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Abstract

Marine dissolved organic matter (DOM) is one of the most heterogeneous and largest pools of reactive carbon on earth,
rivaling in mass the carbon in atmospheric carbon dioxide. Nevertheless, the molecular-level composition of marine DOM has
eluded detailed description, impeding inquiry into the specific mechanisms that add or remove compounds from the DOM
pool. Here we describe the molecular-level composition of C18-extracted DOM along an east–west transect of the North
Atlantic Ocean. We examine the changes in DOM composition along this transect with ultrahigh resolution mass spectrom-
etry and multivariate statistics. We use indicator species analysis (ISA) to identify possible source markers for photochemical
degradation and heterotrophic bacterial metabolism. The inclusion of ISA in statistical evaluation of DOM mass spectral data
allows investigators to determine the m/z values associated with significant changes in DOM composition. With this tech-
nique, we observe indicator m/z values in estuarine water that may represent components of terrestrially-derived chromo-
phoric DOM subject to photochemical degradation. We also observe a unique set of m/z values in surface seawater and
show that many of these are present in pure cultures of the marine a-proteobacterium ‘‘Candidatus Pelagibacter ubique” when
grown in natural seawater. These findings indicate that a complex balance of abiotic and biotic processes controls the molec-
ular composition of marine DOM to produce signatures that are characteristic of different environments.
� 2009 Elsevier Ltd. All rights reserved.

1. INTRODUCTION

Dissolved organic material (DOM) is the most heteroge-
neous and dynamic pool of carbon in the oceans. DOM
plays a fundamental role in the global carbon cycle as
one of the largest reservoirs of reduced carbon on the
earth’s surface. At �700 Tg it is comparable in magnitude

to atmospheric carbon dioxide (�750 Tg—Hedges, 2002).
Bulk measurements and compound-specific assays have
shown that the concentration and composition of DOM
are affected by numerous biotic and abiotic processes such
as photosynthesis (Maranon et al., 2004), heterotrophic
microbial metabolism (Azam and Cho, 1987) and photo-
chemistry (Mopper et al., 1991). These processes are inextri-
cably linked, each affecting individual components of DOM
to a different extent, culminating in the observed heteroge-
neity of DOM (Nagata, 2000; Obernosterer and Benner,
2004; McCallister et al., 2005).

Elucidation of the molecular structure of DOM compo-
nents is critical for a mechanistic understanding of the glo-
bal carbon cycle and thus has been the subject of scientific
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inquiry for decades (Hedges, 2002). Spectroscopic tech-
niques have been effectively employed to examine bulk (or
aggregate) changes within DOM and its fractions. For
example, nuclear magnetic resonance (NMR) spectroscopy
was used to characterize the composition of functional
groups in bulk DOM (Hatcher et al., 1980). Later, absorp-
tion and fluorescence spectroscopy provided key informa-
tion on the wide-scale distribution of chromophoric
DOM (CDOM), its effect on the aquatic light field and its
photochemical fate (Blough and Del Vecchio, 2002; Nelson
and Siegel, 2002). These techniques, however, are limited in
their ability to probe the contributions and dynamics of
individual molecules.

Examination of intact individual molecules in DOM has
proved challenging, leading researchers to focus on analyses
of biopolymer sub-units such as lignin phenols (Meyers-
Schulte and Hedges, 1986), amino acids (Amon et al.,
2001) and neutral sugars (Aluwihare et al., 2002) to gauge
the overall quantity and reactivity of the structurally-di-
verse lignins, proteins and polysaccharides. However, the
dynamics of biopolymer subunits does not fully represent
the chemistry of the parent macromolecules. Non-polar
molecules such as lipids and n-alkanes have been analyzed
directly, without fragmentation, by gas chromatography
(GC). Concentrations and transformation rates of these
compounds have provided tantalizing insights into the
DOM cycle (e.g., Mannino and Harvey, 1999), but these
compounds are a minor component of the overall DOM
pool. Until recently, comparable analytical tools for polar
and semi-polar molecules within DOM have been missing.

The advent of electrospray ionization coupled to mass
spectrometry has provided the opportunity to characterize
intact polar molecules within DOM and to explore their
reactivity within biogeochemical processes. Electrospray
ionization (ESI) is a ‘‘soft” ionization technique with low
incidence of fragmentation for natural organic matter
(NOM) molecules (Rostad and Leenheer, 2004). ESI cou-
pled to ultrahigh resolution instruments such as Fourier-
transform ion cyclotron resonance (FT-ICR) mass spec-
trometers has been used to characterize NOM collected
from freshwater systems (e.g., Kim et al., 2006a; Sleighter
and Hatcher, 2008; Sleighter et al., 2009), the coastal ocean
(e.g., Tremblay et al., 2007), the open ocean (e.g., Dittmar
and Koch, 2006; Koch et al., 2008), and laboratory-based
biogeochemical studies (e.g., Kujawinski et al., 2004). Alto-
gether, these investigations have provided unprecedented
detail regarding the composition of thousands of individual
compounds within the polar fraction of DOM (Kujawinski
et al., 2002; Stenson et al., 2003; Koch et al., 2005). Like the
others listed above, this technique has limitations as a tool
for DOM characterization. Compounds that are not ions in
aqueous solution are not detected, and ancillary analyses
such as MS/MS fragmentation are required to identify
structural isomers. Nonetheless, the ultrahigh resolution
and mass accuracy of ESI FT-ICR MS provides molecular
masses that are accurate to within 1 ppm, which often en-
ables the determination of elemental formulae from the
mass measurement alone (Kim et al., 2006b). Thus, ESI
FT-ICR MS can be used effectively to detect mass changes
within a suite of DOM molecules and subsequently to re-

solve the molecular-level impact of different biogeochemical
processes on DOM composition. Here we examine two
such processes, photochemistry and microbial metabolism,
in marine DOM.

Heterotrophic bacterial metabolism and photochemistry
are arguably two of the most important biogeochemical
pathways for transforming organic matter in the surface
oceans (Hansell and Carlson, 2002) and are often inter-
dependent (Moran and Zepp, 1997; Mopper and Kieber,
2002). Photochemical degradation of terrestrial chromo-
phoric DOM is an important removal process within coast-
al environments, but has been difficult to study on a
molecular level. CDOM substantially affects the aquatic
light field, but lack of structural information has limited
understanding of the reactions and rates that govern
CDOM distribution. Previous work has shown that CDOM
along the North Atlantic margin is derived primarily from
terrestrial sources and its primary sink is photodegradation
(Vodacek et al., 1997; Del Vecchio and Blough, 2004b; Vai-
llancourt et al., 2005). Terrestrially-derived CDOM is lar-
gely resistant to microbial degradation (Moran et al.,
2000). However, during photochemical degradation, low-
molecular-weight compounds (Kieber, 2000) and nutrients
(Bushaw et al., 1996; Mopper and Kieber, 2002) are com-
monly produced with a concomitant decrease in the molec-
ular size of CDOM. Many photochemical products are
readily consumed by bacteria (Kieber et al., 1989) and thus
stimulate bacterial growth (Mopper and Kieber, 2002).
Photochemistry can also inhibit the microbial consumption
of algal-derived DOM (Benner and Biddanda, 1998; Tran-
vik and Kokalj, 1998), presumably through structural mod-
ifications of existing biomolecules.

Ecological theory presupposes that diversification of
microbial taxa can be a consequence of resource specializa-
tion, but very little is known about interactions between
specific microorganisms and the field of compounds that
comprise DOM. Some studies have examined the produc-
tion of DOM by microbes with bulk measurements or com-
pound-specific assays (see review in Nagata, 2000). Detailed
analyses of biologically-produced DOM have been con-
strained by analytical challenges and thus have focused
on compounds such as amino acids, sugars and other bio-
polymer subunits. The study of bacterial utilization of
DOM has been limited similarly. Some studies examined
decreases in bulk DOM concentrations or the loss of partic-
ular substrates. Although these studies yielded insights into
DOM cycling, they lacked the power to broadly resolve
new and unforeseen interactions between marine microor-
ganisms and specific compounds.

Ultrahigh resolution mass spectrometry such as ESI FT-
ICR MS is the first tool that has the power to broadly re-
solve biogeochemical alteration of DOM at a molecular le-
vel. Numerous investigators have now used ESI FT-ICR
MS to compare DOM from different sources in freshwater
systems (e.g., Tremblay et al., 2007; Sleighter and Hatcher,
2008; Sleighter et al., 2009) and open ocean environments
(e.g., Dittmar and Koch, 2006; Koch et al., 2008). Here,
we focus on those studies that examined photochemical
or microbial degradation of DOM. For example, Kujawin-
ski et al. (2004) showed that elemental formulae with rela-
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tively high aromatic character and low oxygen number were
preferentially removed during photochemical degradation
of riverine DOM. Likewise, aromatic compounds such as
condensed hydrocarbons and lignin-derived humic materi-
als were lost from mangrove DOM (Tremblay et al.,
2007) and riverine DOM (Gonsior et al., 2009) during out-
welling to coastal estuaries. Both sets of authors ascribe
their observations to photochemical degradation during
estuarine mixing.

In contrast to photochemistry, few studies on microbial
utilization or production of DOM have utilized ESI FT-
ICR MS. One such study showed that bacteria produce dif-
ferent DOM mass spectral signatures in the presence and
absence of protozoan grazing (Kujawinski et al., 2004).
However, this work was conducted in laboratory culture
and its results may not be representative of field conditions.
Tantalizing evidence of the microbial impact on DOM
composition was acquired with lower resolution ESI mass
spectrometry (Seitzinger et al., 2005), but this technology
lacked the mass resolution to assign empirical formulae to
the compounds involved in microbial-DOM interaction.
In short, direct structural identification of the compounds
within DOM that are utilized by bacteria, that absorb solar
radiation, and that are produced as a result of microbial or
photochemical processing has yet to be achieved, but is crit-
ical for a comprehensive understanding of DOM cycling
within the oceans.

Here we combine ultrahigh resolution mass spectrome-
try with spectroscopy and microbiology to explore changes
in C18-extracted DOM composition along a transect of the
North Atlantic Ocean. We isolated �2200 unique m/z fea-
tures with ultrahigh resolution mass spectrometry and used
multivariate statistics to compare DOM composition across
a gradient of terrestrial input. We adapted Indicator Species
Analysis (ISA) to identify tentative markers for terrestri-
ally-derived CDOM and microbial DOM. Elemental for-
mulae were assigned to most of the marker m/z values
and the resulting elemental compositions were consistent
with previous models of photo-active molecules and micro-
bial exudates. Many marker m/z values from the surface
ocean samples were also present in DOM extracted from
pure cultures of ‘‘Candidatus Pelagibacter ubique” grown
in sterilized seawater.

2. METHODS

2.1. Cruise sample collection

Samples were collected on a cruise in September 2005
along an east–west transect from the head of the Delaware
River to the Sargasso Sea (station locations in Table 1).
Water was collected by Niskin bottles on a Conductivity-
Temperature-Depth (CTD) rosette at selected depths (Ta-
ble 1). Water was acidified to pH 2–3 with HCl and
DOM was extracted with C18 cartridges (Mega Bond Elut,
by UTC). The cartridges were pretreated with 100 mL of
high purity MeOH followed by 50 mL of acidified (pH 2)
Milli-Q water prior to extraction. Each sample (20 L) was
pre-filtered through a 0.2 lm bell-filter, acidified to pH 2,
and pumped through the C18 cartridge at 50 mL min�1. T
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Each cartridge was then rinsed with 1 L of acidified (pH 2)
Milli-Q water to remove salts and stored in the refrigerator
(4 �C) until further processing. DOM was extracted with
50 mL of high purity MeOH: the first fraction (DOM eluted
with the first 5 mL) was not employed for this analysis; the
second fraction (DOM eluted with 45 mL of MeOH) was
collected and evaporated to dryness under vacuum at 30–
35 �C. The dried material was redissolved in Milli-Q water,
neutralized with diluted NaOH and stored frozen until fur-
ther analysis. Other investigators have shown that 30–60%
of DOM is extracted by this technique in riverine and open
ocean environments (Kim et al., 2003b; Tremblay et al.,
2007; Dittmar et al., 2008). Higher extraction efficiencies
have been reported for riverine samples compared to mar-
ine samples. We estimate a range of 30–50% extraction effi-
ciency in our samples based on absorbance measurements
(at 250–350 nm) of DOM pre- and post-extraction.

2.2. Pelagibacter ubique sample collection

‘‘Candidatus Pelagibacter ubique” (HTCC1062), a mem-
ber of the SAR11 clade of a-proteobacteria (Rappé et al.,
2002), was grown in sterilized seawater (collected from
the Oregon coast—LNHM medium) in 20-L polycarbonate
carboys under light (12:12 light:dark cycle) and dark condi-
tions (Connon and Giovannoni, 2002). Cell growth was
monitored until the culture reached maximum density at
which time the cells were removed by filtration. DOM from
2-L subsamples of 0.2-lm filtrate from each culture and a
non-inoculated light control were extracted according to
previously published methods (Kim et al., 2003b). The light
control sample was collected at the same time as the growth
culture samples. In brief, filtrate was acidified with concen-
trated HCl until pH values ranged between 2 and 3. The fil-
trate was then passed through two stacked 47-mm
extraction disks; first a C18-based disk and then a SDB-
based disk. Extraction disks were conditioned according
to manufacturer’s instructions. Once the entire filtrate was
passed through the disks, the disks were washed with 10–
20 mL pH 2 nanopure water. DOM was collected from
the C18/SDB disks using 70% methanol:water. Extracts
were concentrated by vacuum centrifugation, redissolved
in a known volume of 70% methanol/water and stored fro-
zen until analysis. Twenty liters of Milli-Q water was acid-
ified and extracted with the combined C18/SDB-disks for an
extraction blank.

2.3. Optical characterization methods

A Hewlett Packard 8452A and a Shimadzu 2401-PC
spectrophotometer were employed to acquire UV–visible
absorption spectra. Absorption spectra were recorded
against Milli-Q water over the range 200–800 nm. The
absorption values at wavelengths greater than 650 nm were
averaged to determine the baseline and this average was
subtracted from spectra to correct for small offsets of the
baseline (Green and Blough, 1994). Absorption coefficients
at various wavelengths, a(k), were calculated as in Del Vec-
chio and Blough (2004b) and the absorption spectra were
then fit to an exponential function, using a non-linear least

squares fitting routine over the range 290–700 nm. DOC
concentrations were determined with high-temperature
combustion, following a method previously described (Del
Vecchio and Blough, 2004b).

Concentrations of lignin-derived phenols were measured
on C18-extracted DOM following a slightly modified proto-
col (Hedges and Ertel, 1982; Goni and Montgomery, 2000;
Louchouarn et al., 2000). Briefly, samples were digested by
CuO oxidation in a microwave oven (CEM MARS-5) at
150 �C. Following digestion, a known amount of recovery
standard (ethylvanillin) was added to each sample. High
purity ethyl acetate (Burdick & Jackson) was used to extract
lignin phenols to minimize any contamination from solvent.
The ethyl acetate was carefully evaporated by rotary evapo-
ration at 35 �C. The dried material was redissolved in 100 lL
pyridine, amended with an internal standard (p-hydroxy-
phenyl acetic acid) and a silylating agent (100 lL of Regisila
(BSTFA) 1%TCMS (Regis Tech. Inc.)) and reacted in a
water bath at 60 �C for 10 min. Samples were then analyzed
by gas chromatography employing a Shimadzu GC17A with
a flame ionization detector and a 60 m � 0.23 mm
(I.D.) � 0.25 lm film thickness J&W DB-1 column. The
flow rate of carrier gas (He) was set at 1.5 mL min�1 and
the split ratio was 1:13. The injector port and detector were
maintained at 300 �C and 280 �C, respectively. The temper-
ature program consisted of an initial temperature of 100 �C,
a ramp at 4 �C min�1 to 250 �C, a ramp at 13 �C min�1 to
270 �C, and a final hold at 270 �C for 10 min.

2.4. FT-MS data acquisition

All samples and the extraction blank were analyzed on a
9.4 T electrospray ionization (ESI) Fourier-transform ion
cyclotron (FT-ICR) mass spectrometer (Senko et al.,
1996b) at the National ICR Users’ Facility at the National
High Magnetic Field Laboratory (NHMFL) at Florida
State University in Tallahassee FL (Fig. 1). Samples were
reconstituted in 75:25 MeOH/water with 1% NH4OH and
analyzed in negative ion mode. Base was added prior to
analysis to promote negative ion formation and to avoid
co-occurring complexes of Na+ and H+ with individual
DOM molecules that are common in positive ion mode.
Samples were infused into the ESI interface at 400–
500 nL min�1. Instrument parameters were optimized for
each sample. The capillary needle voltages ranged from
�1350 to �2000 V. Ions were accumulated in the external
octopole for 12–20 s before transfer to the ion cyclotron
cell. The two transfer octopole frequencies were set at 1.6
and 1.8 MHz. Data were collected (4 MWord) by a MIDAS
data station (Senko et al., 1996a). Numerous scans (200)
were co-added prior to Hanning apodization, zero-fill and
Fourier-transformation. The data was truncated once (to
2 MWord) due to insufficient signal at longer transient
times. The instrument was calibrated daily with an external
standard (ESI TOF Mix, Agilent Technologies). Relative
peak height was calculated by normalization with the most
abundant ion in the mass spectrum. The average resolving
power was 300,000 at m/z 400 (calculated as DM/M, where
DM is the peak width at half-peak height and M is the m/z

value—Marshall et al. (1998)).

DOM source markers derived from ESI FT-ICR mass spectra 4387
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2.5. FT-MS data analysis

2.5.1. Peak detection and blank correction

Peaks were considered ‘‘detected” if the peak height was
greater than three times the noise level. Thresholds and noise
levels were determined for each mass spectrum (Table 1).
For the purposes of this study, peaks were considered ‘‘not
detected” if their peak height was below the threshold. Very
few peaks overlapped between the extraction blank and the
DOM mass spectra. Nonetheless, all peaks found in the
blank were removed from the DOM peak lists.

2.5.2. Calibration and multivariate comparisons

Daily external calibration spanned the full range of ob-
served m/z values (322 < m/z < 922) and resulted in
<1.0 ppm mass accuracy for all spectra collected that
day. To further constrain our mass errors, spectra were
internally re-calibrated with a –CH2 series of m/z values
present in all spectra (393 < m/z < 519). Elemental formu-
lae for the calibrants were determined by best-fit with all
possible elemental combinations containing 12C, 1H, 16O,
and 14N (EA Table 1). After internal calibration, RMS
errors for the calibrants ranged from 0.05 to 0.16 ppm.

800750700650600550500450400350300

499.4499.26499.14499.0

m/z
800750700650600550500450400350300

800750700650600550500450400350300
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Fig. 1. Representative mass spectra from the three groups identified in NMS and cluster analysis: Group 1: surface ocean (Station 2, 0 m—A);
Group 2: riverine/estuarine (Station 7, 0 m—B); and Group 3: deep ocean (Station 2, 1000 m—C). (*) = contaminants observed in all spectra
and removed from all peak lists. For each spectrum, the inset shows the region 499.0 6 m/z 6 499.4 and the indicator m/z values for each
group. Group 1 markers are shown with solid triangles and Group 2 markers are shown with open circles. The peak detection threshold for
each spectrum is shown with a dotted line in the inset. Peak heights below this threshold are considered ‘‘not detected”.
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Ideally, the internal calibrants would cover the full range
of observed m/z values (Muddiman and Oberg, 2005) but
we were not able to find a series of –CH2-related m/z val-
ues that (a) would span our full range and (b) was present
in all spectra. We assume that the error on mass measure-
ment of peaks outside our calibrated range fall between the
errors of the calibrated range and the 1 ppm errors set by
the external calibrants. We have found that this range of
mass accuracies is sufficient for assigning correct elemental
formulae to the majority of peaks in DOM spectra (Kuja-
winski and Behn, 2006).

Differences in peak lists among the samples were as-
sessed with cluster analysis (e.g., Koch et al., 2005). Spectra
were aligned with an in-house algorithm to generate a com-
prehensive list of m/z values from all spectra. For this and
all subsequent analyses, we treated the resulting data matrix
in two ways. In the first, all relative peak heights were trans-
formed to presence (peak height = 1) or absence (peak
height = 0) and then normalized to the total number of
m/z values within each spectrum. This transformation
ignores differences in relative peak height between m/z val-
ues within and among spectra. In the second transforma-

tion, the relative peak heights were retained without
alteration. A distance matrix was calculated between all
samples with the Bray–Curtis distance measure (code writ-
ten by David Jones, University of Miami, as part of the
Fathom toolbox, http://www.rsmas.miami.edu/personal/
djones/matlab/matlab.html). Cluster analysis was per-
formed on the presence–absence distance matrix using
Ward’s linkage method (Fig. 2B).

We also compared the m/z peak lists with non-metric
multi-dimensional scaling (NMS—Kruskal, 1964; Mather,
1976). NMS reduces the comparisons between samples
from a multidimensional space to fewer dimensions, prefer-
ably two or three. These differences are then presented
graphically; samples which are close together in this plot
(or ordination) are more similar than samples located far-
ther apart. We chose NMS for two reasons. First, an esti-
mate of the ordination robustness can be calculated
through comparisons between randomized datasets and
the original distance matrix. Second, NMS does not assume
an underlying linear relationship between variables. The
statistics toolbox in Matlab was used to run the NMS anal-
yses, and our starting configuration was the solution to
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classic non-dimensional scaling. Additional axes were con-
sidered if the addition of the axis resulted in a significant
improvement over the randomized data (at p 6 0.05) and
the reduction in stress was greater than 0.05. The p-values
were calculated as the proportion of randomized runs with
stress less than or equal to the observed stress calculated
using Kruskal’s stress formula 1; stress is a measure of
goodness of fit used in NMS. In this study, we chose two
dimensions based on Monte-Carlo simulations that com-
pared 20 ordinations with our distance matrix to 50 ordina-
tions with a randomized distance matrix (p = 0.0196 in the
presence/absence matrix). The best solution had a stress va-
lue (SR) of 0.0947 (in the presence/absence matrix
(Fig. 2A); SR = 100 * sqrt(S); where S is the scaled stress
(McCune and Grace, 2002)). The proportion of variation
represented by each axis was assessed with a Mantel test
to calculate the coefficient of determination (r2) between
distances in the ordination space and distance in the origi-
nal space.

2.5.3. Elemental formula assignments

The bulk of the peaks in our mass spectra correspond to
singly-charged compounds because the mass difference be-
tween major peaks and their isotope peaks were always
integers, rather than non-integers associated with multi-
ply-charged compounds. We thus considered all m/z values
to be equivalent to mono-isotopic masses. Elemental for-
mulae were assigned to the aligned m/z values using a mod-
ified version of our Compound Identification Algorithm
(CIA—Kujawinski and Behn, 2006). The error window
on formula assignments was set at 0.5 ppm. Elemental for-
mulae were assigned in the form, CcHhOoNnSs. CIA assigns
elemental formulae in a 3-step process. First, elemental for-
mulae are determined for each m/z value below 500 Da by
calculating all (mathematically) possible combinations of
elements within a pre-assigned error window. Chemically
unreasonable formulae are removed and a small list (usu-
ally <5) of chemically and mathematically legitimate ele-
mental formulae remain. In previous work, this list was
then sorted according to lowest deviation from the ob-
served m/z value. We have modified this step to sort the for-
mulae according to the lowest number of non-oxygen
heteroatoms (N + S). We validated this change with syn-
thetic data sets (as in Kujawinski and Behn, 2006) and ob-
served that this step significantly increases the accuracy of
CIA, particularly for high-molecular weight compounds
with inherently lower mass accuracies. The second step of
CIA finds functional group differences between m/z values.
The mass difference associated with each change in func-
tional group is then used to assign elemental formulae for
the higher m/z value as the sum of the lower formula and
the appropriate functional group difference. The last step
in CIA incorporates one 13C atom for compounds with
an isotopic isomer by finding pairs of m/z values that differ
by exactly 1.0034 Da. An elemental formula containing one
13C atom is then assigned to the higher m/z value. This step
was validated with synthetic datasets and we concluded that
this approach was superior to one in which 13C was in-
cluded in the brute-force assignments (Step 1) for m/z val-
ues <500 Da.

Samples that are rich in carboxylic acid moieties are
prone to esterification when extracted and stored in metha-
nol (McIntyre and McRae, 2005). McIntyre and McRae
(2005) showed that approximately 1–10% of carboxylic
acids were converted to methyl esters in the presence of acid
and methanol. We have not constrained the degree of meth-
ylation in our samples and we assume that up to 10% of the
carboxylic acid sites may have been transformed; however
this was not formally incorporated into our data analysis
or interpretation. Although the effect of methylation on
spectrum quality and compound diversity is minimized in
negative ion mode (Rostad and Leenheer, 2004; McIntyre
and McRae, 2005), methylation would explain the
observation that some of the terrestrial marker m/z values
have lower O:C and higher H:C ratios than unmodified
lignin.

2.5.4. Indicator species analysis

Indicator species analysis (ISA) was adapted from Duf-
rene and Legendre (1997) to determine indicator m/z values
in our samples. In ISA, indicator values (IVs) are calculated
for all m/z values within our mass spectra from the North
Atlantic Ocean samples. These indicator values are the mul-
tiplication product of the relative abundance and the rela-
tive frequency of a m/z value within a pre-defined group.
In order to have a high IV, an m/z value must have high
abundance and occur in most (if not all) samples within
the group. Statistical significance of IVs is calculated by
comparison with Monte-Carlo simulations of randomized
data.

This analysis requires the a priori assignment of samples
to groups. We identified the ideal number of groups in our
sample set by conducting ISA with all possible group com-
binations of our individual samples (protocol outlined in
McCune and Grace, 2002). For each case, we calculated
the average p-value of all IVs and recorded the number of
indicator m/z values. The (statistically) best number of
groups is the case in which the average p-value is minimized
and the number of indicator m/z values is maximized. For
our dataset, this occurred when we had three groups of
samples (Fig. 2): Group 1 = (surface/near-surface) marine
samples, Group 2 = riverine/estuarine samples, and Group
3 = deep marine sample, i.e., the same groups that are visu-
ally evident within our cluster and NMS analyses. We used
this group assignment to find indicator compounds in
Groups 1 and 2 with both data transformations described
above. In the presence/absence data transformation, all
m/z values have equal weight and so the variability among
the samples is driven by m/z diversity only. In contrast, the
variability in the second data transformation will be deter-
mined by a combination of m/z value and (relative) peak
height.

We culled our list of indicator compounds in both data
transformations according to the following criteria:

(1) Indicator value (IV) must be greater than or equal to
50.

(2) The p-value associated with the indicator m/z value
must be less than 0.07 when compared to randomized
data from Monte-Carlo simulations.
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(3) The average peak height for an indicator m/z value
must be 1.5� greater in the assigned group than in
the other group(s).

(4) If the indicator m/z value is assigned an elemental
formula that contains 13C, the m/z value associated
with the full 12C-isotopomer must meet criterion 3.

3. RESULTS AND DISCUSSION

3.1. Elemental formula assignments

We assigned elemental formulae to the majority of m/z

values in our spectra (1837 of 2201; 83%) within 0.5 ppm er-
ror. The general elemental composition was consistent with
previous assessments of aquatic DOM by ESI FT-ICR MS
(Fig. 3—Koch et al., 2005; Kim et al., 2006a; Sleighter and
Hatcher, 2009). For comparison with recent studies, we cal-
culated the magnitude-averaged H:C, O:C, N:C, S:C and
double-bond equivalence (DBE) values for our spectra
(Table 2), using the equations in Sleighter et al. (2009).
These parameters combine the relative peak height and as-
signed elemental formula for each m/z value in individual
samples to derive a bulk chemistry assessment of the ob-
served compounds in each spectrum. Thus, they represent
the ‘‘chemical character” of the observed DOM. Differences
in sample preparation among numerous investigators, in
ionization efficiencies among various FT-MS instruments,
and in ion number among disparate sample matrices pre-
clude strict comparison of these parameters among studies.
Nonetheless, the comparison provides confirmation that
DOM of similar characteristics has been observed in differ-
ent investigations.

Here, values for each parameter were comparable to
other studies and fit within the range of values observed
for both freshwater (Sleighter and Hatcher, 2008) and mar-
ine DOM (Koch et al., 2008). In general, the freshwater
samples (Group 2) appear to have slightly higher H:C val-
ues and lower O:C values than the surface marine DOM
samples (Group 1), consistent with the observations of
Sleighter and Hatcher (2008). Similar to previous studies,
elemental formulae containing only C, H and O dominate
the assigned elemental formulae (Table 3). The relative con-
tribution of CHO formulae is higher in the riverine/estua-
rine samples (Group 2) than in the marine samples,
although this contribution is lower when the magnitude-
averaged value is considered. All marine DOM samples
have higher contributions of N- and S-containing elemental
formulae than the riverine/estuarine DOM samples.

We were intrigued to find a substantial contribution of
sulfur relative to nitrogen in the deep marine sample.
Although this observation must be confirmed with addi-
tional deep ocean samples, it is not surprising that sulfur
would be preferentially observed in negative ion mode spec-
tra. Oxygen and sulfur have acidic character and readily
lose protons to form negative ions in aqueous solution.
Thus, S-containing moieties such as –SO2 and –SH have
good ionization efficiencies under negative ion mode (Hug-
hey et al., 2004). In contrast, nitrogen is a basic element and
prefers to gain a proton to form positive ions in aqueous
solution. Therefore, N-containing moieties such as amines
(-NH2) have better ionization efficiencies under positive
ion mode. Further, N functional groups are not extracted
with high efficiency during C18 extraction because they
are ionized (�NH3

+) during acidification (Sleighter
and Hatcher, 2008). The relatively high contribution of
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S-containing formulae is an interesting observation and fur-
ther work with MS/MS fragmentation is needed to charac-
terize their structure. Many structural isomers are likely
within each peak and additional work with chromato-
graphic pre-separation and MS/MS fragmentation is
needed to define the dominant isomer(s) present.

3.2. Linkage/NMS analysis

We examined the similarity among our six samples with
cluster analysis and non-metric multidimensional scaling
(NMS—McCune and Grace, 2002; Fig. 2). This combina-
tion of cluster analysis and NMS has also been used success-
fully by Dittmar et al. (2007) for lower-resolution mass
spectral data. Both cluster analysis and NMS showed simi-
larity among the three surface or near-surface marine DOM
samples (Station 2 surface, Station 5 surface and 43 m—
Figs. 2A and B) and among the estuarine/riverine DOM
samples (Station 7 and Station 9). The deep marine DOM
sample (Station 2 1000 m) was quite different from the sam-
ples in the other groups. We are confident in this similarity
assessment due to a low stress value (SR = 0.095) and a high
r2 value of 0.98 between the presence/absence NMS ordina-
tion and the original Bray–Curtis distance matrix. The
NMS ordinations from both data transformations are the
same, suggesting that the underlying variability in the sam-
ples is due to m/z diversity within our samples, rather than
to changes in relative peak height. We hypothesized that the
environmental parameter underlying Dimension 1 was ter-
restrial input. We calculated the linear regression between
salinity and Dimension 1 values, which yielded an inverse
relationship with an r2 value of 0.97. Thus Dimension 1
may represent increasing terrestrial contribution to DOM.
We could not assign an environmental factor to Dimension
2 with parameters measured in this study.

3.3. Indicator species analysis

Indicator species analysis has been used in the ecological
community to determine the species of organisms that can
be considered characteristic or ‘‘indicators” for particular
groups of samples (Pett-Ridge and Firestone, 2005). This
analysis has two components—(1) an indicator value (IV)
is calculated for each component within a dataset and (2)
a p-value is calculated by comparison with randomized
data. No linearity among the sample components or their
underlying variables is assumed during ISA. Due to these
three qualities, this analysis can be a powerful tool for
resolving characteristic (or ‘‘indicator”) components within
a complex dataset and can be used to focus further investi-
gations on those components which drive sample variabil-
ity. To our knowledge, this tool has not yet been applied
to ultrahigh resolution mass spectral data for DOM, but
it may highlight those components of DOM which are in-
volved in key biogeochemical processes. With this ap-
proach, we must assume that reproducibility of peak
presence within ESI FT-MS spectra is high. We are not
aware of any studies that have systematically examined
peak reproducibility within repeat sample analyses (for
DOM) and this work is clearly needed to constrain our
(and others’) conclusions about DOM composition. To
mitigate this assumption until reproducibility studies have
been completed, we developed a series of conservative crite-
ria to cull our indicator m/z values and considered two data
transformations.

In the first data transformation, we removed all peak
heights and examine only the presence or absence of m/z

values in different spectra. This transformation minimizes
the effects of matrix ions and of relative ionization efficien-
cies inherent within electrospray ionization mass spectrom-
etry. In the second transformation, we retained the relative

Table 2
Elemental ratios for bulk samples, calculated as magnitude-averaged values (Sleighter et al., 2009) for m/z values with assigned elemental
formulae. All samples from this study and from Sleighter and Hatcher (2008) are bulk C18 extracts, analyzed by direct infusion negative ion
mode ESI FT-MS. Samples from Koch et al. (2008) are HPLC-separated fractions 1–4 that were subsequently analyzed by negative ion mode
ESI FT-MS. ‘‘n.r.” = not reported.

Group/Ref. Sample H:Cw O:Cw N:Cw S:Cw DBEw

1: Surface ocean Station 2 0 m 1.3 0.36 0.004 0.003 9.1
Station 5 0 m 1.32 0.34 0.003 0.003 9.1
Station 5 43 m 1.3 0.35 0.003 0.003 9.4

Koch et al. (2008) Antarctic Surface Sea Water 1.31 0.43 8.2
1.31 0.43 8.3
1.37 0.37 n.r. n.r. 8.1
1.39 0.33 7.7

2: Fresh water Station 7 0 m 1.34 0.33 0.002 0.001 9.2
Station 9 0 m 1.31 0.3 0.002 0.002 8.6

Sleighter and Hatcher (2008) Dismal Swamp 1.25 0.39 n.r. n.r. 9.6
Great Bridge 1.29 0.35 n.r. n.r. 8.5
Town Point 1.37 0.35 n.r. n.r. 7.6
Chesapeake Bay Bridge 1.4 0.35 n.r. n.r. 7.4

3: Deep ocean Station 2 1000 m 1.12 0.33 0.007 0.013 8.9
Koch et al. (2008) Weddell Sea Deep Water 1.19 0.55 8.7

1.29 0.45 8.5
1.41 0.37 n.r. n.r. 7.7
1.57 0.32 5.6
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peak height for each m/z value. Electrospray ionization
mass spectrometry is not fully quantitative and small
changes in ion abundance in FT-ICR mass spectra cannot
be used to infer similar changes in the parent solution.
Our criteria for indicator m/z values help avoid concerns
associated with small changes in ion abundance. For Group
1 (surface marine) samples, the indicator values (IV—EA
Table 2) for both data transformations are identical, sug-
gesting that the similarity between these samples is based
on ion diversity, rather than on peak height. In contrast,
the indicator m/z values identified in Group 2 (terrestrial)
are present in most of the samples but had higher peak
heights in Group 2 mass spectra than in all other mass spec-
tra (EA Table 3). We conclude that the similarity in Group
2 samples is thus based on a combination of ion diversity
and peak height.

Indicator species analysis yielded 32 marker m/z values
for Group 1 in both data transformations. Elemental for-
mulae were assigned to all (EA Table 2). Peaks associated
with these elemental formulae were not detected in the riv-
erine/estuarine DOM (Group 2) or in the deep marine
DOM (Group 3). The elemental compositions of most
Group 1 indicator m/z values (27/32: 84%) occur within a
relatively H-rich, O-rich region that overlaps substantially
with the region of proteins and carbohydrates (Figs. 3
and 4). These compound classes do not ionize as well in
negative ion mode as lignin-derived products, our proposed
source for the Group 2 indicator values. Thus, it is possible
that Group 1 indicators were present in Group 2 spectra

but were suppressed during ionization. Nonetheless, this re-
sult indicates that the concentration of lignin-derived prod-
ucts must be sufficiently decreased in the marine samples to
allow detection of ions with lower ionization efficiencies.
Significant peak suppression of Group 1 indicator values
is unlikely in the deep marine DOM sample since the num-
ber of peaks in this sample was approximately the same as
in the samples of Group 1 (Table 1). It seems more likely
that these peaks are less abundant or not present in the
deep marine sample and are produced in the surface ocean.

Twenty markers for Group 2 were identified by ISA
when presence/absence data were used and an additional
57 markers were identified when the relative peak heights
were included (EA Table 3). Elemental formulae were as-
signed to all but two of the 77 m/z values. In contrast to
Group 1 markers, most Group 2 markers were detected
in all samples, suggesting a common origin such as terres-
trial organic matter. However, a number of markers (20/
57) were not detected in some marine samples, implying a
removal process such as photo-degradation or microbial
degradation. It seems unlikely that peak suppression would
explain the absence of these m/z values in marine samples,
due to the similarity of elemental composition between all
Group 2 indicator values. The elemental compositions of
Group 1 and Group 2 markers do not overlap extensively
on the van Krevelen diagram (Fig. 4), suggesting that these
elemental formulae represent different sources of DOM in
surface marine (Group 1) and riverine/estuarine (Group
2) organic matter.

Table 3
Formula classes for each mass spectrum and comparison with previous studies. All samples represent C18-extracts of DOM analyzed by direct
infusion negative ion mode ESI FT-MS. Number- and magnitude-averaged values determined by equations from Sleighter et al. (2009).

Group/type Sample # m/z Values # Formulae CHO CHON CHOS CHONS

Number-averaged

1: Surface ocean Station 2 0 m 1392 1330 (96%) 81.1 6.1 10.8 1.7
Station 5 0 m 1190 1154 (97%) 86.2 2 10.1 1.5
Station 5 43 m 1115 1084 (97%) 84.5 3.6 10.6 1.1

2: Rivers Station 7 0 m 923 905 (98%) 93.7 0.4 4.8 0.8
Station 9 0 m 785 741 (94%) 93.5 0.4 5.1 0.7

3: Deep ocean Station 2 1000 m 1264 1052 (83%) 72.2 2.4 19.1 5.4

Magnitude-averaged

1: Surface ocean Station 2 0 m 89.5 2.3 5.1 0.6
Station 5 0 m 91 0.8 5.5 0.6
Station 5 43 m 89.6 1.4 6.4 0.5

2: Rivers Station 7 0 m 95.2 0.2 2.2 0.4
Station 9 0 m 91 0.2 3.1 0.7
Dismal Swamp* 97.4 0.3 0.6 0.5
Great Bridge* 95.7 Sum: 4.3%
Town Point* 91.9 Sum: 8.1%
Chesapeake Bay Bridge* 90.5 Sum: 9.5%
Pamunkey River# 86.4 1.1 7.3 2.4
Dothan Run# 89.9 3.5 4.2 1
Conodoguinet Creek# 85.3 2.4 4.4 4.3

3: Deep ocean Station 2 1000 m 74.3 0.9 10.7 2.8

* Values from Sleighter and Hatcher (2008). Values from Great Bridge, Town Point, and Chesapeake Bay Bridge were not reported as
individual formula classes and are shown here as the sum of non-CHO formulae (as in reference).

# Values from Sleighter et al. (2009).
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3.4. Group 2 indicator m/z values (riverine/estuarine DOM)

The riverine/estuarine samples in Group 2 were charac-
terized by relatively low salinity and high DOC concentra-
tions compared to the marine samples in Groups 1 and 3.
Absorption (at 355 nm) by CDOM and lignin phenol con-
centrations decreased dramatically outside Delaware Bay
(Table 1) to a low constant value in the marine samples,
consistent with previous observations (Vodacek et al.,
1997; Del Vecchio and Blough, 2004b). Marker m/z values
had higher peak heights in the riverine/estuarine samples
(Group 2) and were either present at uniformly lower peak
heights in the marine samples (Groups 1 and 3) or not de-
tected, consistent with the hypothesis of a DOM source that
is removed during transit from its terrestrial source to off-
shore waters. This removal process could be (1) a physical
one, such as dilution by mixing with the marine end-mem-
ber water, (2) a chemical one, such as photochemical degra-
dation, or (3) a biological one, such as microbial
metabolism.

Group 2 marker m/z values occur within the region of
the van Krevelen diagram that is representative of lignin
and its methylated derivatives (region shown in Fig. 3;
approximated from Fig. 5 of Kim et al., 2003a). Lignin
and its degradation products are common proxies for ter-
restrial organic matter in marine systems (Opsahl and Ben-
ner, 1997) and are responsible in part for the optical
properties of terrestrial CDOM (Hernes and Benner,
2003; Del Vecchio and Blough, 2004a). Lignin-derived phe-
nols were abundant in Group 2 samples (Table 1) and de-
creased in the open ocean (Groups 1 and 3) samples. The
Group 2 marker m/z values have low occurrence of S or
N in their elemental formulae (EA Table 3), as would be ex-
pected for lignin-derived materials. Further, Group 2 mar-
ker compounds are characterized by low O content and
high double-bond equivalency (DBE—a proxy for aromatic
character; Fig. 5). Previous work has shown that this com-
pound class is selectively degraded by photochemistry, rel-
ative to compounds with high O content and low DBE
(Schmitt-Kopplin et al., 1998; Kujawinski et al., 2004;
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Gonsior et al., 2009). Therefore, it seems possible that
Group 2 indicator m/z values are susceptible to photo-deg-
radation and thus could represent lower-molecular-weight
components of terrestrially-derived chromophoric DOM.
The presence of Group 2 marker m/z values in the deep
ocean suggests a terrestrial component within deep ocean
DOM which is consistent with our and previous observa-
tions of lignin phenols in these environments (Meyers-
Schulte and Hedges, 1986; Opsahl and Benner, 1997). More
work is needed to ascertain whether these m/z values are in-
deed components of terrestrially-derived CDOM and are
degraded by photochemical activity. Nonetheless, ISA has
allowed us to narrow our ongoing work to 77 target m/z

values for additional structural characterization and labo-
ratory study.

3.5. Group 1 indicator m/z values (surface marine DOM)

Group 1 markers are detected only in the mass spectra
of Group 1 samples, in contrast to the majority of Group
2 markers, suggesting that Group 1 markers are produced
in the surface ocean and are degraded before or during ex-
port to the deep ocean. The elemental formulae of most
Group 1 marker m/z values occur in a relatively H-rich
and O-rich region of the van Krevelen diagram, similar to
that of proteins and carbohydrates (Kim et al., 2003a;
Kujawinski and Behn, 2006). Modifications of biomole-
cules are likely in aquatic environments that would shift
the elemental formulae outside the strict protein and carbo-
hydrate van Krevelen regions. Thus, we hypothesize that
the marker m/z values for Group 1 are biologically-derived.

Interestingly, Loh et al. (2004) showed that the carbohy-
drate-like and protein-like fractions of DOM were the
youngest components of surface DOM in the North Atlan-
tic and were recycled on 60–90 yr time-scales. Furthermore,
carbohydrate and protein subunits have been shown to be
good markers for DOM lability (Amon et al., 2001; Cam-
mack et al., 2004). Group 1 markers, therefore, may repre-
sent recent biologically-produced DOM in the surface
ocean. The absence of these m/z values in the deep ocean
sample (Section 3.2) is consistent with a possible biological
source of Group 1 markers since enhanced DOM concen-
trations are repeatedly observed in the surface ocean
(<200 m), most likely the labile products of intense photo-
synthetic and heterotrophic microbial metabolism (Carlson,
2002).

3.6. Comparison of North Atlantic markers with DOM

produced by P. ubique

Experimental work with pure cultures of a marine het-
erotrophic bacterium belonging to the SAR11 clade indi-
cates that these abundant organisms may be sources of
some Group 1 markers. The SAR11 clade is ubiquitous in
gene-based surveys of seawater (Giovannoni et al., 1990;
Rusch et al., 2007) and is the most abundant group of bac-
teria measured in surface seawater by in situ hybridization
(Morris et al., 2002; Alonso-Saez et al., 2007). As a domi-
nant heterotrophic member of bacterioplankton communi-
ties in marine environments, the SAR11 clade is likely to
have a significant effect on DOM composition (Giovannoni
et al., 2005). To our knowledge, no exudate DOM from
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mono-culture isolates has been examined by ultrahigh reso-
lution mass spectrometry. However, many studies have
examined small biopolymer sub-units such as amino acids
and sugars that are exuded by single species and mixed
assemblages, in both field and laboratory settings. Some
of these studies highlighted the uptake of several mono-
meric compounds (e.g., glucose, amino acids and dimethyl
sulfoniopriopionate (DMSP)) by SAR11 (Malmstrom
et al., 2005; Alonso and Pernthaler, 2006; Mou et al., 2007).

We examined the DOM in P. ubique cultures grown in
coastal Oregon seawater in either light or constant dark-
ness. We used the extraordinary resolving power of FT-
ICR MS to compare this DOM with DOM from the cruise
samples. Most of the marker m/z values from both groups
of North Atlantic Ocean samples were also detected in
the P. ubique cultures (EA Tables 2 and 3). The peak
heights of Group 2 (riverine) markers that were observed
in the cultures (61 of 77: 79%) were generally unaffected
by the presence of SAR11, indicating that these peaks were
not degraded by light or by the growing cells. This observa-
tion is consistent with our hypothesis that the Group 2
markers represent refractory terrestrially-derived organic
matter that is highly resistant to further degradation.

In contrast, the Group 1 (surface marine) markers that
were detected in the P. ubique cultures (22 of 32: 69%) were
always observed in one of the P. ubique cultures but not al-
ways in the control treatment. Furthermore, the relative
peak heights of 50% of the Group 1 markers were often en-
hanced (>2� increase over the control) in the presence of P.
ubique under at least one of the two growth conditions.
Conversely, only 10% of the Group 2 markers were en-
hanced during P. ubique growth. It is highly probable that
markers with identical m/z values have the same elemental
formulae due to the precision of m/z measurement by FT-
ICR MS. However, we cannot be certain that the m/z values
detected in the P. ubique cultures represent the same com-
pounds as the corresponding m/z values detected in the
North Atlantic Ocean samples. Nonetheless, the detection
of Group 1 marker m/z values in the P. ubique cultures, to-
gether with the compositional similarity to labile microbial
intermediates (Kim et al., 2003a; Rossello-Mora et al.,
2008), provides initial evidence that these peaks may be
produced by biological activity. The SAR11 ecotype used
in these experiments is common and highly abundant in
the surface ocean, the same ocean region associated with
the Group 1 markers. Our analysis does not enable us to
determine whether the Group 1 markers that were pro-
duced in P. ubique cultures are unique to this organism
or are general products of marine microbial activity. How-
ever, our study does not rule out the possibility that Group
1 markers represent compounds that are produced by a
variety of microorganisms, including SAR11, in the surface
ocean. Structural characterization of these peaks and stud-
ies with other cultured marine bacteria should further con-
strain their origins.

4. OVERVIEW

Marine DOM has so far eluded comprehensive chemical
description, veiling the complex interactions between abi-

otic and biotic processes that control this vast pool of reac-
tive carbon. Ultrahigh resolution mass spectrometry is the
first technology that has the ability to detect and to identify
thousands of compounds, potentially revealing complex
temporal and spatial patterns in DOM composition (Hertk-
orn et al., 2008). Adaptation and development of multivar-
iate statistics is an important step in the analysis of these
vast datasets. Of critical importance will be statistical tools
that help determine the critical compounds (or m/z features)
within different DOM sources or biogeochemical processes.

The present project focused on the subset of DOM com-
pounds that are extracted by C18/SDB resin and are de-
tected by negative ion mode ultrahigh resolution mass
spectrometry (ESI FT-ICR MS). We resolved thousands
of DOM compounds by their m/z values and used multivar-
iate statistics to identify markers that are characteristic of
terrestrial input and surface ocean sources. With statistical
tools adapted from community ecology, we observed that
the inferred elemental compositions for terrestrially-derived
peaks are consistent with previous predictions for photo-
chemical lability of DOM. We further showed that markers
characteristic of ocean surface samples were also present in
an axenic culture of a marine bacterial SAR11 isolate.
Ongoing work in our laboratories is now focused on the
structural characterization and dynamics of these 109 peaks
to assess their geochemical significance.

Taken together, the marker compounds illustrate the
complex interactions between abiotic and biotic processes
that control the spatial and temporal variability of DOM.
Here we have identified distinct m/z features within marine
and estuarine DOM that participate in the biogeochemical
processes of photochemical degradation and heterotrophic
microbial metabolism. Ultrahigh resolution mass spectrom-
etry, coupled to multivariate statistical tools, was critical to
the identification of these features, highlighting the power
of these techniques for elucidating the important compo-
nents of biogeochemical cycles. Additional work with labo-
ratory and field DOM is needed to confirm these results and
to assess their applicability to other marine and terrestrial
regimes. Nonetheless, this approach offers not only the pos-
sibility of tracking the molecular-level distribution and
dynamics of aquatic DOM, but also of obtaining detailed
structural information by other advanced mass spectromet-
ric techniques (MS/MS) on compounds linked to a specific
environment or process. New markers for biogeochemical
processes will be identified by this combined approach
and new quantitative methods can be developed to examine
the dynamics of these markers in aquatic systems, leading
ultimately to novel insights into the aquatic carbon cycle.
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