Environmental Science: Processes & Impacts

2)

Environmental

Science
Processes & Impacts

Changes in Light Absorption and Composition of

Chromophoric Marine-Dissolved Organic Matter Across a

Microbial Bloom

Journal:

Environmental Science: Processes & Impacts

Manuscript ID

EM-ART-04-2022-000150.R2

Article Type:

Paper

SCHOLARONE™
Manuscripts




Page 1 0of 13 Environmental Science: Processes & Impacts

Marine chromophoric dissolved organic matter has been characterized and correlated with the

optical absorption of different classes of compounds.
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Changes in Light Absorption and Composition of Chromophoric Marine-Dissolved
Organic Matter Across a Microbial Bloom

Michael R. Alves,? Elizabeth K. Coward,? David Gonzales,? Jon S. Sauer,? Kathryn J. Mayer,2? Kimberly A. Prather,2< and Vicki H.
Grassian®"

Marine chromophoric dissolved organic matter (m-CDOM) mediates many vital photochemical processes in the surface ocean. Isolating m-CDOM within the
chemical complexity of marine dissolved organic matter has remained an analytical challenge. The SeaSCAPE campaign, a large-scale mesocosm experiment,
provided a unique opportunity to probe the in-situ production of m-CDOM across phytoplankton and microbial blooms. Results from mass spectrometry
coupled with UV-VIS spectroscopy reveal production of a chemodiverse set of compounds well-correlated with increases in absorbance after a bacterial bloom,
indicative of autochthonous m-CDOM production. Notably, many of the absorbing compounds were found to be enriched in nitrogen, which may be essential
to chromophore function. From these results, quinoids, porphyrins, flavones, and amide-like compounds were identified via structural analysis and may serve
as important photosensitizers in the marine boundary layer. Overall, this study demonstrates a step forward in identifying and characterizing m-CDOM using

temporal mesocosm data and integrated UV-VIS spectroscopy and mass spectrometry analyses.
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Introduction

The photoactive, or chromophoric, subset of marine dissolved
organic matter (referred to here as m-CDOM), is a ubiquitous
constituent of one of the largest global carbon (C) reservoirs and
the greatest pool of reduced carbon (~660 Pg C) in marine
environments.! Capable of performing direct and indirect
photochemical processes in the environment,?3 and driving the
amount of UV-radiation and visible light absorption at the
surface ocean,* m-CDOM is thought to be a complex mixture of
compounds derived from both allochthonous and
autochthonous sources, such as phytoplankton and bacterial
blooms.>=® The composition and structures of m-CDOM drive an
extensive array of photochemical reactions and metabolomic
pathways catalyzed by solar radiation in the photic zone,©
including potential light-driven production of nitrous acid
(HONO) - an important atmospheric oxidant.112 Despite the
importance of speciation in modulating behavior, the molecular
composition of m-CDOM has yet to be elucidated.

Much of this uncertainty is rooted in the diverse production
pathways of m-CDOM, identification limitations within the
broader chemical complexity of marine organic matter, and the
inherent photo-reactivity = of  such compounds.13:14
Characterizing natural organic matter is universally a complex
analytical endeavor, given the number and chemodiversity of
compounds that make up these samples across different
environments.’>16 As such, a synchrony of different techniques,
such as nuclear magnetic resonance (NMR) spectroscopy and
high-resolution mass spectrometry (HRMS), is required to
detect and characterize discrete DOM populations.17-21
Identification of m-CDOM compounds, more specifically, within
bulk marine DOM has largely been accomplished using other
approaches such as excitation-emission matrices (EEMs), which
do not provide the molecular-level resolution critical to
understanding and predicting m-CDOM behavior in marine
systems.?2 Some studies have attempted to separate m-CDOM
based on assumed structure composition (e.g. aromatic) and
incorporate  mass spectrometry in conjunction with
spectroscopic measurements.?> However, results are limited to
characterizations based on formulaic assignments and potential
functionality .

This work aims to isolate and characterize m-CDOM formation
at the using integrated
measurements and mass spectrometry during sequential
microbial blooms within a large-scale mesocosm flume. The
sequential exponential growth of phytoplankton, which reduce
CO, from their surroundings, and subsequent marine bacterial
growth from decayed substrates,?*?> is a documented
autochthonous pathway of m-CDOM production.2®2? Thus,
organic matter composition was characterized throughout a
large-scale (12,000 L wave channel) mesocosm experiment, the
2019 Sea Spray Chemistry and Particle Evolution (SeaSCAPE)
study at Scripps Institution of Oceanography throughout
sequential phytoplankton and bacterial blooms under
controlled conditions.?® Using integrated UV-VIS spectroscopy

molecular level absorbance
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and high-resolution mass spectrometry to characterize changes
in organic matter composition over time, this work aims to
provide insight into the composition of m-CDOM, a critical but
understudied photochemical driver in the surface ocean.
Ultimately, this research also attempts to search for a molecular
model, or models, of m-CDOM, to support future fundamental
photochemical studies of this sample.

Experimental Methods

SeaSCAPE wave channel and experimental design of microbial
bloom. The collaborative SeaSCAPE 2019 campaign project,
which aimed to characterize realistic ocean-atmosphere
chemistry during microbial blooms in a wave channel, has been
previously detailed by Sauer et al., 2021.2° Briefly,
approximately 11,800 L of seawater (33.8 PSU) was collected
from Ellen Browning Scripps Memorial Pier in La Jolla, California
(32.8663° N, 117.2546° W) and immediately filtered to 50
microns to remove the majority of non-microbial biota and
large grazers. The filtered seawater was then transferred into a
cleaned glass wave channel and allowed to equilibrate at
ambient temperature for 24 hours. An electromagnetically
driven paddle was used to generate waves down the 33-meter
wave channel onto an artificial beach made of fiberglass.
Nutrients were then added to the wave channel and fluorescent
lights (Spectra 5700K F32-T8, Full Spectrum Solutions, Inc.) were
installed along the walls of the flume to support a diurnal light
cycle. Three separate microbial blooms were studied during this
campaign project, though only the third one, which lasted for
23 days, will be the focus of this study. The wave flume was
cleaned and rinsed with acetic acid and Milli-Q, and refilled with
seawater from Scripps Pier, between each bloom. This
experiment observed two distinct microbial blooms, a first
proliferation of phytoplankton species followed by a second
largely bacterial bloom, although viral contributions were
observed. A more comprehensive description of the
biodiversity and population dynamics during the SeaSCAPE
campaign can be found in Sauer et al., 2021 and a schematic is
shown provided in Electronic Supplemental Information (ESI)
Scheme 1.%°

m-DOM isolation and purification. At eight intervals over the
course of 23 days in July and August of 2019, 20 L of water was
collected from the flume channel. Sampling occurred on TO, T2,
T6,T9, T13, T16, T19, and T22 in which samples are denoted by
the numbers of days passed from experimental start
corresponding to July 24th, 26th, 30th, and August 2nd, 6th,
9th, 12th, and 15th respectively. All materials used to collect
each sample, such as the polypropylene carboy, PTFE-lined
tubing, and filters, were pre-rinsed with HPLC-grade methanol
(MeOH) and Milli-Q water three times before each collection.
Glassware use for the last step of the extraction had an
additional step of combustion (500 °C for 7 hours) before use.
The carboy was additionally rinsed inside with water from the
wave channel 3x before being filled to a pre-measured 20 L
mark. From each of these eight 20 L samples, dissolved organic
matter (DOM) was isolated via sequential filtration through 10

This journal is © The Royal Society of Chemistry 2022
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um nylon mesh, 0.7 um (pre-combusted glass fiber filters), and
0.2 um filters (Polyethersulfone, 47 mm, MilliporeSigma),
maintaining a pressure below 5 psi to avoid lysing any cells
present. After filtration, the seawater was acidified to pH 2
using 1M HPLC-grade HCI (Fisher Scientific) to remove any
inorganic carbon contributions and increase sample interaction
with the resin by protonation. The resultant DOM was purified
via solid-phase extraction (SPE) as described by Dittmar et al.,3°
using 5g Priority PolLutant (Bond Elut PPL, Agilent) cartridges.
With the cartridges having a max loading of 50 L of seawater,
the loading of m-DOM onto the SPE cartridges was kept under
10 L per gram of absorbing material, and concentration of m-
DOM throughout the mesocosm experiment did not exceed 2
mg C/L. The DOM eluent, with methanol, post-SPE processing
was dried in a rotary evaporator and then stored in a freezer at
-21 2C prior to further analyses. Samples collected for tandem
mass spectrometry (MS2) analysis by Petras and coworkers,
later described, were collected in a similar fashion in parallel.

Elemental characterization of dissolved C. Analysis of dissolved
organic carbon (DOC) concentrations have been previously
reported by Sauer et al.,, 2021 across the entire bloom
experiment.?® Briefly, duplicate 40 mL aliquots of flume
seawater were collected at each sampling interval and filtered
into combusted glass vials through a 0.7 um Whatman GF/F
filter. Filtrate samples were immediately acidified to pH 2 with
concentrated HCI prior to analysis on a Shimadzu TOC-VCSH
catalytic combustion oxidation instrument.

Absorbance characterization and spectral slope derivation.
Absorbance spectra were also collected from all temporal SPE
extract samples using a Shimadzu UV-3600 UV-VIS-NIR
spectrophotometer using a 1 cm quartz cuvette. For each
sample, 4 mL of m-DOM in MeOH was isolated and analyzed
across wavelengths ranging from 250 to 700 nm. The samples
were not diluted into water to minimize sample handling and
maximize signal of the chromophores. The samples were
diluted to equal concentrations by mass of the m-DOM to
obtain the mass attenuation coefficient (MAC). Absorbance
spectral slopes for each sample were also calculated for the
wavelength ranges of 275-295 nm (5275-295) and 350-400 nm
(S350-400) via a single exponential decay function, al (Eq. 1), by
nonlinear regression, as reported in Helms et al., using
SigmaPlot software (SPSS Inc.),3?

a;=Ae ~SU=lrep) Eq. 1,
where, A is amplitude or concentration, S (hm1) is the spectral
slope, and / is the wavelength. Slope values over these discreet
spectral ranges have been previously shown to directly
correlate with DOM degradation and molecular weight.3?

High-resolution mass spectrometry and post-processing. The
molecular compositions of all SPE eluent samples were characterized
via Orbitrap mass spectrometry (Thermo Fisher Scientific). The
Orbitrap was externally calibrated for mass accuracy and tuned on
the day of analysis using the manufacturer’s guidelines and a
standard calibration solution (Pierce ESI lon Calibration Solutions,
Thermo Fisher Scientific). A solvent blank and a method blank, where
the SPE PPL was used with methanol and no sample, were utilized for

This journal is © The Royal Society of Chemistry 2022

blank subtractions. Additionally, the spectra were internally
calibrated using persistent known compounds across a mass range
from 150 to 1500 m/z. Samples were resuspended in MS-grade
MeOH to a concentration of 0.5 mg/ml by mass m-DOM, and loaded
to the heated electrospray ionization (HESI) through direct injection
at a flow rate of 5 ul/min. After negative mode ionization, ions were
then transferred into a linear ion trap and subsequently the Orbitrap
cell. Broad-band mass spectra were then recorded between 150 and
1500 m/z with a mass resolution of 240,000 (at m/z 200). A total of
120 scans were accumulated, and subsequent m/z, intensity, and
resolution data for all peaks were exported to individual mass lists.

After analysis, only m/z values with a signal-to-noise ratio (S/N)
> 10 were exported for formula assignment. As previously
published,33:3* empirical formula matches were assigned to all
resolved peaks within the bounds of Ci_5oH1i-100
01-30N0-5S0-2Po-2, and molecular formula were assigned based
on the following: (1) Kendrick mass defect analysis, (2) least
number of nonoxygen heteroatoms, and (3) lowest parts per
million m/z deviation, with calculated theoretical m/z values of
the assigned formulas within an error value of < 0.5 ppm of
measured m/z values. Over 10,000 molecular formulae were
assigned amongst all samples, which were further binned into
assigned compound classes according to elemental ratios and a
modified aromaticity index (Almog), sShown in equation 2.3%

Almod = (1 + C-0.50-S-0.5H)(C-0.50-S-N-P)  Eq.2,

Compound classes were assigned as follows: condensed
polycyclic aromatics (Alyog >0.66), polyphenols (0.66> Aloq
>0.50), highly unsaturated (Alnoq <0.50 and H/C<1.5), aliphatic
compounds (2.0=H/C>1.5) with (+N) or without (-N) nitrogen,
and saturated compounds (H/C>2). Lastly, compounds present
in only one sample were removed from further analyses,
including compound class statistics, heteroatomic content
calculations, and Spearman’s rank correlations.

Spearman’s rank correlations. Spearman ranking is a statistical
measure of the dependence between two non-parametric
variables. In this study, we correlate absorption parameters to
sum-normalized compound intensities derived from Orbitrap
mass spectrometry. Within each of the sample timepoints TO-
T22, contains a bulk UV-VIS spectrum and a direct-HRMS
measurement of the intensities for each observed, and
assigned, molecular formulae. Taking the entire experiment
into account, a specific formula may increase, decrease, or
remain relatively unchanged in intensity throughout TO-T22. A
change in UV-VIS parameters can be treated similarly. This
statistical analysis assigns ranks (e.g., 1, 2, 3, ...) to each point
depending on their value and compares the similarity of these
two now-ranked datasets. Having the same rank across each
timepoint from both datasets would result in a Spearman rank
correlation of 1. This type of analysis is useful in comparing
measurements that may not always be linear, such as those
related to highly complex mechanisms like the formation of
DOM via various metabolic and chemical pathways. This type of
analysis would not be ideal if the datasets were large or
something resembling a distribution, as this ranking correlation
relies on assigning ranks to each value as the relationship
increases or decreases. Only correlations in compounds present
in at least 6 out of 8 timepoints were considered for this

Environ. Sci.: Processes Impacts, 2022, 00, xx-xx | 3

Page 4 of 13



Page 5 of 13
1
2
3 study.3637 Correlations were deemed significant if they had a p-
4 value < 0.05, and those presented as positively well-correlated
5 were of R values that range from 0.5 to 1.0, the latter being the
6 maximum value.
7
8 Results and Discussion
?0 Evolution of m-DOM absorbance during sequential biotic blooms.
11 Changes in m-DOM concentration (i.e., all of the marine
dissolved organic matter, as [DOC], and not just the light
12 absorbing component), absorbance, and potential m-CDOM
13 production were measured throughout a microbial bloom
14 progression (Fig. 1, Fig. 2). As noted in Sauer et al., 2021,2° DOC
15 steadily increased in concentration throughout the experiment,
16 due to both primary and bacterial production, consistent with
17 previous bloom incubation experiments.3® The phytoplankton
18 populations experienced a growth phase during the first week
19 of wave channel operation (T6), followed by abrupt decay (T9),
20 represented by Chla concentrations (Fig. 1b). Subsequent rapid
21 growth in bacterial biomass was observed, reaching peak cell counts
2 at T13 before declining at the conclusion of experimental operations
(T22) (Fig. 1c). Absorbance increased over the experimental time
23 course, with a marked increase observed after peak bacterial growth
24 at T13 (Fig. 1c), suggesting the production of chromophoric
25 compounds via microbial mineralization of phytoplankton biomass,
26 as previously observed by Kinsey et al., 2018.26 The use of SPE-PPL to
27 extract this m-DOM limits the scope of the extracted pool of
28 compounds observed in this study. Extraction efficiencies for marine
29 DOM are reported to be between 40 and 50% for marine DOM.3° SPE
30 must be used for m-DOM for two reasons, to concentration the
31 sample due to the naturally low amount in marine environments and
32 to remove the large amount of salt present.3® In many cases, this
DOM is reported as “SPE-DOM”, however, to simplify the
2431 nomenclature here, m-DOM and m-CDOM, is used instead.
35
36 Specifically, three distinct spectral regions — 280, 350, and 410
37 nm — displayed enhanced absorbance denoted by peaks C, B,
38 and A respectively (Fig. 2). Shoulders at 280 and 350 nm were
39 seen throughout the entire experiment, becoming more distinct
40 over time. This behavior is consistent with spectroscopic
41 measurements of microbial growth in laboratory and field
42 experiments.?? A distinct peak at 410 nm only appears during
43 and after the microbial bloom peak, persisting throughout the
44 bloom time course. Absorbance at 410 nm, the A peak, has only
45 infrequently been observed in prior examinations of m-CDOM,
46 and previously only appears after peak microbial growth,
47 suggesting the associated compounds are likely produced
48 biotically.#%42 In theoretical work by Karimova et al. 2021, this
49 A peak has been proposed to partially arise from electronic
50 transitions of saturated carbon chains with diol- and oxy- groups
51 near an aromatic center, though additional experimental work
[¥) is needed to validate such proposed structures.*3 The C peak, at
53 280 nm and higher energy wavelengths, is associated with
54 aromatic rings and aromaticity in general, particularly the 1t ->
55 nt* transitions. The B peak, at 350 nm, is commonly associated
56 with the n -> t* but can also be in combination with t -> t*
57 modes.*3 This broad peak can be composed of peptides, amino
58 acids, flavins, tannins, etc.***> However, as noted above, this
59 subset is vastly uncharacterized. It should be noted that due to
60
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the nature of the sample, it is unlikely that aggregates and thus
absorption related to the charge transfer model are
represented here.*® These clusters are likely important in the
makeup of CDOM and should be further studied through the
use of complementary techniques.
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Figure 1. (a) Dissolved organic carbon measurement by TOC Analysis via
combustion catalytic oxidation, (b) chlorophyll a concentration, and (c)
heterotrophic bacterial cell counts per liter of seawater. This data has been
replotted and reproduced from Ref. 29 with permission from the Royal Society
of Chemistry.
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Figure 2. Mass attenuation coefficient spectrum of m-DOM samples in
methanol, calculated from the UV-VIS spectra, collected from the SeaSCAPE
Bloom 3 experiment (from TO to T22, where TO = time zero). All spectra were
taken dissolved in methanol. Samples were dissolved to a standard mass
concentration of the extracted m-DOM (mg of m-DOM). Inset: The inset
spectra show the 1t derivative of the m-DOM to better identify the A, B, and
C peaks that are contributing to the broad spectrum.

Integrated UV-VIS spectroscopy and HRMS: Signatures of
CDOM production. We integrated absorbance analyses to high-
resolution Orbitrap mass spectrometry to isolate the
production of m-CDOM within broader shifts in m-DOM
chemodiversity. Within the 10,000+ unique formulae identified,
relative abundance within the compound classes assigned did
not vary significantly over the course of the experiment (Table
S1 and ESI Fig. S1). We hypothesize that this is likely due to the
fact that changes in molecular composition due to external
processes are not often reflected in changes in the compound
classes themselves, particularly in large complex and dynamic
experiments such as this mesocosm. Broader shifts in

A Produced post-bloom

B Correlated, spectral slopes

ARTICLE

heteroatom content (Fig. S2A), HRMS-derived molecular weight
(MW; Fig. S2B), and aromaticity (calculated using Eq. 2, see Fig.
S2C), were observed as microbial populations, and thus
metabolic pathways. Notably, after the peak bacterial cell
counts, m-DOM was highly enriched in N, depleted in sulfur (S),
and of greater aromaticity than before the bacterial bloom.

Amidst observed m-DOM chemodiversity dynamics, predicted
m-CDOM production was estimated through (i) identification of
new compounds produced post-bacterial bloom peak, and (ii)
Spearman’s ranking correlations between each compound’s
relative abundances across the experiment and absorbance
parameters collected from each m-DOM sample (Fig. 3), thus
generating a pool of different chromophores and light
absorbing molecules. Indices of absorbance used were the
intensity of absorption at 410 nm, g414, and simple exponential
fits of spectra between 275-295 nm (S;75.295) and 350-400 nm
(S350-400) (Eg. 1), which can be reflective of photochemically
induced shifts in MW and degradation (See Methods for further
details).*” Of the 2000+ formulae assigned and filtered, 397
were produced after the bacterial bloom peak (T16) and
observed in all subsequent timepoints (T16-T22, Fig. 3A).
Spearman’s ranking, considering compounds present in at least
75% of samples, indicated strong overlap between those
bacterially-produced (Fig. 3A) and photoactive (Fig. 3B)
populations identified as exhibiting positive correlation
coefficients with both S;75.595 and Szsg.a00 (R > +0.5 observed
between each formula and spectral slope value, mean R value
presented), evident in van Krevelen space. A molecular
compound in the van Krevelen space is defined by it
oxygen:carbon and hydrogen:carbon ratios and is commonly
used in DOM literature to visualize chemical character and
possible reactive pathways.3® A list of the positively and
negatively correlated compounds in this subset can be found in
the ESI (Table S2). Overlap in the C and B peaks (Fig. 2) result in
a high similarity of correlated molecular formulae, while the A
peak remained as a mostly distinct set of formulae (ESI Fig. S3).
Such photoactive compounds (n = 282) represented an

C Molecular composition

§1°° . m Condensed polycyclic
2 -a- 20 = Phenolic
Q Unsaturated
g e m N+ Aliphatic
1e) 5 = N- Aliphatic
I 1 '8 40 m Saturated
2
&
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&
&
Pl
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Figure 3. van Krevelen diagrams (A and B), in which each dot represents molecular formulae, identification of
compounds produced post-bacterial bloom (A, black), and those positively correlated with spectral slopes S,;5.,95 and
S350.400, With R values > +0.5 (B, color scale) overlaid on all compounds identified for reference (light grey). The relative
molecular composition of all compounds, the subset produced post-bloom, and the subset correlated with spectral

slope values is shown in (C).
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increasingly aromatic subset, in agreement with previously
published findings of m-CDOM aromaticity and chromophore
signatures (Fig. 3C).*® However, all subsets contained
compounds across all structural classes, suggesting that m-
CDOM is even more chemodiverse than previously
considered.?? Additional mesocosm-like experiments such as
the one presented here could shed light on the uniqueness, or
lack thereof, of m-CDOM across different biospheres.

Notably, the population of compounds well-correlated in
intensity to absorbance values, thus thought to encompass m-
CDOM, were also found to be enriched in nitrogen (N) (Table 1).
The carbon-nitrogen ratio C/N of all MS-identified DOM was
calculated, weighted by MS intensity, to be 13, similar but
slightly lower compared to past studies, where numbers have
largely been reported between 14 and 20 in the Pacific Coastal
surface waters and southern California coastal regions.*>>° The
formulae found in the subsets Sisg.400, S275-205, and €10, in
contrast, displayed significantly lower weighted C/N ratios of
8.6, 7.2, and 8.0, respectively. The enrichment of N-containing
compounds, evidenced by decreases in C/N, in photo-active
subsets suggests preferential incorporation of N during the
formation of chromophores. Because this elemental analysis is
done using HESI-MS negative mode, these values are not
directly comparable to the study referenced. However, the
relative change and estimate of N is interesting in of itself for
the purpose of this study. This enrichment of N appears
element-specific, as H/C and O/C ratios were not significantly (<
10%) different from those of bulk m-DOM as shown in Table 1,
and both exhibited only minor shifts (< 12%) throughout the
mesocosm experiment when comparing the entire m-DOM,
S275.205, S3s0.400, €410 Subsets. Similar to past studies using
electrospray ionization-based mass spectrometry, the intensity-
weighted average H/C and O/C ratios of bulk m-DOM were 1.21
and 0.38 respectively.®! Although, it is important to note that
the increase of N, and subsequent decrease of S, could also be
due to changes in molecular properties such as acidity or
polarity of the analyzed compounds rather than concentration,
making them more ionizable by HESI-HRMS. These results
reiterate that N may have a key role in this observable pool of
m-CDOM in perhaps both structure and its photo-properties,
something that has only been recently suggested in literature in
comparing the photochemistry of freshwater DOM to marine
DOM.>?

Environmental Science::Processes-&Impacts

Towards a m-CDOM molecular model. Our efforts to identify
and characterize m-CDOM production at the molecular level
reveal evidence for autochthonous production of primarily
polycyclic, aromatic, and even unsaturated compounds,
enriched in N, capable of enhanced light absorbance.
Leveraging the controlled mesocosm blooms of the SeaSCAPE
2019 campaign to control for m-CDOM production without
ongoing natural or anthropogenic inputs or contamination
normally observed in coastal environments, we propose a first
step towards molecular models of m-CDOM, and suggest that
N-containing structures might also play a role in the
photosensitization properties of m-CDOM in the environment —
something that has only been recently, and tentatively,
posited.?62:53 Coupling high resolution mass spectrometry and
UV-VIS spectroscopy have allowed for partial molecular-level
speciation, advancing from the excitation emission matrix
spectroscopy and parallel factor analysis often employed to
detect fluorescent components.?? It should be pointed out that
due to the wide ranging complexity of DOM, the inherent biases
of methods used to probe composition (such as extraction, pH
dependencies, or polarity biases to name a few), remains a
challenge in these types of studies. However, the primary focus
of this study was to find a subset of representative molecules of
m-CDOM even though this may be limited to the specific pool
of compounds that were analyzed.

As direct Orbitrap mass spectrometry is not capable of
structural analysis, it is recommended that futures studies
should employ secondary tandem mass spectrometry,
preferably in conjunction with spectroscopic techniques, such
as UV-VIS, to single out chromophoric subsets. As such, we
analyzed an open-access Orbitrap MS/MS dataset collected
from tandem samples taken throughout the SeaSCAPE
campaign on the same instrument using the Global Natural
Products Social (GNPS) Molecular Networking database.>* As m-
DOM was isolated for MS and MS/MS analyses in identical
fashion, comparisons between these parallel datasets are

Table 1. Average mass spectral characteristics of marine dissolved organic samples across bloom experiment comparison to correlated subset data per spectral parameter,

weighted by relative intensity.

Spectral Parameter H/C 0o/C C/N MW* n
Entire Bloom 1.21 0.38 13.0 601.4 10,945
S275.205 1.30 0.40 7.2 454.6 266
Ss50.400 1.26 0.38 8.6 509.0 282
€410 1.34 0.38 8.0 501.6 226

*Molecular weight reported here refers to the averaged m/z values measured within each sample

| Environ. Sci.: Processes Impacts, 2022, 00, xx-xx | 6
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Table 2. Selected classes of compounds that have been shown to be 1) produced naturally in marine environment by microbes and/or 2)
have shown to be environmentally relevant photosensitizers characteristics.

Mass Spectral
Classification

Condensed Polycyclic Aromatic

Polyphenolic

Highly
Unsaturat
ed

Aliphatic
N+

Aliphatic N-

Major
Compound Types

Representative, Naturally-
Produced Analogs

References

Aromatic Carbonyls

Quinoids*

bEhrhardt et al. 1984,56
2Choudhry 1984,
bGoldstone et al.
2000,°8 *Wang et al.
2020

Heterocyclic Aromatics

Flavins/Pterins

R

peu e
rﬂLrNH
R ©

3Rottgers et al. 2012,
bD’Ambrosio et al.
202090

2Dunlap et al. 1985,
bDunlap et al. 1986,%2
McNeill et al. 2016°3

Phenols and lignin phenols
OH

aHernes and Benner

R R 2003,% ®Opsabhl et al.
R 19986+
' ‘ (A) Flavones/(B)
Polyphenolic/Aromatic C((:)umarines/related* “Hartmann of al.
2018,% aMartins et al.
2019,% bMcNeill et al.
2016
Linear Terpenoids aBlunt et al. 2010,%7
Olefins R aMedeiros et al. 2015,68

RM\R
n

aArakawa et al. 20179

Amides and peptides*
R

aShields et al. 2019,

Amines/Amide-like OA\'T"H bArnold 20147°
R NH,R
O
OH
o] .
. N Structure, isomer |
- 0.0 s s
C?;Ef;ﬁ;c(hcﬁ}ﬁ;lc o i oH adapted from *Hertkorn
OH O et al. 2006.7!
HO™ ~0 °©
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*Detected possible structures in m-DOM samples collected from SeaSCAPE 2019 and matched

using molecular neural networking. 2Detected in marine samples. "Photosensitizer.
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assumed to be viable, with the consideration that MS/MS
assignments are capable of identifying structures for only a
fraction of detected peaks.

Past studies EI-MS and UV-related measurements, as well as
those of statistical determination, of terrestrial DOM show that
the signal from negative mode HESI and detectable
chromophores in the UV-VIS overlap partially, meaning that
many light absorbing compounds in this study are entirely
invisible.>> A review by Mopper and coworkers summarizes the
many biases and limitations of techniques used to observe DOM
in our environment.'3 Using newer extraction techniques, such
as SPE and others, combined with multiple higher resolving
techniques inches the scientific community toward a fuller
picture of DOM composition. Although our dataset comprises
only a fraction of the total, we report thousands of unique
molecular formulae. From a fundamental photochemistry
perspective, this is quite complex and, thus, molecular models
that are representative in both structure and photochemical
properties are highly desired. In this study, we attempt to filter
these thousands of unique formulae into a few identified
structures that may be quite useful for fundamental studies.

In this MS/MS dataset, the GNPS molecular network assigned
586 m-DOM confirmed structural assignments out of the
thousands of masses observed throughout the experimental
time course examined here. To identify potential m-CDOM
candidates within these 586 assignments, Spearman’s ranking
correlations between peak abundance and the three major
spectral parameters of the m-CDOM samples (Sssp.400, S275-205,
and g410) were employed, resulting in five, well-correlated (R >
0.80) with at least one UV-VIS subset, identified structures
(Table 2). Two of these were metal-free, porphyrin-based
compounds: coproporphyrin | and Il byproducts of heme
synthesis and degradation. Of note, other porphyrins were
observed in this structurally defined dataset but were not well
correlated with the m-CDOM parameters. One of these,
Pheophorbide A, was observed to weakly correlate (R = 0.45)
with S3sp.400. The other three structures observed were 5,7-
dihydroxyisoflavone, 1,9-hydroxyisorhodoptilometrin, and N-
phenethylcinnamamide which can be described as a flavone, an
anthraquinone/quinoid, and a cinnamamide/aromatic amide,
respectively. The mass spectra library matches for each of these
compounds can be found in Table S3. These structures have
been detected in marine systems and many of these have been
used as photosensitizers (see references in Table 2).
Additionally, not only do all of these analog structures absorb in
the 275-350 nm regions, there are some such as the porphyrin
and flavone/flavin compounds that absorb past 400 nm similar
to the UV-VIS absorption of the m-CDOM shown in Fig. 2.60.62

Conclusions

Even with a limited number of structures detected due to
limitations in known structures of marine organic matter in
assignment databases, a molecular picture of m-CDOM begins

| Environ. Sci.: Processes Impacts, 2022, 00, xx-xx | 8
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to emerge from these measurements. We identify an array of
structurally diverse marine chromophores, ranging in
aromaticity and saturation, many containing N, (Table 2)
supporting previous field observations.®® Some compounds in
this analysis are seemingly non-chromophoric, such as aliphatic-
like molecules, or non-photosensitizing species like olefins.
However, it is important to mention that these classes can have
important role in other indirect photochemical mechanisms
such as the production of superoxide and radicals or the sink of
singlet or triplet state energies.®®7% Though this table and the
classes of compounds identified are largely supported by the
results of this study, it is by no means comprehensive. Even
smaller molecular mimics are often desirable for fundamental
experimental and theoretical studies to better understand light
absorption within chromophores and the environmental factors
that impact these transition energies. These may include
compounds such as 4-benzylbenzoic acid,”* pyruvic acid,”? and
benzoic acid,”® as well as possibly more marine relevant*® and
N-containing structures such as imidazole-2-carboxaldehyde.? It
is important to note that the focus of this study is on discreet
molecular entities of light absorbing compounds. Inter-
molecular (such as donor-acceptor complexes) light absorption
involving charge transfer processes is not possible to discern via
these methods but can also play a role in the properties of m-
CDOM.27>

Nevertheless, towards building a realistic model of m-CDOM, in
terms of chemical properties and photochemical interactions,
this current analysis and combined review of initial compound
classes serve as a point of reference for future studies and
further characterization. These compounds are, to a certain
degree, contrasted to the presumed humic-dominated
chromophoric fraction of terrestrial DOM, which has dominated
investigation for decades,®%7¢ and highlight the need for further
inquiry into this unique fraction of m-DOM. Overall, the findings
in this study are important in that they demonstrate the ability
to capture composition and insights into structure of at least a
portion of the chromophores found in marine waters. Future
work incorporating structural-sensitive techniques such as
tandem mass spectrometry or NMR7° with optical spectroscopy,
specifically across time-resolved scales, will be needed to take
the next steps in understanding the composition and reactivity
of m-CDOM.
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