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Posidonia oceanica (L.) Delile is an endemic Mediterranean seagrass angiosperm.

The taxonomic diversity of the Posidonia-associated microbiota has previously been

inventoried using culture-based and culture-independent approaches. However, little is

known about the type of chemical interactions that occur between the cells within this

microbiota. In this study, we isolated 60 bacterial strains from the leaves and rhizomes

of P. oceanica and evaluated their capacity to communicate through quorum sensing.

We found 6 strains able to emit 8 different types of quorum sensing acyl homoserine

lactones, identified through UHPLC-HRMS/MS after bioguided fractionation of large

cultures. We also identified 19 strains able to produce furanosyl diester borate, another

type of quorum sensing autoinducer. Also, 5 strains were found to produce quorum

quenching compounds. Finally, as quorum sensing is known to be involved in biofilm

production, we also tested whether strains positive to our biotests were able to produce

biofilms. Collectively, these data reveal the importance of examining chemical interactions

within this bacterial consortium associated with P. oceanica that could have an impact

on the physiology of this key Mediterranean seagrass.

Keywords: microbiota, quorum sensing, quorum quenching, acyl-homoserine lactone, seagrass, Posidonia

oceanica

INTRODUCTION

Seagrasses are major underwater coastal ecosystems that are usually dominated by one of the 60
species of marine angiosperms living in seashore environments (Hemminga and Duarte, 2000;
Orth et al., 2006). These ecosystems provide important ecosystem services, including acting as a
fish nursery, biodiversity protection, carbon sequestration, nutrient recycling, and limiting coastal
erosion by sediment stabilization (Orth et al., 2006). The genus Posidonia is the evolutionarily
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oldest genus of seagrasses, having colonized the marine
environment during the Cretaceous (Den Hartog, 1970). This
genus is composed of 9 species. Among them, Posidonia oceanica
(L.) Delile, a Mediterranean endemic species abundant along the
coasts, occupies∼50,000 km2 (Garcias-Bonet et al., 2012).

Only a few works have examined seagrass angiosperm
microbiotas, while such studies on terrestrial plants are more
common (Turner et al., 2013). However, a few pioneering studies
revealed that the seagrass-associated bacteria are phylogenetically
diverse. The rhizobiome of the seagrassesZostera andCyrnodocea
contains a large bacterial diversity (Cúcio et al., 2016). Garcias-
Bonet et al. (2012) have examined the diversity of prokaryotic
communities in surface-sterilized tissues. They revealed 34
distinct operational taxonomic units (OTUs) that are affiliated
with diverse Proteobacteria and Bacteroidetes. They also reported
that bacterial communities depended on the seagrass tissues and
on the locations where the seagrass were collected.

Many chemical interactions between microbial cells occur in
plant-associated microbiotas. Also, in recent decades, chemical
ecologists have provided many experimental clues indicating
that the exchange of semiochemicals is a widespread pattern in
prokaryotic communities (Fuqua et al., 1994; Miller and Bassler,
2001). However, such an exchange of semiochemicals has never
been examined within the microbiota of P. oceanica, where
it could regulate important physiological traits (Turner et al.,
2013; Vandenkoornhuyse et al., 2015) and thus have important
implications for the whole Posidonia-based seagrass ecosystem.

Quorum sensing (QS) constitutes a widespread mode of
chemical communication in prokaryotic communities. Cells
engaged in quorum sensing liberate small compounds, named
autoinducers, and are able to detect their presence in the
nearby environment. At low cell densities, few autoinducers
are present, and prokaryotes display individual phenotypes and
behaviors. When the cell density increases, the concentration
of autoinducers also increases, causing bacteria to switch
their genetic and physiological program and display collective
phenotypes and comportments (Fuqua et al., 1994). Quorum-
sensing processes induce many transduction cascades, and
the regulation of the expression of many genes influencing
bacterial metabolism and phenotypes (Miller and Bassler, 2001).
The establishment of biofilms (Miller and Bassler, 2001), the
emission of bioluminescence (Nealson, 1977), virulence (Smith
and Iglewski, 2003), and many other bacterial phenotypes
(Smith and Iglewski, 2003) are examples that have been shown
to be controlled by quorum sensing. Two major types of
autoinducers are involved in Gram negative marine bacteria
quorum sensing: homoserine lactones (AHL, or autoinducer
type 1, or AI-1), involved in intraspecies communication, and
furanosyl diester borate (AI-2), which might plays a role in
interspecies communication (Hmelo, 2017). However, to date,
the prevalence and the nature of the quorum sensing that occur
in the P. oceanicamicrobiota remain unknown.

Quorum quenching mechanisms are engaged by competitors
to limit the growth and the coordination of bacteria engaged
in QS communication (Defoirdt et al., 2004; Rasmussen and
Givskov, 2006). These processes rely on the secretion of enzymes
leading to QS-signal cleavage including acylases or lactonases

or secretion of metabolites acting as QS inhibitors (Dong and
Zhang, 2005). Again, whether quorum quenching compounds
that are expressed by bacteria are associated with the P. oceanica
microbiota remains unknown.

In this work, we examined quorum sensing and quorum
quenching to determine if these processes are widespread
phenotypes of the prokaryotic communities associated with P.
oceanica andwe evaluated the nature of the secreted autoinducers
(AI-1 and/or AI-2). Collectively, our data reveal for the first time
the nature of the quorum-based chemical exchanges occurring in
the prokaryotic communities of the seagrass P. oceanica, and will
serve as a starting point for future studies that will focus on the
microbial interactions in seagrass microbiotas.

MATERIALS AND METHODS

Elaboration of a Bacterial Culture
Collection Associated with Posidonia

oceanica
P. oceanica plants were collected in June 2014 in front of
the port of Banyuls-sur-mer, south of France (42◦28′54.12′′N,
3◦ 8′11.99′′E; 2m deep). To maximize the recovery of the
bacterial strains associated with P. oceanica (epiphytes and
endophytes strains), we combined two protocols of isolation.
The first protocol consisted of cutting a clean piece of leaves
or rhizomes, after observations of epibionts presence under the
stereomicroscope, to isolate epiphytic strains. A second protocol
was used to isolate endophytic strains (Zinniel et al., 2002). This
protocol included a series of surface sterilizations with first 99%
ethanol, second 3.125% NaOCl, and third a second 99% ethanol
step before a final and gentle washing with sterile water.

The different pieces of Posidonia (rhizomes and leaves) were
ground with a blender. Serial dilutions (1 to 10−3) in presterilized
seawater were performed, and 100 µL was plated on various
media. All these media were reconstituted with 75% seawater:
BG11 medium, R2A medium and Starch Casein Agar (SCA)
medium. Petri plates were incubated at 25◦C until growth of the
colonies occurred and new colonies stopped appearing. Colonies
were isolated and purified based on their different morphotypes
on their respective media. Each bacterial strain was then stored
at−80◦C in a 35% glycerol solution and in a 5% DMSO solution
in Marine Broth (MB, DifcoTM BD). The strains were deposited
in the Banyuls Bacterial Culture Collection (WDCM911) http://
collection.obs-banyuls.fr/.

Bacterial Identification by 16S rRNA
Sequencing and Phylogenetic Analysis
The bacterial identification was based on their partial 16SrRNA
gene sequencing. All the sequences were deposited in Genbank
(see Supplementary Table 1). The obtained 16S rRNA gene
sequences were compared using the BLAST algorithm against the
sequences of the EzTaxon server (http://eztaxon-e.ezbiocloud.
net) database (Kim et al., 2012). Phylogenetic analyses were
conducted using MEGA 6 software (Kim et al., 2012). All
alignments were performed with ClustalW (Larkin et al., 2007)
and adjusted manually. Phylogenetic trees were constructed
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using the Neighbor-Joining (NJ) method with p-distance
correction and 1,000 bootstrap replicates.

Quorum Sensing Bioassay: Detection of
Al-1
Bacterial culture supernatants were tested in the AHL
biosensor assay following previously described protocols
using Pseudomonas putida and Escherichia coli-based biosensors.
Briefly, P. putida F117 (pRK-C12; Kmr; ppuI:mpt) was used for
the detection of long-chain AHLs (>8 carbons in the acyl side
chain) (Andersen et al., 2001; Girard et al., 2017), and E. coli
MT102 (pJBA132) for the detection of short-chain AHLs (≤8
carbons in the acyl side chain) (Riedel et al., 2001; Girard et al.,
2017). E. coliMT102 and P. putida F117 were cultivated in Luria-
Bertani (LB) Broth (Sigma L3022) overnight with continuous
shaking (200 rpm) at 37◦C supplemented with tetracycline (25
µL/mL) and at 30◦C supplemented with gentamicin (20µL/mL),
respectively. An overnight culture of each biosensor strain was
inoculated in fresh LB medium (dilution 1/50). This fresh
biosensor culture was dispensed into 96-well microplates (150
µL/well for bacterial supernatant evaluation and 180 µL/well
for extracts or fractions). To evaluate bacteria for their ability
to produce Al-1, they were grown on MB medium 24 h at 25◦C
with agitation (120 rpm). Culture supernatants were collected
after centrifugation (10 min at 10,000 rpm) and added to the
microplate wells containing the biosensor strains (50 µL/well,
in triplicate). Extracts or fractions were dissolved in DMSO/LB
(25:75, v/v) and added to each well in triplicate (20 µL/well).
Microplates were incubated at 30◦C and 37◦C, depending of
optimum growth temperature of the selected biosensor strain,
without shaking. After 0, 5, and 24 h of incubation, fluorescence
was determined with a Victor1420 Multilabel Counter (Perkin-
Elmer) at an excitation wavelength of 485 nm and a detection
wavelength of 535 nm. The optical density (OD) at 620 nm
was also measured to monitor biosensor cell growth. Negative
controls were biosensor cultures with sterile LB medium and
without extract. Biosensor cultures with added commercial
AHLs (C6-HSL for E. coli MT102 and oxo-C10-HSL for P.
putida F117) were used as positive controls.

Quorum Sensing Bioassay: Detection of
AI-2
A mutant strain of Vibrio harveyi, BB170, was used to detect
the presence of AI-2 in the culture supernatants (Bassler et al.,
1997; Taga, 2005). Briefly, the V. harveyi reporter strain was
grown at 30◦C in Autoinducer Bioassay (AB) medium. The
overnight culture was then diluted 1:5,000 into fresh medium,
and 180 µL of the diluted cells was added to wells containing
20 µL of the culture supernatants of the bacteria to be tested
for AI-2 production. The 96-well plates were incubated at 30◦C.
Every hour, luminescence was measured using a Victor1420
Multilabel Counter (Perkin-Elmer) until the medium control
sample produced the least amount of light. The Al-2 production
is reported as the fold induction of the reporter strain divided by
the background when only medium was added to the reporter.
All assays were performed in duplicate.

Quorum Quenching Bioassay
The AHL biosensor E. coli MT102 was also used to highlight
the quorum quenching ability of the bacterial strains. The
biosensor was cultivated in Luria-Bertani (LB) Broth (Sigma
L3022) overnight with continuous shaking (200 rpm) in the
same conditions (temperature, antibiotics) used for the quorum-
sensing bioassay. An overnight culture of the biosensor strain
was inoculated into fresh LB medium (dilution 1/25). This fresh
biosensor culture was dispensed into 96-well microplates (150
µL/well). Bacteria were grown on MB medium supplemented
with an AHL (100 µL of C6-AHL or oxo-C10-HSL (both 1
mM) in 100 mL of MB for the assay with E. coli MT102 and P.
putida F117, respectively) for 24 h at 25◦C with agitation (120
rpm). Culture supernatants were collected after centrifuging for
10 min at 10,000 rpm and added to the microplate containing the
biosensor strains (50 µL/well in triplicate). Extracts or fractions
were dissolved in DMSO/LB (25:75, v/v) and added to each
well in triplicate (20 µL/well). The microplates were analyzed
as previously describe above (detection of AI 1 bioassay).
The negative controls were biosensor cultures with sterile MB
medium supplemented with AHL. Two strains of the Banyuls
Bacterial Culture Collection (BBCC116 and BBCC2153) were
used as positive controls.

Biofilm Formation Assay
The ability of strains to produce biofilm has been evaluated using
a crystal violet-based protocol previously published (Stepanovic
et al., 2000; O’Toole, 2011). Strains from fresh agar plates were
inoculated in 5 mL of Marine Broth and incubated for 24
h at 25◦C. Biofilm formation was conducted in 96-well flat
bottom plates. To increase biofilm formation (Moreira et al.,
2013), culture strains were diluted with fresh medium until a
final OD630 nm of 0.2 was reached. The microplate wells were
filled with 100 µL of diluted culture and 100 µL of a 4.5%
glucose solution, whereas only broth with glucose served as a
control to check the sterility of the medium and to test for non-
specific attachment. Ruegeria mobilis (strain MOLABBCC1144,
Banyuls Culture Collection) was used as a negative control,
and Sulfitobacter brevis (strain BBCC1436, Banyuls Culture
Collection) was used as a positive control. Each inoculated plate
was incubated for 48 h at 25◦C under static conditions. After
incubation, the medium was gently removed, and the wells were
washed with 200 µl of sterile phosphate-buffered saline (PBS, pH
7.2) to remove all planktonic cells while preserving the integrity
of the biofilm. The remaining bacteria that were attached to the
bottom of wells were stained for 15 min at room temperature
with 100 µL of 0.2% crystal violet solution prepared in 20%
ethanol (v/v). Subsequently, the unbound crystal violet stain
was removed, and the wells were rinsed three times with sterile
water before adding 200 µL of a solution of 10% acetic acid,
50% ethanol, and 40% distilled water (v/v/v) to each well. The
absorbance was measured at 540 nm using a microplate reader
[Victor1420 Multilabel Counter (Perkin-Elmer)]. We classified
isolates according to their ability to form biofilms, and following
Stepanovic et al. (2000), a cut-off value was calculated for the
negative control using the following formula: ODc = Average
OD of negative control + 3 × SD (Standard Deviation) of
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negative control. Based on the calculated cut-off OD, strains were
classified into the following categories: non-biofilm producers:
(OD < ODc), weak biofilm producers: (0Dc < OD < 2 × 0Dc),
moderate biofilm producers: (2 × ODc <OD < 4 × 0Dc), and
strong biofilm producers: (OD > 4 × 0Dc) (Stepanovic et al.,
2000).

Bacterial Culture for AHL Characterization
The bacterial strains that demonstrated positive results for the
production of AHLs were grown in MB broth at 25◦C with
shaking (120 rpm). Cultures were realized in 6 1-L Erlenmeyer
flasks, each containing 500 mL of Marine Broth (MB) 2216 (BD
Difco, Sparks, MD). After 48 h, ethyl acetate (EtOAc, 200 mL)
was added to each flask, and the ground mixture was shaken
for 12 h at room temperature (150 rpm). After dehydration
on anhydrous Na2SO4 and filtration, the organic phase was
evaporated to dryness. The ethyl acetate extracts were treated
prior to analysis using solid-phase extraction (Phenomenex
Strata C18, 55 1.1m). The stationary SPE phase was activated with
100 mL of acetonitrile. The cartridge was loaded with 100mg of
each extract, which was solubilized in 2 mL of acetonitrile. The
elution was performed with 50 mL of acetonitrile to eliminate the
most lipophilic metabolites. The eluates were dried and dissolved
in DMSO.

HPLC Fractionation
The treated extracts were then fractionated by liquid
chromatography on a Phenomenex Luna C18 (5 mm, 250
× 21.20 mm, 100 Å) column with a separation HPLC system
with 2 Varian Prep Star pumps, a manual injector, a Dionex
Ultimate 3000 RS variable wavelength detector and a Dionex
Ultimate 3000 fraction collector. The solvent was made of
gradient grade H2O and CH3CN (70:30 for 3 min, followed
by a 12-min linear gradient from 70:30 to 0:100, followed by
100% CH3CN for 10 min) and pumped at a flow rate of 20
mL.min−1. The eluents were monitored at 214, 254, 274, and 280
nm and were collected between 3 and 25 min (1 fraction/min,
22 fractions). The fractions were dried with a genevac HT-4X
system and were dissolved in 100 µL DMSO to evaluate the
presence of AHL with the biosensors and diluted.

HPLC-HRMS/MS Analyses
UHPLC-MS analyses were performed with a Dionex Ultimate
3000 UHPLC-HESI HRMS Q Exactive focus (Thermo Scientific)
system controlled by Thermo Xcalibur software (Thermo
scientific). Elution was performed on a Hypersil gold C18 (2.1 ×
150 mm) column with 1.9 µm particle size (Thermo Scientific)
maintained at 50◦C; solvent A consisted of water with 0.1%
formic acid, and solvent B was acetonitrile with 0.1% formic acid.
The gradient profile for chromatography was as follows: 100%
solvent A for 5 min, a linear increase in solvent B to 100% over 5
min, hold at 100% solvent B for 5 min, and then equilibrate with
100% solvent A for 2 min. The flow rate was maintained at 0.8
mL.min−1, and the injection volume was 5 µL of the fractions
diluted to 1 mg.mL−1. The detection using ESI was performed in
positive mode. The ion source parameters were: capillary voltage
3 kV, aux gas flow rate 20, sheath gas flow rate 75, spray current 4

µA, capillary temperature 350◦C, heater temperature 450◦C, and
S-lens RF 40. Nitrogen was used as the nebulizing gas in the ion
trap source.

The MS/MS method was designed to perform an MS1 full-
scan (scan range m/z 130–900) alternating with a MS/MS scan
[AIF, all-ion fragmentation, scan range 60–600m/z, normalized-
collision energy (NCE) 25]. Themass resolution was set at 35,000,
the AGC targets were 1 × 106 and 5 × 104 for the full scan and
AIF modes, respectively, and injection time was 40 ms.

Standard AHLs (0.1 mg/mL in DMSO, 2 µL injected), were
analyzed to determine the fragmentation patterns and retention
time under our chromatographic conditions. As previous studies
reported (Morin et al., 2003; Patel et al., 2016), we observed
some characteristic fragments arising from fragmentation of the
lactone ring. A daughter ion withm/z 102.055 is always observed,
and three others ions with m/z 56.050, 74.061, and 84.045 are
usually detected. These four daughter ions were chosen as the
specific ions to indicate the presence of HSL-type compounds. To
confirm the AHL identification, a second step of MS analyses was
performed using SIM (resolution 3,500) and dd-ms2 (resolution
17,500)modes. Each ion of interest was isolated using an isolation
width of 3.0 m/z and fragmented with a resolution of 17 500
and a collision energy of 20 eV. The presence of the daughter
ion with 102.055 m/z and at least one other daughter ion that
is characteristic of the lactone ring were needed to confirm AHL
identification. This confirmation has also been conducted using
a combination of 25 commercially available AHL standards with
acyl chains that vary in their length, the nature of substituent on
their third carbon (hydroxy or oxo group) and the presence of
unsaturation (see more details of our methods in Girard et al.,
2017 and Supplementary Table 2).

RESULTS

Bacterial Strains Isolated from Posidonia

oceanica
Sixty bacterial strains were isolated from P. oceanica (16SrRNA
genes Accession numbers KY787128 to KY787185, KY697665
and KY697666, see Supplementary Table 1). Thirty-nine were
from leaves (only epiphytic strains), and 21 were from rhizomes
(both epiphytic and endophytic strains). The identified strains are
affiliated with distinct groups of bacteria representing a broad
spectrum of diversity, including Alphaproteobacteria (72%),
Gammaproteobacteria (20%), Flavobacteriia (3%) Bacilli, and
Actinobacteria (5%). Rhodobacteraceae-affiliated isolates were
dominate among the Alphaproteobacteria fraction (55% of
Alphaproteobacterial isolates), while isolates affiliated with the
genus Marinomonas sp. dominated the Gammaproteobacteria
(14%) (Figures 1, 2). With the second isolation protocol,
we focused on the endophytic bacteria that were present in
the Posidonia rhizomes. A similarly broad diversity pattern
was observed with the endophytic strains, which belong to
Alphaproteobacteria (70%), Gammaproteobacteria (20%), and
Flavobacteriia (10%). The collected bacteria were also affiliated
with a large diversity of genera, including Labrenzia sp.
(17 strains), Cohaesibacter sp. (3 strains), Ruegeria sp. (3
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strains), Pseudophaeobacter sp. (4 strains), Nisaea sp. (4 strains),
Marinomonas sp. (4 strains), Vibrios sp. (3 strains), Micrococcus
sp. (2 strains), Aquimarina sp. (2 strains), Microbulbifer sp.
(1 strain), Alteromonas sp. (1 strain) Pseudovibrio sp. (1
strain), Flavivirga sp. (1 strain), Sphingopyxis sp. (3 strains),
Sphingorhabdus sp. (1 strain), Kordiimonas sp. (1 strain),
and Erythrobacter sp. (1 strain). Eight strains were found to
be phylogenetically too distant from the known isolates to
be affiliated with a specific genus with enough confidence
(Figure 1).

Diversity of Isolates Involved in Quorum
Sensing
Among the 60 isolated strains, 6 were identified as AHL-
producing isolates: 3 strains were double positive (responded
to the P. putida F117 and the E.coli MT102 reporter strains),
suggesting the production of long and short chain AHLs, and
3 strains gave rise only to a positive signal with the E. Coli
MT102 reporter strain, revealing the production of short chain
AHLs (Figure 1, and Datasheet S1). All six AHL-producing
strains were isolated from both the rhizomes and leaves of P.
oceanica and were affiliated with Alphaproteobacteria: 3 strains
are related to to Pseudophaeobacter sp., 2 strains appeared
phylogenetically related to the genus Cohaesibacter sp. and 1
strain of Labrenzia sp.

Among the whole isolates, the AI-2 biosensor V. harveyi
BB170 responded positively to the supernatant of 19 isolated
strains (Figures 1, 2, and Datasheet S1). The autoinducer
secretion was measured by calculating the increased induction
of bioluminescence using data collected at the optimal time
point, i.e., the moment at which the control sample produced
the least amount of light (Taga, 2005). A total of 6 strains were
found to be strong producers of AI-2 and exhibited a >10-
fold induction of bioluminescence, while 13 strains were weak
producers with an induction between 5- and 10-fold. The AI-2
producers were found among isolates from Alphaproteobacteria
(78%), Gammaproteobacteria (11%), and Flavobacteriia (11%).
Among the Alphaproteobacteria, the genus Labrenzia seemed to
be a large producer of AI-2, with 12 strains able to activate the
AI-2 biosensor among the 17 that were isolated. Five of these
strains were isolated from rhizomes, and 14 were associated with
the leaves.

Diversity of Isolates Involved in Quorum
Quenching
The bacterial ability to interfere in AHL-based quorum
sensing was evaluated with the E. Coli MT102 reporter strain.
Five strains (9%) produced quorum quenching signals. Four
strains were related to Alphaproteobacteria (affiliated with the
genera Kordiimonas, Erythrobacter, Sphingorhabdus, and an
unknown Rhodospirillaceae). Additionally, one strain affiliated
with Gammaproteobacteria (related to the genus Vibrio) was
positive in our quorum quenching bioassay. Three of these strains
were isolated in the leaves of Posidonia, and two were sampled
from the rhizomes (Figures 1, 2 and Datasheet S1).

Capacity of Biofilm Formation
A crystal violet-based microplate assay was used to evaluate
the capacity of microbial strains to attach to abiotic surfaces.
We classified our isolates based on the calculated cut-off OD,
resulting in the following categories: non-biofilm producers (OD
< 3), weak biofilm producers (0.3 < OD < 0.6), moderate
biofilm producers (0.6 < OD < 1.2), and strong biofilm
producers (OD >1.4). A total of 67% of the P. oceanica-
associated strains were able to produce biofilm (75% related to
Alphaproteobacteria). Among them 11 strains are weak biofilm
producers, 15 are moderate producers and 14 are strong biofilm
producers (Figures 1, 2 and Datasheet S1). In contrast, 19
strains did not produce a biofilm. We observed that closely
phylogenetically related strains responded differently to this
biotest. For example, among the16 isolated strains related to
the Labrenzia genus, 3 did not produce biofilm, while 3, 6, and
4 of the isolated strains related to the Labrenzia genus were
either weak, moderate or strong biofilm producers, respectively.
Interestingly, OD values above 1 were observed for the 4 strains
that are related to Pseudophaeobacter sp. (and isolated from
P. oceanica leaves), while the 4 strains related to Nisaea sp.
were unable to produce biofilm. All strains identified as AHL
producers were also, according to our bioassays, able to produce
biofilms, while 58% of the strains involved in AI-2-based quorum
sensing were able to synthesize a biofilm (Figures 1, 2 and
Datasheet S1).

Diversity of the Emitted Acylhomoserine
Lactones
We combined HPLC fractionation and UHPLC-HRMS analyses
to identify the diversity of the AHLs secreted by the 6 bacterial
strains that our biosensors identified as positive. Our method
consists of a non-targeted UHPLC-MS/MS analysis to identify
AHLs in microbial samples. Our chromatographic method
yielded good separation, and the mass accuracy for all standards
was within 3 ppm (parts per million). The analytical method
includes full-scanMSwith successive all-ion fragmentation (AIF)
MS/MS scan allowing the acquisition high resolution data of the
parent ion and daughter ion masses in a single chromatographic
run. As described by Patel et al. (2016), four characteristic
fragments originating from the lactone ring in AHLs were
detected in almost all of theMS/MS spectra of the AHL standards
(Girard et al., 2017). One daughter ion was abundant and always
present in fragmentation patterns: the 102.055 m/z ion, which
corresponds to the lactone ring itself; three other ions that
arose from the fragmentation of the lactone ring (the 56.050,
74.061, and 84.045 m/z fragments) were usually observed. These
daughter ions were sought in the MS/MS scans of bacteria
fractions to detect HSL-type compounds. All AHLs were also
confirmed with commercially available standards.

Thus, we determine that the 3 strains related to
Pseudophaeobacter sp. (BBCC2174, 2175, and 2176) produced 5–
6 different AHLs with acyl side chains harboring 10–16 carbons
with unsaturated regions or/and hydroxyl substitution (Table 1).
The two Cohaesibacter strains, BBCC2161 and BBCC2195, as
well as the Labrenzia strain BBCC2184 produce respectively 6, 5,
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FIGURE 1 | The phylogenetic affiliations of sequences of Alphaproteobacteria-related strains associated with Posidonia oceanica and their abilities to express quorum

sensing, quorum quenching, or biofilm formation. The values at each node represent the bootstrap values generated using MEGA 6.0 [Neighbor-joining method with

bootstrap (1,000 replications)]. Non-tested bacteria ( ), non-producers ( ), weak producers ( ), moderate producers ( ), and strong producers ( ) R: rhizome

associated bacteria, L: leaf associated bacteria, and E: endophyte.
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FIGURE 2 | The phylogenetic affiliations of sequences of non-Alphaproteobacteria-related strains associated with Posidonia oceanica and their abilities to express

quorum sensing, quorum quenching or biofilm formation. The values at each node represent the bootstrap values generated using MEGA 6.0 [Neighbor-joining

method with bootstrap (1,000 replications)]. Non-tested bacteria ( ), non-producers ( ), weak producers ( ), moderate producers ( ), and strong producers ( ) R:

rhizome associated bacteria, L: leaf associated bacteria, and E: endophyte.

and 6 AHLs with acyl chain harboring between 8 and 16 carbons;
in which unsaturated regions or/and hydroxyl substitution
could be found too. Because of the use of our non-targeted
UHPLC-MS/MS method allowing the detection of known and
novel AHLs and because of the presence in MS/MS spectra of the
daughter ions characteristic of the lactone ring, we also suspect
the presence of many other HSL-type compounds. However,
the confirmation of such result is highly difficult. Especially, the
Nuclear Magnetic Resonance step requires large amounts of pure
compounds, while AHLs are emitted at very low concentrations
(Table 1).

DISCUSSION

In this study, we identified a cultivable bacterial diversity
associated with the collected Mediterranean P. oceanica, largely
dominated by Alphaproteobacteria and Gammaproteobacteria.
This observation correlates with previous studies, which found

a dominance of Proteobacteria and Bacteroidetes in endophytic
communities of P. oceanica using DNA-based inventories of
bacterial diversity (Garcias-Bonet et al., 2012). Many hypotheses
could be raised to explain our difficulty to cultivate some
Bacteroidetes. One possibility is the light conditions which were
not appropriate in our experiments, as it has been previously
shown that at least some of these lineages are proteorhodopsins-
containing cells (Fernandez-Gomez et al., 2013). However,
similar bacteria lineages were also found in epiphytic bacterial
communities of seaweeds (Egan et al., 2013) and in the core
microbiota of seagrass roots, which appears dominated by
Gammaproteobacteria (Egan et al., 2013) represented in our
study by three strains affiliated with Marinomonas posidonica,
and one strain affiliated with M. mediterranea. Previous studies
revealed that microorganisms within the genus Marinomonas
can be readily isolated from the different tissues of P.
oceanica (Espinosa et al., 2010; Lucas-Elio et al., 2011),
including Marinomonas balnearica, pollencensis, mediterranea,
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TABLE 1 | UHPLC-HRMS data of AHL profiling of bacterial strains.

AHL profiling of bacterial strains

Identification Molecular

formula

[M+H]+

Theoritical

mass

Retention

time (min)

BCC2161

Cohaesibacter

sp.

BCC2195

Cohaesibacter

ap.

BCC2184

Labrenzia

sp.

BCC2174

Pseudophaeobacter

sp.

BCC2175

Pseudophaeobacter

sp.

BCC2176

Pseudophaeobacter

sp.

OH-C8-HSL C12H21NO4 244.154335 8.55 + + + – – –

OH-C10-HSL C14H25NO4 272.185635 9.25 + + + + + +

OH-C12-HSL C16H29NO4 300.216935 9.85 + + + + + +

OH-C14-HSL C18H33NO4 328.248235 10.2 + + + + + +

C14:1-HSL C18H31NO3 310.23767 10.59 + + + + – +

C14-HSL C18H33NO3 312.25332 10.89 – – + + + –

C16:1-HSL C20H35NO3 338.26897 11.01 + – – + + +

C16-HSL C20H37NO3 340.284619 11.29 – – – – + –

and posidonica. Marinomonas posidonica is frequently detected
in the microbiota of P. oceanica, and some authors suggest
an ancient relationship between these two species (Lucas-Elio
et al., 2011), including the bacteria promoting the growth of the
angiosperm (Celdran et al., 2012).

In these bacterial communities, we detected many strains
that are able to produce AHLs. These cells are phylogenetically
related to Alphaproteobacteria and, in particular, to the
Rhodobacteraceae and the Cohaesibacteraceae families.
Such observation is in line with previous studies, as many
Rhodobacteraceae strains are known to be involved in quorum
sensing (Gram et al., 2002; Cude and Buchan, 2013; Zan et al.,
2014) but it is the first time that Cohaesibacter sp. strains
are shown to be involved in quorum sensing. In our culture
collection, we also detected 19 isolates capable of an AI-2-based
quorum sensing, including many strains affiliated with the genus
Labrenzia sp., which appears to be an original observation for this
taxonomic group (Pereira et al., 2013). However, this result must
be used cautiously, especially within the Alphaproteobacteria
group, as AI-2 could simply be a side product of the methyl
cycle and not a molecular signal in some strains (Rezzonico
and Duffy, 2008; Hmelo, 2017). We also reported two Vibrio
sp. strains that were identified as positive by our AI-2 bioassay
(BBCC2186 and BBCC2190), in line with previous studies
mentioning the existence of quorum sensing regulations in this
genus (Bassler et al., 1997; Bassler, 1999; Milton, 2006). The
role of AI-2 signaling remains unclear, but this semiochemical
is hypothesized to be involved in interspecies communication
(Hmelo, 2017).

The percentage of bacteria able to AHL-based quorum
sensing in our strain collection could appear low (10% of
total strains), despite the fact that we used a combination of
biosensors that are able to detect a wide range of AHLs (Wagner-
Döbler et al., 2005; Steindler and Venturi, 2007). However, we
probably underestimated the real number of AHL-producing
strains, since culture conditions may influence the expression
of quorum sensing (Bhedi et al., 2017). However, despite these
limitations, our data clearly indicate that a noticeable fraction of
bacteria associated with the P. oceanica microbiota are able to
communicate using an AHL- or AI-2-based quorum sensing.

Our UHPLC-HRMS analyses revealed the secretion of a large
variety of AHLs by the isolated strains. For example, the three
strains affiliated with Pseudophaeobacter produced 3-OH-C10-
HSL, as detected in previous studies that focused on Phaeobacter
gallaeciensis (Berger et al., 2011). Similarly, the C14:1-HSL that
was detected in some of our isolated Alphaproteobacteria was
also detected in Rhodobacter sphaeroides (Puskas et al., 1997).
Interestingly, our results are consistent with previous reports
showing that marine Alphaproteobacteria tend to preferentially
produce long-acyl chain rather than short-acyl chain AHLs
(Wagner-Döbler et al., 2005). Additionally, many of the detected
AHLs were found to frequently possess −OH groups. Two
reasons for these observations may be that long chains are known
to increase HSL half-lives in saltwater environments (Hmelo
and Van Mooy, 2009) and OH substitution might favor AHL
solubility. These features might reveal an adaptation to marine
environments.

In addition to the production of a 3-OH-C10-AHL, the three
strains affiliated with Pseudophaeobacter were also identified
as producers of 3-0H-C12-HSL, 3-0H-C14-HSL, and C16:1-
HSL. However, the BBCC2175 strain, also affiliated with
Pseudophaeobacter, was readily identified as being able to
produce C16-HSL and the only one to not produce C14:1-HSL.
Previous studies revealed that the patterns of AHL production
can differ between phylogenetically closely related strains
(Zimmer et al., 2014; Rajput et al., 2016). Such patternsmay result
from the selective pressure that occurs when related organisms
share the same ecological niche (Steidle et al., 2001). Conversely,
bacteria from different genera producing similar types of AHL
compounds may promote interspecies communication in the
mixed communities of a natural environment (Viswanath et al.,
2015).

Interestingly, we also detected a few strains that are capable of
quorum quenching. A total of 9% of the strains in our collection
produced compounds that led to a reduction of quorum sensing
signals, including four strains affiliated with Alphaproteobacteria
and one affiliated with Gammaproteobacteria. Such quorum
quenching activity has previously been found in strains isolated
from various types of marine ecological niches. It is well-
established that quorum quenching relies onmany different types
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of biological processes, including the enzymatic degradation of
AHLs by lactonases or acylases or analog production mimicking
the signaling compounds without inducing the biological activity
(Rasmussen et al., 2000). We suspect that this latter mechanism
is involved in the quorum quenching signals of our strains, as
we executed our tests with extracts prepared in ethyl acetate,
thus denaturing proteins and avoiding any kind of enzyme-
based activity. The report of quorum quenching activities in P.
oceanica-associated bacteria also opens interesting perspectives
based on these biochemical compounds, once their structures
are elucidated, that could represent important biotechnological
potential (Uroz et al., 2009).

From a wider perspective, our data raise the question of the
ecological role of quorum sensing and quorum quenching in the
microbiota of P. oceanica. It is known that quorum sensing is
involved in biofilm formationmechanisms inmanymodel strains
and that this biofilm colonization is a physiological trait that
may favor niche colonization (Rolland et al., 2016). Thus, we
evaluated the capacity of our isolates to produce biofilms using
the classic crystal violet-based biotest. Interestingly, all the strains
identified as being involved in AHL-based quorum sensing were
also able to produce biofilms. Such results do not imply a role
for quorum sensing in biofilm development for these strains, as
we also detected many other non-AHL producing strains that
are able to biofilm formation. However, the regulation of biofilm
production by quorum sensing, if demonstrated in future studies,
might increase the fitness of bacteria inhabiting the Posidonia
microbiota.

Collectively, our data constitute the first report of quorum
sensing and quorum quenching mechanisms in bacterial strains
associated with the seagrass P. oceanica. Our data reveals a large
diversity of AHLs involved in the quorum sensing mechanisms
and the existence of AI-2-based communication systems. Our
study underscores the need to consider bacterial interactions
in the Posidonia-associated microbiota, with the ultimate goal
of better understanding Posidonia-bacteria relationships and the
physiology of a key angiosperm species in the seagrass ecosystem.
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