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3.1 Introduction

The emerging field of rhizosphere metabolomics involves analysis of entire metabolite
complement (metabolome), in an unbiased way to understand complex physiological, 
pathological, symbiotic and other relationships among the inhabitants of the rhizo-
sphere. Metabolomic studies of the rhizosphere are quite challenging since the 
rhizosphere is a complex as well as a dynamic microenvironment. Metabolite 
composition in the rhizosphere is primarily governed by the nature of root exu-
dates, secretions from rhizobacteria, fungi and other soil organisms. Conversely, 
the nature of these root exudates also directly or indirectly affects microbial 
growth in the rhizosphere. While some compounds enhance growth, others have 
antimicrobial activities. Apart from the diverse roles of compounds present, the 
complexity of the rhizosphere also stems from competition among rhizosphere 
microbes. Some of them are growth-promoting, while others are pathogenic. 
These effects are not only confined to the microbes but also extend to the plants 
growing in the rhizosphere. Hence, gaining knowledge of these rhizosphere 
metabolites as well as the effect of the biota will help us better understand this 
ecological niche.

The field of metabolomics utilizes analytical techniques such as chromatography, 
mass spectrometry (MS), nuclear magnetic resonance (NMR) and spectroscopy 
to profile, identify and estimate the relative abundance of metabolites at a 
given time. Various methods involving gene expression studies, enzymatic studies 
and biochemical techniques have been used to understand the events that occur 
in the rhizosphere. However, it is often observed that the metabolite levels do 
not coincide with the activity of the biosynthetic enzymes and their end products. 
Effects of the metabolites on the system, therefore, cannot be easily studied 
using solely RNA or enzyme-based techniques. Metabolomics helps to overcome 
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these pitfalls and provides a comprehensive approach to provide a biochemical 
status report.

This chapter focuses on metabolomics in relation to the rhizosphere. A brief 
overview of the components of the rhizosphere, interaction between the different 
species and competition among rhizobacteria is provided. Many technologies used 
for metabolic profiling and their role in rhizosphere metabolomics are discussed in 
some detail. The sole of bioinformatics and data visualization methods are summarized.
Finally, this chapter ends with a brief view of the applications of selected metabo-
lomic studies.

3.2 The Rhizosphere—Chemical and Biological Components

The rhizosphere is a complex, dynamic and highly interactive microenvironment. It 
has an ecological advantage for those organisms that are exclusively associated 
with the roots of plants. Here, we provide a brief description of the rhizosphere 
components especially in relation to the origin and nature of metabolites and their 
effects on the rhizosphere biota and microbiota.

3.2.1 Composition of the Rhizosphere

3.2.1.1 Root Exudates 

Root exudates play a key role in the rhizosphere, as their composition and 
abundance affect the growth and characteristics of the organisms thriving in the 
rhizosphere. Excellent reviews and books are available on this topic where details 
of exudate composition are provided (Bais et al. 2006; Mukerji et al. 2006; 
Pinton et al. 2000). The list of low molecular weight compounds identified in the 
rhizosphere is very long and broadly consists of amino acids, organic acids, 
sugars, phenolics and various other secondary metabolites. Exudates vary 
with respect to signals of biotic or abiotic origins. Allelochemicals in the root 
exudates govern the type of organisms that grow in the region. Allelochemicals 
are secondary metabolites that influence the growth of other organisms. 
Allelopathy, a phenomenon that refers to the role of allelochemicals, is exploited 
in the control of insects and weed plants. Some of the allelochemicals include 
tannins, cyanogenic glycosides, benzoquinones, flavonoids and phenolic acids. 
The biological and physiological mechanisms of allelochemicals have been 
reviewed (Weir et al. 2004; Inderjit and Duke 2003). Benzoxazinones are an 
important class of allelochemicals whose sample extraction and separation 
methods have been reviewed by Eljarrat and Barcelo (2001) and Bonnington et al. 
(2003), respectively. These compounds are easily hydrolyzed and hence care needs 
to be taken during their sample preparation.
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3.2.1.2 Rhizobacteria 

Rhizobacteria form an integral part of the rhizosphere. They include the micro-
organisms that are both beneficial as well as pathogenic. The term “rhizoengi-
neering” refers to the engineering of rhizobacterial populations in order to 
improve the interactions and outcomes within the soil environment. Several 
beneficial microorganisms are known to cause breakdown of natural products 
or even degrade them to simple sugars that are recycled for other anabolic reac-
tions in the rhizosphere biota. Many of these plant products are terminal 
metabolites of biosynthetic events in plants and it is not uncommon to find 
rhizobacteria that utilize these end products for energy generation. In the case 
of the phenylpropanoid compounds, they are exuded in the rhizosphere and 
some microbes degrade these compounds through specific metabolic pathways. 
Two examples are the phenylpropanoid catabolic pathway in plant growth pro-
moting rhizobacterial strains of Pseudomonas putida (Pillai and Swarup 2002) 
and the fluorophenol degradation pathway in different species of Rhodococcus
(Boersma et al. 2001).

3.2.1.3 Soil Fungi 

These organisms could be pathogenic or symbiotic, such as in the case of the 
mycorrhizae and contribute to the complex biotic interactions in the rhizo-
sphere. Fungal development is often stimulated in the presence of roots espe-
cially owing to the nitrogen released by the roots. The presence of some 
rhizobacteria may cause the inhibition of mycorrhizal growth. For example, the 
growth of ectomycorrhizae is inhibited by the presence of selected isolates of 
Pseudomonas and Serratia in the early infection stage of the fungi (Bending et al. 
2002). Such growth inhibition is mostly mediated by the secretion of antibiotics 
or antimicrobial compounds in the rhizosphere such as phenazines or selected 
flavonoids.

3.2.1.4 Soil Nematodes 

Soil nematodes play an important part in the rhizosphere. Nematodes influence 
the nature of root exudation, which affects the physiological functioning of 
microorganisms in the rhizosphere. These exudates may serve as signal mole-
cules for nematode antagonists and parasites (Kerry 2000). Matrix assisted 
laser desorption ionization (MALDI) time-of-flight (TOF) analysis has been 
used in analyzing the metabolites from plant nematodes (Perera et al. 2005). 
These nematodes are often difficult to identify and the technique provides a 
good opportunity for a rapid and simple identification of plant parasitic nema-
todes. More details regarding MALDI TOF analysis are provided in Sect. 
3.3.4.5.
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3.3 Rhizosphere Metabolomics 

3.3.1 Metabolomics: an Overview

“Metabolome” refers to the sum total of all the nonproteinaceous small molecules 
(metabolites) present in an organism. Metabolites are the small molecules that are 
the end products of enzymatic reactions. “Metabolomics” is unbiased identification 
and quantification of all metabolites present in a sample from an organism grown 
under defined conditions. Another term, “metabonomics,” is used frequently in the 
biomedical (toxicology) literature and for methods involving NMR spectroscopy. 
However, “metabolomics” is a preferred term for unbiased metabolite analyses 
(Bhalla et al. 2005). Metabolomics is not restricted to metabolic profiling; it also 
encompasses a much broader study including identification of metabolites 
(to understand the range of metabolites produced by the organism), their quantitation
(to detect the abundance of metabolites), comparisons (to understand the differences 
arising from perturbations in metabolic pathways), data analysis (chemoinformatics)
and development of metabolic models. “Metabolic profiling” refers to obtaining a 
listing of the entire range of the metabolites present in the organism. Such complete 
profiles are not unattainable in practice, because one single method of extraction or 
analysis covers only a partial spectrum of the metabolome, as mentioned earlier. 
Various analytical methods alone, or in conjunction with others, have therefore 
been used for comprehensive metabolic profiling. Some of these techniques are 
discussed in Sect. 3.3.4.

Metabolomics has many applications, including but not restricted to (1) under-
standing the enzyme fluxes, (2) uncovering novel metabolic pathways, (3) unraveling 
cryptic pathways, (4) identifying biomarkers and (5) metabolic engineering of novel 
products that are industrially and biomedically relevant. Metabolomics, in conjunc-
tion with other “omics” such as functional genomics, proteomics and transcrip-
tomics, has helped in better understanding the biological systems. Integration of 
data from the various fields has helped in painting a holistic picture of the biological 
system using the systems approach. Many excellent reviews are available for 
metabolomic studies (Sumner et al. 2003; Ryals et al. 2004; Villas-Boas et al. 2005; 
Bhalla et al. 2005; Dunn and Ellis 2005).

The rhizosphere is a constantly changing microenvironment, where there is a 
flux of energy, nutrients and molecular signals between the plant roots and microbes 
that affects their mutual interactions. Metabolites exuded from plants as well as the 
metabolites released or secreted by the microbiota present in the rhizosphere have 
a considerable effect on this microenvironment. Hence, metabolic profiling constitutes
a powerful technique to understand the underlying phenomenon of such exudations 
and the effects of metabolites on soil ecological relationships, plant–microbe interactions
and other soil organisms. The use of improved analytical techniques has helped in 
the characterization of microorganisms from soil. One example is the characterization
of Bacillus and Brevibacillus strains using UV resonance Raman spectroscopy 
(López-Díez and Goodacre 2004). Other applications include understanding biotic 
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interactions. For example, gas chromatography (GC)/MS has been used to study 
symbiotic nitrogen fixation in legume roots and in understanding plant–microbe 
interactions (Desbrosses et al. 2005). Several techniques have been used in structural 
elucidation of metabolites, like NMR, IR spectroscopy, Fourier transform (FT) MS 
and so on. Tandem MS has also been used in such studies especially for studying 
metabolites from roots or root exudates. It is usually helpful in providing an initial 
partial structure that can be fully elucidated by NMR spectroscopy. For example, struc-
tural elucidation of montecristin, a key metabolite in biogenesis of acetogenins 
from the roots of Annona muricata, was performed using tandem MS and NMR 
(Gleye et al. 1997). Another application is the identification of allelochemicals 
(Eljarrat and Barcelo 2001).

3.3.2 Root Exudates Profiling 

Root exudates form a major component of the rhizosphere. While numerous reports 
are available on identification of selected classes of root exudates as mentioned in 
Sect. 3.2.1.1, we briefly describe here some studies that have employed unbiased 
analytical methods. High-performance liquid chromatography (HPLC) and NMR 
spectroscopy have led to the identification and quantification of a number of metabo-
lites in the root exudates of Arabidopsis thaliana (Walker et al. 2003). Nearly 289 
possible secondary metabolites were quantified and chemical structures of ten 
compounds were elucidated. The authors conducted a time-course study of root 
exudates from plants treated with salicylic acid, jasmonic acid, chitosan and two 
fungal cell wall elicitors. Plants treated with salicylic acid had the maximum number 
of compounds in their exudates, while elicitation with jasmonic acid had the least 
effect on exudates. This method of root exudates profiling could identify differences 
in root exudation with respect to plant stress. Such types of studies can provide indi-
rect reference to the metabolic pathways during the different stress conditions. Some 
of the compounds reported in the study had previously not been reported from 
Arabidopsis. The authors also tested the antibacterial as well as the antifungal activities 
of several of these compounds. This study also highlights the constant change in the 
exudation, which directly affects the microbial populations.

Root exudates profiling in graminaceous plants has been used to understand the 
acquisition of metal ions from soil. Root exudates profiling in graminaceous plants 
was conducted using multinuclear and two-dimensional NMR with GC/MS and 
coupled with high-resolution MS for metabolite identification (Fan et al. 2001). 
The root profiling method was used to examine the role of exudate metal ion 
ligands (MILs) in the acquisition of Cd and transition metals in barley and wheat. 
The change in the root exudate profile was studied in wheat, barley and rice grown 
on Fe- and Cd-deficient soils. MILs such as 3-epihydroxymugineic acid, mugineic 
acid, 2¢deoxymugineic acid and malate in barley were elevated in Fe-deficient 
conditions, which in turn increased the Fe-mobilizing substances. The results 
suggest that enhanced exudation of murigenic acids and malate may be involved in 
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acquisition of transition metals but not of Cd, and also that the mechanisms of 
acquisition for essential and toxic metal ions may be different.

3.3.3 Current Limitations  of Rhizosphere Metabolomics

While metabolomics is highly powerful, the field as such has certain limitations. 
Four general limitations are described here. One bottleneck at present is that it is 
technically challenging and expensive to detect a wide range of metabolites often 
at low concentrations; hence, combinations of techniques need to be used. This not 
only makes it an expensive approach but also demands high levels of technical 
expertise in analytical chemistry as well as “chemometrics” (analysis of chemical 
data), which are described in some detail in Sect. 3.3.4. Each technique has its own 
set of limitations, owing to which the entire profile is often not obtained. For example,
with an ionization-based mass spectrometer such as an electrospray ionization 
(ESI) mass spectrometer the metabolites detected are often the highly ionizable 
ones under the particular buffer system and conditions used in specific experiments. 
Ones that do not ionize in such a buffer system are often not detected. The second 
challenge lies is the choice of sample extraction procedure. There is no universal 
extraction method that is suitable for all types of compounds. Often one needs to 
use different sample extraction techniques and buffer systems depending on the 
type of target compounds. Thirdly, metabolomics is limited by the requirement of 
an accurate and well-curated database for the spectra of compounds. Such data-
bases are required for comparisons of established signatures or fingerprints of various 
metabolites. As more and more laboratories are beginning to use metabolomics, the 
future of a comprehensive database looks bright. At present, many laboratories use 
standards for various compounds to establish the identity of a metabolite. Some of 
the compounds are not commercially available and these need to be isolated from 
natural sources. Hence, a large proportion of the compounds detected remain 
unidentified. A major development in solving this problem is the increasing adoption
of GC/MS by many metabolomics researchers. As GC/MS generates spectra for 
fully ionized compounds, such spectra are highly reproducible between laboratories 
and can be used as references and exchanged between researchers. The fourth 
bottleneck in this field is the limited availability of chemoinformatics tools that 
expedite analysis of a large amount of data and convert it to an interpretable form 
with respect to the biological characteristics of the various systems. There has been 
considerable progress in the computational biology field in recent years and more 
tools are being developed. Some of the bioinformatics tools are discussed in 
Sect. 3.3.5.1.

In addition to the current limitations in metabolomics, the field of rhizosphere 
metabolomics in particular faces two additional challenges. One is due to the dif-
ferent collection procedures required for root exudates. These are collected by 
growing plants hydroponically, aeroponically or even in soil; hence, specialized 
techniques and care are required for collection purposes. Secondly, it is difficult to 
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separate the exudations from various interacting biotic agents in the rhizosphere 
such as plants and their associated microbes. Further advances in these areas are 
required to bridge the gap in the knowledge base of gnotobiotic and field-based 
systems. Spectroscopic methods used for the identification of soil bacteria 
are becoming increasingly popular as they provide information on nonculturable 
microbes as well as on the relative abundance of various microbial species. For 
example, Raman microscopy analysis gives the spectral profile from a single cell, 
which helps in bacterial species differentiation (Huang et al. 2004).

3.3.4 Rhizosphere Metabolomics Methods

As exemplified by the root exudate profiling studies already described, they rely 
largely on a highly sophisticated suite of analytical techniques. We briefly describe 
the major groups of techniques used in metabolomic studies. Some of these include 
the chromatography techniques, MS, NMR and spectroscopy of various types. The 
utility of analytical techniques in metabolomics has been more extensively reviewed 
by Dunn et al. (2005).

3.3.4.1 Chromatography Techniques 

Chromatography techniques help in separation and analysis of the metabolites. 
Different types of such techniques are available for metabolite analyses (Table 3.1). 
Here, we give a few examples that represent how these techniques can help in 
understanding the nature of root exudates or interactions in the rhizosphere:

• Thin layer chromatography. This technique involves the separation of metabolites on 
the basis of differential partitioning between the components of a mixture and the 
stationary solid phase. This is a very simple and inexpensive analytical method. 
Reverse-phase thin layer chromatography (TLC), along with some other techniques, 
has been useful in understanding fungal-bacterial interactions in the rhizosphere. 
The rhizobacteria Pseudomonas chlororaphis PCL1391 produces an antifungal 
metabolite phenazine-l-carboxamide, which is a crucial trait in its competition with 
the phytopathogenic fungus Fusarium oxysporum f. sp. radicis-lycopersici in the 
rhizosphere (Chin-A-Woeng et al. 2005). In this study, TLC was used to identify 
autoinducer compounds that were released during the expression of sigma factor 
psrA in different quorum-sensing gene mutants. In another application, TLC 
was used in studying the nodulation signaling metabolites that are secreted into the 
growth medium produced due to the nod ABC genes of Rhizobium and 
Bradyrhizobium strains (Spaink et al. 1992). TLC can be used to separate polar 
metabolites and fatty acids as well as to test the purity of compounds.

• Reverse-phase HPLC. In this technique the metabolites are separated on the 
basis of their hydrophobicity and they can be identified by comparing the retention
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times with those of standard compounds. This method has been used in compar-
ing the root exudates from different cultivars. For example, root exudates from 
seven accessions were evaluated using HPLC (Czarnota et al. 2003). Another 
application includes the use of HPLC in quantifying the amount of sorgoleone, 
a photosynthetic inhibitor in the rhizosphere of sorghum plants (Weidenhamer 
2005). Polydimethylsiloxane (PDMS) was used for the study. The amounts of 
sorgoleone retained on the PDMS increased with time, which could be shown 
using HPLC methods. The use of HPLC in root exudates profiling has already 
been mentioned in Sect. 3.3.2 (Walker et al. 2003).

• Anion-exchange chromatography. Another form of chromatography, this technique
is based on charge-to-charge interactions between the target compounds and the 

Table 3.1 Summary of the different available analytical techniques that have proven valuable 
in soil biology studies

Techniques Special features
Examples from soil biology 
studies

Chromatography
Thin layer chromatography Simple and inexpensive Study of nod metabolites 

(Spaink et al. 1992)
Anion-exchange chromatog-

raphy
Effective separation Study of soluble carbohydrates 

(Cataldi et al. 2000)
Mass spectrometry
Matrix-assisted laser desorp-

tion ionization
Useful in identification of 

metabolites
Study of aconitum alkaloids 

from aconite roots (Sun 
et al. 1998)

Proton transfer reaction mass 
spectrometry

Rapid and real-time analysis Study of rhizosphere volatile 
organic compounds and 
their induction by biotic 
stresses (Steeghs et al. 2004)

Spectroscopy
Nuclear magnetic resonance Less sensitive but powerful for 

chemical structure identi-
fication

Building flux maps and meta-
bolic network modeling. 
(Ratcliffe and Shachar-Hill 
2005)

Tandem analysis methods
Liquid chromatography/elec-

trospray ionization mass 
spectrometry

Analysis of even labile com-
pounds as there is no need 
to derivatize

Identification of isoflavone 
conjugates from roots of 
lupine species (Kachlicki 
et al. 2005)

Gas chromatography/mass 
spectrometry

Low-mass volatile compound 
can be identified

Identification of signaling mol-
ecules during ectomycorrhi-
zae formation (Menotta 
et al. 2004)

Gas chromatography/combus-
tion/isotope-ratio mass 
spectrometry

Helps to study dynamic nature 
of metabolites

To study the nature and dynam-
ics of plant sugars in the 
rhizosphere (Derrien et al. 
2003)
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charges immobilized on the column resin. In anion-exchange chromatography 
the binding ions are negative and the immobilized functional group is positive. 
It has been used to determine the composition of soluble carbohydrates in plant 
tissues such as olive roots (Cataldi et al. 2000). The authors have used the tech-
nique for efficient separation of carbohydrates. Such studies can be extended to 
understand the movement of sugars and the types of sugars that are available in 
the soil for the rhizobacteria.

Chromatography techniques are powerful tools when used in conjunction with 
other techniques such as MS. Liquid chromatography (LC) and GC techniques have 
been used with different types of mass spectrometers as described in the context of 
rhizosphere metabolomics here.

3.3.4.2 Mass Spectrometry 

MS analysis has come a long way since 1954, when John Beynon from Imperial 
Chemical Industries, UK, first suggested that the spectra could be correlated to 
structure and outlined the basic rules of MS. MS has now developed into a powerful 
analytical tool with applications in chemical analysis, drug development, natural 
products analysis and biomedical applications to name a few. Computer interfacing 
has added an additional software-driven component, which has brought the instrument
within the reach of biologists. In a mass spectrometer, the samples are ionized by 
different methods. This is usually done in the source part of the mass spectrometer. 
There are different ionization methods, like electron impact, chemical ionization, 
ESI, fast atom bombardment, field ionization, field desorption and laser desorption. 
In electron impact ionization, the samples are ionized by the bombardment of electrons.
The ionization is caused by the interaction of the fields of the bombarded electron 
and the molecule, resulting in the emission of an electron. In an ESI mass spectrom-
eter the sample is sprayed as a fine liquid aerosol. A strong electric field is applied 
under atmospheric pressure to the liquid passing through a capillary tube, which 
induces charge accumulation at the liquid surface, which then breaks up to form
highly charged droplets. As the solvent evaporates, the droplets explode to give 
ions. The spectra obtained are usually those of mutiply charged molecular ions 
owing to protonation. In laser desorption ionization, a laser pulse is focused onto 
the surface of the sample, some part of the compound gets desorbed and reactions 
among the molecules in the vapor-phase region result in ions. An extension of this 
method is the MALDI method. In this technique, samples are mixed with a suitable 
matrix and allowed to crystallize on grid surfaces. Samples are then irradiated with 
laser pulses to induce ionization. Most of the energy of the laser pulse is absorbed 
by the matrix, so unwanted fragmentation of the biomolecule is avoided. Chemical 
ionization is considered to be “soft ionization” technique as the number of fragment 
ions produced is less. In this method a reactant gas like methane is passed through 
the sample and the interaction of the ions with neutral molecules produces new 
ions. The ions formed by any of the methods are then accelerated through a column 
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and deflected in a magnetic field. In the mass analyzer the ions are separated 
according to their mass-to-charge ratio (m/z) and finally they are detected by an ion 
detector. In a triple-quadrupole mass analyzer, the ions from the source are passed 
between four parallel rods. The motion of the ions depends on the electric field, 
which allows only ions of the same m/z to be in resonance and to the detector at the 
same time. Triple-quadrupole MS is most often used for quantification purposes. In 
the case of an ion-trap mass analyzer, the ions are focused using an electrostatic 
lensing system into the ion trap. An ion will be stably trapped depending upon the 
values for the mass and the charge of the ion. A mass spectrum is obtained by 
changing the electrode voltages to eject the ions from the trap. In a TOF detector 
the molecules are detected on the basis of the time that each molecule takes to reach 
the detector.

A schematic representation of the acquisition of mass-spectral data is provided 
in Fig. 3.1.

Chromatographic separations followed by mass-spectral analysis provide 
additional separation. This is because the metabolites are first separated on a 
chromatographic column which partitions the metabolites into different fractions 
and each of the fractions is further analyzed by a mass spectrometer. The separation 
of the metabolites into fractions helps in reducing the ion suppression effect and 
enhances detection and therefore more metabolites can be analyzed from samples. 
The metabolites can be fragmented for identification purposes using a tandem mass 
spectrometer. A Tandem mass spectrometer can be considered as two mass 
spectrometers in series with a collision cell in-between. This type of instrument 

Fig. 3.1 The various steps in acquiring a mass spectrum
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helps in fragmenting targeted ions that give rise to daughter ions. These daughter 
ions form a fingerprint that can then be compared with fingerprints of standards or 
databases. Mass spectrometers have been used in conjunction with various chroma-
tographic methods. The two commonly used chromatographic methods are LC in 
conjunction with MS and GC in conjunction with MS. Some of these analytical 
techniques have been described recently (Dunn et al. 2005; Sumner et al. 2003). 
MS can also be used to optimize the chromatographic separations. The separations 
are best if the metabolites are limited to the least number of fractions. Conversely, 
if the same metabolite is present in more fractions then the separations by HPLC 
are not very efficient (Fig. 3.2). In this example, each of the metabolites is in just 
one fraction (no more than one) and 80% belong to this category, indicating an 
effective HPLC-based separation.

3.3.4.3 Gas Chromatography/Mass Spectrometry

This technique is mostly used to study volatile compounds. As GC/MS relies 
on the hard ionization methods, ion spectra are highly uniform and reproducible 
between experiments. Owing to this advantage, standard databases can be 
created and shared between laboratories. Several examples of GC/MS use are 
available in the plant metabolomics literature. For example, the GC/MS 
technique has been used to study the differences in plants of different develop-
mental stages with respect to their day length (Jonsson et al. 2004). GC/MS has 
been useful in identifying molecules such as those involved in signaling during 
ectomycorrhizae formation (Menotta et al. 2004). These molecules are exuded 
during the presymbiotic interaction between Tuber borchii (ectomycorrhiza) 
and the host plant Tilia americana. Seventy-three volatile organic compounds 
(VOCs) could be identified and 29 of these were produced during interaction 
between the fungi and the host and; therefore, they could possibly be signaling 
molecules. The technique thus assists in increasing our understanding of rhizo-
sphere signaling.

GC–combustion–isotope-ratio MS (GC/C/IRMS) is another useful technique 
that has been adopted in rhizosphere metabolomics. An Isotope-ratio mass spec-
trometer accurately determines the elemental isotope ratios very precisely and 
accurately. Single focusing magnetic sector mass spectrometers with multiple 
detectors are used in this technology. The principle of IRMS is that the ratio of 
isotopes in a compound varies according to its source and forms an isotopic 
fingerprint, which can be detected using a mass spectrometer. The advent of IRMS 
has helped in evaluating the interactions between organisms and the environment 
by studying the variability of the natural abundance of stable isotopes. Stable 
isotope mass-spectrometric approaches are also useful in understanding biotic 
interactions in complex ecosystems. Different phenomena involving soil microor-
ganisms and soil invertebrates were recently determined by the δ13C values of 
individual compounds (Evans and Evershed 2003). GC/C/IRMS was used in con-
junction with 13C labeling to study the nature and dynamics of plant sugars in the 
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rhizosphere (Derrien et al. 2003). In this study, the sugars were hydrolyzed and 
trimethylsilylated (addition of several carbon atoms per sugar) to derivatize the 
carbohydrates prior to GC analysis. The polar hydroxyl groups were replaced by 
nonpolar groups that contain carbon. The isotope excess of each sample was 
determined using calibration of the number of analyzed added carbon atoms in 
terms of the ratio of 13C to normal C of individual sugars. The study high-
lighted the use of this technique and discussed the derivatization aspects and pro-
posed further use of the technique in understanding the sugar dynamics in soil. 
IRMS has been coupled with the continuous flow mode to understand the C 
cycling in forest soil (Formanek and Ambus 2004). The efflux of CO

2
 is a combi-

nation of respiratory activity of roots and associated rhizosphere organisms, soil 
fauna and soil microorganisms. The contribution of the CO

2
 from each group can 

be analyzed to understand C cycling and sequestration.

3.3.4.4 Liquid Chromatography/Mass Spectrometry

Although numerous metabolites can be identified in a single run using GC/MS, the 
technique may not always prove useful especially in the case of metabolites that 
are sequestered in compartments and are labile or degraded in high-temperature 
regimes; hence, such metabolites are difficult to derivatize. In such cases, LC/MS 

Fig. 3.2 Use of a mass spectrometer to optimize high-performance liquid chromatography 
(HPLC) methods. a Offline analytical HPLC chromatogram of Arabidopsis Columbia plant roots 
grown on agar plates. Metabolites present in plant roots were collected into 16 major reverse-
phase HPLC fractions and each fraction is separated by electrospray ionization mass spectrometry. 
b The frequency of each mass/charge (m/z) value in the different fractions. The frequency helps 
in determining the efficiency of the HPLC run
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may be the technique of choice. This technique is very commonly used as it is a 
very convenient platform especially when used in conjunction with ESI MS. 
Nearly 13–20 isomeric isoflavone conjugates have been identified from roots of 
lupine species using ESI MS (Kachlicki et al. 2005). In that study, a comparative 
analysis of triple-quadruple and ion-trap analyzers was conducted. The study high-
lighted the utility of these techniques in analyzing metabolites in biological sam-
ples. Such techniques can be used to study the role of metabolite conjugations in 
root–microbe interactions since flavonoids play a major role in plant–microbe 
interactions as discussed in Sect. 3.4.2.

3.3.4.5 Matrix-Assisted Laser Desorption Ionization Time of Flight

This is a very sensitive method and quantities as low as 10−15–10−18 mol can be 
detected. This method has been useful in the study of aconitum alkaloids from aconite
roots (Sun et al. 1998). This kind of analysis often leads to the identification of new 
metabolites as in this case where three new alkaloids were identified. MALDI TOF 
is most useful for determining the mass accurately.

3.3.4.6 Proton Transfer Reaction Mass Spectrometry

This new technology allows rapid and real-time analysis of most biogenic VOCs 
without preconcentration or chromatography. Compounds are ionized by a chemi-
cal ionization method using H

3
O+ ions. The H

3
O+ ions transfer their protons to the 

VOCs, which have higher proton affinities than water. The process is referred to as 
“soft ionization” as it avoids excessive fragmentation of the biomolecules and 
allows real-time analysis. The detection limit in proton transfer reaction MS is as 
low as a few parts per trillion. This technique has been used to study rhizosphere 
VOCs and their induction by biotic stresses (Steeghs et al. 2004). The VOCs can be 
analyzed without previous separation by chromatography. VOCs induced specifi-
cally as a result of interactions between microbes and insects and Arabidopsis roots 
could be detected. For example, in the abovementioned study, compatible interac-
tions of Pseudomonas syringae DC3000 and Diuraphis noxia with Arabidopsis
roots showed rapid release of 1,8-cineole, a monoterpene that was not previously 
reported in Arabidopsis.

3.3.4.7 Spectroscopy Methods 

Spectroscopic techniques have been increasingly used in studying and identify-
ing metabolites. FTIR spectroscopy is a technique that is useful in identifying 
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organic and inorganic chemicals. The chemical bonds in a molecule can be 
determined by interpreting the IR absorption spectrum. Molecular bonds 
vibrate at various frequencies depending on the elements and the type of bonds 
and therefore give a specific absorption spectrum. FTIR spectra of pure com-
pounds are so unique that they are like a molecular “fingerprint.” Raman spec-
troscopy is another technique where the observed spectrum is based on the 
vibration of a scattering molecule. When a photon is incident on a molecule, it 
interacts with the electric dipole of the molecule. The interaction can be viewed 
as a perturbation of the molecule’s electric field. Both FTIR and Raman spec-
troscopy are effective in the rapid identification of bacteria and fungi (Goodacre 
et al. 2000).

3.3.4.8 Nuclear Magnetic Resonance Spectroscopy

NMR spectroscopy is a less sensitive technique than MS; however, it is highly 
powerful in identification of small molecules and is one of the most used forms 
of spectroscopy. It helps in accurately determining the structure of a metabo-
lite. Any molecule containing one or more atoms with nonzero moment is 
detectable by NMR. Biologically important atoms such as 1H, 13C, 14N, 15N and 
31P are all detectable by NMR. All biologically important metabolites provide 
NMR signals. NMR spectra are characterized by the chemical shifts, intensity 
and fine structure of the signals. These signals help in identification and quan-
tification of the metabolites. The use of NMR in metabolic fingerprinting and 
profiling of plants has recently been reviewed by Krishnan et al. (2005). These 
authors reviewed NMR profiling and multivariate data analysis with respect to 
the effect of stress on wild-type, mutant and transgenic plants. This highlights 
the potential of NMR in plant metabolomics. NMR has also been used in inves-
tigating the operation of networks in plants. Labeling with isotopes in conjunc-
tion with metabolite analysis by NMR can help in building flux maps that can 
be useful in metabolic network modeling (Ratcliffe and Shachar-Hill 2005). 
133Cs NMR has been used to examine the intracellular and extracellular pools 
of Cs+-containing, and CsCl-perfused, excised maize seedling roots. Hence, 
further insight was gained into the ion transport and subcompartmentalization 
in the root tissues (Pfeffer et al. 1992). Quantitative NMR is used for quantita-
tive measurements. Further, solid-state NMR has been used in studying plant 
nitrogen metabolism (Mesnard and Ratcliffe 2005). Solid-state 1H NMR is use-
ful in elucidating the structure as well as the dynamic nature in the solid phase. 
In this technique, the structure is derived on the basis of the number of H 
atoms, the neighboring H atoms and the environment of the H atoms. These 
techniques give a wealth of information on the metabolites in plants and can 
also be useful in identifying and quantitating root exudation metabolites. The 
utility of NMR in metabolomic studies has been reviewed by Griffin (2004) 
and Reo (2002).
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3.3.5 Methods and Tools for Metabolomics Data Handling 
and Analysis

Metabolomic studies often lead to huge data sets that need to be analyzed and stored. 
In typical HPLC-based separation followed by offline MS such as ESI MS of each 
fraction, ions can be detected per fraction in positive mode and a slightly lesser number 
in the negative mode. Hence, one sample from a single injection can yield 10,000– 
12,000 data points. With replications and various samples, the number increases 
considerably, generating several hundred megabytes of data per experiment.

Databases to store such data as well as for the identification of the metabolites, 
therefore, become essential. Raw data obtained from the instruments have to be 
preprocessed by several methods to minimize effects of machine variations or 
experimental errors during weighing of samples or injections into the instruments. 
Examples of preprocessing include data normalization, baseline correction and 
alignment of spectra. Following preprocessing, the data need to be converted to 
useful biological information by a variety of data analysis techniques. Lastly, the 
analysis of these data can lead to verification of an original hypothesis or the discovery
of new associations, which can be experimentally validated. The following criteria 
have been proposed for creating robust and interpretable multivariate models for 
comparison of many samples (Jonsson et al. 2005):

1. Each sample is characterized by the same number of variables.
2. Each of these variables is represented across all observations.
3. A variable in one sample has the same biological meaning or represents the same 

metabolite in all other samples.

Increasing attention is recently being given to metabolic modeling, which leads to 
development of metabolic networks. Such networks help in understanding the 
biochemical behavior at the whole-cell level. Evolutionary computation-based 
methods such as genetic algorithms and genetic programming are ideal strategies 
for mining such high-dimensional data to generate useful relationships, rules and 
predictions (Goodacre 2005).

3.3.5.1 Tools for Data Analysis 

Several tools for data analysis have been developed by computational biologists for 
the preprocessing and analysis of data. One such recent tool is MZmine (Katajamaa 
and Oresic 2005), which is useful for data generated via LC/MS studies. It contains 
algorithms useful in data preprocessing such as spectral filtration, peak detection, 
alignment and normalization. The visualization tools enable comparative viewing 
of the data across multiple samples and peak lists can be exported to other tools for 
data analysis. Data obtained from metabolomic studies often are very complex as 
multiple dimensions may be involved. For example, various dimensions due to 
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different treatments such as doses or time-point-based data may need to be handled. 
Specific types of biostatistical tools are required to make meaningful conclusions 
from such data. One such statistical tool is ASCA analysis of variance–simultaneous 
component analysis) (Smilde et al. 2005). It is a direct generalization of analysis of 
variance from univariate to multivariate data. This tool helps in analyzing complex 
data generated by LC/MS involving different parameters such as time and dose 
factors. Other multivariate data analysis techniques such as principal component 
analysis (PCA) and partial least squares regression (Martens and Naes 1993) can 
also be used to analyze metabolomics data. The technique can reduce the number 
of dimensions to two or three, which can be represented graphically. These repre-
sentations allow the user to visualize the patterns or clusters in the data sets as 
hierarchical plots or scatter plots. PCA helps in visualizing the data in a simplified 
way and helps in extracting meaningful biological interpretations. A variation of 
PCA is the weighted PCA where spectra of repeated measurements are converted 
to weights describing the experimental error and it adds interpretation to the 
metabolomics data (Jansen et al. 2004). Multivariate data analysis has been 
reviewed by van der Werf et al. (2005).

MSFACT is another metabolite data analysis tool, and consists of spectral for-
matting, alignment and conversion tools (Duran et al. 2003). This tool helps in 
reformatting, alignment and export of large chromatographic data sets to allow 
more rapid visualization and interrogation of metabolomics data. Applications of 
the tool were illustrated using GC/MS profiles from Medicago truncatula.
Metabolites from various tissues such as roots, stem and leaves from the same plant 
were easily differentiated on the basis of metabolite profiles. The tool uses hierarchical
clustering, two-dimensional PCA and three-dimensional PCA as visualization tools.

Another recent tool is XCMS, which is suitable for analyses of LC/MS data. It 
is able to filter and identify relevant peaks and match the peaks in different samples. 
The tool can also calculate retention time deviations. It is capable of simultaneously 
preprocessing, analyzing and visualizing the raw data from hundreds of samples. 
Statistical data analysis can also be performed and it includes functionality for peak 
picking, nonlinear retention time alignment and relative quantitation. It is freely 
available at http://metlin.scripps.edu/download/.

A more recent and comprehensive online tool for preprocessing, chemometrics 
and analysis of LC and MS data is Metabolomics Data Analysis Tool (MetDAT). 
This tool (http://smbl.nus.edu.sg/METDAT/) is available free online for researchers 
from academic and nonprofit organizations. MetDAT performs alignment, baseline 
correction and normalization of data using a number of algorithms. It can calculate 
log ratios of different treatments with respect to a reference data set. It also allows 
generation of Venn diagrams that identify common as well as unique molecules in 
two to four data sets. MetDAT includes chemometric methods like PCA and hier-
archal and K-means clustering as well as biostatistical methods such as analysis of 
variance. The online tool deals with small data sets for rapid analysis. In its offline 
complete software package, this tool allows user-provided databases to store the 
data as well as analysis of the data to enable extraction of meaningful biological 
interpretations. Users are able to upload their data, analyze and store the data, 
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which can later be recalled. The data are also organized according to the project, 
subproject and experiments. The sample extraction methods, LC methods, buffer 
system used, the type of instrument and the instrument settings can be input into 
the database. Hence, this software package can be used for managing large metabo-
lomics projects involving several resources and experiments. Though there are 
other tools for MS data analysis and HPLC data analysis, MetDAT provides a com-
plete set of programs for data preprocessing and analysis, unique algorithms and 
programs for data analysis, and a user database in a single package.

Upon metabolite data analysis, novel compounds and metabolic pathway 
features are frequently discovered. It then becomes essential to mine the literature 
for reports on such compounds or their enzymes or pathways. Searching databases 
can often lead to a large number of publications. For example, a simple search for 
plant sugars yields 43,926 abstracts in the PubMed database. Analysis and inte-
gration of knowledge from such abstracts becomes highly cumbersome to an 
extent such that it takes enormous effort, manpower and time to assimilate and 
interpret the information. This problem can be minimized by using knowledge 
mining tools such as Dragon Plant Biology Explorer (DPBE; http://research.i2r.
a-star.edu.sg/DRAGON/ME2/) (Bajic et al. 2005). This tool allows plant biolo-
gists to mine existing literature and visualize the interconnectedness. DPBE is a 
system which integrates information on genes from PubMed abstracts with gene 
functions based on standard gene ontologies and biochemical entity vocabularies, 
and presents the associations as interactive networks. DPBE complements the 
existing biological resources for systems biology by identifying potentially novel 
associations using text analysis between cellular entities based on genome anno-
tation terms. One of the most useful aspects of DPBE to biologists is that it con-
denses information from a large volume of documents for easy inspection and 
analysis, thus making it feasible for individual users. Two modules of the 
explorer, the Metabolome Explorer and the Pharmacology Explorer, are especially 
relevant to metabolomics researchers (Bhalla et al. 2005). Interconnections 
among cellular entities such as metabolites, enzymes, genes, mutants, plant ana-
tomical features, cellular components and function can be visualized as networks. 
Nodes in the networks are hyperlinked to the original abstracts in color-coded 
forms. Hence, DPBE can be used to interpret novel information generated from 
metabolomics projects as well as to research new topics by beginners or experi-
enced scientists.

3.3.5.2 Databases 

Different kinds of databases are required to efficiently analyze metabolomics data. 
Some such databases are outlined here briefly:

1. Databases for storing experimental data. These helps to recall data for comparison 
or different types of analyses and usually such databases are created in-house. 
Data are stored as flat files for smaller data sets, while for larger complex data, 
relational databases are used. Relational databases also have functions “built in” 
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that help them to retrieve, sort and edit the data in many different ways. A universal
database for the input of all metabolomics data would be helpful for comparison 
of results from different experiments by different people. Such databases are at 
present available for microarray data. These data can then be used as a starting 
point for experiments by other scientists. The MetDAT software package 
described previously provides one such option as it incorporates a project and 
experiment management system.

2. Databases for comparing with other standard or data sets. One of the biggest 
challenges in MS is to generate reproducible fragmentation patterns especially 
using soft ionization methods such as ESI MS. Databases then have to include 
parent, precursor and daughter ion information. Currently, there is very little 
understanding of the fragmentation patterns of various metabolites; hence, indi-
vidual laboratories have to generate their own databases based on their methods 
and instrument settings. Spectral data are available in the public domain for only 
some metabolites. For example, the National Institute of Standards and 
Technology (NIST), USA, has a chemistry Web book that provides information 
on the molecular weight, formula, structure as well as mass spectra. Chemical 
information on several parameters is available for over 40,000 compounds and 
mass spectra of 15,000 compounds are available (http://webbook.nist.gov/). 
Another freely available database for drugs and metabolites is provided by the 
Mass Spectrometry Database Committee (http://www.ualberta.ca/~gjones/mslib.
htm). In addition, a number of commercial databases are available for users. 
Some of these are the NIST/EPA/NIH Mass Spectral Library for electron impact 
(ESI) spectra (http://www.nist.gov/srd/nist1a.htm) and the Wiley Registry of 
Mass Spectral Data (http://www.wileyregistry.com/). Some of the tools and 
databases available are compiled in Table 3.2.

3. Databases of biochemical reactions and pathways. To understand the role of 
various metabolites in biological processes it is imperative to understand the 
biochemical reactions in which such metabolites are involved and the pathways 
to which they belong. This helps to predict the molecular mechanisms that 
govern the various processes taking place in the cell as a whole. Consequently 
several attempts are under way to create large-scale databases on gene-regulatory 
and biochemical networks. Such databases provide a comprehensive coverage of 
the chemical reactions. Such database can therefore, be helpful in deducing the 
reactions that are affected upon treatment or in transgenic, mutant, knockout or 
knockdown RNA interference plants.

A summary of some of the available databases is provided in Table 3.2 All these 
databases contain features that make them unique, but none of them singly fulfills 
all the requirements for a good reference for metabolic pathway studies (Mendes 
2002; Wittig and De Beuckelaer 2001). Despite this, such databases provide a 
wealth of knowledge and play an important role in understanding the complexities 
and the interrelationships among the genes, proteins and metabolites. Selected tools 
and databases from this category are described here briefly:

• MetaCyc. This is a database of experimentally elucidated pathways. It has around 
700 pathways from 600 organisms. It stores pathways involved in primary 
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metabolism (including photosynthesis), secondary metabolism, as well as associ-
ated compounds, enzymes and genes. It is available at http://metacyc.org/.

• AraCyc. This is a database containing biochemical pathways of Arabidopsis
developed at The Arabidopsis Information Resource (http://www.arabidopsis.org) 
with the aim of representing Arabidopsis metabolism using a Web-based interface 
(Mueller et al. 2003). This database now contains 197 pathways that include infor-
mation on compounds, metabolic intermediates, cofactors, reactions, genes, 
proteins and protein subcellular locations. The Web site also has an “omics 
viewer” that allows users to upload the data onto a pathway chart and then visualize 
the variations in the data and map the pathway changes in a visual form.

• The Kyoto Encyclopedia of Genes and Genomes (KEGG) (http://www.genome.
ad.jp/kegg/) is a complex set of databases, and includes knowledge on molecular 
interaction networks in biological processes (PATHWAY database), knowledge 
of genes and proteins (GENES/SSDB/KO databases) and knowledge of the 
chemical compounds and reactions (COMPOUND/GLYCAN/REACTION 
databases). KEGG currently covers 15,037 pathways, of which 229 are refer-
ence pathways. It has genome information of 181 organisms and catalogs 
646,192 genes with ortholog clusters known for 33,305 of the genes. It describes 
6,000 chemical reactions and links to 10,000 chemical compounds.

• BioPathAt. This newly developed visual interface allows the knowledge-based anal-
ysis of genome-scale data by integrating biochemical pathway maps (BioPathAtMAPS 
module) with a manually scrutinized gene-function database (BioPathAtDB) for the 
model plant Arabidopsis thaliana (Lange and Ghassemian 2005).

Often there is great discord in the data generation and analysis methods of different 
laboratories or even during different experiments, which may lead to misinterpreta-
tion of the data or irreproducible data. In order to have uniformity in the data 
published and also for efficient analysis and recording, The Standard Metabolic 
Reporting Structures (SMRS) group (http://www.smrsgroup.org/) has been set up 
to provide guidelines for reporting metabolomic studies. The guidelines pertain to 
three main areas: (1) origin of the biological sample, (2) analytical methods used 
in the analysis of the material and (3) the multivariate statistical methods (chemo-
metrics) used to retrieve information from the sample data (The Standard 
Metabolic Reporting Structures Working Group 2005). Further, to enhance the 
accuracy and descriptions of the methods and experiments, a framework for plant 
metabolomics called ArMet (Architecture for Metabolomics) has been created 
(Jenkins et al. 2004). It provides the entire experimental timeline from the sample 
preparation to data analysis. Such data models will help in comparison of data 
sets, allow proper interpretation of the results and repetition of results. It gives a 
basis for storage and transmission of data.

We have provided a brief introduction to the available analytical methods, the 
bioinformatics tools and the databases available for metabolomics with examples 
related to rhizosphere metabolomics. We shall now describe the different events in 
the rhizosphere such as bioconversions that have been deduced with the help of 
these techniques and tools.
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3.4 Bioconversions of Rhizosphere Metabolites 

Bioconversion helps in the generation of energy and also signaling molecules for 
intracellular and intercellular functions. How soil bacteria transform these molecules 
(bioconversion) from the environment to generate energy and use it for growth and 
other purposes is very interesting. Bacteria take most of the starting materials from 
the living environment by involving processes such as biotransformation, biocatalysis 
or biodegradation. While these terms seem different, they refer to the same group 
of processes, namely, bioconversion or microbial metabolism. The use of the term 
depends on what is being studied and more often is based on the intended focus of 
the study. “Microbial metabolism” from an industrial application viewpoint refers 
to the process as biotransformation or employing biocatalysis. If the study concerns 
degrading environmental pollutants or organic compounds, it is commonly referred 
to as “biodegradation.” In this section, we shall refer to the process collectively as 
“bioconversion” for it may involve one of the abovementioned process or a combi-
nation of them, depending on the environment and its inhabitants. Bioconversions 
have been known since the days of Louis Pasteur (1857); however, a renewed interest
in biotransformation was witnessed only in the late twentieth century. This is partly 
due to interests in developing a sustainable environment coupled with a healthier life.

Plants release chemicals into the rhizosphere; they can positively or negatively 
regulate growth and development of the microenvironment, including the rhizo-
sphere (Rice 1984). Aromatic hydrocarbons, including many plant phenolics, are 
ubiquitous in nature. Plant phenolics, including quinines, are the most common 
class of subterranean allelochemicals (Inderjit 1996). Indeed, next to glucosyl residues,
the benzene ring is the most widely distributed chemical structure in nature (Dagley 
1981) and therefore they are the second largest group of natural products, including 
many plant metabolites released into the rhizosphere. Some of the common aro-
matic hydrocarbons released into the rhizosphere are flavonoids (Narasimhan et al. 
2003), members of the phenylpropanoid group of compounds; additionally 
contamination of vegetated soils can also expose rhizobacterial populations to 
pollutants such as naphthalene, phenanthrene, fluoranthene and benzo[a]pyrene. 
Although the signature benzene ring of aromatic hydrocarbons is commonly found 
in many of these compounds, their breakdown involves several complex metabolic 
networks. These compounds, therefore, signal developmental events in the roots of 
some plants that enhance their growth, indicating some active events that occur in 
the rhizosphere. These events are centered on the process of bioconversion/biotrans-
formation. Interestingly, to cope with the complexity of metabolizing these 
aromatic compounds, microorganisms have adopted two simple but fundamentally 
different strategies: aerobic and anaerobic mechanisms. Under aerobic conditions, 
aromatic compounds are generally transformed by monooxygenases and dioxygenases 
into a few central intermediates such as catechol, protocatechuate and gentisate.
This phenomenon is commonly referred to as “funneling pathways.” Under anoxic 
(anaerobic) conditions, aromatic compounds need to be transformed by means 
other than by oxygenases, more so owing to the absence of oxygen, thus reductively 
attacking the ring structure via an ATP-dependent mechanism.
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3.4.1 Metabolite Conversion Pathways in Bacteria

Bacteria possess the unique ability to break down ring-containing compounds that 
are resistant to degradation. The first representation of the metabolic pathway and 
the enzymatic reactions resulting in the mineralization of aromatic compounds 
(naphthalene in this study) was by Davies and Evans (1964). Since then, metabolite 
conversion by microbes, including bacteria, fungi and algae, has been extensively 
studied (Kuiper et al. 2004). Conversion of metabolites, for instance, compounds 
with more than three fused rings, is less ubiquitous, but the number of organisms 
found to degrade these aromatics is increasing (Kanaly and Harayama 2000). For 
some of the aromatic and complex compounds with more than three fused rings, 
“cometabolism” often serves as the main route for degradation. Another notable 
aspect of most aromatics that could influence bioconversion includes their hydro-
phobicity, which in turn depends on the number of fused rings, and their relative 
water solubility is low. Generally, the uptake of aromatic compounds by bacteria 
proceeds via the water phase and hence their water solubility may also be an 
important aspect, at least in the context of bioavailability of metabolites. Some 
microbes are able to produce biosurfactants that may be involved in enhanced 
bioavailability of metabolites for further conversion. Bioconversion involves the 
breakdown of metabolites through one of the abovementioned processes. 
Metabolites and/or often-recalcitrant compounds are transformed into less complex 
metabolites or through mineralization into inorganic minerals, water and carbon 
dioxide (in the case of aerobic pathways) or methane (in anaerobic pathways). The 
general ability of bacteria to use aromatic or ring-containing compounds such as 
the plant phenolics, halogenated hydrocarbons and others is related to the fact that 
most of these compounds are commonly present in the environment as a result of 
plant-derived material (Harwood and Parales 1996). By contrast, man-made 
compounds have been in contact for over 100 years only, and as a result their 
breakdown and properties are less well characterized. Two major routes of biocon-
version, i.e., aerobic and anaerobic, and the peripheral and central pathways are 
discussed in the following sections.

Aerobic and anaerobic pathways have similarities and yet significant differ-
ences (Table 3.3). In the aerobic catabolic funnel, most peripheral pathways 
involve oxygenation reactions carried out by monooxygenases and/or hydroxylat-
ing dioxygenases that generate dihydroxy aromatic compounds (such as catechol, pro-
tocatechuate, gentisate, homoprotocatechuate, homogentisate, hydroquinone and 
hydroxyquinol) (Gibson and Subramanian 1984). These intermediate compounds 
are the substrates of ring-cleavage enzymes that use molecular oxygen to open the 
aromatic ring between the two hydroxyl groups (ortho cleavage, catalyzed by 
intradiol dioxygenases) or proximal to one of the two hydroxyl groups (meta
cleavage, catalyzed by extradiol dioxygenases) (Harayama and Timmis 1992). 
Central pathways, therefore, involve a series of reactions leading to the formation 
of Krebs cycle intermediates (central metabolism) that are further easily converted 
to tricarboxylic acid (TCA) cycle intermediates (ven der Meer et al. 1992). In the 
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anaerobic catabolism of aromatic compounds, the peripheral pathways converge 
mostly to benzoylcoenzyme A and occasionally to resorcinol and phloroglucinol, 
which become dearomatized by a specific multicomponent reductase that requires 
energy in the form of ATP (Gibson and Harwood 2002). At times, the rhizo-
sphere can have partially to completely anaerobic (anoxic) conditions, depending 
on the soil characteristics (such as compactness and waterlogging conditions). 
Under anoxic (anaerobic) conditions, aromatic compounds need to be transformed 
by means other than by oxygenases, more so owing to the absence of oxygen 
(early studies by Tarvin and Buswell 1934; Dutton and Evans 1967), implying that 
the aromatic-ring structures are reductively attacked (Dutton and Evans 1969; 
Evans and Fuchs 1988). It should be noted, however, that there is limited knowl-
edge on anaerobic degradation of polymeric high molecular weight aromatics such 
as lignins, which could represent probably more than half of the aromatic com-
pounds (Young and Frazer 1987).

The lignin pathway branches out from the initial steps of the phenylpropanoid 
biosynthesis pathways, which is well known for the production of flavonoids. 
These groups of compounds are released as rhizosecretion and they influence rhizo-
bacterial populations and competition. The bioconversions of these rhizosecretions 
are briefly discussed here. Rhizobia and Agrobacterium that are capable of degrad-
ing nod gene-inducing flavonoids have been reported (Rao and Cooper 1994) 
A Rhodococcus rhodochrous strain has been described as being capable of styrene 
degradation (Warhurst et al. 1994). Microbial enzymes with wide substrate specificity
are certain to provide better survival benefits to those harboring the enzymes than 
those that do not.

3.4.2 Case Study: Bioconversion of Flavonoids

Flavonoids are ubiquitous in the plant kingdom and in the rhizosphere and are 
also an integral part of the human diet (Hollman et al. 1997). Understandably, 

Table 3.3 Comparison of aerobic and anaerobic aromatic metabolism pathways

Features Aerobic Anaerobic

Channeling reactions + O
2

+H
2
O, +2[H], −2[H] + H

2
O + 

CO
2
, + CoA + ATP

Central intermediates Catechol, gentisate, protocate-
chuate

Benzoyl-CoA, resorcinol, phlo-
roglucinol

Properties of central interme-
diates

Easy to oxidize (cleave) Easy to reduce (hydrate)

Attack at the ring O
2

2 or 4[H] (H
2
O)

Ring cleavage Oxygenolysis of aromatic Hydrolysis of 3-oxo compound
Pathway to central metabolites 3-Oxoadipate pathway, e.g., →

succinate + acetyl-CoA
Oxidation, e.g., → glutaryl-

CoA → acetyl-CoA

CoA Coenzyme A
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several microbial genera are known to participate in the breakdown of aromatic 
compounds, including phenylpropanoids. These have been reported from two 
ecological niches, viz., soil and intestines, and include rhizobia, Agrobacterium 
tumefaciens, a thermophilic Bacillius sp., Pseudomonas sp., a Rhodococcus strain 
and a strain of the fungus Aspergillus niger. Other degraders are from the anoxic 
environment of the intestine and include Clostridium strains, Eubacterium species 
and Butyrivibrio species. Flavonoid degradation pathways have been well studied 
in the intestinal flora. As in most other cases involving degradation of aromatics, 
studies on uptake and detection of intermediates and accumulation of end prod-
ucts have generally lead to the elucidation of the pathway (Chang and Zylstra 
1998; Bode et al. 2000).

Several rhizobia, including the lotus rhizobia, can degrade quercetin via a novel 
form of ring cleavage, yielding phloroglucinol and protocatechuic acid (Rao et al. 
1991; Rao and Cooper 1994). Hopper and Mahadevan (1991) reported the degradation
of catechin by Bradyrhizobium japonicum, which was cleaved through an inducible 
catechin oxygenase to yield phloroglucinolcarboxylic acid and protocatechuic acid 
as the initial products that were further decarboxylated to phloroglucinol and dehy-
drated to resorcinol. Phenylpropanoid degradation by a soil pseudomonad and the 
presence of new oxygenases in the degradation of flavones and flavonones by 
Pseudomonas putida suggests that degradation occurred by a fission in the A-ring, 
via hydroxylation at C-8 (Shultz et al. 1974). A common pathway for the degradation
of flavones and flavonones by Pseudomonas putida is generally accepted, where it 
is converted to protocatechuate and/or catechol, which is further cleaved via the 
β-ketoadipate pathway, resulting in the formation of oxaloacetic acid. Oxaloacetate 
could be routed though the TCA cycle for further metabolism and energy generation.
A more detailed flavonoid mineralization pathway in a plant-growth-promoting 
rhizobacterial strain was recently described by Pillai and Swarup (2002) (Fig. 3.3). 
Using a comparative metabolomics approach with wild-type and flavonoid auxo-
trophic strains, they elucidated the metabolic pathway. The archetypal flavonoid 
quercetin was used in the study to monitor the degradation events in the soil pseu-
domonad. Quercetin was converted to naringenin and then to dihydroxy aromatic 
compounds that could be cleaved by ring-cleavage oxygenases and led to formation 
of single-ring compounds such as protocatechuate. As seen from Fig. 3.3, at least 
two intermediate compounds are produced during the flavonoid bioconversion 
before production of compounds that enter the TCA cycle. In addition to flavonoids, 
various intermediates have been identified with different phenolics as carbon 
sources in the environment. Phenolic degradation pathways produce acids that are 
partly subjected to further degradation and the phenolics detected over time may 
not be consistent. Jeffrey et al. (1972a) have reported degradation of taxifolin 
involving hydroxylation of its A-ring in a pseudomonad, while in another study, 
also involving a soil pseudomonad, they reported the oxidative fission of the A-ring 
of dihydrogossypetin (Jeffrey et al. 1972b). This shows the existence of a variety of 
catabolic metabolisms for different compounds, all in a single bacterial species. 
Such versatility of soil microbes allows speculation of the existence of novel metabolic
regulatory pathways in these strains.
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3.5 Applications of Rhizosphere Metabolomics

Rhizoremediation involves the use of plants as well as rhizobacteria to clean up 
contaminated soil and water. Two processes have been described to constitute 
rhizoremediation, namely, phytoremediation and bioaugmentation (Kuiper et al. 
2004). “Bioaugmentation” refers to enhanced availability of a substrate using specific 
microbes. Microbial degradation of the pollutants is enhanced owing to stimulation 
of root exudates. The root system of plants aid in spreading the rhizobacteria 
through soil and help to penetrate otherwise impermeable soil layers. Pollutant-
degrading bacteria can be inoculated on plant seeds to improve the efficiency of 
phytoremediation or bioaugmentation.

Phytoremediation  of polyaromatic hydrocarbons (PAHs) is driven by root–microbe
interactions (Rugh et al. 2005). Bacterial degradation has been shown to be the 
dominant pathway for environmental PAH dissipation. The authors tested various 
plant species and the efficacy in degrading PAHs. It was found that in soils that 
were planted, there was an increase in heterotrophic and biodegradative cell numbers
compared with the situation in unplanted soils. The study showed that the expanded 

Fig. 3.3 Phenylpropanoid degradation pathway in phenylpropanoid utilizing strains of 
Pseudomomas putida. Quercetin degradation pathway in P. putida strain PML2. The identities of 
all compounds except compounds III, V and VI were confirmed by NMR spectroscopy. All com-
pounds are stably formed except for compound III. Hydrolysis and cleavage of ether and keto 
bonds and the presence of an unstable intermediate (compound III) were inferred on the basis of 
the structures of compounds II and IV
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metabolic range of the rhizosphere bacterial community would contribute more to 
effective degradation of PAHs.

Plants can be genetically engineered so as to create a biased rhizosphere. This is 
possible by enhancing the growth of selected microbial species which can help in 
increasing the biodegradation capacity of the soil. Plants can be engineered such 
that they are resistant to soil-borne pathogens, are better hosts to beneficial microor-
ganisms, can remediate toxic waste or can attract communities of soil microorganisms
that enhance plant health (O’Connel et al. 1996). Engineering plants which exudate 
specific nutrients that enhance the growth of specific microorganisms helps in 
creating a biased rhizosphere that is more efficient in biodegradation (Fig. 3.4). For 
example, the genetically engineered plants that produce opines could change the 
bacterial populations in soil (Oger et al. 1997). Degradation of environmental pol-
lutants can be enhanced in the rhizosphere by microorganisms that can utilise root 
exudates as carbon source. For example, biodegradation of polychlorinated 
biphenyls (PCBs) can be enhanced by growth of PCB-degrading rhizobacteria 
along with plants that can exude phenylpropanoids. The rhizobacteria are able to 
utilize phenylpropanoids and hence are able to grow better in the rhizosphere 
as there is less competition for compounds like phenylpropanoids from other 

Fig. 3.4 Rhizoengineering approach to improve bioremediation efficiency. Resident rhizobacte-
ria that can mineralize phenylpropanoids for their growth can be isolated from polluted site. They 
can be modified by transfer of bioremediation genes/pathway. The genetically modified microor-
ganisms (GEMs) thus produced can be reintroduced to the rhizosphere, where they will be com-
petitive for growth and perform bioremediation efficiently
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microorganisms. Since they are able to grow better, the efficiency of PCB degrada-
tion is increased (Narasimhan et al. 2003). This method has the advantage that it 
does not rely on genetic engineering of plants as in the case of the previous meth-
ods. Plant-assisted rhizoremediation in the long run will turn into an effective mode 
for rhizoremediation of toxic organic pollutants. At petroleum hydrocarbon con-
taminated sites, two genes encoding hydrocarbon degradation, alkane monooxygen-
ase (alkB) and naphthalene dioxygenase (ndoB), were 2 and 4 times more prevalent in 
bacteria extracted from the root interior (endophytic) than from the bulk soil and 
sediment, respectively (Siliciano et al. 2001). These results indicate that the enrich-
ment of catabolic genotypes in the root interior is both plant-dependent and 
contaminant-dependent.

3.6 Conclusions

Metabolomics has emerged as the final frontier in functional genomics. The field 
has broad applications in understanding the composition and interactions of the 
rhizosphere. Although there are certain limitations in rhizosphere metabolomics in 
its present state, these are likely to be addressed as the field becomes more widely 
appreciated. Some of the techniques used for studying plant or animal metabolism 
can be extended to the rhizosphere as well. A number of analytical tools for the 
separation of metabolites are available for metabolomics researchers. However, 
metabolite databases and tools for processing and analyzing the data need further 
improvement. Future directions in this field are likely to be (1) in methods development,
(2) identifying signaling molecules that originate from both plants as well as rhizo-
sphere microbiota and (3) understanding the role of rhizosphere metabolites in 
affecting plant growth and physiological functioning.
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