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Abstract As conventional or chemical pesticides have
negative impact on environment and health of both farm-
er and consumers, it becomes relevant to develop alter-
native solutions to limit their use. In this context, innova-
tive strategies to accelerate the development of biocontrol
agents are welcome. For a decade of years, it has been
demonstrated that lipopeptides are very efficient weapons
against fungi responsible for crop diseases. Lipopeptides
are secondary metabolites, produced by many microor-
ganisms including beneficial rhizobacteria. The
lipopeptide biosynthetic pathways include nonribosomal
peptide synthetases. These modular enzymatic complexes
work as assembly lines to build the peptides step by step,
leading to the production of original peptide compounds
with specific features as the presence of non
proteinogenic monomers and cyclic and branched struc-
tures. In this paper, Florine and Norine bioinformatics
tools, especially dedicated to non-ribosomal synthetases
and their products are presented. Their use is mainly
focused on the discovery of lipopeptides produced by
Bacillus or Pseudomonas because they seem to represent
a versatile reservoir of active secondary metabolites with
promising activities for applications in phytosanitary area.

Keywords NRPS . Lipopeptide . Biocontrol .

Bioinformatics . Norine

Introduction

Biocontrol (a contraction of Bbiological control^) is an
alternative integrated pest management aimed to plant
protection. As conventional or chemical pesticides have
negative impact on environment and health of both
farmer and consumers, it becomes relevant to develop
alternative solutions to limit their use. Biocontrol agents
(BCAs) are classified into 4 groups including natural
substances, pheromones, macro-organisms and micro-
organisms. Fungi in the genus Trichoderma have been
used in biocontrol for about a century (Harman 2006).
Bacterial microbes have also been shown to be well
suited as BCAs. Pseudomonas and Bacillus species
are the predominant plant growth promoting
rhizobacteria (PGPR) known so far for these applica-
tions (Weller 2007; Radhakrishnan et al. 2017).

Fungal and bacterial biocontrol agents are especially
efficient to control diseases caused by fungal and

Eur J Plant Pathol
https://doi.org/10.1007/s10658-018-1544-2

M. Pupin :A. Flissi
Univ. Lille, CNRS, Centrale Lille, UMR 9189 - CRIStAL - Centre
de Recherche en Informatique Signal et Automatique de Lille,
F-59000 Lille, France

M. Pupin :A. Flissi
Inria-Lille Nord Europe, Bonsai Team, F-59655 Villeneuve
d’Ascq Cedex, France

P. Jacques
TERRA Research Centre, Microbial Processes and Interactions
(MiPI), Gembloux Agro-Bio Tech University of Liege,
B-5030 Gembloux, Belgium

V. Leclère (*)
Univ. Lille, INRA, ISA, Univ. Artois, Univ. Littoral Côte d’Opale,
EA 7394-ICV- Institut Charles Viollette, F-59000 Lille, France
e-mail: Valerie.leclere@univ-lille1.fr

http://crossmark.crossref.org/dialog/?doi=10.1007/s10658-018-1544-2&domain=pdf


oomycete pathogens such as Botrytis, Fusarium,
Pythium, Phytophtora, or Rhizoctonia, infecting crops
of economic importance. They act as BCAs, through
multiple direct and indirect mechanisms probably work-
ing in synergy to achieve disease control (Benítez et al.
2004; Harman 2006). Indeed, the final effect of BCAs
may result from miscellaneous mechanisms including
competition for nutrients and space, root colonization,
modification of physico-chemical properties and
microbiome of the rhizosphere, biofilm formation, and
direct antibiosis related to the production of extracellular
enzymes and secondary metabolites. Moreover, they can
stimulate plant-defense mechanisms and increase plant
growth. For Bacillus and Pseudomonas species, it has
been demonstrated that the lipopeptides they produce
play a major role in plant disease suppression (Ongena
and Jacques 2008; Raaijmakers et al. 2006, 2010; Mnif
and Ghribi 2015). As biocontrol exerted by fungal and
bacterial living cells is sometimes unpredictable, the use
of purified lipopeptides emerged, leading to the develop-
ment of methods to screen for novel molecules. Bio-
assay-driven strategies can be used to detect antifungal
activity (Mihalache et al. 2017), invasive behaviour
(Béchet et al. 2013), or in vivo protective effect on
plantlets (Leclère et al. 2005). These bio-assays are gen-
erally expensive and time consuming but the screening
can be accelerated by PCR detection of lipopeptide syn-
thetase genes (Tapi et al. 2010; Rokni-Zadeh et al. 2011).
Another way leading to the identification of novel
lipopeptides is high throughput bioinformatics screening
of the numerous genome sequences available thanks to
new sequencing techniques. In this review, the Florine
(Caradec et al. 2014) and Norine (Flissi et al. 2016)
bioinformatics tools aimed to speed up the in silico
screening for novel lipopeptides are described. They
may lead to the discovery of totally undescribed and
untested lipopeptides or to the identification of novel
variants belonging to known families, with differentiated
activities usable in biocontrol strategies.

Lipopeptides as biocontrol agents

Microbial lipopeptides are secondary metabolites pro-
duced by a variety of fungi and bacteria, composed of a
fatty acid hydrophobic tail linked to a peptide hydro-
philic moiety. This amphiphilic structure explains their
surface tension properties. The best biosurfactant known
is surfactin secreted by Bacillus subtilis strains,

decreasing the surface tension of culture supernatant
from 72 mN/m to 27 mN/m. Several hundreds of
lipopeptides, grouped in about 40 families, are naturally
produced by microorganisms. Applications in diverse
area as health, agro-food or plant-protection depend on
biological activities and properties related to structural
features. Most of the active lipopeptides produced by
plant beneficial bacteria are structurally related, cyclic or
partially cyclic compounds referred as CLPs (cyclic
lipopeptides) (Fig. 1). These compounds have versatile
biological activities playing key roles in natural habitats.
Thus, CLPs produced by Pseudomonas and Bacillus
species exhibit growth inhibitory activity against a
broad range of microorganisms including phytopatho-
genic fungi and oomycetes (Raaijmakers et al. 2006;
Ongena and Jacques 2008; Raaijmakers et al. 2010). By
changing the viscosity of the surface, CLPs are able to
modify swarming and swimming behaviors (Leclère
et al. 2006), increasing root colonization and biofilm
formation (Raaijmakers et al. 2010; Chowdhury et al.
2015). More recently, some CLPs have been shown to
trigger induced systemic resistance (ISR) and thus may
contribute to biocontrol of diseases in crop (Ma et al.
2017).

Nonribosomal biosynthesis of lipopeptides

CLPs are biosynthesized by nonribosomal peptide syn-
thetases (NRPSs). These enzymatic complexes are now
considered as assembly lines, used as template and
biosynthetic machinery. NRPS complexes may be con-
stituted of one or more proteins, their genes being gen-
erally clustered on the genome, and for some of them
constituting operons. Because NRPSs are modularly
organized, they work step-by-step to assemble the build-
ing blocks (or monomers), leading to the construction of
the peptides. Indeed, a module is defined as the part of
the NRPS allowing the incorporation of one monomer
(Fig. 2). For this purpose, modules are divided into
enzymatic domains which are: i) adenylation domain
(A) responsible for the selective recruitment of the
monomers, ii) thiolation domain (T) covalently tether-
ing the selected monomer and growing peptide chain on
the NRPS, via a phosphopantheteynyl cofactor (the T-
domain may also be annotated PCP for Peptidyl Carrier
Protein); and iii) condensation domain (C) catalyzing
the peptide bond formation. The global architecture of a
module is thus (C-A-T). Ending the assembly line is the
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thioesterase domain (Te) releasing the neo-built peptide;
for some of them the release is accompanied by
cyclisation of the peptide (Martínez Núñez and Lopez
2016; Roongsawang et al. 2011; Strieker et al. 2010).
CLP assembly lines of genera Pseudomonas and
Burkholderia are frequently ended by a tandem of Te-
domains (de Bruijn et al. 2007). Beside the core catalytic
domains, secondary domains allowing the modification
of the monomers during the synthesis can be present.
The most frequently encountered are epimerization do-
mains (E) modifying the L-form of the monomer into D-
isomer, and to a lower extent methylation domains (M).
While E-domains are located downstream T-domains,
M-domains are present between A- and T-domains.

According to functional specificities, various sub-
types of C-domains are described including LCL,

DCL

(Rausch et al. 2007). With the exception of NRPS for
lipopeptides belonging to the iturin family, the first
domain of NRPS responsible for the synthesis of CLPs
is a condensation domain called Cstarter, catalyzing the

condensation of the lipid tail on the first aminoacid of
the peptide moiety (Rausch et al. 2007). First described
in the arthrofactin synthetase (Balibar et al. 2005), dual
C/E domains harboring both condensation and
epimerization activities are usually present in all CLP
NRPSs ofPseudomonas (Bloudoff and Schmeing 2017;
Rausch et al. 2007; Ziemert et al. 2012). More recently,
dual C/E domains were also identified within CLP
NRPSs of soilborne rhizobacteria Xanthomonas (Royer
et al. 2013) and Burkholderia (Esmaeel et al. 2016).

Bioinformatics screening for lipopeptides

Considering the specific features of both NRPS and
their products, bioinformatics tools allowing the predic-
tion of new non-ribosomal peptides from genomic data
of microorganisms were developed. The Florine
workflow proposes a sequential use of specific tools
(Caradec et al. 2014), leading to the prediction of the

Fig. 1 Examples of CLPs produced by beneficial bacteria belonging to Bacillus and Pseudomonas genera. Monomeric representations are
extracted from Norine platform. a: Bacillus, b: Pseudomonas
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structure of non-ribosomal peptides potentially pro-
duced by a microorganism since the genome sequence
is available (Fig. 3). In this workflow, the most popular
and efficient tools are applied; each of them focusing on
specific points to contribute to the global analysis and is
allocated to the corresponding steps of the workflow.
antiSMASH (Medema et al. 2011; Weber et al. 2015;
Blin et al. 2013) is the most complete software to predict
NRPS gene clusters and to analyze the modular and
domain architecture of the enzymes. It is regularly up-
dated making use of leading-edge tools. For example,
SANDPUMA (Chevrette et al. 2017) published in 2017
has been integrated into antiSMASH4 (Blin et al. 2017).
The first job of antiSMASH is the detection of gene
clusters involved in nonribosomal biosynthesis. Thanks
to specific domain signatures, the NRPS domains are

easily detected and the domain architecture of the pro-
teins can be defined. Furthermore, in the last
antiSMASH release (Blin et al. 2017) rules have been
defined to detect clusters for various types of NRPs. It
relies on comparative approaches to explore the annota-
tions from public databases. However, no rule has been
defined to automatically identify the product of a NRPS
cluster as a lipopeptide. It is the reason why the design
of a lipopeptide from the domain organization of the
NRPS needs to be manually achieved. Attention has to
be paid on both A- and C-domains. From A-domains,
the most probably recruited monomer can be predicted
by NRPSpredictor (Röttig et al. 2011). This prediction
can be obtained directly from antiSMASH outputs
which combine results from NRPSpredictor3,
PrediCAT or SANDPUMA (Blin et al. 2017). Then,
NaPDoS (Ziemert et al. 2012) that is also integrated in
antiSMASH, facilitates C-domain sub-type determina-
tion. The identification of a Cstarter in the first module of
a synthetase leads to the prediction of a lipopeptide
production. The D-isomery of the monomers can be
predicted by the identification of DCL domain following
E-domain or identification of dual C/E-domain, espe-
cially for Pseudomonas, Xanthomonas or Burkholderia
species. Finally, the assignation of a NRPS to a CLP
synthetase can be strengthened by the identification of a
tandem of Te-domains ending the assembly lines.

The novelty of a predicted CLP should be evaluated
by structure comparison with all NRPs stored in Norine
database (Caboche et al. 2008; Flissi et al. 2016). This
step could output several cases as: i) the CLP exists,
maybe produced by another microorganism; ii) the CLP
is a new variant belonging to a known family; and iii) the
CLP harbors a structure that is not described in Norine.

A direct link to query the Norine database with the
predicted peptide structure is provided for this purpose
on antiSMASH result page but antiSMASH results nev-
er consider the isomery of the monomers. For this

Fig. 2 Module and domain architecture of syringafactinA NRPS
assembly line. Arrows represent the genes; M1 to M10 are the
modules for incorporation of the 10 monomers; A: adenylation

domain; T: thiolation domain, C: condensation domains (with
different sub-types Cstarter,

LCL, dualC/E); Te: thiolation domain;
bottom: monomeric representation of syringafactinA

Fig. 3 Schematic representation of Florine workflow
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purpose, the final step of the workflow performed using
the Norine platform is essential.

Norine platform dedicated to nonribosomal peptides

The Norine platform is composed of a database and dif-
ferent tools allowing biologists and biochemists to explore,
visualize, query and analyze the NRPs. Since its creation a
decade ago, Norine (Caboche et al. 2008) remains the
unique most comprehensive knowledgebase dedicated to
computational biology analysis of NRPs. The
knowledgebase currently contains abundant and valuable
annotations on about 1200 NRPs belonging to 217 fami-
lies. These NRPs harbor original features mainly based on
the wide diversity of monomers others than the 20
proteinogenic amino acids, and their complex structures.

Indeed, Norine counts about 530 monomers composing
linear, cyclic, partial-cyclic and/or branched structures.

The Norine web application, available at http://bioinfo.
cristal.univ-lille.fr/norine provides two kinds of interfaces
to search for NRPs: annotation search and structure search.
The first interface, named Bannotation search^, allows
querying the database by combining many criteria on
NRPs such as the name, the category (e.g. glycopeptide,
lipopeptide, etc.), the peptide molecular weight, the known
activities (antibiotic, siderophore, surfactant,
antiinflammatory...) or the producing organisms. The
antibiotic activity includes antibacterial as well as
antifungal because many compounds may have both. It
is also possible to make a search using a title, journal or
author name of the published references associated to the
NRP. The main interest of the annotations search is to
provide an overview on a set of NRPs that share

Fig. 4 Data downloaded from
Norine for Bacillus and
Pseudomonas NRP comparison
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common properties, to explore and visualize them,
analyze, refine results with filters and download data.
Currently, Norine contains 1186 NRPs manually
annotated. Among these NRPs, 299 are lipopeptides
grouped in 36 families, such as orfamides and
amphisines for Pseudomonas lipopeptides or surfactin
and iturins for Bacillus lipopeptides. The NRP structure
type is partial cyclic for half of them, then cyclic (37.6%)
and linear (13.1%). Regarding the activities of these
lipopeptides, it can be emphasized that antibiotic (223
peptides) and surfactant (143 peptides) activities are
prevailing, some peptides displaying several activities.
Finally, the size distribution shows that they contain
between 4 and 26 monomers with a peak at 8
monomers. Using the annotations search interface of
Norine the queries can be constructed in order to
compare lipopeptides produced by Bacillus and
Pseudomonas species (Fig. 4). For both genera, the
structure type is mainly cyclic or partial cyclic. Indeed,
more than 80% of them contains at least one cycle, the last
monomer bridged with a monomer of the peptide chain or
with the fatty acid chain for most of the Bacillus
lipopeptides. Known activities of these lipopeptides are
antibiotic (48.3% for Bacillus, 48.4% for Pseudomonas)
and surfactant (respectively 49.7 and 34.4%), but also
toxin (16.4% for pseudomonas) and antitumor.
Concerning size distribution, i.e. the number of

monomers composing the lipopeptides, it may be of
interest to point out that lipopeptides produced by
Bacillus species are essentially composed of 8
monomers, whereas Pseudomonas species sizer are
longer, between nine and up to 26 monomers (including
the fatty acid moiety).

The second way to search for peptides is the Bstructure
search^ interface. This way is especially useful to assign
novelty to NRPs, families or variants thanks to structure
comparison. In Norine, each NRP has a 2D-monomeric
representation of its structure, which is seen as a graph
with nodes labeled bymonomers. The complex 2D struc-
tures are represented using simple strings leading to the
graph representation in Norine. As an example, the dif-
ferent representations are illustrated for the fengycin A
lipopeptide (Fig. 5). The graph representation enables
pattern research, i.e. search for sub-graph in a graph, with
the intention of discovering potentially new NRPs. In
addition, Norine provides a user-friendly NRP editor to
draw parts of NRP and automatically transform it into
graph representation for comparison (Fig. 6).

Finally, each NRP in Norine has a comprehensive
result page gathering all the information about the pep-
tide. This page is organized in six tabs: (i) general infor-
mation on the peptide such as its name and category,
formula or the known activities of the peptide; (ii) struc-
ture, including a visual 2D representation of the

Fig. 5 Different representations of fengycinA lipopeptide as found in the Norine page
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monomeric composition and peptide bounds (Fig. 5), and
SMILES, the notation that represents the chemical struc-
ture of the peptide, if available; (iii) the producing organ-
isms, (iv) a tree that represents the taxonomy of produc-
ing organisms; (v) up to two references describing the
peptide structure, and its synthetase, when available; and
(vi) finally, links to external databases such as PDB,
PubChem, UniProt, StreptomeDB, ChEMBL or BIRD.

Thanks to BMyNorine^ interface (Flissi et al. 2016) it
is now easy for any scientist discovering a new NRP to
enter it with annotations in the database and thus con-
tribute to the enrichment of Norine. The increasing
number of annotated NRPs is a key factor in the accu-
racy of structure comparison.

Conclusion

Identification of new NRPS, especially lipopeptides, is
the more exciting and expected result of in silico screen-
ing for the discovery of novel biocontrol agents. Indeed,
the bioinformatics workflow described here is useful to

detect cyclic lipopeptide synthesis gene clusters in a
whole genome. However, as it remains only predictions,
the next steps are experimental assays on the predicted
compounds to confirm the structures and efficient pro-
duction because many secondary metabolite genes may
be cryptic. It is also necessary to verify if the potentially
produced NRPs should actually be applicable as BCAs.
Indeed, the Florine workflow has allowed the successful
exploration of the genomes of 48 Burkholderia strains
(Esmaeel et al. 2016) leading to the identification of a
putative CLP named burkhomycin. The same CLP was
independently described and named malleipeptin by
Biggins et al. (2014), because the producing organism
is Burkholderia belonging to the mallei group. Further-
more, malleipeptin was identified as a virulence factor
for the producing bacterium, making its use as a BCA
impossible. This example highlights that it is necessary
to distinguish between the identification of a potentiality
to produce secondary metabolites based on gene explo-
ration in the whole genome and the direct use for diverse
applications. Anyway, this screening remains interesting
as it pointed out the presence of dual C/E domains in the

Fig. 6 Editor developed to transform automatically drawing into graph representation
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CLP synthetase of Burkholderia strains. Elsewhere, the
use of the dedicated bioinformatics tools, combined
with biological assays led to successful identification
of two CLPs produced by Pseudomonas sp. CMR12a
(D’aes et al. 2014). The first CLP is orfamide B and the
second one is a new member of the tolaasin family,
named sessilin. Because of their biological activities in
biofilm formation and because they are produced by the
biocontrol strain CMR12a, both CLPs can be consid-
ered as good candidates for plant protection
applications.
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