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ABSTRACT: Dissolved Organic Matter (DOM) is an important component of the
global carbon cycle. Unscrambling the structural footprint of DOM is key to
understand its biogeochemical transformations at the mechanistic level. Although
numerous studies have improved our knowledge of DOM chemical makeup, its three-
dimensional picture remains largely unrevealed. In this work, we compare four solid
phase extracted (SPE) DOM samples from three di!erent freshwater ecosystems
using high resolution mobility and ultrahigh-resolution Fourier transform ion
cyclotron resonance tandem mass spectrometry (FT-ICR MS/MS). Structural
families were identified based on neutral losses at the level of nominal mass using
continuous accumulation of selected ions-collision induced dissociation (CASI-
CID)FT-ICR MS/MS. Comparison of the structural families indicated dissimilarities in the structural footprint of this sample set.
The structural family representation using Cytoscape software revealed characteristic clustering patterns among the DOM samples,
thus confirming clear di!erences at the structural level (Only 10% is common across the four samples.). The analysis at the level of
neutral loss-based functionalities suggests that hydration and carboxylation are ubiquitous transformational processes across the
three ecosystems. In contrast, transformation mechanisms involving methoxy moieties may be constrained in estuarine systems due
to extensive upstream lignin biodegradation. The inclusion of the isomeric content (mobility measurements at the level of chemical
formula) in the structural family description suggests that additional transformation pathways and/or source variations are possible
and account for the dissimilarities observed. While the structural character of more and diverse types of DOM samples needs to be
assessed and added to this database, the results presented here demonstrate that Graph-DOM is a powerful tool capable of providing
novel information on the DOM chemical footprint, based on structural interconnections of precursor molecules generated by
fragmentation pathways and collisional cross sections.
KEYWORDS: DOM, FT-ICR CASI-CID MS/MS, TIMS-FT-ICR MS, structural family, network

1. INTRODUCTION
Dissolved Organic Matter (DOM) is an extremely complex
mixture of organic species with a wide variety of chemical
signatures and is considered a fundamental component of the
biogeochemical global carbon cycle.1−6 Due to its crucial role
in aquatic ecosystems, the characterization of dissolved organic
matter (DOM) across di!erent environments has been the
focus of numerous studies7−16 and can be classified in (i) bulk-
and (ii) molecular-level characterizations.10,17−20 The molec-
ular-level characterization is gaining primary attention because
of the increasing need to better understand how changes in
DOM makeup across environments a!ect critical ecological
processes (e.g., the global carbon cycle).4,21 The introduction
of ultrahigh-resolution mass spectrometry (e.g., Fourier
transform ion cyclotron mass spectrometry, FT-ICR MS) has
significantly advanced our understanding of the DOM
molecular makeup.18,22 Improvements in dynamic range,
signal-to-noise ratio, ultrahigh mass resolving power, mass
accuracy, and mass selection have distinguished FT-ICR MS as
a unique technique for the analysis of complex mixtures.23,24
For example, several thousand chemical components dis-

tributed across various heteroatom classes can be now
routinely identified at a sub ppm error level from DOM
samples in a single broadband FT-ICR MS analysis.25−27

However, the structural characterization of DOM remains a
significant challenge. The high chemical diversity and high
isomeric complexity has significantly limited the DOM
structural characterization.10−12 Traditional NMR studies are
limited by the need of pure and relative high concentrations of
purified components.9,26,28−30 On a parallel approach,
chromatographic (e.g., liquid chromatography31−33) and gas-
phase separations (e.g., ion mobility12,27,34−36 and ultrahigh-
resolution FT MS13,18,37−39) have been explored. Most of the
studies attempting to gain DOM structural information have
relied on identifying structural classes by NMR (i.e., aliphatic,
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aromatic, olefinic, etc.)28,29,40 and functional groups from
tandem mass spectrometry (i.e., carboxylic moiety from CO2
neutral loss).41−43

A fundamental aspect for the structural DOM character-
ization is the need to separate and identify isomeric
components, as well as to better understand the DOM
transformation pathways.11,33 In 2020, trapped ion mobility
spectrometry (TIMS) coupled to FT-ICR MS44 allowed for
the first time isomeric separation followed by chemical formula
level fragmentation of a DOM sample, and potential isomeric
structures were proposed. The integration of a score system
from in silico MS/MS fragmentation and structural screening
based on experimental vs theoretical ion-neutral collisional
cross sections (CCS) allowed for a structural assignment with
reduced ambiguities. Despite the unique advantages of this
methodology, its application to a large-scale study (e.g.,
thousands of chemical formulas) could be challenging and
ultimately impractical for routine characterization. In 2022, a
more feasible approach based on the neutral loss patterns of
nominal mass isolated precursors using continuous accumu-
lation of selected ions (CASI) followed by collision induced
dissociation (CID) and FT-ICR MS detection45 was proposed.
Over 1000 structural families of DOM related components
from 110 nominal masses were identified in an SPE-DOM
sample from the Pantanal wetland, Brazil. When combined
with a novel visualization approach based on a Cytoscape
network (Graph-DOM45,46), the structurally interconnected
DOM families were visualized, and potential biogeochemical
transformation processes were identified.
In the present work, we further interrogate the DOM

structural space by identifying the transformational networks
common to di!erent DOM samples. In particular, we
implement for the first time a comparison across DOMs
based on isomeric mobility separation and neutral loss-based
MS/MS fragmentation strategies for the identification of
common and unique structural families. This unsupervised
structural classification workflow allows for the structural
footprint across aquatic DOMs. Examples are shown for the
case of SPE-DOM samples from a Suwannee River fulvic acid
standard (SRFA), a wetland sample from Brazil (Pantanal),
and two end-member samples from a marsh-to-estuary transect
in the Harnery River (Florida Everglades; HR-1 and HR-5).

2. EXPERIMENTAL SECTION
Sample Preparation. DOM samples from four aquatic

environments were studied: Suwanee River Fulvic Acid
(SRFA), a wetland from Brazil (Pantanal), and HR-1 and
HR-5 from a marsh-to-estuary transect on the Harney River
(Florida Everglades). A Suwanee River Fulvic Acid standard
was obtained from the International Humic Substances Society
(IHSS, http://humic-substances.org). The SRFA stock
solution (1 mg/mL) was prepared by dissolving 1 mg of
SRFA standard powder in 1 mL of methanol. Pantanal
(Pantanal National Park, Brazil) and HR-1 and HR-5 (Harney
River, Florida Everglades) were obtained by solid phase
extraction (SPE) of surface water. Details of the sampling
protocol and the SPE method used are described else-
where.9,47,48 Briefly, one liter of water was collected using
precleaned plastic bottles and filtered using GFF precombusted
0.7 μm glass fiber filters no later than 6 h after collection. For
the SPE procedure, samples were acidified (pH 2) and loaded
onto a 1 g Bond Elut PPL cartridge (Agilent, Santa Clara, CA,
USA) conditioned with 1 cartridge volume of methanol

followed by 1 cartridge volume of pH 2 Milli-Q water. The
loaded PPL cartridge was then rinsed with pH 2 Milli-Q water
for desalting and dried under a nitrogen gas flow for 5 min,
before the elution of DOM components with 20 mL of
methanol. SPE-DOM extracts were stored at −20 °C in amber
glass vials until further analysis. All DOM samples were diluted
in denatured ethanol to infuse a similar DOM concentration
(∼5 mg/L). All solvents (Optima LC-MS grade) were
obtained from Fisher Scientific (Pittsburgh, PA).

(−)ESI-FT-ICR MS. A SolariX 9T ESI-FT-ICR MS
spectrometer (Bruker Daltonics, MA) equipped with an
infinity ICR cell was optimized for high transmission of ions
in the 100−1200 m/z range. Diluted DOM samples were
ionized using an electrospray ionization source (Apollo II ESI
design, Bruker Daltonics, Inc., MA) in negative ion mode and
injected at 200 μL/h. Typical operating conditions were
3700−4200 V capillary voltage, 4 L/min dry gas flow rate, 1.0
bar nebulizer gas pressure, and a dry gas temperature of 200
°C. Operational parameters were as follows: funnel rf
amplitude 160 voltage peak-to-peak (Vpp), capillary exit
−150 V, deflector plate −140 V, skimmer1 −20 V, transfer
line RF 350 Vpp, octupole RF amplitude 350 Vpp, and
collision cell RF 1100 Vpp. An Agilent ESI-L low
concentration Tuning Mix calibration standard (Agilent,
Santa Clara, CA, USA) was used during the instrument
tuning. Broadband MS1 spectra (200 coadded scans) of the
four DOM samples were collected at 4 MW data acquisition
size (mass resolution of ∼300k at 400 m/z).

(−)ESI-FT-ICR CASI CID MS/MS. Comprehensive MS/MS
data of SRFA, Pantanal, HR-1, and HR-5 DOM samples were
obtained by performing ESI-FT-ICR CASI CID MS/MS (see
details in ref 45). Briefly, odd mass ions (m/z range 261−477),
sequentially isolated in the quadrupole at nominal mass, were
accumulated for 5−7 s in the collision cell and further
subjected to CID before analysis in the ICR cell. Tailored CID
collision voltages (15 V−27 V) were utilized for a better
fragment coverage across the mass range. The same ion optics
parameters used during broadband ESI-FT-ICR MS experi-
ments were utilized for the MS/MS analysis. Six to eight
segments of 60−100 MS/MS scans each were collected across
the predefined m/z range using serial run mode acquisition.
Tandem MS spectra of the DOM samples were collected at 2
MW data acquisition size (mass resolution of ∼140k at 400 m/
z).

(−)ESI-TIMS-FT-ICR MS. A custom-built Solarix 7T ESI-
TIMS-FT-ICR MS spectrometer with an infinity ICR cell
(Bruker Daltonics Inc., MA) was utilized to obtain isomeric
information for the precursor molecules included in the
structural families. The ESI operating conditions were the
same as for the ESI-FT-ICR MS analysis described above.
Typical transmission operational parameters included funnel rf
amplitude 220 peak-to-peak voltage (Vpp), capillary exit −100
V, deflector plate −90 V, skimmer1 −60 V, transfer line rf 350
Vpp, octupole rf amplitude 350 Vpp, and collision cell rf 1000
Vpp. Mass profiles of the four DOM samples were collected at
4 MW data acquisition size.
The principle of the separation of ions in the gas phase using

TIMS-ESI-FT-ICR MS is described elsewhere.36,49−51 Briefly,
ions in the TIMS cartridge are held against a nitrogen flow
using an electric field applied on the electrodes. In these
settings, the drag force exerted by the moving gas is
counteracted by the electric field force so that the ions can
be spatially separated across the TIMS analyzer axis based on
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their ion mobility.52−54 To improve the trapping e"ciency of
the TIMS cell, ions are radially confined using a quadrupolar
RF field. The ion mobility, K0, of a charged molecule in a
TIMS cell can be described by eq 1

= =K
v
E

A
V V

g

elution out
0

(1)

where vg, E, A, Velution, and Vout are the velocity of the gas,
electric field, a calibration constant, elution voltage, and tunnel
out voltage, respectively.
Ion-neutral collisional cross sections (CCS (Ω, Å2)), which

are an indication of the size and shape of the charged
molecules, can be calculated from K0 using the Mason−
Schamp equation (eq 2)

= + *
z

k T m m
T

K P N
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0

ikjjjjj y{zzzzz (2)

where z is the charge of the ion, kB is the Boltzmann constant,
N* is the number density, and mi and mb are the masses of the
ion and bath gas, respectively (McDaniel and Mason 1973).
In-house software written in National Instruments LabVIEW

synchronized with the FTMS control acquisition software was
used for controlling the TIMS cartridge. The collection of IMS
frames was conducted in the oversampling mode previously
described by our group.12,36,44,49 Nitrogen gas at ca. 300 K was
employed as the bath gas, and pressures P1 = 2.4 mbar, P2 =
1.0 mbar, and a 220 Vpp rf were also utilized. The TIMS cell
was operated using a simultaneous fill/trap sequence
synchronized with the accumulation during detect mode of
the FTMS control software. A voltage di!erence of 4 V across
the ΔE gradient and a 0.2 V stepping scan function across the
total 100 V ΔV range were utilized. A maximum of 1,000 IMS
scans was collected per mass spectrum.
Data Processing. Data was processed using Data Analysis

(v. 5.2, Bruker Daltonics, CA), and the plots were created
using OriginPro 2016 (Originlab Co., MA). The assignment of

chemical formulas was conducted using Composer software
(version 1.0.6, Sierra Analytics, CA, USA) and confirmed with
Data Analysis (version 5.2, Bruker Daltonics). The assignment
was validated by the lowest formula errors, the confirmation of
isotopologues, and the removal of assigned peaks belonging to
classes with only a few sparsely scattered members. Theoretical
formula constraints of C4−50H4−100N0−3O0−25S0−2, S/N > 3, m/
z range 100−800, error < 1 ppm, 0 < O/C ≤ 1.2, 0.3 ≤ H/C ≤
2.5, and DBE-O ≤ 1055 were considered. An internal walking
recalibration using the oxygen homologous series (O4−O20)
was performed in Composer software. An average recalibration
error < 200 ppb in the mass range 200−700 Da was obtained
for the MS spectra of the four DOM samples. The fragment
spectra were internally calibrated using a list of exact masses of
fragment ions obtained from regularly occurring neutral losses
in DOM and their combinations.10,11
Input files containing the accurate mass of assigned peaks

from MS2 and MS1, the isolated nominal mass, the ion
abundance, and the assigned chemical formulas were processed
using our developed in-house Python code Graph-DOM.45,46
Briefly, ordered fragmentation pathways considering multiples
of CH4, O, H2O, CO, CH2O, CH4O, and CO2 neutral losses
and with 1 mDa tolerance error were computed using Graph-
DOM. Families of structurally related precursors were
identified using a conceptual model based on de novo matching
of fragmentation pathways.45,46 Networks of DOM structurally
interconnected precursors belonging to the structural families
were created using Cytoscape v.3.82.56 Briefly, a structural
network is built by interconnecting DOM family members
based on neutral losses correlated with structural function-
alities. A list of precursor molecules found in structural families
is imported into Cytoscape software and defined as nodes. The
structural functionalities correlated with neutral loss di!erences
among precursors in a family are imported as network edges. A
comparison of the structural families obtained for each DOM
sample was conducted using new functionalities added to
Graph-DOM. For this purpose, precursor molecules forming a

Figure 1. (−)ESI-FT-ICR MS spectra of the SRFA, Pantanal, HR-1, and HR-5 DOM samples (left panel), van Krevelen plots of the DOM samples
highlighting the CHO, CHON, CHOS, and CHONS heteroatom classes (center panel), and 2D MS/MS plots obtained from the analysis of the
DOM samples by the (−)ESI-FT-ICR CASI-CID MS/MS (right panel). Note that the number of chemical formulas indicated in the right panel for
each DOM sample comprises the sum of precursors formulas obtained in both MS and MS/MS experiments, as well as fragment molecules
assigned in more than 200 MS/MS spectra.
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family were concatenated and defined as mathematical sets.
Common families across the four DOM samples were
identified by intersecting (∩) all sets. Unique families to each
sample were determined by subtracting the union (∪) of three
of the family sets from the remaining one. For example, unique
structural families to the SRFA sample were determined by
subtracting the union of Pantanal, HR-1, and HR-5 sets from
the SRFA set.
Isomeric information for the precursor molecules of the

structural was obtained from (−) ESI-TIMS-FT-ICR MS.
TIMS profiles of the precursor formulas were extracted using
Data Analysis (v. 5.2, Bruker Daltonics, City, CA, USA). The
ion mobility spectra were externally calibrated using the
reported ion mobilities of the Agilent Tuning Mix calibration
standard.57 Extracted ion mobility profiles for each chemical
formula were deconvoluted using the custom-built Software
Assisted Molecular Elucidation (SAME) package written in
Python v3.7.3. The SAME package relies on noise removal,
mean gap filling, asymmetric least-squares smoothing for
baseline correction, continuous wavelet transform (CWT)-
based peak detection (SciPy package), and Gaussian fitting
with nonlinear least-squares functions.58 Common structural
isomers for precursors belonging to the families shared by all
DOM samples were filtered by concatenating CCS values with
chemical formulas. The same mathematical set approach
described above for the identification of common and unique
families was utilized for the identification of common structural
isomers across DOM samples sharing the same structural
families.

3. RESULTS AND DISCUSSION
The Graph-DOM approach utilizes accurate masses and
chemical formulas from ultrahigh-resolution MS and MS/MS
data to find structural similarities among DOM compounds
based on their unique fragmentation pathways. In this work,
we extended the capabilities of Graph-DOM by finding
structural commonalities and dissimilarities among four
DOM samples from di!erent origins. Here, we generated
neutral loss-based structural families in a data set that included
precursor and fragment molecules detected in nearly 110 CID-
fragmented nominal masses. The structural families repre-
sented as sequences of structurally connected chemical
formulas are further compared to one another to generate
common and unique chemical fingerprints across DOM
samples. Finally, the interconnections of precursors molecules
in DOM families are described in the form of networks using
Cytoscape software.
The broadband (−)ESI-FT-ICR MS analysis of SRFA,

Pantanal, HR-1, and HR-5 DOM samples resulted in the
typical unimodal distribution of signals centered at ∼340 m/z
(Figure 1, left panel). The SRFA, Pantanal, and HR-1 samples,
all with a strong association with a wetland source, showed a
high chemical diversity with an average of 2920 chemical
formulas assigned in the mass range 100−800 m/z. On the
other hand, HR-5, the estuarine DOM sample, showed a less
chemically diverse fingerprint (<2000 chemical components).
The distribution of heteroatoms classes across samples showed
that the CHO class (58%) dominates over the CHON (19%),
CHOS (12%), and CHONS (1%) classes (Table S1), in good
agreement with previous reports of wetland samples.9 Over
30% more CHO components were found for SRFA and
Pantanal samples compared to HR-1 and HR-5. Moreover,
HR-1 and HR-5 exhibited ∼10% more enriched CHON and

CHOS signatures than SRFA and Pantanal DOMs. This
heteroatom pattern comparison provides a first level
description of DOM signatures at the molecular level.
The DOM compositional representation in the van Krevelen

space showed the preponderance of lignin-like and tannins-like
components (Figure 2, center panel). Nevertheless, it should

be clearly noted that these structural-like assignments are only
indicative since they are solely based on chemical composition.
A further structural comparison among DOM samples was
conducted using neutral loss fragmentation patterns.
Inspection of the 2D MS/MS maps for the CHO class

showed a similar pattern of typical neutral loss lines (i.e., H2O,
CH4O, CH2O, and CO2 losses) and their multiples across the
DOM samples (Figure 1, right panel). The fragment
assignment of over 200 MS/MS spectra per DOM sample
evidenced a higher structural diversity for the CHO class of
SRFA and Pantanal samples (>10,000 fragment + precursor
chemical formulas) compared with HR-1 and HR-5 samples.
While this information was clearly uncovered by the CASI-
CID MS/MS experiments, it was hindered at the MS1 level
since HR-1 and HR-5 samples contained even more precursor
molecules than SRFA and Pantanal samples (Table S1).
Examination of isolated mass signals at nominal mass 365

and their corresponding MS2 profiles (Figure S1) revealed that
all DOM samples yielded a similar MS/MS fragmentation
pattern with characteristic fragments to each DOM sample. A
higher number of neutral losses was observed for SRFA and
Pantanal samples compared with HR-1 and HR-5. Neutral
losses are typically associated with structural functionalities.
We interpret these results as that SRFA and Pantanal DOM
samples have a larger structural diversity than HR-1 and HR-5
DOM samples.
The Graph-DOM schematics for the determination of

structural families per DOM sample are visualized in Figure

Figure 2. Schematic representation of Graph-DOM models used for
identifying structural families (top panel) in a DOM sample.
Cytoscape networks of structurally interconnected precursors of the
SRFA, Pantanal, HR-1, and HR-5 DOM samples (bottom panel).
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2 (top panel). When applied to the CHO class, near 2-fold
more fragmentation pathways were obtained for SRFA and
Pantanal samples in comparison to HR-1 and HR-5 (Figure S2
top panel). In particular, SRFA and HR-1 exhibited the highest
(108) and lowest (106) number of pathways, respectively. The
number of structural families showed a similar trend across the
DOM samples: SRFA > Pantanal > HR-5 > HR-1. An average
family size distribution with 4−5 precursors was observed
across all DOM samples (Figure S2 center panel); up to seven
family members were found only for SRFA as an indication of
its higher structural complexity.
Inspection of the CHO families showed that the top

precursor (highest m/z) within a family for the Pantanal and
HR-5 families showed 6−10 oxygens when compared with the
SRFA and HR-1 structural families with over >12 oxygens
(Figure S2 bottom). These results are in good agreement with
previous reports where a higher structural diversity has been

associated with a higher number of oxygens.45 In particular, the
SRFA higher structural diversity is exemplified by the larger
family sizes (up to 7 precursors) and top family precursors
with up to 15 oxygens. The Graph-DOM method resulted in
being e!ective for the identification of structural common-
alities and dissimilarities across DOMs. Further interpretation
of the structural families can provide insight toward the
correlation between DOC, DOM source, and biogeochemical
transformations, among others.11
The observation of a single complex interconnected cluster

of DOM components in the Cytoscape structural network of
SRFA is consistent with its higher structural complexity
(Figure 2, bottom panel). Although Pantanal’s structural
network (three interconnected clusters) looks slightly di!erent
than SRFA’s network, they both shared similar interconnection
complexities. The scattered clusters observed for HR-1 and
HR-5 indicate that these two samples are structurally more

Figure 3. Venn diagram showing common structural families across DOM samples and unique families to SRFA, Pantanal, HR-1, and HR-5
determined by the comparison of families using Graph-DOM (top right panel). Cytoscape structural networks of common families found across the
DOM samples (top left panel) and unique families to each sample (bottom).
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similar between each other and less complex than Pantanal and
SRFA, respectively. The structural similarity of HR-1 and HR-
5 could be explained by the fact that both samples belong to
the same ecosystem (Harney River, Everglades) along a
transition from mainly Everglades DOM to additional sources
from mangrove swamps and some marine inputs (particularly
for HR-5).59 The di!erences observed in the structural
networks (HR-1 contains more complex clusters than HR-5.)
evidence di!erent DOM biogeochemical transformations and
di!erent inputs associated with the di!erent mangrove and
marine derived inputs (Figure S3). While this comparison of
structural families was limited to the CHO class (most
abundant class), further inspection of other heteroatom classes
can provide additional information.
The Graph-DOM provided a list of structural families for

each DOM sample. A comparison of the structural families is
shown using a Venn diagram in Figure 3. Note that the
comparison using family sets (Figure S4) enabled the
identification of common and unique structural families across
the four DOM samples. Results showed that 8% of the CHO
families across the four DOM samples are common; that is,
over 200 families of structurally related CHO precursors are
ubiquitous across distinctive aquatic environments.
The number of unique structural CHO families from the

four DOM samples follows the same observed trend as the one
from the number of fragmentation pathways and number of
families (SRFA > Pantanal > HR-5 > HR-1). A high structural
complexity of SRFA (>2500 unique families) and a high
similarity with the Pantanal sample (>800 shared families)
were observed. The Cytoscape structural network of the 218
CHO families common to all DOM samples showed a pattern
of disconnected multiclusters (Figure 3 bottom panel). The
lack of connectivity among structural families common to all
samples could be associated with a lower structural diversity of
HR-1 and HR-5 families compared to SRFA and Pantanal. We
interpret these results as dissimilar input sources and
transformational processes across aquatic environments. A
closer look at the network of intersected families of SRFA and
Pantanal but excluding both HR-1 and HR-5 families (Figure
S5) confirmed the structural similarities of both SRFA and
Pantanal samples. The exclusion of SRFA and Pantanal CHO

families from the intersection of HR-1 and HR-5 CHO families
resulted in a network characterized by structural interconnec-
tions that resembles the ones obtained for the Everglades
ecosystem (Figure S5 right). These results showed that the
Graph-DOM method is e!ective for the determination of
structural fingerprints associated with a DOM origin.
Inspection of the compositional characteristics of the CHO

precursors within the common CHO families showed
transformational processes associated with hydration and
carboxylation steps. Three examples of common CHO
structural families involving hydroxylic (H2O loss) and
carboxylic (CO2 loss) structural transitions among precursors
are depicted in Figure 4. These transitions can be viewed as
both synthetic and degradation pathways that illustrate some
of complex biogeochemical mechanisms involved in DOM
structural transformation. Although the molecular trans-
formations resulting from CID fragmentation may be di!erent
than the ones triggered by enzymatically driven microbial
processing, several studies have shown some interesting
similarities in their pathways. For example, decarboxylation
(CO2 neutral loss during CID) has been recognized as a
biodegradation mechanism of tannins60 and a fundamental
reaction pathway of DOM photooxidation.61,62 Moreover,
demethoxylation pathways, correlated with CH4O neutral
losses, have been previously reported during degradation of
lignin, a potential DOM component.63−65 The absence of
methoxy (CH4O loss)-based transformational processes in the
common CHO structural families suggests that the mecha-
nisms triggering the addition/subtraction of this functionality
are characteristic to certain aquatic ecosystems. Examination of
the neutral loss sequences among precursors in the families
(data not shown) evidenced that at least one methoxy moiety
was found in ∼50% of both SRFA and Pantanal structural
families. In contrast, lower abundance of this functionality was
observed across HR-1 (<7%) and HR-5 (<3%) structural
families, thus confirming the similarities between SRFA/
Pantanal and HR-1/HR-5 pairs at the structural level.
Interestingly, the replacement of methoxy functional groups
with phenolic hydroxyl groups has been previously linked to
biodegradation of highly methoxylated lignin.65−67 Therefore,
transformation mechanisms involving methoxy moieties may

Figure 4. Representation of three common CHO families. The H2O−CO2−CO2−H2O (top left), CO2−CO2−CO2 (top right), and H2O−H2O
(bottom left) families are depicted with one homologous fragmentation pathway in the form of 2D MS/MS fragments m/z vs precursor m/z plots.
A van Krevelen plot (bottom right) showcases the compositional pattern of the CHO class components from the SRFA, Pantanal, HR-1, and HR-5
samples, the CHO precursors from the structural families shared by all DOM samples, and the three selected structural families.
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be constrained in estuarine systems (HR-1/HR-5) due to
extensive upstream lignin biodegradation.
The three examples of common families superimposed on a

van Krevelen plot (Figure 4) revealed continuous (orange and
green) and discontinuous (pink) lines describing potential
transformational pathways. These patterns illustrate that, in the
context of our study (selected samples, conceptual model, and
experimental setup), a set of constrained reactions pathways
involving only addition/subtraction of hydroxyl and carboxylic
moieties could be responsible for the ubiquitous pool of DOM
structures across aquatic environments.
Complementary structural information can be derived from

the use of mobility (TIMS) and neutral loss (CASI-CID FT-
ICR MS/MS) experiments. A model describing the integration
of the precursor isomeric information and neutral loss-based
family identification is described in Figure S6. Briefly, the list of
unique precursor formulas from the shared families was tagged
with the isomeric information (TIMSCCSN2 values) from each
DOM sample. The comparison of the new sets enabled the
identification of common and unique precursor isomers shared
by the common structural families (see the Venn diagram in
Figure 5 top). A total of 450 isomeric precursors were shared
by the common CHO structural families. Up to 4 isomers and
an average of two isomeric species were found for precursors in
the common families. Interestingly, the number of unique
isomers found across precursors from common families

exhibited a decreasing trend in the order HR-5 > HR-1 >
SRFA > Pantanal. These di!erences in isomeric content among
common precursors could be one of the possible explanations
behind the dissimilarities observed between the structural
families of SRFA/Pantanal and HR-1/HR-5 pairs. However, it
should be noted that the isomeric diversity provided in this
study is a lower estimate;12 that is, mobility unresolved isomers
should be accounted for.
An expanded view of a cluster from the network of common

CHO families shows intraconnections of up to four precursors
within a family (colored lines) and the complex interconnec-
tion among all families (Figure 5 bottom). The layer of
isomeric information added on top of the family domain shows
the presence of up to two isomers per precursor (number in
brackets). In our previous report,45 we suggested that the lines
interconnecting two precursors in a network could be an
indication of isomeric diversity based solely on the neutral loss
information. A closer look at the expanded network on the
bottom of Figure 5 reveals di!erences between the number of
isomers estimated based on a neutral loss model (colored +
gray lines) and mobility separation (number in brackets). For
example, at least four isomers can be estimated for the
C15H20O7 precursor based on its CO2 loss interconnections
with C16H20O9. On the other hand, the estimated lower
number of isomers for C15H20O7 based on the SAME fitting
was two. Considering the potential ambiguities and short-
comings of each approach, the results are remarkable. Further
integration of data using the chemical formula mobility
selected MS/MS analytical workflow will be helpful in
providing a training set of DOM unambiguous fragmentation
information that can be incorporated in a machine learning
algorithm.44
The results presented in this study show the potential of

data mining of ultrahigh-resolution neutral loss fragmentation
patterns using the Graph-DOM method in the description of
DOM transformational networks at the molecular level. The
role of the isomeric diversity at the molecular level was
successfully integrated for the first time with the structural
family description. The application of this methodology to
DOM from di!erent aquatic ecosystems allowed for the
identification of common and unique DOM transformational
networks. For the first time, evidence of common transforma-
tional processes is provided across these DOM samples. Future
studies including samples of DOM photo/biodegradation
experiments and samples along salinity transects could provide
further insights into the DOM composition and correlation
between the chemical components. All the Graph-DOM
functionalities developed and described in this paper are freely
accessible at https://github.com/Usman095/Graph-DOM.

■ ASSOCIATED CONTENT
Data Availability Statement
The updated Graph-DOM code along with the input files and
web-based Cytoscape networks for each DOM sample are
available at https://github.com/Usman095/Graph-DOM/
tree/main/input. TIMS-FT-ICR MS and CASI-CID raw data
for each DOM sample is freely accessible at https://doi.org/
10.34703/gzx1-9v95/CLVLK6.
*sı Supporting Information
The Supporting Information is available free of charge at
https://pubs.acs.org/doi/10.1021/acs.est.2c04715.

Figure 5. Venn diagram describing common and unique isomers for
the precursors of the families shared by all DOM samples (top).
Section of the structural network of families common to all samples
(bottom) highlighting the interconnected precursor formulas (nodes),
the family IDs (color code), the neutral based functionalities (edge
label), and the number of common isomers across DOM samples per
precursor (numbers in brackets). Note that gray lines are associated
with other not labeled shorter families.
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Figure S1, expanded view of precursor molecules (m/z
365) of SRFA, Pantanal, HR-1, and HR-5 DOM samples
isolated in quadrupole (Δm/z = 1) and their
corresponding ESI (−) FT-ICR CID MS/MS spectra;
Figure S2, number of precursors, core and intermediate
fragments covered by Graph-DOM code, distribution of
number of families per family size, and families per
oxygen class of uppermost precursor for CHO class of
each DOM sample; Figure S3, map of sampling point
location for HR-1 and HR-5 samples in the Harney
River, Florida, Everglades; Figure S4, conceptual model
based on mathematical sets used for comparison of
DOM structural families across samples; Figure S5,
structural networks from intersection of pair SRFA/
Pantanal excluding HR-1&HR-5 and pair HR-1/HR-5
excluding SRFA&Pantanal; Figure S6, conceptual model
developed for comparison of concatenated formulas and
CCS values of common families across samples; and
Table S1, summary of compositional information
obtained for SRFA, Pantanal, HR-1, and HR-5 samples
using ESI-FT-ICR MS (PDF)

■ AUTHOR INFORMATION
Corresponding Author

Francisco Fernandez-Lima − Department of Chemistry and
Biochemistry, Florida International University, Miami,
Florida 33199, United States; Biomolecular Sciences Institute,
Florida International University, Miami, Florida 33199,
United States; orcid.org/0000-0002-1283-4390;
Email: fernandf@fiu.edu

Authors
Dennys Leyva − Department of Chemistry and Biochemistry,
Florida International University, Miami, Florida 33199,
United States

Muhammad Usman Tariq − School of Computing and
Information Science, Florida International University, Miami,
Florida 33199, United States

Rudolf Ja!é − Institute of Environment and Department of
Chemistry and Biochemistry, Florida International
University, Miami, Florida 33199, United States;
orcid.org/0000-0001-6153-248X

Fahad Saeed − School of Computing and Information Science,
Florida International University, Miami, Florida 33199,
United States

Complete contact information is available at:
https://pubs.acs.org/10.1021/acs.est.2c04715

Author Contributions
The manuscript was written through contributions of all
authors. All authors have given approval to the final version of
the manuscript.
Notes
The authors declare no competing financial interest.

■ ACKNOWLEDGMENTS
This work was supported by the National Science Foundation
Division of Chemistry, under CAREER award CHE-1654274,
with cofunding from the Division of Molecular and Cellular
Biosciences to F.F.L. D.L. acknowledges the fellowship
provided by the National Science Foundation award (HRD-
1547798) to Florida International University as part of the

Centers for Research Excellence in Science and Technology
(CREST) Program. D.L. also would like to acknowledge John
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