ, Singh BK, Papert A, McNicol JW, Prosser JI (2005) Links between plant
and rhizoplane bacterial communities in grassland soils, characterized using molecular tech-
niques. Appl Environ Microbiol 71:6784-6792

Phillips DA, Fox TC, King MD, Bhuvaneswari TV, Teuber LR (2004) Microbial products trigger
amino acid exudation from plant roots. Plant Physiol 136:2887-2894

Pinay G, Barbera P, Carreras-Palou A, Fromin N, Sonié L, Couteaux MM, Roy J, Philippot L,
Lensi R (2007) Impact of atmospheric CO, and plant life forms on soil microbial activities Soil
Biol Biochem 39:33—42

Pinton R, Varanini Z, Nannipieri P (2001) The rhizosphere. Biochemistry and organic substances
at the soil-plant interface. Marcel Dekker, New York

Pinton R, Varanini Z, Nannipieri P (2002) The rhizosphere. Biochemistry and organic substances
at the soil-plant interface. CRC press, Boca Raton, Fl. Second edition

Prikryl Z, Vancura V (1980) Root exudates in plants. VI Wheat exudation as dependent on growth,
concentration gradient of exudates and the presence of bacteria. Plant Soil 57:69-83

Qian JH, Doran JW, Walters DT (1997) Maize plant contributions to root zone available carbon
and microbial transformations of nitrogen. Soil Biol Biochem 29:1451-1462

Raich JW, Mora G (2005) Estimating root plus rhizosphere contributions to soil respiration in
annual cropland. Soil Sci Soc Am J 69:634-639

Renella G, Michel M, Landi L, Nannipieri P (2005) Microbial activity and hydrolase activities
during decomposition of model root exudates released by a model root surface in Cd-contaminated
soils. Soil Biol Biochem 37:133-139

Richardson AE, Hadobas PA, Hayes JE (2001) Extracellular secretion of Aspergillus phytase
from Arabidopsis roots enables plants to obtain phosphorus from phytate. Plant J
25:641-649

Rochette P, Flanagan LB (1997) Quantifying rhizosphere respiration in a corn crop under field
conditions. Soil Sci Soc Am J 61:466-474

Seeling B, Jungk A (1996) Utilization of organic phosphorus in calcium chloride extracts of soil
by barley plants and hydrolysis and alkaline phosphatases Plant Soil 178:179—-184

Sharma S, Radl V, Hai B, Kloos K, Fuka MM, Engel M, Schauss K, Schloter M (2007)
Quantification of functional genes from procaryotes in soil by PCR. J Microbiol Methods
68:445-452

Sliwinski MK, Goodman RM (2004) Comparison of Crenarchael consortia inhabiting the rhizo-
sphere of diverse terrestrial plants with those in bulk soil in native environments. Appl Environ
Microbiol 70:1821-1826

Smalla K, Wieland G, Buchner A, Zock A, Parzy J, Kaiser S, Roskot N, Heuer H, Berg G
(2001) Bulk and rhizosphere soil bacterial communities studied by denaturing gradient gel



14 Microbial Diversity and Activity in Rhizosphere Soils 365

electrophoresis: plant-dependent enrichment and seasonal shifts revealed. Appl Environ
Microbiol 67:4742-4751

Smit E, Leeflang P, Glandorf B, van Elsas JD, Wernars K (1999) Analysis of fungal diversity in
the wheat rhizosphere by sequencing of cloned PCR-amplified genes encoding 18 S rRNA and
temperature gradient gel electrophoresis. Appl Environ Microbiol 65:2614-2621

Soderberg KH, Baath E (2004) The influence of nitrogen fertilisation on bacterial activity in the
rhizosphere of barley. Soil Biol Biochem 36:195-198

Sorensen J (1997) The rhizosphere as a habitat for soil microorganisms. In: van Elsas JD, Trevors
JT, Wellington EMH (eds) Modern soil microbiology. Marcel Dekker, New York, pp 21-45

Stark C, Condron LM, Stewart A, Di HJ, O’Callaghan M (2007) Influence of organic and mineral
amendments on microbial soil properties and processes. Appl Soil Ecol 35:79-93

Talbot NJ (2003) Functional genomics of plant—pathogen interactions. New Phytol 159:1-10

Tarafdar JC, Jungk A (1987) Phosphatase activity in the rhizosphere and its relation to the depletion
of soil organic phosphorus. Biol Fertil Soils 3:199-204

Tarafdar JC, Marschner H (1994) Phosphatase activity in the rhizosphere and hyposphere of VA
mycorrhizal wheat supplied with inorganic and organic phosphorus Soil Biol Biochem
26:387-395

Tinker PB, Nye PH (2000) Solute movement in the rhizosphere. Oxford University Press,
New York

Torsvik V, @vreas L (2002) Microbial diversity and function in soil: from genes to ecosystems.
Curr Opin Microbiol 5:240-245

Torsvik V, Sgrheim R, Gorksgyr J (1996) Total bacterial diversity in soil and sediment communi-
ties-a review. J Ind Microbiol 17:170-178

Trofymow JA, Coleman DC, Cambardella C (1987) Rates of rhizodeposition and ammonium
depletion in the rhizosphere of axenic oat roots. Plant Soil 97:333-344

Uren NC (2007) Types, amounts, and possible function of compounds released into the rhizo-
sphere by soil-grown plants. In: Pinton R, Varanini Z, Nannipieri P (eds) The rhizosphere.
Biochemistry and organic substances at the soil-plant interface. Marcel Dekker, New York
(pp 1-21)

Uren NC, Reisenauer HM (1988) The role of root exudates in nutrient acquisition. Adv Plant Nutr
3:79-144

Vale M, Nguyen C, Dambrine E, Dupouey JL (2005) Microbial activity in the rhizosphere soil of
six herbaceous species cultivated in a greenhouse is correlated with shoot biomass and root C
concentrations. Soil Biol Biochem 37:2329-2333

Van der Krift TAJ, Kuikman PJ, Moller F, Berendse F (2001) Plant species and nutritional-mediated
control over rhizodeposition and root decomposition. Plant Soil 228:191-200

Vandenkoornhuyse P, Baldauf SL, Leyval C, Straczek J, Young JP (2003) Extensive fungal
diversity in plant roots. Science 295:2051

Waisel Y, Eshel A, Kafkafi U (1991) Plant roots. The hidden half. Marcel Dekker, New York

Warembourg FR, Roumet C, Lafont F (2003) Differences in rhizosphere carbon-partitioning
among plant species of different families. Plant Soil 256:347-357

Wasaki J, Ando M, Ozawa K, Omura M, Osaki M, Ito H, Matsui H, Tadano T (1997) Properties
of secretory acid phosphatase from lupin roots under phosphorus-deficient conditions. In:
Ando T, Fujita K, Mae T, Matsumoto H, Mori S, Sekiya J (eds) Plant nutrition for sustainable
food production and environment. Kluwer Academic Publishers, Dordrecht, The Netherlands,
pp 295-300

Wenzel WW, Wieshammer G, Fitz WJ, Puschenreiter M (2001) Novel rhizobox design to assess
rhizosphere characteristics at high spatial resolution. Plant Soil 237:37-45

Whipps JM (1990) Carbon economy. In: Lynch JM (ed) The rhizosphere. Wiley, Chichester,
pp 59-97

Zagal E, Bjarnason S, Olsson UFL (1993) Carbon and nitrogen in the root-zone of barley
(Hordeum vulgare L) supplied with nitrogen fertilizer at two rates. Plant Soil 157:51-63

Zelles L (1999) Fatty acid patterns of phospholipids and lipopolysaccharides in the characterization
of microbial communities in soil: a review. Biol Fertil Soils 29:111-112



