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Abstract: Natural products (NPs) have historically been an important source of lead molecules in drug discovery.
However, the interest that the pharmaceutical industry has had in NPs has declined in part because of the lack
of compatibility of traditional natural-product extract libraries with high-throughput screenings and the low hit
rate. Furthermore, in contrast to the synthetic libraries, compounds from natural sources are likely to have
complex structures which slow down the identification process and contribute to problems related to supply
and manufacturing. In this paper, we summarise some of the strategies that are being developed in our research
unit to address these issues. On one hand, differential screening strategies were established with the aim of
identifying dynamically induced NPs from silent biosynthetic pathways in plants and fungi that had been exposed
to different stress situations. On the other hand, high-resolution HPLC techniques were optimised for biological
and chemical profiling of crude extracts. This led to an integrated platform for rapid and efficient identification
of new drug-leads and biomarkers of interest that were based on miniaturised technological approaches and
metabolomics.
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Introduction

Through the natural selection process,
naturalproducts (NPs)possessauniqueand
vast chemical diversity that has evolved to
form optimal interactions with biological
macromolecules.[1] NPs have thus inspired
most of the active ingredients of medi-
cines, and numerous NP ‘scaffolds’ have,
over the years, led to a significant number
of approved drugs and drug candidates to
treat many diseases.[2] The structural di-
versity of these compounds supports the
belief that collections of NPs are not only
more varied than those composed of syn-
thetic compounds, but also that NPs better
represent the ‘chemical space’ of drug-like
molecules.[3]

Despite the great impact of naturally
derived remedies, major pharmaceutical

companies have scaled down their en-
gagement in NP drug discovery during
the last decade.[4]According to Koehn and
Carter,[5] this could be attributed to dif-
ferent factors such as the introduction of
high-throughput screening using specific
molecular targets leading some compa-
nies to shift from natural products extract
libraries to synthetic compounds libraries
more appropriate to the screening.Another
possible reason for the decline was the de-
velopment of the combinatorial chemistry,
which first offered a simplest approach to
obtain synthetic compound libraries with
a relatively wide chemical diversity. This
also might be explained partly because of
new regulations enforced by the Rio con-
vention on biodiversity, which restricted
the screening of vast extract libraries[6] and
partly because traditional bioassay-guided
fractionation techniques are generally re-
garded by the industry as too slow to fit
into the pace of intensive high-throughput
screening campaigns.[7] However, the im-
portance of NPs for human health is still
crucial, and recent technological advances
coupled with unrealised expectations from
current lead-generation strategies have
led to a renewed interest in NPs for drug
discovery.[5] The approaches used to study
biologically significant NPsmust therefore
continue to evolve, and a new vision for
natural medicinal agents must be found
that embraces intellectual property, biol-
ogy, chemistry, information systems, tech-
nology and biotechnology.[8]

In recent years, new approaches that are
complementary to conventional bioactivi-
ty-guided fractionation, which is based on
bioprospecting, have emerged for investi-
gating bioactive NPs. One new approach of
interest is reverse pharmacognosy, where a
biological target is found using virtual or
real screening. Results generated by this in
silico approach might provide a good way
to target pharmacophores and to select sus-
tainable natural sources containing com-
pounds holding these structural features
for further isolation and bioactivity char-
acterisation.[9] Biotechnology approaches,
such as metabolic engineering and synthet-
ic biology, also offer new means to obtain
NPs of interest using optimised biosyn-
thetic pathways.[10] In this respect, meth-
ods for activating silent biosynthetic path-
ways using stress induction or co-cultures
of microorganisms,[11] briefly described
here, represent new routes to pursue. In ad-
dition, the development of highly informa-
tive biological screening methods that are
compatible with assays on crude extracts
represent a key point. In this respect, bioas-
says based on zebrafish are well suited for
the development of rapid and efficient bio-
activity-guided isolation methods that tar-
get new lead compounds with favourable
activities and ADMET profiles.[12] Such in
vivo assays provide an attractive strategy
to assess the in vivo effects of NPs at the
microgram scale using microplates com-
patible with high- or medium-throughput
screening. The development of analytical
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need is high for new antifungal drugs for
both medicinal and agronomical use. This
opens new research areas in the search for
fungicidal natural products and the identi-
fication of Fusarium spp. traits related to
human and plant pathogenicity.[21,22]

To produce novel metabolites with
potent antifungal activities against these
microorganisms, Fusarium spp. were
co-cultivated on petri dishes with vari-
ous other fungi and were then challenged
with a broad range of microorganisms
(an example of a confrontation between
Trichophyton rubrum and Cladosporium
sp. is shown in Fig. 2, below). As a result,
four morphologically different confronta-
tion-behaviours (interaction types) were
observed and hundreds of fungal combina-
tionswere classifiedaccordingly.The study
of the confrontation zones using a metabo-
lomics approach (see below) revealed a
clear induction of various metabolites that
could be assigned to a given ‘combative’
fungus. The biological activity of the in-
duced fungal metabolites produced in this
chemical warfare is currently studied in
more detail. This investigation is also now
extended to Fusarium plant interactions
with both human and phypatogenic strains
to identify antifungal plant stress constitu-
ents. Overall, the genetic, metabolic and
behavioural observations made with these
different Fusarium strains should provide
a comprehensive list of common traits that
might better explain the dual plant and
human pathogenic nature of such micro-
organisms. Future larger screening efforts
with other types of microorganisms, in-
cluding C. albicans and S. cerevisiae, may
also result in a better understanding of the
mode of action of the identified fungicidal
compounds and suggest methods to im-
prove their activity profiles.

Use of Other Types of Stresses to
Elicit the Production of Bioactive
Compounds

In addition to studying the induction
of bioactive natural products in plants and
fungi due to biotic stresses, generic abiotic
stress induction methods, such as UVc ir-
radiation of plant leaves, have been consid-
ered as a generic technique to induce sec-
ondary metabolite production in plants. In
this case also, change in metabolome com-
position between control and UV-stressed
plants can be highlighted by differential
metabolomics. In collaboration with ACW
(O. Schumpp and K. Gindro), plants from
very diverse origins were screened in this
manner. A very strong induction of stil-
benes could be measured in UV-irradiated
leaves, such as those from Vitis spp.[23] In
addition, it has been also demonstrated that
UV irradiation significantly enhanced anti-
fungal activity. However, this effect seems
to depend on the plant species, as in certain

methods for the rapid identification of NPs
in complex mixtures, such as plant extracts
(dereplication), in parallel with approaches
to profile the bioactivity simultaneously
with HPLC separation, have considerably
increased the pace at which bioactive NPs
can be identified.

In this respect, our research unit has
developed various strategies for the rapid
identification of NPs (dereplication) that
complement conventional bioactivity-
guided fractionation approaches. These
strategies can be used for a comprehensive
evaluation of themetabolite composition of
natural extracts (metabolomics) and for the
biological profiling of extracts at the mi-
crogram scale (microfractionation). Such
approaches were applied to study poorly
investigated natural sources of bioactive
NPs, including plants and fungi, after in-
duction of the chemical defence in these
organisms by various stresses. Several of
these aspects are discussed and illustrated
in this paper.

Induction of Chemical Defences

Stress Induction for Lead
Discovery

Drug discovery programmes based on
plant natural products have mainly ex-
ploited secondarymetabolites, which often
are constitutive defence metabolites.[13] In
classical lead discovery, the dynamic stress
response of an organism is usually not con-
sidered, although the antimicrobial activity
of many phytoalexins has been reported.[14]

Interestingly, minor compounds with
strong bioactivities can be found by ex-
ploiting the dynamic defence response
of plants by elicitation experiments.[15]
Elicitors are often used to enhance the
production of secondary metabolites in
microorganisms; however, this strategy is
limited mainly to the targeted production
of given metabolites.[16] In drug discovery,
elicitors significantly affect the production
of bioactive compounds in plants and dra-
matically increase the hit rate.[17] Studies
of antibacterial, antifungal and antican-
cer agents have shown that the number of
plant extracts that give positive responses
in these assays is more than doubled for
elicited plants. For these reasons, plant
metabolite induction and the exploitation
of natural elicitation mechanisms in host-
plant interactions may enhance the drug
discovery hit rate when screening natural
extracts.

Search for Stress-induced
Signalling Molecules in Plants

To better understand how stress can
induce chemical defences in plants and
thus lead to the production of novel bio-
active NPs of therapeutic or agrochemical

interest, our research unit has performed
fundamental studies on the early chemical
events that trigger the wound-response in
plants. In particular, as described belowwe
have developed an original LC-MS-based
metabolomics approach for the detection
and localisation of minor but significant
stress-induced biomarkers among many
major, constitutively produced NPs.[18]
Besides the detection of known plant
stress-hormones such as jasmonic acid,
this non-targeted approach has provided a
good way to discover new stress biomark-
ers (mainly oxylipins). A detailed study of
the induction kinetics of these jasmonates
has provided new insight into how plants
rapidly perceive the stress caused by her-
bivores and how they then build up adapted
chemical defences.[19] Such an approach is
currently pursued to study long-distance
signalling in the model plant Arabidopsis
thaliana and for the above- and below-
ground (leaves vs roots) stress response in
crop plants, such as maize (collaboration
with E. Famer at University of Lausanne
andT.Turlings at University ofNeuchâtel).

Confrontation of Microorganisms
to Induce Silent Biosynthetic
Pathways

The exploitation of dynamic response
phenomena can increase the likelihood
of finding induced compounds with a
new structure and enhanced bioactivities.
This can thus represent an innovative way
to search for new lead compounds from
natural sources and to unravel some as-
pects of the complex, chemically mediated
events that occur in the response to stress.
Therefore, we have studied interspecies
crosstalk to induce the production of new
compounds through biosynthetic pathways
encoded by genes that are often silent.[20]

In this respect, a Sinergia project sup-
ported by SNF (in collaboration with the
Mycology Group (K. Gindro, Agroscope
Changins-Wädenswil, ACW) and the
Department of Dermatology (M. Monod,
‘Centre hospitalier universitaire vaudois’,
CHUV)) has been initiated to study and
exploit the natural biochemical induction
that occurs in fungus-fungus and fungus-
plant interactions to search for new types
of antifungals that are particularly effec-
tive against Fusarium species (spp.).[21]
The study of Fusarium spp. is of great
interest; besides being common fungal
soil saprophytes, Fusarium spp. are fre-
quently plant pathogens. In addition, these
fungi have not only emerged as major op-
portunistic fungi in patients with severe
immunosuppression, but they have also
been found to be responsible for onycho-
mycosis. Fusarium spp. are especially dif-
ficult infectious agents to combat, and the
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analysis of a typical crude plant extract
(Viola tricolor) is illustrated in Fig. 1. The
upper and lower chromatograms recorded
in positive (Fig. 1A) and negative ionisa-
tion modes (Fig. 1B), respectively, provide
a rather comprehensive detection of me-
tabolites that are present in an extract. The
2D plot in Fig. 1C represents the LC-MS
data that can be used either for data min-
ing of many samples using differential me-
tabolomics or for dereplication, peak anno-
tation and metabolite identification. Each
dot (feature) in this plot is linked to a given
metabolite, and (as shown, Fig. 1C) sev-
eral hundreds of these features can be re-
producibly detected to give a very detailed
picture of the metabolome of any organism
under study. As shown in the inset (Fig.
1D) UHPLC profiling enables the separa-
tion of a very high number of NPs and the
detection of minor constituents. It has to
be noted that, despites the high sensitivity
of the method and since the MS response
is compound dependant, LC-MS alone is
not able to detect ‘all’ metabolites present
in a given organism. The high mass ac-
curacy data generated by TOF-MS in this
type of profiling on the other hand provides
molecular formula information for all NPs
detected as shown for the flavonoid digly-
coside violanthin (Fig. 1E).

MS-based metabolomics was very ef-
ficient for localising stress-induced com-
pounds in fungal confrontation experi-
ments in petri dishes (discussed above). In
Fig. 2, an example is given of how induced
fungal metabolites can be highlighted in
a confrontation zone in a typical fungal
co-culture. In this case, the extracts of
different replicates of the pure culture of
each fungus (Fig. 2A), as well as the ex-
tracts of the confrontation zone that had
been precisely excised from the co-culture
(Fig. 2B), were compared. UHPLC-TOF-
MS fingerprints were rapidly acquired
for each extract. Representative ion maps
of these fingerprints are displayed in Fig.
2C. Based on the mining of these datasets,
a reconstructed ion map (calculated af-
ter automatic peak picking) showed ions
characteristic of both fungi (Fig. 2D). This
use of fingerprints provides a good way
to highlight compounds only found in the
confrontation zone but not in pure cultures
(features marked in red in Fig. 2D). This
procedure enabled the discrimination of
stress-induced compounds (e.g. the my-
coalexins) from constitutively produced
compounds. As shown in Fig. 2E, some
of the stress biomarkers are well-localised
based on their single ion traces in the fin-
gerprints. The generated TOF-MS data
provided putative molecular formulae as-
signments (Fig. 2F).

With this type of information, and af-
ter scaling up the production of the fungal
metabolites to a few dozen petri dishes, a

cases, UV treatment may sometimes lead
to decreased fungitoxicity.[24]

All of these studies demonstrated that
the induction of natural product produc-
tion represented a potentially interesting
approach for finding bioactive NPs that
can either play a role in chemical ecology
or be of strong interest for pharmaceutical
and agrochemical lead discovery.

Dereplication Profiling and
Metabolomics

To detect and identify stress-induced
and bioactive NPs, efficient metabolomics
approaches have to be developed to high-
light the biomarkers of interest. These ap-
proaches should ideally enable rapid as-
sessment of NP bioactivities at the analyti-
cal level. These methods are challenging to
develop because they require high chroma-
tographic resolution for detailed NP pro-
filing as well as high throughput for rapid
quantification or fingerprinting analyses.
Furthermore, for dereplication purposes,
these methods should also provide on-line
spectroscopic information for the identifi-
cation of each individual metabolite.

In this respect hyphenated techniques
such as LC-MS, mainly, have played key
roles over the last three decades. The re-
cent introduction of Ultra-High Pressure
Liquid Chromatography (UHPLC) sys-
tems coupled toHigh-ResolutionTime-Of-
Flight (TOF)-MS instruments (UHPLC-
TOF-MS) has represented an important
breakthrough for the profiling of com-
plex mixtures, such as natural extracts.[25]
In comparison to conventional HPLC,
UHPLC allows a remarkable decrease in
analysis time as well as an increase in peak
capacity, sensitivity and reproducibility.[26]
TOF-MS provides sensitive detection, high
mass-resolution and high mass-accuracy
for the rapid on-line assignment of mo-
lecular formulae of NPs: a key piece of in-
formation for metabolite identification and
dereplication. In contrast, UHPLC-TOF-
MS provides very reproducible and highly
informative datasets for MS-based metab-
olomics.[27] In this context, our group has
developed, in collaboration with S. Rudaz
at UNIGE, generic methods for rapid fin-
gerprinting and extensive high-resolution
profiling of NPs in numerous extracts.

An example of the type of data gener-
ated by UHPLC-TOF-MS profiling for the
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Fig. 1. UHPLC-TOF-MS profiling data of the MeOH extract of Viola tricolor using a generic gradi-
ent on a C18 UHPLC column (150 × 2.1 mm I.D.; 1.7 µm). A) Total ion current trace in positive ESI
mode. B) TIC in negative ESI mode. C) 2D plot of the positive ESI ion map showing all the differ-
ent ions detected in relation with their retention times (m/z vs RT). D) Inset showing the separation
of minor constituents. E) Representative ESI HR TOF-MS of the flavonoid violanthin.
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targeted micro-isolation procedure using
semi-preparative LC-MS can be used for
bioactivity assessment and complete struc-
ture elucidation of biomarkers.[28]

Microfractionation, Biological
Profiling and de novo Structure
Elucidation

To assess the bioactivity of any NP,
either dynamically induced as described
above or constitutively produced as for
many herbal drugs, the compounds of in-
terest must be purified. This step is also
crucial for the de novo structure elucida-
tion of unknown compounds by 1D and 2D
NMR.

Conventional isolation approaches of-
ten employ relatively complex schemes
that involve different preparative chroma-
tographicmethods requiring kg amounts of
biological material to obtain mg amounts
of pure NPs. Such approaches are effec-
tive and still important if a large amount
of a given NP is needed for detailed stud-
ies of its mode of action. However, these
approaches are rather time-consuming
when performed in a non-targeted man-
ner; they can also lead to NPs of low in-
terest and with poor biological properties.
With state-of-the-art bioassays and micro-
NMR methods, the entire process can be
performed at the µg level and the approach
can be miniaturised. This considerably

speeds up the identification of biomarkers
and enables the preliminary assessment of
their bioactivities.

To use this approach, a direct link has
to be established between the analytical
profiling of the crude active extract, the

spectroscopic data obtained on-line and
a few informative bioassays. Therefore,
over the last decade, various HPLC-based
methods have been developed for activity
profiling as well as efficient isolation and
subsequent structure elucidation.[25] Our
research unit has developed new strategies
for biological and chemical screening to
obtain valid chemical and bioactivity in-
formation prior to commencing large-scale
isolation work (Fig. 3).

The strategy developed combines
UHPLC-TOF-MS profiling followed by
semi-prep HPLC-MS microfractionation
of the natural active extracts in 96-well
plates (Fig. 3). In a first screening step, the
extracts from different origins are evalu-
ated against different biological targets.
The most promising active extracts are
then analysed by the UHPLC-TOF-MS
with generic 1% and 3% slope reversed
phase gradients (Fig. 3A).[29] This metabo-
lite profiling step gives a first idea on the
complexity of the extract composition and
preliminary information on the nature of
their constituents. In order to rapidly local-
ise the active ingredients, a simple linear
gradient can be calculated from this profil-
ing data. The separation is optimised for
a semi-prep HPLC-MS fractionation in a
maximum of 96 wells, which is a generic
format for all of our biological assays. This
enables the localisation of the chromato-
graphic zone responsible for the biologi-
cal activity (Fig. 3B). This rough separa-
tion usually does not directly yield pure
compounds. A second microfractionation
step can be efficiently performed on the
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Fig. 2. General strat-
egy for the study of
metabolite induc-
tion by fungal co-
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Trichophyton rubrum
and Cladosporium
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of T. rubrum with
Cladosporium sp. The
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Fig. 3. Integrated platform for biological and chemical profiling of a natural active extract and
targeted microfractionation for the identification of compound(s) of interest. A) Profiling with two
generic gradients for separation optimisation using modelling software. B) Rapid fractionation of
the crude extract using semi-preparative HPLC-MS C) In vitro and in vivo biological assays per-
formed in 96 well-plates for the localisation of the compounds of interest. D) Final purification of
microfractions of interest based on optimised conditions modelled from (A). E) Localisation of the
bioactive constituents after the final purification step F) Purity assessment, structure elucidation
and quantification at the µg level.
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active fraction based on the preliminary
LC-MS information obtained. For this, the
chromatographic conditions are calculated
with the help of modelling software from
the steep and slow gradient separations
performed during the profiling step of
crude extract (Fig. 3A).[29] Since all pro-
filing and isolation steps are monitored by
MS, molecular ion species and retention
time information obtained at the analytical
level provides a good means to predict the
chromatography conditions needed for this
final purification of the bioactive NPs.

Finally, the zone holding the active
constituents is microfractionated with
high resolution and fully optimised LC
conditions with this second semi-prep
LC-MS chromatographic step to yield
the pure compounds (Fig. 3D). The new
96-well plate is then submitted to the bio-
assay (Fig. 3E) and the active compounds
are precisely localised. Micro-flow NMR
used in parallel to this process on aliquots
of the bioactive microfractions is used i)
to evaluate their purity, ii) for the de-novo
structure identification in complement to
HR-MS since 1D and 2DNMR spectra can
be recorded at the microgram level,[25] iii)
to estimate the sub-mg amount of bioactive
compounds collected by absolute NMR
quantification (Fig. 3F).[30]

The strategy proposed has been used in
combination with several different assays
at the enzyme (e.g. acetylcholinesterase
and histone deacetylase inhibitors), cell
culture (e.g. cytotoxicity and inhibition of
tumorigenesis) and microorganism (e.g.
Candida albicans, Fusarium spp.) levels.
In addition, in vivo measurement can also
be performed using the zebrafish model
(e.g. anti-inflammatory and anti-epilepsy
activities). For any given disease, a com-
bination of different assays at different
levels of complexity ranging from enzyme
and cells to living organisms is important,
and the possibility of performing all of
these assays on a LC-peak from a natural
active extract is a key element for early
lead discovery. In particular, the zebrafish
model that has recently emerged as an at-
tractive in vivo system to study functional
genomics drug discovery can also be used
to assess toxicity.[30] Thus, based on this
miniaturised and integrated strategy, a
relative comprehensive estimation of the
bioactive potential of a given NP can be
rapidly estimated. All bioassays represents
a collaborative effort; the enzyme and cell
assays are performed by P. A. Carrupt and
M. Cuendet at UNIGE, and the zebrafish
assay is conducted by P. De Witte and A.
Crawford at the University of Leuven.

Thewholeprocesswhichisstillpresent-
lyunderoptimisationshouldprovideagood
mean to evaluate the potential of any NP in
the early stages of the discovery process
with limited amount of biological material.

Based on this approach, if a given
NP is considered worthwhile to study in-
depth it can be isolated at large scale in
a targeted manner. In this case, if it is a
known compound, it might be isolated
from a sustainable plant source available
in large amount or by resupply of the plant
or organism of interest. For this, the whole
separation process can be optimised based
on chromatographic calculation and gradi-
ent transfer.At this stage Medium Pressure
Chromatography (MPLC) provides a good
mean to yield mg amounts of NPs from
gram amount of refined extracts. Efficient
gradient transfer calculations to ensure the
same selectivity of separation at both semi-
preparative HPLC and MPLC level from
UHPLC are performed in collaboration
(J-L. Veuthey, S. Rudaz and D. Guillarme,
UNIGE).

Conclusions

In the drug discovery process, NPs
still represent an important source of new
pharmacophores, and the development
of efficient dereplication protocols is es-
sential for using a rational approach. The
exploitation of NPs produced as stress
biomarkers, by studying plants of fungi
from a chemical-ecology perspective, rep-
resents a new way to discover interesting
NPs for lead discovery because it involves
the expression of metabolites from other-
wise silent biosynthetic pathways. Further
exploitation of these NPs may be achieved
through biosynthetic chemistry or meta-
bolic engineering approaches, which are
emerging research fields in drug discov-
ery.[31] To broaden the diversity of NPs
of therapeutic interest, new significant
technology advancements provide an op-
portunity to explore minor constituents of
new and sustainable sources of NPs that
can yield new bioactivities after chemical
or biological manipulations. Metabolome
information obtained by generic profil-
ing methods can also be used for reverse
pharmacognosy approaches to efficiently
target the isolation of in silico-identified
compounds with high putative bioactivi-
ties. Our research unit is now pursuing in-
vestigations in this direction.

The combination of state-of-the-art
analytical and spectroscopic methods and
information-rich bioassays up to the in
vivo level opens many new avenues for NP
research. Screening of well-defined micro-
fractions in 96-well plates avoids the dif-
ficulty of interpreting bioassay results ob-
tained with crude extracts and the incom-
patibilities often encountered with such
samples. The obtaining of micro-fractions
also allows building up a semi-pure natural
products library rapidly without the need
of obtaining fully purified NPs in a first

instance. This significantly speeds up the
constitution of such libraries.

In addition, the development of a me-
tabolomics method for finding stress me-
tabolites provides a good way to target the
isolation of biomarkers of interest solely
based on the MS characteristics of the
biomarkers. Metabolomics is presently
also implemented for the analysis of ani-
mal and human fluids (collaboration with
M. Cuendet, P. Christen and S. Rudaz at
UNIGE) to investigate the mode of action
of phytopreparations with proven clini-
cal efficacies for which active ingredients
have not been identified. Such an approach
is expected to yield information about
prodrug, synergy and the effects of drug
metabolism, which are other important
aspect of NP research on medicinal plants
and phytotherapy.
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