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ABSTRACT

Allelopathy is a very complex phenomenon, influenced by many inherent and environmental factors. Due to this complexity, its elucidation is a
challenging task, requiring expertises from several fields.

A valuable approach to study these interactions is systems biology, a holistic approach giving a broad view of biological systems and relying on
omics technologies. Among omics sciences, metabolomics could be very powerful, but despite its potential it has been seldom applied to allelopathy
studies.

This review aims to introduce metabolomics approach to researchers involved in the study of allelopathy: to this end, an overview of this approach
is given along with examples of application of metabolomics to other ecological issues (effects of abiotic and biotic stresses). Furthermore, the scarce

examples of application of metabolomics or metabolomics-related approaches to allelopathy studies are reported.
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Abbreviations

CE-MS: Capillary Electrophoresis — Mass Spectrometry

DFA: Detrended Fluctuation Analysis

DIMS: Direct Infusion Mass Spectrometry

ESI: ElectroSpray Ionization

FT-ICR-MS: Fourier Transform — Ionic Cyclotronic Resonance — Mass
Spectrometry

FT-IR: Fourier Transform-Infra Red

GC-MS: Gas Chromatography — Mass Spectrometry

HCA: Hierarchical Cluster Analysis

HR-MS: High Resolution — Mass Spectrometry

LC-MS: Liquid Chromatography — Mass Spectrometry
MAS-NMR: magic-angle spinning — Nuclear Magnetic Resonance
MS: Mass Spectrometry

Introduction

A small, but growing body of evidence sug-
gests that plants may be capable of recognizing and
responding to neighbouring plants in a species spe-
cific manner (Broz et al. 2010).

Among biotic plant interactions, allelopathy rep-
resents an important factor in determining species
distribution and abundance as well as in regulat-
ing dynamic processes within plant communities
(Reigosa et al. 2006). The study of this phenomenon
is very challenging because of several reasons. Firstly,
it is governed by different factors such as individual
chemical structure, antagonistic, agonistic, additive,
sequential, or synergistic effects. Secondly, the fate
of allelochemicals in the soil, their interaction with

MS-MS (MSn): TANDEM Mass Spectrometry

NMR: Nuclear Magnetic Resonance

PCA: Principal Component Analysis

PCO: Principal Coordinates Analysis

PLS-DA: Partial Least Squares — Discriminant Analysis
QTOF: Quadrupole Mass Analyzer — Time Of Flight
ROS: Reactive Oxygen Species

SOM: Self Organizing Maps

TOF-MS: Time Of Flight — Mass Spectrometry
UPLC-DAD: Ultra-Performance Liquid Chromatography-Diode Array
Detector

1D, 2D: one dimensional, two dimensional

the microorganisms in the rhizosphere, biochemical,
chemical and photochemical transformations, and
many other factors need to be assessed. Moreover, the
production of allelochemicals is influenced by abiotic
(e.g. temperature, light, soil characteristics, rainfall)
and biotic factors (e.g. life cycle, competition, patho-
gens, pests, parasites, herbivores), with a resulting
unequal distribution of putative allelochemicals in
a plant in different seasons and in different environ-
mental conditions (Granéli & Salomo, 2010; Inderjit &
Duke, 2003).

This complex scenario requires a number of
different approaches to assess each distinct process
(Scognamiglio et al. 2013). Thanks to its holistic
view, systems biology could be a valuable tool in
allelopathy. The combined use of all omics sciences



Monica Scognamiglio, Brigida D'Abrosca, Assunta Esposito and Antonio Fiorentino

r

[Experimental design]

Biological question ]

\

~
( Metabolism quenching (e.g. using liquid Ny)
Plant harvesting Storage at -80°C or lower temperatures
Freeze drying
L y,
( Grinding to fine powder h
Sample preparation Solvent extraction (aided or not by physical means)
ple prep Method chosen based on matrix and analytical
8 procedure y
r N\
Analytical method features: broad range of
[ Data acquisition metabolites, wide dynamic range, high sensitivity,
resolution and repeatability (NMR, MS, etc.)
L J
( N\
Pre-processing and pre-treatment of raw data
[ Data analysis Multivariate data analysis (PCA, HCA, PLS-DA, etc.)
Statistical validation
N J

! !

Answer to the Ad hoc experiments (metabolomics
Hypoth i_,
[ biological question ] [ ypotheses [ or different approaches) ]

T

Figure 1. Metabolomics approach workflow.

can be very useful and helpful in this field, ena-
bling scientists to have a full view of the organisms
and of the complex processes (Moreno-Risueno
et al. 2010; Urano et al. 2010). Among the omics
sciences, metabolomics has several advantages
in chemical ecology: because all metabolites are
measured at once, also unstable compounds can be
detected, additive and synergistic effects are also
more likely to be evidenced, since metabolites are
analysed together (Forseth and Schroeder 2011).
Furthermore, it is a high throughput approach,
thus allowing the analysis of many different sam-
ples in relatively short times. Finally, it gives a
broad view of the biochemical status of the organ-
ism: the metabolome represents the end result of
all processes in the cell from the transcriptional,
translational and post-translational cellular events,
defining cells” biochemical phenotype (Macel et al.
2010).

Based on these considerations metabolomics could
be applied to allelopathy studies. Herewith the utility
of metabolomics in the study of allelopathy is pre-
sented, and examples of application in several fields
of chemical ecology are reported.
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Metabolomics

Metabolomics is the non-targeted qualitative and
quantitative analysis of all low molecular weight
metabolites (<1500 Da) in a biological sample (Kim
et al. 2011; Verpoorte et al. 2007). It is a component
of systems biology, along with the other omics tech-
nologies. These analyses, based on the comprehensive
monitoring of global metabolite networks and their
fluctuation in response to various stimuli, give a broad
view of the biochemical status of an organism, or more
broadly, of a biological system. The metabolome, in
particular, provides a snapshot of the end results of
all processes in the cell from the transcriptional, trans-
lational and post-translational events, giving clues
about what is going on in the system and defining its
biochemical phenotype (Sumner et al. 2003). This one-
time-point image might not be enough for studying
dynamic processes, but this problem can be overcome
by taking many subsequent pictures and integrating
all the information, or by using fluxomics (Kim et al.
2011; Ratcliffe and Sachar-Hill 2006). It can be fairly
stated that while genomic, transcriptomic and prot-
eomic approaches predict what is expected to happen
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in an organism, metabolomics portrays what is really
happening (Aliferis and Jabaji 2011).

Metabolomics stands at the interface of biology
and chemistry: its object is the entire complement of
small molecules, but the subject is the study of bio-
logical phenomena. Noteworthy, due to its untargeted
nature, it is a data-driven, hypotheses generating
approach.

This field is relatively new: the first publication
about metabolomics date back to 1998 (Oliver et al.
1998). It is slowly growing and not completely stand-
ardized, due to technical problems: as a consequence
of its highly variable target, metabolomics does not
have well defined methods, contrary to the other
omics sciences.

Besides the application of metabolomics in differ-
ent fields of research and analyses (Sumner et al. 2003,
Verpoorte et al. 2007), it is usefully applied to the study
of the responses to several stresses and some kind of
interactions (Kim et al. 2011): this issue will be further
examined in the present paper.

The use and contribution of metabolomics and
related approaches in chemical ecology is thorough-
ly exemplified by Prince and Pohnert (2010), who
reported two examples of how metabolomics could
be useful, describing the available approaches and
advantages (viz. detection of unstable compounds,
detection of additive or synergistic effects, identifica-
tion of chemical signals and definition of their effects
at the phenotype level) and disadvantages (viz. prob-
lems mainly related to the inherent noisiness of bio-
logical and ecological systems). However, although it
has been applied to several fields, its full potential in
chemical ecology, and especially in plant-plant inter-
actions is yet to be understood (Jones et al. 2013).

Besides metabolomics, other related technologies
have been introduced, to date: metabonomics, meta-
bolic profiling, target metabolite analysis, metabolite
fingerprinting, and metabolite footprinting. The litera-
ture is somehow confusing when defining what the aim
is of each of these, but the readers are invited to refer to
the definition reported in the glossary (Box 1).

A true metabolomic study has the aim to investi-
gate a problem and search for answers to one or more
biological questions: it is not a simple report of the
metabolite content of a biological system (Kim et al.
2011).

Metabolomics workflow: from experimental design to data
analysis

Metabolomics requires the analysis of a wide
range of different compounds, which differ in many
aspects: chemical nature, solubility, and concentration
(Schripsema, 2009).
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An important premise: a single extraction tech-
nique and a single analytical platform do not provide
the isolation and the detection of the complete metab-
olome (Fukusaki and Kobayashi 2005; Wolfender et
al. 2013).

A broad literature base exists on the analytical
and data analysis techniques used in metabolomics,
and the readers are invited to refer to this literature
for more in-depth understanding of the practical
operations and for the analytical approaches (Table
1), as well as to the recent comprehensive review by
Wolfender et al. (2013) and to the recommendations for
reporting metabolite data (Fernie et al. 2011; Goodacre
et al. 2007; Sumner et al. 2007). The entire metabo-
lomic experimental scheme from the experimental
design, to data mining and biological interpretation is
accurately explained in the paper by Wolfender et al.
(2013). However, in order to introduce metabolomics
approach to non-expert readers, the typical workflow
is illustrated in Figure 1, and the most relevant aspects
are discussed below.

The first step is the experimental design, which
will be based on the biological question underpin-
ning the research. As metabolomics usually takes
into account a large number of samples, and hence a
great work load, the design of suitable experiments is
a crucial point (Brown et al. 2005). Inherent biological
variability has to be taken into account from an early
stage of the research, for plants grown in both natural
and in controlled conditions.

The second step is plant harvesting. The method
used will depend on the study, but it is generally rec-
ommended to quench plant metabolism as soon as the
plant is harvested in order to avoid unwanted enzy-
matic reactions (Fernie ef al. 2011). Freeze-drying pro-
cess is usually performed prior to extraction, in order
to remove water for practical purpose (it may interfere
with some extraction and analytical techniques) and
to avoid reactivation of enzymes. An important issue
is timing: if samples are to be compared, it is recom-
mended to collect samples at the same moment of the
day and at the same growth stage. It is also important
to monitor all environmental conditions and /or anno-
tate all metadata (Wolfender et al. 2013).

Sample extraction and preparation methods highly
depend on the matrix to be analysed and on the ana-
lytical platform (Kim and Verpoorte 2010). In this
perspective, NMR-based metabolomics has the advan-
tage of minimum sample preparation: the extraction
can be carried out directly in deuterated solvents,
often with a mixture of phosphate buffer in D,O and
MeOD (1:1). This represents a great advantage in light
of the need for standardization of procedure.

Once extracted, metabolites need to be analysed,
and several techniques can be used. A list of these

11



Monica Scognamiglio, Brigida D’Abrosca, Assunta Esposito and Antonio Fiorentino

Table 1. Reviews on analytical techniques used in metabolomics (gray box indicates the reviewed methodology).

Review paper

Analytical technique

NMR MAS-NMR

Allwood et al. 2008
Dunn 2005

Fukusaki and Kobayashi 2005
Goodacre et al. 2004
Hall 2006

Kim et al. 2011
McGhie et al. 2012
Schripsema 2009
Sumner et al. 2003
Verpoorte et al. 2007
Wishart 2008
Wolfender et al. 2013

Xiao et al. 2012

techniques and of viewpoints on their advantages and
disadvantages in metabolomics application go beyond
the aim of the present review, as these topics have
been extensively discussed in the literature (Table 1).

Among the techniques, NMR and MS seem to be
the most powerful tools, for many reasons. NMR is a
physical measurement of the resonances of magnetic
nuclei: an external magnetic field is used to align the
nuclear spins. Then, they are irradiated with specific
frequencies in order to be promoted from a low to a
high energy state and the radiation emitted during
relaxation is detected. The frequency at which each
nucleus resonates depends on its chemical environ-
ment. As a consequence, each compound has a highly
specific spectrum, which is an information-rich graph.
"H NMR is commonly used in metabolomics thanks to
several advantages: first of all, easy sample prepara-
tion, ease of standardization and high reproducibility,
being the solvent used and the magnetic field strength
the only variables (Verpoorte et al. 2007). Furthermore,
as the majority of metabolites contain hydrogen, 'H
NMR can be considered as unbiased compared to other
platforms (Allwood et al. 2008), a desirable character-
istic for metabolomics: it implies that in NMR based
metabolomics the only bias are introduced by the sol-
vent choice. Also, quantitative analysis is possible (Kim
et al. 2011; Wishart 2008). The combined use of 1D and
2D NMR techniques allows the rapid identification of
all of the compounds present in a mixture.
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LC-MS

GC-MS CE-MS DIMS FT-ICR-MS FT-IR

NMR metabolomics appears to be highly repro-
ducible, it allows the contemporary identification and
quantification of a large number of compounds, and
needs short times of analysis (including the extrac-
tion procedures). The only limitation of NMR is its
low sensitivity when compared to mass spectrometry,
although sensitivity has been drastically increased
with recent advances like the introduction of higher
magnetic fields and microcryoprobes (Forseth and
Schroeder 2011; Kim et al. 2011). A further drawback of
NMR is that some classes of lipids can only be identi-
fied as total groups and not as individual compounds
by means of 1D NMR. On the other hand, NMR,
allows the identification of unknown compounds in
the analysed mixtures, as it gives important structural
information: recent advances in this framework have
been registered lately (Forseth and Schroeder 2011).

In MS, ions are generated, separated by their mass-
to-charge ratio and analysed by a detector. A number
of ion sources and of analysers is available (Xiao et al.
2012). The main advantage of MS based techniques is
sensitivity, but, on the other hand the identification of
metabolites can be tricky, especially for the unknown
compounds. The structural elucidation of compound
structures is possible only by tandem MS (MS-MS),
preferably HR(MS)". However, for unknown metabo-
lites, they should be isolated and characterized by
NMR for definite structural elucidation (Sumner et
al. 2007).
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MS is usually combined with chromatography
(GC or LC-MS): the hyphenated MS approach is
useful for quantification and the retention time
can be considered as a further hint of metabolite
identity (pure standards are needed). However, the
quantification requires suitable external calibration
(calibration curves) with the use of chemical stand-
ards (Allwood et al. 2008). Furthermore, GC-MS of
plant extracts (if not volatile) requires derivatization,
which introduces bias, while LC-MS success mainly
depends on the separation step efficiency. The new-
est LC-MS/MS approaches offer a useful tool for
metabolite identification and quantification (Xiao et
al. 2012), although it is recommended to follow pub-
lished guidelines (Fernie et al. 2011; Goodacre et al.
2007; Sumner et al. 2007).

The principal drawback of MS-based approaches
is their difficult standardization, as a consequence of a
number of combinations of ion sources and analysers
that strongly impact the analysis output.

It is worth to underline that the choice of the
analytical platform and strategy largely depends on
the aim of the study, and it is generally accepted that
the best results can be achieved by a combination of
extraction and analytical measurements (Allwood et
al. 2008; Kim and Verpoorte 2010).

Raw data are processed and large data sets coming
out from metabolomic studies are usually analysed by
multivariate data analysis, with the aim to obtain as
much information as possible from the samples with
the aid of biostatistical softwares. Both unsupervised
(PCA, HCA, SOM independent component analysis)
and supervised algorithms (PLS-DA, hierarchical clus-
tering, DFA) are used (Allwood et al. 2008; Fukusaki
and Kobayashi 2005; Sumner et al. 2003). Once again,
a detailed survey of the approaches is available in
the literature (Brown et al. 2005; Goodacre et al. 2004;
Wolfender et al. 2013), and dedicated papers deal
with this particular topic (Boccard and Rudaz 2014;
Broadhurst and Kell 2006; Jansen et al. 2010; Van den
Berg et al. 2006).

Micrometabolomics

The great improvements in analytical methods,
especially with reference to sensitivity, prompted the
birth of micrometabolomics and single cell metabo-
lomics. Each tissue or cell in an organism has its own
metabolome and each “cellular metabolome” can be
differently affected by inherent or external stimuli: the
analysis at this level can allow the detection of pos-
sible key metabolites, but also a better understanding
of the response to biotic and abiotic interference (Moco
et al. 2009).

This approach is possible thanks to laser-assisted
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microdissection application, which is able to separate
cells or tissue pieces. These samples are then analysed
by MS and/or NMR. Clearly, MS (paired with chroma-
tographic techniques) is the method of choice in this
framework, due to its high sensitivity, but also NMR
techniques are used thanks to the latest improvements
in hardware, pulse sequences and spectral acquisition
protocols (Moco et al. 2009; Schneider and Holscher
2007). Nonetheless, MS- and NMR-based imaging
approaches have successfully been used in this field
(Moco et al. 2009; Zenobi 2013).

Metabolomics in plant environmental responses -
Ecometabolomics

The application of metabolomics in the study of
interactions of organisms with their environment is
known as ecometabolomics, or more generally, as
environmental metabolomics (Sardans et al. 2011). This
approach has many advantages for studying biotic and
abiotic interactions between the organism and the envi-
ronment, as well as for assessing organism function and
fitness at molecular level (Bundy et al. 2009).

The emergence of environmental metabolomics
represents one of the most important developments in
plant physiology and ecology. Recently, the applica-
tion of metabolomics and related techniques (Box 1) for
profiling of plants in terms of small molecule content
has been reviewed (Brunetti ef al. 2013). Any change in
growth conditions that modifies the metabolic homeo-
stasis is defined as stress. Following a stress, plants
adjust their metabolic pathways (acclimation) to face
external solicitations. The plant responses to different
abiotic and biotic stresses are also examined (Shulaev
et al. 2008).

Metabolomics for abiotic plant stress responses

Plants regularly encounter adverse growth condi-
tions. Climatic factors, such as extreme temperatures
(heat, cold, freezing), drought (deficient precipitation,
winds), irradiations, and contamination of soils (salt,
heavy metals, pesticides) are the main abiotic plant
stressors (Table 2). The metabolic network of plants is
perturbed by these abiotic factors and must be recon-
figured in order to allow both the maintenance of met-
abolic homeostasis and the production of compounds
that ameliorate the stress resilience (Krasensky &
Jonak 2012).

Based on metabolomics approaches, stress com-
pounds such as proline, y-amino butyrate and poly-
amines are reviewed (Obata & Fernie 2012). Specific
reviews on plant responses to salinity or temperature
stresses are available (Sanchez et al. 2008; Guy et al.
2008).
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Figure 2. Schematic representation of the allelopathic phenomenon. The donor plant synthesizes and releases allelochemicals
(blue circles). Virtually all plant organs can do it and the release pathways are variable. Once released, allelochemicals
might be modified (or not) by biotic and/or abiotic factors and, finally, they can reach the receiving plant, affecting it in a
direct or indirect manner.

Metabolomics for biotic plant stress responses

The high sensitivity and potentiality of metabo-
lomic techniques in detecting molecular responses
of plants to biotic interactions are reported in the
literature (Sardans et al. 2011; Bundy et al. 2009; Jansen
et al. 2009; Weingart et al. 2013). However, the studies
available in this field are very scarce and carried out
mainly on the basis of metabolic profiling analyses
or on the modification of specific classes of second-
ary metabolites involved in specific processes. Some
recent examples of studies on plant responses to biotic
interactions are reported in Table 3. The most studied
interactions are between plants and microorganisms,
especially fungi and bacteria.

Potential for applying metabolomics approaches in
allelopathy studies

Plant-plant interactions

Allelopathy is defined as the beneficial or harm-
ful influence of chemical substances (belonging to
diverse chemical groups) produced mainly from the
secondary metabolism of plants, microorganism,
and fungi that affect the growth and development of
nearby plants or microorganisms, and interfere with
the dynamical processes of agricultural and natural
ecosystems (De Albuquerque et al. 2011). According
to the definition of the International Allelopathy
Society (IAS), it involves interactions between plants
and other organisms, excluding animals (Torres et
al. 1996), while according to other sources, allelo-
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chemicals may be involved not only in plant-plant
and plant-microorganisms interactions, but also in
plant-insect or plant-herbivore communication (Weir
et al. 2004).

Here plant-plant interactions will be considered.
Two main actors are involved in this interaction:
donor plant, which produces and releases the alle-
lochemical, and the receiving plant that is somehow
sensitive to it (Fig. 2).

Concerning the donor plant, allelochemicals are
present in virtually all organs (leaves, stems, roots,
rhizomes, seeds, flowers, pollen, fruits, etc.), which
produce or just store them, and they can be found in
different concentration in each compartment (Gatti
et al. 2010). The quantity and emission pathway vary
within species (Friedman 1995). Most allelochemicals
are released into the environment by root exudation,
vaporization, leaching (lixiviation) or decomposition
of plant organs (Fernandez et al. 2009), depending on
their physico-chemical properties and on the specific
site of accumulation and/or production. To further
complicate this picture, there is a plethora of abiotic
(e.g. temperature, light, soil characteristics, rainfall)
and biotic (e.g. life cycle, competition, pathogens,
pests, parasites or herbivores) factors that may influ-
ence the production, release, and nature of allelochem-
icals (Rivoal et al. 2011).

Finally, allelochemicals have to be transported
from the donor plant to the receiving plant (Fig. 2):
besides the physical distance, the existing ecosystem
(made up by microorganisms, fungi, soil organic
matter, etc.) could contribute in modifying these mol-
ecules.

author et al. # JOURNAL OF ALLELOCHEMICAL INTERACTIONS 1 (1): xx-xx



Table 2. Examples of metabolomics studies for abiotic plant stress responses.

Article title

Investigated species Stress An. technique  Reference
Oryza sativa Cold HPLC Morsy et al. 2007
Arabidopsis thaliana Cold CG-TOF-MS Cook et al. 2004
Arabidopsis thaliana Cold FT-ICR-MS Gray & Heath 2005
Arabidopsis thaliana Drought GC-TOF-MS Urano et al. 2009
CE-MS
Arabidopsis thaliana Drought/Heat GC-MS Rizhsky et al. 2004
Arabidopsis thaliana Heat/Cold CG-MS Kaplan et al. 2004
Arabidopsis thaliana*® Heavy metals NMR Le Lay et al. 2006
Silene cucubalus* Heavy metals NMR Bailey et al. 2003
Oryza sativa Oxidative stress CE-MS Ishikawa et al. 2010
Arabidopsis thaliana* Oxidative stress CG-MS Baxter et al. 2007
Oryza sativa Ozone CE-MS Cho et al. 2008
Brassica napus Pesticides UPLC-DAD Petersen et al. 2011
Phaseolus vulgaris Phosphorus deficiency GC-TOF-MS Hernandez et al. 2007
Lycopersicon esculentum  Salt FT-IR Johnson et al. 2003
Arabidopsis thaliana* Salt GC-MS Kim et al. 2007
LC-MS
Thellungiella halophila Salt GC-MS Gong et al. 2005
Oryza sativa Salt GC-MS Zuther et al. 2007
Arabidopsis thaliana Sulfur deficiency GC-MS Nikiforova et al. 2005
LC-MS
Arabidopsis thaliana UV-B light LC-QTOF-MS Kusano et al. 2011
GC-TOF-MS
Arabidopsis thaliana UV-B light LC-QTOF-MS Lake et al. 2009
Vitis vinifera Water/Salt GC-MS Cramer et al. 2007
Arabidopsis thaliana Water/Salt LC-QTOF-MS Arbona et al. 2010

Thellungiella halophila

*cells cultures

Once allelochemicals have reached the receiv-
ing plant, they can affect physiological functions
like respiration, photosynthesis, ion uptake, enzyme
activity, water status, transpiration, stomata open-
ing, hormone levels, cell division and differentiation,
signal transduction, gene expression and structure
and permeability of cell membranes and walls,
etc. (Chon and Nelson 2010; Zhuo and Yu 2006;
Reigosa et al. 1999). Allelochemicals can also elicit
the production of reactive oxygen species (Weir et al.
2004; Scognamiglio et al. submitted) or of secondary
metabolites. The biochemical and metabolic altera-
tions produce morphological changes in receiving
plants: seeds appear darkened and swollen, the roots
or radicles and shoots or coleoptiles can be reduced,
root tips swollen or affected by necrosis, root axes can
be curled, root hairs number reduced or increased,
etc. (Badhoria 2011). Many allelochemicals seem
to influence seed germination. Allelochemicals can
also indirectly influence neighbouring species by
modifying biotic and abiotic interactions, such as
nutrient uptake and bioavailability (Tharayil et al.
2008; Tharayil 2009), or positively or negatively affect
microorganism populations in the soil (Castaldi et al.,
2009).

This two-character picture is absolutely not
exhaustive as the biological activities are governed
by a number of different factors: individual chemi-
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cal structure, antagonistic, additive, sequential, or
synergistic effects (An et al. 2001). This is probably
the situation in field conditions where the amount of
allelochemicals is often too low to explain allelopathic
activity, justified on the contrary, by interactions
among allelochemicals. It has also been demonstrated
that the specific mixture of allelochemicals and their
specific ratio is more important than mere additive
effects (An et al. 2001).

Allelopathy studies

Allelopathic interactions can be considered eluci-
dated when many evidences, here discussed, are avail-
able (Box 2). Firstly, the existence of chemicals (or their
mixtures) able to influence other plant performance
should be proven. From the donor plant point of view,
beyond the identification of active compounds, also
the identification of production and storage sites are
very important, along with the identification of emis-
sion pathways and release mechanisms. It should be
demonstrated that metabolites are released into the
soil (or, more generally, into the environment) and can
reach the receiving plant. Then it should also be dem-
onstrated that this receiving plant takes up or “senses”
these compounds and responds to them. Finally, the
modes of action and the possible molecular mecha-
nisms involved should be established.
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Table 3. Examples of metabolomics studies for abiotic plant stress responses.

Plant species

Organism species

An. technique

Reference

Plant-fungus interaction:

Brassica rapa

Vitis vinifera
Vitis vinifera

Triticum aestivum
Horeum vulgare

Lupinus angustifolius
Solanum tuberosum

Oryza sativa

Leptosphaeria maculans
Aspergillus niger
Fusarium oxysporum
Uncinula nector
Plasmopara viticola
Phaeomoniella spp
Fomitiporia spp.
Fusarium graminearum
Fusarium graminearum

Colletotrichum lupini
Rhizoctonia solani

Magnaporthe grisea

Plant-bacterium interaction:

Arabidopsis thaliana
Medicago sativa
Citrus sinensis,
Solanum lycospericum

Catharanthus roseus

Chicorum intybus Solanum

tuberosum
Brassica rapa

Arabidopsis thaliana
Plant-virus interaction:
Nicotiana tabacum
Brassica oleracea

Brassica oleracea
Prunus persica
Solanum lycopersicum

Plant-insect interaction:

Brassica oleracea
Brassica rapa

Pseudomonas syringae
Sinorhizobium meliloti
Candidatus liberibacter
Pseudomanas syringae

Phytoplasma
Dickeya dadantii

Bacillus subtilis
Staphylococcus aureus
Escherichia coli
Soil microbiome

tobacco mosaic virus
Pieris brassicae

Pieris rapae
Myzus persicae
tobacco mosaic virus

Pieris rapae
Plutella xylostella

Spodoptera exigua Hubner
Vitis berlandier. x V. riparia Daktulosphaira vitifoliae

Plant-herbivore interaction:

Brassica rapa

Plutella xylostella
Spodoptera exigua

'H NMR Abdel-Farid et al. 2009
'H NMR Figueiredo et al. 2008
'H NMR Lima et al. 2010
GC-MS Paranidharan et al. 2008
LC-ESI-LTQ-  Bollina et al. 2010
Orbitrap

HPLC-DAD Muth et al. 2009
LC-MS

FT-ICR-MS Aliferis and Jabaji 2012
GC-MS

GC-MS Jones et al. 2011
LC-MS

'H-NMR

FT-IR Allwood et al. 2010

'H NMR Barsch et al. 2006
CE-DAD Cavallos et al. 2009

'H NMR Lopez-Gresa et al. 2010
LC-MS

'HNMR Choi et al. 2004

C NMR Effantin et al. 2011

'H NMR Jahangir et al. 2008
GC-MS Badri et al. 2013

'H NMR Choi et al. 2006
HPLC-DAD, Ferreres et al. 2007
HPLC-MS-MS

UPLC-MS Jansen et al. 2009
'HNMR Poéssel et al. 2006

'H NMR Lopez-Gresa et al. 2012
UPLC-MS Jansen et al. 2009
'H-NMR Widarto et al. 2006
GC-MS Lawo et al. 2011

'"H NMR Schroeder et al. 2006

The demonstration of existence of active chemi-
cals is not a problem as phytotoxicity is easy to check,
and isolation and structural elucidation of natural
products is well established (Bucar et al. 2013).
Traditional approaches to discover and assess alle-
lochemicals are based on bioassay-guided fractiona-
tion. This approach relies on analytical procedures
to separate and characterize chemicals and on suit-
able bioassays: many successful examples have been
reported and recently reviewed (De Albuquerque et
al. 2011; Macias et al. 2007; Scognamiglio et al. 2013).
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Far less literature is reported dealing with the defini-
tive elucidation of the other phenomena, especially
the mode of action. Up to now, the study of the mode
of action of allelochemicals lacks reporting of estab-
lished methods, with highly differing experimental
designs being used (Macias et al. 2007). The mode
of action of most allelochemicals is unknown (Duke
2013), and also the molecular mechanisms are rarely
known, although the availability of new techniques
and approaches offers useful tools to learn more
(Golisz et al. 2008; Inderjit et al. 2009).
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Box 1: Glossary*

Metabolome: the entire complement of small molecules (<1500 Da) in a biological
system (organism, organ, tissue, cell).

Metabolomics: untargeted, comprehensive qualitative and quantitative analysis of the
metabolome under a given set of conditions.

Metabonomics: measures of the changes (biochemical perturbations) induced by
pathophysiological stimuli or genetic modification in biofluids.

Metabolic profiling: identification and quantification of a group of related
compounds (frequently belonging to a specific metabolic pathway or sharing common
chemical feautures).

Metabolic fingerprinting: screening tool to differentiate among samples of different
origin or undergone different treatments. It is a high throughput qualitative screening
of the metabolic composition of the system (no identification or quantitation).

Metabolic footprinting: measurements of metabolites secreted into extracellular

Article title

growth medium.

Target metabolite analysis: analysis of few metabolites related to a specific
metabolic reaction by using optimized extraction and separation/detection techniques.

*Sources: Allwood et al. 2008; Dunn et al. 2005; Fiehn 2001; Goodacre 2004; Hall 2006; Kim et al. 2011

Although the phenomena hitherto analysed are
very complex, there is something even more difficult
to study: the cosmos existing between the donor and
the receiving plant. Secondary metabolites undergo
degradation and/or transformation processes activat-
ed by biotic (e.g. soil microbes) and/or physicochemi-
cal processes (e.g. binding to organic matter, leaching,
etc.), phenomena which affect their bioavailability, or
more drastically, their nature and activity (Macias et
al. 2007; De Albuquerque et al. 2011).

Based on these considerations, it is clear that
greater understanding of allelopathy calls for new
methods and new approaches, mainly based on sys-
tems biology. Up to now, notwithstanding the need
of a global overview in order to elucidate the compli-
cated allelopathic interactions, few papers deal with a
system biology approach in this field.

The combined use of all “omics” sciences can be
very useful and helpful in chemical ecology, enabling
scientists to have a full view of the organisms and of
the complex processes related to allelopathy.

Metabolomics and related approaches in allelopathy
Few studies reported a metabolomics approach in
allelopathy investigation. A method for the study of

plant-plant interference by metabolic fingerprinting has

author et al. # JOURNAL OF ALLELOCHEMICAL INTERACTIONS 1 (1): xx-xx

been reported (Gidman et al. 2003). Two species were
chosen in order to study their chemical interactions:
Brachypodium distachyon and Arabidopsis thaliana. Plants
of the two species were grown solitary and mixed.
Samples were harvested at three time points and ana-
lysed by FT-IR and PCA. The study demonstrated the
power of this approach in detecting changes in the total
metabolic profiles of plants in response to biotic inter-
actions, with FT-IR as an appropriate rapid screening
prior to targeted metabolite analyses.

Recently, a co-culturing method/metabolomics
approach was introduced to study chemically medi-
ated interactions of planktonic organisms (Paul et al.
2013). The authors set up a device where different
organisms could be grown, with no direct contact, but
allowing metabolite exchanges. Diatoms Thalassiosira
pseudonana and the bacterium Dinoroseobacter shibae
were grown in this system and metabolic profiling of
the diatoms was carried out. Diatoms were extracted,
the extracts were derivatized using methoxamyne
hydrochloride followed by silylation and analysis by
GC-MS. Data were analysed by principal coordinate
analysis (PCO) and canonical analysis of principal
coordinates. MS data and retention times were used
to tentatively identify metabolites. The authors found
that many metabolites were increased in diatoms co-
cultured with bacteria.
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Box 2: Evidences needed for allelopathic phenomenon elucidation

Donor plant:

performance.

Fate of emitted allelochemicals.

Receiving plant:

indirect effects).

* Mechanisms of action.

* Modes of action.

¢ Existence of chemicals (or their mixtures) able to influence other plant

* Identification of production and storage sites.

* Identification of emission pathways and release mechanisms.

* Uptake of allelochemicals or their interaction with receptors (or different

Very recently, a new approach has been devel-
oped for allelochemical studies (D’ Abrosca et al. 2013;
Scognamiglio et al. 2014). In this approach, NMR-
based metabolomics is applied to analyse donor
plants, the extracts of the donor plants are screened
for their activity on a test species, and the receiving
plant’s morphological and metabolic changes are
measured.

From the donor plant point of view, by using
multivariate data analysis, plant extract components
that correlate with growth inhibition activity can be
identified and also synergistic and additive effects can
be found.

On the other hand, from the analysis of the receiv-
ing plant, the molecular changes induced by the
allelochemicals can be observed and their fate in the
receiving plant can be studied. This information from
a single experimental design that also gives clues
about the mode of action to be further explored.

The method has been standardized on a test spe-
cies: Aegilops geniculata. A first experiment was carried
out with a known allelochemical (coumarin) in order
to understand the best stage of the plant life cycle at
which to perform treatment and harvesting. This was
achieved by daily sampling of plants and multivariate
data analysis of non-treated plants and of plants treat-
ed with coumarin. From this first study, it was able to
observe how dynamic the response was: harvesting at
different time points gave important clues. However,
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for practical purposes, a one-time point sampling was
chosen for further studies.

At this point, the method was standardized with
known allelochemicals (besides coumarin, catechol,
p-hydroxybenzoic acid, p-coumaric acid and juglone).
From metabolomics analysis of treated plants, the
molecular changes upon treatment were detected and
were found to be mainly in accordance with the alle-
lochemicals” known mode of action.

The method has been applied to study the effects
of Phillyrea angustifolia plant extracts prepared at dif-
ferent phenological stages (Scognamiglio ef al. 2013).
Different plant extracts produced a very different
response in the target plant metabolome. The most
active were those of the cold season (from November
to March), characterized by the highest amount of
oleuropein and inducing a decrease of cis-aconitate
and an increase of citrate and malate. This indicated a
perturbation in the tricarboxylic acids cycle, suggest-
ing the inhibition of cis-aconitase. Based on this and
on further observations, as this enzyme is considered
an indicator of oxidative stress, the induction of ROS
formation was proposed (Baxter et al. 2007; Zhao et al.
2005).

Hence, the method allowed the observation of
responses specific for each extract composition, which
depended on the collection time and made it possible
to study how phenology could impact plant allelo-
pathic potential.

author et al. # JOURNAL OF ALLELOCHEMICAL INTERACTIONS 1 (1): xx-xx



Recently, the same approach has been applied
to a set of plants from the Mediterranean region
(Scognamiglio et al. submitted).

Metabolomics and allelopathy: a look forward

Metabolomics and metabolic profiling of donor
plant can offer useful insights in the identification of
active compounds. Plant extracts assayed for their bio-
logical activity can be characterized by metabolomics
analysis, in order to identify putatively active com-
pounds. Besides the methods discussed in the previ-
ous sections, it has never been applied in allelopathy,
although many examples exist using metabolomics
based techniques to uncover compounds involved in
bioactivity from complex natural sources (e.g. plant
extracts) (Yuliana et al. 2013).

Once the allelochemical has been identified, its
production and/or storage tissues could be studied
by subsequent restriction of the scale of analysis: from
whole plant, to plant organ, to plant tissue, to plant
cell. Hence, micrometabolomics and single cell metab-
olomics could be very helpful. Once these sites are
defined, it follows that the way by which these metab-
olites are released into the environment can be eluci-
dated, as this will depend both on the physicochemi-
cal features of the metabolites and on the sites where
they are produced or accumulated. While metabolites
present in roots are likely to be released by exudation,
leaf allelochemicals can follow different pathways for
their release. Obviously, volatilization will depend
on the volatility of allelochemicals. Furthermore, the
study of this emission pathway is easy as the analy-
sis of plant volatiles is well established and maybe
the oldest example of a metabolomics-like approach
(Beck et al. 2013). Leaching will be possible, on the
other hand, only if metabolites are deposited on the
leaf surface. Otherwise, compounds are likely to be
released into the environment by decomposition (Fig.
2). Ad hoc experiments could be useful to validate this
hypothesis.

From metabolomic analysis of receiving plant and
its organs, it is possible to study the fate of allelo-
chemicals and the metabolic changes induced in the
plant.

Concerning the mode of action, metabolomics has
been proposed as a tool to explore the mechanism
(molecular target site) and mode of action (complete
sequence of processes: viz. how a compound is taken
up, distributed, metabolized, binds to the target site,
and results in changes in the regulation of pathways
and in a specific phenotype) of phytotoxic compounds
and pesticides (Aliferis and Jabaji 2011; Tresch 2013).
Metabolomics can, indeed provide invaluable infor-
mation on the biochemical status of the organisms

author et al. # JOURNAL OF ALLELOCHEMICAL INTERACTIONS 1 (1): xx-xx

Article title

after exposure to bioactive compounds. In this context,
plant metabolomics and plant fingerprinting technolo-
gies could also be used in the discovery of mode of
actions of newly discovered candidate herbicides of
natural origin (Aliferis et al. 2009).

The potential of metabolomics in the field of allel-
opathy is also well-supported by many applications
in plant stress-response to biotic and abiotic stressors
(Tables 2 and 3).
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