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Abstract

Microorganisms are considered one of the most important sources of secondary metabolites
including ribosomal and non ribosomal peptides. The search of new non ribosomal peptides has
been motivated by their wide applications exploited by industries in different area including
pharmaceutical and phytosanitary sectors. They are produced through complex synthetases
called non ribosomal peptides synthetases. More than 70 % of NRPs have a complex structure
that includes one or more cycles and branches. Therefore, development of specific tools
dedicated to the screening of these peptides is necessary as they cannot be predicted and
analyzed as classical peptides. With the aim to further analyse biosynthesis pathways and to
identify new active peptides, | mainly studied two bacterial models: Burkholderia and
Aeromonas. The genome-mining is a very powerful approach for the discovery of new non
NRPs. Indeed, among 48 strains of Burkholderia, 228 gene clusters containing NRPSs and
hybrid NRPS-PKS were found via in silico analysis following Florine workflow. The current
study lead to the discovery of new peptides in Burkholderia including a new siderophore named
phymabactin and a cyclic lipopeptide we have called burkhomycin. It also gave new insights on
the mechanism of nonribosomal synthetases, exemplified by the detection of dual C/E domains
in NRPSs involved in the production of cyclic lipopeptides by Burkholderia and the
identification of a unique use of domains and modules in the pathway responsible for synthesis

of amonabactins in A. hydrophila.
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Résumeé

Les micro-organismes sont considérés comme l'une des sources les plus importantes de
métabolites secondaires, y compris les peptides ribosomiques et non ribosomiques. La recherche
de nouveaux peptides non ribosomiques a été motivée par leurs larges applications dans diverses
industries telles que les secteurs pharmaceutiques et phytosanitaires. lls sont produits par
complexes enzymatiques appelés NRPSs. Plus de 70% des peptides non ribosomiques ont une
structure complexe qui comprend un ou plusieurs cycles et des ramifications. Par conséquent, le
développement d'outils spécifiques dediés a la prédiction de ces peptides est nécessaire car ils ne
peuvent pas étre prédits et analysés comme les peptides classiques. Dans le but d'analyser les
voies de biosyntheése et d'identifier de nouveaux peptides actifs, j'ai étudié principalement deux
modeéles bactériens: Burkholderia et Aeromonas. Le genome-mining est un approche trés
performante pour la découverte de nouveaux NRPs. En effet, pour 48 souches de Burkholderia
analysées in silico a I’aide du workflow Florine, 228 clusters de génes contenant des genes de
NRPS et hybrides NRPS-PKS ont éte trouvés. Cette étude a permis de mettre en évidence de
nouveaux peptides produits par des Burkholderia, incluant la phymabactin, un nouveau
siderophore, et un lipopeptide cyclique que nous avons appelé burkhomycin. La présente étude a
d’autre part permis d’éclaircir le mécanisme de fonctionnement des synthétases non
ribosomiques, illustrés par la détection des domaines C/E dans des synthétases de lipopeptides
cycliques et une utilisation originale des domaines et modules dans les NRPS impliquées dans la

biosynthése des amonabactines chez A. hydrophila.
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GENERAL INTRODUCTION
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Microorganisms including bacteria and fungi live in different conditions, and to survive
under such conditions, they synthesize a wide range of secondary metabolites with varied
metabolic origin and exotic chemical structure. Many of them are biologically active peptides of
nonribosomal origin that represent a family of fantastic compounds with complex structure and
various biological activities, such as antibiotics (Bacitracin), biosurfactants (Surfactin),
siderophores (Ornibactin), antitumors (Bleomycin), immunosuppressive agents (Cyclosporin),
toxins (Microcystin) and lipopeptides (Fengycin). These metabolites find use as natural products
in pharmaceutics, agriculture and manufacturing.

The first study of non ribosomal peptides synthesis was reported in the 1960s by
biochemical studies with cell free extracts of Brevibacillus brevis. These experiments showed
that synthesis of gramicidin S was observed even in the presence of RNAses or inhibitors of the
ribosomal biosynthesis (Gevers et al. 1968). Lipmann and coworkers also reported that the
synthesis of antibiotics gramicidin S and tyrocidine in the bacterium Bacillus brevis was
resistant to ribonucleases, and appeared to occur through enzymes capable of catalyzing peptide
bond formation from thiol linked intermediates in a way resembling that of fatty acid synthesis
(Lipmann 1971) .

The biosynthetic mechanisms and regulation system of non ribosomal peptides have been
extensively studied over the past few years. The biosynthesis of these compounds is carried out
by nonribosomal peptide synthetases (NRPSs), which are large multifunctional enzymes
organized in sets of domains which constitute modules containing the information needed to
complete an elongation step in an original peptide biosynthesis. Genes encoding the enzymes
incorporating monomers or modifying the different residues are, most of the time, organized in
clusters. Different pathways of NRPS mechanisms have been discussed including linear,
iterative, and non linear biosynthesis. However, the biosynthesis of some peptides is not totally
understood. Therefore, information about these clusters, pathways and metabolites is needed to
facilitate the process of natural product discovery. This will help to increase knowledge about the
mechanisms of synthesis and facilitate the screening of new non ribosomal peptides.

The advancement in the bioinformatics tools and comprehensive knowledge in
nonribosomal peptide synthetases (NRPSs) has been instrumental in the identification of new
biosynthetic gene clusters from genomes. Thus, this approach called “genome mining” can be

applied for the discovery of natural products useful for natural product development. The
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availability of whole bacterial genome sequencing combined with bioinformatics approaches
facilitated the understanding of secondary metabolites biosynthesis and gave insight into
bacterial metabolism. By combining technological development in genomics, bioinformatics and
structure biology, translated gene sequence data can be used to rapidly derive structural elements
encoded by secondary metabolic gene clusters from microorganisms. Once the biosynthesis gene
cluster for the novel compound is clarified, the structure of predicted molecules can be described
on the biochemical and genetic levels. Theses exploration gives insight into the mechanisms of
synthesis for non ribosomal peptides.

As many natural products are synthesized by NRPSs, it is very essential to study their
mechanisms of synthesis and develop a protocol to facilitate the screening of natural products
including non ribosomal peptides. Two interesting models of bacteria were used in this study to
investigate the mechanisms of synthesis of non ribosomal peptides and their discovery by
following a strategy we have developed with these objectives.

The genus Aeromonas is ubiquitous bacteria found in a variety of aquatic environments
worldwide, including well, bottled, flood and heavily polluted water (Janda and Abbott 2010).
Due to their pathogenicity and persistent threat to the aquaculture sector, different strains of
Aeromonas received very high economical attention in the last two decades. It has been shown
that under conditions of low- iron concentrations, most isolates of Aeromonas species produce
iron transporting siderophore called amonabactins (Barghouthi et al. 1989a; Barghouthi et al.
1989b). The production of amonabactins by A. hydrophila has been reported since more than
twenty five years. Although the gene cluster of amonabactins is known, their mechanism of
synthesis is not totally understood. Therefore, the first part of the thesis was to:

I: Investigate in details the biosynthetic gene cluster of amonabactins in Aeromonas hydrophila
[1: Study the relationship between the domains organization of the amonabactin gene cluster and
the structures of the amonabactins and to confirm the hypothetical non-ribosomal biosynthesis
using mutants.

I1I: Decipher the distribution of the NRPS genes including siderophores that are probably
associated with the pathogenicity of these bacteria in all sequenced genomes of Aeromonas

strains available in NCBI.
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This will help to increase knowledge about the mechanisms of nonribosomal synthetases and
guide to understand the production of virulence factor including siderophores in Aeromonas
strains.

The genus Burkholderia consists of over sixty species, and live in various ecological
niches including soil, water, plant as well as animal and human (Mahenthiralingam et al. 2008a).
Due to their wide geographical distribution and versatile ecological properties including their
significant role as pathogenic, plant promoting growth, and biocontrol, Burkholderia have
received many scientific attentions in recent years. This makes them interesting model organisms
to study, and for putative applications, a good understanding of their occurrence, ecological
potential in the environment and their secondary metabolites is necessary. Members of
Burkholderia genus are well known for their significant role in the environments through the
excretion of a wide variety of extracellular products including non ribosomal peptides and
polyketides. These metabolites represent a widely distributed biocontrol and biomedically
important class of peptidic natural products including antibiotics and anticancers as well as
biopesticides that are considered as a novel source that will be used to defend ecological niche
from competitors and promote growth of plant. However, up to now only a few NRPSs have
been characterized for a given members of Burkholderia due to the restricted conditions used
that are conductive to the production of NRPSs. Thus, the majority of Burkholderia biosynthetic
gene cluster are silent under standard laboratory conditions.

The focus of the second part of the study was to:

I: Develop a global strategy to screen all the potential NRPSs gene clusters of 48 gapless
genomes of Burkholderia species.

Il: Design the organization of domains including the C-domain sub-types and predict the most
probable produced peptides for all detected NRPSs gene clusters.

I11: Investigate in details all NRPSs gene clusters potentially involved in biocontrol by structure

and genetic approaches to support the predictions obtained in silico.

11
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CHAPTER 1- STATE OF THE ART REVIEW
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A) Biodiversity of non ribosomal peptides

Microorganisms are a prolific source of natural products that being extremely valuable in drug
discovery and agriculture researches. Many of these compounds that have been isolated belong
to a class of compounds called Polyketides (PKs) and nonribosomal peptides (NRPs) which
represent a promising basis for the development of substances that attract a great interest and
applications in medicine and agriculture. The ability to produce nonribosomal bioactive peptides
is widely spread among microorganisms including bacteria and fungi. They represent a diversity
of natural products with a broad range of biological activities and pharmacological properties
(Cane et al. 1998) and complex chemical structures (Kopp and Marahiel 2007). They are mostly
cyclic or branched cyclic compounds containing not only the 20 common proteinogenic L-amino
acids but also non-proteinogenic amino acids, small heterocyclic rings and other unusual
modifications in the peptide backbone (Grinewald and Marahiel 2006). They are synthesized
through an alternative pathway that allows production of polypeptides other than through the
traditional translation mechanism. The peptides are created by multimodular enzymes called
nonribosomal peptide synthetases (NRPSs), from simple building blocks, leading to the
construction of compounds containing 2 to 26 residues. Non ribosomal peptides are classified
based on their functions as antibiotics, siderophores, surfactants, immunosuppressors, toxins, etc
(Fig. 1) or based on their chemical structure as peptides, lipopeptides, glycolipopeptides, etc
(Finking and Marahiel 2004).

13
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Figure 1: Examples of the structural diversity of bioactive compounds of nonribosomal origin

(Jang et al. 2013; Schwarzer et al. 2003).
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B) Structures of nonribosomal peptides
Non ribosomal peptides are different from ribosomal peptides based on their primary structure as
linear, cyclic (partially cyclic, branched or double cyclic) containing small heterocyclic rings and
other unusual modifications in the peptide backbone and the diversity of different building
blocks (More than 500 different monomers). Among them are D-amino acids, N-terminally
attached fatty acids, methylated, hydroxylated and acetylated amino acids, as well as various
phosphorylated and glycosylated residues (Caboche et al. 2010). Based on their compositions,
non ribosomally peptides (NRPs) are divided into six classes including peptides, lipopeptides,
glycopeptides, chromopeptides, peptaibols, and PK-NRPs (Fig. 2) (Caboche et al. 2008). Each

class will be detailed in the following sections:

B Peptides

m Lipopeptides

B Glycopeptides

B Chromopeptides
B Peptaibols

= PK-NEP

Figure 2: Schematic representation of nonribosomal peptide classes found in Norine (1172
peptides) (Caboche et al. 2008; Flissi et al. 2016).

B.1. Peptides

The peptides are only composed of monomers including the 20 common proteinogenic L-amino
acids, non-proteinogenic amino acids and different building blocks (Caboche et al. 2008). For
example, the ACV, the famous precursor of penicillin and cephalosporin, is a linear tripeptide

composed of L-delta-(alpha-aminoadipoyl), L-cysteinyl, and D-valine (Fig. 3).
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Figure 3: Structure of ACV as an example of peptides (Mootz et al. 2002b).

nnh

B.2. Lipopeptides

Lipopeptides have linear or cyclic structure of a peptide moiety, linked to a fatty acid via ester or
amide bonds or both. The most studied lipopeptides are the lipopeptides produced by Bacillus as
fengycin and surfactin, and Pseudomonas as arthrofactin (Lange et al. 2012) (Fig.4) and
tolaasine. Many of these lipopeptides have surfactant, antibacterial, and antifungal properties that

have attracted interest from industry.

T

Figure 4: Structure of arthrofactin as an example of lipopeptides (Lange et al. 2012).

B.3. Glycolipopeptides

The glycolipopeptides are cyclic or polycyclic nonribosomal peptides that contain carbohydrates
moieties (glycans) covalently attached to the side chains of the amino acid residues that
constitute the peptide. They are considered as essential for the control of infectious diseases
caused by pathogenic gram positive bacteria. For example, Vancomycin (Fig.5) is a glycopeptide

antibiotic produced by Amycolatopsis orientalis (Hubbard and Walsh 2003).
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Figure 5: Vancomycin as an example of glycopepti

B.4. Chromopeptides

des (Hubbard and Walsh 2003).

Chromopeptides are compounds that consist of cyclic or linear peptide chain and aromatic or

heteroaromatic rings or ring systems called chromophores. The chromophore parts of

chromopeptides absorb light in the far-ultraviolet range.

biological activities such as acting as pharmacopho

They are usually important for their

rs. The most famous examples of

chromopeptides are pyoverdines (Fig.6), siderophores with yellow- green fluorescent colour

excreted by different species of Pseudomonas (Cornelis and Matthijs 2002).
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Figure 6:
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Structure of pyoverdine 2461 as an example of chromopeptides (Beiderbeck et al. 1999).
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B.5. Peptaibols

Peptaibols are linear peptides containing 5 to 20 amino acids; most of them are non-
proteinogenic amino acids (Fig.7). They are characterized by containing a-aminoisobutyric
acid (Aib) in the peptide chain and ending by an alcohol as the C-terminal amino acid is
hydroxylated to an acid alcohol. They are produced by some fungi and have biological properties

as antibiotics.
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£ S
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Figure 7: Structure of trichorzianine TB Ila as an example of peptaibols (Schuhmacher et al.
2007).

C) Biological activities of non ribosomal peptides
Based on their original way of synthesis and compositions including the non proteinogenic
monomers, cycles and branching, nonribosomal peptides represent a wide range of biological
activities and pharmaceutical applications including antibiotics, toxins, antitumors,

siderophores...etc. (Schwarzer et al. 2003). Each class will be detailed in the following sections:

C.1. Antibiotics

Non ribosomal peptides with antimicrobial activity represent half of the peptides found in Norine
database. Out of 1179 NRPs found in Norine, 653, grouped in 121 families, are classified as
antibiotics in different categories including peptaibols as trichotoxin, glycopeptides as
vancomycin, and lipopeptides as iturin and fengycin. Beside their antibiotic activity, some

peptides share other activities as antitumor, toxin, surfactant or immuno-modulator.

C.2. Toxins

Some peptides or lipopeptides have the ability to Kill cells. In Norine database, around 266
peptides presented in 48 families are toxins, and most of them share other activities as

antibiotics, antitumors or surfactants beside their toxic activity.
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C.3. Antitumors and protease inhibitors

Out of 1179 NRPs found in Norine database, 101 NRPs are antitumors grouped in 34 families.
Beside antitumor activity, 75 NRPs found in Norine share other activities including antibiotics,
toxin, immunomodulating and surfactants. 39 NRPs are protease inhibitors presented in 13

groups. They are pure and never cross with other activities.

C.4. Siderophores

Siderophores are polypeptide derivatives that are non ribosomally synthesized by assembly lines
constituted of non ribosomal peptides synthetases (NRPSs), while others that are not
polypeptides are assembled by different enzymes designated as NIS (NRPS Independent
Siderophores) (Challis 2005). They are produced by microorganisms under iron limited
conditions. They have the ability to bind and chelate the iron molecules. The non ribosomally
produced siderophores are mainly chromopeptides, but can also be lipopeptides or pure peptides.
Based on Norine database, 82 NRPs are siderophores and 18 of them are also known as

surfactants.

C.5. Others

Other activities are also linked to other NRPs. These include surfactants (as surfactin),
calmodulin (as putative konbamide) antagonist, immunomodulating (as cyclosporin, currently
used to prevent rejection following solid organ and bone marrow transplantation) and

antiatherogenic.

D) Modular Non Ribosomal Peptides Synthetases
Non ribosomal peptides are synthesized via a multiple- carrier thiotemplate mechanism on large
enzymes called nonribosomal peptide synthetases (NRPSs). They are organized into sets of
iterative catalytic units of remarkable size called modules in which each module allows the
incorporation of one monomer into the peptidic chain. The order and number of the modules of
an NRPS protein are, in many cases, colinear to the amino acid sequence of the corresponding
peptide moiety of the final NRPS molecule (“colinearity rule”) (Griinewald and Marahiel 2006).
Each module is responsible for specific incorporation of an amino acid or any other building
block into the final product (Marahiel et al. 1997; Schwarzer and Marahiel 2001). Each module
consists of domains that play enzymatic role for the synthesis of peptide backbone. Modules can
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be subdivided into initiation, elongation and termination modules (Fig.8). The initiation module
is responsible for the selection and activation of the first amino acid. Initiation modules contain
at minimum an A-domain for substrate recognition and a PCP or T domain that holds the
activated substrate and serves as the amino acyl donor in the first peptide bond-forming step of
the NRPS assembly line. In elongation modules, each module loads its activated substrate onto
its PCP-domain. Elongation modules contain at the minimum an A-domain (Dieckmann et al.
1995; May et al. 2001; Mootz and Marahiel 1997; Stachelhaus and Marahiel 1995), a PCP
domain (Ehmann et al. 2000; Stachelhaus et al. 1996), and a C-domain (Bergendahl et al. 2002;
Stachelhaus et al. 1998). In the termination, the Te-domain (Thio-esterase domain) hydrolyzes

the completed polypeptide chain from the PCP-domain of the downstream module.

B0 B0 |

Initiation Elongation Termination

Figure 8: Organization of the domains in each module in NRPS

D.1. Domain Organization of Non Ribosomal Peptides Synthetases

NRPS domains are classified into principal and optional domains. Each domain plays essential
enzymatic role for the synthesis of peptide backbone. The main catalytic functions are
adenylation (A domain), thiolation (T-domain), condensation (C-domain), and thioesterase (Te
domain) (Fig.9). The Adenylation domain (~550 aa) is responsible for the selection and
activation of the amino acid that makes the product. It determines and controls the entry of the
substrates into non ribosomal peptide synthesis. A-domains activate the amino acid substrates as
aminoacyl adenylates at the expense of ATP (Dieckmann et al. 1995). The thiolation domain
(termed peptide carrier protein (PCP) is a small domain (80-100 aa) which represents the
transport unit that accepts the activated amino acid that is covalently tethered to its 4-
phosphopantetheine (4-PP) cofactor as thioester (Ehmann et al. 2000; Stachelhaus et al. 1996).
This cofactor is post-translationally transferred from Coenzyme A to a conserved serine residue
of the carrier protein (PCP) and acts as a flexible arm to allow the bound amino acyl and peptidyl

substrate to travel between different catalytic centers (Lambalot et al. 1996; Quadri et al. 1998).
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Figure 9: Organization of essential domains involved in the synthesis of nonribosomal peptides
(Schwarzer et al. 2003)

The condensation domain (consists of ~ 450 aa) catalyses the formation of the peptide bond
between amino acyl substrate tethered to thiolation domains of adjacent modules. (Bergendahl et
al. 2002; Stachelhaus et al. 1998). The C domain has two binding sites; one for the nucleophilic
acceptor which is aminoacyl-S-4’PP-PCPs and the other one for the electrophilic donor which is
peptidyl-S-4’PP-PCP of the N-terminally adjacent module that serve as substrates (Fig.10)
(Finking and Marahiel 2004). Different C-domains have been identified and showed strong
stereoselectivity (L- or D-amino acid) and the conserved residues driving the stereospecificty of C-
domains are observed in binding sites. The C-starter domain acylates the first monomer with -
hydroxyl fatty acid. The “C_ that is specific for L configured donor and acceptor catalyze a
peptidic bond between two L-monomers. The C domains that are specific for D configured
upstream donor and L configured downstream acceptor are classified as °C, domains. The dual C/E
domains are involved in both epimerization and condensation. Hetrocyclization (Cy) domains
catalyze the both peptide bond formation and cyclization of cysteine and serine residues. The

difference between °C, and “C_ is based on sequences of 300 amino acids especially a
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moderately conserved motif LPXDxxRP is usually observed in “C, domain at the N-terminus
(Balibar et al. 2005; Rausch et al. 2007). The dual C/E domains are °C, with epimerase activity.
In the assembly line, a Dual C/E domain is located directly after a C-A-T module which activates
and incorporates an L amino acid. The module which contains the Dual C/E domain also
activates an L-amino acid. Then the Dual domain catalyzes the epimerization of the L-residue
into D configuration and subsequently promotes the condensation of those two residues. Beside
the active site His-motif which is found in all C domains, Dual E/C domains exhibit a second
His-motif, HH[I/L] xxxxGD, which is located close to the N-terminus of the domain (Balibar et
al. 2005).

Ri . 5 8 Ry * $ %
'_PCB?J\F Doy :q—":P P LC,. _(pch . * Ry s* s R
-’ rd s’ N —_— ) D - Ol L \

PCR CL/ £Ch C—~ipch
E A2 A3 S 4 [ A - ?/ -
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Module-2 o MR e e e e ——
Module-1 o Module-1  Module-2 Module-3
2

Figure 10: The mechanism of C-domains. The white pockets are the acceptor and donor sites.
The acceptor site is marked with an asterisk. “C, condensation between 2 L-monomers; °C,
condensation between D-monomer and L-monomer; A, adenylation; PCP, peptidyl carrier
protein (Finking and Marahiel 2004).

During the elongation step, the release of the full length peptide from the enzyme is catalyzed by
the Te domain (Fig.9) which contains ~250 aa (Fischbach and Walsh 2006; Schwarzer and
Marahiel 2001). Product release is achieved by a two-step process that involves an acyl-O-Te-
enzyme intermediate that is subsequently attacked by either a peptide-internal nucleophile (Kohli
et al. 2001) or water (Miller et al. 2001), which results either in a macrocyclic product, as
observed in the case of surfactin (Tseng et al. 2002).

Some NRPS contain additional domains that are involved in the biosynthesis of the peptide to

modify the structure of the monomer involved in the primary structure or adding some external
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compounds to the peptide (Fig. 11). The secondary domains include epimerization domain (E),

cyclization (Cy), reduction domain (R), oxidation (Ox), methylation (Me), and formylation
domain (F) and addition of fatty acid chain (Mootz et al. 2002a; Schwarzer and Marahiel 2001).
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Figure 11: function of the secondary domains involve in the synthesis of NRPs (Schwarzer et al.

2003).

The E-domains are ~450 in size and C—terminal neighbors of the respective module’s PCP

(Fig.12). They catalyses the racemization of the PCP-bound L-amino acid of the growing

polypeptide chain (Stachelhaus and Walsh 2000) (Fig.12). The D-amino acids are very well-

known structure elements of non ribosomal peptides. Incorporation the D-amino acids to the

growing peptides can be obtained by the presence of E-domain and the specificity of A-domains.

For example, the A-domains of cyclosporine and microcystin synthetase are specific for the D-

alanine and D-glutamine respectively (Tillett et al. 2000; Weber et al. 1994). Aminoacyl

epimerases and peptidyl epimerases are two different types of epimerization domains that

© 2016 Tous droits réservés.
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catalyze the epimerization reaction in the initiation and elongation modules respectively
(Cosmina et al. 1993).

T

Cy F M | Ox E|Ox| R

Figure 12: Localization of secondary NRPS domains adapted from (Labby et al. 2015).

The cyclization domains are ~450 aa in size that replace C-domains in some cases and synthesize
enzyme bond in NRPS. It is responsible for the ring-formation through the hetrocyclization of
functional side chains of the amino acids cysteine, serine and threonine with the peptide
backbone. The product of cyclization is thiazoline if the amino acid residue is cysteine or
oxazolines if the residue is serine or threonine. The reduction domain located at the extreme C-
terminal end and catalyzes the reduction of the PCP-bond peptide to release the mature peptide
product reductively with the aid of a NADPH cofactor (Fig. 12). It catalyzes the reduction of
acyl thioester into its primary alcohol via an aldehyde intermediate through the four-electron
reduction reaction (Silakowski et al. 2000). The oxidation domains can be localized at two
different positions within an NRPS module (Fig.12). They can be inserted into the accompanying
A-domain and PCP domain (Du et al. 2000a) Figure (12). It catalyzes the thiazoline to thiazole
and oxazolines to oxazoles. Two different types of methylation are presented. The first one is the
N-methylation which is ~450 aa in size that are located next to the A-domains in with the present
of cofactor S-adenosylmethionine (SAM) whose methyl group is probably transferred at the
aminoacyl stage prior to peptide bond formation (Haese et al. 1993; Schauwecker et al. 2000).
The second one is the C- methylation which is localized between Cy-domain and the PCP as in
the case of yersiniabactin synthetase; the reaction is catalyzed by a C-methyltransferase (C-Mt)
with the present of cofactor SAM (Miller et al. 2001). The formylation domain is N-terminal to
the A-domain that is responsible for the N-formylation with the present of the cofactor N-
formyltetrahydrofolate (N-formyl- THF).

NRPS domains share a number of highly conserved sequence motifs. These “core-motifs” allow
the identification of individual domains on the protein level (Table 1) (Schwarzer et al. 2003).

Ten residues of Phe A of gramicidin synthetase that are essential for the substrate binding and
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control the entery of the specific substrate were identified. They are located at positions 235, 236,
239, 278, 299, 301, 322, 330, 331 and 517 in the conserved motifs A3 to A7 and A10 which make
direct contact to phenylalanine. The residues lie in a 100-aa stretch between cores A4 and A5
(Table 1) of the A-domains analysis led to the introduction of the so-called non ribosomal code,
which allows the prediction of A-domain selectivity on the basis of its primary sequence (Du et
al. 2000b; Stachelhaus et al. 1999a).
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Table 1: List of Core-motifs of NRPS-domains (Schwarzer et al. 2003)

© 2016 Tous droits réservés.

NRPS domains | Motifs Specified sequences
A-domains Al L(TS)YXEL
A2 LKAGXAYL(VL)P(LI)D
A3 LAYXXYTSG(ST)TGxPKG
A4 FDxS
A5 NxYGPTE
A6 GELXJGX(VL)ARGYL
A7 Y(RK)TGDL
A8 GRxPxQVKIRGXRIELGEIE
A9 LPxYM(IV)P
Al10 NGK(VL)DR
PCP-domains T LGG(DH)SL
C-domains C1l SXAQXR(LM)(WY)xL
C2 RHEXLRTXF
C3 MHHXISDG(WV)S
C4 YXD(FY)AVW
C5 (IV)GXFVNT(QL)(CA)XR
C6 HN)QD(YD)PFE
C7 RDxSRNPL
Te-domains Te GxSxG
E-domains El PIOXWF
E2 HHXISDG(WV)S
E3 DxLLXAXG
E4 EGHGRE
E5 RTVGWFTxxYP(YV)PFE
E6 PXXGXGYG
E7 FNYLG(QR)
Cy-domains Cyl FPL(TS)xXQXAYXXGR
Cy2 RHx(IM)L(PAL)X(ND)GxQ
Cy3 LPXXPXLPLXXxP
Cy4 | (TS)(PA)3X(LAF)BX(IVT)LxXW
Cy5 (GA)DFTxXLxXLL
Cy6 PVVFTSxL
Cy7 | (ST)(QR)TPQVxX(LI)D13xWD
Ox-domains Ox1 KYXYxSxGxxY(PG)VQ
Ox2 GxxXG(LV)xxGxYYY(HD)P
Ox3 IxxxYG
N-Mt-domains | M1 VL (DE)XGXGXG
M2 NELSXYRYxAV
M3 VEXSXARQXGXLD
R-domains R1 V(L)(L)TG(A)TG(F)(L)GxxLL
R2 VX(L)(L)VR(A)
R3 GPL(G)x(P)x(L)GL
R4 V(Y)PYXYLXX(P)NVXXT
R5 GYxxSKW(A)(A)E
R6 R(P)G
R7 YXXXXG(LF)LxxP
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E) NRPS strategies
The mechanism of NRPSs is classified into three classes which are linear NRPSs (type A),
iterative NRPSs (type B), and nonlinear NRPSs (type C) (Mootz et al. 2002b). Each class will be
detailed in the following sections:

E.1. Linear biosynthesis

In this type, the number of modules indicates the sequence and number of amino
acids incorporated into a non ribosomal peptide. The initiation module lacks the C domain
(except for some LP synthetases where the initiation module contains a C-starter domain) and the
domains are organized in the order C-A-PCP in the elongation module. The terminal module in
most cases contains a Te domain to release the full-length peptide from the enzyme (Keating et
al. 2001). The common organization of module and domains is [A-PCP]-[C-A-PCP]n-[C-A-
PCP-Te]. Modules can contain optional domains for the modification of the corresponding
amino acid. The synthesis can be organized in one or more interacting enzymes. As in case of
ACV synthetases ,the penicillin and cephalosporin precursor (Fig. 13A), all modules are
organized in one polypeptide chain, whereas in surfactin synthetases, 24 domains organized in
seven modules which are distributed over three NRPSs interacting subunits that act in the
directional synthesis of surfactin, starting at module 1 and ending at the Te domain of module 7
(Fig. 13 B) (Mootz et al. 2002b).
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Figure 13: Organization and mode of biosynthesis of linear NRPSs (A) The ACV (B) surfactin
(Mootz et al. 2002b).
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E.2. Iterative biosynthesis

In iterative NRPSs, modules or domains can be used more than once in the assembly of one

single product. It is applied to build up peptide chains that consist of repeated smaller sequences.

For example, gramicidin S is synthesized by a pentapeptide that is stalled on the active-site

serine of the Te-domain. The regenerated NRPSs engage in a second round of synthesis and the

Te-domain finally catalyzes the head-to-tail cyclization to give the mature product (Kohli et al.

2001). The siderophore enterobactin produced by Escherichia coli is composed of three

dihydroxybenzoyl (Dhb) —serine (Ser) units. Enterobactin synthesis is organized in two modules.

Enterobactin is oligomerized and cyclized on the Te domain (Fig.14) (Gehring et al. 1998).
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Figure 14: Enterobactin NRPS as example for iterative NRPS (Mootz et al. 2002b).
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E.3. Non linear biosynthesis

This strategy is more complicated and characterized by an arrangement of modules that deviates

from the classical (C-A-PCP)n arrangement or by incorporation of small molecules that are not

covalently bound to the NRPS template during synthesis (Mootz et al. 2002b). Vibriobactin is

synthesized using this complicated strategy by the decoration of norspermidine (NS) with

dihydroxybenzoate (DHB) and with two molecules of DHB-mOx (DHB-methyloxyzoline) by
the second C-domain of VibF. Synthesis of DHB-mOX is realized by transfer of DHB to VibF,

which condenses it with the heterocyclized threonine (Fig.15) (Finking and Marahiel 2004).
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Figure 15: Biosynthesis of Vibriobactin as an example of non linear NRPS strategy (Mootz et al.

2002b).
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F) Modular Polyketides (PKS)

Polyketides are a class of natural products found in bacteria, fungi and plants, and have a great
interest in medicine as antibiotics. They are synthesized by polyketide synthases (PKSs) which
are modular enzymes working in the same way as NRPS, but the domains and substrates are
different (Walsh 2008). The synthesis of a polyketide requires at least four domains that can be
organized in modules much like NRPSs. The acyltransferase (AT) selects a carboxylic acid such
as acetyl-CoA and methylmalonyl-CoA and holds it on to the acyl carrier protein (ACP) domain.
The ketosynthase (KS) domain catalyses the condensation reactions between the upstream acyl-
S-ACP and the downstream ACP bound carboxy acid. The Te domain release the final product
from enzyme (Fig.16) (Hertweck 2009; Staunton and Weissman 2001).
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Ry Release of the polyketide chain

Figure 16: Biosynthesis of Polyketides. AT-acyl transferase; ACP, acyl carrier protein; KS,
ketosynthase; Te, thioesterase; CoA, coenzyme (Fischbach and Walsh 2006).

Other domains such as ketoreductase (KR), dehydratase (DH) and enoyl reductase (ER) can be
inserted to modify the polyketide structure. The KR domain reduces B-ketoacyl-S-ACP to B-
hydroxyacyl-S-ACP which can be dehydrated to a,p-enoyl-S-ACP by DH domain finally
reduced by the action of an ER domain (Fig.17) (Hertweck 2009).
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Figure 17: Additional domains involved in the modifications of PKS. AT, acyl transferase; ACP,
acyl carrier protein; KS, ketosynthase ; DH, dehydratase; KR, ketoreductase; ER, enoyl
reductase (Fischbach and Walsh 2006).

There are three types of PKSs (PKS type I, PKS type Il and PKS type I11) and each class will be

detailed in the following sections:

F.1. PKS type |

The type | of PKSs are organized into modules, each of which contains the three main domains

(Acyltransferase (AT), acyl carrier protein (ACP) and ketosynthase (KS) and the variable set of
domains (ketoreductase (KR), dehydratase (DH) and enoyl reductase (ER)). Based on their mode
of biosynthesis, PKSs type 1 are divided into modules in which active site is used only once and
iterative in which active sites are reused repeatedly (Shen 2003). In modular PKSs, the final

number of ketide units in the synthesized polyketides is equal to the number of modules.

F.2. PKS type Il

The type Il PKSs are multienzyme complexes that carry a single set of iteratively acting
activities. The required catalytic domains are located on individual proteins that interact to form
a functional PKS enzyme complex (Meier and Burkart 2009).
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F.3. PKS type 111

The type Il PKS differ from the two other types by not relying on acyl carrier protein domains,
they act directly on the acyl CoA substrates (Meier and Burkart 2009). They are essentially

iteratively acting condensing enzymes.

F.4. Hybrids system (NRPS/PKYS)

The hybrid system of NRPS/PKS is synthesized via hybrid gene clusters containing genes coding
for both NRPS and PKS module-containing proteins. This system is very common and
sometimes even more predominant than discrete PKS and NRPS gene clusters (Du et al. 2001).
The same catalytic sites are conserved between the hybrid NRPS-PKS and normal NRPS or PKS
systems (Fig. 18). The ketoacyl synthase domain in NRPS/PKS hybrids is unique, and that specific
interpolypeptide linkers exist at both the C- and N-termini of the NRPS and PKS proteins, which
presumably play a critical role in facilitating the transfer of the growing peptide or polyketide
intermediate between NRPS and PKS modules in hybrid NRPS-PKS systems.

Module, Module,,, Module,, Module,,, ;
DO — GO
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Figure 18: Modular organization of hybrid NRPS-PKS (Du et al. 2001) A, adenylation; PCP,
peptidyl carrier protein; KS, ketosynthase; AT, acyltransferase; ACP, acyl carrier protein.
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G) Strategy to discover new natural products

Discovery of new compounds from natural sources has largely been an adventitious process
based on bioactivity screening of microbial extracts combined with bioassay guided
identification and natural product structure elucidation. Once the chemical structure of the novel
compound is clarified, its biosynthesis can be described on the biochemical and genetic levels.
This exploration gives insight into the mechanisms of synthesis like those for non ribosomal
peptides. The availability of microbial genome sequences led to the discovery of several
biosynthetic gene clusters for which the products are still unknown. As in the case of non
ribosomal peptides and polyketides, the bioinformatic analysis of their biosynthesis enzymes
might indicate the presence of Aromatic amino or an olefinic partial structure which are known
to absorb UV light at specific wavelengths, which led them to be predicted. Therefore,
information about these clusters, pathways and metabolites is needed to facilitate the process of
natural product discovery. By combining technological development in genomics, bioinformatic
and structure biology, translated gene sequence data can be used to rapidly derive structural
elements encoded by secondary metabolic gene clusters from microorganisms.

Microbial genome mining has recently guided the discovery of new secondary metabolites such
as non ribosomal peptides (NRPs) and Polyketides (PKs). It is a very powerful approach to
search for the biosynthetic gene clusters and allow the prediction of the product and
identification of the biosynthesis pathway of non ribosomal natural products (Corre and Challis
2009). Different strategies (Fig.19) have been established to predict and isolate the natural
compounds including structure and genetic approaches.
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Figurel9: Different strategies used to identify the NRPs products. This figure is adapted from
(Zerikly and Challis 2009).

G.1.Structure and Bioactivity based screening

Screening of biological activities and structure features of the metabolic products can lead to the
prediction of putative physicochemical properties of targeted metabolites which can be achieved
by bioinformatic predictions (Fig.19). This approach is based on the relationship between the
organization of gene clusters and the structure of the assembly line products which guide the
identification of the putative physicochemical properties of the target product. This includes the
variation of culture conditions (media, temperature, PH, etc) to stimulate the expression of the
wanted biosynthetic pathway called “One Strain Many Compounds Approach, OSMAC”
(Christian et al. 2005). Based on the biological activities, microbial culture extracts can be
screened for the occurrence of specific compounds. The most well known example associated
with this method is the application of the chrome azurol S (CAS) to detect the presence of

siderophores in the medium (Schwyn and Neilands 1987).
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By mining the sequenced genome combining with bioinformatic tools, it is also possible to
screen the structure feature of the metabolic products. For example, the metabolites with a
chromophore can be detected with UV profile that can absorb UV light at specific wavelengths
(Nguyen et al. 2008). Genomisotopic approach is also a good strategy to isolate the secondary
metabolites based on their structure feature by tracing through selective NMR experiments
(Gross et al. 2005).

G.2. Genetic Approaches

The availability of genetic information derived from genome sequences facilitated the
identification of biosynthesis pathways through genetic engineering to stimulate, augment or to
block their production.

Genetic studies include the knockout of particular gene cluster and subsequent comparison of the
metabolic profile between the wild type and the mutant strains and in-vitro reconstitution of the
genes and their expression in a heterologous host (Meier and Burkart 2009). They are very useful
to detect the secondary metabolites. A further possibility is the transcription activating of the
biosynthetic gene cluster to get access to the regulatory genes (Bok et al. 2006). Recombinant
biosynthetic proteins can also be incubated with their appropriate substrate and the resultant
compound is then analyzed further (McClerren et al. 2006).

The knockout of particular gene cluster and subsequent comparison of the metabolic profile
between the wild type and the mutant strains is a widely used approach to identify genes that
direct the production of known products (Fig.20). This method was successfully applied to
discover the coelichelin, a new tripeptide siderophore produced by Streptomyces coelicolor, from

genome sequence data (Challis and Ravel 2000).
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Figure 20: Steps involved in the identification of metabolic products of silent cryptic
biosynthetic gene clusters by mutagenesis and comparative metabolic profiling approach (Challis

and Ravel 2000).
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H) Specific bioinformatic tools for NRPS analysis

Genome mining is based on two basic steps including the identification of target protein from
translated genomic sequences and the prediction of its function. Basic Local Alignment Search
Tool (BLAST) is the most useful tool to recover any sequence having at least a short region in
common with the query sequence. Several bioinformatics tools (Table 2) are available for the
identification of modular genes from gene sequences and also to predict the structures of the
associated secondary metabolites (Leclére et al. 2016). Different tools have been developed to
analyze and mine PKS and NRPS biosynthetic gene clusters such as ClustScan (Starcevic et al.
2008) and GNP Genome Search (Johnston et al. 2015). Moreover, the workflow Florine,
dedicated to identify the NRPS gene clusters in microorganisms including bacteria and fungi has
been proposed to facilitate the research strategy (Caradec et al. 2014). This workflow includes
the use of bioinformatics tools dedicated to secondary metabolite discovery as antiSMASH
(Weber et al. 2015), PKS/NRPS analysis (Bachmann and Ravel 2009), and NRPS-PKS database
(YYadav et al. 2003); and the Norine database (Flissi et al. 2016).

Comparative analyses of NRPS gene clusters and enzymes of already known compounds
simplified the identification of consensus motifs indicative for the enzymatic activity of the
encoded protein. For example, based on Stachelhaus code, it is possible to predict the substrate
that will be selected by an A domain of an NRPS module (Stachelhaus et al. 1999b). Nowadays,
SEARCHGTT is available to predict glycosyltransferase, enzyme involves in biosynthesis of
natural products including NRPs (Kamra et al. 2005).

Currently, different set of tools are used specifically to provide automated specificity prediction
for NRPS A-domains such as NRPS predictor 2 (Rottig et al. 2011), PKS/NRPS analysis
(Bachmann and Ravel 2009), NRPS/PKS substrate predictor (Baranasi¢ et al. 2014), and NRPS-
PKS database (Yadav et al. 2003). The type of C domains, whether it is “C., °C_ or dual C/E can
also be detected and extracted by NaPDoS (Ziemert et al. 2012). Norine is a unique
bioinformatic resource devoted to non ribosomal peptides. Until now, it include more than 1100
NRPs uploaded from scientific literature or directly submitted by researchers (Pupin et al. 2015).
The novelty of predicted peptides can be checked by Norine based on the structure-based search
which helps to find the similar peptides that already exist. Using these tools, several biosynthetic

gene clusters can be identified from a sequenced genome.
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Table 2: Specific bioinformatic tools dedicated to NRPS PKS product research

Software or

database Main function URL Reference
. Analyze BGCs of all SM . . .
AntiSMASH Domain organization of NRPSPKS http://antismash.secondarymetabolites.org/  (Weber et al. 2015)
NRPSPKS analysis Determine domain organization and http://nrps.igs.umaryland.edu/nrps/ (Bachmann and Ravel 2009)

NRPSpedictor2
NaPDoS

CLUSEAN
NRPSPKS/SBSPKS

GNP/Genome
Search

ClustScan
Professional

NP.searcher

GNP/PRISM

LSI based Adomain
function predictor

NRPS/PKS substrate
predictor

NRPSsp

SEQLNRPS
SEARCHGTT

DoBISCUIT
ClustScan Database

NORINE

A domain specificities
Predict Adomain specificities

Phylogenetic analysis of PKSKS and
NRPSC domains

Analyze and mine BGCs of KS/NRPS
Mine BGCs of PKS and NRPS

Mine and analyze BGCs, mainly
PKS/NRPS

Analyze BGCs of PKS/NRPS

Analyze BGCs of PKS/NRPS

Mine and analyze BGCs, mainly
PKS/NRPS, including glycosylations
and structure prediction

Web application to predict Adomain
specificities

Web application to predict
Adomain/ATdomain specificities

Predict Adomain specificities
Predict Adomain specificities
Predict glycosyltransferase
specificities

Web accessible database of
PKS/NRPS BGCs

Web accessible database of
PKS/NRPS BGCs

Web accessible database on NRPs

http://nrps.informatik.unituebingen.de

http://napdos.ucsd.edu

https://bitbucket.org/tilmweber/clusean

http://www.nii.ac.in/~pksdb/sbspks/master
.html

http://magarveylab.ca/gnp/#!/genome

http://bioserv.pbf.hr/cms/index.php?page=
clustscan

http://dna.sherman.lsi.umich.edu/

http://magarveylab.ca/prism

http://bioserv7.bioinfo.pbf.hr/LSlIpredictor
/AdomainPrediction.jsp

http://www.cmbi.ru.nl/NRPSPKSsubstrate
predictor/

http://www.nrpssp.com/

http://services.birc.au.dk/seqlnrps/

http://linux1.nii.res.in/~pankaj/gt/gt DB/h
tml_files/searchgtr.html

http://www.bio.nite.qo.jp/pks/

http://csdb.bioserv.pbf.hr/csdb/ClustScan
Web.html

http://bioinfo.lifl.fr/norine

(Rottig et al. 2011)

(Ziemert et al. 2012)

(Weber et al. 2009)

(Anand et al. 2010)

(Johnston et al. 2015)

(Starcevic et al. 2008)

(Li et al. 2009)

(Skinnider et al. 2015)

(Baranasic et al. 2014)

(Khayatt et al. 2013)

(Prieto et al. 2012)

(Knudsen et al. 2015)

(Kamra et al. 2005)

(Ichikawa et al. 2012)
(Diminic et al. 2013)

(Pupin et al. 2015)
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I) The genus Aeromonas

I.1. Organism description

Aeromonas is a Gram negative, motile, facultative anaerobic, non-spore-forming, rod-shaped,
freshwater bacterium. Members of Aeromonas genus belong to the class Gammaproteobacteria,
order Aeromonadales and family Aeromonadaceae (Martin-Carnahan and Joseph 2005). The
classification of Aeromonas can be demonstrated based on phenotypic methods including
morphological, physiological and biochemical methods and genetic level, which improves with
more and more available sequence data. At present, the genus Aeromonas contains of more than
25 accepted and validated species, some of them contain subspecies as three under A.
hydrophila (hydrophila, dhakensis and ranae) and five for A. salmonicida (achromogenes,
subsp. masoucida, subsp. pectinolytica, subsp. salmonicida, and subsp. smithia) (Martin-
Carnahan and Joseph 2005) (Fig. 21).

1.2. Diversity and significance of Aeromonas strains

Due to their pathogenicity for fishes, different strains of Aeromonas received very high
economical attention in the last two decades. Aeromonas sp. are ubiquitous bacteria found in a
variety of aquatic environments worldwide, including well, bottled, flood and heavily polluted
water. Most of them are known as mesophilic, except A. salmonicida (Optimum growth at 22-28
°C), non-motile and pigmented and are the principal fish pathogens (Fig.22). They can well
survive in water, even at low temperatures, allowing growth in food refrigeration (Daskalov
2006). Aeromonas species have a broad host spectrum and can cause infections in both cold-and
warm-blooded animals, including humans. A. hydrophila strains are known to cause disease in
both fishes and human beings, whereas A. salmonicida is a specific pathogen of salmonid fishes,
and is capable of causing disease in healthy fishes at very low levels of infection. Aeromonas sp.
(especially A. hydrophila) has the status of a foodborn pathogen of emerging importance, and has
been shown to be a significant cause of infections associated with natural disasters such as
hurricanes as Katrina, tsunamis and earthquakes (Hiransuthikul et al. 2005). A. hydrophila can
also cause a wide range of diseases in poikilothermic and homeothermic animals such as red leg
and furunculosis in frogs and fishes. Aeromonas infections caused by some strains as A.
salmonicida produce septicaemia, furunculosis, fin rot, soft tissue rot, ulcerative and

haemorrhagic diseases in fish, causing significant mortality in both wild and farmed freshwater
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and marine fish species that bring significant economic losses of the aquaculture sector
(Gudmundsdéttir and Bjornsdottir 2007; Reith et al. 2008). In human, Aeromonas causes wound
infection, septicemia, diarrhea, gastroenteritis, meningitis and pneumonia (Joseph et al. 1991).
The opportunistic A. hydrophila caused notable disagreements in immunocompromised people.
It has been revealed that an increasing number of intestinal and extraintestinal diseases
documented have been caused by this pathogen, regardless of immunological state. Infections of
skin and soft tissues have been well documented and more alarming diseases, such as haemolytic
uremic syndrome and necrotising fasciitis (Abuhammour et al. 2006).

————————JFSPECiE AcrOmonas CUs 1 genome(s)
——————mSpecies Acromonas aquatca 1 genome(s)
——————fspecies:Aeromanas finandiensis 1 genomes)
————————— Species Acromonas tecta 1 genomes)
i specesAcromonas smiae 1 genome(s)
————fspecies:Aeromanas schuberti 1 genome(s)
7 species:Acromonas sanarelii 1 genome(s)
——————mspecies-Aeromonas v 1 genome(s)
—————species:Aeromonas popofii 1 genome(s)
{7 Species:Aeromonas piscicola 1 genome(s)
————mspeciesAcromonas flovials 1 genome(s)
—————— [ Species-Aeromanas elkcrenapfia 1 genome(s)
I species Acromonas enchelei 1 genome(s)
———————mspecies:Aeromonas bivalvum 1 genome(s)
—————— 1 Species:Aeromanas austaliens’s 1 genome(s)
7 species:Aeromonas alosacchiarophia 1 genome(s)
————mspecies Acromonas andzei 1 genome(s)
——————— Species-Aeromanas taiwanensis 1 genome(s)
———————mSpecies Acromonas enierapelogenes 1 genome(s)
—————fSpecies:Aeromonas dhakensis 1 genome(s)
——————————m Species Acromonas sobiia 1 genome(s)
———————mspecies Aromonas bestarum 1 genome(s)
——————pecies:Aeromonas diversa 1 genome(s)
L mspecies:Acromonas molluscorum 1 genomes)
—————menus:Tolumonas 2 genome(s)
—————q0enus:Oceanimonas 1 genome(s)

——mspeciesAcromonas medi 1 genome(s)
——————mspecies:Aeromonas veronil 1 genome(s)

{1 Species:Acromonas caviae 1 genome(s)
——————mspecies:Aromonas hydrophia 1 genomels)
L mspeciesAeromonas samonicdz 1 genomefs)
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3 family-Succiivbrionaceag 7 genome(s)

Figure 21: Phylogenetic tree of all sequenced genomes of Aeromonas strains available in NCBI
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Figure 22: Growth of Aeromonas strains on king B medium A: Aeromonas hydrophila with
salmon colour S: Aeromonas salmonicida with brown pigment.

1.3. Virulence factors of Aeromonas

Pathogenicity and virulence of Aeromonas depend on different factors that help to adhere to host
tissue, enter the host and evade host defence mechanisms. These include the excretion of
extracellular virulence factors such as toxins, invasions or adhesion compounds (LPS), S-layers,
flagella, communication systems (i.e., quorum sensing), Ferric Uptake Regulator (Fur) and
siderophores (Beaz-Hidalgo and Figueras 2013). The pathogenicity is affected by the growth
conditions and can vary from laboratory to field conditions. For example, it has been reported
that growth of A. salmonicida under laboratory conditions leads to a loss of virulence genes
(Daher et al. 2011; Dallaire-Dufresne et al. 2014).

Iron is one of the most important micronutrient used by microorganisms, it is essential for their
metabolism and required as a cofactor for a large number of enzymes and iron containing
proteins. Under conditions of low- iron concentrations, most isolates of Aeromonas species
produce a siderophore, either amonabactin or the enteric siderophore enterobactin (Barghouthi et
al. 1989a; Barghouthi et al. 1989b), both used the catecholate group to chelate iron as they
contain the 2,3-dihydroxybenzoic acid (Dhb) monomer as a functional group. Amonabactins are
a family of 4 variants, peptide-based catecholate siderophores, produced by A. hydrophila in
response to low-iron conditions. The biologically active forms are composed of Dhb, Lys, an
aromatic residue, either tryptophan (amonabactin T) or phenylalanine (amonabactin P) and a

facultative Gly.
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Amonabactin is an aeromonad virulence factor as amonabactin-producing strains may acquire
iron from the vertebrate serum component Fe-transferrin, whereas enterobactin-producing strains
cannot (Massad et al. 1991). Siderophores strongly and specifically bind and solubilize ferric
iron and deliver the now bound iron to a specific receptor whereby the iron is engulfed and
utilized as a nutritional source (Krewulak and VVogel 2008). The iron acquisition by siderophores
is generally regulated at the transcriptional level by the iron-dependent Fur protein which
recognizes a consensus 19 bp Fur-box or iron-box on the DNA (Baichoo and Helmann 2002).
The iron uptake is mediated by specific receptors. In Gram negative bacteria, it requires an outer
membrane receptor, a periplasmic protein (PBP) and an inner membrane ATP-binding cassette
(ABC) transporter. The transport of a ferric-siderophore into the periplasmic space also requires
energy that is transferred between cytoplamic and outer membranes via three proteins: TonB (26
kDa), ExbB (26 kDa) and ExbD (17 kDa) (Fig.23). Both last ones act together to couple the
activity of TonB to the proton gradient of the cytoplasmic membrane (Krewulak and Vogel
2008).

Aeromonas spp are important fish pathogens and a persistent threat to the aquaculture sector.
Therefore, genome analysis and the production of virulence factor including siderophores are
urgently needed in the research for alternative and more effective control method of these fish

pathogens.
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Figure 23: Siderophore uptake in Gram-negative bacteria (Andrews et al. 2003; Cornelis 2010).
OM: Outer membrane, IM: Inner membrane, PBP: Periplasmic binding protein
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J) The genus Burkholderia

J.1. Organism description

Burkholderia is a Gram negative B-proteobacterium, aerobic, non spore-forming, rod shaped
straight or slightly curved (1 to 5 um in length and 0.5 to 1.0 um in width) that can be found in
different environments including soil, water, plants, animals, and human (Mahenthiralingam et
al. 2008b). They are mesophilic and grow in the optimal growth temperature ranges between
20°C to 37°C, They are able to utilize a variety of simple and complex carbohydrates including
alcohols, amino acids hydrocarbon fuels as carbon sources (Mahenthiralingam 2005).
Burkholderia firstly was described as a phytopathogenic bacterium, named Pseudomonas
cepacia that causes rot in onions. Molecular taxonomic analysis including rRNA-DNA, DNA-
DNA hybridization techniques and fatty acid analysis led to the transfer of these bacteria to a
new genus distinct from Pseudomonas, called Burkholderia (Yabuuchi et al. 1992). Currently,
the genus Burkholderia contains more than sixty species; all belonging to proteobacteria (Fig.
24). The presence of high heterogeneity among the different strains of Burkholderia leads to
identify several new members in the past two decades. The opportunistic pathogen, B. cepacia,
was repeatedly isolated from patients with cystic fibrosis (CF) (Isles et al. 1984) and then
classified into Burkholderia cepacia complex (BCC) that consists of 17 species which share 98-
100% similarity in their 16S rRNA gene and 94-95% in their recA gene sequences (Vanlaere et
al. 2009; Vanlaere et al. 2008).

J.2. Diversity and significance of Burkholderia species

Burkholderia members are well known for their nutritional versatility, which certainly
contributes to their capacity to live in extreme and diverse habitats. The ability to adapt and
colonize a wide variety of environments is likely due to their large genomes (4.6 to 9Mb) which
are often made of several replicons (generally 3 chromosomes). The presence of multiple
insertion sequences which confer genome plasticity could also explain the versatility of the
genus Burkholderia (Miché et al. 2001). Burkholderia species play significant role in the
environments as they provide a number of ecological benefits to the environment that has also
led to their use for bioremediation processes (Chain et al. 2006; Mahenthiralingam 2005). Some
members represent ecological benefits to the environment and actively degrade pollutant
chemical as polychlorobiphenyl (PCB), methyl parathion (MP) or polyaromatic hydrocarbons
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(PAH) (Liu et al. 2014; Martinez et al. 2007; Schamful® et al. 2013). It has been shown that
Burkholderia play an important role in soil organic matter mineralization as they are able to
dissolve organic matter from decomposing maple leaves (McNamara and Leff 2004; Stursova et
al. 2012).

Some Burkholderia species are known as being strong plant-growth promoters (Caballero-
Mellado J 2007). It has been shown that B. brasilensis and B. kururiensis are able to fix nitrogen
and nodulate legumes (Baldani et al. 1997; Estrada-De Los Santos et al. 2001; Moulin et al.
2001). Burkholderia strains are common members of rhizosphere communities that have been
found as environmental and plant beneficial species. For example, B.tropica, B. graminis, B.
unamae and B. silvatlantica are common rhizobacteria of sugarcane, coffee, maize, pasture, and
wheat (Caballero-Mellado et al. 2004; Castro-Gonzélez et al. 2011; Estrada-De Los Santos et al.
2001; Perin et al. 2006). Beside their presence in the rhizosphere, B. phytofirmans, B. kururiensis
M130 and B. acidipaudis were found to exhibit endophytic lifestyles within different plants
(Aizawa et al. 2010; Mattos et al. 2008; Sessitsch et al. 2005). The first obligate symbiosis
between Burkholderia and plants was described between B. kirki and Psychotria kirki (Carlier
and Eberl 2012).

Burkholderia represent a promising future source of natural anti fungal compounds due to the
incredible diversity of biologically active secondary metabolites they produce. Since the mid of-
1990s, members of Burkholderia genus have been investigated as a source of novel biological
active agents. Among these, pyrrolnitrin (Hammer et al. 1999), CF661 (Quan et al. 2009),
phenazines (Cartwright et al. 1995) and a wide range of non ribosomally active peptides
including burkholdins (Lin et al. 2012; Tawfik 2010), occidiofungin (Ellis et al. 2012),
cepacidines (Lim 1994), AFC-BC11 (Kang et al. 1998) and rhizoxin (Partida-Martinez and
Hertweck 2007), which represent the major source of natural products with diverse chemical
structure and biological activities produced by Burkholderia. Different volatile compounds
produced by Burkholderia have been reported to possess antifungal activity against a wide range
of fungi.

Beside their ecological roles, members of Bcc are opportunistic pathogens. Other members
including the species B. mallei and B. pseudomallei are obligate pathogen as they are causing
glanders in animals and melioidosis in humans, respectively (Gilad 2007).
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The geographical distribution and versatile ecological properties make these bacteria an
interesting model to study, and for putative applications, a good understanding of their

occurrence, ecological potential in the environment and their secondary metabolites is necessary.
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Figure 24: Phylogenetic tree based on 16S rRNA gene sequences of the recognised species of the
Burkholderia genus (Suarez-Moreno et al. 2011).
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CHAPTER 2- RESULTS
Identification of a new mechanism of Non Ribosomal
Peptide Synthetases
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2.1. Introduction

The biosynthesis of non ribosomal peptides has extensively been studied over the last years and
different ways have been proposed. For that reason, it was necessary to study extensively the
synthesis of some NRPs. This will increase knowledge about the mechanisms of NRPs synthesis
and guide to discover more complex molecules produced by bacteria and fungi. It has been
shown that under conditions of low- iron concentrations, most isolates of Aeromonas species
produce iron transporting siderophores called amonabactins (Barghouthi et al. 1989a; Barghouthi
et al. 1989b). The production of amonabactins by A. hydrophila has been reported more than
twenty five years ago. Although the gene cluster of amonabactins is known, the mechanism of
synthesis using NRPSs is not totally understood. Therefore, the objective of this current study
was to investigate in details the biosynthetic gene cluster of amonabactins in A.hydrophila and to
study the relationship between the domains organization of the NRPSs and the structure of the
amonabactins and to validate our hypothesis by using mutants. Moreover, the use of
bioinformatic tools led to an overview on the distribution of NRPS genes including siderophores.
The biosynthetic way of these metabolites that are probably associated with the pathogenicity of
these bacteria, were deciphered in all 30 sequenced genomes of Aeromonas strains available in
NCBI. Such study is important to improve the knowledge about the mechanisms of non
ribosomal peptides synthesis and help to understand the production of virulence factor including
siderophores in Aeromonas strains.

Aeromonas strains including A. hydrophila and A. salmonicida were grown in iron limited media
supplemented or not with amino acids including tryptophan, phenylalanine and glycine to induce
the production of siderophores. Culture supernatants were then analyzed for the siderophore
production with the CAS reagent to determine the concentrations, and submitted to mass
spectrometry analyses (MALDI-TOF and MS-MS) for siderophore identification. To correlate
the production of amonabactins to the synthesis operon, the NRPS gene AHA 2474 (amoG) was
disrupted by homologous recombination inserting a kanamycin resistance gene between
signatures Al and A9 of the adenylation domain. Kanamycin resistant clones were analyzed by
PCR, using different sets of primers to check for correct insertion of the antibiotic resistance
marker. In order to understand the synthesis mechanism of amonabactins, we proposed a unique
mode of synthesis with iterative, alternative, and optional ways involved in the synthesis. NRPS

gene AHA 2473 (amoH), involved in amonabactin biosynthesis by incorporating a glycine
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residue, was disrupted. The mutant was then further analyzed. The results are presented in an
article published in Applied Microbiology and Biotechnology. The draft of the paper is included

herein.
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Abstract Based on the exploration of data generated by ge-
nome sequencing, a bioinformatics approach has been chosen
to identify the biosynthetic pathway of the siderophores pro-
duced by Aeromonas species. The amonabactins, considered
as a virulence factor, represent a family of four variants of
catechol peptidic siderophores containing Dhb, Lys, Gly,
and an aromatic residue either Trp or Phe in a D-configuration.
The synthesis operon is constituted of seven genes named
amoCEBFAGH and is iron-regulated. The cluster includes
genes encoding proteins involved in the synthesis and incor-
poration of the Dhb monomer, and genes encoding specific
nonribosomal peptide synthetases, which are responsible for
the building of the peptidic moiety. The amonabactin assem-
bly line displays a still so far not described atypical mode of
synthesis that is iterative, alternative, and optional. A disrup-
tion mutant in the adenylation domain of AmoG was unable to
synthesize any amonabactin and to grow in iron stress condi-
tions while a deletion of amoH resulted in the production of
only two over the four forms. The amo cluster is widespread
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among most of the Aeromonas species, only few species pro-
duces the enterobactin siderophore.

Keywords Aeromonas - Amonabactin - Nonribosomal
peptide synthetase - Siderophore - NRPS

Introduction

Aeromonas are Gram-negative, motile, facultative anaerobic,
nonspore-forming bacteria. They are among the most com-
mon bacteria in aquatic environments through the world
(Janda and Abbott 2010). Aeromonas hydrophila strains are
known to cause disease in both fish and human beings (Janda
and Abbott 2010), whereas Aeromonas salmonicida is a spe-
cific pathogen of salmonid fish (Austin and Austin 2007;
Toranzo et al. 2005) and is capable of causing disease in a
wide variety of nonsalmonid fish (Beaz-Hidalgo and
Figueras 2013; Coscelli et al. 2014; Farto et al. 2011).
Pathogenicity and virulence of 4. hydrophila depend on the
ability to produce factors such as toxins, invasion or adhesion
compounds, S-layers, flagella, high-affinity iron chelators
named siderophores, and indirectly ferric uptake regulator
(Fur) as it regulates the production of some virulence factors
(Daskalov 2006; Merino et al. 1995; Seshadri et al. 2006; Yu
et al. 2005). Many bacterial siderophores are polypeptide de-
rivatives that are nonribosomally synthesized by assembly
lines constituted of nonribosomal peptides synthetases
(NRPSs), while others that are not polypeptides are assembled
by different enzymes designated as NRPS independent
siderophores (NIS) (Challis 2005). NRPS and NIS genes are
generally found in operons or clusters within the genome.
NRPSs are themselves organized in sets of domains such as
condensation, adenylation, thiolation, and thioesterase do-
mains, sometimes accompanied by modifying domains as
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the epimerization one (Strieker et al. 2010). Few years ago,
different subtypes of C-domains have been identified depend-
ing on the building blocks involved in the bond formation
catalyzed (Rausch et al. 2007). The C-starter domain acylates
the first monomer with B-hydroxyl fatty acid, the “C; cata-
lyzes a peptidic bond between two L-monomers, and the °C;_
joins an L-monomer to a growing peptide ending with a D-
monomer. The dual C/E domains are involved in both
epimerization and condensation. Hetrocyclization (Cy) do-
mains catalyze both peptide bond formation and cyclization
of cysteine or serine residues. The termination of synthesis is
catalyzed by the terminal enzyme of the ending module,
named thioesterase domain (Te).

In iron-limited conditions, most isolates of Aeromonas spe-
cies produce siderophore, either amonabactin or the enteric
siderophore enterobactin (Barghouthi et al. 1989a, b).
Amonabactins constitute a family of four coproduced forms,
each composed of 2,3-dihydroxy benzoic acid (Dhb or diOH-
Bz), lysine, an aromatic residue either phenylalanine
(amonabactins P) or tryptophan (amonabactins T), and a gly-
cine only present in two forms over the four (Barghouthi et al.
1989b; Telford et al. 1994; Telford and Raymond 1997).
Although the amonabactin structures have been elucidated
for several years, poor information remained available about
their biosynthesis. However, based on mutants generated by
chemical mutagenesis, it was proposed that the amonabactin
biosynthetic pathway could be composed of two segments,
one producing the Dhb, and the second assembling
amonabactin from Dhb and other amino acids (Barghouthi
et al. 1989a). A gene called amoA by the authors, involved
in a first step of the biosynthetic pathway in A. hydrophila
495A2, has been identified as being an isochorismate synthe-
tase, allowing the conversion of chorismate into isochorismate
which is then transformed into Dhb (Barghouthi et al. 1991).
The expression of this gene is controlled by a promoter in-
cluding a putative iron-regulatory sequence resembling the
Fur repressor protein-binding site (Escolar et al. 1999). Later
on, in 2008, six biosynthesis genes, organized in a single
cluster, were shown to be iron regulated through the Fur reg-
ulator. So, they were suspected to probably be implicated in
nonribosomal siderophore production by A. salmonicida
(Najimi et al. 2008). The sequencing of genomes of
A. hydrophila subsp. hydrophila ATCC7966 (Seshadri et al.
2006) and A. salmonicida subsp. salmonicida A449 (Reith
et al. 2008) opened the door for novel track to follow in the
discovery of biosynthesis pathways, involving the association
of several enzymes, as those leading to build up complex
compounds like siderophores.

Therefore, the aim of this study was to decipher the bio-
synthesis pathway for amonabactins, using a bioinformatics
approach to identify the potential synthetases, and to confirm
the hypothetical nonribosomal biosynthesis using mutants.
Bacterial genome mining via in silico analysis offers an
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attractive opportunity of discovering new secondary metabo-
lites such as nonribosomal peptides (NRPs) (Van Lanen and
Shen 2006). This kind of approach is facilitated, especially as
specific bioinformatics tools are now available, including
antiSMASH (Weber et al. 2015) or Norine (Flissi et al.
2015). Thus, the availability of whole genome sequences of
30 Aeromonas species allowed the identification of NRPS
genes including siderophores that are probably associated
with the pathogenicity of these bacteria. Relationship between
the domain organization of the NRPSs and the structures of
the amonabactins revealed a unique mode of synthesis with
iterative, alternative, and optional use of the domains.

Material and methods
Culture conditions and media

Strains, plasmids, and primers used in this study are listed in
Table 1. A. hydrophila ATCC 7966 and its mutants, and
Escherichia coli were routinely grown in Luria-Bertani (LB)
medium (per liter: tryptone 10 g; yeast extract 5 g; NaCl 5 g;
pH 7.2) at 30 and 37 °C, respectively. A. salmonicida subsp.
salmonicida was grown in nutrient medium (per liter: peptone
5.00 g; meat extract 3.00 g; pH 7.0) at 28 °C. E. coli WM3064
was grown in LB containing diaminopimelic acid (DAP)
100 mg L', Saccharomyces cerevisiae InvScl was grown
on yeast-extract-peptone-dextrose at 30 °C (Shanks et al.
2006). When required, ampicillin (Amp, 50 ug mL™"), kana-
mycin (Km, 100 ug mL™"), and gentamicin sulfate
(25 ug mL™" for E. coli and 100 pg mL™'for A. hydrophila)
were added.

Siderophore production

For culture in iron-limiting conditions, all glassware was treat-
ed with 10 % (v/v) nitric acid or HCL 6 M. 4. hydrophila and
A. salmonicida were grown in casamino acid (CAA)-contain-
ing medium and King’s B medium (Leclére et al. 2009). Iron-
deficient minimum medium (MM9) (Payne 1994) was also
used according to the protocol previously described
(Esmaeel et al. 2016). When required, 0.3 mM tryptophan,
phenylalanine, and glycine were added. Iron-depleted medi-
um was obtained by adding the chelating agent 2,2'-dipyridyl
(DIP, 200 uM). For siderophore production, the strains were
grown in 50 mL of iron-limited media (CAA, M9) broth for
48 h in 250-mL treated flasks incubated in an orbital shaker
(150 rpm). Samples were centrifuged for 10 min at 10,000g,
and supernatant was then filtered through 0.22-um membrane
(Millipore, Billerica, USA). The solution was stored at
—20 °C. Siderophore concentration was determined by univer-
sal chemical assay using the chrome azurol-S reagent (CAS)
(Schwyn and Neilands 1987) and was expressed as uM EDTA
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equivalent/unit of biomass estimated by ODgoo. The color of
CAS assay solution changed from blue to yellow when iron-
chelating agents are present in sample solutions. CAS agar
assay was also performed in accordance with the original pro-
tocol (Schwyn and Neilands 1987). Positive results were in-
dicated by the formation of a clear orange zone around the
colonies showing a visual change from blue to yellow or
orange.

Structure determination by mass spectroscopy

For the detection of amonabactins in culture supernatant by
MALDI-TOF, supernatants were thawed and mixed with a
matrix solution (saturated solution of «-cyano-4-
hydroxycinnamic acid in a 1:2 v/v solution of CH3;CN/H,O
with 0.1 % trifluoroacetic acid (TFA)) in the ratio 1:9 v/v. Of
this sample solution, 0.5 uL was deposited on the MALDI
target and let dry at room temperature. Analysis was made
on a Bruker Daltonics Maldi-tof Ultraflex equipped with a
nitrogen laser operating at 337 nm, laser power 116.8 pJ, ac-
celerating voltage 20 kV, positive mode, reflector mode, ma-
trix suppression up to 500 m/z. The instrument was calibrated
with a peptide mix ranging from 1046.54 to 3147.47 (Bruker
part.206195). The spectrum is obtained with 5 x 30 shots on
the sample. MS-MS of amonabactin P750 was obtained on a
MS Bruker Esquire HTC quadrupole ion trap mass spectrom-
eter equipped with an electrospray ionization source at atmo-
spheric pressure. The samples were directly infused at
500 pL h™'. Mass spectrometer was in positive mode, range
100-800 m/z. Final spectrum is the average of 50 spectra.
Electrospray conditions are as follows: dry temperature
365 °C, dry gas 7 L min "', and nebulizer 20 psi.

Construction of A. hydrophila amoG ™~ mutant

A fragment of the gene amoG was amplified by PCR using
primers Al and A9 (Table 1). The PCR fragment was purified
from 1 % agarose gel using a QIAquick kit (Qiagen, Hilden,
Germany) and cloned into the pGEM-T easy vector (Promega,
Madison, USA). The kanamycin resistance marker was ex-
cised from the plasposon “pTnMod-RKm” by cleavage with
Ecl1361I followed by purification on agarose gel as previously
described (Leclére et al. 2004). The corresponding 1244-bp
fragment was subcloned into the blunt end Szul site in the
NRPS fragment. The orientation of the kanamycin gene was
analyzed by restriction profiles, using EcoRI, HindIIl, Notl,
and Xhol enzymes. The final plasmid was named
pAhRNRPSKm. For origin of replication deletion, the plasmid
pAhNRPSKm was digested with EcoRI enzyme. Large
amounts of the 2572-bp fragment (containing disrupted
NRPS) were purified, ligated with DNA ligation kit (Takara,
Shiga, Japan) and transformed into 4. hydrophila competent
cells previously prepared as follows: bacteria were first
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streaked on LB agar plate and a single colony picked and
grown in 10 mL of LB medium at 37 °C for overnight with
shaking. Two milliliters of this culture was transferred to
100 mL of LB medium and incubated at 37 °C with vigorous
shaking at 160 rpm till the cell density reached the absorbance
of 0.5-1 at 600 nm. Then, the cells were collected by centri-
fugation and washed twice with 20 mL of 10 % ice-cold glyc-
erol. Washed cells were resuspended in 100 L of 10 % ice-
cold glycerol and transferred into a sterile Eppendorf tube.

The bacteria were then plated on LB containing Amp and
Km and incubated for at least 2 days. Clones resistant to both
antibiotics, harboring a characteristic salmon color were se-
lected and further analyzed. For this purpose, PCR was ap-
plied on the extracted DNA, using different sets of primers
including some primers designed inside and outside of the
marker and inside and outside of the NRPS fragment cloned
within the plasmid (Fig. S1, Supplementary Material).

Construction of the 4. hydrophila AamoH mutant

The A. hydrophila AamoH mutant was constructed using
in vivo homologous recombination in the yeast, S. cerevisiae
InvScl (Shanks et al. 2006). The allelic replacement vector,
pMQ30 (Shanks et al. 2006), was used for mutant construc-
tion; two regions of the NRPS genes AHA 2473 (amoH) and
AHA 2472 were amplified using primers UPAHA2473 F and
UPAHA2473 R (800 bp amplicon) and primers
DownAHA2472 F and DownAHA2472 R (827 bp
amplicon), respectively (Table 1). The PCR products of
AHA 2473 and AHA 2472 were cloned flanking each other
through in vivo homologous recombination in the yeast,
S. cerevisiae InvScl. Plasmid pMQ30-AamoH was extracted
from S. cerevisiae InvScl and then introduced into E. coli
WM3064 by electroporation. The plasmid was mobilized into
A. hydrophila by conjugation, and deletion of amoH gene was
confirmed by PCR (protocol S1, Supplementary Material).

Bioinformatics analysis

The genome sequences of 30 Aeromonas species available in
the NCBI were mined for the presence of NRPS gene clusters
by following the strategy described within the Florine
workflow (Caradec et al. 2014). Sequences presenting identity
with known NRPSs were detected by using the NCBI-Blastp
tool with the A. hydrophila ATCC 7966 AmoG
(YP_856988.1) and AmoH (YP_856987.1) used as a query.
The automatically annotated proteins were also fished using a
list of keywords including adenylation, synthetase,
thiotemplate, phosphopantetheine, nonribosomal, NRPS,
siderophores, isochorismatase, dihydroxybenzoate,
amonabactin, and enterobactin. Identification and annotation
of NRPS gene clusters were detected by antiSMASH
(http://antismash.secondarymetabolites.org) (Weber et al.
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2015). The modular organization and domain architecture
were deciphered using two complementary tools available
on the Web including “PKS-NRPS analysis” (http:/nrps.igs.
umaryland.edu) (Bachmann and Ravel 2009) and “SBSPKS*
(http://www.nii.ac.in/~pksdb/sbspks/search_main_pks nrps.
html) (Anand et al. 2010) combined with antiSMASH results.
The prediction for a selected monomer by adenylation domain
was performed using the same tools combined to the Web-
based software NRPS predictor 2 (Rottig et al. 2011). The C-
domain types were determined through the identification of
specific signatures of the DownSeq (Caradec et al. 2014) com-
bined with the result of natural product domain seeker
(NaPDoS) (http://napdos.ucsd.edu) (Ziemert et al. 2012).
The D-configuration of monomers was predicted regarding
the presence of E domain followed by °C; domains. The
structure of predicted peptide was compared to other
nonribosomal peptides in Norine database (http://bioinfo.lifl.
fr/norine) (Pupin et al. 2015).

Results

Production of amonabactins by A. hydrophila subsp
hydrophila ATCC7966

The strain was grown in CAA iron-limited medium supple-
mented or not with amino acids including tryptophan, phenyl-
alanine, and glycine. Culture-free supernatants were then an-
alyzed with the CAS reagent to determine the concentrations
of'total siderophores and submitted to mass spectrometry anal-
yses (MALDI-TOF and MS-MS) for siderophore structure
identification (Fig. 1 and Fig. S2, Supplementary Material).
After 48 h of growth, the strain produced about 33 +2 uM eq.
EDTA/ODgq. Final purification of the fractions allowed us to
quantify the relative production of the four forms of
amonabactins: T732 and T789 representing amonabactins
with Trp as aromatic residue and P693 and P750 for
amonabactins with Phe monomer. When the strain was grown
in CAA medium, the ratio of (P693 + P750)/(T732 + T789)
was 85:15 % (Table 2). The same ratio was observed when the
medium was supplemented with 0.3 mM phenylalanine but
was completely inverted when the strain was grown in the
presence of 0.3 mM tryptophan.

From the A. hydrophila genome to a siderophore synthesis
cluster

The genome of A. hydrophila ATCC 7966, completely se-
quenced and automatically annotated in 2006 (Seshadri et al.
20006), is available at the NCBI site under accession number
NC_008570. 1. Among the 4119 predicted coding sequences
(CDS), our attention was attracted on some protein annota-
tions, because they can reflect both siderophore biosynthesis
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and regulation, or are related to nonribosomal synthetases
leading to the identification of a cluster panning from genes
AHA 2479 to AHA 2473 (Fig. 2).

The cluster is entirely located on the same complement
strand, flanked by genes (A4HA_ 2480 and AHA_2472) present
on the coding strand. The genes constituting the gene cluster
are annotated as “isochorismate synthases,” “enterobactin
synthase subunit E,” “isochorismatase,” “nonribosomal pep-
tide synthetase,” “2,3-dihydroxybenzoate-2,3-dehydroge-
nase,” “nonribosomal peptide synthetase,” and “dimodular
nonribosomal peptide synthetase,” for genes AHA 2479 to
AHA 2473, respectively. Considering the consensus GAGG,
a ribosome binding site (RBS) can be found upstream of each
ORF. A GTG initiation codon occurs in two over the seven
genes (AHA 2479 and AHA 2474) instead of the universal
ATG.

The cluster likely represents an iron-regulated operon be-
cause a single promoter has been predicted, which includes an
iron-box overlapping with the -10 box. Likewise, only one
Rho-independent terminator has been found, downstream to
the AHA 2473 open reading frame (ORF), making likely pos-
sible the transcription termination. Some genes are overlapping
on few bp, as AHA 2477 with AHA 2476 and AHA 2474 with
AHA 2473. The annotations allow the separation in two
groups of genes/proteins. The first group includes enzymes
for biosynthesis of a Dhb monomer (isochorismate synthetase
and Dhb dehydrogenase), and the second group contains pro-
teins that should be involved in a nonribosomal synthesis of a
peptidic moiety. All these elements are consistent with an
operon involved in a Dhb-containing siderophore synthesis.
Moreover, a Fur protein annotated as “ferric uptake regulation
protein,” encoded by the gene AHA_ 1530, was identified into
the protein table related to the genome. It is a protein of 142
amino acids (aa), with a calculated molecular weight of
16 kDa, presenting a similarity score of 80 % with the Fur
protein of E. coli str. K12 substr. DH10B.

The amonabactin synthesis operon

According to the annotations, the operon includes at least
three potential NRPS genes. The signatures for adenylation,
condensation, thiolation, thioesterase, epimerization, methyl-
ation, and cyclization domains were researched in the protein
sequences of the putative synthetases to determine the modu-
lar organization of the NRPS by following Florine workflow
previously described (see experimental procedures section).
The prediction of the monomer for each adenylation domain
obtained from Stachelhaus code and Rausch predictions were
combined (Fig. 3).

The protein annotated “isochorismatase” was shown to
display high similarity with E. coli EntB (58 % identity). In
spite of its small size (307 aa), it belongs to the NRPS
family but only contains a T domain, as its ortholog EntB
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Fig. 1 MS analysis of amonabactins. a A. hydrophila ATCC 7966; b A. hydrophila AamoH mutant. Circles highlight tryptophan-containing
amonabactins; squares highlight phenylalanine-containing amonabactins. Dotted line when the signal is in the noise

in E. coli, allowing the tethering of a Dhb monomer on the
synthetase involved in enterobactin synthesis. Two other
proteins (encoded by genes AHA 2478 and AHA 2473
with protein accession numbers YP 856992 and
YP 856987 only contain an adenylation domain with pre-
diction of Dhb and Gly, respectively. The protein encoded
by the gene AHA 2476 (YP_856990) is constituted of
complete NRPS module including Cgapier-, A-, and T-do-
mains. The A-domain should be able to select Lys or Glu.
In the “nonribosomal peptide synthetase” (YP_856988),
five domains can be retrieved representing a complete
module displaying the following organization: “C;-A-T-
E-C. The ending C-domain do not clearly harbor specific

signatures identified for the different subtypes. The pres-
ence of an epimerization domain may lead to the occur-
rence of a monomer in D-form in the produced peptide but
the selected amino acid could not have been predicted.
Nested between the epimerization and condensation do-
main, a signature for the thioesterase can be found. Even
if this signature harbor a quite low score when compared to
the consensus sequence (0.6), it should be considered be-
cause of the lack of any other one in the whole cluster. As
shown in Fig. 3, the nonribosomal pathway includes an
assembly line composed of four modules, with a global
structure [A-T][Cyrar-A-T][*Cr-A-T-E-C][A]. The first
module is constituted of the association of two proteins.

Table 2 Amonabactin ratio

CAA CAA + Phe 0.3 mM CAA + Trp 0.3 mM

Intensity % Intensity % Intensity %
T789 (Trp, Gly) 813 12 711 14 5444 61
T732 (Trp) 165 2 118 2 983 11
T forms 15 16 72
P750 (Phe, Gly) 4760 72 3955 76 2020 23
P693 (Phe) 866 13 398 8 501 6
P forms 85 84 28

CAA casamino acid medium, Phe phenylalanine, 7rp tryptophan, Gly glycin
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Fig. 2 Genomic organization of the amonabactin synthesis operon in
A. hydrophila ATCC7966. The arrows represent the genes with their
orientation, and gene numbers and annotations on the upper line are
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The modules 2 and 3 are separated by a non-NRPS Dhb
dehydrogenase. Considering the predicted selected mono-
mers, the peptide produced should contain Dhb, Lys or
Glu, Gly, and an unknown amino acid present in a D-form.

RBS

box, the RBS of the first gene, and the Rho-independent terminator at
the end of the transcript unit are indicated. The use of CTG instead of
ATG is mentioned. The circles highlight overlapping ORFs

This indicates that the operon may be involved in the bio-
synthesis of the amonabactins, the unpredicted monomer
being either Phe, or Trp. The genes of the operon were
named amoC, amoE, amoB, amoF, amoA, amoG, and
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Fig. 3 Siderophore synthesis pathways and siderophore structures. The
NRPS domains (4, adenylation; C, condensation; 7, thiolation; 7e,
thioesterase; £, epimerization; Cy, cyclization) are indicated by boxes.
amo amonabactin synthetase, ent enterobactin synthetase, ash
acinetobactin synthetase. In bold are the genes coding for NRPS
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domain containing proteins. Predicted monomers specificity by A-
domains are indicated under the corresponding boxes. pbp periplasmic
binding protein, ppant phosphopantetheinyl transferase, TonB-R TonB
dependent receptor, MFS major facilitator superfamily transporter
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amoH, according to the order of their location on the ge-
nome. The products of amoE, amoB, amoF, amoG, and
amoH belong to NRPS family.

AmoG is necessary for the production of the four
amonabactins

To correlate the production of amonabactins to the synthesis
operon, the gene amoG was disrupted by homologous recom-
bination inserting a kanamycin resistance gene between sig-
natures Al and A9 of the adenylation domain. Kanamycin-
resistant clones were further analyzed by PCR, using different
sets of primers (Fig. S1, Supplementary Material) to check for
correct insertion of the antibiotic marker. A disrupted-mutant
M was then tested for its ability to grow under iron-limiting
conditions. A. hydrophila wild type (A) and the mutant (M)
were streaked on plates of King’s B medium with or without
the iron-chelating agent DIP. Contrary to the wild type, the
mutant strain was unable to grow in the presence of 200 uM
DIP (Fig. 4). On KB and KB with 600 uM FeClj; plates only,
both wild type (A) and mutant (M) appear with a characteristic
salmon color. A growth of the mutant M was also recovered
when the DIP-containing medium was complemented by a
supernatant obtained from A. hydrophila wild type cultured
in iron-limiting broth (Fig. 4).

AmoH is not required for siderophore production

In order to understand the involvement of the standing alone
A-domain of AmoH, the gene was deleted by in vivo homol-
ogous recombination in the yeast, S. cerevisiae InvScl. Both
the A. hydrophila wild type and amoH mutant were tested for
their siderophore production induced by iron chelation.

KB+DIP

KB+DIP  +Supernatant

KB KB+Fe

A. hydrophila ATCC7966

Mutant amoG~

Mutant AamoH (Gly)

A. salmonicida A449

Fig. 4 Growth of 4. hydrophila wt and mutants and A. salmonicida
plated on different solid media. KB King’s B medium, KB+ Fe KB
added with 60 uM FeCls, KB+DIP KB added with 200 uM 2,2'-
dipyridyl (DIP), KB+DIP+supernatant KB with 200 uM DIP and
growth supernatant from A. hydrophila ATCC7966 grown in iron-
limiting broth
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Contrary to the amoG mutant, the amoH mutant remains able
to grow on a medium containing the iron-chelating agent DIP.
The phenotype is very similar to the wild-type strain one
(Fig. 4). The supernatant of the amoH mutant grown in iron-
limited broth was then analyzed by mass spectrometry. The
results showed that the deletion of amoH gene led to the pro-
duction of only two forms of amonabactins corresponding to
the forms without Gly (P693 and T732) (Fig. 1).

Siderophore production by A. salmonicida A449

The tabular format of the annotations of the genome of
A. salmonicida A449 was queried using the keyword “peptide
synthetase.” Four proteins were pointed out, two of them are
annotated “nonibosomal peptide synthetase” and the remain-
ing are simply annotated “peptide synthetase.” The genes be-
long to two distinct clusters. The first cluster is ortholog to the
amonabactin biosynthesis one identified in A. hydrophila
7966, including amoC to amoH (Fig. 3 and Table S1,
Supplementary Material). The modular organization of the
NRPS:s is the same, as the prediction of the amino acid residue
activated by the different adenylation domains, and the C-
domain subtypes. In 4. salmonicida, the operon is boarded
by a series of genes predicted to be involved in the siderophore
transport, the proteins being annotated ABC transporter, per-
mease, TonB-dependent receptor, and MFS transporter. A
gene encoding a 4’-phosphopantetheinyl protein (ppant) is
also present. As expected, 4. salmonicida was able to grow
in King’s B medium supplemented with iron-chelating agent
DIP, due to amonabactin production (Fig. 4). On KB medium,
supplemented or not with iron 660 1M, the bacteria are brown
pigmented.

The second cluster includes several genes for siderophore
transport and genes encoding for NRPS. The domain organi-
zation indicated that the larger protein contains only one A-
domain with a specificity for Ser/Thr and two
heterocyclization domains (Fig. 3). Another protein harbors
a C- and a T-domains, and the third protein has a single T-
domain.

Distribution of siderophore biosynthetic gene cluster
in Aeromonas strains

The genome sequences of 30 Aeromonas species are currently
available on NCBI database (for some species as
A. hydrophila, several strain genomes are published).
Twelve of them are finished, but the remaining can be ex-
plored even if the data are not definitive. The genomes are
represented by one chromosome with a size of about 5 Mb.
No plasmid is present except for A. salmonicida subsp.
salmonicida A449 containing five plasmids. The genomes
were screened for the presence of NRPS genes, especially
those responsible for the biosynthesis of amonabactins,
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following the Florine workflow previously described. For all
the putative NRPSs detected, the domain organization was
designed; the C-domain subtypes including Cgay, Lc, Pey,
and Cy were determined; and the prediction of the most prob-
able selected monomer was predicted for each A-domain. A
gene cluster responsible for synthesis of amonabactins was
identified in the genome of 17 Aeromonas sequenced ge-
nomes (Table S1, Supplementary Material). For Aeromonas
popoffii and A. hydrophila, it only contains the biosynthetic
part, while for the remaining strains, it also includes genes
involved in transport and the gene encoding the ppant, as
found in the 4. salmonicida A449 genome. For Aeromonas
australiensis, Aeromonas Enteropelogenes, and Aeromonas
lacus, no biosynthetic gene cluster for amonabactin was found
but a cluster for enterobactin synthesis, including entD, entC,
entE, entB, entA, and entF genes (Fig. 3). For the eight re-
maining strains, no genes encoding NRPS involved in
siderophore synthesis or any other product have been identi-
fied (Table S1, Supplementary Material).

Discussion

Today, the genus Aeromonas is regarded, not only as impor-
tant pathogen for fish and frogs but also as etiologic agent
responsible for a variety of infectious complications in both
immunocompetent and immunocompromised persons (Janda
and Abbott 2010). The increasing availability of whole
Aeromonas genome sequences can be explored with
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bioinformatic tools, and the analysis in silico enables the
deciphering of biosynthetic pathways of virulence factors es-
pecially siderophores. Indeed, following the Florine workflow
(Caradec et al. 2014) allowed us to identify the assembly line
involved in the production of amonabactins. Amonabactins
are a family of four related siderophores, coproduced by dif-
ferent Aeromonas species. The advantage of producing four
forms of one siderophore remains unclear, and this issue has to
be further explored to understand the ecological role for these
compounds. The biochemical structures have been elucidated
for a long time (Barghouthi et al. 1989b), but the biosynthesis
pathway is not. Before the complete sequencing of the ge-
nome of A. hydrophila ATCC 7966 (Seshadri et al. 2006),
only one gene implicated in amonabactin biosynthesis has
been identified and separately sequenced (Barghouthi et al.
1991). The exploration of the genomic data allowed us to
point out a single operon enabling the amonabactin synthesis.
This operon is composed of genes we have named
amoCEBFAGH, where the amoC, E, B, and amoAwere named
related to their orthologs entC, E, B, and ent4 involved in
enterobactin synthesis. Consequently, amoC, involved in the
synthesis of Dhb, a key monomer of a series of peptidic
siderophores, is the one previously described and named
amoA by Barghouthi et al. (1991). The same cluster also in-
cludes genes involved in the transport of the siderophore, ex-
cept for A. popoffii and A. hydrophila. For the latter, the TonB-
dependent receptor has already been identified elsewhere on
the genome (Funahashi et al. 2013). Two TonB-dependent
systems are annotated corresponding to TonB, ExbD, and
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ExbB proteins, respectively. For the first system, the proteins’
accession numbers are YP_857923, 857925, and 857926, and
for the second system, they are YP_ 858665, 858666, and
858667. The presence of a Dhb monomer in a peptide
nonribosomally synthesized gives an indication for a highly
probable siderophore function (Caboche et al. 2010), as the
presence of a Fur-box in the promoter driving the operon
expression. The mode of biosynthesis for Dhb-containing
siderophore generally involves iterative mechanism because
several hydroxyl functions harbored by the Dhb monomer are
needed to chelate iron. This is for example the case for
bacillibactin produced by Bacillus subtilis (May et al. 2001),
cepaciachelin produced by Burkholderia ambifaria AMMD
(Esmaeel et al. 2016), and enterobactin produced by E. coli
(Gehring et al. 1998). The construction of both amoG and
amoH mutants allowed us to identify an atypical mode of
biosynthesis for the production of amonabactins. It was qual-
ified of (i) alternative as Trp or Phe can be recruited by the
same A-domain of amoG, (ii) iterative because amoE and
amoF react twice to link onto Trp/Phe two fragments com-
posed of a Dhb linked by a peptidic bond on the eNH, ofa Lys
residue, and (iii) optional because the Gly residue is intro-
duced in the Lys side chain in only two over the four
amonabactins (Fig. 5). The nonribosomal synthesis of Dhb-
containing siderophores is rarely linear, but the amonabactin
synthesis is the more complex use of a single assembly line
leading to the coproduction of four variants of a siderophore
currently described.

For A. salmonicida subsp. salmonicida A449 and
A. hydrophila YL17, a second NRPS gene cluster in-
volved in the production of another siderophores, was also
found. This cluster was recently described for the synthe-
sis of the Dhb-containing siderophore acinetobactin by
A. salmonicida (Balado et al. 2015). The asb cluster has
been likely acquired through horizontal transfer and
amoC, E, B, and amoA are shared for biosynthesis of both
acinetobactin and amonabactin (Balado et al. 2015).
Indeed, we only found it in genomes where the complete
amo cluster is also present.

Most isolates of Aeromonas species are known to produce
a siderophore, either amonabactin or the enteric siderophore
enterobactin, both using the catecholate group to chelate iron
as they contain the Dhb monomer as a functional group
(Massad et al. 1994). Among the 30 species explored, the
amonabactin synthesis gene cluster is widespread and only
three genomes harbor the enterobactin gene cluster. A role in
virulence has been proposed for amonabactin and not for
enterobactin (Massad et al. 1991).
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Table S1: Presence of homologous genes involved in sideophore biosynthesis among 30 Aeromonas species

Amonabctin gene cluster
A. hydrophila ATCC7966
A. popoffii

. hydrophila YL17
salmonicida A449
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A. salmonicida subsp. pectinolytica

A. hydrophila SSU

No NRPS gene cluster
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< Plasmid pAhNRPSKm >
AhFol Al AhFo3
> > —>
NRPS 2474 K I
<— < <— <
AS AhRevl A9 AhRev3
B Ah 7966 (A) Mutant (M) Plasmid (P)
Al1-A5 786 786 786

Al: TTGTTGACCTATGGCGAGCTGGAG

A5: GCACTCGGTCGGGCCGTACATG

Al1-A9 1308 2552 2552
Al: TTGTTGACCTATGGCGAGCTGGAG

A9: CGGCACCATGTATTCGGGCAG

AhFol-AhRev1l NA 1360 NA
AhFol: GGGTGGACTGGCTGTTTGCTAC

AhRev1: CAACCGTGGCTCCCTCACTTTC

AhFo3-AhRev3 NA 1317 NA
AhFo3: CGCCTGAGCGAGACGAAATAC

AhRev3: CAAAGCCCTGCTCGAAGAACC

C A1-A9 AhFo3-AhRev3 AhFol-AhRev1l
OGR M; M, My A P A MM, OGR A M; M, My
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Fig. S1. Analysis of disruption of amoG gene

A: Schematic representation of the NRPS fragment disrupted by Km resistance cassette (Km").
The primers are represented by arrows, where they hybridize. The DNA fragment included into
the plasmid used for homologous recombination is presented between dot lines.

B: Table representing the primer sequences, together with sizes of expected fragments after PCR
applied on DNA of A. hydrophila ATCC7966 (Ah 7966), the mutant obtained by homologous
recombination (M) and the plasmid pAhNRPSKm. NA: no amplification.

C: PCR results using different sets of primers. OGR: O gene’ruler (molecular weight marker); A:
A. hydrophila ATCC7966; M1, M2, and M3: three different clones of disrupted mutant.
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Protocol S1- Construction of A. hydrophila -AamoH mutant

Construction of pMQ30 4damoH

The allelic replacement vector, pMQ30 (Shanks et al., 2006) was used for mutant
construction. Two regions of the NRPS genes AHA 2473 (amoH) and AHA 2472 were
amplified using primers UPAHA2473 F and UPAHA2473 R (800 bp amplicon) and primers
DownAHA2472_F and DownAHA2472_R (827 bp amplicon), respectively. These primers
contained recombination sites for the plasmid. The PCR mix consisted of 25 uL of PCR
Master Mix (Thermo Scientific Fermentas, Waltham, USA), 10 uL Q-solution (Qiagen,
Hilden, Germany), 1.25 uL of each primer (each at 20 uM), 7.5 uL water and 5 pL of
genomic DNA. The reaction mixture was subjected to the following thermal cycles: one cycle
at 94°C for 3min; 30 cycles (94°C, 30 s; 60°C, 45 s; 72°C, 2 min) and a final extension at
72°C for 10 min. Plasmid pMQ30 was purified using GenelJet plasmid miniprep kit (Thermo
Scientific Fermentas, Waltham, USA). A 5 uL sample was checked on a 1% agarose gel.
Subsequently, the purified plasmid was digested by a mix of 9.5 uL milliQ water, 4 uL Tango
yellow buffer (2X), 5 uL plasmid pMQ30, 1 uL BamHI and 0.5 uL EcoRI. The mix was
incubated for 2h at 37°C. 5 uL of the plasmid digest was checked on 1% agarose and the

concentration of the digest was also measured.

In vivo cloning in S. cerevisiae InvScl

The PCR products of AHA 2473 and AHA 2472 were cloned flanking each other through in
vivo homologous recombination in the yeast, S. cerevisiae InvScl.,grown overnight in yeast
peptone dextrose (YPD) at 30°C. Then, 0.5 mL culture was centrifuged for 1 min at 3,000
rpm. The cells pellet was washed with 0.5 mL lazy bones solution and the following was
added to the mix: 20 uL of carrier DNA (2 mg/mL), 45 puL of each PCR products UP and
DOWN, 5 uL digested pMQ30 plasmid. The mix was homogenized for 1 min on a Vortex
and incubated overnight at room temperature. The mixture was subjected to heat shock for 12
min at 42°C. Then, cells were centrifuged for 1 min at 3,000 rpm, washed with 0.6 mL of TE
buffer and the resulting pellet was further redissolved in 0.6 mL of TE buffer, and the cells
were plated on SD-uracil medium. Further, plasmid was isolated using miniprep Kit

(Fermentas, Waltham, USA). 10 uL of the eluted plasmid was checked on 1% agarose gel.

© 2016 Tous droits réservés. lilliad.univ-lille.fr
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Construction of A. hydrophila -4amoH deficient mutant

Plasmid pMQ30AamoH was introduced into E. coli WM3064 by electroporation. 2 uL of
pMQ30AamoH was added to 50 pL of thawed E. coli WM3064 competent cells. Mix was
transferred to an electroporation cuvette and electroporated at 2.5 kV/200 ohms/25 pF.
Electroporated cells were transferred into 1 mL of LB containing 2% of glucose and
incubated in a rotary shaker for 1 h at 37°C. The cells were plated on LB containing 25 pg
mL™ of gentamicin sulphate and 100 mg L™ of DAP (diaminopimelic acid). Colony PCR was
conducted using primers UpAHA2473 _F and DownAHA2472 R to confirm the success of
electroporation.

The plasmid was mobilized into A. hydrophila by conjugation. The donor strain E. coli
WM3064+ pMQ30AamoH was grown in LB broth containing Gm at 25 ug mL™ and DAP at
100 mg L™, respectively. The acceptor strain A. hydrophila was grown without antibiotics.
The cells were pelleted for 2 min at 5,000 rpm, the supernatant was discarded and the cells
were washed with 1.5 mL of LB. To do conjugation, 200 uL of acceptor strain was mixed
with 200 pL of donor strain. This mix was spotted on LB plates containing 100 mg L™ DAP,
left to dry, after which plates were incubated overnight at 37 °C. After incubation, the cell
mass were collected and dissolved in 1 mL of LB. For each conjugate, dilutions up to 107
were made, plated on LB plates containing 100 pg mL™ of Gm and incubated overnight at
37°C. Colonies chosen were streaked on new LB plates with Gm at 100pg mL™. Colony PCR
was done to confirm the presence of the plasmid in the merodiploid strain (cell contains
plasmid) using primers UpAHA2473 F and DownAHA2472_R. To obtain the 2nd
recombination, one colony was cultured on LB and incubated overnight at 37 °C in rotary
shaker. Culture were diluted up to 10™ and 100 uL aliquot was plated on LB plates containing
10% sucrose. Selected colonies were streak out on new LB plates without gentamicin. Colony
PCR of these colonies was carried out using primers UpAHA2473_F and DownAHA2472_R
to confirm and detect the deleted mutants.

© 2016 Tous droits réservés. lilliad.univ-lille.fr
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CHAPTER 3- RESULTS

Screening for new non ribosomal peptides
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3.1. Introduction

Microorganisms are a prolific source of natural products extremely valuable in drug discovery
and agriculture researches. They represent a promising basis for the development of substances
with novel activities. Non ribosomal peptide is one class of natural products that attract a great
interest and applications in medicine and agriculture. The ability to produce nonribosomal
bioactive peptides is widely spread among microorganisms including bacteria and fungi. They
display a biodiversity with a broad range of biological activities and complex chemical structures
Microbial genome mining has recently guided the discovery of new secondary metabolites such
as nonribosomal peptides (NRPs) and polyketides (PKs). This was efficient for the discovery of
cyclic lipopeptides as those produced by Bacillus and Pseudomonas, which may play an
important role in sustainable agriculture, used as biopesticides suppressing plant pathogens, or
promoting plant growth. Therefore, the objectives of this study were to develop a global strategy
to screen all the potential NRPSs gene clusters in 48 gapless genomes of Burkholderia species
and design the organization domains including the C-domain sub-types and predict the most
probable produced peptides for all detected NRPSs gene clusters. Clusters potentially involved in
the synthesis of new biocontrol agents were further analyzed by structural and genetic

approaches to support the prediction obtained in silico.
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A. ldentification of new non-ribosomal peptides from Burkholderia

In this study, 48 gapless complete genomes of Burkholderia available in the NCBI were
extensively screened in silico to identify all NRPSs gene clusters, especially those producing
siderophores and lipopeptides, by following Florine, a workflow we have developed especially
with this aim. For all the putative NRPSs, the domains organization were designed, the C-
domains sub-type was determined, and the prediction of the most probable produced peptides
was performed in silico using specific bioinformatics tools. The studied strains include species
playing ecological roles related to xenobiosis, biocontrol, promotion of plant-growth, biological
nitrogen fixation, as well as pathogenic strains for animals and humans as some of those
belonging to the Bcc group. They were grouped into three phylogenetic clades based on the
alignment of their 16S rRNA sequences.

Analyses of genomes have revealed a numerous examples of NRPS biosynthesis gene clusters,
with the potential to direct the production of novel NRPs. Although most strains produce the
main siderophore ornibactin (Bcc group) or malleobactin (“mallei” group), a cluster
corresponding to a new siderophore, called phymabactin, was identified in the genome of B.
phymatum STM815. In the course of the mining of B.ambifaria AMMD, a cluster of 8 genes
encoding for cepaciachelin pathway was identified. The putative nrps gene-containing cluster
responsible for the antifungal activity was also identified in the genomes of both B. ambifaria
AMMD and Burkholderia sp. KJO06. Results revealed large NRPS- encoding genes, as well as
regulator, decorating, and transporter-encoding gene clusters. To identify the cluster dedicated to
antifungal activity against soilborne pathogens, we constructed a burkholdin-deficient mutant,
using in vivo homologous recombination in the yeast, S. cerevisiae InvScl.

Cyclic lipopeptides (CLPs) are versatile molecules composed of a fatty acid tail linked to a
cyclic oligopeptide head. The gene cluster of CLPs are characterized by the presence of two
specific signatures including the C-starter domain, the condensation (C) domain of the first
NRPS module that catalyses N-acylation of the first amino acid in the CLP module, and a
tandem of Te domain involved in the cyclization of the CLP molecule. Analysis of the genomes
revealed that all strains belonging to the B. pseudomallei species have the NRPS gene cluster that

exhibits several features of NRPS genes responsible for CLP biosynthesis.
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Analysis the genome of B. rhizoxinica HKI 454 revealed that the genome is composed of one
chromosome and two plasmids that harbor 13 NRPS gene clusters responsible for the synthesis
of different peptides potentially implicated in biocontrol.

This study revealed the significant potential of the genus Burkholderia to produce new NRPs,
speeding the screening for new sources of antimicrobial agents, potentially useful for their
biocontrol properties. Such a study will help to improve strategies of natural product discovery
and gave insights on the non-ribosomal synthesis of Burkholderia exemplified by the
identification of dual C/E domains in lipopeptide NRPSs, as frequently found in Pseudomonas
strains.

The results are presented as the following article published in MirobiologyOpen. The table 1 that
is not very clear in the published paper is presented in the end of supplementary material (page
98).
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Introduction

Abstract

Burkholderia is an important genus encompassing a variety of species, including
pathogenic strains as well as strains that promote plant growth. We have carried
out a global strategy, which combined two complementary approaches. The first
one is genome guided with deep analysis of genome sequences and the second
one is assay guided with experiments to support the predictions obtained in
silico. This efficient screening for new secondary metabolites, performed on 48
gapless genomes of Burkholderia species, revealed a total of 161 clusters contain-
ing nonribosomal peptide synthetases (NRPSs), with the potential to synthesize
at least 11 novel products. Most of them are siderophores or lipopeptides, two
classes of products with potential application in biocontrol. The strategy led to
the identification, for the first time, of the cluster for cepaciachelin biosynthesis
in the genome of Burkholderia ambifaria AMMD and a cluster corresponding
to a new malleobactin-like siderophore, called phymabactin, was identified in
Burkholderia phymatum STM815 genome. In both cases, the siderophore was
produced when the strain was grown in iron-limited conditions. Elsewhere, the
cluster for the antifungal burkholdin was detected in the genome of B. ambifaria
AMMD and also Burkholderia sp. KJ006. Burkholderia pseudomallei strains harbor
the genetic potential to produce a novel lipopeptide called burkhomycin, con-
taining a peptidyl moiety of 12 monomers. A mixture of lipopeptides produced
by Burkholderia rhizoxinica lowered the surface tension of the supernatant from
70 to 27 mN-m"!. The production of nonribosomal secondary metabolites seems
related to the three phylogenetic groups obtained from 16S rRNA sequences.
Moreover, the genome-mining approach gave new insights into the nonribosomal
synthesis exemplified by the identification of dual C/E domains in lipopeptide
NRPSs, up to now essentially found in Pseudomonas strains.

use in biocontrol, bioremediation processes, and biodeg-
radation of pollutants (Mahenthiralingam and Goldberg

The Burkholderia genus includes more than 60 species
that colonize a wide range of environments including soil,
water, plants, animal, and human (Mahenthiralingam et al.
2008). They are well known for their nutritional versatility,
which certainly contributes to their capacity to live in
extreme and diverse habitats and which has led to their

© 2016 The Authors. MicrobiologyOpen published by John Wiley & Sons Ltd.

2005). Some Burkholderia species are involved in promoting
plant or nitrogen-fixing bacteria (Caballero-Mellado et al.
2007). On the other hand, several species of Burkholderia,
including those from B. cepacia complex group (Bcc) as
well as B. gladioli and B. fungorum, represent a significant
threat to the life of immunocompromised individuals,

This is an open access article under the terms of the Creative Commons Attribution License, which permits use,
distribution and reproduction in any medium, provided the original work is properly cited.

© 2016 Tous droits réservés.
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especially for those who are suffering from cystic fibrosis
or chronic granulomatous diseases (Coenye et al. 2001).
Burkholderia pseudomallei and Burkholderia mallei are the
only known members of the genus Burkholderia that are
primary pathogens in humans and animals, causing meli-
oidosis in humans (Cheng and Currie 2005) and glanders
in horses (Nierman et al. 2004). The ability to adapt and
colonize a wide variety of environments is likely due to
an unusually large, complex, and variable genome
(4.6-9 Mb), split into up to three chromosomes and large
plasmids. Furthermore, some species have been found to
secrete a variety of extracellular enzymes with proteolytic,
lipolytic, and hemolytic activities (Vial et al. 2007), together
with secondary metabolites. These include siderophores
called ornibactins and malleobactins (Franke et al. 2014),
hemolytic peptides called cepalysins (Abe and Nakazawa
1994), antifungal agents as pyrrolnitrin (Hammer et al.
1999), cepapafungins, and related compounds cepacidines
Al and A2 (Lim et al. 1994). More recently, antifungal
cyclic lipopeptides (CLPs) called occidiofungins/burkholdi-
nes (bks) have been isolated from strains belonging to
the Bec group (Gu et al. 2009; Tawfik et al. 2010). Some
secondary metabolites including siderophores and lipopep-
tides can be produced nonribosomally by NonRibosomal
Peptide Synthetases called NRPS (Marahiel 2009). These
large synthetases are organized into sets of domains that
constitute modules containing the information needed to
complete an elongation step in an original peptide bio-
synthesis. The main catalytic functions are responsible for
the activation of an amino acid residue (adenylation, -A
domain), the transfer of the corresponding adenylate to
the enzyme-bound 4-phosphopantetheinyl cofactor (thiola-
tion, -T domain), the peptide bond formation (condensa-
tion, -C domain), and the release of the peptide from
the NRPS (thioesterase, -Te domain). Optional domains
of NRPS modules can modify the amino acids by different
reactions such as N-methylation, epimerization (-E domain),
or heterocyclization.

A genome mining was conducted with the aim of iden-
tifying biosynthetic clusters for secondary metabolites, but
in this study, we have chosen to only present the clusters
including at least one gene encoding NRPS. The domain
organization of each NRPS protein was designed, the
C-domain sub-types were determined, and the prediction
of the most probable produced peptides was performed
in silico using specific bioinformatics tools included in the
Florine workflow previously described (Caradec et al. 2014).
We specially describe the identification of siderophores and
lipopeptides because of their possible use in biocontrol
(Sharma and Johri 2003; Roongsawang et al. 2011). Many
of the structure and activity predictions obtained in silico
are corroborated by experimental supports as biological
activities from wild-type strains and deletion mutants, iron

© 2016 Tous droits réservés.
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chelating measurements, surface tension, or MS detections
of the compounds in growth supernatants.

Materials and Methods

In silico detection of NRPS genes within
sequenced genomes

Forty-eight gapless complete genomes of Burkholderia
strains available in the NCBI were mined by following
the strategy described within the Florine workflow (Caradec
et al. 2014). Sequences presenting identity with known
NRPSs were detected by using the NCBI-Blastp tool with
the B. cepacia GG4 Orb]J used as a query (YP_006615894).
The automatically annotated proteins were also fished
using a list of keywords including adenylation, synthetase,
thiotemplate, phosphopantetheine, nonribosomal, NRPS,
siderophores, ornibactin, pyochelin, syringomycin, malleo-
bactin, polyketide, and acyl carrier protein (ACP).
Identification and annotation of NRPS gene clusters in
all selected strains were also detected by antiSMASH (http://
antismash.secondarymetabolites.org) (Weber et al. 2015).

Protein sequences of all genes encoding NRPSs were
obtained from NCBI databases. The modular organization
and domain architecture were deciphered combining the
results from NRPS-PKS analysis website (http://nrps.igs.
umaryland.edu/nrps) (Bachmann and Ravel 2009) and
Structure-Based Sequence Analysis of Polyketide Synthases
(SBSPKS) (http://www.nii.ac.in/~pksdb/sbspks/search_
main_pks_nrps.html) (Anand et al. 2010) with antiSMASH
results. The specificity of the A domain was conducted
by using the web-based software NRPSpredictor2 (http://
nrps.informatik.uni-tuebingen.de) (Rottig et al. 2011). The
C-domain types were determined by identification of spe-
cific signatures of the DownSeq (Caradec et al. 2014).
The D-configuration of monomers of nonribosomal peptide
was predicted regarding the presence of E followed by
DC, domains or dual C/E- domains.

The structures of the predicted peptides were compared
to other nonribosomal peptides through the structural
search tool of the Norine database (bioinfo.lifl.fr/norine)
(Caboche et al. 2008, 2009).

Culture conditions and media

Strains, plasmids, and primers used in this study are listed
in Table S1. Molds (Fusarium oxysporum, Galactomyces
geotrichum, Botrytis cinerea, and Rhizoctonia solani) were
gown on PDA (Sigma-Aldrich, St Louis, MO). Burkholderia
strains, Micrococcus luteus, Listeria innocua, and Escherichia
coli were routinely grown at 37°C on Luria Bertani (LB)
medium. Candida albicans was grown on Sabouraud agar
at 37°C and Saccharomyces cerevisiae was grown on

© 2016 The Authors. MicrobiologyOpen published by John Wiley & Sons Ltd.
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yeast-extract—peptone—dextrose at 30°C. For lipopeptide
production, strains were grown in Landy medium buffered
with MOPS 100 mmol/L (Landy et al. 1948). When
required, gentamycin sulfate (Sigma Aldricht) was added
at a concentration of 25 pg mL~! for E. coli and at
300 ug mL~! for B. ambifaria. AMMD wt and mutant
strains.

Construction of AMMD mutant strains

Burkholderia ambifaria  AMMD-Abamb_6472 was con-
structed using in vivo homologous recombination in the
yeast, S. cerevisiae InvScl (Shanks et al. 2006). To construct
B. ambifaria AMMD-Abamb_6472, two regions of the
NRPS gene Bamb_6472 were amplified using primers
Up6472-F and Up6472-R (1015 bp amplicon) and primers
Down6472-F and Down6472-R (887 bp amplicon), respec-
tively. Deletion of NRPS gene Bamb_6472 was confirmed
by PCR (See Protocole S2 for details).

Biological activity assays
Antifungal activity

Antifungal activity was demonstrated by contact antago-
nism assay. PDA plates were inoculated with 5 mm of
agar plug of F. oxysporum, G. geotrichum, B. cinerea, and
R. solani grown for 2 days on PDA. The plates were
inoculated with the bacterium and incubated at 25°C for
5-7 days.

Antiyeast activity

Antiyeast activity was performed by the agar drop plate
method. Erlenmeyer flask containing 100 mL of PDB were
inoculated with 1.5 mL of bacterial suspension containing
about 108 CFU mL™! and incubated under rotary shaking
(160 rpm) at 37°C for 5 days. Then, the culture was
centrifuged at 10,000g for 10 min at 4°C. The supernatant
was concentrated 10 times via speed vacuum, and then
50 pL of this supernatant were deposited on 14 mL solid
Sabouraud medium inoculated with target strains includ-
ing C. albicans and S. cerevisiae. After 24 h of incubation
at 30°C, the activity was estimated by measuring the
diameter of the zone of inhibition of target strains.

Hemolytic activity

The hemolytic activity was assessed at 30°C on LB sup-
plemented with 5% (vol/vol) horse blood. Supernatant
(50 uL) were spotted on the plates that were incubated
for 48 h at 30°C. Positive results were detected by the
formation of a clear zone around the wells.

© 2016 The Authors. MicrobiologyOpen published by John Wiley & Sons Ltd.
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MALDI-ToF mass spectrometry

Bacterial sample were cultured in liquid medium and
incubated at 37°C for 5 days. Supernatant was mixed with
a matrix solution (10 mg/mL cyano-4-hydroxycinnamic
acid in 70% water, 30% acetonitrile, and 0.1% TFA). The
samples were homogeneized on a Vortex and centrifuged
at 4500 g. For classical analysis 1 puL of sample solution
was spotted onto a MALDI-ToF MTP 384 target plate
(Bruker Daltonik GmbH, Leipzig, Germany) according to
the procedure of the dried-droplet preparation. Mass pro-
files experiments were analyzed with an Ultraflex MALDI-
ToF/ToF mass spectrometer (Bruker, Bremen, Germany)
equipped with a smartbeam laser. Samples were analyzed
using an accelerating voltage of 25 kV and matrix sup-
pression in deflexion mode at m/z 750. The laser power
was set to just above the threshold of ionization (around
35%). Spectra were acquired in reflector positive mode
in the range of 400 at 3000 Da. Each spectrum was the
result of 2000 laser shots per m/z segment per sample
delivered in 10 sets of 50 shots distributed in three dif-
ferent locations on the surface of the matrix spot. The
instrument was externally calibrated in positive reflector
mode using bradykinin [M+H]+ 757.3991, angiotensin II
[M+H]+ 1046.5418, angiotensin I [M+H]+ 1296.6848,
substance P [M+H]+ 1347.7354, bombesin [M+H]+
1619.8223, and ACTH (1-17) [M+H]+ 2093.0862.

Production of siderophores

Strains were propagated three times in iron-deficient mini-
mum medium (MM9) (Payne 1994) supplemented with
10% of casamino acids previously treated, first with 3%
8-hydroxyquinoline in chloroform to remove contaminat-
ing iron and then with chloroform to remove remaining
8-hydroxyquinoline. Then, MgCl, 1 mmol/L and CaCl,
0.1 mmol/L were added. All glassware was rinsed with
HCl 6 mol/L. CAS (Chrome Azurol S) liquid and agar
assays were performed in accordance to the original pro-
tocol (Schwyn and Neilands 1987).

Surface tension measurements

The surface tension was measured according to the De
Nouy methodology using a tensiometer TD1 (Lauda,
Konigshofen, Germany) as previously described (Leclere
et al. 2006).

Phylogeny tree

The 16S rRNA sequences were extracted from RDP data-
base (Cole et al. 2009) and submitted to MEGA6 program
(Tamura et al. 2013). The tree was built using the neighbor-
joining method (Saitou and Nei 1987). The evolutionary
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distances were computed using the maximum composite
likelihood method (Tamura et al. 2004). The rate varia-
tion among sites was modeled with a gamma distribution
with five rate categories. Bootstrap analysis with 1000
replicates was performed to assess the support of the
clusters (Felsenstein 1985). All positions containing gaps
and missing data were eliminated. Cupriavidus taiwanensis
was used as an outgroup reference.

Results

Overview on Burkholderia sequenced
genomes

Forty-eight gapless complete genomes of Burkholderia
strains available in 2014 within the NCBI genome bank
were mined for NRPSs. To evaluate the relevancy of
sequenced strains among the Burkholderia genus, the 16S
rRNA sequences were extracted and aligned to build a
phylogenetic tree of all sequenced strains (Fig. 1). The
considered strains for NRPS seeking are representative of
the genus as they include species playing ecological role
related to xenobiosis, biocontrol, promotion of plant
growth, biological nitrogen fixation, as well as pathogenic
strains for animals as some of those belonging to the
Bcc group. Elsewhere, the tree clearly shows that the strains
are distributed into three clades. The first clade (clade I)
includes B. mallei, B. pseudomallei, and the rarely patho-
genic B. thailandensis strains, the second clade (clade II)
gathers the Bcc group strains. The remaining species are
contained in the clade IIL

All the strains have their genome split into up to three
chromosomes added with one or two plasmids, exception-
ally three (B. sp.YI23), four (B. gladioli BSR3 and B. glumae
BGR1), or five (B. vietnamiensis G4). The whole genome
sizes span from 3.75 to 9.73 Mb with most frequent values
between 7 and 9 Mb (33 strains).

Except for B. phenoliruptrix BR3459a and B. sp.
CCGE1002, genes for at least one NRPS could have been
detected in the genomic sequence of the 48 studied strains,
whatever their lifestyle or virulence ability (Table 1).

Identification of a novel malleobactin-like
siderophore

A cluster of genes including those for NRPS responsible
for ornibactin or malleobactin synthesis has been found
in the genome of 41 strains (Table 1) (Fig. 2A). The
cluster is present on the larger chromosome (chromosome
1), except for B. phytofirmans PsJN and B. xenovorans
LB400 where it is located on chromosome 2, and for B.
sp. YI23 and B. sp. RPE64 harboring the cluster on a
plasmid. A complete cluster includes genes responsible for

© 2016 Tous droits réservés.
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siderophore biosynthesis (coding for 2 NRPSs and acces-
sory enzymes modifying the monomers of the peptidic
chain), genes implicated in the uptake (siderophore export
and ferri-siderophore TonB dependent receptor) and the
orbS or mbaF genes coding for an extracytoplasmic sigma70
factor implicated in the regulation (Table S2). The NRPSs
responsible for the siderophore backbone are encoded by
orbl-orb] and mbaA-mbaB in the case of ornibactin and
malleobactin synthesis, respectively. The proteins harbor
the same domain organization including 4 adenylation
domains (A1-A4). The specificity code for the Al domain
is variable: Leu for ornibactin and Bht (beta-hydroxy-
tyrosin) for malleobactin (Fig. 2A). According to the pres-
ence of an acyl transferase gene (orbL) together with the
Leu selectivity of Al domain, ornibactin is predicted to
be produced by all the strains belonging to the Bcc group
(B. ambifaria, B. cenocepia, B. cepacia, B. lata, B. multi-
vorans, B. vietnamiensis and B. sp. KJ006) and two strains
belonging to the clade IIT (YI23 and RPE64). The malleo-
bactin synthetic cluster detected with the presence of an
accessory enzyme gene (mbaM) and the Bht selectivity
for Al is found in the genomes of two strains belonging
to the clade III (B. phytofirmans PsJN and B. xenovorans
LB400), and the strains from clade I, except B. thailan-
densis 2002721723.

Burkholderia phymatum STM815 belonging to clade III,
possesses on chromosome 2, a cluster with some char-
acteristics for malleobactin synthesis and uptake (absence
of the acyl transferase gene orbL), together with features
related to ornibactin biosynthesis (absence of mbaM and
presence of orbK). Moreover, the predicted specificities
of Al and A4 domains of the NRPS are Asp and Cys,
respectively. These predictions are different from those
obtained both with ornibactin and malleobactin NRPS
Al and A4 domains (Fig. 2A). The strain B. phymatum
STM815 was grown under iron-limited conditions and
was analyzed for siderophore production. The CAS agar
assay was positive showing an orange halo surrounding
the strain (Fig. S1) and compounds with a mass comprised
between 445 Da and 773 Da were detected and fragmented
from supernatant. No fragmentation spectrum could have
been assigned to a known siderophore belonging to orni-
bactin or malleobactin family. We suggest to name this
probably new malleobactin-like siderophore phymabactin
and the corresponding nrps genes phmA and phmB (Fig. 2)
(Table S2).

Identification of a cluster involved in
cepaciachelin synthesis

Pyochelin synthetase is constituted of two NRPSs of about
1360 and 1890 AA, harboring a specific domain architec-
ture that includes two cyclization domains (Cy), associated

© 2016 The Authors. MicrobiologyOpen published by John Wiley & Sons Ltd.
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Figure 1. Phylogenetic tree of the Bukholderia strains with complete genome sequenced. Performed using MEGA6 (Tamura et al. 2013), the tree
was built using the neighbor-joining method (Saitou and Nei 1987). The bootstrap analysis (Felsenstein 1985) with 1000 replicates was performed
to assess the support of the clusters. The analysis involved 48 16S rRNA sequences and all positions containing gaps and missing data were
eliminated. AClade |, ® Clade Il, mClade Ill, colored symbols representing the different clusters are presented in front of each strain.

with two stand-alone proteins containing a Te and an A
domain, respectively (Fig. 2B) (Michel et al. 2007; Gasser
et al. 2015). Corresponding clustered genes have been
found in the chromosome 2 of 19 and 5 strains belonging
to clades I and II, respectively (B. lata ASM1294v1, all

© 2016 The Authors. MicrobiologyOpen published by John Wiley & Sons Ltd.
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B. cenocepia, B. pseudomallei and B. thailandensis strains
except B. thailandensis MSMB121) (Table 1). Except for
B. thailandensis 2002721723 for which no malleobactin
synthesis genes have been found, pyochelin synthesis clus-
ters are always present together with ornibactin or
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Table 1. Overview on NRPS identified by genome mining on Burkholderia strains.
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Main siderophore

Phylogenic Genome Number of Number of
group Burkholderia species size (Mb) chromosomes  plasmids Lifestyle Ornibactin Malleobactin
Clade | B. thailandensis MSMB121 6.73 2 0 Saprophytic, human Chr1
pathogen (rare)
B. thailandensis HO587 6.76 2 0 Saprophytic, human Chr1
pathogen (rare)
B. thailandensis E264 6.72 2 0 Saprophytic, human Chr1
pathogen (rare)
B. thailandensis E444 6.65 2 0 Saprophytic, human Chr1
pathogen (rare)
B. thailandensis 2002721723  6.57 2 0 Saprophytic, human
pathogen (rare)
B. pseudomallei NCTC 13179 7.33 2 0 Human pathogen Chr1
B. pseudomallei MSHR305 7.42 2 0 Human pathogen Chr1
B. pseudomallei MSHR520 7.45 2 0 Human pathogen Chr1
B. pseudomallei K96243 7.25 2 0 Human pathogen Chr1
B. pseudomallei 1710a 7.33 2 0 Human pathogen Chr1
B. pseudomallei 668 7.04 2 0 Human pathogen Chr1
B. pseudomallei 1710b 7.30 2 0 Human pathogen Chr1
B. pseudomallei NAU20B-16 7.31 2 0 Human pathogen Chr1
B. pseudomallei 1106b 7.21 2 0 Human pathogen Chr1
B. pseudomallei 1106a 7.08 2 0 Human pathogen Chr1
B. pseudomallei 1026b 7.23 2 0 Human pathogen Chr1
B. pseudomallei MSHR511 7.31 2 0 Human pathogen Chr1
B. pseudomallei BPCO06 7.15 2 0 Human pathogen Chr1
B. pseudomallei MSHR146 7.31 2 0 Human pathogen Chr1
B. pseudomallei NCTC 13178 7.39 2 0 Human pathogen Chr1
B. mallei NCTC 10229 5.74 2 0 Human and animal Chr1
pathogen
B. mallei SAVP1 5.23 2 0 Human and animal Chr1
pathogen
B. mallei NCTC 10247 5.84 2 0 Human and animal Chr1
pathogen
B. mallei ATCC 23344 5.83 2 0 Human and animal Chr1
pathogen
Clade Il B. multivorans ATCC 17616 7.01 3 1 Human pathogen Chr1
B. multivorans ATCC 17617 7.01 3 1 Human pathogen Chr1
B. sp. KJO06 6.63 3 1 Biocontrol, mutualist Chr1
B. cepacia GG4 6.47 2 0 Bioremediation, Chr1
human pathogen
B. cenocepacia HI2424 7.70 3 1 Human pathogen Chr1
B. cenocepacia AU 1054 7.28 3 0 Human pathogen Chr1
B. cenocepacia 12315 8.05 3 1 Human pathogen Chr1
B. cenocepacia MCO-3 7.97 3 0 Plant pathogen, Chr1
human pathogen
B. lata ASM1294v1 8.68 3 0 Human pathogen Chr1
B. ambifaria AMMD 7.53 3 1 Biocontrol Chr1
B. ambifaria MC40-6 7.64 3 1 Human pathogen Chr1
B. viethamiensis G4 8.39 3 5 Mutualist, human Chr1
pathogen
6 © 2016 The Authors. MicrobiologyOpen published by John Wiley & Sons Ltd.
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Secondary siderophore Lipopeptides Antifungal ~ Unknown products

Burkhomycin "630-2979" PKS-3100_1300_ PKS-NRPS
Pyochelin Cepaciachelin ~ (CLP12) Cstart_Te (LP) Burkholdin  AT-CATECAT 1500 "6274"
Chr2 Chr1 Chr2
Chr2 Chr1 Chr2
Chr2 Chr1 Chr2
Chr2 Chr1 Chr2
Chr2 Chr2 Chr1 Chr2
Chr2 Chr2(11) Chr1 Chr2 Chr1
Chr2 Chr2(9) Chr1 Chr2 Chr1
Chr2 Chr2 Chr1 Chr2 Chr1
Chr2 Chr2 Chr1 Chr2 Chr1
Chr2 Chr2(5) Chr1 Chr2 Chr1
Chr2 Chr2 Chr1 Chr2 Chr1
Chr2 Chr2(7) Chr1 Chr2
Chr2 Chr2 (S) Chr1 Chr2 Chr1
Chr2 Chr2 Chr1 Chr2 Chr1
Chr2 Chr2 Chr1 Chr2 Chr1
Chr2 Chr2(10) Chr1 Chr2 Chr1(S)
Chr2 Chr2 Chr1 Chr2 Chr1
Chr2 Chr2 Chr1 Chr2 Chr1(S)
Chr2 Chr2(10) Chr1 Chr2 Chr1

Chr2(5) Chr1

Chr1
Chr2(5)
Chr3
Chr2
Chr2
Chr2 (P)
Chr2
Chr2
Chr1 Chr3

© 2016 The Authors. MicrobiologyOpen published by John Wiley & Sons Ltd.
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Table 1. (Continued)
Main siderophore

Phylogenic Genome Number of Number of
group Burkholderia species size (Mb) chromosomes  plasmids Lifestyle Ornibactin Malleobactin
Clade Il B. glumae BGR1 7.28 2 4 Plant pathogen

B. gladioli BSR3 9.05 2 4 Plant pathogen

B. xenovorans LB400 9.73 3 0 Mutualist Chr2

B. sp. CCGE1003 7.04 2 0 Mutualist Chr1

B. sp. CCGE1001 6.83 2 0 Mutualist Chr1

B. rhizoxinica HKI 454 3.75 1 2 Mutualist

B. sp. CCGE1002 7.88 3 1 Mutualist

B. phymatum STM815 8.68 2 2 Mutualist, nitrogen Chr2

fixation

B. sp. YI23 8.89 3 3 Bioremediator Plasmid

B. phytofirmans PsJN 8.21 2 1 Biocontrol Chr2

B. sp. RPE64 6.96 3 2 Mutualist Plasmid

B. phenoliruptrix BR3459a 7.65 2 1 Mutualist

Potentially new forms are in italics. Chr, chromosome on which the cluster is; *numbers in brackets indicate the number of monomers expected in
the product when different from the model; (P), partial cluster; (S), the NRPS is split into more proteins than in the model; LP, lipopeptide.
*white box is for Chr1; light grey box is for Chr2; dark grey box is for Chr3
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Figure 2. Siderophore biosynthesis clusters. Clusters are presented on the left side and the products on the right side. Genes are represented by
arrows colored as follows: green for NRPS, orange for accessory enzymes, red for regulatory proteins, blue for uptake participation, and pink for
unknown function. Genes encoding TonB-dependent receptor are underlined. The domain organization of the NRPSs is shown below arrows. A,
adenylation domain; Cst, C-starter; LCL, condensation between two L-monomers; DCL, condensation between p-monomer and t-monomer; Cy,
heterocyclisation domain; E, epimerization domain; T, thiolation domain; Te, thioesterase domain; predicted amino acid specificity is shown under
each A domain; Bht, beta—hydroxy-tyrosin; diOH-bz, 2, 3-dihydroxybenzoic acid; sal, salicylic acid. (A) Main siderophores. Genes and monomers
specific for malleobactin or ornibactin synthesis are framed and highlighted by dotted squares, respectively. (B) Secondary siderophores.
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Secondary siderophore Lipopeptides Antifungal  Unknown products
Burkhomycin “630-2979" PKS-3100_1300_ PKS-NRPS
Pyochelin Cepaciachelin  (CLP12) Cstart_Te (LP) Burkholdin ~ AT-CATECAT 1500 "6274" NRPS
Chr2 (LP7) Chr2 (4a + 4b)
Chr2 (LP7 + LP5) Chr1 Chr2 (4a + 4b)
Chr1 + plasmid
(13 LPs)
Chr3(6) Chr3

malleobactin synthesis genes. No relationship between
occurrence of the pyochelin cluster and the belonging to
the clade I or II can be established.

In the chromosome 1 of B. ambifaria AMMD, a second
cluster characteristic of a siderophore synthesis pathway
has been identified beside the cluster for ornibactin syn-
thesis. This cluster includes a gene for a TonB-dependent
receptor, genes to build up a diOH-bz (2,3-dihydroxy
benzoic acid) monomer and two nrps genes coding for a
complex constituted of one stand-alone A domain and a
protein with a [Cstarter-A-Te] domain architecture
(Fig. 2B). The specificity code for the isolated A domain
is diOH-bz monomer with a score of 90%. The specificity
code for the second A domain is Lys. The organization
of the genes and the predictions associated to both A
domains are highly compatible with the cepaciachelin
siderophore synthesis. The strain was grown under iron-
limited conditions allowing the production of siderophores
(Fig. S1A). Mass spectrometry analysis of the supernatant
revealed the coproduction of two compounds with masses
corresponding to C4-ornibactin ([M + H+] + Fe = 759;
[M + Na+] + Fe = 787) and cepaciachelin ([M + H+] =
789; [M + Na+] = 511) (Fig. S1B). The fragmentation
of the latter compounds revealed the presence of diOH-bz
and putrescine residues. The production of both sidero-
phores (ornibactin and cepaciachelin) was totally abolished
by addition of iron into the culture broth (not shown).

Identification of a novel lipopeptide
synthetase containing dual C/E domains

A complete cluster corresponding to a lipopeptide synthesis
pathway has been found in chromosome 2 in the genomes

© 2016 The Authors. MicrobiologyOpen published by John Wiley & Sons Ltd.
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of 9/15 strains belonging to the pseudomallei species
(Table 1) (Fig. 3). The NRPS is generally constituted of
three proteins containing three, four, and five modules,
respectively, except for strains 1106b, 1710a, and NCTC13179
for which the mis-annotated synthetase spans on six, four,
and five proteins, respectively. The NRPSs are generally
annotated as “hypothetical protein,” “(non ribosomal) pep-
tide synthetase,” or “syringomycin synthetase.” The syn-
thetase composed of 12 [C-A-T] modules is predicted to
produce a lipopeptide containing 12 monomers in the
peptidic moiety. The first C domain has been identified
as a Cstarter and the C domains of modules 2, 4, 6, 8,
and 11 harbor the dual C/E signature found in CLP domains
of Pseudomonas. This putative CLP12 is predicted to be
FA_D-Ser_Glu_D-Ser_Arg_D-Thr_Leu_D-Dab_Thr_
Thr_D-Glu_Gly_Val (where FA is for Fatty Acid and Dab
for diaminobutyric acid). Structure search query performed
in the Norine database revealed no peptide displaying
similar pattern, even when lowering the threshold to six
monomers on the 12 of the peptidic moiety. We suggest
to call this potential lipopeptide burkhomycin and to name
the corresponding NRPSs BkmA, BkmB, and BkmC (Fig. 3).

The cluster was only partially found in the genome of
the six remaining B. pseudomallei strains (MSRH 305,
511, 520, NAU20B-16, 668 and NCTC 13178) and in the
genomes of two B. mallei strains (ATCC 23344 and NCTC
10229) (Fig. 3).

All these NRPSs are characterized by the presence of
a Cstarter, a Te tandem ending the assembly line, the lack
of any E domain, and the presence of dual C/E domains.
A gene encoding a protein of 927 AA, assumed to be an
aminotransferase, is present within all the CLP biosynthetic
clusters.
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Figure 3. Burkhomycin biosynthesis gene clusters. Burkholderia pseudomallei 1710b is represented as a model for the complete cluster found in
most strains. All the partial clusters are drawn below. Genes are represented by arrows, dotted lines are for lacking genomic sequences, lines
represent the fusions in the proteins. Similar domains (adenylation with the same prediction and condensation with the same type) have been
aligned. A, adenylation domain; C/E, dual condensation domain catalyzing both epimerization and condensation; LCL, condensation between two
-monomers; Cst, Cstarter for condensation between fatty acid and .--monomer; T, thiolation domain; Te, thioesterase domain.

Lipopeptide production by B. glumae,
B. gladioli, and B. rhizoxinica

Burkholderia glumae BGR1 and B. gladioli BSR3, both have
a cluster of genes encoding a NRPS potentially producing
a lipoheptapeptide (Table 1). Indeed, this protein can be
divided into seven modules, the module 1 includes a
Cstarter and modules 2, 3, 4, and 6 contain a dual C/E
domain. For B. gladioli BSR3, the predicted peptidic moiety
is D-Thr_D-Pro_D-GIn_Gly_D-X_Phe_Pro, where X rep-
resents a position for which no reliable prediction was
obtained. For B. glumae BGRI1, the same structure was
predicted except that a D-Ser is predicted for position 3.

The higher number of NRPS gene clusters was found
in B. rhizoxinica HKI1454. The genome of this strain is
constituted of one chromosome and two large plasmids
pBRHO1 and pBRHO02, containing 2949, 784, and 203
genes, respectively. The genome mining using the key-
word “nonribosomal” revealed at least 31 potentially
interesting genes, 12 located on the chromosome and
19 on the plasmid pBRHO1. The NRPS clusters represent
4% of the total genome length. We have further analyzed
the 19 proteins with a size larger than 1000 AA and
we also considered smaller proteins when they were
supposed to be included in cluster also containing larger

10

© 2016 Tous droits réservés.

NRPSs. Finally, 13 clusters were pointed out, 10 of them
being harbored by the plasmid pBRHO1 (Table S3). All
the NRPSs contain at least one dual C/E domain and
nine of them start with a Cstarter domain, without any
ambiguity. The synthetases are predicted to direct the
synthesis of 13 different lipopeptides spanning from two
to ten monomers within the peptidic moiety. For clusters
10, 11, and 13, the synthetases contain additional meth-
ylation domains. The strain was grown in different media
(LB, TSB, TSB-glycerol, nutrient broth, Landy). The
production of compounds with surfactant properties was
assessed by surface tension measurements. The com-
pounds produced by the strain grown in Landy medium
displayed the higher activity lowering the surface tension
from 70 to 27 mN-m~!. Compared to results obtained
with purified surfactin, the curve corresponding to sur-
face tension versus supernatant dilution clearly shows
that a mixture of several active compounds is produced
by B. rhizoxinica HK1454 (Fig. S2). The supernatant was
then analyzed by MALDI-ToF. A group of peaks, char-
acteristic of lipopeptide detection with different fatty
acid chain lengths, with mass differences of 14 Da (1522
and 1536), was observed. (Fig. S2). The same supernatant
was tested for antimicrobial activities. An antibacterial
activity was observed against Micrococcus luteus and

© 2016 The Authors. MicrobiologyOpen published by John Wiley & Sons Ltd.
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Listeria innocua. A moderate inhibition was observed
against the yeast C. albicans ATCC10231, and no activity
at all against fungi F. oxysporum, B. cinerea, and R solani
(not shown).

Identification of the antifungal Bk cluster
in the genomes of B. ambifaria AMMD
and B. sp.KJ006

The genome mining revealed an nrps-containing cluster
located in chromosome 3 of 2 strains: B. ambifaria
AMMD and B. sp. KJ006. This large cluster spanning
over 49 000 nt also includes genes coding for regulatory,
decorating, and transporter proteins. The proteins exhibit
several typical features of NRPS/PKS hybrids involved
in Bk biosynthesis (Fig. 4). Eight modules are present,
containing NRPS domains as C, A, E, T, and PKS domains
as acetytransferase (AT), ACP, ketosynthetase (KS), and
ketoreductase (KR) domains. The predicted compound
can have the following structure Ile_PKM_Ser_D-Trp_D-
Ser_Gly_Asn_D-Ser where the PKM represent a monomer
incorporated by the PKS domains. This predicted peptide
looks like cyclic glycolipopeptides belonging to the bk/
occidiofungin family. Different types of condensation
domains have been detected: LCL, DCL following an E
domain, and an hybrid condensation domain (noted
“C”) allowing the condensation of a PKM to an NRP
monomer (Fig. 4). The presence of a gene encoding a
glycosyl transferase suggests that the product can be

Thése de Qassim Abdullah Ahmed Esmaeel, Lille 1, 2016
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A large 9530-bp fragment within gene Bamb_6472 of
B. ambifaria AMMD was deleted using in vivo homologous
recombination in the yeast, S. cerevisiae InvScl leading
to AMMD-Abamb_6472 mutant (Protocole S2).

Both the AMMD wild type and mutant were tested
for biological activities potentially related to the Bk pro-
duction. Compared to the AMMD wild-type strain, the
AMMD-Abamb_6472-deficient mutant failed to inhibit
growth of C. albicans and S. cerevisiae, exhibited a reduced
hemolytic activity, and antagonistic effect on F. oxysporum,
G. geotrichum, B. cinerea, and R solani (Fig. S3). Culture
supernatants from wild-type and deletion mutant both
grown in LB broth at 37°C were analyzed by MALDI-
ToF. Two peaks observed for m/z 1200.5 and 1222.65
corresponding to the [M+H] and [M+Na] forms of a
compound with a mass of 1999.5 Da were only detected
in the wild-type supernatant (Protocole S2). Moreover,
MALDI-ToF mass spectrometry analysis of culture super-
natants confirmed that the production of an antifungal
compound with a mass of 1999.5 Da was completely
abolished in AMMD-Abamb_6472 mutant. Considering
their belonging to the biosynthesis pathway for bk, the
genes were named bks for Bk synthesis (Fig. 4).

Discussion

The comprehensive mining carried out on genome
sequences has revealed numerous clusters of genes involved
in the synthesis of secondary metabolites including genes

lysosylated. coding for PKS, NRPS, and hybrids. Among them, more
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Figure 4. Gene cluster responsible for burkholdin (Bk) biosynthesis in Burkholderia ambifaria AMMD. (A) all genes involved in Bk synthesis; gene
numbers are above the arrows, annotations from NCBI are reported above the gene numbers. Different colors are used to distinguish between
the functions: green is for modular enzymes, orange for accessory enzymes, blue for transport, red for regulation, and pink for hypothetical
protein. (B) Modular organization of Bk synthesis proteins (Bks). ?, nonidentified domains; A, adenylation domain; C, hybrid condensation domain
allowing condensation between a PKS monomer and an NRPS monomer; LCL condensation between two L-monomers; DCL, condensation
between p-monomer and L-monomer; T, thiolation domain; E, epimerization dorﬁain; Te, thioesterase domain; AT, acetytransferase domain; AC,
acyl carrier protein domain; KS, ketosynthetase domain; KR, ketoreductase domain. Predicted amino acid specificity is shown under each A
domain.
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than 160 clusters contain at least one nrps gene. With
only two exceptions, such nrps containing clusters were
found in all the explored genomes, whatever phylogenetic
distance (Fig. 1) and the bacterial lifestyle (Table 1).
Indeed, Burkholderia is an intriguing and important genus
encompassing a variety of species and strains, ranging
from highly pathogenic organisms to strains that promote
plant growth (Mahenthiralingam et al. 2008). Some of
these properties can be related to the production of sec-
ondary metabolites, especially NRPs as those displaying
antifungal activities as Bks (Lin et al. 2012). In this article,
we have focused on nonribosomal siderophores and lipo-
peptides because of their potential role in biocontrol, but
the annotations we have assigned to some genes will also
be very helpful to infer the “Burkholderia genome data-
base,” a specific tool dedicated to cystis fibrosis research
community and aimed to facilitate comparative analysis
(Winsor et al. 2008). Elsewhere, the present work com-
pletes previous analysis as the annotation of the genome
of B. rhizoxinica HKI 454 (Lackner et al. 2011). Especially,
with this example, we have shown the relevancy of com-
bining approaches both in silico and in wetlab.

The genomic mining for new NRPs highlighted the
presence of clusters specific for strains belonging to clade
I. This includes a cluster annotated “630-2979” and two
hybrid PKS-NRPS “3100-1300-1500” and “6274,” named
according to the protein sizes (Table 1, Fig. 1). None of
the three predicted peptides share any pattern with the
known curated peptides annotated in the Norine database.
We have no other clues leading to the prediction for
siderophore activity or lipopeptide structure and the con-
cerned strains are pathogenic. We can guess that the
products may be involved in the virulence and will not
be useful in biocontrol, but this has to be further sup-
ported experimentally. Moreover, as they seemed to be
only produced by bacteria belonging to clade I, they can
be considered as maker of the pseudomallei species.

As expected, a cluster for biosynthesis of malleobactin
and ornibactin was pointed out from the genomes of bac-
teria belonging to clade I and Bcc group, respectively (Franke
et al. 2014, 2015). However, potentially new forms for a
main siderophore have been identified in other strains. These
includes a malleobactin-like produced by B. phymatum we
have called phymabactin, and compounds putatively pro-
duced by B. sp. CCG1001 and B. sp. CCG1003. The latter
NRPSs contain 6 and 7 modules allowing the production
of compounds displaying no resemblance with already known
peptides but the clusters are highly suspected to produce
a siderophore synthetase because of the presence of genes
coding for a TonB-dependent siderophore receptor and an
MbtH domain-containing protein (Lautru et al. 2007).

As found in some Pseudomonas strains, a pyochelin
synthesis cluster has been identified in the genome of

12
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strains also producing ornibactin or malleobactin. The
cosynthesis of more than one siderophore by bacteria is
not well understood, but it has been suggested that beside
their ability to provide access to iron, pyochelin, whose
affinity for iron is much lower (Cox et al. 1981), may
have alternative roles including antibacterial activity
(Cornelis and Matthijs 2002; Adler et al. 2012). The pyo-
chelin production may also be associated with the virulence
of bacteria (Sokol and Woods 1988). Burkholderia ambifaria
AMMD does not produce pyochelin, but we have found
a cluster of eight genes, located on chromosome 1, direct-
ing a siderophore synthesis. The identified cluster includes
a gene for a TonB-dependent receptor, genes encoding
enzymes necessary to build up a diOH-bz monomer and
two nrps genes, the predicted monomer for the first one
being diOh-bz. All these elements evidenced for the rela-
tionship between the biosynthesis cluster and the cepaci-
achelin known to be produced B. ambifaria strain PHP7
(LMG 11351) (Barelmann et al. 1996). Indeed, although
the structure of cepaciachelin has been known for a long
time (Barelmann et al. 1996), the mechanism of its syn-
thesis was not yet reported. This relationship between
genes and the product was supported by MS detection,
performed on culture supernatants of the strain grown
under iron-limited conditions allowing the production of
siderophores (Fig. S1). As the cepciachelin is a nonribo-
somal peptide, the siderophore has been introduced into
the Norine database, the id NOR01254 was attributed.
CLPs are versatile molecules composed of a fatty acid
tail linked to a cyclic oligopeptide head, considered as
efficient weapons for plant disease biocontrol (Ongena
and Jacques 2008). Nearly all CLPs characterized to date
have been identified from Pseudomonas and Bacillus spe-
cies (Roongsawang et al. 2011). This is comforted with
the Norine querying indicating that 139 peptides belonging
to 15 families are lipopeptides with surfactant activity.
Among them, 76 are produced by Bacillus strains and 46
by Pseudomonas strains and only 17 are produced by
Serratia, Marinobacter, and Halomonas. With the genome
mining of Burkholderia strains, we have found clusters
of genes coding for NRPSs starting with Cstarter and
ending with a tandem of Te domains, sharing these fea-
tures with NRPS of Pseudomonas CLPs (De Bruijn et al.
2007). Furthermore, those NRPSs were lacking E domains,
and some of the C domains were identified as dual C/E
domains. These dual C/E domains were described for the
first time in the NRPS responsible for arthrofactin pro-
duction in Pseudomonas (Balibar et al. 2005). Since then,
they have been detected in many NRPSs catalyzing the
synthesis of CLPs in Pseudomonas (Roongsawang et al.
2011) and more recently in Xanthomonas (Royer et al.
2013). In all these cases, two types of NRPS clusters coex-
ist in the same strain. The first one contains E domains

© 2016 The Authors. MicrobiologyOpen published by John Wiley & Sons Ltd.
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followed by PC,, generally directing the synthesis of a
siderophore (i.e., pyoverdin), while the second type of
NRPS containing dual C/E domains is involved in CLP
synthesis. Strains can even synthesize several CLPs, with
dual C/E domains for all the NRPSs (Pauwelyn et al.
2013; D’aes et al. 2014). Thus, B. pseudomallei strains
can produce malleobactin where an Asp residue is in
D-configuration due to an E domain, and burkhomycin
CLP, where five monomers can be epimerized by dual
C/E domains. It is quite different with B. glumae, B. gladi-
oli, and B. rhizoxinica because no NRP harboring sidero-
phore activity has been identified. The co-occurrence of
two distinct types of NRPs (with E domains vs. with
dual C/E domains) in strains sharing the same soil habitat
has to be further studied in terms of evolution, also con-
sidering the favored horizontal exchanges during the
colonization of same ecological niches.

A total of 13 NRPS gene clusters were found in the
plasmids (Burkholderia sp. 123, B. sp. RPE64, B. glumae
BGR1, B.gladioli BSR3, and B. rhizoxinica HKI 454). Up
to now, this singular feature had only been described in
B. rhizoxinica (Lackner et al. 2011) and may be specific
to the genus Burkholderia.
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Supporting Information

Additional supporting information may be found in the
online version of this article:

Figure S1. Detection of siderophores by CAS assays and
MALDI-ToE. Left: Burkholderia phymatum STMS85, right:
Burkholderia ambifaria AMMD. (A) CAS assays. The color
change from blue to orange indicates the presence of
iron-chelating compounds. (B) MALDI-ToF spectra. Peaks
corresponding to cepaciachelin and ornibactin are pointed
out by arrows.

Figure S2. Detection of lipopeptides produced by
Burkholderia rhizoxinica HKI 454. The strain was grown
in Landy medium. (A) Surface tension, (B) MALDI-ToE.
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A group of peaks were observed, characteristic of lipo-
peptide detection with different fatty acid chain lengths,
with mass differences of 14 Da (1522 and 1536).
Figure S3. Biological activities of Burkholderia ambifaria
AMMD. (A) antifungal activity. Burkholderia ambifaria
AMMD was inoculated as a line in front of the fungal
target on PDA medium. The fungi are mentioned under
the plates. Plates were photographed 5 days after inocula-
tion. (B) Antiyeast activity. The yeasts are mentioned under
the plates. 1: AMMD wild type, 2: ABamb_6472 mutant,
3: sterile medium, 4: ethanol 70%. (C) Hemolytic activity
on horse bood (5%) LB medium, 50 yL of supernatant
obtained after 48 h of growth were used to fill the wells.
1: AMMD wild type, 2: ABamb_6472 mutant.

Table S1. Strains, plasmids, and primers used in this study.
Table S2. Ornibactin, malleobactin, and phymabactin gene
clusters. “+” and “—” mention the relative orientation of
the genes. Numbers represent the size of the proteins (in
AA). Colors represent the role of the protein in the sidero-
phore production: green for NRPS biosynthesis, orange
for accessory enzymes, blue for uptake, red for regulation,
and yellow for unknown function.

Table S3. NRPSs of Burkholderia rhizoxinica HKI 454. A,
adenylation domain; C;, condensation between two L-
monomers; PC;, condensation between p-monomer and
r-monomer; C/E, dual condensation domain catalyzing
both epimerization and condensation; T, thiolation domain;
E, epimerization domain; Te, Thioesterase domain; “?,
nonidentified domain; LP, lipopeptide.

Protocol S1. Construction of a B. ambifaria AMMD mutant
deleted in burkholdin (Bk) synthesis. The supplementary
file describes the construction of a mutant strain deleted
in the gene bksG (Bamb_6472) to support the relationship
between the cluster bks and the production of an antifungal
compound belonging to Bk family.
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Strains, plasmids, and primers
Strains

B. ambifaria AMMD LMG 19182
B.ambifaria AMMD-Abamb_6472
B. phymatum STM815

B. rhizoxinica HKI 454
Escherichia coli WM3064
Escherichia coli DH5a

Listeria innocua 51742
Micrococcus luteus

Candida albicans ATCC10231
Saccharomyces cerevisiae
Saccharomyces cerevisiae InvScl

Botrytis cinerea R16
Fusarium oxysporum

Galactomyces geotrichum MUCL2859

Rhizoctonia solani S010-1

Plasmids
pMQ30

pMQ30A6472

Primers (5’-----> 3’)
Up6472-F
Up6472-R
Down6472-F
Down6472-R

Thése de Qassim Abdullah Ahmed Esmaeel, Lille 1, 2016

Table S1
Description

Wild type; Gm®
Mutant with deletion of NRPS gene bamb_6472

Strain for conjugation; A pir, DAP auxotroph
Host of cloning

Target for antibacterial activity

Target for antibacterial activity

Target yeast strain for fungicide testing
Wild type

Yeast strain for in vivo recombination

MAT a/MAT a leu 2/leu 2 trp 1-289/trp 1-289 ura 3-52/ura 3-52 his 3-A1/his 3-A1
Phytopathogen

Phytopathogen

Phytopathogen

Phytopathogen

7.6 kb mobilizable suicide vector used for gene replacement in pseudomonas : SacB, URA3, Gm'
pMQ30 containing two fragments of 1kb of the NRPS biosynthesis gene bamb_6472

GGAATTGTGAGCGGATAACAATTTCACACAGGAAACAGCTG CGATCCAGTACCGCGACTAC
TCGGAAGGGAATAGGTCAGC TGATCGGTGACCAGTACGTT

AACGTACTGGTCACCGATCA GCTGACCTATTCCCTTCCGA
CCAGGCAAATTCTGTTTTATCAGACCGCTTCTGCGTTCTGAT TCCTTTTGCACAGGTTGACG

Reference or source

LMG

This study

DSMZ 17167

DSMZ 19002
Saltikov and Newman, 2003
ProBioGEM lab stock
ATCC

ProBioGEM lab stock
ProBioGEM lab stock
ProBioGEM lab stock
Invitrogen

ProBioGEM lab stock
ProBioGEM lab stock
ProBioGEM lab stock
ProBioGEM lab stock

Shanks et al ., 2006
This study

This study
This study
This study
This study
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Table S2
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- mbaG  mbaH mbal mba) mba K mba L mba M mba N mba A mba B mba C mba D mba E NRPS biosynthesis
malleobactin mallei ATCC 23344 +207 +80 +338 +296 +706 +268 +342 -255 -562 0 +1732 0 +468 +741 ? 0 Accessory enzymes
malleobactin mallei NCTC 10229 +237 +80 +333 +296 +706 +268 +398 -255 -562 +3294 +1732 0 +517 +752 ? 0 Uptake
malleobactin mallei NCTC 10247 4237 +80 +333 +296 +706 +268 +398 -255 -562 +3294 +1732 0 +468 4736 ? 0 I Reculation
malleobactin mallei SAVP1 +237 +80 +338 +296 +706 +268 +398 -191 -562 +3297 +1732 0 +468 +736 ? 0 Unknown function
malleobactin phytofirmans PsJN +223 +79 +344 +288 +702 +272 +342 -95 -588 +3230 +1674 0 +456 +745 +280 0
malleobactin pseudomallei 1026b +257 +80 +338 +296 +706 +264 +342 -191 -581 +3287 +1732 0 +468 +737 +279 0
malleobactin pseudomallei 1106a +237 +80 +333 +296 +706 +268 +398 +250 -562 +3290 +1741 0 +468 +753 +279 0
malleobactin pseudomallei 11068 +237 +80 +338 +296 +706 +264 +385 -191(+123) -562 +3290 +1741 0 +468 +753 ? 0
malleobactin pseudomallei 1710a +237 +82 +338 +296 +706 +264 +342 -220(+59) -562 +1480+1908 +1739 0 +458 +753 ? 0
malleobactin pseudomallei 1710b +237 +82 +338 +296 +706 +268 +429 -267 -562 +3287(+3293) +1739(+1772) 0 +495 +737 +279 0
malleobactin pseudomallei 668 +237 +82 +338 +296 +706 +264 +398 -253 -562 +3290 +1745 0 +468 (MbaA) +753 +279 0
malleobactin pseudomallei BPCOO6 +237 +80 +338 +296 +706 +268 +398 -191(+129) -581 +3291 +1732 0 +517 +737 ? 0
malleobactin pseudomallei K96243 +207 +80 +338 +296 +706 +268 +382 -191 -581 +3290 +1748 0 +468 +753 +279 0
malleobactin pseudomallei MSHR146 +237 +80 +336 +296 +706 +268 +398 -191 -562 +3288 0 0 +468 +737 +279 0
malleobactin pseudomallei MSHR305 +237 +80 +340 +296 +706 +268 +398 -191 -576 +3292 +1736 0 +468 +737 +279 0
malleobactin pseudomallei MSHR346 +237 +80 +338 +296 +706 +268 +398 -191 -562(+59) +3300 +1739 0 +517 +737 +279 0
malleobactin pseudomallei MSHR511 +237 +80 +338 +296 +706 +268 +398 -191 -562 +3288 +1739 0 +468 +737 +279 0
malleobactin pseudomallei MSHR520 +237 +80 +340 +296 +706 +268 +398 -191 -562 +3293,6 (pseudo) +1737,3 (pseudo) 0 +468 +737 +279 0
malleobactin pseudomallei NAU20B-16 +237 +80 +338 +296 +706 +268 +398 -191 -562 +1828 +1739 0 +468 +737 +279 0
malleobactin pseudomallei NCTC 13178 +237 +80 +338 +296 +706 +268 +398 -191 -562 +3295 +1739 0 +468 +737 +279 0
malleobactin pseudomallei NCTC 13179 +237 +80 +338 +296 +706 +268 +398 -191 -562 +3300 +1738 0 +468 +736 +279 0
malleobactin thailandensis E264-1 +237 +82 +363 +302 +659 +264 +419 -191 -562 +3296 +1772 0 +504 +738 +248 0
malleobactin thailandensis E444 +237 +82 +338 +302 +706 +264 +397 -191 -562 +3296 +1763 0 +478 +738 +279 0
malleobactin thailandensis HO587 +237 +82 +338 +305 +706 +264 +397 -191 -562 +3305 +1763 0 +478 +738 +279 0
malleobactin thailandensis MSMB121 +230 +80 +338 +306 +710 +268 +354 0 -562 +3326 +1702 0 +473 +739 +279 0
malleobactin xenovorans LB400 +223 +105 +340 +288 +704 +272 +276 0 -562 +3180 +1675 0 +456 -727 +280 0
phmA phmB
phymabactin phymatum STM815 +244 +77 0 +281 +708 +264 +341 0 -597 +3224 +1659 +341 +462 0 0 0
- orbH orb G orbC orbD orbF orbB orbE orbl orb) orbK pvdA orbA  pvdF orbL

ornibactin ambifaria AMMD +222 +80 +339 +283 +697 +266 +345 0 -581 +3227 +1670 -341 +458 +750  +279 +338
ornibactin ambifaria MC40-6 +222 +80 +339 +283 +697 +266 +345 0 -581 +3227 +1669 +341 +458 +753 4279 +338
ornibactin cenocepia AU 1054 +222 +80 +335 +282 +696 +266 +341 0 -607 +3231 +1662 +343 +458 +754 +279 +338
ornibactin cenocepia HI2424 +222 80 +335 +282 +696 +266 +341 0 -607 +3231 +1662 +343 +458 +754 +279 +338
ornibactin cenocepia J2315 +222 +80 +335 +268 +696 +266 +297 0 -581 +3222 +1669 +345 +458 +755 +279 +340
ornibactin cenocepia MCO-3 +222 +80 +335 +282 +696 +266 +341 0 -607 +3221 +1665 +343 +458 +754 +279 +338
ornibactin cepacia GC4 +222 +80 +339 +290 +697 +266 +344 0 -581 +3232 +1661 +341 +458 +765 +279 +338
ornibactin lata ASM1294v1 +218 +80 +335 +282 +696 +267 +345 0 -581 +3219 +1663 +344 +458 +750 +279 +338
ornibactin multivorans ATCC 17616-1 +215 +80 +336 +280 +696 +266 +344 0 -581 +3219 +1658 +338 +454 +734 +279 +336
ornibactin multivorans ATCC 17616-2 +213 +80 +336 +280 +696 +266 +344 0 -581 +3219 +1658 +338 +454 +739 +279 +336
ornibactin sp. KI00O6 +221 +80 0 283 +703 +269 +349 0 -579 +3259 +1661 0 +437 +757 +279 +336
ornibactin vietnamiensis G4 +221 +80 +339 +283 +703 +269 +349 0 -579 +3242 +1661 0 +459 +773 +279 +336
ornibactin sp. RPE64 221 99 +334 +278 +699 +259 +283 +43? -583 +3181 +1655 0 +454 +750 +281 +319
ornibactin sp. Y123 0 0 0 0 0 0 0 0 -582 +3167 1651 0 +453 +728 +277 +303
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Table S3
putative protein
Cluster product gene genetic support NCBI annotation strand length (AA) Protein-ID domain architecture
1 LP7 RBRH_01504 plasmid pBRHO1 non-ribosomal peptide synthetase module plus 7658 YP_004021982.1 Cotart-A-T-"C-A-T-'C,-A-T-C/E-A-T-C/E-A-T-'C -A-T-C/E-A-T-Te
2 LP6 RBRH_00429 plasmid pBRHO1 non-ribosomal peptide synthetase module plus 6184 YP_004022028.1 A-T-LCL-A—T—LCL—A-T-LCL-A—T—LCL—A-T-C/E-A-T-Te
3 LP3 RBRH_00451 plasmid pBRHO1 non-ribosomal peptide synthetase module plus 181 YP_004022050 Cstarter
RBRH_00452 plasmid pBRHO1 non-ribosomal peptide synthetase module plus 2773 YP_004022052.1 A-T-LCL-A-T—C/E-A—T-Te
4 LP4 RBRH_00484 plasmid pBRHO1 non-ribosomal peptide synthetase module plus 4512 YP_004022085.1 Csla"E,-A-T-C/E-A»T»LCL-A-T-C/E-A»T»Te
5 LP3 RBRH_00572 plasmid pBRHO1 non-ribosomal peptide synthetase module minus 227 YP_004022168.1 T
RBRH_00574 plasmid pBRHO1 peptide synthetase minus 799 YP_004022169.1 ?-A
RBRH_00575 plasmid pBRHO1 Carveol dehydrogenase minus 274 YP_004022170.1 KR
RBRH_00576 plasmid pBRHO1 thioesterase minus 237 YP_004022171.1 Te
RBRH_00578 plasmid pBRHO1 non-ribosomal peptide synthetase module plus 2515 YP_004022173.1 Csme,—A-T-LCL-A—T-Te
6 LP3 RBRH_00622 plasmid pBRHO1 non-ribosomal peptide synthetase module plus 2505 YP_004022223.1 CS(ME,-A-T-C/E-A»T»LCL
RBRH_04248 plasmid pBRHO1 non-ribosomal peptide synthetase module plus 394 YP_004022224.1 A
RBRH_00623 plasmid pBRHO1 non-ribosomal peptide synthetase module plus 402 YP_004022225.1 T
7 LP2 RBRH_00274 plasmid pBRHO1 non-ribosomal peptide synthetase module plus 2537 YP_004022375.1 ?-A-T-C/E-A-T-Te
8 LP3 RBRH_00260 plasmid pBRHO1 non-ribosomal peptide synthetase module minus 3431 YP_004022385.1 Csla((E,-A-T-LCL-A-T-C/E-A-T-TE
9 LP6 RBRH_01792 plasmid pBRHO1 non-ribosomal peptide synthetase module minus 6591 YP_004022432.1 Cotarter-A-T-"Cl-A-T-"Cl-A-T-"C,-A-T-"C-A-T-"C-A-T-Te
10 LP8 RBRH_04314 plasmid pBRHO1 non-ribosomal peptide synthetase module minus 1407 YP_004022559.1 T-LCL-A-T-TE
RBRH_02787 plasmid pBRHO1 non-ribosomal peptide synthetase module minus 4500 YP_004022560.1 A-T-'C-A-M-T-'C,-A-T-C/E-A-M
RBRH_04279 plasmid pBRHO1 non-ribosomal peptide synthetase module minus 4100 YP_004022561.1 Csla((E,-A-M-T-C/E-A-T-LCL-A-T-LCL
11 LP RBRH_02642 chromosome 1 Non-ribosomal peptide synthetase modules plus 2133 YP_004029261.1 A-M-T-C/E
RBRH_04173 chromosome 1 Non-ribosomal peptide synthetase modules plus 872 YP_004029262.1 A-T-LCL
12 LP8 RBRH_03984 chromosome 1 Non-ribosomal peptide synthetase modules minus 3538 YP_004029595.1 T'C-A-T-C/E-A-T-'C-A-T-Te
RBRH_04313 chromosome 1 Non-ribosomal peptide synthetase modules minus 2340 YP_004029596.1 T-'C-A-T-C/E-A
RBRH_03867 chromosome 1 Non-ribosomal peptide synthetase modules minus 2865 YP_004029597.1 Cm,te,—A-T'LCL-A—T—C
RBRH_03865 chromosome 1 hypothetical protein plus 118 YP_004029598.1 T
RBRH_03864 chromosome 1 D-alanine-activating enzyme plus 534 YP_004029599.1 A
13 LP10 RBRH_01506 chromosome 1 Non-ribosomal peptide synthetase modules plus 5791 YP_004029720.1 A-T-C/E-A-T-C-A-M-T-'C-A-T-'C-A-T-Te
RBRH_04125 chromosome 1 Non-ribosomal peptide synthetase modules minus 1086 YP_004029722.1 A-T-Te
RBRH_00209 chromosome 1 Non-ribosomal peptide synthetase modules minus 4454 YP_004029723.1 Cs,a,‘e,—A—T—C/E—A—T—LCL—A—T—LCL—A—T
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Protocol S1
Protocol S1- Construction of a burkholdin deleted mutant of B. ambifaria AMMD

To identify the cluster dedicated to antimicrobial and haemolytic activity, we constructed a
burkholdins-deficient mutant, B.ambifaria AMMD-Abamb 6472, by deleting a 9,530-bp
fragment within the burkholdins—encoding gene bamb_6472.

1- Construction of pMQ30-A6472

The allelic replacement vector PMQ30 was used for mutant construction. Two regions of the
NRPS gene bamb_6472 were amplified using primers Up6472-F and Up6472-R (1,015 bp
amplicon) and primers Down6472-F and Down6472-R (887 bp amplicon), respectively. These
primers contained recombination sites for the plasmid. The PCR mix consisted of 25 uL of PCR
Master Mix (Thermo Scientific Fermentas), 10 uL Q-solution (Qiagen), 1.25 uL of each primer
(each at 20 uM), 7.5 puL water and 5 pL of genomic DNA. The reaction mixture was subject to
the following thermal cycles: one cycle at 94°C for 3 min; 30 cycles (94°C, 30 s; 60°C, 45 s;
72°C, 2 min) and a final extension step at 72°C for 10 min. Plasmid pMQ30 was purified using
GeneJet plasmid miniprep kit (Thermo Scientific Fermentas). A 5 uL sample was checked on a
1% agarose gel. Subsequently, the purified plasmid was digested by a mix of 9.5 uL milliQ
water, 4 uL Tango yellow buffer (2 x), 5 uL plasmid pMQ30, 1 uL BamHI and 0.5 pL EcoRl.
The mix was incubated for 2 h at 37°C. 5 uL of the plasmid digest was checked on 1% agarose

and the concentration of the digest was also measured.

2- Invivo cloning in S. cerevisiae InvScl

The PCR products of bamb_6472 were cloned flanking each other through in vivo homologous
recombination in the yeast, S. cerevisiae InvScl.,grown overnight in yeast peptone dextrose
(YPD) at 30°C. Then, 0.5 mL culture was centrifuged for 1 min at 3,000 rpm. The cells pellet
was washed with 0.5 mL lazy bones solution and the following was added to the mix: 20 uL of
carrier DNA (2 mg/mL), 45 uL of each PCR products UP and DOWN, 5 uL digested pMQ30
plasmid. The mix was homogeneized for 1 min on a Vortex and incubated overnight at room
temperature. The mixture was subjected to heat shock for 12 min at 42°C. Then, cells were
centrifuged for 1 min at 3,000 rpm, washed with 0.6 mL of TE buffer and the resulting pellet was

further redissolved in 0.6 mL of TE buffer, and the cells were plated on SD-uracil medium.
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Further, plasmid was isolated using miniprep kit (Fermentas). 10 uL of the eluted plasmid was

checked on 1% agarose gel.

3- Construction of AMMD- deficient mutant

Plasmid pMQ30-A6472 was introduced into E. coli WM3064 by electroporation. 2 ul of pMQ30
A6472 was added to 50 ul of thawed E. coli WM3064 competent cells. Mix was transferred to an
electroporation cuvette and electroporated at 2.5 k\V//200 ohms/25 uF. Electroporated cells were
transferred into 1 ml of LB containing 2% of glucose and incubated in a rotary shaker for 1 h at
37°C. The cells were plated on LB containing 20 pug/ ml of gentamicin sulfate and 100mg/L of
DAP (Diaminopimelic acid). Colony PCR was conducted using primers Up6472-F and
Down6472-R to confirm the success of electroporation.

The plasmid was mobilized into B. ambifaria AMMD by conjugation. The donor strain E. coli
WM3064+pMQ30-A6472 were grown in LB broth containing Gm 20 pg/ml and DAP 100mg/L.
The acceptor strain, AMMD, was grown without antibiotics. The cells were centrifuged for 2
min at 5000 rpm, the supernatant was discarded and the cells were washed with 1. 5 ml LB. For
conjugation, 200 ul of acceptor strain was mixed with 200 puL of donor strain. This mix was
spotted on LB plates containing 100 mg/L DAP, dried, and then plates were incubated overnight
at 37 °C. Cell mass were then collected and suspended in 1 ml LB. For each conjugate, dilutions
up to 10-3 were performed, plated on LB containing gentamicin 300 pg/ml and incubated
overnight at 37 °C. Colonies were streaked on new LB plates with gentamicin 300 pg/ml.
Colony PCR was performed to confirm the presence of the plasmid in merodiploid strain (cell
containing plasmid) using primers Up6472-F and Down6472-R. One colony was cultured on LB
and incubated overnight at 37 °C in a rotary shaker. Culture was diluted up to 10-5 and 100 pl
were plated on LB containing 10% sucrose. Selected colonies were streak out on new LB plates

without gentamicin.
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Figure S2-1: Knock-out mutant for burkholdins/ occidiofungin production in B. ambifaria AMMD
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Colony PCR of these colonies was carried out using primers Up6472-F and Down6472-R to
confirm and detect deleted mutants Fig. S5-2.
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Fig. S2-2: Colony PCR analysis to confirm the
KB deletion of bamb_6472 gene in the second
recombination.
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Fig. S2-3 : MALDI-ToF detection of burkholdin produced by B. ambifaria AMMD
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phylogenic group Burkholderia species Lifestyle in si i antifungal Lipopeptides Unknown products
mallei B. thailandensis MSMB121 6.73| 2 0 |Saprophytic, human pathogen (rare)
mallei B. thailandensis HO587 6.77| 2 0 |Saprophytic, human pathogen (rare) Xmol Xmo2 Xmol Xmo2
mallei B. thailandensis E264 6.72| 2 | 0 |Saprophytic, human pathogen (rare) Xmo1l Xmo2 Xmo1l Xmo2
mallei B. thailandensis E444 6.65| 2 0 |Saprophytic, human pathogen (rare) Xmol Xmo2 Xmol Xmo2
mallei B. thailandensis 2002721723 6.58 | 2 | 0 |Saprophytic, human pathogen (rare) Xmo2 Xmo1l Xmo2
mallei B. pseudomallei NCTC 13179 734 2 0 |Human pathogen Xmol Xmo2 Xmo2 Xmol Xmo2
mallei B. pseudomallei MSHR305 7.43 | 2 | 0 |Human pathogen Xmo1l Xmo2 Xmo1(11) Xmol Xmo2 Xmol
mallei B. pseudomallei MSHR520 7.45| 2 0 |Human pathogen Xmo2 Xmo2(9) Xmol Xmo2 Xmo1l
mallei B. pseudomallei K96243 7.25| 2 | 0 |Human pathogen Xmo1l Xmo2 Xmo2 Xmol Xmo2 Xmol
mallei B. pseudomallei 1710a 733 2 0 |Human pathogen Xmol Xmo2 Xmo2 Xmol Xmo2 Xmo1l
mallei B. pseudomallei 668 7.04 | 2 | 0 |Human pathogen Xmo1l Xmo2 Xmo2(5) Xmol Xmo2 Xmol
mallei B. pseudomallei 1710b 731 2 0 |Human pathogen Xmol Xmo2 Xmo2 Xmol Xmo2 Xmo1l
mallei B. pseudomallei NAU20B-16 7.31| 2 | O |Human pathogen Xmol Xmo2 Xmo2(7) Xmol Xmo2
mallei B. pseudomallei 1106b 7.21| 2 | 0 |Human pathogen Xmol Xmo2 Xmo2 (S) Xmol Xmo2 Xmol
mallei B. pseudomallei 1106a 7.09| 2 0 |Human pathogen Xmol Xmo2 Xmo2 Xmol Xmo2 Xmol
mallei B. pseudomallei 1026b 7.23| 2 0 |Human pathogen Xmol Xmo2 Xmo2 Xmol Xmo2 Xmol
mallei B. pseudomallei MSHR511 7.32| 2 | 0 |Human pathogen Xmo1l Xmo2 Xmo2(10) Xmo1l Xmo2 Xmo1(S)
mallei B. pseudomallei BPCO06 7.16 | 2 0 |Human pathogen Xmol Xmo2 Xmo2 Xmol Xmo2 Xmol
mallei B. pseudomallei MSHR146 7.31| 2 | O |Human pathogen Xmo1l Xmo2 Xmo2 Xmo1l Xmo2 Xmo1(S)
mallei B. pseudomallei NCTC 13178 7.39| 2 | 0 |Human pathogen Xmol Xmo2 Xmo2(10) Xmol Xmo2 Xmol
mallei B. malle i NCTC 10229 574 2 0 [Human and Animal pathogen Xmol Xmo2(4) Xmol
mallei B. mallei SAVP1 523 2 0 |Human and Animal pathogen Xmol
mallei B. mallei NCTC 10247 5.85| 2 | 0 |Human and Animal pathogen Xmo1l
mallei B. malle i ATCC 23344 584 2 0 |Human and Animal pathogen Xmol Xmo2(4)
Bcc B. multivorans ATCC 17616 7.01| 3 | 1 |Human pathogen Xmo1l
Bcc B. multivorans ATCC 17617 7.01| 3 1 [Human pathogen Xmo2
Bcc B. sp . KJOO6 6.63| 3 1 |Biocontrol, mutualist Xmol Xmo3
Bcc B. cepacia GG4 6.47 | 2 0 |Bioremediation, Human pathogen Xmol
Bcc B. cenocepacia HI2424 7.70| 3 1 [Human pathogen Xmol Xmo2
Bcc B. cenocepacia AU 1054 728 3 0 |Human pathogen Xmol Xmo2
Bcc B. cenocepacia 12315 8.06| 3 1 [Human pathogen Xmo1l Xmo2 (P)
Bcc B. cenocepacia MCO-3 797 | 3 0 |plant pathogen, human pathogen Xmol Xmo2
Bcc B. lata ASM1294v1 8.68| 3 0 |Human pathogen Xmol Xmo2
Bcc B. ambifaria AMMD 753 [ 3 1 [Biocontrol Xmol Xmol Xmo3
Bcc B. ambifaria MC40-6 764 | 3 1 |Human pathogen Xmol
Bcc B. vietnamiensis G4 839 3 5 |mutualist, human pathogen Xmol
others B. glumae BGR1 7.28 | 2 | 4 |plant pathogen Xmo2 (LP7) Xmo2 (4a + 4b)
others B. gladioli BSR3 9.05| 2 | 4 |plant pathogen Xmo2 (LP7 + LP5) Xmol |Xmo2 (4a +4b)
others B. xenovorans LB400 9.73| 3 | 0 [Mutualist Xmo2
others B. sp. CCGE1003 7.04| 2 | 0 |Mutualist Xmo1
others B. sp. CCGE1001 6.83| 2 | 0 [Mutualist Xmol
others B. rhizoxinica HKI 454 375 1 | 2 [Mutualist [ (13 LPs)
others B. sp. CCGE1002 7.88| 3 | 1 [Mutualist ]
others B. phymatum STM815 8.68 | 2 | 2 |Mutualist, Nitrogen fixation Xmo2
others B. sp. YI23 890 3 3 |Bioremediator Plasmid Xmo3(6) Xmo3
others B. phytofirmans PsJN 8.21| 2 | 1 |Biocontrol Xmo2
others B. sp. RPE64 6.96 | 3 | 2 |Mutualist Plasmid
others B. phenoliruptrix BR3459a 7.65| 2 | 1 |Mutualist
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B. Norine: a powerful resource for novel nonribosomal peptide discovery
The search for novel microbial secondary metabolites has been motivated by the need for new
effective agents that can influence the growth of other microorganisms. NRPs represent a wide
diversity of natural compounds with different biological activities potentially exploited by
industries in diverse areas such as phytosanitary sector, cosmetics or health. Many of these
compounds can be discovered using bioinformatic tools. With this aim, availability of a tool
gathering all known NRPs as the Norine database, was very useful in the identification of natural
compounds as NRPs.
Norine is a bioinformatic resources that include the unique database dedicated to NRPs,
associated with computational tools for their analysis. It currently contains more than 1100
peptides annotated based on their monomeric structure. It allows structure comparison of NRPs
and help the prediction of the biological activities of a given NRP. With the aim to facilitate the
process of entering NRPs into the database, My Norine, an interface for peptide submission and
modification by contributors/curators, has been developed recently to facilitate the entry of new
peptides and enrich the database.
Although the structure of cepaciachelin, a siderophore produced by B.ambifaria AMMD, has
been known for more than twenty years (Barelm | 1996), surprisingly the mechanism of
synthesis was not yet reported. In the course of a search of B.ambifaria AMMD genome for gene
cluster encoding novel NRPS cluster, a cluster of 8 genes encode for cepaciachelin was
identified. It is a small compound composed of only 4 monomers: one lysine is bond to one
putrescin and two residues of di-hydoxy-benzoic acid (noted Dhb or diOH-bz). This cluster
include a gene for a TonB-dependent receptor, genes to build up a diOH-bz monomer and two
nrps genes allowing the incorporation of a diOH-bz and a lys.
In the current work, cepaciachelin was used as a study case for peptide submission in Norine
database. In the first step, | introduced cepaciachelin such as in Norine database with a putative
status following the identification of the synthetic pathway including nrps gene (as described in
the preceding paragraph), | changed the status into curated. The attributed Norine ID was
NORO01254. Cepaciachelin represents the fifth curated diOH-bz containing peptide with a

siderophore activity annotated in the Norine database.
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This user case was described in the following article published in the first issue of a journal
named Synthetic and Systems Biotechnology, in response to the Editor Tilmann Weber’s

invitation.

Norine: a powerful resource for novel nonribosomal peptide discovery
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Since its first release in 2008, Norine remains the unique resource completely devoted to nonribosomal
peptides (NRPs). They are very attractive microbial secondary metabolites, displaying a remarkable di-
versity of structure and functions. Norine (http://bioinfo.lifl.fr/NRP) includes a database now containing
more than 1160 annotated peptides and user-friendly interfaces enabling the querying of the database,
through the annotations or the structure of the peptides. Dedicated tools are associated for structural

comparison of the compounds and prediction of their biological activities. In this paper, we start by de-
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scribing the knowledgebase and the dedicated tools. We then present some user cases to show how useful
Norine is for the discovery of novel nonribosomal peptides.

© 2016 The authors. Production and hosting by Elsevier B.V. on behalf of KeAi Communications Co., Ltd.
This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-

nc-nd/4.0/).

1. Introduction

Nonribosomal peptides (NRPs) are attractive natural compounds
because of their numerous biological activities potentially exploited by
industries in diverse areas such as phytosanitary sector, cosmetics or
health. They are produced by microorganisms (including bacteria
and fungi) through specialized biosynthetic pathways. NRPs are
biosynthesized by enzymatic modular complexes called NonRibosomal
Peptide Synthetases (NRPSs) working as multidomain assembly lines.!
The mode of synthesis leads to the production of compounds display-
ing a broad range of structures. Indeed, if some of them look like classical
peptides because they are linear, most of them are more complex, in-
cluding one or more cycles and branches. Moreover, those peptides are
composed of monomers that are not limited to the 20 proteinogenic
amino acids. Up to now, we have identified more than 530 building
blocks composing the different NRPs. The structural biodiversity is also
due to the monomer modifications occurring during the synthesis made
by the NRPSs themselves or performed post synthesis by accessory
enzymes (also named tailoring or decorating enzymes). Famous ex-
amples for NRPs are the antibiotics penicillin,? bacitracin and

* Corresponding author. Univ Lille, ICV, Charles Viollette Institute, PrBioGEM team,
Polytech’Lille, Avenue Langevin, Villeneuve d’Ascq Cedex F-59655, France. Tel.: +33
32043 46 68.

E-mail address: valerie.leclere@univ-lille1.fr (V. Leclére).
Peer review under responsibility of KeAi Communications Co., Ltd.

http://dx.doi.org/10.1016/j.synbio.2015.11.001

vancomycin,’ or the immunosuppressor cyclosporine.* In addition, some
NRPs show antitumor activity such as Dactinomycin.” A current wor-
rying public health issue is to find and develop new drugs to overcome
multi-resistant pathogens. Therefore, it is important to develop bioin-
formatics tools for secondary metabolite discovery, such as antiSMASH®
and tools especially dedicated to NRPSs and NRPs, such as Florine,”
NaPDos,® and Norine.'° The development of Norine was first moti-
vated by the availability of computational tools allowing structure
comparison of all NRPs,!! in spite of their complexity. For this purpose,
we needed a database gathering all known NRPs, annotated accord-
ing to their monomeric structure (i.e. monomer composition and 2D
topology). Until now, the Norine team screened the literature to enter
new peptides and annotated them manually. To get a more complete
database, we have recently opened it to crowdsourcing through an easy-
to-use web-based application.!® Moreover, a semi-automatic process
to extract data from external sources is currently under development.

2. The Norine database
2.1. Description and querying

Norine is a platform that includes the unique database dedi-
cated to NRPs, associated with computational tools for their analysis.
It has gained an international recognition thanks to high quality and
manually curated annotations. Containing about 700 annotated NRPs
for its first release in 2008, Norine database now contains more than
1160 NRPs that are clustered into 214 families, and composed of

2405-805X/© 2016 The authors. Production and hosting by Elsevier B.V. on behalf of KeAi Communications Co., Ltd. This is an open access article under the CC BY-NC-

ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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at least 530 distinct monomers. Among the peptides, 73.5% are
tagged with the “curated” status, which means that their
nonribosomal origin is supported experimentally (for example due
to identified NRPS) while 26.5% are annotated with “putative” status
due to only presumed nonribosomal origin (often based on struc-
tural features). Two thirds of the peptides are cyclic or partially cyclic
or contain at least one cycle. The sizes of the peptides range from
2 to 26 monomers, if polytheonamide is excluded, which was de-
scribed as being the biggest NRP with 49 monomers for a long time
but recently was identified to be an RiPP (Ribosomally synthe-
sized and post-translationally modified peptide).'? Thus, in the near
future, a third category will be created to tag all deprecated pep-
tides when the hypothetical NRPS origin is finally excluded.

Each peptide page includes a comprehensive description of the
peptide with the name, activities and structural atomic and mo-
nomeric details. The monomeric structure can be automatically
obtained through the integrated smiles2monomers tool (s2m) when
SMILES are available.*> When identified, links to UniProt (for syn-
thetases), PDB and PubChem (for structural data on the peptides)
are provided. Moreover, a direct link to the NRPS gene clusters an-
notated in MIBiG'* will be added soon.

Norine is queried from all over the world by biologists and bio-
chemists to further analyze the nonribosomal peptides they study.
For example, Desriac et al."” queried Norine to predict the antibac-
terial activity of a putative NRP produced by Pseudoalteromonas, while
Bills et al.’® used Norine to investigate the structural differences
between bacterial and fungal NRPs. Indeed, for this purpose, the

A Putatif/curated report

putative: 8 (5.7 %)
curated: 132 (94.3 %)

Structures

linear: 46 (32.9 %) partial cyclic: 84 (60.0 %)
Il branched: 2 (1.4 %) Il cyclic: 8 (5.7 %)

B Sizes repartition

Norine platform provides visualization and editing applets for mo-
nomeric structure as well as tools to compare monomeric structures.
Currently, Norine can be queried either by annotations (through
“general search” tab) or by structural information (through “struc-
ture search” tab) of the peptides.

2.1.1. General search

Norine provides a basic interface that enables to query the da-
tabase and search for peptides by combining multiple criteria, such
as the name of the peptide, the Norine ID, the biological activities,
the structure type, the producing organism, or the title or authors
of references associated to the NRP. The main advantage of this in-
terface is that it allows users to extract data and get statistics
according to different criteria. For example, one can query for all
siderophores produced by “any bacteria” (check “siderophore” in
the “activity” field and enter “bacteria” in the “organism search”
field), or all peptides with a linear structure, or simply search for
all NRPs produced by the genus “Pseudomonas” (enter “pseudomo-
nas” in the “organism search” field) (see the results in Fig. 1). The
first output is a list of all the peptides corresponding to the crite-
ria selected, classified by families. A click on a peptide name directs
to the peptide page containing all details on the compound. More-
over, a click on the pie chart icon located above the list of results
provides graphical output (Fig. 1). Pie charts and diagrams enable
to filter the obtained results in order to refine them, by clicking on
a slice, for example by structure type or monomers size.

Class

* due to the dual category of some peptide, the total may
be higher than the real number of peptides

chromopeptide: 55 (39.3 %)
Il PK-NRP: 9 (6.4 %)

peptide: 6 (4.3 %)
M lipopeptide: 70 (50.0 %)

Activities

+ due to the dual activity of some peptide, the total may
be higher than the real number of peptides

siderophore: 61 (30.5 %)
Ml toxin: 27 (13.5 %)
Il antibiotic: 65 (32.5 %)

protease inhibitor: 1 (0.5 %)
Il surfactant: 46 (23.0 %)

Number of monomers in the peptide

Fig. 1. Graphical output provided with Pseudomonas query in “organism search” form. (A) Pie charts representing the percentages of the nonribosomal peptides produced
by Pseudomonas, according to their status, their class, their structure types and their activities. (B) Histogram representing size distribution of the peptides produced by

Pseudomonas. For lipopeptides, the fatty acid is considered as one monomer.
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2.1.2. Structure search

In addition to search through annotations, Norine proposes ef-
ficient structure search tools based on different algorithms:
monomeric composition fingerprint (MCFP),"” structure-based search
for pattern comparison and similarity-based search.''® These enable
to find peptides containing a given list of monomers or a given 2D-
pattern for structural comparisons. In Norine, a specific syntax is
used (the NOR format) to describe the two-dimension graph of an
NRP, taking into account the topology of the molecule (linear, cyclic,
branched, etc.). In the string representation used by the computa-
tional tools (i.e. “Val,Orn,Leu,D-Phe,Pro@1@0,2@1,3@2,4@3”), the
monomers are listed, separated by commas; the @ character sym-
bolizes the links between numbered monomers (explained in more
details in the “structure search” part of the help tab). However, in
most use-cases the string can be automatically generated with the
graphical editor applet provided in the structure search form. Users
only have to draw a peptide (or fragments of a peptide) by picking
the monomers in the list proposed on the left side, and connect-
ing the monomers, once they are placed on the drawing area. Fig. 2
illustrates an example of structure search results obtained for the
linear peptide “Val_Orn_Leu_D-Phe_Pro” using the representation
in NOR format generated by the graphical editor.

Advantages of structure-based search are manifold. First, using
the graph representation of an NRP in Norine structure-based search
tools enables to find similar NRPs that can be variants, or identical
compounds from a structure point of view independent of their
names/annotations. Second, we are convinced that the diversity of

Graphical editor

peptide(s) containing the structural pattern: Val,om,Leu,D-Phe Pro@1@0,2@1,3@2.4@3
Open the graphical editor [?]
fpro

A Prot

= 4oxo-Pro

= 40x0-5Me-Pro
4Me-Pro
D-Pro
5Me-Pro
40H-Pro
30H-Pro

= 30H-5Me-Pro
Ac-Pro

= 3Me-Pro

= Pro

= ProC

= NFo-Pro

= Cl2-Pro
= D-40H-Pro

] Clear

| Redraw | Clear {Val.Orn,Leu,D-Phe. Pro@1@0.2@1,3@2.4@3| Close |

3) Similarity-based search

Results are sorted according to columns value from left to right.

the biological activities of NRPs comes from their monomeric com-
position and the diversity of their structures.'® That is the reason
why the structure-based search tools can help predict biological ac-
tivities of an NRP. Indeed, similar NRPs probably share common
properties such as their known activities. Finally, the structure com-
parison tools may be helpful to annotate NRPS coding genes/
clusters within a microorganism genome sequence. Indeed, peptides
with similar monomeric structures may be produced by NRPSs with
close modular organization.

Examples presented below further illustrate the different use
cases.

2.2. Norine database is now open to crowdsourcing

With the development of high throughput technologies dedi-
cated to the screening of secondary metabolites, the number
of published descriptions of new NRPs is increasing exponen-
tially. Considering that researchers are the best experts to annotate
the NRPs they are working on, we have decided to open Norine
to crowdsourcing.’® We have facilitated the process of entering
NRPs into the database by developing an interface for peptide
submission and modification by contributors/curators. In order to
use this MyNorine interface, users firstly register by creating an
account. Standardized forms are provided to submit new peptides
or update records for existing peptide entries. The entered data are
thereafter reviewed by validators of the Norine team. That process
is crucial to ensure that peptides stored in Norine are expert

1) Monomer composition fingerprint

Results are sorted according to columns value from left to right.

distance 7 peptide .~ 7 download
0.802 gramicidin S v
0712 gratisin v
0.585 tyrocidine A v
0.585 tyrocidine B v
0.500 tyrocidine C v
0.500 tyrocidine D v
0.480 sxinastatin 4 vd
0.480 axinastatin 2 td
0.488 axinastatin 5§ d
0.488 hymenamide G v
0.488 hymenamide H v

2) Structure-based search

distance »~ 57 common monomers /57 peptide 57
0.500 5 gramicidin S v
0.500 5 tyrocidine A v
0.500 5 tyrocidine B 7
0.500 5 tyrocidine C v
0.500 5 tyrocidine D 4
0.571 3 axinastatin 4 4
0.571 3 hymenamide F v
0.583 5 gratisin v
0.800 2 malformin B2 v
0.800 2 malformin B3 L
0.600 2 malformin C v

download

peptide . 5 download
gramicidin S ¥
gratisin |#
tyrocidine A v
tyrocidine B 4
tyrocidine C 4
tyrocidine D |#

Fig. 2. Structure search results. Screenshots of the results obtained using the linear pentapeptide “Val_Orn_Leu_D-Phe_Pro” as a pattern (drawn as graph and transformed

in NOR format by the graphical editor) for structural comparison.
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validated as this guarantees the quality of the data. The contribu- motif. This example shows that the structure comparison of the final

tions will help enrich the Norine database. The contributors will be peptide may give insights into the biosynthetic pathway and thus

mentioned as the authors of the entry. contributes to the prediction of the modular organization of its pro-
ducing NRPS. This can facilitate the identification of the genes or

3. Use cases clusters directly involved in the production of such metabolites using

genome-mining approaches.
3.1. Identification of novel CLPs produced by Pseudomonas CMR12a
3.3. Cepaciachelin: from putative to curated status
With the aim of discovering new cyclic lipopeptides (CLPs) with
potential biocontrol activity, a combination of chemical structure Twenty years ago, the structure of a siderophore produced by

analysis and in silico analysis of the genes encoding NRPSs was gy .kholderia ambifaria strain PHP7 (LMG 11351) was elucidated.??
carried out on Pseudomonas CMR12a.'® The strain was shown to It is a small compound composed of only 4 monomers: one lysine

produce two components originally named CLP1 and CLP2 with 18 ¢ hond to one putrescine and to two residues of di-hydroxy-
and 10 amino acid monomers within the peptide backbone, re-  hap;gic acid (abbreviated Dhb or diOH-Bz). For siderophores a
spectively. The structures of both compqunds Were.eluc1c.lated a.nd nonribosomal origin can not be systematically attributed because
compared to the structgre of all the pept.ldes stored in Nor}ne, using some of them, like anguibactin or enterobactin,* are synthesized
the “structure search” interface. A peptide named orfamide B was by NRPSs, whereas others, like desferrioxamine, are built up by
identified in the database that matched exactly to the peptide se- other enzymes.?* During a genome-mining analysis, we have iden-
quence of CLP2 (Fig. 3). CLP1 was identified as being a new member tified a gene cluster within the genome of B. ambifaria AMMD that
. S . i
of the tolaasin group,” displaying only one substitution on the is responsible for the cepaciachelin production (personal commu-
monomer at position 6 (Fig. 3). Thus, th.e tolaasin group, which com- nication). Norine was directly queried with the NRP sequence
prises at least 11 CLPs produced by different Pseudomonas strains predicted by antiSMASH, resulting in a hit against cepaciachelin. As
(7 tolaasins, 2 corpeptins and 2 fuscopeptins), was extended with  ere js a functional confirmation that cepaciachelin is indeed an
this new member, named sessilin according to its involvement in NRP, the status Norine entry now could be updated from “puta-
biofilm formation.” This example demonstrates the relevancy of  tjye” tg “curated” (Norine ID = NOR01254). Cepaciachelin represents

structure search tool of the Norine resource to evaluate the novelty the fifth curated diOH-Bz containing peptide with a siderophore ac-
of peptides detected during a screening for active secondary tivity annotated in the Norine database.

metabolites.
3.2. Gratisin shares a pattern with the well-known gramicidin S 4. Conclusion
Norine (http://bioinfo.lifl.fr/NRP) is a freely available and unique
resource dedicated to nonribosomal peptides (NRPs).'° A user-
friendly interface allows easy browsing, annotation, structure
searching and downloading of the NRPs and their monomers. To
discover new natural products, Norine may be the final step of a
workflow, which is aimed at detecting the potential for new NRP
biosynthesis from genomic data.” In case where compounds are iden-
tified as being new NRPs or variants of an existing family, researchers
can now submit them directly to Norine with the easy-to-use
MyNorine interface. The scientific community will contribute to and
benefit from the enriched resource, improving the screening for NRPs
with biological or medical applications.

Gratisin is an undecapeptide with antibiotic activity produced
by Brevibacillus brevis formerly named Bacillus brevis Y-33. Consid-
ering its primary cyclic structure,?! including a D-enantiomer of
phenylalanine, and the presence of the nonproteogenic amino-
acid ornithine, it was assumed to be nonribosomally synthesized.
An entry was created in the Norine database with a “putative” status
because no NRPS associated with gratisin biosynthesis was known.
The structure-based search returned 5 peptides sharing a pattern
constituted of the pentapeptide motif “Val,Orn, Leu, D-Phe, Pro”. All
the 5 peptides display antibiotic activity and are produced by Ba-
cillus strains: four belonging to tyrocidin family (tyrocidins A, B, C
and D) and the fifth one is the decapeptide gramicidin S (Fig. 2), in
which the same pattern is repeated twice due to an iterative mode
of biosynthesis'?? (Fig. 4). Even if the synthetase has not yet been Acknowledgments
identified in any sequenced Bacillus genome, we can guess that
gratisin is nonribosomally synthesized with an NRPS also using an The authors are grateful to University of Lille 1, Inria-Lille Nord
iterative mode of biosynthesis because it also contains a repeated Europe, and bilille plateform for their financial support.

CLP1/sessilin C8:0-0OH(3)-dhAbu-Pro-Ser-Leu-Val Leu-Val-Val-GIn-Leu-Val-dhAbu-aThr-lle-Hse-Dab-Lys

Tolaasin C8:0-OH(3)-dhAbu-Pro-Ser-Leu-Val Leu-Val-Val-GIn-Leu-Val-dhAbu-aThr-lle-Hse-Dab-Lys

I j

CLP2 ,,,r""E:14:1—OH(§)§Leu— Glu-aThr-Val-Leu-Ser-Leu-Leu-Ser-Val

Orfamide B \“A;,“C14:O—OH(3)A""Leu» Glu-aThr-Val-Leu-Ser-Leu-Leu-Ser-Val

Fig. 3. Structural comparison of sessilin and CLP2 produced by Pseudomonas CMR12a with tolaasin and orfamide. The monomers have been aligned, the full lines repre-
sent the cyclization within the peptidic part. The variable amino acids in the peptide moiety are in bold and surrounded, small variability within the acyl moiety is highlighted
by a dotted circle.
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C. Non ribosomal peptides and polyketides of Burkholderia as a new source of

bioactive compounds potentially implicated in agriculture and pharmaceutical

Burkholderia are soil bacteria able to use a wide range of organic compounds and produce a
wide range of potent natural products including NRPs and polyketides with a great interest of
uses as antibiotics, biocontrol agents, anticancer, and toxins.

Bacterial genome mining via in silico analysis offers an attractive opportunity of discovering
new secondary metabolites such as nonribosomal peptides (NRPs) and Polyketides (PKs) (Van
Lanen and Shen 2006). Thus, the availability of whole genome sequences of burkholderia
species and computing abilities such as multiple sequences alignment have allowed the
identification of an important number of NRPS and PKS genes clusters that are responsible for
the synthesis of many natural products.

Due to their wide geographical distribution and versatile ecological properties including their
significance role as pathogenic, plant promoting growth, and biocontrol, Burkholderia have
received a lot of scientific attentions in recent years to be investigated in more details as
producers of new non ribosomally peptides and polyketides potentially involve as new sources of
many natural products.

During the comprehensive screening of NRPS gene clusters in 48 gapless complete genomes of
Burkholderia; many hybrid clusters NRPS-PKS, involved in the synthesis of many natural
compounds, were detected. For that reason, the current review aimed to deal with all the
potential NRPs and polyketides discovered from Burkholderia by genome mining approaches.
Their antagonistic activities on other organisms including pathogenic fungi and bacteria are also
included as well as their positive effect on plant growth and their potential uses in agriculture and
pharmaceutical sectors are also discussed.

The review presented in the following section completes the previous paragraph focused on

siderophores and lipopeptides.
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Abstract

Burkholderia are soil bacteria able to use a wide range of organic compounds and produce a
several secondary metabolites. Among these, NonRibosomal Peptides (NRPs) and PolyKetides
(PKs) are commonly synthesized in a ribosome- independent way via modular megaenzymes
called NRPS and PKS. The aim of this review is to highlight all the modular gene clusters found
in 48 strains of Burkholderia that are directly implicated in the biosynthesis of NRPs and PKs.
The screening was performed in silico following the strategy including Florine workflow we
have developed with this aim. Thus, 228 gene clusters were detected, among them, 31% are
likely to produce siderophores, 15% showed the typical organization of different lipopeptides
assembly lines, and 54% may be involved in synthesis of other products through NRPS or typical
hybrid NRPS-PKS complexes. Their biological activities and potential uses in agriculture and

pharmaceutical were also discussed.

Key words: Burkholderia, secondary metabolites, PKS, NRPS, Florine, Lipopeptides
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1. Introduction

The genus Burkholderia consists of over sixty species, all belonging to proteobacteria. They live
in various ecological niches including soil, water, plant as well as animal and human [1]. The
first isolates of Burkholderia were described by William Burkholder in 1950 who classified them
as Pseudomonas cepacia. Two decade ago, molecular taxonomic analysis led to the transfer of
these bacteria to a new genus distinct from Pseudomonas, called Burkholderia [2]. Different
species of Burkholderia are well known for their roles in the environments including
biodegradation of pollutants, bioremediation processes [3]. For example, B. xenovorans strain
LB400 is one of the most effective polychlorinated biphenyl (PCB) degraders known so far [4].
Burkholderia contains species pathogenic for plants [5], as well as species involved in promoting
plant growth used as biocontrol agents [6-7] or as nitrogen fixing bacteria [8]. Plant roots can be
nodulated by several species of Burkholderia such as B. nodosa, B. mimosarum, and B.
phymatum [9-10]. Some strains related to B. cepacia complex (Bcc) as well as B. gladioli and B.
fungorum are pathogenic especially for those who are suffering from cystic fibrosis or chronic
granulomatous diseases [11]. B. pseudomallei and B. mallei are considered the primary cause of
melioidosis in humans [12] and glander in horses [13]. The capacity of Burkholderia strains to
live and colonize a wide variety of environments is likely due to an unusually large, complex,
and variable genome (4.6 to 9 Mb), split into up to three chromosomes and large plasmids.
Burkholderia members live in different conditions, and to survive under such conditions, they
often produced a wide variety of of extracellular enzymes for reasons linked to the adaptation to
different ecological niches and continued existence [14]. These include enzymes with
proteolytic, lipolytic, and haemolytic activities [15] and secondary metabolites, especially those
produced by modular megaenzymes as non ribosomal peptides [16, 7] and polyketides [17].

Over the last years, the importance of non ribosomal compounds produced by microorganisms
for mediating relation between bacteria and other organisms has become more and more evident.
Moreover the need for new antimicrobial agents motivates the search of new microbial
metabolites to fight the microbial multidrug-resistance. In addition to their influence on plant
growth and development, non ribosomal peptides (NRPs) have also been shown to reduce the
growth of phytopathogenic fungi [18]. The antifungal activity of these compounds against a wide
range of phytopathogenic fungi including Botrytis cinerea and Mycosphaerella figiensis has

attracted intense interest as a new class of antifungal agents. Bacterial genome mining via in
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silico analysis offers an attractive opportunity to discover new secondary metabolites such as
NRPs and Polyketides (PKs) [19]. Thus, the availability of whole genome sequences of
Burkholderia species and development of specific bioinformatics tools have allowed the
identification of an important number of modular genes responsible for the synthesis of many
natural compounds including lipopeptides, siderophores and antimicrobial metabolites. This
review covers all the potential NRPs and PKs discovered from Burkholderia. In addition to the
screening of all the modular gene clusters found in the complete genome sequences of 48 strains
of Burkholderia, which is the main focus of this review, other known products and their

biosynthetic genes and their biological activities and applications are also included.
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2. Genome mining of Burkholderia

Biosynthetic gene clusters are known to be involved in a wide variety of enzymatic pathways
that produce specialized metabolites in bacteria, fungi and plants. Therefore, information about
these clusters, pathways and metabolites is needed to facilitate the process of natural product
discovery. By combining technological development in genomics, bioinformatics and structure
biology, translated gene sequence data can be used to rapidly predict structural elements encoded
by secondary metabolic gene clusters from microorganisms. Discovery of new compounds from
natural sources has largely been an adventitious process based on bioactivity screening of
microbial extracts combined with bioassay guided identification and natural product structure
elucidation. Once the chemical structure of the novel compound clarified, its biosynthesis can be
described at the biochemical and genetic levels. Theses exploration gives insight into the
mechanisms of synthesis like those for non ribosomal peptides and polyketides.

Genome mining on microbial genomes has recently guided the discovery of new secondary
metabolites such as NRPs and PKs. The availability of whole bacterial genome sequencing
combined with bioinformatics approaches facilitated the understanding of secondary metabolites
biosynthesis and gave new insight into bacterial metabolism. This guided the discovery of a large
number of new biosynthetic pathways of natural products. Genome analyses have shown that
members of Burkholderia are an untapped reservoir of non ribosomal peptides and polyketides
[20-21, 18, 22]. However, up to now only a few NRPSs and PKs have been characterized for a
given members of Burkholderia due to the restricted conditions used that are conductive to the
production of NRPs and PKs. Indeed, the majority of Burkholderia biosynthetic genes cluster
seem to be silent under standard laboratory conditions.

Analyzing the complete genome sequenced available in NCBI of 48 strains of Burkholderia
species revealed that Burkholderia has high potential for production of NRPs and hybrid NRPS-
PKs products that might have fantastic applications in medicine as drug candidate and agriculture as
biocontrol agents. All the clusters identified were either NRPS or hybrid NRPS-PKS and no pure
PKS cluster was detected. Around 228 gene clusters have been identified via in silico analysis
following Florine, a workflow especially developed with the aim to identify in silico all NRPS
gene clusters in microorganisms including bacteria and fungi [23]. Of these, 31% are likely to
encode for assembly lines leading to the production of siderophores, 15% show the typical
organization allowing the synthesis of different lipopeptides including LP that exhibit the feature
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of [C-start-TE], antifungal LP, and CLP close to those produced by Pseudomonas. Among other
products are NRPS or typical NRPS-PKS hybrids involved in the synthesis of bactobolins,
thailanstatins, burkholdacs, and malleilactone (Fig. 1)

The workflow Florine includes the use of bioinformatics tools dedicated to secondary metabolite
discovery as antiSMASH [24], NRPS & PKS analysis, and NapDos [25]. The first steps are
related to general identification of secondary metabolites and the following steps are dedicated to
NRPs. The final step of the workflow corresponding to the checking for novelty of the peptides,
using Norine, a unique resource devoted to NRPs (http://bioinfo.lifl.fr/NRP) [26]. Some

predicted gene clusters contain genes that encode typical accessory enzymes, transporter genes,

and core enzymes that involve directly in the synthesis of predicted peptides.

Figure 1: Schematic representation of NRPS and hybrid NRPS-PKS gene clusters found in the
genomes of 48 strains of Burkholderia

3. Biosynthesis of NRPs and PKs in Burkholderia
The biosynthetic mechanisms and regulation system of NRPs have been extensively studied over
the few years. They are synthesized in a ribosome- independent way via megaenzymes called
non ribosomal peptides synthetases (NRPSs) [27]. NRPSs are multidomain enzymes that
catalyze the formation of natural products via the reaction that catalyze the assembly of both

proteinogenic and non-proteinogenic amino acids in a modular fashion. Genes encoding the
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enzymes incorporating monomers or modifying the different residues are, most of the time,
organized in clusters. These large synthetases are organized in sets of domains as condensation
(C), adenylation (A), thiolation (T) and thioesterase (TE) domains. However, these basic
domains only synthesize the raw peptide in their respective biosynthetic pathways. Additional
domains as epimerization, oxidation, and methylation are usually involved in the transforming
peptides into more structurally peptides. In some cases tailoring enzymes are also needed [28].
Transporter genes might also be present, such as efflux pumps that help the export of NRPs.
Production of NRPs and PKs by Burkholderia produce is reflected by the high number of NRPS
and PKS genes encoded in their genomes [20]. NRPs of Burkholderia can be classified into
different groups based on their structure and biological activities (Table.1). The main groups
contain lipopeptides, siderophores, and hybrid PKS-NRPSs with biosynthetic gene cluster
composed of PKS and NRPS genes. The biosynthesis gene cluster of NRPS may contain
pathway-specific regulators and co-regulators that control only the gene cluster in which they
reside. Sometimes the regulation can be encoded by global regulators gene located elsewhere on
the genome [29]. The incorporation of D-amino acids in NRPSs products in bacteria can be
achieved through two different mechanisms. The first include the presence of E domains that is
responsible for epimerization of L-amino acids to D-forms. The second mechanism includes dual
C/E domains that catalyze both condensation and epimerization. These dual C/E domains were
first identified in the NRPSs producing cyclic lipopeptides of Pseudomonas [30] and were
recently also detected in similar NRPSs in Burkholderia [31, 20].

Polyketides are another type of secondary metabolites synthesized by modular enzymes named
polyketide synthases (PKSs). PKSs work in the same way as NRPSs, but the domains and
substrates are different [32]. The synthesis of a polyketide requires at least four domains that can
be organized in modules like NRPSs. The acyltransferase (AT) selects a carboxy acid such as
acetyl-CoA or methylmalonyl-CoA and holds it on to the acyl carrier protein (ACP) domain. The
ketosynthase (KS) domain catalyzes the condensation reaction between the upstream acyl-S-
ACP and the downstream ACP bound carboxy acid. The TE domain releases the final product
from enzyme [33-34]. Secondary domains can also be involved in the synthesis, including
ketoreductase (KR), dehydratase (DH) and enoyl reductase (ER) can be inserted to modify the
polyketides structure during the synthesis [33].
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3.1.The role of NRPs and PKs of Burkholderia
Secondary metabolites including NRPs and PKs are produced by bacteria for reasons associated
with cellular defense, survival, competition and long-term prosperity [14]. When the resources
are limited, the prosperity of any given species is typically improved by the antagonism or death
of competitors, grazers and parasites. Understanding the nature and the production of these
molecules in the ecological niches(s) of Burkholderia can guide the determination of their
biological activities. NRPs and PKs of Burkholderia represent a wide range of natural products
involved in different applications including medicine and agriculture as lipopeptides that act as
biopesticides to defend an ecological niche from competitors and promote growth of plant
(Tablel). NRPs represented by lipopeptides are considerably less toxic toward plant, animal, and
human and promising sources as it can replace the use of highly toxic pesticides, especially with
antifungal activities. For example, it has been reported that B.ambifaria secretes extremely
bioactive compounds with antagonistic activities against wide range of phytopathogenic fungi
[35]. Burkholderia NRPs act also as virulence factors as some strains belonging to B. cepacia
complex and B. pseudomallei deploy NRPSs as virulence factors during infection of their

respective hosts [28, 31].
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Table 1. Diversity of biological activities of NRPs and PKs compounds produced by

Burkholderia

NRPs compounds Mass Produced strains Biological activities References
Xylocandin Al 1215
Xylocandin A2 1199 1 g cepacia ATCC 39277 Antifungal [36]
Xylocandin B1 1229 Anti yeast
Xylocandin B2 1213
” Cepacidin Al 1215 B. cepacia AF 2001 Antifungal [6]
é Cepacidin A2 1200 Immunosuppressive
o
o 1213, 1215, | g ampifaria 2.2N [35]
o Burkholdins 1119 Antifungal
2 1229 B. ambifaria 2.2N [18]
-
. . 1215.5, . . .
Occidiofungin 11995 B. contaminans MS14 Antifungal, anti yeast [37]
Bu_rk_holdln_/ ND B.ambifaria AMMD Antifungal [28]
occidiofungin
AFC-BC-11 733 B. cepacia BC11 Antifungal [38]
. B. thailandensis E264 -
unoldencad | 0 | SmaleiAtccassa | SEECEY 9]
B. pseudomallei K96243
0 Thailandamides 691 B. thailandensis E264 Antiproliferative [40]
a - -
o Thailandpsins/ 561 B. thailandensis E264 HDAC inhibitors [41]
= Burkholdacs
%) Potent antiproliferative
E Thailanstatins 535 B. thailandensis MSMB43 inhibits pre-mRNA [42]
e splicing
E Bactobolins 246 B. thailandensis E264 Antibacterial [43]
> - -
T Glidobactins 522 Burkholderia spp. K481- AnFlcancer [44]
B101 antifungal
Rhizoxin 625 Burkholderia rhizoxina Antimitotic [45]
Rhizonin 796 Burkholderia rhizoxina Mycotoxin [46]
Ornibactin 680, 708, Bce strains Iron chelating [47]
n 736
o Iron chelating
2 Malleobactin 622 B. pseudomallei Antibacterial [48-49]
o
o
3 Pyochelin 324 B. pseudomallei Iron chelating [48]
‘5 Bcc strains
Cepaciachelin 488 B. ambifaria AMMD Iron chelating [50]
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3.2. Lipopeptides of Burkholderia

Lipopeptides are biological compounds produced by a wide variety of microorganisms. They are
composed of a hydrophilic peptidic chain part linked to hydrophobic fatty acid portion in the
molecule [51]. They exhibit different biological properties including antimicrobial, surface
activity, anti-enzymatic activity as well as swarming motility and biofilm formation [52-54]. The
lipopeptides have received large attention in the last decade due to their wide activities
potentially useful for agriculture, pharmaceutical, food, and chemical industries. Burkholderia is
well known for its capacity to produce two types of lipopeptides including the CLPs that exhibit
several feature such as the presence of a starter (Cstart) domain, and two terminal thioesterase
domains [20]. The E domain in CLPs is replaced by and dual C /E domains, a unique form that
found in CLPs of Pseudomonas [30] or Xanthomonas [55]. Other lipopeptides like burkholdins
are glycolipopeptides with a reduced fatty acid part and probably without any biosurfactant
activity are also produced by member of Burkholderia. The incorporation of D-monomer in this
LPs is directed by the E domain.

Various strains of Burkholderia including B. ambifaria, B. contaminans, and B. cepacia have
been reported to produce lipopeptides such as burkholdins or occidiofungins [18, 35]. Most
lipopeptides from Burkholderia can be classified into four groups: burkholdins, occdiofungins,
cepacidin, and xylocandin. Some members of Burkholderia are able to produce two to three
families of lipopeptides [18]. It has been shown that all members related to B. pseudomallei
produced lipopeptides called malleipeptin [31] or burkhomycin [20] similar to those produced by
Pseudomonas as their organization domains start by Cgarer and contain dual C/E domains and
ending with a tandem of Te-domains. In addition to these four main families, several other
lipopeptides have been also identified in Burkholderia species including B. rhizoxinica,
Burkholderia glumae BGR1, Burkholderia gladioli BSR3, Burkholderia sp. Y123 [20, 56].

3.2.1. Biosynthesis of burkholdins
Burkholdins (Fig.2.1A) are cyclic glycolipopeptides isolated from different strains of
Burkholderia including B. ambifaria, B. contaminans, and B. cepacia [18]. Burkholdins act as
strong antifungal against wide range of phytopathogens by interfering with cell membrane [57].
Biological activity assay showed that burkholdins are regarded as new promising antifungal
compounds that can be implicated in different sectors including pharmaceutical and agriculture
as biopesticides. They are also considered as virulence factor due to their role in causing
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infection by secretion of potent haemolytic toxins which are required for full virulence [28].The
structure of burkholdins is composed of eight monomers including glycine, asparagine, 3-
hydroxyasparagine (30H-Asn), 3-hydroxytyrosine (3-OH-Tyr); DAB; two units of serine; and a
fatty acyl amino acid (FAA). Different forms of burkholdins (Table. 1) have been reported
based on the presence or absence of xylose and the replacement of Asn by DAB [35]. It was
shown that burkholdins 1 and 2 share the same amino acids of xylocandins B1 and C1 and the
only difference is that modified FAA in xylocandin is its hydroxylation pattern.

The NRPS gene cluster of burkholdins have been identified in B. vietnamiensis DBO1 by [28].
Our previous studies revealed the presence of high similar gene cluster biosynthetic gene cluster
of burkholdin in the genome of B. ambifaria AMMD and B. sp.KJ006 [20]. The gene cluster
spanning over 49 000 nt from ORFs Bamb_6466 to Bamb_6478 contains six NRPS/PKS hybrids
genes. The whole cluster encode eight modules, combining NRPS domains as C, A, E, T, and
PKS domains as AT, ACP, KS, and KR domains. The cluster also includes genes coding

for regulatory, decorating, and transporter proteins (Fig. 3A).

3.2.2. Biosynthesis of occidiofungins
Occidiofungins (Fig. 2. 2A) are non ribosomal cyclic lipopeptides consisting of 8 amino acids
and fatty acid chain and xylose. High resolution mass spectrometry analysis confirmed the
elucidation of complete structure of occidiofungin that composed of Asnl-novel amino acid 2
(NAA2)-Trp3-p-hydroxyTyr4-Lys5-Gly6-Asn7-Ser8. Occidiofungin exists in two forms
including the monoisotopic mass 1,199.543 Da (Occidiofungin A) and 1,215.518 Da
(Occidiofungin B) [57]. This structure endows the peptides potent antifungal activities against
variety of phytopathogenic fungi including R. solani, F. oxysporum, and Pythium spp with MIC
values of 15-50 pyg/mL. Occdiofungin was also shown to be effective against animal pathogenic
fungi especially against those causing invasive pulmonary aspergillosis and dermatophytosis as
Microsporum gypseum and Trichophyton mentagrophytes [57]. Beside its antifungal activity,
occdiofungin was shown to have antagonism against different strains of Candida including C.
albicans, C. glabrata, C. tropicalis, and C. parapsilosis [58]. This makes occidiofungin
potentially useful for management of fungal diseases. The structure and mechanism of action of
occidiofungins have been reported to be similar to burkholdins [59]. It has been shown that

occidiofungin interacts with cell wall by formation of intracellular inclusion and make significant
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change in hyphal morphology and of targeted fungi [57]. The gene cluster of occidiofungin
synthetase has been identified in the genome of B. contaminans MS14 [37]. They used transposon
mutagenesis to disrupt the production of occidiofungin as shown by the elimination of antifungal
activities of mutant MS14MT18 compared to the wild type strain.

3.2.3. Biosynthesis of xylocandins and cepacidines
Xylocandins (Figure 2.3A) are cyclic lipopeptides isolated from B. cepacia (originally P.
cepacia) [60] composed of 8 monomers including serine (2 residues), glycine, asparagine (1- 3
residues), P-hydroxytyrosine, 2, 4-diaminobutyric acid, and an unusual amino acid with the
formula C18H37NOs[36]. Different structures of xylocandins have been reported including Al,
A2, B1, B2, C1, C2, D1, and D2, with the following mass (m /z) of 1,215; 1,199; 1,229; 1,213;
1,097; 1,081; 1,083; and 1,067 Da, respectively. Xylocandins carries strong antifungal activity
against a panel of dermatophytes and yeast including Candida albicans [60]. Cepacidines
(Fig.2.4A) A and B share the same structure of xylocandin Al and A2. They are glycol
lipopeptides produced by B. cepacia AF 2001 [61]. Cepacidine was found to carry strong
antifungal activity against phytopathogenic fungi including Pythium ultimum on the cotton and
cucumbers, Plasmopora veticola on grapes and Septoria nodorum and Fusarium culmorum on
wheat [62]. Beside its antifungal activities, cepacidine possesses a potent immunosuppressive
activity and play significant role to suppress the activation of B lymphocytes [63]. As
xylocandin and cepacidine are related compounds to burkholdin and occidiofungin, the

biosynthetic gene cluster seem to be similar to each other.
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Figure 2: Structure of NRPs and PKs produced by Burkholderia
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3.2.4. Biosynthesis of lipopeptides AFC-BC-11

They are lipopeptides isolated form B. cepacia BC11 and possess a potent antifungal activity
against a range of soil fungi including Rhizoctonia solani that cause damping-off in cotton [38].
Analysis of purified peaks by mass spectroscopy combined with NMR revealed that AFC- BC-
11 have mass of 733 Da and consist of peptidic chain of four amino acids (glycine, lysine,
phenylalanine, and diaminobutyric acid) and a fatty acyl substituent. Comparing to cepacidin and
xylocandin, AFC-BC-11 was found to be smaller (733 versus 1100 Da) and lacks xylose.
Moreover, AFC-BC-11 is not active against Saccharomyces cerevesiae, Aspergillus niger, and
dermatophytes [38]. Four genes (afcA, afcB, afcC, and afcD) involved in the production of BC-
11 were characterized and gave insight into the structure and biosynthesis of AFC-BC1.

3.3. Biosynthesis of hybrid PKS-NRPS peptides
The hybrid clusters include in the same complex both NRPS and PKS domains harboured by the
same protein or not. This system is very common and sometimes even more predominant than
discrete PKS and NRPS gene clusters [64]. The final products are composed of proteinogenic
and nonproteinogenic amino acids combined with carbon skeleton. The genomes of
Burkholderia, especially strains belonging to thailandensis, pseudomallei and mallei species are
mainly rich in hybrid biosynthetic gene clusters that are responsible for synthesis of a wide
variety of clinically important products that have different activities including anticancer and
antimicrobial [39-40, 42]. B. thailandensis, a nonvirulent member of the genus that is closely
related to B. pseudomallei has become a model organism for studying the expression of

secondary metabolites as well as virulence factors.

3.3.1. Malleilactone/ burkholderic acid
Malleilactone or burkholderic acid (Fig 2. 1B) is a secondary metabolite produced by strains
belonging to mallei, pseudomallei, and thailandensis species. The biosynthetic gene cluster of
burkholdic acid has been identified in the genome of B. mallei ATCC23344, B. pseudomallei
K96243, and B. thailandensis E264 [39, 17]. The synthetases harbourl3 open reading frames
that exhibit features of NRPS/PKS hybrids enzymes responsible for the synthesis of
malleilactone [17] or burkholderic acid [39]. The ORFs are annotated as LuxR-type regulator,
NRPS/PKS (Fig. 3B), methyltransferase, hydroxylase, aminotransferase, dehydrogenase,
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NRPS/PKS, ketol acid reductoisomerase, FkbH-like protein, decarboxylase acyl CoA ligase,
unknown, acyltransferase, acyl CoA ligase, and efflux carrier protein. By following the strategy
we have developed to detect the biosynthetic gene clusters in the complete sequenced genomes
of Burkholderia, the cluster of malleilactone was found in 21 strains belonging to B.
pseudomallei, B. mallei, and B. thailandensis. Burkholderic acid was found to have weak to
moderate cytotoxicity and no antimicrobial activities has been noted [39], while Brady group
found that malleilactone possess weak to moderate antibacterial activities against some strains of
Gram-positive bacteria and human cell line [17]. Malleilactone/burkholderic acid might be
involved in microbial communication as their structure share similarity with bacterial sensing

molecules like A-factor and N-acyl homoserine lactones [39].

3.3.2. Thailandamides
In the genome of B. thailandensis E264, 17 modules organized in six open reading frames
(ORFS) were identified to exhibits several typical features of NRPS/PKS hybrids responsible for
the biosynthesis of thailandamide (Fig.2.2B) [40]. The cluster contains also a tandem acyl
transferase (AT)-enoyl reductase (ER), and tailoring enzymes. Thailandamide was shown to
have moderate antiproliferative properties against human tumor cell lines [40].

3.3.3. Thailandpsins/ burkholdacs

Thailandpsins or burkholdac (Fig.2.5B) are bicyclic depsipeptide isolated from B. thailandensis
E264. They are analogues to FK228, an anticancer drug approved by FDA to the refractory
cutaneous T-cell lymphoma [65]. They are different from each other by having different amino
acid side chains. Thailandpsin was shown to have a broad spectrum of growth inhibition
activities and considered as potent HDAC inhibitors, mainly towards the class | human HDACs
(HDAC1-3) [41]. Analysis of 48 complete genome sequences of Burkholderia showed the
presence of thailandpsin gene cluster in 4 strains related to B. thailandensis (Fig. 3C). The cluster
of thailandpsin [41] or burkholdac [22] contains 13 genes that include 8 modules hybrid PKS-
NRPS, as well as enzymes involve in the modifying and regulation (Fig. 3C).

3.3.4. Thailanstatins
Thailanstatins (Fig.2.3B) are natural products produced by B. thailandensis MSMB43, belonging
FR901464 family inhibiting pre-mRNA splicing [66-67]. The cluster contains 15 genes including
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9 module hybrid NRPS/PKS (Fig. 3D), responsible for the synthesis of thailanstatin as well as
accessory enzymes and gene involved in the regulation [42]. Thailanstatins are considered as a
novel therapeutic candidate due to its potential activities against glucocorticoid receptor splicing
process [68] and its potent antiproliferative activities in human cell lines [42].

3.3.5. Bactobolins

Bactobolins (Fig.2.4B) are NRPS-PKS hybrids antibiotic produced by B. thailandensis E264.
They have a potent antibacterial activities against some human pathogen bacteria including S.
aureus (MRSA) and V. parahemolyticus LM5674 with MICs values of < 1 pug/mL [43]. It was
shown that bactobolin is regulated by Ac-HSL, the typical quorum sensing signals in
proteobacteria. They are tripeptide (Ala-Ala—(OH-CI2-Val) fused to a C6-polyketide. The gene
cluster is spanning about 44 Kb that contain hybrid PKS/NRPS genes including genes synthesis
of OH-CI2-Val, Ala-Ala and the C6 polyketide (Fig. 3E). The cluster contains as well genes
involved in regulation, metabolite/product transporters, tailoring reactions and genes of unknown
function [43, 69].

3.3.6. Glidobactins

Glidobactins (Fig.2.6B) from Burkholderia spp. K481-B101 [70] (originally assigned to
Plyangium brachysporum) also known as cepafungins from B. cepacia [44], are cytotoxic
acylated tripeptides composed of two unusual amino acids erythro-4- hydroxy-L-lysine and 4(S)-
amino-2(E)-pentenoic acid linked to an L-threonine residue [70]. Beside their potential activity
as anticancer, glidobactins were shown to have a wide inhibitory action against yeast and fungi
[71, 44]. In silico analysis of gene clusters of 48 strains of Burkholderia, the cluster involved in
the synthesis of glidobactins was found in 18 strains belonging to pseudomallei and mallei
species. This cluster shares the same domain organization to the cluster that previously described
by Dudler group [70]. The gene cluster (Fig. 3F), composed of NRPSs and PKSs genes,
containing genes named glbA to glbH involved in the synthesis of glidobactins, has been
identified in the genome of Burkholderia K481- B101, B. mallei and B. pseudomallei strains
[70].
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3.3.7. Rhizoxin and rhizonin

Rhizoxin (Fig.2.7B) isolated from Pseudomonas fluorescens Pf-5 [72] and Burkholderia
rhizoxina [73], is a potent macrocyclic polyketide which plays a key role on rice seedling blight.
Production of rhizoxin by Pseudomonas fluorescens Pf-5

Rhizoxin has a strong antimitotic activity and is considered as a potential antitumour drug
candidate [74]. The gene cluster spanning over ~81 kb, contains ten ORFs (rhiA- rhiJ) including
five NRPS-PKS modules that are directly involved in the synthesis of rhizoxin [45].

Rhizonin (Fig.2.8B) is a cyclic nonribosomal heptapeptide isolated from B. rhizoxina, a

symbiotic bacteria that resides within the fungal mycelium of Rhizopus microsporus [46].
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Figure 3: Biosynthesis gene clusters of different NRPS-PKS products of Burkholderia A:
Lipopeptides presented by burkholdin, B; Malleilactone, C; Thailandpsins, D; Thailanstatins, E;
Bactobolin, F; Glidobactin.

A: adenylation domain, Cst: Cstarter for condensation between fatty acid and L-monomer “C.:
condensation between 2 L-monomers, °C,: condensation between D-monomer and L-monomer,
KS: ketosynthetase, T: thiolation domain, E: epimerization domain, Te: thioesterase domain, AT:
acetytransferase, ACP: acyl carrier protein domain, KR: ketoreductase, DH: dehydratase, R:
reductase domain.
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3.4. Siderophores

Iron is one of the most essential microelement that presents in two states including ferric (Fe**)
and ferrous (Fe”). The importance of iron is largely due to its intervention in the synthesis of
many vital components and because it is required as a cofactor for many enzymes and iron
containing protein [75]. The availability of iron in the environments is limited due to its presence
in the insoluble ferric form in oxic environments at neutral pH [76]. Siderophores biosynthesis in
bacteria is tightly controlled by a complex network of regulatory enzymes that respond to iron
limited conditions. Therefore, microorganisms including bacteria have evolved different
mechanisms to transport and control iron concentration inside the cell. Among them
siderophores, low molecular weight molecules displaying high affinity to scavenge and
solubilize iron from the surrounding environments and transport the ferric iron into the cell [77].
The siderophore with ferric iron form complexes are recognized via specific receptors in the
outer membrane and then moved through a periplasmic binding protein to the ABC transporters
in the cytoplasmic membrane. Finally the iron is released from complex by reduction of ferric
iron and siderophores are recycled by the cells (Fig. 4) [77, 76]. This process is mediated by an
energy transduction protein complex including TonB, ExbB, and ExbD [78]. Several
siderophores have been described and classified based on their functional groups including
catechols, hydroxymates and a-hydoxycarboxylates [79]. Members of Burkholderia are well
known to overcome iron limitation in the host environment by production of different
siderophores that are classified into two different forms including hydroxamates and catecholates
based on their chemical structure of their chelating group. In Burkholderia, these include
ornibactin, malleobactin, pyochelin, and cepaciachelin (Fig.3. C) [15]. The production of
siderophores by bacteria can also be beneficial for plants as these compounds can inhibit the
growth of pathogenic fungi [80].
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Figure 4: Siderophore uptake in Gram-negative bacteria as Burkholderia [76, 78]. OM: QOuter
membrane, IM: Inner membrane, PBP: Periplasmic binding protein

3.4.1. Ornibactin
The siderophores ornibactins (Fig. 2.1C) are linear hydroxamate-hydroxycarboxylates that are
composed of four residues. The importance of ornibactin is linked to its essential role of iron
transport and growth of member of Bcc strains [47]. As it is important for iron uptake, it is
considered as a virulence factor in model organisms that cause chronic lung infections [81]. One
NRPS gene cluster involved in the biosynthesis of ornibactin has been identified in B.
cenocepacia K56-2 [82]. The gene cluster is composed of two NRPS genes orbl and orbJ.
Ornithin N-monooxygenase is present as an accessory enzyme to modify the monomers of the
peptidic chain. The cluster contains also genes implicated in the uptake (siderophore export and
ferri-siderophore TonB dependent receptor) and the orbS genes coding for an extracytoplasmic

sigma70 factor implicated in the regulation.
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3.4.2. Malleobactin
Malleobactin (Fig. 2.3C) is very similar to ornibactin produced by members of B. pseudomallei.
Both siderophores share the same structure and mechanism of synthesis [48-49]. The
biosynthesis gene cluster of malleobactin is composed of two NRPS genes including mbal and
mbaJ. This cluster harbors the same organization as ornibactin assembly line, as well as the same
organization domains for the NRPSs. The difference between the both clusters is first based on
the prediction for the first adenylation domain: it is a Leu for ornibactin and Bht (beta-hydroxy-
tyrosin) for malleobactin. Secondly, the occurrence of specific genes: two genes annotated
“hypothetical protein” (0rbK) and “ornibactin biosynthesis” (orbL) are specific of the ornibactin
cluster while another gene annotated “hypothetical protein” (mbaM) is specific of the

malleobactin one[20].

3.4.3. Pyochelin
Pyochelin (Fig. 2.2C) is a secondary siderophore produced by members of Burkholderia and
Pseudomonas. It was first described in P. aeruginosa grown under iron limited conditions [83,
48]. It is formed from the condensation of salicylic acid and two molecules of cysteine. The gene
cluster responsible for the biosynthesis of pyochelin is composed of two NRPSs of about 1360
and 1890 AA, harbouring a specific domain architecture that includes two cyclization domains
(Cy), associated with two stand-alone proteins containing a TE or an A domain (Fig. 2D). It has
been shown that pyochelin is always produced as a secondary siderophore together with
ornibactin or malleobactin, except for B. thailandensis 2002721723 for which no malleobactin
synthesis cluster has been found [20]. Pyochelin is present in two interconvertible stereoisomers
pyochelin I and Il [84] and it has been shown that pyochelin binds iron with a stoichiometry of
two pyochelin molecules per ferric iron [85]. Beside its role in iron acquisition, pyochelin was

found to be active against some bacterial strains [86].

3.4.4. Cepaciachelin
Cepaciachelin (Fig.2.4C) is a catecholate siderophore produced by B. ambifaria AMMD [50].
Until now, its role remains an understood. It may play a key role in iron transport and hence the
growth of Burkholderia strains. In our previous work on B. ambifaria AMMD, we have
identified the NRPS gene cluster of cepaciachelin that is composed of two NRPS genes, a gene

for a TonB-dependent receptor, and genes necessary to build up a diOH-bz (2,3-dihydroxy
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benzoic acid) monomer. Additional genes encoding enzymes such as decorating, tailoring or

accessory enzymes are also present.

3.5. Other NRPS products

BTH-110204-207 is a potent PDE4 inhibitor isolated from B. thailandensis E264 and B.
pseudomallei K96243 [21]. The NRPS gene cluster was identified in the genome of B.
thailandensis E264. Four genes spanning from 110204 to 1L0207) were found to include the
function required for the synthesis of BTH-110204-207. These genes are annotated as
“nonribosomal peptide synthetase (NRPS)”, a “dehydratase”, “an isomerase”, and “a meth-
yltransferase”. The synthesis of BTH-110204-207 is initiated with two phenylalanine unite
predicted by the NRPS genes.

During the genome mining of 48 genomes of Burkholderia, we have found that all the strains
belonging to pseudomallei and thailandensis species (except MSMB1212) harbor two specific
clusters. The first one found on chromosome 1, includes two NRPSs of 630 AA and 2979 AA
with respective architecture [A-T] and ['C_-A-T-E-°C_-A-T]. The corresponding genes are
separated by two genes; one of them is sometimes annotated as a facilitator transporter. There is
no well identified TE-domain. The prediction for the produced peptide is Val_ D-Ala_Arg with
scores of 60%, 60% and 70%, respectively (Fig.5A). The second one is on chromosome 2
(Fig.5B) and includes three modular megasynthases: one hybrid PKS-NRPS of about 3 000
residues, and two NRPSs of about 1 300 and 1 500 residues. The PKS-NRPS and the following
NRPS are separated by a single gene potentially coding for an accessory enzyme of 338 AA,
annotated oxygenase or SyrP, similar to the one found in the malleobactin (mbaH) and ornibactin
(orbG) clusters. The architecture was defined as [KS-AT-ACP-?-"C_-A-T-E] ['C_-A-T-TE]
[PCL-A-T-"C.]. The predicted compound should be PKM_D-Asp_Cys_Gln, regarding the
presence of E-domain probably followed by the NRPS starting with °C,-domain. This cluster
also contains a SyrP-like gene coding for an accessory enzyme of about 350 AA. On
chromosome 1, B. pseudomallei strains also carries a gene coding for a PKS-NRPS hybrid of
about 6274 AA containing one PKS module constituted of CAL and ACP domains, followed by
5 [-C_-A-T] modules (Fig. 5C). The cluster may produce an unknown compound with a putative

peptidic moiety: Leu Leu X X Pro, where the “X” indicates that no significant prediction was
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obtained. This cluster is present neither in the B. thailandensis nor B. mallei strains. None of the

three peptides share any pattern with the known curated peptides found in Norine.

BURFS665_1515 BURFS668_2523

BURPS668_2524 BURPS668_2521

A — — —

b
L
Val_D-Ala_ Arg

BURPS668_A1677 BURPS665_A1676  BURPS668_A1675 BURPS665_A1674

B y — ) )

PEM_D-Asp _Cys_Gln

L4
KS AT ACP|? ¢ AT E

BURPS663 1005

C 4

TG A TR A TR A TG A TMR A T

Leu Leu X X Pro

Figure 5: Domains organization of three NRPS gene clusters found in all strains belonging to
pseudomallei and thailandensis species. A: adenylation domain, “C,: condensation between 2 L-
monomers, °C.: condensation between D-monomer and L-monomer, KS: ketosynthetase, T:
thiolation domain, E: epimerization domain, Te: thioesterase domain, AT: acetytransferase,
PKM represent a monomer incorporated by the PKS domains

4. Regulation of Burkholderia NRPSs biosynthesis
Biosynthesis of extracellular molecules in bacteria is regulated by different factors including
environmental and physiological conditions as well as quorum sensing (QS) which is essential
for bacteria species to interact and communicate between each other and regulate gene
expression [87]. Biosynthesis of NRPs and PKs in Burkholderia is strongly controlled by a
complex network of regulatory proteins that respond to specific parameters, including carbon
source and nitrogen source. It has been shown that Burkholderia uses QS system that relies on
Luxl and LuxR represented by Cepl and CepR respectively, to activate several genes that are
involved in the production of different extracellular virulence factors [88]. It has been shown that
Cepl produces two N-acylhomoserine lactones (AHLS) including N-hexanoylhomoserine lactone

(C6-HSL) and N-octanoylhomoserine lactone (C8-HSL) which is the most abundant one that
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binds to CepR that activates or repress the transcription of target genes[89]. Cepl was shown to
play essential role in the synthesis of NRPs of Burkholderiaas and the comparison between
different strains including wild types and mutants in QS led to the conclusion that QS is
associated with production of antifungal peptides [90]and siderophores [88].

Conclusions

Microorganisms produce a wide variety of natural secondary metabolites based on their
environmental conditions including growth stage and culture media. The search for novel
microbial secondary metabolites has been motivated by the need for new activities, as microbial
agents can influence the growth of other microorganisms. Burkholderia are soil bacteria able to
use a wide range of organic compounds and produce a wide range of potent antimicrobial agents.
Burkholderia strains live in different conditions, and to survive under such conditions, they often
produce compounds with unique biological properties that are attractive for researchers. Among
these compounds NRPs and PKs that have numerous applications as biocontrol, antibiotics, and
anticancer. Burkholderia should be investigated in more details as producers of new NRPs and
potentially developed as new sources of antimicrobial agents. For that reason, this review aimed
to highlight and screen all the biosynthetic gene clusters found in 48 strains of Burkholderia that
are involved in the synthesis of known and unknown NRPs and PKs as well other products that
we did not detected in our analysis are also included.

Several studies have reported the significant effect of NRPs of Burkholderia on plant growth
promotion. Different molecules have been suggested to account for the plant growth promoting
effects of NRPs, such as burkholdins. In addition to their influence on plant growth and
development, NRPs have also been shown to inhibit fungal growth. The best well known
example of such lipopeptides mediated fungal inhibition is the production of occidiofungin by B.
ambifaria, whose direct contribution in biocontrol has been demonstrated [57].

Overall, the genus Burkholderia constitutes a promising reservoir of new NRPS and PKS gene
clusters responsible for the biosynthesis of several secondary metabolites that potentially provide

a very useful guidance for future exploration as a new source of natural products.
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Over the last years, the importance of non ribosomal compounds produced by
microorganisms received very high scientific attentions due to their biological activities
including antibiotics, anticancer, and biocontrol agents as lipopeptides produced by
Pseudomonas (D'Aes et al. 2014) or Bacillus (Leclere et al. 2006) to be used as biopesticides to
suppress or Kill phytopathogenic fungi. Moreover the need for new antimicrobial agents
motivates the search of new NRPs to fight the microbial multidrug-resistance. In addition to the
discovery of NRPs with useful activities, and to produce large amount of such interesting
compounds, it is necessary to study their biosynthetic genes and pathways. This will also be
relevant for the industry to improve the production process.

The biosynthetic mechanisms of NRPs have been extensively studied over the few years.
Different pathways have been proposed ranging from simple (as a linear) to the most
complicated one (as a non linear) (Mootz et al. 2002b). However, the incorporation of different
monomers into growing peptidic chain still not yet been clarified. In this context, the deciphering
of NRPS gene clusters involved in the synthesis of amonabactins, siderophores produced by
Aeromonas (Barghouthi et al. 1989a; Barghouthi et al. 1989b), gave deep insight in the
comprehension of the mechanism of NRPSs to build natural compounds including siderophores.
The amonabactins represents a family of four variants of catechol peptidic siderophores
containing Dhb, Lys, Gly, and an aromatic residue (either Trp or Phe) in a D-configuration
(Barghouthi et al. 1989a; Barghouthi et al. 1989b). According to the amonabactins structure,
several hydroxyl functions harboured by the Dhb monomer are needed in the synthesis to chelate
iron (Massad et al. 1994). Until now, the mode of biosynthesis for Dhb-containing siderophore
generally involves iterative mechanisms where the modules or domains can be used more than
once in the assembly of one single product. This is for example the case for enterobactin
produced by E. coli (Gehring et al. 1998) and bacillibactin produced by B. subtilis (May et al.
2001). The nonribosomal synthesis of Dhb-containing siderophores is rarely linear but the
amonabactin synthesis is the more complex use of a single assembly line leading to the co-
production of four variants of a siderophore currently described. Thus, the availability of whole
genome sequences of 30 Aeromonas species combined with bioinformatic tools allowed the
identification of NRPS genes including siderophores that are probably associated with the
pathogenicity of these bacteria. Based on the metabolic profile of the constructed mutants of A.

hydrophila, the current study gave new insight into the mechanisms of synthesis of NRPs
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through the identification of a unique mode of synthesis with iterative, alternative, and optional
use of the domains. It is considered to the first evidence of an optional pathway involved in the
introduction of Gly residue to Lys side chain in only 2 over the 4 amonabactins synthesis.

Analyses of domains organization of putative NRPSs of Burkholderia gave an interesting
new insight into the mechanism of synthetases exemplified by the detection of dual C/E domains
in NRPS involved in the production of CLPs by Burkholderia. In CLPs, the incorporation of D-
monomers within their active peptides is directed by dual C/E domains that replace the E
domains responsible for epimerization in other NRPs (Pauwelyn et al. 2013). In the assembly
line, a Dual C/E domain is located directly after a C-A-T module which activates and
incorporates an L amino acid. The module which contains the Dual C/E domain also activates an
L-amino acid. Then the Dual domain catalyzes the epimerization of the L-residue into D
configuration and subsequently promotes the condensation of those two residues. These C-
domain sub-type was first found in CLPs of Pseudomonas spp. (Balibar et al. 2005) and more
recently Xanthomonas (Royer et al. 2013). To date, most of all CLPs characterized have been
identified from Pseudomonas and Bacillus species (Roongsawang et al. 2011) and we have
shown that Burkholderia can now be considered as a source of such biosurfactants putatively
useful in biocontrol as weapons against plant disease (Ongena and Jacques 2008).

The understanding of biosynthetic pathways afford new clarification in the
comprehension of the potential of the NRPS to build natural compounds and which in turn leads
to increase knowledge about the mechanisms of synthetases and facilitate the screening and
development of new NRPSs with novel activities.

Microbial genome-mining is a very powerful approach for the discovery of new
secondary metabolites as in the case of Burkholderia, where we have detected biosynthetic gene
clusters for known products such as cepaciachelin, discovered new siderophores (phymabactin)
and lipopeptides (burkhomycin). We have also identified strains probably of interest, regarding
their potential of secondary metabolite production. However, this kind of screening is still
limited due to technological barriers. For example, for some strains we have detected
burkhomycin NRPSs split into several proteins, or incomplete clusters, probably due to DNA
sequencing errors or problems encountered during genome assembly, emphasized by the
modular organization of genes. More accurate predictions could be obtained after re-sequencing

of the most relevant clusters for which mis-annotation or mis-prediction is supposed. Anyway,
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the annotations we have assigned to some genes (as those for phymabactin, cepaciachelin or
burkhomycin productions) will be very helpful to infer the “Burkholderia genome database”, a
specific tool dedicated to cystic fibrosis research community and aimed to facilitate comparative
analysis (Winsor et al. 2008). However, the in silico prediction have to be comforted by wetlab
experiments, and biological activities of the secondary metabolites tested in vivo and
Burkholderia should be investigated in more details as producers of new nonribosomal peptides
and potentially developed as new sources of antimicrobial agents, useful for their biocontrol
properties. For example, further investigations as biofilm formation, in vivo test, and swarming
activity should be applied as tests of B. rhizoxinica on plant pathosystem as they were previously
made with other strains including Bacillus (Leclere et al. 2006) or Pseudomonas (D'Aes et al.
2014).

Overall, the present study highlights the known products and help to discover a range of
new non ribosomal peptides. It showed the significant potential of the genus Burkholderia as a
promising source of bioactive compounds. The genus was first classified in Pseudomonas,
another important source of secondary metabolites with useful applications as phenazines
(Mavrodi et al. 2006) and viscosin (de Bruijn et al. 2007). Many compounds produced by
Burkholderia were already known including burkholdins (Lin et al. 2012; Tawfik 2010),
occdiofungins (Ellis et al. 2012), cepacidines (Lim 1994), and AFC-BC11 (Kang et al. 1998),
but in silico approach complete the screening as it allows identification of secondary metabolites
gene clusters even if they are not expressed (Corre and Challis 2009). By mining the sequenced
genome combining with bioinformatic tools, it is also possible to detect the structure feature of
the metabolic products. The knockout of particular gene cluster and subsequent comparison of
the metabolic profile between the wild type and the mutant strains is a widely used approach to
identify genes that direct the production of known products (Challis and Ravel 2000).

It is interesting to note that a screening can also give new insights on the mechanism of
nonribosomal synthetases. Through my work, | pointed out two examples. The first one is the
detection of dual C/E domains in NRPSs involved in the production of cyclic lipopeptides by
Burkholderia. The second one is the identification of a unique use of domains and modules in the
pathway responsible for synthesis of amonabactins in A. hydrophila. Applying the same kind of
screening on other genera may probably lead to the identification of new insights on the NRPS

mechanisms, increasing the knowledge on the synthesis of secondary metabolites by modular
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enzymes. This can be of great importance in the future development of biotechnologies for the

production of compounds useful in different sectors as health or phytosanitary area.
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5. A. Microbiological methods

5. A.1. Microbial growth media and solutions

All media used in the current study are listed in Table 1. Free iron limited media are listed with
siderophores activity section.

Table 1: List and composition of growth media and solution used in this study

Media Composition for 1L of medium

LB 10 g tryptone, 5 g yeast extract and 10 g NaCL. pH is adjusted to 7.0 with NaOH. LB agar is prepared
by the addition of 17 g of agar.
LB sucrose It is prepared by adding 10% of sucrose (w/v) to LB medium.
Blood agar It is prepared by adding 5 % of horse or sheep blood to LB medium
SOB medium 20 g bactotryptone, 5 g yeast extract, 10 mM NaCl and 2.5 mM KCI
SOC medium 20 mM glucose 20 mM Mg+2 (10 mM MgSO04 + 10 mM MgCI2) to SOB medium
-1 -1 -1

MM medium 0.3gl_1KH,PO,4 0.59gL™, NaCl, 1.0 gL™, NH,CI, 6.0 g L"",NaOH and 30.24 g

L *Pipes [piperazine-1,4-bis(2-ethanesulphonic acid).

Potato dextrose agar
(PDA, Difco)

Yeast Extract-
Peptone-Dextrose
(YPD)

Sabouraud dextrose
agar

Prepared by suspending PDA 39 g. It is autoclaved at 110°C for 15 min.

Bacto-yeast extract10 g, bacto-peptone 20 g, water 900 mL, 20% dextrose 100 mL
20% dextrose was autoclaved separately.

65 g of the medium in 1L of purified water and autoclave at 121°C for 15 minutes

38 g of the medium in 1Lof purified water and autoclave at 121°C for 15 minutes. Muller Hinton agar
is prepared by the addition of 17 g of agar

20 g glucose, 5 g glutamic acid, 0.5 g MgSQ,. 7H,0, 0.5 g KCI, 1 g K2HPO4, 1 g yeast extract , 0.4

Landy medium mg Mn(S0,)3, 1.2 mg Fe(SO,4); and 1.6 mg CuSO,, 100 mM 3-[N-morpholino]-propane sulfonic acid

(MOPS) as a buffer. pH adjusted to 7.0 with 5M KOH and medium autoclaved at 110°C for 30 min.

Sometimes glucose was replaced by glycerol

Mueller Hinton

MGY medium M9 minimal medium supplemented with 1.25 g L' yeast extract and 10 g L™ glycerol)

TSB M9 10 g L™ glycerol, 3 g L™ yeast extract, 15 g L™ tryptone soy broth, M9 salts

Bacto tryptic soy broth | 40 g in 1 Lof purified, tryptic soy agar is prepared by the addition of 17 g of agar. For Burkholderia
rhizoxinica TSB was supplemented with glycerol 10 g L™ and 5% defibrinated sheep blood.

Nutrient broth 5.0 g, meat extract 3.0 g. agar is prepared by the addition of 17 g of agar. pH was adjusted to 7.0.

0.50g Yeast extract, 0.50 g Protease Peptone , 0.50 g Casamino acids, 0.50 g glucose, 0.50g Soluble
830 medium starch, 0.30 g Na-pyruvate, 0.30 g K,HPO,, 0.05 g MgSO, x 7 H20. PH was adjusted to 7.2 with
crystalline K,HPO,4 or KH,PO,.
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All buffers and solutions used in this study are listed in table 2

Table 2: List of buffers and solutions used

Buffers &Solutions Compositions
MEB buffer 1 mM MgCl, and 1mM HEPES, adjust the pH to 7.0; autoclaved at 120 °C and store at 4°C

To prepare 10X TBE buffer in 1 liter, dissolve 108 g Tris, 27.5g Boric acid in 800 ml of

TBE buffer distilled water. Add 40 mL 0.5M Na,EDTA (pH 8.0) then adjust volume to 1 liter and store at
room temperature.
M LiAc 10.2 g LiAc.2 H20 + 80 mL distilled water; adjust pH to 7.5 with acetic acid; adjust volume to
100 mL with distilled water.
12.1 g Trizma base + 80 mL distilled water; adjust pH to 8.0 with HCI; adjust volume to 100
IMTASHCL o with distilled water.
3.72 g ethylenediamine tetraacetic acid, disodium salt + 80 mL distilled water; adjust pH to 7.0
0.IMEDTA with sodium hydroxide; adjust volume to 100 mL.
50% PEG 100 g polyethylene glycol 4000; to adjust to 200 mL with distilled water
Lazy Bones (40% For 200 mL, mix 160 mL 50% PEG stock solution + 20 mL 1M LiAc stock solution + 2 mL
PLT) Tris-HCI stock solution + 2 mL EDTA stock solution + 16 mL distilled water

For 100 mL, mix 1 mL 1M Tris-HCI stock solution + 1 mL 0.1M EDTA stock solution + 98
mL distilled water.

For 100 mL, mix 10 mL 1M LiAc stock solution + 1 mL 1M Tris-HCI stock solution + 1 mL
1M EDTA stock solution + 88 mL distilled water.

TE solution

LiAc/TE solution

5. A.2. Microorganisms and culture conditions

Microorganisms used in this study are listed in Table 3. Molds (Fusarium oxysporum,
Galactomyces geotrichum, Botrytis cinerea and Rhizoctonia solani) were gown on PDA (Sigma-
Aldricht, St Louis, MO, U.S.A.). Burkholderia ambifaria AMMD wild-type (wt) and its mutants,
and Escherichia coli were routinely grown at 37°C on Luria Bertani (LB) medium. Burkholderia
rhizoxinica was grown on different media including Landy, TSB M9, MGY, bacto tryptic soy
broth, 830 medium, nutrient broth and LB media. Candida albicans was grown on Sabouraud
agar at 37°C and S. cerevisiae was grown on yeast-extract-peptone-dextrose at 30°C (Shanks et
al. 2006). Aeromonas hydrophila was routinely grown in LB and A. salmonicida in nutrient

medium.
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Table 3: List of microorganisms used in the current study

Strains

Relevant characteristics

Reference or source

Burkholderia ambifaria

AMMD LMG 19182 Wild type LMG 19182
Burkholderia ambifaria . . R s .
AMMD-Gm Single-crossover mutant pMQ30-carrying Gm™, Suc This study
Burkholderia ambifaria . : . S o R ;
AMMD-Abamb_6472 Mutant with deletion of NRPS gene Bamb_6472; Gm®; Suc This study
B. ambifaria AMMD Or Mutant with disruption of ornibactin cluster This study
B. ambifaria AMMD Cep Mutant with disruption of cepaciachelin cluster This study
B. ambifaria AMMD Or Cep Mutant with disruption of ornibactin and cepaciachelin clusters This study
Burkholderia rhizoxinica .
HKI 454 Wild type DSM-19002
Burkholderia phymatum
STM815 Wild type DSM- 17167
Aeromonas hydrophila .
subsp. hydrophila Wwild type cip
A. hydrophila AamoF Mutant with disruption of NRPS gene AHA_2474 This study
Aeromonas hydrophila AamoG Crossover mutant with pMQ30AHA_2473 This study
Aeromonas salm_ommda Wild type DSM-19634
subsp. salmonicida
Staphylococcus aureus L
ATCC 25923 Clinical isolate ATCC 25923
Staphylococcus aureus MethR -
ATCC 43300 Isolated from human clinical ATCC 43300

Listeria innocua
ATCC51742

Isolated from brain of cow

ProBioGEM lab stock

B.subtilis BBG131

Surfactin mono-producing

ProBioGEM lab stock

Micrococcus luteus Wild type ProBioGEM lab stock
Fusarium oxysporum F.sp
Phytopathgen ProBioGEM lab stock
Galactomyces geotrichum
MUCL2859 Phytopathgen ProBioGEM lab stock
Botrytis cinerea R16 Phytopathgen ProBioGEM lab stock
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Rhizoctonia solani S010-1 Phytopathgen ProBioGEM lab stock
Candia albicans ATCC10231 Isolated from man with bronchmycosis ATCC10231
Saccharomyces cerevisiae Wild type ProBioGEM lab stock
. Yeast strain for in vivo recombination ;
Invitrogen
Saccharomyces Cerevisiae ) aTa/MATa leu2/leu? trpl-289/trpl-289 ura3-52/ura3-52 hiss- d
InvScl -
Al/his3-Al
Escherichia coli
Escherichia coli o
ATCC 25922 Clinical isolates ATCC 25922
WM3064 Donor strain for conjugation Phytopatho_logy_lab,
Ghent university
WM3064-Bamb_6472 GmR Donor strain with pMQ30 Bamb_6472 GmR This study
WM3064 pMGQrﬁF? AHA_2473 Donor strain with pMQ30 AHA_2473 Gm® This study
DH5a Host for cloning ProBioGEM lab stock
HB101 Helper strain for conjugation ProBioGEM lab stock
High-efficiency competent strain used to the amplification and
JM109 the conservation of the different plasmids
recAl, endAl, gyrA96, thi, hsdR17 (rK—,mK+), relAl, supE44, Promega
A(lac-proAB), [F’, traD36, proAB, laclqZAM15]

5. B. Biological activity assays

5. B.1. Antifungal activity

Antifungal activity was demonstrated by contact antagonism assay. PDA plates were inoculated
with 5 mm of agar plug of F. oxysporum, G. geotrichum, B. cinerae, and R. solani grown for two
days on PDA. The plates were inoculated with bacterial culture and incubated at 25°C for 5-7
days. Control plates of fungi were also prepared and the results were scored by comparison to

control plates.

5. B.2. Anti bacterial and yeast activity

Antibacterial activity was carried out by agar drop plate, disc diffusion, and agar well methods.
Anti-yeast activity was performed by the agar drop plate method. Erlenmeyer flask containing 50
ml of different media including PDB, TSB, TSBM9, TSBgly, Landy, 830, and LB were
inoculated with 0.5 mL of bacterial suspension containing about 108 CFU mL™ and incubated 5
days under rotary shaking (160 rpm) at 37°C for B. ambifaria and 28°C for B. rhizoxinica. Then,
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the culture was centrifuged at 10,000 g for 10 min at 4°C. The supernatant was concentrated 10
times via speed vacuum, and then 50 pL of this supernatant were deposited on 14 ml solid
Sabouraud medium inoculated with target strains including C. albicans and S. cerevisiae, M.
luteus, L. innocua, S. aureus MethR. After 24 h of incubation at 30°C, the activity was measured

by the diameter of the zone of inhibition of target strains.

5. B.3. Haemolytic activity

The haemolytic activity was assessed at 30°C on blood agar. 50 uL of bacterial supernatant were
spotted to the plates that were incubated for 48 h at 30°C. Positive results were indicted by the

formation of a clear zone around the wells.

5. B.4. Siderophores activity

All free iron media used are listed in table 4. All the glassware were rinsed with 6M HCL then
rinsed 10 times with Milli-Q distilled water. Burkholderia and Aeromonas strains were
propagated three times in iron-deficient minimum medium (MM9) (Payne 1994) supplemented
with 10 % of casamino acids previously treated, first with 3% 8-hydroxyquinoline in chloroform
to remove contaminating iron and then with chloroform to remove remaining 8-
hydroxyquinoline. Then, MgCl, 1 mM and CaCl, 0.1 mM were added. All glassware was rinsed
with HCI 6 M. CAS (Chrome Azurol S) liquid and agar assays were performed in accordance
with the original protocol (Schwyn and Neilands 1987). The color of CAS assay solution
changed from blue to yellow when iron chelating agent is present in sample solutions.
Production of siderophores was also demonstrated with liquid medium of MM9 and CAA
inoculated with bacterial suspension of B. ambifaria AMMD and its mutants, B. phymatum, A.
hydrophila and its mutants, and A. salmonicida. 0.5mL of filtered supernatant of 24h and 48h
bacterial culture were mixed with 0.5mLof CAS regent. Colour change from blue to orange or
yellow was noted and the production of siderophores was determined by measuring the
absorbance at 620 nm and the difference between the first and last absorbance after 5 minutes
was noted as AOD. MALDI-ToF Mass Spectrometry was also applied to detect the siderophores

in supernatant.
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Table 4: List of iron free media used

Media Composition for 1L of medium

Proteose peptone 20 g, Glycerol 10 ml, K2HPO, 1.5 g, MgSO, 1.5 g, Bactor
agar 15g.
Casamino acid 5 g, K2HPO4 1 g, and Chelex 100 Resin 5 g. pH was adjusted
Casamino Acid (CAA) to 7. The medium was stirred during overnight at 4°C. After autoclaving,
MgCI2 was added till final concentration became 400 uM
Composed of MM9 medium supplemented with 10 % of casamino acids
previously treated, first with 3% 8-hydroxyquinoline in chloroform to remove
medium (MM9) contaminating iron and then with chloroform to remove remaining 8-
hydroxyquinoline. Then, MgCl, 1 mM and CaCl, 0.1 mM were added.
60.5 mg of CAS dissolved in 50 ml of deionised water, and mixed with 10 ml
of a solution of iron (111) (Immol L™ FeCI3 _ 6H20, 10 mmol L™ HCI).
Chromeazurol (CAS)  \while stirring, this solution was slowly mixed with 72.9 mg of
agar hexadecyltrimethylammonium bromide (HDTMA) previously dissolved in 40
mL of water. The resulting dark blue solution was autoclaved, cooled to 50/60
1C and mixed with 900 ml of sterile MM9 containing 15 g L™ of agar

Dissolved 4.3 g Piperazine in 30 ml water and adjusted the pH to 5.6 by
addition of 6.25 ml concentrated HCI.

CAS liquid medium | Dissolved 0.02 g Hexadecy! trimethyl ammonium bromide (HDTMA) in 50 ml
dH20 in a separate flask

Added 7.5 ml CAS solution, 1.5 ml Fe solution, the piperazine solution and 2
mL 5-Sulfosalicylic acid while stirring and adjusted the volume to 100 ml

King’s B (KB)

Iron-deficient minimum

5. B. 5. Surface tension measurement

To test whether B. rhizoxinica is able to decrease the surface tension through the production of
mixed lipopeptides, bacterial strains were grown 72h in landy medium, cells were pelleted and
culture supernatants were collected for analysis. Surface tension was measured by the ring
method using a tensiometer (TD1, Lauda-Brinkmann) equipped with a Du Nouy ring. Briefly,
the ring was placed just below the surface of 20mL of the liquid. Subsequently, the force to
move this ring from the liquid phase to the air phase was determined. Surface tension values
represent the average of three independent measurements performed at room temperature. A
higher concentration in a test sample provides a lower surface tension until critical micelle
concentration (CMC) is reached. For the calibration of the instrument, the surface tension of pure

water was first measured. B. subtilis 131, surfactin mono-production, was also used as control.
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5. B.6. Purification of culture supernatant

Culture supernatant especially for siderophore production were purified and extracted by C18
cartridges. The peptides absorbed on the C18 were then eluted in 8 mL of different
concentrations of methanol or acetonitrile. The eluted peptides were dried by rotating vapour and
speed vacuum followed by re-dissolving in 100 uL. of methanol or acetonitrile. The final purified
supernatant was then tested for further investigation including siderophore activity test,
antimicrobial activity as well as LC-MS as well as MALDI-ToF Ms.

5. B.7. MALDI-ToF Mass Spectrometry

Mass spectrometry analysis was performed with MALDI-ToF, ToF-ToF, and MS/LC techniques.
Supernatant was mixed with a matrix solution (10mg /ml cyano-4-hydroxycinnamic acid in 70%
water, 30% acetonitrile, and 0.1% TFA). The samples were homogeneized on a Vortex and
centrifuged at 5000 rpm. For classical analysis 1 ul of sample solution was spotted onto a
MALDI-ToF MTP 384 target plate (Bruker Daltonik GmbH, Leipzig, Germany) according to the
procedure of the dried-droplet preparation. Mass profiles experiments were analyzed with an
Ultraflex MALDI-ToF/ToF mass spectrometer (Bruker, Bremen, Germany) equipped with a
smartbeam laser. Samples were analyzed using an accelerating voltage of 25 kV and matrix
suppression in deflexion mode at m/z 750. The laser power was set to just above the threshold of
ionization (around 35%). Spectra were acquired in reflector positive mode in the range of 400 at
3000 Da. Each spectrum was the result of 2000 laser shots per m/z segment per sample delivered
in 10 sets of 50 shots distributed in three different locations on the surface of the matrix spot.
The instrument was externally calibrated in positive reflector mode using bradykinin [M+H]+
757.3991, angiotensin 1l [M+H]+1046.5418, angiotensin | [M+H]+ 1296.6848, substance P
[M+H]+ 1347.7354, bombesin [M+H]+ 1619.8223, and ACTH (1-17) [M+H]+ 2093.0862.

5. C. Molecular techniques

5. C.1. DNA Isolation

DNA was isolated using Wizard®Genomic DNA Purification kit from Promega. Overnight
culture of Burkholderia and Aeromonas strains were grown in LB media. Bacterial cells were
harvested by centrifugation and then re-suspended in 600 pL of Nuclei Lysis solution and
incubated at 80°C for 5 minutes to lyse the cells. The RNA is digested by RNase. After
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incubation at 37°C for 1 h to degrade any RNA remaining, 200 puL of protein precipitation
solution to precipitate protein matter, and the lysate was vortex vigorously for 20 seconds to mix
the protein precipitation solution with the cell lysate, a high speed centrifugation was then used
to remove proteins and polysaccharides. The cleaned lysate was transferred to a sterile 1.5 mL
microtube containing 600 pL of isopropanol. After mixing, the tube was centrifuged for 2
minutes to collect the precipitated genomic DNA. The DNA pellet was washed with 600 uL of
70% ethanol and subjected to an additional centrifugation step to re-pellet the DNA. After
removal of all the ethanol, the DNA pellet was air-dried for 10-15 minutes and dissolved in 100
uL of DNA rehydration solution and stored frozen at — 20°C until use for further investigations.
To examine the quality of the isolated DNA, 10 puL was loaded onto a 0.6% agarose gel. The
concentrations were determined at 260 nm using NanoDrop (NanoDrop Lite spectrophotometer,
Thermo Scientific, USA).

5. C.2. Agarose Gel electrophoresis

Agarose was made with Tris-Borate-EDTA (TBE) buffer. The molten agarose was supplemented
with safe view dye (Gel Red; SuL Gel Red/100 mL agarose gel) to enable the DNA samples to
be subsequently visualized under UV illumination. A DNA size ladder (10 uL of 1 or 10 kb
molecular ladder; Fermentas, Thermo Fisher Scientific, USA.) was also loaded and then,
electrophoresis was performed at 100 volts for about 40-60 min in 0.5 x TBE buffer containing
Gel Red (5 pLper 100 mL TBE). Then the agarose gel was viewed under UV light (Gel doc, Bio

RAD) at 302 nm and images were taken using a gel documentation camera (BioRAD).

5. C.3. Polymerase chain reaction (PCR)

PCR Master Mix (2X) from Fermentas, USA, was used as a mixture of Tag DNA polymerase
0.05 units/ pL, reaction buffer, 4 mM MgCl2 and 0.4 mM of each dNTPs. The total volume of
each reaction was 20 puL and contained 10 pL of master mix, 3pul sterile nuclease free H,O, 4 pl
of Q-Solution, 0.5 puL of each primer (0.5 pmol pL ! final concentration) and 2 uL of DNA (10
to 40 ng/ uL). PCR was carried out in a DNA Thermocycler (Labcycler, SensoQuest, Gottingen,
Germany) with the following thermal cycles: Initial DNA denaturation at 94°C for 5min, DNA
denaturing at 94°C for 1 min, primer annealing 50°C to 60°C for 30 sec. Time of elongation at

72°C depends on every fragment size and a final extension at 72°C for 10 min. PCR was
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performed for 30 cycles. PCR products were evaluated by agarose gel electrophoresis as

described above. All primers uses in this study are presented in table 5.

5. C.4. Restriction Enzyme Digest

For cloning PCR product, the vectors were prepared by cutting with a restriction endonuclease
that cleaves DNA at specific sequences. The total volume of each reaction was 20 pL contained
15 pL of sterile nuclease free H,O, 2 pL of restriction enzyme buffers (10X), 1 uL of DNA (0.5-
1 pg/pL) and 2 pL of enzymes. The mixture was incubated at 37°C for 1.5 hour and analyzed on

a 0.6% agarose gel.

5. C.5. Gel Extraction

Insert and vector DNA fragments is usually derived from restriction endonuclease digests and,
thus, will be mixed with enzymes, other DNA fragments and salts that may inhibit the ligation
reaction. Therefore, it is necessary to purify the DNA fragments prior to ligation. The DNA was
purified from agarose gel according to Gel extraction protocol from Fermentas. After
electrophoresis in agarose gel, an agarose block containing the fragment of interest is cut out by
a scalpel blade. 1:1 volume of binding buffer was added to the gel slice and then incubated at 50-
60°C for 10 min or until the gel slice is completely dissolved. The solubilized gel solution was
subjected to GeneJET™ purification column and then washed with wash buffer previously
diluted with ethanol. After centrifugation, the purified DNA was eluted in TE buffer and stored
at -20°C.
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Table 5: List of primers used in the current study

Primer sequences Fragment | Tm
Primers (57> 37) length (bp) | °C
Up64T72-F GGAATTGTGAGCGGATAACAATTTCACACAGGAAACAGCTGCGATCCAGTACCGCGACTAC
1015 60
Up6472-R TCGGAAGGGAATAGGTCAGCTGATCGGTGACCAGTACGTT
Down6472-F AACGTACTGGTCACCGATCAGCTGACCTATTCCCTTCCGA
887 60
Down6472-R CCAGGCAAATTCTGTTTTATCAGACCGCTTCTGCGTTCTGATTCCTTTTGCACAGGTTGACG
GGAATTGTGAGCGGATAACAATTTCACACAGGAAACAGCTGATCAAGGTACCCGTCGTGTT
UPCepF
905 59
UPCepR CGGACGACGGATAACTGTCCGATGTCCTGTTTCGGCGC
DownCepF GCGCCGAAACAGGACATCGGACAGTTATCCGTCGTCCG - o
DownCepR CCAGGCAAATTCTGTTTTATCAGACCGCTTCTGCGTTCTGATATCATGTGCTGTGCGACCG
UPOME GGAATTGTGAGCGGATAACAATTTCACACAGGAAACAGCTGGCGCCTTTCCAGAACGAC - e
UPOMR GCGACATAGCCGATCAGTTGGCCCGTAACCGTTGATCAG
DownOmF CTGATCAACGGTTACGGGCCAACTGATCGGCTATGTCGE - s
DownOmR CCAGGCAAATTCTGTTTTATCAGACCGCTTCTGCGTTCTGATCAACGGCGGATGAATCGTC
ARAL TTGTTGACCTATGGCGAGCTGGAG . o
AhAS GCACTCGGTCGGGCCGTACATG
ANAL TTGTTGACCTATGGCGAGCTGGAG 1308 5
AA9 CGGCACCATGTATTCGGGCAG
AhFol GGGTGGACTGGCTGTTTGCTAC 1360 6
AhRev1 CAACCGTGGCTCCCTCACTTTC
AhFo3 CGCCTGAGCGAGACGAAATAC
1317 58
AhRev3 CAAAGCCCTGCTCGAAGAACC
KmsSalFo GGGTTCGAAGTCGACGAG
1045 59
KmsalRev AAAGGTCGACTTATTCAACAAAGC
UPAHA2473-F
GGAATTGTGAGCGGATAACAATTTCACACAGGAAACAGCTGTCAGTGAGGGCGGATCAGAT 800 60
UPAHA2473-R AGTCCACTCCCCAGACCACCCGTAGCAGTTCCACAGC
DowmAHA2472-F GCTGTGGAACTGCTACGGGTGGTCTGGGGAGTGGACT o o
DOWNAHA2472-R | CCAGGCAAATTCTGTTTTATCAGACCGCTTCTGCGTTCTGATCAATCCGTTTTCAGCCCAGT
165rRNA_F AGAGTTTGATC(A,C)TGGCTCAG
1500 55
165rRNA R GG(A.C)TACCTTGTTACGA(T,C)TTC
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5. C.6. Plasmids Isolation

Plasmids were isolated using GeneJET™ Plasmid Miniprep Kit from Fermentas. Overnight
culture of bacteria containing the plasmid was grown in a liquid media. Bacterial cells were
harvested by centrifugation and then re-suspended in 250 pL of resuspension solution RNase and
then treated with 300 pL of lysis solution. After that 250 uL of neutralization solution was added
to bring the lysate pH back to normal. A high speed centrifugation was then used to separate the
plasmid. Cleared lysate which contain plasmid was subjected to GeneJET™ purification column
then washed with wash buffer previously diluted with ethanol. After centrifugation, the plasmid
was eluted in TE buffer and stored at -20°C. Plasmids concentrations were measured using
NanoDrop (NanoDrop Lite spectrophotometer, Thermo Scientific, USA).

5. C.7. Cloning

The purified fragments were cloned to pGEM-T Easy vector (Promega) or other linearized
plasmids previously purified. For ligation reaction, the insert and vector were optimized with

ratio 3:1with the following equation:

Vector (ng) x size of insert (kb) insert (3)

- - = ng of insert
size of vector (kb) vector molar ratio(1) 8

The ligation reaction volume was 10 pL contained 5 pL of 2X ligation buffer, 1 pL of digested
Vector (50 ng), x UL of DNA insert, 1 pL of T4 DNA ligase. The final volume was completed to
10 pL with free DNA water. Ligation reactions were mixed and incubated overnight at 16°C for

the maximum number of transformants.

5. C.8. Heat Shock Transformation

Transformation of plasmid DNA into E. coli using the heat shock method is a basic technique of
molecular biology. It consists of inserting a ligation product into bacteria. The protocol we used
describes the traditional method of transformation from Promega. 2 puL of each ligation reaction
was added to 50 pL of competent cells. After incubation for 20 min in ice, a mixture of
competent bacteria and ligation reaction placed at 42°C for 45 seconds (heat shock) and then
placed back in ice for 2 min. SOC media was then added and the transformed cells were
incubated at 37°C for 1.5 h min with agitation and then 100 pL of the resulting culture were
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spread on LB plates containing the appropriate antibiotic marker or other selective marker as
with pPGEMTeasy, Amp 100 pg/mL, IPTG 200 pg/mL, and 20 ug/mL X-Gal. After incubation
overnight at 37°C, blue/white screening was used for recombinants. Selected colonies were
grown in LB with Amp 100 pg/mL and incubated overnight with agitation. The plasmids were

extracted and digested to ascertain the success of transformation.

5. C.9. Electroporation

The bacterium was first streaked on LB agar plate and a single colony picked and grown in
10mL of LB medium at 37°C for overnight with shaking. 2 mL of this culture was transferred to
100 mL of LB medium and incubated at 37°C with vigorous shaking at 160 rpm till the cell
density reached the absorbance of 0.5-1 at 600nm. Then the cells were collected by
centrifugation and washed two times with 20 ml of MEB buffer or 10% ice-cold glycerol.
Washed cells were resuspended in 100 mL of 10% ice-cold glycerol and transferred into a sterile
eppendorf tube. The cell aliquots were either directly applied for electroporation or stored in -
80°C for future use. 2 uL (150 ng) of the plasmid was brought into the competence cells. Mix
was placed on ice for 5 min and then transferred in a pre-chilled electroporation cuvette with
precaution against bubbles and electroporated using Bio-RAD Gene Pulser set at 2.5 KV, 25 uF
and 200 Q. Electroporated cells were transferred into 900mL of LB containing 2% of glucose
and placed on a rotary shaker at 37°C for 1.5h at 150 rpm. This was followed by plating of cells

on LB plates containing the appropriate antibiotic.

5. D. Bioinformatic tools
All the available bioinformatic tools including websites, softwares and database were used to

analyze the NRPS of complete genomes of Burkholderia and Aeromonas strains.

5. D.1. National centre for Biotechnology Information (NCBI)

It is American National Center of Biotechnology Information advances science and health. It
provides a series of databases including GenBank for DNA sequences and PubMed, a
bibliographic database for the biomedical literature. All these databases are available online at
http://www.ncbi.nlm.nih.gov/genbank/.
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5. D.2. Basic Local Alignment Search Tool (Blast)

It is a tool used to compare the sequences of different proteins and DNA. Blast provides a
powerful way to compare novel sequences with previously characterized genes. It is a useful

method for rapid searching of nucleotide and protein databases.

5.D.3. Primer 3

It is a free online tool to design and analyze primers for PCR. The development of Primer3 and
Primer3 web site was funded by Howard Hughes Medical Institute and by the National Institute
of Health and the National Human Genome Research Institute. It is freely accessible at

http://frodo.wi.mit.edu/primer3/.

5. D.4. NEB cutter

It is one of the services of the New England Bio Labs Insurance. This tool will take a DNA
sequence and produce a comprehensive report of the restriction enzymes that will cleave the
sequence. It provides a variety of outputs including restriction enzyme maps, theoretical digests
and links into the restriction enzyme database. It is freely accessible at
http://tools.neb.com/NEBcutter2/.

5. D.5. Amplifx software 1.4.4

Amplifx is a tool used to seek in a set of primers, those which can be use to amplify a particular
target region and design strategies to screen recombinant clones by PCR. We can add a primer
list to Amplifx to know the melting temperatures to design a PCR protocol in a thermocycler. All
informations including TM, quality, and length, for a given primer, are automatically calculated

by Amplifx.

5. D.6. Clone manager software

Clone manager software provides a comprehensive, fully integrated set of tools for primer design
and analysis, graphic map drawing, cloning simulation, enzyme operations, global and local
sequence alignments, similarity searches, and laboratory-sized sequence assembly projects. It is a
quick and easy way to view or edit sequence files, find open reading frames, translate genes, find

genes or text in files, or use primer or sequence phrase collections.
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5. D.7. T-Coffe (ClustalW)

T-Coffe is a free online tool through the European Bioinformatics Institute (EBI) used to align
multiple sequences and generate phylogenetic trees. It is free accessible at:

http://www.ebi.ac.uk/Tools/msa/tcoffee/
5. D.8. NRPs bioinformatic tools

5. D.8.1. Norine

Norine is a database dedicated to nonribosomal peptides (NRPs). It contains more than 1100
peptides and is freely accessible at http://bioinfo.lifl.fr/norine/. For each peptide, it provides its
structure, biological activity, producing organisms and bibliographical references. It gives a
complete computational tool for systematic study of NRPs in several species, and allows
obtaining a better knowledge of these metabolic products.The databases can be queried in order
to search for peptides through their annotations as well as through their monomeric structures. In
the latter case, the user can specify the composition, the whole structure or a structural pattern

(possibly including "undefined monomers") of the searched peptide.

5. D.8.2. PKS- NRPS analysis

It is a project of the Institute of Genome Sciences University of Maryland School of Medicine
(Baltimore, MD 21201), aimed to identify and predict the catalytic domain presented in NRPS
and PKS genes. It is accessible on; http://nrps.igs.umaryland.edu/nrps/.

5. D.8.3. SBSPKS

This database provides an interface to correlate chemical structures of NRPS/PKS products with
the domains and modules in the corresponding polyketide syntheses (PKSs) or non-ribosomal
peptide synthetases (NRPSs). The pictorial depictions combined with specific query interfaces
facilitate easy identification of various domains and modules from a given polypeptide sequence.
NRPS-PKS allows the user to extensively analyze and retrieve the sequence homology of
various PKS or NRPS domains providing guidelines for carrying out domain and module
swapping experiments. In addition it predicts the specificity of starter and extender precursor
units of each potential adenylation domain or acyl transferase. It is accessible on:
http://lwww.nii.ac.in/~pksdb/shbspks/search_main_pks_nrps.html
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5. D.8.4. AntiSMASH

The antibiotics and secondary metabolites analysis shell (antiSMASH) is a comprehensive
pipeline for the automated mining of finished or draft genome data for the presence of secondary
metabolites biosynthetic gene clusters. It is freely accessible at:

http://antismash.secondarymetabolites.org

5. D.8.5. NRPS predictor 2

It is a web server for predicting NRPS adenylation domain specificity based on four different
levels. The first level, based on physic-chemical properties, the sequences is splitting in three
different parts determining whether they are hydrophilic, hydrophobic- aromatic or hydrophobic-
aliphatic. Then the sequences are grouped into large and small clusters. The final level predicts
which substrate the given NRPS protein will bind. It is accessible on:
http://nrps.informatik.uni-tuebingen.de/Controller?cmd=SubmitJob

5. D.8.6. Natural Product Domain Seeker (Napdos)

It is a useful tool for the analysis and rapid detection of secondary metabolites genes. It is
designed to detect and extract C- and KS domains from DNA or amino acids sequences. It is
helpful to determine the C-domain types whether it is Cart, Pc., C. or dual C/E domains. The
domains are identified based on sequences comparison to a broad set of manually curated
reference genes from well characterized chemical pathways. It is accessible on:

http://napdos.ucsd.edu/run_analysis.html
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