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Our understanding of lipid biogeochemistry of the ocean’s interior is still in its infancy. Here we focus on
early lipid transformation and the formation of lipid degradation products in the NE Atlantic Ocean
(49.0°N, 16.5°W). We employed high resolution Fourier transform ion cyclotron resonance mass spec-
trometry (FT-ICR MS), a method that allows observation and elemental composition assignment of thou-
sands of lipids in a single sample. Using these data, we infer molecular-level changes that occur during
lipid transformation in the oceanic water column to shed new light on early lipid transformation pro-
cesses and the formation of lipid decomposition intermediates, here termed CHO compounds (i.e.,
lipid-derived species that contain carbon, hydrogen and oxygen in their molecular formula). We consid-
ered the distribution of molecular rings and/or double bonds (DBE), H/C and O/C ratios, molecular diver-
sity based on the number of mass spectral signals for monoisotopic species, and carbon number in CHO
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Epipelagic molecules. Data are elaborated for the four ocean zones, the epipelagic, mesopelagic, bathypelagic and
Mesopelagic abyssal. The highest molecular diversity characterizes CHO compounds associated with the epipelagic
Bathypelagic zone, which is explained by numerous and diverse planktonic communities inhabiting the epipelagic
‘E'TJSISCSIS"MS and by the effects of both biotic and abiotic processes on lipid transformation. Lipid transformations

include crosslinking (condensation), partial degradation or fragmentation, double bond reduction, oxida-
tion, hydrogenation, dehydrogenation and cyclization. Crosslinking likely results in a unimodal distribu-
tion of carbon number of CHO compounds, in contrast to cell lipids (referred to as Reported lipids based
on the Lipid Maps Database), which have a bimodal distribution of carbon number. CHO compounds that
appear to be formed by fragmentation (decrease of the number of C atoms) and ring/double bond reduc-
tion were more stable to further transformation and remained longer in the water column, i.e., these
compounds were transferred deeper into the water column. Low unsaturation and fast transport to depth
promotes CHO compound preservation in the water column. Dehydrogenation leads to increased
unsaturation (average DBE up to 21.3), condensation, and cyclization, resulting in high molecular weight
compounds with a high degree of unsaturation. Our data demonstrate that lipids with cyclic structures
are more refractory than those with acyclic structures. The formation of aromatic structures is not a
significant process during early lipid transformation in the oceanic water column.

© 2022 Elsevier Ltd. All rights reserved.

1. Introduction

The oceans play a vital role in moderating the Earth’s climate
through carbon and nutrient cycling. This is of great interest as
the ocean has a large capacity to absorb atmospheric CO, and,
hence, mitigate the effect of human emissions of this greenhouse
gas. The entire mechanism of carbon removal from the atmosphere
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by living organisms by the so-called biological pump and con-
nected influential factors is still not well understood. The interplay
of biological, chemical and physical processes in the oceans pro-
vides an efficient mechanism for the production of new organic
carbon as well as for its recycling. Particulate organic matter pro-
duced by living organisms changes qualitatively and quantitatively
while sinking through the water column (Wakeham and Lee,
1993). With increasing depth, the proportion of uncharacterized
organic matter (OM) increases. This OM fraction constitutes
>80% of the organic carbon in the deep ocean (Lee et al., 2004).
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The OM formation mechanisms, their composition, and informa-
tion about the unidentified OM are the main interest of geo-
chemists (Wakeham et al., 1997a, 1997b).

Carbohydrates, proteins, and lipids are major biochemical com-
ponents in the marine environment. Although present in low con-
centrations, lipids are an integral component of oceanic biomass
(Arts et al., 2001). The concentration of total particulate lipids in
the open ocean ranges between 3 and 29 pg L' (GaSparovic
et al,, 2014, 2017), and is higher in coastal ocean areas (3-189 pg
L~1; Parrish et al., 1988; Gérin and Goutx, 1994, Galois et al.,
1996; Derieux et al., 1998). While total lipid concentration
decreases with increasing ocean depth, its relative contribution
to particulate organic carbon increases with depth. This suggests
a selective accumulation of total lipids with particles sinking with
respect to other OM classes (GaSparovic et al., 2014, 2017). In addi-
tion, there is selective accumulation or degradation of lipid classes;
C25-highly branched isoprenoid alkenes are very labile, whereas
long-chain vascular plant alkanes can be selectively enriched in
sediments (Wakeham et al., 1997a, 2002; Canuel and Martens,
1996). Lipid preservation ability is dependent on the region, i.e.,
environmental conditions (Wakeham et al., 2002).

Biochemical and geochemical lipid transformation processes
occurring in the water column influence lipid composition, abun-
dance, and distribution. The molecular structure of lipids and envi-
ronmental conditions affect lipid reactivity (Wakeham and Canuel,
2006). Unsaturated OM, including lipids, is generally considered
more reactive than saturated OM (Sun and Wakeham, 1994;
Canuel and Martens, 1996; Wakeham et al.,, 1997a, 1997b; Loh
et al., 2008). Saturated lipids are more resistant to degradation
and are therefore important vectors for carbon sequestration
(Gasparovic et al., 2016, 2018a).

Some lipids are preserved in the molecular sedimentary record,
and may serve as indicators of climatic variation. The chemical
resilience of lipids depends on their early diagenetic alterations,
which determines their persistence in the water column
(Brassell, 1993). There is a possibility of non-selective preservation
of labile organic matter, allowing it into sink deeper in the water
column. This is made possible by physical protection through
encapsulation within refractory organic material and incorporation
into resistant coatings and minerals (Hedges et al., 2001; Killops
and Frewin, 1994). Lipid alteration and degradation occur via biotic
and abiotic processes that often operate in parallel. Biotic transfor-
mation (peroxidation, biohydrogenation) (Rontani and Koblizek,
2008) involves the activity of exo- and endo-enzymes on lipids.
Abiotic transformation includes photooxidation and autoxidation
by free radical-mediated oxidation via hemolytic cleavage of pho-
tochemically produced hydroperoxides. Photooxidation may be
important within the surface productive layer, while autoxidation
and biotransformation may occur throughout the water column
(Rontani et al., 2009). Versteegh et al. (2004) proposed an oxidative
polymerization of unsaturated fatty acids as a mechanism for the
preservation of algal organic matter in sediments. These processes
control the degree to which the deep ocean can store lipid origi-
nated carbon. Preserved lipids and their transformation products
can be incorporated into sediments and preserved for millions of
years. A comprehensive review of the selective degradation/preser-
vation of organic matter, including lipids, in marine sediments is
given by Zonneveld et al. (2010). Alternatively, lipids are incorpo-
rated into the humin-like material (called geopolymer) that contin-
ues to undergo condensation and defunctionalization, resulting in
kerogen (Killops and Killops, 2013).

Our understanding of lipid transformation in the ocean is still in
its early stages. Most work on lipid degradation has been focused
on sedimentary organic matter processes, including modeling
(e.g., the influence of lipid stability on sedimentary pool (Lipp
and Hinrichs, 2009), modeling subseafloor lipid profiles to assess
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the validity of intact polar lipids as proxies of subseafloor biomass
(Xie et al., 2013). Abiotic degradation of chlorophyll phytyl chain,
carotenoids, D5-sterols, unsaturated fatty acids, alkenones, and
unsaturated alkenes in the marine realm has also been investigated
(Rontani and Belt, 2020 and references therein). Additional studies
have focused on lipid degradation in the ocean water column
(Wakeham et al., 1997a, 1997b, 2002; Sheridan et al., 2002;
Goutx et al., 2007; Collins et al., 2018; Hunter et al., 2021). Exam-
ining the photooxidation of intact polar lipids in surface waters of
the West Antarctic Peninsula, Collins et al. (2018) found that pho-
tooxidation occurs on a scale comparable to bacterial production
and that significant rates of photooxidation are characteristic only
of polyunsaturated fatty acids. Here, we aimed to achieve a novel
view of early lipid molecular transformations in samples collected
in the NE Atlantic Ocean (the Porcupine Abyssal Plain sustained
observatory (PAP-SO)) from the epipelagic down to the abyssal.
To do this, we employed high-resolution Fourier transform ion
cyclotron resonance mass spectrometry (FT-ICR MS). This tech-
nique provides both high mass resolving power and sub-part-
per-million mass measurement accuracy that allows unambiguous
elemental composition assignments directly from the measured
mass-to-charge ratios for thousands of observed mass spectral sig-
nals (McKenna et al., 2014). This approach enabled elucidation of
water column-related molecular-level particulate lipid changes.
Lipid elemental compositions for which there was no database
match were selected for this analysis. Among these unidentified
lipids, the compounds containing carbon, hydrogen, and oxygen
in the molecular formula are termed CHO compounds. Previously,
we studied other unidentified lipids that contain heteroatoms,
nitrogen, phosphorus, and sulfur (Gasparovic et al., 2017; 2018a,
2018b). We combined CHO compound data with environmental
data, including oxygen content, photosynthetically active radiation
(PAR), and bacterial hopanoid biomarkers, to identify possible fac-
tors affecting lipid transformation.

2. Methods
2.1. Study site and sample collection

Measurements and sample collection was performed during
research cruise 87 of the RRS James Cook (May, 31-June 18,
2013) to the Porcupine Abyssal Plain (PAP) observatory site (49.0
°N, 16.5 °W) (Fig. 1) in the NE Atlantic. This site has been studied
since 1992, aiming to comprehend connections between the sur-
face and deep ocean (Hartman et al., 2020). The PAP site is situated
between the subtropical and subpolar gyres and is isolated from
the complexities of the continental slope and the Mid-Atlantic
Ridge. Thus, it can be treated as a representative of the open ocean
(Lampitt et al., 2010). Generally, at the site, phytoplankton blooms
start in February, develop slowly and last for several months
(Rumyantseva et al., 2019). The study area has continued to absorb
atmospheric CO, in recent years, with the carbon sink increasing
over time (Macovei et al., 2020). More details on the PAP station
can be found in Hartman et al. (2012).

Water samples were collected by predawn deployment of a
24 x 20 L SeaBird CTD-Niskin rosette sampler. Five to ten liter sam-
ples were collected at depths from the surface (2 m) to 4800 m
(50 m above bottom) to encompass the epipelagic (0-100 m),
mesopelagic (100-1000 m), bathypelagic (1000-4000 m) and
abyssopelagic (4000-4800 m) zones. The particles within the
water column collected by the Niskin bottles experience a wide
range of sinking velocities prior to collection (Iversen and
Lampitt, 2020), and will therefore have resided in different parts
of the water column for different time. Although Niskin bottles
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Fig. 1. Map of PAP site in the northern Atlantic Ocean.

primarily collect suspended matter, sinking particles were also
collected.

Six of the surface productive layer sampled depths (2-50 m
depth) corresponded to 97, 55, 20, 7, 5 and 1% of surface irradiance
intensity.

Samples for analysis of particulate lipids were collected by vac-
uum filtration of the oceanic water on 0.7 pm combusted
(450 °C/5h) Whatman GF/F filters, following our long-term particle
collection methodology. However, small particles in the colloidal
size range can pass through GFJF filters (Taguchi and Laws, 1988).

After sampling, the filters were frozen immediately and stored
at —80 °C until extraction. Temperature, salinity, oxygen and PAR
measurements were made using Seabird SBE 37-IM recorders
(Sea-Bird Electronics Inc., Bellevue, Washington, USA).

2.2. Lipid analysis

Extraction of lipids was performed using a modified one-phase
solvent mixture of dichloromethane/methanol/water (1:2:0.8 v:v:
v) following the Bligh and Dyer method (Bligh and Dyer, 1959).
In brief, lipids from the filters were washed twice with the one-
phase solvent mixture, once with the bi-phase solution (dichloro-
methane/0.73% NaCl solution, 1:1 v/v) and twice with dichloro-
methane. After each wash, the lipids were separated by filtration
through a sinter funnel into a separatory funnel. One microgram
of the internal standard reserpine was added to each sample before
extraction. Extracts were concentrated to dryness under nitrogen
flow and stored at —20 °C until analysis.

Particulate-derived lipid material was analyzed by direct-
infusion electrospray ionization Fourier transform ion cyclotron
resonance mass spectrometry (ESI FT-ICR MS) in both positive
and negative ionization modes, with a hybrid linear ion trap 7T
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FT-ICR mass spectrometer (LTQ FT, Thermo Fisher, San Jose, CA)
equipped with an Advion Triversa NanoMate (Advion Biosystems,
Inc.) as previously described (Holguin and Schaub, 2013;
GaSparovic et al., 2018b). The electrospray solutions for positive
ion mode include 1 mM sodium acetate, which facilitates forma-
tion of predominantly sodium-adducted ions. For the Triversa elec-
trospray robot, the ionization voltage was —1.2 kV for negative ion
mode and +1.7 kV for positive ion mode, with a backing pressure of
0.1 PSI in both cases. The ion transfer capillary temperature was
250 °C and the tube lens voltage was minimized (20 V) to avoid
nozzle-skimmer dissociation of the analyte ions. FT-ICR MS data
were acquired for ~3 s at a mass resolving power of m/
Amsgy = 400,000 at m/z 400. A total of 500 time-domain transients
were co-added for each sample prior to fast Fourier transformation
and frequency-to-m/z ratio conversion.

Peak lists were generated from each mass spectrum at a peak-
picking threshold of S/N (FT-ICR MS signal magnitude for each
peak divided by the root mean square magnitude of the noise) > 10.
Internal calibration of the mass spectra was performed using
homologous alkylation series of reported compounds where ele-
mental compositions differ by integer multiples of CH, as is com-
mon for natural organic matter (McDonough et al, 2020) and
petroleum analyses (Rogers et al., 2005; McKenna et al., 2014).
Measured masses for singly charged ions were converted from
IUPAC scale (i.e., CH, = 14.01565 Da) to the Kendrick mass scale
(i.e., CH, = 14.0000 Kendrick mass units) as previously described
(Kendrick, 1963) and sorted to identify homologous series that
are comprised of compound signals with the same heteroatom
composition and the same double-bond equivalent value (DBE,
the number of molecular rings and/or double bonds to carbon),
but different degrees of alkylation. DBE is calculated as follows:
DBE = C + 1 - H/2 + N/2. Finally, mass spectral peak magnitude
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was normalized to that of the internal standard, reserpine, for each
data set, such that mass spectral signals for each compound were
normalized to a fixed volume of sampled seawater.

Sub-ppm mass measurement accuracy (defined as <1 ppm RMS
mass measurement error for all measured signals) and high mass
resolving power combined with Kendrick mass sorting and isotopic
fine structure analysis enables robust determination of elemental
compositions for individual lipid compounds present in these
extracts. No corrections for ionization efficiency/response factors
are applied as these values are only available for a negligible pro-
portion of naturally occurring marine lipids. Following elemental
composition assignment, we utilized an in-house assembled lipid
library derived from Lipid Maps (https://www.lipidmaps.org/,
including both the Lipid Maps Structure Database and the in-
silico structure database), and matched observed elemental com-
positions to reported lipids, as previously reported (Holguin and
Schaub, 2013; Bartley et al., 2013; Campos et al., 2014; Juergens
etal., 2015; Gasparovic et al., 2016, 2017, 2018a, 2018b). This data-
base includes original Lipid Maps entries as well as multiple com-
pound types that we have observed in extensive lipidomic
characterization of marine microalgae. The additions include com-
pounds from extended Kendrick series for previously-reported
compound classes (such as additional and fewer CH, acyl moieties)
unreported lipid classes specific to marine microalgae (Holguin
and Schaub, 2013) and odd carbon number acyl chain combina-
tions for all lipid classes. For the purposes of this effort, elemental
compositions for which multiple database isomeric matches are
possible, further identification was not attempted. In cases where
we discuss specific lipid molecular classes, those compounds rep-
resent elemental compositions for which only one database match
was made. Furthermore, when discussing specific elemental com-
positions, the term “compound” is utilized here, with the caveat
that multiple isomers can contribute to each observed mass spec-
tral signal. Mass spectral relative abundance is normalized at each
depth to the lowest measured peak magnitude across the depth
profile.

2.3. Statistical methods

The sample data were tested to determine whether they were
drawn from a normally distributed population (Shapiro-Wilk nor-
mality test) and whether the data came from populations with
equal variances (Two-sample t-test for variance) using computer
software Origin 7 (Origin Lab). The results indicated that the data
are normally distributed with non-equal variance. The sample
sizes are non-equal. To test whether there were differences in
the population means of CHO compounds and known lipids for
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Fig. 2. Depth distribution of temperature (T) (a), salinity (b), oxygen (0O,) (c) and
photosynthetic active radiation (d). Symbols represent sampling depths and
horizontal lines show the boundaries between ocean zones: the epipelagic (Ep;
0-100 m), mesopelagic (Me; 100-1000 m), bathypelagic (Ba; 1000-4000 m) and
abyssopelagic (Ab; 4000-4800 m). Raw data are given in Supplementary Table S1.
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DBE, number of C atoms, DBE/C, H/C and O/C (data presented in
Figs. 4, 5, 7, and 8 and in Table 1) between the different ocean
zones we performed Welch ANOVA followed by post-hoc Tukey-
Kramer tests. Statistical analyzes were performed using the soft-
ware package R and included core packages as well as programs
from the packages base, readxl and dplyr. The level of statistical
significance was accepted at p < 0.05. Linear fits were performed
(computer software Origin 7, Origin Lab) to examine the correla-
tions between reported lipids and CHO compounds as well as
CHO compounds and unreported compounds that contain heteroa-
toms (CHONPS compounds).

3. Results
3.1. Basic oceanographic conditions

In the upper 30 m of the water column, the temperature was
13.78 °C. With increasing depth, the water temperature slowly
decreased to 2.55 °C at 4800 m depth (Fig. 2a). Salinity variations
generally followed the same trend as temperature variations
(Fig. 2b). Surface salinity (35.63) decreased to 34.90 at 4800 m
depth. Oxygen concentration (Fig. 2¢) varied around 5.65 mL/L in
the first 40 m depth. Oxygen depletion varied substantially in the
mesopelagic zone. Two minimum oxygen concentrations were
observed (4.44. mL/L at 204 m and 3.85 mL/L at 732 m depths).
Oxygen concentration increased below 1000 m depth. The concen-
tration of inorganic nutrients increased with depth (Gasparovic
et al., 2017). Photosynthetically active radiation at 50 m depth
was 1% of that of the surface (Fig. 2d).

3.2. Lipid transformation

Thousands of lipid signals were detected using the FT-ICR MS
approach in both negative and positive ionization modes. Of the
3,596 monoisotopic lipid compounds detected in the positive ion
mode (excluding contributions from '3C and other heavy nuclide-
containing species), 2,987 (81.7%) lipid compositions did not match
those in the Lipid Maps library (https://www.lipidmaps.org/). In
the negative ionization mode, 4,908 monoisotopic lipids were
detected, of which 3,654 (74.4%) elemental compositions were
not reported in the Lipid Maps database. Raw FT-ICR MS data of
both negative and positive ionization modes are given in Supple-
mentary Table S2. Because these unidentified molecular formulas
were not found in the database and these compounds were
extracted with dichloromethane, an organic solvent (the basic
characteristic that defines lipids), these compounds were consid-
ered lipid transformation/degradation products.

To interrogate lipid transformation processes, we monitored
unidentified lipids that contain carbon, hydrogen, and oxygen in
the molecular formula, termed CHO compounds. We identified
1,764 and 1,271 monoisotopic CHO compounds in positive and
negative ionization modes, respectively. The data are grouped by
the zone(s) in which they were detected and we designate annota-
tion here to facilitate discussion. Zones include: the epipelagic (Ep;
0-100 m; sampled depths: 2, 5, 15, 25, 30 and 50 m), mesopelagic
(Me; 100-1000 m; sampled depths: 100, 200, 300, 400, 600 and
800 m), bathypelagic (Ba; 1000-4000 m; sampled depths: 1000,
1500, 2000, 2500, 3000 and 3500 m) and abyssopelagic (Ab;
4000-4800 m; sampled depths: 4000, 4500 and 4800 m). Zero
PAR at 100 m depth defined the first depth of the mesopelagic.
The increase in O, concentration at a depth of 1000 m compared
to 800 m defined the beginning of the bathypelagic, while stable
oxygen concentrations at 4000, 4500, and 4800 m depth defined
the abyssal. CHO compound formulae that were found only in
the epipelagic zone are termed CHO_Ep. Similarly, compounds
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Fig. 3. CHO compounds (triangles) and reported lipids (squares) detected in the positive ion mode. ESI FT-ICR MS cumulative signal magnitudes (a), the total number of mass
spectral signals (diversity) and the contribution of the number of mass spectral signals of saturated (DBE = 0) CHO compounds to total CHO compounds (b). The number of
CHO compounds (c) and reported database-matched lipids (d) with carbon content in the molecule ranging from 7 to 65. The dark and light columns in (c) and (d) represent

even- and odd-carbon number molecules, respectively.

found at depths that range from the epipelagic to the mesopelagic
are termed CHO_Ep-Me. Compounds found from the epipelagic,
through mesopelagic and to bathyal depths are termed CHO_Ep-
Ba. Finally, CHO compounds found from the epipelagic, through
the mesopelagic and the bathyal to abyssal depths are termed
CHO_Ep-Ab, and these compounds are collectively referred to as
CHO compounds connected to the epipelagic. The same holds for
CHO compounds related to the mesopelagic, CHO compounds
related to the bathypelagic and CHO compounds related to
the abyssal. This approach allowed us to describe the early trans-
formation of lipids and their derivatives in the oceanic water
column.

Samples were analyzed in both positive- and negative-ion
modes to obtain compositional information on as many com-
pounds as possible. Ionization generally reflects compound gas-
phase acidity or basicity for negative and positive ion modes,
respectively. Among CHO compounds, 418 (24%) and 314 (25%)
in the positive and negative ionization modes, respectively, were
detected sporadically (in 1-3 samples throughout the water col-
umn), and are not considered for further analysis. We compared
the characteristics of CHO compound with those of lipids reported
in the Lipid Maps database (i.e., phospholipids, glycolipids, triacyl-
glycerols, wax esters, fatty acids...). The observed compounds
whose elemental compositions match lipids reported in the Lipid
Maps database are termed ReportedLipid_Ep, ReportedLipid_Me,
ReportedLipid_Ba, and ReportedLipid_Ab and indicate the layer in
which they were detected, i.e., the epipelagic, mesopelagic, bath-
yal, and abyssal layers, respectively. This approach allowed us to
evaluate early lipid transformation processes. We previously found
that the cumulative signal magnitude of the FT-ICR MS measure-
ment is proportional to the total lipid content (GaSparovic et al.,
2018a). Given the different water column behavior and the proper-
ties of the CHO compounds detected in the positive and negative
ionization modes, we discuss the data for the two ionization modes
separately.

53

3.2.1. Positive ions

The cumulative FT-ICR MS signal magnitude and molecular
diversity (the total number of mass spectral signals, i.e., identified
formulas) of CHO compounds throughout the ocean depth are
compared with those of reported lipids (Fig. 3a and b). Supplemen-
tary Fig. S1a and b show these data for the ocean zones. Because
ionization efficiency is variable for different lipid classes and func-
tional groups, we do not compare signal magnitudes between com-
pounds, but rather consider sample-to-sample variation of
compound signals across the entire depth profile. The cumulative
signal magnitude of CHO compounds is proportional to that of
reported lipids for the entire water column. Data on CHO com-
pound signal magnitudes are compared with reported lipids
(R? = 0.77, p < 0.001) (Supplementary Fig. S1c) and CHO com-
pounds that also include hetero atoms, N and P (R®> = 0.77,
p < 0.001) (Supplementary Fig. S1d) (Gasparovic et al. 2017). The
cumulative signal magnitude of CHO compounds was lowest in
the epipelagic, increased until bathyal, and decreased in the abys-
sal. The total molecular diversity of CHO compounds was lower
than that of reported lipids in the epipelagic and higher in the dee-
per layers (Fig. 3b). In terms of oceanic zones, the diversity of CHO
compounds was highest in the mesopelagic (1,179 molecular for-
mulae) and lowest in the abyssal (689 molecular formulae) (Sup-
plementary Fig. S1b). The proportion of saturated (DBE = 0) CHO
compounds in the total CHO compound diversity increased contin-
uously from the epipelagic to the abyssal (Fig. 3b) from 12.5% to
22.2% (Supplementary Fig. 1b).

CHO compounds show a unimodal distribution with maximum
abundance for molecules with 30-40 C atoms (Fig. 3¢) in contrast
to the reported lipids that show a bimodal abundance distribution
with respect to molecular carbon content (Fig. 3d). Bimodal distri-
bution by number of carbon atoms is an inherent feature of
Reported (cell) lipids. Lipids with a smaller number of C
atoms (up to ~ 32 C atoms) include fatty acids, cholesterol and
derivatives, prostaglandins, C10-C30 isoprenoids, steroids, vitamin
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Fig. 4. Positive-ion ESI FT-ICR MS determined reported lipids (stars) and CHO compounds; the average number of monoisotopic peaks (diversity) (a), the average double
bond equivalents (DBE) (b), the average number of carbon atoms (c), and the average unsaturation per carbon atom (DBE/C) (d). The “error bars” in b, ¢, and d indicate data
range. Symbols are created as follows: reported lipids - stars, CHO compounds connected to the epipelagic - squares, mesopelagic - circles, bathypelagic - triangles, and
abyssal - diamonds. Ep: 0-100 m, Ep-Me: 0-1000 m, Ep-Ba: 0-4000 m, Ep-Ab: 0-4800 m, Me: 100-1000 m, Me-Ba: 100-4000 m, Me-Ab: 100-4800 m, Ba: 1000-4000 m, Ba-

Ab: 1000-4800 m and Ab: 4000-4800 m depth.

D... Reported lipids with a larger number of C atoms include tria-
cylglycerols, phospholipids, glycolipids, betaine lipids, wax
esters. .. In the carbon number range 30-40, reported lipids show
their lowest abundance. The carbon number-dependent abun-
dance of CHO and reported lipids for the four ocean zones is given
in Supplementary Fig. S2. The bimodal distribution of the reported
lipids and the unimodal distribution of CHO compounds was pre-
served in each zone. Unimodal distributions are commonly
observed for naturally-occurring organic mixtures including petro-
leum and dissolved organic matter (Rogers et al., 2005; Kujawinski
et al., 2004).

To study the influence of abiotic and biotic processes on the
CHO compound production and transformation we correlated the
cumulative signal magnitudes and diversity of CHO compounds
with oxygen content (oxidation) (Supplementary Fig. S3a and d),
with photosynthetically active radiation (PAR, photochemical pro-
cessing) (Supplementary Fig. S3b and e), and with the cumulative
signal magnitude for hopanoids as bacterial biomarkers (biotic
processing) (Supplementary Fig. S3c and f). Hopanoids are pro-
duced by many different types of bacteria that play a role in the
cell membrane (Saenz et al., 2015) and are used here as a rough
measure of bacterial abundance. It should be noted, however, that
hopanoids may be underestimated because free-floating bacteria
and archaea can pass through GF/F filters during filtration
(Taguchi and Laws, 1988). The depth distribution of cumulative
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signal magnitude and molecular weight (486.44-562.46 Da) of
hopanoid biomarkers, determined in the same samples as CHO
compounds by FT-ICR MS in positive mode, is shown in Supple-
mentary Fig. S4. The only statistically significant correlation was
the negative relationship between CHO compound cumulative sig-
nal magnitude and PAR.

The molecular diversity and properties of CHO compounds
(DBE, carbon number (C), and unsaturation per carbon atom
(DBE/C)) detected in one or more ocean zones are shown in Fig. 4
and are compared with the reported lipids detected in the four
ocean zones. The highest molecular diversities were observed for
the CHO compounds associated with the epipelagic layer, being
CHO_Ep, CHO_Ep-Me, CHO_Ep-Ba, and CHO_Ep-Ab (Fig. 4a). The
average DBE value of the CHO compounds produced and degraded
within one layer, CHO_Ep, CHO_Ba, and CHO_Ab, were higher com-
pared to reported lipids (Fig. 4b, post-hoc Tukey-Kramer test
p < 0.05, Supplementary Table S3a). The average degree of molec-
ular unsaturation decreases with final observed depth for particu-
lar CHO compounds, significant for CHO_Ep versus CHO_Ep-Ab and
CHO_Ba versus CHO_Ba-Ab (post-hoc Tukey-Kramer test p < 0.05,
Supplementary Table S3a). The average carbon content was rela-
tively high for CHO compounds throughout the water column,
ranging from 27.5 to 42.7 C atoms. The carbon number was lower
for CHO compounds associated with the epipelagic that reached
deeper in the water column (e.g., CHO_Ep-Ab) (Fig. 4c, post-hoc
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Fig. 5. The van Krevelen diagrams for the CHO compounds detected in the positive-ion ESI FT-ICR MS. symbols are created as follows: Reported lipids - open stars, CHO
compounds connected to the epipelagic - squares, mesopelagic - circles, bathypelagic - triangles, and abyssal - diamonds. for on-line readers: CHO compounds that were
found only at the epipelagic are shown in blue, those formed at the mesopelagic or reached from the epipelagic to the mesopelagic are shown in green, those that were
formed at the bathyal or reached from the epipelagic and mesopelagic to the bathyal are shown in violet, and those that were formed at the abyssal or reached from the
epipelagic, mesopelagic and bathypelagic to the abyssal are shown in black. The average H/C and O/C ratios of the reported and CHO compounds are shown in each diagram.
Ep: 0-100 m, Ep-Me: 0-1000 m, Ep-Ba: 0-4000 m, Ep-Ab: 0-4800 m, Me: 100-1000 m, Me-Ba: 100-4000 m, Me-Ab: 100-4800 m, Ba: 1000-4000 m, Ba-Ab: 1000-4800 m

and Ab: 4000-4800 m depth. The abbreviations are explained in the Results section.

Tukey-Kramer test p < 0.05, Supplementary Table S3b). With
increasing depth reached by CHO compounds, the average unsatu-
ration per carbon atom and DBE/C of the compounds associated
with the epipelagic and bathyal decreased (Fig. 4d, post-hoc
Tukey-Kramer test p < 0.05, Supplementary Table S3c). The average
molecular weight (M,,) of CHO compounds ranged between 529.17
and 691.31 Da (Supplementary Fig. S5). An exception is that of CHO
compounds associated with the bathyal, whose molecular weights
were much higher than those of reported lipids detected in the
bathyal, due to a larger number of oxygen atoms in the CHO com-
pound molecules.

A further illustration of the molecular changes in the distribu-
tions of CHO compound is shown in the van Krevelen diagrams
(Fig. 5). The horizontal line at H/C = 1.5 represents a molecular
lability boundary, as introduced by D’Andrilli et al. (2015), which
divides data in the van Krevelen diagrams into more labile (H/
C > 1.5) and more recalcitrant compounds (H/C < 1.5). We intro-
duced a vertical line at O/C = 0.4 because the majority, 98%, of
the reported lipids have an O/C < 0.4. The line divides the CHO
compounds into those with O/C < 0.4 and those with O/C > 0.4,
which are CHO compounds formed by oxidation in the ocean. Most
of the reported lipids are within H/C > 1.5 and O/C < 0.4, as are
many CHO compounds.
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A general observation for CHO compounds is that there were
three major transformational changes. The first is a transformation
to a more oxidized state (Fig. S6b), i.e., compounds for which O/C
ratio was >0.4 (Fig. 5). The average O/C ratio increased with the ter-
minal depth reached by CHO compounds. For example, the average
O/C ratio of ReportedLipid_Ep is 0.154, and that ratio increases for
CHO compounds in the order of CHO_Ep (O/C = 0.137) < CHO_Ep-
Me (O/C = 0.193) < CHO_Ep-Ba (O/C = 0.244) < CHO_Ep-Ab (O/
C = 0.301) (post-hoc Tukey-Kramer test p < 0.05, Supplementary
Table S4b).

The second process is hydrogenation, i.e., H/C ratio of the CHO
compounds was mainly higher compared to the reported lipids
(Fig. S6a and S7, Supplementary Table S4a). The highest average
H/C ratios are observed for CHO_Ep-Ab (H/C = 1.849) and
CHO_Ba-Ab (H/C = 1.935), which had the highest contribution of
saturated compounds, 23 and 38%, respectively. CHO_Me_Ab were
also characterized with a high contribution of saturated CHO com-
pounds (21%). As expected, the higher the H/C ratio the lower the
DBE for both the reported lipids and the CHO compounds (Fig. S7b).

The third process is the formation of less-hydrogenated sub-
stances with H/C < 1.5. These more recalcitrant lipid derivatives
(D’Andrilli et al., 2015) were detected mainly in the abyssal zone
and in multiple zones including abyssal (Fig. 5d, g, I, and j). Very
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Fig. 7. Negative-ion FT-ICR MS determined reported lipids (stars) and CHO compounds; the average number of monoisotopic peaks (diversity) (a), the average double bond
equivalents (DBE) (b), the average number of carbon atoms (c), and the average unsaturation per carbon atom (DBE/C) (d). The “error bars” in b, ¢, and d indicate data range.
Symbols are created as follows: reported lipids - open stars, CHO compounds connected to the epipelagic - squares, mesopelagic - circles, bathypelagic - triangles, and
abyssal - diamonds. Ep: 0-100 m, Ep-Me: 0-1000 m, Ep-Ba: 0-4000 m, Ep-Ab: 0-4800 m, Me: 100-1000 m, Me-Ba: 100-4000 m, Me-Ab: 100-4800 m, Ba: 1000-4000 m, Ba-

Ab: 1000-4800 m and Ab: 4000-4800

m depth.
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Fig. 8. The van Krevelen diagrams for the CHO compounds detected in the negative-ion ESI FT-ICR MS. The abbreviations are explained in the Results section. Symbols are
created as follows: Reported lipids - open stars, CHO compounds observed in the epipelagic - squares, mesopelagic - circles, bathypelagic - triangles, and abyssal - diamonds.
For on-line readers: CHO compounds that were found only at the epipelagic are shown in blue, those formed at the mesopelagic or reached from the epipelagic to the
mesopelagic are shown in green, those that were formed at the bathyal or reached from the epipelagic and mesopelagic to the bathyal are shown in violet, and those that
were formed at the abyssal or reached from the epipelagic, mesopelagic and bathypelagic to the abyssal are shown in black. The average H/C and O/C ratios of the reported
and CHO compounds are shown in each diagram. Ep: 0-100 m, Ep-Me: 0-1000 m, Ep-Ba: 0-4000 m, Ep-Ab: 0-4800 m, Me: 100-1000 m, Me-Ba: 100-4000 m, Me-Ab: 100-
4800 m, Ba: 1000-4000 m, Ba-Ab: 1000-4800 m and Ab: 4000-4800 m depth. The abbreviations are explained in the Results section.

few of these recalcitrant lipids were aromatic structures (Koch and
Dittmar, 2006).

The average DBE, carbon number, and unsaturation per carbon
atom (DBE/C) of more labile (H/C > 1.5 and O/C < 0.4), more oXi-
dized (O/C > 0.4), and more recalcitrant (H/C < 1.5) CHO com-
pounds and reported lipids are listed in Table 1a. The average
molecular DBE decreased mainly with depth for both more labile
CHO compounds and reported lipids (post-hoc Tukey-Kramer test
p < 0.05, Supplementary Table S5a). Carbon number and DBE/C
decreased with depth, particularly for those CHO compounds asso-
ciated with the epipelagic (post-hoc Tukey-Kramer test p < 0.05,
Supplementary Table S5b and c). The average carbon number and
DBE/C were mainly higher for the more labile CHO compounds
produced and recycled within the epipelagic zone with respect to
reported lipids (post-hoc Tukey-Kramer test p < 0.05, Supplemen-
tary Table S5b and c).

The more oxidized CHO compounds (O/C > 0.4) have the lowest
degree of unsaturation and the lowest carbon number compared to
the more labile and more recalcitrant CHO compounds, while DBE/
C did not differ noticeably between them. With respect to reported
lipids characterized by H/C > 1.5 and O/C > 0.4 (mainly dicar-
boxylic acids, oxo acids, hydroxyl acids and some monoacyl
phospho- and glycolipids), the more oxidized CHO compounds
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were more rich in carbon, had variable average DBE and lower
DBE/C ratio, albeit not statistically significant (Supplementary
Table S6).

The more recalcitrant CHO compounds (H/C < 1.5) had the high-
est unsaturation and consequently the highest DBE/C. The majority
of the recalcitrant CHO compounds were not aromatic, as only 27
of 215 molecular formulas met the criteria for aromaticity (Koch
and Dittmar, 2006). The DBE/C increased for the recalcitrant CHO
compounds associated with the epipelagic that reached the abyssal
(post-hoc Tukey-Kramer test p < 0.05, Supplementary Table S7c).
The latter have more C atoms in the molecules compared to the
reported lipids that satisfy criteria H/C < 1.5 (mainly lipids that
contain cyclic and aromatic structures with or without aliphatic
chain(s), e.g. flavones, isoprenoids, steroids, vitamin D3, prosta-
glandins and their derivatives) (post-hoc Tukey-Kramer test
p < 0.05, Supplementary Table S7b).

3.2.2. Negative ions

The cumulative signal magnitude of CHO compounds detected
as negative ions was highest in the epipelagic, decreased by 98% in
the abyssal, and followed the depth-related trend of reported
lipids (Fig. 6a). Supplementary Fig. S8a shows these data for the
ocean zones. The cumulative signal magnitude of CHO compounds
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The average double bond equivalents (DBE), the average carbon number (C), and double bonds per carbon atom (DBE/C) of labile (H/C > 1.5, O/C < 0.4), more oxidized (O/C > 0.4)
and more recalcitrant (H/C < 1.5) CHO and reported lipids. Data are sorted according to the van Krevelen diagrams (Fig. 5). Data are given for the positive (a) and negative (b)
ionization. Bolded are data to make distinction between different zones. The abbreviations are explained in the Results section.

Double bond equivalents (DBE), carbon number (C), and double bond equivalents per carbon atom (DBE/C)

(a) Positive ionization

CHO compounds

CHO_ CHO_ CHO_ CHO_ CHO_ CHO_ CHO_ CHO_ CHO_ CHO_
Ep Ep-Me Ep-Ba Ep-Ab Me Me-Ba Me-Ab Ba Ba-Ab Ab
More labile DBE 9.1 5.4 4.5 3.0 4.0 39 22 4.2 13 4.0
H/C> 1.5 C 433 35.6 333 303 32.0 333 313 34.4 325 36.1
0/C <04 DBE/C 0.21 0.15 0.14 0.10 0.13 0.12 0.07 0.12 0.04 0.11
More oxidized DBE - 4.0 2.0 2.0 22 24 74 3.7 0.5 1.5
0/C>04 C 21.8 19.7 19.1 19.5 23.0 18.1 239 13.8 19.7
DBE/C 0.18 0.10 0.10 0.11 0.10 041 0.15 0.04 0.08
More recalcitrant DBE 13.1 9.2 12.2 14.6 213 16.1 11.8 16.0 14.8 173
H/C< 1.5 C 41.9 27.6 33.1 35.8 36.3 39.3 30.8 38.7 313 33.9
DBE/C 0.31 0.33 0.44 0.41 0.59 0.41 038 0.41 0.47 0.51
Reported lipids
ReportedLipid ReportedLipid ReportedLipid ReportedLipid_Ab
_Ep _Me _Ba
H/C> 15 DBE 5.6 4.8 4.1 38
0/C<04 C 38.6 37.0 35.2 35.1
DBE/C 0.15 0.14 0.12 0.12
DBE 34 23 34 23
0/C>0.4 C 16.6 133 16.4 134
DBE/C 0.27 0.23 0.23 0.23
H/C< 1.5 DBE 9.6 9.2 8.5 8.6
C 29.0 26.0 20.7 213
DBE/C 0.34 0.37 0.41 041
(b) Negative ionization
CHO compounds
CHO_ Ep CHO_ CHO_ CHO_ CHO_ CHO_ CHO_ CHO_ CHO_ CHO_
Ep-Me Ep-Ba Ep-Ab Me Me-Ba Me-Ab Ba Ba-Ab Ab
More labile H/C > 1.5 DBE 8.2 6.3 4.0 3.1 4.6 35 4.7 4.6 4.0 4.8
C 38.8 33.1 31.5 313 27.2 348 34.7 34.0 51* 37.8
DBE/C 0.21 0.20 0.13 0.10 0.17 0.11 0.13 0.15 0.08 0.12
More recalcitrant DBE 12.7 111 11.5 13.4 154 14.8 13.6 15.6 16.2 16.0
H/C< 1.5 C 37.4 33.7 30.0 34.5 43.0 34.6 384 324 30.8 38.7
DBE/C 0.35 0.34 0.37 0.40 0.36 043 035 0.49 0.53 044
Reported lipids
ReportedLipid ReportedLipid ReportedLipid ReportedLipid_Ab
_Ep _Me _Ba
H/C > 1.5 DBE 4.7 3.8 33 33
C 321 33.0 31.9 314
DBE/C 0.15 0.12 0.11 0.11
H/C< 1.5 DBE 8.5 8.7 9.9 104
C 254 239 21.0 22.6
DBE/C 0.34 0.37 0.48 0.47

*Only one compound detected.

was proportional to those of reported lipids for the entire water
column and also to the cumulative signal magnitudes of most
lipid classes like phospholipids, sulphoquinovosyldiacylglycerols,
cholesterols, triacylglycerols (Gasparovic et al., 2017, 2018a,
2018b). The CHO compound signal magnitudes are compared to
reported lipids (R = 0.74, p < 0.001) (Supplementary Fig. S8c)
and also CHO compounds contain heteroatoms N, P, and S
(R*> = 0.82, p < 0.001) (Supplementary Fig. S8d) (Gasparovic
et al.,, 2017, 2018a, 2018b). The depth-dependent diversity trend
of CHO compounds followed that of reported lipids. Only in the
epipelagic, CHO compound diversity (738 formulae) was higher
than that of reported lipids (590 formulae) (Fig. 6b, Supplemen-
tary Fig. S8b). No saturated (DBE = 0) CHO compounds were
detected in the epipelagic zone, and only 1 to 5 species were
detected in the deeper zones.
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The distribution of molecular abundance of CHO compounds
(Fig. 6¢, Supplementary Fig. S8) and reported lipids (Fig. 6d, Supple-
mentary Fig. S8b) with molecular carbon content between 8 and 60
had the same unimodal and bimodal distributions, respectively, as
observed for the compounds detected in the positive ion mode.
The carbon number-dependent abundance of CHO and reported
lipids for the four ocean zones can be found in Supplementary
Fig. S9. The bimodal distribution of the reported lipids and the uni-
modal distribution of CHO compounds were preserved in each zone.

The relationships between oxygen concentration (oxidation),
PAR (photooxidation), and abundance of bacteria (a rough measure
estimated based on hopanoid markers) (Supplementary Fig. S10)
with cumulative signal magnitude and diversity of CHO compounds
are mainly statistically significant (Fig. S11). These observations
suggest that these parameters influence the production of CHO
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compounds. The depth distribution of cumulative signal magnitude
and molecular weight (526.44-560.45 Da) of hopanoid biomarkers,
determined in the same samples as CHO compounds by FT-ICR MS
in negative mode, is shown in Supplementary Fig. S10.

As with positive ion, negative ion CHO compounds associated
with the epipelagic zone showed much greater molecular diversity
than those formed in the mesopelagic and deeper (Fig. 7a). The
average degree of unsaturation was highest for CHO compounds
produced in the bathyal and abyssal zones. The unsaturation of
CHO compounds associated with the epipelagic was lower for
those found deeper in the water column (post-hoc Tukey-Kramer
test p < 0.05, Supplementary Table S8a). The average unsaturation
was mainly higher for CHO compounds (average DBE 4.3-14.4)
than that of reported lipids (average DBE 3.7-5.1) (Fig. 7b, post-
hoc Tukey-Kramer test p < 0.05, Supplementary Table S8a).

The average carbon number of the CHO compounds observed in
the negative ion mode varied between 28.7 and 38.4C atoms,
whereas the average C number for the reported lipids ranged
between 30.9 and 32.1 C atoms (Fig. 7c). The average carbon num-
ber of CHO compounds produced and degraded within the same
layer, CHO_Ep and CHO_Ab, were higher compared to the reported
lipids (post-hoc Tukey-Kramer test p < 0.05, Supplementary
Table S8b). CHO compounds connected to the epipelagic exhibited
a concomitant decrease in carbon number in deeper layers (post-
hoc Tukey-Kramer test p < 0.05, Supplementary Table S8b). The
CHO compound molecular weight (Supplementary Fig. S12) ranged
from 506.15 to 626.78 Da, following the trend observed for the
average carbon number. As observed for positive ions, CHO_Ba
and CHO_Ba-Ab deviated from that trend. The unsaturation per
carbon followed the trend of DBE (Fig. 7d, post-hoc Tukey-
Kramer test p < 0.05, Supplementary Table S8c) and ranged
between 0.14 and 0.43.

The van Krevelen diagrams for CHO compounds detected in the
negative ionization mode (Fig. 8) show that a negligible number of
CHO compound formulae had O/C > 0.4 (1-8 compounds). The O/C
data of the CHO compounds in the water column (Fig. S13b) had a
lower O/C compared to reported lipids. Therefore, we do not dis-
cuss highly oxidized CHO compounds detected in the negative
ion mode. We observed an average lower H/C ratio for the CHO
compounds formed and transported to greater depths, albeit sig-
nificant for CHO compounds associated with the epipelagic (Figs. 8,
S$13 and S14, post-hoc Tukey-Kramer test p < 0.05, Supplementary
Table S9a). The average H/C ratios are 1.76, 1.61, 1.10 and 1.38 for
the CHO_ Ep-Ab, CHO_Me-Ab, CHO_Ba-Ab, and CHO_AD, respec-
tively. The H/C ratios of the reported lipids increased with depth,
especially compared to the reported lipids detected in the epipela-
gic (Fig. 8a, e, h and j, post-hoc Tukey-Kramer test p < 0.05, Supple-
mentary Table S9a), possibly due to the depth-related decrease in
unsaturation. The average H/C ratios for the reported lipids were
1.74, 1.83, 1.82, and 1.83 in the epipelagic, mesopelagic, bathy-
pelagic and abyssal, respectively. As observed for the CHO com-
pounds detected in the positive ion mode, only a few CHO
compound formulae met the criteria for aromaticity (Koch and
Dittmar, 2006).

The average DBE, carbon number, and unsaturation per carbon
atom (DBE/C) of the CHO compounds detected in the negative ion-
ization mode are listed in Table 1b. Data are presented for more
labile (H/C > 1.5) and more recalcitrant (H/C < 1.5) CHO com-
pounds, and for the reported lipids. The reported lipids character-
ized by H/C < 1.5 were mostly cyclic structures such as flavonoids,
isoprenoids, steroids, cholesterol and derivatives, and vitamin D
and derivatives. The more recalcitrant CHO compounds were char-
acterized by higher DBE in compared to the reported lipids (post-
hoc Tukey-Kramer test p < 0.05, Supplementary Table S10a).

CHO compounds were often richer in C atoms relative to
reported lipids, both those with H/C > 1.5 and H/C < 1.5 (post-
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hoc Tukey-Kramer tests, Supplementary Table S10b and S11b).
The unsaturation per carbon (DBE/C) was mainly higher for the
more labile CHO compounds than that of the reported lipids, espe-
cially those associated with the epipelagic and mesopelagic (post-
hoc Tukey-Kramer test p < 0.05, Supplementary Table S11c).

4. Discussion

The pathways and mechanisms of lipid transformation and
degradation in the ocean remain mainly unknown. The earliest
degradation step of acylglycerols (triacylglycerols, phospholipids,
glycolipids, betaine lipids) is the fatty acid cleavage from the glyc-
erol backbone (e.g. Goutx et al., 2003). Rontani and Belt (2020)
described the initial transformation of sterols, fatty acids and alke-
nones. The next steps of lipid transformation are still unexplored,
largely because there are no analytical techniques and standards
to enable such studies. Our studies of novel lipids (unreported,
i.e., not included in the database) containing nitrogen, sulfur, and
phosphorus were described previously (Gasparovic et al., 2017,
2018a; 2018b), but with a different approach than applied here.

One advantage of the FT-ICR MS technique is the simultaneous
determination of tens of thousands of elemental compositions
from isomeric species present in complex samples; a capability
that facilitates the interrogation of early lipid transformation pro-
cesses and the formation of lipid decomposition intermediates. The
average number of carbon atoms in the observed CHO compounds
is close to that of the reported lipids, suggesting that CHO com-
pounds represent early lipid transformation products. We consid-
ered molecular diversity as indicated by the number of observed
monoisotopic compounds, molecular ring and/or double bond con-
ten (DBE), H/C and O/C ratios, the number of carbon atoms of CHO
compound molecules, and signal magnitude as a rough, semi-
quantitative measure of abundance indicating the trend of lipid
content changes across ocean zones. CHO compound data are com-
pared to reported lipid bulk properties.

4.1. CHO compounds detected at the two ionization modes are mainly
different compounds

We observed a difference in the depth-related behavior and
molecular characteristics of CHO compounds detected as positive
ions compared to those detected as negative ions. In contrast to
the CHO compounds identified in the positive ionization mode,
the cumulative signal of CHO compounds detected in the negative
ionization mode decreased much more until the abyssal zone sug-
gesting that they are more labile (Fig. 6a vs Fig. 3a), less sensitive to
oxidation, or oxidation products are very susceptible to transfor-
mation/degradation (Fig. 8 vs Fig. 5), their cumulative signal mag-
nitude and diversity are mainly lower with respect to the reported
lipids (Fig. 6a vs Fig. 3a). This suggests that largely different CHO
compounds are detected in these two modes. Therefore, we have
described these lipids separately, however, similar transformation
pathways are also observed.

4.2. CHO compound depth distribution

The abundance of CHO compounds, detected with both ioniza-
tion modes, decreased from the surface layer to the deeper layers,
following reported lipid abundance changes across ocean water
column (c.f. Fig. 3a and Fig. 6a). This is particularly evident for
those measured as negative ions, which appear to be subject to
strong biotic (bacteria) and abiotic (irradiation) degradation, with
subsequent substantial abundance decrease (98%) to abyssal
depths (c.f. Fig. 6 and Fig. S10). Their depth-related loss could be
due to transformation of lipids into assimilable components, loss
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to the dissolved fraction, decomposition to CO,, incorporation into
bacterial biomass, and into recalcitrant substances. Lipids prove to
be important structural components of marine recalcitrant humic
substances (Stuermer and Harvey, 1978).

CHO compounds that were detected as positive ions appear to
be less susceptible to degradation (c.f. Fig. 3 and Fig. S3). Conse-
quently, compared to CHO compounds observed as negative ions,
their molecular diversity is greater, they are more stable, are trans-
ferred deeper into the water column, and their quantity decreased
only about 29% between the epipelagic and abyssal, and 50%
between the mesopelagic and abyssal. The observed increase in
cumulative signal magnitude of CHO compounds and reported
lipids in the bathypelagic (Fig. 3a) is accompanied by the decrease
in temperature and salinity and increase in the dissolved oxygen
(Fig. 2a-c). The observed oceanographic changes could be
explained by the horizontal intrusion of Labrador Sea water (van
Aken, 2000a, 2000b), which is characterized by low salinity (van
Aken, 2000b) and high oxygen content (McGrathet al., 2012). It is
possible that water from the Labrador Sea contributed an excess
of CHO compounds and reported lipids to the bathyal zone. We
assume that CHO compounds from the positive ionization, which
were extracted from the particles, were efficiently transported to
depth by diatom (silicate frustules) and coccolitophoride (calcite
coccoliths) remains (Martin et al.,, 2011; O’Brien et al., 2013).
Indeed, pigment analysis of the same samples revealed that
nanophytoplankton prymnesiophytes and microphytoplankton
diatoms dominated surface samples (GaSparovic et al., 2018b).
We cannot exclude the possibility that CHO-compounds in the
deep ocean originate in part from bacteria and archaea whose
lipids have not yet been characterized. A substantial contribution
of the saturated CHO compounds is most likely also responsible
for the higher stability in the water column of the compounds
detected in the positive compared to the negative ionization mode.

The epipelagic is characterized by a great molecular diversity
(Fig. 4a and Fig. 7a). Much of the epipelagic CHO compounds
may have sunk to greater depths (Fig. 4a and Fig. 7a) and con-
tributed to high molecular diversity in the mesopelagic (Fig. 3b
and Fig. 6b).

CHO compounds with lower unsaturation mainly survived
transport to greater depths (Fig. 4b and Fig. 7b). For example, the
average DBE of CHO_Ep-Ab are 3.6 and 4.3 for positive and nega-
tive ionization, respectively, whereas the average DBE of CHO_Ep
are 10.6 and 9.9 for positive and negative ionization, respectively.
This indicates that CHO compounds with lower unsaturation are
transported deeper in the water column from the layer where they
were first detected, suggesting that they are more resistant to
degradation and that lower unsaturation improves lipid lifetime
in the water column.

4.3. The epipelagic is a layer of intense CHO compound formation

CHO compounds associated with the epipelagic zone (detected
in both ionization modes) had the highest molecular diversity
(Fig. 4a and Fig. 7a). This is due to the presence of numerous and
diverse planktonic communities and the influence of various pro-
cesses (biotic and abiotic), often occurring in parallel, leading to
the transformation and degradation of lipids. The much greater
molecular diversity of the CHO compounds compared to the CHO
compounds that also contain nitrogen, sulfur, and/or phosphorus
(Gasparovic et al., 2017, 2018a, 2018b) can be understood from
the much greater diversity of the reported lipids that contain C,
H, and O compared to the reported lipids that also contain N, S,
and/or P in the molecular formula. It can be assumed that the
removal of the functional group(s) containing N or P is the first step
of lipid transformation. However, this could not be proven because
the signal magnitudes of CHO compounds and the compounds con-
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taining heteroatoms (CHONP and CHONPS) are significantly posi-
tively correlated for the whole water column (Supplementary
Fig. S1d and S8d). This suggests that the processes of formation
of CHO compounds and those containing heteroatoms goes in par-
allel. The epipelagic is the layer with the highest formation of CHO
compounds detected in the negative ionization mode (Fig. 6a).

4.4. Suggested mechanisms of early lipid transformation processes

A first proposed mechanism of CHO compound formation,
regardless of the oceanic zone, is crosslinking or condensation at
sites of unsaturation. It appears that this mechanism acts on lipids
in general. Crosslinking is a proposed mechanism for the formation
of highly unsaturated lipids that contain N (average DBE = 14) and
P (average DBE = 6.7) in the molecular formula, whose molecular
mass increases with depth. It has been suggested that crosslinking
of transformed lipids could lead to the formation of humic sub-
stances (GaSparovic et al., 2017, 2018b). The unimodal carbon
number distribution of CHO compounds, in contrast to the bimodal
distribution of reported lipids (Figs. 3 and 6, Supplementary
Figs. S2 and S9) suggests crosslinking of reported lipids of lower
and higher carbon content (lipid residues and molecular residues
of other biochemicals may also be considered). This leads to the
formation of CHO compounds with on average larger carbon con-
tent (CHO_Ep, CHO_Me, CHO_Ba and CHO_Ab), and which are
more unsaturated than their counterparts, i.e., lipids present in liv-
ing plankton (e.g. ReportedLipid_Ep) (Fig. 4b and Fig. 7b). Probably
because of their greater unsaturation, these CHO compounds are
more susceptible to degradation by abiotic and/or biotic processes,
such as by microorganisms’ extracellular and membrane-bound
hydrolytic enzymes. Consequently, they are only found in the
ocean zone where they are produced.

Another lipid transformation processes that occur simultane-
ously are partial degradation or fragmentation (decrease in C
atoms) and double bond reduction (lower DBE and DBE/C). The
CHO compounds formed during this transformation step are more
stable to further transformation and are transferred deeper into the
water column; for the example CHO_Ep-Ab lipids. Few of CHO
compounds, from either ionization mode, were aromatic struc-
tures, suggesting that formation of aromatic structures is not an
important process during early lipid transformation in the oceanic
water column.

Bio/hydrogenation occurs mainly on CHO compounds detected
by positive ionization mode (Figs. 5, S6 and S7). This process likely
results in the formation of transformation/degradation less suscep-
tible saturated CHO compounds. This could explain the much
lower removal of CHO compounds detected in the positive ioniza-
tion mode compared to the negative ionization mode. The highest
abundance of saturated compounds observed for CHO Ep-Ab,
CHO_Me-Ab and CHO_Ba_Ab confirm that the organic matter sat-
uration is an important property for the export of carbon to the
deep ocean. The widespread distribution of hydrogenase genes
found in different bacteria and archaea in both oxic and anoxic
aquatic environments (Greening et al., 2016) suggests that hydro-
genation may occur throughout the water column. The importance
of saturation for carbon export in the ocean is already observed for
the uncharacterized lipids containing sulfur, and biologically rele-
vant elements as N and P (Gasparovic et al., 2017, 2018a, 2018b).
The abundance, contribution to the total lipids, molecular diver-
sity, and average molecular mass of saturated CHONP lipids,
detected in the negative ionization mode, increased with depth.
The proposed mechanisms for their formation are crosslinking
and biohydrogenation (Gasparovic et al., 2017). Hydrogenation in
parallel with deoxygenation and increase in molecular mass
(crosslinking) are the proposed mechanisms for the formation of
novel (database unmatched) lipids that contain phosphorus
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(Gasparovic et al., 2018b). Hydrogenation is also proposed for the
formation of novel sulfur containing lipids (Gasparovic et al.,
2018a).

Two other transformational processes that lead to CHO com-
pound production are lipid oxidation and dehydrogenation (c.f.
the van Krevelen diagrams, Figs. 5 and 8). Details of the transfor-
mation processes involved are given in Table 1. The more oxidized
(0/C > 0.4) CHO compounds, which are detected as positive ions,
are characterized by lower unsaturation with respect to the
reported lipids, i.e., lipids from which they are derived. Their lower
unsaturation is plausible because singlet oxygen-mediated pho-
tooxidation or enzyme-catalyzed oxidation can occur at the double
bonds (Rontani and Belt, 2020). A higher O/C ratio than reported
lipids, indicative of oxidation, was observed in unreported lipids
containing S (Gasparovic et al., 2018a), N, and P detected in posi-
tive ionization (Gasparovic et al., 2017). The increase in the average
O/C ratio of CHO compounds detected in positive ionization mode
with depth indicates that oxidation occurs throughout the water
column (Supplementary Fig. S6b). Without detailed experiments,
it is difficult to explain why some lipid compounds are more sus-
ceptible to oxidation.

The main products of dehydrogenation are more recalcitrant
CHO compounds (H/C < 1.5) (D’Andrilli et al., 2015). The proposed
processes associated with dehydrogenation are (i) increasing
unsaturation (very high average DBE content; 9.2-21.3 for those
detected as positive ions and 11.1-16.6 for those detected as neg-
ative ions, which are higher than the DBE of the reported lipids),
(ii) crosslinking or condensation (higher C content compared to
the reported lipids), and (iii) cyclization (low H/C ratios indicating
cyclic structures with no, fewer or more double bonds). The mech-
anism of formation of the cyclic compounds is explained by inter-
nal cyclization and aromatization of non-phenylic precursors (e.g.
diunsaturated fatty acids) (Hartgers et al., 1995). However, these
CHO compounds could also be produced from reported lipids that
have lower H/C that are also mainly cyclic in nature. In addition to
being biologically produced, unsaturated compounds can be chem-
ically produced by photochemical processes (Ciuraru et al., 2015).
It appears that crosslinking and dehydrogenation, i.e., the forma-
tion of high molecular weight compounds with a high degree of
unsaturation, generally works for lipids, as the same molecular
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changes were observed for unidentified lipid compounds contain-
ing N and P (GaSparovic et al.,, 2017, 2018b).

The discussed formation of CHO compounds could be schemat-
ically represented as follows (Fig. 9):

We assume that the proposed mechanisms of CHO compounds’
formation can be regarded as general processes of early lipid trans-
formation in the oceans. However, which of these processes would
prevail depends on the complex relationship between the physical,
chemical, and biological processes that influence the quality and
quantity of lipids produced. Seasonal variability also remains an
important issue and should be interrogated.

4.5. Unsaturated cyclic and acyclic compounds have different
susceptibilities to degradation

It is generally accepted that unsaturated lipids are more suscep-
tible to degradation, whether biotic or abiotic (e.g. Sun and
Wakeham, 1994). Our data suggest that the position of the double
bond in the lipid molecule, acyclic and cyclic, determines whether
a lipid is more or less susceptible to degradation. Double bonds in
the cyclic structures of the more recalcitrant CHO compounds are
protected or less reactive than double bonds in the aliphatic struc-
tures. A good examples are more recalcitrant CHO_Ep-Ab lipids,
which are found in the whole water column and detected in both
positive and negative ionization modes (c.f. Table 1). They are
highly unsaturated with average DBE values of 14.6 and 134,
respectively, and DBE/C 0.41 and 0.39, respectively. These recalci-
trant CHO compounds are likely precursors for the formation of
marine humic substances. Hedges et al. (1992) found that marine
humic substances are highly branched structures with 18-20%
unsaturated carbon, suggesting interlinked (possibly cyclic) alipha-
tic carbon sequences.

4.6. Considerations on the future efficiency of the carbon sink through
lipids

Global warming will affect ocean biogeochemical cycles (York,
2018). Warming affects the oceanic carbon cycle through a number
of indirect changes that include reduced CO, solubility, ocean acid-
ification, deoxygenation, increased ocean stratification that

7\ /CHANGE WITH RESPECT TO\

THE REPORTED LIPIDS
crosslinking
(condenzation) More labile CHO
unsaturation compounds (more reactive) c I DBE I
frogmentation :
- More labile CHO Cl DBEI
DB reduction compounds (more stable)
fo oxidation More oxidized CHO
Reported ||p|ds DB reduction, cross-linking compounds 0' - ' DBEI
(condenzation)
e.g. '
A dehydrogenation More recalcitrant l
p}?OSD hol \pldS unsaturation, crosslinking CHO compounds Hl C' DBE H/C
triacy 1%|VCE‘I’ C"S (condenzation), cyclization
cholesterol . . l
— . bio/hydrogenation )| More stable cHO compounds/w u\DBE DBE=0 H/C' ’
A y - - " _

C, O and H — number of carbon, oxygen and hydrogen atoms, respectively

H/C—hydrogen to carbon ratio
DBE — double bond equivalents
-increase

l - decrease

Fig. 9. A summary scheme highlighting the major findings of early lipid transformation processes.
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reduces water column mixing (contributing to oligotrophication of
the upper water column), and a reduction in thermohaline circula-
tion. Hence, the efficiency of the carbon sink through lipids in the
future ocean should be considered not only through the role of
plankton in carbon sequestration, but also through the effects on
processes acting on lipid transformation.

The metabolic content of lipids in phytoplankton (5-31%
(Anderson, 1995)) is lower than that of proteins and sugars. How-
ever, recent research has shown that warming enhances lipid pro-
duction by microalgae, especially those growing under
oligotrophic conditions (e.g., Novak et al., 2019). The fatty acid
composition of cell membranes depends, among other things, on
temperature. As temperature increases, the proportion of saturated
fatty acids increases (e.g., Fuschino et al., 2011). This suggests a
negative feedback on global warming through the accumulation
of lipids and especially saturated fatty acids, which are important
for more efficient export of lipid carbon to the deep ocean. In addi-
tion, lipids are hydrophobic substances and therefore tend to
adsorb onto sinking particles, contributing to carbon sequestration
(Novak et al., 2018).

One of the consequences of global warming is the expected
expansion of oxygen minimum zones (Lengger et al., 2019). Sub-
oxic and hypoxic conditions already exist in large areas of the
North Pacific, smaller areas of the South Pacific and North Indian
Oceans, and the eastern tropical Atlantic and Pacific Oceans
(Keeling et al., 2010). This would certainly reduce the oxidation
efficiency of lipids, leading to the formation of less unsaturated
lipids, and consequently will influence retarded drawdown of lipid
carbon. Increased photooxidation would act in the opposite direc-
tion in the case of higher sunlight intensity due to lower cloud
cover and vice versa. Higher temperatures will enhance the biotic
transformation processes, peroxidation and biohydrogenation,
mediated by enzymes, unless the temperature threshold for
enzymes is exceeded. Since the rate of an enzyme-catalysed reac-
tion increases with increasing temperature, it is expected that
more refractory lipid transformation products (e.g., humic sub-
stances) will be produced, contributing to a positive feedback on
ocean carbon sequestration. In summary, the efficiency of lipid car-
bon export to the deep ocean and sediment will depend on the suc-
cess of mechanisms to form saturated and refractory compounds,
including high molecular weight cyclic compounds with a high
degree of unsaturation.

5. Conclusions

Here we describe CHO compounds formed as decomposition
intermediates during early lipid transformation processes in the
NE Atlantic Ocean. We show that early lipid transformation
involves complex processes that include (i) crosslinking or conden-
sation at the double bonds of known lipids or their residues; (ii)
fragmentation (partial degradation) with concomitant reduction
of the double bond, (iii) oxidation, leading to the formation of less
unsaturated lipid transformation products; (iv) hydrogenation,
leading to the formation of saturated or less unsaturated com-
pounds; and (v) dehydrogenation followed by crosslinking, leading
to higher unsaturation and molecular mass and cyclization. The
data suggest that the double bonds in the cyclic structures are pro-
tected or less reactive than those in the aliphatic structures. The
formation of aromatic structures is not a significant process during
early lipid transformation in the oceanic water column.

We have found that CHO compounds detected as negative ions
are more prone to degradation than those detected as positive ions.
They are substantially depleted in the layers above the abyssal and
their molecular diversity is lower. A large fraction of the CHO com-
pounds observed as positive ions are efficiently transported into
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the abyssal, most likely enabled by low unsaturation and rapid
transport by diatom and coccolithophorid remains.

Our work enlightens the early lipid degradation pathways in the
four ocean zones of the NE Atlantic Ocean, and which is possibly
representative of more general processes in the ocean. In the face
of ocean warming, the efficiency of carbon sink through lipids in
the future ocean should be considered not only through the role
of plankton in carbon sequestration, but also through the effects
on processes acting on lipid transformation.
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