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A wide range of microbial symbionts such as bacteria and fungi colonize the
tissues of macrophytes. The chemical interactions between these endophytes remain
underexplored. The obligate marine fungus Paradendryphiella salina was isolated
from several healthy brown macrophyte species. Novel α-hydroxy γ-butenolides
produced by P. salina were purified and characterized by nuclear magnetic resonance
(NMR). These compounds interfere with the bacterial quorum sensing system as
shown in bioassays with pathogenic bacterial model Pseudomonas aeruginosa.
Ultra-performance liquid chromatography–high-resolution mass spectrometry (UHPLCHRMS)-based comparative metabolomics revealed the presence of the main α-hydroxy
γ-butenolides among all the P. salina strains isolated from different hosts as well as a high
metabolic variability related to the alga-host species. Collectively, these findings highlight
the key role of microbial chemical signaling that may occur within the algal holobiont.
Keywords: fungal endophytes, marine macrophytes, endomicrobiota, Paradendryphiella salina, α-hydroxy
γ-butenolide, quorum sensing, quorum quenching

INTRODUCTION
Marine macrophytes harbor a wide range of mutualistic microorganisms that contribute to
their host health through their life cycle and are involved in maintaining the physiological
status of their host (Wahl et al., 2012; Egan et al., 2013; Singh and Reddy, 2015). For
instance, seaweed-associated bacteria have profound effects on their development, nutrition,
and defense (Wichard et al., 2015; Tapia et al., 2016). Filamentous fungi can also colonize
asymptomatically the tissues of seemingly healthy seaweeds, but their ecological function
often remains unclear (Debbab et al., 2012). Nevertheless, these fungi can produce bioactive
metabolites that can kill algal pathogens such as protistan parasites, suggesting that their
functions in their host might be carried on by chemical signaling (Vallet et al., 2018). Among
the chemicals involved in the communication driving the microbial interactions, quorum
sensing (QS), a mechanism allowing bacteria to coordinate gene expression according to
specific signaling molecules, is of particular interest. Indeed, QS may regulate the expression
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product approaches. Compound 1 (Figure 1) was isolated as a
yellow solid with an [α]24 D of +12 (c 0.5, MeOH). The molecular
formula C12 H10 O5 was deduced from the molecular peak at
m/z 235.0610 [M + H]+ in HR-ESI-MS (cald 235.0606 for
C12 H11 O5 ). The IR spectrum pointed out three absorptions at
1747 cm−1 , 1620 cm−1 , and 3336 cm−1 , suggesting the presence
of one α, β unsaturated lactone carbonyl function group, one
carbonyl group, and one hydroxyl group, respectively. The 1 H
NMR spectrum of 1 exhibited five aromatic protons (δH 7.70–
7.30 ppm) and one methyl singlet (δH 1.75 ppm) (Supplementary
Table S1). The 13 C NMR spectrum displayed 10 sp2 signals
including two carbonyls at δC 170.3 and 172.4 and two sp3
carbons for which one oxygenated carbon at δC 85.2 ppm
and one methyl at δC 22.0 ppm (Supplementary Table S1).
The heteronuclear multiple bond correlation (HMBC) spectrum
pointed out correlations between the methyl singlet H-6 at δ 1.75
and the carbonyl C-5 at δC 172.4, the oxygenated tetrasubstituted
carbon C-4 at δC 85.2, and the carbon C-3 at δC 131.2 ppm.
In addition, HMBC correlations between aromatics protons
H20 /H60 and the carbon C-3 enabled to attach the aromatic
cycle on the previously described motif. Finally, a long-range
correlation between a methyl singlet at H-6 at δ 1.75 with the
carbonyl C-2 at δC 140.7 allowed to define a lactone ring and to
propose an enol function in C-2. Furthermore, this hydroxyl was
detected on the 1 H spectrum performed in CDCl3 . Consequently,
the structure of 1 was determined to be an α-hydroxyl γ
butenolide (Figure 1) and was named dendryphiellone A. The
structure of compound 2 was found to be closely related to
structure 1. Indeed, the molecular formula of 2 was determined
as C13 H12 O5 by positive mode HR-ESI-MS (m/z 249.0748
[M + H]+ ). The 1 H and 13 C NMR spectra of 2 were very similar
to those of 1, differing solely by the presence of an additional
methoxy C-7 at δC 53.8 ppm and δH 3.79 (Supplementary
Table S1). HMBC correlations between the methoxy and the
carbonyl at δC 172.4 suggested thus the presence of a methyl ester
in C-5 instead of the carboxylic acid in the compound 1. We
thus gave the name dendryphiellone B to compound 2 (Figure 1).
Compound (3) was isolated as a yellow amorphous solid. Its
molecular formula was established as C12 H13 O4 , based on its HRESI-MS spectra which shows a molecular ion at m/z 221.0809
[M + H]+ . The 1 H and 13 C NMR data of 3 (Supplementary
Table S1) revealed that this compound was very similar to
compounds 1-2 except the presence of a dioxygenated carbon at
δC 108.9 and a methoxy singlet at δH 3.16. The HMBC spectrum

of genes involved in colonization processes or virulence
including biofilm formation as well as toxin production
(Atkinson and Williams, 2009). QS thus requires the synthesis,
exchange, and perception of bacterial signaling molecules, named
autoinducers (AI). Recently, this mechanism has also been
described in eukaryotes, particularly in fungi, where they regulate
processes such as pathogenesis, sporulation, morphological
differentiation, secondary metabolite production, and biofilm
formation (Barriuso et al., 2018). Of note is that fungi in the
environment are often competing with bacteria thus hinting at
an inter-kingdom chemical signaling system and may produce
inhibitors of bacterial QS (Deveau et al., 2018). This process is
referred to as quorum quenching and can change the synthesis,
release, accumulation, or recognition of the QS signals (Dong
et al., 2001). Therefore, we previously reported chemicals isolated
from the kelp endomicrobiota which had an impact on bacterial
QS (Tourneroche et al., 2019) and demonstrated that metabolites
produced by certain fungi endophytic to brown algae were able to
inhibit bacterial QS (Tourneroche et al., 2019).
Here, the obligate marine fungus Paradendryphiella salina
was isolated from healthy-looking tissues of several brown
macrophytes species, such as Saccharina latissima, Laminaria
digitata, Pelvetia canaliculata, and Ascophyllum nodosum in
French and Scottish coasts. The fungal extracts exhibited potent
quorum quenching abilities (Tourneroche et al., 2019). We thus
elucidated the chemical identity of the metabolites responsible for
the observed bioactivity using one strain isolated from L. digitata.
Four novel α-hydroxyl γ-butenolides (1-4) were purified and
characterized by nuclear magnetic resonance (NMR). The
metabolites dramatically reduced the virulence of the pathogenic
bacteria Pseudomonas aeruginosa by targeting specifically the
quorum-sensing systems. Furthermore, mass spectrometry (MS)based metabolomics highlighted the presence of α-hydroxyl
γ-butenolides among the P. salina strains as well as a hostspecificity of P. salina metabolomes.

RESULTS
Chemical Investigation of
Paradendryphiella salina LD40H
To identify the features found in the metabolomics analysis,
P. salina strain LD40H was cultivated at large scale, and its
metabolites were purified and identified with standard natural

FIGURE 1 | Structures of the dendryphiellones A-D (1-4) and key HMBC correlations for the dendryphiellone A.
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highlighted strong correlations between both the methoxy δH
3.16 and the methyl at δH 1.72 and the oxygenated carbon at
δC 108.9, thus leading to the structural determination of 3 as
a new compound and named dendryphiellone C (Figure 1).
Compound (4) was isolated as a brown amorphous powder
with an [α]D of +10 (MeOH, c 0.5). The molecular formula
C11 H11 O3 was deduced from the molecular peak at m/z 191.0698
[M + H]+ in HR-ESI-MS (191.0708, calcd. for C11 H11 O3 ).
Comparison of the 1 H and 13 C NMR data of compound 4
revealed a structure related to dendryphiellones 1-3. The 13 C
NMR spectra exhibited the 11 carbons of the formula including
the carbonyl C-1 at δC 170.1. However, the C-4 carbon present
in compounds 1-3 was replaced by an oxymethine at δC 76.3.
This was confirmed on the 1 H NMR data exhibiting the presence
of an oxymethine at δH 5.47 ppm represented as a quadruplet.
The H−1 H correlation spectroscopy (COSY) spectrum exhibited
also a spin system including the methyl C-5 and the oxymethine
H-4 suggesting the absence of carbonyl function in position γ
of the butenolide as for compounds 1-3. This was confirmed
by HMBC correlations between H-4 at δH 5.47 ppm and C-1,
C-2, and C-3 at 170.1, 136.4, and 131.2 ppm, respectively.
Altogether, these results allowed proposing the structure for
compound 4. Racemic of this compound 4 has been previously
synthesized but the stereochemistry was not characterized so far
(Zask, 1992). The absolute configuration was thus determined
by comparing the calculated value of the optical rotation, taking
advantage of the relatively simple structure of 1-4 as described
in Komlaga et al. (2017). In order to measure the accuracy of
the prediction on this family of compounds, the optical rotation
of two similar compounds was predicted and the results are
listed in Supplementary Table S2. The density functional theory
(DFT) values of the optical rotation were in agreement with
the experimental ones both in terms of sign and amplitude
for the two examples. The calculation was then performed for
compounds 1-4 and presented in Supplementary Table S2.
Although greater than the experimental values, the DFT
predicted optical rotations signs were in agreement with an S
configuration for all compounds. This absolute configuration
was further confirmed by the sign of the optical rotation
of a very similar compound, (S)-(+)-5-methyl-4-phenylfuran2-(5H)-one of which the asymmetric synthesis was realized
(Krawczyk et al., 2007).

growth of C. violaceum CV026 (Supplementary Figure S5). No
bactericidal or bacteriostatic effects were observed suggesting that
dendryphiellones significantly reduce the QS-regulated virulence
in the bacteria/biosensors without affecting the viability of the
biosensor used in this experiment.
The dendryphiellones A-D (1-4) were further subjected to a
bioluminescence assay with two lux-based biosensors, Escherichia
coli [pSB401] and E. coli [pSB1075]. Synthetic 3-oxo-C6-HSL
was added into E. coli [pSB401], while E. coli [pSB1075]
requires synthetic 3-oxo-C10-HSL to induce the bioluminescence
(Winson et al., 1995). The addition of dendryphiellones A-D
(1-4) significantly impacted the bioluminescence activity of both
biosensors (Figures 2C,D). These results support the hypothesis
that the dendryphiellones could interfere in QS systems involving
both short- and long-chain N-acylhomoserine lactone (AHL).
Furthermore, since these biosensors exhibit a defective luxI
synthase gene, the QS mechanisms of the dendryphiellones
suggest to not involve the inhibition of AHLs synthesis.
On the other hand, the dendryphiellones were assessed on
P. aeruginosa strain PAO1, a bacterial model for QS studies.
This strain is a known human opportunistic pathogen that
has the ability using QS process in order to regulate various
virulence factors such as motility, bioluminescence, biofilm
maturation, and production of antibiotics. It produces various
QS-related virulence determinants, including the release of
secondary metabolites such as exotoxin A and pyocyanin (Miller
and Bassler, 2001; Henke and Bassler, 2004; Williams, 2007). The
addition of compounds 1-4 considerably reduced the pyocyanine
bacterial virulence factor (Figure 2B). Since the swarming in
P. aeruginosa PAO1 is also regulated by the QS system, the
dendryphiellones A-D (1-4) were also tested for their ability to
inhibit the swarming motility of the bacteria. As depicted in
Figure 2E, the swarming inhibition of compounds 1-4 is closely
similar to the effect of positive control using furanone.

Metabolomic Investigations of
Paradendryphiella salina
In order to evaluate the distribution of the dendryphiellones A-D
(1-4) among the P. salina strains isolated from A. nodosum (AN),
L. digitata (LD), P. canaliculata (PC), and S. latissima (SL), the
metabolome of the nine strains was analyzed by LC-MS. Raw
MS data were treated with XCMS package under R environment
and gave a primary dataset with 27170 m/z features. To limit
noise from compounds already present in culture media, the
dataset was filtered with an in-house script to retain only features
endowed with an intensity fivefold more than their average
intensity in blank samples in at least one sample. This filtering
process yielded 12050 variables. The PCA score plot for all
samples displayed a homogeneous pattern of quality control (QC)
samples and blanks indicating the stability and repeatability of
the analytical instrument. Taking into account only algal samples
(i.e., AN, LD, SL, and PC), a between-class analysis (BCA)
analysis was performed which clearly indicated a clustering of the
chemical profiles of the P. salina metabolome extracts according
to the hosting algae (algal host, as a factor, explained 26.3% of the
total inertia of the unsupervised PCA) (Figure 3). The two first

Assessment of Quorum Quenching
Abilities of Dendryphiellones (1-4)
A preliminary screen for QS inhibition was conducted with the
dendryphiellones A-D (1-4) using Chromobacterium violaceum
CV026. Wild-type C. violaceum produces violet colonies on solid
media due to its inherent ability to synthesize the antibiotic
violacein which is controlled by the QS and regulated by the
major C6-HSL. A significant decrease in violacein production,
comparable to the activity of the positive control furanone, was
observed in the presence of four compounds of dendryphiellones
(Figure 2A). To ensure that the decrease of the QS activity
was not due to bactericidal activity against the QS biosensor
C. violaceum CV026, the dendryphiellones were also tested on the
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FIGURE 2 | Functional bioassays attesting of the quorum quenching abilities the dendryphiellones 1-4. (A) Inhibition of violacein production in C. violaceum CV026
in the presence of the four compounds. (B) Effects of the compounds against the production of pyocyanin in P. aeruginosa PAO1. (C) Inhibition of lux-based
biosensors by the compounds 1-4 in E. coli [pSB401] and (D) E. coli [pSB1075]. (E) Swarming assays against P. aeruginosa PAO1 (1) supplemented with 1% (v/v)
DMSO and 15 µg mL- 1 of (3) furanone C-30, (4) dendryphiellone A, (5) dendryphiellone B, (6) dendryphiellone C, and (7) dendryphiellone D.

components of the BCA explained 46.9 and 31.6%, respectively,
and were used to test the validity of the ordination according to
algal hosts (PerMANOVA, F = 116.51, p < 0.001). The proportion
of total inertia explained raised to 64.9% when taking into
account the interaction between algal hosts and fungal strains

Frontiers in Marine Science | www.frontiersin.org

(result not shown). The first component of the BCA separated
P. salina metabolome of (SL + LD + AN) from PC (46.9%
of the total variance), while the second component allowed the
discrimination between P. salina metabolome of SL and those of
LD + AN + PC (31.6% of the total variance). It is noteworthy
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FIGURE 3 | Metabolome structuration of the P. salina strains according to the factor host (BCA) and variable importance in projection (VIP) indicating the importance
of each m/z features in the discrimination between specific sample classes (correlation >0.75) and the distribution of dendryphiellone A (feature M235T456) and
dendryphiellone D (M191T576).

that P. salina is able to degrade alginate, laminarin, and cellulose
from brown algae (dela Cruz et al., 2006).
Considering the potential impact of endophytes metabolites
on the holobiont function, we undertook the chemical
investigation of the secondary metabolites produced by P. salina.
Accordingly, P. salina strain LD40H recovered from the host
L. digitata was cultivated on a large scale and was extracted
to identify the purified compounds and characterize them
by MS and NMR. Four new α-hydroxy γ-butenolides named
dendryphiellones A-D were thus characterized (Figure 1).
These compounds feature a 2-furanone core structure which is
also present in antifouling butenolides isolated from a marine
Streptomyces sp. (Zhang et al., 2012; Ding et al., 2018). In
addition, a 2-furanone ring is also present in the antifouling
halogenated furanones produced by the red macrophyte Delisea
pulchra, which are involved in the defense against pathogens
(Dworjanyn et al., 2006). Indeed, these halogenated furanones are
quorum-sensing blockers that are able to inhibit the settlement of
invertebrate larvae and algal spores. Furthermore, the bioactivity
of the purified dendryphiellones A-D (1-4) was assessed against
QS activity in a series of functional bioassays. A strong effect of
the four dendryphiellones A-D (1-4) on the AI-1-mediated QS
was observed, and our data support that the dendryphiellones
A-D interfere in both bacterial QS systems involving short- and
long-chain AHLs. Moreover, the quorum quenching abilities of
the dendryphiellones did not involve inhibition AHLs synthesis,
since the biosensors exhibited a defective luxI synthase gene.
Comparative metabolomics was undertaken with the nine
fungal isolates recovered from different host species. As
represented in Figure 3, dendryphiellones A (1) and D (4)
are produced by all the P. salina strains independently of

that there was a clear separation between fungal metabolomes
isolated from Laminariale (SL + LD) and metabolomes obtained
from strains isolated from Fucale (AN + PC). Based on the
final filtered dataset (12 050 variables), PerMANOVA analyses
also showed that P. salina metabolome was significantly different
between algal hosts (i.e., AN, LD, PC, SL: F = 12.573, p = 0.001)
as well as between Fucales (AN, PC) and Laminariales (LD,
SL: F = 10.035, p = 0.001). Variable importance in projection
(VIP) indicating the importance of each m/z features in
the discrimination between specific sample classes was also
evaluated. Metabolites with a correlation lower than 0.75 were
not shown in Figure 3 to improve the readability. Unfortunately,
top-ranked metabolites were not unambiguously identified by
annotation against ISDB (Allard et al., 2016), GNPS, and
MassBank. Similarly, identification against SIRIUS 4.0 (Bocker
and Rasche, 2008) and PubChem was inconclusive. Features
M235T456 and M191T576 corresponding to dendryphiellone A
(1) and dendryphiellone D (4), respectively, were detected in
all the metabolomes of P. salina but don’t contribute to the
discrimination between samples classes (Figure 3).

DISCUSSION
The recovery of the cultivable algal holobiont associated with
kelps led to the isolation of many strains of P. salina, a strictly
marine fungus identified with internal transcribed spacer (ITS)
sequencing from all four brown algal species investigated (Vallet
et al., 2018). This fungal species was first described in the brown
macrophyte Cercospora salina and was suggested as a saprophytic
opportunist (Sutherland, 1916). It was more recently confirmed
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of new biological tools to answer these outstanding questions.
Studying the metabolic expressions of kelp endophytes in wild
populations or in aquaculture will grant a deeper understanding
of their function and their impacts on the host fitness and
performance. As QS is responsible for the significant increase
in virulence gene expression in aquaculture farms (Zhao et al.,
2015), the novel dendryphiellones A-D might provide a solution
to target specific bacterial pathogens.

their host suggesting there are ubiquitous metabolites and key
compounds involved in the quorum quenching of P. salina.
However, (1) and (4) are not contributing to the discrimination
according to the algae host. These findings demonstrate thus
that kelps endophytes can produce small molecules that can
interfere with bacterial QS, suggesting that chemical signaling
is a strong component of the algal holobiont. More tools
including QS biosensors built from kelp bacteria would be
thus needed to demonstrate the real impact of butenolide
on the phycosphere. Unfortunately, no QS biosensor from
symbiotic bacteria of S. latissima are available so far and
their construction would require a lot of hard work including
genome sequencing, quantitative polymerase chain reaction
(qPCR) and mutants construction. However, our previous
works of the microbial diversity highlighted the presence of
P. aeruginosa strains on kelp phycosphere strengthening thus
the possible interaction of butenolides with algal bacterial strains
(Tourneroche et al., in revision).
Dendryphiellones A (1) and D (2) were not detected by
LC-MS, while they were isolated and fully characterized in
NMR. The absence of detection of compounds 1 and 2 by
liquid chromatography-mass spectrometry (LC-MS) might stem
from the difference of cultivations between the analytical and
preparative scales.
Interestingly, metabolomes varied strongly according to the
host origin (Figure 3), suggesting that the harboring algae species
might have a substantial influence on fungal metabolism. In
terrestrial environments, endophytic communities can influence
the host plant metabolism by inducing silent gene clusters leading
to the synthesis of novel secondary metabolites. On the other
hand, there are few studies showing that the host plant can
influence the metabolic processes of its endophytes. For instance,
lethal genes of virulent symbiont Nectria haematococca strains
can be induced in planta by the host signals homoserine and
asparagine (Yang et al., 2005). The endophyte Neotyphodium
lolii possess high gene expression levels of the toxin Lolitrem
when living in its host, but very low levels when cultivated
axenically in vitro, suggesting that a plant signal is required to
induce the metabolite release (Young et al., 2006). Similarly, the
complex of phytopathogenic Heterobasidium species, which are
pine-infecting and non-pine infecting isolates, showed different
metabolite patterns according to their hosts (Hansson et al.,
2014). In this regard, we suggested that the algal host might
influence the expression of the fungal biosynthetic pathways
in the kelp endophyte P. salina. The difference seen in the
metabolomes isolated from P. salina according to the order of
the hosts, Fucale versus Laminariale, might further uphold this
assumption, suggesting that the two orders are producing specific
metabolites with direct influence on the fungal metabolome.
Although the chemical signaling occurring in the algal
holobiont is not well known, QS processes might be involved in
the algal-bacterial symbiotic relationships and might determine
the community structure and the health of algal populations.
Understanding chemicals-mediated ecological processes will
shed light on the intrinsic processes supporting symbiotic
interactions between marine macrophytes and their associated
microbiota. This understanding requires also the development

Frontiers in Marine Science | www.frontiersin.org

EXPERIMENTAL SECTION
Strain Cultivation and Metabolites
Extraction
The P. salina strains AN397T, LD40H, LD155H, PC359H,
PC362H, PC338T, SL467H, and SL540T identified from
A. nodosum (AN), L. digitata (LD), P. canaliculata, and
S. latissima (SL) as P. salina were cultivated in 90 mm diameter
Petri dishes containing 25 mL of MEA medium. Inoculation was
performed by spreading spore suspensions (104 spores in 100 µL
of sterile artificial seawater). The experiment was performed with
five biological replicates. Cultures were incubated at 18◦ C under
natural light conditions for 21 days. Cultures of the P. salina
strains were then cut into pieces and extracted in an ultrasonic
bath for 30 min at room temperature after the addition of 30 mL
of ethyl acetate. The crude extracts were filtered and dried under
vacuum using a centrifugal evaporator.

LC-MS-Based Metabolomic Analysis
The crude extracts were prepared at 0.5 mg mL−1 in methanol
and 2 µL was injected randomly. The separation occurred
onto the C18 AcclaimTM RSLC PolarAdvantage II column
(2.1 × 100 mm, 2.2 µm of pore size; Thermo Fisher Scientific,
United States) connected to a Dionex Ultimate 3000 HPLC
system and coupled to a Maxis IITM QTOF mass spectrometer
(Bruker, United States) with an electrospray ionization source.
The mobile phases were water (0.1% formic acid) and acetonitrile
(0.1% formic acid, solvent B) following a gradient of B at 5,
50, 90, and 5% for 2, 9, 15, and 21 min, respectively. The flow
rate was set at 300 µL min−1 . The MS parameters were 3.5 Kv
of electrospray voltage, 35 psi of nebulizing gas (N2 ) pressure,
drying gas (N2 ) flow rate of 8 L min−1 , and 200◦ C of drying
temperature. Mass spectra were recorded at the range of 100–
1300 m/z in positive ion mode.
Raw LC-MS data were calibrated and converted to netCDF
format using Data Analysis software (Bruker) and processed
using the R package XCMS (Smith et al., 2006). Based on
analytical conditions and raw data characteristics, final peak
picking parameters were method = “centWave,” ppm = 10,
and peak width = c(5,20), while final grouping parameters
were bw = 5, mzwid = 0.015, and retention time correction
method = “obiwarp.” Other parameters were set to default values.
To limit noise from compounds already present in culture media,
the dataset was filtered with an in-house script to retain only
those features with intensity in at least one sample more than
fivefold its average intensity in blank samples.
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Statistical Procedures

Bacteria Strains and Culture Conditions

All analyses and graphs were performed using the R statistical
framework (R Core Team, 2019). Principal component analysis
(PCA) was used to visualize LC-MS data according to the algal
hosts and the fungal strains (using ade4 package, data not
shown). Then, between PCA analysis (BCA), a special case of
PCA with respect to instrumental variables in which a factor
is given as explanatory variable, was used to reveal differences
in term of metabolite composition of P. salina between algal
hosts. BCA analysis performs a decomposition of the total inertia
of the unsupervised (PCA) analysis according to a factor (in
this case: the algal host). PerMANOVA was used to test the
validity of the BCA ordination according to the same explanatory
variable used for the BCA computation with a euclidean distance.
PerMANOVA was also used (using a Bray-Curtis dissimilarity
index) to test significant differences in term of metabolite
composition between algal hosts on the filtered dataset (12050
metabolites). Homogeneity of multivariate dispersion was always
checked before computing PerMANOVA tests.

The bacterial strains and plasmids used in this study were listed
in Supplementary Table S3. All the bacteria were grown in
Luria–Bertani (LB) medium (Scharlab, Barcelona, Spain) at 37◦ C,
shaking at 220 rpm except for C. violaceum CV026 which was
cultured at 28◦ C. Biosensors used in this study are described in
the Supplementary Material.

Fungal Fermentation and Isolation of
Dendryphiellones

Screening of Anti-quorum Sensing
Activities

Paradendryphiella salina strain LD40H was isolated from the
brown macroalga L. digitata based on ITS and 28S rDNA
sequencing (Vallet et al., 2018). The fungus was grown on 600 mL
malt extract agar medium prepared with artificial seawater in 5 L
Erlenmeyer flasks and incubated for 24 days at 18◦ C under a
12 h light: dark photoperiod. The whole cultures were extracted
by mechanical stirring in 1 L ethyl acetate three times for 4 h,
yielding 3.9 g of crude extract. The extract was subjected to a
Gel Sephadex column chromatography using 100% methanol
elution, giving 18 sub-fractions. The sub-fraction 5 was further
purified on Agilent XDB-C18 Zorbax (21.2 mm × 150 mm,
5 µm) connected to a preparative HPLC using a gradient of
water:acetonitrile (0.05% trifluoroacetic acid) of 9:1, 4:1, 1:1, 1:4,
1:9 for 20, 15, 5, 10, and 5 min, respectively. The flow rate was
10 mL min−1 . The pure compounds 1-4 were detected with UV
λ254 nm and collected at 25 min (1, 34.6 mg), 33 min (2, 3.8 mg),
35 min (3, 13.4 mg), and 39 min (4, 11.4 mg).

Violacein Assay

Bacterial Growth
The bacterial growth was estimated with previously reported
method (Hayouni et al., 2008). Briefly, overnight bacteria cultures
were first diluted to OD600 nm (optical density) of 0.1 before
adding into the 96-well microtiter plate which consists of 230 µL
of diluted bacteria cultures and 20 µL of samples at 15 µg
mL−1 concentration. The bacteria were then incubated at their
optimum temperature and the optical density OD600 nm was
determined every 30 min for 24 h by Tecan Infinite M200
microplate reader (Switzerland).

The CV026 biosensor was constructed by subjecting C. violaceum
to mini-Tn5 transposon mutagenesis in order to attain a double
Tn5 insertion, violacein-negative, white mutant CV026, making
it incapable of producing any AHLs. The synthesis of violacein
will be restored once the biosensor is supplemented with
synthetic C6-HSL exogenously (McClean et al., 1997).
The quantitative analysis of violacein production was
performed based on the previously reported method (Chong
et al., 2011) with slight modification. Briefly, overnight culture
of C. violaceum CV026 was adjusted to OD600nm of 1.2 followed
by the addition of 0.125 µg mL−1 of synthetic C6-HSL (SigmaAldrich, United States); 100 µL of CV026 diluted culture was
thus transferred into the 96-wells microtiter plate containing
10 µL of samples solubilized in dimethyl sulfoxide (DMSO) at
15 µg mL−1 . The microplate was incubated for 16 h at 28◦ C
with the agitation of 220 rpm. The plate was then dried at 60◦ C
until all the medium had evaporated before adding 100 µL of
DMSO to each well in order to dissolve the dried violacein.
The plate was subsequently incubated for another additional
2 h at 28◦ C with shaking. The absorbance for each of the well
was measured at OD590nm with Tecan Infinite M200 microplate
reader (Switzerland). All the experiments were done in triplicate.
DMSO (Merck KGaA, Germany) and synthetic furanone C-30
(Sigma-Aldrich, United States) used as negative and positive
controls, respectively.

General Experimental Procedures
Nuclear magnetic resonance spectra were recorded at 20◦ C on
a Brucker Advance III HD 400 or 600 MHz (298 K). The 1 H
and 13 C chemical shifts were referenced to the solvent peak
of either CD3 OD at δ 3.31 and 4.81 (H2 O), or CDCl3 at δ
7.27. The mass spectra were recorded on an Applied Biosystem
QSTAR Pulstar I apparatus (Perkin Elmer) in electrospray
ionization (ESI) mode with time of flight (TOF) analysis under
a tension of 2500 eV in positive mode. Fourier transform
infrared spectroscopy (FTIR) and ultraviolet (UV) spectra were
recorded on a Kontron Uvikon 9 × 3W Double Beam (Bioservier,
France) spectrometer and a Shimadzu FTIR spectrophotometer
8400S, respectively. Optical rotations were recorded Perkin
Elmer 341 polarimeter. The NMR raw spectra are freely
available on the Max Planck repository Edmond under the
DOI https://dx.doi.org/10.17617/3.3t.

Frontiers in Marine Science | www.frontiersin.org

Pyocyanin Assay
Pyocyanin was extracted from the overnight P. aeruginosa PAO1
culture supernatant as previously described (Chong et al., 2011).
Briefly, 500 µL of samples solubilized at 15 µg mL−1 in
DMSO were added into 4.5 mL of overnight culture that was
diluted to OD600nm of 0.1 and incubated at 37◦ C for 24 h.
The cell culture was thus extracted with 3 mL of chloroform
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16 h. All the experiments were done in triplicate. DMSO (Merck
KGaA, Germany) and synthetic furanone C-30 (Sigma-Aldrich,
United States) served as negative and positive controls.

(Merck KGaA, Germany) and vortexed for 5 min followed by
centrifugation at 9000 rpm for 10 min. The chloroform layer
was subsequently transferred to a fresh tube and 1 mL of
0.2 M hydrochloric acid (Merck KGaA, Germany) was added by
mixing thoroughly. After centrifugation at 9000 rpm for 10 min,
the top layer of the mixture was removed and the absorbance
was read at 520 nm by using Tecan Infinite M200 microplate
reader (Switzerland). All the samples for this assay were done
in triplicate. DMSO (Merck KGaA, Germany) and synthetic
furanone C-30 (Sigma-Aldrich, United States) served as negative
and positive controls, respectively.
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were grown overnight with shaking in LB medium supplemented
with 20 µg mL−1 of tetracycline at 37◦ C. In the 96-well microtiter
plate, 20 µL of samples were added into 230 µL of the bacteria
culture that was diluted to OD600nm of 0.1. Synthetic 3-oxo-C6HSL (0.001 µg mL−1 ) and 3-oxo-C10-HSL (0.0125 µg mL−1 )
(Sigma-Aldrich, United States) were added into E. coli [pSB401]
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and turbidity of the lux biosensors were read every 30 min for
24 h with Tecan Infinite M200 microplate reader (Switzerland)
at OD600 nm . A graph was plot based on luminescence given in
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Swarming Motility Assay
The swarming motility assays were done based on the method
described previously (Chen et al., 2007) with slight changes.
The swarming plate consists of 0.6% (w/v) BactoTM agar (BD,
United States), 0.6% (w/v) BactoTM Peptone (BD, United States),
0.2% (w/v) yeast extract (BD, United States) and 0.5% (w/v)
glucose (Merck, United States) in 1 L of distilled water. Next,
150 µL of samples were mixed together with 5 mL of agar before
poured into 6-well plates. The plates were then left to air-dry for
15 min before point inoculated with 1 µL of overnight culture
of P. aeruginosa PAO1 with OD600nm of 0.1 at the center of the
agar surface. The plates were incubated statically at 37◦ C for
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