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Summary

Plant rhizosphere soil houses complex microbial
communities in which microorganisms are often
involved in intraspecies as well as interspecies and
inter-kingdom signalling networks. Some members
of these networks can improve plant health thanks
to an important diversity of bioactive secondary
metabolites. In this competitive environment, the
ability to form biofilms may provide major advan-
tages to microorganisms. With the aim of highlight-
ing the impact of bacterial lifestyle on secondary
metabolites production, we performed a metabolo-
mic analysis on four fluorescent Pseudomonas
strains cultivated in planktonic and biofilm colony
conditions. The untargeted metabolomic analysis led
to the detection of hundreds of secondary metabo-
lites in culture extracts. Comparison between biofilm
and planktonic conditions showed that bacterial life-
style is a key factor influencing Pseudomonas meta-
bolome. More than 50% of the detected metabolites
were differentially produced according to planktonic
or biofilm lifestyles, with the four Pseudomonas
strains overproducing several secondary metabolites
in biofilm conditions. In parallel, metabolomic analy-
sis associated with genomic prediction and a molec-
ular networking approach enabled us to evaluate the

impact of bacterial lifestyle on chemically identified
secondary metabolites, more precisely involved in
microbial interactions and plant-growth promotion.
Notably, this work highlights the major effect of bio-
film lifestyle on acyl-homoserine lactone and phena-
zine production in P. chlororaphis strains.

Introduction

Plant roots exudate in the rhizosphere, the soil area under
root influence, a wide diversity of chemical compounds
(Haichar et al., 2014). Most of these compounds attract
microorganisms and promote their growth (Danhorn and
Fuqua, 2007). The microbial community associated to the
plant roots is known as the rhizo-microbiota (Brink, 2016).
Within this rhizo-microbiota, some microorganisms can
promote plant growth and protect plants against patho-
gens, thanks to several indirect or direct mechanisms
(Vacheron et al., 2013). To express their plant-beneficial
properties, bacteria have to be competitive and able to
colonize the surface of plant tissues (Vacheron et al.,
2013). They are able to form biofilms on the plant roots
inside the rhizosphere, as well as on soil particles, or on
fungal mycelium (Ramey et al., 2004). The ability to form
biofilm is an advantage for microorganisms to be competi-
tive in the rhizosphere (Pandin et al., 2017). Biofilms can
be described as aggregates of microorganisms, generally
embedded in an extracellular matrix and adhering to living
or inert surfaces. This sessile mode constitutes the prefer-
ential lifestyle of microorganisms (Prigent-Combaret et al.,
2012). Biofilm formation is a dynamic process and relies
on multiple biotic and abiotic factors such as nutrient avail-
ability, secretion of extracellular material and social com-
petition (Flemming et al., 2016). By providing a micro-
environment where the diffusion of compounds is limited
within the matrix, the biofilm facilitates intercellular sig-
nalling. Given the properties of the extracellular matrix and
the facilitated interactions between the microorganisms,
the biofilm lifestyle is clearly different from the lifestyle of
planktonic cells (Prigent-Combaret et al., 1999). New
properties can emerge in biofilms that cannot be pre-
dictable from studies on free-living organisms (Pandin
et al., 2017). In the rhizosphere, biofilm lifestyle plays a
key role in plant–bacteria and bacteria–bacteria interac-
tions and triggers the expression of plant-beneficial prop-
erties by beneficial bacteria (Al-Ali et al., 2017; Besset-
Manzoni et al., 2018).
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The fluorescent Pseudomonas group regroups a wide
diversity of rhizosphere plant-beneficial bacteria that can
colonize the rhizosphere of different plant species and
form biofilm (Noirot-Gros et al., 2018). They can interact
with various host plants and protect them against patho-
gens thanks to the biosynthesis of antimicrobial products
like 2,4-diacetylphloroglucinol (DAPG), phenazines,
pyrrolnitrin or alkylresorcinol (Couillerot et al., 2009;
Gross and Loper, 2009; Vacheron et al., 2013). They
also promote plant growth through the modulation of
plant hormonal pathways (Brazelton et al., 2008). Gen-
ome mining allows to predict the ability of strains to pro-
duce bioactive secondary metabolites (Loper et al.,
2012; Oni et al., 2015). But genome mining does not
take into account the biotic or abiotic factors that can
influence the rhizobacterial production of secondary
metabolites. Indeed, metabolites constitute the final pro-
duct of gene expression and their production may
depend on a myriad of external factors (Wolfender et al.,
2013). Innovation in analytical chemistry and the devel-
opment of metabolomics enable to study large sets of
metabolites actually produced by microorganisms in bio-
logical samples, making it possible to correlate metabo-
lite production to microbial physiology (Favre et al.,
2017).
In this study, we applied a metabolomics approach to

evaluate if part of the metabolome of Pseudomonas
strains differs according to biofilm or planktonic lifestyle.
Metabolome of a given strain is defined as all metabo-
lites produced by this strain at a given time. Here,
regarding our analytical workflow, our study focused on
secondary metabolites with molecular masses lower than
1000 Da, but may also include some primary metabo-
lites. Pseudomomas strains considered in this study
were P. koreensis JV222, P. chlororaphis JV395B and
P. chlororaphis JV497 isolated from soil or maize roots
as well as P. kilonensis F113 isolated from sugar beet
rhizosphere (Shanahan et al., 1992; Vacheron et al.,
2016). The metabolomics approach developed in this
study allows us to (i) detect compounds predicted by
genome mining in the 4 Pseudomonas genomes and to
(ii) highlight the important diversity of unknown com-
pounds produced by Pseudomonas strains. Our results
showed that bacterial lifestyle constitutes a key factor
that influences the production of secondary metabolites
in the four studied Pseudomonas strains. We found that
more than 50% of the detected compounds are differen-
tially produced according to the lifestyle of the bacteria
and that the majority of Pseudomonas secondary
metabolites are overproduced in biofilm colony. Unchar-
acterized compounds as well as secondary metabolites
involved in bacterial biotic interactions like acyl-homoser-
ine lactones (AHL) or phenazines are strongly influenced
by biofilm lifestyle.

Results and discussion

The 4 Pseudomonas strains are able to form biofilms on
wheat roots

First, the ability of the four studied strains to colonize
and form biofilms on plant roots was studied. Root colo-
nization of wheat was analysed 7 days after inoculation
of each Pseudomonas strain on 2 wheat cultivars, Adu-
lar and Bordeaux. Confocal laser scanning microscopic
observations and fluorescence colonization quantification
showed that all Pseudomonas strains are able to colo-
nize wheat roots (Fig. 1). The 4 Pseudomonas strains
formed small or thick aggregates of cells throughout the
root system and appeared as good wheat colonizers, as
already reported for F113 (Valente et al., 2020).

Numerous potential biosynthesis pathways of secondary
metabolites were evidenced in the 4 root-colonizing
Pseudomonas strains by genome mining

To predict the putative biosynthesis pathways of Pseu-
domonas secondary metabolites shared by the 4 Pseu-
domonas strains, their genomes were screened using
AntiSMASH and by implementing BLASTp search with
ORFs involved in the biosynthesis of secondary metabo-
lites produced by model strains of Pseudomonas
(Table 1). Genome mining revealed that the 4 Pseu-
domonas strains harbour 20 gene clusters coding for the
biosynthesis of bioactive secondary metabolites, some
being involved in plant stimulation or biocontrol properties.
Indeed, all strains share biosynthetic gene clusters

(BGCs) involved in the production of indolic compounds
involved in root development like auxin derivatives, the
volatile antimicrobial compound hydrogen cyanide (HCN)
and pyoverdine (Table 1).
P. kilonensis F113 possesses pdt genes encoding the

production of another siderophore, the pyridine-2,6-thio-
carboxylic acid (PDTC, Table 1; Redondo-Nieto et al.,
2013). PDTC can chelate several metals other than iron
(Zawadzka et al., 2006) and may protect F113 from the
toxic effects of metals (Cortese et al., 2002), but its
potential role in the rhizosphere fitness of F113 has
never been established. F113 also harbours BGCs for
the biosynthesis of the antimicrobial compounds lankaci-
din (lkc genes) and 2,4-diacetylphloroglucinol (DAPG;
phl genes). The phl operon is absent in the P. cholora-
phis and P. koreensis strains (Table 1). This result is
consistent with a previous phylogenetic study (Almario
et al., 2017). DAPG has a large spectrum of antimicro-
bial properties against bacteria, fungi and helminths
(Couillerot et al., 2009). At low concentrations, it has sig-
nalling properties on host plant (Brazelton et al., 2008)
or other bacteria (Combes-Meynet et al., 2011).
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The two P. chlororaphis strains, JV395B and JV497,
share similar genetic clusters for the biosynthesis of
pyrrolnitrin, phenazine and alkylresorcinol and of the
siderophores, pyoverdine and achromobactin (Table 1).
One difference between the two P. chlororaphis strains
concerns the end of their phenazine BGCs where phzH
for JV497 and phzO for JV395B are present. This

difference may lead to the synthesis of different phena-
zine derivatives. phzO encodes a monooxygenase (Yu
et al., 2018) leading to the production of hydroxylate
derivatives of the PCA (2-OH-PCA, 2-OH-PHZ and puta-
tive di-OH-PCA; Maddula et al., 2008), whereas phzH
encodes a transamidase transforming PCA into phena-
zine-1-carboxamide (PCN; Price-Whelan et al., 2006).

Fig. 1. Confocal laser microscopy images (A) and semi-quantitative analysis (B) of root colonization by P. kilonensis F113, P. chlororaphis
JV497 and JV395B and P. koreensis JV222 on wheat genotypes Bordeaux 13 7973 and Adular 797, 7 days after bacterial inoculation.
Photographs (A) were taken using a confocal laser scanning microscope with an excitation of 561 nm and an emission filter of 570–636 nm.
Cells expressing mCherry are red and grey backgrounds correspond to root views observed with transmitted light. Images are representative
of the analysis of 15 images per condition. Scale bars measure 20 µm. Root colonization (B) was estimated by quantifying the mCherry
fluorescence recovered from roots, with an Infinite M200 PRO microplate reader using an excitation wavelength of 587 nm, and an emission
wavelength of 661 nm. For all strains, significant higher levels of fluorescence were measured in the inoculated plants than in the un-inoculated
plants (Kruskal and Wallis test, P-value < 0.05; different letters indicate significant differences).
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Phenazines represent a large class of natural antibiotics
that exhibit broad-spectrum antibiotic activity (Mavrodi
et al., 2013). Their production is a primary mechanism
involved into pathogen inhibition and contributes also to
P. chlororaphis rhizosphere colonization and establish-
ment (Mazzola et al., 1992). Unlike P. kilonensis and P.
koreensis, the P. chlororaphis strains (JV395B and
JV497) possess in their genomes the quorum sensing
(QS) regulation genes phzI/phzR and csaI/csaR.
JV395B owns a third QS regulation system aurI/aurR
that is absent in JV497 genome (Table 1). These three
QS systems take part in different regulation systems;
phzI/phzR and aurI/aurR are implicated in phenazine
biosynthesis regulation (Maddula et al., 2008; Morohoshi
et al., 2017) whereas csaI/csaR controls the production
of bacterial cell surface properties (Zhang and Pierson,
2001; Maddula et al., 2006).
AntiSMASH analysis allowed the detection of other

non-ribosomal peptide synthases (NRPS) and polyketide
synthases (PKS) in every strain (Table 1), but in-depth
investigation on these BCGs does not allow to clearly
identify the compounds synthesized. However, NRPS
involved in the synthesis of putative syringopeptin
(BGC0000438) and bicornutin (BGC0001135) were iden-
tified in strain JV222, putative butyrolactone in F113,
mangotoxin (BGC0000387) and arylpropylene
(BGC0000837) in all strains.

Metabolomes of Pseudomonas strains differ according to
biofilm and planktonic lifestyles

After having evidenced the ability of the four plant-asso-
ciated Pseudomonas to form biofilms on wheat roots, a
portion of metabolomes (i.e. compounds < 1000 Da) of
the four Pseudomonas strains were compared between
biofilm and planktonic cultures. Secondary metabolites
constitute the major part of the metabolome of an organ-
ism and generally greatly exceed the number of primary
metabolites (Moco et al., 2007). They are involved in the
adaptation of organisms to their biotic and abiotic envi-
ronment (Demain, 1999). The analytical setup developed
in this study was focused on small metabolites and
allowed detection of hundreds of compounds. Multivari-
ate analysis was conducted on data obtained in negative
and positive ionization modes (Fig. 2A and B); this
allows the detection of different molecules regarding their
atomic composition and chemical structure (Dettmer
et al., 2007).
First, biological replicates from a same modality are

clustered on the principal component analysis, revealing
good repeatability. Second, in positive detection mode
(Fig. 2A), axis 1, which represents 25.9% of the data
variability, separated all strains according to their bacte-
rial lifestyle, specifically for P. chlororaphis JV395B, P.
chlororaphis JV497 and P. koreensis JV222. Axis 2,

Fig. 2. Principal component analysis of LC-HRMS data obtained for the four Pseudomonas strains cultivated in planktonic (P) or in biofilm
colony (BC) conditions after 6 days of incubation, based on intensity of ions (expressed in log10) in positive (A) and negative (B) modes.
Relationships between metabolomes of the 4 fluorescent Pseudomonas strains, P. chlororaphis JV395B and JV497, P. kilonensis F113 and P.
koreensis JV222, according to lifestyles are visualized along principal components PC1 = 25.9% and PC2 = 15.2% (N = 60 samples; 186
molecular ions) for the positive mode (A) and PC1 = 53.0% and PC2 = 13.7% (N = 60 samples; 230 molecular ions) for the negative mode (B).
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which represents 15.2% of the variability, separated
strains from biofilm colony between each other. The P.
kilonensis F113 strain was the only one that could be
separated from the other strains in the planktonic life-
style. Third, in the negative detection mode, P. kilonen-
sis F113 (from biofilm and planktonic cultures) was
separated from the other strains according to axis 1
(53%), suggesting that F113 can produce discriminant
compounds, different from other strains (Fig. 2B). Axis 2,
which represents 13.7% of the variability, separated
each strain according to planktonic and biofilm colony
lifestyle, as similarly observed for the positive ionization
mode (Fig. 2A). Thus, in both ionization modes, strains
were separated according to their lifestyle. Thus, meta-
bolomes of the 4 studied Pseudomonas strains are
strongly influenced by bacterial lifestyle. Moreover,
strains separation was much more important in biofilm
colony than in planktonic lifestyle especially for P.
koreensis JV222, P. chlororaphis JV395B and P. chloro-
raphis JV497, indicating that these strains produce more
specialized metabolites in biofilm. Several studies have
previously shown that the physiology of bacterial cells
differs between biofilm and planktonic lifestyles using
transcriptomic (Waite et al., 2005), proteomic (Mikkelsen
et al., 2007; Favre et al., 2018) or metabolomics

approaches (Gjersing et al., 2007; Stipetic et al., 2016;
Favre et al., 2018).
To compare bacterial secondary metabolites differen-

tially produced by each strain according to the bacterial
lifestyle conditions, univariates analyses were performed
(Fig. 3). Ions detected in positive and negative ionization
modes were combined in order to have one ion per
metabolite. Different behaviours were highlighted for
every strain. For P. kilonensis F113, P. koreensis JV222
and P. chlororaphis JV395B, most of metabolites were
significantly differentially produced between planktonic
and biofilm colony lifestyle (61.3% of them for F113,
73.8% for JV395B and 76.6% for JV222; Fig. 3A). P.
chlororaphis JV395B and P. koreensis JV222 metabo-
lomes were the most influenced by bacterial lifestyle
(Fig. 3A) with more than half of their metabolites over-
produced in biofilm. In P. chlororaphis JV497, only 38%
of them were differentially produced between the tested
conditions (Fig. 3A). But it is important to note that some
of the most abundant compounds produced by P. chloro-
raphis JV497 were more produced in biofilm condition.
Thus, for every strain, most of the detected com-

pounds presented higher intensity in biofilm than in
planktonic culture (Fig. 3A and B). P. koreensis JV222,
P. chlororaphis JV395B and P. chlororaphis JV497

Fig. 3. Venn diagrams representing the percentage of secondary metabolites significantly overproduced in biofilm colony (BC), planktonic (P)
or shared between the two culture modes for each Pseudomonas strains, P. chlororaphis JV395B and JV497, P. kilonensis F113 and P.
koreensis JV222 (P-value < 0.05, Wilcoxon test) (A). Heatmap clustering of the secondary metabolites differentially produced in biofilm colony
(red) or in planktonic (green) cultures (P-value < 0.05, Wilcoxon test) (B). The map was generated using log2 fold change values calculated
from the metabolome table matrix constituted of 328 m/z features.
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Table 2. Chemical characterization of annotated secondary metabolites combined with heatmap representation of their differential production in
planktonic or biofilm colony cultures.

N° rt 
(min) [M+H] [M-H] UV¥

(nm) Formula MSMS -
fragmenta�on

Chemical compound 
/ family

F113

JV395B

JV222

JV497

Foldchange (BC/P)�
Indolic compounds

1 3.48 206.0812 204.0686 222; 278 C11H11NO3
a: 170.0589 ; 144.0783 ; 

130.0659 ; 118.0645 Puta�ve indole-3-lac�c acid ns

2 4.07 176.0507 174.9558 225; 278 C10H9NO2 a: 130.0652 ; 119.0479 Indol-3-ace�c acid ns ** ns

Pyridine-2,6-thiocarboxylic acid (PDTC) deriva�ves

3 3.40 196.0609 ND ND C9H9NO4
a: 162.65 ; 136.0391 ; 

92.0502
Dimethyl 2,6-

pyridinedicarboxylate ns

4 3.95 197.0380 ND ND C8H8N2O2S a: 152.0153 ; 137.0525 ; 
121.0398 ; 104.0136

2-Pyridinecarbothioic acid, 6 
aminomethyl ester ns

5 5.70 212.0383 ND ND C9H9NO3S a: 179.0472 ; 152.0163 ; 
136.0335 ; 124.0188

2-Pyridinecarboxylic acid, 6-
methyl ester ns

6 7.07 228.0159 ND ND C9H9NO2S2
a: 180.0096 ; 152.0163 ; 

124.0202
Pyridine-2-6-di-S-methyl 

esters ns

Phloroglucinols

7 3.58 169.0498 167.0321 228; 286; 
333 C8H8O4 b: 151.0379; 123.0432 Monoacetylphloroglucinol ns

8 6.35 211.0604 209.0513 220; 270; 
328 C10H10O5

b: 193.0196 ; 167.0339 ; 
151.0085 ; 123.0493 2,4-diacetylphloroglucinol *

9 6.22 412.1045 410.0834 269; 328 ND b: 366.0929 ; 209.0424 ; 
167.0344 ; 151.0379 NI *

Acyl-homoserine-lactones (AHL)

10 1.68 172.0963 ND ND C8H13NO3 a: 102.0551 C4-HSL ** **

11 2.12 216.1231 ND ND C10H17NO4 a: 102.0553 3-OH-C6-HSL ** **

12 2.33 214.1070 ND ND C10H15NO4 a: 102.0523 3-oxo-C6-HSL **

14 3.98 200.1287 ND ND C10H17NO3 a: 102.0542 C6-HSL ** **

15 4.28 244.1538 ND ND C12H21NO4 a: 102.0544 3-OH-C8-HSL ** **

16 6.03 272.1863 ND ND C14H25NO4 a: 102.0546 3-OH-C10-HSL ** **

Phenazines

17 4.50 197.0709 ND 230; 255; 
364; 421 C12H8N2O a: 179.0584 ; 169.0751 Hydroxyphenazine **

18 4.68 257.0557 ND 241; 262; 
400; 466 C13H8N2O4

a: 239.0437  195.0534 ; 
183.0523 ; 155.0599

Puta�ve dihydroxy-phenazine-
1-carboxylic acid **

19 4.78 224.0820 ND 247; 366 C13H8N3O a: 207.0546 ; 179.0594 Phenazine-1-carboxamide **

20 5.70 225.0662 ND 248; 368; 
415 C13H8N2O2 a: 207.0544 ; 179.0576 Phenazine-1-carboxylic acid ** ns

21 5.82 241.0608 ND 258; 295; 
368; 430 C13H8N2O3 a: 223.0488 ; 179.0584 Hydroxyphenazine-1-

carboxylic acid **

Pyrrolnitrin deriva�ves

22 5.32 288.9788 286.9603 193; 206; 
215; 303 C10H6Cl2N2O4

b: 229.0122 ; 209.013 ; 
151.9906 ; 116.0123 Pyrrolnitrin deriva�ve ** **

23 6.85 227.0148 224.9968 240; 265; 
301; 400 C10H8Cl2N2

b: 203.2076 ; 191.0145 ; 
142.9913; 114.9959 Puta�ve aminopyrrolnitrin ** ns

24 7.15 ND 254.9686 193; 211; 
246 C10H6Cl2N2O2

b : 189.9922 ; 151.0062 ; 
139.0276 ; 115.0291 Pyrrolnitrin ns ns

Lipophilic nitrogen compounds

25 6.42 186.2223 ND ND C12H27N ND NI ns ns ** **

26 6.63 212.2386 ND ND C14H29N ND NI ns * ** **

27 6.75 280.2639 ND ND C18H33NO a: 262.253 NI **

28 6.90 238.2531 ND ND C16H31N c : 126.0 ; 96.0 ; 83.0 ; 
69.0 ; 55.0 ; 44.0

3,4-dihydro-5-methyl-4-
alkyl(C11:0)-2H-pyrrole **

29 6.97 214.2544 ND ND C14H31N ND NI ns * ** **

30 7.05 264.2688 ND ND C18H33N c: 178.1 ; 96.0 ; 83.0 ; 67.1 
; 55.0 ; 44.0

3,4-dihydro-5-methyl-4-
alkenyl(C13:1)-2H-pyrrole **

31 7.08 282.2801 ND ND C18H35NO a: 264.2694 NI **

32 7.47 292.3007 ND ND C20H37N c: 206.0 ; 96.0 ; 83.1 ; 69.1 
; 55.0 ; 44.0

3,4-dihydro-5-methyl-4-
alkenyl(C15:1)-2H-pyrrole **

Cluster n°1 in molecular networking

33 3.81 376.1297 ND ND NI 340.1090; 213.0608; 
185.0708 NI **

34 5.05 358.1197 ND ND NI 340.1057; 213.0663; 
185.0704 NI **

35 6.72 514.1526 ND ND NI 351.0866; 211.0757 NI **

Cluster n°2 in molecular networking

36 4.88 361.1303 ND ND NI 145.0759 NI **

37 5.58 385.1917 ND ND NI 315.0843; 145.0756 NI **

38 5.63 387.2076 ND ND NI 181.0998; 145.0749 NI **

ND: not detected; NI: not iden�fied; rt: reten�on �me; ¥ : maximum spectral absorbance wavelengths
a: ESI +; b: ESI –; c: EI + (with ESI +/-: electrospray ioniza�on in posi�ve and nega�ve ioniza�on mode ,
EI +: electron impact ioniza�on in posi�ve ioniza�on mode)
Ϯ : log2 foldchange between planktonic and biofilm colony produc�on, for each compound (line) and each 
strain (column). Sta�s�cal level is indicated with ns (not significant), * (P-value<0.05), ** (P-value<0.01), 
based on Wilcoxon test.
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produced much more metabolites with a significant
higher amount in biofilm colony than in planktonic cul-
tures (i.e. 3.3; 3.4 and 9.2 times more metabolites in bio-
film, respectively; Fig. 3A and B). For P. kilonensis
F113, the difference was lower with only 1.5 times more
metabolites overproduced in biofilm colony. The chemi-
cal diversity of the secondary metabolites differently pro-
duced according to bacterial lifestyle is shown for every
strain on a heat map (Fig. 3B). P. chlororaphis strains
JV395B and JV497, and P. koreensis JV222 are clus-
tered together, whereas P. kilonensis strain F113 is out-
side this cluster. Indeed, F113 showed discriminant
metabolites from the other strains in both planktonic cul-
ture (green) and biofilm colony (red; Fig. 3B).

Most Pseudomonas bioactive secondary metabolites,
whose BCGs were predicted by genome mining and
molecular networking, are overproduced in biofilms

Bioactive secondary metabolites, whose BCGs were pre-
dicted by genome mining, were sought in planktonic and
biofilm cultures (Tables 1 and 2). Only thirty-eight metabo-
lites could be annotated in the Pseudomonas biofilm and
planktonic cultures (Table 2). While biosynthetic gene
clusters involved in the production of different metabolites
were predicted in genomes of the Pseudomonas strains
(i.e. achromobactin, lankacidin, alkylresorcinol, HCN and
pyoverdine), these compounds were not produced under
the tested conditions, or were not detectable with our ana-
lytical method. To go further, a molecular networking (MN)
approach was done on biofilm-produced secondary
metabolites in order to cluster metabolites that share
same MS/MS fragmentation (Watrous et al., 2012). MN
evidenced 5 clusters that contain more than two metabo-
lites (Fig. 4). The majority of biofilm-produced metabolites
clustered on the MN are synthesized by the P. chloro-
raphis strains and belong to AHL and phenazine families
(Fig. 4 and Table 2). Two other clusters (N°1 and N°2)
consisting of 3 nodes correspond to unknown compounds
produced by JV395B and contain the ions m/z 514.1526,
376.1297 and 358.1197 (cluster n°1), and 385.1917,
387.2076 and 361.1900 (cluster n°2). The last cluster
(4 nodes) corresponds to lipophilic nitrogen compounds
produced by F113 (Fig. 4 and Table 2). Four other clus-
ters are constituted of only 2 metabolites that could not be
assigned to a chemical family (Fig. 4). Finally, most of the
ions not grouped in clusters were produced by only one
strain confirming that the 4 strains had different metabo-
lomes in biofilms (Figs 2 and 4).
First, several metabolites were observed to be dis-

tinctly produced by the Pseudomonas strains but
showed little difference between biofilm/planktonic life-
style, or were even repressed in biofilm conditions.
DAPG, the monoacetylphloroglucinol (MAPG) and

another putative compound that shared closed UV spec-
tra and MS/MS fragmentation as DAPG were only
detected in F113 culture (Table 2). These compounds
were weakly or not influenced by bacterial lifestyle in P.
kilonensis F113. DAPG production in fluorescent Pseu-
domonas strains is known to be regulated by other biotic
factors like the presence of the bacterial predator Acan-
thamoeba castellani (Jousset and Bonkowski, 2010) or
plant compounds (de Werra et al., 2008).
Indole-3-acetic acid (IAA) produced through iaaM in the

studied Pseudomonas strains was detected in P. kilonen-
sis F113, P. koreensis JV222 and P. chlororaphis JV395B
cultures but not in P. chlororaphis JV497 ones. IAA is the
most abundant naturally occurring auxin, which is a class
of phytohormones involved in the regulation of plant
growth and development (Szkop and Bielawski, 2013).
IAA was produced in similar proportions independently of
the bacterial lifestyle in F113 and JV222, whereas it was
significantly more produced in planktonic culture than bio-
film colony in JV395B. P. koreensis JV222 also produced
indole-3-lactic acid in same proportions, in biofilm and
planktonic cultures. IAA has been shown to stimulate the
formation of bacterial biofilm at low concentrations,
whereas it has negative effect on biofilm formation at high
concentrations (Plyuta et al., 2013). Another indolic com-
pound, the intracellular signal indole, also presents a dis-
crepancy of effects on the control of biofilm formation
depending on bacterial strains and concentration (Lee
and Lee, 2010). Thus, it is not surprising that IAA produc-
tion is not similarly controlled according to bacterial life-
style in the different Pseudomonas tested strains.
This analysis also led to the detection of thioester and

acid derivatives of PDTC in P. kilonensis F113 cultures
(Table 2), but these compounds were not significantly
differentially produced in biofilm and planktonic cultures.
Its biosynthetic gene cluster was predicted in F113 gen-
ome by Redondo-Nieto et al. in 2013 but the metabolite
was never detected in F113 cultures. Compounds high-
lighted here were ester, thioester and acid derivatives of
PDTC but not PDTC itself (Table 2; Fig. S2; Budzikie-
wicz et al., 1981). PDTC is not stable in solution (Cor-
tese et al., 2002), but the detection of PDTC derivatives
in F113 cultures can suggest the potential ability of F113
to produce PDTC (Budzikiewicz, 2003).
The production of pyrrolnitrin, a compound with a strong

antifungal activity in vitro (Selin et al., 2010) known to be
produced by some fluorescent Pseudomonas species like
P. chlorororaphis or P. protegens, was not significantly
changed in P. chlororaphis JV395B and JV497 according
to the bacterial mode of life (Table 2). However, pyrrolni-
trin derivatives are influenced by bacterial lifestyle. Puta-
tive aminopyrrolnitrin (i.e. pyrrolnitrin immediate precursor
in the biosynthesis pathway) was significantly more pro-
duced by P. chlororaphis JV395B in planktonic mode,
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while another pyrrolnitrin derivative (compound n° 22 in
Table 2) was significantly more produced in biofilm in both
P. chlororaphis strains.
Second, among the thirty-eight annotated compounds

twenty-five were observed clearly overproduced in bio-
film cells. Five AHLs derivatives (i.e. C4-homoserine lac-
tone (HSL), 3-OH-C6-HSL, C6-HSL, 3-OH-C8-HSL and
3-OH-C10-HSL) were produced by both P. chlororaphis
strains; only 3-oxo-C6-HSL was not produced by JV497
(Fig. 4), probably because JV497 does not possess the
aurI/aurR regulation system that was strongly implicated
in 3-oxo-C6-HSL production (Morohoshi et al., 2017).
AHLs are signalling molecules released by bacteria in
response to population size that induce the coordinated
expression of specific genes when sensed by neighbour-
ing cells (Keller and Surette, 2006; Flemming et al.,
2016). All AHL derivatives were overproduced in biofilm
colony (Table 2), as commonly described in literature
(Waite et al., 2005). 3-OH-C6-HSL was for instance 124
and 24 times more produced in biofilm colony than in
planktonic cultures in P. chlororaphis JV395B and P.
chlororaphis JV497 respectively. By providing a closed
system in which signalling molecules can be concen-
trated, the biofilm is an environment that facilitates inter-
cellular signalling, which may explain the observed
higher AHL concentrations in P. chlororaphis biofilm cul-
tures (Charlton et al., 2000; Flemming et al., 2016).
AHLs overproduction in biofilm may modify the physiol-
ogy of bacterial cells, the biocontrol secondary metabo-
lites they produce (particularly phenazines and
pyrrolnitrin) and as a consequence their biotic interac-
tions within the rhizosphere community (Venturi and
Keel, 2016). This enhanced production may also directly
impact the host plant, since AHL derivatives can directly
interact with plant receptors and subsequently modify
gene expression in plants (Schikora et al., 2016; Besset-
Manzoni et al., 2018). Nevertheless, AHLs were proba-
bly not the only regulation system. Indeed, although
JV222 and F113 shared a distinct metabolism according
to bacterial lifestyle, no AHL derivatives was detected in
their cultures. However, Laue et al. in 2000 described
the presence of 3 AHLs (i.e. C6-HSL, C10-HSL and
3OH-C14:1-HSL) in P. kilonensis F113 supernatant frac-
tions produced by HdtS, a putative novel N-acyl-ho-
moserine lactone synthase, which does not belong to
the LuxI or LuxM family of AHL synthases. Even though
our protocol allowed the detection of AHLs in P. chlororaphis

strains JV395B and JV497, none of the above-cited
AHLs were detected in P. kilonensis F113 cultures under
the tested conditions. In 2005, HdtS was rather
described as a lysophosphatidate acyltransferase (LPA)
and not as an AHL synthase (Cullinane et al., 2005). It
is conceivable that other cell density-dependent regula-
tion systems than AHLs might be implicated in sec-
ondary metabolism regulation in F113 or JV222 biofilms.
Other compounds strongly influenced by bacterial life-

style were phenazines. P. chlororaphis JV395B and P.
chlororaphis JV497 did not produce the same phenazine
derivatives. Indeed, both strains produced phenazine-1-
carboxylic acid (PCA), but P. chlororaphis JV395B pro-
duced hydroxyl derivatives of PCA, like 2-hydrox-
yphenazine-1-carboxylic acid (OH-PCA), putative
dihydroxy-phenazine-1-carboxylic acid (di-OH-PCA) and
2-hydroxyphenazine (OH-Phz), whereas P. chlororaphis
JV497 produced an aminated derivative, phenazine-
1-carboxamide (PCN; Fig. 4). In our analysis, their
intensities were closed to background noise in planktonic
cultures, while they became major compounds in biofilm
colony, with different proportions according to chemical
derivatives (Table 2). Indeed, P. chlororaphis JV395B
produced 6 times more PCA, 18.3 times more OH-PCA
and 229.1 times more OH-Phz in biofilm colony than in
the planktonic lifestyle. In the case of JV497, it produced
low amount of PCA; most of this compound was trans-
formed into PCN that is 56 times more produced in bio-
film colony. Phenazines have antimicrobial activity and
play a complex role in the ecology and lifestyle of organ-
isms, including in biofilms (Price-Whelan et al., 2006;
Selin et al., 2010). Their biological activity depends on
the chemical structure of phenazine derivatives. Maddula
and collaborators in 2008 showed that more efficient
conversion of PCA into OH-PCA resulted in better initial
biofilm attachment and significant changes in mature bio-
film architecture, OH-PCA being more produced in bio-
films than PCA. Both phenazines and AHLs
corresponded to main discriminant compounds separat-
ing P. chlororaphis biofilm and planktonic cells on the
principal component analysis (Fig. 2). Phenazine produc-
tion is under the control of quorum sensing regulation
systems phzI/phzR and aurI/aurR (Maddula et al., 2006),
especially by 3-OH-C6-HSL (Morohoshi et al., 2017). It
can therefore be assumed that enhanced quorum sens-
ing signalling in biofilm colony was related to increased
phenazine production in biofilm.

Fig. 4. Molecular networks of MS/MS data obtained from biofilm cultures of the four bacterial strains P. chlororaphis JV395B (orange), P.
chlororaphis JV497 (green), P. kilonensis F113 (brown) and P. koreensis JV222 (blue), using a cosine similarity cut-off of 0.6. Cluster position
was determined according to t-distributed stochastic neighbour embedding (t-SNE) output. Nodes are labelled with parent m/z ratio. Relative
proportion of the compounds belonging to each strain was represented as a pie chart in each node. This figure highlights that most single ions
from the 4 Pseudomonas strains in biofilms (i.e. P. chlororaphis JV395B (orange box), P. chlororaphis JV497 (green box), P. kilonensis F113
(brown box) and P. koreensis JV222 (blue box)) are unique to each strain. Clusters constituted of more than 3 ions are emphasized.
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Finally, 8 lipophilic nitrogen metabolites belonging to
the same MN cluster more produced in biofilm were
detected in Pseudomonas cultures (i.e. 25.6-, 13.7- and
44.6-fold for compounds 28, 30 and 32; Fig. 4). Three
of these compounds were characterized as 3,4-dihydro-
5-methyl-4-alkyl(C11:0)-pyrrole, 3,4-dihydro-5-methyl-4-
alkenyl(C13:1)-2H-pyrrole and 3,4-dihydro-5-methyl-4-
alkenyl(C15:1)-2H-pyrrole (compounds n° 28, 30 and 32
in Table 2; Fig. 4; Fig. S2). There is no information on
the biological activity of these derivatives of 1-pyrroline,
but we know they have been previously isolated in P.
putida DSM 3601 cultures (Hildebrand and Budzikiewicz,
1986). Compounds 25, 26 and 29 were produced by the
4 Pseudomonas strains whereas compounds 27, 28 and
30 to 32 were only produced by F113. Six other metabo-
lites produced by P. chlororaphis JV395B corresponding
to MN clusters n°1 and n°2 (Fig. 4) were also strongly
overproduced in biofilm but we were unable to chemi-
cally identify them.

Concluding remarks

Plant-associated bacteria can colonize roots under a
wide range of conditions by forming biofilms. Biofilm

cells are clearly physiologically distinct from free-living
bacterial cells and express emergent properties that are
not predictable from the study of free-living bacterial cells
(Stoodley et al., 2002). In the present study, we com-
bined genome mining and comparative metabolomics
analyses to characterize the metabolomes of four plant-
associated Pseudomonas strains in biofilm and plank-
tonic conditions. We have highlighted that a higher diver-
sity of Pseudomonas secondary metabolites were
produced in biofilm colony than in planktonic lifestyle.
The majority of metabolites were still uncharacterized
but some of the major compounds implicated in bacterial
biotic interactions like AHLs or phenazines were strongly
enhanced in biofilms. It is reasonable to think that the
enhanced biosynthesis of secondary metabolites in bio-
film will influence the biotic interactions of fluorescent
Pseudomonas with their host plant and with other
microorganisms within the rhizosphere (Fig. 5). This
work provides new relevant avenues regarding inoculum
development in that biofilms should be considered as a
critical way to enhance the biocontrol and biostimulant
activity of bacteria, since biofilms lead to the enhanced
biosynthesis of a broad diversity of secondary metabo-
lites and of crucial elements for plant-growth promotion.

Fig. 5. Pseudomonas strains produce a higher diversity of secondary metabolites in biofilm colonies than in planktonic lifestyle. In particular,
the biosynthesis of key compounds implicated in bacterial biotic interactions like AHLs or phenazines is strongly enhanced in biofilms. Biofilms
are thus key ways to enhance the biocontrol and biostimulant activities of bioinoculant for agriculture purposes.
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Experimental procedures

Biological material and culture growth conditions

This study was performed on 4 strains belonging to the
fluorescent Pseudomonas group: Pseudomonas kilonen-
sis F113 isolated in 1992 from the sugar beet rhizo-
sphere (Shanahan et al., 1992) and three Pseudomonas
strains isolated in our laboratory in 2013 from bulk soil in
maize planted fields, Pseudomonas chlororaphis
JV395B and JV497 and Pseudomonas koreensis JV222
(Vacheron et al., 2016). Pseudomonas strains were rou-
tinely grown in King’s B (KB) agar medium (King et al.,
1954) and Luria Bertani (LB) broth medium (Bertani,
1951) at 28°C. Gentamicin (Sigma Chemical, St. Louis,
MO, USA) was used at 25 µg ml�1. Minimum medium
(MM) was used for both planktonic and biofilm colony
conditions, which is composed of fructose (14.4 g l�1),
NH4Cl (1 g l�1), KH2PO4 (1.36 g l�1)/K2HPO4

(1.74 g l�1), MgSO4 (0.8 g l�1) and a mix of 15 amino
acids (alanine, arginine, asparagine, aspartic acid, cys-
teine, glutamic acid, glycine, histidine, isoleucine, leu-
cine, phenylalanine, threonine, tryptophan, tyrosine,
valine at 0.01 mg ml�1 each). Fructose was used as car-
bon source because it is one of the dominant sugars in
wheat root exudates (Jalali and Suryanarayana, 1971;
Van�cura and Hanzl�ıklov�a, 1972; Derrien et al., 2004), it
is known to stimulate the biosynthesis of antimicrobial
compounds in Pseudomonas (Shanahan et al., 1992;
Duffy and D�efago, 1999), and it allowed comparable
growth of the four Pseudomonas strains (data not
shown). Broth and agar MM medium only differ by the
addition of agar 12 g l�1 (European biological agar, Pro-
nadisa, Conda, Madrid, Spain).

Analysis of bacterial root colonization by confocal laser
scanning microscopy and fluorescence quantification

The production of biofilms by Pseudomonas strains on
plant roots was performed on wheat cultivar Bordeaux
13 7973 and Adular 797 (INRA Clermont-Ferrand
GEDEC, France). All strains were tagged with mCherry,
to monitor bacterial cell colonization by fluorescence
microscopy. The plasmid pOT1eM from Meyer et al.
(2018), obtained by cloning the mCherry gene under Ptac

promoter control (constitutive expression), was intro-
duced by electroporation, and tagged strains were
selected on KB Gm25 at 28°C. Root colonization pat-
terns of Pseudomonas strains were performed on wheat
under gnotobiotic systems. Wheat seeds were surface
sterilized as described by Pothier et al. (2007). Disin-
fected seeds were germinated on sterile plant agar med-
ium (8 g l�1; Sigma Chemical) for 3 days in the dark at

28°C. Bacterial inoculants were grown overnight in liquid
LB Gm25, at 28°C, and at 180 g. The cells were col-
lected by centrifugation at 5000 g during 10 min, gently
washed, suspended in MgSO4 10 mM and the suspen-
sions adjusted to the final required concentrations. Inoc-
ulation of each strain on wheat cultivar was done by
adding 50 µl of a 107 cells/mL suspension on germi-
nated seeds (i.e. 5. 105 cells/plant). The same volume of
MgSO4 solution was added for uninoculated controls.
Square plates (120 9 120 9 17 mm; Greiner Bio-One,
Stonehouse, UK) containing water agar plant (8 g l�1)
and four seedlings were used. The plates were placed
for 7 days in a growth chamber at 21°C with 16 h of light
(150 lE/m2/s) and 8 h of dark, and hygrometry rate of
60%. For confocal laser scanning microscopy (CLSM),
samples 1–2 cm in length were cut from apical root and
hair root zones and mounted in Aqua-Poly/Mount (Poly-
sciences, Eppelheim, Germany). A microscope Confocal
Zeiss LSM 800 (Carl Zeiss, Le Pecq, France) equipped
with argon–krypton and He-Ne lasers was used for anal-
ysis of red fluorescence emitted by bacteria (excitation
at 587 nm and detection at 661 nm). Image treatment
was performed using LSM software release 3.5 (Carl
Zeiss). Five root systems were analysed per treatment,
and 3 images per root system were taken. One repre-
sentative view for each strain was presented in Fig-
ure 1A. In addition, root colonization by the
Pseudomonas strains was estimated by quantifying the
mCherry fluorescence recovered from roots as previ-
ously reported (Valente et al., 2020). Briefly, the roots
were ground for 1 min with a FastPrep-24 Classic Instru-
ment (MP Biomedicals, Santa Ana, CA). The biggest
plant debris was pelleted by centrifugation, and 200 ll of
each supernatant were transferred in black 96-well
plates. The mCherry fluorescence intensity of super-
natants was measured with an Infinite M200 PRO micro-
plate reader (Tecan, Mannedorf, Switzerland), using an
excitation wavelength of 587 nm and an emission wave-
length of 661 nm. Non-inoculated plantlets were used as
controls (Fig. 1B).

Genome analysis of Pseudomonas secondary
metabolites

Genomic DNA extraction was done from an overnight
culture of strains JV395B, JV497 and JV222, using a
Nucleospin tissue kit (Macherey Nagel – 740952.50,
Hoerdt, France). Genomic DNA was sequenced at Mr.
DNA (Shallowater, TX, USA). Genome sequencing was
performed using MiSeq Illumina technology generating a
2 9 300 bp paired-end library. The NGen V14 (DNAS-
tar) was used to trim sequences (default settings) and
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for de novo assembling (average size of P. fluorescens
genomes as assembly parameters). Gene cluster coding
for secondary metabolites was identified using the
MicroScope web platform by BLAST comparison (Val-
lenet et al., 2017) with characterized secondary metabo-
lite gene clusters and reference strains available in
literature and using antiSMASH (Medema et al., 2011;
Blin et al., 2017). Only clusters with reliable prediction
were reported. Bacteriocins were not reported. Draft gen-
omes of Pseudomonas strains have been deposited at
the NCBI under BioProject ID PRJNA565121, sample
SAMN12734735 for Pseudomonas chlororaphis JV395B,
under BioProject ID PRJNA565122, sample
SAMN12734736 for Pseudomonas chlororaphis JV497
and under BioProject PRJNA564967, sample
SAMN12727389 for Pseudomonas koreensis JV222.
Genome sequences of the de novo assembly have also
been deposited at DDBJ/EMBL/GenBank under the
accession numbers VWPB00000000 for strain JV395B,
VWPC00000000 for strain JV497, and VWPA00000000
for strain J222. The accession number of P. kilonensis
F113 genome is CP003150.1.

Planktonic and biofilm colony culture conditions and
metabolite extraction

Bacterial cultures were made either in liquid fructose
minimal medium (MM; i.e. planktonic culture) or on MM
agar (i.e. biofilm colony culture). Bacterial inoculants
were obtained after overnight growth in LB medium and
washed twice with MM broth. Experimentation was car-
ried out in 24-well plate (Cellstar�, Greiner Bio-One,
France). Distinct wells were used for biofilm cultures on
MM agar and for planktonic cultures in MM broth. One
millilitre of MM broth and of MM agar per well were inoc-
ulated with each of the four strains with an initial popula-
tion of 5.106 CFU ml�1. Then, plates were sealed with
(AeraSeal�-Dominique Dutscher, France) and incubated
at 28°C, during 6 days. Biofilm colonies were formed at
the air–agar interface (Cabeen et al., 2016). Uninocu-
lated agar and broth media were also integrated as con-
trol conditions. All conditions were performed in 6
replicates leading to a total of 60 samples. Metabolite
extractions were conducted on the whole bacterial cul-
tures, that is bacterial cells and MM broth for planktonic
cultures and bacterial biofilm colonies and MM agar for
biofilm culture. Indeed, whole planktonic and biofilm
cultures were transferred into Eppendorf© tubes and
extracted with 750 µl of ethyl acetate. Liquid/liquid
partition was implemented for broth medium, and solid/
liquid extraction was done on divided pieces of agar
(5 mm 9 5 mm 9 3 mm). Solid/liquid extraction was
made by agitation at 150 g during 10 min and sonication

10 min, centrifugation and recovery of the supernatant.
Liquid/liquid partition was performed by 10 min of agita-
tion and recovery of the upper organic phase after a
resting period of 5 min. The extraction protocol was
repeated, giving a total extract volume of 1500 µl by
sample. Then, the organic phase (ethyl acetate) was
dried using a SpeedVac (Centrivap Cold Trap Concentra-
tor LABCONCO). Dried extracts were suspended in 50 µl
of methanol and centrifuged for 5 min at 12 000 g for both
liquid and solid culture samples. The efficiency of the
extraction method on planktonic and biofilm colony sam-
ple types was compared, thanks to the quantification of an
internal standard, tryptophan, in un-inoculated MM broth
and MM agar. No difference was observed between the
tryptophan concentrations recovered from broth and agar
(P-value = 0.21, Wilcoxon test, Fig. S1). Forty-five microli-
tres were then transferred in vials for ultra-high pressure
liquid chromatography coupled with mass spectrometry
(UHPLC-MS) analysis. A quality control (QC) sample was
prepared by mixing 2 µL of each sample previously
described (60 samples) in order to control analytical
repeatability during UHPLC-MS analysis.

Liquid chromatography coupled with high-resolution
mass spectrometry (LC-HRMS) analysis

Secondary metabolites were analysed using Agilent
Technologies� Accurate-Mass Q-TOF LCMS 6530, with
LC 1290 Infinity system. The separation was carried out
at 40°C using a 120 EC-C18 column (3.0 9

100 mm 9 2.7 µm; Agilent Poroshell). Each sample
(3 µl) was injected at the head of the column, and the
column was eluted at 0.7 ml min�1 with a solvent gradi-
ent using solvent A (water with formic acid 0.4% (v/v))
and solvent B (acetonitrile). Proportion of solvent B
increases, step by step, from 10% to 36% during
4.5 min; 36% to 100% during 4 min, followed by 2 min
isocratic phase with 100% solvent B; back from 100% to
10% in 0.5 min and equilibration at 10% solvent B during
3 min until the end of the run at 14 min. Mass analyses
were made in positive and negative mode, with the neb-
ulization gas (Nitrogen) at a flow of 10 l min�1 and 40
psg pressure. The capillary tension was 3000 V and
gave ionization energy of 100 eV. Analyses included QC
and blank samples every 10 sample runs, giving a total
of 8 blanks and 8 QCs. Moreover, in order to facilitate
the identification of specific compounds and allow molec-
ular network output, some samples were analysed with
tandem mass spectrometry (MS/MS). MS/MS analyses
were performed by collision-induced dissociation (CID)
with a collision energy of 20 eV. Chromatograms were
explored with MassHunter Qualitative Analysis B.07.00
software (Agilent Technologies).
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Gas chromatography coupled with mass spectrometry
(GC-MS) analysis

Complementary GC-MS analyses were conducted on
each sample to allow metabolite identification, using the
method described by Rozier et al. (2016). Aliquots of 1 ll
were injected in split-less mode using an Agilent 7000A EI
triple Quad coupled with the 7890A GC system on Agilent
100915 – 433 column (HP5-MS, 0.25 mm 9 30 m 9

0.25 µM). Chromatograms were explored with MassHun-
ter Qualitative Analysis B.07.00 software.

Data processing, statistical analysis, metabolite
identification and molecular networking

Our metabolomic analysis workflow was focused on
small molecules (< 1000 Da). LCMS raw files were con-
verted to mzXML format using MS convert ‘ProteoWizard
2.1’ with filtering m/z outside the range of [50–450] sec-
onds (Kessner et al., 2008). The data were then pro-
cessed using both R software and the collaborative
Galaxy platform ‘Workflow4metabolomics’ version 3.3
(Giacomoni et al., 2015). The overall workflow of data
processing is as follows: (i) peak extraction (xcms R
package 3.6.1; Smith et al., 2006), (ii) peak alignment
(xcms R package 3.6.1), (iii) elimination of ions also
found in blank samples, (iv) elimination of ions having a
coefficient of variation (CV) of signal intensity higher than
25% in QC pool samples, (v) elimination of the isotopic
ions or adducts that represent the same molecule (CAM-
ERA R-package and manual control validation; Kuhl
et al., 2012), (vi) transformation of ions intensity into
log10 and (vii) substitution of every log10 intensity value
under 3.5 by a threshold of 3.5 in order to avoid interfer-
ence due to missing value (feature not detected in a sin-
gle class but detected in other classes; Di Guida et al.,
2016). Then, after normalization and filtration steps, table
matrix containing the intensity areas for each feature
defined by the couple retention time and m/z was used
for statistical analysis. All XCMS parameters were
described in Table S1. Statistical analyses were realized
using R logiciel 3.5.1©2018 software version. Principal
component analyses were made with R package Ade4
(Thioulouse et al., 1997; Chessel et al., 2004). Non-para-
metric univariate statistical analyses were conducted
using Wilcoxon rank sum statistical test (P-value = 0.05)
on ion intensities for each strain in planktonic or biofilm
colony lifestyle. Heatmap representation was done with
the PermutMatrix software (Caraux and Pinloche, 2005).
Identification of monoacetylphloroglucinol (MAPG), 2,4-di-
acetylphloroglucinol (DAPG), pyrrolnitrin, indole-3-acetic
acid (IAA), phenazine-1-carboxylic acid (PCA), 3-OH-C6-
HSL and dimethyl 2,6-pyridinedicarboxylate were con-
firmed by comparison of the retention time and accurate

mass of compounds in bacterial culture extracts with
those of pure chemical standards (Table S1). Other phe-
nazine, HSL or dimethyl 2,6-pyridinedicarboxylate deriva-
tives were characterized by implementing a molecular
networking approach and by comparing their UV spectra,
accurate mass and MS/MS fragmentations to those
of standards of PCA, 3-OH-C6-HSL and dimethyl 2,6-
pyridinedicarboxylate. Finally, 3,4-dihydro-5-methyl-4-
alkyl(C11:0)-pyrrole, 3,4-dihydro-5-methyl-4-alkenyl
(C13:1)-2H-pyrrole and 3,4-dihydro-5-methyl-4-alkenyl
(C15:1)-2H-pyrrole were characterized by comparing
mass spectrometry (MS) accurate mass and MS/MS frag-
mentation to spectral data from the publication of Hilde-
brand and Budzikiewicz (1986). Finally, in view to
characterize Pseudomonas secondary metabolites pro-
duced in biofilm, a molecular networking (MN) approach
was developed, thanks to Metgem software with cosine
score = 0.6 (Olivon et al., 2018). MN was conducted on
MS/MS data from Pseudomonas biofilm extracts accord-
ing to the protocol described by Olivon and collaborator
in 2019. MS/MS data converted to mzXML format were
processed using MZMINE 2 v2.53 53. All parameters were
presented in Table S2.

Acknowledgements

Laura Rieusset was supported by a Ph.D. fellowship
from the French Minist�ere de l’Education Nationale, de
l’Enseignement Sup�erieur et de la Recherche. We
acknowledge the LABGeM and the National Infrastruc-
ture ‘France Genomique’ for support within the MicroS-
cope annotation platform. We also thank the FR
BioEnviS Research Federation platform ‘Centre Tech-
nologique des Microstructures’ and the Microbial Ecology
laboratory platforms, iBio (in particular D. Abrouk) and
CESN (‘Centre d’Etude des Substances Naturelles’). We
thank J. Le Gouis and the CRB ‘C�er�eales �a Paille’ for
providing seeds of the 2 wheat cultivars. We also thank
our colleagues F. Wisniewski-Dy�e and J. Almario for
their useful comments and English corrections.

Conflict of interest

The authors declare that they have no conflict of
interest.

References

Al-Ali, A., Deravel, J., Krier, F., B�echet, M., Ongena, M.,
and Jacques, P. (2017) Biofilm formation is determinant
in tomato rhizosphere colonization by Bacillus velezensis
FZB42. Environ Sci Pollut Res 25: 29910–29920.

Almario, J., Bruto, M., Vacheron, J., Prigent-Combaret, C.,
Mo€enne-Loccoz, Y., and Muller, D. (2017) Distribution of

ª 2020 The Authors. Microbial Biotechnology published by Society for Applied Microbiology and John Wiley & Sons Ltd, Microbial
Biotechnology, 13, 1562–1580

1576 L. Rieusset et al.



2,4-diacetylphloroglucinol genes reveals unexpected poly-
phyleticism. Front Microbiol 8: 1218.

Bertani, G. (1951) Studies on lysogenesis I. J Bacteriol 62:
293–300.

Besset-Manzoni, Y., Rieusset, L., Joly, P., Comte, G., and
Prigent-Combaret, C. (2018) Exploiting rhizosphere micro-
bial cooperation for developing sustainable agriculture
strategies. Environ Sci Pollut Res 25: 1–18.

Blin, K., Wolf, T., Chevrette, M.G., Lu, X., Schwalen, C.J.,
Kautsar, S.A., et al. (2017) antiSMASH 4.0-improvements
in chemistry prediction and gene cluster boundary identifi-
cation. Nucleic Acids Res 45(W1): W36–W41.

Brazelton, J.N., Pfeufer, E.E., Sweat, T.A., Gardener,
B.B.M., and Coenen, C. (2008) 2,4-diacetylphloroglucinol
alters plant root development. Mol Plant-Microbe Interact
21: 1349–1358.

Brink, S.C. (2016) Unlocking the secrets of the rhizosphere.
Trends Plant Sci 21: 169–170.

Budzikiewicz, H. (2003) Heteroaromatic monothiocarboxylic
acids from Pseudomonas spp. Biodegradation 14: 65–72.

Budzikiewicz, H., Lange, E., and Ockels, W. (1981) The
mass spectral fragmentation behavior of pyridine car-
boxylic and thiocarboxylic acid esters. Phosphorus Sulfur
Related Elements 11: 33–45.

Cabeen, M.T., Leiman, S.A., and Losick, R. (2016) Colony-
morphology screening uncovers a role for the Pseu-
domonas aeruginosa nitrogen-related phosphotransferase
system in biofilm formation. Mol Microbiol 99: 557–570.

Caraux, G., and Pinloche, S. (2005) PermutMatrix: a graphi-
cal environment to arrange gene expression profiles in
optimal linear order. Bioinformatics 21: 1280–1281.

Charlton, T.S., de Nys, R., Kumar, N., Hentzer, M., Givskov,
M., and Kjelleberg, S. (2000) A novel and sensitive
method for the quantification of N-3-oxoacyl homoserine
lactones using gas chromatography- mass spectrometry:
application to a model bacterial biofilm. Environ Microbiol
2: 530–541.

Chessel, D., Dufour, A.B., and Thioulouse, J. (2004) The
ade4 package - I: One-table methods. R News 4: 5–10.

Combes-Meynet, E., Pothier, J.F., Mo€enne-Loccoz, Y., and
Prigent-Combaret, C. (2011) The Pseudomonas sec-
ondary metabolite 2,4-diacetylphloroglucinol is a signal
inducing rhizoplane expression of Azospirillum genes
involved in plant-growth promotion. Mol Plant-Microbe
Interact 24: 271–284.

Cortese, M.S., Paszczynski, A., Lewis, T.A., Sebat, J.L.,
Borek, V., and Crawford, R.L. (2002) Metal chelating
properties of pyridine-2,6-bis(thiocarboxylic acid) pro-
duced by Pseudomonas spp. and the biological activities
of the formed complexes. Biometals 15: 103–120.

Couillerot, O., Prigent-Combaret, C., Caballero-Mellado, J.,
and Mo€enne-Loccoz, Y. (2009) Pseudomonas fluorescens
and closely-related fluorescent pseudomonads as biocon-
trol agents of soil-borne phytopathogens. Lett Appl Micro-
biol 48: 505–512.

Cullinane, M., Baysse, C., Morrissey, J.P., and O’Gara, F.
(2005) Identification of two lysophosphatidic acid acyl-
transferase genes with overlapping function in Pseu-
domonas fluorescens. Microbiology 151: 3071–3080.

Danhorn, T., and Fuqua, C. (2007) Biofilm formation by plant-
associated bacteria. Annu Rev Microbiol 61: 401–422.

De Werra, P., Baehler, E., Huser, A., Keel, C., and Mau-
rhofer, M. (2008) Detection of plant-modulated alterations
in antifungal gene expression in Pseudomonas fluo-
rescens CHA0 on roots by flow cytometry. Appl Environ
Microbiol 74: 1339–1349.

Demain, A.L. (1999) Pharmaceutically active secondary
metabolites of microorganisms. Appl Microbiol Biotechnol
52: 455–463.

Derrien, D., Marol, C., and Balesdent, J. (2004) The dynam-
ics of neutral sugars in the rhizosphere of wheat. An
approach by 13C pulse-labelling and GC/C/IRMS. Plant
Soil 267: 243–253.

Dettmer, K., Aronov, P.A., and Hammock, B.D. (2007) Mass
spectrometry-based metabolomics. Mass Spectrom Rev
26: 51–78.

Di Guida, R., Engel, J., Allwood, J.W., Weber, R.J.M.,
Jones, M.R., Sommer, U., and Dunn, W.B. (2016) Non-
targeted UHPLC-MS metabolomic data processing meth-
ods: a comparative investigation of normalisation, missing
value imputation, transformation and scaling. Metabolo-
mics 12: 1–14.

Duffy, B.K., and D�efago, G. (1999) Environmental factors
modulating antibiotic and siderophore biosynthesis by
Pseudomonas fluorescens biocontrol strains. Appl Envi-
ron Microbiol 65: 2429–2438.

Favre, L., Ortalo-Magn�e, A., Greff, S., P�erez, T., Thomas,
O.P., Martin, J.C., and Culioli, G. (2017) Discrimination of
four marine biofilm-forming bacteria by LC-MS metabolo-
mics and influence of culture parameters. J Proteome
Res 16: 1962–1975.

Favre, L., Ortalo-Magn�e, A., Pichereaux, C., Gargaros, A.,
Burlet-Schiltz, O., Cotelle, V., and Culioli, G. (2018) Meta-
bolome and proteome changes between biofilm and
planktonic phenotypes of the marine bacterium Pseudoal-
teromonas lipolytica TC8. Biofouling 34: 132–148.

Flemming, H.-C., Wingender, J., Szewzyk, U., Steinberg, P.,
Rice, S.A., and Kjelleberg, S. (2016) Biofilms: an emer-
gent form of bacterial life. Nat Rev Microbiol 14: 563–575.

Giacomoni, F., Le Corguill�e, G., Monsoor, M., Landi, M.,
Pericard, P., P�et�era, M., and Caron, C. (2015) Work-
flow4Metabolomics: a collaborative research infrastructure
for computational metabolomics. Bioinformatics 31: 1493–
1495.

Gjersing, E.L., Herberg, J.L., Horn, J., Schaldach, C.M., and
Maxwell, R.S. (2007) NMR metabolomics of planktonic
and biofilm modes of growth in Pseudomonas aeruginosa.
Anal Chem 79: 8037–8045.

Gross, H., and Loper, J.E. (2009) Genomics of secondary
metabolite production by Pseudomonas spp. Nat Prod
Rep 26: 1408–1446.

Haichar, Z., Santaella, C., and Heulin, T. (2014) Soil biology
and biochemistry root exudates mediated interactions
belowground. Soil Biol Biochem 77: 69–80.

Hildebrand, U., and Budzikiewicz, H. (1986) (+)-3,4-Dihydro-
5-methyl-4-n-alkyl- und alkenyl-2H-pyrrole aus Pseu-
dornonas putida. Z Naturforsch 41: 1161–1169.

Hu, W., Gao, Q., Hamada, M.S., Dawood, D.H., Zheng, J.,
Chen, Y., et al. (2014) Potential of Pseudomonas chloro-
raphis subsp. aurantiaca Strain Pcho10 as a biocontrol
agent against fusarium graminearum. Phytopathology
104: 1289–1297.

ª 2020 The Authors. Microbial Biotechnology published by Society for Applied Microbiology and John Wiley & Sons Ltd, Microbial
Biotechnology, 13, 1562–1580

Pseudomonas lifestyle and secondary metabolism 1577



Hunter, S.S., Yano, H., Loftie-Eaton, W., Hughes, J., De
Gelder, L., Stragier, P., and Top, E.M. (2014) Draft gen-
ome sequence of Pseudomonas moraviensis R28-S.
Genome Announc 2: 153–154.

Jalali, B.L., and Suryanarayana, D. (1971) Shift in the car-
bohydrate spectrum of root exudates of wheat in relation
to its root-rot disease. Plant Soil 34: 261–267.

Jousset, A., and Bonkowski, M. (2010) The model predator
Acanthamoeba castellanii induces the production of
2,4-DAPG by the biocontrol strain Pseudomonas fluo-
rescens Q2–87. Soil Biol Biochem 42: 1647–16.

Keller, L., and Surette, M.G. (2006) Communication in bac-
teria: an ecological and evolutionary perspective. Nat Rev
Microbiol 4: 249–258.

Kessner, D., Chambers, M., Burke, R., Agus, D., and Mal-
lick, P. (2008) ProteoWizard: open source software for
rapid proteomics tools development. Bioinformatics 24:
2534–2536.

King, E.O., Ward, M.K., and Raney, D.E. (1954) Two simple
media for the demonstration of pyocyanin and fluorescein.
J Lab Clin Med 44: 301–307.

Kuhl, C., Tautenhahn, R., B€ottcher, C., Larson, T.R., and
Neumann, S. (2012) CAMERA: an integrated strategy for
compound spectra extraction and annotation of liquid
chromatography/mass spectrometry data sets. Anal Chem
84: 283–289.

Laue, B.E., Jiang, Y., Chhabra, S.R., Jacob, S., Stewart,
G.S., Hardman, A., et al. (2000) The biocontrol strain
Pseudomonas fluorescens F113 produces the Rhizobium
small bacteriocin, N-(3-hydroxy-7-cis-tetradecenoyl)
homoserine lactone, via HdtS, a putative novel N-acylho-
moserine lactone synthase. Microbiology 146: 2469–
2480.

Lee, J.H., and Lee, J. (2010) Indole as an intercellular sig-
nal in microbial communities. FEMS Microbiol Rev 34:
426–444.

Loper, J.E., Hassan, K.A., Mavrodi, D.V., Davis, E.W., Lim,
C.K., Shaffer, B.T., et al. (2012) Comparative genomics of
plant-associated Pseudomonas spp: insights into diversity
and inheritance of traits involved in multitrophic interac-
tions. PLoS Genet 8: e1002784.

Maddula, V.S.R.K., Zhang, Z., Pierson, E.A., and Pierson,
L.S. (2006) Quorum sensing and phenazines are
involved in biofilm formation by Pseudomonas chloro-
raphis (aureofaciens) strain 30–84. Microbiol Ecol 52:
289–301.

Maddula, V.S.R.K., Pierson, E.A., and Pierson, L.S. (2008)
Altering the ratio of phenazines in Pseudomonas chloro-
raphis (aureofaciens) strain 30–84: effects on biofilm
formation and pathogen inhibition. J Bacteriol 190: 2759–
2766.

Mavrodi, D.V., Parejko, J.A., Mavrodi, O.V., Kwak, Y.S.,
Weller, D.M., Blankenfeldt, W., and Thomashow, L.S.
(2013) Recent insights into the diversity, frequency and
ecological roles of phenazines in fluorescent Pseu-
domonas spp. Environ Microbiol 15: 675–686.

Mazzola, M., Cook, R.J., Thomashow, L.S., Weller, D.M.,
and Pierson, L.S. (1992) Contribution of phenazine antibi-
otic biosynthesis to the ecological competence of fluores-
cent pseudomonads in soil habitats. Appl Environ
Microbiol 58: 2616–2624.

Medema, M.H., Blin, K., Cimermancic, P., De Jager, V.,
Zakrzewski, P., Fischbach, M.A., and Breitling, R. (2011)
AntiSMASH: rapid identification, annotation and analysis
of secondary metabolite biosynthesis gene clusters in
bacterial and fungal genome sequences. Nucleic Acids
Res 39: 339–346.

Meyer, T., Vigouroux, A., Aumont-Nicaise, M., Comte, G.,
Vial, L., Lavire, C., and Mor�era, S. (2018) The plant
defense signal galactinol is specifically used as a nutrient
by the bacterial pathogen Agrobacterium fabrum. J Biol
Chem 293: 7930–7941.

Mikkelsen, H., Duck, Z., Lilley, K.S., and Welch, M. (2007)
Interrelationships between colonies, biofilms, and plank-
tonic cells of Pseudomonas aeruginosa. J Bacteriol 189:
2411–2416.

Moco, S., Bino, R.J., De Vos, R.C.H., and Vervoort, J.
(2007) Metabolomics technologies and metabolite identifi-
cation. Trends Anal Chem 26: 855–866.

Morohoshi, T., Wang, W.Z., Suto, T., Saito, Y., Ito, S.,
Someya, N., and Ikeda, T. (2013) Phenazine antibiotic
production and antifungal activity are regulated by multi-
ple quorum-sensing systems in Pseudomonas chloro-
raphis subsp. aurantiaca StFRB508. J Biosci Bioeng 116:
580–584.

Morohoshi, T., Yamaguchi, T., Xie, X., Wang, W., Takeuchi,
K., and Someya, N. (2017) Complete Genome Sequence
of Pseudomonas chlororaphis subsp. Aurantiaca reveals
a triplicate quorum-sensing mechanism for regulation of
phenazine production. Microbes Environ 32: 47–53.

Noirot-Gros, M.F., Shinde, S., Larsen, P.E., Zerbs, S., Kora-
jczyk, P.J., Kemner, K.M., and Noirot, P.H. (2018)
Dynamics of aspen roots colonization by Pseudomonads
reveals strain-specific and mycorrhizal-specific patterns of
biofilm formation. Front Microbiol 9: 1–16.

Olivon, F., Elie, N., Grelier, G., Roussi, F., Litaudon, M., and
Touboul, D. (2018) MetGem Software for the generation
of molecular networks based on the t-SNE algorithm. Anal
Chem 90: 13900–13908.

Olivon, F., Remy, S., Grelier, G., Apel, C., Eydoux, C., Guille-
mot, J.C., and Litaudon, M. (2019) Antiviral compounds
from codiaeum peltatum targeted by a multi-informative
molecular networks approach. J Nat Prod 82: 330–340.

Oni, F.E., Kieu Phuong, N., and H€ofte, M. (2015) Recent
advances in Pseudomonas biocontrol. In Bacterial-plant
interactions: advance research and future trends. Murillo,
J., Vinatzer, B.A., Jackson, R.W., and Arnold, D.L. (eds.).
Poole, UK: Caister Academic Press, pp. 167–198.

Pandin, C., Le Coq, D., Canette, A., Aymerich, S., and
Briandet, R. (2017) Should the biofilm mode of life be
taken into consideration for microbial biocontrol agents?
Microb Biotechnol 10: 719–734.

Plyuta, V.A., Lipasova, V.A., Kuznetsov, A.E., and Khmel,
I.A. (2013) Effect of salicylic, indole-3-acetic, gibberellic,
and abscisic acids on biofilm formation by Agrobacterium
tumefaciens C58 and Pseudomonas aeruginosa PAO1.
Appl Biochem Microbiol 49: 706–710.

Pothier, J.F., Wisniewski-Dy�e, F., Weiss-Gayet, M.,
Mo€enne-Loccoz, Y., and Prigent-Combaret, C. (2007)
Promoter-trap identification of wheat seed extract-induced
genes in the plant-growth-promoting rhizobacterium

ª 2020 The Authors. Microbial Biotechnology published by Society for Applied Microbiology and John Wiley & Sons Ltd, Microbial
Biotechnology, 13, 1562–1580

1578 L. Rieusset et al.



Azospirillum brasilense Sp245. Microbiology 153: 3608–
3622.

Price-Whelan, A., Dietrich, L.E.P., and Newman, D.K.
(2006) Rethinking “secondary” metabolism: physiological
roles for phenazine antibiotics. Nat Chem Biol 2: 71–78.

Prigent-Combaret, C., Vidal, O., Dorel, C., and Lejeune, P.
(1999) Abiotic surface sensing and biofilm-dependent reg-
ulation of gene expression in Escherichia coli. J Bacteriol
181: 5993–6002.

Prigent-Combaret, C., Zghidi-Abouzid, O., Effantin, G., Leje-
une, P., Reverchon, S., and Nasser, W. (2012) The
nucleoid-associated protein Fis directly modulates the
synthesis of cellulose, an essential component of pellicle-
biofilms in the phytopathogenic bacterium Dickeya dadan-
tii. Mol Microbiol 86: 172–186.

Ramey, B.E., Koutsoudis, M., Von Bodman, S.B., and
Fuqua, C. (2004) Biofilm formation in plant-microbe asso-
ciations. Curr Opin Microbiol 7: 602–609.

Redondo-Nieto, M., Barret, M., Morrissey, J., Germaine, K.,
Mart�ınez-Granero, F., Barahona, E., and Rivilla, R. (2013)
Genome sequence reveals that Pseudomonas fluo-
rescens F113 possesses a large and diverse array of sys-
tems for rhizosphere function and host interaction. BMC
Genom 25: 14–54.

Rozier, C., Erban, A., Hamzaoui, J., Prigent-Combaret, C.,
and Comte, G. (2016) Xylem Sap metabolite profile
changes during phytostimulation of maize by the plant
growth-promoting Rhizobacterium, Azospirillum lipoferum
CRT1. Metabolomics 6: 2153–0769.

Schikora, A., Schenk, S.T., and Hartmann, A. (2016) Benefi-
cial effects of bacteria-plant communication based on
quorum sensing molecules of the N -acyl homoserine lac-
tone group. Plant Mol Biol 90: 605–612.

Selin, C., Habibian, R., Poritsanos, N., Athukorala, S.N.P.,
Fernando, D., and De Kievit, T.R. (2010) Phenazines are
not essential for Pseudomonas chlororaphis PA23 biocon-
trol of Sclerotinia sclerotiorum, but do play a role in biofilm
formation. FEMS Microbiol Ecol 71: 73–83.

Shanahan, P., O’sullivan, D.J., Simpson, P., Glennon, J.D.,
and O’gara, F. (1992) Isolation of 2,4-diacetylphlorogluci-
nol from a fluorescent pseudomonad and investigation of
physiological parameters influencing its production. Appl
Environ Microbiol 58: 353–358.

Silby, M.W., Cerde~no-T�arraga, A.M., Vernikos, G.S., Giddens,
S.R., Jackson, R.W., Preston, G.M., et al. (2009) Genomic
and genetic analyses of diversity and plant interactions of
Pseudomonas fluorescens. Genome Biol 10: R51.

Smith, C.A., Want, E.J., Maille, G.O., Abagyan, R., and Siuz-
dak, G. (2006) XCMS: processing mass spectrometry data
for metabolite profiling using nonlinear peak alignment,
matching, and identification. Anal Chem 78: 779–787.

Stipetic, L.H., Dalby, M.J., Davies, R.L., Morton, F.R., Ram-
age, G., and Burgess, K.E.V. (2016) A novel metabolomic
approach used for the comparison of Staphylococcus aur-
eus planktonic cells and biofilm samples. Metabolomics
12: 1–11.

Stoodley, P., Sauer, K., Davies, D.G., and Costerton, J.W.
(2002) Biofilms as complex differentiated communities.
Annu Rev Microbiol 56: 187–209.

Szkop, M., and Bielawski, W. (2013) A simple method for
simultaneous RP-HPLC determination of indolic

compounds related to bacterial biosynthesis of indole-3-
acetic acid. Anton Van Leeuw J Microb 103: 683–691.

Thioulouse, J., Chessel, D., Dol�edec, S., and Olivier, J.-M.
(1997) ADE-4: a multivariate analysis and graphical dis-
play software. Stat Comput 7: 75–83. https://doi.org/10.
1023/A:1018513530268

Vacheron, J., Desbrosses, G., Bouffaud, M.-L., Touraine,
B., Mo€enne-Loccoz, Y., Muller, D., and Prigent-Combaret,
C. (2013) Plant growth-promoting rhizobacteria and root
system functioning. Front Plant Sci 4: 356.

Vacheron, J., Mo€enne-Loccoz, Y., Dubost, A., Gonc�alves-
Martins, M., Muller, D., and Prigent-Combaret, C. (2016)
Fluorescent Pseudomonas Strains with only few plant-
beneficial properties are favored in the maize rhizosphere.
Front Plant Sci 7: 1–13.

Valente, J., Gerin, F., Le Gouis, J., Mo€enne-Loccoz, Y., and
Prigent-Combaret, C. (2020) Ancient wheat varieties have
a higher ability to interact with plant growth-promoting rhi-
zobacteria. Plant Cell Environ 43: 246–260.

Vallenet, D., Calteau, A., Cruveiller, S., Gachet, M., Lajus,
A., Josso, A., and Medigue, C. (2017) MicroScope in
2017: An expanding and evolving integrated resource for
community expertise of microbial genomes. Nucleic Acids
Res 45: D517–D528.

Van�cura, V., and Hanzl�ıklov�a, A. (1972) Root exudates of
plants: IV. Differences in chemical composition of seed-
ling exudates. Plant Soil 36: 271–282.

Venturi, V., and Keel, C. (2016) Signaling in the Rhizo-
sphere. Trends Plant Sci 221: 187–198.

Waite, R.D., Papakonstantinopoulou, A., Littler, E., and Cur-
tis, M.A. (2005) Transcriptome analysis of Pseudomonas
aeruginosa growth: comparison of gene expression in
planktonic cultures and developing and mature biofilms. J.
Bacteriol 187: 6571–6576.

Watrous, J., Roach, P., Alexandrov, T., Heath, B.S., Yang,
J.Y., Kersten, R.D., and Dorrestein, P.C. (2012) Mass
spectral molecular networking of living microbial colonies.
Proc Natl Acad Sci USA 109: E1743–E1752.

Wolfender, J.-L., Rudaz, S., Hae Choi, Y., and Kyong Kim,
H. (2013) Plant metabolomics: from holistic data to rele-
vant biomarkers. Curr Med Chem 20: 1056–1090.

Yu, J.M., Wang, D., Pierson, L.S., and Pierson, E.A. (2018)
Effect of producing different phenazines on bacterial fit-
ness and biological control in Pseudomonas chlororaphis
30–84. Plant Pathol J 34: 44–58.

Zawadzka, A.M., Crawford, R.L., and Paszczynski, A.J.
(2006) Pyridine-2,6- bis(thiocarboxylic acid) produced by
Pseudomonas stutzeri KC reduces and precipitates sele-
nium and tellurium oxyanions. Appl Environ Microbiol 72:
3119–3129.

Zhang, Z., and Pierson, L.S. 3rd (2001) A second quorum-
sensing system regulates cell surface properties but not
phenazine antibiotic production in Pseudomonas aureofa-
ciens. Appl Environ Microbiol 67: 4305–4315.

Supporting information

Additional supporting information may be found online in
the Supporting Information section at the end of the article.

ª 2020 The Authors. Microbial Biotechnology published by Society for Applied Microbiology and John Wiley & Sons Ltd, Microbial
Biotechnology, 13, 1562–1580

Pseudomonas lifestyle and secondary metabolism 1579

https://doi.org/10.1023/A:1018513530268
https://doi.org/10.1023/A:1018513530268


Fig. S1. Tryptophan relative quantification in un-inoculated
broth and agar media. Evaluation of the efficiency of the
extraction method for recovering secondary metabolites
embedded in agar medium was carried out thanks to trypto-
phan (Trp). Tryptophan is a precursor of several secondary
metabolite biosynthesis pathways in bacteria; in un-inocu-
lated media, it could be used for method validation. Trypto-
phan was detected in the first third of the chromatogram; it
has a median polarity close to that of numerous metabolites.
Its relative quantification in un-inoculated MM broth and MM
agar does not show significant difference (P-value = 0.21,
Wilcoxon test), which indicates comparable efficiency of the
extraction method for metabolites of median polarity
between the 2 conditions.

Fig. S2. Chemical structures of some secondary metabo-
lites from the studied plant-associated Pseudomonas
strains. Transformation of phenazine-1-carboxylic acid into
different derivatives thanks to genes phzO in JV395B and
phzH in JV497 (A). Chemical structures of 3-OH-C6-HSL,
3,4-Dihydro-5-methyl-4-alkenyl(C13:1)-2-H-pyrrole and
PDTC (pyridine-2,6-thiocarboxylic acid) derivatives (B).
Table S1. List of 8 chemical standards used in UHPLC-
DAD-qTOF analyses and parameter settings used for meta-
bolomics data processing.
Table S2. MZmine 2 data-preprocessing parameters for
molecular networking.
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