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A B S T R A C T

Plant stress responses are mediated by the release of chemical compounds called exudates into the
rhizosphere. These chemical substances include primary and secondary plant metabolites and play an
important role in the plant defense mechanism. The identification, [8_TD$DIFF] characterization and study of these
compounds can open the door to numerous applications, from greener agriculture to enhanced
phytoremediation. This paper critically reviews the most relevant sampling strategies, analytical
methodologies, and data-mining approaches to study root exudates.[9_TD$DIFF]Common analytical techniques are
grounded in mass spectrometry or nuclear mass spectrometry, but less common biospectroscopy
techniques could offer a new perspective in plant metabolomics due to the minimal sample processing
they require. [10_TD$DIFF]Finally, after analysis, the collected raw data must then be analyzed by means of different
multivariate and univariate statistical approaches to test biological-response hypotheses. [11_TD$DIFF]All in all, the
assessment of root exudates calls for the development of hyphenated analyticalmethodologies, aswell as
efforts to consolidate data-preprocessing workflows.
© 2021 The Author(s). Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND

license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. What are root exudates and why should we study them?

The rhizosphere is the volume of soil influenced by roots,
extending up to a radius of a few mm from each root surface [1]
(Fig. 1). Roots excrete a wide variety of compounds (sugars, amino
acids, organic acids, phenolics, alcohols, polypeptides and
proteins, hormones and enzymes), and the term “exudates” is
used to describe those with low molecular weight [2]. Although
the distinction is not consistently defined, compounds in root
exudates can be classified as primary or secondary metabolites
according to their role in the plant [3]. Primary metabolites
(amino acids, amines, lipids, nucleotides, nucleic bases, organic
acids, and carbohydrates) are found in all plant species and are
directly involved in the growth and maintenance of cellular
function, whereas secondary metabolites (e.g., alkaloids, phenolic
compounds, terpenoids/isoprenoids, and sulfur-containing com-
pounds) are mostly involved in important ecological functions
and may be taxa- or species-specific. These functions include
attraction, defense, inhibition, and interaction with other
organisms [4].
colà Casas).
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The composition of root exudates varies depending on different
factors such as plant species and age, root morphology, exudation
site, abiotic factors such as temperature, salinity, light, or
pollutants, and biotic factors such as microorganisms or other
plants [5].

Since the compounds found in root exudates denote the
interaction between the plant and the environment, metabolomic
studies of plant-root exudates may lead to important advances in
plant science. In fact, root exudates have already been shown to
have important applications in agriculture [6] and to be able to
enhance bioremediation [7]. Previous reviews have focused in
describing the potential plant-microbiome interaction mecha-
nisms and have pinpointed that, together with genomics, the study
of the plant exudome can help to better understand those
interactions [8,9]. As promising as this sounds, due to the
complexity of the exudation process, performing metabolomic
studies of root exudates is challenging. Preceding reviews have
exclusively covered issues like root-exudate sampling [6] or
general strategies for exudates collection and analysis [10]. This
review will comprehensively discuss existing sampling and
analytical techniques to perform metabolomic studies of root
exudates as well as new promising approaches that have not yet
been used to study root exudates. In addition, a brief overview of
data processing and analysis will also be given. Conclusions and
nder the CCBY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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[(Fig._1)TD$FIG]

Fig. 1. Scheme of the rhizosphere, the volume of soil chemically and biologically
influenced by roots.
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future prospects for the study of root exudates via metabolomics
are presented at the end.

2. Growing conditions, sampling strategies, and experimental
considerations

2.1. Root-exudate sampling and extraction strategies

Root exudates can be collected using different strategies based
on two main plant-growth approaches: 1) hydroponics or in-vitro
growth conditions; and 2) soil or solid-matrix growth [11,6].
Hydroponic cultures have historically been used because there is
no sorption to the matrix, microbial decomposition is minimized,
and sampling does not damage roots. However, while hydroponic
and in-vitro conditions make it possible to conduct reproducible
experiments, they may not reflect real exudation conditions for
terrestrial plants, and the resultsmay be less reliable. Alternatively,
using a solid matrix or soil reflects much more closely terrestrial
growth conditions. However, the results are less reproducible
because root exudate composition is altered due to adsorption to
the matrix, microbial degradation, and root damage/stress during
the sampling process. To achieve a good experimental reproduc-
ibility-reliability balance [11], different approaches combining
hydroponics or solid growth and various subsequent sampling
techniques have been applied (Fig. 2).
[(Fig._2)TD$FIG]

Fig. 2. Summary of commonly used sampling strategies to study root exudates based on
growth conditions. Techniques (b-e) are mainly applied to solid matrices.
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In general, the simplest way to extract root exudates is to
transfer the plant, grown in a hydroponic or solid matrix, to a trap
with freshly prepared hydroponic media (Fig. 2a). However, while
root exudates are expected to occur at mM–nM concentrations
[12], the co-occurrence ofmacronutrients in the hydroponicmedia
at mM concentrations interferes in the chemical analysis.
Therefore, extracting root exudates requires concentrating the
exudates and removing the media nutrients. For polar and semi-
polar metabolites, this can be achieved by taking the plant out of
the hydroponic media, washing the roots, and placing it in a trap
with ultrapure water for a few hours [12]. The trap solution can
then be dried to concentrate the exudates (freeze-dried or using a
rotary vacuum evaporator). But this practice may put the plant
under osmotic stress, which may change the exudation pattern. To
avoid this, the extraction of root exudates from hydroponic media
can be performed using the Solid-Phase Extraction (SPE) approach
[13], which enables simultaneous concentration of exudates and
sample clean-up via the removal of nutrients. Cartridgeswith a C18
phase have been shown to be suitable for extracting semi-polar
metabolites (organic acids, amino acids, nucleosides, glucosides,
and secondarymetabolites) [13]. In contrast, SPE polymeric phases
of poly-divinylbenzene-co–N-vinylpyrrolidone have been shown
to extract a wider range of polarities [14] and to be more suitable
than C18 cartridges for extracting strigolactones (which have a
broad range of polarities) [15]. SPE cartridges with a graphitized,
non-porous carbon phase also have the ability to extract polar and
non-polar compounds. Accordingly, they have been used to extract
polar metabolites such as sugars [16]. Alternatively, for rather non-
polar metabolites, root exudates of Flaveria bidentis were deter-
mined by directly extracting hydroponic media with a conven-
tional liquid-liquid extractionwith dichloromethane [17] (Table 1).

Sampling root exudates from solid matrices might be closer to
natural conditions. However, the sampling process may result in
root disturbance, especially if the plant is transferred to a
hydroponic trap (Fig. 2a). This can be avoided by collecting the
soil leachate [14] (Fig. 2b), but the detected compounds may have
beenmodified by the solid-matrix organisms (e.g., soilmicrobiota).
Passive sampling can help overcome this issue. For example, filter
paper can be applied to different spots of the roots and then easily
removed and extracted for the analysis of polar root exudates [18]
(Fig. 2c). For non-polar root exudates, passive sampling based on
solid-phase root-zone extraction using polydimethylsiloxane
probes and further extraction can be used [19]. Also, direct
sampling can be done minimizing damage by removing a single
root and inserting it in a glass-beadmatrix soakedwith hydroponic
media (Fig. 2d), which is subsequently extracted [20]. However,
this approach is only valid for plants with robust roots. Finally,
volatile organic compounds (VOCs) can be sampled from roots by
transferring them to a bag and pumping the air to charcoal traps for
articles cited in Table 1. Technique (a) can be applied to hydroponic or solid-matrix



Table 1
Examples of strategies for collecting and extracting root exudates. Corresponding sampling strategies have been represented in Fig. 2. Analytical methodologies are also
included.

Type of exudates Species Extraction method Type of
analysis

Reference

Growth and sampling in hydroponic media
[2_TD$DIFF]Semi-polar root exudates (primary and
secondary metabolites)(Fig. 2a)

Arabidopsis
thaliana

Exudates collected in hydroponic media, concentratedwith a rotary evaporator,
and then extracted with SPE Bond Elut C18.

LC-MS [13]

Semi-polar root exudates (primary
metabolites)(Fig. 2a)

Medicago
sativa

Exudates collected in ultrapure water, then freeze-dried and extracted with
methanol:H2O (3:1, v/v).

GC-MS [25]

Non-polar root exudates (mostly secondary
metabolites) (Fig. 2a)

Flaveria
bidentis

Exudates collected inmedia. Different fractionswere then extracted by LLEwith
dichloromethane. A fraction was also extracted with silica gel.

GC-MS [17]

Polar root exudates (mostly primary
metabolites) (Fig. 2a)

Brassica napus Exudates collected in ultrapurewater. Dried and derivatized to increase RT in RP
HPLC chromatography.

LC-MS [12]

[3_TD$DIFF]Growth in solid matrix and sampling in hydroponic media
[2_TD$DIFF]Semi-polar root exudates (primary and
secondary metabolites) (Fig. 2d)

Quercus ilex Exudates collected in hydroponic media, then freeze-dried and extracted with
MeOH:H2O (80:20).

LC-MS [20]

Polar root exudates (mainly primary
metabolites, some secondary metabolites)
(Fig. 2a)

Grassland
plants

Exudates collected in deionized water. The water is then dried with a rotary
evaporator, extracted with 100 % MeOH, dried, and derivatized.

GC-MS [26]

[3_TD$DIFF]Growth and sampling in solid matrix ([4_TD$DIFF]Fig. 2b-e)
Polar and semi-polar root exudates (primary
and secondary metabolites) (Fig. 2b)

Phragmites
australis

Collection of leachate, which is filtered and loaded into SPE cartridges with
poly-divinylbenzene-co–N-vinylpyrrolidone phase. Eluates are dried,
derivatized, and injected.

GC-MS [14]

Polar root exudates (mostly primary
metabolites) (Fig. 2c)

Phaseolus
vulgaris

Filter paper applied as sorption media. The filters are then extracted with
aqueous LC mobile phase.

LC-MS [18]

Thiophenes, but applicable to non-polar root
exudates (Fig. 2c)

Tagetes and
Rudbeckia spp.

Passive samplingwith SPRE probes.Extractionwith acetonitrile:water (65:35, v:
v).

HPLC-
UV

[19]

Volatile Organic Compounds (VOCs)(Fig. 2e) Quercus
petraea,
Quercus robur

Remove roots, put in enclosed bags, and pump air that ends in charcoal
adsorbent traps. Extract traps with methylene chloride and methanol.

GC-MS [21]

M. Escolà Casas and V. Matamoros Trends in Environmental Analytical Chemistry 31 (2021) e00130
subsequent extraction [21] or by using passive sampling probes
[22] (Fig. 2e). Table 1 shows some examples of sampling strategies
depending on the growing conditions.

Once sampled and prior to sample analysis, the inclusion of
appropriate quality controls (QCs) should be ensured. While the
use of isotopically labeled compounds makes it easier to follow
extraction recovery of root exudates, it is nearly impossible to
include asmany labeled compounds as there are compounds being
analyzed. Pooled sample QCs are preferred because they include
the same type of biological matrix [23] and can be useful for
further metabolite identification. In addition, QCs can help assess
sample repeatability, as well as drifts over time or through
different batches [24].

3. Analytical methods to determine the composition of root
exudates

Once root exudate extracts have been obtained, the next
analytical challenge lies in their chemical analysis. Today, non-
targeted approaches are becoming more common because they
make it possible to compare metabolite patterns in different
conditions and draw hypotheses. The following sub-sections will
guide the reader through the analytical techniques than can be
used to conduct metabolomic studies of root exudates.

3.1. Mass spectrometry (MS) techniques

Mass spectrometry (MS) is the technique of choice today in
many metabolomic studies, including exudome. MS usually
requires a previous separation of the analytes, which in plant
metabolomics is generally achieved via gas chromatography (GC),
liquid chromatography (LC), capillary electrophoresis (CE), or ion
3

mobility (IM). Nonetheless, MS can also be used without the need
for compound separation via direct injection (DI), matrix-assisted
laser desorption/ionization (MALDI), and MS imaging (MSI).

3.1.1. Gas chromatography (GC) coupled with MS
GC enables an excellent separation of structurally similar

compounds that may be very difficult to separate by LC. However,
in most cases, chemical derivatization is needed to turn polar
metabolites into volatile compounds before injection. Derivatiza-
tion is time-consuming, may not always work properly, and may
also produce artifacts. Consequently, GC has become less popular
as LC separation techniques have improved. Nevertheless, in plant
research, GC is still highly valuable because it allows coupling of
experimental mass spectra with reference mass spectra from NIST
(National Institute of Standards and Technologies), which results in
an almost direct identification of a compound. GC- [12_TD$DIFF]��MS has been
used to conduct non-target analyses of root exudates on numerous
occasions, for example, to study exudate composition in different
plants [26].

The standard derivatization procedure for plant metabolomics
is a methoxymation followed by silylation [27]. This derivatization
step enables the detection of amino acids, fatty acids, lipids,
amines, alcohols, amino sugars, sugar alcohols, sugar acids, organic
phosphates, hydroxyl acids, aromatics, purines, sterols, and other
secondary metabolites. A newer derivatization alternative pro-
poses alkylation with methyl chloroformate (MCF) [28]. The
advantages ofMCF derivatization are increased reproducibility and
compound stability, as well as the fact that it does not require a dry
sample and is much less time-consuming. In addition, this
approach has been shown to yield more suitable results for
polyfunctional amines, nucleotides, and organic acids, although it
is not suitable for sugars [29]. Table 2 summarizes the most



Table 2
Relevant GC–MS methods which are potentially applicable to root exudates.

Type of sample, Type of
derivatization

Equipment and column GC parameters MS parameters Reference

Plant material, MSTFA* GC-TOF/MS 2min at 80 �C. Ramp to 330 �C at 15 �C/min,
hold for 6min, and cool as fast as possible.

Mass range: 70–600m/z at
20 scans/s.

[32]

Column: MDN-35, 30m Transfer line: 250 �C
poly(35 %phenyl/65 %methylsiloxane) phase
1ml of sample at 230 �C, splitless mode, helium
carrier gas at 2mL/min

Extracellular medium,
MSTFA

GC-MS (QP2010 with a quadrupole mass
selective detector in electron impact (EI) mode)

5min at 70 �C. Ramp to 179 �C at 10 �C/min,
ramp to 180 �C at 0.5 �C/min, and hold for 2min.
Ramp to 220 �C at 10 �C/min and hold for 1min.
Ramp to 265 �C at 2.5 �C/min and hold for
1min. Ramp to 280 �C at 10 �C/min and hold for
1min. Ramp to 290 �C at 1 �C/min, and ramp to
300 �C at 10 �C/min.

Quadrupole temperature:
200 �C.

[34,29]

Column: ZB1701, 30m (14 %
Cyanopropylphenyl, 86 %
Dimethylpolysiloxane)

Mass range: 40–650m/z at
6.7 scans/s.

1ml of sample at 230 �C, Split ratio 1:25, helium
carrier gas at 1mL/min

Interface temperature: 250 �C.

Microbial cells, MCF GC-MS (GC7890 coupled with MSD5975) Hold at 45 �C for 2min. Ramp to 180 �C at 9 �C/
min and hold for 5min. Ramp to 220 �C at 40 �C/
min and hold for 5min. Ramp to 240 �C at 40 �C/
min and hold for 11.5min. Ramp to 280 �C at
40 �C/min and hold for 2min.

Quadrupole temperature:
200 �C

[28,29]

Column: ZB-1701, 30m (14 %
Cyanopropylphenyl, 86 %
Dimethylpolysiloxane)

Mass range: 38–650m/z at
1.47 scans/s

1mL of sample under pulsed splitless mode (1.8
bars for 1min, 20mL min� 1 split flow after
1.01min).

Interface temperature: 250 �C

VOC exudates (Non-
derivatized)

GC-MS (6890 N coupled with 5973N) Non-polar column: 40 �C, hold for 2.5min.
Ramp at

Mass range: 35–300m/z at
2.78 scans/s.

[21]

Non-polar column: HP-5MS ((5%-phenyl)-
methylpolysiloxane)

6.2 �C/min to 250 �C and hold for 10min.

Polar column: INNOWax, (polyethylene glycol) Polar column: 50 �C, hold for 2.5min. Ramp at
7.5 �C/min to 250 �C, and hold for 5min.

1mL sample in pulsed splitless mode (pulse
pressure 150 kPa for 1.5min) at a temperature
of 250 �C. Cryo-focused on cold injection
system at �75 �C.

Interface temperature: 280 �C.

* MSTFA: N-Methyl-N-(trimethylsilyl)trifluoroacetamide (derviatization by silylation).
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relevant GC–MS derivatization methods for root exudates, as well
as analytical methods for the determination of VOC exudates.

In addition to regular GC- [12_TD$DIFF]��MS, comprehensive two-dimen-
sional gas chromatography (GC�GC) is a powerful approach for
Table 3
Examples of LC–MS analysis applied to root exudates.

Type of
chromatography (type
of metabolites)

Equipment and column LC parameters

RP (Primary and
secondary
metabolites)

UPLC-MicrOTOF–Q (ESI) Flow: 150mL/min

Column: HSS T3 column (100�1.0mm,
particle size 1.8mm, Waters) at 40 �C

Mobile phase A: w

2.6ml of sample Mobile phase B: a
Gradient:1minwit
B, 2min to 95% A.

RP (Primary and
secondary
metabolites)

LC-MS-LTQ Orbitrap XL Flow: 300mL/min

Column: C18 Hypersil gold column
(150� 2.1mm, 3-mm particle size) at
30 �C

Mobile phase A: w

Injection volume: 5mL Mobile phase B: A
Gradient: 5min. at
back to 10 % B in 5

HILIC (Primary
metabolites)

HPLC-Q Exactive Hybrid Quadrupole-
Orbitrap MS

Flow: 450mL/min

Column: Poroshell 120 HILIC-z 2.7mm,
2.1mm� 150mm at 40 �C

Mobile phase A: A
acid, 5 mM methy

3mL of sample Mobile phase B: (5
acid, 95 % v/v acet
Gradient: 1min w
4.75min. to 30 % A
100% B, hold for 2

4

metabolite profiling because it increases the number of detected
peaks by three- to ten-fold [30]. One recent study has further
demonstrated that coupling GC to a high-resolution Orbitrap
results in better sensitivity, metabolic coverage, and structure
MS parameters Reference

Positive and negative ion
mode

[13]

ater:formic acid (99.9:0.1, v/v) Mass range: 90–1000m/z
(precursor)

cetonitrile:formic acid (99.9:0.1, v/v) Isolation of precursors
�3m/zh 95 % A,15min to 95% B, 2minwith 95%

Positive and negative ion
mode

[20]

ater containing 0.1 % acetic acid Mass range: 50/
65�1000m/z (no MS/MS)

cetonitrile
10 % B, 15min. to 90 % B, hold for 5min.,
min..

Positive and negative ion
mode

[39]

(5mM ammonium acetate, 0.2 % acetic
lene-di-phosphonic acid in water)

Mass range: 70�1050m/z
(precursor)

mM ammonium acetate, 0.2 % acetic
onitrile in water)

Isolation of precursors:
�3m/z, 2 highest
abundancesith 100 % B for 1.0min, 10min to 11 % A,

, 0.5min to 80 % A, hold for 2min., 0.1–
.4min.
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elucidation than regular GC- [12_TD$DIFF]��MS [31]. Surprisingly, while high-
resolution Orbitrap LC-[13_TD$DIFF]��MS is widely used, its GC-[12_TD$DIFF]��MS analog
remains underexplored and underexploited in metabolomics. A
recent root exudate study has used this technique [14], and future
studies could also benefit from it.

3.1.2. Liquid chromatography (LC) coupled with MS
Recently, LC–MS, especially high-resolution LC–MS, has become

the preferred research tool for the study of soluble root exudates
[6]. Typical LC–MSanalyses formetabolomic studies are conducted
with reversed-phase (RP) chromatography because it can separate
a wide range of compounds, including some polar primary
metabolites. Table 3 illustrates three examples of LC–MS analysis
applied to different types of root exudates. For root exudates, LC–
MS methods with RP have been used to study primary and
secondary metabolites [13]. However, the identification of the
detected compounds with LC–MS is not as straightforward as in
GC–MS, and many features often remain unidentified. Also, RP
chromatography does not achieve good separation of very polar
compounds, which might be interesting in plant metabolism. A
few strategies can be followed to circumvent this problem. First,
derivatization reagents can be used to increase the retention times
of some compounds. For example, in plant metabolomics,
derivatization with methoxylamine and propionic acid anhydride
has been used to quantify sugar phosphates [35]. Alternatively, ion
pairing can be conducted to skip derivatization and sample pre-
concentration; however, it can result in matrix effects [36] and
residual system contamination [37]. The recent introduction of
hydrophilic interaction liquid chromatography (HILIC) for metab-
olomics analysis helped overcome all these issues. Still, this
technique requires long column-conditioning times and high
organic-solvent content in the sample, which might compromise
compounds’ solubility. For root exudates, HILIC mode has proven
useful to determine primary metabolites [20]. Finally, two-
dimensional separation including an RP column (1st dimension)
and a graphitized column (2nd dimension) has been shown to
separate compounds that cannot be separated by HILIC or RP alone
and therefore expand the range of analyzed compounds [38]. As
this latter method enables retention of hydrophobic and polar
compounds, it could be highly suitable for the study of root
exudates.

3.1.3. Capillary electrophoresis (CE) with MS
CE is relatively cheap and specifically suited for the analysis of

polar and charged compounds because separation relies on the
compound’s charge-to-mass ratio [40]. However, CE has poor
concentration sensitivity [40], and it requires expertise to be
performed [27]. In plant metabolomics, CE coupled with MS has
proven to be well suited to identifying compounds such as sugars,
Table 4
Analytical details of two examples of CE-MS analysis applied to root exudates.

Measured compounds Equipment

Primary metabolism
(Organic acids, amino
acids, diamines,
nucleosides)

CE-ESI-TOF MS

Fused silica capillary, 50mm i.d.�100 cm total length, fi
with 1M formic acid for cation analyses or with 20m
ammonium formate (pH 10.0) for anion analyses, as t
electrolyte

Primarymetabolism (Small
organic N compounds)

CE-ESI-MS/MS
Sample collected in hydroponic solution

CE system
Fused silica capillary (50mm i.d. by 90�100 cm long).

5

phosphates, amino and organic acids, nucleotides, and coenzymes
[27]. Furthermore, the combination of CE and ESI-MS improves the
limits of detection and the identification of the metabolites [40].
Although both CE and HILIC-LC allow the separation of polar
charged compounds, the two techniques may be complementary.
For instance, studies conducted by Kok et al. [41] revealed that
while HILIC-MS showed greater sensitivity and detected about four
times more features than CE, it did not detect as many features as
CE for masses below 200m/z. Although in root exudates CE has
been applied to determine polar primary metabolites and small
organic nitrogen compounds [42,43] (Table 4), combining HILIC
with CE could be a good approach to obtain a more complete
picture of the polar root exudates. In fact, recently, complementary
CE and HILIC analyses have been used to characterize the
metabolome of different types of seaweed [44]. This approach
could also be used for root exudates.

3.1.4. Ion mobility MS
Ion mobility MS (IM-MS) has recently been highlighted as a

useful technology to perform untargeted metabolomics [45], and
an extended review of this technique has been published [46]. IM
separates ions according to their differential movements in a
neutral buffer gas under an electric field. The ion separation is thus
based on size, shape, and charge and enables the separation of
metabolite isomers [46]. In IM, the collision cross-section (CCS) can
be calculated for each ion and has high reproducibility. The
development of CCS databases is thus crucial for metabolite
identification, and several CCS databases have already been built
[46]. As it achieves faster peak separations than 2D GC or LC
systems, IM can be successfully used as a second dimension for the
separation of compounds [47]. IM-coupled techniques are thus of
great interest in plant metabolomics as compound classes contain
isomers that cannot be distinguished by their masses. IM-MS
currently offers low resolution and limited quantitation, [14_TD$DIFF] and
requires complicated data processing as the available software is
very limited. However, a recent study has shown that Trap Ion
Mobility Spectrometry offers high resolution, and a plant database
has already been built for a few compounds [47]. Therefore,
although still unexplored, this technique is very promising for the
study of root exudates.

3.1.5. Direct-injection MS
Direct injection (DI) involves introducing the sample into anMS

detector without separation. This technique often suffers from a
strong ion suppression, but high-resolution mass spectrometers
can still determine up to thousands of m/z features per sample by
using scan ranges [48]. DI thus enables high throughput analysis,
which reduces costs. In plant metabolomics, a strategy employing
FT Ion Cyclotron Resonance MS in combination with 13CO2-based
CE parameters Detection parameters Reference

Precondition: 5min with
electrolyte (1M formic acid for
cation

Sheath liquid: 50 % (v/v)
methanol:water, 0.5mM
reserpine, at 10mL/min.

[42]

lled
M
he

analyses or 20mMammonium
formate (pH 10.0) for anion
analyses)

ESI: Positive and negative
mode (cations or anions)

Injection: 50mbar for 15 s.
Voltage: 30 kV
Precondition: 10min with
electrolyte (2M formic acid
with 20 % (v/v) methanol)

Sheath liquid of 50 % (v/v)
methanol with 0.1 % (v/v)
formic acid

[43]

Injection: 206mbar for 30 s ESI: Positivemode at -4.5 kV
(200 �C).Voltage: 30 kV
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labeling of wholemetabolomeswas applied to annotatemore than
1000molecules of Arabidopsis thaliana [49]. This was achieved by
comparing annotated metabolomes of plants grown in normal
conditions and plants grownwith 13C. This technique could also be
exploited to study root exudates; furthermore, labeling could
select for the compounds that are truly exuded.

3.1.6. MALDI MS and MS imaging
Matrix-assisted laser desorption/ionization (MALDI) is a soft

ionization source that uses laser hits on a matrix to bring analytes
into the gas phase so that they can be analyzed by MS. This
technique provides rapid analyses, low sample consumption, and
relatively high tolerance toward salts, but its reproducibility is
determined by sample preparation [50]. In plant studies, MALDI is
the preferred ionization approach to conduct mass spectrometry
imaging (MSI) [51], which makes it possible to depict the spatial
distribution of molecules in a sample based on their molecular
masses [52] (Fig. 3). For example, Sasse et al. [39] used MALDI MSI
to locate the exudation spots of small molecules in roots of
Brachypodium distachyon, but identification could not be per-
formed because MALDI was not suited for fragmentations of low
m/z ions (Fig. 3). MALDI MSI has likewise proven useful for
obtaining information about plant-symbiont associations, reveal-
ing spatial distribution of metabolites during nitrogen fixation
processes [51]. Therefore, MSI could be particularly helpful to
study the relationship between plant roots and the surrounding
microbial community, which could further understanding of the
effect of root exudates on the rhizosphere.

3.2. Absorption spectroscopy techniques

Besides MS, absorption spectroscopy techniques can also be
useful for studying the metabolome. Within these techniques,
Nuclear Magnetic Resonance (NMR) is a magnetic-field-based
spectroscopy, while Raman and FTIR spectroscopy are based on
light absorption and scattering spectroscopy.

3.2.1. Nuclear magnetic resonance (NMR)
NMR spectroscopy is one of themain analytical techniques used

in metabolomics research and offers considerable advantages over
mass-spectrometry-coupled techniques. NMR can provide a view
of all the metabolites with minimal sample treatment, without
destroying the sample, and with spectral signals that are
proportional to their molar concentration [53,54]. Also, NMR is
especially suited for structure elucidation, and, with two-
dimensional NMR measurements, many signals can be identified
without the need for fractionation [53]. In contrast, NMR has low
sensitivity and can be difficult to couple with separation
techniques [55]. While typical NMR-based metabolomic studies
identify 50–200metabolites with concentrations over 1mM, a
common LC–MS study can identify more than 1000metabolites
with concentrations over 10–100 nM [15_TD$DIFF][54].

In plant metabolomics, sample preparation for NMR typically
involves drying, extracting, and dissolving the extract in
[(Fig._3)TD$FIG]

Fig. 3. Scheme of MALDI MSI of roots. After acquisition, images of selected ions can be o
from Sasse et al. [39]).
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deuterated solvent [55]. The most commonly used types of NMR
in plantmetabolomics are proton (1H-NMR) and carbon (13C-NMR)
spectroscopy. Once analyzed, metabolites can be identified by
comparing signals from 1D and 2D spectra with reference
compounds or by using NMR databases [55]. Although 1H-NMR
is the most frequently used NMR technique, 13C-NMR has been
gaining attention for metabolomics studies because 13C offers a
large chemical shift range (�200 ppm) compared to 1H (�10 ppm),
resulting in less overlap in NMR spectra and, thus, better database
matching for compound identification [56]. The main limitation of
13C-NMR is the low isotopic abundance of 13C. Interestingly, unlike
in other fields, in plant metabolomics, 13C-enriched CO2 can be
easily applied to label metabolites [57] and achieve signal
enhancement in 13C-NMR. This approach could also be used to
study root exudates. Table 5 shows several studies that applied
NMR to study plant or root metabolomics.

3.2.2. Biospectroscopy techniques
Biospectroscopy techniques are based on the interaction

between infrared (IR) radiation and the functional groups present
in biomolecules. Though notwidely used today, its non-destructive
nature and reagent-free sample preparation could lead to
unexplored applications [62]. Biospectroscopy has been widely
applied to monitor plant health and development [63], and a
thorough review has recently been published [62].

3.2.2.1. Fourier-transform infrared spectroscopy (FTIR). FTIR
measures the infrared absorption and emission spectra of pure
compounds or mixtures, so it is mostly used for the identification
of functional groups [64]. Compared to MS and NMR, FTIR is quick,
cheap, and easy to use, and there are spectral datasets and spectral
libraries for it [65]. However, the technique’s sensitivity and
selectivity are not high [64], and sample preparationmay influence
spectra quality [65]. Additionally, the mid-infrared spectral region
is strongly absorbed bywater, so sample dehydration or utilization
of attenuated total reflectance attachments is needed [66]. In plant
metabolomics, FTIR made it possible to pinpoint what types of
functional groups in Phaleria macrocarpa fruits were related to the
inhibition of α-glucosidase activity [67]. In another study, FTIR
indicated differences in the fatty-acid metabolites between
resistant and susceptible cultivars of Brachypodium distachyon
leaves, a fact that opened the possibility of injecting non-polar
extracts into a MS, revealing discriminatory phospholipids [68]. In
this sense, as sampling root exudates is complicated, FTIR can be a
useful technique for pinpointing the most relevant group of
metabolites in a given process, so that the sampling approach can
be further optimized for a specific group of compounds.

3.2.2.2. Raman spectroscopy. This technique exploits Raman
scattering, which refers to the chemical bonds that do not return
to their original energy state after being excited, resulting in an
energy shift represented by a spectrum [63]. Raman spectroscopy is
quick toperformand requires littlepretreatmentof samples. Also, as
water isaweakRaman-scatteringcompound,samplesdonot require
btained. In the figure, two ions observed with this technique (root images obtained



Table 5
Examples of NMR analysis applied to root exudates/plant material.

Target compounds Type of sample,
preparation

NMR Observations Reference

Groups: Aliphatic, sugar,
and aromatic
compounds

Root exudates, dried
methanolic extracts
dissolved in DMSO-
d6

1H-NMR GC-MS supported the identification of
compounds.

[58]

Primary metabolites (40
compounds identified)

Arabidopsis thaliana
plants lyophilized
and suspended in
NMR buffer

1D 1H and 2D 1H-13C NMR heteronuclear single-
quantum correlation (HSQC) (low- and high-
resolution)

Possible metabolite matches obtained through
database matching.

[59]

Overlaying with pure standards.
Concentrations could be estimated.

A fewprimarymetabolites,
mucigenic acids, and
glycinebetaine

root exudates
collected in water,
lyophilized, and
suspended in D2O

Multinuclear and 2D NMR (2D 1H total correlation
spectroscopy (TOCSY), 1H-13C heteronuclear single-
quantum coherence spectroscopy (HSQC), and
1H-13C heteronuclear multiple-bond correlation
spectroscopy (HMBC))

Quantification performed. [60]
GC-MS supported the identification of
compounds.

Primary metabolites
(sugars, organic acids,
amino acids, and other
amino compounds)

Roots and shoots
ground, lyophilized,
and dissolved in D2O

1H-NMR Structure assignment by comparing the proton
chemical shifts with literature/database and with
spectra of authentic compounds and by spiking
the samples.

[61]
1 H-1 H COSY, 1 H-13C HSQC, and 13C NMR spectra
were acquired
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a drying step [69]. However, Raman scattering may be weak, and
longer signal-collection times may thus be needed. Today, the
sensitivityofRaman spectroscopy is low, butnewRaman techniques
are currently being developed to provide signal enhancements.
Raman spectroscopy has been useful for the study of plant
metabolites, and many studies have used it to identify a wide
range of primary and secondary metabolites in fresh plant samples
withminimal sample preparation [70]. However, it has not yet been
applied to rootexudates. In this regard, Ramanspectroscopy is avery
promising technique that could be used to conduct parallel analyses
of both freshly released exudates and the corresponding fresh roots.

4. Brief overview of data processing and analysis

The various analytical techniques yield large amounts of data.
Usually, raw data pretreatment starts with peak filtering, detec-
tion, and alignment and ends with the generation of a processed
feature matrix (Fig. 4). Plenty of workflows and software solutions
have been developed for the dominant techniques in metabolo-
mics (GC–MS, LC–MS, and NMR). For example, one good strategy
for GC–MS data pretreatment can be found in the free software
PARADISe (http://www.models.life.ku.dk/paradise), developed
and described by Johnsen et al. [71]. Similarly, an extensive review
of data pretreatment strategies for LC–MS was recently published
[(Fig._4)TD$FIG]

Fig. 4. Typical metabolomics workflow. After sampling, data are acquired and may make
(filtering, normalization, etc.), a featurematrix is obtained and analyzed statistically to ide
interpretation of the outcome.
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by Gorrochategui et al. [72]. Common free software for LC–MS data
pretreatment includesMZmine [73] andXCMS [74]. Processing and
quantification workflows have also been described for NMR
spectra [55]. However, only a few tools have been optimized for
less common techniques, such as CE-MS [75]. For biospectroscopy
data, data pretreatment is meant to perform different signal
corrections [76], and a thorough protocol has been described by
Morais et al. [77].

Once a matrix containing the samples and their features has
been obtained, and prior to the statistical analysis, the data may be
filtered to remove features that are unlikely to contain information
(Fig. 4). After filtering, normalization is also applied to eliminate
systematic biases, and data transformation may be used to
standardize the different orders of magnitude of the data. Once
these steps have been completed, the data are ready to be analyzed
via different statistical approaches such as Principal Component
Analysis (PCA) and Partial Least Squares Discriminant Analysis
(PLS-DA). Several software solutions and platforms are able to
conduct such statistical analyses. A number of R packages are good
options for performingmultivariate analysis. Alternatively, Metab-
oAnalyst (www.metaboanalyst.ca) is a free, online, user-friendly
platform that runs with R, offering comprehensive metabolomic
data analysis, visualization, and interpretation [78]. Commercial
software such as SIMCA (Umetrics), SPSS (IBM), and similar
it possible to distinguish and/or identify compounds. Following data pretreatment
ntify biomarkers andmodels. Systems biology toolsmay help provide the biological

http://www.models.life.ku.dk/paradise
http://www.metaboanalyst.ca
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solutions can also be used. Finally, systems biology tools may be
used to gain insights into the mechanisms responsible for
originating the observed metabolic profiles (Fig. 3). An extended
review of this topic can be found elsewhere [79].

5. Analytical challenges and future trends

Root exudation is a multifaceted process involving awide range
of compounds. Analytical challenges arise throughout the sam-
pling, analysis, and data-treatment process. New approaches and
future advances in analytical chemistry and computational tools
can provide solutions for such challenges.

Several sampling strategies to study root exudates (Fig. 2) have
been designed to maximize the reliability and reproducibility of
experiments. However, as the immense majority of root-exudate
studies involve terrestrial plants, the reproducibility enabled by
hydroponic growth is usually offset by low reliability. Therefore,
the understanding of the plant-microbiome interaction mecha-
nisms in soil can be challenging. The development of novel
microdevices (based onpassive or needle traps) enabling the direct
sampling of root exudates may help overcome this, opening a new
horizon for understanding the spatial and temporal release of
Table 6
Overview of analytical techniques that can be used to study root exudates, their advan

Technique Advantages Disadvantages

[5_TD$DIFF]Mass Spectrometry Techniques
[6_TD$DIFF]GC - Suited for VOCs

- Stable retention times
- Excellent separation resolution
- Direct structure identification

- Unsuited for non
ble compounds

- Often requires ch

LC - Suited for a wide range of compounds
- Uncomplicated sample preparation

- Unsuited for very

CE - Separates non-volatile polar compounds
- Cheap

- Poor concentrati
- Requires expertis

Ion Mobility - High CCS reproducibility
- Fast separations allow 2D set-ups
- Separates isomers

- Low resolution
- Limited quantita
- Complicated data

DI - Simple data processing
- Uncomplicated sample preparation

- Ion suppression

MALDI/
Imaging

- Rapid analyses
- Low sample consumption
- High salt tolerance
- Easy data processing
- Exudation spots can be located

- Reproducibility d
tion

[7_TD$DIFF]Absorption Spectroscopy Techniques
[6_TD$DIFF]NMR - Minimal sample treatment

- Non-destructive analysis
- Signals proportional to concentration
- Structure elucidation

- Low sensitivity
- Difficult to coupl
- Expensive

FTIR - Non-destructive nature
- Reagent-free sample preparation
- Quick and cheap
- Can be portable

- Low sensitivity
- Sample preparati
quality

- Sample dehydrat

Raman - Non-destructive nature
- Reagent-free sample preparation
- Quick and cheap
- Fresh plant material can be used
- Can be portable

- Low sensitivity
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exudates and making it possible to distinguish between primary,
secondary, and tertiary roots [6].

Once data is acquired and pretreated according to the analytical
technique, metabolites can be annotated via processing tools and
using metabolite databases. However, compound annotation
might not be possible or correct for low-abundance or novel
compounds [80]. Therefore, many compounds are left out of the
biological interpretation. Future studies should develop novel
bioinformatics tools to improve automated spectral analysis and
metabolite identification [81]. Furthermore, developing targeted
extraction protocols that maximize the response signal of low-
abundance metabolites will be needed to annotate such com-
pounds [80]. In fact, among the analytical techniques (Table 6), MS
techniques are leading the way in root-exudate metabolomics
because they allow different strategies for isolating and identifying
awide range of compounds. Also, newMS approaches for the study
of root exudates include the use of high-resolution GC–MS and
FTIR, combining complementary types of MS analysis, comparing
labeled and unlabeled exudates in DI, and using MSI to study the
spatial distribution of metabolites (Table 6). On the other hand,
spectroscopic techniques offer some advantages over mass
spectrometry. NMR, which is also widely used in metabolomics,
tages and disadvantages, and possible future applications.

Possible future applications in root exudates

-volatile or thermally unsta-

emical derivatization

- Exploring the high-resolution potential of GC-
Orbitrap

polar compounds - Combining LC-MS analysis results with other
complementary techniques (GC, biospectro-
scopy techniques)

- Using 2D separations with a graphitized
column for polar compounds

on sensitivity
e

- Combining HILIC-MS with CE-MS to obtain a
full picture of polar exudates

tion
processing

- Using 2D set-ups (with GC or LC) to increase
the number of detected metabolites

- Conducting high throughput analysis with
high-resolution MS and scan ranges

- Comparing matching exudates of 13C- and
12C-grown plants

epends on sample prepara- - Studying of the spatial distribution of exudates
along the roots

e with separation techniques
- Using 13C-NMR to analyze the exudates of
plants grown in 13C-enriched CO2

on may influence spectra

ion needed

- Determining which group of exudates is
important in a process, enabling better design
of extraction and analytical methods

- Conducting direct analysis of freshly released
exudates

- Performing direct analysis of roots
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allows structure elucidation and relative quantification of com-
pounds. Future root-exudate studies could use 13C-NMR (which
offers better database matching) to analyze plants grown in 13C-
enriched CO2. In contrast, biospectroscopy techniques (FTIR and
Raman spectroscopy) make it possible to analyze samples with
minimal sample preparation, quickly and inexpensively [77]
(Table 6), and could therefore play an important role in future
studies of root exudates. Biospectroscopy techniques could provide
researchers with an immediate overview of the root exudates’
composition just minutes after they were exuded, thereby
circumventing the problem of the degradation or transformation
of compounds over time or storage. In addition, these tools can be
portable and could be used to perform field studies.

Although currently available analytical techniques can lead to
remarkable results, scientists are often overwhelmed by the
diversity of workflows, software and the massive data that
metabolomic studies generate. This may result in a suboptimal
exploration and interpretation of the data that could jeopardize
the experimental output. Thus, efforts should be put into
standardizing workflows, software compatibility and data treat-
ment strategies. In this regard, data analysis of root exudates will
require a deep-learning approach as has just started to be used in
metabolomics. For example, Risum and Bro used convolutional
neural networks (CNNs) to classify elution profiles from GC–MS
data, facilitating chemical profiling [82]. In this sense, deep
learning could not only help improve problems through data
acquisition, processing, identification, and biomarker discovery,
but also through data interpretation, aswell as by linking data from
different omics levels [83]. This could be particularly interesting to
gain knowledge about the plant-microbe-soil complex interaction,
as the usage of combined metabolomics techniques and other
omics techniques (genome, transcriptome, proteome, etc.) will
help further understanding of plant-microbe-soil interactions and
the consequent exudation patterns. [16_TD$DIFF]
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