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Sea spray aerosols (SSA) are one of the most abundant aerosols in the atmosphere and
strongly influence clouds and climate. The impact of SSA on climate is driven by its chemical
composition, in particular the composition of organic matter in SSA; however a full
understanding of the factors that control the transfer of organic matter from seawater to SSA has
remained elusive. Here we use a combination of fluorescence techniques to examine the
chemical composition of seawater, the sea surface microlayer, and SSA in order to identify the
factors that give rise to the appearance of species in SSA. Moreover, we use state-of-the-art
aerosol generation techniques to study the temporal changes in seawater and isolated SSA over
the course of phytoplankton bloom mesocosm experiments that mimic rapid changes in ocean
biology and chemistry. In this dissertation, a unique SSA fluorescence signature was
characterized and the contribution of marine bacteria to SSA fluorescence was explored.
Additional experiments discussed in this dissertation examine the timing of transfer for different
classes of molecules in seawater, such as protein-like and humic-like substances (HULIS), and
factors that control transfer were identified for each molecular class. Further studies on the
HULIS produced during phytoplankton blooms reveal the importance of bacterial enzymes on
the sea-air transfer of HULIS. This dissertation also examines the reliability of fluorescence to
determine HULIS relative concentration in the presence of aggregation processes. Finally, in this
dissertation, a novel approach to study the metabolic activity of marine bacteria is presented and
the transfer of metabolically active marine bacteria is discussed. The findings presented herein
help to unravel the complex chemical and biological factors that control SSA composition in the

real atmosphere.
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Chapter 1. Introduction

1.1  Aerosols and Their Impact on Climate

Aerosols are solids or liquids suspended in a gas or more specifically, the atmosphere
[Seinfeld and Pandis, 2006]. These particles range in size from less than 10 nm to tens of
microns [Seinfeld et al., 2006]. And while they can be over a hundred times smaller than the
width of a human hair, they have profound effects on Earth’s climate, atmospheric chemistry,
and human health [Seinfeld et al., 2006]. In terms of climate, aerosols can interact with solar
radiation directly via absorption or scattering of light (known as the direct effect). The ability of
aerosols to scatter light depends on factors including their size and refractive index, which in turn
is determined by a particle’s chemistry [Seinfeld et al., 2006; Kuniyal and Guleria, 2019].
Aerosols can also interact with solar radiation indirectly by acting as cloud seeds or forming ice
in clouds (ice nucleation), thus controlling cloud properties and lifetime (known as the indirect
effect). An aerosol’s ability to take up water also depends on multiple factors such as its size and
chemical makeup [Seinfeld et al., 2006; Kuniyal et al., 2019]. Thus chemistry plays a central role
in aerosol’s impact on climate. However, because of the vast chemical complexity of
atmospheric aerosols, aerosol climate impacts are difficult to study. Therefore, their impact on
climate, especially the indirect effect, has been a major uncertainty limiting our understanding of
climate change [IPCC, 2013]. This uncertainty partially stems from the wide variety of sources
for atmospheric aerosols, which can be natural or anthropogenic [Seinfeld et al., 2006]. The
physicochemical properties of aerosols in the atmosphere can be completely different depending
on their source [Seinfeld et al., 2006]. One of the most abundant types of aerosols comes from

the ocean and is referred to as sea spray aerosol (SSA) [Gantt and Meskhidze, 2013].
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1.2  Sea Spray Aerosol Climate Impact and Chemical Composition

Oceans cover over 70% of the Earth’s surface. The breaking of waves on the ocean
surface generates SSA via the bubble bursting process [Gantt et al., 2013]. Approximately 2000-
10,000 Tg/yr of SSA is ejected from seawater globally; thus, SSA is one of the most abundant
types of natural aerosols in the atmosphere [Gantt et al., 2013]. SSA can impact climate via both
the direct and indirect effect. SSA contains salt which can interact with solar radiation directly by
scattering light and contributing to atmospheric cooling [Haywood et al., 1999; Randles et al.,
2004]. It can also contribute to the indirect effect by forming clouds and affecting cloud
properties [Gantt et al., 2013]. The SSA impact on the indirect effect is particularly important
over remote oceans, where SSA can dominate the aerosol population and cloud formation results
in a large change in albedo [Mccoy et al., 2015]. SSA can also act as a source for ice nuclei and
affect cloud lifetime [McCluskey et al., 2017]. While the specific climate-relevant impacts of
SSA must be further constrained, it is clear that the SSA impact on climate depends largely on
their chemical and biological composition [Randles et al., 2004; Gantt et al., 2013; Mccoy et al.,
2015; McCluskey et al., 2017].

Because the ocean contains a diverse mixture of organic matter and microscopic
organisms, the SSA produced carries with it a unique and complex chemical and biological
mixture that is directly controlled by the chemical and biological state of the ocean [Gantt et al.,
2013; Prather et al., 2013; Lee et al., 2015; Wang et al., 2015; Cochran et al., 2017; Bertram et
al., 2018; Malfatti et al., 2019; Hasenecz et al., 2020]. In addition to inorganic components such
as sodium chloride, SSA contains a large organic component that is aerosol size-dependent, with
a typically high organic fraction at the smaller aerosol sizes [Prather et al., 2013; Cochran et al.,

2017; Bertram et al., 2018]. The exact nature of this organic fraction has only been recently



heavily studied and has been shown to consist of a wide variety of biomolecules such as lipids,
saccharides, proteins, cell fragments, intact microbe cells, and others [Leck and Bigg, 2005;
Facchini et al., 2008; Gantt et al., 2013; Prather et al., 2013; Jayarathne et al., 2016; Cochran
et al., 2017; Bertram et al., 2018; Malfatti et al., 2019; Santander et al., 2021]. While numerous
studies have focused on the identification of specific molecular classes in SSA, further questions
regarding what compounds are ejected and why still remain [Bertram et al., 2018]. What are the
ocean biological and chemical factors that control the transfer of organic material from seawater
to sea spray? Further investigations into the link between the ocean and the atmosphere are

critical to better understand the role of SSA and the oceans on climate.

1.3 The Microbial Loop and the Transfer of Organic Matter and Microbes from
Seawater to SSA

Because of the complex chemical composition of SSA, understanding how ocean
chemical and biological conditions play a role in SSA composition has been increasingly
important in order to predict the role of SSA in climate. Previous field and laboratory studies
have shown that the microbial loop [Azam et al., 1983] is vital in controlling SSA chemical
composition [Prather et al., 2013; Rinaldi et al., 2013; Lee et al., 2015; O'Dowd et al., 2015;
Wang et al., 2015; Malfatti et al., 2019]. In the microbial loop, marine heterotrophic bacteria
degrade and transform the dissolved organic matter produced by phytoplankton [Azam et al.,
1983]. Following phytoplankton blooms, the increase in heterotrophic bacteria concentrations
and their enzyme activities can lead to enhanced transfer of organic matter from seawater to SSA
[Lee et al., 2015; Wang et al., 2015]. However, the timing and role of bacteria on the transfer of

specific classes of molecules requires further studies.



Previous work focusing on specific molecular classes has shown that unique factors may
also lead to enhanced sea-air transfer [Cochran et al., 2016; Jayarathne et al., 2016]. For
example, studies using lipids have shown that differences in surface adsorption can affect the
sea-air transfer of lipids, while the binding affinity of cations to these lipids can affect the
transfer of divalent cations [Cochran et al., 2016]. These findings focused on the air-sea
interface has raised interest in the role of the sea surface microlayer (SSML), the 1-1000nm thick
layer at the ocean’s surface, and how enrichment in the SSML can affect transfer [Cunliffe et al.,
2013]. While previous work has focused on specific factors that may affect sea-air transfer,
questions regarding when and under what types of biological conditions do different molecular
classes transfer to SSA remain to be answered.

A milliliter of seawater can contain 10° to 10" bacteria cells, which can also be directly
launched into the atmosphere via SSA [Patterson et al., 2016; Michaud et al., 2018]. Previous
field studies of microbes in the atmosphere have shown that microbes are abundant in the air and
that the ocean is a likely source for airborne bacteria [Fahlgren et al., 2010; Smets et al., 2016].
However, only recently has the identification of intact bacteria in SSA been a focus of
investigation. Early investigations into isolated SSA produced in the lab have observed a
biological component in SSA [Prather et al., 2013; Cochran et al., 2017]. Further studies using
cryogenic transmission electron microscopy have observed intact cells in SSA [Patterson et al.,
2016]. Additional studies using extracted DNA have shown that specific bacteria strains are
more enriched in SSA and found that factors such as cell wall composition can play a role in
more efficient transfer [Michaud et al., 2018]. While insights into the transfer of bacteria have
been revealed, the properties of microbes after ejection, such as metabolic activity, have yet to be

determined. Recent work has shown that airborne bacteria have the potential to be metabolically



active [Klein et al., 2016] and to express enzymes [Malfatti et al., 2019]. However, no studies
have examined the metabolic activity of microbes in SSA or how activity changes due to ocean
conditions. Metabolically active microbes in SSA can alter SSA chemistry, affecting their role in
climate and atmospheric chemistry [Smets et al., 2016]. Thus, uncovering the nature of marine

microbes will elucidate their role in climate and human health.

1.4  Laboratory Generation Methods for Producing Atmospherically Relevant SSA

The presence of aerosols from a wide variety of sources makes SSA in the atmosphere a
challenge to study in the field and motivates laboratory studies of isolated SSA [Prather et al.,
2013]. However, SSA has been challenging to study in the laboratory due to the difficulty in
generating SSA that accurately mimics the SSA produced over the ocean. SSA observed over the
ocean has a unique size distribution that arises from the bursting of bubbles as a wave breaks on
the ocean’s surface [Lewis and Schwartz, 2004]. Additionally, two mechanisms control aerosol
production: the rupture of the bubble cap to produce film drops and the collapse of the bubble
cavity to eject jet drops [Lewis et al., 2004]. The contribution of each of these mechanisms
depends on the bubble size distribution created when a wave breaks [Lewis et al., 2004]. This
bubble bursting process also carries with it a unique chemical and biological composition that
depends on the biological state of the ocean [Prather et al., 2013]. Thus, in order to capture real,
isolated SSA chemistry in the laboratory, the true bubble bursting process must be accurately
mimicked.

Three techniques have recently been developed or applied for studies of isolated SSA: 1)
the wave channel at Scripps Institution of Oceanography [Prather et al., 2013], 2) the Marine

Aerosol Reference Tank (MART) [Stokes et al., 2013], 3) and the miniature Marine Aerosol



Reference Tank (miniMART) [Stokes et al., 2016]. Each of these three SSA generation methods
have been shown to accurately mimic the aerosol size distribution generated over the ocean. The
SIO wave channel can hold 13,000 L of seawater and produces SSA using a paddle to generate a
sinusoidal wave that breaks over an artificial beach. The MART holds approximately 120 L of
seawater and generates SSA using a periodic plunging waterfall. The miniMART holds 7 L of
seawater and generates aerosols using a water wheel to create a small periodic waterfall. These
three generation methods are isolated systems that allow for more controlled experiments where
the seawater acting as the source of aerosols can be manipulated to mimic a wide range of ocean
chemical and biological states [Prather et al., 2013; Lee et al., 2015; Wang et al., 2015]. These
experiments can range from simple systems, such as single molecule solutions or bacteria
cultures, to extremely complex systems, such as the growth and decline of a phytoplankton
bloom. These SSA generation techniques, in combination with tools for chemical
characterization of both seawater and SSA, can be used to provide unique insights into the

transfer of organic matter and microbes from seawater to SSA.

1.5  Fluorescence Spectroscopy as a Tool for Identifying Links Between Seawater and
Aerosol Chemistry

Fluorescence spectroscopy is a powerful tool that can be used to investigate the chemistry
of both seawater and SSA. Fluorescence is a phenomenon where a molecule in its excited singlet
electronic state relaxes to its ground electronic state through the rapid emission of a photon
[Lakowicz, 2006]. The fluorescence emission spectra observed depends on the chemical structure
of the fluorophores and the solvent in which the fluorophore is dissolved [Lakowicz, 2006]. This

specificity combined with high sensitivity makes fluorescence ideal for chemical characterization



[Lakowicz, 2006]. Two commonly used advancements of fluorescence spectroscopy for the study
of aerosol and seawater chemistry include the Wideband Integrated Bioaerosol Sensor (WIBS
and excitation-emission matrix (EEM) spectroscopy [Gabey et al., 2010; Pohlker et al., 2012;
Murphy et al., 2013; Toprak and Schnaiter, 2013].

The WIBS is an instrument designed to detect fluorescence from single particles in real
time in order to identify bioaerosols in the atmosphere [Kaye et al., 2005]. Rather than full
emission spectra, the WIBS integrates the fluorescence over specific wavelength bands at two
specific excitation wavelengths targeting the amino acid tryptophan and the cofactor
nicotinamide adenine dinucleotide (NADH) [Kaye et al., 2005]. In addition to fluorescence, the
WIBS also measures particle size and shape. While the WIBS has been used to characterize
aerosols in both field studies and laboratory experiments [Gabey et al., 2010; Toprak et al.,
2013; Hernandez et al., 2016; Crawford et al., 2017; Savage et al., 2017], no studies have used
the WIBS to investigate the fluorescence signature of isolated SSA. A WIBS fluorescence
characterization of isolated SSA is necessary in order to disentangle their impact in the real
atmosphere.

EEM spectroscopy is an extension of fluorescence spectroscopy for improved bulk
solution chemical characterization [Mostofa, 2013; Murphy et al., 2013]. By examining emission
spectra at multiple excitations wavelengths, complex solutions containing multiple fluorophores
can be easily studied [Coble, 1996]. This technique has been increasingly used to investigate the
composition and dynamics of organic matter in a multitude of aquatic environments including
wastewater, lakes and the ocean [Mostofa, 2013; Murphy et al., 2013; Jaffe et al., 2014; Yu et
al., 2020]. EEM spectroscopy is advantageous for studying aquatic environments because it

allows for rapid, direct measurements without the need for sample processing or storage [Coble,



1996; Zhang et al., 2011]. Additionally, EEM spectroscopy can be used in combination with
parallel factor analysis (PARAFAC), a modeling technique used to separate EEMSs into
individual fluorescent components [Ishii and Boyer, 2012; Mostofa, 2013; Murphy et al., 2013].
Both EEMs and PARAFAC analysis have been used previously in numerous studies on marine
systems and fewer aerosol studies [Coble, 1996; Pohlker et al., 2012; Mostofa, 2013; Murphy et
al., 2013; Nebbioso and Piccolo, 2013; Chen et al., 2016]. However, EEM spectroscopy has not
been used simultaneously on marine and aerosol systems to examine the transfer of organic
matter from seawater to SSA.

In seawater, three classes of fluorescent molecules are commonly detected in EEMs:
chlorophyll-a, protein-like substances, and humic-like substances [Parlanti et al., 2000; Mostofa,
2013]. Each of these classes fluoresces in a different wavelength region and indicates the
presence of different types of biologically-derived constituents in the seawater.

Chlorophyll-a fluoresces in the excitation/emission wavelength region at 400-440 nm /
680-690 nm [Falkowski and Kiefer, 1985]. Chlorophyll-a is a common pigment found in every
photosynthetic organism, including the microscopic phytoplankton and cyanobacteria found in
the marine environment [Falkowski et al., 1985]. Chlorophyll-a has been frequently used as a
proxy for phytoplankton biomass in the ocean and provides insight into ocean primary
productivity and biological activity [Falkowski et al., 1985; Vignati et al., 2010; Rinaldi et al.,
2013; Quinn et al., 2014]. No studies have reported the detection of this pigment in SSA, thus no
studies focus on the factors controlling its sea-air transfer. Because of its unique fluorescence
signature and presence in specific types of microbes, chlorophyll-a fluorescence can be used as a

useful tool to investigate sea-air transfer.



Protein-like substance fluorescence can originate from a variety of sources, including
dissolved proteins, exopolymeric substances (EPS), viruses, bacteria, and phytoplankton
[Determann et al., 1998; Lakowicz, 2006; Mostofa, 2013]. These fluoresce in the wavelength
region of excitation/emission = 275-280 nm / 300-350 nm. It can be further divided into two
fluorescence regions: tryptophan-like fluorescence (Ex/Em = 275-280 nm / 330-350 nm) and
tyrosine-like fluorescence (EX/Em = 275 nm / 300-310 nm) [Determann et al., 1998; Parlanti et
al., 2000; Lakowicz, 2006; Mostofa, 2013]. Because the fluorescence in this region primarily
comes from the amino acid tryptophan, observed fluorescence at these excitation or emission
wavelengths have been used to identify bioaerosols in the atmosphere [Despres et al., 2012;
Pohlker et al., 2012; Santl-Temkiv et al., 2019]. Bioaerosols play a critical role in climate and
human health.[Santl-Temkiv et al., 2019] They can impact cloud properties by acting as cloud
seeds or by forming ice in clouds [Sun and Ariya, 2006; McCluskey et al., 2017; Santl-Temkiv et
al., 2019]. Thus, distinguishing bioaerosols in the atmosphere is vital for a better understanding
of their role in climate and health.

Fluorescence in the excitation/emission wavelength region at approximately 320-380 nm
/ 415-500 nm, are attributed to humic-like substances (HULIS) [Coble, 1996; Mostofa, 2013].
HULIS is a complex class of organic molecules that are produced as a result of degrading dead
organisms [Hessen and Tranvik, 1998; Zhang et al., 2009]. HULIS in the marine environment
has been shown to play a role in numerous processes including metal chelation, microbe growth,
bioavailability of organic matter for microbe uptake, and production of reactive oxygen species
[Vrana and Votruba, 1995; Hessen et al., 1998; Pouneva, 2005; Laglera and van den Berg,
2009; Gledhill and Buck, 2012]. HULIS is ubiquitous in the atmosphere and has been the focus

of many atmospheric studies due to their potential to act as cloud seeds and contribute to



atmospheric heterogeneous chemistry by acting as photosensitizers [Graber and Rudich, 2006;
Ciuraru et al., 2015; Shrestha et al., 2018; Tsui and McNeill, 2018; Wang et al., 2020]. While it
has been suggested that the ocean is a source for atmospheric HULIS, no studies have focused on
the direct sea-air transfer of HULIS in an isolated setting [Cavalli et al., 2004; Graber et al.,
2006]. Additionally, bacteria are vital for HULIS production in seawater [Shimotori et al., 2009;
Shimotori et al., 2012]; however, no studies have examined the impact of bacteria or their
enzymes on HULIS sea-air transfer. Because of the wide range of roles that HULIS can play in
both the seawater and the atmosphere, uncovering the factors that affect the transfer of HULIS
from seawater to the atmosphere is critical to better understand its atmospheric chemistry

contribution.

1.6 Objectives of Thesis

The overarching goal of the studies in this thesis is to provide unique insights into the
transfer of marine organic molecules and microbes from seawater to SSA. While extensive
research in the past decade has made great progress in uncovering the chemical composition of
SSA [Cochran et al., 2017; Bertram et al., 2018], the links between ocean chemistry and SSA
composition require further investigation. Specifically, the factors that control sea-air transfer,
and how these factors are influenced by marine microbiology, remain elusive. Factors such as
concentration, surface activity, and inter-molecular interactions have been suggested to influence
the transfer of specific chemical classes [Cochran et al., 2016]. However, more studies are
necessary to elucidate how these factors play a role in seawater, which is rich in chemical and
biological complexity. It is also necessary to elucidate how these factors may change over time

and under various ocean biological conditions. Additionally, while it is known that microbes are
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transferred from seawater to SSA, the nature of microbes post-ejection requires further

investigation. An improved understanding of the microbes in the atmosphere is necessary to

elucidate their role in climate and human health. Thus, this dissertation seeks to answer the

following questions:

1.

What are the fluorescence characteristics of SSA, based on different fluorescence
methods? And how do marine bacteria contribute to SSA fluorescence?

How does the timing of sea-air transfer for different classes of seawater compare with
one another as well as with the timing of a natural growth and decline cycle of
phytoplankton bloom?

How do marine bacteria and their enzymes influence the sea-air transfer of humic-like
substances, one of the most complex classes of organics in seawater?

How does the aggregation of humic substances in seawater affect their fluorescence
intensities?

Do marine bacteria remain active after sea-air transfer and how is their metabolic

activity in SSA influenced by ejection at different stages of a phytoplankton bloom?

1.7  Synopsis of Thesis

The work described in this thesis utilizes a combination of state-of-the-art aerosol

generation methods and measurement techniques to uncover new insights into the transfer of

organic molecules and microbes from seawater to SSA. Chapter 2 discusses the application and

comparison of two widely used fluorescence techniques for the characterization of SSA: EEM

spectroscopy and a WIBS. Specifically, the fluorescence signature from the perspective of both

bulk aerosol, full spectra and single-particle, integrated intensities was characterized. Chapter 3
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discusses the transfer of different classes of organic molecules from seawater to sea spray using
EEM spectroscopy. This chapter also discusses how the timing of ejection for these different
classes compares to their corresponding seawater trends, the other classes of molecules, and the
growth and decline cycle of a phytoplankton bloom. Chapter 4 focuses specifically on the sea-air
transfer of HULIS from several phytoplankton blooms and how this transfer is influenced by
ocean microbiology and microbial enzymatic activity. Chapter 5 examines the reliability of EEM
spectroscopy as a tool to measure HULIS relative abundance despite aggregation processes that
may affect HULIS fluorescence. Finally, Chapter 6 discusses the sea-air transfer of metabolically
active marine microbes using a unique combination of the RedoxSensor Green dye with 3
different techniques: EEM spectroscopy, flow cytometry, and laser scanning confocal
microscopy. By investigating the sea-air transfer of organic matter and microbes, this thesis

helps to elucidate the ocean’s role in impacting atmospheric chemistry and climate.
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Chapter 2. Tandem Fluorescence Measurements
of Organic Matter and Bacteria Released in Sea

Spray Aerosols

2.1  Synopsis

Biological aerosols, typically identified through their fluorescence properties, strongly
influence clouds and climate. Sea spray aerosols (SSA) are a major source of biological aerosols,
but detection in the atmosphere is challenging due to potential interference from other sources.
Here, the fluorescence signature of isolated SSA, produced using laboratory-based aerosol
generation methods, was analyzed and compared with two commonly used fluorescence
techniques: excitation-emission matrix spectroscopy (EEMS) and the Wideband Integrated
Bioaerosol Sensor (WIBS). A range of dynamic biological ocean scenarios were tested to
compare EEMS and WIBS analyses of SSA. Both techniques revealed similar trends in SSA
fluorescence intensity in response to changes in ocean microbiology, demonstrating the potential
to use the WIBS to measure fluorescent aerosols alongside EEMS bulk solution measurements.
Together, these instruments revealed a unique fluorescence signature of isolated, nascent SSA
and, for the first time, a size segregated emission of fluorescent species in SSA. Additionally, the
fluorescence signature of aerosolized marine bacterial isolates was characterized and showed
similar fluorescence peaks to those of SSA, suggesting that bacteria are a contributor to SSA
fluorescence. Through investigation of isolated SSA, this study provides a reference for future

identification of marine biological aerosols in a complex atmosphere.
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[llustration 2.1. lllustration broadly summarizing the purpose and experimental design combining
fluorescence techniques to study SSA.

2.2 Introduction

Biological aerosols, or bioaerosols, are particles that include organisms, biological
fragments, excretions, or dispersal units [Frohlich-Nowoisky et al., 2016]. These particles are
ubiquitous in the atmosphere and can have profound effects on clouds and climate by acting as
cloud condensation nuclei and ice nuclei in clouds [Frohlich-Nowoisky et al., 2016]. Therefore,
there is a strong interest to identify bioaerosols and understand their atmospheric dynamics. A
widely used method for bioaerosol identification is fluorescence spectroscopy, which exploits the
intrinsically fluorescent biomolecules found in these aerosols [Pohlker et al., 2012]. However,
aerosols in the atmosphere are often externally mixed populations from different sources, making
it a challenge to separate particle types based on fluorescence alone. Thus, it is necessary to
characterize the fluorescence of isolated particle sources to disentangle the impact of different
bioaerosols in the atmosphere.

The oceans have been shown to be a major source of bioaerosols, via sea spray aerosols
(SSA) particles [Despres et al., 2012; Frohlich-Nowoisky et al., 2016]. SSA particles are
produced when bubbles, entrained by breaking waves, burst at the sea surface. SSA composition

can vary depending on the biological state of the ocean [Prather et al., 2013; Rinaldi et al.,
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2013; Wang et al., 2015]. Previous studies have shown that SSA particles contain bacteria, cell
fragments, viruses, enzymes, and other biomolecules that can influence the climate and relevant
cloud properties [Patterson et al., 2016; Malfatti et al., 2019]. Despite the potential for marine
bioaerosols to play a major role in climate, very few studies have used fluorescence as a tool to
identify bioaerosols released during nascent SSA production [Toprak and Schnaiter, 2013;
Kasparian et al., 2017; Yue et al., 2019]. This is, in part, due to the difficulty of using
fluorescence to study SSA in the real atmosphere without a basic understanding of the
fluorescence signature of SSA.

Here, the fluorescence characterization for isolated, lab-generated SSA is reported. Two
common fluorescence methods were used to characterize SSA: excitation-emission matrix
spectroscopy (EEMS) and a Wideband Integrated Bioaerosol Sensor (WIBS). EEMS has been
widely used to characterize organic matter in a variety of aqueous environments including
seawater [Zhang et al., 2011; Mostofa, 2013; Nebbioso and Piccolo, 2013]. EEMS has the
advantage of taking direct, full-spectrum fluorescence measurements of aqueous samples and can
be used to investigate offline, bulk aerosol chemistry. The WIBS collects online, single-particle
fluorescence measurements at lower resolution and has been increasingly used to investigate the
dynamics of atmospheric bioaerosols in both the laboratory and the field [Gabey et al., 2010;
Toprak et al., 2013; Hernandez et al., 2016; Crawford et al., 2017; Savage et al., 2017].
However, no studies have used the WIBS to directly measure isolated, nascent SSA in a
laboratory setting. In the present study, single-particle and bulk aerosol fluorescence were used
to evaluate realistic SSA and determine how SSA fluorescence changes under dynamic ocean
biological conditions (e.g. during a phytoplankton bloom). Additionally, these techniques were

used to characterize the contribution of marine bacteria to SSA fluorescence through controlled
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experiments involving isolated marine bacteria and abiotic seawater. This study provides a
framework for using a fluorescence approach to investigate how temporal changes in biological

species affect SSA released into the environment.

2.3 Methods

2.3.1. Aerosol Generation and Experiment Design

SSA particles were generated using three different methods: a wave channel located at
the Scripps Institution of Oceanography [Prather et al., 2013; Wang et al., 2015], a Marine
Aerosol Reference Tank (MART) [Stokes et al., 2013; Lee et al., 2015], or a miniature Marine
Aerosol Reference Tank (miniMART) [Stokes et al., 2016]. Each of these aerosol generation
methods is an isolated system, without the influence of non-biological fluorescent particles from
terrestrial or anthropogenic sources. Additionally, each of these methods produces aerosol size
distributions and chemical compositions which mimic that of a breaking ocean wave [Collins et
al., 2014; Stokes et al., 2016]. The three experimental methods also differed in biological activity
in the seawater: 1. Seawater without a phytoplankton bloom; 2. Seawater with Guillard’s nutrient
medium added to generate a phytoplankton bloom with natural marine microbial communities
[Guillard and Ryther, 1962]; and 3. Control scenarios consisting of either abiotic seawater or
cultured marine bacterial strains in a phosphate- buffered saline solution (4x PBS). Details of the

three experiments are provided in Table 2.1 as well as the Supporting Information.
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Table 2.1. Layout of the three experimental setups used in this study.

Experiment Bulk Solution Additions Aerosql Fluorescence
Number Generation  Measurements
EEMS bulk solution,
Experiment 1 Seawater None Wave channel EEMS & WIBS
aerosol
F/100 EEMS bulk solution,
Experiment 2 Seawater nutrients?, MART EEMS & WIBS
sodium silicate aerosol

Seawater & filtered, EEMS bulk solution

Experiment 3a F/2 nutrients® miniMART

autoclaved seawater & WIBS aerosol
) 4xPBS with .. EEMS bulk solution
Experiment 3b bacterial isolates None MiniIMART & WIBS aerosol

#Final concentration of Guillard’s growth medium. A final concentration of F/2 is defined by Guillard & Ryther
(1962), therefore, a concentration of F/100 is a 50x dilution.

2.3.2. Aerosol and Seawater Sample Collection

Aerosol samples were measured in real time with the WIBS and collected into a liquid
solution for EEMS measurements. Prior to detection with the WIBS, aerosols were dried using
in-line silica diffusion driers to maintain a relative humidity of <20% throughout all experiments.
As a result of drying and partial quenching of the fluorophores, it is possible that a fraction of
fluorescent particles was below the fluorescence threshold. While channel 1 may not be affected
due to the strong emission of tryptophan, humic-like substances can show decreased emission
when in a powder state [Pohlker et al., 2012]. However, SSA particles have been shown to be
semisolid below the efflorescence point [Lee et al., 2020], therefore, drying should not have a
significant effect on the observed trends.

For EEMS analysis of the bulk aerosol, collection involved a liquid spot sampler

(Aerosol Devices Inc., 110A), which uses a water condensation growth tube to collect particles
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directly into a liquid medium with high efficiency [Fernandez et al., 2014]. Aerosols passing
through the spot sampler were collected in ultrapure water. Although collection into ultrapure
water could potentially change the fluorescence intensity due to bacterial lysis and subsequent
solvent exposure, these changes would be slight, due to the lack of new tryptophan
formation/breakdown. Additionally, any changes would be consistent throughout the course of
these experiments. SSA particles were collected for experiments 1 and 2 at a flow rate of 1.5
liters per minute (LPM) for 1 hour on the MART or overnight (12 hours) on the wave channel.
No aerosols were collected for EEMS analysis for experiment 3 (miniMART).

Seawater collection for EEMS analysis was performed for each experiment. For all
experiments, seawater samples were collected into either 15 mL or 50 mL sterile, polypropylene
tubes. Seawater samples were collected during aerosol generation for Experiment 2 and either
prior to, or immediately after, aerosol generation for the other experiments. Excitation-emission

matrices (EEMs) were generally measured within 20 minutes of collection.

2.3.3. Bacterial Isolate Culture Preparation

Three different marine-relevant bacterial isolates were chosen due to their presence in the
coastal waters off of Scripps Pier: AltSIO, ATW?7, and BBFL7 [Bidle and Azam, 2001; Pedler et
al., 2014]. All isolates were originally derived from the Pacific Ocean off the Scripps Pier in La
Jolla, California and isolated by the Azam laboratory at the Scripps Institution of Oceanography.
For this experiment, bacterial isolates were streaked out from a frozen glycerol stock onto ZoBell
medium. After 24 hours, colonies were picked and grown in liquid ZoBell medium at room
temperature on a shaker (130 rpm). The next day, the cultures were harvested through 5 minutes

of centrifugation at 9000 g and washed with PBS to remove the supernatant (spent medium).
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Optical density was measured at 600 nm in order to have a 1:1:1 (AltSIO:ATW7:BBFL7) ratio
of the three cultures in the inoculum with a concentration of 1x10° cells/mL. The final
concentration of bacterial cells in the miniMART was ~1.6x10° cells/mL, which is on the order
of known bacterial concentrations in the ocean, especially in oligotrophic regions [Azam et al.,

1983].

2.3.4. Fluorescence Measurements

WIBS: Online, single-particle fluorescence measurements were taken using a Wideband
Integrated Bioaerosol Sensor (Droplet Measurement Technologies, WIBS-NEO). The WIBS
operation has been described previously in detail [Gabey et al., 2010]. Briefly, the WIBS utilizes
two xenon lamps with bandpass filters to generate two excitation wavelengths at 280 nm (Xel)
and 370 nm (Xe2). These excitation wavelengths are intended to target the fluorescence
excitation of the amino acid tryptophan and the biological cofactor nicotinamide adenine
dinucleotide (NADH), respectively [Kaye et al., 2005]. The WIBS collects the fluorescence
emission from a particle using two photomultiplier tubes (PMTSs) with bandpass filters from 310-
400 nm (FL1) and from 420 — 650 nm (FL2). This arrangement creates three main combinations
of fluorescence excitation and emission “channels,” with different target molecules. These
channels are labeled here as channel 1 (Xel/FL1; EX/Em = 280 nm/310-400 nm; targeting
tryptophan), channel 2 (Xel/FL2; 280 nm/420-650 nm; targeting riboflavin), and channel 3
(Xe2/FL2; 370nm/420-650 nm, targeting NADH). We focus primarily on channels 1 and 3, as
these channels coincide with the EEMs peaks representing the fluorescence from protein-like and

humic-like substances (HULIS), respectively. Additionally, we exclude channel 2 from most of
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our discussion due to the potential cross-sensitivity of this channel with the other two channels,
as reported previously [Gabey et al., 2011; Toprak et al., 2013].

A forced trigger sampling period, where the sample flow is off and the xenon lamps are
fired, was performed at the start of each day to provide a blank for the fluorescent particle

detection. Particles are deemed fluorescent if they exceed a minimum threshold:

Ernreshota; = 30; + Ej
[1]

where b;i is the mean background fluorescence from the forced trigger data and o; is the standard
deviation of the background for each fluorescence channel (FL;), as described in previous studies
[Toprak et al., 2013]. The fluorescence values for particles detected by the WIBS were then
subtracted by the forced trigger thresholds for each individual channel. The WIBS-NEO has
greater dynamic range compared to previous models, which prevents saturation of the detector
for highly fluorescent particles [Forde et al., 2019]. The intensity values reported are in arbitrary
units, however, the mean SSA intensity values were converted to mass equivalents of tryptophan
(channel 1) and quinine (channel 2&3) based on a similar calibration to that defined by Robinson
et al. (Figure 2.6) [Robinson et al., 2017].

The WIBS uses a 635 nm continuous-wave laser to detect, size, and determine the shape
of single particles. Optical diameter measurements, from 0.5 um to 50 um, are based on
detection of side-scattered light with the FL2 PMT. Analysis of forward-scattered light on a
quadrant PMT determines the asymmetry factor (AF) for each particle. The AF is a measure of
the shape of a particle, with an AF <10-15 indicative of nearly spherical particles, an AF of 15-
30 for aspherical particles, and an AF >30 for rod or fiber shaped particles [Kaye et al., 2007;

Crawford et al., 2017]. The single-particle optical diameter, measured with the WIBS, was used
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to calculate the size distribution of fluorescent particles in each channel. Polystyrene latex
spheres were used to verify the accuracy of the WIBS optical diameter measurements. For the
size distribution measurements, size bins were divided into 32 bins per decade of optical
diameter. Particle counts are displayed as the number concentration of fluorescent particles per
liter of air divided by the logarithm of the bin width (dN/dlogDp). In addition to the forced
trigger fluorescence threshold, a size threshold was applied to all particles measured with the
WIBS. Particles with optical diameters less than D, = 0.8 pm were excluded from these analyses
because of previously reported inaccuracies in the fluorescence detector sensitivity and counting
efficiency of smaller particles [Gabey et al., 2011; Crawford et al., 2017]. For bacterial isolate
size distributions, a fluorescence cutoff of 2.5 standard deviations above the mean background
PBS fluorescence in channel 1 was applied to eliminate most PBS particles.

EEMS: Offline, bulk fluorescence excitation-emission matrices (EEMs) of seawater and
SSA collected with the liquid spot sampler were measured with an Aqualog spectrophotometer
(Horiba Scientific, extended range). Collection periods of at least 1 hour on a MART at 1.5 LPM
or approximately 12 hours at 1.5 LPM on the wave channel were used to obtain an adequate
fluorescence signal from the protein-like region and often sufficient signal for the HULIS region,
depending on seawater biology and chemistry. No processing of seawater samples was necessary
to acquire fluorescence signals. Excitation wavelengths ranged from 230-500 nm while the
emission collection bands ranged from 250-800 nm, both in ~5 nm increments. Background
spectra acquired using ultrapure water or PBS solution were subtracted from all EEMs. EEMs
were then corrected for inner filter effects based on the absorbance spectra measured
simultaneously. Rayleigh scattering (1st and 2nd order) was removed from all spectra. EEMs

were normalized to the area of the Raman scattering peak of water at 350 nm excitation to
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convert fluorescence intensities to Raman Units (R.U.) [Lawaetz and Stedmon, 2009; Murphy,
2011]. A comparison between the EEM spectrum and the WIBS channels is highlighted in

Figure 2.7.

2.4. Results

Three different experiments, with varying biological complexity and activity, were
studied in order to compare the fluorescence measurements of EEMS and the WIBS. Experiment
1 used a wave channel and fresh seawater to replicate SSA production of the natural microbial
community in coastal seawater with low phytoplankton biomass. Experiment 2 involved a
MART for aerosolization of seawater induced with a phytoplankton bloom, typical of realistic
bloom conditions with high biomass. Experiment 3 was used as a control of two different

scenarios involving a miniMART: abiotic seawater, and a pure bacterial system in a salt solution.

2.4.1. Experiment 1: Bulk Aerosol and Single-Particle Fluorescence of Nascent SSA
EEMs for seawater showed fluorescence in regions that are commonly detected for marine
systems (Figure 2.1a) [Coble, 1996; Mostofa, 2013]. Specifically, three fluorescence regions
were present, representing three different classes of organic molecules. Fluorescence in the
region at excitation/emission wavelengths 400-440 nm/680-690 nm is indicative of chlorophyll-a
[Mostofa, 2013]. Fluorescence at excitation/emission wavelengths <235 nm and 275-280
nm/330-350 nm is attributed to protein-like substances and typically indicates fluorescence from
the amino acid tryptophan. In this study, the 275-280 nm excitation was used as an indicator for
protein-like fluorescence because of the excitation bounds of the EEMs. Components that emit in

this region can range from bacteria cells to viruses to proteinaceous gels [Determann et al.,
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1998; Lakowicz, 2006; Mostofa, 2013]. EEM features near 260 nm or 360 nm/450-455 nm and at
325 nm/410 nm are indicative of HULIS, complex mixtures of organic molecules produced

during the breakdown of organisms and larger biomolecules [Coble, 1996; Hessen and Tranvik,

1998; Mostofa, 2013].
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Figure 2.1. Selected EEM s for a) seawater and b) nascent SSA collected from the wave channel.
c) WIBS measurements of the mean fluorescence intensity, optical diameter, and asymmetry
factor (AF) for each fluorescence channel (excitation/emission) for the SSA generated by the

wave channel.
EEMs for SSA collected from the wave channel showed different fluorescence signatures

than those in seawater, indicating chemical species are selectively transferred into SSA (Figure

2.1b). In contrast to seawater, SSA did not show chlorophyll-a signatures suggesting that larger
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phytoplankton species are not efficiently transferred. While both seawater and SSA EEMs
showed protein-like and humic-like signatures, SSA EEMs were primarily dominated by protein-
like fluorescence with a smaller contribution from HULIS. The ratio of the protein-like peak (Ex:
275 nm/Em: 330 nm) to the humic-like peak (Ex: 360 nm/Em: 450 nm) was evaluated for both
samples. The protein-to-humic intensity ratio for seawater was 12.87 whereas the ratio for SSA
was 15.63, confirming the increased contribution of protein-like fluorescence in SSA.
Additionally, the SSA EEMs showed a shift in the protein-like emission spectra when compared
to the protein-like fluorescence in seawater. While seawater showed fluorescence primarily from
tryptophan, with an emission peak close to 350 nm, SSA showed a major peak in the emission
spectra closer to 300 nm, indicative of fluorescence from the amino acid tyrosine. Tyrosine
fluorescence suggests the presence of marine gels or exopolymeric substances in SSA [Liu et al.,
2017]. The tyrosine peak lies outside the range of wavelengths detected by the WIBS (310-400
nm), thus some portion of SSA fluorescence was not captured using this analytical method.
However, the protein peak in SSA extended to longer wavelengths, suggesting tryptophan
fluorescence was also present and therefore detectable with the WIBS.

Across seven days of sampling nascent SSA particles generated from the wave channel,
the WIBS measured over 100,000 individual fluorescent particles each day. The fluorescent
fraction in this low biomass scenario represented 0.87% * 0.09% of all particles measured with
optical diameters greater than D, = 0.8 um. The fluorescent fraction measured was relatively low
compared to ambient measurements which range from 1.9% to upwards of 40%, but are often
influenced by terrestrial bioaerosols [Crawford et al., 2017; Fennelly et al., 2018]. In order to
define a distinct fluorescence signature for isolated SSA, mean fluorescence intensities of the

different fluorescence channels were calculated from all sampling days combined (Figure 2.1c).
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Additionally, the channel-specific mean AF and diameter were calculated for fluorescent SSA
particles. Particles across all three channels had low AF (~6), with channel 3 particles showing
the lowest AF. These low AFs demonstrate that most of the fluorescent particles detected were
spherical or spheroidal in shape. The mean diameter of SSA measured in channel 1 were, in
general, larger than those in channel 3, indicating different chemical species are transferred into
different particle sizes.

The mean daily size distributions of SSA particles generated by the wave channel were
measured with the WIBS and separated based on the fluorescence channels (Figure 2.2). The size
distributions measured with the WIBS showed a bimodal distribution for channel 1, with a peak
optical diameter around D, = 2.6 pum and a second mode near D, = 1 pm. The larger-sized mode
IS suggestive of proteinaceous molecules ejected in supermicron-sized aerosols. Bacteria, which
contain a high protein content, have been observed in coarse mode aerosols measured in nascent
SSA and off coastal regions [Shaffer and Lighthart, 1997; Rastelli et al., 2017]. Previous WIBS
studies show that bacteria have dominant fluorescence emission in channel 1 due to the amino
acid tryptophan [Hernandez et al., 2016; Savage et al., 2017]. Additionally, a fraction of
particles that fluoresced in channel 1 also fluoresced in channel 3 (ca. 7% of all channel 1
particles). The particles that fluoresced in both channels 1 and 3 showed a size distribution
resembling the main mode for channel 1 fluorescent particles, slightly shifted to larger sizes
(Figure 2.8). The size distribution and fluorescence signature of the particles that fluoresced in
both channels 1 and 3 suggest that these particles may be metabolically active bacteria, with
enhanced NADH. Furthermore, bacteria bound to gels and transparent exopolymeric particles

have been observed in this size range [Mari and Kiorboe, 1996; Aller et al., 2005]. Bound
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bacteria are often larger and enzymatically active which may explain the shift to larger sizes for

particles that fluoresce in both channels 1&3 [Smith et al., 1992].
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Figure 2.2. SSA size distributions separated by fluorescence channels measured with the WIBS.
Channel 1 (protein-like) is in blue with channel 3 (humic-like) overlaid in green. Both size
distributions shown are the daily mean particle counts (#/L) normalized to the bin widths and the
error bars represent one standard deviation from the mean.

For particles fluorescing in the WIBS channel 3, a peak in the size distribution was
observed near D, = 1 um with a tail extending into the larger sizes (Figure 2.2). In an ambient
setting, fluorescence in this channel is often associated with pollen and fungal spores. However,
in this study of isolated, nascent SSA, fluorescence in this channel was likely indicative of
HULLIS, as shown in previous work by Savage et al. [Savage et al., 2017]. Measurements on the
molecular weight of marine-based HULIS show it typically consists of small molecules, with
90% of the measured HULIS mass falling below 5 kDa [Grzybowski, 1995]. HULIS, by nature,
is part of dissolved organic matter in the ocean and is therefore expected to be released across

particles of all sizes [Benner et al., 1992]. The shape of the total particle size distribution

(combined fluorescent and non-fluorescent), measured for SSA generated by the wave channel,
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was similar to that of channel 3 (Figure 2.9). This similarity further suggests that the channel 3

measurements by the WIBS are indicative of dissolved HULIS in the SSA.

2.4.2. Experiment 2: Changes in Fluorescence Signatures During a Phytoplankton

Bloom

SSA fluorescence was measured with both the WIBS and EEMS throughout an induced
phytoplankton bloom to investigate the effect of a changing marine biological state on SSA. The
microbial dynamics were measured throughout the course of the phytoplankton bloom (Figure
2.10). The experiment occurred over nine days with in vivo chlorophyll-a fluorescence indicating
a peak in phytoplankton growth on the third day, followed by senescence for the remainder of
the experiment. Heterotrophic bacteria concentrations peaked on the fifth day and declined
afterwards. Virus concentrations tracked the heterotrophic bacteria concentrations and increased
after the peak in the phytoplankton bloom (Figure 2.10).

WIBS measurements of the SSA fluorescence intensity corresponded with SSA EEMs
throughout the phytoplankton bloom (Figure 2.3). WIBS channel 1 (protein-like) showed a
general decrease in fluorescence intensity over time. The decreasing fluorescence trend was also
observed for the SSA EEMs upon integrating over the same wavelengths of WIBS channel 1.
The trends in WIBS channel 1 and EEMs protein-like region revealed a disconnect between the
fluorescence observed in SSA and the fluorescence in seawater over the course of the bloom
(Figure 2.3). However, when the WIBS channel 3 measurements were compared to the
corresponding seawater HULIS-region fluorescence measured with EEMS, the SSA mean
fluorescence intensity generally agreed with that in the seawater (Figure 2.11). The difference in

enrichment for HULIS and protein-like species into the aerosol indicates a chemical-specific
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transfer. More studies are required to determine which factors affect the selective transfer of
fluorescent species from seawater to SSA. Nevertheless, the similarity between the WIBS and
EEMS measurements of SSA over time reveals that single-particle fluorescence, in combination
with seawater analysis, can provide unique insights on SSA composition throughout a wide

range of ocean biological conditions.
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Figure 2.3. WIBS fluorescence channel 1 (protein-like) graphed over time during a
phytoplankton bloom. EEM emission integrated over the same wavelengths measured by the
WIBS shown over time for both bulk seawater (Bulk SW) and SSA over the course of a
phytoplankton bloom. All values are normalized to the sum of intensities for each measurement
across all the days of the experiment.

2.4.3. Experiment 3: Characterizing the Fluorescence of Abiotic Seawater and

Bacterial Isolates

In order to probe the contribution of marine bacteria to SSA fluorescence, the WIBS and
EEMS were used to measure fluorescence under two controlled scenarios: 1) natural seawater vs.
filtered, autoclaved seawater (FASW) and 2) marine bacterial isolates in a salt solution. As

mentioned previously, seawater used for the FASW experiment was taken from a separate
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phytoplankton bloom experiment and the bacterial isolates experiment was run with a PBS
medium to minimize background fluorescence.

To better understand the underlying fluorescence signature of SSA, changes in both
seawater and SSA fluorescence were measured with EEMS and the WIBS before and after
sterilization of the seawater. The FASW EEMs showed an increase in the humic-like
fluorescence intensity compared to natural seawater EEMs, suggesting an enhanced production
of HULIS during the autoclaving process (Figure 2.4a) [Andersson et al., 2019]. The enhanced
production of HULIS or a potential change in the selectivity, leading to aerosol enrichment,
might explain the increase in the WIBS channel 3 size distribution for FASW SSA (Figure 2.4b).
Additionally, WIBS measurements on the FASW SSA showed a decrease in the D, = 2-3 pum
sized mode in the channel 1 fluorescence size distribution compared to the natural SSA (Figure
2.4d), suggesting a lack of large, protein-containing particulates in the FASW SSA. The decrease
in the WIBS channel 1 size distribution was not as significant as the diminishment in EEMs
protein-like feature (Figure 2.4c), likely because the fluorescent material (reduced but still
detected by EEMS) was detected by the WIBS and contributed to the fluorescent size
distribution. However, the trends of both instruments further suggest that marine microbes are
contributing to the large size mode observed in the WIBS channel 1 size distribution measured

for SSA.
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Figure 2.4. Emission spectra from the EEMs of the natural seawater and FASW corresponding to
the excitation wavelengths for (a) WIBS channel 3 and (c) WIBS channel 1. Fluorescence size
distributions of SSA before and after filtering and autoclaving for (b) WIBS channel 3 (d) WIBS
channel 1.

To further elucidate the contribution of marine bacteria to SSA fluorescence, the bulk and
aerosol fluorescence signatures were characterized for a solution containing three marine
bacterial isolates (AltSIO, ATW?7, and BBFL7) (Figure 2.5). The bacterial EEMs showed high
fluorescence in the protein region, with no noticeable humic-like fluorescence above the
background 4x PBS (Figure 2.5a). This spectrum shared similar characteristics to previously
measured EEMs of marine bacteria [Determann et al., 1998]. The three individual bacteria were
also analyzed separately using EEMS and showed similar spectra with fluorescence
predominantly in the protein region and negligible fluorescence in the HULIS region (Figure
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2.12). This result indicates that the fluorescence signature of the marine bacterial solution
containing all three bacteria was not dominated by one species. The tryptophan-like fluorescence
regions from marine bacterial EEMs were also present in seawater and SSA EEMs, suggesting

that bacteria are a component in SSA fluorescence.
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Figure 2.5. Fluorescence of the bacterial isolate mixture measured by a) EEMS (adjusted to the
blank EEM of the 4xPBS solution). b) WIBS channel 1 fluorescence size distribution of the
bacterial isolates that fluoresced above the PBS background (purple), overlaid on the mean

channel 1 size distribution of the wave channel SSA (blue).

The WIBS fluorescence of the bacteria aerosolized with a miniMART showed similar
signatures to those detected by EEMS. The bacterial isolates showed an increased mean
fluorescence intensity in channel 1 compared to the 4xPBS medium (Figure 2.13). These results
were similar to previous WIBS studies, which found that terrestrial bacterial cultures fluoresce
strongly in channel 1 [Hernandez et al., 2016]. Moreover, the increase in mean fluorescence
intensity was not seen in the other two channels measured by the WIBS. The WIBS fluorescence
signature for aerosolized marine bacteria paralleled the EEMs of the bacteria in solution, further

highlighting the capability of single-particle fluorescence for SSA characterization.
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WIBS channel 1 size distribution for the aerosolized bacterial isolates was generated in
the same manner to those generated for the wave channel. The background-corrected, fluorescent
particle size distribution showed that the bacterial isolates were ejected into predominantly larger
particles with the peak of the distribution near D, = 2.4 um (Figure 2.5b). The mode of the size
distribution of the bacterial isolates was resemblant of the protein-like, nascent SSA measured
from the wave channel, indicating that the particles detected in the wave channel likely included
bacteria (Figure 2.5b). The slight differences in the size distributions between the seawater and
the bacterial isolates might be explained by the proteinaceous constituents in chemically-
complex seawater compared to the 4xPBS and the formation of proteinaceous aggregates in
natural SSA [Aller et al., 2005]. While further work is necessary to fully elucidate the
contribution of marine bacteria in SSA and their transport pathways, it is clear that marine
bacteria can be ejected into the atmosphere via SSA particles and detected using fluorescence

techniques.

2.4.4. Implications

When evaluating which fluorescence technique is appropriate for a specific measurement,
multiple factors should be considered. Due to the additional steps necessary in measuring SSA
using EEMS, such as impinging the aerosols into a bulk medium, this instrument is better suited
for measurements of bulk seawater. However, the WIBS is a useful instrument for characterizing
real-time changes in single-particle SSA and shows comparable trends to fluorescence measured
with EEMS. Therefore, WIBS aerosol measurements, in tandem with EEMS analysis of bulk
solutions, can provide a thorough investigation of fluorescent particle production. Possible

modifications to the optics of the WIBS for improved characterization of SSA may involve
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extending the fluorescence emission collection of channel 1 to include the major peak of tyrosine
fluorescence, shown to be significant in the SSA EEMs spectra.

SSA particles represent one of the most abundant natural aerosols in the atmosphere
[Gantt and Meskhidze, 2013], but only during the past decade have their role as primary
biological aerosols been a major focus of investigation. The unique ability of bioaerosols to
affect clouds and climate becomes especially important in remote marine locations where SSA
particles can dominate as cloud condensation nuclei or ice nuclei [Andreae and Rosenfeld, 2008;
Burrows et al., 2013; Frohlich-Nowoisky et al., 2016; Vergara-Temprado et al., 2017]. With
growing interest in the atmospheric dynamics of bioaerosols, uncovering the role of SSA has
become increasingly critical to our understanding of how bioaerosols influence climate. Our
investigations on isolated systems provide a basis for the fluorescence signature of SSA to help
unravel the complex trends observed in the atmosphere and move towards identification of

marine bioaerosols in the natural environment.
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2.6 Supporting Information

2.6.1. Experimental Designs

Experiment 1. A wave channel was used to produce SSA from natural seawater [Prather
et al., 2013; Wang et al., 2015]. The wave channel contained 13,000 L of natural seawater taken
from Ellen Browning Scripps Memorial Pier (Scripps Pier; 32-52'00" N, 117-15°21" W). During
this experiment, a phytoplankton bloom was not induced; therefore the seawater contained the
natural microbial community in different growth stages and in a state of low biomass. SSA were
produced by paddle-generated waves breaking on an artificial beach, and were measured
continuously using the WIBS. SSA were collected for EEMS analysis for one 12-hour time
period using an aerosol-to-liquid collection method.

Experiment 2. A Marine Aerosol Reference Tank (MART) was used to generate SSA
over the course of a phytoplankton bloom [Stokes et al., 2013; Lee et al., 2015]. A large outdoor

tank (2200L) was filled with seawater from Scripps Pier and used to supply seawater to the
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MART. A phytoplankton bloom was induced in order to investigate the role of ocean
microbiology on SSA composition and represent a system with high biomass. To initiate the
phytoplankton bloom, Guillard’s F/2 medium, diluted to F/100, and sodium silicate were added
to the outdoor tank of seawater [Guillard et al., 1962]. Each day, 120 L of tank water was
transferred to the MART, where aerosol generation occurred via a periodic plunging waterfall.
After sample collection, the seawater was cycled back into the outdoor tank to allow the
phytoplankton to continue growing. The SSA generated by the MART were measured by the
WIBS in one- to two-hour intervals each day. Simultaneously, SSA were collected for
approximately 1 hour each day for EEMs analysis. Seawater was also collected daily for EEMs
analysis prior to SSA collection. The EEMS intensities for Experiment 2 were compared to the
WIBS intensities by normalizing to the sum of intensities for each method across all the sampled
days of the phytoplankton bloom. This normalization allowed for a comparison between the
relative trends in intensity measured using both instruments.

Experiment 3. To elucidate the role of microbes on SSA fluorescence, two control
scenarios were investigated using a miniMART, which uses a water-wheel (mill) to produce a
periodic plunging waterfall and generate aerosols [Stokes et al., 2016]. In the first scenario,
seawater fluorescence was compared before and after filtration and autoclaving. Seawater
collected off Scripps Pier was spiked with Guillard’s F/2 medium, to induce a mesocosm
phytoplankton bloom in a 19 L carboy. During the senescence phase of the bloom, 12 days after
spiking the seawater with nutrients, 7 L of water was added to the miniMART for aerosolization
and sampling. The remaining seawater from the carboy was filtered using a 0.2 um filter and

then autoclaved for sterilization. After sampling the fresh seawater, the miniMART was drained,
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cleaned with 70% ethanol, rinsed with milliQ water, and filled with the filtered, autoclaved
seawater for SSA generation.

The second scenario involved the aerosolization of bacterial isolates added to a 4x
phosphate-buffered saline solution. Three marine bacterial isolates were used to investigate the
fluorescence signature of aerosolized bacteria without the influence of background seawater
fluorescence. The bacterial strains were in the same physiological state of exponential growth

upon addition to the miniMART.

2.6.2. Enumeration of Heterotrophic Bacteria and Viruses

The seawater samples were fixed with a solution of glutaraldehyde at 0.05% final
concentration and stored at -80°C after flash freezing [Noble and Fuhrman, 1998]. Heterotrophic
bacteria and virus counts were obtained using flow-cytometry at The Scripps Research Institute
(TSRI) Flow Core Facility with a BIO-RAD, ZE5 Cell Analyzer. Samples for heterotrophic
bacteria were diluted (1:10) in 1XTE buffer (pH 8) and stained with SYBR Green | (1:100
dilution of the commercial stock) at room temperature for 10 minutes in the dark. Viruses were
diluted (1:50) in 1XTE buffer and stained (at a 1:50 dilution of the commercial SYBR Green |
stock) in the dark for 10 minutes at 80°C [Gasol and Del Giorgio, 2000]. Heterotrophic bacteria
and virus populations were discriminated based on their signature in the fluorescence (488 nm
laser, green fluorescence) versus side-scatter specific cytograms. Signals in the blank samples

were subtracted from the sample signals.
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2.6.3. Calibration of WIBS Intensities

To compare the SSA mean intensities detected by the WIBS to other WIBS instruments,
we applied a calibration similar to that described by Robinson et al. [Robinson et al., 2017]. This
method compares WIBS fluorescence intensity to the equivalent mass of fluorophore atomized
from a standard solution. Tryptophan was used as the fluorophore for channel 1 with ammonium
sulfate as a non-fluorescent filler for particle generation. Quinine was used to calibrate channels
2 and 3. For the first standard solution, 0.0212 g of tryptophan and 0.9157 g of ammonium
sulfate were added to 150 mL of milliQ water (tryptophan mass percent = 2.26%). For the
quinine solution, 0.865 g of quinine were added to 150 mL of milliQ water (quinine mass percent
= 100%). Particles were generated with a custom atomizer using particle-free air produced from
a zero air generator (Sabio, Model 1001). The particles were dried using silica diffusion driers to
an RH <21% before entering the WIBS. Dried particles were assumed to have the same
fluorophore mass percent to that in the bulk standard solution. The particle population was a
polydisperse distribution, sized using the WIBS. Particles were divided into 5 nm size bins from
0.8 um to 3 um and the average particle optical diameter for each size bin was calculated.
Assuming the particles were spheres, the particle volume was calculated for each size bin and
converted to mass using the particle density: 1.77 g/cm3 for tryptophan particles (assuming
ammonium sulfate density) and 1.36 g/cm3 for quinine particles (value provided by supplier).

A log-log linear relationship was observed between the calculated fluorophore mass and
the measured WIBS intensity. Regressions were calculated for the first 150 size bins due to
higher particle counts in this range. The R2 values for the regressions of the three channels were:
0.928, 0.84, and 0.831 for channels 1-3, respectively. Both quinine calibrations showed a

deviation from the fitted line at the higher mass values (Figure 2.6b,c), which was also observed
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in the calibration by Robinson et al. and previously accounted for by assuming an excitation
penetration depth of 90 nm [Robinson et al., 2017]. However, in this study, when a shell
penetration depth was assumed, only a slight increase in the R2 value was observed for both
quinine regressions. Therefore, the deviation in the fit at higher quinine concentrations was
ascribed to the lower particle counts in these size bins. Using the calculated regression fits, the
mean values from the SSA generated by the wave channel were converted to the equivalent
fluorophore mass (Figure 2.6a-c). The mean intensity + the standard deviation for nascent SSA
in channel 1 was equivalent to 2.331 + 34.596 fg of tryptophan and for channels 2 and 3 were
equivalent to 0.0537 + 0.400 and 0.116 + 1.050 fg of quinine, respectively (Figure 2d). As a
note, the measured intensities for the SSA samples are blank-subtracted. In order to determine
the measured limits of detection (LOD), the calibration curves were generated without
subtracting out the blank from the fluorescence values. Based on the forced trigger thresholds for
this experiment and the calibration curves without the blank subtracted, the LOD for WIBS
channel 1 was equivalent to 1.88 fg of tryptophan and the LOD for channels 2 & 3 were

equivalent to 0.0216 fg of quinine and 0.103 fg of quinine, respectively.
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2.6.4. Supporting Information Figures
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Figure 2.6. WIBS calibration regressions comparing fluorophore mass to the WIBS fluorescence
intensity for a) channel 1, b) channel 3, c¢) channel 2. d) Conversion of the WIBS mean
fluorescence intensities to the fluorophore equivalent masses for SSA generated by the wave
channel.
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Figure 2.8. SSA size distributions separated by fluorescence channels measured with the WIBS.
Channel 1 (protein-like) is in blue, channel 3 (humic-like) overlaid in green, and particles which
fluoresced in both channels 1&3 are overlaid in purple. The size distributions shown are the daily
mean particle counts (#/L) normalized to the bin widths and the error bars represent one standard
deviation from the mean.
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Figure 2.12. Selected EEMs for three different bacterial isolates: AltSIO, ATW7, and BBFL7.
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Chapter 3. Factors Controlling the Transfer of
Biogenic Organic Species from Seawater to Sea Spray

Aerosol

3.1  Synopsis

Ocean waves transfer sea spray aerosol (SSA) to the atmosphere, and these SSA particles
can be enriched in organic matter relative to salts compared to seawater ratios. A fundamental
understanding of the factors controlling the transfer of biogenic organic matter from the ocean to
the atmosphere remains elusive. Field studies that focus on understanding the connection
between organic species in seawater and SSA are complicated by the numerous processes and
sources affecting the composition of aerosols in the marine environment. Here, an isolated
ocean-atmosphere system enables direct measurements of the sea-air transfer of different classes
of biogenic organic matter over the course of two phytoplankton blooms. By measuring
excitation-emission matrices of bulk seawater, the sea surface microlayer, and SSA, we
investigate time series of the transfer of fluorescent species including chlorophyll-a, protein-like
substances, and humic-like substances. Herein, we show the emergence of different molecular
classes in SSA at specific times over the course of a phytoplankton bloom, suggesting that SSA
chemical composition changes over time in response to changing ocean biological conditions.
We compare the temporal behaviors for the transfer of each component, and discuss the factors

contributing to differences in transfer between phases.

58



3.2 Introduction

Breaking waves in the ocean produce sea spray aerosols (SSA), and the ocean represents
a dominant source of atmospheric aerosols [Seinfeld and Pandis, 2006; de Leeuw et al., 2011;
Gantt and Meskhidze, 2013; Patterson et al., 2016]. SSA particles are comprised of a complex
array of biogenic species, including intact microbes, which control the physicochemical
properties of SSA and thus affect their atmospheric behavior [Gantt et al., 2013]. In recent
decades, significant effort has been aimed at trying to establish a link between the composition of
SSA and the biological state of the ocean [Gaston et al., 2011; Prather et al., 2013; O'Dowd et
al., 2015; Ceburnis et al., 2016; Leck and Bigg, 2017], specifically related to phytoplankton
growth [O'Dowd et al., 2004; Bigg and Leck, 2008; Schmitt-Kopplin et al., 2012; Rinaldi et al.,
2013; Miyazaki et al., 2020] and the microbial loop [Azam et al., 1983; Lee et al., 2015; O'Dowd
et al., 2015; Wang et al., 2015].

In addition to biological processes, physical and chemical processes play a complex role
in affecting the composition of the atmosphere. Physical factors such as changes in SSA flux or
the physical size of molecules and particles in seawater determine the efficiency of sea-air
transfer of organic matter [Alpert et al., 2015; Collins et al., 2016]. Previous studies have
suggested that increased dissolved organic carbon (DOC) concentrations or increased surface
activity of the chemical species of interest enhance the transfer process [Burrows et al., 2014;
Lee et al., 2015; Cochran et al., 2016; Rastelli et al., 2017]. Many hydrophobic biogenic species
have been shown to be enriched in the sea-surface microlayer (SSML) [Blanchard, 1964; Oppo
et al., 1999; Aller et al., 2005; Engel et al., 2017], the uppermost layer (1-1000 um) on top of the
ocean that serves as a critical environmental interface [Liss and Duce, 1997; Cunliffe et al.,

2013]. However, observed associations between specific classes of organic molecules,
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phytoplankton growth, and seawater-SSML-SSA transfer have been inconsistent between
multiple studies.

Here, we investigate the physical and chemical mechanisms controlling the sea-air
transfer of organic species in SSA by probing the composition of collected bulk seawater, SSML,
and SSA samples with excitation-emission matrix (EEM) spectroscopy in combination with
parallel factor analysis (PARAFAC) [Coble, 1996; Hessen and Tranvik, 1998; Mostofa, 2013].
EEM spectroscopy is an extension of fluorescence spectroscopy that has been increasingly used
to characterize organic matter in a variety of aquatic systems, including seawater [Zhang et al.,
2011; Mostofa, 2013; Nebbioso and Piccolo, 2013]. Using EEMs for chemical characterization
allows for direct, rapid measurements [Zhang et al., 2011] and minimizes the possibility of
artifacts created by sample storage or harsh processing conditions. Three sets of biologically
diverse fluorophores are monitored: (1) chlorophyll-a, which is an indicator for phytoplankton
biomass; (2) protein-like substances; and (3) humic-like substances (HULIS) [Coble, 1996;
Hessen et al., 1998; Mostofa, 2013]. Additionally, we use PARAFAC analysis to separate EEMs
into a set of individual fluorescent components [Stedmon and Bro, 2008; Mostofa, 2013; Murphy
et al., 2013; Nebbioso et al., 2013]. Changes in fluorescence signatures over time are used to
provide insight into the factors affecting the transfer of biogenic organic species from the ocean

to the atmosphere.

3.3  Methods
3.3.1 Phytoplankton Bloom Experiments
Two phytoplankton blooms were induced in an indoor tank. The first phytoplankton

bloom experiment (MART A) was conducted in January 2014 and lasted 17 days, while the
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second experiment (MART B) took place in April 2014 and lasted 26 days. Both microcosm
experiments were induced using methods described previously [Lee et al., 2015]. In these
experiments, 60 L of seawater from the Scripps Institution of Oceanography pier was filtered
using a 50 um mesh screen to remove debris and zooplankton that graze on phytoplankton (Sefar
Nitex 03—100/32) and placed into a Marine Aerosol Reference Tank (MART) [Stokes et al.,
2013]. Seawater conditions at the time of sampling are included in the Supplemental Information
(Table 3.2). Seawater was spiked with Guillard’s F medium (diluted by a factor of 2) to induce a
phytoplankton bloom [Guillard and Ryther, 1962]. Two fluorescent tubes (Full Spectrum
Solutions, model 205457; T8 format, color temperature 5700 K, 2950 lumens) were attached to
the sides of the MART to promote the growth of phytoplankton [Brown and Richards, 1968].
The low light levels relative to solar conditions [Lee et al., 2015], the absence of UV radiation,
and the relatively short lifetime of SSA in the MART (minutes) [Stokes et al., 2013] makes it
unlikely that photochemistry would cause differences between the SSA and seawater (bulk, or
SSML). Similar lighting for both tanks also rules out photochemical change as an origin for any
differences between MART A and MART B microcosms. The progress of the phytoplankton
bloom was monitored daily by measuring in vivo chlorophyll-a fluorescence using a handheld
fluorimeter (Turner Designs, Aquafluor). The handheld fluorimeter measures the fluorescence at

395 nm excitation and =660 nm emission.

3.3.2 Generation of Aerosols and Sample Collection
The MART uses a periodic plunging waterfall to generate aerosols, a method that has
been described previously [Stokes et al., 2013; Lee et al., 2015]. The MART consists of an

isolated system that allows for the study of SSA without the influence of aerosol particles from
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other non-marine sources. While physical processes such as wind are not reproduced in the
MART system, the MART plunging waterfall has been shown to produce a bubble size
distribution that is similar to the bubble size distribution observed in the ocean. Thus, the MART
produces SSA size distributions that mimic the size distributions of nascent SSA over the ocean,
allowing us to solely focus on the particles produced during the bubble bursting process. Aerosol
generation occurred for two hours followed by two hours of no particle generation or seawater
mixing. Aerosols were collected daily using glass impingers (Chemglass, CG-1820, 0.2 um D,
lower cutoff at 1 LPM) loaded with 20 mL of ultrapure (Type 1) water. The airflow through the
impingers was 1 LPM for 2 hours. The impingers were cleaned daily by heating to 500 °C for 7
hours. In MART B, three impingers were used in parallel to collect SSA.

All bulk seawater and SSML samples were collected in vials that were previously
cleaned with an acid-rinse using 0.1 N HCI followed by multiple rinses of ultrapure water, and
then heating at 500 °C for 7 hours. Bulk seawater samples were collected daily from a spigot
located on the side of the MART. SSML samples were collected using the glass plate method
once every two days to prevent excessive depletion of the microlayer [Cunliffe et al., 2013]. The
SSML was collected in between wave-breaking periods. During this time, the MART waterfall is
turned off and no bubbles are produced. SSML collection occurs ~10-15 minutes after waterfall
and bubble production stops. Previous studies report that the SSML re-establishes itself within
seconds [Engel et al., 2017] and is thus established prior to sample collection. Organic and
biological material scavenged and brought to the surface during the prior wave-breaking periods
remains at the surface and is collected via the glass plate method. The glass plate was cleaned
directly before and after each collection by rinsing with 1 N HCI, followed by an ethanol rinse,

and multiple rinses using ultrapure water.
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To examine the roles of phytoplankton and bacteria, both bulk seawater and SSML were
filtered using a microanalysis vacuum filter setup (EMD Millipore Corp, Cat. Num.
XA5002501) and hand pump (Fisher Scientific, Part Num. 1367811E). Samples were first
analyzed without filtering, and then filtered sequentially (both size filters used were 25 mm
polycarbonate Isopore Membrane filter) with a 2.0 um filter (EMD Millipore Corp, GTTP02500)
to remove large phytoplankton [Salonen, 1974] and again with a 0.2 um filter (EMD Millipore
Corp, TTTP02500) to remove bacteria, allowing viruses and dissolved organic carbon (DOC) to
pass through [Moréan et al., 1999]. EEMs were obtained after each filtration. All glassware used
during filtration (including the stainless steel mesh support screen) was rinsed with ultrapure
water and cleaned by heating to 500 °C for 7 hours after use. Polycarbonate filters were sterilized

using 1 N HCI and rinsed with ultrapure water.

3.3.3 Excitation-Emission Matrices and Parallel Factor Analysis

EEMs were obtained for all samples using a spectrofluorometer (Horiba Scientific,
Aqualog with extended range). Three aliquots were taken from each of the three impingers, and
an EEM was measured for each sample (total of nine EEMs per day for SSA phase). Excitation
wavelengths ranged from 235-450 nm. Emission ranged from 250-800 nm. For the second half
of the MART A experiment, EEM measurements were performed using a standard Aqualog
spectrofluorometer covering an emission wavelength range of 250-620 nm. A background
spectrum acquired with ultrapure water was subtracted from all EEMs. EEMs were corrected for
inner-filter effects based on absorbance spectra measured simultaneously. Rayleigh scatter (1%
and 2" order) was removed in the analysis using an interpolation method [Bahram et al., 2006].

EEMs were also normalized to the area of the Raman Scattering peak of water at 350nm
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excitation to convert fluorescence intensities to Raman Units (R.U.) [Lawaetz and Stedmon,
2009; Murphy, 2011]. The EEMs converted to R.U. were incorporated into the PARAFAC
models. EEMs included in figures were smoothed with a Savitzky-Golay filter (4™ order, 15-
point for MART A, 4" order, 9-point for MART B to prevent distorting the narrower
chlorophyll-a peak) [Press, 1992]. The smoothing of EEMs was not done prior to PARAFAC
modeling or any other data analysis. All error bars shown, unless otherwise noted, represent the
standard deviation of the mean (N=9) for the 9 SSA measurements.

PARAFAC modeling for each of the two MARTS was carried out using the DOMFluor
toolbox in MATLAB (The MathWorks, Inc.) [Stedmon et al., 2008; Murphy et al., 2013]. The
PARAFAC model for MART A consisted of 274 EEMs, while the MART B PARAFAC model
used 451 EEMs. Both PARAFAC models’ datasets consisted of EEMs for all phases (bulk
seawater, SSML, and SSA). In order to model the complete MART A dataset, which contains
EEMs from two spectrofluorometers with different emission wavelength ranges and increments,
the dataset EEMs were cut and linearly interpolated to give emission wavelengths that ranged
from 250 to 600 in 2 nm increments. For both MART A and MART B, a PARAFAC model was
validated using split-half validation as well as random initialization analysis to ensure that the

model generated was not a local minimum but a least squares result [Murphy et al., 2013].

3.4 Results & Discussion

3.4.1 Phytoplankton Blooms in Two Laboratory-based Mesocosms

Two phytoplankton microcosm studies were carried out to study sea-air transfer that
occurs as a function of bloom conditions. The two microcosm experiments were conducted in the

MART and are referred to as MART A (seawater collected and experiment conducted in Jan.
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2014) and MART B (collected/conducted in April, 2014). Seawater used in the MART A and
MART B microcosm experiments had different initial chlorophyll-a levels (1.33 mg/m? for
MART A; 4.49 mg/m?® for MART B), and the same nutrient amounts were added to both MARTS
(see Methods) to induce phytoplankton blooms.

The progression of the phytoplankton bloom was monitored daily via in vivo chlorophyll-
a fluorescence using a hand-held fluorometer (Figure 3.1a, 3.1e). Based on these in vivo
chlorophyll-a measurements, each bloom was categorized into three stages: (1) growth, which
lasted 8-9 days for both blooms, (2) peak, which lasted for 3-4 days after the growth stage, and
(3) decline, which persisted after the peak for 5 days in MART A and 14 days in MART B. We
note that a second growth phase with lower chlorophyll-a levels developed in both microcosms.
Although both MART microcosms were induced using the same nutrient additions, MART B
reached a higher (~3x) chlorophyll-a concentration at the peak of the bloom (Figure 3.1a, 3.1e).
We investigate temporal changes in the transfer of different biogenic species transfer to SSA

through these growth and death processes.

3.4.2 Assignment of Fluorescence Bands and Parallel Factor Analysis

In both phytoplankton bloom experiments, fluorescence was observed within EEM
regions commonly detected in natural marine systems (Figure 3.1b-c, 3.1f-g) [Coble, 1996;
Mostofa, 2013]. The EEM fluorescence regions fall into three main classes: chlorophyll-a,
protein-like substances, and HULIS. An example EEM depicting the three main fluorescence
regions is included in the Supplemental Information (Figure 3.7). The chlorophyll-a peak
appeared at excitation/emission wavelengths of (400-440 nm) / (680-690 nm), while the HULIS

peaks appeared at (260 or 360 nm) / (450-455 nm) and at (325 nm) / (410 nm) [Coble, 1996;
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Hessen et al., 1998; Mostofa, 2013; Rosario-Ortiz and Korak, 2017]. The peaks for protein-like
substances were further divided into two regions: a tryptophan-like region at (<235 and 275-280
nm) / (330-350 nm) and a tyrosine-like region at (<235 and 275 nm) / (295-310 nm) for tyrosine-

like species) [Coble, 1996; Mostofa, 2013].
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Figure 3.1. Chlorophyll-a time traces (a, €) and selected fluorescence excitation-emission
matrices (EEMs) (b-d, f-h) for phytoplankton bloom experiments in MART A (top) and MART
B (bottom). All EEMs shown are for unfiltered samples measured during the bloom decline stage
(Day 17 for MART A, Day 15 for MART B). The EEMs shown are bulk seawater (b, f), sea-
surface microlayer (SSML) (c, g), and sea spray aerosol (SSA) (d, h). Dark gray regions (in UV
excitation region of g, h) indicate amplitudes that exceed the given scale.

PARAFAC analysis was performed on the entire EEM dataset from each MART to
distinguish the individual fluorophore contributions (Figure 3.2, Table 3.1). Six components
were found in MART A, and four components were found in MART B. PARAFAC components
were associated with chromophores as follows: Al, A4, and B1 (tryptophan-like); A5 (tyrosine-
like); B3 (chlorophyll-a); A2, A3, A6, B2, B4 (HULIS). Components A4, A5, and A6 only
appeared in MART A (Table 3.1). Although a tyrosine-like feature (A5) was evident in the SSA

EEMs for MART B, a tyrosine component was excluded from the PARAFAC model due to the
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small amplitude relative to other protein-like features and the number of SSA spectra within the
dataset. Using the online OpenFluor spectral database [Murphy et al., 2014], all compounds
identified here using a PARAFAC model were spectrally similar to components found in

multiple marine environments [Kowalczuk et al., 2010; Yamashita et al., 2010; Jgrgensen et al.,

2011].
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Figure 3.2. Representative components determined from PARAFAC analysis for MART A (Al-
6, on left) and MART B (B1-4, on right). The components A1-6 have the same color scale as in
Figure 3.1b; the amplitudes are from PARAFAC decomposition of the EEM in that panel
(MART A bulk seawater on day 17). Similarly, components B1-4 have the same color scale as in
Figure 3.1f, and the amplitudes result from decomposition of the EEM for MART B bulk
seawater sample on day 15.

Within a single phase (bulk seawater, SSML or SSA), the fluorescence intensities of each
component varied over time (Figure 3.8, Figure 3.9). It is important to note that we only
compared the magnitude of fluorescence intensities within a single phase because of the different
sampling methods used for bulk seawater, SSML and SSA. Thus, we focused on temporal

changes in fluorescence intensity between phases. Moreover, we focused primarily on the

temporal trends in MART B, which contained a more comprehensive SSA dataset. In the
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following sections, we describe how the fluorescence signals of chlorophyll-a, protein-like
substances, and HULIS changed over the course of the phytoplankton bloom and discuss how

these changes are associated with different factors influencing sea-air transfer.

3.4.3 Chlorophyll-a in Bulk Seawater, SSML, and SSA

Chlorophyll-a fluorescence, observed in MART B EEMSs, appeared in all phases (bulk
seawater, SSML, and SSA) (Figure 3.1f-h). To study the transfer of phytoplankton and bacteria
cells to SSA, we examined chlorophyll-a fluorescence in 3 different seawater size fractions:
unfiltered seawater, 2.0 um-filtered seawater, and 0.2 um-filtered (Figure 3.3). The 2.0 um-filter
removes large phytoplankton and retains bacteria and dissolved organics, while the 0.2 um-filter
removes bacteria and retains dissolved organics in the seawater. Chlorophyll-a concentrations in
bulk seawater and SSML showed distinct temporal trends for each of these size fractions. In the
unfiltered bulk seawater, the temporal trend in chlorophyll-a for EEMs in MART B tracked the
growth and decline of phytoplankton, similar to the hand-held fluorometer (Figure 3.1e). After
filtering bulk seawater with a 2.0 um filter to remove large phytoplankton, chlorophyll-a was still
present in bulk seawater (Figure 3.3) but showed no growth or decay over days 5-15. The
presence of chlorophyll-a after 2.0 um-filtration is indicative of either the presence of
chlorophyll-containing cell fragments and organelles or the presence of cyanobacteria,
specifically Prochlorococcus, which is the most abundant photosynthetic organism in the ocean
[Partensky et al., 1999]. Additionally, chlorophyll-a fluorescence was completely removed after
filtering bulk seawater and SSML with a 0.2 um filter (not pictured), which indicates that freely

dissolved chlorophyll-a was not present.
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Figure 3.3. Temporal trends in chlorophyll-a signal from MART B for (top to bottom): unfiltered
bulk seawater, bulk seawater after 2.0 um filtration, unfiltered SSML, SSML after 2.0 um
filtration, and SSA. The signals are quantified in Raman units (R.U., see Methods).

The SSA EEMs indicate that the chlorophyll-a increased gradually through the second
growth stage, similar to the trends found for the 2.0 um-filtered bulk seawater and SSML
(Figure 3.3). The fluorescence trends for the SSA correlate with the trends for 2.0 um-filtered
SSML (r* = 0.86, p < 0.01). The correlation between chlorophyll-a signals of SSA and 2.0-um
filtered bulk seawater is only slightly lower (> = 0.76, p < 0.01). Therefore, we conclude that the
chlorophyll-a in SSA originates from material residing in the 0.2 — 2.0 micron size range (either

in the bulk seawater or SSML), and thus is most sensitive to the transfer of organelles and small
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cells such as bacteria [Salonen, 1974; Kuroiwa et al., 1981; Liberton et al., 2011]. In other
words, the transfer of chlorophyll-a from seawater to SSA is likely dominated by cyanobacteria

or by cell fragments produced by microbial degradation of whole phytoplankton cells.

3.4.4 Protein-like EEMS Components

In MART A and MART B, the protein-like regions, either tryptophan- or tyrosine-like
features, or both, were observed in the EEMs of all phases of the blooms (Figure 3.1b-d, 3.1f-h).
Previous studies have shown that the tryptophan-like and tyrosine-like fluorescence signals can
be linked to a variety of proteinaceous components, including cell or cell fragments,
exopolymeric substances, soluble amino acids/peptides/proteins, and other indolic and phenolic
compounds [Determann et al., 1998; Lakowicz, 2006; Mostofa, 2013; Rosario-Ortiz et al.,
2017]. EEMS of unfiltered bulk seawater and SSML in MART A and B produced tryptophan-
like emission signals at ~330 nm that overwhelmed the tyrosine-like emission signals at ~300 nm
(Figure 3.1). This trend is expected because EEMs for these phases are similar to signals in the
protein region reported previously for marine microorganisms [Determann et al., 1998], and
tryptophan is generally the strongest emitter from proteins and microbes upon 280 nm
excitation[Determann et al., 1998; Lakowicz, 2006].

In both MART A and B, the bulk seawater and SSML EEMs showed the greatest
tryptophan-like fluorescence intensity either at the peak or the decline stage of the bloom,
consistent with the growth of microbes during a phytoplankton bloom (Figure 3.4, Figure 3.10)
[Miyazaki et al., 2018]. A more surprising trend emerges when examining the protein-like
signals in SSA. In contrast to seawater, protein-like fluorescence in SSA for MART B was most

intense before the peak of the phytoplankton bloom and decreased over the course of the bloom
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(Figure 3.4). Additionally, EEMs of SSA for both MART A and B primarily showed tyrosine-

like fluorescence signal with less contribution from tryptophan-like fluorescence that was

dominant in the bulk seawater and SSML phases (Figure 3.4, Figure 3.10).
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Figure 3.4. Fluorescence intensity temporal trends in MART B for chlorophyll-a in unfiltered
bulk seawater (grey), tryptophan-like substances in bulk seawater and SSML (blue), tryptophan-
like substances in SSA (Ex= 280 nm; red circles), and tyrosine-like substances in SSA (Ex= 270

nm; triangles). Error bars represent the standard deviation of the mean (N=9; see Methods).
The overall decrease in protein-like signal over time and enhanced tyrosine signal in SSA
suggests that the principal sources of protein-like fluorescence in the aerosol phase differ from
those in bulk seawater/SSML phases [Kuznetsova et al., 2005]. The seawater EEMs showed

mainly tryptophan-like fluorescence. As mentioned previously, tryptophan is the dominant

fluorophore for microorganisms including bacteria [Determann et al., 1998]. Bacteria are
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abundant in seawater, even under non-bloom conditions [Whitman et al., 1998]. Previous studies
have observed bacteria in isolated SSA [Patterson et al., 2016] and a similar peak in microbial
signatures in SSA prior to phytoplankton bloom growth [Sultana et al., 2017].

While the tryptophan-like fluorescence in the bulk seawater and SSML could be
attributed to bacteria, the enhanced tyrosine-like fluorescence could be attributed to soluble
exudates or extracellular polymeric substances (EPS). EPS makes up a significant fraction of
dissolved organic matter in seawater [Verdugo et al., 2004; Decho and Gutierrez, 2017].
Previous work has shown that tyrosine can dominate EEMs of soluble EPS in some conditions
[Liu et al., 2017]. Thus, we suggest that while bacteria cells are transferred to SSA, sea-air
transfer is dominated by soluble exudates. In this scenario, the decrease in protein-like signal in
SSA could be due to the colonization of bacteria with particulate matter in seawater, which has
been shown to occur in seawater after a phytoplankton bloom [Riemann et al., 2000], and/or less
efficient transfer of soluble exudates/EPS as particles in seawater become stickier and increase in
size over the course of a bloom [Kuznetsova et al., 2005; Orellana et al., 2011; Decho et al.,

2017; Miyazaki et al., 2018].

3.4.5 Transfer of Humic-like Substances from Seawater to SSA

HULIS peaks were present in bulk seawater and SSML for both blooms (Figure 3.1b-c,
3.1f-h). EEMs of bulk seawater in the MART A experiment had an additional HULIS band at
420 nm excitation / 490 nm emission (Figure 3.1b). The same humic-like peaks present in
seawater of MART A were also present in the EEMs of the corresponding SSA (while not
apparent in Figure 3.1d, these peaks appear on a magnified scale, Figure 3.8), while only the

360 nm excitation HULIS peak was present in the SSA EEMs for MART B.
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Temporal trends for HULIS fluorescence in the SSML of MART B showed a large
increase roughly coincident with the chlorophyll-a growth, followed by a leveling off as the
bloom progresses and declines (Figure 3.5, squares). In this same MART, bulk seawater
showed an initial rise in HULIS fluorescence coincident with that of the SSML, then a gradual
increase after the bloom peak (Figure 3.5, diamonds). In contrast to seawater, the HULIS
fluorescence of the SSA (Figure 3.5, circles) reached its maximum after the peak in chlorophyll-
a in bulk seawater, and eventually decreased to initial levels. The MART A microcosm showed
similarly contrasting trends for HULIS fluorescence of the SSML and SSA phases. Separate
from the temporal trends, we note a slight (~20 nm) redshift in the fluorescence spectra from the
start of the bloom to the peak stage, followed by a return to the original wavelength late in the

bloom (Figure 3.11).
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Figure 3.5. Temporal trends in fluorescence intensity of chlorophyll-a in unfiltered bulk seawater
(grey shading), HULIS in unfiltered bulk seawater and SSML (ExX/Em=360 nm/450 nm; blue
diamonds and squares, respectively), and SSA (ExX/Em=360 nm/472 nm; purple circles). Error

bars represent the standard deviation of the mean (N=9; see Methods).
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The delay in the increase of SSA HULIS fluorescence has not been reported previously.
This delay is a clear indication that phytoplankton in bulk seawater are not direct drivers of
HULIS transfer from the ocean to the atmosphere. Additionally, this lag between the peaks in
chlorophyll-a and SSA HULIS in SSA is consistent with the increase in bacteria concentrations
typically observed in seawater after the peak of a phytoplankton bloom [Ogawa et al., 2001; Jiao
et al., 2010; Lee et al., 2015; O'Dowd et al., 2015; Wang et al., 2015]. Bacterial degradation is
vital for HULIS production and HULIS chemical composition [Rashid, 1985; Hessen et al.,
1998]. This connection with bacteria suggests, as previous studies have shown, that microbial
interactions play a critical role in the enrichment of organic matter, particularly HULIS, in SSA
[Lee et al., 2015; O'Dowd et al., 2015; Wang et al., 2015].

The decline in SSA HULIS emission despite the increase or plateau in bulk seawater and
SSML, respectively, can be explained by changes in the chemical nature of the HULIS. The
spectral changes in SSML HULIS (~20 nm redshift), which nearly coincided with the increase
and subsequent decrease of HULIS fluorescence in the SSA, suggest that bacteria induce
changes in HULIS chemical composition over the course of a bloom [Miano et al., 1990; Chen
et al., 2003]. For example, there may be a shift to a more surface-active form of HULIS, which
would impact the efficiency of HULIS transfer from sea surface to SSA. While further chemical
and size characterization studies are required to identify the mechanism for HULIS transfer,
these findings clearly demonstrate that the HULIS concentration in seawater alone does not

correlate with the transfer and peak HULIS concentration in SSA.
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3.4.6 Implications for Sea-to-Air Transfer of Organic Matter

Identifying the factors that control the release of biomolecules and microbes from the
ocean to the atmosphere is critical because these biogenic organic species have different
influences on clouds, climate, weather, and atmospheric chemistry [Sun and Ariya, 2006;
Orellana et al., 2011; McCluskey et al., 2017; Santl-Temkiv et al., 2019]. For example, microbes
identified using protein fluorescence are likely contributors to ice formation in clouds
[McCluskey et al., 2017; Santl-Temkiv et al., 2019], while humic-like substances have been
linked to cloud nucleation and atmospheric photochemistry, such as the production of reactive
gases like nitrous acid in the atmosphere [Stemmler et al., 2006; Slade et al., 2017]. Here, we
used a lab-controlled microcosm in conjunction with rapid analysis via EEM spectroscopy to
monitor changes and probe connections in the bulk seawater, SSML, and SSA. While previous
studies have attempted to correlate SSA organic enrichment with parameters such as SSA
particle flux or seawater DOC concentrations, we found no links between changes in fluorescent
signatures and SSA particle flux (number, surface area, or volume) or DOC concentrations
(Figure 3.12) [Alpert et al., 2015; Collins et al., 2016]. Instead, our study reveals three major
findings regarding sea-air transfer of organic matter:

First, none of the classes of organics investigated (chlorophyll-a, protein-like substances,
and HULIS) showed a dependence on the growth of phytoplankton as indicated by chlorophyll-a
in the bulk seawater. This suggests that phytoplankton are not producing the majority of the
fluorescent organic matter that is directly transferred to SSA. Instead, phytoplankton likely play
a key role in producing the organic precursors to those species that ultimately become transferred
to SSA. This also suggests that microbial degradation controls the transfer of organic matter,

breaking down constituents into the appropriate size range and proper chemical properties for
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efficient sea-air transfer [Lee et al., 2015; O'Dowd et al., 2015; Wang et al., 2015; Ceburnis et
al., 2016; Rastelli et al., 2017].

Second, we show that the peaks in SSA of different organic species do not correspond to
peaks for these same species in bulk seawater or the SSML. Thus, this study reveals that factors
beyond bulk seawater and SSML concentrations control the concentrations of biogenic species in
SSA in the atmosphere. Previous studies have shown selective transfer occurs, for example due
to enhanced surface adsorption [Cochran et al., 2016] or microbe cell membrane chemistry
[Michaud et al., 2018]. This study suggests that processes that can alter the size and chemical
properties of biogenic organic matter play an important role in controlling sea-air transfer.

Finally, transfer of the three different organic classes studied here occurred at different
points during the bloom, suggesting different factors controlled the release of each species
(Figure 3.6). The transfer of each class was likely affected by different physical, biological, and
chemical factors that depend on microbial conversion processes to modify size and chemical
properties [Wang et al., 2015]. Chlorophyll-a transfer requires the breakdown of cells into cell
fragments and organelles (Figure 3.6) [Kuroiwa et al., 1981; Liberton et al., 2011]. The transfer
of protein-like substances is reduced by colonization of particulate matter by bacteria likely
linked to the formation of “sticky” exudates (Figure 3.6). The transfer of HULIS depends on
chemical changes induced by bacteria (Figure 3.6). The transfer of these classes into SSA at
different times clearly shows that while SSA can be enriched with organic species, the specific
types of organic molecules in SSA change over time, which will lead to different chemical and
climate-relevant properties such as water uptake, cloud formation, and ice nucleation.

By isolating the ocean and atmosphere during a bloom, these studies are the first to begin

unraveling the mechanisms by which ocean-derived biological species in seawater are
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transferred into SSA. Future experiments will be performed to probe how changes in seawater
particulate size distributions, colonization, marine gel production, and other ocean processes
affect the transfer of dissolved and particulate organic matter from the ocean to the atmosphere.
The ultimate goal will be to better understand the factors controlling the biogeochemical cycling

of organic species between the ocean and atmosphere.
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Figure 3.12. Relationships of HULIS (left) and protein-like substances (right) versus SSA
particle number, surface area, and volume concentrations, and DOC.
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3.6.2 Supporting Information Tables

Table 3.1. Excitation and emission maxima for each of the PARAFAC components identified for

MART A and MART B

Component Ex (nm) Em (nm) Description

MART A

Al 280 330 Tryptophan-like

A2 255, 365 453 Humic

A3 325 396 Humic

A4 <245, 275 340 Tryptophan-like

A5 270 302 Tyrosine-like

Ab 275, 420 492 Humic

MART B

B1 280 330 Protein-like, tryptophan-like

B2 255, 365 460 Humic

B3 435 684 Chlorophyll a

B4 <245, 325 394 Humic

Table 3.2. Seawater collection times and conditions for MART A and B
Date Chlorophyll-a Water Temp. Pressure Salinity MART
(mg m?) (dbar) (PSU)
1/15/2014 1.33 4.83 33.54 A

20:00

4/11/2014 4.49 351 33.43 B
12:00
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Chapter 4. Bacterial Control of Marine Humic-like
Substance Production, Composition, Size, and
Transfer to Sea Spray Aerosols During Phytoplankton

Blooms

4.1  Synopsis

Humic-like substances (HULIS) are present in every environmental reservoir, including
the ocean and the atmosphere. Ocean-derived HULIS can be transferred to the atmosphere in the
form of sea spray aerosols (SSA). Little information exists on the factors controlling this transfer
process or how HULIS alters SSA physicochemical properties, cloud-forming ability, and
atmospheric reactions. Here, using excitation-emission matrix spectroscopy and isolated ocean-
atmosphere systems, we investigated how ocean biology affects HULIS sea-to-air transfer during
multiple phytoplankton bloom experiments. We posit that bacterial enzymatic activity on
phytoplankton-derived organic matter control HULIS size, production, and chemical
composition. We found that shifts in the HULIS fluorescence emission spectra reveal changes in
HULIS chemical composition induced by bacteria. High bacterial enzymatic activity on the
proteinaceous, lipid, and phosphorus-rich organic pools enhanced HULIS production and its
transfer to SSA. HULIS consistently accumulated across all experiments. The majority of
HULIS was smaller than 0.2 um or 50 kDa. Our results suggest that enzymatic-processing
bacteria transform the composition of HULIS in seawater, degrading dissolved organic matter

into diverse chemical structures that are more efficiently transferred to the atmosphere in SSA.
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4.2 Introduction

Humic-like substances (HULIS) are ubiquitous in all natural environments including the
soil, oceans, and the atmosphere.[Rashid, 1985; Hessen and Tranvik, 1998; Graber and Rudich,
2006] They consist of a complex mixture of organic molecules that are generated during the
breakdown of dead organisms and larger biomolecules [Rashid, 1985; Hessen et al., 1998].
HULIS in aerosol particles [Graber et al., 2006] influence cloud formation and lifetime and
atmospheric composition [Stemmler et al., 2007; Borgatta and Navea, 2015; Slade et al., 2017;
Chen et al., 2021]. It has been postulated that the ocean is the main source of atmospheric
HULIS in sea spray aerosols (SSA) generated by breaking waves [Cavalli et al., 2004; Graber et
al., 2006]. Many studies investigating the sea-air transfer of organic matter have recognized that
marine microbes, specifically interactions between phytoplankton production and bacterial
enzymatic activities, play a critical role in controlling SSA chemistry [Prather et al., 2013; Lee
et al., 2015; O'Dowd et al., 2015; Wang et al., 2015; Malfatti et al., 2019; Freney et al., 2021].
However, controlled studies of the chemical and biological factors that control the production,
chemical composition, and size of HULIS and their transfer to SSA have yet to be probed.

In this study, we used excitation emission matrix (EEM) spectroscopy to characterize
marine-derived HULIS and investigate the mechanisms that regulate the transfer of HULIS from
seawater to SSA [Mostofa, 2013; Murphy et al., 2013; Nebbioso and Piccolo, 2013]. EEM
spectroscopy acquires fluorescence emission spectra at multiple excitation wavelengths, which
are concatenated to form a single excitation-emission matrix. EEMs allow for rapid, direct
measurements of the fluorescent organic matter in seawater without requiring sample storage or
preprocessing. By concatenating multiple excitation wavelengths, EEMs can characterize

multiple classes of fluorophores within each sample, including protein-like substances and
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chlorophyll in seawater [Parlanti et al., 2000; Coble, 2007; Mostofa, 2013]. This study focuses
solely on HULIS fluorescence in seawater and SSA. Previous studies have identified HULIS by
a broad fluorescence peak with an excitation wavelength of 360 nm and emission wavelengths
ranging from 430-470 nm [Pohlker et al., 2012; Lee et al., 2015]. By monitoring this peak over
time, changes in HULIS concentrations and chemical composition can be investigated in
seawater and SSA.

Here we hypothesize that bacterial enzymes alter the production, chemical composition,
and size of HULIS, and that these changes increase the efficiency of HULIS transfer from the
ocean to the atmosphere in SSA. We performed experiments to disentangle the impact of
phytoplankton, bacteria, and bacterial enzymes on HULIS composition and transfer. Controlled
phytoplankton bloom experiments allowed for the investigation of HULIS properties under
phytoplankton and bacterial growth cycles of varying bloom intensities. Perturbation
experiments, where marine bacterial isolates were added, help clarify the role of bacteria and
their enzymes on HULIS composition. Specifically, we examined the impact of proteases
(cleavage site leucine), lipases (cleavage site oleate), and alkaline phosphatases (cleavage site
phosphate), which have been shown to be relevant for sea-air transfer of organic matter [Malfatti
et al., 2019]. We then probed the impact of these enzymes on seawater HULIS properties, and
how this affects HULIS transfer from seawater to SSA. While studies have shown that
phytoplankton blooms affect seawater and SSA chemistry [Prather et al., 2013; Lee et al., 2015;
Wang et al., 2015], this study goes beyond phytoplankton and provides new insights into the
links between bacterial enzyme activity and HULIS production, physicochemical properties and

sea-air transfer.
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4.3  Methods

4.3.1 Phytoplankton Bloom Experiments

Seventeen phytoplankton bloom experiments were conducted using natural seawater.
Seawater collected from the Ellen Browning Scripps Memorial Pier (32-52'00" N, 117-15°21"
W) was filtered using an acid washed 50 um mesh screen (Sefar Nitex 03—100/32) to remove
zooplankton, a grazer of phytoplankton. In the experiments discussed here, three mesocosm
conditions were employed; seawater was 1) placed directly into a 120 L Marine Aerosol
Reference Tank (MART) [Stokes et al., 2013], 2) placed into a 3000 L outdoor tank to allow
phytoplankton abundance to increase, followed by aerosolization in a MART [Trueblood et al.,
2019], or 3), in a 30,000 L waveflume at Scripps Institution of Oceanography (TABLE 4.1, S1).
In the seven experiments labeled as Exp1-7, HULIS was sampled in the bulk seawater (total and
size fractionated) and in the SSA (TABLE 4.1). Exp1, or the Investigation into Marine PArticle
Chemistry and Transfer Science (IMPACTS) campaign, was conducted in the waveflume is
Expl [Wang et al., 2015], while Exp3-7 used the MART for SSA generation. In the ten
experiments labeled as S01-S10, total HULIS was sampled only in the bulk seawater (SI
TABLE 4.2). Methods used for phytoplankton mesocosm experiments in both the waveflume
and the MARTS have been described previously [Lee et al., 2015; Wang et al., 2015]. Briefly,
the seawater was spiked with Guillard’s F/2 algae nutrient medium [Guillard and Ryther, 1962]
(concentrations ranging from F/100 to F/2) to induce a phytoplankton bloom and then incubated
with fluorescent lights (Full Spectrum Solutions, model 205457; T8 format, color temperature
5700 K, 2950 lumens) [Brown and Richards, 1968]. Experiments carried out in the outdoor tank
used sunlight rather than fluorescent lights for incubation. The growth and decline of

phytoplankton were monitored daily using an Aquafluor handheld fluorometer (Turner Designs,
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Aquafluor) to measure in vivo chlorophyll-a fluorescence (excitation at 395 nm and emission

>660 nm).

Table 4.1. List of the experiments probing the dynamics of HULIS. Experiments designated as
Expl-7 are experiments where EEMs were collected for both bulk seawater and SSA.

HB = heterotrophic bacterial abundances, V = viral abundances, DOC = dissolved organic
carbon, and CHL = in vivo or extracted chlorophyll; Imp = impingers, Spot = Spot sampler

Bulk Seawater Measurements

NAME

YEAR

Tank System
SSA Generator
System
Volume (L)
SSA Collection
DURATION
(days)

CHL (pg/L)
CHL

HB

Vv

DOC

Enzyme
Activity

Wave- Wave-
Expl | 2014 30000
flume flume

3
)
w
N
u
N
)
>
>
x
>
>

Wave- Wave-
Exp2 |2019 30000 |Spot| 21 18.70 X X X X X
flume flume

Outdoor

Exp3 [2018| Tank/ MART 100 |Spot 9 12.65| X X X X X
MART
Outdoor

Exp4 |2018| Tank/ MART 100 |Spot 9 11.41 X X X X X
MART

Exp5 [2014| MART MART 100 |Imp| 26 [39.08| X -- -- X --

Exp6 [2014| MART MART 100 |[Imp| 19 |13.10| X -- -- X --
Outdoor

Exp7 |2019| Tank/ MART 100 |Spot 9 1.90 X X X -- --
MART
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For Exp4, marine bacteria isolates were introduced into the MART after the peak of the
phytoplankton bloom. Three different marine-relevant bacteria isolates were used: Alteromonas
macleodii (AltSIO), Pseudoalteromonas sp. (ATW7), and Flavobacteria sp. (BBFL7). These
three strains were chosen due to their high protease activities that, in previous studies, were
found to be effective in the dissolution of particulate silica present in diatom frustule [Bidle and
Azam, 2001]. AItSIO was also added due to its ability to break down dissolved organic carbon
[Pedler et al., 2014]. These three “local” species were originally isolated from the Pacific Ocean
off of the Ellen Browning Scripps Memorial Pier. The bacterial isolates were prepared by
growing colonies on solid ZoBell medium from the frozen stock culture for 24 hours. Colonies
were then transferred to liquid ZoBell medium at room temperature and grown on a shaker at
130 rpm for approximately 24 hours. Liquid cultures were harvested by spinning at 9000 g for 5
minutes, followed by a wash with 0.2 pum filtered and sterilized seawater to remove the
supernatant (spent medium). Optical density measured at 600 nm was checked in order to have

1:1:1 (AltSIO:ATW7:BBFL7) ratio of the isolates in the inoculum that was 1x10° cells/L.

4.3.2 Aerosol Generation and Aerosol Sample Collection

SSA was generated using two aerosol generation approaches: the Marine Aerosol
Reference Tank (MART) [Stokes et al., 2013; Trueblood et al., 2019; Santander et al., 2022]
and breaking waves in the waveflume at SIO [Wang et al., 2015]. Briefly, the MART uses a
periodic plunging waterfall to generate bubble plumes that burst to form SSA. By creating an
isolated system for studying SSA, the MART prevents the inclusion of atmospheric aerosols
from non-marine sources. The MART has been shown to produce SSA size distributions that are

similar to the size distributions measured of nascent SSA in field studies [Stokes et al., 2013].

98



For experiments in the 3000 L outdoor tank, 100 L of seawater was transferred daily from the
outdoor tank to the MARTS and then transferred back to the outdoor tank the following day after
refilling the MARTSs with a fresh batch of seawater from the outdoor tank [Trueblood et al.,
2019]. The SI10 waveflume is a 33 meter long sealed glass channel that uses a moving paddle to
create a wave that breaks on an artificial beach, generating SSA [Stokes et al., 2013]. Similar to
the MART, the waveflume is an isolated system that removes non-marine aerosols.

Aerosols were collected using one of two different methods (see details in TABLE 4.1).
Aerosols were collected using glass impingers (Chemglass, CG-1820, 0.2 um D, lower cutoff at
1 LPM) containing 20 mL of ultrapure (Type 1) water. The airflow through the impingers was
set at 1 LPM for 2 hours for MART experiments and 6 hours for waveflume experiments.
Alternatively, aerosols were collected daily using two liquid spot samplers (Aerosol Devices,
LSS110A), which use a condensation growth tube to collect particles [Fernandez et al., 2014], in
a size range of 5 nm to >10 pum, into a 0.7 mL liquid vial filled with ultrapure (Type 1) water.
The airflow through the spot samplers was 1.5 LPM over the 1 hour collection period. The
samples from the two liquid spot samplers were then combined and diluted to 1.5 mL before

measuring with EEM spectroscopy.

4.3.3 Bulk Seawater Collection, DOC, and Microbiology Analysis

Bulk seawater samples were collected and analyzed for EEMs, dissolved organic carbon
(DOC) concentrations, heterotrophic bacteria and virus concentrations, and enzyme activity. All
bulk seawater samples were collected in glass vials prepared for total organic carbon (TOC)
analysis. Briefly, vials were cleaned with an acetone rinse followed by several ultrapure water

rinses followed by an acid wash with 0.1 N HCL and multiple ultrapure water rinses, then heated
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at 500 °C for 7 hours. Bulk samples were collected daily from a spigot located on the side of the
MART or syphoned out of the waveflume. DOC samples were prepped by filtering seawater
with a combusted 0.7 um glass fiber filter (Whatman GF/F, Z242489) and acidifying to pH 2
with ~2 drops of trace metal-free concentrated 12 M HCI. Samples were stored in the dark at
room temperature. DOC was analyzed by using the high-temperature combustion method
(Shimadzu Instruments) [Alvarez-Salgado and Miller, 1998].

Heterotrophic bacteria and virus concentrations for all experiments were obtained either
by epifluorescence microscopy or flow cytometry. All water samples for microbial abundance
were preserved using 10% electron microscopy grade glutaraldehyde and then incubated at 4 °C
for 10 minutes followed by flash freezing in liquid nitrogen and then storing at -80 °C. Samples
were analyzed with an epifluorescence microscope (Keyence BZ-X700, final magnification 100x
after staining) with SYBR Green | (Life Technologies, S-7563) following the Noble and
Furhman protocol for bacteria and viruses [Noble and Fuhrman, 1998]. Samples analyzed via
flow cytometry (BIO-RAD, ZE5 Cell Analyzer, at The Scripps Research Institute (TSRI) Flow
Core Facility) for heterotrophic bacteria were first diluted (1:10) in 1XTE buffer (pH 8), then
were stained with SYBR Green | at RT for 10 minutes (at a 10:4 dilution of the commercial
stock) in the dark [Gasol and Del Giorgio, 2000]. For viruses, samples were diluted (1:50) in
1xTE buffer (pH 8) and stained with SYBR Green | at 80 °C for 10 minutes in the dark (at a
5x107 dilution of the commercial stock). Heterotrophic bacteria and virus populations were
discriminated based on their signature in the FL1 (488 nm laser, green fluorescence) vs. side
scattering (SSC) specific cytograms [Marie et al., 1997; Brussaard, 2004].

Bacterial enzymatic activities (protease, lipase and alkaline phosphatase) were measured

using the fluorogenic substrate method [Hoppe, 1983]. Briefly, fluorogenic substrates: L-leucine-
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7-amido-4-methyl-coumarin (Sigma, L2145), 4-methyl-umbelliferyl oleate (Sigma, 75164), 4-
methyl-umbelliferyl-phosphate (Sigma, M8883) were added to the sample at 20 puM final
concentrations (in Expl, Exp3, and Exp4). Fluorescence was measured once immediately after
the addition of the fluorogenic substrates, incubated in the dark for 45 minutes, and measured
again. Fluorescence was measured using 355 nm excitation and 460 nm emission by a
multimode reader (SynergyTM H1, BioTek) on 96-well microliter plates. The fluorescence
signal results from the cleavage of free fluorophores (4-methylumbelliferone (MUF) and 7-
amido-4-methylcoumarin  (AMC)) from the substrate and is directly proportional to the
hydrolysis rate and thus the bacterial enzymatic activity. Standard curves were generated for
each measurement to relate fluorescence intensity to fluorophore concentration.

Bulk seawater samples were size-fractionated (see TABLE 4.1). Seawater was filtered by
0.2 um filter either with a microanalysis vacuum filter setup (EMD Millipore Corp, Cat. Num.
XA5002501) with hand pump (Fisher Scientific, Part Num. 1367811E) and a 0.2 um
polycarbonate filter (EMD Millipore Corp, GTTP02500), or by syringe filtration (BD, 309604;
Pall Acrodisc, PN4602). For Exp3 and Exp4, samples were then sequentially filtered via
centrifuge filtration using a 50 kDa centrifuge filter (Amicon Ultra 2 mL, UFC205024) and
centrifuging at 4000 g for 15 minutes (Eppendorf, 5810, Rotor A-4-44). All filtration glassware
was cleaned by rinsing with ultrapure water and heating to 500 °C for 7 hours. Syringe filters

and centrifuge filters were cleaned with several ultrapure water filtrations prior to use.

4.3.4 Excitation-Emission Matrix Spectroscopy
EEMs were obtained for all bulk seawater and SSA samples using a spectrofluorometer

(Horiba Scientific, Aqualog with extended range). Excitation wavelengths ranged from 235-450
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nm. Emission wavelengths ranged from 250-800 nm. A background spectrum was acquired with
ultrapure water and subtracted from all EEMs. EEMs were corrected for inner-filter effects based
on absorbance spectra measured simultaneously. Rayleigh scatter (1% and 2™ order) was
removed. EEMs were also normalized to the area of the Raman Scattering peak of water at 350
nm excitation to convert fluorescence intensities to Raman Units (R.U.) [Lawaetz and Stedmon,
2009; Murphy, 2011]. The abundance of HULIS is presented as the fluorescence intensity of the
HULIS peak at wavelengths of 360 nm excitation and 450 nm emission unless otherwise

specified.

4.4  Results and Discussion

4.4.1 Seawater HULIS Correlate with DOC and Display a Narrow Size Range

Phytoplankton bloom experiments were carried out to investigate differences in HULIS
production over a wide range of biological conditions and different bloom densities. The
progression of the phytoplankton blooms were monitored using in vivo chlorophyll-a
fluorescence, which is used as a proxy for phytoplankton biomass (Figure 4.1). Each bloom
experiment showed similar behavior in terms of a chlorophyll-a increase followed by a decrease
over several days, with the exception of Exp7, which showed minimal change in chlorophyll-a
levels, representing a non-bloom scenario. Notably, the chlorophyll-a data for Expl produced
two maxima, indicative of two sequential phytoplankton bloom cycles. All blooms showed very
different bloom densities (indicated by chlorophyll-a), with maximum values ranging from 1.90
Ma/L (during Exp7) to 39.08 pg/L (in Exp5). The heterotrophic bacteria and virus concentrations

peaked approximately 3 days after chlorophyll-a in most experiments (Figure 4.1), with the
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exception of Exp7. This staggered progression is consistent with previous phytoplankton bloom

experiments [Lee et al., 2015].
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Figure 4.1. Time series for chlorophyll-a, HULIS fluorescence (360 nm excitation, 450 nm
emission), heterotrophic bacteria concentrations and virus concentrations in bulk seawater during
phytoplankton blooms in 7 experiments. Asterisks (*) indicate no measurements for bacterial and

viral abundance.
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Nutrient additions induced phytoplankton blooms which influenced heterotrophic
bacteria and virus abundances in the seawater. EEMs of seawater HULIS reflect the enhanced
biological activity. In all cases, the intensity of the HULIS fluorescence peak measured by EEMs
increased over time, indicating steady production and accumulation of HULIS in seawater
(Figure 4.1). Even for Expl and Exp7, which exhibited distinctive bloom dynamics,
accumulation of HULIS occurred over time. Despite the wide range in phytoplankton bloom
densities, HULIS accumulation was not correlated with maxima in in vivo chlorophyll,
suggesting phytoplankton abundance is not singularly responsible for HULIS production in
seawater. (Figure 4.9). Therefore, a combination of both phytoplankton and bacteria were
responsible for the increased HULIS concentration.

In all experiments, temporal changes in bulk seawater HULIS EEM intensity correlated
with DOC (Figure 4.2, Spearman’s p ranges from 0.79 to 0.98). This correlation suggests that 1)
the organic molecules that make up the DOC pool contribute to HULIS and 2) HULIS
fluorescence intensity reflects DOC concentrations in the ocean. We speculate that the degree of
recalcitrance of the DOC is reflected in the HULIS intensity. From the analysis of the EEM vs
DOC slopes across the entire dataset, we distinguish 3 families of slope steepness: Expl-like;
Exp2-3-4-like and Exp5-6-like (Figure 4.3). Moreover, we propose that the slope steepness is
related to the extent of the chemical modification caused by bacterial enzymatic activities on the
DOC pool that influences its recalcitrance (or lability). Higher enzymatic activities were
measured in Exp2-3-4 than in family Expl, suggesting that during Exp2-3-4, the DOC pools
were processed more intensively thus depleting the labile compounds faster and creating more

recalcitrant molecules that had a stronger HULIS signal intensity (Figure 4.10).
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Figure 4.2. Correlations between HULIS EEM intensity (360 nm excitation, 450 nm emission)
and DOC concentrations in bulk seawater for multiple phytoplankton bloom experiments (except
for Exp7 where DOC was not sampled). Spearman’s correlation coefficient, p, listed for each

experiment.
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To identify size-dependent changes in HULIS concentrations, seawater samples were
sequentially filtered (Figure 4.4). The majority of the HULIS EEM signal (> 80%) was in the
smallest size fraction (<50 kDa or <0.2 pm), even in experiments with large bloom intensities
and high DOC concentrations. While previous studies have also shown the majority of HULIS to
be in the smallest size fractions [Grzybowski, 1995], this study shows that this size-dependence
holds throughout a phytoplankton bloom cycle. This result confirms that the HULIS fluorescent
signal does not originate from the bacteria or viruses themselves. The retention of HULIS
fluorescence after filtration supports the hypothesis that HULIS in SSA is largely derived from

the dissolved fraction of organic matter in the DOC pool.
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Figure 4.4. Size fractionation of HULIS in seawater: HULIS EEM intensity (360 nm excitation,
450 nm emission) before and after initial and subsequent filtrations
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4.4.2 Microbial Activities Affect HULIS Production and Chemistry

In order to further probe the roles of bacteria and their enzymes on HULIS production
and chemical composition, EEMs were collected from phytoplankton bloom experiments with
and without the addition of specific marine bacteria isolates to enhance enzyme activity (Exp3
and Exp4, respectively). The enzyme activities for proteases, lipases, and alkaline phosphatases,
important for sea-air transfer, were also monitored over time. While Exp3 and Exp4 began with
the same seawater, Exp4 showed enhanced HULIS production after the addition of bacteria
isolates compared to Exp3, which did not have bacteria isolates added (Figure 4.5, Day 4-9).
Enzyme activity data showed that the added bacterial strains resulted in high alkaline
phosphatase activity (Figure 4.5), thus leading to a significant change in phosphorous-rich
compounds in seawater. These findings support the hypothesis that bacterial enzyme activity
enhances the production of HULIS in the seawater by acting on phytoplankton exudates and

detritus.
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Figure 4.5. HULIS fluorescence (360 nm excitation, 450 nm emission) over time during Exp3

and Exp4 with alkaline phosphatase activity over time during Exp4. Marine bacteria isolates
added to MART in Exp4 on day 4.
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Following HULIS concentration findings in seawater, we investigated links between
bacterial enzyme activity and HULIS chemical composition by comparing enzyme activities to
shifts in the wavelength where the maximum of the HULIS emission occurred (Figure 4.6).
Shifts in the wavelength at maximum HULIS emission are associated with changes in HULIS
chemical composition [Miano et al., 1990; Chen et al., 2003]. In Exp1, we observed a small shift
in the HULIS emission maximum for filtered bulk seawater from 426 nm near the beginning of
the experiment to 450 nm leading into the first phytoplankton bloom peak. The HULIS emission
maximum during the second bloom showed an even smaller shift compared to the first bloom,
likely due to the formation of already-processed, recalcitrant material that is resistant to further
enzymatic breakdown. A shift was also observed in Exp2 during the last 5 days of the
experiment. In Exp3 and Exp4, the maximum of the HULIS EEM signal shifted from 445 nm at
the beginning of the bloom to 455 nm near the peak of the bloom, followed by a shift back to
445 nm several days later (Figure 4.5). These shifts indicated that the HULIS chemical

composition changed over the course of a phytoplankton bloom.
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Figure 4.6. Enzyme activities along with the wavelength for HULIS emission maximum in the
bulk seawater during Expl (A) and Exp2 (B) for protease and lipase activity and during Exp3
(C) for alkaline phosphatase.
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Comparing the enzyme activities with the shifts in fluorescence emission suggests that
bacteria drive the changes in HULIS chemical composition. These shifts in the wavelength at
maximum HULIS emission were contemporaneous with the changes in enzymatic activities
(Figure 4.6). In Expl and Exp2, changes in HULIS chemistry were driven by proteases and
lipases, while in Exp3 and Exp4, HULIS chemistry were driven by bacterial alkaline
phosphatases (Figure 4.6b, Figure 4.11). The correspondence between enzyme activity and
HULIS chemistry supports the hypothesis that bacterial activity directly shapes HULIS

composition in the seawater. These changes likely impact the efficiency of air-sea transfer.

4.4.3 HULIS Transfer from the Ocean to the Atmosphere

We show that the enzymatic activities of bacteria play a primary role in HULIS
production and changes in HULIS chemical composition in seawater. To assess how these
seawater changes impact the sea-air transfer of HULIS, SSA collected during Expl-Exp7 was
analyzed for changes in HULIS concentrations over the course of phytoplankton blooms. The
“transmission factor” (defined here as the ratio of the maximum HULIS intensity in bulk
seawater to the maximum HULIS intensity in SSA) is approximately 1000-fold (with a range of
0.055-0.37:1.1-6.8 x10™°) and is comparable across experiments. As mentioned previously, bulk
seawater EEMs consistently showed an increase in HULIS over the course of a phytoplankton
bloom. For SSA, however, despite the steady accumulation of HULIS in bulk seawater, HULIS
enrichment in SSA did not follow the same trend. In contrast, SSA HULIS concentrations rose
and fell at certain times during a bloom, rather than increased steadily as observed in seawater

(Figure 4.7, Figure 4.11).
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Figure 4.7. HULIS EEM intensity in seawater (blue) and SSA (purple) over the course of various
induced phytoplankton bloom experiments.
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Comparing HULIS in SSA with enzymatic activity data suggests that certain enzymes
drive the transfer of HULIS from seawater to SSA (Figure 4.8, Figure 4.12, Figure 4.13).
During Expl and Exp2, higher concentrations of HULIS were observed in SSA during periods of
high protease and lipase activity (Figure 4.8). The co-occurrence between elevated HULIS
concentrations and high enzyme activity is also consistent for Exp3 and Exp4, which showed
more SSA HULIS during high alkaline phosphatase activity (Figure 4.8). Moreover, the increase
in SSA HULIS and high enzyme activity coincide with changes in HULIS chemical
composition, as indicated by the shifts in the emission spectra. Thus, the combination of high
enzyme activities, the shifts in HULIS chemical composition, and HULIS in SSA supports the
hypothesis that enzyme activity regulates HULIS sea-air transfer by transforming HULIS
chemical composition to diverse structures that allows for more efficient transfer. Alternatively
high enzyme activities at the sea surface could influence the interface properties and thus the
ability to release HULIS in SSA. Microbial activity plays a central role in transforming seawater

composition [Wang et al., 2015], leading to the transfer of HULIS from bulk seawater to SSA.
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Figure 4.8. HULIS fluorescence intensity in SSA (circles) and enzyme activity (bars) in the bulk
seawater during Expl (A), Exp2 (B) and Exp3 (C). For Expl, only HULIS in SSA data within
one day of enzyme measurements and vice versa are plotted.

45  Conclusion
Previous laboratory experiments have shown that HULIS concentrations in bulk seawater
are different from concentrations in SSA, suggesting other factors besides seawater abundance

control atmospheric HULIS concentrations [Santander et al., 2022]. Thus a better understanding

of how different marine microbes control the transfer process is needed. Microbial enzymatic
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activity has been found to play a major role in affecting the sea-air transfer of organic matter in
SSA as well as their climate properties [Wang et al., 2015; Jayarathne et al., 2016; McCluskey et
al., 2017]. This study aims to elucidate the biological factors controlling the dynamics of HULIS
and transfer from the ocean to the atmosphere under a range of ocean microbiological conditions.

Here, the influence of marine bacteria on HULIS size, production, and chemical
composition were investigated to elucidate the effects that influence sea-air transfer. Regarding
HULIS size over the course of each phytoplankton bloom, seawater HULIS concentration
consistently increased over the course of the bloom and correlated with DOC; however,
throughout the entire bloom progression, the vast majority of HULIS existed in the smallest
seawater size fraction (<50 kDa). For HULIS production, perturbation experiments with marine
bacteria isolates additions revealed that bacteria and their enzymes enhanced the production and
increased concentrations of HULIS. Finally, shifts in the HULIS emission spectra coincided with
high enzyme activities, suggesting that marine bacteria induce changes in HULIS chemical
composition through enzymatic activity.

In this study, we hypothesized that bacteria drive changes in HULIS size, production, and
chemical composition, and that these changes induced by bacteria enhance the transfer of HULIS
to SSA. In the quest to elucidate the impact of enzymes on HULIS sea-air transfer, we note that
changes in SSA HULIS did not correlate with chlorophyll-a, DOC, heterotrophic bacteria, or
virus concentrations. Our findings reveal that the changes in HULIS chemical composition,
induced by bacterial enzymes, are the major drivers for the sea-air transfer of HULIS. While
bacteria do play a role in affecting HULIS size and production, these factors appear to be less
vital for sea-air transfer than the induced changes in chemical composition. Thus, we provide

evidence that bacterial enzymatic activities drive changes in seawater chemistry, which then
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directly impact SSA chemical composition. This study emphasizes the complex role that marine

microbiology, specifically bacterial enzymatic activity, plays in SSA formation and composition.
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4.7.1 Supporting Information Figures
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Figure 4.12. HULIS emission maximum wavelengths (top) and HULIS intensity in SSA
(bottom) for Exp3 and Ep4 alongside combined protease, lipase, and alkaline phosphatase
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4.7.2 Supporting Information Tables

Table 4.2. List of additional experiments probing the dynamics of HULIS in seawater.

HB = heterotrophic bacterial abundances, V = viral abundances, DOC = dissolved organic
carbon, and CHL = in vivo or extracted chlorophyll

Bulk Seawater Measurements

System  Experiment CHL

Tank Volume Duration MAX

NAME YEAR SEASON  System (L) (days) (ug/L) invivochl HB v DOC

S01 2016  Summer ovidoor 2400 9 23.93 X X X X
Tank

$02 2016  Summer Ovidoor 2400 9 7.00 X X X X
Tank

S03 2016  Summer Cuidoor 2400 8 437 X X X
Tank

S04 2016 Summer Ovidoor 2400 8 8.57 X X X
Tank

~ Outdoor

505 2018 Summer Tanl/MART 2400 7 11.28 X X X X
Outdoor

S06 2018 Summer Ta T 2400 7 11.53 X X X X
Outdoor

S07 2018 Summer Tank/MART 2400 7 11.89 X X X X
Outdoor

S08 2018 Sumimer Tank/} T 2400 12 2.26 X X X X

~ Outdoor

509 2018 Summer Tanl/MART 2400 12 2.20 X X X X
Outdoor

S10 2018 Summer Ta T 2400 12 2.18 X X X X
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Chapter 5. Assessing Aggregation as a Potential
Artifact Impacting the Fluorescence Intensity of

Humic Substances in Seawater

5.1  Synopsis

Humic substances are ubiquitous in the environment and play an important role in carbon
cycling. They are frequently characterized by measured fluorescence using excitation-emission
matrices (EEMs). Humic substances are also known to aggregate in the marine environment
which can potentially quench and reduce the fluorescence signal, presenting a challenge to study
changes in relative abundance. This potential artifact has not been fully explored for marine
humic substances. Here, we investigate spontaneous and calcium-induced aggregation of a
commercial humic acid as well as humic substances in seawater using nanoparticle tracking
analysis (NTA) and EEM spectroscopy. We show that changes in seawater particle size
distributions do not correspond to changes in fluorescence intensity for both spontaneous and
calcium-induced aggregation, which indicates that changes in fluorescence signals of humic
substances can serve as a robust measurement of relative concentrations that are unaffected by
aggregation. These findings are also supported by monitoring fluorescence and particle size
distributions over the course of a larger-scaled phytoplankton bloom experiment. Further
structural studies using EDTA suggests that the shielding of fluorescent moieties due to ion-
mediated aggregation plays a critical role in preventing aggregation-caused quenching for marine

humic substances. This study allows for an improved understanding of ocean humic substances,
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providing evidence that fluorescence serves as a reliable indicator for humic substance relative

abundance in seawater even under differing levels of aggregation.

Humic
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Illustration 5.1. Illustration broadly summarizing the purpose and experimental design
investigating aggregation as a potential artifact impacting humic substance fluorescence intensity

5.2  Introduction

Humic substances encompass operationally-defined humic and fulvic acids. They were
originally defined as sub-fractions of organic matter in soils, or derived from aquatic plants, with
specific properties: colored and polar materials, which could be protonated at low pH (containing
acidic functional groups) [Thurman and Malcolm, 1981; Rashid, 1985; Hessen and Tranvik,
1998; Lehmann and Kleber, 2015]. These fractions of organic matter are identified as humic
substances based on the method used to isolate them from aquatic environments (e.g. Aiken,
Thurman and Malcolm) or based on their optical properties. Although structurally complex,
humic substances have been linked to degraded lignin components in terrestrial environments,
and condensed lipids and other biomolecules in marine environments [Malcolm, 1990; Kieber et
al., 1997]. Chemical signatures for humic substances (often referred to as humic-like substances
or HULIS) have also been identified in the atmosphere. Atmospheric HULIS has been suggested
to play major roles as photosensitizers and cloud seeds [Graber and Rudich, 2006; Shrestha et

al., 2018; Tsui and McNeill, 2018; Wang et al., 2020]. The prevalence of humic substances in
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soil, aquatic systems, and the atmosphere shows that they play an important role in the cycling of
carbon throughout the environment [Rashid, 1985; Hessen et al., 1998; Gerke, 2018; Win et al.,
2018].

The dynamics of humic substances are often investigated using fluorescence
spectroscopy, specifically excitation-emission matrix (EEM) spectroscopy [Mostofa, 2013;
Murphy et al., 2013; Nebbioso and Piccolo, 2013]. In EEM spectroscopy, fluorescence emission
spectra at multiple excitation wavelengths are concatenated into a single excitation vs. emission
map, providing a wider scope of the fluorophores within a sample. EEM spectroscopy is a
widely used technique to characterize dissolved organic matter (DOM) in a variety of aquatic
systems [Zhang et al., 2011; Mostofa, 2013; Murphy et al., 2013; Nebbioso et al., 2013; Cao et
al., 2016] and allows for direct, rapid measurements, which minimizes potential artifacts from
sample storage or preprocessing. Thus, EEM spectroscopy is ideal for natural aqueous samples
such as seawater, which can contain multiple fluorophores.

One potential issue that arises when using EEMs to assess changes in humic substance
abundance is aggregation. Organic matter in the ocean is known to form aggregates and large
marine polymer gels [Chin et al., 1998; Verdugo et al., 2004]. Humic substances have been
shown to spontaneously aggregate over the course of hours in artificial solutions at pH 7.5 and at
low ionic strength [Baalousha et al., 2006]. In the presence of divalent cations such as calcium
ions, humic substances can aggregate on timescales as short as minutes [Palmer and von
Wandruszka, 2001; Baalousha et al., 2006; Kloster et al., 2013]. Moreover, during periods of
high biological activity (e.g., during a phytoplankton bloom), humic substance concentrations
can be elevated, promoting aggregation [Lee et al., 2015]. While the fluorescence of some

chromophores is unaffected, or even enhanced, by aggregation, other chromophores will undergo
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aggregation-caused quenching, in which aggregates exhibit enhanced pi-pi stacking interactions,
decreasing their fluorescence intensity [Lakowicz, 2006; Chen et al., 2019]. This phenomenon is
especially notable under high concentrations [Lakowicz, 2006]. Thus, while humic substances are
known to aggregate, many studies, even across different fields, relate changes in humic
substance fluorescence intensity to changes in abundance based on the assumption that processes
such as aggregation do not alter fluorescence intensity [Bieroza et al., 2010; Wei et al., 2016;
Wang et al., 2017; Yamin et al., 2017; Arai et al., 2018; Kwon et al., 2018]. Because this
assumption has not been fully explored for marine systems, the production or breakdown of
humic substances has remained a challenge to study.

Here, we investigate the reliability of fluorescence spectroscopy for direct measurements
of the relative concentrations of humic substance in the presence of aggregation processes.
Specifically, we track the changes in particle size distributions and corresponding fluorescence in
several different solutions: commercial humic acid solutions, seawater, and seawater with high
biological activity (several days after the peak of a phytoplankton bloom), before and after
spontaneous and calcium-induced aggregation. Furthermore, we examine how fluorescence
intensity changes after the addition of ethylenediamine-tetra-acetic acid (EDTA), which is
commonly used to separate cations from complexing material [Chin et al., 1998]. In each of
these scenarios, we probe the hypothesis that fluorescence of humic substances is not quenched
after undergoing aggregation with calcium ions or after using EDTA to remove calcium-induced
aggregation. Additionally, by monitoring the changes in fluorescence and particle size
distributions over the course of a phytoplankton bloom, we explore the hypothesis that changes
in the particle size distribution are unrelated to changes in the humic substance fluorescence

intensity in seawater.
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Numerous studies have linked humic substances in marine systems to several broad
fluorescence regions in EEMs [Coble, 1996; Parlanti et al., 2000; Coble, 2007; Mostofa, 2013].
More specifically, previous studies have designated three fluorescence regions for humic
substances: a peak with excitation/emission wavelengths at (360 nm) / (450 nm), at (260 nm) /
(450 nm), and at (325 nm) / (410 nm) [Coble, 1996; Hessen et al., 1998; Mostofa, 2013].
Seawater EEMs also commonly show fluorescence at two additional regions corresponding to
protein-like substances and chlorophyll-a with excitation/emission wavelengths at (275-280 and
<235 nm) / (330-350 nm) and (400-440 nm) / (680-690 nm), respectively [Coble, 1996; Parlanti
et al., 2000]. These two peaks lie outside the humic-like regions and are excluded in this study.
Commercial humic acid, in contrast to seawater humic substances, shows a different
fluorescence signature with a broad excitation spectrum that peaks at 250 nm and extends to
>400 nm, and an emission peak at approximately 435 nm. Here, we primarily focus on the peak
in seawater at 360 nm excitation to probe changes in fluorescence intensity.

By investigating the changes in humic substance fluorescence under various aggregation
states, we assess if aggregation impacts the ability to quantify the amount of humic substances in

the marine environment.

5.3  Materials and Methods

Multiple phytoplankton bloom mesocosm experiments were conducted to investigate the
temporal changes in seawater particle size distributions and fluorescence. Details of the
phytoplankton blooms have been described previously [Lee et al., 2015; Trueblood et al., 2019].
Briefly, blooms were carried out in a 2400 L outdoor tank. Seawater was obtained from the Ellen

Browning Scripps Memorial Pier (Scripps Pier, 32-52'00" N, 117-15°21" W) and filtered using a
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50 um mesh screen (Sefar Nitex 03—100/32) to reduce zooplankton that graze on phytoplankton.
A phytoplankton bloom was induced by spiking the seawater with Guillard’s F algae nutrient
medium [Guillard and Ryther, 1962] diluted by a factor of 100. Progression of the phytoplankton
bloom was monitored using a handheld fluorometer (Turner Designs, Aquafluor) to measure in
vivo chlorophyll fluorescence.

For aggregation studies, humic acid solutions were made with humic acid sodium salt
(CAS 68131-04-4) purchased from Sigma Aldrich. Artificial seawater used as a solvent for
humic acid solutions was made from reef salt (Brightwell Aquatics, NeoMarine Salt Mix). Real
seawater was collected directly from the Scripps Pier. A phytoplankton bloom in a 4 L flask was
induced by amending seawater with Guillard’s F medium (diluted by a factor of 2) [Guillard et
al., 1962] and incubating under fluorescent lights (Full Spectrum Solutions, model 205457; T8
format, color temperature 5700 K, 2950 lumens). Calcium chloride solutions were made from
calcium chloride salts (CAS 10043-52-4) purchased from Sigma Aldrich. The calcium chloride
solution was used to induce aggregation by adding a drop of solution (0.043M CaCl,) directly to
the sample in the cuvette. The addition of a drop of this CaCl, solution to the cuvette results in a
10% increase in Ca** concentration from the artificial seawater. EDTA experiments were
performed by dissolving disodium EDTA (Macron Fine Chemicals, CAS 6381-92-6) in ultrapure
water and adding a drop of solution (>0.05M EDTA) to the sample in the cuvette (similar to
calcium chloride addition).

EEMs were measured using an Aqualog Fluorometer (Horiba Scientific, Aqualog with
extended range). EEMs were scanned from 230-450 nm excitation and 240-820 nm emission. In
the Aqualog software, EEMs were automatically blank-subtracted (using ultrapure water as a

blank), corrected for inner filter effects, and Rayleigh masked (1% and 2™ order). EEM spectra

128



were converted to Raman Units (RU) by normalizing to the area under the Raman peak of
ultrapure water with 1 nm increments at 350 nm excitation [Lawaetz and Stedmon, 2009;
Murphy, 2011]. The area under the Raman peak was determined using the FDOMcorr toolbox in
MATLAB [Stedmon and Bro, 2008; Murphy et al., 2013]. To quantify humic substance
fluorescence, the maximum fluorescence at 360 nm excitation/450 nm emission was used
(Figure 5.3).

Size distributions for particles in solution (both humic acid solutions and seawater) were
obtained by using a Multi-sizing Advanced Nanoparticle Tracking Analysis instrument
(MANTA Instruments Inc., ViewSizer 3000). The optimal size range for MANTA includes
particles in the size range of about 10-1000 nm, which is ideal for investigating changes in the
size of humic substances [Palmer et al., 2001; Baalousha et al., 2006]. Data were obtained by
recording 50 or 100 movies for each sample. From each movie, the MANTA instrument software
counted and calculated the size for each particle tracked. Particle size distributions and particle
concentrations were initially obtained for particles in 1 nm bin sizes. Particle counts were then
re-binned using larger bins, with increasing increment sizes, and are reported as PSD (particle
size distribution) in units of counts/ml/nm, where the counts in each bin were normalized to the

bin size.

5.4  Results and Discussion

5.4.1 Spontaneous Aggregation of a Commercial Humic Acid Solution

To identify how spontaneous aggregation of humic substances affects humic substance
fluorescence intensity, EEMs for solutions of humic acid in artificial seawater at multiple

concentrations ranging from 0.05 mg/L to 10.5 mg/L were measured before and after letting the
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solutions sit in the dark for a day. The maximum fluorescence intensities (at 360 nm excitation)
were measured for a range of concentrations of commercial humic acid (Figure 5.1). The
fluorescence intensity of humic acid in solution increased linearly with concentration. More
notably, the fluorescence intensities of all solutions, and therefore the linearity, were maintained
after measuring the solutions again after 24 hours, which suggests that either spontaneous
aggregation is not occurring or that the fluorescence intensities do not change as a result of
spontaneous aggregation. The latter result would suggest that humic substance fluorescence is a

robust measurement across a wide range of humic substance concentrations.

0.30 4

Humic Acid
Immediate
0.25 | W After 24 hours

0.20

0.15 -

0.10

0.05 -

Fluorescence Intensity (R.U.)

| | | | | | |
0 2 4 6 8 10 12

Concentration (mg/L)

Figure 5.1. Fluorescence intensity (360 nm excitation) for different concentrations of a
commercial humic acid taken immediately (black) and after letting the solution spontaneously
aggregate for 1 day (red).

To determine whether spontaneous aggregation was occurring, the humic acid solution
with the highest concentration was measured for particle size distribution changes. Size
distributions (Figure 5.6) showed that after sitting for >24 hours, aggregation occurred as
indicated by a shift to larger particle sizes (with the mode of the distribution increasing from
approximately 530 nm to 650 nm). This is consistent with studies reporting that spontaneous
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aggregation over hours occurs in humic acid solutions with varying salt concentrations [Chin et
al., 1998; Baalousha et al., 2006; Kloster et al., 2013]. Although spontaneous aggregation
occurred, it did not change fluorescence intensity. Thus, these results provide evidence
supporting the hypothesis that aggregation does not affect fluorescence and that fluorescence is a

robust measurement that can reliably detect relative changes in humic substance abundance.

5.4.2 Aggregation of Humic Acid Solutions and Seawater Induced with Calcium
lons

The effect of aggregation on humic acid fluorescence was further probed by spiking
solutions with a drop of CaCl, solution to induce aggregation (Figure 5.2). Aggregation in
solutions spiked with calcium ion (Ca?*) has been previously shown to occur within a couple
minutes [Kloster et al., 2013]. At the CaCl, concentration used, a single drop added directly to
the sample in the cuvette resulted in a 10% increase in Ca®* concentration from the artificial
seawater. The process of adding a drop of a solution for a small change in ion concentration was
ideal for minimizing the effects of sample dilution and changes in ionic strength, which would
potentially affect fluorescence intensity [Baalousha et al., 2006]. To ensure that the Ca®* solution
was indeed inducing aggregation, size distributions for a humic acid solution were measured
before and 2 minutes after Ca®* addition (Figure 5.2a). After the addition of Ca?*, there was a
clear change in the size distribution with a decrease in particles less than 100nm and a peak

appearing at larger sizes of ~200-400 nm in diameter.
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Figure 5.2. Dissolved particle size distributions (PSD, left) and fluorescence (right, 360 nm
excitation) before (black) and after (red) induced aggregation with Ca** for solutions of (a) a
commercial humic acid dissolved in artificial seawater, (b) seawater, and (c) seawater after the
peak of a phytoplankton bloom.

EEMs of humic acid solutions at concentrations similar to those used for the 24-hour
spontaneous aggregation experiments were measured before and immediately after the addition
of calcium cations (Figure 5.2, right). Even though a clear change in the size distribution was

observed after calcium addition, no corresponding changes occurred in the fluorescence spectra.

As shown before, fluorescence intensities for humic acid increased linearly with concentration.
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With the addition of calcium, the fluorescence intensities showed very little decrease as a result
of aggregation, with a decrease of less than 4% of the initial fluorescence intensity at the highest
concentration studied and smaller percent decreases at lower concentrations. The lack of
decrease in fluorescence intensity agrees with the shielding of fluorescent moieties due to cation-
binding (with Ca®"), which has been suggested previously [Engebretson and Vonwandruszka,
1994]. Thus, binding to calcium ions likely orients the humic substance molecules such that pi-pi
stacking is inefficient and fluorescence does not decrease.

The same trends are evident for induced aggregation of naturally-occurring humic
substances in real seawater (Figure 5.2b) and seawater after an induced phytoplankton bloom
(Figure 5.2c). Seawater after an induced phytoplankton bloom contained a much higher
concentration of dissolved organic matter, including humic substances, which resulted in a 10x
increase in the fluorescence intensity (Figure 5.2b, 5.2c). Despite differences in organic matter
abundance, both fresh seawater and bloom-induced seawater showed similar behavior after
inducing aggregation with Ca”* ions. The particle size distributions before and 2 minutes after
Ca®" addition showed an increase in particles approximately 200 nm in diameter, as well as a
growth in larger particles in the size range of 300-400 nm, suggesting that aggregation had been
induced. Size distributions were also obtained for seawater without Ca?* addition (Figure 5.7)
and showed that aggregation was not occurring spontaneously during the time frame of the
measurements (approximately 1 hour for two successive measurements). Even though both
seawater and bloom-induced seawater showed changes in particle size distributions, very small
changes in fluorescence intensity were apparent. The change in the fluorescence intensity after
Ca®" addition was not found to be statistically significant (seawater: p=0.29; seawater bloom:

p=0.11). The lack of decrease in fluorescence intensity despite induced aggregation further
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supports the hypothesis that fluorescence of humic substances in seawater is unaffected by their

aggregation.

5.4.3 Seawater Particle Size Distribution and Humic Substance Fluorescence over
the Course of an Induced Phytoplankton Bloom

To further explore aggregation under more realistic ocean conditions, two larger-scale
phytoplankton bloom experiments were induced in the lab, with EEM and size distributions
measured over time as the phytoplankton bloom progressed. Two additional blooms were
conducted but with lower PSD time resolution and are thus included in the Supporting
Information (Figure 5.8). Each bloom showed an increase in the chlorophyll-a signal, with a
peak reached on the 3 or 4™ day, and a subsequent decrease, indicative of the initial growth and
subsequent decline of phytoplankton (Figure 5.3). This chlorophyll progression is consistent
with previous phytoplankton bloom experiments performed in a similar manner [Lee et al., 2015;

Wang et al., 2015].
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Figure 5.3. Changes in the seawater particle size distribution and humic substance fluorescence

(360 nm excitation/450 nm emission) over the course of 2 phytoplankton blooms.

In bulk seawater, the humic substance fluorescence intensity (measured at 360 nm
excitation/450 nm emission) continuously increased over time suggesting that fluorescent DOM
accumulated over the experiment even as chlorophyll concentrations decreased. Daily changes in
the seawater particle size distribution, however, were much more variable (Figure 5.3). Previous
work looking at size distributions at sizes larger (2-300 um) than the size range studied here have
shown increases in concentration of larger particles over time [Li and Logan, 1995]. In contrast
to previous work and the gradual increase in fluorescence observed in this study, size
distributions showed no continuous shift, but rather dynamic fluctuations across the entire size
range measured. These fluctuations were inconsistent across the four different phytoplankton
blooms (Figure 5.3, Figure 5.8). Coagulation with particles outside the measured size range

(>1-2 um) [Li et al., 1995] or interactions with marine microbes [Biddanda, 1988; Azam et al.,

135



1994] could lead to the dynamic size changes observed during a phytoplankton bloom. Despite
the large daily fluctuations in size and counts, increases in particle counts suggest based on
previous work that the dissolved organic matter is undergoing aggregation [Chin et al., 1998;
Verdugo, 2012; Xu and Guo, 2018]. However, the continuous increase in humic substance
fluorescence over time suggests that their fluorescence is independent of dissolved particle

counts or size distributions.

5.4.4 Decreased Fluorescence of Humic Substances with EDTA Addition

In order to further investigate the role of ion-induced aggregation on the fluorescence
intensity of marine humic substances, EDTA was added to both commercial humic acid solutions
and seawater after the previous Ca®* addition experiments. While the addition of Ca** promotes
aggregation by enhancing cross-linking between organic molecules [Verdugo, 2012], EDTA
chelates the Ca2+ and so removes these cross-links. Size distributions of EDTA and CaCl,
solutions alone showed that these additions themselves do not contribute to the size distributions
(Figure 5.9). Particle size distribution measurements for humic acid solutions (~1.3 mg/L humic
acid) and seawater after EDTA addition unexpectedly revealed an increase in larger sized
particles compared to the original solution, indicative of further aggregation (Figure 5.4). In
seawater, particle concentrations decreased from the Ca®* addition, but the distribution is shifted
to larger sizes (300-500 nm) compared to the original solution, indicating the retention of large
aggregates (Figure 5.4). For both humic acid solutions and seawater, the humic substance
fluorescence intensity substantially decreased after EDTA addition compared to the original

solution (Figure 5.4).
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Figure 5.4. Dissolved particle size distributions (left) and fluorescence (right, 360 nm excitation)
for a humic acid solution (top) and seawater after a phytoplankton bloom (bottom) with no
treatment (black), addition of Ca®* (red), and after EDTA addition (blue)

The particle size distribution changes and the corresponding decrease in fluorescence
intensity contrasts with the expected behavior of EDTA [Chin et al., 1998] and requires further
investigation. Examination of the UV-vis spectra before and after EDTA addition do not suggest
the appearance of a metal-EDTA complex that could contribute to enhanced inner filter effects
that would absorb fluorescence and decrease the observed intensities (Figure 5.10). It is possible
that EDTA-induced aggregation is due to incomplete cation chelation by EDTA leading to large
humic-EDTA complexes or large humic complexes held together via pi-pi stacking interactions
[Shetty et al., 1996; Amrutha and Jayakannan, 2008]. In both of the above cases, EDTA would

lead to more flexible humic structures, leading to more efficient pi-pi stacking, and thus
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decreasing fluorescence. The effect of EDTA suggests that the nature of the aggregation (ion-

mediated or not) likely determines the impact on fluorescence intensity.

55  Conclusions

In this study, we investigated whether aggregation of humic substances led to changes in
the fluorescence intensity of humic substances. We show that in most cases for humic substances
in seawater, fluorescence was not affected by aggregation and so was a reliable measure of
humic acid concentration. Using both a commercial humic acid and humic substances naturally
present in seawater, we show that neither spontaneous aggregation nor calcium-induced
aggregation lead to changes in the fluorescence spectra of humic substances. Larger scale
phytoplankton bloom experiments also supported the hypothesis that changes in fluorescence are
independent of changes in particle counts or size distributions. The lack of decrease in
fluorescence intensity after calcium-induced aggregation is likely a result of the shielding of
fluorescent moieties due to cation-binding [Engebretson et al., 1994]. We also show an
unexpected decrease in fluorescence with EDTA addition, which suggests that cation-binding
plays a critical role in minimizing possible quenching (Figure 5.5).

In the marine environment, humic substances are mostly ion-bound due to high calcium
and magnesium concentrations [Mantoura et al., 1978]. Thus, in the absence of EDTA,
fluorescence remains unaffected by aggregation and is a reliable indicator for changes in humic
substance relative abundance in seawater. Future investigations on the nature of organic matter
aggregation will further improve the characterization of humic substances and their dynamics in

natural environments.
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Figure 5.5. Pictorial representation depicting the ion-mediated aggregation that results in
minimal changes to fluorescence intensity (left) and the enhanced n—r stacking interactions upon
addition of EDTA leading to the quenching of fluorescence (right).
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Figure 5.8. Changes in the seawater particle size distribution, humic substance fluorescence (360
nm excitation/450 nm emission, blue squares), and in vivo chlorophyll-a concentrations (green
diamonds) over the course of 3 phytoplankton bloom experiments.
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Chapter 6. Metabolically Active Microbes in Sea
Spray Aerosols Cycle Inorganic and Organic
Carbon Pools: from Single Cells to Bulk
Fluorescence-based Analysis During a

Phytoplankton Bloom

6.1  Synopsis

Bacteria are launched into the atmosphere during the production of sea spray aerosols
(SSA) from breaking waves. Active bacteria in the air can impact atmospheric chemistry;
however, very little is understood about the metabolic activity of these airborne bacteria after
gjection into the atmosphere. Here we used BacLight™ RedoxSensor™ Green (RSG), a dye that
assays bacterial reductase activity, combined with excitation-emission matrix (EEM)
spectroscopy, flow cytometry, and Laser Scanning Confocal Microscopy (LSCM), to test
hypotheses on the microbial metabolic activity in SSA during phytoplankton bloom mesocosm
experiments. We found that metabolically active microbes were present in SSA and thus had the
potential to alter SSA chemistry. Moreover, changes in metabolic activity in SSA corresponded
with shifts in the microbial community structure. Finally, microbial activity was positively
correlated with dissolved inorganic carbon (DIC) and humic-like substance (HULIS)

concentrations, indicating that active bacteria impact both the inorganic and organic carbon pools
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in seawater. This study provides insight into how marine bacteria can directly influence the

physicochemical and climate-relevant properties of seawater and SSA.

6.2 Introduction

Sea spray aerosols (SSA) are one of the most abundant aerosol types in the atmosphere
and play a critical role in influencing clouds and climate [Gantt and Meskhidze, 2013]. The SSA
impact on climate is dictated by SSA chemical composition [Gantt et al., 2013; Schill et al.,
2015; Bertram et al., 2018]. Previous studies have shown SSA to contain a wide variety of
chemical and biological components including small organic molecules like proteins and lipids,
phytoplankton fragments, viruses, and intact bacteria [Patterson et al., 2016; Leck and Bigg,
2017; Bertram et al., 2018; Malfatti et al., 2019]. Marine bacteria in SSA have been a major
recent focus due to their known potential to influence climate and their potential to impact
human health [Asselman et al., 2019; Cavicchioli et al., 2019]. Recent work based on DNA
extracted from SSA have identified various marine bacteria species that can be ejected into the
atmosphere and potential factors that can lead to transfer, such as cell wall composition
[Michaud et al., 2018]. However, further studies are necessary to better understand their role in
the atmosphere after ejection, such as their metabolic activity. Metabolically active microbes can
alter SSA chemistry, thus influencing atmospheric chemistry and climate [Smets et al., 2016];
however, metabolic activity of microbes in SSA is poorly understood.

Metabolically active microbes in the ocean are vital for keeping marine ecosystems
functioning [Azam and Malfatti, 2007]. The microbial processing of the organic matter pool
allows for the continuous supply of nutrients for other organisms within the trophic food web

[Repeta and Boiteau, 2017]. The microbial recycling of dissolved carbon is associated with
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microbial metabolic activity. Microbial activity can be measured by assessing oxidase and
reductase status [Rodriguez et al., 1992; Sieracki et al., 1999; Proctor and Souza, 2001; Gasol
and Aristegui, 2007]. In a cell, oxidases and reductases are important enzymes for the electron
transport chain (i.e. respiration) and cellular metabolism [Falkowski et al., 2008]. Moreover,
improving the resolution limits to observe microbes, thus interrogating individual cells within
their microscale environment [Azam et al., 2007], has become increasingly important in order to
address fundamental questions on who is doing what, when, why and how they change
[Hatzenpichler et al., 2020].

Recent work on microbial metabolic activity has used the BacLight™ RedoxSensor™
Green (RSG) dye, which targets reductases in the cell [Kalyuzhnaya et al., 2008; Cologgi et al.,
2011; Konopka et al., 2011]. RSG offers several advantages compared to the other methods
because it is less toxic and less taxon specific [Singer et al., 2017]. From a microbial perspective,
in order to live and thrive, bacteria need to have ATP, the energic metabolic currency and a
reduced cellular state within [Pirt, 1965]. In other words, RSG dye detects the necessary
condition to define life from death. This method has yet to be applied to atmospheric systems
from single cell to bulk analysis.

Here we investigated the metabolic activity of marine microbes, defined here as a RSG-
positive signal, in seawater and in SSA to unravel the potential role of marine bacteria on SSA
chemical transformations. Specifically, we tested the following hypotheses:

1. Metabolically active microbes remain active in SSA after transfer and changes in bulk
and SSA activity correlate with shifts in microbial community composition;
2. Microbial activity changes in bulk and SSA are influenced by the progression of the

phytoplankton bloom;
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3. Metabolically active microbes impact seawater inorganic and organic carbon pools.

To probe metabolic activity, the use of RSG dye is combined with three fluorescence-
based techniques: excitation-emission matrix (EEM) spectroscopy, flow cytometry, and Laser
Scanning Confocal Microscopy (LSCM). The ability of this approach to study metabolic activity
was assessed through the characterization of marine bacteria isolates and SSA collected in
isolated microcosm experiments. Using this combination of techniques in a large-scale
phytoplankton bloom mesocosm in a wave channel, changes in SSA metabolic activity were
monitored and compared to biological changes observed in seawater to identify links between
ocean biology and the sea-air transfer of microbes. Furthermore, changes in seawater and SSA
metabolic activity were compared to DIC and HULIS in order to uncover the relationships
between microbe metabolic activity and seawater inorganic and organic matter composition. By
investigating microbial activity in seawater and isolated SSA, we gain insight into the impact of

microbes on the chemistry of the real ocean and atmosphere.

6.3  Experimental Method

6.3.1. Phytoplankton Bloom Experiments

Phytoplankton bloom experiments were conducted using natural seawater. Seawater
collected from the Ellen Browning Scripps Memorial Pier (32-52'00" N, 117-15°21" W) was
initially filtered using an acid-washed 50 um mesh screen (Sefar Nitex 03—100/32) to remove
zooplankton, a grazer of phytoplankton. Experiments focused on temporal changes in metabolic
activity were performed during the SeaSCAPE campaign, also known as Sea Spray Chemistry
and Particle Evolution campaign, which was conducted in the summer of 2019 [Sauer et al.,

2022]. We present the data of SeaSCAPE 1 and 3 bloom cycles, here referred to as Experiment-1
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and Experiment-2, respectively. In SeaSCAPE, seawater was placed in a 30,000 L wave channel
at the Scripps Institution of Oceanography (S10). Methods for conducting phytoplankton bloom
mesocosm experiments using both the MART and the wave channel have been described
previously [Lee et al., 2015; Wang et al., 2015; Sauer et al., 2022]. In short, the seawater was
initially spiked with Guillard’s F algae nutrient medium (concentrations ranging from F/100 to
F/2) in order to induce a phytoplankton bloom [Guillard and Ryther, 1962]. The seawater was
incubated with fluorescent lights (Full Spectrum Solutions, model 205457; T8 format, color
temperature 5700 K, 2950 lumens) to promote phytoplankton growth [Brown and Richards,
1968]. Phytoplankton growth and decline were monitored daily using an Aquafluor handheld
fluorometer (Turner Designs, Aquafluor) to measure in vivo chlorophyll-a fluorescence. Detailed
protocols for biological measurements including microbial community fingerprint via 16S rRNA

gene sequencing can be found in Sauer et al. [Sauer et al., 2022].

6.3.2. SSA Generation and Aerosol Sample Collection

Two techniques were used to generate aerosols: the Marine Aerosol Reference Tank
(MART) [Stokes et al., 2013; Lee et al., 2015] and the wave channel at SIO [Prather et al.,
2013; Wang et al., 2015]. Both techniques have been shown to produce SSA size distributions
that mimic the SSA size distribution observed over the ocean [Stokes et al., 2013; Collins et al.,
2014]. These techniques also have the advantage of producing SSA in an isolated system, which
prevents the inclusion of other non-marine aerosols. The MART utilizes a periodic plunging
waterfall to create a bubble plume that bursts to produce SSA. The SIO wave channel consists of
a 30-meter-long sealed glass channel that uses a moving paddle on one end to create a wave that

breaks on an artificial beach, generating SSA.
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Aerosols were collected daily using a liquid spot sampler (Aerosol Devices, LSS110A).
The spot sampler uses a condensation growth tube to collect particles [Fernandez et al., 2014], in
a size range of 5 nm to >10 um. Particles were collected into a 0.7-mL liquid vial filled with
filtered autoclaved seawater (FASW) or a 4x phosphate-buffered saline (PBS) solution to
simulate seawater salt concentrations with minimal organic matter background fluorescence. The
spot sampler collected aerosols at a flow rate of 1.8 LPM for either 1 hour, in the case of
Experiment-1, or for approximately 6 hours, for Experiment-2. Samples were diluted with 4x

PBS to 1.5 mL prior to measurements.

6.3.3. RSG Staining Protocol

To assess metabolic activity, 1 mL of seawater or SSA samples were incubated for 30
min in the dark at environmental temperature with 10 pL of BacLight™ RedoxSensor™ Green
Vitality Kit (B34954, Thermo Fisher, RSG) according to manufacturer guidelines. The fresh
samples were analyzed immediately for EEM and LSCM. An RSG aliquot was fixed with EM-
grade glutaraldehyde (5% final concentration), flash frozen in liquid nitrogen and then stored at -
80 C prior to flow cytometry preparation. Negative control experiments for EEM and flow
cytometry used seawater samples incubated with CCCP (1 uM final) prior to RSG addition.
BBFL7 was excluded from the CCCP experiments due to low optical density of the BBFL7

culture at the time of measurement.

6.3.4. RSG -Live-Excitation-Emission Matrix Spectroscopy
Fluorescence excitation-emission matrices (EEMs) for all bulk seawater and SSA

samples were obtained using an Aqualog spectrofluorometer (Horiba Scientific, Aqualog with
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extended range). EEMs were obtained for excitation wavelengths ranging from 235-500 nm and
emission wavelengths ranging from 250-800 nm. A background spectrum acquired with
ultrapure water was subtracted from all bulk seawater EEMs. SSA EEMs used either FASW or
4x PBS spectrum for background correction, depending on the collection solution used. EEMs
were corrected for inner-filter effects based on absorbance spectra measured simultaneously.
Rayleigh scatter (1% and 2" order) in all EEMs was removed. All EEMs were also normalized to
the area of the Raman Scattering peak of water at 350 nm excitation to convert fluorescence

intensities to Raman Units (R.U.) [Lawaetz and Stedmon, 2009; Murphy, 2011].

6.3.5. RSG- In Situ Live- Laser Scanning Confocal Microscopy

After 30 min of incubation in the dark, the RSG-stained seawater samples were
immediately imaged at the A1R Nikon LSCM live. Chambered coverslips (300 pL sample) and
60x water immersion objective (Plan Apo VC DIC N2 60x, 0.07 um/px con 1.8 NA, Nikon) on a
temperature controlled stage (at 25 C, temperature of the wave channel experiment) were used
for imaging. RSG wavelengths were monitored at 488 nm and 520 nm. DAPI was used as a
counterstain (10 pg/mL final solution, 405 nm and 470 nm) and also for natural in vivo
fluorescence (605 nm and 650 nm). Z stacks were acquired to assess RSG metabolically active
microbes in situ. LSCM settings (laser power and noise filter) were maintained constant for
reproducibility. Image analysis was performed using FI1JI software (Schindelin et al., 2012, see
Sl for detailed protocols) to estimate relative RSG fluorescence following the Samo et al. (2014)

protocol [Schindelin et al., 2012; Samo et al., 2014].
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6.3.6. RSG- Flow Cytometry

Seawater or SSA samples stained and unstained with RSG were analyzed via flow
cytometry (BD FACS CANTO Il in OGS Italy and BIO-RAD, ZE5 Cell Analyzer, at The
Scripps Research Institute (TSRI) Flow Core Facility). For RSG-stained seawater, heterotrophic
bacteria were first diluted (1:10) in 1xTE buffer (pH 8), and then run at medium flow. For RSG-
stained SSA, undiluted samples were run at medium flow. Samples not stained with RSG were
instead stained with SYBR Green | at RT for 10 minutes (at a 10:4 dilution of the commercial
stock) in the dark and treated as RSG stained samples [Gasol and Del Giorgio, 2000].
Heterotrophic bacteria populations were discriminated based on their signature in the FL1 (488
nm laser, green fluorescence) vs. side scattering (SSC) specific cytograms [Marie et al., 1997;

Brussaard, 2004].

6.3.7. Bacteria Isolates for Proof of Concept RSG Staining

Four different marine-relevant bacteria isolates, originally derived from the Pacific Ocean
off the Scripps pier in La Jolla, were isolated by the Azam laboratory at the Scripps Institution of
Oceanography (SIO): a y-proteobacteria, Pseudoalteromonas species, ATW7, a sphingobacteria-
flavobacteria, BBFL7, a y-proteobacteria Alteromonas, AltS10, and a Vibrio, SWAT3 [Bidle and
Azam, 2001; Long and Azam, 2001; Pedler et al., 2014]. ATW?7 and BBFL7 were chosen due to
their intense proteolytic activities that lead to effective dissolution of particulates [Bidle et al.,
2001]. AItSIO was chosen as another isolate due to its ability to break down dissolved organic
carbon compounds [Pedler et al., 2014]. SWAT3 produces light, is motile and produces
antibiotics making it an excellent antagonizer [Long et al., 2001]. Bacteria isolates were streaked

out from frozen cultures onto solid ZoBell medium. After 24 hours, colonies were picked and
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grown in liquid ZoBell medium at room temperature on a shaker (130 rpm). The next day, the
cultures were harvested by spinning at 9000G for 5 minutes and washed with filtered autoclaved
seawater or PBS to remove the supernatant. For experiments using only AltSIO, ATW?7, and
BBFL7, optical density measured at 600 nm was monitored in order to have 1:1:1
(AltSIO:ATWT7:BBFLY7) ratio of the cultures in the inoculum that was 1x10° cells/mL. The final
concentration of bacterial cells was diluted to 1.6 x 10° cells/mL, which is on the order of known
bacterial concentrations in the ocean [Azam et al., 1983]. Marine bacteria isolate experiments and
SSA RSG protocol development occurred during the 3rd bloom cycle of the BEAST campaign,
also known as the Biological Effects on Air-Sea Transfer, which was conducted in the summer
of 2018 [Hasenecz et al., 2020; Santander et al., 2021]. In BEAST, 2200 L of seawater was
placed in a large outdoor tank. Seawater from the tank was transferred daily from the tank to a
120 L Marine Aerosol Reference Tanks for aerosol generation and transferred back to the

outdoor tank (see section 6.3.2 above).

6.4  Results and Discussion

In order to investigate metabolic activity in seawater and SSA, a RSG protocol for EEM
spectroscopy was first developed using marine bacteria isolates then tested in a more complex
scenario during a phytoplankton bloom for SSA application. In a realistic 30,000 L
phytoplankton bloom mesocosm in a wave channel, the developed protocol was used to test the
hypothesis that metabolically active bacteria could be transferred from bulk seawater to SSA and

that active cells correlate with DIC and HULIS concentrations.
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6.4.1 EEM Signal Characterization for the Metabolic Activity of Marine Bacteria

Isolates

The metabolic activity of three marine-relevant bacteria isolates was investigated in order
to assess and optimize the use of RSG to study microbial activity in marine systems. EEM
fluorescence signals were observed for each of the three bacteria isolates used (AltSIO, ATW?7,
and BBFLY7), indicating the presence of metabolically active microbes (Figure 6.1). In each case,
a strong fluorescence signal was observed with maximum excitation at 485 nm and emission at
520 nm in seawater. The three bacteria strains showed different dye fluorescence intensities, with
BBFL7 showing the greatest intensity and with ATW?7 showing the least, despite the similar cell
concentrations and growth phase for all three isolates. Thus, changes in the metabolic activity of
individual bacteria populations can influence the observed total metabolic activity indicated by
EEMs. Application of RSG to SSA generated from seawater and seawater containing added
bacteria isolates showed fluorescence signals in wavelength regions in agreement with those
observed for the bacteria isolates alone (Figure 6.9). Furthermore, enhanced RSG signal from
seawater with added bacteria isolates confirmed that the fluorescence originates from the active

bacteria in SSA (Figure 6.9).
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Figure 6.1. Selected EEMs before (top) and after (bottom) addition of RedoxSensor Green for
three bacteria isolates: AItSIO (a, d), ATW7 (b, e), and BBFL7 (c, f). AltSIO and BBFL7
solutions after RG addition were diluted (1:10) to prevent saturation of the fluorescence detector.

To further probe the metabolic activity of bacteria isolates, CCCP was used to inhibit
cellular respiration and prevent the production of a fluorescence signal from RedoxSensor Green
(Figure 6.2). For all of the bacteria isolates tested, samples treated with CCCP followed by RSG
showed a drastic reduction in dye fluorescence compared to samples treated with dye only and
no CCCP. It is evident that the inhibition of cellular respiration leads to the suppression of dye
fluorescence, further indicating that the observed fluorescence signal in the EEMs is due to

microbial activity.
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Figure 6.2. Emission spectra (Ex = 485 nm) of three bacteria isolates: a) AltSIO, b) ATW?7, and
¢) SWAT 3, following the addition of RSG (green) and addition of RSG and CCCP (blue) prior
to dye incubation.

6.4.2 Metabolic Activity in Seawater and SSA over Time in a Complex Bloom

Scenario

To investigate the changes in seawater and SSA metabolic activity over time, RSG
fluorescence was monitored over the course of two phytoplankton bloom mesocosm experiments
with different bloom densities. In Experiment-1, extracted chlorophyll-a, a proxy for
phytoplankton biomass, reached a maximum of 6.56 pg/L, representing a modest bloom. In
Experiment-2, extracted chlorophyll-a values reached a maximum of 18.74 pg/L, indicative of a
high biomass phytoplankton bloom. The changes in metabolic activity for each experiment and
their implications for ocean biogeochemistry and atmospheric chemistry are discussed in the

following sections.

6.4.3 Experiment-1: RSG-based Fluorescence for Individual Cell Live Imaging
During Experiment-1, on 7, 8 and 9 of July 2019, seawater samples processed with RSG
were imaged live with LSCM (Figure 6.3) in order to gain insight into the microscale context of

metabolically active microbes living in bulk seawater during a phytoplankton bloom. Using the
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intensity image analysis of the LSCM 3D live scans dataset, we identified 3 classes of objects
that presented a green fluorescent signal (RSG-positive) categorized based on DAPI, in vivo
chlorophyll-a fluorescence, and area. These 3 RSG-positive classes are defined as: 1)
heterotrophic bacteria (DAPI signal, no in vivo chlorophyll-a signal, area: 0.15-3 pm?), 2)
cyanobacteria (DAPI signal, in vivo chlorophyll-a signal, area: 0.15-5 pm?), and 3) the “other”
group (no DAPI, no in vivo chlorophyll a signal, area < 0.15 pm?). While we cannot confirm the
identity of the “other” class due to the infeasibility of further sampling, we propose that this class
may consist of ultramicrobacteria [Williams et al., 2011] or cellular debris that exhibited RSG-
linked reductase activity. Future experiments using “lysis-challenging” to test for viral
production upon metabolically-active bacteria lysis or testing for ultramicrobacteria and cellular

debris via size exclusion can elucidate the identity of the “other” class.

Figure 6.3. LSCM image of microbes stained with RSG.

A grand total of 1525 objects were imaged in live acquisition. Of those, 1280 were

heterotrophic bacteria and 211 were Cyanobacteria, specifically Synechococcus, which showed
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particularly high abundance. Analysis of the total fluorescence per class area (Figure 6.4A,
6.4B) and the normalized total fluorescence per area (Figure 6.4C, 6.4D) revealed that the
highest percentage of metabolically active cells were in the smaller intensity classes, 0-100 and
101-200 pum? for both heterotrophic bacteria and Cyanobacteria (Figure 6.4A and 6.4B
respectively). Furthermore, the fluorescence intensity normalized per area showed that cells in
the 0.26-1.00 pm?® area range were more active than larger cells (Figure 6.4C, 6.4D for
heterotrophic bacteria and Cyanobacteria). Furthermore, heterotrophic bacteria showed higher
RSG intensity values than Cyanobacteria. Metabolically active cells were also shown to be
attached onto detrital aggregates. From the analysis of EEM and microscopy data, we found

good agreement with the two methods (Figure 6.10).
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Figure 6.4. RSG individual cell intensity measurements. A, B: Percentage of total fluorescence
intensity per area classes. A Heterotrophic bacteria and B Cyanobacteria. C, D: Total
fluorescence intensity in relative fluorescence units normalized per area classes C Heterotrophic
bacteria and D Cyanobacteria. Blue, July 8th; Red, July 9th; Orange, July 10th.
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6.4.4. Experiment-2: RSG-based Fluorescence Methods Indicates Intense

Microbial Metabolic Activities over the Course of a Phytoplankton Bloom
In Experiment-2, we monitored the microbial metabolic activity in seawater and SSA
over time in order to better understand the coupling between primary producers and microbial
consumers. In vivo chlorophyll-a values reached a maximum in approximately 11 days, while
peak bacteria concentrations occurred in 9-12 days (Figure 6.11). The observed pattern for
phytoplankton growth and decline was consistent with trends found in previous phytoplankton
mesocosm experiments [Lee et al., 2015; Wang et al., 2015]. Seawater total metabolic activity
over time, as indicated by the RSG fluorescence signal in the EEMs, peaks after 13 days and it
was strongly correlated with the heterotrophic bacteria concentrations (Figure 6.5A). Moreover,
both total metabolic activity and heterotrophic bacteria concentrations correlated with RSG-
positive cells, as indicated by concentrations measured with flow cytometry (Figure 6.5A,

Figure 6.12). These results confirmed that marine bacteria were the main drivers for changes in

the observed total metabolic activity in seawater.
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Figure 6.5. Seawater temporal trend of metabolically active cells and total metabolic activity

indicated by EEM intensity (a) as well as the approximate activity per cell (b) in seawater during
Experiment-2.
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Normalizing the EEM intensities to the corresponding metabolically active cell
concentrations gave a metric for the activity per cell, thus providing further insight into the
changes in metabolic activity in seawater and SSA. In seawater, the total activity, measured by
EEM intensity, was greatest after the peak of the phytoplankton bloom (Figure 5A). However,
the activity per cell was greatest before the peak of the bloom and showed an overall decreasing
trend over time (Figure 5B). Differences between the total and the per-cell activity could
indicate shifts in the metabolic state of different populations of marine microbes, with increasing
abundance of less active cells while the per-cell activity was decreasing. Nonetheless, it is clear
that microbial activity and activity per cell showed major changes over the course of a bloom.
Thus, not only is the diversity of microbial communities important in dictating seawater
chemistry, but also critical is their overall activities defined here as the ability to degrade and
transform organic compounds.

Examination of the SSA EEMs during Experiment-2 showed the appearance of a
fluorescence signal from RSG similar to Experiment-1, again indicative of metabolically active
microbes in SSA. Furthermore, analysis of the temporal trend for EEM fluorescence in SSA
revealed large changes in the metabolic activity in SSA (Figure 6.6). Similar to seawater, the
greatest activity in SSA occurred after the peak of the phytoplankton bloom, as indicated by in
vivo chlorophyll-a fluorescence measurements (Figure 6.6). The same trends were also detected
when examining the metabolically active cells in SSA. Thus, not only was the metabolic activity
in SSA dynamic, but changes were also driven by the biological conditions of the seawater, such
as bloom intensity. Increases in the transfer of metabolically active microbes to SSA likely affect

the ability of SSA to influence atmospheric chemistry [Vaitilingom et al., 2013].
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Figure 6.6. SSA temporal trend of metabolically active cells and total metabolic activity
indicated by EEM intensity (top) as well as the approximate activity per cell (EEM intensity
normalized to active cell concentration) during Experiment-2.

Comparisons between the metabolic activities in each compartment revealed differing
trends between the activities per cell in SSA and seawater (Figure 6.5, Figure 6.6). In contrast to
the decreasing activity per cell observed in the seawater over time, SSA activity per cell
appeared to increase over time with the greatest activity per cell occurring at the end of the
experiment (Figure 6.6). The similarities between seawater and SSA total activity suggest that
metabolic activity in SSA was related to seawater phytoplankton bloom dynamics, specifically
the growth of metabolically active bacteria. However, differences between seawater and SSA
activity per cell suggest that SSA activity was not a result of direct transfer of all bacterial cells
from the bulk seawater. Instead, these trends may be due to a shift in the active populations in

seawater or the selective transfer of active species to SSA.
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Microbial communities in seawater and in SSA were dynamic over the course of the
experiment (Figure 6.7). Within the experiment, abrupt changes of the community structure
were correlated with man-made perturbations (e.g. Day 6 nutrients amendment, Day 9 outdoor
tank amendment, Day 13 wall scraping, and Day 16 pump mixing). In terms of metabolically

active cells, the outdoor amendment and the wall scraping resulted in a community shift and in
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an increase of RSG fluorescent cells in seawater and SSA. From the community fingerprint in
seawater, the main players were Rhodobacteraceae 2, Rhodobacteraceae 3 and Alteromonadales
HTCC2188 and Oceanospirillaceae. In SSA, these perturbations caused an increase in diversity
of the taxa that were aerosolized. Wall scraping showed a major effect in RSG fluorescent
signals that correlated with the rapid increase of Alteromonadaceae and Alteromonadales. At the
end of the experiment, in seawater the activity per cell (Figure 6.5) stayed within a tight range
(0.40-0.50 x10" RU/cell) despite the changes of the microbial players suggesting that the diverse
taxa were proportionally equally active. On the other hand, in SSA at the end of the experiment,
there were a few players dominating the most abundant taxa (i.e. Alcanivorax, Marinobacter and
Idomarina) that might be responsible for the ramping up of the activity per cell signal (Figure
6.6). Thus, SSA metabolic activity may be controlled by specific microbial players that are more

effectively transferred to SSA.

6.4.5. Correlations Between Metabolic Activity and Seawater Chemistry

In order to assess the impact of metabolic activity on seawater chemistry and biology, the
metabolic activity based on RSG fluorescence was compared with heterotrophic bacteria
concentrations, dissolved inorganic carbon (DIC), bacteria production, and HULIS fluorescence
(Figure 6.13, Figure 6.14). Within the marine biogeochemical carbon cycle, it is known that
heterotrophic bacteria are master regulators of the fate of dissolved and particulate organic
matter [Azam et al., 1983]. Heterotrophic bacteria respire O, and produce CO, (DIC) while
degrading the organic matter and contribute to the formation of recalcitrant organic matter that is

slow to degrade, such as HULIS [Azam et al., 1983; Rashid, 1985; Hessen and Tranvik, 1998].
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Network analysis showed a positive correlation between RSG EEM intensity,
metabolically active cell concentrations, and heterotrophic bacteria concentrations in seawater,
confirming the hypothesis that marine bacteria are the main drivers for observed marine
metabolic activity (Figure 6.8, Table 6.1, Table 6.2). A positive correlation between these three
metrics and DIC suggests that marine bacterial metabolic activity influences DIC, but additional
factors besides bacterial metabolic activity control DIC concentrations in seawater.
Heterotrophic bacteria, total activity, and active cell concentrations also showed a positive
correlation with HULIS, suggesting that increased activity can lead to enhanced production of
recalcitrant material. These associations provided evidence that marine bacteria metabolic

activity plays a crucial role in both organic and inorganic carbon transformations in seawater.
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Figure 6.8. Correlation network plot for several seawater and SSA metrics over time in
Experiment-2.
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6.5  Conclusion

Metabolically active microbes in SSA have the potential to alter aerosol and atmospheric
chemistry [Vaitilingom et al., 2013; Klein et al., 2016; Smets et al., 2016]. Here we use a novel
approach to investigate the metabolic activity in SSA and seawater using a fluorescent dye in
combination with EEM spectroscopy, microscopy, and flow cytometry. In addition to
metabolically active cell concentrations, this combination of techniques also provides active cell
size distributions, total metabolic activity, and an approximate average metabolic activity per
cell. This approach allows for improved insights into the dynamics of metabolically active
bacteria by probing both single cells and bulk solutions and can be applied in both field and
laboratory studies.

The studies of isolated SSA described here reveal that marine microbes that are launched
into the atmosphere via SSA remain metabolically active. The retention of microbial metabolic
activity after ejection into the atmosphere has major implications for climate and human health.
Previous work has shown that enzymes in SSA can directly alter SSA chemistry as well as
atmospheric chemistry via coagulation with existing particles [Malfatti et al., 2019]. In a similar
fashion, metabolically active microbes in SSA can alter atmospheric chemistry via continuous
processing of organic matter after ejection from the ocean [Vaitilingom et al., 2013; Klein et al.,
2016].

By monitoring the metabolic activity over the course of a phytoplankton bloom, these
studies show that metabolic activity in both seawater and SSA are dynamic and closely tied to
the biological state of the ocean. The greatest changes are observed after the peak of a
phytoplankton bloom. Changes in the metabolic activity per cell also occur at different times

during a phytoplankton bloom, with declining metabolic activity per cell observed over time in
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seawater and increasing activity per cell occurring over time in SSA. These trends in seawater
and SSA, along with the microbial community structure temporal trends, suggest that SSA
metabolic activity is enhanced due to shifts in the microbe community structure and the selective
transfer of active species. Additionally, high metabolic activity correlates with DIC and HULIS,
which indicates that active microbes impact both the organic and inorganic pools in seawater.
This study emphasizes the critical role that active microbes in the chemistry of the ocean and the

atmosphere.
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Figure 6.9. Select EEM spectra of SSA generated from two MARTS during the BEAST
experiment before (left) and after (right) staining with RG: SSA from a MART with normal
phytoplankton bloom progression (a, b) and SSA from a MART after bacteria isolates addition,
before and after RSG staining (c, d).
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Table 6.1. Spearman correlation coefficients for seawater and SSA metrics. Coefficients with
magnitudes greater than or equal to 0.6 are listed in bold.

Hetero- |SSA  [SSA  [SSA SSML
[Total Active IActivity/ Bacteria [trophic  [Total IActive Activity/ [SSA Bacteria
Activity  [Cells cell HULIS  |DIC Production |Bacteria |Activity [Cells cell HULIS  |Production
Total 1 0.7 03 06| 07 0.2 0.9 0.2 03| 01| -02 03
Activity
Active Cells 1 0 09| o7 03 0.9 02| -02 06| -03 0.8
Activity/cel 1 01| o3 02 0.1 03 02| -08| -07 0.2
HULIS 1] o9 06 0.7 0.6 0.1 05| -08 0.9
pic 1 05 0.6 0.8 05 01| -7 0.7
Bacteria 1 0.1 0.7 0 -0.4 08 08
Production
Heterotrophic 1 0 01 0.3 01 05
Bacteria ) ) ) )
SSA Total
ctivity 1 07 01| -08 05
SSA Active 1 06 03 02
Cells
SSA
Activity/cell ! 0.1 0.6
SSA HULIS ] o7
SSML Bacteria 1
Production

Table 6.2. Calculated t values for correlations between various seawater and SSA metrics.

Hetero- |SSA SSA SSA SSML
[Total lActive  |Activity Bacteria [trophic [Total Active  [Activity |SSA  [Bacteria
Activity [Cells per cell [HULIS [DIC Production [Bacteria |Activity [Cells per cell |HULIS |Production
Total
Activity - 3.80) 1.22) 3.27 3.67 0.79) 9.00 0.54] 0.77] -0.25( -0.87 1.09
Active
Cells - 0.00) 8.000 3.53 -1.09) 8.00 0.41 -0.41 1500 -1.22 4.00
IActivity per cell
- 0.39 1.13 -0.71 0.39 0.63} 0.41 -1.50| -3.80 0.61
HULIS
- 7.73 -2.90) 4.27| 1.98 0.25) 1.41 -3.18 7.15
DIC
- -1.83 2.81 2.98] 1.15) 0.20 -3.67 2.59
Bacteria
Production - 0.39 -2.19 0.00] -0.98 4.99 -4.62
Heterotrophic
Bacteria - 0.00; -0.25 0.77] -0.43 2.08]
SSA Total
Activity - 2.40 -0.25 -3.53 1.29
SSA Active
Cells - -1.84 -0.77 -0.46)
SSA
Activity per cell - 0.25] 1.68
SSA HULIS

- -3.25)

ISSML Bacteria
Production -
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Chapter 7. Conclusions and Future Work

7.1  Synopsis

The studies in this dissertation investigate the transfer of humic-like substances (HULIS)
and proteinaceous substances from seawater to sea spray aerosol (SSA). Using laboratory
mesocosms and advanced SSA generation methods, current understanding of these fluorescent
materials and microbes, their physicochemical properties, and factors leading to their sea-air
transfer has been vastly improved. By coupling two commonly used fluorescence techniques, a
fluorescence signature for SSA was identified and provides a framework for future work to use
fluorescence spectroscopy to study SSA in the real, complex atmosphere. Additionally, by
examining the temporal evolution of different fluorescence signatures in the seawater, the sea
surface microlayer (SSML) and SSA, factors affecting sea-air transfer were found to be unique
for each class of molecules investigated. Specifically for HULIS, marine bacterial enzymes were
found to be likely drivers for changes in humic substance chemistry and for sea-air transfer. By
combining fluorescence and seawater size distributions, EEM spectroscopy was found to be a
reliable indicator for HULIS relative abundance despite natural marine aggregation processes.
The presence of cations was found to play a major role in the reliability of fluorescence, likely
due to the shielding of fluorescent moieties. Finally, with respect to seawater microbes, a
technique for measuring metabolic activity for microbes in SSA in a laboratory setting has been
developed. Using this approach, metabolically active microbes were detected in SSA and are

shown to exhibit changing activity that reflects seawater microbial dynamics.
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7.2 Conclusions

7.2.1 Tandem Fluorescence Measurements of Organic Matter and Bacteria

Released in Sea Spray Aerosols

While SSA has been identified as a source of biological particles in the atmosphere,
studying these bioaerosols is challenging in the real atmosphere due to interference from
additional non-marine sources [Despres et al., 2012; Frohlich-Nowoisky et al., 2016]. In Chapter
2, SSA fluorescence was investigated by combining two commonly used techniques: online
single particle fluorescence with a Wideband Integrated Bioaerosol Sensor (WIBS) and offline
bulk fluorescence using excitation-emission matrix (EEM) spectroscopy. A unique fluorescence
signature for isolated SSA was characterized and shows similar trends in response to changing
ocean microbiology, demonstrating the potential to effectively use WIBS aerosol measurements
in combination with EEM bulk solution measurements. More importantly, this study revealed,
for the first time, a size segregated emission of fluorescent species in SSA. The fluorescence
signature for marine bacteria isolates was also characterized and was found to exhibit similar
peaks to those found in isolated, nascent SSA, suggesting that marine bacteria contribute to SSA
fluorescence. The characterization of SSA fluorescence in this study provides a valuable basis

for future studies to investigate marine-derived biological aerosols in the real atmosphere.

7.2.2  Factors Controlling the Transfer of Biogenic Organic Species from Seawater

to Sea Spray Aerosol

Fluorescence signals corresponding to specific classes of organic matter have been
identified in SSA [Mostofa, 2013]. Chapter 3 provides an overview of how the signals for these

molecular classes change over the course of a phytoplankton bloom across the bulk seawater, the
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SSML, and the SSA. Specifically, the three classes: chlorophyll-a, protein-like substances, and
HULIS, have been shown here to exhibit major differences in terms of when these molecules are
observed in SSA over the course of a phytoplankton bloom. These differences provide new
insights into the factors that control their ejection from seawater to SSA.

The temporal trends in SSA for these different signals together reveal three specific
aspects of the sea-air transfer of organic matter. First, the lack of correspondence for signals in
SSA with the main peak of chlorophyll in the bulk seawater suggests that phytoplankton are not
the main drivers for sea-air transfer of organic matter, but instead play a role in producing the
precursors for the molecules that are ultimately transferred to SSA. Second, the trends in SSA
differ from the respective trends in bulk seawater, suggesting that factors in addition to
concentration are vital for ejection. Processes that change size or chemical properties, such as
microbial degradation or increased surface adsorption, likely play a major role in transfer
[Cochran et al., 2016]. Lastly, each molecular class was identified in SSA at different times,
suggesting that the sea-air transfer of different molecular classes is affected by factors unique to
each class. The temporal behavior of these fluorescence signals revealed that sea-air transfer is
driven by processes in the ocean that transform the organic matter into species more suitable for

transfer.

7.2.3 Bacterial Control of Marine Humic-like Substance Production, Composition,

Size, and Transfer to Sea Spray Aerosols During Phytoplankton Blooms

In Chapter 4, the physicochemical properties of HULIS in seawater are investigated over
the course of multiple phytoplankton bloom mesocosm experiments. All experiments showed a

correlation between humic fluorescence and dissolved organic carbon. Additionally, size
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fractionation experiments revealed that over 80% of the humic signal remained in the smallest
size fraction even after the peak of intense phytoplankton blooms. Thus it is likely that the
HULIS in SSA originates from the dissolved organic matter pool.

The enzymatic processes occurring in seawater alter the chemical nature of organic
matter and can affect transfer to SSA [Wang et al., 2015]. However, no studies have investigated
the link between enzyme activities and HULIS production, their chemical composition in
seawater, or their transfer to SSA. In the mesocosm experiments described in this work, HULIS
intensity was enhanced in the days following bacteria addition compared to a mesocosm with no
bacteria addition. This enhancement coincided with a sharp increase in alkaline phosphatase
activity. Additionally, these experiments revealed high enzymatic activities that coincide with a
spectral shift in seawater HULIS fluorescence and an increase in HULIS in SSA. Thus, the
bacterial processing of organic matter plays a major role in altering seawater HULIS chemistry

and controlling the transfer of HULIS from seawater to SSA.

7.2.4 Assessing Aggregation as a Potential Artifact Impacting the Fluorescence

Intensity of Humic Substances in Seawater

Humic substances are known to form aggregates in the marine environment [Chin et al.,
1998; Verdugo et al., 2004]. Aggregation results in many chromophores to undergo
“aggregation-caused quenching” and decreases their fluorescence intensity [Lakowicz, 2006;
Chen et al., 2019]. However, not all chromophores exhibit the same effect due to aggregation
and the impact of aggregation on humic substance fluorescence has not been fully explored for
marine systems. Despite this gap in knowledge, many studies use fluorescence as an indicator for

humic substance abundance with the assumption that aggregation does not impact fluorescence
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intensity [Wei et al., 2016; Wang et al., 2017; Yamin et al., 2017; Arai et al., 2018; Kwon et al.,
2018]. Chapter 5 explores the relationship between aggregation and fluorescence intensity for
humic substances during laboratory phytoplankton bloom experiments and controlled
experiments.

Large daily fluctuations in seawater particle size distributions over the course of multiple
phytoplankton bloom experiments, in contrast to the HULIS fluorescence signals, suggest that
fluorescence is a robust measurement for HULIS relative abundance despite naturally occurring
aggregation processes. Further studies of spontaneous and induced aggregation and EDTA
additions suggest the binding of cations likely leads to the shielding of fluorescent moieties,
preventing a decrease in fluorescence intensity. The high divalent cation binding in the marine
environment [Mantoura et al., 1978] suggests that aggregation does not affect HULIS
fluorescence. This study can be used to inform future investigations seeking to characterize

HULIS abundance in the marine environment.

7.2.5 Metabolically Active Microbes in Sea Spray Aerosols Cycle Inorganic and

Organic Carbon Pools: from Single Cells to Bulk Fluorescence-based Analysis

During a Phytoplankton Bloom

Bacteria have been shown in previous studies to be transferred from seawater to SSA
[Patterson et al., 2016; Michaud et al., 2018; Malfatti et al., 2019]. Metabolically active
microbes in the atmosphere have the potential to impact aerosol and atmospheric chemistry
[Smets et al., 2016]. However, the metabolic activity of the microbes in SSA has not been
investigated [Smets et al., 2016]. Recent work has postulated that microbes in that atmosphere

are metabolically active [Klein et al., 2016; Malfatti et al., 2019]. Chapter 6 focuses on
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investigations into the metabolic activity of microbes in isolated SSA. Metabolic activity was
assessed using RedoxSensor Green, a dye that targets reductases in the cell, combined with three
different fluorescence techniques: EEM spectroscopy, laser scanning confocal microscopy
(LSCM) and flow cytometry. These three techniques were used to study metabolic activity in
SSA during a phytoplankton bloom experiment and for marine bacteria isolates. From this study,
a method for investigating metabolic activity in aerosols has been proposed and could be applied
to future work focusing on airborne microbes in the real atmosphere.

This work reports, for the first time, the identification of metabolically active bacteria in
isolated SSA. Further studies monitoring metabolic activity over the course of a phytoplankton
bloom experiment revealed that the greatest changes in activity occurred after the peak of the
bloom, indicating that SSA activity is directly tied to seawater microbial dynamics. Additionally,
analysis of the intensity per cell reveals opposite trends between the activities per cell in the
seawater versus the SSA. These trends, combined with size profiles of active microbes, suggest
that metabolic activity in SSA is enhanced due to the selective transfer of small, active bacteria.
Thus, not only do active microbes play a central role in shaping the inorganic and organic carbon
pools in seawater, but the release of the active microbes in SSA can also impact the chemistry of

our atmosphere.

7.3 Future Work

In this dissertation, marine microbiology was investigated as the main driver for changing
seawater and SSA chemistry. While marine microbiology strongly influences the links between
the ocean and the atmosphere, several areas of research have not been fully explored. Three of

these areas include: 1) the light-initiated production and in situ formation of HULIS in SSA, 2)
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HULIS photochemistry and role as a photosensitizer, and 3) the HULIS impact on cloud
properties.

Solar radiation drives many atmospheric reaction processes, such as atmospheric ozone
and hydroxyl radical formation and secondary aerosol formation [Finlayson-Pitts and Pitts,
2000; Ervens et al., 2011]. Previous work has shown that photochemistry has the potential to not
only impact the formation of humic substances, but also to influence its breakdown and its
climate impacts [Kieber et al., 1997; Catala et al., 2016; Wang et al., 2020]. Additionally,
previous measurements of HULIS in the ocean have suggested that sunlight impacts HULIS
abundance in the ocean’s surface water [Catala et al., 2016]. Thus future work focusing on the
influence of sunlight on the production and degradation of marine HULIS in a controlled setting
can fully elucidate the main drivers for HULIS abundance in seawater and SSA. For example,
future experiments could examine the light-initiated production of HULIS from both bottom-up
(using biomolecules like triglycerides) [Kieber et al., 1997] and top-down (with natural seawater
complexity) approaches. Comparing these HULIS structures and optical properties to those from
seawater, soil, or biomass burning would shed light on the relevance of different sources to
atmospheric HULIS. These experiments would be a first step towards unraveling the relative
contributions of direct HULIS sea-air transfer and in situ formation of HULIS in SSA and in the
complex atmosphere.

In addition to the photochemical production of HULIS, previous studies have focused on
the role of humic substances as a photosensitizer [Ciuraru et al., 2015; Shrestha et al., 2018;
Tsui and McNeill, 2018]. In its excited electronic state (often triplet-state), chromophoric
dissolved organic matter including HULIS can transfer energy to other molecules to initiate

unique reactions in both seawater and SSA [Chen et al., 2018; Navea and Grassian, 2018;
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Shrestha et al., 2018; Trueblood et al., 2019; Zhou et al., 2019; Luo et al., 2020; Guo et al.,
2021]. This energy transfer process also leads to the formation of atmospherically-relevant,
highly reactive species, such as HONO [Bartels-Rausch et al., 2010; Han et al., 2016; Han et
al., 2017; Yang et al., 2018; Garcia et al., 2021]. Thus, atmospheric HULIS has the potential to
initiate reactions that can drastically alter marine aerosol and atmospheric chemistry. Future
experiments investigating the excited state properties of marine HULIS and mechanisms for
photosensitized reactions can improve our understanding of how the ocean transforms
atmospheric chemistry.

Lastly, while it is known that HULIS can transfer from seawater to SSA, further studies
into the climate and atmospheric chemistry impact of HULIS in SSA are necessary. For example,
the formation of HULIS has the potential to affect surface tension [Kiss et al., 2005], a variable
that has drastic effects on the cloud nucleating ability of aerosols [Forestieri et al., 2018]. Thus
future experiments monitoring surface tension during HULIS formation or production can
directly link the impact of HULIS to SSA cloud properties. In combination with the
microbiologically-focused studies described in this dissertation, future work investigating
photochemical processes and atmospheric impact can reveal a complete picture of the role of

chromophoric organic matter in the ocean and the atmosphere.
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