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Abstract—Dissolved organic matter (DOM) is a highly complex
mixture of organic substances found in aquatic ecosystems. This
mixture results from the degradation of primary producers
within the ecosystem, groundwater, and the surrounding terres-
trial sources. Understanding the chemical structure of DOM is
crucial to assessing its impact on aquatic ecosystems. Although
multiple studies have addressed the complexity of DOM, the
molecular structure of this set of compounds remains unclear.
In this work, we present a novel computational framework
“Graph-DOM,” to assess the comprehensive fragmentation data
obtained from the analysis of DOM using the Data Independent
Fragmentation strategy with ESI-FT-ICR MS/MS enabling better
understanding of the structural complexity of DOM. Graph-
DOM uses graph algorithms to dissect a compiled output
file obtained from processing hundreds of ultra-high-resolution
fragment spectra. Over half a million ordered fragmentation
pathways were computed for 764 isolated precursor ions as-
suming up to seven vector segments categorized as neutral
losses (CH2, CH3, O, CH4, H2O, CO, and CO2). Families
of structurally related molecules were identified using pathway
overlaps, and output files compatible with network visualization
software (e.g., Cytoscape) were also generated. Graph-DOM is
able to efficiently process all the pathways to discover families
within only a few minutes with adjustable parameters for overlap
length of fragmentation pathways as well as configuring low
abundance CHOS, CHON, and CHONS compounds. Graph-
DOM is available at https://github.com/Usman095/Graph-DOM.

Index Terms—dissolved organic matter, dynamic program-
ming, regularity chains, HPC.

I. INTRODUCTION

Dissolved organic matter (DOM) is a complex mixture of
organic compounds in aquatic ecosystems and mainly consists
of carbon, hydrogen, and oxygen with trace amounts of other
elements, e.g., Nitrogen and Sulphur. DOM is formed primar-
ily from the degradation of primary aquatic and terrestrial
producers. DOM has a significant biogeochemical impact
and influence on many environmental processes, including
transportation of contaminants, ecological processes, and water
treatment [1]. A vast number of studies have been performed
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on DOM, reporting numerous new molecular formulas and
novel features [2], [3], [4]. However, molecular structures of
most of the molecules are still unknown due to the diversity
in chemical features and complexity of the mixture [5].

Advancements in analytical techniques have helped move
the field forward towards better understanding the molecular
structures within the mixture [2], [6]. In particular, Fourier
transform ion cyclotron Resonance-Mass Spectrometry (FT-
ICR MS) and Quadrupole Time-of-Flight Mass Spectrometry
(Q-TOF-MS) have aided much in the characterization of DOM
due to their high-resolution capabilities and flexibility toward
coupling with separation techniques. Statistical methods like
linear regression have identified similarities among highly
variable DOM samples collected from different sources [7].
Moreover, network analysis techniques have been used to
determine the number of chemical transformations between
different peaks in a sample [8]. In [9], computational methods
are used to determine the 3D configuration of DOM. How-
ever, molecular structures of compounds in DOM are mostly
unknown. There is a critical need to develop fast, efficient
computational frameworks capable of deconvoluting complex
MS2 spectra and quickly processing and extracting useful
structural information.

In the present work, we design and implement graph-based
algorithms for identifying fragmentation pathways of related
organic molecules in DOM mass-spectrometry data and iden-
tify structural families of molecules based on partial/complete
overlap of fragmentation pathways. DOM fragmentation data
were collected in a Solarix X-XR 9T spectrometer by se-
quencing 1 Da quadrupole isolation every other m/z and
using typical CID energies of 15-20 eV. 2D MS/MS data
included exact masses of precursors and fragments, chem-
ical formulae, and corresponding intensities. A customized
directed acyclic-graph (DAG) based algorithm was developed
to find all the fragmentation pathways and identify regular
sequences of precursors with a shared core fragment. The
framework provides functionalities to generate fragmentation
pathways based on precursors, core fragments, and neutral
losses and to identify structural commonalities in DOM-based
on similarities in fragmentation patterns of precursors sharing
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the same core fragment. To the best of our knowledge, this
is the first time structural similarities using comprehensive
fragmentation data have been assessed by developing custom
graph analysis algorithms.

The rest of the paper is as follows: In section II, we present
the design of the algorithm for analyzing the data. In section
III, we present sample preparation, sample ionization, MS/MS
analysis, and data processing. In section IV, we show results
using DOM fragmentation data at 1 Da quadrupole isolation
every other m/z. Section V, provides discussion of the results
and section VI concludes this paper.

II. GRAPH-DOM
A. Constructing Pathway DAG

MS/MS is first preprocessed, and peaks are filtered to
determine the intermediate fragments. All the fragmentation
pathways and the associated core-fragments are identified for a
given set of neutral losses by constructing a breadth-first search
tree starting from the nominal mass (±1 Da) considering
CH2O O, CH4, H2O, CO, and CO2 as neutral losses. The
directed acyclic graph (DAG) is constructed by first selecting
a precursor peak as the root node; then, seven possible children
are considered at each step, each corresponding to one of
the neutral losses. A child is added to the DAG if a peak is
found in the spectrum with m/z value of parent minus neutral
loss with an m/z tolerance of 1mDa. The process is repeated
recursively till no more children can be added, at which point
the child node (leaf node) is output as the core-fragment. A
pathway is a path from the root node of the DAG to the
leaf node with the possibility of multiple paths leading to the
same leaf node. A sample spectrum for the nominal mass of
391 Da with the corresponding DAG and multiple pathways
corresponding to different core fragments are shown in figure
1.

Fig. 1. Sample spectrum of nominal mass 391 Da. The spectrum is analyzed
by selecting a precursor ion at the nominal mass (±1 Da) here [C19H20O9]−

and then constructing a directed acyclic graph (DAG) using all the neutral
losses. Above, three possible pathways are shown with two (red) leading
to core-fragment [C10H9O2]− and one (blue) leading to core-fragment
[C12H11O]−. As can be seen, the paths can overlap, and multiple paths
can lead to a single core-fragments generating a DAG as shown in figure 2.

The corresponding DAG for the given spectrum is shown
in figure 2.

MS/MS spectra are converted into a breadth-first tree using
given neutral losses and the threshold on the number of
repeated neutral losses. The tree is searched using BFS to

Fig. 2. DAG corresponding to the spectrum in figure 1. The branches are
constructed by adding neutral losses such that a fragment of m/z of precursor
minus the neutral loss is found in the spectrum. The DAG is grown recursively
and splitting/joining branches wherever the paths overlap or split. As can
be seen, two paths (red) start out separate but then join at the last neutral
loss resulting in a common core fragment. Multiple fragmentation pathways
leading to the same core fragment provide evidence for the presence of
structural isomers. On the other hand (blue) might only have one branch
leading to a unique core fragment.

Fig. 3. Pathways constructed by traversing the DAG from the root (precursor)
node to all the leaf (core-fragment) nodes. Note that each unique pathway
is listed separately as the intermediate fragment sequence is important for
identifying related families using fragmentation pathway overlap.

explore all the possible pathways up-to-the core fragments
(leaves). This recursive algorithm returns all the possible
pathways and core fragments interpreted from the given frag-
ment spectra. The algorithm is generalized to run on multi-
ple precursors and determine all the shared core fragments
among precursors, shared precursors among core fragments,
the similarity between the pathways of the core fragments and
precursor pairs.

B. Traversing Pathway DAG

Once the DAG is constructed, it is traversed from the
root (precursor) node to each leaf (core-fragment) node. Each
unique pathway is listed where a pathway consists of Pre-
cursor, Core-Fragment, Neutral Losses sequence, Intermediate
Fragments sequence, and the Precursor Mass. The resultant
pathways are sorted according to their precursor mass in
increasing order, as shown in figure 3. Multiple pathways can
exist for a given precursor or even a precursor/core-fragment
pair. For such cases, each pathway is listed separately with a
unique identifier called “Pathway ID”.
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C. Constructing Family DAG
Using the pathways identified in figure 3, another DAG,

called Family DAG, is constructed where pathways are con-
sidered nodes. An edge from the smaller pathway P1 (pathway
with smaller precursor mass) is added to larger pathway P2

if 1) the precursor of P1 is same as the first intermediate
fragment of P2 and 2) intermediate fragments of P1 and P2

match up to a given threshold called “overlap value”. One
such example is shown in figure 4 where 4 pathways will get
connected in the Family DAG.

Fig. 4. Pathways that will be connected by edges in the Family DAG. As can
be seen, for every larger precursor, the next smaller precursor is the same as its
first intermediate fragment. Matching precursors and intermediate fragments
are highlighted with the same color.

Note that depending on the overlap value, a pathway can be
part of more than one family, as shown in figure 5. A set of
root nodes is maintained separately as these nodes don’t have
any incoming edges, and that’s where the traversal begins for
identifying families.

Fig. 5. Family DAG constructed from identified pathways. Each node
represents a pathway while a path from the root node to a leaf node comprises
a family.

The family DAG is traversed from all root nodes to find all
possible paths to the leaf nodes. Each distinct path represents
a family. A family of precursors can share numerous distinct
sets of pathways that overlap. In this case, it is only counted
as one family. The number of pathways is referred to as
the confidence value as they are directly proportional to the
relevance of precursors.

III. MATERIALS AND METHODS

A. Sample Preparation
Surface water was collected from Pantanal (PAN) National

Park – SE Brazil, one of the largest subtropical and bio-diverse

freshwater wetlands in the world. Surface water was subjected
to a Solid Phase Extraction (SPE) Procedure following the pro-
tocol described in [10]. The SPE-DOM methanol extract was
diluted 10 times in Optima LC-MS grade denatured ethanol
(Fisher Scientific, Pittsburgh, PA) prior to direct infusion in
ESI-FT-ICR MS.

B. Sample Ionization
An electrospray ionization source (ESI) Apollo II ESI

design (Bruker Daltonics, Inc., MA) was used in negative ion
mode for all experiments. Sample solutions were introduced
into the nebulizer at a rate of 360 µL/h using a syringe pump.
Typical operating conditions were 3000–3500 V capillary
voltage, 4 L/min dry gas flow rate, 1.0 bar nebulizer gas
pressure, and a dry gas temperature 180 ◦C.

C. ESI-TIMS-FT-ICR MS/MS analysis
An ESI-FT-ICR MS Solarix X-XR 9T spectrometer

equipped with an infinity ICR cell was utilized. A broadband
mass spectrum (115 scans) of the SPE-DOM sample was
collected in the mass range 150-3000 with a resolution of
4.0E06 at m/z 400. A Continuous Accumulation of Selected
Ions (CASI) was used as a Data Independent Fragmentation
(DIF) method. Briefly, ions at odd nominal masses were
sequentially isolated (1 Da window) in the quadrupole (m/z
range 261-477), accumulated for 3 s in the collision cell, and
fragmented by Collision Induced Dissociation (CID) using
typical 14-15 V collision voltages. A total of 50 scans were co-
added for each nominal mass MS/MS (segment), and ten single
segments were stitched in each experiment using Serial LC run
mode. Arginine cluster ions were utilized during instrument
tuning for the external mass calibration of the broadband MS1
spectrum, and MS/MS spectra were externally calibrated using
exact masses of known neutral losses in typical DOM [7].

D. Data Processing
MS and MS/MS data were processed using Data Analysis

(v. 5.2, Bruker Daltonics, CA). The assignment of chemical
formulae was conducted using Composer software (version
1.0.6, Sierra Analytics, CA, USA) and confirmed with Data
Analysis (version 5.2, Bruker Daltonics). A formula constraint
of C1−100H1−200N0–4O0–25S0–2 was applied, and both odd
and even electron configurations and mass errors below 1 ppm
were allowed. An excel file containing the mass of isolated
precursors and fragments, chemical formula, and abundance
was created as input files for the computation of fragmentation
pathways and structural families.

IV. RESULTS

Using Graph-DOM, we calculate all possible pathways as
well as core-fragments using the comprehensive fragmentation
data. Similarly, Graph-DOM is able to identify all the families
of related precursors along with their confidence value.

A. Experimental Setup
The experiments were run on a 24 core Xeon server with

48 GB of available memory. Jupyter Notebook was used with
Python 3.7 and NumPy and Pandas data processing packages.
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B. Experiments
Using Graph-DOM, we identify all 0.6M possible pathways

for comprehensive fragmentation data at a mass range of
261− 477 Da consisting of 764 precursors as shown in figure
6. Depending on the mass spectrometer settings, and the
chemical properties of the sample, the number of identified
fragmentation pathways can vary significantly and range up
to more than 40k per sample. This also emphasizes the
abundance of isomeric families in DOM.

Fig. 6. Distribution of number of pathway w.r.t. to the precursor m/z. As
shown in the plot, depending on the mass-spectrometer settings, and the
chemical properties of the molecules, number of fragmentation pathways can
vary vastly up to more than 40k per sample.

Similarly, all the core fragments (9021) for each precursor
are also calculated. Figure 7 shows the distribution of the
number of cores over precursor m/z. In this context, a core
fragment refers to either the stable backbone structure of the
molecule that does not fragment further or an intermediate
fragment that could not be further fragmented due to mass-
spectrometer limitations or the lower concentration of the
compound within the sample.

Fig. 7. Distribution of number of core-fragments w.r.t. to the precursor m/z.

By constructing the family DAG, we identify 685 unique
families. Figure 8 shows the distribution of the number of

families over the family size (number of precursors in a family)
for varying overlap lengths.

Fig. 8. Distribution of number of families w.r.t the family size and overlap
length used to identify families.

In figure 9, we show the ordered distribution of family
confidence.

Fig. 9. Ordered distribution of confidence value for each unique family.

V. DISCUSSION

Using Graph-DOM, we are able to process precursors for
the entire range of m/z (261−471 Da) in only a few minutes,
enabling swift analysis of fragmentation data and gaining
structural insights for DOM. For the analysis, we generate
nearly half a million distinct fragmentation pathways and
based on the overlap of those pathways, precursor families
of related compounds are generated. We also provide the
confidence level of the generated families based on how many
sets of pathways among the families overlap. The overlap
length is an adjustable parameter that can be set to any
positive value. For the data set used, our algorithm provides
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72% precursor coverage, 27% core-fragment coverage, and
42% intermediate fragment coverage, where the coverage is
defined as the percentage of precursors, core-fragments, or
intermediate fragments appearing in the families vs. the total
number in the original data. Finally, Graph-DOM is capable
of generating Cytoscape [11] input files for all the connected
precursors through different families.

VI. CONCLUSION

In this paper, we present a graph-theoretic approach to
analyzing comprehensive fragmentation data for dissolved
organic matter (DOM). DOM is a complex mixture of or-
ganic compounds resulting from the decomposition of pri-
mary producers within the aquatic ecosystem or surrounding
terrestrial sources. Understanding the features, properties and
molecular structures of various compounds in DOM is vital
for assessing its impact on the ecosystem. Although countless
efforts have been made to discover novel molecules and
features, the molecular structure of various compounds is
still unknown. We present the first of its kind analytical
tool that can assist in uncovering underlying structures of
molecules by analyzing comprehensive fragmentation data for
DOM. By constructing a directed acyclic graph of nearly
half a million pathways, we are able to construct precursor
families in which molecules differ only by a single functional
group providing quantitative evidence for the presence of
structural similarities within DOM. Graph-DOM is highly
efficient and only takes a few minutes to process all the
fragmentation pathways and generate families. Moreover, it
can generate network input files for Cytoscape to enable users
to visualize the resultant network of related molecules. The
Jupyter Notebook for the framework is available on GitHub
at https://github.com/Usman095/Graph-DOM.
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