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ABSTRACT: Most marine bacteria can form biofilms, and
they are the main components of biofilms observed on marine
surfaces. Biofilms constitute a widespread life strategy, as
growing in such structures offers many important biological
benefits. The molecular compounds expressed in biofilms and,
more generally, the metabolomes of marine bacteria remain
poorly studied. In this context, a nontargeted LC—MS
metabolomics approach of marine biofilm-forming bacterial
strains was developed. Four marine bacteria, Persicivirga
(Nonlabens) mediterranea TC4 and TC7, Pseudoalteromonas
lipolytica TC8, and Shewanella sp. TC11, were used as model
organisms. The main objective was to search for some strain-
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specific bacterial metabolites and to determine how culture parameters (culture medium, growth phase, and mode of culture)
may affect the cellular metabolism of each strain and thus the global interstrain metabolic discrimination. LC—MS profiling and
statistical partial least-squares discriminant analyses showed that the four strains could be differentiated at the species level
whatever the medium, the growth phase, or the mode of culture (planktonic vs biofilm). A MS/MS molecular network was
subsequently built and allowed the identification of putative bacterial biomarkers. TC8 was discriminated by a series of ornithine
lipids, while the P. mediterranea strains produced hydroxylated ornithine and glycine lipids. Among the P. mediterranea strains,
TC?7 extracts were distinguished by the occurrence of diamine derivatives, such as putrescine amides.

KEYWORDS: marine bacteria, biofilms, metabolomics, liquid chromatography—mass spectrometry, MS/MS networking,

ornithine lipids, polyamines

B INTRODUCTION

All biotic or abiotic surfaces immersed in the marine
environment are subjected to colonization pressure by a great
diversity of micro- and macroorganisms (e.g., bacteria, diatoms,
micro- and macroalgae, invertebrate larvae). This so-called
“marine biofouling” generates serious economic issues for end-
users of the marine environment. Biofouling drastically alters
boat hulls, pipelines, aquaculture, and port structures,' thus
affecting fisheries and the maritime industry by reducing vessel
efficiency and increasing maintenance costs.” Among fouling
organisms, bacteria are well known for their significant pioneer
role in the process of colonization.” They are commonly
considered as the first colonizers of immersed surfaces. They
organize themselves in communities called biofilms, forming
complex structures of cells embedded in an exopolymeric
matrix." Thousands of bacterial strains are present in marine
biofilms, and bacterial cell concentration is higher than in
planktonic samples isolated from the same environment. Such

an organization confers a special functioning to the prokaryotic
community:5 (i) it provides a better resistance to exogenous
stresses, (ii) it allows nutrients to accumulate at the surface, and
(i) it can constitute a protective system to predation.’
Moreover, the composition of the community and its
biochemical production have been shown to impact the
settlement of other organisms and thus the maturation of the
biofouling,”*

From a chemical point of view, marine bacteria are known to
produce a wide array of specialized metabolites exhibiting
various biological activities.” Among them, a vast number of
compounds serve as protectors in highly competitive environ-
ments, and others have specific roles in physiology,
communication, or constitute adaptive responses to environ-
mental Changes.IO Therefore, obtaining broad information on
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the metabolic status of bacterial strains isolated from marine
biofilms and correlating it with external parameters is of high
interest. Such knowledge constitutes a prerequisite for further
studies on the overall understanding of these complex
ecological systems.

With the recent developments of metabolomics, it is now
possible to obtain a snapshot view, as complete and accurate as
possible, of a large set of metabolites (i.e, small organic
molecules with M,, < 1500 Da) in a biological sample reflecting
the metabolic state of the cells as a result of the specificity of
their genetic background and an environmental context.
Nuclear magnetic resonance spectroscopy or hyphenated
techniques such as liquid chromatography (LC) or gas
chromatography (GC) coupled to mass spectrometry are
commonly used as analytical tools for metabolomics studies.
Liquid chromatography—mass spectrometry (LC—MS) has the
advantage to analyze a large pool of metabolites with high
sensitivity and resolution, even without derivatization."' In
comparative experiments, metabolomics applied to bacteria
allows the identification of biomarkers able to differentiate
strains. To date, a limited number of metabolomics studies have
focused on marine bacteria, and only few of them are related to
the effects of physiological and culture parameters on bacterial
metabolism."” ™"

With the main objectives to search for some strain-specific
bacterial metabolites and to assess the influence of culture
parameters on the strain metabolism, this study intended: (i) to
evaluate the LC—MS-based discrimination between the
metabolome of four marine biofilm-forming bacterial strains
depending on different extraction solvents and culture
conditions and (ii) to putatively annotate the main
discriminating compounds (Figure 1).

The four marine strains studied herein are all Gram-negative
bacteria isolated from natural biofilms: Persicivirga (Nonlabens)
mediterranea TC4 and TC7 belong to the phylum Bacter-
oidetes, while Pseudoalteromonas lipolytica TC8 and Shewanella
sp. TC11 are y-proteobacteria. They were selected on the basis
of their bioﬁlm-forming capability when cultivated in vitro and
their ease for growing. ® The two first strains (TC4 and TC7)
were specifically chosen to evaluate the discriminative potential
of our metabolomics approach as they belong to the same
species. Because of the use of high-salt culture media when
working on marine bacteria and to obtain an efficient extraction
of intracellular metabolites, liquid—liquid extraction with
medium polarity agents was specifically selected. For the
analytical conditions, C18 reversed-phase HPLC columns are
widely used for LC—MS profiling."” Such separation process
provides satisfactory retention of medium to low polar analytes
but does not allow a proper retention of more polar
compounds. In the present study, analyses were performed
on a phenyl-hexyl stationary phase to detect a large array of
bacterial metabolites. The recently developed core—shell
stationary phase was applied here for improved efficiency.'®
For the MS detection, even if high-resolution mass
spectrometry (HRMS) is mainly used in metabolomics, a
low-resolution mass spectrometer (LRMS) was first chosen to
assess the potential of the metabolomic approach to
discriminate between the bacteria. A cross-platform comparison
including HRMS was subsequently undertaken to assess the
robustness of the method. Finally, HRMS and MS/MS data
were used for the metabolite annotation. The resulting data
were analyzed by multivariate statistical methods, including
principal component analysis (PCA) and supervised partial
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Figure 1. Overview of the experimental workflow used for the
discrimination of the four marine bacterial strains and for the putative
identification of relevant biomarkers.

least-squares discriminate analysis (PLS-DA). Unsupervised
PCA models were first used to evaluate the divide between
bacterial strains, while supervised PLS-DA models allowed us to
increase the separation between sample classes and to extract
information on discriminating metabolites.

B EXPERIMENTAL SECTION

Reagents

Ethyl acetate (EtOAc), methanol (MeOH), and dichloro-
methane (DCM) used for the extraction procedures were
purchased from VWR (Fontenay-sous-Bois, France). LC—MS
analyses were performed using LC—MS-grade acetonitrile
(ACN) and MeOH (VWR). Milli-Q water was generated by
the Millipore ultrapure water system (Waters-Millipore,
Milford, MA). Formic acid of mass spectrometry grade
(99%) was obtained from Sigma-Aldrich (St. Quentin-Fallavier,
France).
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Bacterial Strains, Culture Conditions, and Metabolite
Extraction

Persicivirga (Nonlabens) mediterranea TC4 and TC7 (TC for
Toulon Collection), Pseudoalteromonas lipolytica TC8, and
Shewanella sp. TC11 strains were isolated from marine biofilms
harvested on artificial surfaces immersed in the Mediterranean
Sea (Bay of Toulon, France, 43°06'23” N, 5°57'17" E).'° All
strains were stored at —80 °C in 50% glycerol medium until use
and were grown in Viitinen nine salt solution (VNSS) at
20 °C on a rotator/shaker (120 rpm) to obtain synchronized
bacteria in postexponential phase. A cell suspension was used as
starting inoculum to prepare planktonic and sessile cultures.
Depending on the experiment, these cultures were performed
in two different nutrient media: VNSS or marine broth (MB)
(BD, Franklin Lakes, NJ), always at the same temperature of
20 °C. In the case of planktonic cultures, precultured bacteria
(10 mL) were suspended in culture medium (S0 mL) at 0.1
absorbance unit (ODgy,) and placed in 250 mL Erlenmeyer
flasks. Strains were grown in a rotary shaker (120 rpm).
Medium turbidity was measured at 600 nm (Genesys 20
spectrophotometer, Thermo Fisher Scientific, Waltham, MA)
every hour for the determination of growth curves before
metabolite extraction. Cultures were then extracted according
to the ODgy, value correlated to the growth curve. For sessile
conditions, precultured planktonic cells were suspended in
culture medium (10 mL) at 0.1 absorbance unit (ODgy,) in
Petri dishes. After 24 or 48 h of incubation, the culture medium
was removed and biofilms were physically recovered by
scraping. The resulting mixture was then extracted.

Metabolite extractions were performed with EtOAc, cold
MeOH, or a mixture of cold MeOH/DCM (1:1 v/v). 100 mL
of solvent was added to the bacterial culture. The resulting
mixture was shaken for 1 min and then subjected to ultrasounds
for 30 min at 20 °C. For samples extracted with EtOAc, the
organic phase was recovered and concentrated to dryness under
reduced pressure. Samples extracted with MeOH or MeOH/
DCM were dried in vacuo. Dried extracts were then dissolved
in MeOH at a concentration of 15 mg/mL. Samples were
transferred to 2 mL HPLC vials and stored at —80 °C until
analysis.

For all experiments, bacterial cultures, extraction, and sample
preparation were carried out by the same operator.

Metabolic Fingerprinting by LC—MS

LC—ESI-IT—MS Analyses. The bacterial extracts were
analyzed on an Elite LaChrom (VWR-Hitachi, Fontenay-sous-
Bois, France) chromatographic system coupled to an ion trap
mass spectrometer (Esquire 6000, Bruker Daltonics, Wissem-
bourg, France). Chromatographic separation was achieved on
an analytical core—shell reversed-phase column (150 X 3 mm,
2.6 um, Kinetex Phenyl-Hexyl, Phenomenex, Le Pecq, France)
equipped with a guard cartridge (4 X 3 mm, SecurityGuard
Ultra Phenomenex) and maintained at 30 °C. The injected
sample volume was 5 L. The mobile phase consisted of water
(A) and ACN (B) containing both 0.1% of formic acid. The
flow rate was 0.5 mL/min. The elution gradient started at 20%
B during 5 min, ascended to 100% B in 20 min with a final
isocratic step for 10 min; and then returned to 20% B in
0.1 min and maintained 9.9 min. The electrospray interface
(ESI) parameters were set as follows: nebulizing gas (N,)
pressure at 40 psi, drying gas (N,) flow at 8 L/min, drying
temperature at 350 °C, and capillary voltage at 4000 V. Mass
spectra were acquired in the full scan range m/z 50 to 1200 in

positive mode as this mode provides a higher number of
metabolite features after filtering and also a better discrim-
ination between clusters in the multivariate statistics. Data were
handled with Data Analysis (version 4.3, Bruker Daltonics).

UPLC—ESI-QToF—MS Analyses. The UPLC—MS instru-
mentation consisted of a Dionex Ultimate 3000 Rapid
Separation (Thermo Fisher Scientific) chromatographic system
coupled to a QToF Impact II mass spectrometer (Bruker
Daltonics). The analyses were performed using an analytical
core—shell reversed-phase column (150 X 2.1 mm, 1.7 um,
Kinetex Phenyl-Hexyl with a SecurityGuard cartridge, Phenom-
enex) with a column temperature of 40 °C and a flow rate of
0.5 mL/min. The injection volume was 5 pL. Mobile phases
were water (A) and ACN (B) containing each 0.1% (v/v) of
formic acid. The elution gradient (A:B, v/v) was as follows:
80:20 from 0 to 1 min, 0:100 in 7 min and kept 4 min, and then
80:20 at 11.5 min and kept 2 min. The capillary voltage was set
at 4500 V (positive mode), and the nebulizing parameters were
set as follows: nebulizing gas (N,) pressure at 0.4 bar, drying
gas (N,) flow at 4 L/min, and drying temperature at 180 °C.
Mass spectra were recorded from m/z S0 to 1200 at a mass
resolving power of 25000 full width at half-maximum (fwhm,
m/z = 200) and a frequency of 2 Hz. Tandem mass
spectrometry analyses were performed thanks to a collision-
induced dissociation (CID) with a collision energy of 25 eV. A
solution of formate/acetate forming clusters was automatically
injected before each sample for internal mass calibration, and
the mass spectrometer was calibrated with the same solution
before each sequence of samples. Data handling was done using
Data Analysis (version 4.3).

Quality Control. For each sequence, a pool sample was
prepared by combining 100 uL of each bacterial extract. The
pool sample was divided into several HPLC vials that were used
as quality-control samples (QCs). Samples of each condition
were randomly injected to avoid any possible time-dependent
changes in LC—MS chromatographic fingerprints. To ensure
analytical repeatability, the QCs were injected at the beginning,
at the end, and every four samples within each sequence run.
Cell-free control samples (media blanks) were prepared in the
same way as cultures with cells, and they were randomly
injected within the sequence. These blanks allowed the
subsequent subtraction of contaminants or components coming
from the growth media. Moreover, to assess sample carry-over
of the analytical process, three solvent blanks were injected for
each set of experiments before the first QC and after the last
QC.
Data Preprocessing and Filtering. LC—MS raw data
were converted into netCDF files with a script developed
within the Data Analysis software and preprocessed with the
XCMS software (version 1.38.0) under R 3.1.0 environment.
Peak picking was performed with the “matchedFilter” method
for HPLC—IT—MS data and “centwave” method for UPLC—
QToF—MS data. The other XCMS parameters were as follows:
“snthresh” = 5, retention time correction with the obiwarp
method (“profstep” = 0.1), peak grouping with “bw” = S for ion
trap data, “bw” = 2 for QToF data and “mzwidth” = 0.5 for ion
trap data, and “mzwidth” = 0.015 for QToF data, gap filling with
default parameters.'”

To ensure data quality and remove redundant signals, three
successive filtering steps were applied to preprocessed data
using an in-house script on R. The first was based on the
signal/noise (S/N) ratio to remove signals observed in medium
blanks (S/N set at 10 for features matching between samples
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and medium blanks). The second allowed suppression of
signals based on the value of the coefficient of variation (CV) of
the intensity of the variables in the QCs (cutoff set at 20%). A
third filtering step was applied using the coefficient of the
autocorrelation (with a cutoff set at 80%) between variables
with a same retention time in the extract samples.

MS/MS Networking. The molecular network was
generated on the Internet platform GNPS (http://gnps.ucsd.
edu) from MS/MS spectra. Raw data were converted into
.mzXML format with DataAnalysis. Data were filtered by
removing MS/MS peaks within +17 Da of the m/z of the
precursor ions. Only the top 6 peaks were conserved in a
window of 50 Da. Data were clustered using MS-Cluster with a
tolerance of 1 Da for precursor ions and of 0.5 Da for MS/MS
fragment ions to create a consensus spectrum. Consensus
spectra containing fewer than two spectra were eliminated. The
resulting spectra were compared with those of the GNPS
spectral bank. The molecular network was then generated and
previewed directly on GNPS online. Data were imported and
treated offline with Cystoscape (version 3.4.0). MS/MS spectra
with a high spectral similarity (cosine score (CS) > 0.65) were
represented as nodes. Connections between these nodes
appeared because the CS was above 0.65 and at least four
common jons were detected. The thickness of the connections
was proportional to the CS.

Annotation of Biomarkers. Variables of importance were
identified from the multivariate statistical analyses (see the
Statistical Analyses section). They were then subjected to
annotation by searching the most probable molecular formula
with the “smartformula” package of DataAnalysis and by
analyzing their accurate masses and their fragmentation
patterns in comparison with the literature data. Other data
available online in KEGG (www.genome.jp/kegg), PubChem
(https://pubchem.ncbi.nlm.nih.gov), ChemSpider (www.
chemspider.com), Lipid Maps (http://www.lipidmaps.org),
Metlin (https://metlin.scripps.edu/), and GNPS (http://
gnps.ucsd.edu) were also used for complementary information.

Statistical Analyses. Simca 13.0.3 software (Umetrics,
Umesd, Sweden) was used for all multivariate data analyses and
modeling. Data were loglO-transformed and mean-centered.
Models were built on principal component analysis (PCA) or
on partial least-squares discriminant analysis (PLS-DA). PLS-
DA allowed the determination of discriminating metabolites
using the variable importance on projection (VIP). The VIP
score value indicates the contribution of a variable to the
discrimination between all of the classes of samples. Mathemati-
cally, these scores are calculated for each variable as a weighted
sum of squares of PLS weights. The mean VIP value is one, and
usually VIP values over one are considered as significant. A high
score is in agreement with a strong discriminatory ability and
thus constitutes a criterion for the selection of biomarkers. All
of the models evaluated were tested for over fitting with
methods of permutation tests and cross-validation analysis of
variance (CV-ANOVA). The descriptive performance of the
models was determined by R*X (cumulative) (perfect model:
R*X (cum) = 1) and R*Y (cumulative) (perfect model: R*Y
(cum) = 1) values, while their prediction performance was
measured by Q* (cumulative) (perfect model: Q* (cum) = 1), p
(CV-ANOVA) (perfect model: p = 0) values, and a
permutation test (n = 150). The permuted model should not
be able to predict classes: R* and Q” values at the Y-axis
intercept must be lower than those of Q* and the R* of the
nonpermuted model.

Data Visualization. The heatmap representation was
obtained with the PermutMatrix software.”® Dissimilarity was
calculated with the squared Pearson correlation distance, while
the Ward’s minimum variance method was used to obtain the
hierarchical clustering.

B RESULTS AND DISCUSSION

Selection of the Metabolite Extraction Method
(Experiment #1)

Metabolomics allows the analysis of many metabolites
simultaneously detected in a biological sample. To ensure
that the resulting metabolomic profiles characterize the widest
range of metabolites of high relevance, the metabolite
extraction protocol must be nonselective and highly reprodu-
cible.*! Therefore, the biological material must be studied after
simple preparation steps to prevent any potential degradation
or loss of metabolites. In microbial metabolomics, the first step
of the sample preparation corresponds to quenching to avoid
alterations of the intracellular metabolome, which is known for
its fast turnover.”” In this study, the first objective was therefore
to develop an extraction protocol for LC—MS-based metab-
olome profiling (exo- and endometabolomes) of marine
bacteria that should be applied to any strain, cultivated either
planktonically or under sessile conditions, but also easily
transposable to natural complex biofilms. For this purpose,
liquid—liquid extraction was selected because this process
allows quenching and extraction of the bacterial culture in a
single step. The second issue is linked to the high salinity of the
extracts, which implies a required desalting step. For these
reasons, EtOAc, MeOH, and MeOH/DCM (1:1) were selected
as extractive solvents for this experiment.

For the first experiment, common cultures conditions were
selected. Thus the four bacterial strains were grown planktoni-
cally in single-species cultures (in VNSS medium), each in
biological triplicates, and extracted until they reached their
stationary phase (at t = f;, Supporting Information Figure S1)
and before the decline phase. For each sample, the whole
culture was extracted using a predefined set of experimental
conditions and analyzed by LC—(+)—ESI-IT—MS. The
selection of the optimal solvents was performed based on: (i)
the number of features detected on LC—MS profiles after
filtering, (i) the ability to discriminate the bacterial strains by
multivariate analyses, and (iii) the ease of implementation of
the experimental protocol.

In such a rich culture medium, data filtering constitutes a key
requirement because bacterial metabolites are masked by
components of the culture broth (e.g, peptone, starch, yeast
extract). Moreover, such a process was essential to reduce false-
positives and redundant data for the further statistical analyses.
First, for each solvent, treatment of all chromatograms with the
XCMS package gave a primary data set with 3190 + 109
metabolite features (Supporting Information Figure S2). A
primary filtering between variables present in both bacterial
extracts and blank samples removed >80% of the detected
features, which were inferred to culture medium components,
solvent contamination, or instrumentation noise. After two
additional filtering steps, one with the CV of variable intensities
and the other with the coefficient of autocorrelation across
samples and between variables with a same retention time, a
final list of 155 + 22 m/z features was reached.

The resulting data showed a different number of detected
metabolite features depending on the extraction solvent
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Figure 2. (a) PCA score plot obtained from LC—LRMS profiles of the four bacterial strains (extraction with EtOAc, stationary phase, planktonic
cultures in VNSS). (b) PLS-DA score plot obtained from LC—MS profiles of the four bacterial strains (extraction with EtOAc, stationary phase)
cultured planktonically in two media (VNSS and MB). (c) PLS-DA score plot obtained from LC—MS profiles of the four bacterial strains (extraction
with EtOAc, planktonic cultures in VNSS) at five time points of their growth curve. (d) PLS-DA score plot obtained from LC—MS profiles of three
of the strains (extraction with EtOAc) cultured in biofilms (two time points; dark symbols) and planktonic conditions (five time points; colored
symbols) in VNSS.

Table 1. Summary of the Parameters for the Assessment of the Quality and of the Validity of the PLS-DA Models Used for the
Discrimination of the Bacterial Strains According to Different Culture or Analysis Conditions

experiments parameters models N°? RX.." RY¥..° QY. Rintercept® Q intercept® 24
extraction solvents (VNSS, planktonic, stationary EtOAc 4 classes® S 0.951 0.985 0.880 0.660 —0.350 0.07
phase) 3 classes” 3 0.896 0.974 0.939 0.326 —0.377 0.0001
MeOH 4 classes® S 0.957 0.995 0.967 0.637 —0.460 0.07
3 classes” 3 0.886 0.985 0.935 0.399 —0.373 <0.0001
MeOH/DCM 4 classes® 6 0.966 0.997 0.820 0.861 —0.070 1
3 classes” 4 0.930 0.991 0.956 0.656 —-0.321 0.001
culture media (EtOAc, planktonic, stationary phase) MB 4 classes® 7 0.978 0.987 0.852 0.871 —0.051 0.87
3 classes” 3 0.916 0910 0.800 0.316 —-0.413 0.007
VNSS & MB 4 classes® S 0.955 0.918 0.819 0.344 —0.469 <0.0001
3 classes” 4 0.941 0.931 0.877 0.294 —0.402 <0.0001
growth phases (EtOAc, VNSS, planktonic) all growth 4 classes® 6 0.640 0970  0.929 0.570 —0.324 0
phases 3casses” 4 0579 0975 0957 0.578 -0.322 0
culture modes (EtOAc, VNSS, stationary phase)’ biofilm 3 classes’ 3 0.638 0.994 0.984 0.580 —0.245 <0.0001
biofilm & 3 classes’ 4 0.543 0.991 0.977 0.618 —0.136 0
planktonic
platforms comparison (EtOAc, VNSS, planktonic, ~ HRMS 4 classes® S 0.867 0.989 0.785 0.661 —0.440 0.56
stationary phase) 3classes” 3 0735 0989 0939 0489 ~0411 00001

“Number of components of the model. bCumulative modeled variation in X matrix. “Cumulative modeled variation in Y matrix. “Cumulative
predicted variation in Y matrix. “R and Q intercepts obtained after permutation test (n = 150).7 'p value obtained from 7-fold cross validation ANOVA
of PLS-DA. #One class for each strain. “TC4 and TC7 strains gathered in a same class. ‘One class for each strain./ Only three strains (TC7, TCS, and
TC11) were used for this experiment.
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(Supporting Information Figure S3): MeOH/DCM yielded a
higher number of metabolites for TC4 and TC11, while EtOAc
was the most effective extraction solvent for TC7 and TCS8.
This result was expected because previous works showed that
the extraction method had a strong effect on the detected
microbial metabolome, with the physicochemical properties of
the extraction solvent being one of the main factor of the
observed discrepancies.””** The extraction parameters had an
effect not only on the number of detected features but also on
their concentration.”” The LC—MS data sets were analyzed by
PCA and PLS-DA to evaluate the potential of the method to
discriminate among the bacterial strains according to the
extraction solvent system. PCA evidenced interstrain cleavage
on the score plots (Figure 2a and Supporting Information
Figure S4a,b). For each solvent, samples from TC4 and TC7,
on one hand, and from TC8 and TCl11, on the other hand,
were clearly distinguished on the first component, which
accounted for 56—72% of the total variance. The second
component, with 12 to 29%, allowed the distinction between
TC8 and TC11 and, to a lesser extent, between TC4 and TC?7.
To find discriminating biomarkers, PLS-DA was also applied to
the LC—MS data (one model by solvent condition and one
class by strain). For each extraction solvent, the resulting score
plots showed three distinct clusters composed of both P.
mediterranea strains (TC4 and TC7), TC8 and TCl11,
respectively (data not shown). The PLS-DA four-class models
gave R*Xcum and R*Ycum values of 0.951—0.966 and 0.985—
0.997, respectively, showing the consistency of the obtained
data, and Q*Ycum values of 0.820—0.967, estimating their
predictive ability (Table 1). Nevertheless, the p values (>0.05)
obtained from the cross validation indicated that the bacterial
samples were not significantly separated according to the strain,
while the R intercept values (>0.4) obtained from a
permutation test (n = 150) showed overfitting of the models.
Taking these results into account, three-class PLS-DA models
regrouping the TC4 and TC?7 strains into a same class were
constructed. The resulting R*Xcum (0.886—0.930), R*Ycum
(0.974—0.991), and Q*Ycum (0.935—0.956) values attested the
quality of these improved models. In addition, a permutation
test (n = 150) allowed the successful validation of the PLS-DA
models: R intercept values (<0.4, except for MeOH/DCM) and
Q intercept values (<—0.2) indicated that no overfitting was
observed, while p values (<0.05) showed that the three groups
fitted by the models were significantly different (Table 1,
Supporting Information Figure S4c—e). Samples extracted with
MeOH and EtOAc showed higher quality and more robust
PLS-DA models for the strain discrimination than those
obtained after extraction with MeOH/DCM. For all of these
reasons, EtOAc was selected for metabolome extraction in the
subsequent experiments. These results were in accordance with
the use of a similar protocol in recent studies dealing with the
chemical profiling of marine bacteria.’*”>* Three culture
parameters (culture media, phase of growth, and mode of
culture) were then analyzed sequentially to evaluate their
respective impact on the interstrain metabolic discrimination.

Impact of the Culture Medium (Experiment #2)

The influence of the culture medium on the marine bacteria
metabolome has been poorly investigated.'>***”* To ascertain
that the chemical discrimination of the bacterial strains studied
was not medium-dependent, a second culture broth was used.
This second set of experiments was designed as follows: the
four bacterial strains were cultivated in parallel in VNSS and

MB media (each in biological triplicates) until they reached the
stationary phase (t = t;, Supporting Information Figure S1),
and their organic extracts (extraction with EtOAc) were
analyzed by LC—MS. Just like in the case of VNSS, MB is a
salt-rich medium widely used for marine bacterial cultures. The
number of metabolites detected and the chemical discrim-
ination between the bacterial strains were then determined for
this set of samples. First, the number of metabolites obtained
after the three filtering steps was similar for both culture media
(Supporting Information Figure SS), and all of the detected
m/z features were common to both media. This result showed
the robustness of the filtering method because the chemical
compositions of both culture media are highly different
(Supporting Information Table S1). Indeed, MB contains
more salts, and, in terms of organic components, higher
amounts of yeast extract and peptone, while starch and glucose
are specific ingredients of VNSS. A small difference was
observed on the PCA score plots obtained with samples from a
single strain cultured in these two different media, but the low
number of samples did not allow the validation of the
corresponding PLS-DA models (data not shown). Whatever
the medium, an obvious clustering pattern for each of the four
strains was observed on the PCA score plots when all of the
samples were considered (Supporting Information Figure S6a).
Four- and three-class PLS-DA models were constructed to
evaluate the discrimination capacity of the method. As
demonstrated for VNSS cultures (Supporting Information
Figure S4c), the PLS-DA three-class model obtained with the
bacteria grown in MB (Table 1 and Supporting Information
Figure S6b) also showed a clear separation between the groups
(p < 0.05), and it was statistically validated by a permutation
test. When the whole data set (VNSS and MB) was analyzed,
the resulting PLS-DA models (Table 1), which passed cross-
validation and permutation test, indicated that the bacterial
samples could be efficiently discriminated at the species level.
On the basis of the PLS-DA score plot, TC8 was the bacterial
strain, which demonstrated the higher metabolic variation with
the culture media used (Figure 2b). It is now well established
that changing bacterial culture media not only affects the
metabolome quantitatively but also has a significant impact on
the expression of some distinct biosynthetic pathways. Such an
approach, named OSMAC (One Strain-MAny Compounds),
has been used in recent years to improve the number of
secondary metabolites produced by a single microbial strain.*’
In the present study, some intrastrain differences were observed
between cultures in both media, but they did not prevent from
a clear interstrain discrimination. Therefore, these results
showed that this method allowed the discrimination between
samples of the three marine biofilm-forming bacterial species,
even if they are grown in distinct media.

Impact of the Growth Phase (Experiment #3)

Growth of bacteria in suspension, as planktonic micro-
organisms, follows a typical curve with a sequence of a lag
phase, an exponential phase (multiplication of cells), a
stationary phase (stabilization), and a decline phase. To date,
only a few studies have focused on differences in the
metabolome of microorganisms along their growth
phase,'>*"** and most of these analyses were performed by
NMR and GC—MS. These different culture phases are related
to the rapid bacterial response to environmental changes and
thus to different metabolic expressions. To determine the
impact of this biological variation on the discrimination
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between bacterial cell samples, the metabolome content was
analyzed (in biological triplicates) for the four strains grown in
VNSS at five times of their different growth stages: two time
points during the exponential phase (¢, and t,), one at the end
of the exponential phase (t3), and two others during the
stationary phase (t, and t;) (Supporting Information Figure
S1). All aliquots were treated with the selected extraction
protocol, followed by analysis with LC—MS. The data obtained
for the four strains were preprocessed, filtered, and then
analyzed by PCA and PLS-DA. As shown in Figure S1, the
strains grew differently, as indicated by ODg,, changes: the
exponential phase of all of the strains started directly after
inoculation and occurred during 3 h for TC8 and TC11 and 8 h
for TC4 and TC?7, respectively. After filtering, the data showed
that among all of the strains TC8 produced the highest number
of metabolites in all phases, while TC7 was always the less
productive. The number of metabolites detected was higher for
TC8 during the stationary phase, while it was slightly higher for
TCI11 during the exponential phase, and no significant
differences were noticed for TC4 and for TC7 (Supporting
Information Figure S7). For each strain, most of the detected
m/z signals were found in both growth phases, but more than
two-thirds of them were present in higher amounts during the
stationary phase.

To determine if this method was also able to differentiate
between the phases of growth, PLS-DA models were then
constructed for each bacterial strain with the LC—MS profiles
(Supporting Information Table S2). For TCS, bacterial cultures
were clearly discriminated with their growth phase, as described
on the corresponding PLS-DA score plot (Supporting
Information Figure S8a). This constructed PLS-DA model
was well-fitted to the experimental data: It consisted of four
components, and the two first explained almost 75% of the
variation. The first dimension showed a significant separation
between cultures harvested at the beginning and the middle of
the exponential phase (t; and t,), the end of this same growth
phase (t;), and the stationary phase (t, and t), while the
second one emphasized the discrimination of cultures collected
at the end of the exponential phase (t;) from the others. With a
less pronounced separation between samples of the exponential
phase, a similar pattern was observed for TC4 and, to a lesser
extent, for TC11 (Supporting Information Figure S8b,c). For
TC7, no PLS-DA model allowed highlighting significant
differences between samples with the growth phase (data not
shown). Finally, the discrimination between all of the bacterial
species harvested during the two growth phases (five time
points) was analyzed. The resulting PLS-DA model explained
>78% of the variance of the data set (Table 1 and Figure 2c).
Here again, the metabolome of the TCS8 strain showed the
most important variability, but a clear discrimination between
the metabolomes of the four bacterial strains was observed
whatever the phase of growth. In accordance with their
taxonomic proximity, it was highlighted that both P.
mediterranea strains (TC4 and TC7) were closely related.

It is now well-established that drastic changes may occur in
bacterial metabolic production at the transition from
exponential phase to stationary phase. This phenomenon is
often due to a lowered protein biosynthesis, which induces the
biosynthetic machinery to switch from a metabolic production
mainly dedicated to cell growth during exponential phase
toward alternative metabolism, producing a new set of
compounds during the stationary phase.””** However, in
contrast with well-studied model microorganisms, several

marine bacteria undergo a stand-by step between these two
growth phases.*>*® For each strain, our results showed that
most of the changes between the growth phases correspond to
the upregulation of a large part of the metabolites during the
stationar?f Ehase. This trend was already observed in previous
studies,®** but opposite results have also been described due
to distinct metabolome coverage or studied microorganism."’
These bibliographic data were also in accordance with the
different behavior of each of the four strains when the
metabolome, restricted to the extraction and analytical
procedures, was investigated at different time points of the
growth curve. The chemical discrimination of these bacteria
was thus not dependent on their growth phase. Overall, because
the chemical diversity seemed to be higher during the
stationary phase, this growth phase was then chosen for the
rest of the study.

»

Impact of the Mode of Culture (Experiment #4)

The bacterial strains were isolated from marine biofilms
developed on artificial surfaces immersed in situ.'® In addition
to their facility to grow in vitro, these strains were chosen for
their propensity to form biofilms. The intrinsic differences
between the metabolisms of planktonic and biofilm cells and
the impact of these two modes of culture on the interstrain
discrimination were analyzed by LC—MS profiling of three of
the bacteria. Indeed, due to the chemical similarity of both P.
mediterranea strains, only TC4 was used for this experiment.
For this purpose, these strains were cultured in triplicate in
planktonic (at five points of their growth curve) and biofilm
modes (at two culture times: 24 and 48 h). This difference in
growth time between both culture modes was due to the slow-
growing nature of biofilms. To compare accurately the two
modes of culture, the development of biofilms was performed
under static conditions and in the same medium as those used
for planktonic growth (VNSS). For each strain, PLS-DA
models were constructed and showed a clear discrimination
between samples with their culture mode with total variances
ranging from 52 to 59% (Supporting Information Figure S9).
PLS-DA models with good-quality parameters were obtained,
and validation values indicated that they could be regarded as
predictable (Supporting Information Table S2). Moreover, a
similar number of m/z features upregulated specifically in one
of the two culture modes was detected for each strain. When
dealing with the interstrain discrimination for bacteria cultured
as biofilms, the three strains were clearly separated on the PCA
score plot, and the total variance due to the two main
projections accounted for $9% (Supporting Information Figure
S10a). The corresponding PLS-DA model showed a similar
trend and gave good results, indicating that this model could
distinguish the three strains (Table 1 and Supporting
Information Figure S10b). When the full data set (biofilms
and planktonic cultures) was analyzed, the same pattern was
further noticed with the occurrence of one cluster by strain on
the PCA score plot (Supporting Information Figure S11). A
PLS-DA model was built and demonstrated again, after
validation, a good separation among all of the strains (Table
1 and Figure 2d).

To date, the few metabolomics studies undertaken on
biofilms were mostly based on NMR, which is limited by
intrinsic low sensitivity.””** More specifically, only two studies
have used a metabolomic approach with the aim of analyzing
marine bacterial biofilms.””*" It is now well-established that in
many aquatic environments most of the bacteria are organized


http://pubs.acs.org/doi/suppl/10.1021/acs.jproteome.6b01027/suppl_file/pr6b01027_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.jproteome.6b01027/suppl_file/pr6b01027_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.jproteome.6b01027/suppl_file/pr6b01027_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.jproteome.6b01027/suppl_file/pr6b01027_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.jproteome.6b01027/suppl_file/pr6b01027_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.jproteome.6b01027/suppl_file/pr6b01027_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.jproteome.6b01027/suppl_file/pr6b01027_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.jproteome.6b01027/suppl_file/pr6b01027_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.jproteome.6b01027/suppl_file/pr6b01027_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.jproteome.6b01027/suppl_file/pr6b01027_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.jproteome.6b01027/suppl_file/pr6b01027_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.jproteome.6b01027/suppl_file/pr6b01027_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.jproteome.6b01027/suppl_file/pr6b01027_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.jproteome.6b01027/suppl_file/pr6b01027_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.jproteome.6b01027/suppl_file/pr6b01027_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.jproteome.6b01027/suppl_file/pr6b01027_si_001.pdf
http://dx.doi.org/10.1021/acs.jproteome.6b01027

TC7

TC11 TC7 TC8

n°15

v

[n}

(5=)
-
el
: 00

R2X[1] = 0.42 R2X[2] = 0.20

Ellipse: Hotelling's T2 (95%)

n°6

n°g
n°10
n°4
n°12
n°16

15 -10 5 0 5 10

TC11
b .

15

n°7
n°2

laquinu dIA

n°14
n°17
n°11

o

n°1

R2X[1] = 0.42 R2X[2] = 0.20

n°3
n°13

e
Min = -166 0.00 Max =166

Scale of color

-0.15 -0.10 -0.05 005

Figure 3. (a) PLS-DA score plot obtained from LC—HRMS profiles of the four bacterial strains (extraction with EtOAc, stationary phase, planktonic
cultures in VNSS). (b) PLS-DA loading plots with the most contributing mass peaks (VIPs) numbered from 1 to 17. (c) Heatmap of the 17
differential metabolites with VIP values >3.0 from the PLS-DA model. Detailed VIPs description is given in Table 2.

in biofilms, and this living mode is significantly different from
its planktonic counterpart.”’ Deep modifications occur in
bacterial cells at various levels (e.g., gene expression, proteome,
transcriptome) during the transition from free-living planktonic
to biofilm states.”” Biofilm cells have traditionally been
described as metabolically dormant with reduced growth and
metabolic activity. Additionally, cells in biofilms show a higher
tolerance to stress (e.g, chemical agents, competition, and
predation). On the basis of these data, a liquid culture alone
does not allow a full understanding of the ecological behavior
or the realistic response to a specific challenge in the case of
benthic marine bacteria. For the TC4, TC8, and TC11 strains,
PLS-DA models allowed an unambiguous distinction between
biofilm and planktonic samples at different ages. As described in
the literature for other bacteria, these results agreed with a
significant metabolic shift between the two modes of culture
whatever the strain and the culture time. Considering the
biofilm samples and the whole set of samples, our results
demonstrated that chemical profiling by LC—MS followed by
PLS-DA analysis led to a clear discrimination between the three
strains. Therefore, the interstrain metabolic differences are
more significant than the intrastrain differences inherent to the
culture mode.

Analytical Platforms Comparison and Identification of
Putative Biomarkers

The data collected during the first part of this study did not
allow the annotation of the biomarkers. In this last part, both
accurate MS and MS/MS data were obtained from a limited

pool of samples (four strains, EtOAc as extraction solvent,
planktonic cultures in VNSS until the stationary phase) with an
UPLC—ESI-QToF equipment. After extraction and filtering,
the data obtained from the LC—HRMS profiles were subjected
to chemometric analyses. The resulting PCA and PLS-DA score
plots (Supporting Information Figure S12 and Figure 3a) were
compared with those obtained with the same set of samples on
the previous LC—LRMS platform (Figure 2a and Supporting
Information Figure S4c). For both platforms, the PCA score
plots exhibited a clear discrimination between the four strains
with a separation of the two couples TC4/TC7 and TC8/
TCI11 on the first component and between the strains of each
pair on the second component. The main difference relies in
the total variance accounted for by these two first components,
which was lower in the case of the HRMS platform (64%
instead of 85% for the LRMS platform). These results prove
the robustness of the method.

The subsequent step was to build a supervised discrimination
model using PLS-DA for UPLC—QToF data. As already
described for HPLC—IT—MS data, the resulting three-class
PLS-DA model led to a proper differentiation of the three
bacterial groups (Table 1). Moreover, despite the different kind
of chromatographic conditions (HPLC vs UPLC) and mass
spectrometry instrumentations (ESI-IT vs ESI-QToF), the two
platforms gave similar results and the same conclusion was
made with other sets of samples. Moreover, samples used for
the study of the impact of the growth phase and the mode of
culture on the TC8 strain were also analyzed on the HRMS
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Figure 4. Molecular networks of HRMS fragmentation data obtained from cultures of the four bacterial strains (extraction with EtOAc, stationary
phase, planktonic cultures in VNSS). AL: alanine lipid, GL: glycine lipid, HOL: hydroxylated ornithine lipid, HMPL: hydroxylated and methylated
putrescine lipid, LOL: lyso-ornithine lipid. MPL: methylated putrescine lipid, OL: ornithine lipid, OPL: oxidized putrescine lipid, PE:

phosphatidylethanolamine, PL: putrescine lipid.

platform, and the resulting PLS-DA model was similar to those
obtained on the LC—LRMS platform (Supporting Information
Figures S8a and S13).

In a second step, the aim was to identify putative biomarkers
for each bacterial strain. Metabolome annotation is often
considered as a bottleneck in the metabolomics data analysis,
which is even more challenging for nonstudied species. For this
reason, a molecular network was constructed based on MS/MS
data (Figure 4). This analysis has the main advantage to

organize mass spectra by fragmentation similarity, rendering
easier the annotation of compounds of a same chemical
family.”® The molecular network constructed with a set of data
including all of the strains (EtOAc as extraction solvent,
planktonic cultures in VNSS until the stationary phase)
highlighted several clusters. At the same time, the most
discriminating m/z features in the PLS-DA model (Figure 3b,c)
were selected based on their VIP score, which resulted in 17
compounds with VIP value equal to or higher than 3 (Table 2).
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Table 2. List of the Biomarkers (VIP Value >3) Identified by LC—HRMS for the Discrimination of the Four Bacterial Strains

mass

VvIP RT  VIP error
number m/z (s) value formula (ppm) mo”
1 677.5806 438 40  CyHpN,Os 38 49
2 6255501 425 40  CyHyN,Os 2.0 36
3 651.5653 429 37  CayHyN,Os 27 59
4 6115354 426 37  CyH,N,O. 0.6 2.8
5 627.5304 408 3.5  CyH,N,Oq 0.4 24
6 641.5462 417 34  CyHpuN,Of 02 17
7 597.5184 418 33 CaygHgN,Os 28 18
8 613.5149 398 3.3 C3sHgoN,O4 0.2 1.3
9 6235339 425 32 CyH,N,Os 29 15
10 639.5299 403 30  CyH,N,Oq 12 105
11 6215182 409 30  CyHeN,Oq 3.0 8.6
12 3873218 294 30 CyHgN,0, —03 12
13 6535808 446 30  CyHnN,O; 29 7.1
14 6495498 430 30  CyHyN,O; 25 26
15 440.2769 340 3.0 C,HyzsNO,P 0.2 15.2
16 4013373 305 30  Cy,H,N,O, 01 160
17 4135187 304 30  CyHuN,O, 02 136

I expl
(%)b
63.5
93.6
61.7

62.5

80.5
57.7
78.9
66.8
81.0
61.0
103.6
63.0
66.0

76.6
8L.S

80.5

MS/MS fragment ions (relative abundance in %)

659 (3), 413 (16)°, 395 (62, 377 (62)%, 159 (4)", 141
(3)", 133 (5)", 115 (100)", 70 (25)"

607 (2)7, 387 (11)°, 369 (41Y, 351 (44)%, 159 (6)", 141
(3)", 133 (5)", 115 (100)", 70 (24)"

633 (,3)‘1, 413 (6)°, 395 (24)/, 377 (24)%, 159 #" 141
(3)", 133 (4)", 115 (100)", 70 (21)"

593 (2)7, 387 (12)¢, 369 (43, 351 (48)%, 159 (4" 141
(3)", 133 (4)", 115 (100)", 70 (25)"
609 (<1)Ll’1, $91 (<1)', 387 (8Y, 369 (38)%, 351 (62
159 (7)", 141 (3)", 133 (5)", 115 (100)", 70 (16)"
623 (1)7, 605 (<1)’, 401 g7)C 383 (50)%, 365 (52, 159
(6)", 141 (3)", 133 (5)", 115 (100)", 70 (15)"

579 (}2)‘, 387 (}2)", 369 (8)’; 351 (10)}5’, 159 (4)", 141
(3)", 133 (5)", 115 (100)", 70 (36)"

595 (1)9, 577 (<1, 387 (5), 369 (33)%, 351 (37), 159
(7", 141 (3)", 133 (5)", 115 (100)", 70 (22)"

605 (2)7, 385 (3)°, 367 (12, 349 (12)¢, 159 @" 141
(3)" 133 (4)", 115 (100)", 70 (24)"
621 (1), 603 (<1), 399 (<1), 381 (58)%, 363 (56
159 (7)", 141 (3)", 133 (6)", 115 (100)", 70 (21)"
603 (2)7, 385 (15)°, 367 (54)’, 349 (52)%,159 (5)", 141
(3)", 133 (6)", 115 (100)", 70 (36)"

36(91 ég));, ;31( 6(;))1 159 (1), 141 (3)", 133 (7)", 115

635 (}2)“’, 415 (8)°, 397 (zs)f, 379 (29)¢, 159 (5)", 141
(3)", 133 (5)", 115 (100)", 70 (35)"

631 (2)7, 413 (7)°, 395 (27, 377 (27)%, 159 @)" 141
(3)", 133 (4)", 115 (100)", 70 (23)"

putative
identification”

OL
(C18:1, C18:1)

OL
(C16:0, C16:0)

oL
(C18:1, C16:0)

OL
(C16:0, C15:0)

HOL
(C16:0, C15:0)

HOL
(C17:0, C15:0)

OL
(C16:0, C14:0)

HOL

(C16:0, C14:0)
OL

(C16:1, C16:0)
HOL

(C17:1, C15:0)
OL

(C16:1, C16:1)
LOL (C16:0)

OL
(C18:0, C16:0)

OL
(C18:1, C16:1)

299 (100)* PE (C15:0)

383 (4)7, 365 (6)), 159 (2)", 141 (4)", 133 (7)", 115  LOL (C17:0)
(100", 70 (60)"

395 (4)4, 377 (6)}", 159 (2)", 141 (4)", 133 (10)", 115 LOL (C18:1)

(100)", 70 (51)"

“Constructor statistical match factor obtained by comparison of the theoretical and observed isotopic pattern. “Total intensity of the explained peaks
with respect to the total intensity of all peaks in the fragment spectrum peak list. “HOL: hydroxylated ornithine lipid, LOL: lyso-ornithine lipid, OL:
ornithine lipid, PE: phosphatidylethanolamine. “[M + H — H,0]*. “{M + H — RCOH|*./[M + H — H,0 — RCOH]*. é[M + H — 2 H,0 —
RCOH]". "Other typical OL ion fragments. [M+H — 2 H,0]./[M + H — 3 H,0 — RCOH]". KM + H — C,HNO,P]*.

The molecular formulas of each VIP were proposed based on
accurate mass measurement, true isotopic pattern, and
fragmentation analysis. A detailed analysis of VIPs and
molecular network revealed that most of these discriminating
metabolites constitute the cluster A (Figure 4). These chemical
compounds were specific to TC8, on one hand, and to TC4
and TC?7, on the other hand. Interestingly, all of these specific
compounds showed a similar fragmentation pattern with a
characteristic ion fragment at m/z 115. A bibliographic review
allowed us to propose ornithine-containing lipids (OL) as good
candidates for this chemical group. OLs are widespread among
Gram-negative bacteria, more rarely found in Gram-positive
ones, and absent in eukaryotes and archaea.** These membrane
lipids contain an ornithine headgroup linked to a 3-hydroxy
fatty acid via its @-amino moiety and a second fatty acid chain
(also called “piggyback” fatty acid) esterified to the hydroxyl
group of the first fatty acid. In some bacteria the ester-linked
fatty acid can be hydroxylated, usually at the C-2 position.”
OLs show a specific MS fragmentation pattern used in this
study for their identification. Characteristic multistage MS
fragmentation patterns include the sequential loss of H,O
(from the ornithine part), the piggyback acyl chain, and the
amide-linked fatty acid.*® This characteristic mode of
fragmentation leads to headgroup fragment ions at m/z 159
(CeH1IN,03), 141 (CaHGN,0,), 133 (CsH;3N,0,), 115

(CsH1N,0,), and 70 (C,HgN). On that basis, HRMS/MS
fragmentation of VIP no. 1 (m/z 677) is proposed in Figure S,
and the same pattern was observed for the other OLs (Table
2). In Gram-negative bacteria, membranes are constituted by
polar lipids frequently composed of phospholipids like
phosphatidylethanolamine (PE). In this work, this type of
lipids was detected in the four strains (cluster E, Figure 4), but
several studies have shown that under phosphorus starvation,
which is common in marine environments, the production of
nonphosphorus polar lipids such as OLs may increase
significantly.””*® Moreover, because of their zwitterionic
character, OLs have been speculated to play a crucial role for
the membrane stability of Gram-negative bacteria and more
broadly for the adaptation of the membrane in response to
changes of environmental conditions. Under the culture
conditions used in this study, OLs were produced by three of
the strains but not by Shewanella sp. TC11. In a same way,
components of cluster B specifically produced by Bacteroidetes
(TC4 and TC7) were identified as hydroxylated OLs (HOLs).
These compounds showed the same MS fragmentation pattern
as their nonhydroxylated analogs, while a supplementary loss of
H,O was observed at the beginning of the MS fragmentation
pathway. HOLs have been described as metabolites specifically
produced by bacteria under stress (e.g, temperature,” pH™):
the occurrence of an additional hydroxyl group seems to be
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Figure S. (a) HRMS mass spectra of Pseudoalteromonas lipolytica TC8 ornithine lipid at m/z 677.5785 (VIP no. 1). (b) Proposed fragmentation of
VIP no. 1. (The elemental composition of fragment ions is indicated and the corresponding theoretical value of m/z is given in parentheses.)

implied in the membranes stability via an increase in strong
lateral interactions between their components.”’ HOLs were
mainly described in a@-, f-, and y-proteobacteria and
Bacteroidetes.”” In our study HOLs were only detected in
LC—MS profiles of Bacteroidetes (TC4 and TC7) but not in
those of the y-proteobacteria (TC8 and TCl11). Concerning
the position of the additional hydroxyl group in these
derivatives, the absence of characteristic ion fragments for
ornithine headgroup hydroxylation** indicated that this group
was linked to one of the two fatty acids (at the two-position).
This structural feature was in agreement with the fact that
hydroxylation of the ornithine headgroup in HOLs was only
observed in a-proteobacteria and not in Bacteroidetes.”” TC4
and TC7 were also clearly discriminated from the other strains
through another class of metabolites putatively identified on the
basis of their HRMS/MS data as glycine lipids (GLs) and close
derivatives, namely, methylglycine or alanine lipids (cluster C,
Figure 4). These compounds are structurally similar to OLs, the
main difference being the replacement of the ornithine unit by
a glycine one. They showed a similar fragmentation sequence
and were specifically characterized by headgroup fragment ions
at m/z 76 (C,HNO,) for GLs and m/z 90 (C3HgNO,) for
methylglycine or alanine lipids. This last class of compounds
needs to be further confirmed by purification and full structure
characterization. From a chemotaxonomic point of view, GLs
are valuable compounds because they have only been described

from Bacteroidetes and thus seem to be biomarkers of this
bacterial group.”” Finally, when considering the discrimination
between the two P. mediterranea strains, TC7 specifically
produced a variety of lipids tentatively assigned as N-acyl
diamines by HRMS/MS (cluster D, Figure 4). More precisely, a
fragmentation pattern common for most of the compounds of
cluster D showed the occurrence of a diamine backbone with
an amide-linked fatty acid and yielded fragment ions at m/z 89
(CiHi3N,) and 72 (C4H(N) characteristic of the putrescine
headgroup.” Several other chemical members of this cluster
showed similar fragmentation pathways but with fragment ions,
in accordance with slight variations of the chemical structure of
the headgroup (N-methylation, hydroxylation). In the case of
TC7, compounds with a hydroxylated headgroup were
specifically overexpressed. According to literature data, poly-
amines are commonly found in most living cells, and, among
this chemical family, putrescine constitutes one of the simplest
member.”* This diamine is widespread among bacteria and is
involved in a large number of biological functions.’
Interestingly, ornithine can form putrescine either directly
(ornithine decarboxylase) or indirectly from arginine (arginine
decarboxylase) via agmatine (agmatine deiminase). Taking into
account the few studies on MS fragmentation of natural N-acyl
diamines and the absence of commercially available standards,
further structure investigations are required to fully characterize
this class of bacterial biomarkers and to establish a possible
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biosynthetic link with OLs. Finally, some other specific clusters
were remarkable in the molecular network but without possible
affiliation of the corresponding compounds to an existing
chemical family. Conversely, molecular components of the
nondiscriminative cluster F were putatively identified as cyclic
dipeptides. This type of compounds exhibits a wide range of
biological functions, and cyclic dipeptides are involved in
chemical signaling in Gram-negative bacteria with a potential
role in interkingdom communication,”* ™

B CONCLUSIONS

We described a metabolomics approach applied to the
assessment of the effects of several culture parameters, such
as culture media, growth phase, or mode of culture, in the
metabolic discrimination between four marine biofilm-forming
bacteria. The developed method based on a simple extraction
protocol could differentiate bacterial strains cultured in organic-
rich media. Depending on the culture parameters, some
significant intrastrain metabolic changes were observed, but
overall these metabolome variations were always less
pronounced than interstrain differences. Finally, several classes
of biomarkers were putatively identified via HRMS/MS analysis
and molecular networking. Under the culture conditions used
(not phosphate-limited), OLs were thus identified as
specifically produced by three of the bacteria, while HOLs
and GLs were only detected in the two Bacteroidetes strains.

Our study provides evidence that such an analytical protocol
is useful to explore more deeply the metabolome of marine
bacteria under various culture conditions, including cultures in
organic-rich media and biofilms. This efficient process gives
information on the metabolome of marine bacterial strains that
represent complementary data to those provided by genomic,
transcriptomic, and proteomic analyses on the regulatory and
metabolic pathways of marine bacteria involved in biofilms.
Also, a broader coverage of the biofilm metabolome requires
the examination of polar extracts even if high-salt contents limit
drastically the analysis capabilities of polar compounds in
marine bacterial cultures and environmental biofilm samples.

As an important result, bacterial acyl amino acids, and more
broadly membrane lipids, can be used as efficient biomarkers
not only for chemotaxonomy but also directly for studies
directed toward bacterial stress response. Indeed, a targeted
analysis of GLs would be efficient to estimate the occurrence of
Bacteroidetes in complex natural biofilms, while OLs and
HOLs would be valuable molecular tools to evaluate the
response of bacteria to specific environmental conditions.

Moreover, to get closer to reality, future works in this specific
field of research should address some more ecologically relevant
questions. To this end, metabolomics studies involving
multispecies cocultures or bacterial cultures implemented
with signal compounds (e.g, N-acyl-homoserine lactones,
diketopiperazines) may be considered in the future and linked
to similar data obtained from natural biofilms.
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ACN, acetonitrile; CS, cosine score; CV-ANOVA, cross
validation-analysis of variance; DCM, dichloromethane;
EtOAc, ethyl acetate; GC, gas-chromatography; GL, glycine
lipids; GNPS, global natural product social molecular
networking; HOL, hydroxylated ornithine lipid; HRMS, high
resolution mass spectrometry; KEGG, Kyoto encyclopedia of
genes and genomes; LC, liquid chromatography; LC-ESI-IT-
MS, liquid chromatography—electrospray ionization ion trap
tandem mass spectrometry; LC-MS, liquid chromatography—
mass spectrometry; LRMS, low resolution mass spectrometry;
MB, marine broth; MeOH, methanol; NMR, nuclear magnetic
resonance; OL, ornithine lipid; PCA, principal component
analysis; PE, phosphatidylethanolamine; PLS-DA, partial least-
squares discriminant analysis; TC, Toulon collection; UPLC-
ESI-QToF-MS, ultraperformance liquid chromatography—
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