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ABSTRACT Pseudomonas spp. colonize diverse aquatic and terrestrial habitats and
produce a wide variety of secondary metabolites, including lipopeptides. However,
previous studies have often examined a limited number of lipopeptide-producing
strains. In this study, we performed a systematic analysis of lipopeptide production
across a wide data set of strains of the Pseudomonas syringae complex (724) by
using a combined bioinformatics, mass spectrometry, and phylogenetics approach.
The large P. syringae complex, which is composed of 13 phylogroups, is known to
produce factins (including syringafactin-like lipopeptides), mycins (including syringo-
mycin-like lipopeptides), and peptins (such as syringopeptins). We found that 80.8%
of P. syringae strains produced lipopeptides and that factins were the most fre-
quently produced (by 96% of the producing strains). P. syringae strains were either
factin monoproducers or factin, mycin, and peptin coproducers or lipopeptide non-
producers in relation to their phylogenetic group. Our analyses led to the discovery
of 42 new lipopeptides, bringing the number of lipopeptides identified in the P.
syringae complex to 75. We also highlighted that factins have high structural resem-
blance and are widely distributed among the P. syringae complex, while mycins and
peptins are highly structurally diverse and patchily distributed.

IMPORTANCE This study provides an insight into the P. syringae metabolome that empha-
sizes the high diversity of lipopeptides produced within the P. syringae complex. The pro-
duction profiles of strains are closely related to their phylogenetic classification, indicating
that structural diversification of lipopeptides parallels the phylogeny of this bacterial com-
plex, thereby further illustrating the inherent importance of lipopeptides in the ecology of
this group of bacteria throughout its evolutionary history. Furthermore, this overview of P.
syringae lipopeptides led us to propose a refined classification that could be extended to
the lipopeptides produced by other bacterial groups.

KEYWORDS classification, factins, lipopeptide BGC, lipopeptides, mycins, peptins,
Pseudomonas syringae, secondary metabolites

Lipopeptides are secondary metabolites whose production has been reported for
several bacterial genera, including Streptomyces (1), Burkholderia (2), Bacillus (3), and

Pseudomonas (4), and for some filamentous fungi (5, 6). These amphiphilic molecules,
composed of a hydrophobic fatty acid tail linked to a hydrophilic peptide chain, mani-
fest biosurfactant activities and impact several biological mechanisms, mainly bacterial
motility, antimicrobial activity, pathogenicity to plants, and plant systemic resistance
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induction. Lipopeptides help microorganisms to survive and thrive by facilitating habi-
tat colonization, nutrient uptake, and competition with other organisms. Lipopeptides
are assembled by nonribosomal peptide synthetases (NRPSs), which are large multien-
zymatic complexes encoded by biosynthetic gene clusters (BGCs). NRPSs are structured
into modules, one for each amino acid (AA) (or monomer) of the peptide chain. Each
module is divided into domains that catalyze different reactions. The essential domains
are the adenylation (A) domain, responsible for AA recognition and activation, the thio-
lation (T) domain, for thioester ligation to the NRPS during the assembly process, and
the condensation (C) domain, for peptide bond formation. A thioesterase domain (Te
domain) is usually present in the last module to ensure release and in some cases cycli-
zation of the peptide neosynthesized. In the case of lipopeptide NRPSs, a starter C do-
main located at the beginning of the assembly chain attaches the first AA to the fatty
acid, which can be of different lengths, degrees of hydroxylation, and saturation. More
specifically, the synthesis of lipopeptides by Pseudomonas spp. involves a dual C/E do-
main that is in charge of both epimerization of an L-AA into the D-AA racemer and pep-
tide bond catalysis. NRPSs generate a high diversity of lipopeptides that are gathered
into families depending on the composition and length of the peptide chain. However,
no systematic classification or nomenclature is established to classify and name lipo-
peptides whatever the producing organism, which sometimes introduces confusion.

Pseudomonas syringae bacteria are known to produce factins (which are linear lipo-
octapeptides, such as syringafactins), mycins (which are cyclic lipononapeptides, such
as syringomycins), and peptins (which are cyclic lipopeptides with a longer peptide
chain, such as syringopeptins bearing 22 or 25 AA (7). Questions about the ecological
and evolutionary processes that lead to the structural diversity of lipopeptides are
raised and could be investigated by exploring the lipopeptide diversity within this
group of organisms, which are closely related genetically yet diversified in their ecolog-
ical tendencies. Members of the Pseudomonas syringae complex have emerged as
excellent models in this regard for several reasons: (i) this is a large phylogenetic com-
plex composed of 13 phylogroups (8, 9), (ii) this species complex inhabits the surface
of plants and a wide range of terrestrial and aquatic habitats that could provide differ-
ent selective forces for lipopeptide evolution (10, 11), (iii) hundreds of agricultural and
environmental strains representing the full diversity of this group are readily available
from a single source, maintained at INRAE in Montfavet, France, and (iv) lipopeptide
diversity and prevalence within the P. syringae complex have probably not been fully
elucidated, especially given that most studies have focused on a small number of agri-
cultural and phylogroup 2 strains.

RESULTS AND DISCUSSION
Deciphering the P. syringae lipopeptide production frequency and structural

diversity with a combined approach of mass spectrometry and bioinformatics. To
investigate lipopeptide production and diversity within the P. syringae complex, we stud-
ied a total of 724 strains (Table S1) collected from plants and different environmental habi-
tats and representative of the phylogenetic diversity of this bacterial complex as they are
distributed in the 13 phylogroups of the P. syringae complex. (See Fig. 7 for the phylogeny
of the P. syringae complex reported by Berge et al. [8], reproduced in this paper.) We ana-
lyzed the strains with a combined approach using mass spectrometry (MS) and bioinfor-
matics. The use of high-throughput matrix-assisted laser desorption ionization–time of
flight (MALDI-TOF) mass spectrometry allowed us to rapidly analyze the 724 strains and to
detect lipopeptide production in vitro. The whole genomes of 47 strains distributed in the
13 phylogroups of the P. syringae complex were sequenced (see Table S2 in the supple-
mental material). Bioinformatics tools allow detection of the presence of lipopeptide NRPS
genes by searching for the signature sequences of NRPS domains from complete
genomes. Lipopeptide BGCs were detected in 37 out of the 47 sequenced genomes and
were then analyzed bioinformatically to predict the AA sequence and D/L-configuration
through analysis of the A and C domains. However, some AA cannot be predicted (e.g.,
dhAbu) or predictions give only groups of several AA (e.g., Val, Leu, and Ile). The structures
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of the lipopeptides produced by the 37 strains were also analyzed by interpretation of
fragment spectra obtained from mass spectrometry. However, in some cases fragmenta-
tions were partial, in particular for peptins, which have a stable peptidic cycle (12), or were
not possible when lipopeptides were not produced in sufficient amounts. For each mass
detected, we predicted the fatty acid and amino acid sequence of the corresponding lipo-
peptide from bioinformatics predictions and mass spectrometric data obtained for several
producing strains (Fig. S1 to S5). Finally, the masses were assigned to known and new
forms of factins, mycins, and peptins by comparison with data available from the literature.
The strength of the combined use of bioinformatics and mass spectrometry lies in the
complementarity of the data obtained, which is illustrated in Fig. 1. This approach was
therefore particularly efficient and time saving insofar as it required neither purifying steps
nor in-depth analyses to detect many lipopeptides and predict their structures. We found
that 585 of the 724 strains of the collection have the capacity to produce lipopeptides,
showing that these molecules have a prominent ecological role in the P. syringae complex.
We detected a total of 67 lipopeptides, including 42 new lipopeptides (Table 1 and Data
Set S1).

Widespread factin production in the P. syringae complex. Factins were found to
be coproduced with both mycins and peptins for more than half of the lipopeptide-
producing strains (55%) and were also detected to be produced alone for many pro-
ducing strains (33.7%). In rarer cases, factins were detected with only mycins (3.4% of
the strains) or only peptins (3.9% of the strains) (Fig. 2). Thus, factins appeared to be
the most frequently occurring lipopeptides; they are produced by 562 strains, which
represents 96% of the lipopeptide-producing strains. In order to better understand the
absence of lipopeptide production, we compared BGC detection to lipopeptide pro-
duction (Table S2). There were multiple instances where BGCs were detected but not
the compounds, probably because of poor production or ionization of lipopeptides
leading to a signal below the detection threshold of the mass spectrometer and there-
fore to an underestimation of the number of producing strains. The absence of detec-
tion of some lipopeptides could also be due to the absence of the corresponding
BGCs. In silico analyses of sequenced genomes have demonstrated that at least 10
strains do not harbor any BGC for synthesis of lipopeptides, highlighting that some P.
syringae strains are lipopeptide nonproducers (Table S2). Moreover, the genomes of at
least 15 strains of the collection harbor a BGC only for factin production, confirming
that some P. syringae strains can be factin monoproducers, such as P. syringae pv.
tomato strain DC3000, from which factins were identified for the first time (7, 13). Our
genomic analysis showed that the sequenced genomes of P. syringae strains harbor no
BCGs, one factin BGC, or three lipopeptide BGCs.

Factin production has often been ignored or disregarded. Syringafactins have been
described only for two strains of P. syringae (13, 14), cichofactins for only about 15 strains
of P. cichorii (15, 16), and recently virginiafactins for one Pseudomonas sp. strain outside
the P. syringae complex (16). Our results therefore demonstrate that production of factins,
alone or in combination with mycins and peptins, is actually a widespread trait of P. syrin-
gae bacteria (562 factin-producing strains out of 724 strains studied) whatever their
habitat. About 85% of the strains isolated from freshwater or precipitation, 75% from
snowpack and 60% from plant and litter, were factin monoproducers or lipopeptide cop-
roducers (Fig. 3). It seems that the proportion of nonproducers is higher among strains iso-
lated from plants or litter (about 40%) but lipopeptide-producing strains from plant or
litter are mainly producers of the three families, factins, mycins, and peptins. However,
they are proportionally less represented in our collection. An in-depth study with a larger
number of plant-associated strains should be done to examine the relationship between
the source of isolation and the lipopeptide production profile. Factin synthesis has prob-
ably been highly maintained in P. syringae during evolution because of the physicochemi-
cal properties of factins, which are important for colonization of their environment. Berti
et al. (13) and Pauwelyn et al. (15) have shown that factins have biosurfactant activities
and enhance bacterial motility through swarming, as factin-deficient mutants lost these
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FIG 1 Combination of different approaches leading to new lipopeptide discovery. As an example, the workflow is applied to cichofactin produced by
P. cichorii CFBP4407. Monomers with undefined isomery are represented by dotted circles. L-Monomers are in white; D-monomers are in gray.
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TABLE 1Masses detected by MALDI-TOF MS and LC-MSa

[M+ H]+ [M+ Na]+ [M+ K]+

Putative assignment
Calculated
mass (Da)

No. of producing
strainsLP family LP subfamily LP

Factins 562
1,082.7 1,104.7 1,120.7 Syringafactin Syringafactin A 1,081.74 429
1,096.8 1,118.8 1,134.8 Syringafactin B 1,095.75 369
1,096.8 1,118.8 1,134.8 Syringafactin C 1,095.75 369
1,110.8 1,132.8 1,148.8 Syringafactin D 1,109.77 182
1,124.8 1,146.8 1,162.8 Syringafactin E 1,123.78 117
1,124.8 1,146.8 1,162.8 Syringafactin F 1,123.78 117
1,109.8 1,131.8 1,147.8 Cichofactin Cichofactin A 1,108.75 90
1,135.9 1,157.9 1,173.9 3-OH C12:1 cichofactin [Val6] 1,134.76 2L

1,137.8 1,159.8 1,175.8 Cichofactin B 1,136.75 93
1,163.9 1,185.9 1,201.9 3-OH C14:1 cichofactin [Val6] 1,162.79 2L

1,123.8 1,145.8 1,161.8 3-OH C10:0 cichofactin [Leu/Ile6] 1,122.76 97 + 1L

1,151.8 1,173.8 1,189.8 3-OH C12:0 cichofactin [Leu/Ile6] 1,150.79 97 + 1L

NO 1,201.8 1,217.8 3-OH C14:0 cichofactin [Leu/Ile6] 1,178.83 10
Mycins 364

1,136.6 1,158.6 1,174.6 Syringotoxin Syringotoxin B 1,135.55 58
1,152.6 1,174.6 1,190.6 3,4-OH C14:0 syringotoxin 1,151.55 87
1,164.6 NO NO 3-OH C16:0 syringotoxin 1,163.58 17
1,180.6 1,202.6 1,218.6 3,4-OH C16:0 syringotoxin 1,179.58 57
1,163.6 NO NO Syringostatin C14:0 syringostatin 1,162.60 20
1,179.6 1,201.6 1,217.6 Syringostatin A 1,178.59 36
1,195.6 1,217.6 1,233.6 Syringostatin B 1,194.59 36
1,207.6 NO NO 3-OH C16:0 syringostatin 1,206.63 26
1,223.6 1,245.6 NO 3,4-OH C16:0 syringostatin 1,222.62 26
1,197.6 1,219.6 1,235.6 Syringomycin Syringomycin A1 1,196.56 63
1,209.6 NO NO C12:0 syringomycin 1,208.60 195
1,225.6 1,247.6 1,263.6 Syringomycin E 1,224.59 234
1,237.6 NO NO C14:0 syringomycin 1,236.63 129
1,253.6 1,275.6 1,291.6 Syringomycin G 1,252.62 220
1,281.6 NO NO 3-OH C16:0 syringomycin 1,280.65 43
1,207.6 NO NO Pseudomycin Pseudomycin B 1,206.59 2
1,223.6 1,245.6 NO Pseudomycin A 1,222.58 2
1,219.6 NO NO C16:0 pseudomycin 1,218.63 1
1,235.6 1,257.6 1,273.6 Pseudomycin C9 1,234.62 3
1,251.6 1,273.6 1,289.6 Pseudomycin C 1,250.62 4
1,263.7 NO NO 3-OH C18:0 pseudomycin 1,262.65 1
1,279.7 NO NO 3,4-OH C18:0 pseudomycin 1,278.65 1
1,249.6 NO NO Syringomycin-2 C16:1 syringomycin-2 1,248.63 2
1,265.6 1,287.6 1,303.6 3-OH C16:1 syringomycin-2 1,264.62 2
1,281.6 NO NO 3,4-OH C16:1 syringomycin-2 1,280.62 2
1,293.7 NO NO 3-OH C18:1 syringomycin-2 1,292.65 2
1,263,7 1,285.7 1,301.7 Pseudomycin-2 3-OH C16:0 pseudomycin-2 1,262.65 1
1,291.7 NO NO 3-OH C18:0 pseudomycin-2 1,290.68 1

Peptins 363
1,983.3 NO NO Cichopeptin-2 Not determined 7
1,997.3 2,019.3 2,035.3 Not determined 7
2,011.3 2,033.3 2,049.3 3-OH C10:0 cichopeptin-2 2,010.15 8
2,025.3 2,047.3 2,063.3 Not determined 8
2,063.3 2,085.3 2,101.3 Cichopeptin-3 Not determined 1
2,077.3 2,099.3 2,115.3 3-OH C12:1 cichopeptin-3 2,076.19 1
2,069.2 2,091.2 2,107.2 Cichorinotoxin Cichorinotoxin 2,068.19 1
2,144.2 2,166.2 2,182.2 Syringopeptin 22 Syringopeptin 22A 2,143.20 109
2,172.2 2,194.2 2,210.2 Syringopeptin 22B 2,171.24 102
2,146.3 2,168.3 2,184.3 Syringopeptin 22-2 3-OH C10:0 syringopeptin 22-2 2,145.22 6
2,174.4 NO NO 3-OH C12:0 syringopeptin 22-2 2,173.25 2
2,160.2 2,182.2 2,198.2 Syringopeptin 22-3 3-OH C10:0 syringopeptin 22-3 2,159.24 8
2,188.2 2,210.2 2,226.2 3-OH C12:0 syringopeptin 22-3 2,187.27 7
2,160.2 NO 2,198.2 Syringopeptin 508 3-OH C10:0 syringopeptin 508 2,159.24 2
2,188.2 2,210.2 2,226.2 Syringopeptin 508A 2,187.27 85
2,216.3 2,238.3 2,254.3 Syringopeptin 508B 2,215.30 81

(Continued on next page)
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activities (13, 15). Swarming also favors plant pathogenicity (17). The strong biosurfactant
and hygroscopic activities of factins are also major assets that can promote access to
water and nutrients, especially at the bacterium-plant interface (14, 18). For example, they
could promote the solubilization of pectin degradation products generated by pectolytic
enzymes produced by strains of phylogroup 07 (19). Finally, cichofactins also have antimi-
crobial properties that certainly favor the development of P. syringae strains at the
expense of other competing microorganisms (15). Interestingly, the surfactin-like lipopep-
tides that are frequently produced by strains of the Bacillus subtilis group (20, 21) present
the same properties as factins (e.g., biosurfactant activity and influence on swarming).

Low diversity of factins versus high diversity of mycins and peptins. Within the
factin family, masses corresponding to syringafactin forms A to F (13) were detected
together in a large number of the studied strains. In other strains, masses assigned to
cichofactins A and B (15) and to 5 new forms of cichofactin were observed to be copro-
duced (Table 1 and Data Set S1). Cichofactins differ from syringafactins at position 5 of
the peptide chain (Fig. 4) due to a difference between the 5th A domains (15). The new
cichofactins differ from cichofactins A and B, either on the fatty acid tail or at position
6 of the peptide chain due to the flexibility of the 6th A domain (Fig. 4). It is known
that certain A domains are able to recruit structurally related AAs such as valine, leu-
cine, and isoleucine (22–24). The BGCs for factin production analyzed in this study by
bioinformatics have the same organization as those previously reported for syringafac-
tins (13) and cichofactins (15). They contained two NRPS genes (syfA and syfB or cifA
and cifB) encoding two enzymes of 3 and 5 modules (Fig. S1 and S2).

TABLE 1 (Continued)

[M+ H]+ [M+ Na]+ [M+ K]+

Putative assignment
Calculated
mass (Da)

No. of producing
strainsLP family LP subfamily LP

2,399.4 2,421.4 2,437.4 Syringopeptin 25 or Syringopeptin 25A or 2,398.36 46
Syringopeptin 25-2 3-OH C10:0 syringopeptin 25-2 2,398.36

2,427.4 2,449.4 2,465.4 Syringopeptin 25B or 2,426.39 17
3-OH C12:0 syringopeptin 25-2 2,426.39

2,413.4 2,435.4 2,451.4 Syringopeptin 25-3 3-OH C10:0 syringopeptin 25-3 2,412.38 10
2,441.4 2,463.4 2,479.4 Syringopeptin 25-4 3-OH C10:0 syringopeptin 25-4 2,440.41 8
2,469.4 NO 2,507.4 3-OH C12:0 syringopeptin 25-4 2,468.44 3
2,443.5 2,465.5 2,481.5 Syringopeptin 25-5 3-OH C10:0 syringopeptin 25-5 2,442.43 30
2,445.3 2,467.3 2,483.3 Syringopeptin 25-6 3-OH C10:0 syringopeptin 25-6 2,444.40 51
2,473.3 2,495.3 2,511.3 3-OH C12:0 syringopeptin 25-6 2,472.44 39
aAssignments of all lipopeptide (LP) mass peaks to known and new subfamilies of factins, mycins, and peptins were based onMALDI-TOFmass spectrometry analysis of the 724
strains (Data Set S1). Assignments of mass peaks to individual LPs were supported from bioinformatics and fragmentation data (Fig. S1 to S5) obtained for 37 LP-producing
strains listed in Table S2. Newmolecules observed in this study are in italics. NO, not observed. A superscript “L” indicates observation in liquid culture supernatants only.

FIG 2 Distribution of lipopeptide families over the 585 producing strains from the P. syringae collection.
The blue circle represents factin-producing strains, the red circle represents mycin-producing strains, and
the yellow circle represents peptin-producing strains. The number of strains and the percentage over the
585 producing strains in the collection are mentioned in each corresponding area.
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In the mycin family, the m/z corresponding to syringomycins E and G (25–27), which
are the most commonly described in the literature, were also the most frequently
detected in this study (Table 1 and Data Set S1). In some strains, they were coproduced
with syringomycin A1 and three new syringomycins. All other mycins known to be pro-
duced by strains of P. syringae, namely, syringotoxin B (28–30), syringostatins A and B
(30, 31), and pseudomycins A, B, C, and C9 (32, 33), were also detected. The different
forms of a same mycin (e.g., syringostatins A and B) were often coproduced with new
forms by a single strain (Table 1 and Data Set S1). The mass differences of 16 Da and
28 Da observed were attributed to variations in size or degree of hydroxylation of the
fatty acid (Fig. 5). Further analysis led to the detection of new mycins we called syrin-
gomycin-2 and pseudomycin-2, which bring the total of new mycin forms to 18
(Table 1). Syringomycins-2 differ from syringomycin at positions 2, 4, and 7 in the
peptide chain and pseudomycins-2 differ from pseudomycins at position 5 (Fig. 4).
Bioinformatics analysis of the BGCs for the production of syringomycin and syringomy-
cin-2 detected in this study showed they were organized as previously reported for
syringomycins (4). They contained two NRPS genes (syrE and syrB1) flanked by three
genes (syrP, syrB2, and syrC) encoding external enzymes involved in mycin synthesis.
The gene syrE codes for eight full C-A-T modules and a ninth split module lacking an A
domain, and the gene syrB1 codes for a split A-T module (Fig. S3C and E). The BGCs
encoding the NRPSs of other mycins had not been described until now; they contained
three NRPS genes (syrE1, syrE2, and syrB1), like those for thanamycin and nunamycin (4,
7), which are mycins produced by Pseudomonas spp. outside the P. syringae complex.
The BGCs encoding syringotoxins, syrinstatins, and pseudomycins are organized like

FIG 3 Relationship between the source of isolation and the lipopeptide (LP) production profile of P. syringae strains.
The percent distribution of LP-producing strains among the 724 strains of the P. syringae collection is shown.
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that of thanamycin. The gene syrE1 codes for five full modules, and the gene syrE2
codes for 4 modules, with the last module lacking an A domain (Fig. S3A, B and D). The
BGC encoding pseudomycin-2 is organized like that of nunamycin (34). The genes
syrE1 and syrE2 code for 5 and 4 modules, which both have the last module lacking an
A domain (Fig. S3F). The peptide chains of mycins appear to be more diverse than pre-
viously known; they differ in the amino acid sequence between AA 2 and AA 7.

Regarding the peptin family, syringopeptins 22A and 22B (35) and syringopeptins
508A and 508B (36) were the most frequently observed. Cichorinotoxin (37) and syrin-
gopeptins (25A and 25B) (35) as well as 19 new peptins were also detected (Table 1
and Data Set S1). The different forms of a same peptin were often coproduced by the
same strain as observed for mycins. The new syringopeptins 22-2 and 22-3 are structur-
ally close to syringopeptins 22Phv and 22, respectively (38). Their only difference with
the latter is located at position 18 of the peptide chain (Fig. 6). The new cichopeptins have
structures similar to that of cichopeptin A (12), with several AA variations between posi-
tions 4 and 10 in the peptide chain (Fig. 6). We could predict complete structures only for
new cichopeptins, 3-OH C10:0 cichopeptin-2 and 3-OH C12:1 cichopeptin-3, as other forms
were not produced in amounts sufficient to be characterized. Concerning the new 25 AA
peptins, our analyses showed that they have structural resemblance to syringopeptin 25
(35) (Fig. 6). Syringopeptin 25-2 has the same m/z as the known syringopeptin 25 and
presents AA differences at position 3 and 7. Syringopeptins 25-3, 25-4, and 25-5 differ by
the replacement of certain AA by leucine at various positions of the peptide chain: position
3 for syringopeptin 25-3, positions 3 and 10 for syringopeptin 25-4, and positions 3, 6, and
14 for syringopeptin 25-5 (Fig. 6). In contrast, the differences observed between syringo-
peptin 25-6 and syringopeptin 25 are much greater. They actually differ both in the linear

FIG 4 Predicted structures of new factins compared to the previously described factins produced by the P. syringae complex. L-Monomers
are in white, D-monomers are in gray. The star above the monomer position number indicates conserved monomers.
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part, at positions 3, 6, 10, and 12 of the peptide chain, and in the cyclic part, at positions 20
and 21 (Fig. 6). Eight other peptins known to be produced by strains of the P. syringae com-
plex, i.e., cichopeptins A and B (12), syringopeptin SC1 and SC2 (1, 2, 39), syringopeptins
22PhvA and -B (38), [Phe25]syringopeptin 25 (40), and peptin 31 (41), were not detected.
Bioinformatics analyses showed that the organization of the peptin BGCs detected in the
studied strains is identical to those previously described (4, 7). They contained three genes
(cipA, cipB, and cipC or sypA, sypB, and sypC) encoding enzymes with 9-4-9 modules (cicho-
peptins and cichorinotoxin) (Fig. S4A and B), 5-5-12 modules (syringopeptins 22) (Fig. S4E
and F), and 8-5-12 modules (syringopeptins 25) (Fig. S5B to F). This study reveals that the
peptide chains of peptins are highly variable; they differ in particular in the linear part
between positions 3 and 12 and in the cyclic part.

FIG 5 Predicted structures of new mycins compared to the previously described mycins produced by the P. syringae complex. L-Monomers are in white, D-
monomers are in gray, and achiral monomers are in blue. The star above the monomer position number indicates conserved monomers.
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FIG 6 Predicted structures of new peptins compared to the previously described peptins produced by the P. syringae complex. L-Monomers are in
white, D-monomers are in gray, and achiral monomers are in blue. The star above the monomer position number indicates conserved monomers.
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Finally, our study allowed detection of 42 new lipopeptides and prediction of struc-
tures for 5 factins (Fig. S6A), 18 mycins (Fig. S6B), and 15 peptins out of 19 (Fig. S6C).
This brings the number of known lipopeptides in P. syringae to 75 (13 factins, 28
mycins, and 34 peptins) and reveals a notably high structural diversity of lipopeptides
for a single bacterial complex; the number of described lipopeptides is now about 160,
considering all other Pseudomonas species. The lipopeptide diversity in P. syringae
strains could be dependent on the growth medium composition, because of the sub-
strate flexibility of the A domains of some NRPSs (22, 23), and therefore may be higher
than that observed. We cultivated the strains on two different solid media (potato dex-
trose agar [PDA] and syringomycin recovery medium [SRM]) to increase the probability
of detecting a high number of lipopeptide forms, but we observed flexibility only on
the 6th A domain of factin NRPS. Interestingly, mycins and peptins known to be antimi-
crobial and phytotoxic show much more structural diversity than factins not only in
the P. syringae complex but also in the Pseudomonas fluorescens complex and in the
Pseudomonas asplenii group, which contain producers of other mycins, such as cormy-
cins, nunamycins, and thanamycins, and other peptins, such as fuscopeptins, nunapep-
tin, and sclerosin (7). Variations in the composition and length of both the fatty acid
and the peptide chain that were observed between lipopeptides of a given family are
likely to influence their level of activity against a given target, as demonstrated for
known mycins and peptins (33, 36, 38, 42) and lipopeptides of the viscosin family (43).
However, it is arduous to determine to what extent these structural differences are
able to modify their interaction with a targeted organism since the antimicrobial and
phytotoxic activities of lipopeptides remain poorly documented (44, 45).

Reclassification of lipopeptides. The discovery of a high number of new mole-
cules led us to refine the classification of P. syringae lipopeptides and to propose to
extend this classification to all lipopeptides. Lipopeptides are usually classified into
families (or groups) composed of lipopeptides having close chemical structures in
terms of length and composition of the peptide moiety and number of AAs composing
the lactone ring. We proposed a supplementary hierarchical classification level that is
subfamily. Subfamilies group similar family members that can be produced by a same
strain. Strains have the capacity to coproduce different lipopeptides of the same family,
as NRPSs can synthesize lipopeptides with different fatty acid tail or peptide moieties
due to their inherent flexibility. Hence, lipopeptides that are never coproduced in the
same strain are considered to be synthesized from different NRPSs and are classified in
different subfamilies. In parallel to this classification, we also propose a new nomencla-
ture which is meant to be descriptive of the lipopeptide structures and that will allow
any newly identified lipopeptide to be described and named (Table S3). The name of a
new subfamily should be the same as the closest known subfamily in terms of lipopep-
tide structure and/or NRPS organization, incremented by 1 (e.g., syringopeptins 25,
25-2, 25-3, 25-4, 25-5, and 25-6). Within each subfamily, the names of the different lipo-
peptides could mention the fatty acid length, degrees of hydroxylation and saturation,
and AA variations (e.g., 3-OH C12:1 cichofactin [Val6]). For lipopeptides that were already
described, we also defined a new name with the new nomenclature as a synonym of
the original name.

Among the 42 new lipopeptides detected during this work, 18 were attributed to
new members of known subfamilies and 24 were attributed to two new mycin subfa-
milies (syringomycin-2 and pseudomycin-2) and 9 new peptin subfamilies (syringopep-
tins 22-2 and 22-3, cichopeptin-2 and -3, and syringopeptins 25-2, 25-3, 25-4, 25-5, and
25-6).

Finally, this classification and nomenclature could thus be used to classify and
name any new lipopeptide discovered in future studies.

Lipopeptide production is correlated with phylogenetic classification of P.
syringae strains. Production profiles of strains were related to their phylogenetic clas-
sification, which was previously established by Berge et al. (8). Lipopeptide-producing
strains belong to phylogroups 1, 2, 5, 6, 7, 8, 9, 10, and 11, whereas none of the strains of
the phylogroups 3, 4, 12, and 13 were found to produce lipopeptides (Fig. 7) or to harbor
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lipopeptide NRPS BGCs in their genome (Table S2). The comparison of the lipopeptide pro-
duction profile and the phylogenetic tree highlights three important points: (i) syringafactin
producers and cichofactin producers form two phylogenetically separated sets sharing a fac-
tin-producing common ancestor (with the exception of clade 2a, which probably contains a
misclassified strain), (ii) factin monoproducers and three family coproducers belong to dis-
tinct phylogroups and clades, and (iii) syringopeptin and cichopeptin producers belong to
different phylogroups and are coproduced with syringafactins and cichofactins, respectively.

FIG 7 Phylogenetic distribution of lipopeptide subfamilies produced by 724 strains of the P. syringae complex. The phylogenetic tree
was constructed by Berge et al. (8) and was reproduced according to the terms of the Creative Commons Attribution License. The tree
was constructed on the concatenated sequences of four housekeeping genes of 216 P. syringae strains: cts (encoding citrate synthase),
gapA (glyceraldehyde-3-phosphate dehydrogenase A), rpoD (RNA polymerase sigma70 factor), and gyrB (gyrase B). Lipopeptide
subfamilies are represented with colored squares or pentagons. The number of producing strains is indicated inside each symbol.
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Thus, syringafactin-monoproducing strains belong to phylogroups 1 (a and b) and 5, 6, and
10 (a and g), while cichofactin-monoproducing strains belong to phylogroups 7 (a and b)
and 9 (a, b, and c). Syringafactins are produced in combination with mycins and syringopep-
tins 22 in phylogroups 2 (b, c, d, and e) and 10 (d, e, and f) and with syringopeptins 25 in
phylogroups 2b and 10b. Cichofactins are produced in combination with mycins and cicho-
peptins in phylogroups 8 and 11. Mycins seemed to be less phylogroup dependent how-
ever syringomycins and syringostatins were found only in phylogroups 2 and 10.

Factins are highly conserved, as they are found in many phylogroups (phylogroups
1, 2, 5, 6, 7, 8, 9, 10, and 11) and have high structural resemblance. The peptide chains
of syringafactins and cichofactins differ in their sequences at position 5, with AA that
have similar biochemical properties: threonine (syringafactins) and glutamine (cicho-
factins), both bearing polar uncharged side chains (Fig. 4). The maintenance of these
amino acid sequences through evolution indicates that they are essential for biosurfac-
tant activity of factins. The broad phylogenetic distribution of factins suggests that a
factin BGC was present in a common ancestor of the P. syringae species complex.
Interestingly, the separation of syringafactins and cichofactins in the phylogenetic tree
(Fig. 7) corresponds to the separation of the P. syringae species complex into primary
phylogroups (phylogroups 1, 2, 3, 4, 5, 6, and 10) and secondary phylogroups (phy-
logroups 7, 8, 9, 11, 12, and 13) which are considered quite genetically distinct (46).
Thus, syringafactins are widely distributed in the primary phylogroups and cichofactins
in the secondary phylogroups. According to studies summarized by Morris and Moury,
phylogroup 7 (cichofactin monoproducer) diverged after phylogroup 1 (syringafactin
monoproducer) (47), which likely indicates that cichofactin producers diverged after
syringafactin producers.

In contrast, mycins and peptins are highly diversified and are found in only four dis-
tant phylogroups (phylogroups 2, 8, 10, and 11). It is worth noting that two clades (10a
and 10g) in phylogroup 10 do not produce mycins and peptins. The phylogenetic sep-
aration of peptins (syringopeptins in the primary group and cichopeptins in the sec-
ondary group) suggests that they were acquired by horizontal gene transfer after the
divergence of the primary and secondary groups. The patchy distribution of mycins
and peptins suggests that several gain/loss events occurred after divergence. The pres-
ence of mycin and peptin BGCs in strains belonging to the P. fluorescens lineage sup-
ports this hypothesis (7). However, gene acquisition by a common ancestor followed
by the loss of mycin and peptin NRPS genes in some phylogroups cannot be discarded.
Our results show that the peptide sequences of mycins and peptins are subject to
strong diversification both intra- and interphylogroups. To date, evolutionary forces
that have shaped the diversity of lipopeptides are largely unknown. Some AAs of
mycins (positions 1, 8, and 9) and peptins (positions 1 and 2, 14 and 15, or 17 and 18)
are probably highly conserved by negative selection because of their crucial role in the
biological activity of these molecules. The variations observed for the other AAs could
be due to a neutral evolutionary process or a positive selection that would increase
their potency in microbe-microbe or host-microbe interactions.

The differences of lipopeptide production profiles raise also the question of their
impact on the pathogenic activity of P. syringae on plants. Mycins and peptins have
phytotoxic activity that enhance the phytopathogenic activity of P. syringae strains
(48), even if the disease still occurs in their absence. Regarding factins, their phytotoxic
activity has not been well studied. Cichofactins seem to be involved in pathogenicity
but do not display a direct toxicity to plants (15), while no data are available for syrin-
gafactins. However, lipopeptide production profile is not directly correlated with path-
ogenicity. Many strains of phylogroups 1, 5, 6, and 7, which are factin monoproducers,
as well as strains in phylogroups 2 and 10, which coproduce factins, mycins, and pep-
tins, are plant pathogenic (8), but a high proportion of strains in phylogroups 2 and 10,
in particular in clades 2c and 10b, have not been shown to be pathogenic in laboratory
tests on a cantaloupe indicator plant (8). Concerning strains in clade 2c, they have de-
fective type III secretion systems, suggesting that lipopeptide action in pathogenicity
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may be mediated by this secretion system (49). Some strains would produce small
amount of syringomycin solely for the purpose of accessing plant metabolites without
altering their tissues (50). The production of mycins and peptins could increase the
extent of host range of the producing strains. Strains belonging to phylogroup 2
(triproducing strains) actually have a wider host range than strains of phylogroup 1
(syringafactin-monoproducing strains) (17). Interestingly, factin-monoproducing strains
have a greater number of effector genes for strong virulence factors than do strains
producing the three lipopeptide families. Monoproducing strains have certainly
adapted their pathogenic strategy by favoring the synthesis of effector proteins to
compensate for the absence of mycins and peptins (8, 51, 52).

Finally, the parallel observed between production profiles of strains at the family
and subfamily levels and their phylogenetic classification showed the importance of
lipopeptides in the ecology of this group of bacteria. It would be interesting to explore
these aspects for other groups of lipopeptide-producing bacteria.

MATERIALS ANDMETHODS
Pseudomonas strains. The 724 strains used in this study are listed in Table S1. They were taken

from the collection of INRAE, Montfavet, France, and were previously characterized (8). P. syringae
B301D, a producer of factins, mycins, and peptins, was used as a reference strain. This strain was
obtained from the DSMZ (German collection of microorganisms; DSM no. 1241). All strains were stored
in 40% (vol/vol) glycerol solutions at either 220°C for short-term storage or 280°C for long-term
storage.

Growth conditions for lipopeptide production and cell-free supernatant preparation. Cultures
on solid media were performed on either potato dextrose agar (PDA) or syringomycin recovery me-
dium (SRM) agar plates. SRM is optimized for syringomycin production (53). Bacterial strains were
grown on both media for 72 h at 25°C. Cultures in liquid media were performed in SRM under at
25°C agitation (160 rpm). A 48-h colony isolated on tryptic soy agar (TSA) was used to inoculate a
10-mL preculture. After 48 h of incubation, the preculture was used to inoculate a 100-mL culture.
After 72 h of incubation, the cultures were centrifuged at 12,860 � g for 15 min. The supernatants
were then filter sterilized through 0.2-mm polyethersulfone membranes and kept at 220°C until use.
Cell-free supernatant of strain P. cichorii CFBP4407 was submitted to ultrafiltration to semipurify its
lipopeptides. Thus, it was filtrated across a 10-kDa-cutoff membrane in a Vivaspin 20 ultrafiltration
tube (Sartorius, Slonehouse, UK), which was centrifuged for 30 min at 4,000 � g. The material
retained on the filter was then subjected to a diafiltration step to remove small molecules and resid-
ual salts.

Detection and structural analysis of lipopeptides. Detection of lipopeptides was realized for the
724 strains using matrix-assisted laser desorption ionization–time of flight mass spectrometry (MALDI-
TOF MS). Structural analyses of mycins and peptins were performed by MS-MS fragmentation of
[M1H]1 by MALDI-TOF MS. Structural analyses of factins were performed by MS-MS fragmentation of
[M1H]1 by high-pressure liquid chromatography (HPLC)-MS because no [M1H]1 ions were generated
by MALDI-TOF MS.

(i) MALDI-TOF-MS. The analyses were performed from whole cells grown on either PDA or SRM
solid media by using an Autoflex Speed MALDI-TOF mass spectrometer (Bruker Daltonik, Bremen,
Germany) controlled by FlexControl 3.4 software. The masses of the lipopeptides detected for the refer-
ence strain P. syringae B301D were used as standards to support assignments. Individual colonies were
smeared on a ground steel MALDI target plate from Bruker Daltonik, washed twice with a 0.1% (vol/vol)
trifluoroacetic acid (TFA) solution, and covered by a 70% (vol/vol) formic acid solution. Once dried, sam-
ples were overlaid with 1mL of a-cyano-4-hydroxycinnamic acid matrix (10 mg/mL dissolved in H2O-ace-
tonitrile-TFA, 50:47.5:2.5 [vol/vol/vol]). Measurements were performed in reflector positive mode
between 800 Da and 5,000 Da, each spectrum being the result of a 2,000-laser shot accumulation whose
intensity varied from 50% to 70%. Parameters were set as follows: ion source voltage 1, 19 kV; voltage 2,
16.6 kV; lens tension, 8 kV; and pulsed extraction, 120 ns. Ions of interest were fragmented in LIFT mode
without collision gas, device parameters being set as follows: ion source voltage 1, 6 kV; voltage 2,
5.3 kV; and lens tension, 3 kV. MS and MS-MS spectra were visualized and analyzed with the FlexAnalysis
3.4 software from Bruker Daltonik. The instrument was calibrated with the peptide calibration standard
II from Bruker Daltonik ranging from 700 Da to 3,200 Da (bradykinins 1 to 7, angiotensin I, angiotensin II,
substance P, bombesin, renin substrate, adrenocorticotropic hormone (ACTH) (1-17) corticotropin-like in-
termediate peptide (CLIP), ACTH (18-39) CLIP, and somatostatin).

(ii) HPLC-MS. Analyses were performed in cell-free supernatant by using an Acquity H-class HPLC
system coupled with a Synapt G2-Si-HESI-quadrupole TOF mass spectrometer (Waters, MA) and piloted
by the MassLynx 4.1 software (Waters). For each experiment, 10-mL volumes of samples were injected in
a reverse-phase Uptisphere C18 column (5 mm, 250 by 3.0 mm; Interchim, Monluçon, France). Molecule
elution was carried out with a gradient of solvent A (water acidified with 0.1% [vol/vol] formic acid) and
solvent B (acetonitrile acidified with 0.1% [vol/vol] formic acid) at a constant flow rate of 0.6 mL/min (5%
solvent B for 5 min, 5% to 100% solvent B over 40 min, and 100% solvent B for 5 min). MS analyses of
eluted molecules were carried out in positive ionization, centroid, and sensitive modes with the
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following parameters: source temperature, 150°C; capillary voltage, 3 kV; and desolvation gas (N2) tem-
perature and flow, 300°C and 600 L/h, respectively. MS-MS measurements were realized with the fast
data-dependent analysis (DDA) mode in the range of m/z 200 to 1,500. Fragmentation was performed
by collision-induced dissociation with ramp energies from 10 to 15 V for low-molecular-weight ions and
20 to 100 V for high-molecular-weight ions.

DNA extraction and sequencing. The whole genomes of 47 Pseudomonas strains distributed in the 13
phylogroups of the P. syringae complex were sequenced. The 47 strains are listed in Table S2. DNA extraction
of bacteria was carried out with the Promega Wizard genomic DNA purification kit (Promega, Madison, WI)
according to the manufacturer protocol dedicated to Gram-negative bacterial strains. Whole-genome
sequencing was performed by the MicrobesNG company (Birmingham, United Kingdom) with a 30� cover-
ing. Briefly, genomic DNA libraries are prepared with the Nextera XT library prep kit (Illumina, San Diego, CA)
and then sequenced with the Illumina HiSeq to obtain 250-bp paired sequences. A de novo assembly of bac-
terial genomes was then realized with SPAdes 3.7 software (54). The 47 strains of interest were sequenced
with minimal 40� coverage. Genomes with a mean size of 5,918,703 bp were assembled in 12 to 305 contigs
with N50s ranging from 3,235,309 bp to 44,401 bp and with L50s ranging from 1 to 43 contigs. Lipopeptide
BGCs were detected in 37 out of the 47 sequenced genomes; they were fully assembled except the peptin
BGCs of three P. syringae strains, CMO0085, TA0018, and USA0050, but this did not affect the amino acid
predictions.

Bioinformatics tools for genome annotation and lipopeptide structure prediction. Genome
sequences were submitted to the antiSMASH 5.0 software (55) to identify lipopeptide BGCs through the
detection of signature sequences of NRPS domains (C, A, T, and Te). The peptide sequence of lipopepti-
des was predicted by analysis of the A domain using the Stachelhaus code (56) and the NRPSPredictor2
program (57) that are both included in the antiSMASH 5.0 software. The D/L configuration of AA was pre-
dicted by analysis of C domains (Cstarter, LCL, and C/E) (58) using Natural Product Domain Seeker
(NaPDoS) software (59). For each strain containing lipopeptide BGCs, we checked for the presence of
sfp-like gene in the sequenced genomes to ensure that nonribosomal synthesis could be functional. We
detected the presence of the sfp gene encoding the phosphopantetheine transferase, and the length of
the translated sequence was compatible with a functional phosphopantetheine transferase even with
the 10 nonproducing strains.

Data availability. The mass spectrometry data related to this study are deposited in the repository
MassIVE (https://massive.ucsd.edu). MS data are available under the MassIVE accession number
MSV000087867, and MS-MS data are available under the MassIVE accession number MSV000089985. All
DNA sequences are deposited in the GenBank database; accession numbers are listed in Table S2.
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