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12.1 Introduction

Awareness of volatile organic compounds (VOCs) in the ocean has shifted from sparse in-
formation about a handful of chemicals to an appreciation that they are an important fraction
of the rapidly cycled marine organic carbon pool and recognition that complex abiotic and
biotic processes give rise to this diverse and pervasive collection of molecules. VOCs are
low molecular weight chemicals with high vapor pressures and sufficiently large diffusion
coefficients to escape from cells and be emitted from a dissolved state in the ocean into the
atmosphere as gases. These chemical properties make them challenging to study individually
or collectively as a bulk pool. New technologies have expanded the range of VOCs detected in
the oceans from short-chained alkanes and alkenes (Swinnerton and Linnenbom, 1967) to an
array of volatile organic sulfur, nonmethane hydrocarbon, halogenated and oxygenated
VOCs. Identification of new VOC species in marine systems continues alongside research
on their roles in primary production, trophic interactions, carbon cycle and climate science,
and natural product and alternative energy discovery.

VOC emissions from the ocean into the atmosphere have important impacts on atmo-
spheric chemistry and climate. In the atmosphere, VOCs can condense with each other
and with existing particles to form secondary organic aerosols (SOA; Carpenter et al.,
2012; Gantt et al., 2009; O’'Dowd et al., 1999). SOA contribute to cloud formation and, thus,
to precipitation and Earth’s albedo (Charlson et al., 1987; Lana et al., 2011). The chemical re-
activity of many VOCs can also deplete the hydroxyl radical, OH, a vital reactant in methane
removal and maintenance of stratospheric ozone (Crutzen, 1988; Lelieveld et al., 2008).

The ocean serves as both a source and sink for VOCs (Dachs et al., 2005; Jurado et al., 2008;
McKay et al., 1996; Ruiz-Halpern et al., 2010). Plankton are the primary source of most VOCs
in the ocean, but photochemical production of VOCs in the surfactant-enriched sea-surface
microlayer (Fig. 12.1) is also a significant source of atmospheric VOCs (Briiggemann et al.,
2018). Atmospheric deposition into the ocean, especially of some oxygenated VOCs, includ-
ing methanol and acetone, at times exceeds direct ocean emissions into the atmosphere. These
deposition events provide substrates for plankton respiration and may explain why rates of
plankton respiration sometimes outpace marine primary production (Duarte et al., 2013). Sea-
air flux is controlled by the gradient differential between concentrations of atmospheric
VOCs, originating from terrestrial plants or anthropogenic emissions that are transported off-
shore and VOCs dissolved in the ocean (Fuentes et al., 2000; Guenther et al., 1995; Heikes et al.,
2002; Millet et al., 2008, 2010). Atmospheric deposition of VOCs occurs when the surface
ocean is undersaturated in VOCs relative to the overlying atmosphere. Whether air-side pro-
cesses or in-water processes control air-sea flux depends upon the VOC and its chemical
reactivity (Warneck, 2003) as well as microbial activities that act upon a wide range of VOCs
(Moore et al., 2020; Yang et al.,, 2014). Table 12.1 gives global estimates of marine VOC
emissions and depositions. The importance of biology in driving the direction of VOC flux
has gained recognition as the mechanisms involved have become known. The dynamic
behaviors of ocean biology and physics acting on VOCs make predicting the magnitude of
their emissions, and even their directionality (sea-to-air or air-to-sea), unreliable at this time
(Beale et al., 2013; Exton et al., 2012; Li et al., 2021).

Microbial production and consumption drive active VOC cycling in the ocean (Fig. 12.1).
Phytoplankton metabolism and micro- and mesozooplankton grazing are the primary
sources of VOCs in the ocean. These compounds are biogenic VOCs (BVOCs). An important
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FIG. 12.1 Ocean sources and sinks of volatile organic compounds (VOCs). Phytoplankton (green microbes) are a
major source of marine VOCs. Bacterioplankton (brown microbes) can also release VOCs (dotted arrow), and VOCs
are also released from photochemical interactions with dissolved organic matter. The air-sea interface is defined by
the sea-surface microlayer and is indicated by the boundary between the ocean and the atmosphere. In the atmo-
sphere, VOCs are involved in oxidation reactions and condensation reactions leading to secondary aerosols that
can seed clouds.

secondary source of VOCs is abiotic chemical and photochemical reactions with dissolved
organic matter (DOM). VOC production via photodegradation of DOM can sometimes out-
pace BVOC production (de Bruyn et al., 2011; Dixon et al., 2013). VOC concentrations in the
surface ocean are low (pmolL " to nmolL ") and appear to be largely maintained by VOC
assimilation and oxidation by bacterioplankton (Dawson et al., 2021; Halsey et al., 2017; Rocco
et al., 2021; Sun et al.,, 2011). A key challenge to understanding ocean VOCs is quantifying
VOC flux between phytoplankton producers and bacterioplankton consumers. Genomic ev-
idence is accumulating for widespread VOC oxidation by bacteria (Dixon et al., 2011b; Halsey
etal., 2012, 2017; Moore et al., 2022; Neufeld et al., 2007; Schafer et al., 2007; Sun et al., 2011).



590

12. The volatile organic carbon component of dissolved organic matter in the ocean

TABLE 12.1 Contributions of VOCs to ocean and ocean—atmosphere processes and photosynthetic carbon

cycle pools.

VOC pool Magnitude Location Approach/Notes References
Sea-air VOC emission 5TgCy ' Global Large uncertainties due to sparse Guenther et al. (1995)
data and unknown VOCs.
Air-sea deposition 130-270TgCy ™" Global Goldstein and
Galbally (2007)
VOC emission from 32.5-129TgCy " Global Briiggemann et al.
sea-surface microlayer (2018)
VOC fraction of 6.7%—67% Subtropical Underestimate because only Dachs et al. (2005),
dissolved organic NE Atlantic SOCs quantified.” Determined as Ruiz-Halpern et al.
carbon in the upper Subarctic EDOC: VOCs were purged from (2014), and Ruiz-
80m of the water fjord samples and trapped in C-free Halpern et al. (2010)
column Antarctic  water with pH<2.
Peninsula

VOC fraction of
photosynthetic carbon
fixation

18%-20%

Change in carbon fixation rate
between a cultured diatom
growing with and without VOC

Moore et al. (2020)

removal by a VOC trap or VOC-
using bacteria.

VOC fraction of
phytoplankton biomass

0.25%-5.18% Survey of cyanobacteria and

eukaryotic phytoplankton.

Ruiz-Halpern et al.
(2014)

? SOC, semivolatile organic carbon defined as carbon with low Henry's constants and trapped in acidified water.

Other VOC sinks, namely sea-air flux and chemical oxidation, are important in atmo-
spheric regulation for the reasons mentioned before, but are insufficient on their own to bal-
ance in-water VOC production rates (Beale et al., 2013; Carpenter et al., 2004; Dixon et al.,
2013; Heikes et al., 2002; Marandino et al., 2005; Taddei et al., 2009; Williams et al., 2004).
Knowledge of VOC turnover in the ocean is not yet able to provide mechanism-based con-
straints in VOC flux models (Booge et al., 2016; Palmer and Shaw, 2005), and aside from a
few chemicals such as the dimethylsulfide, methanethiol, and isoprene, little is known about
the metabolism and regulation of VOCs in plankton cells. Concentrations of VOCs in the sur-
face ocean are very low (pmolL ™" to nmol L") and do not exhibit reliable correlations with
any single biological or geophysical property (i.e., chlorophyll, Exton et al., 2012; Li et al.,
2021), suggesting more complex interactions at play (Halsey and Giovannoni, 2023). These
knowledge gaps are exciting opportunities to explore VOC-mediated biological and environ-
mental interactions and their widely ranging impacts on ocean carbon cycling and climate.

12.2 The chemical nature of VOCs

VOCs are low molecular weight compounds typically having two to 20 carbon atoms, low
boiling points, high vapor pressures, and moderate to high hydrophobicity. VOCs are
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dissolved gasses in seawater. Dissolved organic carbon (DOC) is the overarching term for or-
ganic matter in seawater that passes through glass fiber filters with a nominal pore size of
0.7pm (e.g., Whatman type GF/F). VOCs are clearly a component of DOC, but VOCs are
not accounted for in bulk DOC measurements because volatile chemicals are lost during
DOC collection, sample sparging, and analysis. For example, following bulk water collection,
VOCs are subject to diffusive loss during each successive water transfer into containers. Vac-
uum filtration, typically used to remove particles in a bulk water sample, will also remove
VOCs, as will acidification, sparging, and combustion steps used to quantify DOC (Spyres
et al., 2000; Halewood et al., 2022).

From a carbon mass perspective, the sparse measurements that are available indicate that
VOCs might be substantial component of the total pool of organic molecules in the surface
mixed layer of the ocean, where most VOC measurements have been made. The few bulk
VOC measurements suggest the VOC pool can make up 6.7%—67% of DOC pool but is not
accounted for in bulk DOC measurements. VOCs contribute a greater fraction of organic com-
pounds in the Antarctic where DOC is low (Table 12.1; Dachs et al., 2005; Ruiz-Halpern et al.,
2010; Ruiz-Halpern et al., 2014). Unlike DOC, there is no consensus on standard methods for
measuring the bulk dissolved VOC pool. The VOC pool data before were determined as ex-
changeable dissolved organic carbon (EDOC) by sparging seawater to equilibrium with N,
and redissolving the evolved gaseous molecules in acidified water for later organic carbon
analysis. Hauser et al. (2013) added sorbent traps to a similar apparatus to capture VOCs with
high Henry’s law constants that passed through acidified water. This approach increased the
total VOC pool by 7.2%-33.6% and emphasized that the air-water partitioning properties of
individual VOCs range widely. Operational definitions of the VOC pool based on air-water
partitioning properties may be especially important to interpreting the directionality and
magnitude of VOC sea-air flux.

Much of the information available for constraining the magnitude of the VOC pool comes
from the study of a handful of VOC compounds that appear to dominate the VOC pool (e.g.,
Wohl et al., 2019). As discussed later, many of these have been subjects of detailed studies
aimed at understanding their origins, biological sinks, and flux rates. The measurements pro-
vided do not fully represent the entire bulk pool due to its complex nature. Small molecules
that make up the VOC pool can be incredibly complex because the number of isomers for a
given molecular formula increases exponentially with the number of carbon atoms.

Atomic substitutions for carbon, like halogens, amines, S, Se, N, P, and As, inflate the num-
ber of chemical structures compatible with m/z data to >1,000,000 for C10 compounds
(Goldstein and Galbally, 2007). Accordingly, the molecular diversity of marine VOCs is un-
certain. To put this in perspective, Halsey and Giovannoni (2023) reported that the top 10 most
abundant VOCs (m/z+1 values) accounted for <60% of the integrated signals from the de-
tector of a PTR-MS recording VOCs from spring phytoplankton blooms in the North Atlantic.
In summary, because VOCs are diverse, measurements of the bulk VOC pool are needed to
appreciate its role in ocean and atmosphere biogeochemistry, and assembling an estimate of
the size of the bulk pool from measurements of individual VOC compounds is not yet pos-
sible because of the unresolved complexity of the VOC pool.

A more common approach to investigating marine VOCs is to focus on individual com-
pounds to study biotic and abiotic processes controlling in-water concentrations and sea-
air fluxes. Dimethylsulfide (DMS), methanethiol, isoprene, certain oxygenated VOCs
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TABLE 12.2 Review articles on some of the volatile organic
compounds discussed in this section.

VOC Review references

Dimethylsulfide and methanethiol =~ Moran and Durham (2019)
Dani and Loreto (2017)

Isoprene McGenity et al. (2018)
Dani et al. (2017)
Dawson et al. (2021)
Dawson et al. (2023)

Organohalides Gribble (1992)
Paul and Pohnert (2011)
Urhahn and Ballschmiter (1998)
Cabrita et al. (2010)

(methanol, acetone, acetaldehyde), and volatile organic halogens (methyl chloride) have re-
ceived the greatest attention because of their abundance in the atmosphere, known roles in
SOA formation, and impacts on tropospheric and stratospheric ozone (Bonsang et al.,
1992; Kim et al., 2017a,b; Yassaa et al., 2013). The partitioning properties (Henry’s constants)
of even this small collection of VOCs vary dramatically, as do their production by abiotic and
biotic processes (see later). For example, the ocean is commonly undersaturated in methanol,
but pulses of sea-air fluxes are observed, presumably due to the relatively high methanol con-
centrations in surface seawater. In contrast, acetone saturation in the ocean ranges from 50%
to 200%, causing sea-air acetone flux to vary with season and geography (Table 12.1).

Narrowing the focus of research to selected VOCs has value. This approach provides a
more thorough understanding of their geochemical roles, functions in plankton metabolism,
and the complex factors impacting their in-water concentrations and potential sea-air flux.
Indeed, genetic mechanisms involved in the production and consumption of some VOCs
can now be mapped using global ocean genomic databases (Moore et al., 2022; Shemi
et al., 2023). Following, we introduce the most well-studied marine VOCs from each major
VOC class (Table 12.3, Fig. 12.2), focusing on their relevance to climate and their abiotic
and biotic sources and sinks. Note that comprehensive reviews on some of these VOCs are
provided to the reader in Table 12.2. Detailed discussion and description of experimental de-
sign and methods used to study marine VOCs are available elsewhere (Mansurova et al.,
2018; Pozzer et al., 2022; Ruiz-Hernandez et al., 2018; Yu and Li, 2021).

12.2.1 Organic sulfur volatiles: Dimethylsulfide and methanethiol

Abiotic sources and sinks: DMS is estimated to be 70% of oceanic sulfur emissions (Carpenter
et al., 2012; Schlesinger and Bernhardt, 2013; Sim¢ et al., 2011) and is thought to be a major
source of cloud condensation nuclei over the oceans (Quinn and Bates, 2011). Indeed, that
observation led to the CLAW hypothesis, which proposed climate feedbacks associated with
temperature-induced DMS production by phytoplankton (Charlson et al., 1987). Despite
lacking evidence for a DMS-driven feedback loop, DMS and other organic sulfur volatiles
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TABLE 12.3 Major classes of VOCs in the marine ecosystem and contributions of the most well-studied VOCs
to ocean carbon cycle and emissions.

Concentrations Turnover

Chemical in seawater rate (in  Global ocean
VOC Class  Examples formula (nmolL™Y water) sea-air flux®  References
Nonmethane Isoprene CsHg 0.001-0.541 1.4-15.5d 0.1- Arnold et al. (2009),
hydrocarbons Monoterpenes 11.6TgCy ™! Dani and Loreto
Alkanes (2017), Hackenberg
Alkenes et al. (2017), Palmer
Benzene and Shaw (2005),
Toluene Simo et al. (2022),
and Sinha et al.
(2007)
Organic Dimethylsulfide  C,Hg¢S 0-316 Days 28TgSy ! Carpenter et al.
sulfur Methanethiol CH,;SH 0.02-2 Hours 1.5-33TgSy ' (2012), Dani and
volatiles Loreto (2017), Eyice
et al. (2018), Kiene
(1996), Nightingale
(2003), Schlesinger
and Bernhardt
(2013), Simo6 et al.
(2011, 2018), and
Williams et al. (2004)
Halogenated Methyl bromide  CH;3Br 0.001-0.13 10d 0.14-0.24Tgy ' Lu et al. (2010),
VOCs Methyl chloride = CH;Cl 0.08-0.23 uk® 0.761Tgy " Yoshida et al. (2006),
Methyl iodide CHal uk uk 0.16-0.18 Tgy ™" and Ziska et al.
(2013)
Oxygenated Methanol CH3;0H 7-361 <24h —14TgCy™!  Bates et al. (2021),
VOCs Acetone C3HO 1.4-67.8 45d —8.1to +1.3 Beale et al. (2013),
Acetaldehyde C,H,O 1-37 3-6h, TgCy’1 Dixon et al. (2011a,
Formaldehyde CH,O <24h 57Tgy’1 2011b, 2014), Millet
Formic acid CHO; et al. (2010), and
Glyoxal C,H,0, Wang et al. (2020)
N-containing Monomethylamine CH3;NH, Total MAs*: Total See footnote Fitzsimons et al.
VOCs Dimethylamine (CH3),NH 0.2-12 MAs: for MAs® (2023), Kim et al.
Trimethylamine (CH3)sN uk 8-45h 0,35TgNy’1f (2015), Van Neste
Acetonitrile Co,H;N uk uk et al. (1987), van
Alkylnitrates R—O—N= Days— Pinxteren et al.
o° months (2019), Williams

et al. (2004), and
Yang et al. (1994)

“ Emission rate is for the compound where no element is given in the units.

b uk, unknown.

° R represents an alkyl group.
* MAs, methylamines (mono-, di-, and trimethylamines) combined.

¢ Calculated fluxes in Van Neste et al. (1987) are —0.9-0.4pmolm ™2 s for monomethylamine, —0.5-2.2 pmolm

0.2-3.2pmolm™2 5" for trimethylamine for coastal seawater in Hawaii.
' Sea air emission rate of methyl and ethyl alkyl nitrates.
Data are given for each VOC in bold. By convention, flux data that are >0 emissions from the ocean into the atmosphere, and flux data
that are <0 are deposition rates from the atmosphere into the ocean.

2

! for dimethylamine, and
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A. Organic sulfur volatiles
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S SH / \
HSC/ \CH3 He™ HyC CHs
Dimethylsulfide Methanethiol Dimethyldisulfide
e & =°
o & &7
Carbony! sulfide Carbondisulfide
B. Non-methane hydrocarbons
HiC CH; CHs
//c—CQ HiC
H,C \CHz CHj
Isoprene Benzene Toluene Limonene
8
HyG——CHy he | en,
Cyclohexane Ethane Propene
C. Halogenated VOCs
Br
| He
CH
HaC—Cl Gy
3 Br/ \Br ! !
Chloromethane Bromoform Diiodomethane
D. Oxygenated VOCs
o fo]
! !
HyC—OH
& He | oH, re” | g
Methanol Acetone Acetaldehyde Cyclohexanone
o E H Hy
= {5} (G CHs
\C/\\\O O/\C/\C/
H Hz Ha
Glyoxal Pentanal
E. N-containing VOCs
N
HyC——NH; i T GH, N==C—CH,
Monomethylamine Dimethylamine Acetonitrile
CH;
Ha ” Ha H, H'
/N\ /C\ /N:s\ /C\ /C\ /N\
HaC CH- H3C (o) o HiC ﬁ 0 oF
2
Trimethylamine Ethylnitrate Butylnitrate

FIG. 12.2 The major classes of VOCs and the chemical structures of the most well-studied representatives.
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are now recognized as major components of the global biogeochemical sulfur cycle (Kettle
and Andreae, 2000; Moran and Durham, 2019). A variable fraction (i.e., 14%—77%) of DMS
can be photolytically oxidized to dimethylsulfoxide (DMSO; Brimblecombe and Shooter,
1986; Hatton, 2002; Kieber et al., 1996). Methanethiol (MT) can undergo photochemical reac-
tions releasing carbonyl sulfide (Flock and Anreae, 1996) or react with DOM, forming metal
thiol complexes (Kiene and Linn, 2000; Kiene et al., 2000).

Biological sources and sinks: Dimethylsulfoniopropionate (DMSP), the precursor to DMS and
methanethiol (MT), is an important and concentrated (~300 mmol L") intracellular osmolyte
in marine algae (Stefels et al., 2007; Steinke et al., 1998). Grazing of DMSP-producing algae
and viral lysis release DMS (Simo¢ et al., 2018; Malin et al., 1998). The majority of DMS is pro-
duced by catabolism of DMSP by phytoplankton and bacteria with specialized lyase or
demethylation activities (Curson et al., 2018; Todd et al., 2010) or MT (Howard et al., 2006;
Reisch et al., 2011), respectively. Abundant bacteria in the SAR11 clade regulate both the lyase
and demethylation pathways depending on the cell’s need for sulfur (Sun et al., 2016). DMS
and MT can be further metabolized and assimilated into cells or diffused from cells into the
seawater (Simo et al., 1995; Moran and Durham, 2019). DMS is an antioxidant that protects
phytoplankton from damage caused by reactive oxygen species (ROS) (Sunda et al., 2002).
DMS can also stimulate zooplankton grazing on DMS producers (Shemi et al., 2021) and
has been proposed to act as an info-chemical signaling secondary metabolite production as
a community-level response to active predation (Steinke et al., 2002).

12.2.2 Nonmethane hydrocarbons

Nonmethane hydrocarbons are gaseous chemicals made up solely of carbon and hydro-
gen. This collection of VOCs includes alkanes, alkenes, alkynes, and aromatic compounds,
which are commonly known as air pollutants derived from anthropogenic activities, espe-
cially fossil fuel burning and industrial applications such as solvent use and plastics
manufacturing. Nonmethane hydrocarbons are also produced from biological sources. For
example, ethylene, a fruit ripening compound, and isoprene and monoterpenes, composed
of chemicals built on C5 (isoprene) units, are abundant in terrestrial and marine ecosystems.
Isoprenoid biosynthesis is essential in all eukaryotes and some bacteria, perhaps explaining
the prominence of these compounds in environmental inventories (Dawson et al., 2021;
Kesselmeier and Staudt, 1999).

Below we focus on the nonmethane hydrocarbon example of isoprene.

Abiotic sources and sinks: Isoprene emitted from the global oceans is thought to have signif-
icant impacts on SOA and tropospheric ozone formation through reactions with atmospheric
hydroxyl radicals (Claeys et al., 2004; Hu et al., 2013). In addition to phytoplankton produc-
tion (see later), isoprene is also sourced from photochemical degradation of fatty acids that
can accumulate in the sea-surface microlayer (Ciuraru et al., 2015).

Biological sources and sinks: Isoprene is ubiquitously produced by plants, including
microalgae (Bonsang et al., 2010; Colomb et al., 2008; Exton et al., 2013; Halsey et al., 2017;
McGenity et al., 2018; McKay et al., 1996). Isoprene is thought to serve as an antioxidant
protecting cells from heat and light stress (Dani and Loreto, 2017; Exton et al., 2012;
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Meskhidze et al., 2015). It appears that phytoplankton, including cyanobacteria, produce iso-
prene via the methylerythritol phosphate (MEP) pathway, but a second evolved pathway,
mevalonic acid (MVA), functions in some plants, fungi, and bacteria (Wong et al., 2016). Both
pathways produce the key precursors, dimethylallyl pyrophosphate (DMAPP) and
isopentenyl diphosphate (IPP), required for terpenoid biosynthesis (Herrmann, 2011;
Lichtenthaler, 2007). Isoprene synthase catabolizes DMAPP to produce isoprene. In the ocean,
isoprene concentrations are often positively correlated with pigment concentrations
(Broadgate et al., 1997; Hackenberg et al., 2017; Orlikowska and Schulz-Bull, 2009), reflecting
high cellular requirements for isoprenoid biosynthesis in actively growing phytoplankton.
Bacterial oxidation and assimilation of isoprene were initially thought to require isoprene
monooxygenase (van Hylckama Vlieg et al., 2000). Recent evidence shows that isoprene
uptake in marine bacteria is widespread (Dawson et al., 2023; Johnston et al., 2017; Patel
et al., 1982). Intriguingly, SAR11 bacteria take up isoprene but do not encode isoprene
monooxygenase or other soluble di-iron monooxygenases (Moore et al., 2022), which have
broad substrate ranges and can cometabolize isoprene (Crombie et al., 2015; Dawson et al.,
2020). The search for new biochemical mechanisms involved in isoprene metabolism will
be important for constraining isoprene loss terms and resolve the global isoprene budget.

12.2.3 Halogenated VOCs

Abiotic sources and sinks: Halogenated VOCs include methylhalides containing Cl, Br, or
I atoms. The ocean is considered to be a major source of reactive atmospheric chlorine
(Solomon et al., 1994), and bromoform (CHBr3) has a significant role in stratospheric ozone
destruction (Anbar et al., 1996; Barrie et al., 1988). Di- and tri-methylhalides are commonly
formed by chemical reactions known as haloform and sulfohaloform reactions in seawater
(Urhahn and Ballschmiter, 1998).

Biological sources and sinks: Chloromethane, bromomethane and bromoform, and
iodocarbons are produced by a wide range of phytoplankton, seaweeds, and bacteria
(Amachi et al., 2001; Colomb et al., 2008; Laturnus, 2001; Manley and de la Cuesta, 1997;
Murphy et al., 2000; Paul and Pohnert, 2011; Scarratt and Moore, 1996; Tokarczyk and Moore,
1994). Mono-methylhalides are produced by phytoplankton (Brownell et al., 2010; Scarratt
and Moore, 1996; Scemundsdottir and Matrai, 1998) using halide ion methyltransferase
and S-adenosine methionine as the methyl donor (Itoh et al., 1997, Ohsawa et al., 2001).
Haloperoxidases, especially bromoperoxidase, are widespread in phytoplankton, including
cyanobacteria. These extracellular enzymes catalyze oxidation of a halide anion by peroxide,
yielding a highly electron-deficient halide ion that halogenates DOM yielding complex
organohalides (Paul and Pohnert, 2011). Methylhalides are also growth substrates for
bacterioplankton that can cleave and oxidize the methyl group for energy production
(Halsey et al., 2012) or use specialized C1 metabolism to assimilate the methyl-carbon into
cell biomass (Studer et al., 2002). Haloperoxidase activity consumes peroxide, a ROS that
can accumulate in phytoplankton in high light (Collén and Pedersen, 1996) or in bacteria
exhibiting rapid respiration. Thus organohalide production appears to protect cells against
oxidative stress. A role in grazing defense has also been suggested (Paul et al., 2006).
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12.2.4 Oxygenated VOCs: Methanol, acetone, and acetaldehyde

Abiotic sources and sinks: Methanol, acetone, and acetaldehyde are the most well-studied ma-
rine oxygenated VOCs, because they are significant components of the total VOC in the tropo-
sphere. Formic acid, glyoxal, aldehydes, and ketones are other important products of
photochemical reactions with aliphatic compounds that are enriched to ~50 pmol L ™" in the
sea-surface microlayer (Fig. 12.1; Chiu et al., 2017; Mungall et al., 2017; Rossignol et al.,
2016). Photochemical degradation of DOM can be a significant source of acetone and acetalde-
hyde (de Bruyn etal., 2011; Dixon et al., 2013; Kieber et al., 1990; Zhou and Mopper, 1997). Hu-
mics and recalcitrant DOC with long residence times in the ocean are subject to photochemical
oxidation that can yield VOCs that are readily consumed by bacterioplankton (i.e., glyoxal, ac-
etaldehyde, and formaldehyde) (Mopper and Kieber, 1991). Methanol is a product of the chem-
ical oxidation of methylhalides (Elliott and Rowland, 1995; Zafiriou, 1975).

Biological sources and sinks: Methanol, acetone, and acetaldehyde are actively cycled in the
photic zone of the ocean’s water column. Phytoplankton are major sources of these VOCs, and
the genetic mechanisms enabling their oxidation and assimilation in bacteria have been elu-
cidated (Giovannoni et al., 2008; Halsey et al., 2017; Moore et al., 2022; Sun et al., 2011). Meth-
anol is a waste product of cell wall expansion in land plants (Heikes et al., 2002), and
phytoplankton cell growth may also release methanol through demethylation reactions.
Methanol has been observed in a wide range of phytoplankton cell cultures (Mincer and
Aicher, 2016). Phytoplankton cell division usually occurs in the late afternoon or night, offer-
ing a potential explanation for the observation that seawater methanol consumption rates are
fastest at night (Dixon et al., 2011a; Halsey et al., 2012). Methanol is required for biomass pro-
duction by some marine methylotrophic bacteria (Chistoserdova et al., 2009; Giovannoni
etal., 2008; Morris et al., 2006), and methanol can also be oxidized by methylovorous bacterio-
plankton that use it for energy production but don’t assimilate methanol into biomass (Sun
etal., 2011). The pathways involved in acetone and acetaldehyde production in phytoplank-
ton are not known, but both of these VOCs have been measured in axenic phytoplankton lab-
oratory cultures (Halsey et al., 2017; Moore et al., 2020). Bacteria are also sources of acetone
(Nemecek-Marshall etal., 1995), but few species have been evaluated for VOC production. An
acetone/cyclohexanone monooxygenase was recently found to be highly represented in
ocean transcriptome data and expressed by a wide diversity of marine bacteria (Moore
et al., 2022). Acetone/cyclohexanone monooxygenase initiates oxidation of acetone and cy-
clohexanone and is likely a fundamental mechanism controlling concentrations of these
VOCs in the ocean. Acetaldehyde oxidation is initiated by aldehyde dehydrogenase
(ALDH), a superfamily of enzymes with weak to strong activity on acetaldehyde, depending
on the specific ALDH involved (Halsey et al., 2017). ALDH is present in SAR11, which also
oxidized acetaldehyde at rates sufficient to explain sea-air flux of that compound.

12.2.5 N-containing VOCs

N-containing VOCs, including methlyamines, acetonitrile, and alkyl nitrates, are thought
tobe largely produced by photolytic and biological degradation of DOM. N-containing VOCs
are actively cycled in the surface ocean because they are potential sources of N and C for
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bacterioplankton growth. Plankton rely on high intracellular concentrations of N-containing
osmolytes to regulate cell pressures and stabilize proteins in the saline marine environment.
Osmolyte degradation yields volatile methylamines that are metabolized by diverse bacterio-
plankton in the surface ocean (Chen, 2012; Halsey et al., 2012; Lidbury et al., 2015). Bacterial
metabolism of acetonitrile, largely sourced from terrestrial biomass burning, has been hy-
pothesized (de Gouw et al.,, 2003), and diatoms are the only known biological sources
(Moore et al., 2020). Finally, alkyl nitrates, which are important mediators of nitrogen oxides
in the atmosphere, and thus tropospheric ozone, are released during DOM photolysis and
bacterial growth (Kim et al., 2015).

12.3 VOC—-taxonomy relationships

Early evidence indicates that the VOC “fingerprints” of phytoplankton—the diversity and
amounts of VOC compounds produced—are taxonomically correlated (Christie-Oleza et al.,
2017; Kuntzel et al., 2018; Steinke et al., 2018). Some VOCs may be ubiquitously produced by
phytoplankton. For example, acetaldehyde is commonly observed in phytoplankton cultures,
likely because it is a central molecule in the dark reactions of photosynthetic metabolism,
(Laothawornkitkul et al., 2009; Lees and Jago, 1978). Taxonomic relationships might be asso-
ciated with VOC functional roles. Phytoplankton experiencing environmental stress
appear to produce either isoprene or DMS, but not both, as their primary antioxidant
(Dani and Loreto, 2017). Cyanobacteria and green algae are stronger emitters of isoprene than
diatoms (Bonsang et al., 2010; Shaw et al., 2010), and haptophytes, dinoflagellates, and
prymnesiophytes are strong DMS producers (Archer et al., 2010; Meskhidze et al., 2015).
The abundance of cyanobacteria and diatoms in the surface oceans makes them important
producers of halogenated VOCs and aromatic nonmethane hydrocarbons (Brownell et al.,
2010; Colomb et al., 2008; Lovelock and Maggs, 1973; Rocco et al., 2021).

Five dinoflagellates in the Symbiodiniaceae family, which are obligate endosymbionts of
reef-building corals, all produced a set of six VOCs that included three of the four major VOC
classes (organosulfur and halogenated VOCs, nonmethane hydrocarbons). These six VOCs
represented half to a quarter of the total number of measured VOCs in each species,
suggesting species-specific production of VOCs may contribute to Symbiodiniaceae func-
tional diversity and, possibly, stress resistance in the coral holobiont (Lawson et al., 2021).
Balanced carbon and nitrogen exchange between corals and their Symbiodiniaceae endosym-
bionts facilitates their stable symbiosis (Matthews et al., 2018; Rosset et al., 2021), and some
VOCs may influence the thermal tolerance of the coral holobiont by serving as antioxidants or
as direct or indirect defense signals within the holobiont or to predators (Saha and Fink, 2022;
Steinke et al., 2018). Corals and the anemone-dinoflagellate model system, Aiptasia, are pro-
ducers of DMS (Franchini and Steinke, 2017). The suite of VOCs produced by the Aiptasia
holobiont differed from that produced by either the dinoflagellate symbiont grown alone
or by the anemone growing without the symbiont, and 35 of the 152 detected VOCs were pro-
duced in all three bionts (Wuerz et al., 2022). Many outstanding questions remain about how
Symbiodiniaceae taxonomic relationships impact holobiont physiology and symbiosis and
whether VOC metabolism plays a role in holobiont stability.
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At the core of VOC—taxonomy relationships are evolved cell metabolisms encoded by the
genome. VOC-producing metabolic pathways that are shared between closely related cells, or
homologous pathways in more distantly related cells, would be expected to give rise to the
same VOCs. For example, stress response regulation leading to VOC production might be a
phylogenetically linked trait. Furthermore, VOC production associated with metabolite accu-
mulation, for example, via central carbon metabolism (i.e., acetaldehyde) or pathways lead-
ing to aromatic amino acids (i.e., benzene), could be regulated by similar strategies. End
product induction might require similar substrate concentrations, and enzymes using VOCs
as substrates might have similar K, values. The first step to determining whether VOC pro-
duction is associated with taxonomic relationships will be to systematically evaluate VOC
production within and across the diversity of phytoplankton clades. A key challenge in this
approach is that physiological status will alter the collections of VOCs produced by an indi-
vidual species. Another open question is whether physiological shifts in VOC production are
taxonomically related.

12.4 VOC production and photosynthetic metabolism

VOC production is typically positively associated with photosynthesis (Halsey et al., 2017;
Meskhidze et al., 2015; Shaw et al., 2003), exhibiting maxima coincident with midday peaks in
light intensity (Davie-Martin et al., 2020; Gali et al., 2013; Royer et al., 2016). EDOC was often
maximal at midday in the Southern Ocean when carbon fixation rates become saturated
(Ruiz-Halpern et al., 2014). Photosynthetic metabolism leads to accumulation of VOCs during
daylight hours, but acetone, methanol, DMS, and EDOC sometimes exhibit a second peak in
concentration during the night (Davie-Martin et al., 2020; Omori et al., 2017; Ruiz-Halpern
et al., 2014). Nighttime VOC production may be associated with cell division processes that,
for most phytoplankton, occur at or after dusk. Volatile end products associated with stages of
cell division may be released, as in the case of methanol production during cell wall synthesis.
Diel patterns in VOC production may also be caused by food web processes, such as zoo-
plankton that migrate to the surface at night to graze on phytoplankton before returning
to depths during the day. VOCs are released during active grazing of phytoplankton either
as stress response signals (Sauer et al., 2021; Wolfe and Steinke, 1996) or as a consequence of
sloppy feeding (Fink, 2007; Meller, 2005).

12.4.1 Photosynthetic carbon partitioning

Emerging evidence indicates that VOCs comprise a significant pool of carbon produced
through photosynthesis. Direct sea-air emissions are frequently reported, and the number
of VOCs that are substrates for bacterioplankton metabolism continues to increase with
our deepening understanding of bacterioplankton metabolism. The view has changed since
the early 2000s from niche interest in a handful of phototroph-derived molecules to a large
collection of reactive molecules ubiquitously and constitutively produced in all photosynthet-
ically based ecosystems. Recent results suggest a strong VOC flux from a diatom to abundant
SAR11 bacteria. When grown in coculture with SAR11, the rate of CO; fixation in the model
diatom, Thalassiosira pseudonana, increased 18%—20% compared to the axenic T. pseudonana
control culture (Moore et al., 2020). Substituting a hydrocarbon trap as the VOC consumer
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in the place of SAR11 yielded the same increase in carbon fixation. Those results were
interpreted as evidence that VOCs produced by diatoms are used by SAR11 as carbon and
energy sources, and that VOC sinks in their environment force diatoms to increase CO, fix-
ation to replace lost VOCs. This interpretation implies that VOCs are not simply dead-end
metabolites that diffuse from primary producers but are instead necessary metabolic interme-
diates that phytoplankton cannot control because of their diffusivity. In this perspective,
VOC:s are significant agents of the classical microbial loop concept, providing a conduit of
carbon and energy flow that leads straight from phytoplankton to prokaryoplankton without
transiting the animal and viral components of food webs.

Excretion and/or passive release of organic carbon from phytoplankton has long been rec-
ognized (Baines and Pace, 1991) (see Chapter 5). Despite the awareness that VOCs are com-
ponents of the pool of extracellular products released by phytoplankton (Myklestad, 2000)
(see Chapter 3), systematic evaluations of DOC production do not yet include the discussion
of VOCs (Moran et al., 2022). Carbon actively excreted or passively lost from phytoplankton
cells has important consequences in biogeochemical cycles. Both VOCs and DOC are impor-
tant growth substrates for bacterioplankton, and their biological, photochemical, and chem-
ical conversions can produce nonvolatile chemicals (Kiene et al., 2000) that could contribute to
the much larger reservoir of longer-lived DOC in the ocean (Walker et al., 2016). A clear dif-
ference in the VOC and DOC pools is their turnover rates in the surface ocean, which are
hours for acetaldehyde, DMS, and isoprene (Beale et al., 2015; de Bruyn et al., 2021, 2017;
Dixon et al., 2013; Jian et al., 2017; Mopper and Stahovec, 1986; Simo¢ et al., 2022) compared
to days for the most labile form of DOC (Table 12.3; Carlson and Hansell, 2015; see Chapter 5).

VOCs are a component of primary production (Fig. 12.3). Phytoplankton are by far the
most important primary producers in the open ocean. Using photosynthesis, phytoplankton

VOCs poc
A B c
Carbon VOC: voes
s
catabolism Carbon ca‘t::;t::m
Respiration catabolism Respiration
= 2 Respiration 2
Doc o " i— " DOC
Biomass
Biomass (54%) Biomass
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FIG. 12.3 VOC contributions to gross primary production and phytoplankton growth efficiency. VOC losses from
cells cause growth efficiency to decline and provide a direct conduit for carbon flux to heterotrophic VOC consumers.
Biological and abiotic processes that influence VOC production and growth efficiency are not well understood
(wedges between pie charts with ?? indicating outstanding questions causing shifts in carbon allocation).
(A) Under moderate light and nutrient availability, diatoms catabolize about 30% of fixed carbon (gray wedge)
for energy production (ATP) and generation of biochemically reduced metabolites (i.e., lipids, nucleic acids, amino
acids). About 35% of fixed carbon is retained in biomass (green wedge). The remaining carbon is either actively re-
leased or passively lost from the cell as VOCs (light blue wedge) and DOM (dark blue wedge) into the surrounding
medium (Halsey et al., 2010, 2013; Moore et al., 2020). (B) If we next adjust the VOC pool such that it is one-tenth the
size of the experimentally estimated poolin “A,” and the DOC pool is the low end of the measured range (Moran etal.,
2022), growth efficiency increases to 54%. (C) If we assume the VOC pool is half the size of the experimentally esti-
mated pool in “A,” and the DOC pool is the high end of the measured range (Moran et al., 2022), the resulting pho-
tosynthetic growth efficiency is only 28%.
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collect light energy for the purpose of converting CO, into organic compounds for growth.
About 30%—40% of the organic compounds are catabolized via glycolysis and respiration.
A variable fraction of the total amount of organic carbon produced through photosynthesis,
ranging from 5% to 50%, is excreted from the cell as DOC (Moran et al., 2022). It is reasonable
to expect that the amount of photosynthetic production emitted from cells as VOCs is also
variable (see Section 12.4.2). The magnitudes of the VOC and DOC pools have important con-
sequences on quantifying phytoplankton carbon production in situ and the standing stock of
phytoplankton carbon available for export to ocean depths and consumption by higher tro-
phic levels. Phytoplankton growth efficiency is described by the fraction of harvested light
energy that is retained in biomass following a full cell division cycle. Several major groups
of eukaryotic phytoplankton appear to share similar carbon partitioning strategies, resulting
in 30%-35% growth efficiencies, but a full accounting of photosynthetic carbon that includes
VOCs and DOC has only been done for T. pseudonana (Fig. 12.3; Halsey et al., 2013; Moore
et al., 2020).

12.4.2 Factors influencing VOC production

Fig. 12.3 shows how variation in VOC production impacts the efficiency of phytoplankton
biomass production. VOC production may vary with taxonomy (as in the case of DMS and
isoprene released as antioxidants, discussed earlier in Section 12.3). Shifts in the types and
amounts of VOCs produced will also change as phytoplankton adjust their physiology in
response to the environment. The impact of nutrient concentrations on VOC production is
still uncertain. However, the positive correlation between nutrients and growth rate will
increase phytoplankton standing stocks, which may also increase VOCs (Dani and Loreto,
2017). On the other hand, nutrient-replete conditions may favor higher phytoplankton
growth efficiencies, constraining VOC release (Fig. 12.3, panel B).

Oxidative stress: DMS and acetaldehyde are produced in response to high light and UV ex-
posure (Halsey et al., 2017; Sunda et al., 2002). Phytoplankton employ a variety of strategies to
tolerate periodic exposure to light levels that force cells into physiological imbalance. DOC
release is considered to be an effective sink for excess photosynthetic reductant. VOCs,
including DMS, could function similarly in energy dissipation (Stefels, 2000). In fact, VOC
diffusivity across cell membranes may make them even more favorable reductant sinks than
DOC. Oxidative stress associated with iron limitation might explain the lower-than-expected
amounts of methyl iodide following the Southern Ocean Iron Enrichment Experiments
(Wingenter et al., 2004).

Growth rate: There are many observations that associate VOC production with rapid phy-
toplankton growth. The linkage between methanol production and cell wall expansion sug-
gests that methanol production increases with growth rate, as was observed in the North
Atlantic Ocean (Davie-Martin et al., 2020). DMS, isoprene, and halogenated VOCs were
highest during periods of peak phytoplankton productivity (Davie-Martin et al., 2020;
Orlikowska and Schulz-Bull, 2009; Reese and Anderson, 2009). Similarly, high monoterpene
concentrations (700-1400 pmol L ') were measured in the southern Atlantic Ocean during an
active phytoplankton bloom (Yassaa et al., 2013). Bloom termination is caused by viral lysis or
grazing pressure that slows phytoplankton accumulation, even when phytoplankton growth
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rates are high (Behrenfeld and Boss, 2014). Sauer et al. (2021) showed that C4H7N increased
during the initial phases of ciliate grazing on Synechococcus elongatus, suggesting the algae
produced the VOC as a deterrent. Other studies show DMS production during algal grazing
(Wohl et al., 2023), which appears to signal other predators to the availability of abundant
prey (Shemi et al., 2021). The mechanisms underlying the production of other VOCs during
grazing remain unknown, but some VOCs may be compounds accumulated intracellularly
that are released during cell breakage or by-products of grazer metabolism.

Other VOCs have been observed when phytoplankton exhibit slow growth. Acetone was
in higher amounts in the low light conditions of deep convective mixing in the Indian Ocean
(Warneke and de Gouw, 2001). Nonmethane hydrocarbons, ethane, ethene, propane, and
propene, have been associated with phytoplankton bloom decline (McKay et al., 1996). Re-
ports such as threefold increases in ethane, propane, and n-C4H;, following iron fertilization
in the subarctic Pacific (Broadgate et al., 1997), and depth-dependent production of methyl-
ated VOCs (Moore and Webb, 1996), highlight the contrasting impacts of specific factors me-
diating VOC production. The complexity of the task of identifying the full range of VOC
species in the ocean, their roles, and the factors influencing their production is large and full
of opportunity.

12.4.3 VOC contributions to the photosynthetic quotient

Although carbon mass is the primary currency of carbon cycle science, photosynthetic pro-
duction of organic carbon is often captured by measuring changes in dissolved oxygen concen-
trations, which can be measured continuously by remote instruments. The photosynthetic
quotient (PQ) is an important value used to convert oxygen production rates to carbon produc-
tion rates. At the cell level, PQ is the molar ratio of O, produced to CO, assimilated into phy-
toplankton biomass. PQ and growth efficiency, discussed before, are related, but PQ considers
non-CO; sinks for electrons, which mainly are forms of nitrogen. PQ values ranging from 1.0 to
2.25have beenreported (Laws, 1991; Williams and Robertson, 1991), but values higher than 1.4
are difficult to explain, even after accounting for carbon excretion as nonvolatile DOM. DOM
excretion was calculated to maximally increase PQ to 1.6 after accounting for the average C:N
ratio of DOM fluxed from the photic zone (Laws, 1991). PQ increases with increasing require-
ments for biochemical reduction. For example, a PQ of 1.4 is commonly used when nitrate is the
primary nitrogen source, and PQ is closer to 1.1 when ammonia is assimilated.

VOC production has not yet been considered in quantitative calculations of PQ, but
from a theoretical perspective, this is an obvious omission that should be corrected. We
propose that VOC production could be an important component of the missing
“reductant sink” that causes PQ values >1.4. Many VOCs are highly reduced, saturated,
or methylated compounds. VOCs containing N will further increase PQ. VOC flux from
phytoplankton cells into the environment, in principle, causes the elevation of PQ, just
as it decreases the related metric, growth efficiency. Increasing VOC flux would cause ox-
ygen production to become increasingly decoupled from biomass accumulation. A caveat
is that if the released VOCs (or nonvolatile DOM) were instantaneously reoxidized, the
apparent PQ would remain unchanged, while energy would be transferred from photoau-
totrophs to heterotrophic VOC consumers. Oceanographic conversions using PQ values
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that are lower than actuality for natural phytoplankton communities will overestimate car-
bon production in situ.

Knowledge of VOCs in marine systems is expanding rapidly but we remain on the steep
part of the learning curve, with some VOC compounds only recently detected in marine sys-
tems and for others that are more well known, large uncertainties about their quantitative
impacts on geochemical cycles or their roles in plankton metabolism. Marine VOC cycling
is likely to remain a rich topic for research exploration that has the potential to alter models
that simulate the global carbon cycle and atmospheric chemistry and predict future impacts
of changing climate.

12.5 Summary points

1. VOCs are being recognized as a diverse collection of molecules that comprise an important
but not well-constrained fraction of DOC, with estimates ranging from 6.7% to 67%.

2. VOCs arise from a wide variety of abiotic and biotic processes. Some VOCs result directly
from the metabolic activities of phytoplankton or are products produced by microbial
degradation of nonvolatile compounds produced by phytoplankton.

3. VOC production and consumption are correlated with taxonomic diversity in the sense
that individual cell types can have characteristic VOC “fingerprints.”

4. The metabolic roles of VOCs are poorly understood, but some appear to be
intermediates in metabolic pathways, suggesting they might be “common goods,” a
biological concept emphasizing the sharing of dissolved metabolites by members of
microbial communities.

5. Some bacterioplankton taxa have specialized metabolic pathways for oxidizing specific
classes of VOC compounds to produce energy and supply carbon for metabolism.

6. VOC concentrations in seawater, which impact air-sea transfer rates, likely result from
imbalances between production and consumption.

7. VOC production by photosynthetic cells is a loss of fixed carbon that is not accounted for in
traditional measurements of particulate and dissolved organic carbon and, in principle,
lowers photosynthetic growth efficiency and elevates photosynthetic quotient PQ. Thus
variability in VOC production might partially explain variability in estimates of PQ.

Acknowledgments

The authors are grateful for support from the National Science Foundation award ID: OCE-1948163, which enabled
this chapter and our ongoing research on marine VOCs. SJG was also funded by Simons Foundation International’s
BIOS-SCOPE program.

References

Amachi, S., Kamagata, Y., Kanagawa, T., Muramatsu, Y., 2001. Bacteria mediate methylation of iodine in marine and
terrestrial environments. Appl. Environ. Microbiol. 67, 2718-2722.

Anbar, A.D., Yung, Y.L., Chavez, F.P., 1996. Methyl bromide: ocean sources, ocean sinks, and climate sensitivity.
Glob. Biogeochem. Cycles 10, 175-190.


http://refhub.elsevier.com/B978-0-443-13858-4.00001-0/rf0010
http://refhub.elsevier.com/B978-0-443-13858-4.00001-0/rf0010
http://refhub.elsevier.com/B978-0-443-13858-4.00001-0/rf0015
http://refhub.elsevier.com/B978-0-443-13858-4.00001-0/rf0015

604 12. The volatile organic carbon component of dissolved organic matter in the ocean

Archer, S.D., Ragni, M., Webster, R., Airs, R.L., Geider, R.J., 2010. Dimethyl sulfoniopropionate and dimethyl sulfide
production in response to photoinhibition in Emiliania huxleyi. Limnol. Oceanogr. 55, 1579-1589.

Arnold, S.R., Spracklen, D.V., Williams, J., Yassaa, N., Sciare, J., Bonsang, B., Gros, V., Peeken, 1., Lewis, A.C,,
Alvain, S., Moulin, C., 2009. Evaluation of the global oceanic isoprene source and its impacts on marine organic
carbon aerosol. Atmos. Chem. Phys. 9, 1253-1262.

Baines, S.B., Pace, M.L., 1991. The production of dissolved organic matter by phytoplankton and its importance to
bacteria: patterns across marine and freshwater systems. Limnol. Oceanogr. 36, 1078-1090.

Barrie, L.A., Bottenheim, ].W., Schnell, R.C., Crutzen, P.J., Rasmussen, R.A., 1988. Ozone destruction and photochem-
ical reactions at polar sunrise in the lower Arctic atmosphere. Nature 334, 138-141.

Bates, K.H., Jacob, D.J., Wang, S., Hornbrook, R.S., Apel, E.C., Kim, M.]., Millet, D.B., Wells, K.C., Chen, X., Brewer, ].F.,
Ray, E.A., Commane, R., Diskin, G.S., Wofsy, S.C., 2021. The global budget of atmospheric methanol: new con-
straints on secondary, oceanic, and terrestrial sources. J]. Geophys. Res. Atmos. 126. €2020]D033439.

Beale, R., Dixon, ].L., Arnold, S.R., Liss, P.S., Nightingale, P.D., 2013. Methanol, acetaldehyde, and acetone in the sur-
face waters of the Atlantic Ocean. ]J. Geophys. Res. Oceans 118, 5412-5425.

Beale, R., Dixon, J.L., Smyth, T J., Nightingale, P.D., 2015. Annual study of oxygenated volatile organic compounds in
UK shelf waters. Mar. Chem. 171, 96-106.

Behrenfeld, M.J., Boss, E.S., 2014. Resurrecting the ecological underpinnings of ocean plankton blooms. Annu. Rev.
Mar. Sci. 6, 167-194.

Bonsang, B., Polle, C., Lambert, G., 1992. Evidence for marine production of isoprene. HAL Open Sci. J. 19,
1129-1132.

Bonsang, B., Gros, V., Peeken, 1., Yassaa, N., Bluhm, K., Zoellner, E., Sarda-Esteve, R., Williams, ]., 2010. Isoprene
emission from phytoplankton monocultures: the relationship with chlorophyll-a, cell volume and carbon content.
Environ. Chem. 7, 554-563.

Booge, D., Marandino, C.A., Schlundt, C., Palmer, P.I, Schlundt, M., Atlas, E.L., Bracher, A., Saltzman, E.S,,
Wallace, D.W.R., 2016. Can simple models predict large-scale surface ocean isoprene concentrations? Atmos.
Chem. Phys. 16, 11807-11821.

Brimblecombe, P., Shooter, D., 1986. Photo-oxidation of dimethylsulphide in aqueous solution. Mar. Chem. 19,
343-353.

Broadgate, W ]., Liss, P.S., Penkett, S.A., 1997. Seasonal emissions of isoprene and other reactive hydrocarbon gases
from the ocean. Geophys. Res. Lett. 24, 2675-2678.

Brownell, D.K., Moore, RM., Cullen, J.J., 2010. Production of methyl halides by Prochlorococcus and Synechococcus.
Glob. Biogeochem. Cycles 24, GB2002.

Briiggemann, M., Hayeck, N., George, C., 2018. Interfacial photochemistry at the ocean surface is a global source of
organic vapors and aerosols. Nat. Commun. 9, 2001.

Cabrita, M.T., Vale, C., Rauter, A.P., 2010. Halogenated compounds from marine algae. Mar. Drugs 8, 2301.

Carpenter, L.]., Lewis, A.C., Hopkins, ].R., Read, K.A., Longley, I.D., Gallagher, M.W., 2004. Uptake of methanol to the
North Atlantic Ocean surface. Glob. Biogeochem. Cycles 18, GB4027.

Carlson, C.A., Hansell, D.A., 2015. DOM sources, sinks, reactivity, and budgets. In: Hansell, D.A., Carlson, C.A.
(Eds.), Biogeochemistry of Marine Dissolved Organic Matter, second Ed. Elsevier, pp. 65-126.

Carpenter, L.J., Archer, S.D., Beale, R., 2012. Ocean-atmosphere trace gas exchange. Chem. Soc. Rev. 41, 6473-6506.

Charlson, R.J., Lovelock, J.E., Andreae, M.O., Warren, S.G., 1987. Oceanic phytoplankton, atmospheric sulphur, cloud
albedo and climate. Nature 326, 655-661.

Chen, Y., 2012. Comparative genomics of methylated amine utilization by marine Roseobacter clade bacteria and de-
velopment of functional gene markers (fmm, gmaS). Environ. Microbiol. 14, 2308-2322.

Chistoserdova, L., Kalyuzhnaya, M.G., Lidstrom, M.E., 2009. The expanding world of methylotrophic metabolism.
Ann. Rev. Microbiol. 63, 477-499.

Chiu, R, Tinel, L., Gonzalez, L., Ciuraru, R., Bernard, F., George, C., Volkamer, R., 2017. UV photochemistry of car-
boxylic acids at the air-sea boundary: a relevant source of glyoxal and other oxygenated VOC in the marine at-
mosphere. Geophys. Res. Lett. 44, 1079-1087.

Christie-Oleza, J.A., Sousoni, D., Lloyd, M., Armengaud, J., Scanlan, D.]., 2017. Nutrient recycling facilitates long-term
stability of marine microbial phototroph-heterotroph interactions. Nat. Microbiol. 2, 17100.

Ciuraru, R., Fine, L., Pinxteren, M., D’Anna, B., Herrmann, H., George, C., 2015. Unravelling new processes at inter-
faces: photochemical isoprene production at the sea surface. Environ. Sci. Technol. 49, 13199-131205.


http://refhub.elsevier.com/B978-0-443-13858-4.00001-0/rf0020
http://refhub.elsevier.com/B978-0-443-13858-4.00001-0/rf0020
http://refhub.elsevier.com/B978-0-443-13858-4.00001-0/rf0025
http://refhub.elsevier.com/B978-0-443-13858-4.00001-0/rf0025
http://refhub.elsevier.com/B978-0-443-13858-4.00001-0/rf0025
http://refhub.elsevier.com/B978-0-443-13858-4.00001-0/rf0030
http://refhub.elsevier.com/B978-0-443-13858-4.00001-0/rf0030
http://refhub.elsevier.com/B978-0-443-13858-4.00001-0/rf0035
http://refhub.elsevier.com/B978-0-443-13858-4.00001-0/rf0035
http://refhub.elsevier.com/B978-0-443-13858-4.00001-0/rf0040
http://refhub.elsevier.com/B978-0-443-13858-4.00001-0/rf0040
http://refhub.elsevier.com/B978-0-443-13858-4.00001-0/rf0040
http://refhub.elsevier.com/B978-0-443-13858-4.00001-0/rf0045
http://refhub.elsevier.com/B978-0-443-13858-4.00001-0/rf0045
http://refhub.elsevier.com/B978-0-443-13858-4.00001-0/rf0050
http://refhub.elsevier.com/B978-0-443-13858-4.00001-0/rf0050
http://refhub.elsevier.com/B978-0-443-13858-4.00001-0/rf0055
http://refhub.elsevier.com/B978-0-443-13858-4.00001-0/rf0055
http://refhub.elsevier.com/B978-0-443-13858-4.00001-0/rf0060
http://refhub.elsevier.com/B978-0-443-13858-4.00001-0/rf0060
http://refhub.elsevier.com/B978-0-443-13858-4.00001-0/rf0065
http://refhub.elsevier.com/B978-0-443-13858-4.00001-0/rf0065
http://refhub.elsevier.com/B978-0-443-13858-4.00001-0/rf0065
http://refhub.elsevier.com/B978-0-443-13858-4.00001-0/rf0070
http://refhub.elsevier.com/B978-0-443-13858-4.00001-0/rf0070
http://refhub.elsevier.com/B978-0-443-13858-4.00001-0/rf0070
http://refhub.elsevier.com/B978-0-443-13858-4.00001-0/rf0075
http://refhub.elsevier.com/B978-0-443-13858-4.00001-0/rf0075
http://refhub.elsevier.com/B978-0-443-13858-4.00001-0/rf0080
http://refhub.elsevier.com/B978-0-443-13858-4.00001-0/rf0080
http://refhub.elsevier.com/B978-0-443-13858-4.00001-0/rf0085
http://refhub.elsevier.com/B978-0-443-13858-4.00001-0/rf0085
http://refhub.elsevier.com/B978-0-443-13858-4.00001-0/rf0090
http://refhub.elsevier.com/B978-0-443-13858-4.00001-0/rf0090
http://refhub.elsevier.com/B978-0-443-13858-4.00001-0/rf0090
http://refhub.elsevier.com/B978-0-443-13858-4.00001-0/rf0095
http://refhub.elsevier.com/B978-0-443-13858-4.00001-0/rf0100
http://refhub.elsevier.com/B978-0-443-13858-4.00001-0/rf0100
http://refhub.elsevier.com/B978-0-443-13858-4.00001-0/optjkJNGC4szv
http://refhub.elsevier.com/B978-0-443-13858-4.00001-0/optjkJNGC4szv
http://refhub.elsevier.com/B978-0-443-13858-4.00001-0/rf0105
http://refhub.elsevier.com/B978-0-443-13858-4.00001-0/rf0110
http://refhub.elsevier.com/B978-0-443-13858-4.00001-0/rf0110
http://refhub.elsevier.com/B978-0-443-13858-4.00001-0/rf0115
http://refhub.elsevier.com/B978-0-443-13858-4.00001-0/rf0115
http://refhub.elsevier.com/B978-0-443-13858-4.00001-0/rf0120
http://refhub.elsevier.com/B978-0-443-13858-4.00001-0/rf0120
http://refhub.elsevier.com/B978-0-443-13858-4.00001-0/rf0125
http://refhub.elsevier.com/B978-0-443-13858-4.00001-0/rf0125
http://refhub.elsevier.com/B978-0-443-13858-4.00001-0/rf0125
http://refhub.elsevier.com/B978-0-443-13858-4.00001-0/rf0130
http://refhub.elsevier.com/B978-0-443-13858-4.00001-0/rf0130
http://refhub.elsevier.com/B978-0-443-13858-4.00001-0/rf0135
http://refhub.elsevier.com/B978-0-443-13858-4.00001-0/rf0135

References 605

Claeys, M., Graham, B., Vas, G., Wang, W., Vermeylen, R., Pashynska, V., Cafmeyer, ., Guyon, P., Andreae, M.O.,
Artaxo, P., Maenhaut, W., 2004. Formation of secondary organic aerosols through photooxidation of isoprene. Sci-
ence 303, 1173-1176.

Collén, J., Pedersen, M.K., 1996. Production, scavenging and toxicity of hydrogen peroxide in the green seaweed Ulva
rigida. Eur. J. Phycol. 31, 265-271.

Colomb, A., Yassaa, N., Williams, J., Peeken, 1., Lochte, K., 2008. Screening volatile organic compounds (VOCs) emis-
sions from five marine phytoplankton species by head space gas chromatography/mass spectrometry (HS-GC/
MS). J. Environ. Monit. 10, 325-330.

Crombie, A.T., Khawand, M.E., Rhodius, V.A., Fengler, K.A., Miller, M.C., Whited, G.M., McGenity, T.J]., Murrell, ].C.,
2015. Regulation of plasmid-encoded isoprene metabolism in Rhodococcus, a representative of an important link in
the global isoprene cycle. Environ. Microbiol. 17, 3314-3329.

Crutzen, P., 1988. Tropospheric ozone: an overview. In: Isaaksen, I.S.A. (Ed.), Tropospheric Ozone. Regional and
Global Scale Interactions, pp. 3-32.

Curson, A.R.J., Williams, B.T., Pinchbeck, B.J., Sims, L.P., Martinez, A.B., Rivera, P.P.L., Kumaresan, D., Mercadé, E.,
Spurgin, L.G., Carrion, O., Moxon, S., Cattolico, R.A., Kuzhiumparambil, U., Guagliardo, P., Clode, P.L., Raina, J.-B.,
Todd,].D., 2018. DSYB catalyses the key step of dimethylsulfoniopropionate biosynthesis in many phytoplankton.
Nat. Microbiol. 3, 430-439.

Dachs, J., Calleja, M.L., Duarte, C.M., del Vento, S., Turpin, B., Polidori, A., Herndl, G.J., Agusti, S., 2005. High
atmosphere-ocean exchange of organic carbon in the NE Subtropical Atlantic. Geophys. Res. Lett. 32, 21.

Dani, K.G.S,, Loreto, F., 2017. Trade-off between dimethyl sulfide and isoprene emissions from marine phytoplank-
ton. Trends Plant Sci. 22, 361-372.

Dani, K.G.S., Benavides, A.M.S., Michelozzi, M., Peluso, G., Torzillo, G., Loreto, F., 2017. Relationship between iso-
prene emission and photosynthesis in diatoms, and its implications for global marine isoprene emissions. Mar.
Chem. 189, 17.

Davie-Martin, C.L., Giovannoni, S.J., Behrenfeld, M.]., Penta, W.B., Halsey, K.H., 2020. Seasonal and spatial variability
in the biogenic production and consumption of volatile organic compounds (VOCs) by marine plankton in the
North Atlantic Ocean. Front. Mar. Sci. 7, 611870.

Dawson, R.A., Larke-Mejia, N.L., Crombie, A.T., Ul Haque, M.F., Murrell, ].C., 2020. Isoprene oxidation by the gram-
negative model bacterium Variovorax sp. WS11. Microorganisms 8, 349.

Dawson, R.A., Crombie, A.T., Pichon, P., Steinke, M., McGenity, T.]., Murrell, ].C., 2021. The microbiology of isoprene
cycling in aquatic ecosystems. Aquat. Microb. Ecol. 87, 79-98.

Dawson, R.A., Crombie, A.T., Jansen, R.S., Smith, T J., Nichol, T., Murrell, C., 2023. Peering down the sink: a review of
isoprene metabolism by bacteria. Environ. Microbiol. 25, 786-799.

de Bruyn, W.J., Clark, C.D., Pagel, L., Takehara, C., 2011. Photochemical production of formaldehyde, acetaldehyde
and acetone from chromophoric dissolved organic matter in coastal waters. . Photochem. Photobiol. A Chem. 226,
16-22.

de Bruyn, W.J., Clark, C.D., Senstad, M., Barashy, O., Hok, S., 2017. The biological degradation of acetaldehyde in
coastal seawater. Mar. Chem. 192, 13-21.

de Bruyn, W.J., Clark, C.D., Harrison, A.W., Senstad, M., Hok, S., 2021. The degradation of acetaldehyde in estuary
waters in Southern California, USA. Environ. Sci. Pollut. Res. 28, 35811-35821.

de Gouw, J.A., Warneke, C., Parrish, D.D., Holloway, J.S., Trainer, M., Fehsenfeld, F.C., 2003. Emission sources and
ocean uptake of acetonitrile (CH3;CN) in the atmosphere. ]. Geophys. Res. 108, 4329.

Dixon, J., Beale, R., Nightingale, P.D., 2011a. Microbial methanol uptake in Northeast Atlantic waters. ISME J. 5,
704-716.

Dixon, J.L., Beale, R., Nightingale, P.D., 2011b. Rapid biological oxidation of methanol in the tropical Atlantic: signif-
icance as a microbial carbon source. Biogeosciences 8, 2707-2716.

Dixon, J.L., Beale, R., Nightingale, P.D., 2013. Production of methanol, acetaldehyde, and acetone in the Atlantic
Ocean. Geophys. Res. Lett. 40, 4700—-4705.

Dixon, J., Beale, R., Sargeant, S., Tarran, G., Nightingale, P., 2014. Microbial acetone oxidation in coastal seawater.
Front. Microbiol. 5, 243.

Duarte, C.M., Regaudie-de-Gioux, A., Arrieta, ].M., Delgado-Huertas, A., Agusti, S., 2013. The oligotrophic ocean is
heterotrophic. Annu. Rev. Mar. Sci. 5, 551-569.

Elliott, S., Rowland, F.S., 1995. Methyl halide hydrolysis rates in natural waters. J. Atmos. Chem. 20, 229-236.


http://refhub.elsevier.com/B978-0-443-13858-4.00001-0/rf0140
http://refhub.elsevier.com/B978-0-443-13858-4.00001-0/rf0140
http://refhub.elsevier.com/B978-0-443-13858-4.00001-0/rf0140
http://refhub.elsevier.com/B978-0-443-13858-4.00001-0/rf0145
http://refhub.elsevier.com/B978-0-443-13858-4.00001-0/rf0145
http://refhub.elsevier.com/B978-0-443-13858-4.00001-0/rf0145
http://refhub.elsevier.com/B978-0-443-13858-4.00001-0/rf0150
http://refhub.elsevier.com/B978-0-443-13858-4.00001-0/rf0150
http://refhub.elsevier.com/B978-0-443-13858-4.00001-0/rf0150
http://refhub.elsevier.com/B978-0-443-13858-4.00001-0/rf0155
http://refhub.elsevier.com/B978-0-443-13858-4.00001-0/rf0155
http://refhub.elsevier.com/B978-0-443-13858-4.00001-0/rf0155
http://refhub.elsevier.com/B978-0-443-13858-4.00001-0/rf0160
http://refhub.elsevier.com/B978-0-443-13858-4.00001-0/rf0160
http://refhub.elsevier.com/B978-0-443-13858-4.00001-0/rf0165
http://refhub.elsevier.com/B978-0-443-13858-4.00001-0/rf0165
http://refhub.elsevier.com/B978-0-443-13858-4.00001-0/rf0165
http://refhub.elsevier.com/B978-0-443-13858-4.00001-0/rf0165
http://refhub.elsevier.com/B978-0-443-13858-4.00001-0/rf0165
http://refhub.elsevier.com/B978-0-443-13858-4.00001-0/rf0170
http://refhub.elsevier.com/B978-0-443-13858-4.00001-0/rf0170
http://refhub.elsevier.com/B978-0-443-13858-4.00001-0/rf0175
http://refhub.elsevier.com/B978-0-443-13858-4.00001-0/rf0175
http://refhub.elsevier.com/B978-0-443-13858-4.00001-0/rf0180
http://refhub.elsevier.com/B978-0-443-13858-4.00001-0/rf0180
http://refhub.elsevier.com/B978-0-443-13858-4.00001-0/rf0180
http://refhub.elsevier.com/B978-0-443-13858-4.00001-0/rf0185
http://refhub.elsevier.com/B978-0-443-13858-4.00001-0/rf0185
http://refhub.elsevier.com/B978-0-443-13858-4.00001-0/rf0185
http://refhub.elsevier.com/B978-0-443-13858-4.00001-0/rf0190
http://refhub.elsevier.com/B978-0-443-13858-4.00001-0/rf0190
http://refhub.elsevier.com/B978-0-443-13858-4.00001-0/rf0195
http://refhub.elsevier.com/B978-0-443-13858-4.00001-0/rf0195
http://refhub.elsevier.com/B978-0-443-13858-4.00001-0/rf0200
http://refhub.elsevier.com/B978-0-443-13858-4.00001-0/rf0200
http://refhub.elsevier.com/B978-0-443-13858-4.00001-0/rf0205
http://refhub.elsevier.com/B978-0-443-13858-4.00001-0/rf0205
http://refhub.elsevier.com/B978-0-443-13858-4.00001-0/rf0205
http://refhub.elsevier.com/B978-0-443-13858-4.00001-0/rf0210
http://refhub.elsevier.com/B978-0-443-13858-4.00001-0/rf0210
http://refhub.elsevier.com/B978-0-443-13858-4.00001-0/rf0215
http://refhub.elsevier.com/B978-0-443-13858-4.00001-0/rf0215
http://refhub.elsevier.com/B978-0-443-13858-4.00001-0/rf0220
http://refhub.elsevier.com/B978-0-443-13858-4.00001-0/rf0220
http://refhub.elsevier.com/B978-0-443-13858-4.00001-0/rf0220
http://refhub.elsevier.com/B978-0-443-13858-4.00001-0/rf0225
http://refhub.elsevier.com/B978-0-443-13858-4.00001-0/rf0225
http://refhub.elsevier.com/B978-0-443-13858-4.00001-0/rf0230
http://refhub.elsevier.com/B978-0-443-13858-4.00001-0/rf0230
http://refhub.elsevier.com/B978-0-443-13858-4.00001-0/rf0235
http://refhub.elsevier.com/B978-0-443-13858-4.00001-0/rf0235
http://refhub.elsevier.com/B978-0-443-13858-4.00001-0/rf0240
http://refhub.elsevier.com/B978-0-443-13858-4.00001-0/rf0240
http://refhub.elsevier.com/B978-0-443-13858-4.00001-0/rf0245
http://refhub.elsevier.com/B978-0-443-13858-4.00001-0/rf0245
http://refhub.elsevier.com/B978-0-443-13858-4.00001-0/rf0250

606 12. The volatile organic carbon component of dissolved organic matter in the ocean

Exton, D.A., Suggett, D.J., Steinke, M., McGenity, T.J., 2012. Spatial and temporal variability of biogenic isoprene emis-
sions from a temperate estuary. Glob. Biogeochem. Cycles 26, GB2012.

Exton, D.A., Suggett, D.J., McGenity, T J., Steinke, M., 2013. Chlorophyll-normalized isoprene production in lab-
oratory cultures of marine microalgae and implications for global models. Limnol. Oceanogr. 58, 1301-1311.

Eyice, 0, Myronova, N., Pol, A., Carrién, O., Todd, J.D., Smith, T.J.,, Gurman, S.J., Cuthbertson, A., Mazard, S.,
Mennink-Kersten, M.A., 2018. Bacterial SBP56 identified as a Cu-dependent methanethiol oxidase widely distrib-
uted in the biosphere. ISME ]J. 12, 145-160.

Fink, P., 2007. Ecological functions of volatile organic compounds in aquatic systems. Mar. Freshw. Behav. Physiol. 40,
155-168.

Fitzsimons, M.F., Tilley, M., Cree, C.H.L., 2023. The determination of volatile amines in aquatic marine systems: a
review. Anal. Chim. Acta 1241, 340707.

Flock, O.R., Anreae, M.O., 1996. Photochemical and non-photochemical formation and destruction of carbonyl sulfide
and methyl mercaptan in ocean waters. Mar. Chem. 54, 11-26.

Franchini, F., Steinke, M., 2017. Quantification of dimethyl sulfide (DMS) production in the sea anemone Aiptasia sp.
to simulate the sea-to-air flux from coral reefs. Biogeosciences 14, 5765-5774.

Fuentes, J.D., Lerdau, M., Atkinson, R., Baldocchi, D., Bottenheim, J., Ciccioli, P., Lamb, B., Geron, C., Gu, L.,
Guenther, A., 2000. Biogenic hydrocarbons in the atmospheric boundary layer: a review. Bull. Am. Meteorol.
Soc. 81, 1537-1575.

Gali, M., Sim6, R., Vila-Costa, M., Ruiz-Gonzalez, C., Gasol, ].M., Matrai, P., 2013. Diel patterns of oceanic
dimethylsulfide (DMS) cycling: microbial and physical drivers. Glob. Biogeochem. Cycles 27, 620-636.

Gantt, B., Meskhidze, N., Kamykowski, D., 2009. A new physically-based quantification of marine isoprene and pri-
mary organic aerosol emissions. Atmos. Chem. Phys. 9, 4915-4927.

Giovannoni, S.J., Hayakawa, D.H., Tripp, H.J., Stingl, U., Givan, S.A., Cho, J.C., Oh, H.M,, Kitner, ].B., Vergin, K.L.,
Rappé, M.S., 2008. The small genome of an abundant coastal ocean methylotroph. Environ. Microbiol. 10,
1771-1782.

Goldstein, A.H., Galbally, LE., 2007. Known and unexplored organic constituents in the Earth’s atmosphere. Environ.
Sci. Technol. 41, 1514-1521.

Gribble, G.W., 1992. Naturally occurring organohalogen compounds—a survey. J. Nat. Prod. 55, 1353.

Guenther, A., Hewitt, C.N., Erickson, D., Fall, R., Geron, C., Graedel, T., Harley, P., Klinger, L., Lerdau, M., Mckay, W .-
A., Pierce, T., Scholes, B., Steinbrecher, R., Tallamraju, R., Taylor, J., Zimmerman, P., 1995. A global model of nat-
ural volatile organic compound emissions. ]. Geophys. Res. Atmos. 100, 8873-8892.

Hackenberg, S., Andrews, S.J., Airs, R, Arnold, S., Bouman, H., Brewin, R., Chance, R.J.,, Cummings, D.,
Dall’Olmo, G., Lewis, A., 2017. Potential controls of isoprene in the surface ocean. Glob. Biogeochem. Cycles
31, 644-662.

Halewood, E., Opalk, K., Custals, L., Carey, M., Hansell, D.A., Carlson, C.A., 2022. Determination of dissolved organic
carbon and total dissolved nitrogen in seawater using high temperature combustion analysis. Front. Mar. Sci. 9,
1061646.

Halsey, K.H., Giovannoni, S.J., 2023. Biological controls on marine volatile organic compound emissions: a balancing
act at the sea-air interface. Earth Sci. Rev. 240, 104360.

Halsey, K.H., Milligan, A.]., Behrenfeld, M.]., 2010. Physiological optimization underlies growth rate-independent
chlorophyll-specific gross and net primary production. Photosynth. Res. 103, 125-137.

Halsey, K.H., Carter, A.E., Giovannoni, S.J., 2012. Synergistic metabolism of a broad range of C1 compounds in the
marine methylotrophic bacterium HTCC2181. Environ. Microbiol. 14, 630-640.

Halsey, K.H., O’'Malley, R.T., Graff, ].R., Milligan, A.J., Behrenfeld, M.J., 2013. A common partitioning strategy for
photosynthetic products in evolutionarily distinct phytoplankton species. New Phytol. 198, 1030-1038.

Halsey, K.H., Giovannoni, S.J., Graus, M., Zhao, Y.L., Landry, Z., Thrash, J.C., Vergin, K.L., de Gouw, J., 2017. Bio-
logical cycling of volatile organic carbon by phytoplankton and bacterioplankton. Limnol. Oceanogr. 62,
2650-2661.

Hatton, A.D., 2002. DMSP removal and DMSO production in sedimenting particulate matter in the northern North
Sea. Deep Sea Res. Part II: Topic. Stud. Oceanogr. 49, 3053-3065.

Hauser, E.J., Dickhut, R.M., Falconer, R., Wozniak, A.S., 2013. Improved method for quantifying the air-sea flux of
volatile and semi-volatile organic carbon. Limnol. Oceanogr. Methods 11, 287-297.


http://refhub.elsevier.com/B978-0-443-13858-4.00001-0/rf0255
http://refhub.elsevier.com/B978-0-443-13858-4.00001-0/rf0255
http://refhub.elsevier.com/B978-0-443-13858-4.00001-0/rf0260
http://refhub.elsevier.com/B978-0-443-13858-4.00001-0/rf0260
http://refhub.elsevier.com/B978-0-443-13858-4.00001-0/rf0265
http://refhub.elsevier.com/B978-0-443-13858-4.00001-0/rf0265
http://refhub.elsevier.com/B978-0-443-13858-4.00001-0/rf0265
http://refhub.elsevier.com/B978-0-443-13858-4.00001-0/rf0265
http://refhub.elsevier.com/B978-0-443-13858-4.00001-0/rf0270
http://refhub.elsevier.com/B978-0-443-13858-4.00001-0/rf0270
http://refhub.elsevier.com/B978-0-443-13858-4.00001-0/rf0275
http://refhub.elsevier.com/B978-0-443-13858-4.00001-0/rf0275
http://refhub.elsevier.com/B978-0-443-13858-4.00001-0/rf0280
http://refhub.elsevier.com/B978-0-443-13858-4.00001-0/rf0280
http://refhub.elsevier.com/B978-0-443-13858-4.00001-0/rf0285
http://refhub.elsevier.com/B978-0-443-13858-4.00001-0/rf0285
http://refhub.elsevier.com/B978-0-443-13858-4.00001-0/rf0290
http://refhub.elsevier.com/B978-0-443-13858-4.00001-0/rf0290
http://refhub.elsevier.com/B978-0-443-13858-4.00001-0/rf0290
http://refhub.elsevier.com/B978-0-443-13858-4.00001-0/rf0295
http://refhub.elsevier.com/B978-0-443-13858-4.00001-0/rf0295
http://refhub.elsevier.com/B978-0-443-13858-4.00001-0/rf0300
http://refhub.elsevier.com/B978-0-443-13858-4.00001-0/rf0300
http://refhub.elsevier.com/B978-0-443-13858-4.00001-0/rf0305
http://refhub.elsevier.com/B978-0-443-13858-4.00001-0/rf0305
http://refhub.elsevier.com/B978-0-443-13858-4.00001-0/rf0305
http://refhub.elsevier.com/B978-0-443-13858-4.00001-0/rf0305
http://refhub.elsevier.com/B978-0-443-13858-4.00001-0/rf0310
http://refhub.elsevier.com/B978-0-443-13858-4.00001-0/rf0310
http://refhub.elsevier.com/B978-0-443-13858-4.00001-0/rf0315
http://refhub.elsevier.com/B978-0-443-13858-4.00001-0/rf0320
http://refhub.elsevier.com/B978-0-443-13858-4.00001-0/rf0320
http://refhub.elsevier.com/B978-0-443-13858-4.00001-0/rf0320
http://refhub.elsevier.com/B978-0-443-13858-4.00001-0/rf0325
http://refhub.elsevier.com/B978-0-443-13858-4.00001-0/rf0325
http://refhub.elsevier.com/B978-0-443-13858-4.00001-0/rf0325
http://refhub.elsevier.com/B978-0-443-13858-4.00001-0/rf0330
http://refhub.elsevier.com/B978-0-443-13858-4.00001-0/rf0330
http://refhub.elsevier.com/B978-0-443-13858-4.00001-0/rf0330
http://refhub.elsevier.com/B978-0-443-13858-4.00001-0/rf0335
http://refhub.elsevier.com/B978-0-443-13858-4.00001-0/rf0335
http://refhub.elsevier.com/B978-0-443-13858-4.00001-0/rf0340
http://refhub.elsevier.com/B978-0-443-13858-4.00001-0/rf0340
http://refhub.elsevier.com/B978-0-443-13858-4.00001-0/rf0345
http://refhub.elsevier.com/B978-0-443-13858-4.00001-0/rf0345
http://refhub.elsevier.com/B978-0-443-13858-4.00001-0/rf0350
http://refhub.elsevier.com/B978-0-443-13858-4.00001-0/rf0350
http://refhub.elsevier.com/B978-0-443-13858-4.00001-0/rf0355
http://refhub.elsevier.com/B978-0-443-13858-4.00001-0/rf0355
http://refhub.elsevier.com/B978-0-443-13858-4.00001-0/rf0355
http://refhub.elsevier.com/B978-0-443-13858-4.00001-0/rf0360
http://refhub.elsevier.com/B978-0-443-13858-4.00001-0/rf0360
http://refhub.elsevier.com/B978-0-443-13858-4.00001-0/optfD4JmL721n
http://refhub.elsevier.com/B978-0-443-13858-4.00001-0/optfD4JmL721n

References 607

Heikes, B.G., Chang, W.N., Pilson, M.E.Q., Swift, E., Singh, H.B., Guenther, A., Jacob, D.J., Field, B.D., Fall, R,,
Riemer, D., Brand, L., 2002. Atmospheric methanol budget and ocean implication. Glob. Biogeochem. Cycles
16, 1133.

Herrmann, A., 2011. The Chemistry and Biology of Volatiles. John Wiley & Sons.

Howard, E.C., Henriksen, ].R., Buchan, A., Reisch, C.R., Birgmann, H., Welsh, R., Ye, W., Gonzélez, ].M., Mace, K.,
Joye, S.B., Kiene, R.P., Whitman, W.B., Moran, M.A., 2006. Bacterial taxa that limit sulfur flux from the ocean. Sci-
ence 314, 649-652.

Hu, Q.-H., Xie, Z.-Q., Wang, X.-M., Kang, H., He, Q.-F., Zhang, P., 2013. Secondary organic aerosols over oceans via
oxidation of isoprene and monoterpenes from Arctic to Antarctic. Sci. Rep. 3, 2280.

Itoh, N., Tsujita, M., Ando, T., Hisatomi, G., Higashi, T., 1997. Formation and emission of monohalomethanes from
marine algae. Phytochemistry 45, 67-73.

Jian, S., Zhang, H.H., Zhang, J., Yang, G.P., 2017. Spatiotemporal distribution characteristics and environmental con-
trol factors of biogenic dimethylated sulfur compounds in the East China Sea during spring and autumn. Limnol.
Oceanogr. 63, S280-5298.

Johnston, A., Crombie, A.T., El Khawand, M., Sims, L., Whited, G.M., McGenity, T.J., Colin Murrell, J., 2017. Identi-
fication and characterisation of isoprene-degrading bacteria in an estuarine environment. Environ. Microbiol. 19,
3526-3537.

Jurado, E., Dachs, J., Duarte, C.M., Sim¢, R., 2008. Atmospheric deposition of organic and black carbon to the global
oceans. Atmos. Environ. 42, 7931-7939.

Kesselmeier, J., Staudt, M., 1999. Biogenic volatile organic compounds (VOC): an overview on emission, physiology
and ecology. J. Atmos. Chem. 33, 23-88.

Kettle, A.J., Andreae, M.O., 2000. Flux of dimethylsulfide from the oceans: a comparison of updated data sets and flux
models. J. Geophys. Res. 105, 26793-26808.

Kieber, R.J., Zhou, X.L., Mopper, K., 1990. Formation of carbonyl-compounds from UV-induced photodegradation of
humic substances in natural-waters—fate of riverine carbon in the sea. Limnol. Oceanogr. 35, 1503-1515.

Kieber, D.J., Jiao, ]., Kiene, R.P., Bates, T.S., 1996. Impact of dimethylsulfide photochemistry on methyl sulfur cycling
in the equatorial Pacific Ocean. J. Geophys. Res. 101, 3715-3722.

Kiene, R.P., 1996. Production of methanethiol from dimethylsulfoniopropionate in marine surface waters. Mar.
Chem. 54, 69-83.

Kiene, R.P., Linn, L.J., 2000. Distribution and turnover of dissolved DMSP and its relationship with bacterial produc-
tion and dimethylsulfide in the Gulf of Mexico. Limnol. Oceanogr. 45, 849-861.

Kiene, R.P., Linn, L.J., Bruton, J.A., 2000. New and important roles for DMSP in marine microbial communities. J. Sea
Res. 43, 209-224.

Kim, M.J., Michaud, ]. M., Williams, R., Pedler Sherwood, B., Pomeroy, R., Azam, F., Burkart, M., Bertram, T.H., 2015.
Bacteria-driven production of alkyl nitrates in seawater. Geophys. Res. Lett. 42, 597-604.

Kim, E., Kim, B.-U., Kim, H.C., Kim, S., 2017a. The variability of ozone sensitivity to anthropogenic emissions with
biogenic emissions modeled by MEGAN and BEIS3. Atmosphere 8, 187.

Kim, M.J., Novak, G.A., Zoerb, M.C., Yang, M., Blomquist, B.W., Huebert, B.]., Cappa, C.D., Bertram, T.H., 2017b. Air-
sea exchange of biogenic volatile organic compounds and the impact on aerosol particle size distributions.
Geophys. Res. Lett. 44, 3887-3896.

Kuntzel, A., Oertel, P., Bergmann, A., Trefz, P., Schubert, J., Miekisch, W., Reinhold, P., Kohler, H., 2018. Comparative
analysis of volatile organic compounds for the classification and identification of mycobacterial species. PLoS
ONE 13, e0194348.

Lana, A., Bell, T.G., Sim¢, R., Vallina, S.M., Ballabrera-Poy, J., Kettle, A.]J., Dachs, ., Bopp, L., Saltzman, E.S., Stefels, J.,
Johnson, J.E., Liss, P.S., 2011. An updated climatology of surface dimethlysulfide concentrations and emission
fluxes in the global ocean. Glob. Biogeochem. Cycles 25, GB1004.

Laothawornkitkul, J., Taylor, J.E., Paul, N.D., Hewitt, C.N., 2009. Biogenic volatile organic compounds in the earth
system. New Phytol. 183, 27-51.

Laturnus, F., 2001. Marine macroalgae in polar regions as natural sources for volatile organohalogens. Environ. Sci.
Pollut. Res. 8, 103-108.

Laws, E.A., 1991. Photosynthetic quotients, new production and net community production in the open ocean. Deep
Sea Res. Part A: Oceanogr. Res. Papers 38, 143-167.


http://refhub.elsevier.com/B978-0-443-13858-4.00001-0/rf0365
http://refhub.elsevier.com/B978-0-443-13858-4.00001-0/rf0365
http://refhub.elsevier.com/B978-0-443-13858-4.00001-0/rf0365
http://refhub.elsevier.com/B978-0-443-13858-4.00001-0/rf0370
http://refhub.elsevier.com/B978-0-443-13858-4.00001-0/rf0375
http://refhub.elsevier.com/B978-0-443-13858-4.00001-0/rf0375
http://refhub.elsevier.com/B978-0-443-13858-4.00001-0/rf0375
http://refhub.elsevier.com/B978-0-443-13858-4.00001-0/rf0375
http://refhub.elsevier.com/B978-0-443-13858-4.00001-0/rf0380
http://refhub.elsevier.com/B978-0-443-13858-4.00001-0/rf0380
http://refhub.elsevier.com/B978-0-443-13858-4.00001-0/optslyw3wGbSb
http://refhub.elsevier.com/B978-0-443-13858-4.00001-0/optslyw3wGbSb
http://refhub.elsevier.com/B978-0-443-13858-4.00001-0/rf0385
http://refhub.elsevier.com/B978-0-443-13858-4.00001-0/rf0385
http://refhub.elsevier.com/B978-0-443-13858-4.00001-0/rf0385
http://refhub.elsevier.com/B978-0-443-13858-4.00001-0/rf0390
http://refhub.elsevier.com/B978-0-443-13858-4.00001-0/rf0390
http://refhub.elsevier.com/B978-0-443-13858-4.00001-0/rf0390
http://refhub.elsevier.com/B978-0-443-13858-4.00001-0/rf0395
http://refhub.elsevier.com/B978-0-443-13858-4.00001-0/rf0395
http://refhub.elsevier.com/B978-0-443-13858-4.00001-0/rf0400
http://refhub.elsevier.com/B978-0-443-13858-4.00001-0/rf0400
http://refhub.elsevier.com/B978-0-443-13858-4.00001-0/rf0405
http://refhub.elsevier.com/B978-0-443-13858-4.00001-0/rf0405
http://refhub.elsevier.com/B978-0-443-13858-4.00001-0/rf0410
http://refhub.elsevier.com/B978-0-443-13858-4.00001-0/rf0410
http://refhub.elsevier.com/B978-0-443-13858-4.00001-0/rf0415
http://refhub.elsevier.com/B978-0-443-13858-4.00001-0/rf0415
http://refhub.elsevier.com/B978-0-443-13858-4.00001-0/rf0420
http://refhub.elsevier.com/B978-0-443-13858-4.00001-0/rf0420
http://refhub.elsevier.com/B978-0-443-13858-4.00001-0/rf0425
http://refhub.elsevier.com/B978-0-443-13858-4.00001-0/rf0425
http://refhub.elsevier.com/B978-0-443-13858-4.00001-0/rf0430
http://refhub.elsevier.com/B978-0-443-13858-4.00001-0/rf0430
http://refhub.elsevier.com/B978-0-443-13858-4.00001-0/rf0435
http://refhub.elsevier.com/B978-0-443-13858-4.00001-0/rf0435
http://refhub.elsevier.com/B978-0-443-13858-4.00001-0/rf0440
http://refhub.elsevier.com/B978-0-443-13858-4.00001-0/rf0440
http://refhub.elsevier.com/B978-0-443-13858-4.00001-0/rf0445
http://refhub.elsevier.com/B978-0-443-13858-4.00001-0/rf0445
http://refhub.elsevier.com/B978-0-443-13858-4.00001-0/rf0445
http://refhub.elsevier.com/B978-0-443-13858-4.00001-0/rf0450
http://refhub.elsevier.com/B978-0-443-13858-4.00001-0/rf0450
http://refhub.elsevier.com/B978-0-443-13858-4.00001-0/rf0450
http://refhub.elsevier.com/B978-0-443-13858-4.00001-0/rf0455
http://refhub.elsevier.com/B978-0-443-13858-4.00001-0/rf0455
http://refhub.elsevier.com/B978-0-443-13858-4.00001-0/rf0455
http://refhub.elsevier.com/B978-0-443-13858-4.00001-0/rf0460
http://refhub.elsevier.com/B978-0-443-13858-4.00001-0/rf0460
http://refhub.elsevier.com/B978-0-443-13858-4.00001-0/rf0465
http://refhub.elsevier.com/B978-0-443-13858-4.00001-0/rf0465
http://refhub.elsevier.com/B978-0-443-13858-4.00001-0/rf0470
http://refhub.elsevier.com/B978-0-443-13858-4.00001-0/rf0470

608 12. The volatile organic carbon component of dissolved organic matter in the ocean

Lawson, C.A., Raina, ].-B., Deschaseaux, E., Hrebien, V., Possell, M., Seymour, J.R., Suggett, D.J., 2021. Heat stress
decreases the diversity, abundance and functional potential of coral gas emissions. Glob. Chang. Biol. 27,
879-891.

Lees, G.J., Jago, G.R., 1978. Role of acetaldehyde in metabolism—review 1. Enzymes catalyzing reactions involving
acetaldehyde. J. Dairy Sci. 61, 1205-1215.

Lelieveld, J., Butler, T.M., Crowley, J.N., Dillon, T.J., Fischer, H., Ganzeveld, L., Harder, H., Lawrence, M.G.,
Martinez, M., Taraborrelli, D., Williams, J., 2008. Atmospheric oxidation capacity sustained by a tropical forest.
Nature 452, 737-740.

Li, J.-L., Zhai, X., Chen, R., Wu, Y.-C., Zhang, H.-H., 2021. Occurrence and emission of non-methane hydrocarbons in
the East China Sea: roles of phytoplankton assemblages. Environ. Chem. 18, 247-260.

Lichtenthaler, H.K., 2007. Biosynthesis, accumulation and emission of carotenoids, a-tocopherol, plastoquinone, and
isoprene in leaves under high photosynthetic irradiance. Photosynth. Res. 92, 163-179.

Lidbury, ILD.E.A., Murrell, ].C., Chen, Y., 2015. Trimethylamine and trimethylamine N-oxide are supplementary en-
ergy sources for a marine heterotrophic bacterium: implications for marine carbon and nitrogen cycling. ISME]. 9,
760-769.

Lovelock, J.E., Maggs, R.J., 1973. Halogenated hydrocarbons in and over Atlantic. Nature 241, 194-196.

Lu, X.-L., Yang, G.-P., Song, G.-S., Zhang, L., 2010. Distributions and fluxes of methyl chloride and methyl bromide in
the East China Sea and the southern Yellow Sea in autumn. Mar. Chem. 118, 75-84.

Malin, G., Wilson, W.H., Bratbak, G., Liss, P.S., Mann, N.H., 1998. Elevated production of dimethylsulfide resulting
from viral infection of Phaeocystis pouchetii. Limnol. Oceanogr. 43, 1389-1393.

Manley, SL., de la Cuesta, J.L., 1997. Methyl iodide production from marine phytoplankton cultures. Limnol.
Oceanogr. 42, 142-147.

Mansurova, M., Ebert, B.E., Blank, L.M., Ibanez, A.]., 2018. A breath of information: the volatilome. Curr. Genet. 64,
959-964.

Marandino, C.A., De Bruyn, W.J., Miller, S.D., Prather, M.]., Saltzman, E.S., 2005. Oceanic uptake and the global at-
mospheric acetone budget. Geophys. Res. Lett. 32, L15806.

Matthews, J.L., Oakley, C.A., Lutz, A., Hillyer, K.E., Roessner, U., Grossman, A.R., Weis, V.M., Davy, S.K., 2018.
Partner switching and metabolic flux in a model cnidarian-dinoflagellate symbiosis. Proc. Biol. Sci. 285,
20182336.

McGenity, T.J., Crombie, A.T., Murrell, J.C., 2018. Microbial cycling of isoprene, the most abundantly produced bi-
ological volatile organic compound on earth. ISME J. 12, 931-941.

McKay, W.A., Turner, M.F., Jones, B.M.R., Halliwell, C.M., 1996. Emissions of hydrocarbons from marine phyto-
plankton - some results from controlled laboratory experiments. Atmos. Environ. 30, 2583-2593.

Meskhidze, N., Sabolis, A., Reed, R., Kamykowski, D., 2015. Quantifying environmental stress-induced emissions of
algal isoprene and monoterpenes using laboratory measurements. Biogeosciences 12, 637-651.

Millet, D., Jacob, D.J., Custer, T., De Gouw, J., Goldstein, A., Karl, T., Singh, H., Sive, B., Talbot, R., Warneke, C.,
2008. New constraints on terrestrial and oceanic sources of atmospheric methanol. Atmos. Chem. Phys. 8,
6887-6905.

Millet, D.B., Guenther, A., Siegel, D.A., Nelson, N.B., Singh, H.B., de Gouw, J.A., Warneke, C., Williams, J.,
Eerdekens, G., Sinha, V., 2010. Global atmospheric budget of acetaldehyde: 3-D model analysis and constraints
from in-situ and satellite observations. Atmos. Chem. Phys. 10 (7), 3405-3425.

Mincer, T.J., Aicher, A.C., 2016. Methanol production by a broad phylogenetic array of marine phytoplankton. PLoS
ONE 11.

Moller, E.F., 2005. Sloppy feeding in marine copepods: prey-size-dependent production of dissolved organic carbon.
J. Plankton Res. 27, 27-35.

Moore, R.M., Webb, M., 1996. The relationship between methyl bromide and chlorophyll 2 in high latitude ocean
waters. Geophys. Res. Lett. 23, 2951-2954.

Moore, E.R., Davie-Martin, C.L., Giovannoni, S.J., Halsey, K.H., 2020. Pelagibacter metabolism of diatom-derived vol-
atile organic compounds imposes an energetic tax on photosynthetic carbon fixation. Environ. Microbiol. 22,
1720-1733.

Moore, E.R., Weaver, A.]., Davis, E.W., Giovannoni, S.J., Halsey, K.H., 2022. Metabolism of key atmospheric volatile
organic compounds by the marine heterotrophic bacterium Pelagibacter HTCC1062 (SAR11). Environ. Microbiol.
24, 212-222.


http://refhub.elsevier.com/B978-0-443-13858-4.00001-0/rf0475
http://refhub.elsevier.com/B978-0-443-13858-4.00001-0/rf0475
http://refhub.elsevier.com/B978-0-443-13858-4.00001-0/rf0475
http://refhub.elsevier.com/B978-0-443-13858-4.00001-0/rf0480
http://refhub.elsevier.com/B978-0-443-13858-4.00001-0/rf0480
http://refhub.elsevier.com/B978-0-443-13858-4.00001-0/rf0485
http://refhub.elsevier.com/B978-0-443-13858-4.00001-0/rf0485
http://refhub.elsevier.com/B978-0-443-13858-4.00001-0/rf0485
http://refhub.elsevier.com/B978-0-443-13858-4.00001-0/rf0490
http://refhub.elsevier.com/B978-0-443-13858-4.00001-0/rf0490
http://refhub.elsevier.com/B978-0-443-13858-4.00001-0/rf0495
http://refhub.elsevier.com/B978-0-443-13858-4.00001-0/rf0495
http://refhub.elsevier.com/B978-0-443-13858-4.00001-0/rf0495
http://refhub.elsevier.com/B978-0-443-13858-4.00001-0/rf0500
http://refhub.elsevier.com/B978-0-443-13858-4.00001-0/rf0500
http://refhub.elsevier.com/B978-0-443-13858-4.00001-0/rf0500
http://refhub.elsevier.com/B978-0-443-13858-4.00001-0/rf0505
http://refhub.elsevier.com/B978-0-443-13858-4.00001-0/rf0510
http://refhub.elsevier.com/B978-0-443-13858-4.00001-0/rf0510
http://refhub.elsevier.com/B978-0-443-13858-4.00001-0/rf0515
http://refhub.elsevier.com/B978-0-443-13858-4.00001-0/rf0515
http://refhub.elsevier.com/B978-0-443-13858-4.00001-0/rf0520
http://refhub.elsevier.com/B978-0-443-13858-4.00001-0/rf0520
http://refhub.elsevier.com/B978-0-443-13858-4.00001-0/rf0525
http://refhub.elsevier.com/B978-0-443-13858-4.00001-0/rf0525
http://refhub.elsevier.com/B978-0-443-13858-4.00001-0/rf0530
http://refhub.elsevier.com/B978-0-443-13858-4.00001-0/rf0530
http://refhub.elsevier.com/B978-0-443-13858-4.00001-0/rf0535
http://refhub.elsevier.com/B978-0-443-13858-4.00001-0/rf0535
http://refhub.elsevier.com/B978-0-443-13858-4.00001-0/rf0535
http://refhub.elsevier.com/B978-0-443-13858-4.00001-0/rf0540
http://refhub.elsevier.com/B978-0-443-13858-4.00001-0/rf0540
http://refhub.elsevier.com/B978-0-443-13858-4.00001-0/rf0545
http://refhub.elsevier.com/B978-0-443-13858-4.00001-0/rf0545
http://refhub.elsevier.com/B978-0-443-13858-4.00001-0/rf0550
http://refhub.elsevier.com/B978-0-443-13858-4.00001-0/rf0550
http://refhub.elsevier.com/B978-0-443-13858-4.00001-0/rf0555
http://refhub.elsevier.com/B978-0-443-13858-4.00001-0/rf0555
http://refhub.elsevier.com/B978-0-443-13858-4.00001-0/rf0555
http://refhub.elsevier.com/B978-0-443-13858-4.00001-0/rf0560
http://refhub.elsevier.com/B978-0-443-13858-4.00001-0/rf0560
http://refhub.elsevier.com/B978-0-443-13858-4.00001-0/rf0560
http://refhub.elsevier.com/B978-0-443-13858-4.00001-0/rf0565
http://refhub.elsevier.com/B978-0-443-13858-4.00001-0/rf0565
http://refhub.elsevier.com/B978-0-443-13858-4.00001-0/rf0570
http://refhub.elsevier.com/B978-0-443-13858-4.00001-0/rf0570
http://refhub.elsevier.com/B978-0-443-13858-4.00001-0/rf0575
http://refhub.elsevier.com/B978-0-443-13858-4.00001-0/rf0575
http://refhub.elsevier.com/B978-0-443-13858-4.00001-0/rf0580
http://refhub.elsevier.com/B978-0-443-13858-4.00001-0/rf0580
http://refhub.elsevier.com/B978-0-443-13858-4.00001-0/rf0580
http://refhub.elsevier.com/B978-0-443-13858-4.00001-0/rf0585
http://refhub.elsevier.com/B978-0-443-13858-4.00001-0/rf0585
http://refhub.elsevier.com/B978-0-443-13858-4.00001-0/rf0585

References 609

Mopper, K., Kieber, D.J., 1991. Distribution and biological turnover of dissolved organic-compounds in the water
column of the Black-Sea. Deep Sea Res. Part A: Oceanogr. Res. Papers 38, S1021-51047.

Mopper, K., Stahovec, W.L., 1986. Sources and sinks of low-molecular-weight organic carbonyl-compounds in sea-
water. Mar. Chem. 19, 305-321.

Moran, M.A., Durham, B.P., 2019. Sulfur metabolites in the pelagic ocean. Nat. Rev. Microbiol. 17, 665-678.

Moran, M.A., Ferrer-Gonzalez, F.X., Fu, H., Nowinski, B., Olofsson, M., Powers, M.A., Schreier, J.E., Schroer, W.F.,
Smith, C.B., Uchimiya, M., 2022. The ocean’s labile DOC supply chain. Limnol. Oceanogr. 67, 1007-1021.

Morris, R.M., Longnecker, K., Giovannoni, S.J., 2006. Pirellula and OM43 are among the dominant lineages identified
in an Oregon coast diatom bloom. Environ. Microbiol. 8, 1361-1370.

Mungall, E.L., Abbatt, J.P.D., Wentzell, ].J.B., Lee, A.K.Y., Thomas, J.L., Blais, M., Gosselin, M., Miller, L.A.,
Papakyriakou, T., Willis, M.D., Liggio, J., 2017. Microlayer source of oxygenated volatile organic compounds
in the summertime marine Arctic boundary layer. Proc. Natl. Acad. Sci. USA 114, 6203-6208.

Murphy, C.D., Moore, R.M., White, R.L., 2000. An isotopic labeling method for determining production of volatile
organohalogens by marine microalgae. Limnol. Oceanogr. 45, 1868-1871.

Myklestad, S.M., 2000. Dissolved organic carbon from phytoplankton. Mar. Chem., 111-148.

Nemecek-Marshall, M., Wojciechowski, C., Kuzma, J., Silver, G.M., Fall, R., 1995. Marine Vibrio species produce the
volatile organic-compound acetone. Appl. Environ. Microbiol. 61, 44-47.

Neufeld, ].D., Schafer, H., Cox, M.]., Boden, R., McDonald, L.R., Murrell, ].C., 2007. Stable-isotope probing implicates
Methylophaga spp and novel Gammaproteobacteria in marine methanol and methylamine metabolism. ISMEJ. 1,
480-491.

Nightingale, P.D., 2003. Air-sea interaction. In: Holton, J.R., Curry, J.A., Pyle,].A. (Eds.), Encyclopedia of Atmospheric
Sciences. Academic Press, Boston.

O'Dowd, C.D., Lowe, J.A., Smith, M.H., Kaye, A.D., 1999. The relative importance of non-sea-salt sulphate and sea-
salt aerosol to the marine cloud condensation nuclei population: an improved multi-component aerosol-cloud
droplet parametrization. J. Royal Meterorol. Soc. 125, 1295-1313.

Ohsawa, N., Tsujita, M., Morikawa, S., Itoh, N., 2001. Purification and characterization of a monohalomethane-
producing enzyme S-adenosyl-L-methionine: halide ion methyltransferase from a marine microalga, Pavlova
pinguis. Biosci. Biotechnol. Biochem. 65, 2397-2404.

Omori, Y., Tanimoto, H., Inomata, S., Ikeda, K., Iwata, T., Kameyama, S., Uematsu, M., Gamo, T., Ogawa, H.,
Furuya, K., 2017. Sea-to-air flux of dimethyl sulfide in the south and North Pacific Ocean as measured by proton
transfer reaction-mass spectrometry coupled with the gradient flux technique. J. Geophys. Res. Atmos. 122,
7216-7231.

Orlikowska, A., Schulz-Bull, D.E., 2009. Seasonal variations of volatile organic compounds in the coastal Baltic Sea.
Environ. Chem. 6, 495-507.

Palmer, P.I.,, Shaw, S.L., 2005. Quantifying global marine isoprene fluxes using MODIS chlorophyll observations.
Geophys. Res. Lett. 32, L09805.

Patel, R.N., Hou, C.T., Laskin, A L, Felix, A., 1982. Microbial oxidation of hydrocarbons: properties of a soluble meth-
ane monooxygenase from a facultative methane-utilizing organism, Methylobacterium sp. strain CRL-26. Appl. En-
viron. Microbiol. 44, 1130-1137.

Paul, C., Pohnert, G., 2011. Production and role of volatile halogenated compounds from marine algae. Nat. Prod.
Rep. 28, 186-195.

Paul, N.A., de Nys, R, Steinberg, P.D., 2006. Seaweed—herbivore interactions at a small scale direct tests of feeding
deterrence by filamentous algae. Mar. Ecol. Prog. Ser. 323, 1-9.

Pozzer, A.C., Gémez, P.A., Weiss, J., 2022. Volatile organic compounds in aquatic ecosystems—detection, origin, sig-
nificance and applications. Sci. Total Environ. 838, 156155.

Quinn, P.K,, Bates, T.S., 2011. The case against climate regulation via oceanic phytoplankton Sulphur emissions. Na-
ture 480, 51-56.

Reese, B.K., Anderson, M.A., 2009. Dimethyl sulfide production in a saline eutrophic lake, Salton Sea, California.
Limnol. Oceanogr. 54, 250-261.

Reisch, C.R., Moran, M.A., Whitman, W.B., 2011. Bacterial catabolism of dimethylsulfoniopropionate (DMSP). Front.
Microbiol. 2, 172.

Rocco, M., Dunne, E., Peltola, M., Barr, N., Williams, J., Colomb, A., Safi, K., Saint-Macary, A., Marriner, A,
Deppeler, S., Harnwell, J., Law, C., Sellegri, K., 2021. Oceanic phytoplankton are a potentially important source
of benzenoids to the remote marine atmosphere. Commun. Earth Environ. 2, 175.


http://refhub.elsevier.com/B978-0-443-13858-4.00001-0/rf0590
http://refhub.elsevier.com/B978-0-443-13858-4.00001-0/rf0590
http://refhub.elsevier.com/B978-0-443-13858-4.00001-0/rf0595
http://refhub.elsevier.com/B978-0-443-13858-4.00001-0/rf0595
http://refhub.elsevier.com/B978-0-443-13858-4.00001-0/rf0600
http://refhub.elsevier.com/B978-0-443-13858-4.00001-0/rf0605
http://refhub.elsevier.com/B978-0-443-13858-4.00001-0/rf0605
http://refhub.elsevier.com/B978-0-443-13858-4.00001-0/rf0610
http://refhub.elsevier.com/B978-0-443-13858-4.00001-0/rf0610
http://refhub.elsevier.com/B978-0-443-13858-4.00001-0/rf0615
http://refhub.elsevier.com/B978-0-443-13858-4.00001-0/rf0615
http://refhub.elsevier.com/B978-0-443-13858-4.00001-0/rf0615
http://refhub.elsevier.com/B978-0-443-13858-4.00001-0/rf0620
http://refhub.elsevier.com/B978-0-443-13858-4.00001-0/rf0620
http://refhub.elsevier.com/B978-0-443-13858-4.00001-0/rf0625
http://refhub.elsevier.com/B978-0-443-13858-4.00001-0/rf0630
http://refhub.elsevier.com/B978-0-443-13858-4.00001-0/rf0630
http://refhub.elsevier.com/B978-0-443-13858-4.00001-0/rf0635
http://refhub.elsevier.com/B978-0-443-13858-4.00001-0/rf0635
http://refhub.elsevier.com/B978-0-443-13858-4.00001-0/rf0635
http://refhub.elsevier.com/B978-0-443-13858-4.00001-0/rf0635
http://refhub.elsevier.com/B978-0-443-13858-4.00001-0/rf0640
http://refhub.elsevier.com/B978-0-443-13858-4.00001-0/rf0640
http://refhub.elsevier.com/B978-0-443-13858-4.00001-0/rf0645
http://refhub.elsevier.com/B978-0-443-13858-4.00001-0/rf0645
http://refhub.elsevier.com/B978-0-443-13858-4.00001-0/rf0645
http://refhub.elsevier.com/B978-0-443-13858-4.00001-0/optv82I88fsh8
http://refhub.elsevier.com/B978-0-443-13858-4.00001-0/optv82I88fsh8
http://refhub.elsevier.com/B978-0-443-13858-4.00001-0/optv82I88fsh8
http://refhub.elsevier.com/B978-0-443-13858-4.00001-0/rf0650
http://refhub.elsevier.com/B978-0-443-13858-4.00001-0/rf0650
http://refhub.elsevier.com/B978-0-443-13858-4.00001-0/rf0650
http://refhub.elsevier.com/B978-0-443-13858-4.00001-0/rf0650
http://refhub.elsevier.com/B978-0-443-13858-4.00001-0/rf0655
http://refhub.elsevier.com/B978-0-443-13858-4.00001-0/rf0655
http://refhub.elsevier.com/B978-0-443-13858-4.00001-0/rf0660
http://refhub.elsevier.com/B978-0-443-13858-4.00001-0/rf0660
http://refhub.elsevier.com/B978-0-443-13858-4.00001-0/rf0665
http://refhub.elsevier.com/B978-0-443-13858-4.00001-0/rf0665
http://refhub.elsevier.com/B978-0-443-13858-4.00001-0/rf0665
http://refhub.elsevier.com/B978-0-443-13858-4.00001-0/rf0670
http://refhub.elsevier.com/B978-0-443-13858-4.00001-0/rf0670
http://refhub.elsevier.com/B978-0-443-13858-4.00001-0/rf0675
http://refhub.elsevier.com/B978-0-443-13858-4.00001-0/rf0675
http://refhub.elsevier.com/B978-0-443-13858-4.00001-0/rf0680
http://refhub.elsevier.com/B978-0-443-13858-4.00001-0/rf0680
http://refhub.elsevier.com/B978-0-443-13858-4.00001-0/rf0685
http://refhub.elsevier.com/B978-0-443-13858-4.00001-0/rf0685
http://refhub.elsevier.com/B978-0-443-13858-4.00001-0/rf0690
http://refhub.elsevier.com/B978-0-443-13858-4.00001-0/rf0690
http://refhub.elsevier.com/B978-0-443-13858-4.00001-0/rf0695
http://refhub.elsevier.com/B978-0-443-13858-4.00001-0/rf0695
http://refhub.elsevier.com/B978-0-443-13858-4.00001-0/rf0700
http://refhub.elsevier.com/B978-0-443-13858-4.00001-0/rf0700
http://refhub.elsevier.com/B978-0-443-13858-4.00001-0/rf0700

610 12. The volatile organic carbon component of dissolved organic matter in the ocean

Rosset, S.L., Oakley, C.A., Ferrier-Pages, C., Suggett, D.]., Weis, V.M., Davy, S K., 2021. The molecular language of the
cnidarian—dinoflagellate symbiosis. Trends Microbiol. 29, 320-333.

Rossignol, S., Tinel, L., Bianco, A., Passananti, M., Brigante, M., Donaldson, D.]., George, C., 2016. Atmospheric pho-
tochemistry at a fatty acid-coated air-water interface. Science 353, 699-702.

Royer, S.J., Gali, M., Mahajan, A.S., Ross, O.N., Perez, G.L., Saltzman, E.S., Sim¢, R., 2016. A high-resolution time-
depth view of dimethylsulphide cycling in the surface sea. Sci. Rep. 6, 32325.

Ruiz-Halpern, S., Sejr, M.K., Duarte, C.M., Krause-Jensen, D., Dalsgaard, T., Dachs, J., Rysgaard, S., 2010. Air-water
exchange and vertical profiles of organic carbon in a subarctic fjord. Limnol. Oceanogr. 55, 1733-1740.

Ruiz-Halpern, S., Calleja, M.L., Dachs, J., Del Vento, S., Pastor, M., Palmer, M., Agusti, S., Duarte, C.M., 2014. Ocean—
atmosphere exchange of organic carbon and CO, surrounding the Antarctic peninsula. Biogeosciences 11,
2755-2770.

Ruiz-Hernandez, V., Roca, M.]., Egea-Cortines, M., Weiss, J., 2018. A comparison of semi-quantitative methods suit-
able for establishing volatile profiles. Plant Methods 14, 67.

Saha, M., Fink, P., 2022. Algal volatiles—the overlooked chemical language of aquatic primary producers. Biol. Rev.
97, 2162-2173.

Sauer, J.S., Simkovsky, R., Moore, A.N., Camarda, L., Sherman, S.L., Prather, K.A., Pomeroy, R.S., 2021. Continuous
measurements of volatile gases as detection of algae crop health. Proc. Natl. Acad. Sci. USA 118, 2106882118.

Scarratt, M.G., Moore, R. M., 1996. Production of methyl chloride and methyl bromide in laboratory cultures of marine
phytoplankton. Mar. Chem. 54, 263-272.

Schafer, H., Miller, L.G., Oremland, R.S., Murrell, ].C., 2007. Bacterial cycling of methyl halides. In: Advances in Ap-
plied Microbiology. Academic Press, pp. 307-346.

Schlesinger, W.H., Bernhardst, E.S., 2013. Chapter 9—The oceans. In: Schlesinger, W.H., Bernhardt, E.S. (Eds.), Biogeo-
chemistry, third ed. Academic Press, Boston, pp. 341-395.

Shaw, S.L., Chisholm, S.W., Prinn, R.G., 2003. Isoprene production by Prochlorococcus, a marine cyanobacterium, and
other phytoplankton. Mar. Chem. 80, 227-245.

Shaw, S.L., Gantt, B., Meskhidze, N., 2010. Production and emissions of marine isoprene and monoterpenes: a review.
Adv. Meteorol. 2010, 408696.

Shemi, A., Alcolombri, U., Schatz, D., Farstey, V., Vincent, F., Rotkopf, R., Ben-Dor, S., Frada, M.J., Tawfik, D.S,,
Vardi, A., 2021. Dimethyl sulfide mediates microbial predator-prey interactions between zooplankton and algae
in the ocean. Nat. Microbiol. 6, 1357-1366.

Sim¢, R., Grimalt, J.O., Pedrés-Alio, C., Albaigés, J., 1995. Occurrence and transformation of dissolved dimethyl sulfur
species in stratified seawater (western Mediterranean Sea). Marine Ecol. Prog. Ser. 127, 291-299.

Simo6, R., Duarte, C., Agust6, S., 2011. The role of marine microbiota in short-term climate regulation. In:
Duarte, C.M., Agusti, S. (Eds.), The Role of Marine Biota in the Functioning of the Biosphere. Fundacién
BBVA, pp. 107-130.

Sim¢, R., Sal, V., Almeda, R., Movilla, J., Trepat, 1., Saiz, E., Calbet, A., 2018. The quantitative role of microzoo-
plankton grazing in dimethylsulfide (DMS) production in the NW Mediterranean. Biogeochemistry 141, 125-142.

Shemi, A., Ben-Dor, S., Rotkopf, R., Dym, O., Vardi, A., 2023. Phylogeny and biogeography of the algal DMS-releasing
enzyme. ISME Commun. 3, 72.

Simo, R., Cortes-Greus, P., Rodriguez-Ros, P., Masdeu-Navarro, M., 2022. Substantial loss of isoprene in the surface
ocean due to chemical and biological consumption. Commun. Earth Environ. 3, 20.

Sinha, V., Williams, J., Meyerhofer, M., Riebesell, U., Paulino, A.L, Larsen, A., 2007. Air-sea fluxes of methanol, ac-
etone, acetaldehyde, isoprene and DMS from a Norwegian fjord following a phytoplankton bloom in a mesocosm
experiment. Atmos. Chem. Phys. 7, 739-755.

Scemundsdottir, S., Matrai, P.A., 1998. Biological production of methyl bromide by cultures of marine phytoplankton.
Limnol. Oceanogr. 43, 81-87.

Solomon, S., Burkholder, ].B., Ravishankara, A.R., Garcia, R.R., 1994. Ozone depletion and global warming potentials
of CF3I. J. Geophys. Res. Atmos. 99, 20929-20935.

Spyres, G., Nimmo, M., Worsfold, P.J., Achterberg, E.P., Miller, A.E.]., 2000. Determination of dissolved organic car-
bon in seawater using high temperature catalytic oxidation techniques. Trends Anal. Chem. 19, 498-506.

Stefels, J., 2000. Physiological aspects of the production and conversion of DMSP in marine algae and higher plants. J.
Sea Res. 43, 183-197.

Stefels, ]., Steinke, M., Turner, S., Malin, G., Belviso, S., 2007. Environmental constraints on the production and re-
moval of the climatically active gas dimethylsulphide (DMS) and implications for ecosystem modelling. Biogeo-
chemistry 83, 245-275.


http://refhub.elsevier.com/B978-0-443-13858-4.00001-0/rf0705
http://refhub.elsevier.com/B978-0-443-13858-4.00001-0/rf0705
http://refhub.elsevier.com/B978-0-443-13858-4.00001-0/rf0710
http://refhub.elsevier.com/B978-0-443-13858-4.00001-0/rf0710
http://refhub.elsevier.com/B978-0-443-13858-4.00001-0/rf0715
http://refhub.elsevier.com/B978-0-443-13858-4.00001-0/rf0715
http://refhub.elsevier.com/B978-0-443-13858-4.00001-0/rf0720
http://refhub.elsevier.com/B978-0-443-13858-4.00001-0/rf0720
http://refhub.elsevier.com/B978-0-443-13858-4.00001-0/rf0725
http://refhub.elsevier.com/B978-0-443-13858-4.00001-0/rf0725
http://refhub.elsevier.com/B978-0-443-13858-4.00001-0/rf0725
http://refhub.elsevier.com/B978-0-443-13858-4.00001-0/rf0725
http://refhub.elsevier.com/B978-0-443-13858-4.00001-0/rf0730
http://refhub.elsevier.com/B978-0-443-13858-4.00001-0/rf0730
http://refhub.elsevier.com/B978-0-443-13858-4.00001-0/rf0735
http://refhub.elsevier.com/B978-0-443-13858-4.00001-0/rf0735
http://refhub.elsevier.com/B978-0-443-13858-4.00001-0/rf0740
http://refhub.elsevier.com/B978-0-443-13858-4.00001-0/rf0740
http://refhub.elsevier.com/B978-0-443-13858-4.00001-0/rf0745
http://refhub.elsevier.com/B978-0-443-13858-4.00001-0/rf0745
http://refhub.elsevier.com/B978-0-443-13858-4.00001-0/rf0750
http://refhub.elsevier.com/B978-0-443-13858-4.00001-0/rf0750
http://refhub.elsevier.com/B978-0-443-13858-4.00001-0/rf0750
http://refhub.elsevier.com/B978-0-443-13858-4.00001-0/rf0755
http://refhub.elsevier.com/B978-0-443-13858-4.00001-0/rf0755
http://refhub.elsevier.com/B978-0-443-13858-4.00001-0/rf0760
http://refhub.elsevier.com/B978-0-443-13858-4.00001-0/rf0760
http://refhub.elsevier.com/B978-0-443-13858-4.00001-0/rf0765
http://refhub.elsevier.com/B978-0-443-13858-4.00001-0/rf0765
http://refhub.elsevier.com/B978-0-443-13858-4.00001-0/rf0770
http://refhub.elsevier.com/B978-0-443-13858-4.00001-0/rf0770
http://refhub.elsevier.com/B978-0-443-13858-4.00001-0/rf0770
http://refhub.elsevier.com/B978-0-443-13858-4.00001-0/optfR3RsyoACp
http://refhub.elsevier.com/B978-0-443-13858-4.00001-0/optfR3RsyoACp
http://refhub.elsevier.com/B978-0-443-13858-4.00001-0/optfR3RsyoACp
http://refhub.elsevier.com/B978-0-443-13858-4.00001-0/rf0780
http://refhub.elsevier.com/B978-0-443-13858-4.00001-0/rf0780
http://refhub.elsevier.com/B978-0-443-13858-4.00001-0/rf0780
http://refhub.elsevier.com/B978-0-443-13858-4.00001-0/rf0785
http://refhub.elsevier.com/B978-0-443-13858-4.00001-0/rf0785
http://refhub.elsevier.com/B978-0-443-13858-4.00001-0/rf0775
http://refhub.elsevier.com/B978-0-443-13858-4.00001-0/rf0775
http://refhub.elsevier.com/B978-0-443-13858-4.00001-0/rf0790
http://refhub.elsevier.com/B978-0-443-13858-4.00001-0/rf0790
http://refhub.elsevier.com/B978-0-443-13858-4.00001-0/rf0795
http://refhub.elsevier.com/B978-0-443-13858-4.00001-0/rf0795
http://refhub.elsevier.com/B978-0-443-13858-4.00001-0/rf0795
http://refhub.elsevier.com/B978-0-443-13858-4.00001-0/rf0800
http://refhub.elsevier.com/B978-0-443-13858-4.00001-0/rf0800
http://refhub.elsevier.com/B978-0-443-13858-4.00001-0/rf0800
http://refhub.elsevier.com/B978-0-443-13858-4.00001-0/rf0805
http://refhub.elsevier.com/B978-0-443-13858-4.00001-0/rf0805
http://refhub.elsevier.com/B978-0-443-13858-4.00001-0/rf0810
http://refhub.elsevier.com/B978-0-443-13858-4.00001-0/rf0810
http://refhub.elsevier.com/B978-0-443-13858-4.00001-0/rf0815
http://refhub.elsevier.com/B978-0-443-13858-4.00001-0/rf0815
http://refhub.elsevier.com/B978-0-443-13858-4.00001-0/rf0820
http://refhub.elsevier.com/B978-0-443-13858-4.00001-0/rf0820
http://refhub.elsevier.com/B978-0-443-13858-4.00001-0/rf0820

References 611

Steinke, M., Wolfe, G.V., Kirst, G.O., 1998. Partial characterisation of dimethylsulfoniopropionate (DMSP) lyase iso-
zymes in 6 strains of Emiliania huxleyi. Mar. Ecol. Prog. Ser. 175, 215-225.

Steinke, M., Malin, G., Liss, P.S., 2002. Trophic interactions in the sea: an ecological role for climate relevant volatiles?
J. Phycol. 38, 630-638.

Steinke, M., Randell, L., Dumbrell, A.J., Saha, M., 2018. Volatile biomarkers for aquatic ecological research. In: Next
Generation Biomonitoring. Elsevier, pp. 75-92.

Studer, A., McAnulla, C., Biichele, R., Leisinger, T., Vuilleumier, S., 2002. Chloromethane-induced genes define a
third C1 utilization pathway in Methylobacterium chloromethanicum CM4. . Bacteriol. 184, 3476-3484.

Sun, J., Steindler, L., Thrash, ].C., Halsey, K.H., Smith, D.P., Carter, A.E., Landry, Z.C., Giovannoni, S.J., 2011. One
carbon metabolism in SAR11 pelagic marine bacteria. PLoS ONE 6, €23973.

Sun, J.,, Todd, ].D., Thrash, J.C., Qian, Y.P., Qian, M.C., Temperton, B., Guo, J.Z., Fowler, E K., Aldrich, ].T., Nicora, C.-
D., Lipton, M.S., Smith, R.D., De Leenheer, P., Payne, S.H., Johnston, A.W.B., Davie-Martin, C.L., Halsey, K.H.,
Giovannoni, S.J., 2016. The abundant marine bacterium Pelagibacter simultaneously catabolizes dimethylsulfonio-
propionate to the gases dimethyl sulfide and methanethiol. Nat. Microbiol. 1, 16065.

Sunda, W., Kieber, D.J., Kiene, R.P., Huntsman, S., 2002. An antioxidant function for DMSP and DMS in marine algae.
Nature 418, 317-320.

Swinnerton, J.W., Linnenbom, V.J., 1967. Gaseous hydrocarbons in sea water—determination. Science 156, 1119.

Taddei, S., Toscano, P., Gioli, B., Matese, A., Miglietta, F., Vaccari, F.P., Zaldei, A., Custer, T., Williams, J., 2009. Carbon
dioxide and acetone air—sea fluxes over the southern Atlantic. Environ. Sci. Technol. 43, 5218-5222.

Todd, ].D., Curson, A.R.]., Nikolaidou-Katsaraidou, N., Brearley, C.A., Watmough, N.J., Chan, Y., Page, P.C.B,,
Sun, L., Johnston, A.W.B., 2010. Molecular dissection of bacterial acrylate catabolism—unexpected links with
dimethylsulfoniopropionate catabolism and dimethyl sulfide production. Environ. Microbiol. 12, 327-343.

Tokarczyk, R., Moore, R.M., 1994. Production of volatile organohalogens by phytoplankton cultures. Geophys. Res.
Lett. 21, 285-288.

Urhahn, T., Ballschmiter, K., 1998. Chemistry of the biosynthesis of halogenated methanes: Cl-organohalogens as
pre-industrial chemical stressors in the environment? Chemosphere 37, 1017-1032.

van Hylckama Vlieg, J.E., Leemhuis, H., Spelberg, J.H., Janssen, D.B., 2000. Characterization of the gene cluster in-
volved in isoprene metabolism in Rhodococcus sp. strain AD45. J. Bacteriol. 182, 1956-1963.

Van Neste, A., Duce, R.A,, Lee, C., 1987. Methylamines in the marine atmosphere. Geophys. Res. Lett. 14, 711-714.

van Pinxteren, M., Wadinga Fomba, K., van Pinxteren, D., Triesch, N., Hans Hoffmann, E., Cree, CH.L.,
Fitzsimons, M.F., von Tumpling, W., Herrmann, H., 2019. Aliphatic amines at the Cape Verde Atmospheric Ob-
servatory: abundance, origins and sea-air fluxes. Atmos. Environ. 203, 183-195.

Walker, B.D., Primeau, F.W., Beaupré, S.R., Guilderson, T.P., Druffel, ER.M., McCarthy, M.D., 2016. Linked changes
in marine dissolved organic carbon molecular size and radiocarbon age. Geophys. Res. Lett. 43, 10385-10393.

Wang, S., Apel, E.C., Schwantes, R.H., Bates, K.H., Jacob, D.]., Fischer, E.V., Hornbrook, R.S., Hills, A.J., Emmons, L.K.,
Pan, L.L., 2020. Global atmospheric budget of acetone: air-sea exchange and the contribution to hydroxyl radicals.
J. Geophys. Res. Atmos. 125. €2020JD032553.

Warneck, P., 2003. Tropospheric chemistry. In: Meyers, R.A. (Ed.), Encyclopedia of Physical Science and Technology.
Elsevier, pp. 153-174.

Warneke, C., de Gouw, J.A., 2001. Organic trace gas composition of the marine boundary layer over the Northwest
Indian Ocean in April 2000. Atmos. Environ. 35, 5923-5933.

Williams, P.J.I., Robertson, J.E., 1991. Overall planktonic oxygen and carbon dioxide metabolisms: the problem of rec-
onciling observations and calculations of photosynthetic quotients. J. Plankton Res. 13, 153-169.

Williams, J., Holzinger, R., Gros, V., Xu, X., Atlas, E., Wallace, D.W.R., 2004. Measurements of organic species in air
and seawater from the tropical Atlantic. Geophys. Res. Lett. 31, L23506.

Wingenter, O.W., Haase, K.B., Strutton, P., Friederich, G., Meinardj, S., Blake, D.R., Rowland, F.S., 2004. Changing
concentrations of CO, CH(4), C(5)H(8), CH(3)Br, CH(3)I, and dimethyl sulfide during the Southern Ocean Iron
enrichment experiments. Proc. Natl. Acad. Sci. USA 101, 8537-8541.

Wohl, C., Capelle, D., Jones, A., Sturges, W.T., Nightingale, P.D., Else, B.G.T., Yang, M., 2019. Segmented flow coil
equilibrator coupled to a proton-transfer-reaction mass spectrometer for measurements of a broad range of vol-
atile organic compounds in seawater. Ocean Sci. 15, 925-940.

Wohl, C., Giiell-Bujons, Q., Castillo, Y.M., Calbet, A., Sim¢, R., 2023. Volatile organic compounds released by Oxyrrhis
marina grazing on Isochrysis galbana. Oceans 4, 151-169.

Wolfe, G.V., Steinke, M., 1996. Grazing-activated production of dimethyl sulfide (DMS) by two clones of Emiliania
huxleyi. Limnol. Oceanogr. 41, 1151-1160.


http://refhub.elsevier.com/B978-0-443-13858-4.00001-0/rf0825
http://refhub.elsevier.com/B978-0-443-13858-4.00001-0/rf0825
http://refhub.elsevier.com/B978-0-443-13858-4.00001-0/rf0830
http://refhub.elsevier.com/B978-0-443-13858-4.00001-0/rf0830
http://refhub.elsevier.com/B978-0-443-13858-4.00001-0/rf0835
http://refhub.elsevier.com/B978-0-443-13858-4.00001-0/rf0835
http://refhub.elsevier.com/B978-0-443-13858-4.00001-0/rf0840
http://refhub.elsevier.com/B978-0-443-13858-4.00001-0/rf0840
http://refhub.elsevier.com/B978-0-443-13858-4.00001-0/rf0840
http://refhub.elsevier.com/B978-0-443-13858-4.00001-0/rf0845
http://refhub.elsevier.com/B978-0-443-13858-4.00001-0/rf0845
http://refhub.elsevier.com/B978-0-443-13858-4.00001-0/rf0850
http://refhub.elsevier.com/B978-0-443-13858-4.00001-0/rf0850
http://refhub.elsevier.com/B978-0-443-13858-4.00001-0/rf0850
http://refhub.elsevier.com/B978-0-443-13858-4.00001-0/rf0850
http://refhub.elsevier.com/B978-0-443-13858-4.00001-0/rf0855
http://refhub.elsevier.com/B978-0-443-13858-4.00001-0/rf0855
http://refhub.elsevier.com/B978-0-443-13858-4.00001-0/rf0860
http://refhub.elsevier.com/B978-0-443-13858-4.00001-0/rf0865
http://refhub.elsevier.com/B978-0-443-13858-4.00001-0/rf0865
http://refhub.elsevier.com/B978-0-443-13858-4.00001-0/rf0870
http://refhub.elsevier.com/B978-0-443-13858-4.00001-0/rf0870
http://refhub.elsevier.com/B978-0-443-13858-4.00001-0/rf0870
http://refhub.elsevier.com/B978-0-443-13858-4.00001-0/rf0875
http://refhub.elsevier.com/B978-0-443-13858-4.00001-0/rf0875
http://refhub.elsevier.com/B978-0-443-13858-4.00001-0/rf0880
http://refhub.elsevier.com/B978-0-443-13858-4.00001-0/rf0880
http://refhub.elsevier.com/B978-0-443-13858-4.00001-0/rf0885
http://refhub.elsevier.com/B978-0-443-13858-4.00001-0/rf0885
http://refhub.elsevier.com/B978-0-443-13858-4.00001-0/rf0890
http://refhub.elsevier.com/B978-0-443-13858-4.00001-0/rf0895
http://refhub.elsevier.com/B978-0-443-13858-4.00001-0/rf0895
http://refhub.elsevier.com/B978-0-443-13858-4.00001-0/rf0895
http://refhub.elsevier.com/B978-0-443-13858-4.00001-0/rf0895
http://refhub.elsevier.com/B978-0-443-13858-4.00001-0/rf0900
http://refhub.elsevier.com/B978-0-443-13858-4.00001-0/rf0900
http://refhub.elsevier.com/B978-0-443-13858-4.00001-0/rf0900
http://refhub.elsevier.com/B978-0-443-13858-4.00001-0/rf0905
http://refhub.elsevier.com/B978-0-443-13858-4.00001-0/rf0905
http://refhub.elsevier.com/B978-0-443-13858-4.00001-0/rf0905
http://refhub.elsevier.com/B978-0-443-13858-4.00001-0/rf0910
http://refhub.elsevier.com/B978-0-443-13858-4.00001-0/rf0910
http://refhub.elsevier.com/B978-0-443-13858-4.00001-0/rf0915
http://refhub.elsevier.com/B978-0-443-13858-4.00001-0/rf0915
http://refhub.elsevier.com/B978-0-443-13858-4.00001-0/rf0920
http://refhub.elsevier.com/B978-0-443-13858-4.00001-0/rf0920
http://refhub.elsevier.com/B978-0-443-13858-4.00001-0/rf0925
http://refhub.elsevier.com/B978-0-443-13858-4.00001-0/rf0925
http://refhub.elsevier.com/B978-0-443-13858-4.00001-0/rf0930
http://refhub.elsevier.com/B978-0-443-13858-4.00001-0/rf0930
http://refhub.elsevier.com/B978-0-443-13858-4.00001-0/rf0930
http://refhub.elsevier.com/B978-0-443-13858-4.00001-0/rf0935
http://refhub.elsevier.com/B978-0-443-13858-4.00001-0/rf0935
http://refhub.elsevier.com/B978-0-443-13858-4.00001-0/rf0935
http://refhub.elsevier.com/B978-0-443-13858-4.00001-0/rf0940
http://refhub.elsevier.com/B978-0-443-13858-4.00001-0/rf0940
http://refhub.elsevier.com/B978-0-443-13858-4.00001-0/rf0940
http://refhub.elsevier.com/B978-0-443-13858-4.00001-0/rf0945
http://refhub.elsevier.com/B978-0-443-13858-4.00001-0/rf0945

612 12. The volatile organic carbon component of dissolved organic matter in the ocean

Wong, J., Rios-Solis, L., Keasling, J., 2016. Consequences of Microbial Interactions with Hydrocarbons, Oils, and
Lipids: Production of Fuels and Chemicals. Springer.

Wuerz, M., Lawson, C.A., Ueland, M., Oakley, C.A., Grossman, A.R., Weis, V.M., Suggett, D.]., Davy, S.K., 2022. Sym-
biosis induces unique volatile profiles in the model cnidarian Aiptasia. J. Exp. Biol. 225, jeb244600.

Yang, X.-H., Scranton, M., Lee, C., 1994. Seasonal variations in concentration and microbial uptake of methylamines
in estuarine waters. Mar. Ecol. Prog. Ser. 108, 303-312.

Yang, M.X.,, Blomquist, B.W., Nightingale, P.D., 2014. Air-sea exchange of methanol and acetone during HiWinGS:
estimation of air phase, water phase gas transfer velocities. ]. Geophys. Res. Oceans 119, 7308-7323.

Yassaa, N., Peeken, I., Zollner, E., Bluhm, K., Spracklen, A.S., Williams, J., 2013. Evidence for marine production of
monoterpenes. Environ. Chem. 5, 391-401.

Yoshida, Y., Wang, Y., Shim, C., Cunnold, D., Blake, D.R., Dutton, G.S., 2006. Inverse modeling of the global methyl
chloride sources. J. Geophys. Res. Atmos. 111, D16307.

Yu, Z., Li, Y., 2021. Marine volatile organic compounds and their impacts on marine aerosol—a review. Sci. Total
Environ. 768, 145054.

Zafiriou, O.C., 1975. Reactions of methyl halides with seawater and marine aerosols. . Mar. Res. 33, 75-81.

Zhou, X., Mopper, K., 1997. Photochemical production of low-molecular-weight carbonyl compounds in seawater
and surface microlayer and their air-sea exchange. Mar. Chem. 56, 201-213.

Ziska, F., Quack, B., Abrahamsson, K., Archer, S.D., Atlas, E., Bell, T., Butler, ].H., Carpenter, L]., Jones, C.E,,
Harris, N.RP., Hepach, H., Heumann, K.G., Hughes, C., Kuss, J., Kriiger, K., Liss, P., Moore, R.M.,
Orlikowska, A., Raimund, S., Reeves, C.E., Reifenhduser, W., Robinson, A.D., Schall, C.,, Tanhua, T.,
Tegtmeier, S., Turner, S., Wang, L., Wallace, D., Williams, J., Yamamoto, H., Yvon-Lewis, S., Yokouchi, Y.,
2013. Global Sea-to-air flux climatology for bromoform, dibromomethane and methyliodide. Atmos. Chem. Phys.
13, 8915-8934.


http://refhub.elsevier.com/B978-0-443-13858-4.00001-0/rf0950
http://refhub.elsevier.com/B978-0-443-13858-4.00001-0/rf0950
http://refhub.elsevier.com/B978-0-443-13858-4.00001-0/rf0955
http://refhub.elsevier.com/B978-0-443-13858-4.00001-0/rf0955
http://refhub.elsevier.com/B978-0-443-13858-4.00001-0/rf0960
http://refhub.elsevier.com/B978-0-443-13858-4.00001-0/rf0960
http://refhub.elsevier.com/B978-0-443-13858-4.00001-0/rf0965
http://refhub.elsevier.com/B978-0-443-13858-4.00001-0/rf0965
http://refhub.elsevier.com/B978-0-443-13858-4.00001-0/rf0970
http://refhub.elsevier.com/B978-0-443-13858-4.00001-0/rf0970
http://refhub.elsevier.com/B978-0-443-13858-4.00001-0/rf0975
http://refhub.elsevier.com/B978-0-443-13858-4.00001-0/rf0975
http://refhub.elsevier.com/B978-0-443-13858-4.00001-0/rf0980
http://refhub.elsevier.com/B978-0-443-13858-4.00001-0/rf0980
http://refhub.elsevier.com/B978-0-443-13858-4.00001-0/rf0985
http://refhub.elsevier.com/B978-0-443-13858-4.00001-0/rf0990
http://refhub.elsevier.com/B978-0-443-13858-4.00001-0/rf0990
http://refhub.elsevier.com/B978-0-443-13858-4.00001-0/rf0995
http://refhub.elsevier.com/B978-0-443-13858-4.00001-0/rf0995
http://refhub.elsevier.com/B978-0-443-13858-4.00001-0/rf0995
http://refhub.elsevier.com/B978-0-443-13858-4.00001-0/rf0995
http://refhub.elsevier.com/B978-0-443-13858-4.00001-0/rf0995
http://refhub.elsevier.com/B978-0-443-13858-4.00001-0/rf0995
http://refhub.elsevier.com/B978-0-443-13858-4.00001-0/rf0995
http://refhub.elsevier.com/B978-0-443-13858-4.00001-0/rf0995

