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Abstract

Sulfur is an essential nutrient for life and a constituent of many important biomolecules.
Phytoplankton in the surface ocean use assimilatory reduction pathways to reduce inorganic sulfur,
primarily in the form of sulfate (S04%), into the necessary organic compounds. Many marine microbes
including Pelagibacter, the most abundant and ubiquitous heterotrophic bacteria, do not have these
pathways and are not able to reduce their own sulfur. These organisms therefore require exogenous
sources of reduced sulfur. While some sulfur compounds, such as DMSP or DHPS, have been well
studied, the entire composition of sulfur and the roles of these compounds is poorly understood.
Metabolomics were used to characterize the composition of sulfur metabolites from four particulate
depth profiles in the North Pacific. This study quantified 12 sulfur metabolites within particulate matter
of the North Pacific. | identified gonyol as the most abundant of these sulfur metabolites. This sulfonium
likely plays an important role in sulfur cycling as a source of reduced sulfur for the heterotrophic
bacteria. Sulfonates, the more oxidized form of sulfur, likely play a key role in communities north of the
North Pacific Transition Zone as they are the most abundant form of sulfur in this area. This research
highlights the importance of these understudied compounds and provides a foundation for future
research on sulfur cycling in the marine environment.

Plain Language Summary

All living organisms require sulfur as it is an essential nutrient for growth. This element is
incorporated into a large variety of biological compounds that serve specific functions. Phytoplankton in
the surface ocean use the sun’s energy to produce the necessary sulfur molecules for growth.
Sulfoniums, a group of sulfur compounds characterized by the sulfur having three carbon bonds, are
very important as they are used in compounds with cellular functions. However, there are some
organisms that are not able to make these compounds on their own and rely on taking up sulfur
compounds produced by other organisms in the water column. Most of the available sulfur compounds
for these organisms are poorly understood. The aim of this project was to characterize this pool of sulfur
compounds to build an understanding of the role of these compounds in microbial communities. Twelve
sulfur compounds were identified and quantified within cells. Of these, a compound called gonyol was
found to be the most abundant overall. This suggests that this compound, of which very little is known,
may be an important source of sulfur for organisms not able to make sulfur compounds. Analysis of
major functional groups revealed that sulfonates, which are compounds that have sulfur bonded to
three oxygen atoms and one carbon atom, were the major form of sulfur observed in organic molecules
in the northernmost stations. Sulfonates have only recently been discovered to play key roles in
community wide cycling of sulfur and carbon. This group of sulfur compounds is likely more important in
sulfur cycling than previously thought. This study brings to light the importance of these sulfur
metabolites and suggests an intriguing avenue for future research.



Introduction

Sulfur is an element required for life as it is a part of many small organic molecules with cellular
functions, known as metabolites, and larger biomolecules such as proteins. Metabolomics uses state-of-
the-art instruments to identify and quantify organic molecules produced by cells to study the physiology
of organisms and chemical interactions within a community (Roessner and Bowne 2009). Sulfur
containing metabolites are an abundant and diverse group of compounds (Moran and Durham 2019).
The expanded Redfield ratio, C124N16P1S1.3, showcases the high cellular quota for sulfur and a
requirement similar to that of phosphorus (Ho et al. 2003). In order for the annual primary production of
carbon to be fixed, 48.5 Pg year?, cells require the assimilation of 1.3 Pg year™ of sulfur (Koch et al.
2017). This coupling of the carbon and sulfur cycles presents a large inventory of diverse sulfur
metabolites which is highly labile with short turnover times (Landa et al. 2019). The oxidation state, or
relative charge of the atom, is important as sulfur is assimilated into cellular components at specific
oxidation states (Giordano and Raven 2014). For example, amino acids and sulfoniums contain sulfur
with the lowest oxidation state, -2, while sulfolipids and sulfonates contain sulfur at the higher oxidation
states, +4 (Moran and Durham 2019). Phytoplankton use assimilatory reduction pathways to convert
inorganic sulfur, which has a +6 oxidation state, into the necessary organic compounds for life (Landa et
al. 2019). This reduced form of sulfur can be made into a variety of small organic compounds, such
amino acids, sulfolipids, osmolytes, and other biomolecules. However, unlike inorganic sulfur, the
distribution and roles of many organic sulfur compounds remains unknown.

The high concentrations of inorganic sulfur in seawater originally suggested its availability was
not a factor controlling growth of marine microbial communities. However, this is not the case for all
organisms. While many phytoplankton are capable of reducing sulfur, some bacterioplankton do not
have the necessary genes required for these pathways (Tripp et al. 2008). Pelagibacter, the most
abundant and ubiquitous heterotrophic marine bacteria, do not have such genes and are not able to
produce their own sulfur metabolites (Tripp et al. 2008). This clade, along with many others in the
surface ocean, rely on scavenging the organic sulfur produced by other plankton for growth (Tripp et al.
2008). These organisms assimilate organic sulfur compounds from metabolites dissolved in seawater.
The metabolite DMSP is one of the few well studied sulfur metabolites as it is a substrate for these
heterotrophic bacteria and is produced in large quantities by phytoplankton (Ledyard and Dacey 1996;
Thume et al. 2018; Landa et al. 2019). DMSP has also been well studied as its degradation product, DMS,
was found to enter the atmosphere where it regulates global climate (Charlson et al. 1987). Recent
studies have expanded our understanding of sulfur metabolites by describing the roles of sulfonate
metabolites, the more oxidized group of sulfur metabolites (Celik et al. 2017; Durham et al. 2019). This
group of metabolites has been found to act as valuable energy and nutrient substrates and help
maintain redox balance within cells (Durham et al. 2019). Although these metabolites are very
important pieces of the sulfur cycle, the community wide distribution of sulfur metabolites remains
understudied. What other metabolites are available for uptake by organisms? What is the most
abundant sulfur metabolite in the marine environment? Are the proportions of sulfur metabolites
similar across communities? More research needs to be done in order to fully understand the sulfur
cycle, metabolite production and consumption, and how these compounds influence community
structure.

This study evaluated the composition of sulfur metabolites within particulate matter. Although
heterotrophic bacteria assimilate sulfur through the dissolved pool, dissolved metabolites are



challenging to quantify. Developing methods to measure dissolved metabolites is an area of active
research (Widner et al. 2020), but current methods are limited in the number of molecules that can be
detected (Johnson et al. 2017). This is due to the high amount of inorganic salts in seawater and the
wide range of structures present in metabolites. Particulate metabolites, those which are still within
cells, have well developed methods and a greater proportion of metabolites are able to be measured
(Boysen et al. 2018). This particulate fraction can be used to make inferences about dissolved
metabolites, as it is the source of what becomes dissolved through mechanisms such as sloppy feeding,
cell lysis, and exudation (Landa et al. 2019). This study will use metabolomics to characterize the
composition and distribution of sulfur metabolites within depth profiles from the North Pacific. By
understanding the community metabolite profile, this research will provide the foundation for future
studies on metabolite uptake and utilization and sulfur metabolites.

Proposed Research

Research Location

To capture the diversity of metabolites and understand influence of community on composition,
metabolites from 4 depth profiles in the North Pacific were analyzed (Figure 1). One depth profile is
from Station ALOHA in the oligotrophic North Pacific Subtropical Gyre. This area is dominated by
organisms adapted to low nutrient conditions, such as the cyanobacteria Prochlorococcus (Rii et al.
2016). The three other depth profiles are from across the North Pacific Transition Zone, an area of
strong environmental and ecological gradients (Roden 1971). The convergence of the currents in the
Transition Zone facilitates high productivity and diverse microbial communities which have higher
counts of diatoms, dinoflagellates, and haptophytes (Clayton et al. 2014). Diatoms are known to
produce large amounts of the important sulfur metabolites taurine and DHPS, while dinoflagellates
produce large amounts of DMSP (Moran and Durham 2019).



140° 160° 180° 200° 220° 240° 260°
60° ] - - :

50° 50°
40° 40°
30° 30°
20° 20°
103 100
140° 160° 180° 200° 220° 240° 260°
|
0.0 0.1 0.2 0.4 0.6 1.0 20 5.0 45.0

Chl a (mg/m?®)

Figure 1. Adapted from (Polovina et al. 2017). Sea surface chlorophyll of the North Pacific in March. Black
line denotes the southern boundary of the North Pacific Transition Zone. Stars in white denote locations
of depth profiles.

Methods

Samples were collected by members of the Ingalls lab. Particulate matter from a known volume
of seawater was collected onto 0.2 um filters, which was then used to extract metabolites following
previously described methods (Boysen et al. 2018; Dawson et al. 2020). Extracted metabolites, along
with blanks and standards, were then processed using liquid-chromatography mass spectrometry
(Boysen et al. 2018). Metabolite extraction and processing was conducted during the summer of 2019
by members of the Ingalls lab, including myself. | used MSDial (Tsugawa et al. 2015) and Skyline (Adams
et al. 2019) for analysis of LC-MS data (Boysen et al. 2018). This gave relative abundance of compounds
in peak area, which can be compared to standards and annotated using mass to charge ratio and
retention time. Peak areas of compounds can be normalized using Best-Matched Internal Standard
Normalization (B-MIS), subject to in-house quality control, and quantified by comparing to standards
(Boysen et al. 2018). This process ultimately yielded the concentration of sulfur metabolites within
particulate per liter of seawater.



Results

This study measured the concentrations of particulate sulfur metabolites within four depth
profiles from the North Pacific. | identified and quantified a total of 12 sulfur metabolites from the
particulate fraction. The measured concentrations of each metabolite from all profiles are shown in
Figure 2. Gonyol was found to be the overall most abundant sulfur metabolite within cells (Figure 2).
With depth, dimethylsulfonioacetate (DMS-Ac) accounts for a larger proportion of the sulfur metabolites
at depth (Figure 2.C).
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Figure 2. Concentrations of particulate sulfur metabolites for all locations for depths between (A) the
surface and 100 meters, (B) 100m — 300m, and (C) 300m — 500m.



The average concentration of each metabolite was found to quantitively shift with latitude
(Figure 3). Total concentration of sulfur metabolites was highest in the middle of the North Pacific
Transition Zone (Figure 3.C) and lowest at the oligotrophic station ALOHA (Figure 3.A). Gonyol was found
to have the highest overall average concentration of the sulfur metabolites (Figure 2 and 3). Although
gonyol was the highest overall, some surface samples have higher concentrations of other sulfur
metabolites in the surface, such as isethionic acid or DMSP (Figure 3.C). Isethionic acid, taurine, and
DMSP increase in concentration in the northernmost latitudes (Figure 3.C-D). By plotting the
concentrations of metabolites based on their functional group, this trend leads to a shift in the major
sulfur oxidation state of the entire pool. In the southernmost depth profile (Figure 4.A), sulfoniums
make up most of the sulfur pool. This shifts in the northern latitudes (Figure 4.C-D) where sulfonates are
the major functional group. Therefore, most of the sulfur in the southern station has an oxidation state
of -2, while most have an oxidation state of +4 in the north.
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Figure 3. Average concentration for each sulfur metabolite. Each panel represents a depth from the

North Pacific, in the Subtropical Gyre (A) 22.75°N, and the North Pacific Transition Zone, (B) 33.9°N, (C)

37.0°N, and (D) 41.4°N.
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Figure 4. Average concentration for sulfur metabolites grouped by the functional group of the sulfur
species at (A) 22.57°N, (B) 33.0°N, (C) 37.0°N, and (D) 41.4°N. Sulfides [R,S] contain sulfur with an
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sulfoniums [R3S]*, in green, contain -2 sulfur.
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Figure 5. The normalized concentration of the five most abundant sulfur metabolites at (A) 22.57°N, (B)
33.0°N, (C) 37.0°N, and (D) 41.4°N. Line color denotes the functional group while line point shape
separates species. Shaded area around line represents the normalized standard deviation.

Finally, | explored the patterns of individual depth profiles for the five most abundant
metabolites that were measured. By plotting the normalized concentration, | can compare the shapes of
metabolite attenuation with depth (Figure 5). This analysis yields an intriguing trend between the two
main functional groups of sulfur, sulfoniums and sulfonates. In the southernmost station, Figure 5.A, the
two sulfoniums, DMSP and gonyol, have very close profiles shapes. The three sulfonates, isethionic acid,
taurine, and DHPS, also have similar profile shapes to the others, but the sulfonate profiles are different
than those of the sulfoniums. The sulfoniums are greatest at the surface and attenuate sharply with
depth. Meanwhile the sulfonates begin to increase with depth to reach a subsurface maximum, and
then attenuate with depth. This observation continues north into the southern transition zone, Figure
5.B, and the two groups have different profile shapes. In the middle of the transition zone, Figure 5.C,
the profiles between sulfoniums and sulfonates do not appear to be different. However, in the
northernmost station, Figure 5.D, this separation returns with one key change. The sulfonates again
have very similar profiles and retain the subsurface maximum. The sulfonium DMSP has a similar shape
to its shape in the southern stations and the shallower attenuation can be attributed to the shoaling of
the euphotic zone (Supplemental Figure 1). But, the sulfonium gonyol has now changed and its profile
appears to be similar to the sulfonates, where gonyol has a subsurface maximum before it attenuates
with depth.



Discussion

This study builds on recent work to understand the roles of sulfur metabolites in marine
microbial communities. Gonyol was found to have the highest average concentrations within cells of the
sulfur metabolites measured (Figure 2 and 3). As a sulfonium, similar to DMSP, gonyol has the potential
to be used as source of reduced sulfur. Although the degradation pathway has yet to be fully revealed,
gonyol is known to be utilized by some heterotrophic bacteria (Gebser et al. 2020). As gonyol was found
to be the most abundant sulfur metabolite that was measured, these data suggests this compound is
likely an important substrate for organisms in the surface ocean and a valuable source of reduced sulfur
for heterotrophic bacteria. My analysis also revealed an interesting observation with the profile shape of
gonyol (Figure 5). The two groups of sulfur metabolites, sulfonates and sulfoniums, appear to have
different profile shapes in the southern, oligotrophic stations. Gonyol then shifts in the northernmost
latitude to follow closely to the profile shapes of the sulfonates. This observation suggests the sources or
sinks for this molecule are changing. Not enough is known about which organisms are the producers of
this compound, nor is enough yet known about the degradation of this compound. This trend could be
due to the community shift between the northern and southern latitudes and the profile is a reflection
of a different community metabolomic fingerprint (Heal et al. 2020). A second hypothesis for this
observation could be due to different physiological stressors causing a change in the production of
gonyol. Alternatively, this could also be due to microbes using the substrate differently or having
different degradation pathways. More research would need to be conducted on the production and fate
of gonyol to understand its role in sulfur and carbon cycling in the ocean. Nonetheless, these data
suggest gonyol is an important substrate of reduced sulfur for heterotrophic bacteria in the marine
environment.

Although the sulfonium gonyol was the single most abundant sulfur metabolite, the major
functional group of sulfur metabolites shifts with latitude (Figure 4). In the southern latitudes, the
oligotrophic stations were found to have sulfoniums as the major sulfur metabolite class (Figure 4.A-B).
This means majority of the sulfur is in the reduced form of sulfur. Contrasting these southern stations,
the northern stations (Figure 4.C-D) were found to have sulfonates as the major sulfur functional group.
This shift is primarily due to the accumulation of the sulfonates DHPS, isethionic acid, and taurine within
cells. A shift in microbial community is thought to drive this observation. Diatoms, which are more
prevalent in the northern latitudes, are known to produce these compounds in large amounts (Durham
et al. 2019). These sulfonates are known to be the basis for close community networks and are a
valuable carbon and energy substrate (Celik et al. 2017; Durham et al. 2019). These data suggests
sulfonates could be a more important group of metabolites for organisms in the North Pacific.
Additionally, of these sulfonate metabolites, isethionic acid was found to be the most abundant of this
group. Previous studies on the roles of sulfonates have centered around the compound DHPS (Celik et
al. 2017). The abundance of isethionic acid suggests it could be just as important, if not more important,
than DHPS and the other sulfonate compounds. As the major functional group of sulfur, these sulfonates
could have a larger role in biogeochemical cycling than previously thought.



Conclusion

Sulfur is essential to life and needed in large amounts to facilitate growth. This creates a large
inventory of sulfur metabolites that exist in a broad range of oxidation states. Understanding the
function of these compounds and their role in biogeochemical cycling is an area of active research. This
study provides foundational measurements of sulfur metabolites within particulate matter from the
North Pacific Subtropical Gyre and the North Pacific Transition Zone. My results suggest that gonyol is
likely an important source of reduced sulfur and of carbon, as it was found to be the overall most
abundant sulfur metabolite. Very little is currently known about gonyol and its production or fate.
Gonyol exhibits two different attenuation profiles between the oligotrophic and eutrophic North Pacific,
suggesting a change in its sources or sinks. More research would need to be done on the sulfur cycle,
especially gonyol to understand what is driving these observations. Future research could include
pairing culture experiments to understand the production and fate of gonyol with more diverse
environmental measurements to improve our understanding of its distribution. In addition to gonyol,
analysis suggests sulfonates, the more oxidized form of sulfur, are more important than previously
thought. As the most abundant group of sulfur in the northern latitudes of the North Pacific Transition
Zone, sulfonates, especially isethionic acid, are likely playing a key role in the sulfur cycle. These
sulfonate networks have only recently been identified and more research should be conducted on this
group of metabolites. Studying how organisms catabolize and exchange these metabolites would aid in
determining how sulfonates influence community composition. This study has shown that our
understanding of the sulfur cycle is still limited and there is much to uncover. Gonyol and sulfonate
metabolites offer an intriguing avenue for future research as they have the potential to be very
important in global biogeochemical cycling of sulfur.
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