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Microbial interactions shape ecosystem diversity and chemistry through production
and exchange of organic compounds, but the impact of regulatory mechanisms on
production and release of these exometabolites is largely unknown. We studied the
extent and nature of impact of two signaling molecules, tropodithietic acid (TDA) and the
quorum sensing molecule acyl homoserine lactone (AHL) on the exometabolome of the
model bacterium Phaeobacter inhibens DSM 17395, a member of the ubiquitous marine
Roseobacter group. Exometabolomes of the wild type, a TDA and a QS (AHL-regulator)
negative mutant were analyzed via Fourier-transform ion cyclotron resonance mass
spectrometry (FT-ICR-MS). Based on a total of 996 reproducibly detected molecular
masses, exometabolomes of the TDA and QS negative mutant were ∼70% dissimilar
to each other, and ∼90 and ∼60% dissimilar, respectively, to that of the wild type.
Moreover, at any sampled growth phase, 40–60% of masses detected in any individual
exometabolome were unique to that strain, while only 10–12% constituted a shared
“core exometabolome.” Putative annotation revealed exometabolites of ecological
relevance such as vitamins, amino acids, auxins, siderophore components and signaling
compounds with different occurrence patterns in the exometabolomes of the three
strains. Thus, this study demonstrates that signaling molecules, such as AHL and
TDA, extensively impact the composition of bacterial exometabolomes with potential
consequences for species interactions in microbial communities.

Keywords: exometabolome, quorum sensing, tropodithietic acid, Phaeobacter, mutants, secondary metabolites,
FT-ICR-MS, microbial interactions

INTRODUCTION

Microorganisms release a complex blend of primary and secondary metabolites into
their environment, collectively termed as exometabolome, depending on nutrient regimes,
environmental cues and physiological state (Kell et al., 2005; Villas-Bôas et al., 2006; Romano
et al., 2014; Wienhausen et al., 2017). In addition to well-known exometabolites such as
those involved in nutrient acquisition [e.g., siderophores (Mansson et al., 2011; Walker
et al., 2017)], communication [e.g., acyl homoserine lactones, pheromones (Gram et al., 2002;
Atkinson and Williams, 2009; Gillard et al., 2013)], antagonism [e.g., antibiotics (Thole et al.,
2012)], mutualism [e.g., vitamins, auxins (Buchan et al., 2014; Sañudo-Wilhelmy et al., 2014)]
or chemical defense [e.g., polyunsaturated aldehydes (Wichard et al., 2005)], a wealth of
metabolites, many with so far unknown structural identities and functions are also released
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(Rosselló-Mora et al., 2008; Barofsky et al., 2009; Kujawinski
et al., 2009; Becker et al., 2014; Romano et al., 2014; Fiore
et al., 2015; Longnecker et al., 2015; Wienhausen et al., 2017).
This becomes evident using ultra-high resolution untargeted
approaches like Fourier-transform ion cyclotron resonance
mass spectrometry (FT-ICR-MS), which reveals a metabolic
fingerprint of exudates on molecular formula level. Some of these
unknown compounds might originate from overflow metabolism
(Paczia et al., 2012) or excretion of waste products (Lawrence
et al., 2012; Hom and Murray, 2014). However, considering
the metabolites detected in exometabolomes of various single
organisms and in environmental samples, it is likely that
the majority of exometabolites have an ecological function,
as in the case of auxotrophs and helpers, host-associations
and mixed biofilms.

The Roseobacter group within the Alphaproteobacteria is
a highly abundant and globally distributed marine lineage,
containing the largest proportion (72%) of described genera in
this class (Buchan et al., 2005; Wagner-Döbler and Biebl, 2006;
Brinkhoff et al., 2008; Luo and Moran, 2014; Pohlner et al., 2019).
Phaeobacter inhibens is a well investigated model organism of
the Roseobacter group and a prolific biofilm former, capable of
colonizing biotic and abiotic surfaces (Seyedsayamdost et al.,
2011; Thole et al., 2012; Prol García et al., 2014; Gram et al.,
2015; Segev et al., 2016). Besides ecologically relevant metabolites,
like algicides and siderophores, P. inhibens produces several
tropone products including tropodithietic acid (TDA), which
serves as both antibiotic (Liang, 2003; Brinkhoff et al., 2004;
Porsby et al., 2011; Rabe et al., 2014) and quorum sensing (QS)
signal and therefore as a global gene regulator, as shown by
the transcriptomic analysis of P. inhibens (Beyersmann et al.,
2017). Many roseobacters are capable of N-acyl-homoserine
lactone (AHL)-mediated QS wherein the AHL binds to a LuxR-
type transcriptional regulator, thus controlling gene expression
often on a global scale and in a cell density-dependent manner
(Cude and Buchan, 2013; Patzelt et al., 2013; Zan et al., 2014;
Gao et al., 2016). QS-regulated phenotypes include motility
and chemotaxis (Wheeler et al., 2006; Patzelt et al., 2013; Zan
et al., 2015), biofilm formation (Miller and Bassler, 2001; Zan
et al., 2012), intra- and extracellular metabolite production
(Latifi et al., 1995; Berger et al., 2011; Cude et al., 2012;
Johnson et al., 2016) and horizontal gene transfer (Antonova
and Hammer, 2011; Blokesch, 2012; Patterson et al., 2016; Zhu
et al., 2020). In P. inhibens, biosynthesis of TDA is also regulated
by AHL-mediated QS, however, TDA can autoinduce its own
synthesis by inducing expression of tdaA, which encodes a
transcriptional activator for the tda genes. At sub-inhibitory
concentrations, the TDA molecule can interact with the LuxR-
type transcriptional regulator PgaR, mediate QS and influence
expression of ∼10% of the total genes, in the same manner
as the AHL. Furthermore, absence of TDA leads to decreased
surface attachment and cell motility, thus indicating that TDA-
based QS mediates the switch from pelagic to sessile lifestyle
for P. inhibens (Berger et al., 2011; Beyersmann et al., 2017).
P. inhibens is not only found in association with eukaryotes,
but is also known to control the bacterial community assembly
on the marine diatom Thalassiosira rotula (Majzoub et al., 2019).

Bacterial community composition in T. rotula mesocosms in
the presence of P. inhibens were less diverse and different
to those exposed to seawater alone. Closely related taxa
were among the most significantly impacted in a co-culture
with P. inhibens while for a mutant strain with reduced
inhibition, almost no differences were observed. This suggests
that bacterial signaling rather than antagonism is important for
the observed influence of P. inhibens on the microbiome assembly
(Majzoub et al., 2019).

QS regulation of pathways for organic matter degradation,
nutrient acquisition, colonization processes and microbial
interactions has been studied extensively in marine bacteria
(Urvoy et al., 2022). Previous studies have also discussed the
influence of QS in regulating production, release and/or uptake
of specific metabolites (An et al., 2014; Johnson et al., 2016;
Landa et al., 2017; McRose et al., 2018). Furthermore, QS
and/or TDA mutants have been used to analyze the impact
of AHLs and TDA on growth dynamics and physiological
mechanisms such as cell motility, biofilm formation and
morphological heterogeneity (Patzelt et al., 2013; Beyersmann
et al., 2017; Will et al., 2017). However, little is known
about the impact of these signaling molecules on the full
suite of exometabolites released by bacteria. We investigated
the impact of AHL and TDA on the exometabolome of
P. inhibens DSM 17395, by comparing two mutant strains
with the wild type (WT). In one of the mutants, the
AHL regulator gene pgaR, a homolog to the luxR gene in
Vibrio fischeri, was knocked out. Thus, strain pgaR− lacks a
functional AHL receptor and is subsequently devoid of N-
3-hydroxydecanoyl-homoserine lactone-mediated QS (Berger
et al., 2011; Beyersmann et al., 2017). The second mutant
strain tdaE− cannot produce TDA due to the inactivation of
tdaE gene (Thole et al., 2012). We hypothesized a substantial
change in the exometabolome of both mutants compared to the
WT. We also hypothesized that the exometabolome of tdaE−
is more similar to the WT since this mutant retains AHL-
based QS. Furthermore, we suspected a differential release of
specific exometabolites by WT and mutants, as a consequence of
the functioning / interruption of a major regulatory mechanism,
which would potentially affect the nature of interactions within
microbial communities.

MATERIALS AND METHODS

Strains and Genetic Manipulations
Strains used in this study were Phaeobacter inhibens DSM
17395 wild type (WT), tdaE− mutant strain WP14 (DSM
17395 AFO93376::EZTn5, Gmr) (Thole et al., 2012) and pgaR−
mutant strain WP52 (DSM 17395 AFO90122::EZTn5, Gmr)
(Berger et al., 2011). In the present study, we performed
a complementation assay for strain WP14 (tdaE−) as
WP52 was previously complemented (Berger et al., 2011).
Amplification of the tdaE gene (PGA1_262p00940) plus
∼1.5 kb flanking regions was performed using the primer
pair 5′- AAGAGTTGGCCCTGATCGTG -3′ and 5′- TTTG
AGCGCTGCCTTGATCT -3′. The resulting amplicon was
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ligated into the Eco53kI site of pBBR1MCS-2 using T4-
DNA ligase and the ligation mixture was introduced into
electrocompetent E. coli ST18 cells (Dower et al., 1988; Thoma
and Schobert, 2009) (Supplementary Methods). Transformants
were selected on half MB plates supplemented with 50 µg/mL
5-aminolevulinic acid (ALA) and 50 µg/mL kanamycin
(Km50). The complementing plasmid pBBR1MCS2-tdaE was
transferred from E. coli ST18 into P. inhibens WP14 mutant by
conjugation (Piekarski et al., 2009) (Supplementary Methods).
The transconjugants were confirmed by PCR amplification and
recovery of wild type phenotype was confirmed by measuring
pigmentation and antimicrobial activity (Supplementary
Figure 1) according to the method of Berger et al. (2011).

Cultivation and Sampling
The P. inhibens strains were initially grown in Marine Broth 2216
medium (MB; BD Biosciences, Franklin Lakes, NJ, United States),
then repeatedly transferred (5x) in artificial seawater (ASW)
medium (Zech et al., 2009), modified by excluding EDTA from
the trace element solution (Wienhausen et al., 2017) and with
5 mM glucose as sole carbon source (28◦C, 100 rpm). After 5
transfers, bacteria were inoculated with a starting OD600 of 0.01
in 500 mL ASW medium with 5 mM glucose in quadruplicate
2 L Erlenmeyer flasks (28◦C, 100 rpm). Growth was monitored
by OD600 measurements. Triplicate flasks with ASW with 5 mM
glucose were run as sterile blank controls. All plastic and
glassware used was rinsed with acidified ultrapure water (Milli-Q,
pH 2) and all glassware additionally combusted at 500◦C for 3 h.

Subsamples were withdrawn from the cultures for separate
analysis of dissolved organic carbon (DOC) (10 mL), dissolved
organic matter (DOM) (20 mL), dissolved free (DFAA) (10 mL)
and total hydrolysable dissolved amino acids (THDAA) (10 mL),
dissolved free neutral monosaccharides (DFNCHO) (10 mL)
and dissolved combined monosaccharides (DCNCHO) (10 mL).
70 mL of culture from each flask and at each time point was
centrifuged (10 min, 2,499 × g, 4◦C), supernatants filtered
through a 0.22 µm polyethersulfone membrane (Minisart,
Sartorius, Göttingen, Germany) and stored in combusted glass
vials at −20◦C until further analyses. Every biological replicate
was sampled immediately after inoculation (T0), lag phase (T1),
mid-exponential (T2) and early stationary phase (T3). The
sampling time points were decided based on OD600 values to
compare the exometabolomes of the strains when they are in the
same growth phase, irrespective of how much time it took them
to reach that phase (Figure 1).

Analysis of Amino Acids, Mono- and
Polysaccharides and Dissolved Organic
Matter
Concentrations of DFAA and THDAA were analyzed by high
performance liquid chromatography (HPLC) after precolumn
derivatization with orthophtaldialdehyde (Lunau et al., 2006),
and concentrations of DFNCHO and DCNCHO by HPLC
and pulsed amperometric detection after desalting (Hahnke
et al., 2013). Detection limits for individual amino acids and
monosaccharides were 5 nM and 0.5 µM, respectively. However,

relatively high concentrations of glucose as a single substrate
source interfered with the analysis of mono- and polysaccharides.
Dissolved organic carbon in the filtrates of the bacterial cultures
and of the solid-phase extracted DOM was quantified after high-
temperature catalytic oxidation (Osterholz et al., 2014).

For FT-ICR-MS analyses of DOM, filtrates were acidified
to pH 2 (HCl 25% p.a., Carl Roth, Germany), extracted via
Priority PolLutant (PPL) solid phase cartridges (100 mg; Agilent,
Waldbronn, Germany) and resulting extracts adapted to a
concentration of 3 ppm carbon in a 1:1 mixture of methanol
and ultrapure water (Osterholz et al., 2015). The extraction
efficiency increased from 1 to 39% on carbon basis during
the course of the experiment, mainly reflecting the decrease in
substrate concentration as glucose was not retained on the PPL
resin. Extracted DOM was ionized by soft electrospray ionization
(ESI; Bruker Apollo, Daltonics, Bremen, Germany) and analyzed
in negative mode with a 15 T Solarix FT-ICR-MS (Bruker,
Daltonics, Bremen, Germany). For each spectrum, 400 scans were
accumulated with an ion accumulation time of 0.1 s in the mass
window of 92–1,000 Da. An internal calibration list was generated
using Bruker Daltonic Data Analysis software for the calibration
of the mass spectra, using at least 20 calibration points. All
linear calibrations resulted in an average mass error of 0.05 ppm.
Instrument performance and calibration accuracy was monitored
by repeated analysis of a laboratory-internal deep ocean DOM
reference sample (mass accuracy of less than 0.1 ppm). The
samples were measured manually and in a random order. Blank
checks with methanol/ultrapure water 1:1 were performed at
random intervals.

Data Processing, Statistical Analysis and
Exometabolite Prediction
The detected molecular masses were processed by applying
a customized routine Matlab script implemented in ICBM-
OCEAN (Merder et al., 2020). To reduce contingent noise and
consider only molecules of bacterial origin, all masses detected in
control samples (sterile incubations) and procedural blanks were
removed as potential contaminants. Further, we only considered
masses detected in all biological replicates at a specific time point
for each strain. To check for potential artificial trends being
introduced due to this strict filtering threshold, we performed a
non-metric multidimensional scaling (NMDS) for both filtered
and unfiltered datasets using the Bray-Curtis similarity index.
T0 samples were not considered as there was no strain-specific
release of exometabolites at the time of inoculation. To confirm
the statistical reliability of any patterns observed in NMDS plots,
cluster analysis was performed using Ward’s linkage (ward.D2)
and based on Bray-Curtis distances. Prior to NMDS analysis, the
signal intensities of the considered masses in both datasets were
normalized. For normalization, the minimum intensity value of
the entire processed dataset was multiplied by 5. For each sample,
the sum of all intensities higher than this (min∗5) value was
calculated, and each peak intensity was divided by the sum of the
respective sample. For the unfiltered dataset, normalization was
performed after removing all singlets, i.e., masses detected only
in one sample. All statistical analyses were performed using the
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FIGURE 1 | Substrate utilization and growth curves of P. inhibens DSM 17395 wild type (WT), tdaE− mutant and pgaR− mutant based on optical density on the left
Y-axis over time on the X-axis. Solid lines correspond to OD600 (left side Y-axis) and dotted lines to glucose concentration (right side Y-axis). Error bars depict
standard deviation of four biological replicates. The colored circles correspond to the sampling time points T0 (purple), T1 (blue), T2 (green) and T3 (red) for
exometabolome analysis of each strain. OD600 was measured every 3–4 h.

software RStudio version 4.1.1. To visualize shared and unique
masses at each time point, we created Venn diagrams using both
filtered and unfiltered datasets.

Molecular formulae (MF) consisting of C, H, O, N, S and/or
P were assigned as described by Koch and Dittmar (2006) to
molecular masses with a minimum signal-to-noise ratio of 5. In
case of multiple assignments, we did not consider MF with three
or more heteroatoms and filtered the remaining in the following
order of decreasing priority: NSP, N4P, N4S, N2S and N2P. All
MF assigned to FT-ICR-MS detected masses were scanned against
the genome-based metabolite prediction list for P. inhibens,
generated with BioCyc and KEGG databases (Caspi et al., 2016).
The functions and ecological relevance of putatively identified
exometabolites were analyzed by searching previous lab-based
studies as well as environmental datasets (Romano et al., 2014;
Osterholz et al., 2015, 2016; Johnson et al., 2016; Wienhausen
et al., 2017; Noriega-Ortega et al., 2019).

RESULTS AND DISCUSSION

Influence of Regulation on Growth Rate,
Substrate Utilization and Dissolved
Organic Carbon Release
Strain tdaE− reached ODmax of 1.7 after 42 h, while WT and
pgaR− grew to ODmax of 1.3 and 1.4 after 32 and 60 h, respectively
(Figure 1). Growth rate of tdaE− (0.22 ± 0.015 h−1) was ∼1.5-
fold higher than that of the WT (0.15 ± 0.018 h−1) while the
growth rate of pgaR− (0.06 ± 0.008 h−1) was ∼3.6-fold and 2.5-
fold lower than that of tdaE− and WT, respectively, and it took
much longer to reach stationary phase. Thus, growth behavior
of the WT was different from that of the two mutants, already
indicating different impact of the mutations on the physiology.

Differential growth behavior of WT and TDA-negative
mutants has been previously investigated and attributed to the

high metabolic burden of TDA biosynthesis borne by the WT,
while in the mutants this energy burden is absent (Trautwein
et al., 2016; Will et al., 2017). TDA targets the cell membrane by
collapsing the proton motive force and it has been proposed that
P. inhibens can resist TDA by counteracting the TDA-induced
proton influx with proton efflux mediated by the γ-glutamyl cycle
(Wilson et al., 2016). Thus, TDA accumulation in a growing
culture may force the WT to allocate a greater share of substrate
to energy generation, not only due to TDA biosynthesis, but
also due to the proposed proton-efflux self-defense mechanism
resulting in faster depletion of glucose compared to the mutants.
The higher growth rate of tdaE− might therefore also reflect
that this mutant does not have to expend additional energy
in maintaining the proton gradient. In contrast to tdaE−,
pgaR− does not profit from reduced TDA production caused
indirectly by absence of the AHL receptor. The absence of
both TDA and AHL-based regulation in pgaR− may result in
higher metabolic costs of unregulated production and release of
molecules, as reflected in the high release of DOC and THDAA
(Supplementary Table 1).

Growth of the bacterial strains and consumption of glucose
was reflected in decreasing DOC concentrations in the culture
media. Excluding the remaining glucose from the DOC
concentrations at T3 revealed that the organic compounds
released by tdaE−, WT and pgaR− made up 534 µmol L−1,
903 µmol L−1 and 1,735 µmol L−1 DOC, respectively. The
higher and potentially unregulated release of organic compounds
in absence of AHL- and TDA-mediated signaling emphasizes
the crucial importance of both regulatory mechanisms for
cellular functioning.

Differential Exometabolome
Composition of Wild Type and Mutants
The unfiltered dataset obtained from ESI-negative FT-ICR-MS
analysis consisted of 17,755 masses ranging from 92 to 1,000
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Dalton, of which 996 masses met our stringent criteria of being
detected in all biological replicates. Majority of the masses did,
however, not meet this criterion, e.g., were present in only 3 out
of 4 replicates owing to the natural variability among biological
replicates. NMDS analysis of the normalized datasets revealed
similar clustering patterns for both filtered and unfiltered datasets
(Figure 2 and Supplementary Figure 2), confirming that the
filtering thresholds did not introduce artificial trends. Thus, the
filtered dataset is highly robust, reproducible and only contains
molecules that are definitely of bacterial origin and consistently
present at the specific growth phases of the respective strain.
Stress value of 0.03 for the NMDS of the filtered dataset (0.08
for unfiltered; Supplementary Figure 2) indicates that it is a
good representation of the calculated distance matrix and thus of
the similarity among the samples (Figure 2). Samples collected
during the lag (T1), mid-exponential (T2) and early stationary
(T3) phases were clearly separated from each other for each
strain. T1 samples of all three strains clustered closely, while
T2 and T3 samples of each strain diverged from T1 samples
of the respective strain. Thus, the difference in exometabolome
composition of each strain with time is consistent with the
differential physiological state of bacteria at different growth
phases (Noriega-Ortega et al., 2019). T2 and T3 samples of
the WT, pgaR− and tdaE− were distinctly separated from each
other with the highest divergence observed between WT and
pgaR− (Figure 2). Thus, all three strains released a differential
suite of compounds or the same compounds at differential rates,
and exometabolome composition developed most differently
between WT and pgaR−. Dendrograms confirmed that the
samples clustered consistently with the NMDS groups and
the divergences described above were statistically significant
(Supplementary Figure 3).

The number of detected masses increased from lag (T1)
to exponential phase (T2) and was highest at early stationary
phase (T3), prior to cell lysis (Figure 3A). Consistent with the
higher release of DOC and THDAA observed for pgaR−, this
mutant also exhibited the highest number of detected masses
at T3 (463). Considering all growth phases, we detected a
total of 444, 473 and 511 masses in the exometabolomes of
the WT, tdaE− and pgaR−, respectively. Of these, 232 (52%),
180 (38%) and 275 (54%) masses were strain-specific for the
WT, tdaE− and pgaR−, respectively, while only 123 of all
detected masses (12%) were shared by all three strains and
could be considered as a “core exometabolome,” not affected by
QS and/or TDA production (Figure 3B). At exponential and
stationary growth phases, 40–60% of the masses detected in the
exometabolome of any strain were unique to that strain and
only 10% were shared masses (Supplementary Figure 4). We
are confident that the lack of overlap observed is not a result
of exclusion of masses due to the filtering thresholds, as for the
unfiltered dataset, 80–90% of masses detected for each strain
were unique to that strain and only 2% of the masses were
found in all three exometabolomes (Supplementary Figure 5).
In terms of Bray-Curtis dissimilarity, the exometabolomes of
tdaE− and pgaR− were ∼60 and 90% dissimilar, respectively,
to that of the WT and ∼70% dissimilar to each other
(Supplementary Figure 6).

From statistical analysis of the relative abundance of detected
masses, there is comprehensive support for our hypothesis that
the exometabolomes of the mutants are substantially different
from that of the WT. Further, compared to the exometabolome of
pgaR−, the exometabolome of tdaE− was more similar to that of
the WT. TdaE catalyzes the first step unique to TDA biosynthesis
using the universal tropone precursor and the pathway before
and after this step involves several tropone intermediates (Brock
et al., 2014b; Wang et al., 2016; Duan et al., 2020). Inactivation of
the gene encoding TdaE may result in accumulation of tropolones
synthesized prior to TDA synthesis. Different tropolones were
shown to act as autoregulatory signaling molecules, for example
in antagonistic symbiosis of Burkholderia plantarii with rice
plants (Duan et al., 2020). This could also be the case for
P. inhibens where the function of tropone derivatives remains
unknown (Thiel et al., 2010; Duan et al., 2020). Thus, presence
of the various tropolones along with a functional AHL-based
QS may result in tdaE− having an exometabolome more similar
to the WT. However, since TDA as a signal molecule is part
of a global regulatory system and can influence the expression
of ∼10% of the total genes, many of which are involved in
interactions, its absence may explain the exometabolome of
tdaE− being∼60% dissimilar to that of WT. Both AHL and TDA
bind to the LuxR receptor to function as signaling molecules
and the absence of this receptor in pgaR− renders this mutant
incapable of AHL- and TDA-based global regulation, resulting in
a significantly distinct exometabolome.

High chemodiversity of exometabolomes of single strains has
been shown previously where the exometabolome composition
also varied depending on physiological cues, growth phase and
substrate utilized by the strains (Rosselló-Mora et al., 2008;
Romano et al., 2014; Fiore et al., 2015; Johnson et al., 2016;
Noriega-Ortega et al., 2019). The lifestyle of P. inhibens as a host-
associated bacterium and biofilm former along with its elaborate
secondary metabolism (Brinkhoff et al., 2004; Martens et al., 2007;
Thiel et al., 2010; Seyedsayamdost et al., 2011; Thole et al., 2012)
suggests that most of the exometabolites, such as siderophores,
TDA, roseobacticide family of algicides, and other bioactive
tropone derivatives and volatiles are linked to cellular metabolism
(Brock et al., 2014a; Duan et al., 2021) and released to serve as
currencies for species interactions rather than arising from errors
in metabolic processes or due to overflow metabolism. However,
the disruption of TDA production and QS, potentially resulting
in the absence of many tropone-derived secondary metabolites
as well as a global regulatory system, significantly altered the
chemical composition of the exometabolomes.

Molecular Formulae Assignment and
Putative Annotation of Exometabolites
Of the 996 masses in the filtered dataset, unique molecular
formulae (MF) could be assigned to 603 masses. A higher
percentage of MF was assigned to masses detected in T1
samples (75%) while ∼62% of masses detected in T2 and T3
samples could be assigned MF. The proportion of nitrogen-
containing MF increased from 47% at T1 to 77% at T3 for
pgaR− and from 38% (T1) to 49% (T3) for tdaE−, while
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FIGURE 2 | Similarity among the exometabolome samples of P. inhibens DSM 17395 wild type (WT), tdaE− mutant and pgaR− mutant over time. Non-metric
multidimensional scaling (NMDS) was performed for the filtered dataset using Bray-Curtis similarity index. Stress value for the plot is 0.034. All biological replicates of
each strain at each sampling point are shown. Color code indicates sampling time points; T1 in blue, T2 in green and T3 in red. Symbols represent the strains;
triangle for WT, square for pgaR− and circle for tdaE−.

FIGURE 3 | Overall richness of exometabolomes. (A) Number of masses detected in the exometabolome of P. inhibens DSM 17395 wild type (WT), tdaE− mutant
and pgaR− mutant at lag (T1), mid-exponential (T2) and early stationary (T3) growth phases. (B) Venn diagram showing the number of unique and shared masses
detected in the exometabolome of P. inhibens DSM 17395 WT (orange), tdaE− mutant (gray) and pgaR− mutant (blue) over all time points. Only masses detected in
all biological replicates of each strain were considered.
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it decreased from 56% to 23% for the WT. The WT is
known to deplete external ammonium in early exponential
phase to rapidly build up nitrogen-containing intracellular
metabolites and biopolymers (DNA, RNA, proteins), and high
cellular nitrogen levels coincide with the production of TDA
(Trautwein et al., 2018). However, absence of TDA and global
regulation in the mutants may result in more nitrogen-containing
exometabolites being released, as is consistent with the THDAA
data (Supplementary Tables 1, 2).

The proportion of sulfur-containing MF increased only for
the WT from 11% at T1 to 37% at T3. Phaeobacter spp. are
known to produce a range of sulfur containing metabolites
such as TDA, tropone, tropolone and its derivates as well
as several volatiles involved in species interactions (Thiel
et al., 2010; Brock et al., 2014a,b). Although volatile organic
compounds could not be detected by FT-ICR-MS in this
study, several other sulfur containing compounds produced as
intermediates of the TDA biosynthesis pathway may be released
for the WT. Most of these intermediates are generated after
the TdaE catalysis step (Duan et al., 2020), likely reflecting
the lower percentage of sulfur-containing MF detected for
tdaE−. Moreover, reduction of sulfate for incorporation
into organic molecules is an energy intensive process. Some
coastal bacterioplankton communities preferentially process
organic sulfur, assimilating organic matter with a 1.6-fold
bias toward sulfur-containing molecules (Vorobev et al.,
2018). Thus, obtaining pre-reduced sulfur from organosulfur
compounds released by other microbes, could be a survival
strategy for many bacterial taxa (Moran and Durham,
2019). This may be of particular importance in biofilms,
the major environmental niche of P. inhibens, where cooperative
behavior, metabolite exchange and cross-feeding are required
(Xavier and Foster, 2007).

For annotation of exometabolites, we scanned all MF
against the genome-predicted metabolite list for P. inhibens
generated with BioCyc and KEGG databases, resulting in the
putative assignment of 36, 21 and 26 exometabolites for tdaE−,
pgaR− and WT, respectively (Supplementary Table 3). Thus,
most of the MF detected in the exometabolomes were not
predicted by the genome and/or could not be matched to
any metabolite database. Some of the exometabolites could
be a result of paralogous and overflow metabolism; however,
there might also be wrong or incomplete annotations in
the database reducing the annotation efficiency. Our putative
annotation is supported by the detection/annotation of several
identical metabolites in other studies with similar approaches
(Romano et al., 2014; Fiore et al., 2015; Johnson et al.,
2016; Wienhausen et al., 2017) as indicated in Supplementary
Table 3. We found, as expected, the major QS molecule N-3-
hydroxydecanoyl-homoserine lactone in the exometabolome of
all three strains, and TDA present in the WT exometabolome
and absent from that of the tdaE−. We suspected that pgaR−
might produce TDA toward late exponential phase since it
has all the biosynthesis genes and TDA is known to auto
induce its own biosynthesis in some strains (Geng and Belas,
2010; Berger et al., 2012). However, TDA was not detected,
confirming that its production was highly down-regulated

in this mutant (Berger et al., 2011; Beyersmann et al., 2017).
Relative abundance of TDA showed a log2 fold change of
−1.35 from T2 to T3 for the WT. Relative abundance of
AHL showed a log2 fold change of −2.38, −1.96 and +0.69
for the WT, tdaE− and pgaR−, respectively, from T1 to
T2. From T2 to T3, log2 fold change of AHL was −0.33,
−1.17 and −0.64 for the WT, tdaE− and pgaR−, respectively
(Supplementary Table 4).

Differential Detection of Amino Acids in
the Exometabolomes
Concentrations of THDAA measured by HPLC increased
during exponential and stationary growth phases of all strains,
reaching a final amino acid concentration of 31.3 µM, 44.4 µM
and 96.8 µM for WT, tdaE− and pgaR−, respectively. During
exponential and stationary phases of all three strains, glutamate,
glycine and alanine dominated the pool, constituting together
nearly 60 mol% of THDAA (Supplementary Table 2), as
observed previously (Wienhausen et al., 2017). Concentrations
of DFAA remained below the detection limit of HPLC
analysis for all three strains; however, masses matching
tryptophan, tyrosine, phenylalanine and histidine were
detected in the exometabolomes by FT-ICR-MS. Most MF
identical to amino acids and biosynthetic precursors and
derivatives of amino acids were also putatively detected
in the DOM of North Sea mesocosms and Mediterranean
Sea water samples (Osterholz et al., 2015; Martínez-Pérez
et al., 2017). However, we cannot exclude that these
masses reflect other compounds with equal elemental
composition. Both HPLC and FT-ICR-MS data indicate
that the WT releases less amino acids than the mutants
(Supplementary Tables 1, 3), pointing to the differential
regulation of primary and secondary metabolism in the mutants
(Yan et al., 2021).

From the FT-ICR-MS data, phenylalanine was detected in
all exometabolomes except for stationary phase of the WT.
In P. inhibens, tropone, TDA and roseobacticides are all
biosynthesized in a QS-regulated manner from phenylacetyl-CoA
or phenylpyruvate, which are mainly produced by degradation
of phenylalanine (Thiel et al., 2010; Seyedsayamdost et al.,
2011; Berger et al., 2012; Brock et al., 2014a; Rabe et al.,
2014; Wang et al., 2016). Since QS is switched on at higher
cell densities attained in late exponential phase, in the WT
phenylalanine is redirected toward biosynthesis of tropone and
its derivatives, explaining its absence in the exometabolome
at stationary phase. Compared to the WT, relative abundance
of phenylalanine was 6-fold and 3-fold higher in exponential
phase cultures of pgaR− and tdaE−, respectively. Transcriptome
analysis and labeling experiments showed that phenylalanine
is not catabolized for energy in the WT, but only used as
precursor for TDA production (Will, 2018), which could explain
why we detected the amino acid in exometabolome of both
mutants where TDA production is absent. The production of
tropone and its derivatives generated from phenylacetyl-CoA
depends on a dedicated metabolic pathway including TdaE and
multiple steps of this pathway are QS-regulated (Brock et al.,
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FIGURE 4 | Impact of TDA and AHL signaling on exometabolome of P. inhibens DSM 17395. The pgaR gene is encoding for the N-acyl-homoserine lactone
regulator (AHL-R) and pgaI for the AHL synthase. The tdaA gene encodes the transcriptional regulator for the tropodithietic acid (TDA) biosynthesis gene cluster,
tdaB-F. The observed impact of TDA and AHL-mediated global regulation on the exometabolome based on differential detection of ecologically relevant metabolites
is indicated by arrows outside the cells. In the wild type (A), AHL and TDA molecules interact with the AHL regulator to regulate global gene expression. This
signaling also results in upregulation of TDA and AHL biosynthesis genes. In pure cultures of the tdaE− mutant (B), there is an intact AHL-based regulation, but no
TDA production due to a non-functional tdaE gene. Therefore, TDA-based regulation is absent resulting in the absence of certain interaction metabolites such as
vitamins and auxins. In the pgaR− mutant (C), there is neither AHL- nor TDA-based regulation since there is no regulator for the molecules to bind to. This results in
the unregulated release of nitrogen containing metabolites but many exometabolites vital for species interactions are absent. This figure is based on QS signaling
model proposed by Beyersmann et al. (2017). The original figure is licensed under Creative Commons Attribution 4.0 International License
(https://creativecommons.org/licenses/by/4.0/) thereby permitting modifications.
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TABLE 1 | Putatively annotated ecologically relevant metabolites detected differentially in the exometabolomes of P. inhibens DSM 17395 WT and the mutants pgaR−

and tdaE−.

Molecular formula Putative metabolites Function WT pgaR− tdaE−

T1 T2 T3 T1 T2 T3 T1 T2 T3

C14H25NO4 N-3-hydroxydecanoyl-L-
homoserine
lactone

Quorum sensing + + + + + + + + +

C8H4O3S2 Tropodithietic acid Antimicrobial, signaling – + + – – – – – –

C10H9NO2 Indole acetic acid (IAA) Auxin – – + – – – – – –

C11H11NO2 Methyl (indole-3-yl) acetate IAA related – – – – – + – – +

C11H12N2O2 Tryptophan Amino acid IAA precursor – – – – – + – – –

C9H11NO2 Phenylalanine Amino acid (precursor of
tropone, TDA, algicide)

+ + – + + + + + +

C9H11NO3 Tyrosine Amino acid – – – – – + – – –

C6H9N3O2 Histidine Amino acid – – – – – – + + –

C10H15N2O8P Thiamine phosphate Vitamin B1 – – + – – – – – –

C17H20N4O6 Riboflavin Vitamin B2 – – + – – – – – +

C9H17NO5 Pantothenate Vitamin B5 – – + – – – – – +

C8H9NO3 Pyridoxal Vitamers of B6 – – – – – + – – –

C8H11NO3 Pyridoxine – – – – – + – – –

C8H12N2O2 Pyridoxamine – – – – – + – – –

C10H18N2O3 Dethiobiotin Vitamin B7 precursor + + + + + + + + +

C14H18N2O4 Alpha-ribazole Vitamin B12 precursor – + + – – – – + +

C14H19N2O7P Alpha-ribazole-5-phosphate Vitamin B12 precursor + – – – – – – – –

C7H6O4 3,4-dihydroxy benzoate (3,4-DHB) Siderophore building block – + + – – – – + +

+/– indicates presence/absence of metabolites, and T1 (lag), T2 (mid-exponential), T3 (early stationary) indicate the growth phases in which the metabolites were detected.

2014a,b; Wang et al., 2016; Duan et al., 2020). Thus, the absence
of global regulation in the mutants may reduce conversion
of phenylalanine into tropone products, resulting in release
of the amino acid.

Ecologically Relevant Metabolites
Putatively Identified From Molecular
Formulae
The putatively annotated compounds included late biosynthetic
precursors of and/or vitamins B1, B2, B5, B6, B7 and B12,
amino acids and biosynthetic precursors and derivatives of
amino acids, the phytohormone indole acetic acid (IAA) and
its methylated form, siderophore components, AHLs and TDA
(Figure 4). Many of these compounds were detected only for
specific strains and/or at specific growth phases (Table 1 and
Supplementary Table 3).

We detected thiamine monophosphate (vitamin B1) only
in the exometabolome of WT at T3. Riboflavin (vitamin
B2) and pantothenate (vitamin B5) were detected in the
exometabolomes of tdaE− and WT at T3. Alpha-ribazole, a
biosynthetic precursor of cobalamin (vitamin B12) was detected
in the exometabolomes of WT and tdaE− at T2 and T3. Pyridoxal,
the dephosphorylated form of vitamin B6 and alpha-ribazole
were also putatively detected in DOM of a mesocosm experiment
simulating North Sea phytoplankton bloom (Osterholz et al.,
2015) and Mediterranean Sea water samples (Martínez-Pérez
et al., 2017). Vitamins and their precursors are well-known
factors orchestrating phytoplankton-bacteria interactions since

∼50% of > 300 phytoplankton species are auxotrophic for
vitamin B12, ∼25% for vitamin B1, ∼8% for vitamin B7,
and > 60% of marine bacterial species are unable to synthesize
vitamin B12 (Croft et al., 2005; Sañudo-Wilhelmy et al., 2006,
2014; Grant et al., 2014; Cruz-López and Maske, 2016; Cruz-
López et al., 2018; Cooper et al., 2019). Exchange or one-way
supply of vitamins is already known for some roseobacters such
as Sulfitobacter, Dinoroseobacter and Ruegeria spp. (Wagner-
Döbler et al., 2010; Durham et al., 2015; Cruz-López and Maske,
2016; Cruz-López et al., 2018; Cooper et al., 2019). P. inhibens
being a biofilm former and often found associated with
phytoplankton in mesocosm studies and natural phytoplankton
blooms (González et al., 2000; Grossart et al., 2005; Rao et al.,
2006; Thole et al., 2012; Green et al., 2015; Majzoub et al.,
2019), may be a key player in vitamin-based species interactions.
Based on the differential detection of various vitamins and
their precursors in the exometabolomes, we hypothesize that
in P. inhibens export of vitamin B1 is influenced by AHL-
and TDA-based regulation while export of alpha-ribazole, the
vitamin B12 precursor, and vitamins B2 and B5 is influenced only
by AHL-mediated regulation (Table 1). Our findings provide
a novel insight into the influence of signaling molecules on
the release of vitamins and/or their precursors into the marine
environment (Figure 4).

Microbial interdependencies extend beyond vitamins
to signaling molecules and growth-promoting auxins. We
detected tryptophan only in the exometabolome of pgaR−
at T3, and IAA only in the exometabolome of the WT at T3
(Table 1). Both tryptophan and IAA have been identified as
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key metabolites in the interaction between P. inhibens and
the coccolithophore Emiliana huxleyi (Segev et al., 2016)
as well as another roseobacter, Sulfitobacter sp. SA11 and
the diatom Pseudo-nitzschia multiseries (Amin et al., 2015).
P. inhibens produces IAA as a growth promoting/inhibiting
molecule for E. huxleyi from endogenous tryptophan but can
also shunt exogenous tryptophan (from its host) primarily
toward IAA production. Detection of IAA only in the
WT exometabolome suggests that its biosynthesis from
endogenous tryptophan and its release may require both
AHL- and TDA-based regulation. In the exometabolome of
the TDA-negative mutant, neither IAA not tryptophan was
detected, suggesting the channeling of tryptophan toward other
metabolic pathways, as the strain still possesses functional
AHL-based QS. In the absence of both regulatory mechanisms,
tryptophan is released. Thus, we suspect that TDA-based
regulation plays a major role in directing tryptophan toward
IAA biosynthesis.

Comparing our data with naturally-derived DOM from a
mesocosm experiment simulating a North Sea phytoplankton
bloom (Osterholz et al., 2015) and a North Sea transect
study (Osterholz et al., 2016) revealed 208 and 67 matches,
respectively, for masses with unique molecular formulae
assigned. 95% of the matches from the mesocosm study were
present not only in the mesocosm samples but also in the
sea water samples (Supplementary Table 3), indicating that
at least on the molecular formula level, a large fraction of
the detected metabolites in our study are indeed part of
the natural DOM. These matches include certain universal
exometabolites such as amino acids and their precursors
but also metabolites that are widespread among roseobacters
such as quorum sensing molecules (Ziesche et al., 2015).
Some metabolites like vitamins and their precursors are
more valuable in the open ocean as auxotrophy is widely
distributed (Sañudo-Wilhelmy et al., 2014) and even among
prototrophs, only some release the vitamins for common use.
Phaeobacter spp. have been isolated from various marine habitats
such as coastal waters, harbor surfaces, microbial biofilms
and in association with eukaryotes including diatoms and
coccolithophores (Seyedsayamdost et al., 2011; Thole et al.,
2012; Gram et al., 2015; Majzoub et al., 2019). A recent
study revealed their widespread natural occurrence in the
marine pelagial along a longitudinal Pacific transect (Freese
et al., 2017). Although the contribution of individual bacterial
exometabolomes to marine DOM remains largely unknown
(Bercovici et al., 2022) and abundance of Phaeobacter spp.
in metagenomic databases from the oceans is very low,
their potential for host-associated and biofilm-forming lifestyle
renders it ecologically significant to study the exometabolites
released by them into the DOM.

Differential production of exometabolites by the P. inhibens
strains investigated in this study reveals the ecological advantage
conferred to the WT by AHL- and TDA-based signaling,
despite the metabolic burden (Figure 4). Furthermore,
these two regulatory mechanisms seem to be interlinked
in influencing production and release of amino acids and
vitamins as well as their precursors, signaling molecules,

siderophores and other secondary metabolites, relevant for
organismal interactions. In the absence of these regulatory
mechanisms, the bacterial exometabolome is markedly different,
indicating high relevance of these mechanisms in structured
environments such as biofilms and phycospheres where
interdependencies are vital.

CONCLUSION

Phaeobacter inhibens was often found associated with marine
eukaryotes, and its ability to form biofilms, accompanied with
production of secondary metabolites like TDA enables the
bacterium to even invade pre-established biofilms (Rao et al.,
2006). In microbial consortia, release of high-value metabolites
such as vitamins, amino acids, auxins and siderophores is
indispensable for the collective community success. The non-
targeted characterization of the diverse exometabolomes of WT
and mutants of P. inhibens by ultrahigh-resolution FT-ICR-
MS revealed that AHL- and TDA-based QS are important
factors regulating production and release of a multitude of
compounds. Metabolites of known ecological relevance were
differentially detected in the exometabolomes of mutants and
WT. Absence of AHL- and TDA-based global regulatory systems
resulted in the absence of several of these key exometabolites
and in a substantially different exometabolome composition.
Thus, we conclude that in our model organism the full suite
of compounds released is highly regulated by at least two core
processes—AHL-based QS and TDA production. The fact that
the exometabolomes of the individual strains contain more
unique (40–60%) than shared (10–12%) exometabolites stands
testimony to our conclusion. Although TDA production is
limited to a few genera, the impact of TDA on exometabolome
composition could serve as a model for other secondary
metabolites, possibly also having regulatory function. Moreover,
AHL-based QS being widespread in Proteobacteria might also
have a strong influence on exometabolomes of many other
bacteria. Hence, this study underlines the significance of
global regulatory mechanisms for production of complex and
diverse exometabolomes, critical for bacteria dwelling in biofilm
consortia and host-associations.
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