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Abstract
Bacteria play a key role in sustaining the chemodiversity of marine dissolved organic matter (DOM), yet there

is limited direct evidence of a major contribution of bacterial exometabolites to the DOM pool. This study tests
whether molecular formulae of intact exometabolites can be detected in natural DOM via untargeted Fourier-
transform ion cyclotron resonance mass spectrometry (FT-ICR-MS). We analyzed a series of quantitative mix-
tures of solid-phase extracted DOM from the deep ocean, of a natural microbial community and selected model
strains of marine bacteria. Under standard instrument settings (200 broadband scans, mass range 92–1000 Da),
77% of molecular formulae were shared between the mesocosm and marine DOM. However, there was < 10%
overlap between pure bacterial exometabolome with marine DOM, and in mixing ratios closest to mimicking
natural environments (1% bacterial DOM, 99% marine DOM), only 4% of the unique bacterial exometabolites
remained detectable. Further experiments with the bacterial exometabolome DOM mixtures using enhanced
instrument settings resulted in increased detection of the exometabolites at low concentrations. At 1000 and
10,000 accumulated scans, 23% and 29% of the unique molecular formulae were detectable at low concentra-
tions, respectively. Moreover, windowing a specific mass range encompassing a representative fraction of
exometabolites tripled the number of unique detected formulae at low concentrations. Routine FT-ICR-MS set-
tings are thus not always sufficient to distinguish bacterial exometabolome patterns from a seawater DOM back-
ground. To observe these patterns at higher sensitivity, we recommend a high scan number coupled with
windowing a characteristic region of the molecular fingerprint.

Marine dissolved organic matter (DOM) is a complex mix-
ture of molecules, consisting of hundreds of thousands of dis-
tinct compounds (Zark et al. 2017). One potential contributing
factor to this high diversity is the exometabolome of marine
bacteria. Even when provided a simple substrate, bacteria can
produce a whole suite of highly diverse exometabolites
(Lechtenfeld et al. 2015; Wienhausen et al. 2017; Noriega-
Ortega et al. 2019). For instance, within exometabolites from
selected model strains of the Roseobacter group, thousands of
molecular masses of intact compounds were detected, showing
that bacteria produce molecular diversity rivaling or even
exceeding that of marine DOM (Noriega-Ortega et al. 2019).
There is substantial evidence for the contribution of bacteria
in producing and sustaining DOM diversity (Osterholz

et al. 2015; Noriega-Ortega et al. 2019). Moreover, microbial
products, such as D and L- enantiomers of amino acids, have
been detected in seawater (McCarthy et al. 1998; Dittmar
et al. 2001; Benner and Kaiser 2003).

Most molecular analytical techniques use chemical frag-
mentation to assess the building blocks of large macromole-
cules (Mopper et al. 2007) or target a small fraction of
individual compounds in seawater (Kujawinski 2011). In met-
abolomics, these targeted studies are important for the detec-
tion and analysis of specific metabolites in the natural
environment. However, untargeted studies can distinguish
molecular fingerprints between environmental samples and
discover new biomarkers through the simultaneous measure-
ment of many metabolites (Alonso et al. 2015). These analyses
typically use high-resolution mass spectrometry and generate
large amounts of complex data.

Mass spectrometry acquires spectral data in the form of a
mass-to-charge ratio (m/z) and a relative intensity of mole-
cules within the ionized analyte. Electrospray ionization (ESI;
Fenn et al. 1989) is one of the most common ionization
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methods in mass spectrometry. During the electrospray pro-
cess, the loss or gain of a proton ionizes analyte molecules
without destroying them, allowing for their intact detection
(Fenn et al. 1989). Numerous studies in various fields (envi-
ronmental, pharmaceutical, toxicology, medical) use ESI due
to its ease of use, fast sample time, low solvent consumption,
and ability to be used for diverse analytes with large polarity
and size ranges (Mallet et al. 2004). However, the ESI signal
can be affected by flow instability, background noise, mobile
phase interferences, and ion competition between the drop-
lets. These phenomena can suppress or enhance certain ions
and have an established effect on both targeted and
untargeted analyses (Ghosson et al. 2021). Moreover, past
studies that use mass spectrometry to assess biomarkers,
metabolites, pharmaceuticals, and environmental contami-
nants report concerns with ionization and matrix effects
associated with ESI (Avery 2002; Matuszewski et al. 2003;
Mei et al. 2003; Mallet et al. 2004; Rowland et al. 2014).
When detecting an analyte in a sample with a high concen-
tration of extraneous material, purification techniques
through extraction or separation chromatography can reduce
ion suppression and improve the signal (Annesley 2003).
However, those studies are most often targeted analyses to
look for specific compounds, such as known biomarkers or
contaminants. In untargeted studies, complete separation of
all individual constituents is most often impossible (Kang
et al. 2007; Remane et al. 2010; Yan and Kaiser 2018). These
matrix effects would likely influence untargeted analyses of
marine DOM and marine bacterial metabolite samples. In
any case, untargeted mass spectrometry analyses have used
continuous accumulation of selective ions (CASI; hereafter
referred to as windowing) and longer ion accumulation time
to provide additional, important information on DOM
(Petras et al. 2017). For instance, structural information can
be inferred (Witt et al. 2009; Leyva et al. 2022) and the num-
ber of formulae that can be assigned to peaks increases by
� 40% (Sleighter et al. 2009; Cao et al. 2016).

The aim of this study was the establishment of a non-
targeted, holistic approach on a molecular formula-level to
broaden the analytical window as much as possible. The
approach should allow for routine and fast screening of
exometabolites in DOM samples extracted from seawater.
The time-consuming and selective quantitative determina-
tion of individual microbial exometabolites in seawater was
not in the focus of our study. Instead, this study focused on
identifying and distinguishing specific fingerprints and pat-
terns of bacterial metabolites from a seawater background.
We used Fourier transform ion cyclotron resonance mass
spectrometry (FT-ICR-MS) to assess the detection of bacterial
exometabolites in seawater. Due to the ultra-high mass reso-
lution of FT-ICR-MS, the molecular masses of thousands of
individual compounds can be detected at high sensitivity
within a single sample; it is thus a valuable tool for non-
targeted and global characterization of the molecular

composition of complex organic mixtures such as microbial
exometabolomes and marine DOM (Sleighter et al. 2014). To
further enhance analytical sensitivity of FT-ICR-MS, we col-
lected up to 10,000 broadband mass spectra per sample and
used CASI over a specific mass range (windowing).

Materials and procedures
DOM origin

Three types of DOM were used in this analysis: a marine
DOM representative from the mesopelagic Pacific Ocean (col-
lected from the Natural Energy Laboratory of Hawaii Authority
in 2009; Green et al. 2014), a marine mesocosm DOM sample
collected from a 3-yr experiment involving a natural seawater
inoculum (Osterholz et al. 2015) and a bacterial exometabolome
from Phaeobacter inhibens (GenBank: CP002976.1; Noriega-
Ortega et al. 2019), a representative member of the Roseobacter
group. Marine bacteria of the Roseobacter group are ubiquitous
in the ocean and abundant during phytoplankton blooms
(Buchan et al. 2014). Their exometabolomes contain thousands
of molecular formulae and potentially contribute to the
chemodiversity of marine DOM (Noriega-Ortega et al. 2019).

SPE-DOM extraction and DOC quantification
Samples for the mesocosm, exometabolome, and marine

DOM were desalted and concentrated with PPL cartridges as
described in Osterholz et al. (2015), Noriega-Ortega et al. (2019),
and Green et al. (2014), respectively, following the method
introduced by Dittmar et al. (2008). All extracts were stored at
�20�C until FT-ICR-MS analysis. The extraction efficiency was
determined through the concentration of extracted dissolved
organic carbon, obtained from a Shimadzu TOC-VPCH total
organic carbon analyzer equipped with an autosampler ASI-V
via high-temperature catalytic combustion. The analyses were
quality controlled using a DOC deep sea reference material
(Hansell Biogeochemistry Laboratory, University of Miami;
CV = 5%). The overall extraction efficiencies (calculated with
DOC) for the mesocosm and exometabolome extracts were
35% and 31%, respectively (Osterholz et al. 2015; Noriega-
Ortega et al. 2019). The extraction efficiency of the marine
DOM sample was 61 � 3% (Green et al. 2014).

Dilution experimental setup
In terms of carbon extracted, the following mixtures were

prepared from the PPL extracts: 0%, 1%, 5%, 10%, 20%, 25%,
30%, 40%, 50%, 60%, 70%, 75%, 80%, 90%, 95%, 99%, and
100% of exometabolome DOM and 0%, 10%, 20%, 30%,
40%, 50%, 60%, 70%, 80%, 90%, and 100% of mesocosm
DOM, respectively, each mixed with the extracted deep ocean
reference DOM to a DOC concentration of 2.5 mg L�1. These
samples (17 mixtures of exometabolome with deep ocean
DOM and 11 mixtures of mesocosm with deep ocean DOM)
were analyzed on the FT-ICR-MS in routine settings with an
autosampler (see below). Additionally, more concentrated
solutions (5 mg C L�1) of pure deep reference DOM, pure
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exometabolome, and 1% exometabolome (99% deep reference
water) were prepared for manual injections with 1000
or 10,000 broadband scans and a specific mass window
(200–250 Da) with 1000 scans. The higher concentration
enhances sensitivity, but requires manual quality control of
the spectra, because for some samples, the ICR becomes over-
loaded at a DOC concentration of 5 mg L�1. While the pure
extracts were originally dissolved in methanol, the final solu-
tions run on the FT-ICR-MS consisted of 50% methanol (LC–
MS/MS grade, Sigma-Aldrich) and 50% ultrapure water.

DOM characterization by FT-ICR-MS
Ultrahigh-resolution mass spectrometry was performed on

a Bruker Solarix XR 15 Tesla FT-ICR-MS (Bruker Daltonik
GmbH) with ESI in negative ion mode, with a voltage of
4.5 kV. ESI negative ion mode was used in this case because
this setting is typically used to measure marine DOM. The
sample flow rate was 360 μL h�1, the temperature was 200�C
and the hexapole accumulation time was 0.65 ms. Mass spec-
tra were accumulated with either 200, 1000, or 10,000 scans.
The 200 scans were accumulated using an autosampler (CTC
Analytics AG), while the 1000 and 10,000 scan samples were
collected with manual injection. One sample with 200 accu-
mulated scans takes 12 min to run and uses up 72 μL of sam-
ple (or 12.5 nmols C), with a rate of 6 μL min�1. Samples with
1000 and 10,000 accumulated scans take 47 and 470 min
(8 h) per sample and use up 282 μL (117 nmols C) and 2.8 mL
(1.17 μmols C) of sample, respectively. Scans were accumu-
lated in a mass window ranging from 92 to 1000 m/z. The
spectra were calibrated as described in Riedel and Dittmar
(2014) using an internal calibration list within the Bruker
Daltonics Data Analysis software package. This list consists of
51 compounds present in the sample and covered the entire
mass range from 92 to 1000 m/z. After calibration, the mass
error was < 0.1 ppm. After calibration, the mass lists were
processed using ICBM-OCEAN (Merder et al. 2020). ICBM-
OCEAN uses a method detection limit (MDL) to account for
noise and reduce systematic error to allow for a more precise
formula attribution. The MDL calculation is described in detail
in Riedel and Dittmar (2014) and Merder et al. (2020). Calcu-
lating the MDL is a more robust method to distinguish signal
from noise than the traditionally used fixed signal-to-noise
ratio, as it is based on a reproducible procedure and statistical
significance analysis that removes noise peaks while keeping
analyte peaks with low signal intensities (Riedel and
Dittmar (2014)). Because of these analytical improvements
associated with MDL, we strongly recommend using that
approach instead of an S/N cutoff. The results of ICBM-
OCEAN in this study were the “Likeliest matches” dataset,
which provides the most likely molecular formulae based on a
large homologous series network, isotope ratio verifications,
and the smallest difference to the reference mass.

After data processing in ICBM-OCEAN, masses present in
the blanks were considered contaminants and removed, and

only masses up to 800 m/z were considered. Only those
masses assigned molecular formulae were included in the
analysis and isotopologues were removed from further consid-
eration. All samples were run in triplicate and the mass spectra
reported here are the mean of the replicates. Any peak whose
height fell below the MDL when the triplicates were averaged
was set to zero. The signal intensities were normalized by
dividing the FT-ICR-MS signal intensity of each molecular
mass by the total sum of intensities within each sample. We
selected a window between m/z values of 200–250 m/z to iso-
late a range that includes most molecular formulae unique to
the exometabolome. Data were analyzed and graphically rep-
resented using RStudio version 4.1 (R Core Team 2009–2021).

Distinguishing ESI suppression from MDL in the dilution
series

To assess the extent to which ESI suppression plays a role
in the detection of bacterial exometabolites in a marine DOM
sample, we generated a dataset that considers only dilution
and MDL, with no additional ion suppression from the ESI
source. This simulated dataset was generated from the
triplicate-averaged mass spectra from the pure bacterial
exometabolome endmember and the pure marine
endmember, and was calculated for each individual molecular
formula as follows:

In,simulated ¼ a� In,marineþb� In,bacterial ð1Þ

where a and b are the same dilution steps that add up to
100% (see previous sections) and I n,marine and I n,bacterial

represent the FT-ICR-MS signal intensities (I) of each individ-
ual molecular formula (n) of the original marine and bacterial
exometabolome endmembers, respectively. Then, to account
for MDL, any peak height that fell below the MDL in the cal-
culated dataset was set to zero. We therefore generated a
dataset with this equation that would represent what the spec-
tra would look like only affected by dilution and MDL. We
compared this dataset with our observed data to identify any
changes in detection due to factors beyond simple dilution
and MDL.

Assessment
Distinguishing microbial DOM from marine DOM with
automated routine settings

For the exometabolome, 44% of the detected masses were
assigned unique formulae that followed the defined restric-
tions set for C, N, O, S, and P set in ICBM-OCEAN (Merder
et al. 2020). For the mesocosm and deep seawater, 55% and
61% of the masses were assigned formulae, respectively. With
routine settings, 1115 unique molecular formulae were
detected in the exometabolome and 2456 unique to the deep-
sea DOM endmembers. Only 111 were shared between the
two DOM types (< 10% of total exometabolome formulae)
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(Fig. 1; Table 1). As the mixing ratio of exometabolome to
marine DOM decreased, most unique exometabolite peaks fell
below the MDL. When the dilution mixture was 50%
exometabolome, 29% of the unique exometabolome formulae
were detected; when the mixture was 1% exometabolome, 7%
of the unique formulae remained detectable, making up only
0.9% of the total relative peak abundance (Fig. 2). The meso-
cosm DOM (Fig. 1b) had a greater overlap with the deep sea-
water DOM; of the 1973 formulae detected in the mesocosm
DOM, 77% were shared with deep seawater DOM and 23%
were unique to the mesocosm (Table 1). At 50% mesocosm,
1847 of the 1973 original molecular formulae (94%) were
detected. At 10% mesocosm, 1560 mesocosm formulae (79%)
were detected; however, only 137 of those formulae were
unique to the mesocosm, making up 0.6% of the relative
abundance.

Detection of microbial DOM within a deep seawater
background

To determine whether the microbial DOM signatures were
selectively suppressed in relation to the deep seawater back-
ground, observations were compared to the simulated dataset
described in Eq. 1. Detected signal intensities of mesocosm
DOM fit well with the simulated intensities from our mixing
model, suggesting that there was no additional ion suppres-
sion of mesocosm DOM beyond dilution and MDL constraints
(Fig. 3). For the exometabolome DOM, slight ion suppression
was observed in the presence of deep seawater DOM (Fig. 3):
both the simulated relative abundance and total number of
molecular formulae were typically higher than the observed
relative abundance of the exometabolome. Overall, the
observed deviations between expected and observed signal
intensities were minor, indicating minor matrix effects and
minor additional ion suppression due to mixing of different
samples.

The total ion current (TIC), or the sum of all ions detected
via FT-ICR-MS in a sample of exometabolome, mesocosm, or
deep seawater DOM, also provides insights for why some
molecular formulae are undetected beyond simple dilution
(Fig. 3). If the TIC is normalized to the concentration of ana-
lyte (i.e., concentration of marine or microbial DOM) and
there is no difference in ionization efficiency, there will be no
change in the detector response, as was observed for both the
deep seawater and the mesocosm (Fig. 3f). However, there was
a linear change in the normalized TIC of the exometabolome,
implying a reduced detector response of exometabolites when
in the presence of marine DOM (Fig. 3c). Furthermore, the
detector response for deep seawater is an order of magnitude
greater than that of exometabolome DOM. Such a large differ-
ence in detector response is not evident for the mesocosm
DOM sample, which showed no difference in ionization effi-
ciency when compared to deep seawater.

Chemical characteristics of detected microbial DOM along
the dilution series

There were limited notable changes in the chemical com-
position of detected/observed DOM for either type of micro-
bial DOM when diluted (Fig. 4). The distribution of molecular
masses and indices, and chemical ratios remained largely the
same. However, lower molecular weight material was preferen-
tially detected at low percentages of bacterial exometabolome
and mesocosm (Fig. 4a,d). There are still marked differences
between the mesocosm and marine DOM (Osterholz
et al. 2015), but due to the high peak overlap, there is less ion
suppression of the mesocosm and instead just loss in detec-
tion due to dilution (Fig. 3d). Because bacterial exometabolites
in our DOM samples are likely affected by some ion suppres-
sion due to the ESI (Fig. 3c), in the following sections, we dis-
cuss possible steps to enhance their detection through
increased scan numbers and windowing.
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Fig. 1. Normalized FT-ICR-MS mass spectra of solid-phase extracted
DOM from (a) Roseobacter exometabolome; (b) experimental mesocosm
with natural microbial community; (c) natural deep seawater.
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Enhanced detection through increased scan numbers: 1000
and 10,000 scans

To assess improved settings for the detection of the
exometabolome mixed with marine DOM, mass spectra
consisting of 1000 and 10,000 accumulated scans of pure
exometabolome, pure marine DOM and 1% exometabolome
were obtained. We chose the 1% mixture to represent a sam-
ple that would more closely reflect the natural environment.

An increase in scans allows for both an increased resolution
and TIC. However, it also takes more time and more sample
volume. While the 200-scan routine samples only take
12 min to run, and use up � 70 μL of sample, the 1000 and
10,000 scan samples take 47 and 470 min (8 h) per sample,
and use up 282 μL and 2.8 mL of sample, respectively. In
the 1000-scan spectrum of pure exometabolome, there were
1774 identified molecular formulae, with 1255 (71%) of

Table 1. Unique and shared exometabolome and mesocosm molecular formulae with marine DOM for samples run at 200 scans, and
unique and shared formulae for the exometabolome run at 1000 (both broadband and windowed) and 10,000 scans.

Total number of
molecular formulae

Number of formulae
overlapping with
marine DOM

Unique microbial
molecular formulae

Remaining unique
microbial formulae*

200 scans

Exometabolome 1226 111 1115 83 (7%)

Mesocosm 1973 1514 459 137 (30%)

1000 scans

Exometabolome 1774 519 1255 289 (23%)

Windowed

exometabolome

(200–250 m/z)

837 183 654 176 (27%)

10,000 scans

Exometabolome 11,610 5834 5776 1668 (29%)

*Unique molecular formulae remaining at the lowest concentration of microbial DOM (1% and 10% for the exometabolome and mesocosm, respectively).
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Fig. 2. Normalized FT-ICR-MS mass spectra of (a) 50% exometabolome mixed with 50% marine DOM; (b) 10% exometabolome mixed with 90%
marine DOM; (c) 50% mesocosm mixed with 50% marine DOM; (d) 10% mesocosm mixed with 90% marine DOM. The gray background depicts the
total spectrum of the mixture, while the black represents just those peaks unique to the microbial DOM.
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them unique to the exometabolome (Table 1). In the
10,000-scan exometabolome sample, there were 11,610 for-
mulae, with 5834 (50%) unique to the exometabolome
(Table 1). In the 1000- and 10,000-scan spectra, 29% and 50%
of exometabolome formulae were shared with marine DOM,
respectively, suggesting that mass spectra with more accumu-
lated scans contained more shared formulae between deep sea-
water DOM and the pure bacterial exometabolome.

In the 1% exometabolome sample at 1000 and 10,000 scans,
289 and 1668 (23 and 29%) of the unique exometabolome for-
mulae remained detected, respectively (Table 1). These results
show that a greater number of scans allows for greater detection
of molecular formulae unique to a bacterial exometabolome
when present at low concentrations. However, even at 10,000
scans, not all the molecular formulae present in the pure
exometabolome were detected in the 1% sample, suggesting
that these techniques providing higher resolution and signal to

noise ratios will still not provide a complete representation of
all bacterial exometabolites present in the marine environment.
Overall, broadband scanning may not enhance the signal-to-
noise ratio to sufficiently detect most bacterial metabolites in
seawater. Instead, windowing a specific m/z range could pro-
vide further information that is not achievable with broadband
scanning.

Windowed scans
An alternative approach to increase the detection of bacte-

rial exometabolites is to use windowed scanning, which tar-
gets a specific m/z range. In this approach, we collected 1000
windowed scans of the pure and 1% exometabolome samples
to determine if there was improved detection of unique for-
mulae. A window between m/z values of 200–250 m/z was
selected, as this range encompasses a large portion of molecu-
lar formulae unique to the exometabolome (> 55%; Fig. 1a).
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Furthermore, this range only contains 93 formulae (2%)
unique to the marine DOM, as most of the m/z distribution of
marine DOM ranges between 300 and 800 (Fig. 1c).

In the windowed pure exometabolome spectrum, 837 molec-
ular formulae were detected, with 654 (72%) of them unique to
the exometabolome (Table 1; Fig. 5). In contrast, 331 unique
exometabolome formulae were detected in the broadband
1000-scan sample. In the 1% exometabolome windowed sam-
ple, 176 (27%) of those unique molecular formulae were
detected, making up 12% of the relative abundance. In the same
200–250 m/z range of the 1% exometabolome broadband scan
sample, only 55 peaks (17%) of the original unique exometa-
bolome formulae were detected, comprising 0.1% of the relative
abundance (Fig. 5). Overall, windowing nearly doubled the num-
ber of detected unique exometabolome molecular formulae in
the pure exometabolome sample; in the 1% exometabolome
sample, the number of detected peaks tripled.

Discussion
In this study, we tested whether molecular formulae of

intact exometabolites can be detected in marine DOM. The
extraction efficiencies of the exometabolome and mesocosm
were relatively low (31% and 35%, respectively) as compared
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to the marine DOM, suggesting that the bacterial DOM is less
efficient at binding to the PPL cartridge. Generally, aromatic
compounds that are neutral during PPL extraction have a high
retention, while smaller, charged molecules with less aroma-
ticity (such as certain amino acids and peptides) are not as effi-
ciently extracted by PPL (Johnson et al. 2017). As bacterial
DOM is typically enriched in these smaller, more polar
metabolites as compared to marine DOM, we are likely miss-
ing an important component of that DOM. In any case, SPE
encompasses a representative fraction of both microbial
and marine DOM, which is reproducible and clearly defined
by its physico-chemical properties. Moreover, for the exome-
tabolome DOM, some ion suppression was observed in
the presence of deep seawater DOM (Fig. 3a). The detectable
molecular formulae in pure exometabolome DOM have a
lower response factor compared to more processed microbial
DOM and ultimately seawater DOM.

The results of this study suggest that in negative ion mode,
pure exometabolites do not ionize as efficiently as more
processed DOM, even though they are all polar, water soluble,
and PPL extracted. Positive ion mode may improve the detec-
tion of bacterial metabolites (as observed in the method con-
ducted in Kujawinski et al. (2016)). Longnecker et al. (2015)
applied both positive and negative mode on diatom exudates
and detected up to three times more features in positive mode.
In fact, positive and negative mode are each more efficient at
characterizing different components of DOM, and so a combi-
nation of the two modes may allow for a more complete
detection of all possible metabolites (Ohno et al. 2016). How-
ever, DOM processed by a diverse microbial community, such
as the mesocosm DOM in this experiment, more closely
resembles marine DOM, and thus had more efficient ioniza-
tion (Romano et al. 2014; Osterholz et al. 2015). In this experi-
ment, the majority of the mesocosm formulae were shared
with deep seawater (Table 1). Continuous bacterial processing,
such as that observed in the mesocosm, diversifies DOM,
which in turn would increase its ionizability and detector
response (Fig. 3d–f). Less-processed bacterial DOM, such as the
bacterial exometabolome, appears to exhibit less ionization
when in the presence of the matrix of marine DOM (Fig. 3a–
c). These results indicate a minor matrix effect for the bacte-
rial exometabolome. As with FT-ICR-MS, we do not separate
our exometabolome chromatographically before the sample
enters the ESI chamber, ion crowding may lead to suppression
that would be limited if a chromatographic separation were
conducted beforehand.

When considering chemical changes of detected microbial
DOM, lower molecular weight material was preferentially
detected at low percentages of bacterial exometabolome
(Fig. 4a), suggesting that the m/z distribution of microbial
DOM within a seawater sample may not represent its full size
range. Other studies using FT-ICR-MS likewise reported that
ion suppression due to the ESI preferentially suppresses larger
material (Rowland et al. 2014). While it is possible to account

for relative matrix effects between metabolites, it is difficult
when the two sample matrixes are extremely divergent
(Böttcher et al. 2007). Moreover, a mixture of DOM from dif-
ferent sources may lead to differences in analyte signal on the
FT-ICR-MS (Gan et al. 2021). In the case of this study, the bac-
terial exometabolite matrix is markedly different than the
marine DOM matrix (Fig. 1; Table 1), and both ion suppres-
sion due to the ESI and differences in ionization efficiency due
to structural variations between the microbial and marine
DOM may play roles in why we observe relative suppression
of the exometabolites.

Increasing the number of scans or increasing the analyte
concentration improves the TIC and mass resolution on the
FT-ICR-MS (Marshall et al. 1998). However, the resolution will
also increase for the marine DOM background and increasing
the DOC concentration of the analyte will saturate the ion
cyclotron resonance (ICR) detection cell (Schermann 2008).
Moreover, the amount of time required to run one sample
becomes a constraint. While the 200 scan samples only take
12 min, the 10,000 scan samples take a full workday. In com-
parison, an LC–MS method using chromatographic separation
and subsequent analysis of cultured diatom DOM takes
approximately 33 min (Longnecker and Kujawinski 2017). In
the windowing approach, only a fraction of all ionized mole-
cules is transferred to the ICR detection cell, thus avoiding sat-
uration of the cell. Therefore, windowing increases sensitivity
of the analysis because much higher concentrations can be
used without overloading the cell.

Windowing detects a larger proportion of unique exomet-
abolites at low concentrations that were not detectable even at
10,000 scans. This technique would not necessarily work;
however, if there were greater overlap between the bacterial
and marine molecular formulae, since all signals in the win-
dow range would be enhanced. Windowing would thus be the
most effective if the bacterial DOM had clear separation from
marine DOM. As such, unique characteristics of bacterial
DOM that distinguish it from marine DOM must first be
assessed with broadband scanning. If that prerequisite is met,
then windowing may provide more detailed information on
bacterial exometabolites within marine DOM.

Overall, the ability to identify specific biological exometa-
bolites within marine DOM is important to fully understand
its vast complexity, and untargeted ultrahigh-resolution mass
spectrometry has the potential to provide important insights.
As a DOM sample contains > 200,000 compounds (Zark
et al. 2017), there are thousands of unidentified molecules pre-
sent in marine and bacterial DOM. However, past work using
untargeted LC–MS/MS of marine DOM reported that only 1%
of detectable DOM compounds can be structurally or molecu-
larly identified (Petras et al. 2017). Moreover, our study sug-
gests that their detection may have limitations when using
routine settings in FT-ICR-MS. The concentration of individual
compounds in marine DOM is likely in the picomolar range
(Dittmar 2015), so the contribution of pure bacterial
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exometabolome in an environmental sample would be minis-
cule. Bacterial exometabolites would more likely be detectable
with FT-ICR-MS during a DOM production event such as a
phytoplankton bloom, when bacteria are provided fresh mate-
rial to metabolize. However, even during one of these events in
the North Atlantic, bacterially produced vitamin B12 only
reached 4 pM (Panzeca et al. 2009). Pure cultures, such as the
exometabolome presented in this study, have an excess of car-
bon that would likely surmount what is observed in the natural
environment. Furthermore, as the exometabolome endmember
measured here is an endmember from a pure P. inhibens culture
(Noriega-Ortega et al. 2019), this exometabolome endmember
does not fully represent the DOM that would be produced by
the natural microbial assembly in the marine environment.
Moreover, previous studies on the Roseobacter exometabolome
showed the vast diversity of exometabolomes of closely related
strains produced under different growth conditions (substrate)
and growth stages (Wienhausen et al. 2017; Noriega-Ortega
et al. 2019). In any case, we were interested in the potential
detection of specific bacterial exometabolites/fingerprints, and
here, the chosen well-defined exometabolome of P. inhibens
served as a model exometabolome. We also included the micro-
bial DOM from the mesocosm study, integrating a multitude of
different exometabolomes of changing microbial communities,
which may provide a more accurate representation of a natural
microbial assembly.

Based on the results of this study, our method recommen-
dations to detect the environmental occurrence of
exometabolites within marine DOM would be to run samples
initially with broadband settings at a higher number of scans
(like the 1000 or 10,000 scan runs in this experiment). Then,
if there is an m/z range where these exometabolites can be
clearly distinguished from the seawater DOM background,
windowing that characteristic mass range may increase the
detection of exometabolites. However, measuring over only a
selected mass range would require more instrument time and
more sample material than in broadband mode. Therefore,
this technique is best suited when there is sufficient sample
material and capabilities to make measurements with high
scan numbers on the FT-ICR-MS. Moreover, future work that
uses positive ion mode or both negative and positive ion
modes (Kujawinski et al. 2016; Ohno et al. 2016) may provide
more details about bacterial exometabolites. Using LC–MS/MS
to determine structural features unique to the bacterial DOM
may further enhance the detection of bacterial metabolites
within marine DOM. If sample amount is not a limitation in
an experiment, it would be worthwhile to increase the num-
ber of windowed regions to determine whether there are mul-
tiple possible regions that enhance and illustrate the
exometabolome fingerprint. Nevertheless, applying the rec-
ommended approach to even a few select samples would pro-
vide novel information on the origin, turnover, and dynamics
of unidentified exometabolites in aquatic and marine
environments.

Data availability statement
All data described in this work are available upon request
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