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Metabolites produced by microalgae profoundly affect the natural environment as the 

dominant organic carbon source in the ocean and the dominant organic sulfur source to the 

atmosphere. Of particular interest to this dissertation is the production of algal metabolites in 

response to changes in organism health and biological community turnover. In this dissertation, 

algal metabolites are investigated in highly complex marine and in controlled commercial-oriented 

environments. Measurements of organosulfur gases dimethyl sulfide, methanethiol, and dimethyl 

disulfide during marine mesocosm experiments show that the production of highly reactive non-

dimethyl sulfide organosulfur compounds can comprise a far larger fraction of total sulfur released 

from the ocean than previously understood. This production was found to depend on the bacterial 

assemblages present in each mesocosm in combination with the biochemistry of the water. To 

more accurately measure algal metabolites in the natural environment, a new ionization method 
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for high resolution mass spectrometry of high-salt organic samples was applied to analysis of 

marine samples. This method demonstrated the ability to analyze unprocessed seawater for the 

first time. To produce systems which replicate the turnover of natural marine algae, a review of 

the ocean-atmosphere simulator approach is given. As an exemplar of this approach, an intensive 

experiment utilizing an ocean atmosphere simulator is given which discusses the system 

performance and mesocosm characteristics. As microalgae are increasingly used commercially as 

a source of renewable biomass, understanding the production of metabolites in response to 

deleterious factors such as grazing is needed. The connection between algal grazing and production 

of grazing-specific metabolites was investigated by combining the results from imaging mass 

spectrometry, liquid chromatography mass spectrometry, and gas chromatography mass 

spectrometry. These studies found chlorophyll-a related breakdown products in the solid and liquid 

phases which were connected to measurements of volatile gases. Continuous measurements of 

volatile gases from microalgae by chemical ionization mass spectrometry were performed to 

understand the timescale in which gas production in response to grazing occurs. Chemical 

ionization mass spectrometry was found to be able to detect grazing in algal cultures 24-72 hours 

faster than current best methods, opening a new monitoring approach for commercial microalgae. 
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Chapter 1. Introduction 

1.1 Algae 

Across the Earth’s oceans, lakes, rivers, and land a productive group of organisms called 

algae live in and transform their surroundings. While the term “algae” has no formal connection 

to specific taxonomy, it is frequently used to refer to a broad assemblage of photosynthetic 

organisms which are structurally differentiated from plants (Barsanti and Gualtieri, 2014a). Algae 

span a large range of sizes, from small single-celled phytoplankton to large macroalgae which can 

be up to 60 m in length. These organisms occupy a wide range of habitats where they often 

comprise the base of the surrounding food web. Algae significantly impact the chemical 

composition of the environment through their participation in the phosphorus, nitrogen, silicon, 

sulfur, and oxygen-carbon cycles (Barsanti and Gualtieri, 2014b). Marine algae alone produce 

approximately 50% of the oxygen that we breathe.  Historically, algae have drastically altered the 

composition of the atmosphere since the evolution of oxygenic photosynthesis by cyanobacteria, 

transforming the composition of the Earth’s atmosphere from 80% N2, 10% CO/CO2, and 10% H2 

(by volume) to 78% N2, 21% O2, and 0.036% CO2 during the great oxidation transition 3.0-2.3 

billion years ago (Lyons et al., 2014). Understanding the impact of algae’s chemical influence on 

the environment has been extensively studied to date, however significant questions remain as the 

type, quantity, and reasons these chemicals are released, and their behaviors of these chemicals 

once they enter the environment. 

1.2 Chemicals Produced by Algae  

Algae synthesize a highly diverse range of chemicals required for their survival in the 

environments they inhabit. To construct the physical structures of their cell bodies, algae 

synthesize carbohydrate, lipid, protein, or mineralized exteriors (Domozych et al., 2012; 
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Hildebrand et al., 2018). Within the cells, algae produce a vast variety of chemicals, including 

proteins (amino acids), nucleic acids (purines, pyrimidines), lipids (fatty acids, triglycerides), 

isoprenoids (terpenoids, steroids, carotenoids), polysaccharides, halogenated compounds, amines, 

organosulfur, and inorganic gases (Achyuthan et al., 2017; Cardozo et al., 2007; Carpenter et al., 

2012). These compounds carry out numerous roles in algal metabolism, from photosynthesis to 

defense against pathogenic attack (Zuo, 2019). Consequently, many of these chemical species are 

released from algal cells into the external environment as waste-products, functional entities 

(signaling etc.), or inadvertently due to cell senescence. Once released into the environment, these 

chemicals can be further turned over by oxidation and consumption by other organisms or can 

transfer across interfaces as volatile gases. 

1.3 Algal Organics in the Marine Environment 

 The chemical composition of the ocean is diverse and variable in time. Inputs from 

biological activity, especially algae, combine with geochemical processes and contributions from 

anthropogenic sources. These inputs not only influence the biochemical and inorganic behavior of 

ocean itself, but also the marine atmosphere as these chemicals are aerosolized as sea spray aerosol 

(SSA) or volatilized by evaporation.  

One of the most important organic constituents of natural seawater is marine dissolved 

organic matter (mDOM), which has a total reservoir of 6.62*1014 kg C (Hansell et al., 2009). 

mDOM is operationally defined as organic material that passes through filtration at 0.2 μm, 

discriminating it from particulate organic matter (POM) which is retained between filters of 0.7 to 

0.2 μm (Lønborg et al., 2020). mDOM molecules can be further described by their content of 

dissolved organic carbon (DOC), nitrogen, phosphorus, sulfur, complexed metals, and other 

elements. 
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Sources of DOC in the marine environment can be either autochthonous or allochthonous, 

meaning produced within the system or externally. For autochthonous DOC, the most important 

producers are phytoplankton (microalgae) and macroalgae, which release extracellular DOC as 5-

30% of their total primary production. Phytoplankton also produce DOC during stress, autolysis, 

and grazing by zooplankton and bacteria. (Van Boekel et al., 1992) Furthermore, sloppy feeding, 

excretion, and defecation by grazers consuming algae contribute to release of DOC, showing the 

entire lifecycle of algae lead to various contributions in the DOC pool. (Lampert, 1978)  

Further operational refinement of DOC can discriminate it into a volatile fraction which is 

capable of air sea exchange, known EDOC, which has been shown to be up to one third of DOC 

in surface waters (Dachs et al., 2005). This fraction is frequently referred to as volatile organic 

compounds (VOC), but can also contain non-organic volatile species such as ammonia (Facchini 

et al., 2008). VOCs released from microorganisms into the surrounding aqueous environment 

transfer into the atmosphere depending on a variety of factors which include the properties of the 

VOC itself (molecular weight, vapor pressure, henry’s law constant), the properties of the water 

(salinity, temperature) and turbulent mixing forces such as wind and bubble bursting (Brooks et 

al., 2009; Johnson, 2010). While significant work has been achieved towards better understanding 

the mDOM, factors which affect the composition, quantity, and dynamics of the production of 

algal metabolites which comprise mDOM are still poorly understood. 

1.4 Algal Organosulfur in the Marine Environment 

One of the most studied algal metabolites in mDOM is dimethylsulfoniopropionate 

(DMSP). DMSP (C5H10O2S) is a zwitterionic organosulfur compound (OSC) which is utilized 

primarily by algae as an osmolyte but also fulfills several other biochemical roles (DeBose et al., 

2008; Kiene et al., 2000). When released from algal cells, DMSP can be metabolized through 
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enzymatic breakdown to produce volatile OSCs, primarily dimethyl sulfide (DMS) and 

methanethiol (MeSH) (Reisch et al., 2011). The breakdown of extracellular DMSP is mediated by 

the presence of marine heterotrophic bacteria which utilize the sulfur and carbon in DMSP for 

their own metabolic needs (Sun et al., 2016). Due to the low solubility, fairly high concentration, 

and widespread presence of these dissolved gases in marine surface waters (~0.1-10nM), air-sea 

transfer of these gases is a notable source of both organic carbon and sulfur in the marine boundary 

layer (Kettle et al., 2001). In the case of dimethyl sulfide, 28 Tg S·yr-1 are emitted from the oceans, 

the largest natural source of sulfur emission into the atmosphere (Lee and Brimblecombe, 2016). 

 Following transfer, DMS and MeSH are oxidized in the marine atmosphere by OH radical, 

sunlight, and other oxidants, into end products H2SO4 and methanesulfonic acid. Due to their low 

volatility and high water solubility, these compounds will partition into the aerosol phase, either 

through condensation onto pre-existing particles or formation of new particles (Kroll and Seinfeld, 

2008). The incorporation of oxidized sulfur mass into aerosol particles significantly influences the 

aerosol budget in the marine atmosphere, leading to significant changes in the number of cloud 

condensation nuclei (CCN): particles which accumulate water and form cloud droplets which 

compose clouds (Fitzgerald, 1991). For these reasons, the connections between algal ecology, 

biochemistry, and cloud cover over the ocean have been intensely studied over the last 50 years to 

better understand and predict dynamics in climate and precipitation (Quinn and Bates, 2011). 

 While significant progress has been made towards understanding the atmospheric behavior 

of OSCs (Hoffmann et al., 2016; Veres et al., 2020), significant questions still remain over the 

relative emissions between different OSCs depending on the biological taxa present and the 

environmental conditions which influence them (Pinhassi et al., 2005; Simo, 2001; Varaljay et al., 

2015). 
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1.5 Algae in the Commercial Sector 

 Algae are commercially cultivated for valuable products derived from their biomass. The 

utilization of algae is a promising “green” technology that is still maturing as innovations to 

develop new products and cultivation methods increase profitability. The production of algae for 

biofuels is the most well-known example, with U.S. production of biofuels at ~7 billion liters in 

2018 (EIA, 2020). In addition, algal production of animal feeds, pharmaceuticals, dyes, 

nutraceuticals, and high value small molecules represent other promising opportunities for this 

technology. (Burkart and Mayfield, 2013; Hu et al., 2008; Jones and Mayfield, 2012). Current 

technology for full-scale algal cultivation is split between two methods: closed photobioreactors 

(PBRs) and open raceway ponds (ORPs) (Richardson et al., 2014). While PBRs maintain superior 

culture cleanliness and better control conditions such as temperature, light, and nutrients, the 

enhanced yields from PBRs are offset by their high up-front and operational costs. Conversely, 

open raceway ponds are comparatively cheap to construct at large scale, but their weaknesses 

include a vulnerability to unpredictable environmental conditions and the unwanted introduction 

of biological contaminants known as grazers (Richardson et al., 2014). Studies suggest that up to 

30% algae biomass is lost due to grazing in commercial operations (Deore et al., 2020). Algal 

grazers, sometimes called predators, comprise a variety of different taxonomic groups which can 

include fungi, viruses, zooplankton such as copepods, rotifers, dinoflagellates, amoeba, ciliates, 

and bacteria (Di Caprio, 2020; Deore et al., 2020). Their effect on algal ponds can be highly 

deleterious, with some grazer infections capable of eliminating all algal biomass within 48 hours 

of introduction. This challenge is expanded by the growth dynamics of algal grazers which occur 

on exponential timescales, meaning the window to detect infections by current methods is on the 

order of hours (Forehead and O’Kelly, 2013). The current methods of grazer detection are optical 
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microscopy and flow cytometry, which have been inadequate in their ability to detect grazer 

contamination early enough to prevent significant commercial biomass losses. Further research on 

grazer detection and mitigation strategies is warranted. 

1.6 Volatile Gases Produced by Algae in Response to Grazing 

The measurement of VOCs produced by commercial microalgae has recently received 

more attention as a method to monitor algal state of health as well as detect metabolites produced 

by grazing (Achyuthan et al., 2017; Fisher et al., 2020; Reese et al., 2019). While most prior 

research has focused on VOCs obtained from lysed algae, there has been little investigation of in 

situ VOC production that would occur in cultured ponds. Known algal VOC classes include 

alcohols, alkanes, alkenes, aldehydes, ketones, sulfides, amines, halogenated VOCs, terpenes, and 

other oxygenated VOCs (Achyuthan et al., 2017). In a pilot experiment, Reese et al. showed 

enhanced production of carotenoid breakdown products, trans β-ionone and β-cyclocitral from 

grazer infected Microchloropsis salina, showing the promise of these gases as tools to monitor 

biomass production and prevent pond crashes. Utilizing a different VOC sampling method for the 

same algae/grazer pair, Fisher et al. (2019) discovered several small VOCs indicating algal grazing 

with little overlap between the VOCs observed with their sampling method to work in Reese et al. 

While these experiments break important ground, several important questions remain to be 

answered as to how algal VOC production responds to grazing. 

1.7 Mass Spectrometry for the Detection of Algal Metabolites 

In mass spectrometry (MS), ions are generated from organic or inorganic compounds, 

separated from each other by differing mass to charge ratios (m/z), and detected by their respective 

m/z and abundance (Gross, 2011). The specific ionization method for any MS instrument is often 

the defining feature which limits the physical phase, chemical composition, and speed with which 
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analytes can be introduced and detected. This dissertation will discuss various MS methods, the 

purpose and capability of which are described here. 

1.7.1 Gas Chromatography Mass Spectrometry 

Historically, the predominant method for determination of molecular identity of volatile 

organic compounds (VOCs) has been gas chromatography mass spectrometry (GC/MS). In 

GC/MS, a sample of volatile analytes (either liquid or gas phase) is injected onto a narrow diameter 

capillary column where carrier gases are passed through the column which direct the chemical 

mixture towards the electron impact (EI) ionization source and mass spectrometer detector. 

Depending on the analyte volatility and polarity as well as the column temperature, different gas 

molecules adhere to the capillary column stationary phase material with differing efficiency, 

leading to spatial separation of analytes on the column. This separation leads to differing arrival 

times of analytes at the mass spectrometer, allowing for unambiguous detection of molecular 

species by their precursor mass and fragmentation pattern (McMaster, 2008). Notably, GC/MS 

traditionally suffers from slow sample throughput (~45 min/sample) when a large variety of 

analytes must be observed. For the GC/MS analysis of VOCs in this work, VOC samples were 

taken using solid phase microextraction (SPME) fibers. In SPME, headspace VOCs are exposed 

to a thin (40-100 μm) sampling fiber which has a distinct chemical surface functionality which 

allows for the adsorption of sample VOCs onto the fiber. These VOCs are then thermally desorbed 

off the SPME fiber in the GC/MS sampling inlet for analysis (Souza-Silva et al., 2015). 

1.7.2 High Resolution Mass Spectrometry 

In high resolution mass spectrometry (HRMS), mass spectra of ionized analytes are 

acquired with highly accurate and precise m/z values through the usage of high performance mass 

analyzers (Marshall and Hendrickson, 2008). In HRMS, samples are ionized through a variety of 
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different methods, usually with the intention of maintaining the intact molecular ion. This contrasts 

with EI, which leads to a high degree of fragmentation. High mass resolution and mass accuracy 

allows for the calculation of accurate molecular formulae for the observed ions. Further 

identification can be achieved through tandem mass spectrometry, also known as MS/MS, wherein 

the mass-specific fragmentation of the precursor ion is coupled with high-resolution mass analysis 

of the product ions (Fenselau, 1992). The information obtained from MS/MS can be analyzed 

using molecular networking algorithms, which identify similarity relationships between 

fragmentation patterns and aid in the interpretation of complex mass spectra (Wang et al., 2016).  

Currently, HRMS analysis of analytes dissolved in seawater is large challenge due to its 

salinity (~35g kg-1) (Millero et al., 2008). Salts interfere with ionization, cause corrosion, and 

deposit onto instrument surfaces, potentially damaging them. Frequently, extraction methods to 

separate dissolved organic compounds from salts in marine samples are utilized; however, their 

sample recovery rates can be highly variable and a large fraction of organic species in a sample 

are not analyzed (Kruger et al., 2011). 

1.7.3 Chemical Ionization Mass Spectrometry 

To begin, we draw a distinction between chemical ionization utilized as an alternative 

ionization method for GC/MS instruments instead of EI. In the context of this thesis, chemical 

ionization mass spectrometry is defined as an analysis method whereby the complete analyte gas 

mixture is sampled into the ionization region without pre-separation and the constituents detected 

by mass spectrometry. To generate analyte ions, a reagent ion gas is cointroduced to the ionization 

source with the analyte gas, and provided the chemical energetics between the reagent ions and 

analyte gases allow for ionization reactions in the residence time of the ionization source, analyte 

product ions are generated (Bertram et al., 2011). In this dissertation, the reagent ions utilized are 
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protonated water clusters, (H2O)nH+ where n = 1,2,3,…, and benzene cluster cations (C6H6)n+ 

where n = 1,2 which ionize primarily by proton transfer and charge transfer respectively 

(Aljawhary et al., 2013; Kim et al., 2016). For each ionization chemistry, the chemical energetics 

necessary for analyte ionization: a higher proton affinity than (H2O)nH
+ (691, 694, 730, 769 kJ 

mol-1) or a lower ionization potential than (C6H6)n
+ (9.2 eV)  results in an ionization selectivity 

which limits each ionization chemistry to detect certain classes of chemical compounds. For 

(H2O)nH
+, organic compounds with a low degree of oxygenation—aliphatic ketones, aldehydes, 

and amines—are detected with high sensitivity (Aljawhary et al., 2013). For (C6H6)n
+, select 

biogenic VOCs with lower ionization energies such as organosulfur compounds, and amines can 

be detected (Kim et al., 2016; Lavi et al., 2017). This chemical selectivity is a significant advantage 

to CIMS which allows for direct sampling of air masses without producing an over-complicated 

mass spectrum that would be observed with a more generalist ionization method such as EI. From 

the chemical selectivity of the ionization, the defining characteristic of CIMS is the high sampling 

speed (up to 10 Hz) which allows for real-time sampling of complete air masses continuously for 

days or weeks with minimal interruption. The data product of CIMS is time-series mass spectra of 

gas composition that can extend over comparatively long durations (>30 days) to other forms of 

chemical analysis. This distinct characteristic of CIMS has been mostly applied towards questions 

in the atmospheric sciences as covarying factors with gas composition like wind, temperature, and 

turnover of biological organisms (Carpenter et al., 2012; Kim et al., 2015, 2017).  

1.8 Systems to replicate the complexity of marine microbiology and chemical turnover 

 Field measurements in the marine environment can capture the full complexity of 

atmospheric aerosols and gases, but frequently struggle to disentangle the numerous factors which 

contribute to their properties. Conversely, many laboratory studies utilize overly simplistic model 
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systems which do not capture the behavior of real-world systems. Towards these challenges, new 

devices have been constructed which simulate the complexity of the marine environment by 

holding natural seawater in closed systems and generating sea spray aerosol (SSA) for chemical 

analysis. Marine aerosol reference tanks (MARTs) and wave channels produce SSA through 

plunging waterfalls and wave breaking respectively which match the aerosol size distribution of 

SSA observed in the marine environment (Prather et al., 2013; Stokes et al., 2013, 2016). These 

vessels are suited for natural marine mesocosms, which contain the entire microbial loop 

(phytoplankton, bacteria, viruses) through the addition of nutrients. This allows for studies which 

assess the impacts of biological turnover and dynamics on aerosol composition, trace gas 

production, and other atmospherically relevant processes (Wang et al., 2015). These aerosol 

generation devices have already succeeded in advancing the simulated ocean-atmosphere approach 

and have aided in the identification of numerous new processes in atmospheric chemistry.  

1.9 Goals of dissertation 

This dissertation focuses upon changes in production of organic and volatile species by 

microalgae in both natural-simulated and commercial contexts. Furthermore, for natural systems, 

special attention is paid towards the simulation of real-world chemical and biological complexity.  

The main questions that will be addressed include: 

1. What is the partitioning between different volatile organosulfur compounds in 

natural marine mesocosm experiments? How is this partitioning related to, and 

affected by the chemical and biological factors that define each mesocosm? 

2. What molecules are produced when commercial microalgae interact with grazers? 

Can molecular relationships obtained from these analyses inform the analytes that 

one would observe in the gas phase? 
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3. In what timescales do commercial algae change their production of gases in 

response to grazing? Can high frequency composition measurements be utilized to 

detect grazer infections? 

4. In the dissolved phase, can new methods of sample introduction and ionization be 

utilized to measure algal-related metabolites without pre-existing salt removal? 

5. What are the properties of aerosols and gases observed in large mesocosm 

experimental devices such as wave channels?  

6. What are the merits, weaknesses, and successes of the ocean-atmosphere 

experimental approach? What advancements to this approach need to be made to 

better simulate the natural marine environment? 

1.10 Synopsis of dissertation 

This dissertation attempts to address these questions by combing laboratory experiments 

which span a range of compositional measurement techniques. Chapter 2 shows that the production 

of non-DMS organosulfur gases—methanethiol and dimethyl disulfide—can greatly exceed 

production of DMS in coastal mesocosm experiments. Measurements of these gases in tandem 

with biological sequencing uncovered relationships between bacterial taxa and OSC formation, 

which were further contextualized by comparisons to the biochemical state of the water over the 

course of each bloom. These findings were applied to an atmospheric model which showed the 

influence of non-DMS OSCs can be significant to sulfate aerosol formation in the marine 

atmosphere, thus affecting cloud formation and the Earth’s radiative budget.  

Chapter 3 of this dissertation investigates the production of chemical markers by algae at 

three different scales as they are infected with amoeba grazers. Using imaging mass spectrometry 

(IMS) for algae mounted on solid agar substrate and infected with amoeba, specific ions were 
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mapped to regions where grazing occurred. Using the spatially correlated ions from IMS solid-

phase analysis, liquid chromatography mass spectrometry was performed on aqueous samples and 

molecular networking was applied to ascertain the identity of the matching molecular species. 

From this analysis, several metabolites related to chlorophyll-a breakdown were identified to be 

indicators of amoeba grazing. Specifically, pheophorbide A, pyropheophorbide, and 

pyropheophytin were found to be grazing-specific metabolites, differing from the precursor 

metabolite pheophytin A by removal of phytol and methyl formate moieties. Given the relatively 

high volatility of phytol and methyl formate, further analyses of the gas phase of grazer infected 

algae was performed to see if those species were identifiable. While small quantities of a phytol-

adjacent metabolite, phytol ketone, were observed, no methyl formate was identified by gas 

chromatography mass spectrometry or chemical ionization mass spectrometry. However, multiple 

volatile gases not predicted by the IMS/LCMS were found to be produced by grazer infected algae, 

showing promise for the usage of VOC measurement for early grazer detection. 

Chapter 4 of this dissertation investigates the usage of chemical ionization time of flight 

mass spectrometry (CI-TOFMS) for online analysis of multiple algal culture headspaces to 

investigate grazer contamination. Using protonated water cluster chemical ionization, several 

(>40) distinct ions were identified in 40 L algal cultures which quickly equilibrated to the 

instrument and tubing surfaces within ~12s of sampling each vessel. After addition of grazers to a 

final concentration of 0.1 cells/mL to algal cultures, CI-TOFMS analysis observed changes in 

production of several (>20) volatile gases significantly faster (25-76 hours) than microscopy could 

detect grazers. Further analysis of algal gas time series indicated that enhanced production or 

cessation of certain species is consistent with larger algal biomass densities, an interesting result 
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which suggests additional applications for the use of gas phase analysis in monitoring the health 

of commercial algae ponds.  

Chapter 5 of this dissertation describes the application of a liquid sampling atmospheric 

pressure glow discharge (LS-APGD) ionization source for the high-resolution mass spectrometric 

analysis of high salinity organic samples. An investigation of LS-APGD ionization behaviors for 

a triglyceride mixture was performed to ascertain the impacts of varying salt concentration on 

analyte sensitivity and fragmentation susceptibility in comparison to electrospray ionization. 

Highly complex samples of marine dissolved organic matter were further investigated using the 

LS-APGD in contrast to ESI with particular attention payed towards the degree of chemical 

functionality of analytes detected by each ionization method. Lastly, for the first time, samples of 

organic-rich raw seawater were directly analyzed as a demonstration of the capabilities of LS-

APGD.  

Chapter 6 of this dissertation describes the characterization of the Scripps Institution of 

Oceanography wave channel which was recently utilized for a large experimental intensive: The 

Sea Spray Chemistry and Particle Evolution Study (SeaSCAPE). The extensive control 

experiments conducted to assess the wave channel’s production of sea spray aerosols, air flow 

characteristics, and cleanliness to anthropogenic contaminants are discussed. The wave channel 

accurately reproduces the aerosol size distribution of marine sea spray aerosol; however, 

challenges with maintaining system cleanliness inform future improvements to headspace 

introduction and building materials. Lastly, the SeaSCAPE intensive campaign is outlined with 

attention paid towards the production of biologically representative algal-bacterial mesocosms. 

Finally, Chapter 7 presents a review of the ocean-atmosphere experimental method which 

seeks to replicate the biological and chemical complexity of the ocean. Details regarding 
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investigations of sea spray composition, reactivity, and climate relevant properties are discussed 

which demonstrate the utility of the ocean atmosphere approach. Lastly, future directions of the 

ocean atmosphere approach are outlined which detail the incorporation of detailed atmospheric 

aging processes. Overall, the contents of this dissertation provide insight into the production, 

measurement, and implications of VOC production from microalgae. 
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Chapter 2. Production of Dimethyl Sulfide, Methanethiol, and Dimethyl Disulfide During 

Controlled Phytoplankton-Bacterial Mesocosm Experiments 

2.1  Abstract 

 The oceans cover nearly three-quarters of the Earth’s surface, yet we understand far less 

about biogenic volatile organic compounds (BVOCs) emissions from the ocean compared to land. 

The most studied marine BVOC is dimethyl sulfide (DMS) due to its role in forming sulfate 

aerosols which seed clouds and affect climate. Compared to DMS, far fewer measurements exist 

of other reactive organosulfur compounds due to their highly reactive nature. Here, in an isolated 

ocean/atmosphere wave channel, we directly measured the temporal evolution of DMS, 

methanethiol (MeSH) and dimethyldisulfide (DMDS) in the clean head space over the course of 

three phytoplankton-bacterial blooms. Notably, the concentrations of MeSH and DMDS can rival 

or even exceed that of DMS. Furthermore, both BVOCs display different temporal trends with 

MeSH and DMDS peaking after DMS. These differences can be explained by changes in the 

utilization of sulfur by marine bacteria. Amplicon sequencing of the bacterial communities present 

during each bloom show different populations are correlated with DMS and MeSH emissions. 

Lastly, a model comparison using experimental (MeSH+DMDS)/DMS) production ratios with 

existing measurements in the literature supports that under certain conditions MeSH and DMDS 

production can in fact dominate in marine environments, including coastal waters. This study 

suggests that in order to fully explain the impacts of the ocean on clouds and climate, more reactive 

sulfur species in marine environments must be taken into account. 

2.2  Introduction 

 2.2.1 Relevance of Organosulfur Species in the Atmosphere  
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The composition of the atmosphere is significantly impacted by emissions of organosulfur 

compounds (OSCs) from the ocean. Biogenic production of OSCs in marine environments 

revolves around the multifunctional osmolyte dimethylsulfoniopropionate (DMSP), synthesized 

by marine phytoplankton, being released during senescence, followed by enzymatic cleavage of 

aqueous DMSP yields DMS (Simo, 2001). A minor fraction (~10%) of aqueous DMS is ventilated 

into the atmosphere at an estimated annual flux ranging between 17.6-34.4 Tg(S) yr-1 (Figure 2.1) 

(Lana et al., 2011). In the marine boundary layer, OSCs, including DMS, have short atmospheric 

lifetimes (<1-2 days) as they become quickly oxidized by hydroxyl radical (Wine et al., 1981). 

DMS oxidation products partition to the aerosol phase either through condensation onto existing 

aerosols, or through the formation of new particles (O’Dowd & De Leeuw, 2007). Direct scattering 

of solar radiation by sulfate aerosols and their ability to form cloud droplets in the marine boundary 

layer significantly contribute to Earth’s energy balance (France et al., 2013). Over the past 4 

decades, a significant effort has been placed on quantitatively constraining marine biogenic 

emissions of OSCs and identifying possible biogeochemical feedback mechanisms. These efforts 

have continued to uncover complex biochemical processes that form and consume OSC. 

Nevertheless, to fully explain the spatiotemporal patterns of OSC concentrations, further insight 

into the biogeochemical pathways leading to OSC species in the marine atmosphere are needed.  

2.2.2 Field Measurements of MeSH and DMDS 

In the atmosphere, the lifetimes of DMS, MeSH, and DMDS are 33h, 4.1h, and 0.7h 

respectively, at diurnally averaged OH radical concentrations ([OH]*avg = 2×106 molecules cm-3) 

(Wine et al., 1981). As a result of this, comparatively low steady state concentrations of MeSH 

and DMDS are expected in the atmosphere, which have mostly limited detailed observations to 
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the aqueous phase. Unfortunately, the chemical reactivity and difficulty of measuring MeSH e.g. 

generating calibration standards effectively has led to a significant lack of measurements.   

In Kettle et al. (2001), field measurements transecting the Atlantic Ocean calculated 

(MeSH/(MeSH+DMS)) flux ratios using their experimentally derived dissolved concentrations. 

These flux ratios averaged to 0.16, with occasional high MeSH relative fluxes (MeSH/DMS ≈1) 

observed in coastal regions or during upwelling events where high bacterial growth rates often 

occur. In the North Sea, Baltic Sea, and Kattegat, (MeSH/(MeSH+DMS)) average flux ratios were 

found to be 0.11, 0.05, and 0.04 respectively. More recent measurements of dissolved MeSH in 

the North East Pacific and atmospheric MeSH in the southwest Pacific have generally agreed with 

these findings, with MeSH:DMS aqueous concentration ratios of 0.19-0.50 and 

(MeSH/(MeSH+DMS)) flux ratios of 0.14-0.24 in each of these regions of the Pacific (R. Kiene 

et al., 2017; Lawson et al., 2020). From these studies, correlations of MeSH to DMS and MeSH to 

DMSP have shown mixed, but generally positive relationships indicating a common, but 

decoupled metabolic connection between these species. The factors that drive the wide variability 

in MeSH production are still poorly understood, but more recent investigations of the biochemistry 

of dissolved organosulfur have begun to shed new light as discussed in the next section.  

There are even fewer field measurements of DMDS than MeSH in the marine environment. 

In the first quantitative field measurements of DMDS, Tanzer and Heumann (1992) along the 

Atlantic Ocean from Northern Europe to South Africa measured dissolved DMDS concentrations 

ranging from <0.015-0.229 nM which were significantly lower than DMS concentrations 

measured over the same study (0.3-8 nM). In the Baltic Sea, Kattegat/Skagerrak, and North Seas 

dissolved DMDS:DMS ratios ranged from 0.006-0.011 with concentrations of DMDS varying 

between 10-50 pM (Leck & Rodhe, 1991). In both studies, correlations between DMDS and other 
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factors were not found. No other measurements of marine atmospheric DMDS have been reported 

except for two previous brief mentions of estimates of concentrations below 3 pptv (Grenfell et 

al., 1999; Persson & Leck, 1994). In general, the consensus from existing field measurements point 

to DMS as the dominant marine OSC emitted as ~83% of mass, with MeSH occupying the 

remainder of the balance with trace levels of DMDS. In some cases, this picture changes in more 

productive zones with MeSH taking a greater role.  

2.2.3 Biology and Biochemistry of DMSP 

Production of DMS has been primarily studied through investigations of its main precursor 

DMSP which is released during the growth and senescence of marine primary producers (Reisch 

et al., 2011). Aqueous DMSP is degraded by heterotrophic bacteria through two different 

pathways: demethylation to 3-methiolpropionate which is further demethiolated to methanethiol 

(MeSH), or cleavage of DMSP to DMS and acrylic acid (Kiene & Linn, 2000). Depending on the 

biological and chemical states of the ocean, a “bacterial switch” between the partitioning of DMSP 

catabolism through the demethylation and cleavage pathways may occur, leading to different ratios 

of breakdown products (Pinhassi et al., 2005; Simo, 2001). In cases where dissolved DMSP release 

is high compared to bacterial sulfur demand, DMSP cleavage to DMS is the preferred pathway. 

When DMSP release is low compared to bacterial sulfur demand, MeSH production is the 

preferred pathway. Interestingly, while many observations have shown that the demethylation 

pathway generally dominates DMSP catabolism (34-100%) (Figure 2.3.1), DMS has the highest 

concentration of dissolved OSCs on average due to the extremely fast rate of MeSH uptake by 

heterotrophic bacteria (Kiene, 1996). Furthermore, significant variability in MeSH uptake rates 

and the presence of compounds inhibiting MeSH incorporation indicate that in some cases, MeSH 
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consumption may decrease to rates where production significantly exceeds loss (Kiene, 1996; 

Kiene et al., 1999).  

2.2.4 Dimethyl Disulfide 

The origin of DMDS in marine surface waters is thought to be from abiotic MeSH 

oxidation, although kinetics and details on the factors that control this process in seawater are not 

known. The formation of DMDS from MeSH in freshwater is known to proceed rapidly, on the 

order of hours, especially in the presence of dissolved catalytic species such as Cu2+, Fe3+, and 

ascorbic acid (Chin & Lindsay, 1994a; Higgins et al., 2012). MeSH oxidation to DMDS is also 

known to occur on various surfaces which includes activated carbon and stainless steel (Bashkova 

et al., 2002; Perraud et al., 2016). Biotic production of DMDS through enzymatic activity has been 

investigated in food chemistry, however no enzymatic processes in marine microorganisms have 

been reported to date (Chin & Lindsay, 1994b). While the abiotic degradation of DMDS has been 

shown to be extremely slow in dark conditions, actinic flux should strongly influence the 

breakdown of DMDS based on strong absorption by the sulfur-sulfur bond (Buchshtav et al., 

2019). Biotically, DMDS has been used as a potent DMS consumption inhibitor in bacteria. DMDS 

is also vulnerable to consumption, however the rates are not known (Wolfe & Kiene, 1993; Wolfe 

et al., 2002). This study focuses on advancing this limited understanding of the production 

mechanisms, biochemical influence, and lifetime of DMDS in natural seawater.   

Here, we report the results from three mesocosm incubation experiments during the 

Biological Effects on Air Sea Transfer (BEAST) experiment which used coastal seawater to 

directly measure the temporal evolution of the production of OSCs during a phytoplankton-

bacterial bloom. Through a combination of atmospheric and seawater measurements, the evolution 

of OSC concentrations are measured over the bloom lifecycle and connect these phenomena with 
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the bacterial communities and metabolic pathways that control these processes. Our observations 

suggest that if DMS, MeSH and DMDS are present in the open ocean at ratios similar to those 

measured in this experiment, that MeSH and DMDS may contribute significantly to the production 

of sulfate aerosol. 

2.3 Materials and Methods 

2.3.1 Preparation of Mesocosm Incubation Experiments  

Seawater was obtained from Ellen Browning Scripps Pier (La Jolla, CA; 32°51´56.8"N: 

117° 15´38.48"W) and pumped from an inlet 5 meters below the ocean surface. The seawater was 

filtered with a 50 µm nitex mesh to remove larger debris and zooplankton before addition to an 

outdoor 2400 L PTFE tank. To eliminate the introduction of large detritus (insects, leaves, etc), a 

thin polyethylene sheet was suspended ~1 m above the outdoor mesocosm tank reservoir. Sunlight 

irradiated the water surface along the natural hours of the experiment. The seawater was 

periodically monitored for temperature to ensure conditions were consistent with coastal San 

Diego in mid-summer. The tank was aerated and mixed using bubbled air passed through HEPA-

filters at ~10 LPM into Tygon tubing held ~0.5 m below the water line. For all three sequential 

mesocosm incubation experiments, the outdoor tank was acclimated overnight after initial filling, 

before nutrient addition the following morning. Seawater was supplemented with f/2 algal growth 

medium (Proline, Aquatic Eco-Systems, Apopka, FL), diluted 50x with added 9 µM sodium 

metasilicate to induce a phytoplankton bloom. Bloom progress was tracked using a handheld 

fluorimeter (Aquafluor, Turner Designs, San Jose, CA) daily. For all three mesocosm experiments 

(Figure 2.3.6) water was transferred each morning from the outdoor tank reservoir to three marine 

aerosol reference tanks (MARTs) (Stokes et al., 2013). Subsequently, each morning after the first 

day, the water was transferred back from the MARTs into the outdoor tank before the MARTs 
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were re-filled for that morning. After the phytoplankton peak in each bloom, as indicated by daily 

fluorescence measurements, the water was kept in all three MART tanks with no further transfers 

until the end of the experiments. This methodology was implemented due to gradual shearing of 

phytoplankton biomass by the MART centrifugal pump which can prematurely halt phytoplankton 

blooms. Therefore, keeping the mesocosm water in a less-stressful environment allowed the 

experiment to measure the evolution of OSC species over the entire bloom lifecycle utilizing a 

MART system. The use of MARTs was chosen for these experiments as several other 

measurements were also performed at the same time and required the production of sea spray 

aerosol. The results and findings of those measurements will be published elsewhere. 

2.3.2  Marine Aerosol Reference Tank Operation 

The MART systems used in this study were filled with ~110 L of seawater and a plunging 

sheet of water with a free-falling distance of ~10 cm. The size distribution of the resultant bubble 

plume acquired by hydrophone (ITC 1089d) was referenced to preexisting size distributions to 

ensure the proper physical production pathways of SSA. MARTs were plunged on a cycle of 4 

seconds with the centrifugal pump on, and 10 seconds of no pumping to permit flume degassing 

and foam creation. Clean air obtained continuously from a zero-air generator (Sabio 1001) was 

introduced to the MART headspace at a flow rate of 6.6 standard liters per minute (SLPM). The 

temperature of each MART was maintained at ~26 °C by circulating water through a 316 stainless 

steel chiller coil immersed in the tank water. 

2.3.3 Heterotrophic Bacterial Abundance and Composition 

Bulk seawater was collected in 5 ml cryovials from the MARTs via a stainless steel side 

port ~10 cm from the bottom (see Stokes et al. 2013 for MART details) For bacteria counts, 

samples were preserved with glutaraldehyde at 0.05% final concentration and stored at -80 C after 
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flash freezing (Noble & Fuhrman, 1998). Microbial abundances for heterotrophic bacteria for all 

experiments were obtained using flow cytometry at The Scripps Research Institute (TSRI) Flow 

Core Facility with a BIO-RAD, ZE5 Cell Analyzer. Samples were diluted (1:10) in 1×TE buffer 

(pH 8), then stained with SYBR Green I at room temperature for 10 min in the dark. (Gasol & Del 

Giorgio, 2000) Bacterial growth rates were calculated using the daily concentrations as previously 

described. (Fuhrman & Azam, 1980). For amplicon sequencing, 400 µL seawater was sampled 

every day from the MART and immediately frozen at -80 o C to preserve microbiome integrity. 

(Song et al., 2016) Samples were processed following the Earth Microbiome Project protocols 

(http://wwwearthmicrobiome.org) with modifications for low biomass input (Caporaso et al., 

2012). DNA was extracted from samples using the KatharoSeq lowbiomass methodology, (Minich 

et al., 2019; Minich, Zhu, et al., 2018). Specifically, water samples were thawed on ice for 30 

minutes, vortexed, and then 400 μl was transferred into individual bead beating tubes. After 

extraction, 50 μl of eluted DNA was transferred to 384 well plates. The miniaturized PCR protocol 

was used to generate NGS libraries with a final reaction volume of 5 μl (0.2 ul gDNA, 0.2 μl 

barcoded primers).(Minich, Humphrey, et al., 2018) For sequencing, an equal volume of amplicon 

was pooled across all samples, followed by a cleanup using the QIAquick PCR purification kit 

(Qiagen, Cat# 28106). Pre-processing of sequences was performed using the Qiita platform with 

statistical analysis then performed with Qiime 2 (Bolyen et al., 2019; Gonzalez et al., 2018). 

Unique 150 base pair sequences were generated using the deblur algorithm yielding de novo, sub-

Operational-Taxonomic-Units Units at single nucleotide resolution (sOTUs). (Amir et al., 2017) 

PCoA plots were generated with UniFrac distances using Emperor (Lozupone & Knight, 2005; 

Vázquez-Baeza et al., 2013). Additional statistical analyses were performed using PRISM 8. 

Rarefaction levels were empirically determined by calculating the sample exclusion cutoff at 
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which 90% of the sequences from DNA extraction positive controls mapped to the known or 

expected organism (Zymo mock community), which in this case resulted in 1840 reads (Figure 

2.14). To determine which microbial sOTUs were associated with DMS and MeSH production, 

the Spearman correlation with discrete false-discovery rate within the Calour tool was used (Xu et 

al., 2019). Sample success was calculated to occur at 1840 reads: therefore, samples with less than 

1840 reads were excluded from analysis (Figure 2.14a).  

Functional genes associated with the cleavage pathway (dddP) and demethylation pathway 

(dmdA) of DMSP were quantified by q-PCR following previously described protocols (Levine et 

al., 2012; Zeng et al., 2016). Briefly, universal primers dddP 874F/971R and dmdA 282F/591R 

were used to quantify dddP and dmdA respectively. Quantification were performed on a AriaMx 

(Agilent) using SsoAdvanced Sybr Green universal supermix (BioRad). Technical triplicates were 

run for each sample. Seven-fold serially diluted standard curves and no template controls were run 

in triplicates on each plate. Genomic DNA from a Rhodobacterales strain isolated off Scripps Pier 

was used as standard for both genes. Single amplifications were confirmed by melt curve for each 

run. 

2.3.4 Chemical Ionization Time-of-Flight Mass Spectrometry 

BVOC measurements were made using a chemical ionization time-of-flight mass 

spectrometer (CI-TOFMS) using benzene cluster ion chemistry, as described in (Kim et al., 2016). 

Benzene ion clusters were chosen as the reagent ion due to its high sensitivity towards the detection 

of reactive sulfur species. Briefly, ~300 ppm benzene gas is prepared via a flow of 10 standard 

cubic centimeters per minute (sscm) medical grade N2 over a cylinder of liquid benzene (LCMS 

Grade, Sigma Aldrich). Benzene vapor was then diluted by N2 and passed through a 20mCi Po-

210 ionizer. Through N2 collisions with alpha particles produced by Po-210, benzene cluster 
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cations are generated and delivered into the ion-molecule region (IMR) of the CI-TOFMS 

instrument via an inline critical orifice (O’Keefe) at a flow of 1.8 SLPM (Veres et al., 2008). 

Sample headspace was pulled into the IMR through another orifice at 1.8 SLPM. A secondary 

bypass pump was utilized to increase sample flow to 2.6 SLPM to reduce the gas residence time 

in the ~2 m (3.175mm ID) fluorinated ethylene propylene (FEP) tubing which connected the 

headspace of each MART to the CI-TOFMS. A sintered glass RH probe (Vaisala) was connected 

in-line between a sampling tee near the CI-TOFMS inlet and bypass pump to continuously measure 

the relative humidity and temperature of the MART headspace. The IMR, based on the design by 

Kercher et al., 2009, was maintained at empirically derived conditions, 50 °C via heat tape, a 

pressure of 60 Torr, and 250V DC. Analyte ions produced via chemical ionization with benzene 

cluster cations were passed into a custom-built electrodynamic ion funnel which collects and 

focuses the ion beam and gently de-clusters ions that may have excess benzene or water molecules 

attached. A commercial RF-only quadrupole (TOFWERK) transfers the ions into an orthogonal 

extraction time of flight mass spectrometer. Data acquisition was performed using ToFDAQ 

software (TOFWERK), with co-summed spectra saved at a rate of ~1 Hz. Data analysis was 

performed in TOFWARE, (TOFWERK) a graphical interface plugin for IGOR (Wavemetrics), in 

which mass calibration and baselining procedures were applied to the raw data. Daily ion 

intensities from each MART tank were normalized to the summed intensity of benzene and its 

dimer (m/z 78, 156) and averaged for quantitation. During sampling periods in which analyte ion 

intensity exceeded more than 10% of reagent ion intensity, the sampled MART headspace was 

diluted by humidified zero air at a tee before the CI-TOFMS inlet. On each day, at least 30 minutes 

of mass spectra were averaged from each MART tank. For both DMS and DMDS, external 

calibrations of each gas using permeation tubes (VICI Metronics) were performed across the 
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humidity range to account for the humidity-dependent sensitivities of each compound. For MeSH, 

an external calibration was performed after the mesocosm experiments using a 1 ppm MeSH in 

N2 calibrated gas canister (Airgas) in dry and humid conditions diluted between 0.1 – 80 ppbv 

matching the MART experiments. The sensitivity for DMS at the water vapor mixing ratio of the 

MART tanks (17.0 g/kg) was found to be 9.8 normalized counts per second (ncps)/pptv, DMDS 

21.2 ncps/pptv, and MeSH 0.3 ncps/pptv. DMS was measured as [M]+ as m/z 62, MeSH as a 

benzene adduct [M+78]+ at m/z 126, and DMDS as [M]+ at m/z 94. Given the lower-mass 

resolution of the CI-TOFMS (<1200 full width at half maximum) ion assignments were made 

using unit mass resolution leading to possibility of unknown ions contributing to ion intensity at 

the same unit mass. During periods of high OSC ion intensity, isotope ratios for 34S were used to 

verify the identity of each OSC compound. All three MART tanks daily mass spectra were 

averaged for phytoplankton blooms 1 and 2. For mesocosm 3, only one MART was used.   

2.4 Results 

 2.4.1 Bloom Progression, OSC Concentrations 

 Each of the blooms progressed through 3 distinct phases: exponential growth, peak bloom, 

and senescence as indicated by changes in bulk fluorescence (Figure 2.3.2a, b). Notably, all three 

blooms reached different levels of peak fluorescence, which converts through externally calibrated 

chlorophyll a levels (chl. a) ranging from 2.3 – 11.5 µg L-1. These values fall within previous 

measurements of chl. a made at this ocean sampling location (La Jolla, CA) which range from 0.1-

20 μg L-1, where the 95% quantile resides below 7.73 μg L-1 (McGowan et al., 2017). At the start 

of each experiment, heterotrophic bacteria (HB) counts decreased after the first day, likely in 

response to the water transfer and adaptation to new conditions. (Figure 2.3b, d).  After the initial 

decline, HB counts increased steadily during the bloom lifecycle reaching a max 3.3-9.4 times 
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their minimum concentrations until leveling off or decreasing after the senescent phase. Daily 

average measurements of headspace DMS, MeSH, and DMDS (Figure 2.3 a, b) showed significant 

concentration variations (40-80x) over the bloom lifetimes. The observed peak headspace 

concentrations of each OSC are significantly higher than marine field measurements, due to 

ventilation caused by the plunging waterfall of the MART, combined with the relatively low flow 

of zero air through the MART headspace (Davis et al., 1998). The Henry’s Law solubility constants 

for DMS, DMDS, and MeSH, 5.0×10-3 mol m-3 Pa-1, 7.0×10-3 mol m-3 Pa-1 and 3.8×10-3 mol m-3 

Pa-1 respectively, are nominally similar, indicating that the measured headspace ratios of DMDS 

and MeSH to DMS are not likely caused by disproportionate ventilation effects (Sander, 2015). 

Consequently, we expect that the headspace ratios of each OSC roughly correspond to the relative 

concentrations of these compounds in seawater. DMS concentrations tracked the peak of each 

bloom (Figure 2.3a, c), which is consistent with field and laboratory observations (Van Duyl et al., 

1998; Kwint et al., 1993; Lizotte et al., 2008). In contrast, MeSH and DMDS increase quickly 

during the death phase of each bloom commensurate with the subsequent rise of heterotrophic 

bacteria abundance (Figure 2.3.2b, d). Bacterial specific growth rates, calculated from daily 

changes in bacteria abundance, directly correspond to an increase in MeSH concentrations in 

bloom 1 (r2 = 0.85), however the observed link between these concentrations is not as strong during 

blooms 2 and 3 (r2 = 0.28, 0.01), providing evidence other factors are controlling non-DMS OSCs. 

The measured concentration ratios of MeSH:DMS for all three blooms/experiments span multiple 

orders of magnitude ranging from values of ~0.2-50. Compared to the literature, the upper end of 

these values is significantly higher, and likely due to the combination of the rich bloom conditions 

coupled with the coastal seawater microbial community (Leck & Rodhe, 1991). Despite this, 

MeSH:DMS concentration ratios were still comparatively high (~10) at the onset of each bloom 



 

  34 

before the growth phase, suggesting the concentration ratio of MeSH:DMS can reach surprisingly 

high levels in coastal environments, consistent with ratios observed in marine sediments 

(Sorensen, 1988; Visscher et al., 1991). 

 2.4.2  Dimethyl Disulfide 

 The high levels of DMDS observed in these mesocosm experiments was initially surprising 

given the lack of previous reports of DMDS in the literature (Leck & Rodhe, 1991; Tanzer & 

Heumann, 1992). One concern was DMDS arising as an artifact of the experimental design. To 

assess whether DMDS was artificially being produced by oxidation in the ~20 cm stainless CI-

TOFMS inlet, several control experiments were performed (Supplementary Methods 2.8.1) 

(Perraud et al., 2016). These controls found as much as ~35% of MeSH could be converted to 

DMDS in the instrument inlet (Figure 2.9). Through changing the CI-TOFMS inlet to PFA, the 

conversion ratio was decreased to ~11-15% implicating the remaining DMDS was created by 

upstream dimerization in the gas regulator or by conversion on the walls of the CI-TOFMS IMR 

chamber itself. To contextualize these controls within the mesocosm experiments, the control-

obtained conversion ratio (35%) was utilized to calculate the expected MeSH and subsequent 

DMDS concentrations under the expectation that only the CI-TOFMS inlet was responsible for 

MeSH dimerization. We found that on 9 of the 27 days of the mesocosm experiments, DMDS 

concentrations were 50% higher than those expected by MeSH dimerization on the inlet alone, 

indicating that DMDS was indeed being formed naturally during the experiments (Figure 2.11). 

 To eliminate whether the submerged stainless steel chiller coil in the MART impacted 

MeSH oxidation in the liquid phase, aqueous samples of seawater obtained directly from the 

outdoor tank were bubbled in separate borosilicate bottles and the ventilated gases were measured 

by CI-TOFMS (Figure 2.10a).  From these experiments, MeSH:DMDS concentration ratios 
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closely matched those obtained from the MARTs, indicating the 1-hour residence time of the 

mesocosm water in the MART with the stainless steel coil prior to sampling had negligible impact 

on MeSH dimerization (Figure 2.10b). Our findings also agree with recent investigations of OSC 

measurements which highlight the importance of using materials which limit MeSH conversion to 

DMDS on instrument and sampling vessel surfaces (Perraud et al., 2016). 

 2.4.3 Bacterial Community Dynamics 

 In order to understand how marine bacteria affect the fate of DMSP, the dynamics of the 

bacterial communities and correlations to OSCs were studied over the course of three blooms 

(Moran & Durham, 2019; Reisch et al., 2011). The succession of bacterial taxa observed for each 

experiment was typical of communities responding to a phytoplankton bloom progression, with 

the relative abundance of more opportunistic fast-growing bacteria (e.g. Bacteriodetes and 

Rhodobacterales) increasing over time (Fig. 2 a, b). (Buchan et al., 2014).  The production of both 

DMS (Figure 2.12d) and MeSH (Figure 2.12e) appeared to be correlated with bacteria composition 

(Adonis P<0.001), although clustering locations or associations were unique for each chemical 

species. This suggests that different bacterial populations are responsible for controlling the 

production of OSCs and their precursors (Figure 2.4a, b, Figure 2.13). Planctomycetes, 

Actinobacteria, and Vibrionales appeared to be more correlated with DMS while Bacteriodetes, 

Rhotobacterales, and Alteromonadales were more correlated with MeSH present in the system. 

(Figure 2.13h) While dissolved and particulate DMSP were not measured during these 

experiments, the distinct temporal shifts in measured OSCs (Figure 2.2a, c) and bacterial 

communities (Figure 2.2a, b) strongly suggest that catabolism of DMSP changed over the course 

of the bloom. The “bacterial switch” has been proposed as a regulatory system determining the 

fate of marine DMSP and thus the production of more or less DMS or MeSH. (Simo, 2001) 
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Bacteria will switch from the cleavage pathways to the demethylation pathways depending on their 

demand for carbon or sulfur from DMSP and the availability of other substrates in the water.  

Functional genes associated with DMSP cleavage and demethylation pathways were quantified 

over the course of blooms 1 and 3 (Figure 2.3c) to further assess the role of heterotrophic bacteria 

in OSCs production (DMS and MeSH respectively). DmdA genes represent the first step of the 

demethylation pathway that leads to the production of MeSH (Howard et al., 2006) whereas, dddP 

gene is one of the genes representing the cleavage pathway leading to the production of DMS 

(Todd et al., 2009). At the start of the experiments, the abundance of the dmdA genes was low or 

under the detection limit while dddP genes were more abundant (especially during bloom 3) 

suggesting that bacterial sulfur demand from DMSP was low at the time of sampling and DMSP 

was being used as a carbon source by bacteria. The abundance of dddP genes increased over the 

course of bloom 1 in correlation with DMS production (Figure 2.15). The initial high abundance 

of dddP in bloom 3 was also followed by an increase in concentration of DMS (Figure 2.3c). For 

both blooms, it appears that bacterial cleavage of DMSP was responsible for a major portion of 

the observed production of DMS in the system. Later in the blooms, the increase in MeSH 

concentration coupled with bacterial growth rates suggest that the increase in bacterial sulfur 

demand is routed towards DMSP demethylation (Pinhassi et al., 2005). The increase of 

Rhodobacterales over the course of the blooms and their potential capacities for demethylation 

(Curson et al., 2011; Varaljay et al., 2015), as well as dmdA genes increasing in correlation to 

MeSH, suggest that bacterial demethylation was responsible for a portion of the MeSH produced. 

However, the higher number of dddP genes but low concentration of DMS while MeSH 

concentration increased towards the end of bloom 1 (Figure 2.15), suggest a rapid turnover of 

DMS used as a source of sulfur. The increase of Methylophaga spp. towards the end of bloom 1 
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(Figure 2.15) also suggests bacterial oxidation of DMS, as described for Methylophaga 

thiooxidans (Boden et al., 2010) and potential release of MeSH as a byproduct. Through 

quantitative gene measurements of dddP and dmdA, a significant lack of dmdA was observed, 

indicating the traditionally understood route for MeSH production though DMSP was either not 

active, or occurring though genes not measured. Alternatively, MeSH production may have 

proceeded either through the breakdown of S-amino acids or consumption of DMS itself. The latter 

case represents an interesting prospect as the consumption of DMS by marine bacteria is normally 

considered a one-way process whereby the available sulfur pool is rendered unavailable for 

emission. Establishing a boundary on the quantity of MeSH available for flux generated from DMS 

consumption represents an important next step in understanding total ocean sulfur flux.  

From these analyses, we found that the production of MeSH and DMDS in mesocosms 1, 

2, and 3 was particularly enhanced versus measurements performed in the field. Through 16S 

amplicon sequencing, we found a diverse array of bacterioplankton positively correlated with the 

production of DMS and MeSH (Figure 2.4a, b), however we are unable to directly ascribe the 

production of either gas to any specific organism. These findings advance a particular line of 

questions regarding the formation of MeSH: Are cases where high MeSH is observed due to the 

presence of a particular set of bacterioplankton acting in a highly influential manner, or does the 

bulk physiochemical state of the mesocosm and seawater exert top-down over the entirety of the 

bacterioplankton population which switch to MeSH production? Given that the turnover of DMSP 

is thought to be mostly through the demethiolation pathway (Figure 2.1), even during periods of 

low-sulfur demand by bacterioplankton, are periods of MeSH buildup more controlled by 

variations in MeSH uptake than production? As discussed above, the low concentrations of 

functional gene dmdA despite high MeSH concentrations suggest that either other enzymes for 



 

  38 

MeSH formation from DMSP were active, or the formation of MeSH could have originated from 

another sulfur source such as DMS or methionine consumption. Given the distinct decrease in 

DMS production during the death phase of each mesocosm which coincided with the formation of 

MeSH and DMDS, it is tempting to suggest the latter hypothesis. Furthermore, as DMS 

consumption by marine bacterioplankton is common and well distributed across the ocean, it 

would further appear that a deficiency in the MeSH uptake rate may be more responsible for 

periods of relatively high dissolved MeSH concentrations in seawater as opposed to large 

enhancements in production. Given the speculative nature of these hypotheses, further research 

into factors that affect MeSH uptake and lifetime should be undertaken. 

2.4.4 Production of Atmospheric Sulfate by OSCs 

To assess the potential contribution of DMDS and MeSH to sulfate aerosol production, we 

calculate the fraction of particulate sulfate formed from DMS, MeSH, and DMDS as a function of 

the emission ratios of MeSH+DMDS relative to DMS. Estimates of the emission ratios of 

(MeSH+DMDS)/DMS for ocean conditions (< 0.1)  were calculated from the simultaneous 

measurements of DMS, MeSH, and DMDS aqueous concentrations measured in the North Atlantic 

(Leck & Rodhe, 1991), using a two-film air-sea transfer model (Johnson, 2010). The 

(MeSH+DMDS)/DMS emission ratios for this study were reported for both peak chl. a (0.2 – 0.8) 

and peak bacteria concentrations. By assuming that the aerosol sulfate yield for DMS and MeSH 

oxidation is 1 and the sulfate yield of DMDS oxidation is 2, we calculate the fraction of OSC-

derived particulate sulfate that is formed from MeSH + DMDS. As shown in Figure 2.5, for 

conditions relevant to the North Atlantic, MeSH and DMDS may account for as much as 10% of 

the non-sea salt sulfate produced from OSC emissions. For the conditions discussed in this study, 

MeSH and DMDS emissions would account for over 40% of the non-sea salt sulfate produced 
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from OSC emissions. This represents a potentially significant unappreciated source of OSC and 

by extension sulfate aerosols in marine environments.  More studies are needed to understand the 

factors controlling the ratios of non-DMS OSC species. 

2.5 Conclusions 

 The results discussed herein establish that non-DMS OSC species, especially MeSH, can 

be produced by natural phytoplankton and microbial assemblages in higher amounts relative to 

DMS than previously reported. The production of MeSH spikes over short timescales which would 

account for the lack of field observations.  Additionally, the high reactivity of these species leads 

to significantly lower steady-state atmospheric concentrations, further limiting their detection. We 

also observed DMDS at unexpectedly high concentrations; no field observations exist yet for 

comparison. We attribute some (up to 35%) of the DMDS detected in the MART experiments to 

dimerization of MeSH on the instrument inlet. However multiple periods of high DMDS 

significantly exceeded values (>50%) predicted by MeSH conversion indicating production 

occurred through natural processes in seawater. Based on the observation of DMDS in these 

blooms, we believe that further investigations of MeSH dimerization in natural seawater should 

be investigated as an additional pathway for formation of OCS species. Lastly though modeling 

we contrast our mesocosm OSC production ratios with measurements from the field. Particularly 

in coastal regions where heterotrophic bacteria can be highly active, non-DMS OSCs may 

represent a significant fraction of reactive sulfur species which has significant implications for 

clouds, climate, and air quality in coastal marine environments 
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2.7 Figures 

 

Figure 2.1 Known routing of dissolved organosulfur species in marine surface waters: (Kettle et 

al., 2001; Kieber et al., 2011; R. Kiene, 1996; R. Kiene et al., 2017; R. P. Kiene et al., 2000; Lana 

et al., 2011; Lee & Brimblecombe, 2016; Tanzer & Heumann, 1992; Zubkov et al., 2001) 
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Figure 2.2 Mesocosm 1 (left panel a) and 3 (right panel c) headspace organosulfur compounds 

coplotted with bulk water chlorophyll-a. Heterotrophic bacteria count, and bacterial growth rate 

for mesocosms 1 and 3 shown in b) and d) respectively. Error bars on organosulfur concentrations 

in a) reflect ±1σ obtained from averaging MARTs 1-3, bloom 3 c) only possessed one MART for 

which σ could not be obtained. 
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Figure 2.3 Microbial ecology of three independent bloom progressions in mesocosms a) bloom 1, 

b) bloom 3, qPCR measurements of dddP (white) and DmdA (black) in mesocosms c) bloom 1, d) 

bloom 3 
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Figure 2.4 Microbial ecology of three independent bloom progressions in mesocosms a) bloom 1, 

b) bloom 3, qPCR measurements of dddP (white) and DmdA (black) in mesocosms c) bloom 1, d) 

bloom 3 
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Figure 2.5 Fraction of sulfate produced from combined DMDS and MeSH compared to DMS 

compared between laboratory mesocosm peak chl a and peak HB with the only known field 

measurement of DMDS, MeSH, and DMS. 
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2.8 Supplementary methods 

2.8.1 Methanethiol Conversion Controls 

Controls were performed to assess the quantitative conversion of MeSH to DMDS on the 

CI-TOFMS inlet. First, 1 parts per billion mass MeSH in N2 was diluted by zero air either at 0-5% 

RH or ~17.0 g*kg-1 water vapor mixing ratio. The resultant air flowed through the same length of 

tubing used for sampling during BEAST 2018 and was measured for gas composition by the CI-

TOFMS. Shown in Figure 2.8, the concentration of DMDS increased as more MeSH was added 

in a highly linear fashion until added [MeSH] > 60 ppbv.  

Here we define the “actual” MeSH concentration detected by the CI-TOFMS using Equation 1: 

[𝑀𝑒𝑆𝐻𝑎] = [𝑀𝑒𝑆𝐻𝑖] − 2 ∗ [𝐷𝑀𝐷𝑆]   (1)    

Where [MeSHi] is the expected concentration introduced from the calibrated MeSH gas cylinder 

to the CI-TOFMS and [DMDS] is the measured DMDS concentration calculated from the ion 

signal and humidity-dependent calibration factors (19.2ncps/pptv @ low humidity, 21.2ncps/pptv 

@ high humidity). Through obtaining MeSHa, calibration factors were calculated for MeSH and 

found to be 0.3 ncps/pptv at a mixing ratio of ~17.0 g/kg. 

Lastly, in Equation 2, the MeSH conversion ratio (CRMeSH) is defined as: 

  𝐶𝑅𝑀𝑒𝑆𝐻 = 1 − [𝑀𝑒𝑆𝐻𝑎]/[𝑀𝑒𝑆𝐻𝑖]   (2) 

Shown in Figure 2.9, the conversion ratios for 4 separate inlet and humidity conditions were 

obtained across a range of introduced MeSH concentrations. It was found that the presence of the 

20 cm stainless steel inlet significantly enhanced conversion of MeSH to DMDS before analysis 

by the CI-TOFMS. Despite a fairly high flow rate through the SS inlet (1.8 SLPM), conversion 

ratios of 0.3-0.4 were observed throughout the concentration range of MeSH measured during the 

bloom experiments.  In both the PFA and SS inlets, the influence of humidity did not seem to 
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affect the conversion ratio significantly. Notably, at lower introduced MeSH concentrations 

(<1ppb) for the wet SS condition, the MeSH conversion rate was 1, which could be an artifact of 

the low MeSH flow rate from the gas cylinder. Nevertheless, the MeSH concentrations 

encountered in bloom experiments for this work remained above 1ppbv 
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2.9 Supplementary figures 

 

Figure 2.6. Management of daily sampled seawater for BEAST 2018 
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Figure 2.7. Methanethiol dimerization controls: arrangement of CI-TOFMS sampling apparatus 
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Figure 2.8 Formation of DMDS on the CI-TOFMS inlet from introduced MeSH 
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Figure 2.9 Variation of MeSH conversion ratio with introduced concentration of methanethiol 

directed to instrument inlet at different tubing inlet humidities and material compositions 
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Figure 2.10 a) Purging of organosulfur gases from seawater directly sampled from the outdoor 

tank, b) MeSH:DMDS concentration ratio obtained from seawater purged with zero air 
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Figure 2.11 Time series gas concentrations of DMS, MeSH, and DMDS for mesocosms 1, 2, and 

3 with the calculated conversion ratio assuming all DMDS was formed from MeSH observed 
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Figure 2.12 Microbial ecology of 3 mesocosm experiments: Relative abundance of sOTUs 

grouped at the order-level a) Mesocosm 1 represented by 3 MART vessels, b) Mesocosm 2 

represented by 3 MART vessels, c) Mesocosm 3 represented by 1 MART vessel. (Eukaryotic and 

chloroplast sOTUs remove d),e) Principal coordinate analysis of unweighted Unifrac distances 

visualized by DMS and MeSH. 

 

 

 

 

 

 

 

 

 

 

 

 



 

  55 

 
Figure 2.13 DMS and MeSH positively correlated sOTUs grouped by order for all three mesocosm 

experiments pooled together 
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Figure 2.14 Success rate across sample types used in the experiment. a) Sample exclusion criteria 

calculated at 1840 reads based on KatharoSeq controls and procedure. b) Richness across bloom 

replicates along with comparison to controls. c.) Principal coordinate analysis of all samples from 

BEAST 2018 pooled 
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Figure 2.15 Time series dddP concentration over Mesocosm 1 time series with bulk fluorescence 

and heterotrophic bacteria concentration 
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Chapter 3. Multi-scale Examination of Grazer-Induced Changes in Molecular Signatures of 

Cyanobacteria 

3.1 Abstract 

 Algal biomass production is a growing renewable source of fuels, nutrients, manufacturing 

materials, and pharmaceuticals. To make algal and cyanobacterial growth systems economically 

competitive, they are grown at large scale in open raceway ponds that are inexpensive to build, 

operate, and maintain as compared to closed bioreactors. However, open ponds suffer from 

increased opportunities for biological contamination from predators, pathogens, and competitors 

that result in, at minimum, reduced yields and, at maximum, whole scale disruptions in production 

upon destruction of the entire pond’s crop population in a short period of time. Early detection of 

contaminants is a necessary step for triggering and informing an integrated past management-

based intervention to prevent these crop losses. To develop a sensitive method of detection 

utilizing mass spectrometry (MS), we used three MS methods, imaging mass spectrometry (IMS), 

liquid chromatography MS/MS (LC-MS/MS) combined with molecular networking, and gas 

chromatography MS/MS (GC-MS/MS), to observe and identify molecular signatures from a model 

predator-prey system of the heterolobosean amoeba HGG1 predating on a cyanobacterial prey, the 

filamentous Anabaena sp. PCC 7120. IMS enabled association of molecules with the crop, the 

predator, or the activity of protozoan grazing, while LC-MS/MS-based molecular networking 

identified a subset of the grazing-specific signals as the chlorophyll breakdown products 

pyropheophytin, pheophorbide A, and pyropheophorbide. Volatile organic compounds (VOCs) 

predicted to be released through chlorophyll breakdown by IMS analysis were measured in the 

headspace over algal cultures under predation, however their intensities were diminished 

compared to other VOCs which responded more intensely to grazing. These results demonstrate 
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the versatility of using multiple MS technologies to identify molecular signatures for informing 

crop protection technologies. 

3.2 Introduction 

 As the world’s population and energy demands continue to increase, sustainable food and 

fuel sources must be developed to compensate for limited fossil fuel resources and to positively 

impact environmental and economic concerns, including accumulation of greenhouse gas 

emissions, climate change, increasing gas prices, and energy security (BP, 2016; Review and June, 

2015). Algal biofuels and high-value co-products are a promising renewable and carbon-neutral 

alternative derived from the biomass of photosynthetic microorganisms that convert sunlight and 

carbon dioxide into usable organic molecules (Burkart and Mayfield, 2013; Jones and Mayfield, 

2012). Natural and engineered strains of algae have been grown to produce lipid-based products 

such as plastics, surfactants, and pigments, high value co-products like protein therapeutics, 

nutraceuticals, and high value small molecules, as well as fuels such as bioethanol, biohydrogen, 

and drop-in fuel replacements for cars and airplanes (Ghadiryanfar et al., 2016; Hoh et al., 2016; 

Schoepp et al., 2015; Scranton et al., 2015). 

While the technology exists to grow and process green algae and cyanobacteria on an 

agricultural scale, there are many challenges to making algal biofuels market-competitive and 

sustainable. Photobioreactors offer lower risks of contamination, increased crop yields, and better 

control of culture conditions such as light exposure, nutrient delivery, and temperature, but carry 

large economic and energetic costs (Gupta et al., 2015). The most common alternative for mass 

growth of photosynthetic organisms are open pond production systems. Open systems bypass the 

economic and energetic costs associated with closed systems due to their simple construction and 

low operational costs. Most open ponds are shallow, circular or rectangular loops that are mixed 
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by a paddle wheel for continuous water flow. However, open ponds are susceptible to predatory 

and pathogenic contaminants (Gupta et al., 2015; Kumar et al., 2015). Predatory, pathogenic, and 

parasitic contaminations are the primary biotic impediments to large-scale cyanobacterial or algal 

biomass production. Protozoan grazing occurs in natural environments and has been shown to 

cause marked decreases in populations of cyanobacteria (Dryden and Wright, 1987; Van Wichelen 

et al., 2010). In a review analysis, biomass losses due to predation on microalgae in open raceway 

ponds ranged from 10-30% (Richardson et al., 2014). 

Recently, a large volume of research has been conducted to develop technologies for the 

detection of grazers which has been reviewed in detail (Achyuthan et al., 2017; Di Caprio, 2020; 

Deore et al., 2020). As of now, the predominant method of grazer detection has been optical 

methods, especially visible light microscopy or various methods of flow cytometry. These methods 

usually involve gathering a small liquid sample (μL-mL scale) and enumerating the quantity of 

unwanted species. While quite sensitive, sometimes detecting <1 contaminant cell*mL-1, both 

techniques struggle to detect biological contaminants across all size ranges and each requires 

method-specific attention towards the detection of different types of grazers, such as usage of 

staining and pre-separation techniques like centrifugation. These shortfalls extend the time 

between sample collection and identification of grazers, which is a crucial factor to pond protection 

as some grazer infections can erode 1% of pond biomass per hour (Montagna, 1995). Analyses 

using DNA as a biomarker are also being pursued for grazer detection. These methods possess 

superior sensitivity in the theoretical sense (1 DNA molecule, pre-amplification), and can ideally 

identify all biological species present in a sample from one analysis. Unfortunately, these methods 

are often time consuming, require specific reagents and protocol development, and may be 
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insensitive depending on the number of DNA sequences per contaminant cell as discussed in detail 

by Di Caprio 2020.  

Towards a method of diagnosing grazer contamination of algal ponds, attention has turned 

towards analysis of small molecule metabolites and volatile organic compounds (VOCs), produced 

from algal cultures (Achyuthan et al., 2017; Stasulli and Shank, 2016).  Algae express a large 

variety of organic chemicals necessary for their metabolic functions, which are produced naturally 

during healthy growth but can be modulated in response to numerous external factors such as 

temperature or grazing (Tillmann and John, 2002; Willette et al., 2018). In addition, the metabolic 

processes of the grazers themselves also contribute to the assemblage of organic species present. 

The collection of these organic compounds within each organism and the extracellular space exist 

as distinct molecular signatures that are observable with detailed chemical composition 

measurements (Goulitquer et al., 2012; You et al., 2020). Utilization of these molecular signatures 

as tracers for identifying the algal state of health or infection is a promising opportunity for 

cultivation improvements in open raceway ponds. Mass spectrometry is an invaluable tool for 

chemical analysis due to its sensitivity, high throughput, and ability to analyze complex mixtures. 

 To examine molecules produced from algae and grazers in solid or liquid culture, imaging 

mass spectrometry (IMS) in combination with liquid chromatography tandem mass spectrometry 

(LC-MS/MS) and molecular networking can be used to identify organism specific signals as well 

as gain insight to those signals’ molecular structures (Nguyen et al., 2013). IMS samples across a 

predefined region to generate MS ion images, which can be co-localized with visible phenotypes 

to allow for direct visualization of molecular spatial distributions (Yang et al., 2012, 2009)  (Figure 

3.7). Structural information is gained by subjecting samples and molecules of interest to LC-

MS/MS followed by molecular networking analysis. Molecular networking visualizes observed 



 

  69 

molecules as groups of molecular families; molecules that are structurally related and therefore 

give similar fragmentation patterns in an MS (Watrous et al., 2012). Studies up to date on the 

production of grazing-induced VOCs measured by gas chromatography mass spectrometry 

(GC/MS) have revealed consistent production of compounds such as β-ionone and β-cyclocitral 

derived from the breakdown of algal carotenoids during senescence and metabolic processing by 

grazers (Fisher et al., 2020; Reese et al., 2019). Approaches seeking to identify downstream algal 

metabolic and VOC targets using analyses of upstream larger metabolic moieties are not known 

to the authors and represent possible opportunities to pinpoint molecules which could be produced 

in significant quantities or targeted for detection. 

Using a model predator-prey combination comprised of the heterolobosean amoeba, 

HGG1, and the filamentous nitrogen-fixing cyanobacteria Anabaena sp. PCC 7120, we use 

MALDI-IMS and LC-MS/MS molecular networking to identify grazing-specific molecular 

signatures (Simkovsky et al., 2012). Using this two-pronged MS approach, we have identified 

chlorophyll breakdown products that are only present during amoebal grazing. Extending these 

findings further, we sought to determine whether decomposition products identified by IMS and 

LC-MS/MS could be used to predict VOCs produced by the same cyanobacteria-grazer pair. By 

identifying and structurally characterizing these molecular signatures, we believe early detection 

of these molecules can allow for appropriate interventive actions (e.g. chemical protectants or 

pesticides) to take place, thereby avoiding the loss of high yield biomass. 

3.3 Materials and methods 

 3.3.1 Cyanobacteria and amoeba culture conditions 

 Unless noted otherwise, cyanobacterial cultures were grown at 30°C in liquid or on solid 

BG-11 (Allen, 1968) with 1.5% (wt/vol) agar under constant illumination from fluorescent cool 
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white bulbs producing light levels ranging from 75 to 250 µmol photons m-2 s-1. Anabaena sp. 

PCC 7120, hereafter referred to as PCC 7120, was maintained similarly, though in BG-11 media 

lacking sodium nitrate (BG-11 N-). Synechocystis sp. strain WHSyn (Taton et al., 2014), hereafter 

referred to as WHSyn, and Hartmanella amoeba LPG1 (Ma et al., 2016) were obtained from B. 

Palenik and B. Brahamsha (Scripps Institute of Oceanography). Amoebae LPG1 and the 

heterolobosean amoeba HGG1 were regularly maintained on lawn plates of S. elongatus PCC 

7942, hereafter referred to as PCC 7942, as previously described (Ma et al., 2016; Simkovsky et 

al., 2012). Prior to Anabaena sp. PCC 7120 solid and liquid experiments, HGG1 was transferred 

from S. elongatus lawn plates and then regularly maintained on lawns of PCC 7120 by transferring 

material from the plaque to the center of a 7-day old lawn on BG-11 plates. For all IMS 

experiments, cyanobacterial cultures were grown on thin BG-11 agar plates, made with 11 ml of 

BG-11 agar in 10 cm petri dishes, in humidified plastic containers, as previously described (Yang 

et al., 2012). 

3.3.2 Culture Conditions for 7120-HGG1 Interactions on Solid Media  

For IMS experiments involving only PCC 7120 and amoeba HGG1, three 5 µl aliquots of 

a PCC 7120 culture grown to late-exponential phase were spotted in a horizontal line 

approximately 0.5 cm - 1 cm away from each other on thin BG-11 N- agar plates. These plates 

were housed in a plastic container with damp paper towels and incubated at continuous low light 

(75 μmol photons m−2 s−1) and 30 °C for 5 days. For plates containing interactions of PCC 7120 

and HGG1, HGG1 was collected from a maintenance plate and resuspended in 200 μL of BG-11 

liquid media. Three 5 µl aliquots of this HGG1 resuspension, each containing approximately 2.5 

× 104 amoebae, were spotted in a row 0.5 cm - 1 cm moving away from the PCC 7120 cultures. 

The first spot of HGG1 was placed so as to partially overlap an outer spot of PCC 7120. All plates, 
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whether containing amoebae or not, were returned to the humidified container, moved to a lower 

light shelf (10 μmol photons m−2 s−1) at 30°C, and incubated for an additional 6 days. 

For IMS experiments involving multiple cyanobacteria with either HGG1 or LPG1, single 

5 µl aliquots of late-exponential phase cultures of PCC 7942, PCC 7120, Leptolyngbya sp. BL0902 

(hereafter referred to as BL0902), Synechocystis sp. PCC 6803 (hereafter referred to as PCC 6803), 

and WHSyn were spotted individually on thin BG-11 agar plates and grown in humidified plastic 

containers at 30°C under continuous light (75 μmol photons m−2 s−1 for PCC 7120 and 200 µmol 

photons m−2 s−1 for all others) for 5 days. For those plates challenged with amoeba, HGG1 and 

LPG1 resuspension samples were collected as described above from PCC 7942-amoeba 

maintenance plates. Single 5 µl aliquots of the amoeba resuspension, each containing 

approximately 2.5 × 104 amoebae, were spotted to partially overlap the cyanobacterial culture 

grown on the plate. All plates with or without amoebae were returned to the humidified container 

and incubated for an additional 5 days at 30°C and 10 μmol photons m−2 s−1 light. 

3.3.3 MALDI-IMS of 7120-HGG1 Interactions on Solid Media 

After appropriate incubation, interaction plates of cyanobacteria with amoebae and 

cyanobacteria without amoebae controls were excised from the agar and transferred to a Bruker 

MSP 96 stainless steel target plate as previously described (Yang et al., 2012). A film of Universal 

MALDI Matrix (Sigma-Aldrich) was applied to the surface of the excised agar using a 53 μm sieve 

(Hogentogler & Co., Inc.). The target plate was dried at 37 °C until the agar pieces had dried 

completely and adhered to the target plate. The samples were subjected to MALDI-IMS using 

reflectron positive mode on a Bruker Autoflex with Compass 1.2 software suite containing 

flexImaging 2.0, flexControl 3.0, and flexAnalysis 3.0. 

3.3.4 Culture Conditions for 7120-HGG1 Interactions in Liquid Media 
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5 mL of PCC 7120 from a late-exponential phase culture was inoculated into 100 mL of 

BG-11 or BG-11 N- media in an Erlenmeyer flask and incubated for 7 days at 30 °C, shaking at 

150 rpm, and continuous light (75 μmol photons m−2 s−1). After 7 days of incubation, HGG1 was 

collected from a maintenance plate as described above and 200 μL was inoculated into appropriate 

flasks for PCC 7120-HGG1 grazing studies. The flasks were incubated for an additional 7 days at 

room temperature and ambient light, at which point the samples were centrifuged, the cell pellet 

extracted 3 times with 20 mL of acetonitrile (Fisher Scientific), and the media supernatant was 

extracted with 3 times with 20 mL of n-butanol (Fisher Scientific). All extracts were dried in vacuo. 

Appropriate media controls and PCC 7120 controls were cultured, incubated, and extracted in the 

same process. 

3.3.5 LC-MS/MS Analysis 

Dried samples from the liquid grazing assays were dissolved in 1 mL of dimethyl sulfoxide 

(DMSO, Alfa Aesar), diluted 10x in MeOH containing glycocholic acid (Calbiochem, sodium salt) 

at a final concentration of 100 μM in 2.0 mL LC-MS vials (Thermo Fisher Scientific). Glycocholic 

acid served as an injection standard and quality control for the chromatography. MS analysis was 

performed on a micrOTOF-Q II (Bruker Daltonics) mass spectrometer with ESI source, controlled 

by OTOF control and Hystar. An external calibration with ESI-L Low Concentration Tuning Mix 

(Agilent Technologies) was performed prior to data acquisition and hexakis (1H,1H,3H-

tetrafluoropropoxy)phosphazene (Synquest Laboratories) m/z 922.009798 was used as a lock mass 

internal calibrant during data acquisition. Two separate modes for MS acquisition were used. For 

the “wide” method for larger m/z values: MS Spectra were acquired in positive ion mode over a 

mass range of 100-2000 m/z. The following instrument settings were used for data acquisition: 

capillary voltage of 4500 V, nebulizer gas (nitrogen) pressure of 3 bar, ion source temperature of 
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200°C, dry gas flow of 9 L min-1, source temperature, and spectra acquisition rate of 2 Hz for MS1 

and MS2. Minutes 0-15 were recorded with Auto MS/MS turned on where the 10 most intense 

ions per MS1 scan were selected and subjected to collision induced dissociation according to the 

following fragmentation and isolation list (values are m/z, isolation width, and collision energy, 

respectively): 100, 4, 30; 300, 5, 40; 500, 6, 50; 1000, 8, 60; 1500, 10, 70; 2000, 12, 80. In addition, 

the basic stepping function was used to fragment ions at 100% and 160% of the CID calculated 

for each m/z from the above fragmentation and isolation list with a timing of 50% for each step. 

 Similarly, basic stepping of collision RF of 198 and 480 Vp-p with a timing of 50% for 

each step and transfer time stepping of 75 and 92 µs with a timing of 50% for each step. MS/MS 

active exclusion parameter was set to 5, released after 0.5 min, and Reconsider Precursor was set 

to 2.0. For the “low” method for smaller m/z’s: MS spectra were acquired in positive ion mode 

over a mass range of 50-1500 m/z. The following instrument settings were used for data 

acquisition: capillary voltage of 4000 V, nebulizer gas (nitrogen) pressure of 2 bar, ion source 

temperature of 200  °C, dry gas flow of 9 L min-1, source temperature, and spectra acquisition rate 

of 2  Hz for MS1 and MS2. Minutes 0-15 were recorded with Auto MS/MS turned on where the 5 

most intense ions per MS1 scan were selected and subjected to collision induced dissociation 

according to the following fragmentation and isolation list (values are m/z, isolation width, and 

collision energy, respectively): 100, 4, 25; 300, 5, 30; 500, 6, 35; 1000, 8, 50, 2000, 10, 70. 

Advanced stepping was turned on. The values for time, Collision RF, Transfer Time, and Collision, 

respectively are as follows: 0, 100, 60, 50; 15, 100, 60, 100; 50, 150, 70, 50; and 65, 150, 70, 100. 

MS/MS active exclusion parameter was set to 2, released after 0.5 min, and Reconsider Precursor 

was set to 2.0. The injected samples were chromatographically separated using an Agilent 1290 

Infinity Binary LC System (Agilent Technologies) controlled by Hystar software (Bruker 
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Daltonics), using a 50 x 2.1 mm Kinetex 1.7 μM, C18, 100 Å chromatography column 

(Phenomenex), 30 °C column temperature, 0.5 mL/min flow rate, mobile phase A 99.9% water 

(Fisher Scientific, LC-MS grade) 0.1% formic acid (Fisher Scientific, Optima LC/MS), mobile 

phase B 99.9% acetonitrile (Fisher Scientific, LC-MS grade) 0.1% formic acid (Fisher Scientific, 

Optima LC/MS), with the following gradient: 0-0.5 min 10% B, 0.5-8 min 100% B, 8-13 min 

100% B, 13-13.1 min 10% B, 13.1-15 min 10% B. 0 μL (blank) injections, methanol injections 

containing 10x dilution of DMSO and glycocholic acid, and liquid media treated and extracted 

under the same conditions as the culture conditions, were used as controls. 

3.3.6 Molecular networking 

All LC-MS/MS data was converted to mzXML format using Compass Data Analysis 

(Bruker Daltonics) and uploaded to the Global Natural Products Social Molecular Networking 

(GNPS) webserver (Wang et al., 2016) (http://gnps.ucsd.edu). The data is publicly accessible at 

http://gnps.ucsd.edu under the MassIVE Accession number: MSV000086470 and the networking 

results and parameters can be found at the following link: 

https://gnps.ucsd.edu/ProteoSAFe/status.jsp?task=8dfc4d60dd644e4a8b1060877fba3687. 

A molecular network was created using the online workflow at GNPS. The data was then 

clustered with MS-Cluster with a precursor mass tolerance of 2.0 Da and a MS/MS fragment ion 

tolerance of 0.5 Da to create consensus spectra. Further, consensus spectra that contained less than 

2 spectra were discarded. A network was then created where edges were filtered to have a cosine 

score above .65 and more than 6 matched peaks. Further edges between two nodes were kept in 

the network if and only if each of the nodes appeared in each other's respective top 10 most similar 

nodes. The spectra in the network were then searched against GNPS' spectral libraries. All matches 

kept between network spectra and library spectra were required to have a score above 0.7 and at 
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least 6 matched peaks. All other settings were left default. The molecular network was visualized 

using Cytoscape version 2.8.3 and displayed using an unweighted force directed layout with the 

blanks (media controls and blank injections removed from the network). 

3.3.7 SPME-GC/MS algae-grazer headspace analysis 

Autoclaved 10 mL crimp cap vials were filled with 4 mL of BG-11 media with 1.5% 

(wt/vol) agar to produce a solid substrate for cyanobacterial growth. 200 µl aliquots of PCC 7120 

or PCC 7942 from dense late-exponential phase cultures were spread over the entire surface of the 

agar substrate, after which the vial was sealed with an autoclaved cotton ball to allow gas exchange 

while maintaining sterility, and grown for 7 days at 30°C and 75 μmol photons m−2 s−1for PCC 

7120 or 250 μmol photons m−2 s−1 for PCC 7942. For each cyanobacteria-grazer experiment, 21 

vials were prepared. After the growth of the cultures, 7 had a 5 µl aliquot of BG-11 media added 

to the center of the cyanobacterial lawn to generate uninfected controls of cyanobacteria, 7 were 

infected with a 5 µl aliquot of a HGG1 resuspension prepared as described above that was added 

to the center of the cyanobacterial lawn, and 7 were infected with a 5 µl aliquot of a LPG1 

resuspension prepared as described above that was added to the center of the cyanobacterial lawn,. 

 For each day following infection with amoebae, an untested vial from each group was 

sampled by solid phase microextraction (SPME) fibers possessing a 50 μm stationary phase of 

divinylbenzene/Carboxen/polydimethylsiloxane (solid gray, Supelco) equilibrated in the vial 

headspace for 24 hours. Samples were analyzed on an Agilent Technologies 7820A/5975 gas 

chromatograph mass spectrometer (GC/MS) using an Agilent BP5 column. The following GC/MS 

parameters were utilized for analysis of SPME fibers: Inlet temperature: 250 °C, splitless injection, 

carrier flow: 2 mL min-1, GC temperature program: 35 °C for 3 minutes then +7 C min-1 to 230 °C 

which was held for 2 minutes, MS transfer line temperature: 260 °C, MS scan range: m/z 32.5 – 
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m/z 300 over 1 second. MS data were baselined using the statistics-sensitive non-linear iterative 

peak-clipping (SNIP) algorithm (Ryan et al., 1988) and analyzed in OpenChrom (Wenig and 

Odermatt, 2010) (http://openchrom.net). MS spectra were identified using the NIST14 EI mass 

spectral database. Results were subsequently exported to Igor Pro 7 (Wavemetrics) for plotting. 

3.3.8 Chemical ionization mass spectrometry analysis of algae-grazer headspace 

250 mL borosilicate media bottles were filled with 150 mL of BG-11 media with 1.5% 

(wt/vol) agar to produce a solid substrate of growth media. 1 ml aliquots of PCC 7120 from dense 

late-exponential phase cultures were spread over the entire surface of the agar substrate, after 

which the vial was sealed with an autoclaved foam plug to allow gas exchange while maintaining 

sterility, and grown for 7 days at 30°C and 75 μmol photons m−2 s−1, after which time a 5 µl 

resuspension of HGG1, prepared as described above, was added to each appropriate culture at the 

center of the cyanobacterial lawn as described above. Each borosilicate bottle was then sealed with 

a custom PTFE sealed cap to which two 1/8” ball valves were attached for gas sampling. Each 

day, both ball valves were opened and 100 standard cubic centimeters per minute (sccm) of zero 

air (Sabio 1001) was flushed through the bottle headspace to sample the bottle headspace. Bottle 

headspaces were then diluted in 2.0 SLPM zero air and sampled by a chemical ionization time of 

flight mass spectrometer (CI-TOFMS) which has been detailed before, and will be described here 

briefly (Bertram et al., 2011). Protonated water clusters, H3O(H2O)n
+, where n = 1,2,3..., were 

generated by passing 2.2 standard liters per minute (SLPM) of humidified N2 through a 30 mCi 

source of Po-210 (NRD) (Aljawhary et al., 2013). This ion stream was then sampled through an 

inline critical orifice at 1.8 SLPM into an ion molecule reaction chamber (IMR) which also 

sampled the analyte gas stream at 1.8 SLPM. The IMR pressure was maintained at 65 torr and 50 

°C for all samples. 
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 Product ions generated through proton transfer reactions with protonated water clusters 

(Reaction scheme 1). 

(𝐻2𝑂)𝑛𝐻3𝑂+ + 𝐴 → (𝐻2𝑂)𝑛+1 + 𝐴𝐻  (1) 

Where A is the analyte. Ions were subsequently focused and declustered by a custom-

fabricated electrodynamic ion funnel, and further transmitted through the instrument by an RF-

only quadrupole (TOFWERK). Lastly, time of flight mass spectrometry was performed on the 

transmitted ion bundles at a frequency of 60 MHz, from 5-521 m/z, which were co-summed to 1 

Hz. Mass spectral data were analyzed in the TofWare graphic user interface for Igor Pro 7. Ion 

intensities were normalized to the summed intensity of the water cluster reagent ions similar to 

other chemical ionization methodologies (Kim et al., 2016; Lavi et al., 2017). 

3.4 Results and Discussion 

 3.4.1 MALDI-IMS analysis of the 7120-HGG interaction 

Anabaena sp. PCC 7120 is a filamentous, heterocyst-forming cyanobacteria capable of 

fixing nitrogen in oxygen-containing environments. Under nitrogen deficient conditions, 

heterocysts form at semi-regular intervals along the filaments (Kaneko et al., 2001). The 

heterolobosean amoeba HGG1, isolated from a freshwater pond, has been shown to form plaques 

on lawns and can reduce the turbidity of liquid cultures of PCC 7120 (Figure 3.6 a-c) (Simkovsky 

et al., 2012). To examine the metabolic signatures associated with the cyanobacterial prey, the 

amoebal predator, and the act of grazing when these two organisms mix, 3 spots of PCC 7120 

cultured on solid media were challenged with three spots of HGG1, where only the far right spot 

of PCC 7120 overlapping with the far left spot of HGG1 (Figure 3.1). After 6 days of grazing, the 

solid cultures were transferred to a MALDI target plate for IMS analysis (Figure 3.1). IMS analysis 

shows PCC 7120-specific ions that are colony associated (e.g. m/z 519, 527, 566), ions that are 
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found at the periphery of the colony (e.g. m/z 486), ions that are secreted into the agar outside of 

the colony (e.g. m/z 560), as well as ions that are both colony-associated and secreted into the agar 

(e.g. m/z 447, 459, 545, 547, 554). Similarly, ions were observed that were associated specifically 

with HGG1. The majority of these ions are only found during active amoeba grazing (m/z’s 505, 

533, 535, 539, 569, 575, 591, 593, 609, 617, 645, 702, 711, and m/z 813), however m/z’s 533 and 

813 show faint signals at the second and third amoeba spots where inactive or prey-depleted HGG1 

reside. We did, however, observe one signal, m/z 1266 found distributed only over the two inactive 

amoeba spots (Figure 3.1). Interestingly, most of the active HGG1 signals correlate with a loss in 

signal from the corresponding 7120 spot demonstrating grazing of 7120. 

3.4.2 LC-MS/MS and Molecular Networking of 7120-HGG1 Liquid Cultures 

While MALDI-IMS allows high-resolution mapping of ion distributions between the 

interaction of 7120 and HGG1, there is an inherent lack of structural information of the observed 

metabolites. We used an orthogonal MS approach known as molecular networking housed on 

Global Natural Products Social Molecular Networking (GNPS) to aid in molecular annotation of 

the observed signals from IMS analysis (Wang et al., 2016). Molecular networking utilizes tandem 

mass spectrometry (MS/MS) as a proxy for molecular structure to enable efficient molecular 

annotation against the GNPS libraries, visualization of molecular space as a network of related 

compounds, and enables propagation of known chemical features to previously unidentified 

molecules (Nguyen et al., 2013; Wang et al., 2016; Watrous et al., 2012). Liquid cultures of 7120 

were grown in BG-11 and BG-11 N- media for 7 days at 30 °C, shaking at 150 RPM, and 

continuous low light (75 μE m−2 s−1). After 7 days of incubation, HGG1 was inoculated into flasks 

of 7120 for liquid culture interactions, and the flasks were moved to room temperature and ambient 

light. After an additional 7 days at ambient temperature and light, cultures of 7120-HGG1 began 
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to show discoloration and decreased turbidity (Figure 3.6c). The samples were centrifuged, the 

cell pellet extracted with acetonitrile, and the supernatant extracted with n-butanol for LC-MS/MS 

and molecular networking analysis. Characteristics of the samples such molecular weight (by way 

of mass-to-charge ratio), molecules produced under specific media conditions, and organism-

specific molecule production were visualized in the network (Figure 3.2a-c). The majority of 

molecules in this experiment are found from samples of the 7120-HGG1 interaction and with only 

one molecular family specific to 7120 only (Figure 3.2a). We should note, however, that because 

HGG1 cannot be cultured in isolation from molecular networking analysis, we cannot distinguish 

whether molecules that overlap between 7120 samples and 7120-HGG1 samples are produced 

specifically by solely 7120 or if HGG1 also contributes to the production of these molecules. 

Additionally, two different molecular networks can be compared to in order to correlate molecules 

produced in the 7120-HGG1 interaction under standard BG-11 media only (Figure 3.2 a,c). 

3.4.3 Identification of the chlorophyll molecular family and grazing specific 

molecular signatures 

We took advantage of the dereplication feature of GNPS, where experimentally derived 

MS/MS are matched to spectra of annotated and curated MS/MS spectra within the GNPS 

database.  A node of m/z 593 matched to a compound in the GNPS libraries—pheophytin A 

(chlorophyll A without the Mg2+ ion that is commonly lost under acidic conditions)—suggesting 

that the molecules in this cluster are chlorophyll-like compounds (Figures 3.2a, 3.3).  As we 

investigated this molecular family further, we used pheophytin A as a starting point to propagate 

its known chemical features to m/z 813 and verified that this molecule was pyropheophytin A 

(pheophytin A having lost its methyl ester). Based on accurate mass measurements, comparison 

of MS/MS spectra between pheophytin A and pheophorbide A, as well as comparison to reported 
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chlorophyll breakdown products, we verified that this was indeed the chlorophyll molecular 

family. (Hortensteiner, 1999; Hörtensteiner et al., 1998; Hörtensteiner and Kräutler, 2011) 

Simultaneously, we cross referenced signals observed in IMS to signals observed in 

molecular network analysis. Several ions specific to HGG1 grazing (m/z 535, 593, and 813) were 

structurally related to members of the chlorophyll molecular family (Figure 3.3). m/z 813 showed 

strong similarity scores to pheophytin A (m/z 871). By comparing the MS/MS spectra of 

pheophytin A to m/z 813, we were able to propose a structure, where the methyl ester has been 

removed from pheophytin A to give m/z 813 (Figure 3.3). Upon searching this structure in 

literature and databases, we annotated this molecule as pyropheophytin, however, from MS data 

alone, we cannot distinguish between the keto- or enol- form of this molecule (Hortensteiner, 1999; 

Hörtensteiner et al., 1998; Hörtensteiner and Kräutler, 2011). Similarly, pheophorbide A showed 

a direct connection to m/z 535. Here, we were able to again infer a structure based on comparison 

of MS/MS spectra between pheophytin A, pyropheophytin (m/z 813), pheophorbide A, and m/z 

535. m/z 535 is an HGG1 grazing specific molecule that shows loss of both the methyl ester and 

lipid chain from pheophytin A, which matches to the structure of pyropheophorbide (Figures 3.2a, 

3.3). (Van Boekel, 2008; Hörtensteiner and Kräutler, 2011; Wei et al., 2013)  Again, pheophoride 

A, pyropheophorbide A, and pyropheophytin A are only observed with active HGG1, suggesting 

that the amoeba breaks down chlorophyll substrates during the grazing process. Lastly, we 

observed two additional chlorophyll analogs, m/z 829 and 865, that are specific to 7120 and do 

not appear to be degraded by HGG1. At this time, we have not been able to annotate these m/z’s 

because no structure we have predicted correctly matches the observed mass. 

Figure 3.4 shows chlorophyll and its associated breakdown products which are connected through 

the losses of Mg2+, phytol, and methyl formate moieties. Of these products, pyropheophytin, 
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pheophorbide, and pyropheophorbide were IMS and LC-MS/MS observed metabolites associated 

with HGG1 grazing. While grazing-induced dephytlation of chlorophyll, pheophytin, and 

pyropheophytin have been studied in plants, algae, insects, and marine zooplankton (Badgaa et al., 

2014; Guyer et al., 2018; Harradine et al., 1996; Schelbert et al., 2009; Shioi et al., 1996), the 

observations of these metabolites produced through amoebal grazing on algae is new and shows 

how these chemicals are processed similarly. Breakdown of chlorophyll by eukaryotes such as 

amoeba is expected as chlorophyll ingestion risks dietary phototoxicity through singlet oxygen 

production and must be mitigated (Kashiyama et al., 2019). For breakdown of pheophorbide, 

pheophytin, and chlorophyll, enzymatic cleavage of the CO2CH3 group is less well studied where 

questions remain as to whether the methyl formate group is cleaved at once, or in multiple steps 

which lead with demethylation producing methanol followed by decarboxylation (Shioi et al., 

1996).  

 3.4.4 Detection of volatile organic compounds indicative of grazing 

 The breakdown of chlorophyll to pyropheophorbide through either the pheophytin or 

pheophorbide pathways predicts the production of phytol and methyl formate as byproducts.Both 

molecules are known to be volatile at standard room temperature and pressure. We hypothesized 

that these molecules would be produced and released into the headspace over a solid or liquid 

culture when under attack by amoeba. 

 To test this hypothesis, we grew cyanobacteria as either lawns on agar distributed to sealed 

vials or in media bottles. Over a time course of 7 days for the lawns, samples with or without added 

amoeba were investigated using SPME-MS for the presence of phytol or methyl formate, as well 

any other detectable volatile molecular signatures. Methyl formate was not detected by GC/MS in 

any samples investigated by SPME-GC/MS. We hypothesized a number of possible explanations; 
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The amoeba may use this molecule as an energy source for its metabolism, the high volatility of 

methyl formate precluded detection by the SPME-GC/MS method utilized, or methyl formate 

decomposed to methanol and formic acid. To address the latter 2 hypotheses, an alternative method 

of headspace analysis using chemical ionization time of flight mass spectrometry (CI-TOFMS) 

was performed. Protonated water cluster CI-TOFMS, highly similar to H3O
+-only chemical 

ionization which can detect methyl formate (Warneke et al., 1996) and methanol, should also be 

reasonably sensitive and does not require chromatographic separation for analysis. 250mL bottles 

of agar lawn grown 7942 and 7120, both controls and infected were analyzed daily for the presence 

of methyl formate. In neither control or grazer-infected samples were changes in the intensity m/z 

61, methyl formate detected. In addition, one of the primary hydrolysis product of methyl formate, 

methanol, was also not observed to change in any significant quantity (Figure 3.9). It cannot be 

ruled out that the production of either gas was below the detection limits of the CI-TOFMS or 

microbial consumption of either chemical occurred during grazing. Further work to assess the 

consumption of methanol and methyl formate by HGG1 is warranted. CI-TOFMS however did 

detect other molecules, such as an ion at m/z 137, likely a monoterpene species which was found 

to decrease during the late infection period of 7942 compared to control (Figure 3.9). In contrast 

to the absence of methyl formate and methanol, changing levels of a phytol-derived metabolite, 2-

pentadecanone, 4,6,10 trimethyl-  also known as phytol ketone (Moldoveanu, 2019; Rontani and 

Volkman, 2003) were observed using SPME-GC/MS from grazer-infected 7942. Shown in Figure 

3.5, the intensity of phytol ketone released from 7942 lawns was elevated for HGG1 infected 

cultures at the outset of the experiment on day 1. Over the remainder of the experiment, phytol 

ketone intensities decreased for grazer-infected S. Elongatus, and by day 7, the uninfected control 

possessed the highest concentration of phytol ketone. We interpret the gradual increase in phytol 
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ketone from experiment beginning to end in the control vials as a sign of gradual senescence caused 

by the sealed nature of the vials which prevents gas exchange necessary for sustained algal growth. 

 In the HGG1 infected vial on day 1, the accelerated senescence rate caused by grazing 

temporarily increased the concentration of phytol ketone, however, consumption of this molecule 

by the grazer in the following days led to lower levels of observed phytol ketone versus the control. 

Low signal (<1000 counts) of phytol ketone were also observed in 7120 control and grazer infected 

7120 vials, however these intensities were not adequate to extract time series information. We 

observed several other molecular signatures which displayed changes correlated with grazing in 

both cultures. Shown in Table S5, these molecules reflect multiple classes of organic compounds 

produced through different metabolic pathways and are potential targets for the identification of 

grazers using VOCs. Some VOCs were observed to decrease in intensity in response to grazing 

while others increased, sometimes in cases where none of the same VOC was measurable in the 

control vials (Table S5). Similar to work by others, we found carotenoid breakdown products, 

specifically β-ionone and β-cyclocitral, to be distinctly elevated in grazer-infected 7942, but not 

7120 (Figure 3.8)(Reese et al., 2019). Notably, these gases were still observed to increase in 

uninfected 7942 controls, likely due to natural senescence. Given these VOCs seem to be produced 

from multiple processes, further research into their ability to specifically indicate state of health 

from grazing should be further investigated.  

3.5 Conclusion 

 Investigations of spatially resolved metabolites specifically associated with healthy 

cyanobacteria and grazer-infected cyanobacteria by IMS yielded the ability to connect production 

of metabolites with presence of grazing. By leveraging molecular networking of matching liquid 

samples run on LC-MS/MS, chemical identities and relationships between the IMS-observed 
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chemicals were determined to show how chlorophyll breakdown products can be used as chemical 

indicators of grazing. A challenge of solid-phase IMS is the lack of time resolution where analysis 

captures a snapshot of metabolites produced during the grazing process. Variations in 

concentration of these metabolites is influenced by the metabolic activity of the algae and grazers, 

as well as natural degradation and oxidation processes of the metabolites. This is further 

complicated by aspects of the IMS analysis which obtains chemical information both from intra 

and extracellular matrices simultaneously. These limitations make it challenging to assess whether 

metabolites indicative of grazing are robust indicators throughout the grazing process. Further 

study of algae-grazer interactions by IMS with particular attention to the timescale of the process 

is warranted. 

Molecular networking information was utilized to build a chemical breakdown pathway 

for algal chlorophyll a caused by grazing. Informed by this pathway, an investigation of gas phase 

species produced by grazer-infected cyanobacteria was undertaken to look for methyl formate and 

phytol. While neither species was observed in their intact forms, intensities of phytol ketone were 

observed to change for LPG and HGG infected 7942. Changes in phytol ketone intensity over the 

experiment duration were not especially straightforward and reflect the complexities of metabolic 

processing by grazers as algae cells are being simultaneously distressed and damaged. Failure to 

detect VOCs predicted by IMS and LC-MS/MS is not necessarily surprising considering that 

grazers are likely interested in consuming the chemical moieties clipped from the chlorophyll a 

scaffold. Subsequently, this combined analysis infers that IMS, LC-MS/MS, and GC/MS may also 

be useful tools to explore the chemical targets that grazers seek for energy and are capable of 

metabolizing effectively. Lastly, the dynamics of β-cyclocitral and β-ionone (Figure 3.8) show that 

the production of these chemicals by 7942 under healthy conditions can be further enhanced by 
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natural senescence. While addition of grazers did produce higher intensities of both VOCs, it 

should be noted that the usage of these chemicals may be somewhat nonspecific to grazing and the 

thresholds used for detection of grazing will require further refinement. 

 As energy demands increase and the world’s oil reserves diminish, and the negative impact 

of burning fossil fuels results in accumulation of greenhouse gasses and climate change, new 

energy sources need to be developed. Solar, wind, and hydroelectric energy production are all 

promising sources of alternative energy and are continually being developed, but each form is not 

without drawbacks Green alternatives of electricity production will hopefully replace fossil fuel 

electricity production someday, but there may always be a need for high energy density fuels for 

transportation. Algae biofuels can serve as a renewable and carbon-neutral drop-in alternative to 

current transportation fuels without major changes in infrastructure, but still encounter many 

challenges such as contamination of open pond production systems. Here we demonstrate MS 

methods are capable of detecting and identifying grazing specific signals from both solid, liquid, 

and gas phases of interactions of cyanobacteria and protozoan grazers. Currently, it is not 

uncommon for MS equipment to analyze the quality and composition of fuel mixtures. We foresee 

that existing MS instrumentation could also be adapted for the detection of biological 

contaminants. Additionally, with a properly curated reference library, MS could be used to type 

contaminants based on the detection of specific metabolites thereby allowing tailored interventive 

measures. Even now, MS instrumentation and methods are being developed and large equipment 

is being miniaturized which could aid open pond live monitoring or remote site sampling. 

 Ultimately, we believe that the methodology presented here can already be applied for use 

in algae biofuels and with further refinement can be shaped into a simple, quick, and routine assay. 

Such developments will help overcome the pitfalls currently faced by contamination of large-scale 
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open pond algae production and will ultimately aid in making algae biofuels a more economically 

viable alternative energy. 
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3.7 Figures 

 

Figure 3.1 MALDI-IMS of 7120-HGG1 interaction. In each column, from left to right, we have 

the observed m/z, 7120 control, and 7120-HGG1 interaction. Green ions show 7120 specific 

signals. Orange ions show HGG1 specific signals primarily from actively grazing amoeba. The 

yellow ion is the only observed HGG1 from inactive amoeba. 
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Figure 3.2 Molecular networks of a) 7120-HGG1 liquid culture interactions. Node colors 

represent molecules from the 7120 control (green nodes), the 7120-HGG1 interaction (red nodes), 

or molecules that overlap between both cultures (blue nodes). Grey highlight signifies the location 

of the chlorophyll molecular family. b) Molecular network of 7120-HGG1 liquid culture 

interactions by mass, node colors represent the mass range of the observed molecules. c) Molecular 

network of 7120-HGG1 liquid culture interactions by media condition Blue; molecules produced 

under normal BG-11 media, Purple; molecules produced under BG-11 N- media, Orange; 

molecules produced under both media conditions. 
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Figure 3.3 Annotation of chlorophyll molecular family by IMS and molecular networking. A) 

IMS of chlorophyll molecular family. B) Chlorophyll molecular families observed by molecular 

networking. Orange nodes; HGG1 grazing specific signals. Green nodes; 7120 specific signals. 

Blue; unannotated analogs within the chlorophyll molecular family observed in IMS. Grey; 

unannotated analogs within the chlorophyll molecular family. 
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Figure 3.4 GC/MS extracted ion chromatograms of m/z 109 for SPME analyzed cultures of 7942 

control (Black), 7942 with HGG1 grazer (Blue), and 7942 with LPG1 infected (Red). m/z 109 

intensity at 27.6 minutes corresponds to the molecular assignment of 2-pentadecanone, 4,6,10 

trimethyl- (phytol ketone) 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

  91 

 
 

Figure 3.5 Chlorophyll and associated breakdown products connected by loss of molecular 

moieties. Compounds outlined in color are associated with species observed by LC-MS and IMS 

analyses.  
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3.8 Supplementary figures 

 

Figure 3.6 a) Time course photos of 7120 and HGG1 interaction over 11 days total.  7120 was 

inoculated at timepoint 0 and allowed to grow.  After 5 days of incubation, 3 spots of HGG1 were 

spotted adjacent to 7120.  At time point 11, the first spot of 7120 is almost entirely consumed. 

Photos of liquid cultures of 7120 and HGG1 after 14 days.  b) Interaction of 7120 and HGG1 in 

BG-11 liquid media.  Left: BG-11 liquid media control.  Middle: culture.  Right: 7120-HGG1 

interaction.  HGG1 was inoculated at day 7.  With enough time the 7120-HGG1 interaction in 

standard BG-11 media also begins to show a blue hue in the media supernatant as is demonstrated 

in BG-11 N- media.  c) Interaction of 7120 and HGG1 in BG-11 N- liquid media.  Left: BG-11 N- 

media control. Middle: 7120 culture.  Right 7120-HGG1 interaction.  HGG1 was inoculated at day 

7. 
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Figure 3.7 MALDI-IMS workflow. A sample grown on agar is transferred to a MALDI target 

plate, coated with matrix, dehydrated, and measured over a predefined raster region. Individual 

mass spectra are collected at each pixel and are then averaged together. Ions are given a false color 

which is then overlaid on top of an optical image of the sample and target plate, showing the 

distribution of that particular ion. 
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Figure 3.8 GC/MS integrated peak areas for β-cyclocitral and β-ionone across the vial experiment 

for control anabaena (Green) and HGG1 infected anabaena (Red) 
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Figure 3.9 CI-TOFMS daily averaged intensities for select VOCs in a) S. Elongatus controls, b) 

S. Elongatus infected with LPG1 c) Anabaena control, d) Anabaena infected with LPG1. Error 

bars reflect +/- 1σ of ion signal acquired over 5 minutes during each day of sampling. 
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3.9 Supplementary tables 

Table 3.1 NIST 14 Library matched ions detected from SPME-GC/MS analyses of HGG1 infected 

anabaena and S. Elongatus. Match % values were calculated by averaging forward and reverse 

NIST scores for IDs. Area ratios were determined by dividing the peak area obtained from the 

control by the same peak in the HGG1 infected vial on day 5 of the experiment. Values of UDF 

indicate periods when the intensity of a peak was below detection limit in the control, but present 

in the HGG1 infected vial. The value in parentheses indicates the intensity of the peak in the 

infected vial to illustrate the intensity of response. 
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Chapter 4. Early Detection of Algal Grazing with Rapid, Continuous Measurements of 

Volatile Gases 

4.1  Abstract 

 Algae cultivation in outdoor open raceway ponds is considered the most economically 

viable method for photosynthetically producing high yields of biomass for biofuels, chemical 

feedstocks, and other high value products. Unfortunately, one of the primary challenges for open 

ponds is the loss of biomass due to grazers, competitors, and infectious organisms. Grazer 

infections can rapidly eliminate biomass in short timescales (~48 hours) where higher frequency 

observations than typically employed in the field would be well suited for the detection of such 

catastrophic contamination. We applied chemical ionization mass spectrometry (CIMS) for the 

simultaneous real-time monitoring of multiple cyanobacterial cultures before and after grazer 

infections. Numerous volatile gases were produced from freshwater Synechococcus elongatus 

PCC 7942 during healthy growth periods. After the introduction of a field-isolated ciliate grazer, 

a Tetrahymena, changes in multiple volatile species were identified from the infected media after 

a latent period, with definitive diagnoses within 18 hours at grazer concentrations below the 

detection limits of microscopy (1 mL-1). Grazing detection by CI-TOFMS was significantly faster 

than both microscopy and continuous fluorescence, which detected significant changes 37-76 

hours later. CIMS analysis of PCC 7942 VOCs identified biomass-dependent rates of VOC loss 

and production, which adds new biological complexity towards the goal of using VOC analysis as 

a diagnostic for grazer detection.  

4.2 Introduction 

 Microalgae are prokaryotic or eukaryotic photosynthetic organisms that can grow rapidly 

in varied conditions at large scales. Their efficiency in producing large amounts of biomass in 



 

  104 

small areas with few added resources, as compared to terrestrial crops such as corn or soybeans, 

makes them a promising, sustainable platform for bioproduction of fuels or industrial products. In 

addition to most sought-after product, biodiesel, microalgae can also be utilized for production of 

other valuable fine chemicals such as dyes, cosmetics, pharmaceuticals, and food additives 

(Carney and Lane, 2014; Christaki et al., 2013; Schoepp et al., 2015). Alternatively, microalgae 

can also be use in tandem with other industrial processes such as removal of dissolved nutrients 

from wastewater and CO2 removal from flue gases or the atmosphere (Kroumov et al., 2016; 

Molazadeh et al., 2019). Algal research to date has focused extensively on improvements in crop 

productivity, including strain selection, nutrient control, and management of physiochemical 

parameters (pH, temperature, etc.). Towards this goal, many cultivators use high volume open 

raceway ponds (ORPs) as opposed to more expensive laboratory-style photobioreactors (PBRs) 

(Klein-Marcuschamer et al., 2013). While the cost of algal biomass from ORPs is approximately 

an order of magnitude lower than PBRs, a key disadvantage is the elevated risk from contamination 

by unwanted grazers, such as ciliates and rotifers (Mata et al., 2010). Recent estimates of 

commercial monocultures in ORPs have found grazer-initiated crop failures reduce 10-30% of 

produced biomass resulting in losses in the tens of millions of dollars (Richardson et al., 2014).  

Part of the challenge posed by grazer contamination involves their ability to rapidly eradicate a 

microalgae culture, sometimes within 48 hours of contamination (Moreno-Garrido and Cañavate, 

2000). A component of proper integrated pest management is the utilization of technologies that 

can rapidly detect grazers at the earliest time or lowest pest concentration possible (McBride et al., 

2014). Once the grower is informed of an infection, they can choose to treat the culture to kill or 

slow the growth of the contaminant, if complementary grazer identity information is available, or 

prematurely harvest to salvage the crop (Carney and Lane, 2014). 
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The detection of grazers has been approached from many analytical directions (Di Caprio, 2020; 

Carney and Lane, 2014; Deore et al., 2020). Microscopy and automated optical techniques, such 

as flow cytometry, have made progress in detecting grazers at low concentrations (<10 units/mL) 

(Day et al., 2012; Forehead and O’Kelly, 2013). These techniques, while simple and cost-effective, 

are offline, can be slow to operate, and require specific protocols or knowledge of the grazer’s 

appearance. Alternatively, technologies from molecular biology such as qPCR have showed 

promise in definitively identifying grazers, with theoretical detection limits of a single molecule, 

however challenges associated with producing a library of primers specific to harmful grazers and 

cost are significant factors (Di Caprio, 2020; Letcher et al., 2013). Notably, both methods are 

highly vulnerable to sampling biases, where the preference of some grazers to localize on surfaces 

or on biofilms preclude identification as most samples are taken from the liquid bulk. 

Recently, attention has been directed to the suite of volatile organic compounds (VOCs) 

emitted from microalgae as they progress through their life cycle (Achyuthan et al., 2017; Fisher 

et al., 2020; Reese et al., 2019). For algae, VOC emissions can be mediated by their environmental 

conditions or biological state such as exponential growth, nutrient availability, photooxidative 

stress, and senescence (Achyuthan et al., 2017). Collectively the microalgae “volatilome” 

represents a reflection of the organism’s state of health (SoH) and, due to the significant effect of 

grazing on microalgae health, a reflection of the infection state of the bloom. Development of 

techniques and instrumentation to measure the microalgae volatilome therefore represents an 

opportunity to identify grazer infections in a highly sensitive and descriptive manner (Achyuthan 

et al., 2017). Currently, the predominant technique for analysis of the algae volatilome has been 

gas chromatography mass spectrometry (GC/MS). While extremely sensitive and effective for 

identification of VOCs, common GC/MS systems are not particularly well suited for continuous, 
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in-situ measurements without significant modifications (Miller et al., 2008). In addition, the 

dominant sampling technique for microalgae VOCs, solid phase microextraction (SPME), often 

requires long equilibration times of up to 24 hours to obtain sufficient signal (Achyuthan et al., 

2017). Unfortunately, such long sampling times not only delay detection but can average out 

transient, but important, VOC emissions. Given the fast timescales that grazer infections occur, 

the need for a headspace monitoring technique with higher time resolution and multi-vessel 

capacity is warranted.   

 Chemical ionization mass spectrometry (CIMS) is a chemically selective method 

frequently utilized in the atmospheric sciences for the online detection of various species that are 

spatiotemporally heterogenous in concentration (Laskin et al., 2018). In CIMS, a preformed 

ionized reagent gas is mixed with a continuously sampled stream of analyte from the sample 

headspace. Favorable chemical energetics between the reagent gas and analytes in the sample 

headspace result in a soft ionization of the analytes, which then are detected by various types of 

mass spectrometry. Notably, this method can bypass the need for a gas chromatography column 

as the selection of a particular reagent ion (e.g. H3O
+, C6H6

+, or I-) precludes the detection of 

unwanted molecules, such as the inorganic gases (N2, O2, CO2, and CH4) that are normally ionized 

by electron impact in GC/MS (Harrison, 1992). The removal of gas chromatography enables the 

measurement of ambient VOCs in a highly continuous (1 Hz or better) manner, while the soft 

nature of chemical ionization prevents significant ion fragmentation, which would overcomplicate 

the mass spectrum of unseparated VOCs. Studies of VOC emissions from natural marine and 

freshwater systems have indicated the ability of CIMS to identify distinct states of biogenic activity 

from phytoplankton and bacteria (Carpenter et al., 2012; Halsey et al., 2017; Kim et al., 2015, 
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2017). These findings suggest that CIMS may possess the ability to monitor highly concentrated 

algal monocultures and benefit from the far greater throughput over modern GC/MS technology. 

In this work we discuss the utilization of CIMS to monitor freshwater cyanobacterial monocultures 

of Synechococcus elongatus PCC 7942 before and after the addition of a field-isolated ciliate 

grazer, Tetrahymena. Over a 28-day experiment, three 40 L carboys were monitored continuously 

by CIMS with commensurate biological measurements as they proceeded through healthy growth 

and were sequentially infected with Tetrahymena. Switching between sampling vessels on a 15-

minute interval allowed the probing of algal VOC production at time resolutions not usually 

investigated, enabling true comparisons of the ability of VOC analysis to detect grazer infections 

faster than traditional techniques. Analysis of the CIMS data revealed novel features regarding the 

timescales of VOC production that highlight the potential implications of high temporal resolution 

VOC analysis on monitoring SoH and grazer infections in microalgae cultivation. 

4.3 Results 

4.3.1 Experimental setup 

 To demonstrate the capabilities of CIMS analysis on SoH and grazer infections of 

cyanobacteria, we simultaneously monitored three 20-L carboy cultures of S. elongatus PCC 7942, 

hereafter referred to as PCC 7942, through axenic exponential growth and subsequent planned 

infections with a field-isolated Tetrahymena that rapidly grazes on PCC 7942. Liquid samples 

were collected from each carboy at least once daily for microscopy, absorbance spectroscopy, and 

fluorescence spectroscopy. Upon addition of the predator, the infected carboy was also monitored 

using a continuous fluorescence spectroscopy system. Cultures were continuously bubbled with 

sterile zero air, which pushed headspace gases above the culture to a custom-built solenoid valve 

array that was programmed to switch every fifteen minutes between each of the three carboys and 
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a direct zero air input (Figure 4.1b). The headspace or zero air sample source made available by 

the solenoid valve array was pushed directly into the ion-molecule region (IMR) of a chemical 

ionization time of flight mass spectrometer (CI-TOFMS), where the continuous flow of air from 

the carboys or zero air was ionized by charged water clusters and directly introduced into the CI-

TOFMS without any column chromatography (Figure 4.1a). Mass spectra were accumulated as an 

average of 65,000 spectra over a one second time period and were organized for analysis based on 

the solenoid array’s sampling schedule (Figure 4.1c).  

4.3.2 General MS characteristics  

The mass spectra collected from the headspace over the PCC 7942 cultures were distinct 

from that of clean zero air and displayed numerous peaks indicative of VOCs.  Figure 4.2a shows 

a comparison of average mass spectra obtained from both the headspace of Carboy 1 and clean 

zero air during a period of axenic algal growth on the fourth day after PCC 7942 inoculation. The 

mass spectrum for both sample types is dominated in intensity by the water cluster reagent ion at 

m/z’s 19, 37, 55, 73, and 91, which is typical for chemical ionization. In Carboy 1, the remainder 

of the mass spectrum is composed of numerous ions which fall between m/z 40-200, consistent 

with the molecular weights of VOCs. At this timepoint, the fraction of ion intensity occupied by 

non-water cluster ions was 7% for zero air and 11% for the headspace of Carboy 1, where total ion 

count (TIC) was approximately 2.5x106 counts per second. The ratio of ion intensity for non-water 

cluster ions between Carboy 1 and zero air was 1.51. Of this ion intensity, Carboy 1 possessed 75 

unique m/z’s that were 25% greater in average intensity than zero air, suggesting their origin from 

either cyanobacterial production, the BG-11 growth medium, or the carboy assembly. Of these 75 

unique m/z’s, 49 ions were found to exhibit distinct time-variant behavior over the course of 

Carboy 1’s experimental lifetime, where time-variant behavior is defined operationally as a >10% 
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increase or decrease in normalized intensity over the timescale of the experiment. Time series that 

showed exponential decay from the outset of the experiment or spikes caused by pressure 

instabilities were excluded from this analysis, indicating that the 49 ions that changed intensity 

over the course of the culture’s lifespan were most likely due to active biogenic processes and not 

off-gassing from the media or experimental arrangement. These results together give an initial 

demonstration that water cluster CI-TOFMS can detect numerous unique volatile gases related to 

the activity of the cyanobacterial culture.  

Of the ions detected by the CI-TOFMS, direct assignments of some species were made 

utilizing complementary MS methods such as solid phase microextraction gas chromatography 

mass spectrometry (SPME-GC/MS) and modified atmospheric pressure chemical ionization high 

resolution mass spectrometry (APCI-Orbitrap) incorporating recent innovations for direct analysis 

of gas phase species (Roveretto et al., 2019) (Supplementary Information). These identifications 

are listed in Table 4.2. Overall, molecular formulae or putative identifications were made for a 

small fraction <15% of the total number of ions observed by CI-TOFMS during the experiment 

duration. While many of these species were observed to be aliphatic ketones and aldehydes similar 

to investigations of algae by others (Reese et al., 2019), nitrogen containing gases, including 

ammonia and C4H7N were an important constituent that has been generally overlooked by previous 

analyses of commercial algal VOCs, despite some evidence of the production of methylated 

amines from phytoplankton in natural seawater (Facchini et al., 2008; Steiner and Hartmann, 

1968).  

4.3.3 Evaluation of tubing sticking delays  

While CI-TOFMS possesses a relatively low-mass resolution (~1200 full width at half 

maximum) and does not induce significant ion fragmentation that can be used for molecular 
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identification, valuable analyte information can be obtained through monitoring the rise or decay 

time of an ion as the CI-TOFMS switches between sampling vessels. This rise or decay time (see 

Figure 4.6 for an example), can be modeled using a double exponential fit and the resultant time 

for the ion to reach 1/e2 (86.5%) of its final value can be calculated (Liu et al., 2019; Pagonis et 

al., 2017). 1/e2 decay times are reflected as the sum of multiple physical processes as VOCs travel 

down the length of the tubing from the sample source to the instrument IMR inlet. Molecules with 

a high saturation concentration (volatility) remain in the gas phase, which results in short 

equilibration times between samples. Conversely, low volatility molecules tend to stick to tubing 

and result in longer equilibration times (Pagonis et al., 2017). In addition to saturation 

concentration, smaller molecules with high dipole moments, such as NH3 or HCl, may partition 

into water microlayers on tubing walls, thus increasing their equilibration times significantly (Liu 

et al., 2019). Together, an analysis of tubing VOC rise or decay times, in combination with their 

corresponding m/z’s, provides valuable information as to the general chemical characteristics of 

observed ions. This analysis also enables calculation of the minimum time the CI-TOFMS must 

monitor a sampling vessel before it can switch to the next vessel. We applied this analysis to a set 

of 42 unique m/z’s using rise or decay times as the CI-TOFMS switched between sample carboys 

and zero air. The results of such an analysis performed on data acquired on the fourth day after 

inoculation of Carboy 1 with PCC 7942 are shown in Figure 4.2b, with the single omission of the 

1/e2 value of ammonia (NH3). Notably, the majority of 1/e2 decay times fall under 12 seconds, 

comparable with equilibration times necessary for high-speed environmental measurements (Yu 

and Lee, 2012). In contrast, ammonia and other even mass VOCs at m/z’s 70 and 76, whose even 

m/z values suggest an odd number of nitrogen atoms if ionized by proton transfer, displayed longer 

equilibration times, with ammonia’s 1/e2 being approximately 335 s. The assignment of nitrogen 
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in the molecular formulas of these species is consistent with their longer equilibration times, as 

their pronounced basicity enables effective dissolution into water coated on tubing walls. These 

data also inform the minimum sampling time the CI-TOFMS must reach before moving on to the 

next sample. Based on the longest equilibration time of ammonia of 5.6 min, this key operational 

parameter means that the CI-TOFMS, with an appropriate sample switching device, is capable of 

sampling 10 vessels in under an hour. Furthermore, these equilibration times are not fixed, and can 

be further improved through higher flow rates, tubing diameters, heating, and coating of the tubing 

or the CI-TOFMS inlet. Finally, this analysis demonstrates that the 15-min sampling schedule used 

in this experiment was more than sufficient to accurately determine ion intensities for a diverse 

suite of VOCs present in the culture headspace samples. 

4.3.4 Time Series Analysis  

VOCs from Carboys 1, 2, and 3 were monitored over a total period of 28 days. All carboys 

were inoculated with PCC 7942 at the same time and each carboy was sequentially infected on 

days 8, 13, and 23, respectively, with Tetrahymena at a concentration of 0.1 cells/mL (Figure 4.3, 

solid vertical lines). This infection density was chosen for being well below the typical limit of 

detection of microscopy at 1x104 to 1x105 cells/mL and the theoretical limit of blank for the 

technique used of 20 cells/mL (Bedrossian et al., 2017; Cadena-Herrera et al., 2015; Morono et 

al., 2009). Twice daily after infection, liquid samples were taken manually from the infected 

carboy and analyzed by microscopy for the presence of Tetrahymena. Grazers were observed first 

from each carboy on days 12, 16, and 27 (Figure 4.3, dashed vertical lines), with further 

information on the specific duration until detection summarized in Table 4.1. To observe changes 

in algal biomass associated with grazing at faster timescales, each grazer inoculated carboy was 

monitored by continuous fluorescence (Figure 4.3b) until the complete loss of biomass as indicated 
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by the daily fluorescence measurements and visible color change and culture collapse (Figure 

4.3a). Continuous fluorescence, while providing a higher temporal resolution in showing biomass 

loss during the grazer-induced crash, did not confer any significant advantage to grazer detection 

over manual daily fluorescence sampling. In addition, during the infection of carboy 3, the 

continuous fluorescence signal began to gradually diminish before changes in the manual daily 

sampling, likely due to observed biofouling of the sensor at high algal biomass. 

For headspace sampling by the CI-TOFMS, numerous VOCs showed drastic changes in 

intensity in response to grazer infection, however only the time series of the fastest responding and 

most intense species will be primarily discussed here. The most significant change in ion intensity 

was dominated by NH3 at a m/z 18 (Figure 4.3c) and its associated water cluster ions at m/z’s 36 

and 54. Initial NH3 ion intensities were observed to be elevated at the outset of the experiment, 

and are indicative of volatized NH3 off-gassing from the BG-11 medium, which contains 6 mg/L 

ferric ammonium citrate, as observed by monitoring sterile BG-11 (data not shown). After the first 

two days of algal growth, this NH3 ion signal decreased by nearly two orders of magnitude and 

remained below 2x104 counts*s-1 until after Tetrahymena addition. This decrease was likely 

caused by uptake of ammonium by PCC 7942 as well as gradual ventilation of NH3 by the bubbled 

zero air. After grazer addition to each carboy, an initial intensity spike of NH3 was observed for 

each carboy on days 11, 15, and 25. Notably, some NH3 signal carryover from Carboy 1 to Carboys 

2 and 3 occurred during Carboy 1’s ammonia spike, as well as carryover from Carboy 2 to Carboy 

3 during Carboy 2’s ammonia spike. These carryover events were caused by excess ammonia in 

the sampling lines and CI-TOFMS inlet that did not sufficiently evaporate before the CI-TOFMS 

switched to the next sampling vessel, consistent with the slow equilibration rate observed for 

ammonia. After the first intensity spike, the NH3 signal decreased before spiking a second time for 
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each infected carboy in concert with the culture crash and decrease in fluorescence signals. 

Notably, the magnitude of the first ammonia spike increased in intensity as the experiment duration 

continued in concert with the increase in algal biomass in later carboys (Figure 4.3a,c). We 

tentatively suggest that the first ammonia spike appears to be biomass dependent and may be an 

algal stress-related response. Although ammonia release has been described for some strains of 

Anabaena (Subramanian and Shanmugasundaram, 1986), though not as a stress or predation 

response, algal growers have used free ammonia addition as a method to control pests (Thomas et 

al., 2017). We hypothesize that this initial ammonia spike represents a possible defense 

mechanism. In contrast to the first spike, the magnitude of the second ammonia spike is relatively 

consistent for all three carboys, suggesting that its production is a function of biomass degradation 

caused by the predation of the grazer on the cyanobacteria.  

While ammonia signals increased after predator addition, the intensity of m/z 137, an 

unidentified monoterpene, showed a clear decrease in Carboys 1 and 2 multiple days before 

detection of Tetrahymena by microscopy (Figure 4.3d). For Carboy 3, the intense NH3 signal from 

the first spike disrupted the ion chemistry of the CI-TOFMS preventing reliable observations of 

m/z 137 (Figure 4.7). For this reason, in cases where m/z 18 intensity exceeded 2500 counts per 

second, m/z 137 intensity was discarded. In Figure 4.3e, the intensity of m/z 70, which was 

determined to have the molecular formula C4H7N, and is likely 1- or 3-pyrroline, showed strong 

positive changes in intensity for infected Carboys 2 and 3, but only decreased in intensity in Carboy 

1 (Figure 4.3e inset). Unlike m/z 137, m/z 70 was unaffected by periods of high NH3, likely due 

to a high gas phase proton affinity. Similar to the double spike phenomenon observed for NH3, it 

appears that the amount of algal biomass present at infection time is an important effector of m/z 

70 production in response to grazing. These results are further supported by measurements of m/z 
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32, methylamine, which only appeared in response to grazing in Carboy 3, the highest biomass 

vessel (Figure 4.8). 

4.3.5 VOCs as indicators of grazing  

Having observed VOC signatures that change consistently across cultures after the 

introduction of predators, we compared the timing of VOC intensity changes as detected by CIMS 

to indicate the presence of grazers relative to the timing of grazer detection by microscopy and 

continuous fluorescence. By applying an empirically-derived detection threshold based on the ion 

signal changing by 10σ over a 4-hour window, we find that the CI-TOFMS detects grazers 25-76 

hours faster than microscopy, depending on the VOC used for detection and the specific 

experiment (Table 4.1). C4H7N in all cases was the fastest VOC to respond to grazing, and was 

effective for use in all three carboys, while monoterpenes are more effective at lower biomass 

where complications from high ammonia was less problematic. Notably, the duration at which 

grazer detection was achieved by VOC analysis decreased over the experimental duration, 

indicating that the increased biomass in Carboys 2 and 3 seems to have shortened the algal response 

to infection. For microscopy, detection of grazers after inoculation was quite similar for Carboys 

1 and 3, however occurred earlier for Carboy 2. High variance in detection time by microscopy is 

reflective of challenges inherent in the technique at low cell densities, where statistical fluctuation 

and heterogeneous localization of the predator may be prominent factors. For example a 1 mL 

sample screened for grazers at a detection limit of 1 cell/mL may not contain a grazer, even if the 

bulk grazer concentration is ~1 cell/mL. While continuous fluorescence cannot not detect grazers 

until after cyanobacteria biomass began to diminish, the remarkably similar times reflect a grazing 

consistency between the three carboy inoculations which help validate chemical comparisons 

between the three systems. 
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4.3.6 Temporal changes in ion intensity  

To better understand if the apparent correlation for some ions between increased 

cyanobacterial biomass and increased changes in VOC intensity is a more generalized 

phenomenon, we calculated the derivative of ion signals which changed in response to grazing and 

evaluated these signal changes by separate carboy. From an analysis of the maximum raw ion 

intensity derivative of VOCs in each carboy (Figure 4.4a), it is apparent that denser algal cultures 

produce larger total quantities of VOC change in response to grazing, suggesting that the utilization 

of algal VOCs as a diagnostic will be more effective for denser, mature ponds. In addition, the 

maximum derivative of each VOC was normalized to their respective intensities at the time of 

Tetrahymena addition, and then the time for the VOC to double in intensity at this rate of change 

was calculated (Figure 4.4b). This calculation allows the investigation of how much, by fraction, 

each VOC changed in time as a response to grazer addition between the three carboys. The results 

in Figure 4.4b show that the doubling time for VOCs significantly decreased from Carboy 1 to 

Carboy 3, indicating that the quantity of initial algal biomass at time of infection accelerates the 

production or loss of VOCs in response to grazing. Furthermore, this observation demonstrates 

that as the doubling time decreases, the need for higher time resolution analytical methods, such 

as CIMS, become necessary to capture these signal changes for effective grazer detection in a 

manner that current GC/MS-based VOC analysis techniques simply cannot. 

4.4 Discussion 

The utilization of chemical ionization mass spectrometry identified several promising 

molecular species as diagnostic tracers to identify Tetrahymena grazing in 7942. We found that 

nitrogen-containing gases represent a previously overlooked molecular type in commercial algae 

and may serve as highly reliable tracers of algal grazing. While the putative identification of all 
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ions was not possible, complementary analyses with GC/MS and APCI-HRMS assisted in 

increasing clarity. However, ascertaining the identity of all VOCs measured by CI-TOFMS is not 

mandatory towards the goal of identifying predation or infection in algal cultures. Provided the 

m/z’s measured by the CI-TOFMS consistently respond to destructive contamination, knowledge 

of their identity and biochemical purpose only play a supporting role to better understanding the 

biochemistry of the system overall. This perspective can be thought as analogous to medical 

measurements of temperature or blood pressure, which are linked to pathogenesis in often 

unknown and highly complicated ways but nevertheless indicate a change in the SoH of the patient.

 Furthermore, this study is the first to compare volatile gas measurements with microscopy, 

the current gold standard, in how quickly after grazer inoculation can a diagnostic signal be 

produced. We find that VOC analysis of 7942 infected with grazers is at minimum 24 hours faster 

than microscopy and can be up to 3 days faster for the experimental conditions discussed herein. 

We further identify fascinating new features regarding the timescale and intensity with which 

VOCs are produced in response to grazing that appear linked to algal biomass. The ability of algae 

to respond to stressful stimuli in a population-dependent manner informs that gas analysis as a 

diagnostic method will likely require multiple data types to contextualize the overall state of health 

of the algal crop. We furthermore leveraged our high-temporal resolution measurements to show 

that changes in gas composition due to grazing occur on a <24 hr basis, with some VOC intensities 

changing by a factor of two or more in less than an hour. This timescale indicates that the sampling 

frequency of a VOC diagnostic measurement for algae needs to occur more than once daily and 

perhaps as frequently as once hourly or more, which would be difficult for the most prevalent form 

of gas analysis, GCMS. Given the constraints imposed by adhesion of VOCs to sampling tubing, 

we find that CI-TOFMS could monitor ~10 carboys per hour, which could be improved through 
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modifications of sampling arrangement for field application, greatly offsetting the cost of this 

higher-complexity instrumentation. Future applications of this approach to algal monitoring will 

significantly benefit from higher complexity numerical analyses, possibly AI, that can draw 

connections between algal VOC production and various other indicators of health, ultimately 

towards the goal of giving the power for a MS to automatedly “decide” a pond is infected and 

either inform a grower immediately or initiate a predetermined intervention in an automated 

fashion to minimize biomass losses prior to the rapid losses observed in these experiments and in 

the field. Given the reports of regular losses in the field of 30% or greater in biomass production 

and the one to three days of prior notice to any significant biomass loss that is capable with the 

CIMS system, we believe that the CIMS monitoring system could effectively allow a grower time 

to recover nearly all of the biomass lost, even through the most drastic intervention of harvesting 

the entire system. While the analysis depicted herein has been focused on microalgae, we stress 

that chemical ionization mass spectrometry’s ability to monitor many samples in an automated 

manner could be applied to other systems similar to algal cultivation such as beer, monoclonal 

antibody production, and lab-grown meats which all must maintain stringent cleanliness.  

4.5 Materials and methods 

4.5.1 Culture condition 

Synechococcus elongatus PCC 7942 was grown for maintaining Tetrahymena or for 

inoculations for larger cultures in BG-11 medium (Allen, 1968) in 250 ml or 2 L flasks with 

continuous shaking (125 rpm) at 30 °C under continuous illumination of 200 μmol photons m−2 

s−1 from fluorescent cool white bulbs. 

 4.5.2 Tetrahymena Isolation and Culturing 
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A 30-L BG-11 culture of S. elongatus PCC 7942 grown in a 100-L polybag at the UCSD 

Greenhouse Biology Field Station, as described by Schoepp, et al. (Schoepp et al., 2014), had 

crashed due to an unknown contaminant. A sample of this crashed culture was brought into the lab 

and analyzed by light microscopy, where it was observed that the predominant organism was a 

free-swimming ciliate. This culture sample was serially diluted or manually isolated under 

microscopic visualization into flask cultures of PCC 7942 or into wells of a flat bottom multiwell 

cell culture dish (Costar, Corning) containing dense S. elongatus cultures as diluents to first isolate 

the grazer and subsequently to culture the grazer. Grazer cultures were incubated at 30°C under 

low light conditions (10 μmol photons m−2s−1) or more routinely at room temperature under 

ambient light conditions. In contrast to healthy PCC 7942 cultures, grazed cultures were yellow, 

resulted in visible clumping of the few remaining S. elongatus cells, and were predominantly 

composed of ciliates when viewed by light microscopy on a dissecting microscope. A 1 µl sample 

of a grazed culture was used as a template for Q5 (NEB) PCR amplification of the ITS2 region 

using the ITS1 (5’- AGGAGAAGTCGTAACAAGGT-3’) and ITS4 (5’-

TCCTCCGCTTATTGATATGC-3’) primers (ref), producing an approximately 600 bp band. PCR 

was performed according to the Q5 standard protocol with an annealing temperature of 55°C and 

an elongation time of 3 min and 45 sec. The PCR product was purified using the Zymo DNA Clean 

& Concentrator-5 kit and sequenced by Sanger sequencing with the ITS1 primer. The resulting 

sequence was analyzed by BLAST to determine the closest identified species as Tetrahymena 

tropicalis, Tetrahymena thermophila, or Tetrahymena rostrata. 

4.5.3 Carboy cultures and chemical ionization mass spectrometry 

  Three 20-L transparent polycarbonate carboys (Nalgene) fitted with a custom inlet/outlet 

polypropylene cap with stainless steel bulkhead compression fittings sealed with Viton O-rings for 
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gastight liquid and gas sampling designed to prevent the unwanted introduction of organisms from 

the ambient environment were filled with 18 L of BG-11 and autoclaved (Figure 4.5). Once cooled, 

the carboys were inoculated with 2 L of Synechococcus elongatus PCC 7942 cultures previously 

grown in 2-L flasks to an OD at 750 nm of 0.08 – 0.1 so that the carboys were inoculated to an 

OD at 750 nm of approximately 0.01. Carboys were connected to sampling devices as shown in 

Figure. 4.1 and 4.5. Cultures were grown continuously under cool (4100 K) fluorescent light, 

starting at 135 μE incident radiation at the front face of each carboy and increased to 190 μE after 

24 hours of growth, at which time self-shading lowered the risk of photobleaching. Tetrahymena 

were added at a calculated concentration of 0.1 cells/mL separately to Carboy 1, 2, and 3 after 8-, 

13-, and 23-days following culture inoculation, respectively. 

Clean zero air, obtained from a generator (Sabio 1001), and regulated by a mass flow 

controller (Alicat) to 3 standard liters per minute (SLPM) was directed through a 47 mm 0.2 µm 

PTFE filter into each carboy where the air input line was terminated at a submerged circular length 

of perforated ¼”-OD perfluoroalkyl (PFA) tubing so that all input air was released as bubbles 

directly into the culture. This construction distributed bubbles throughout the carboy to adequately 

mix and supply air to enable culture growth. Liquid samples were collected from the carboy using 

a manifold of three-way and 1-way check valves connected by Tygon tubing to the compression 

fittings on the cap, all of which were autoclaved attached to the carboy at the time of media 

preparation. The valve manifold allowed sanitation of liquid sample lines by 70% ethanol with 

significantly reduced backflow risk of ethanol or microorganisms into the carboy. The output 

headspace gas from each carboy flowed through 3.175 mm ID PFA tubing into a custom Labview 

controlled 4-channel solenoid valve array which switched between each carboy and clean zero air 

on a 15-minute sampling cycle (Scheme 1c). Sample air from the solenoid array was drawn in by 
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the CI-TOFMS at a flow fixed flow rate of 1.8 SLPM, with excess sample gas overflowing to a 

downward pointing exhaust port for condensed water droplets to drain (Figure 4.1).  

  Ultra-high purity N2 gas, produced by boil-off from a liquid nitrogen dewar, was bubbled 

through a 250 mL Pyrex bottle filled with LCMS purity H2O at 2.2 standard liters per minute 

(SLPM). Humidified N2 exiting the bottle was passed into a Po-210 α-particle source (20 mCi) to 

produce protonated water clusters, (H2O)nH
+ where n = 1,2,3,…, that were mixed with sample air 

in the ion-molecule region (IMR) of the instrument. (PIMR = 23 Torr). Input flow of sample and 

reagent gas into the IMR was controlled by inline critical orifices (O’Keefe) at 1.8 SLPM for both 

flows. Chemical ionization of analytes in the IMR by protonated water clusters proceeds through 

several possible reaction mechanisms which are controlled by the chemical energetics of the 

analytes and reagent ion. These reactions are detailed in equations 1 – 4 (Aljawhary et al., 2013). 

𝑀 +  𝑋+  →  𝑀+ + 𝑋  Charge Transfer (1) 

𝑀 + 𝐻𝑋+ → 𝑀𝐻+ + 𝑋  Proton Transfer (2) 

𝑀𝐻 + 𝑋+ → 𝑀+ + 𝐻𝑋  Hydride Abstraction (3) 

𝑋+ + 𝑀 + 𝑍 → 𝑀𝑋+ + 𝑍  Adduct Formation (4) 

Where M is the analyte, X is the reagent, and Z is a third body required to carry away 

excess energy. For (H2O)nH
+, it is assumed that the predominant reaction channel is through proton 

transfer which occurs when the proton affinity of the analyte exceeds that of the water cluster. For 

(H2O)nH
+, the range of proton affinities for n = 0,1,2,3 water clusters is  691, 694, 730, and 769 kJ 

mol-1 respectively, however it is difficult to predict the true distribution of water clusters in the 

IMR as the observed mass spectrum may not reflect this directly (Aljawhary et al., 2013). Given 

the relatively high pressure of the IMR, water clusters are expected to reach the equilibrium cluster 

distribution far faster than their residence time (~100 ms) in the IMR. 
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After ionization, reagent and product ions are passed further into the instrument, starting 

with an electrodynamic ion funnel (PIF = 0.3 Torr), which radially confines ions using a radio 

frequency pseudopotential applied across 30+ concentric brass plates of decreasing diameter. Ions 

transmitted through the funnel are passed into a RF-only transfer quadrupole (PQuad = 5*10-5 Torr) 

which directs the ions into the final chamber: a commercial orthogonal extraction time of flight 

mass spectrometer (PToF = 4.0*10-7 Torr) with chevron microchannel plate (MCP) detector 

(Tofwerk AG) (Figure 4.1c). Approximately 60,000 mass spectra are averaged per second on an 

analog-to-digital converter and transferred to computer storage for later analysis. For the analyses 

in this work, the mass spectral window was limited between 10-400 m/z as there was a dearth of 

ions observed above this mass range. Mass resolution was ~1200 full width at half maximum for 

the spectra obtained in this experiment. MS data was baselined, calibrated, and analyzed in 

Tofware, a GUI plugin for Igor Pro 7. Time series data of unit-mass m/z’s were averaged into ~15-

minute bins to reduce data density and were separated by the carboy sampled using a 

complementary mask file generated by the solenoid valve array. ~5 minutes of MS data acquired 

at the beginning of each time bin was discarded to remove signal that was equilibrating between 

samples. 

 4.5.4 Biological measurements 

 Tetrahymena cell counts were obtained by manual counting of ciliates present in 1 to 10 µl 

droplets of culture on a microscope slide under a dissecting microscope with 25x objective and 

10x eyepiece. Alternatively, for low density grazer cultures, 200 µl of culture in a 96 well plate 

could be rapidly scanned using the same dissecting microscope set up. For all cell counts, at least 

five individual sample counts were collected and averaged to calculate the cell density of the 

culture or inoculum. 
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 Manually collected cyanobacterial culture samples were analyzed by optical density at 750 

nm in a clear, plastic cuvette, or by absorbance and fluorescence spectroscopy of a 200 µl sample 

in a 96-well plate using a TECAN Infinite M200 plate reader to collect OD750 values and 

autofluorescence values at an excitation of 590 nm and emission of 670 nm. 

 Culture samples were checked for bacterial and fungal contamination by spotting 5 µl of 

sample on BG-11 Omni plates (BG-11 with 0.04% glucose, 5% LB, and 1.5% agar) and incubating 

the plate in the dark at 30 °C overnight (Taton et al., 2012). All S. elongatus flask and carboy 

cultures were demonstrated to be free of contaminants prior to Tetrahymena addition.  

4.5.5 Continuous Fluorescence 

 After each carboy was inoculated with Tetrahymena grazer, a low flow (~1 mL/min) 

peristaltic pump was connected and withdrew carboy liquid through 1/8” OD Tygon tubing to a 

quartz 1 cm2 flow-through cuvette before returning the liquid back to the carboy in a closed loop. 

The cuvette was placed in a custom fabricated fluorescence spectrometer which irradiated the cell 

with 420 nm light produced by a photodiode laser (Thorlabs). An orthogonally oriented photodiode 

detector (Thorlabs) with a 650 nm high pass filter measured fluorescence which was logged at a 

rate of 1 Hz by a custom written Labview MyDAQ interface. Continuous fluorescence data was 

background subtracted, normalized, and averaged into 10-minute intervals after experiment 

completion. 

4.5.6 Gas chromatography mass spectrometry of grazer infected 7942 

10 mL crimp cap vials were filled with 4 mL of BG-11 growth media, 4 mL of a previously 

grown culture of PCC 7942 at an OD of ~0.25, or 4 mL of PCC 7942 culture with approximately 

370 Tetrahymena cells added. Vials were crimp sealed and held under fluorescent light for the 

experiment duration. For each microalgae-grazer experiment, 10 vials were prepared, where 5 
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were controls of algae only, 5 were infected at the experiment start with Tetrahymena ciliate. Each 

day of the experiment, an untested vial from each group was sampled by solid phase 

microextraction (SPME) fibers possessing a 50 μm stationary phase of 

divinylbenzene/Carboxen/polydimethylsiloxane (solid gray, Supelco) equilibrated in the vial 

headspace for 24 hours. Samples were analyzed on an Agilent Technologies 7820A/5975 gas 

chromatograph mass spectrometer (GC/MS) using an Agilent BP5 column. The following GC/MS 

parameters were utilized for analysis of SPME fibers: Inlet temperature: 250° C, splitless injection, 

carrier flow: 2 mL min-1, GC temperature program: 35° C for 3 minutes then +7 C min-1 to 230° 

C which was held for 2 minutes, MS transfer line temperature: 260° C, MS scan range: m/z 32.5 

– m/z 300 over 1 second. MS data were baselined using the statistics-sensitive non-linear iterative 

peak-clipping (SNIP) algorithm (Ryan et al., 1988) and analyzed in OpenChrom (Wenig and 

Odermatt, 2010) (http://openchrom.net). MS spectra were identified using the NIST14 EI mass 

spectral database. Results were subsequently exported to Igor Pro 7 (Wavemetrics) for plotting. 
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4.7 Figures 

 

Figure 4.1 Experimental arrangement of carboy infection experiments. a) Diagram of CI-TOFMS 

instrument, b) Carboy sampling setup with solenoid valve array, c) Example sampling schedule of 

solenoid valve array for switching between carboys for CI-TOFMS headspace sampling. 
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Figure 4.2 a) Average CI-TOFMS mass spectrum for zero air and Carboy 1 headspace, b) 1/e2 

histogram of ion equilibration times obtained from switching between sampling zero air and 

Carboy 1 
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Figure 4.3 Time-series data of carboy experiment colored by carboy (Carboy 1: Green, Carboy 2: 

Red, Carboy 3: Blue): a) Daily fluorescence 590 nm excitation/670 nm emission, b) Continuous 

flow-through cuvette fluorescence 420 nm excitation/670 nm emission, c) CI-TOFMS m/z 18 

(NH3) intensity, d) CI-TOFMS m/z 137 (monoterpenes) intensity, e) CI-TOFMS m/z 70 (C3H7N) 

intensity. Solid vertical lines denote time of Tetrahymena addition for each carboy, dashed vertical 

lines denote first time of Tetrahymena detection via microscopy 
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Figure 4.4 Derivative analysis of grazer-affected VOC production from 7942. a) Maximum 

derivative of raw ion signal change b) Normalized derivative doubling time for the same VOC set 
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4.8 Tables 

Table 4.1 Time after grazer addition before detection technique flags presence of Tetrahymena 

grazer. For CI-TOFMS measured species, grazer detection was based on a signal intensity change 

of 10σ over a duration of 4 hours. Microscopy identification was at the first date of visible grazers 

observed during liquid grab sampling. Continuous fluorescence detection was based on a 10σ over 

a duration of 4 hours. 

 

Carboy 

NH3 

(hrs after grazer 
addition) 

Monoterpenes 

(hrs after grazer 
addition) 

C4H7N 

(hrs after grazer 
addition) 

Microscopy 

(hrs after grazer 
addition) 

Continuous 

Fluorescence 

(hrs after grazer 

addition) 

1 67 46.5  44 92 119 

2 36 38.5 32 68 114 

3 30 - 17 94 112 
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4.9 Supplementary information 

 The molecular assignment of m/z 70 was particularly challenging as the measurment of a 

matching ion from the SPME-GC/MS analysis, nor APCI-HRMS was not found. At unit mass 70, 

assuming the ionization by the CI-TOFMS occurred by proton transfer, 3 likely molecular 

formulae were proposed C3H3NO, C4H7N, and C2H3N3, which corresponded to 7 molecular 

species. From the mass calibration of the CI-TOFMS which possessed a mean residual error of 

150 ppm (m*106/∆m), formulae C3H3NO, and C2H3N3 were eliminated as potential species, 

leaving C4H7N as the expected molecular formula which corresponded to butanenitrile, 1-

isocyanopropane, or the pyrroline isomers as likely species. To further eliminate other potential 

factors, a time-series correlation analysis was performed to assess whether other ions covaried in 

intensity with m/z 70. Surprisingly, apart from the 13C isotope of m/z 70, no ions of greater or 

lesser m/z were found to be correlated >r2=0.7, where for other observed species, water cluster 

adducts or fragments normally correlated >r2=0.9. This result suggests that m/z 70 did not 

fragment, which is consistent with proton transfer ionization of nitriles and nitrogenous 

heterocycles such as pyrroline, but not 1-isocyanopropane.  

To generate molecular formulae for other ions observed by CI-TOFMS, high resolution 

mass spectrometry analysis was performed using a commercial atmospheric pressure chemical 

ionization (APCI) source interfaced with an Orbitrap Mass Spectrometer (Thermo Scientific). The 

APCI source was operated by applying a charge of 4kV and a current of 5 μA to the corona 

discharge needle. A 100 ml algal culture in a 250 ml media bottle, bubbled with 1.5 lpm of 

nitrogen, was measured by continuously flowing the headspace to the inlet using 1/4” Teflon 

tubing. A high-resolution mass spectrum of the algal culture was collected for at least 2 mins with 

a mass range set to 50 – 150 m/z. 
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4.10 Supplementary figures 

 

Figure 4.5 Carboy cap arrangement for experiments. a) photograph of assembled carboy cap, b) 

Illustration of carboy cap with annotations of sampling ports. Circles with the letter V indicate 

positions of needle valves used to control flow and maintain seals. 
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Figure 4.6 Decay curve for m/z 18, NH3, as the vessel sampled by the CI-TOFMS was switched 

from Carboy 1 to clean zero air. 
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Figure 4.7 Impact of high NH3 concentration on total ion count. 
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Figure 4.8 Time series ion intensity of m/z 32, methylamine, for carboys 1 (Green), 2 (Red), and 

3 (Blue). 
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4.11 Supplementary tables 

Table 4.2 Identifications of ions observed by CI-TOFMS using complementary MS methods: 

GC/MS and APCI-HRMS. Ammonia and methylamine were identified by process of elimination 

based on their low mass which limited the number of possible formulae significantly. 

 

 

 

 

 

 

 

 

 

 

 

 

 

CI-TOFMS 

Unit Mass 

Compound 

Name 

GC/MS NIST 

Match Score 

HRMS 

Mass 

Exact 

Formula 

Mass 

Mass Error 

(ppm) 

18 Ammonia - - - - 

32 Methylamine - - - - 

69 Isoprene - 69.0698 69.0704 -8.7 

70 C4H7N - - - - 

87 Isoprenol/Prenol 90/87 87.0802 87.0809 -8.0 

109 C8H12 - 109.1007 109.1017 -9.2 

127 Sulcatone 91.5 127.1113 127.1122 -7.1 

129 Sulcatol 85.2 129.1272 129.1279 -5.4 

137 C10H16 - 137.1320 137.1330 -7.3 

139 Isophorone 70.8 - - - 

153 β-Cyclocitral 89.8 - - - 

193 β-Ionone 86.7 - - - 
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Chapter 5. Liquid Sampling-Atmospheric Pressure Glow Discharge Ionization as a 

Technique for the Characterization of Salt-Containing Organic Samples 

5.1  Abstract 

Typical ionization techniques used for mass spectrometry (MS) analysis face challenges 

when trying to analyze organic species in a high salt environment. Here, we present results using 

a recently developed ionization source, liquid sampling-atmospheric pressure glow discharge (LS-

APGD), for marine-relevant salt-containing organic samples. Using two representative sample 

types, a triglyceride mixture and dissolved organic matter, this method is compared to traditional 

electrospray ionization (ESI) under saline and neat conditions. LS-APGD produced equal or higher 

(15%+) ion intensities than ESI for both salt-containing and neat samples, although important 

differences linked with adduct formation in high salt conditions explain the molecular species 

observed. For all sample types, LS-APGD observed a higher diversity of molecules under 

optimized settings (0.25 mm electrode spacing at 20 mA) compared to traditional ESI. 

Furthermore, because the LS-APGD source ionizes molecular species in a ~1 mm3 volume plasma 

using a low-power source, there is the potential for this method to be applied in field studies, 

eliminating de-salting procedures which can be time-consuming and non-ideal for low 

concentration species. 

5.2 Introduction 

Analysis of complex environmental samples using mass spectrometry represents a 

challenging problem due to low concentrations of target analyte(s), chemical lability, and the 

presence of matrix materials such as salts.(Nebbioso and Piccolo, 2013) Despite these challenges, 

numerous improvements which utilize unique methods for sample preparation, introduction, and 

data analysis have been made over the past several decades.(Artifon et al., 2019) Samples 
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containing dissolved organic matter (DOM), an abundant component in terrestrial and marine 

environments and operationally defined as molecular species that passes through a 0.45 um filter 

(Thurman, 1985), can contain over 10,000 different molecular signatures (Nebbioso and Piccolo, 

2013), most of which are not fully characterized. Even selectively filtered samples from field 

studies aiming to look at specific classes of molecules, fatty acids or lipids at the ocean-air interface 

for example, can contain hundreds of unique structures as well as salts.(Kennicutt and Jeffrey, 

1981) Besides the complex organic nature of environmental samples, the interfering presence of 

salt is a limitation for in-depth mass spectrometry analysis of samples such as marine-DOM.  

Electrospray ionization (ESI) is the predominant ionization method used in high resolution 

mass spectrometry for environmental samples because it can ionize a wide range of molecules with 

respect to  polarity and molecular weight (Banerjee and Mazumdar, 2012). However, sea salts 

nominally at ~0.6M NaCl, can greatly affect signal intensity even with concentrations below 0.1 

mM (Constantopoulos et al., 1999). There are a few modified ESI methods that can deal with 

elevated salt concentrations - however, these modified methods are specific to protein relevant 

systems and often result in either low ion signal or high sample consumption rates (Chang et al., 

2002; Karki et al., 2018; Mandal et al., 2010). Other methods exist to circumvent this salt issue 

entirely, such as using solid phase extraction (SPE) to collect marine-dissolved organic matter (m-

DOM or sometimes known as SPE-DOM), described in detail by Dittmar and coworkers in 2008 

(Dittmar et al., 2008). However, concentrating and removing salt from natural organic matter 

samples (via ultrafiltration, SPE, reverse osmosis, etc.) can result in recovery issues depending on 

the type of sample (Guo and Santschi, 1996; Simjouw et al., 2005) and possibly alter the chemical 

nature of the sample (Kruger et al., 2011). Thus, there is a need to analyze complex salt-containing 

environmental samples in both the field and lab without extensive pre-processing. Herein we have 
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applied a new ionization method for the analysis of complex marine samples containing high 

concentrations of salts, liquid sampling-atmospheric pressure glow discharge (LS-APGD). This 

method shows high sensitivity, is field-ready, and leads to reasonably low levels of molecular 

fragmentation. 

The LS-APGD ion source used in this study was purchased from Clemson University and 

has been described previously by Marcus and coworkers, (Marcus et al., 2011) and briefly, the 

source operates similarly to a traditional atmospheric pressure chemical ionization (APCI) source 

using a corona discharge. However, in this case, a ~1 mm3 helium-based plasma is formed at the 

end of the capillary where the liquid sample would normally be vaporized before contact with the 

APCI corona. This plasma assists in the vaporization of the liquid samples into ionized gas phase 

molecules. The relatively low power (maximum of 60 mA and 500 V) of the plasma-forming 

electrode, compared to common 3-6 kV corona or glow discharge sources, enables practical 

requirements for field deployment.   

Initially, LS-APGD was developed for elemental and isotopic analysis, where it produces 

ng/L detection limits of select metals such as Cs and U, and μg/L detection for Fe, Ni, Cu, In, Cd, 

and Pb (Hoegg et al., 2016; Marcus et al., 2011; Quarles et al., 2012). The simple and field-ready 

LS-APGD has detection limits that are semi-competitive with ICP-MS. Because the source is 

optimized for aqueous salts and metals, samples with ocean salinity levels would not be a large 

issue as it is with other ionization sources. With such a low power plasma, it has already been 

shown that LS-APGD can analyze intact organic species, therefore the analysis of organics in 

seawater is possible (Zhang and Kenneth Marcus, 2016). Thus, we show here the capabilities of 

LS-APGD for the analysis of samples that are expected in a marine environment, with and without 

salt, are demonstrated through investigations of three distinct sample types, a simple well-
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characterized triglyceride mixture (C8-C16), and highly complex samples of Suwannee river 

fulvic acid (SRFA) and m-DOM. LS-APGD and ESI are contrasted to identify the spectral features 

acquired for each sample type.  

5.3 Materials and methods 

 An initial model sample was prepared for this study. A certified triglyceride reference 

mixture was purchased from Sigma Aldrich (Supelco). This reference mixture is composed of five 

saturated triglycerides of chain length C8-16 at approximately equal mass fractions. The mixture 

was dissolved in acetonitrile and all analyzed samples were run at a concentration of 9 mg/L. 

Samples of triglyceride mixture and environmental mimics were prepared in saltless or 0.20 M 

NaCl in 1:2 H2O/MeOH and teed at 15 μL/min into an isocratic stream of 1:2 H2O/MeOH + 0.1% 

Formic Acid with 1:200 Ultramark calibration mix also flowing at 15 μL/min using the pump, gas 

controller, and high voltage assembly (Fusion 100T, Chemyx, Stafford TX). The LS-APGD 

spectra were collected at a range of probe conditions from 20-30 mA and an electrode spacing 

0.25-1.5 mm past the plasma ignition point (SI Scheme 1). Sample flow rates were chosen to 

maximize stability of the plasma and reduce deposition of involatile material on the inlet. Mass 

spectral data were extracted using Thermo XCalibur data analysis software and imported into R-

Studio or Igor (Wavemetrics) for further analysis.  

5.3.1  Ultra-High Resolution Mass Spectrometry 

To compare the LS-APGD source to a universal ionization method, a heated electrospray 

ionization-linear ion trap Orbitrap high-resolution mass spectrometer (HESI-LIT-Orbitrap, 

Thermo Fisher Scientific) was used for this study. Samples were directly injected into the 

electrospray source at 5-15 μL/min. Peaks were detected and analyzed in positive mode at a 

capillary voltage set to 2.8 kV, where the capillary was maintained at a temperature of 325 °C. 
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HESI gases (arbitrary units) were set to: sheath at 30, auxiliary at 10, and sweep at 0. The HESI-

LIT-Orbitrap was always calibrated before both HESI and LS-APGD configurations using a 

calibration mix (Pierce ESI Ion Calibration Solutions, Thermo Fisher Scientific) to maintain mass 

accuracy below 2 ppm. During data acquisition, the Orbitrap mass range is set to m/z 50-2000 with 

the mass resolution set at 120,000. All solutions in this study contained 0.1% formic acid. Mass 

error drift was prevented by mass locking the data acquisition to persistent signals from the 

calibration solutions, giving a range from m/z 195 to 1250.  

Using the Orbitrap, in both HESI and LS-APGD modes, masses of thousands to tens of 

thousands of unique molecular signatures were observed for the complex mixtures. Molecular 

formula assignments were acquired using the Xcalibur Thermo Fisher Scientific software. The 

following element ranges were used: 12C, 0−100; 1H, 0−200; 16O, 0− 50; 14N, 0−5; 32S, 0−2; and 

23Na, 0−1. These element ranges were chosen based on past studies attempts on mass spectral 

characterization of highly complex organic samples (Koch et al., 2005; Stenson et al., 2003). 

Formulae with an O/C ratio below 0 or greater than 2.5, as well as a relative double bond 

equivalence values above 25 or below zero, were excluded. In addition, formulas were required to 

be below a mass error of 2 ppm and have a relative intensity greater than 0.1% of the base peak. 

Based on these strict heuristic filtering rules and depending on the sample, only between ~30-60% 

of the ions detected during data acquisition were assigned a molecular formula.    

Two environmentally complex samples were used in this study to test the LS-APGD ability 

to ionize complex systems: Suwannee River fulvic acid (Standard III, International Humic 

Substances Society) and m-DOM (collected from Scripps Pier, La Jolla). The collection and 

purification of m-DOM in this study is described by Dittmar and coworkers.(Dittmar et al., 2008) 

Briefly, coastal ocean water was passed through a 50 micron mesh is collected from the pier. 
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Nutrients, f/2 algae growth medium (Proline, Aquatic Eco-Systems) as well as solutions of sodium 

metasilicate, were added to the water. The m-DOM was collected after the subsequent bloom and 

senescent-phase of phytoplankton over 1-3 weeks. The water was then passed through a series of 

filters: 10, 0.7, and 0.2 micron pore sizes. The samples to be extracted were acidified to a pH value 

at or close to 2.0 using 1 M HCl (Sigma Aldrich). The acidified solution was gravity filtered 

through a solid phase extraction column (Bond Elut PPL, Agilent) at no more than 5 mL/min or 

about 2 drops per second. The column was then washed and eluted using methanol and the 

resulting yellow/orange solution was quickly (under an hour) dried using a rotary evaporator. All 

glassware used was combusted at 500℃ for 8 hours to remove trace organics before use. The solid 

sample was stored at -21°C under nitrogen.  

5.4 Results and discussion 

For the majority of measurements shown in this work, salt concentrations were kept at 0.2 

M or lower. For marine samples, this was done by simply diluting with methanol. A few 

measurements on samples containing up to 0.6 M salt (seawater salinity) were performed, however 

significant deposition of material on the MS inlet capillary prevented extended operation before 

cleaning was required. Further improvements of the LS-APGD source to reduce salt buildup, such 

as positioning the LS-APGD capillary orthogonal to the MS inlet or the introduction of an auxiliary 

sweep gas are warranted. Furthermore, it is recommended that upstream instrument orifices and 

ion optics such as transfer capillaries and S-lenses be cleaned more frequently after sustained 

periods of analysis of salt-containing samples. 

5.4.1 Analysis of a Triglyceride Reference Material Mixture 

 Normalized averaged mass spectra of the triglyceride mixture by electrospray and LS-

APGD are shown in Figure 5.1 at 100 mM NaCl. Further analysis conditions of non-saline 
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triglyceride mixtures by LS-APGD and ESI are shown in 5.6. Both the neat ESI and LS-APGD 

analysis preferentially formed cationized triglyceride ions adducted with NH4
+ (Figure 5.6a,b). 

However, at 0.1 M NaCl for the LS-APGD (Figure 5.6c), the prevalence of sodium adducted 

species was significantly higher in proportion to the ammoniated ion. This effect is driven by the 

preferential binding of sodium over ammonium to triglycerides previously observed in ESI mass 

spectrometric studies in lipidomics (Adams and Gross, 1986; Hsu and Turk, 2010). For ESI at 0.1 

M NaCl, the production of NaCl ion clusters completely eclipses the production of the sodiated 

triglyceride cations (Figure 5.1a) and is not effective at ionizing triglycerides above 1 mM (Figure 

5.6c) (Hao et al., 2001). Triglyceride precursor ion counts for LS-APGD were equal to or 10-20% 

greater than those produced by ESI, suggesting that the ionization technique is comparably 

sensitive for the sample type. (Figure 5.1a, b; Figure 5.6 a, b, c) Furthermore, LS-APGD was more 

capable of ionizing higher-mass triglycerides in greater proportion to the total ion count than ESI 

(Figure 5.1b). Notably, significant differences in the ratio of quasi-molecular ions to their primary 

decomposition products (M-RCOO-) between neat and saline conditions stimulated an 

investigation to understand the influence of salinity and LS-APGD conditions (current and 

electrode distance) on the production and fragmentation of triglyceride species.  

Here we define the fragmentation ratio from the measured ion intensity of triglyceride 

precursor and product species in Equation 1: 

𝐹𝑇𝑟𝑖𝑔𝑙𝑦𝑐𝑒𝑟𝑖𝑑𝑒 =
[𝑇𝐴𝐺+𝑁𝑎]𝐼+[𝑇𝐴𝐺+𝑁𝐻4]𝐼

[𝑇𝐴𝐺−𝑅𝐶𝑂𝑂−]𝐼
  (1) 

Where I is the average raw ion intensity of each species and the selection of the diglyceride 

fragment of the ammoniated and sodiated species is based on the observation that very little other 

fragmentation products are observed in the mass spectrum. Observations of diglyceride fragments 

from both collisionally activated -Na+, -NH4
+, and protonated triglycerides in the literature have 
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also been commonly identified (Asbury et al., 2000; Kalo et al., 2006; Rezanka and Sigler, 2007). 

A list of the selected ions can be found in Table 5.1 of the supplementary information. 

Figures 5.7 a-e explore the influence of discharge current and electrode distance under saline 

conditions.  Various tradeoffs were observed in the production of precursor cations, with higher 

ratios of precursor to product ion at further electrode distances (Figure 5.8). However, for the 

current parameters studied, higher electrode currents favored the production of precursor cations 

and decreased fragmentation (Figure 5.7). Differences in fragmentation ratio with triglyceride 

carbon tail chain length (Figure 5.8a) are likely due to general reduced stability with increased 

length, a common feature in organic species. These results contrast recent investigations of LS-

APGD parameters for analysis of caffeine, where electrode distance showed little effect on 

fragmentation conditions (Zhang and Kenneth Marcus, 2016). In addition, for the present 

investigations with triglycerides there is a general increase in fragmentation ratio with discharge 

current observed. In conclusion, it is further suggested that ionization behavior, especially 

fragmentation, in LS-APGD requires a compound-class dependent investigation to optimize 

analysis conditions.  

Interestingly, LS-APGD fragmentation ratios between the neat and saline samples were 

significantly different at the same LS-APGD conditions, with reduced fragmentation in the saline 

samples. To explore this behavior further, triglyceride mixture samples were analyzed over 5 

orders of magnitude of [NaCl]. The resultant fragmentation ratios are shown in Figure 5.2. 

Fragmentation ratios at 0.01 mM NaCl are below 1, indicating the majority of all triglycerides 

under these conditions are fragmented to diglyceride or other fragments, barring differences in ion 

transfer efficiency. In contrast, at 1 mM, the fragmentation ratio favors the production of the 

sodiated cations over fragmentation. This observation is attributed to the altered adduct distribution 
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in the saline analysis, which is supported by studies of collisionally induced dissociation of 

triglyceride species (Duffin et al., 1991). 

It has been observed that the generation of products via collisionally induced dissociation 

requires significantly larger collisional energies for sodiated triglycerides over ammoniated 

triglycerides, likely due to strong coordination between the Na+ cation and the electron donating 

groups on the triglycerides (Adams and Gross, 1986). Thus, it is proposed that in-source adduct 

assisted stabilization of the ionized triglyceride significantly enhanced the persistence of the 

psuedomolecular ion from thermal decomposition in the LS-APGD source. In support of this 

hypothesis, Figure 5.9 shows the ratio of sodiated to ammoniated cations over varying NaCl 

concentrations, indicating a significant shift in adduct distribution towards sodium with increasing 

[NaCl]. This trend is driven primarily by increases in the production of sodiated molecular ions as 

opposed to a decrease in ammoniated precursor species, as evidenced in Figure 5.10 a,b  where 

sodiated species increase with added [NaCl] and ammoniated species remain relatively constant. 

Curiously, the trends in both the fragmentation and adduct ratios reflect different dependencies on 

salt concentration. It is further hypothesized that this effect is caused by the reduction of excited, 

but unionized triglyceride species at increasing salt concentrations as they are preferentially 

sodiated. Unfortunately, production of protonated triglyceride species was not particularly 

effective and cannot be used to verify this hypothesis further. This result adds interesting detail to 

the aspects of salt-containing analysis as the alteration of the overall adduct state may enhance, or 

possibly hinder the observation of intended species through changes in fragmentation. Although 

changes in adduct state with varying salinity add interesting features and detail to LS-APGD that 

must be considered, the source successfully analyzes triglycerides in the presence of high salt 

concentration in comparison to ESI where salts render the spectra unusable. 
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5.4.2 Complex Environmental Samples 

DOM in the Earth’s oceans is the single largest pool of reduced carbon.(Hansell, 2013) 

Complex DOM samples are notoriously difficult to characterize and therefore a suite of 

instrumental techniques has been developed (Nebbioso and Piccolo, 2013). This study aims to 

provide a possible alternative to the current approaches used historically for DOM collection, 

extraction, and analysis. Since m-DOM is particularly understudied due to its relatively low 

concentration in the ocean (~ 1 mg/L) and high concentration of salts, it was selected as a model 

system to be tested by this new approach in this study. 

Since the composition of DOM and humic like substances can change significantly based 

on location and/or time (D’Andrilli et al., 2015), SRFA was used as a standard in this study. SRFA 

and Suwannee River DOM have been extensively studied over the past two decades (Stenson et 

al., 2003). Though much of the identity of species in terrestrial DOM remains elusive, this system 

provided a reasonable benchmark for LS-APGD for comparison to other ionization techniques.  

The electrode distance and plasma current in the LS-APGD have a significant impact on 

the ability to ionize species in the SRFA sample. Figure 5.3 shows that the lowest current and 

shortest electrode distances result in the most similar spectral characteristics between neat and 

saline samples. This is largely attributed to the fact that the smaller and weaker plasma results in 

softer ionization. Comparisons between salt-containing and salt-free samples in LS-APGD 

indicate that the incidence of Na+ adducts increases by 15% or more depending on the LS-APGD 

source parameters such as electrode distance and current, indicating that these effects must be 

accounted for in data analyses of salt-containing samples. Notably, fragmentation of organic 

species (most commonly C9H7
+ and C10H8

+) was prevalent in both salt-containing and salt-free 

samples, a drawback to the technique when the composition of the sample is mostly unknown.  
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In Figures 5.3a and 5.3b, the LS-APGD ionization of the SRFA, both with and without 

salt, shows good agreement when compared to ESI. However, in Figure 5.3c, a notable difference 

in the O/C ratio is observed, where LS-APGD analysis of the SRFA sample consistently measures 

a lower O/C value (between 0.20 and 0.33). In this study, ESI of SRFA produced an O/C ratio of 

about 0.38, which is within the range of literature values of 0.3 to 0.6 (Kovács et al., 2010; Stenson 

et al., 2003). The observations of a lower O/C ratio in the LS-APGD experiment is attributed to 

the source more efficiently ionizing non-polar or low-polarity organics compared to ESI, 

comparable to a corona-based ionization source such as APCI. This finding makes LS-APGD an 

attractive option for studying complex organic samples due to its apparently wide range of 

potential species, polar and nonpolar, to be ionized. A more detailed comparison of SRFA 

molecular composition by LS-APGD and ESI is planned for a future study. 

A sample of m-DOM was extracted from seawater collected off Scripps Pier in La Jolla, 

California. The m-DOM was analyzed with both heated-ESI and the LS-APGD ion sources with  

direct infusion at 5 μL/min and 15 μl/min respectively. Sample collection was relatively fast, in 

part due to the high throughput of the Orbitrap, resulting in sample consumption less than 60 uL 

for the LS-APGD.  

The ESI and LS-APGD mass spectra of non-salt containing m-DOM were similar in overall 

spectral range from 150-600 m/z (Figure 5.11), with the LS-APGD spectra differing due to the 

appearance of aforementioned ion fragmentation signatures as well as a factor of ten increase in 

total ion intensity. Adding 50 mM of NaCl to the m-DOM sample, the ESI shows a vastly different 

spectrum compared to the no-salt spectra, with multiple groups of peaks separated by 23 m/z units 

due to the formation of a large number of sodium adducts. Figure 5.4a shows the small overlap in 

the no-salt and salt-containing m-DOM (less than 20%) analyzed by ESI in a Van Krevelen 
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diagram (Kim et al., 2003). Conversely, Figure 5.4b shows significant overlap between the no-salt 

and salt containing m-DOM when ionizing with the LS-APGD (above 80%). There is also a 

significant increase in identified features (such as condensed aromatics, shown below 0.25 O/C 

ratio and below 1.25 H/C ratio) in the LS-APGD mass spectra compared to the ESI, possibly in 

part due to fragmentation, but more likely a result of: 1) LS-APGD being able to ionize non-polar 

compounds more efficiently than ESI and 2) an increase in total ion signal, thus increasing 

sensitivity for a wider range of low concentration compounds. Comparisons of unique molecular 

signatures detected using traditional ESI and LS-APGD show that around 33% of exact masses 

(including adducts) found in ESI were also detected using the LS-APGD (Figure 5.12).  

The ability of LS-APGD to analyze organics in complex matrices was further demonstrated 

by directly measuring seawater acquired during a phytoplankton bloom with no pre-concentration 

or extraction step (Figure 5.5). This experiment cannot be compared to traditional ESI mass 

spectrometry due to the high amount of salt clogging the ESI probe tip and rendering it unusable. 

The spectrum is composed of many spectral envelopes, similar to those observed in ESI Fourier 

Transform ion cyclotron resonance mass spectra using the PPL SPE method and contains over 

7,000 unique masses (Koch et al., 2005; Kovács et al., 2010). To our knowledge, this is the first 

full-mass spectrum of DOM in pure seawater without any sample preparation required. 

5.5 Conclusions 

In this study, liquid sampling-atmospheric pressure glow discharge ionization has been 

shown to ionize complex organic samples successfully in the presence of environmentally relevant 

salt concentrations.  Optimization of the ionization source, using a triglyceride mixture, SRFA, 

and mDOM led to the conclusion that the operational conditions for the analysis of marine relevant 

organics depend on sample type and need to be optimized on a case-by-case basis. Mass spectra 
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of environmentally complex compounds (humics, triglycerides, etc), in the presence of salt, 

produced more informative ion signals via LS-APGD in comparison to ESI. Such characterization 

was based on the comparison of the diglyceride:triglyceride fragmentation ratios as well as the 

ensemble metrics concerning the spectra of SRFA. Notably, the presence of salts can significantly 

alter the fraction of adducts which may hinder, or possibly assist fragmentation depending on the 

stability of the coordinated ion complex. For LS-APGD, which has been shown to fragment some 

organic species, high salinity analysis may enhance sensitivity to the molecular ion. Additionally, 

changes in the fragmentation patterns due to adducts forming in LS-APGD indicate the need for 

salinity-dependent calibrations when quantitatively analyzing and comparing samples that have 

varying salt concentrations.  

Preliminary analysis of coastal seawater and m-DOM using LS-APGD points to interesting 

possibilities for compositional analysis, providing an avenue for field analysis of these complex 

systems. More work on identifying these species is planned for a future study. Besides being able 

to analyze discrete complex environmental samples, the LS-APGD has the potential to be used for 

real-time measurements of aqueous systems in the presence of salts to capture temporal changes 

in chemistry. Future work using LS-APGD and salt-containing samples will aim to investigate its 

potential for ionizing sea spray aerosol - where organic fractions can reach up to 80% by mass and 

salt concentrations can exceed 10 M depending on the size of the aerosol particle (Bertram et al., 

2018). The ability of LS-APGD Orbitrap mass spectrometry to successfully ionize m-DOM in 

seawater without any sample preparation has far-reaching implications for analyzing m-DOM in 

the future – where using direct analysis techniques, without inadvertent sample modification, will 

lead to a more complete characterization of a complex and important component in the marine 

environment. 
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5.7 Figures 

Figure 5.1. Averaged mass spectra obtained from HRMS analysis of triglyceride mixture in 100 

mM NaCl by ESI (a) and LS-APGD (b). 
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Figure 5.2. LS-APGD Triglyceride:diglyceride fragmentation ratios from 0.01-100mM for 

triglyceride mixture samples at constant electrode distance (0.5 mm) and discharge current (30 

mA). 
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Figure 5.3. HRMS analysis of SRFA, with (black) and without salt (colored), at various electrode 

currents and positions with corresponding ESI values analyzed using SRFA (no salt) at the same 

concentration. Relationships shown between: (a) Number of identified molecules averaged mass 

spectra; (b) hydrogen:carbon ratios and; (c) oxygen:carbon ratios. 

 

  

  
a) b) c) 
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Figure 5.4. Van Krevelen diagrams of m-DOM spectra showing oxygen:carbon (OC) and 

hydrogen:carbon (HC) ratios, measured by (a) traditional ESI and (b) LS-APGD. A comparison is 

shown for spectra obtained with (50 mM added NaCl) salt (red circles) and without salt (light blue 

circles), where the overlap of elemental compositions is also shown (purple circles). 
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Figure 5.5. High resolution mass spectra of pure bloom coastal seawater obtained by LS-APGD 

Orbitrap mass spectrometry. 
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5.8 Supplementary figures and tables 

Figure 5.6. Triglyceride mixture analysis for neat ESI (a), APGD (b), and ESI at 1mM NaCl (c) 

a) 

c) 

b) 
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Figure 5.7. Ion intensities for select triglyceride species and primary diglyceride fragments for 

varying APGD electrode current and electrode spacing conditions (Saline 0.1 M NaCl) 
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Figure 5.8. Triglyceride:Diglyceride fragmentation ratios obtained by LS-APGD for saline (0.1M 

NaCl) (top) and neat (bottom) analysis conditions 
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Figure 5.9.  Ammoniated to sodiated triglyceride ratio over varying NaCl concentrations (30mA, 

0.5mm electrode spacing)
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Figure 5.10. Pseudomolecular ion intensities across NaCl concentration range for sodiated (a) and 

ammoniated (b) triglycerides 

  

a) 

b) 
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Figure 5.11. High resolution mass spectral data, in positive mode, comparing data collected from 

ionized marine dissolved organic matter using APGD (red) and traditional ESI (black). 
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Figure 5.12. Van Krevelen analysis of high resolution Orbitrap mass spectra of an mDOM sample 

being ionized by traditional ESI (red) and LS-APGD (blue), where matching detected compounds 

(~33%) between the two techniques are shown in purple. 
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5.9 Supplementary tables 

Table 5.1. Table of Triglyceride Precursors + Fragments Observed by LS-APGD. 
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Chapter 6. The Sea Spray Chemistry and Particle Evolution Study (SeaSCAPE): Overview 

and Experimental Methods 

6.1 Abstract  

Wave channels have traditionally been used for studies of physical oceanography; 

however, they have recently been adapted to study marine aerosols and atmospheric chemistry. 

Here, we discuss the modifications and methods used to facilitate ocean-atmosphere experiments 

in a wave channel and select results from the 2019 Sea Spray Chemistry and Particle Evolution 

(SeaSCAPE) study. Using a variety of analytical techniques, we investigated the cleanliness of a 

11,800 L wave channel which was filled with real seawater and sealed for operation. We further 

investigated the channel’s production and transport of sea spray aerosols by adjusting sampling 

location as well as parameters controlling the breaking waves. Lastly, we summarize the 

SeaSCAPE study which sought to understand the role of ocean biology in controlling the chemistry 

of marine aerosols and gases, as well as the impact of atmospheric aging on the composition and 

climate-relevant properties of primary and secondary marine aerosols was investigated.  

6.2 Introduction 

Oceans cover 71% of the Earth’s surface and represent a major source of both aerosols and 

trace gases, which affect climate, air quality, and human health. Aerosols influence climate directly 

by absorbing and scattering solar radiation, and indirectly by serving as cloud condensation nuclei. 

The interactions between aerosols and clouds represent one of the largest sources of uncertainty in 

estimates of the Earth’s radiative budget (Boucher et al., 2013). Understanding the sources and 

properties of marine aerosols is crucial to improve our ability to understand and predict future 

changes in the climate. Sea spray aerosol (SSA) is the largest source of atmospheric particles by 

mass, with a global emission flux of 10.1 Tg·yr-1, 98% of which is attributed to supermicron 
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particles (Gong et al., 2002). SSA is produced when breaking waves entrain air bubbles beneath 

the ocean surface, which rise to the surface and burst. This process produces two types of droplets: 

film drops from the bursting of the bubble cap and jet drops from the collapse of the bubble cavity. 

Measurements of authentic marine aerosols have been traditionally limited to studies performed 

on research cruises or at remote field stations. More recently, usage of ocean-atmosphere 

simulators such as wave channels and Marine Aerosol Reference Tanks (MARTs) have  brought 

the complexity of the marine environment into the laboratory (Prather et al., 2013; Stokes et al., 

2013, 2016). These devices use breaking waves or plunging waterfalls to produce bubble plumes 

which possess the correct size and surface residence time to match bubbles in the real ocean. 

Subsequent rupturing of these bubbles at the air-sea interface produce SSA which closely resemble 

the size distribution of SSA observed in the marine environment.  

These simulators have been contrasted against other laboratory SSA production devices 

such as fritted bubblers. While simple in design and application, fritted bubblers tend to produce 

less accurate aerosol size distributions which can exhibit physiochemical discrepancies in 

morphology and composition versus authentic SSA (Collins et al., 2014). The utilization of ocean 

atmosphere simulators to generate realistic marine aerosols has revealed a large breadth of 

information across the disciplines of marine geosciences (Mayer et al., 2020). This includes the 

production of marine ice nucleating particles; the aerosolization of marine microorganisms; 

biochemical control of SSA composition by enzymes; biogenic volatile gas production; physical 

and chemical heterogeneity of SSA; and SSA surface reactivity and uptake properties  (Ault et al., 

2013; DeMott et al., 2015; Kim et al., 2015; Michaud et al., 2018; Patterson et al., 2016; Ryder et 

al., 2015; Wang et al., 2015). The further use of these simulators to disentangle the highly complex 
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mechanisms present in the marine environment is being advanced by improvements in their 

construction and understanding the factors which are relevant for ideal operation.  

While many past CAICE studies have focused solely on the composition and properties of 

freshly emitted nascent SSA, atmospheric aging processes can transform SSA through reactions 

with trace gases, oxidants, and sunlight. For example, heterogenous reaction of SSA with HNO3 

has been shown to result in the displacement of HCl forming NaNO3 (Ault et al., 2013). In addition 

to SSA, the oceans are a source of secondary marine aerosol (SMA), which is formed from the 

reactions of gas-phase compounds emitted from seawater. SMA can either form as new particles 

via nucleation or it can condense onto existing particles in the marine atmosphere, such as SSA, 

changing their size and chemical composition (O’Dowd and de Leeuw, 2007). Recently, oxidation 

flow reactors (OFRs) have been used to simulate both the heterogeneous oxidation of SSA 

(Trueblood et al., 2019b) and the formation of SMA (Mayer et al., 2020; Schneider et al., 2019) in 

laboratory studies of marine mesocosms.  

Here we detail the features and usage of a newly constructed wave channel located at the 

Scripps Institution of Oceanography from June to August of 2019 with over 30 participants 

focused on the production and measurement of marine aerosols. The Sea Spray Chemistry and 

Particle Evolution (SeaSCAPE) experiment sought to provide an environment where SSA, marine 

biogenic volatile organic compounds (VOCs), marine microbiology, and seawater chemistry could 

be studied under clean, isolated conditions. The questions this experiment sought to address were: 

• How does biological activity in seawater, namely the interactions of phytoplankton, 

bacteria, and viruses, affect the chemistry of marine aerosols and gases? 

• What are the effects of atmospheric aging on the chemical composition and climate-

relevant properties of SSA?  
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• How does the formation and cloud-forming potential of SMA change with respect to both 

marine biology and photochemical aging timescales? 

To enable the SeaSCAPE experiment, the wave channel was thoroughly studied to 

optimize the production and collection of SSA and minimize anthropogenic contamination. These 

studies informed various modifications to wave channel construction and insights into best 

practices for operation while also giving context to future analyses of data collected using this 

platform. We further outline the scope and scale of the SeaSCAPE experiment, providing several 

vignettes which demonstrate the types of new discoveries enabled by the mesocosm experiments 

discussed herein, emphasizing the incorporation of atmospheric oxidation processes.  

6.3 Methods and Materials 

6.3.1 Description of Wave Channel 

The Scripps Institution of Oceanography (SIO) wave channel is a 33 m x 0.5 m x 0.8 m (L 

x W x H) glass channel which is filled to a depth of 0.56 m with seawater, giving a total water 

volume of 11,800 L (Figure 6.1). The facility is located indoors in the Hydraulics Laboratory. An 

electromagnetically driven paddle (surface area = 9600 cm2) operating at 0.3 Hz with a stroke 

length of 73 cm is used to generate waves which break on a fiberglass beach located midway down 

the channel. This beach (2.4 m in length) is positioned at an angle of approximately 16˚ relative to 

the bottom of the channel to generate a plume of entrained bubbles that closely match those in the 

ocean and previous campaigns (Prather et al., 2013; Wang et al., 2015b). Sampling ports are 

located both upstream and downstream from the breaking wave (Figure 6.1). A second beach, 

located at the far end of the channel, serves to dissipate residual wave energy. The top of the 

channel is sealed from the paddle area to approximately 30 m, well past the downstream sampling 

ports, with acrylic lids, backed by marine-grade plywood for support. A PTFE sheet was suspended 
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from the last lid section to the water surface to prevent backflow of room air into the channel. In 

addition, the unlidded sections of the channel were draped with lightweight polyethylene film to 

prevent dust and debris from settling into the channel.  

The paddle assembly, including motors, is enclosed within a tent made of flexible PTFE 

film (TEKFILM, FEP2000E, 0.127 mm in thickness) to seal the system and prevent contamination 

from the room air while accommodating pressure fluctuations caused by the reciprocating paddle. 

Clean, particle-free air was delivered to the wave channel from the top of the tent (Figure 6.1) 

using a custom air handling system made with galvanized steel duct pipes and 314 grade stainless 

steel connectors to the PTFE tent and the channel. Ambient air pulled in using a custom fan-blade 

powered by an induction motor (Marathon Electric 5THW8) was filtered through a four-stage filter 

system (Hydrosil International), consisting of a pre-filter, activated charcoal pellets, potassium 

permanganate (KMnO4), and a HEPA filter. The scrubbed air was then directed into the wave 

channel headspace. A condensation particle counter (CPC) positioned upstream of the wave break 

(Figure 6.1, position 1) was used to continuously monitor background particle counts in the 

headspace, which would indicate breakthrough from the filter system as well as leaks in the paddle 

tent. NOx, SO2, O3, and air velocity, temperature, and relative humidity were also continuously 

monitored from the same upstream sampling location. 

The wave channel was equipped with fluorescent lights to provide the light flux necessary for 

photosynthetic organisms to grow in the seawater. Four light fixtures, two on either side, were 

attached to the outside of each 2 m glass panel of the channel below the water surface. Each fixture 

was equipped with two 120 cm fluorescent bulbs (Spectra 5700K F32-T8, Full Spectrum 

Solutions, Inc), giving a total of 8 bulbs per panel. The lights extended the full length of the 

channel, except for the paddle tank at the front of the channel and the end tank, which are 
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constructed stainless steel and thus not transparent to light. The flux of photosynthetically active 

radiation (PAR) in the channel was measured to be ~80 μE/m2s in the center of the channel, 

approximately ~30 cm below the water surface (Apogee Instruments, MQ-200). While this is 

significantly lower than typical daytime PAR levels, which often exceeds 1,000 μE/m2s on clear 

days (Bouvet et al., 2002), it is comparable to PAR levels reported in other studies for the purpose 

of growing marine phytoplankton (Lee et al., 2015). To simulate day/night light cycles, the lights 

were turned on for 14 hours during the daytime and off for 10 hours at nighttime.  

6.3.2 Description of Isolated Sampling Vessel 

Due to challenges associated with removing all VOCs from both the air handler and off 

gassing from wave channel materials, a secondary isolated sampling vessel (ISV) was utilized for 

sampling of VOCs produced from seawater. The isolated headspace was constructed from a single 

cylindrical tube of borosilicate glass (Greatglas, Delaware U.S.A.). The dimensions of the glass 

tube were as follows: 400 mm outer diameter, 6 mm wall thickness, 74 cm long, resulting in a total 

volume (pre-water) of 87 L, and when filled with water halfway, giving a water volume of 44 L 

(Figure 6.11). Each end of the ISV was sealed by a PTFE disk, thickness 1.6 mm, braced against 

the face of the cylinder by a 9.5 mm acrylic disk and backed by an aluminum frame. Six 6.4 mm 

stainless steel Swagelok bulkhead ports in the headspace partition were used for the zero air inlet 

and gas sampling outlets (located on opposite ends), with one 13 mm bulkhead to continuously 

pump seawater and a, 25 mm bulkhead drain port located 13 mm above the center of a PTFE 

sealing plate opposite of the filling bulkhead (Figure 6.11). Seawater was delivered to the ISV via 

a plunging stream, located opposite the sampling ports. The seawater was delivered using a 

peristaltic pump equipped with Tygon tubing, which withdrew water from the wave channel, ~0.5 

m beneath the water surface. For maintenance of consistent flow rates and prevention of leaks, 
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inlet tubing position within the peristaltic pump was adjusted every 6-8 hours and tubing replaced 

every 3 days. ISV water drained back into the channel through 25 mm tubing attached to the large 

central port opposite the plunging jet, with the end of the return flow tubing submerged beneath 

the water level. Zero air flow rate through ISV headspace varied from 8-10 LPM, leading to an 

average air residence time of 5 minutes. Water flow rate was fixed at 1.5 LPM, leading to a water 

residence time of 29 minutes. 

6.3.3 OFR Operation 

To study the effect of atmospheric aging processes on marine aerosols, potential aerosol 

mass oxidation flow reactors (PAM-OFR, Aerodyne Inc) were used to simulate both the 

heterogeneous oxidation of primary sea spray aerosol and the formation of secondary marine 

aerosol from the oxidation of VOCs. The PAM-OFR uses UV lamps to produce high 

concentrations of OH radical, simulating atmospheric aging from days to weeks, with a residence 

time of 1-3 minutes (Kang et al., 2007; Lambe et al., 2011). Two OFRs (OFR1 and OFR2) sampled 

from the wave channel headspace at sampling port #2, with the goal of producing heterogeneously 

aged SSA (hetSSA), although SMA is also produced from the oxidation of VOCs in the wave 

channel headspace. A third OFR (OFR3) sampled from the ISV (Figure 6.1), for the purpose of 

producing SMA under the cleanest possible conditions.  

All OFRs were operated in OFR185 mode, meaning that UV light with wavelengths of 

both 185 nm and 254 nm was produced inside the reactors. The OH exposure was determined by 

introducing carbon monoxide to the OFR, then measuring the change in CO concentration versus 

the lamp intensity using a CO analyzer (APMA-370, Horiba Ltd). The OH exposure is determined 

using the rate coefficient of CO + OH (kOH + CO, 298K = 1.5×10-13 cm3 molec-1 s-1), assuming pseudo-

first order kinetics (Chen and Marcus, 2006). The OH exposure can be converted to “days of 
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equivalent aging” using typical tropospheric OH concentrations ([OH] = 1.0 × 106
 molec cm-3) 

(Wolfe et al., 2019). O3 concentrations were monitored after each of the OFRs using an O3 analyzer 

(Model 202 and Model 106-L, 2B Technologies). Before aerosol measurements, the sample air 

was passed through a denuder to remove O3 (Carulite-200, obtained from Ozone Solutions).   

6.3.4 Control Experiments 

Control experiments for characterizing the wave channel can be divided into two main 

types: 1) obtaining minimum background aerosol levels and 2) optimizing the sampling location 

and depth into the channel headspace. For the control experiments, the wave channel was filled 

with sand-filtered seawater. This seawater is automatically pumped, filtered, and plumbed directly 

into the research buildings at SIO including the wave channel from the Ellen Browning Scripps 

Memorial Pier (Scripps Pier, 32-52'00'' N, 117-15’21'' W). As sand-filtration removes most of the 

large marine microbiology (>1-2 µm) and differs from the seawater used in mesocosm 

experiments, the seawater used in the control experiments will be referred to as tap seawater. 

Using the flexible PTFE film mentioned above, a box-shaped tent of 244 cm length x 117 

cm height x 80 cm depth was fabricated where all edges were double heat-sealed and was housed 

in a stainless-steel cage over the paddle. The seam between tent and the wave channel metal body 

was sealed using polyester tape (3M 8403, 5 cm diameter).  

Air velocity through the wave channel headspace was periodically measured using a hot-

wire anemometer (TSI 9545-A), inserted at the upstream sampling location approximately 9 m 

before wave break and 5 cm below the channel lid to minimize the impact of water droplets 

affecting the measurements. 

Total particle counts in the wave channel were measured before and after the wave break 

with condensation particle counters (Magic CPC, Aerosol Devices Inc). The purpose of the 
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upstream CPC was to detect particle leaks in the paddle tent and the air handling system. Counts 

were typically very low (< 5 #/cm3). The downstream CPC measured the total number of particles 

after the breaking wave. Thus, it can be assumed that the difference between upstream and 

downstream particle counts is the total concentration of SSA generated by the breaking wave. 

During periods when the upstream counts are negligible, it can be assumed that all the particles 

measured are SSA generated by wave breaking.  

Aerosol size distributions of SSA were measured using an Aerodynamic Particle Sizer 

(APS 3321, TSI Inc) and a Scanning Mobility Particle Sizer (SMPS 3938, TSI Inc) equipped with 

an X-ray neutralizer (Model 3088, TSI Inc) at various locations downwind of the wave break (5 

locations, 60 cm intervals) at 0-10 cm below the channel lid. The induction motor was tuned 

between 1250 and 2500 rotations per minute (RPM) to optimize the airflow and the total particle 

number concentration. Particles were dried prior to measurement with a silica diffusion dryer. The 

electrical mobility diameters (dm) measured by the SMPS are assumed to be the same as the 

physical diameter (dp). The aerodynamic diameters (da) measured by the APS were converted to 

physical diameter using the effective density of sea spray aerosol (ρeff = 1.8 g·cm-3) (Stokes et al., 

2013).  

6.3.5 SeaSCAPE – Water collection and Bloom Initiation 

Seawater was collected from the Scripps Pier. Seawater was pumped up from the end of 

the pier and travelled through a gravity flume on the south side of the pier to the entrance. During 

the pumping process, the seawater passed through a rough aluminum screen to collect large marine 

detritus such as seaweed. A submersible pump (Grundfos UNILIFT AP12.40.04.A1) was placed 

into the gravity flume and water was pumped through a hose into 1,135 L plastic tanks and 

transported to the wave channel by truck immediately after filling at the Scripps Pier. The seawater 
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was further filtered to remove large particulates and zooplankton using an acid-clean 50-micron 

Nitex nylon mesh (Flystuff; Cat # 57-106) and pumped into the wave channel. Algae growth media 

was added to the seawater at the beginning of each bloom cycle to promote phytoplankton growth 

(Guillard and Ryther, 1962). The dates and concentrations of the nutrient additions are summarized 

in Table 1.  

During the third bloom cycle, a separate phytoplankton bloom was grown in a 1,135 L 

plastic tank outside of the hydraulics laboratory. The purpose of this was to inoculate the wave 

channel with healthy phytoplankton biomass grown under natural sunlight to promote a larger 

bloom. Seawater was collected from Scripps Pier and filtered using 50 μm Nitex mesh, then it was 

transferred to the 1,135 L outdoor tank, covered with wire mesh to keep out debris, and placed in 

partial shade. Then, f/2 growth media and silicates were added immediately to stimulate the growth 

of a phytoplankton bloom. The seawater was bubbled gently to oxygenate and remained in the 

outdoor tank for 4 days until it reached the exponential growth phase as indicated by in vivo 

fluorescence measurements (AquaFluor, Turner Designs). Then, 1,135 L of water were drained 

from the wave channel and the contents of the tank were added to the wave channel. Water was 

transferred gently using sanitized buckets to avoid damaging the phytoplankton during the transfer. 

Additional nutrients were added to the wave channel immediately following the outdoor tank 

addition to bring the total concentration of growth media and silicates up to f/2 in the wave channel. 

6.3.6 SeaSCAPE – Aerosol Measurements 

A large suite of aerosol measurements was conducted during the SeaSCAPE experiment 

to study the properties of nascent SSA, hetSSA, and SMA. These include measurements of the 

size distributions, chemical composition, ice nucleating particle (INP) characteristics, cloud 

condensation nuclei (CCN) activity and water uptake, and phase state and morphology, among 
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other properties. All measurements conducted during the campaign are summarized in Tables 6.2 

and 6.3.  

6.3.7 Aerosol Number and Size Distributions 

Total particle counts in the wave channel were measured before and after the wave break 

with condensation particle counters. The aerosol size distributions of nascent SSA after the wave 

break was measured using the APS and SMPS as described in the control experiment. Size 

distributions from OFR1 and OFR2, which includes both hetSSA and SMA, were measured using 

a Scanning Electrical Mobility Spectrometer (SEMS, Brechtel Manufacturing, Inc) and an APS 

(3321, TSI Inc). SMA size distributions from OFR3 were measured using an SMPS (Model 3938, 

TSI Inc) equipped with a Nano DMA (DMA 3085, TSI Inc) and a soft X-ray Neutralizer (Model 

3088, TSI Inc).  

6.3.8 Single Particle Atomic Force Microscopy (AFM) Measurements 

For a preliminary investigation of SSA and aged SSA morphology, nascent and aged sea 

spray aerosols were collected on August 3rd which corresponded to the peak of the phytoplankton 

growth in Bloom 3 (Figure 6.2). The SSA were deposited onto hydrophobically treated silicon 

substrates (Ted Pella, Inc.) using a micro-orifice uniform deposit impactor (MOUDI, MSP, Inc., 

model 110) at ca. 80% RH (i.e. wet deposition). The aged SSA were deposited onto the 

hydrophobically treated silicon substrates using a separate MOUDI (MSP, Inc., model 125R) at 

ca. 20% RH (i.e. dry deposition) (Lee et al., 2019, 2020a). MOUDI stages 6, 7 and 8 were used, 

which corresponds to an aerosol aerodynamic diameter 50% cut off range of 0.18-1.0 µm. The 

aged SSA were generated using OFR2, with a UV lamp voltage of 2.0 V which corresponds to 

approximately 4-5 days of photochemical aging in the atmosphere. The substrate-deposited 
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nascent and aged SSA samples were stored in clean Petri dishes and kept inside a laminar flow 

hood (NuAire, Inc., NU-425-400) at ambient temperature (20−25°C) and pressure. 

AFM height images of individual nascent and aged SSA particles were recorded using the 

molecular force probe 3D AFM (Asylum Research, Santa Barbara, CA), at ambient temperature 

(20−25°C) and pressure. Silicon nitride AFM tips (MikroMasch, Model NSC35, tip radius of 

curvature ~10 nm) were used to image individual particles. A custom-made humidity cell was used 

to control the RH at 50% for all imaging; the elevated RH was used due to expected lowering of 

the viscosity for the organic components relative to inorganic that facilitates differentiation of their 

spatial distribution using AFM. AC mode AFM was used to image individual particles and 

determine their morphology. A total of 50 individual particles were characterized for each sample 

type. 

6.3.9 SeaSCAPE – Gas-phase Measurements 

In addition to the gas phase measurements discussed below, Table 6.4 details the full 

collection of gas phase measurements made throughout the SeaSCAPE experiment to assess 

questions regarding the influence of biology on VOCs produced from seawater and the 

introduction of anthropogenic contaminants from the laboratory environment.  

6.3.10 Trace Inorganic Gases 

The concentrations of trace gases were monitored at several locations: the air handling 

system, room air, and the wave channel headspace upstream of the wave break. A custom-

fabricated solenoid valve switching array was used to automatically switch between the different 

air sampling lines. The concentrations of the oxides of nitrogen (NOx) were continuously 

monitored using a Model 42C NO-NO2-NOx analyzer (Thermo Electron Corporation). Ozone 

concentrations were measured using a UV photometric based O3 analyzer (Model 49C, Thermo 



 

  181 

Electron Corporation). The analyzer was calibrated using an ozone calibration source (Model 306, 

2B Technologies). Sulfur dioxide concentrations were measured using a pulsed fluorescence SO2 

analyzer (Model 43iQ Trace Level SO2 Analyzer, Thermo Electron Corporation). 

6.3.11 Chemical Ionization Time of Flight Mass Spectrometry  

Measurements of the wave channel air velocity were obtained using 50 uL of 45 mM 

dimethyl sulfide (DMS) headspace spikes sprayed onto a sanitary laboratory wipe suspended in 

the wave channel at the upstream sampling port. As DMS was carried along the length of the wave 

channel by the headspace flow, a custom fabricated chemical ionization time of flight mass 

spectrometer (CI-TOFMS) drew headspace at 2 LPM from the primary sampling port. CI-TOFMS 

has been previously described by others, briefly, ~300 ppm benzene vapor was generated by 

passing 10 standard cubic centimeters per second (sccm) of N2 over a cylinder of liquid benzene 

and diluted to concentration with further N2 (Kercher et al., 2009; Kim et al., 2016; Lavi et al., 

2017). Benzene vapor was passed through a 20mCi Po-210 α-source, and further drawn through 

an inline critical orifice at 1.8 SLPM into the ion-molecule region (IMR) of the CI-TOFMS. 

Sample analyte was similarly drawn into the IMR at the same flow rate as analyte. The IMR 

pressures was maintained at 60 Torr and 60 V for all analyses. Analyte ions generated through 

charge transfer and ligand switch reactions with benzene cluster cations were further focused by a 

radio frequency ion funnel, and subsequently transferred by an RF-only quadrupole into an 

orthogonal-extraction time of flight analyzer (Tofwerk). Mass spectra from 5-500 m/z were 

obtained at a rate of 1 Hz, with generated data analyzed using the Tofware plugin for Igor Pro 7 

software. 

6.3.12 Proton Transfer Reaction Mass Spectrometry 
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A Vocus proton transfer reaction time-of-flight mass spectrometer (PTR-ToF-MS) 

(TOFWERK, Aerodyne Inc.) was deployed to measure gas-phase VOCs. The focusing ion-

molecule reactor was operated at high reduced field strength (E/N = 143 Td) with a pressure of 1.5 

mbar, electric field of 41.5 V cm-1, and heated to 100 °C. The big segmented quadrupole voltage 

was set to 275 V, which reduced the transmission of low mass (<35 m/Q) ions. The Vocus mass 

spectra were saved at 1 Hz time resolution. The headspace of the air handling system and wave 

channel headspace was sampled at 100 sccm through a roughly 2.5 m, 6.35 mm O.D. PFA tube. 

Instrument background signals were determined about 8 times daily by overflowing the Vocus 

inlet with zero air from a zero-air generator (Sabio 1001) that provided air to the ISV headspace. 

Daily average background signals were used for background correction. Peak fitting and 

integration were completed in Tofware 3.1.2. 

6.3.13 Offline Atmospheric Pressure Chemical Ionization for Irradiation 

Experiments 

A high resolution Orbitrap Elite (ThermoFisher) mass spectrometer equipped with a 

modified gas-phase atmospheric pressure chemical ionization (APCI) source was used to detect 

VOCs from the surface of collected water during the SeaSCAPE campaign (Roveretto et al., 2019) 

upon irradiation using an LCS-100 solar simulator (94011A, Oriel). Data was collected solely in 

positive mode, where voltage was set to 4 kV, needle current at 5 mA, and vaporizer temperature 

at 150 °C. Sheath and auxiliary flow were set to zero. An AM1.5G and water filter were used to 

simulate the solar spectrum and block infrared radiation respectively. From the wave channel, 200 

mL of surface water was collected and transferred into a 350 mL jacketed custom glass tube (Ace 

Glass Inc.) with quartz windows on each end. The surface area of the water sample in the tube was 

approximately 12 sq.in. With a headspace of 150 mL, pure nitrogen gas was used as a carrier at a 
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rate of 200 sccm. Temperature was regulated and measured constantly to ensure minimal thermal 

variation (± 1°C) during the experiment. The collected water settled for 2 hours before being 

irradiated to allow a stable surface layer to form. To verify whether the immediate spike in signal 

was abiotic or biotic in nature when under lighted conditions, a separate experiment using the same 

water, but filtered with a 0.2 μm GTTP filter (MilliporeSigma), was shown to not be able to remove 

the signal spike seen in Figure 6.9a.  

6.3.14 SeaSCAPE – Water Measurements 

A vast set of seawater and sea surface microlayer measurements made through the duration 

of SeaSCAPE. These measurements sought to understand various important aspects of the 

mesocosm experiments such as nutrient availability, organic chemical composition, biological 

speciation, biological productivity, dissolved gas turnover and other important factors. 

6.3.15 Bulk Seawater Collection 

16 L of Bulk seawater was sampled daily around 9:30 PST for the following analyses: 

dissolved organic carbon (DOC); inorganic nutrients; extracted chl-a; bacterial and viral 

abundances, and phytoplankton speciation-identification. Seawater was collected using a ~2 m 

long siphon, which consisted of 9.5 mm OD Teflon tubing that was left open on one end, and a 

double barbed valve installed on the other. Nalgene carboys were used to transport and dispense 

the collected seawater for analysis. Both the siphon and the carboys were rinsed with methanol, 

70% ethanol, 0.1 M HCl solution, and ultra-purified water prior to water collection. The siphon 

was inserted near the end of the channel before the second beach (Figure 6.1) approximately 20 

cm below the surface of the water. The volume of collected seawater was replenished by adding a 

corresponding volume of Milli-Q (Millipore) water (<18 µΩ) every other day. 

6.3.16 Sea Surface Microlayer Collection 
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Sea surface microlayer (SSML) sample collection was conducted using a glass plate, a 

glass funnel and a Teflon scraper. During the day proceeding collection of SSML samples, the 

glass plate and funnel were cleaned of biological material using Millipore water, methanol, 70% 

ethanol, and 10% HCl. The collection glassware was placed in a combustion furnace for 5 hours 

at 500 ˚C to remove organic contaminants. The glass plate with a handle was lowered carefully by 

hand at a rate of 5-6 cm·s-1 and withdrawn at the same rate. This withdrawal rate corresponds to a 

sampled SSML thickness of around 50 µm (Carlson, 1982; Cunliffe and Wurl, 2015). After 

removal from the wave channel, the glass plate was suspended for 20 seconds to allow any bulk 

seawater to drain off the plate back into the channel, ensuring that the majority of what remained 

on the plate was SSML. The remaining liquid was scraped from the glass plate into a collection 

vessel using a Teflon scraper. This process was repeated until approximately 200 mL of sample 

was collected. 

6.3.17 Phytoplankton Enumeration and Photography 

In order to determine the taxonomic composition of the mesocosm, two methods were 

employed: 1) Whole seawater samples were collected and manually counted under confocal 

microscopy; 2) A dual version of the Scripps Plankton Camera System (SPCS: 

https://spc.ucsd.edu) was placed on the bottom of the wave channel before the dampening beach 

(Figure 6.1) to continuously image the developing plankton community for in situ observations. 

For the manual counting method, 400 mL of whole seawater was collected from approximately 30 

cm depth at both ends of the wave channel. Samples were taken twice per day with Teflon tubing 

and poured gently into amber Nalgene bottles. Samples were immediately fixed with a 2% buffered 

formalin solution and kept cold to preserve samples for enumeration. 50 mL of seawater from 

these samples were poured into a settlement chamber and allowed to settle for 24 hrs. The cells 
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were prepared for enumeration using the Utermöhl method under an Olympus IX-71 inverted 

microscope (Utermöhl, 1931)). Two full rows of the settlement chamber were counted to calculate 

the cells/L for each distinct species. Then, the taxa cell counts were binned into functional 

phytoplankton types, including a microzooplankton group. These bins were used to calculate the 

relative abundance of the functional groups over time and were then compared to the in-situ camera 

data.  

The in-situ camera enabled the research team to study the plankton community undisturbed 

in the mesocosm, monitor the presence of delicate taxa, and observe intra- and inter-species 

interactions that would be impossible to detect using other sampling techniques. The goal of the 

image analysis was to target detritus, aggregates, phytoplankton and zooplankton between 20-1000 

µm in major axis length. For this reason, only images from the 5x magnification system were 

considered. Over the course of the 3-week experiment nearly 1.85 x 106 images of particles were 

collected within this size range. The system uses darkfield illumination to image free-floating 

particles in approximately 3 µL/frame sampling volume with a resolution of 3-5 µm (Orenstein et 

al., 2020). In order to train a neural net to classify this large amount of data, a subset of the images 

was manually labelled to serve as a training set. 

6.3.18  Chlorophyll-a and Dissolved Oxygen Measurements 

A continuous time series of in vivo Chl-a and dissolved oxygen was measured throughout 

all three wave channel experiments using an Environmental Sample Processor (ESP). The ESP 

was located at the back of the wave channel just behind the seawater sampling section (Figure 6.1). 

The ESP is a homemade, continuous flow system that pumps seawater through tubing at a flow 

rate around 1 LPM using a peristaltic pump. The seawater first passed an SBE 37 MicroCAT that 

measures conductivity, followed by an SBE 63 optical dissolved oxygen sensor before being 
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deposited into a reservoir. In the reservoir, Chl-a is quantified through fluorescence measurements 

using a Sea Bird Scientific ECO-Triplet-BBFL2 sensor at excitation/emission wavelengths of 

470/695 nm. After measurement of Chl-a, the seawater is circulated out of the ESP and back into 

the wave channel. 

Each morning the ESP was rinsed by circulating Millipore water through the tubing for 20 

minutes, and every fourth day, solutions of 0.1% bleach, 30% ethanol, and Millipore water were 

sequentially circulated through the tubing for 20 minutes to thoroughly clean the instrument. This 

helped prevent biological growth in the tubing and biofouling of the optics. Additionally, in 

between each experiment the reservoir was removed from the laser optics and both were carefully 

wiped with 70 % ethanol. Any ESP measurement periods that were affected by instrument 

maintenance or biofouling were corrected using in vivo Chl-a measurements made by a hand-held 

fluorometer (Aquafluor, Turner Designs). Aquafluor Chl-a measurements were made every few 

hours from the seawater sampling section of the wave channel. 

To calibrate both the ESP and AquaFfluor Chl-a measurements, Chl-a was extracted from 

the bulk seawater and analyzed by fluorometric analysis in accordance with CALCOFI methods 

(Holm-Hansen et al., 1965). Bulk seawater was collected once daily from the seawater sampling 

section of the wave channel and filtered on 25 mm Whatman GF/F filters. The filters were then 

submerged in 8 mL of 90 % acetone for 24 hours at -20 ˚C to extract the Chl-a. Concentrations of 

the extracted Chl-a were determined by a calibrated fluorometer (10AU, Turner Designs). For 

calibration purposes, the extracted Chl-a data was separately plotted against both the ESP and 

Aquafluor data. Each plot was fit with a least squares regression, used to calibrate the ESP and 

Aquafluor Chl-a values. A continuous time series of the calibrated ESP Chl-a data for all three 

experiments is shown in Figure 6.2. 
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6.3.19 Bacteria, virus, nano- and picophytoplankton, and heterotrophic 

nanoflagellate enumeration  

Seawater, SSML and aerosol samples were run with a BD FACSCanto IITM flow cytometer 

(FCM, bacteria, cyanobacteria and viruses). Samples were prepared according to the protocols for 

bacteria (heterotrophic and autotrophic) and viral enumeration (Brussaard, 2004; Gasol and Del 

Giorgio, 2000; Marie et al., 1997). All samples were preserved with glutaraldehyde at 5% final 

concentration and stored at -80°C after flash freezing (Noble and Fuhrman, 1998). For 

heterotrophic bacteria staining: water was diluted (1:10) in 1×TE buffer (pH 8), then stained with 

SYBRGreenI at RT for 10 min in the dark (Gasol and Del Giorgio, 2000). For viruses staining: 

water was diluted (1:50) in 1×TE buffer (pH 8) and stained with SYBRGreen I at 80°C for 10 min 

in the dark (Brussaard, 2004).For autotrophic bacteria, Cyanobacteria namely Synechococcus, 

water was run unstained (Olson et al., 1990). For SSA preparation, 0.9 mL of SSA, recovered in 

4X PBS buffer via SPOT sampler (sampling for 6 hours at 1.8 L/min) were brought to 1 mL by 

adding  4X PGE and then were split into two 0.5 mL aliquots that were processed as described 

above for heterotrophic bacteria and viruses. SSA blank samples were also collected via SPOT 

sampler and processed accordingly. The values counted in the same SSA blank gates were 

subtracted from the SSA sample runs. For heterotrophic bacteria and viruses, the samples were 

analyzed at medium rate (60 µL min-1) with a threshold set on green fluorescence. Side scatter 

versus green fluorescence plots were generated to identify and quantify heterotrophic bacterial and 

viral populations (Marie et al., 1997). Synechococcus population were identified on forward scatter 

versus orange fluorescence and red fluorescence (Olson et al., 1990). Synechococcus population 

were identified on forward scatter versus orange fluorescence and red fluorescence (Olson et al., 
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1990). Samples for nano-, picophytoplankton and heterotrophic nanoflagellates were run on a BD 

Accuri flow cytometer following protocols by Marie et al and Christaki et al. 

6.4 Results: Characterization and Optimization of the Wave Channel 

6.4.1 Results of PTR-MS wave channel/room/air handling headspace composition  

Volatile organic compounds (VOCs) were measured in the wave channel headspace, air 

handling system, ISV, and room air, with PTR-MS to determine the relative degree of cleanliness 

of the experiment (Figure 6.3). Dimethyl sulfide (DMS) and methanethiol (MeSH) were chosen 

as proxies for expected marine biogenic VOCs in comparison to benzene and toluene which are 

more closely associated with anthropogenic pollutants and are not expected to be produced 

biogenically in large quantities in the marine environment (Wakeham et al., 1986). Figure 6.3 

shows that benzene and toluene were most elevated in room air, the air handling system, and the 

wave channel headspace, but were significantly diminished in the ISV. These results suggest that 

the primary source of benzene and toluene in the wave channel was not derived from the seawater, 

but likely as breakthrough of the air handling system and possible off-gassing of building materials 

in the wave channel. Conversely, the concentrations of DMS and MeSH in the ISV were 

significantly elevated compared to the wave channel, due to the relative ratio of water to headspace 

renewal in the ISV which was much higher than the wave channel. These results show that the 

ISV was effective in maintaining a clean headspace that better reflects the emissions of seawater 

without anthropogenic influences.  

6.4.2 Wave channel headspace velocity 

To assess the air velocity in the wave channel, momentary spikes of dimethyl sulfide were 

generated in the wave channel headspace by spraying a laboratory wipe suspended from the 

upstream sampling port with 50uL of 45mM dimethyl sulfide dissolved in methanol. The rapidly 
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evaporated gas was then carried along the air flow to the downstream sampling port after wave 

breaking. Shown in Figure 6.4 are DMS spikes measured by the CI-TOFMS. Mean arrival time 

was 200s, with a standard deviation of 35s (N=3) with the paddle running. Replicate experiments 

with the paddle stationary did not yield arrival times that significantly differed. Given the distance 

of the upstream sampling port from the downstream ports, the wave channel headspace velocity 

was calculated to be 4.9-7.0 cm/s. This contrasts measurements from the hot wire anemometer, 

which describe a velocity range from 32-35 cm*s-1. The disagreement between these two 

measurement techniques may be due to the operation of the hot wire anemometer at the lower 

boundary of its analytical dynamic range, in combination with gas turbulence induced by the waves 

as they passed through the channel. In addition, while the CIMS measurement obtains a flow 

velocity that reflects an average of the velocity throughout the wave channel length between the 

upstream and downstream sampling ports, the velocity measurement by the hot wire anemometer 

was only performed at the upstream location. These results further suggest that significant 

variability in flow conditions occur along the length of the wave channel and merit further 

investigation.  

6.4.3 Results of wave channel characterization on particle backgrounds and SSA 

production  

Background particle concentrations were measured in the wave channel headspace at the 

upstream sampling port (Figure 6.1, Location 1) using a CPC to determine the contribution from 

non-marine particles from sources such as leaks in the paddle tent or breakthrough in the air 

handling system while the waves were being generated. Setting the RPM of the induction motor 

that supplied the clean air to wave channel to a speed less than 1500 RPM introduced ambient non-

marine particles into the wave channel headspace (10-50x more), thus establishing a lower limit 
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of the air handling unit. While increasing the speed of the motor could increase the amount of 

clean air into the headspace of the wave channel, doing so dilutes the total number of SSA from 

wave break, thus our testing found that 1500 RPM was the optimal setting (Figure 6.5a). 

With the optimized setting of the air handling unit, these background particle 

concentrations were generally extremely low (~3 #/cm3, Figure 6.8), indicating that the wave 

channel headspace was quite clean, with respect to ambient particulate contamination (~10,000 #/ 

cm3). In comparison, the average particle concentrations after the breaking wave were significantly 

higher (242 ± 91 #/ cm3), indicating that the almost all of particles sampled downwind of breaking 

wave were sea spray aerosols produced from the channel.  

With the air handling unit and the background optimized, next was to optimize the 

sampling location for SSA downwind of the breaking wave. Five locations at 0 cm, 60 cm, 120 

cm, 180 cm, and 240 cm downwind of the breaking wave were tested. The APS and SMPS size 

distributions were used to calculate the total SSA number at each location. Figure 6.5b shows that 

position 4, which corresponds to 180 cm downwind of the breaking waves, had the highest SSA 

number concentrations. The continuous water and air flows pushed the entrained air bubbles and 

the generated SSA downwind of the breaking wave (Lewis and Schwartz, 2004; Prather et al., 

2013). In addition to sampling location, the sampling port (1.27 cm i.d.) depth was tested from 0 

cm to 10 cm into the headspace. While the specific relationship between port depth and SSA 

number concentration varied with sampling location, at position 4, a port depth of 5 cm yielded 

the highest values. However, this inconsistent relationship indicates that there may be 

heterogeneous mixing within the wave channel headspace. It was observed during testing that port 

depths of 10 cm or greater were prone to splashing by the breaking waves, resulting in excess 

water being pulled into the sampling lines. Similarly, a port depth of 0 cm (flush with the lid 
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surface) resulted in condensation from the lids being pulled into the sampling lines. Thus, from an 

operational standpoint, it is a sampling port depth of 2-8 cm is ideal to minimize the introduction 

of water droplets to the sampling lines. 

6.5  Results: SeaSCAPE Experiment 

6.5.1  Biological dynamics of the phytoplankton blooms 

Shown in Figure 6.2a is the time series of seawater Chl-a, heterotrophic bacteria, and 

dissolved organic carbon measurements which provide an overview of the biological course of the 

3rd mesocosm. The wave channel after the initial nutrient additions (Figure 6.2a first two asterisks) 

did not show indicators of significant phytoplankton growth (< 2 µg/L Chl-a), possibly due light 

limitation. To create a major step change biological perturbation, a phytoplankton bloom, an 

external mesocosm was initiated in an outdoor tank using natural seawater gathered from the same 

location and reached a Chl-a concentration of 25 µg/L. This 1,135L starter mesocosm was then 

added to the wave channel on 8/1, which continued to grow, peak, and then proceed through an 

extended senescent phase (Figure 6.2a). The senescent phase Chl-a concentration remained stable 

around 5 µg/l, suggesting an activated state compared to the pre-bloom state. Over the course of 

mesocosm 3, dissolved organic matter steadily increased in concentration, due to primary 

production and bacterial production of DOC, consistent with previous bloom incubation 

experiments (Wang et al., 2015). Notably, about 100 µM were added by the tank amendment over 

the background level of the first week.  The dissolved inorganic gases, O2 and CO2, were monitored 

to assess the relative degrees of active autotrophy and heterotrophy by the phytoplankton and 

bacteria in the wave channel (Figure 6.2b). As expected, dissolved O2 concentrations varied on a 

diurnal basis as the phytoplankton utilized light for photosynthesis and produced O2 as a byproduct 

during the daytime. During periods of higher Chl-a (Figure 6.2a), after the tank amendment, 
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dissolved O2 concentrations were generally more elevated, except for 8/2 when the heterotrophic 

bacteria reached a local maximum concentration, and again on 8/5 during the senescent phase of 

the algal bloom. These trends in dissolved O2 are mirrored inversely by changes in dissolved CO2, 

which decreased with respect to phytoplankton growth due to increased carbon fixation by 

phytoplankton. After reaching a minimum on 8/5 (Figure 6.2b), the CO2 concentration slowly 

increased during the senescent phase of the mesocosm as bacterial respiration increased relative to 

phytoplankton carbon fixation. Lastly, the seawater temperature of the wave channel initially 

began at the temperature that it was gathered from the ocean but equilibrated quickly to resemble 

room conditions within ~24 hours (Figure 6.2b). Daily, temperature varied ~0.75 C*day-1 with the 

ambient temperature of the laboratory. Longer term variation following changes in local weather 

but ranged between 24.5-27 °C for the duration of experiment after initial equilibration.  

6.5.2  Phytoplankton enumeration  

A preliminary inspection of the images revealed that they provide a more detailed 

taxonomic description of the wave channel’s contents, including an assortment of interactions that 

were not detected via microscopy. ESP and microscopy paired with chlorophyll concentrations 

over time, both methods confirm a distinct natural bloom progression from a diatom dominated 

phytoplankton community structure at the onset of the bloom to one dominated by 

microzooplankton and mixed aggregates near the end of the experiment (Figure 6.6). Increased 

observation of potential grazing on phytoplankton by microzooplankton and aggregate formation 

towards the end of the bloom, provides insight on the physiological state of the phytoplankton 

bloom across the experiment (Figure 6.6). These types of stressors upon phytoplankton may  lead 

to  released exudate containing carbon and sulfur  that will supply microbial metabolisms which 

in turn may influence the production of climate relevant trace gas production and biogenic aerosol 
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composition (Levine, 2016). Based on these initial results it seems that the high temporal 

resolution time series produced by this image data set will lead to an improved understanding of 

plankton bloom dynamics in mesocosms and the subsequent production of oceanic aerosols. 

6.5.3  Impact of experimental approach on dissolved organic matter composition  

While a complete discussion of the analysis of mDOM over the duration of SeaSCAPE is 

beyond the scope of this manuscript, two analyses are shown to illustrate various factors which 

describe the operation of the experiment. Shown in Figure 6.12 is a GCxGC ion chromatogram of 

seawater obtained before addition to the wave channel. Notable in the composition of this seawater 

is the vast chemical diversity of the sample in addition to a large quantity of anthropogenic 

contaminants. These species are ubiquitous in the coastal zone and are unavoidable in mesocosm 

experiments using coastal water. 

To understand effect of perturbations on the chemical composition of SeaSCAPE seawater, 

TD-GC/GC-EI-HRToFMS was performed on the following samples: mDOM from seawater 

gathered at the SIO pier before transfer to the wave channel on 7/23, mDOM of the seawater after 

transfer to the wave channel on 7/23, and mDOM of the seawater after the addition of the outdoor 

phytoplankton culture on 8/1. Shown in Figure 6.7a is a spectral comparison plot in which the ion 

intensity chromatogram obtained after the water transfer was subtracted by the chromatogram 

obtained before the water was transfer. Very few ions were introduced by the transfer process, 

with 4% of the ion current for species classified as anthropogenic contaminants being added during 

the water transfer process. In contrast to the small perturbation made by water transfer, a much 

larger quantity of ion current was measured in mDOM after the addition of the outdoor 

phytoplankton tank to the wave channel, likely from biogenic organics (Figure 6.7b).  

6.5.4  SSA Size Distributions and Stability 
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The shape of the SSA size distributions is largely consistent with previous studies of SSA 

generated by breaking waves (Prather et al., 2013). However, there was significant temporal 

variability in the total concentration of particles observed during the experiment. A strong diurnal 

trend was observed, with higher, more variable concentrations observed during the daytime (Nday 

= 272 ± 92 #/cm3) and lower, yet more stable concentrations observed during the nighttime (Nnight 

= 199 ± 70 #/cm3) (Figure 6.8). While seawater temperature can affect the flux of SSA, the daily 

changes observed during the SeaSCAPE experiment were likely not large enough to explain the 

variability in SSA concentration (Lewis and Schwartz, 2004). Typical daily water temperature 

changes were 1-2°C (Figure 6.2), which should correspond to a change in SSA flux of only 2-8% 

(Forestieri et al., 2018), whereas the observed change from night to day is, on average, ~37%.  The 

diurnal changes also do not appear to be linked to other changes such as the wave channel lights 

or the chemical composition of the seawater. Rather, we suspect that the changes in SSA 

production were driven by the opening and closing of the laboratory doors, which resulted in a 

pressure change in the air flow and mixing dynamics within the channel headspace. These findings, 

alongside the results of the sampling port location and depth testing (Figure 6.5), demonstrate the 

heterogeneous mixing within the wave channel headspace, resulting in variable SSA number 

concentrations. Further testing and modelling of the wave channel is necessary to fully understand 

these observations.  

6.5.5  Evidence of abiotic volatile organic compounds from interfacial 

photochemistry 

To test whether abiotic VOCs could be produced simply by irradiating the surface species 

with sunlight, surface water from the wave channel was taken into the UCSD environmental 

complex analysis laboratory (ECAL) facility nearby and exposed to light from a solar simulator. 
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Shown in Figure 6.9a, there were two unique molecular signatures that were immediately sensitive 

upon irradiation, as well as three others not shown here (isoprene, dimethyl sulfone, and decadienal 

only in some days during Bloom 3) analyzed using a modified gas-phase APCI Orbitrap MS. 

Several other species also increased during this time but exhibited a more gradual increase, 

indicating a diffusion limited, and therefore most likely a biogenic, process. Two of these 

abiotically-produced species were able to be structurally identified using tandem MS, showing 

fragmentation patterns that clearly indicated the presence of phenol, C6H6O, and (mostly) beta-

cyclocitral, C10H16O. The signal enhancement of these molecules, immediately upon irradiation 

(within 3 minutes), compared to the background dark signal, are shown in Figures 6.9b and 6.9c 

respectively. There was evidence in the fragmentation data of C10H16O to suggest that beta-

cyclocitral was not the only species of the same mass-to-charge ratio. Without an in-depth 

experiment to constrain the many multiple variables in seawater such as the microbiology or 

surface tension, it is difficult to make any assumptions about mechanisms. Gas-phase APCI 

Orbitrap MS was shown to successfully ionize a variety of molecular signatures off-gassing from 

the sea sample surface as well as detect changes when the sample was exposed to solar light.  

6.5.6 Relative distribution of morphologies for nascent and aged SSA 

Nascent SSA displayed four unique morphologies including prism-like, core-shell, 

rounded and aggregates, while aged SSA had two main morphologies: core-shell and rounded 

(Figure 6.10a). The morphological categorization was performed qualitatively, analogous to 

previous studies (Lee et al., 2020b; Ray et al., 2019). Next, the relative distribution of 

morphologies for nascent and aged SSA samples were compared (Figure 6.10b). For the nascent 

SSA sample morphologies, the rounded (47%) was most common, followed by the core-shell 

(22%), while prism-like (17%) and aggregates (14%) showed similar abundancies. On the other 
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hand, for the aged SSA sample morphologies, core-shell (72%) was most common, followed by 

the rounded (28%) morphology, while no prism-like and aggregates were observed. Overall, SSA 

aging results in significant increase of the abundance for core-shell morphology, and concomitant 

decreases in the rounded and prism-like morphologies. Additionally, core-shell aged SSA particles 

showed a thicker coating compared with similar size nascent core-shell particles.  

6.6 Discussion 

A key challenge in ocean-atmosphere simulation experiments is maintaining the highest 

degree of experimental cleanliness while still capturing the complexity of the natural environment. 

This challenge is further pressed by the massive volumes of seawater that must be collected and 

transferred without significant perturbation of the biological assemblages and chemical 

contamination of the water. For the headspace, large airflows are necessary to offset the flow 

demand required by online instrumentation and filter sampling. Generating large volumes of high 

purity air is a significant challenge beyond the removal of particulates. Here we showed that the 

transfer of seawater from the ocean to the laboratory incurred little contamination, however the 

headspace of the wave channel was challenging to keep clean of anthropogenic VOCs with the air 

handling system. For sampling of VOCs produced from seawater, the incorporation of the ISV 

was a critical addition that enabled the measurement of secondary aerosol and gases by generating 

a clean headspace for seawater VOCs to flux into. In the future, advances in economically 

generating high volumes of particle free, low VOC air would be ideal to enable the measurements 

of seawater-produced VOCs without the incorporation of secondary chambers.  

Systematic testing of the wave channel was conducted to determine the optimal sampling 

conditions for nascent SSA. This testing showed a clear relationship between the air flowrate in 

the channel headspace and the measured concentrations of SSA particles, with lower air speeds 
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resulting in higher particle concentrations. However, when the effect of both sampling port 

location and penetration depth into the channel headspace were evaluated, it was apparent that the 

SSA concentrations in the headspace were heterogeneous and highly variable, depending on 

sampling locations. Further observations during the SeaSCAPE experiment showed a strong 

diurnal trend in the SSA concentrations, which may have been caused by the opening and closing 

of the laboratory doors, creating a change in air pressure in the building. Based on these findings, 

future work is needed to model the fluid dynamics in the wave channel to understand the mixing 

and transport of aerosols and gases in the headspace. Additionally, it was observed that SSA 

concentrations were typically more stable at night, when the laboratory doors were closed, which 

could have caused higher air pressure in the room. This suggests that future modifications could 

be made to the wave channel to increase stability in the particle concentrations, such as replacing 

the open flap at the end of the channel with a sealed vent system. However, despite the variability 

in total number concentrations, the shape of the SSA size distributions remained consistent 

throughout the experiment and agrees well with previous wave channel experiments (Prather et 

al., 2013). This indicates that the heterogeneity in the number concentrations was driven by 

different degrees of dilution, due to uneven mixing in the headspace, as opposed to variations in 

the SSA production mechanism or bubble sizes generated by the breaking wave. 

One of the most crucial elements of mesocosm experiments to study ocean-atmosphere 

processes is the stimulation of a phytoplankton bloom (Lee et al., 2015; Pomeroy et al., 2007) 

involving all the trophic interactions in the microbial loop (Azam et al., 1983; Buchan et al., 2014) 

between phytoplankton, protozoans, heterotrophic bacteria, and viruses (Lee et al., 2015; Pomeroy 

et al., 2007). Recent efforts have sought to better reproduce the complexity of marine biology 

while also accurately measure the turnover of assemblages to better ascribe changes in seawater, 
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SSA composition and properties, and VOC production. An ongoing challenge is the successful 

stimulation of rich mesocosms using natural seawater which varies in biological composition and 

may not respond immediately to nutrient amendments. For the 3rd bloom during SeaSCAPE, the 

addition of the outdoor tank grown in elevated nutrient conditions and natural sunlight provided a 

richer starter culture for further growth in the wave channel. In the future, enhanced lighting 

intensity, possibly the usage of actinic flux, will be implemented to allow bloom formation without 

this added intervention. Phytoplankton community showed a natural succession across the 

experiment from a diatom dominated community at the peak of the bloom during the growth phase 

towards a diatom aggregate and zooplankton populated senescent phase. Connection of these 

biological phases with the composition of gases, DOM, and aerosol composition will be the focus 

of ongoing work by CAICE. Further analysis of the functional (e.g. production, enzymes) and 

community adaptation (16S and 18S rDNA amplicon sequencing) of the marine microbes over the 

course of the bloom in the water, SML and aerosols will help address some of the chemical changes 

observed during SeaSCAPE.  

The abiotic production of VOCs from seawater via reactions of surface-present organics 

with light and oxidants has been recently discussed as a possible source of atmospheric VOCs 

competitive in emission quantity with marine biology (Novak and Bertram, 2020). Currently, only 

laboratory measurements of abiotic VOC production have been undertaken, with most utilizing 

SSML or synthetic organic films doped with terrestrially relevant photosensitizers to enhance 

yields of irradiation-initiated VOC emission (Ciuraru et al., 2015; Trueblood et al., 2019a). Here, 

using unadulterated seawater from our mesocosm experiments, we show small quantities of abiotic 

VOC generation, including cyclic species, but do not maintain sustained emission compared to 

other laboratory investigations. Lack of sustained emission is likely due to the limited pool of 
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organic species in raw seawater which may have been lost through emission and chemical 

transformation. While the complex mechanisms that control photoinitiated VOC production are 

poorly understood, mesocosm experiments serve as a valuable bridge between field and laboratory 

work towards answering the relative contributions of biotic and abiotic VOC production in the 

marine environment and will be further pursued. 

Heterogeneous aging of SSA by OH radical led to significant changes in its morphology, 

with the total loss of prism-like and aggregate type particles, and a large enhancement in core-shell 

particles. Increased oxidation of organic aerosol has been shown to increase its viscosity, 

potentially affecting its phase state (Athanasiadis et al., 2016; Saukko et al., 2012). This process 

may have contributed to the change in SSA morphologies observed here. An alternative 

explanation is that coating of secondary organic species onto the SSA altered its morphology. 

Future studies are necessary to understand how both of these processes influence SSA phase and 

morphology, and the potential influence on its climate relevant properties, such as ice nucleation, 

water uptake, and light scattering. 

6.7  Conclusions 

In summary, wave channels represent an important method for understanding the 

production and properties of marine aerosols and gases under controlled laboratory conditions. 

Optimization of the wave channel system has enabled even more detailed atmospheric 

measurements over previous experimental campaigns. In addition, major improvements have been 

made in the capability to simulate complex seawater biology. The incorporation of oxidation flow 

reactors has, for the first time, enabled the study of secondary aerosol formation and photochemical 

aging of SSA during a large-scale wave channel experiment. Preliminary findings from the 

SeaSCAPE campaign have shed light on the photochemical production of VOCs, impact of 
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atmospheric aging on SSA phase and morphology, and the chemical composition of SMA.  Future 

analysis of the SeaSCAPE dataset is expected to give insight to, among other processes, the nature 

of marine INPs in both freshly-emitted and aged SSA; the potential for both SSA and SMA to 

serve as CCN in the marine atmosphere; the molecular composition of SSA and its links to 

biological activity; the identity of unique marine VOCs and possible SOA precursors; and the 

effect of photochemical aging on the chemical composition of marine aerosols. Oceanic emissions 

of both gases and particles have profound effects on the climate through their interactions with 

clouds and solar radiation. Laboratory ocean-atmosphere experiments have and will continue to 

expand our knowledge of marine aerosols and their influence on the climate system.  
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6.9 Figures 

 

Figure 6.1 Schematic of the SIO Ocean Atmosphere Interaction Facility (OAIF) Wave Channel: 

Notable locations for sampling and air outflow are denoted by 1, 2, 3, 4 where the distances of 

each (from the front of the wave channel): 1 = 6 m , 2 = 16.0 m , 3 = 17.5 m , 4 = 20.6 m. 

Fluorescent lighting was strung across the entire length of the wave channel 
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Figure 6.2 a) SeaSCAPE Bloom 3 Chl-a, DOC, and heterotrophic bacteria counts over the 

mesocosm duration. Asterisks indicate notable interventions in mesocosm. Asterisks 1 and 2 

correspond to nutrient additions specified in Table 6.1. Asterisk 3 corresponds to the addition of 

the outdoor tank to the wave channel. Asterisk 4 corresponds to the scraping of wave channel walls 

to remove light-obstructive detritus. Asterisks 5 and 6 correspond to the addition of circulating 

pumps to resuspend cellular material aggregated on the wave channel bottom. b) SeaSCAPE 

Bloom 3 water temperature, dissolved CO2, and dissolved O2. 

  



 

  203 

 

Figure 6.3 Histogram comparing mixing ratios of DMS, methanethiol, benzene, and toluene in 

the ISV, wave channel headspace downstream of wave-breaking, hydraulics laboratory room air, 

and air handling system. Bars represent the averages over the first eight days (7/24-8/1) of the third 

bloom, and error bars represent the standard deviation in the measurements. 
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Figure 6.4 Replicate experiments of m/z 62 (dimethyl sulfide) arrival time at sampling port after 

injection into wave channel headspace at the upstream location. Instrument signal was boxcar 

smoothed into 10 second bins. Arrival times of DMS correspond to a wave channel headspace 

velocity between 4.9-7 cm·s-1 
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Figure 6.5 a) SSA number concentrations measured at 5 sampling locations with a 5 cm port depth, 

testing 3 different fan settings, which will control the air velocity in the wave channel headspace. 

The lowest setting (1500 RPM) was determined to yield the highest SSA concentrations at all 

sampling locations due to less dilution. b) SSA number concentrations at the different sampling 

locations with a fan speed of 1500 RPM, showing the effect of sampling port depth below the lids 

(0 cm, 5 cm, and 10 cm below the channel lids). There is no clear relationship between sampling 

port depth or location and number concentration, indicating heterogeneous particle concentrations 

in the channel headspace. The sampling port locations are evenly spaced and correspond to 0 cm, 

60 cm, 120 cm, 180 cm, and 240 cm after the end of the wave breaking beach. 
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Figure 6.6 Micrographs of representative taxa across the duration of bloom 3, a-b) diatoms and 

dinoflagellates (beginning of bloom), c) mixed aggregates (dominated by diatoms and haptophytes 

mid bloom), d) microzooplankton (micro zooplankton and ciliates peak at the end of the bloom). 

e) Time series speciation of phytoplankton taxa across SeaSCAPE. 
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Figure 6.7 Three dimensional mDOM GCxGC comparison spectra: a) Comparison of organic 

signature pre and post water transport from pier b) Comparison of organic signature pre and post 

concentrated bloom addition (8/1/2019). Peaks of positive (upward facing) intensity reflect ions 

observed to increase in intensity following treatment. Very few ions increased in intensity after 

transfer from ocean to wave channel compared to the addition of the outdoor culture. 
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Figure 6.8 Hourly average SSA number concentrations for all blooms, demonstrating the large 

variability in aerosol production, as well differing diurnal behavior. In general, particle 

concentrations tended to be higher and more variable during the daytime, but lower and more 

stable overnight. The background particle counts, as measured by the upstream CPC, are also 

shown.  
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-

 

Figure 6.9 Data from gas-phase modified APCI high resolution mass spectrometry of Bloom 2 

seawater collected on July 20th showing a) total ion current of summed volatile species found to 

be sensitive to irradiation, where gray indicates when the sample was kept dark and yellow when 

the sample was subjected to light; b) the signal enhancement of C6H6O, or phenol, immediately 

upon irradiation, and c) the signal enhancement of C10H16O, or beta-cyclocitral, immediately upon 

irradiation. Error bars represent one standard deviation of the signal averaged over its highest peak.  
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Figure 6.10 a) Representative AFM 3D-height images of individual SSA particles observed during 

the peak of the bloom (Aug 3rd). Color scale shows height difference between the particles b) 

Relative distribution of the morphologies in nascent and aged SSA samples. Prism-like, core-shell, 

rounded, and aggregates particles are represented by purple, yellow, green, and orange colors, 

respectively. Impacts of aging on SSA show a relative increase in the fraction of core-shell 

particles and the loss of prism-like particles.  

 

 

 

 

 

 

 

 

a 

b 



 

  211 

6.10 Tables 

Table 6.1: Summary of nutrient additions during the three SeaSCAPE bloom cycles. 

Bloom 

Cycle 

Water Fill 

Date 

Nutrient Addition 

Date 
Nutrient Concentration 

Bloom 1 7/1/2019 7/4/2019 f/2 nutrients + silicates 

Bloom 2 7/12/2019 7/14/2019 f/20 nutrients + silicates 

Bloom 3 7/23/2019 

7/25/2019 f/20 nutrients + f/40 silicates 

7/26/2019 Addition silicates, to f/20 total 

8/1/2019 
Additional nutrients and silicates, to 

total concentration of f/2 for both 
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Table 6.2 Summary of all online aerosol measurement techniques employed during SeaSCAPE. 

The sample type is designated by a single letter (N = Nascent SSA, H = Heterogeneously-aged 

SSA, S = Secondary Marine Aerosol) 

 

Measurement Technique 
Sample 

type 

Sampling 

Interval 
Reference 

Dry (RH<20%) 

particle size 

distributions from 5 

nm to 20 μm 

Scanning Mobility Particle 

Sizer (SMPS, TSI Inc) 
N,H,S 2-5 min 

(Shen et al., 

2002) 

Aerodynamic Particle Sizer 

(APS 3321, TSI Inc) 
N,H 1 min 

(Peters and 

Leith, 2003) 

Scanning Electrical Mobility 

Spectrometer (SEMS, Brechtel) 
N,H 5 min 

(Lopez-

Yglesias et al., 

2014) 

Total particle number 
Condensation Particle Counter 

(CPC) 
N 1 s 

(Hering et al., 

2019) 

Single particle 

composition and size 

Aerosol Time-of-Flight Mass 

Spectrometer (ATOFMS) 
N,H 1 min 

(Gard et al., 

1997) 

Size-resolved 

submicron aerosol 

non-refractory 

composition 

High Resolution Time-of-Flight 

Aerosol Mass Spectrometer 

(HR-ToF-AMS) 

N,H,S 5 min 
(DeCarlo et al., 

2006) 

Submicron aerosol 

chemical composition 

Thermal Desorption Chemical 

Ionization Mass Spectrometer 

(TD-CIMS) 

N,S 
N: 1 h 

S: 30 min 

(Smith et al., 

2004; Voisin et 

al., 2003) 

Submicron aerosol 

chemical composition 

Extractive Electrospray 

Ionization Mass Spectrometry 

(EESI-MS) 

N,H,S 1 s 
(Lopez-Hilfiker 

et al., 2019) 

Size-resolved cloud 

condensation nuclei 

activity 

Continuous-flow streamwise 

thermal-gradient CCN counter 
N,H,S 30-60 min 

(Roberts and 

Nenes, 2005) 

Relative humidity-

dependent aerosol 

bounce 

Electrical Low Pressure 

Impactor (ELPI) 
N,H,S 1 min 

(Jain and 

Petrucci, 2015) 

INP concentration 
Continuous-flow diffusion 

chamber (CFDC) 
N,H 5-15 min 

(Demott et al., 

2015) 

Size-resolved 

fluorescent biological 

particle number 

concentrations 

Wideband Integrated Bioaerosol 

Sensor (WIBS) 
N,H 1 s 

(Gabey et al., 

2011) 
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Table 6.3 Summary of all offline aerosol measurement techniques employed during SeaSCAPE. 

The sample type is designated by a single letter (N = Nascent SSA, H = Heterogeneously-Aged 

SSA, S = Secondary Marine Aerosol) 

 

Measurement 
Collection 
Technique 

Analysis 
Technique 

Sample 
type 

Sampling 
Interval 

Reference 

INP concentration and 
characteristics 

Polycarbonate 
filters 

Ice 
Spectrometer 

N,H 1-5.5 h 
(Perkins et al., 

2020) 

Size-segregated 
organic aerosol 

composition 

Sioutas 
Cascade 
Impactor 

High resolution 
mass 

spectrometry 
N,H 6-12 h 

(Cochran et 
al., 2016; 

Hettiyadura 
et al., 2017) 

Single particle 
morphology, phase 

state, organic volume 
fraction, and water 

uptake 

MOUDI 
Impactor 

Atomic force 
microscopy 

(AFM) 
N,H 

N: 5-6 h 

H: 1-2 h 

(Lee et al., 
2017, 2020a) 

AFM 
photothermal 

infrared 
spectroscopy 
(AFM-PTIR) 

N,H 
N: 5-6 h 

H: 1-2 h 

(Or et al., 
2018) 

Immersion freezing of 
single particles 

MOUDI 
Impactor 

Micro-Raman 
spectroscopy 

N,H 
N: 5-6 h 

H: 1-2 h 

(Mael et al., 
2019) 

Aerosol pH 
MOUDI 

Impactor 
pH paper N 1-2 h 

(Angle et al., 
2020) 

Chemical and 
microbial composition 

 

Quarts fiber 
filters 

 

High-resolution 
mass 

spectrometry 
N 24 h 

(Petras et al., 
2017) 

16S/18S rDNA 
sequencing 

N 24 h Michaud 

Viral and bacterial 
abundances 

Spot sampler Flow cytometry N 6h 

(Brussaard, 
2004; Gasol 

and Del 
Giorgio, 2000) 

Enzymes Activities Spot sampler 
Fluorogenic 
substrates 

N 6 h (Hoppe, 1983) 

C13-C36 n-alkane 
equivalents chemical 

speciation 

Quartz Fiber 
Filters 

GCxGC-HRTOF-
MS 

N 
14 h /10 h 
(day/night) 

(Jen et al., 
2019) 

Submicron and 
Supermicron Isotopic 

Analysis 

Cyclone and 
Quartz Fiber 

Filters 

MAT 253 
Isotope-ratio 

mass 
spectrometry 

(IRMS) 

N 48 h 
(Crocker et 
al., 2020) 
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Table 6.4 Summary of all gas-phase measurement techniques employed during SeaSCAPE. The 

sample type is designated by a single letter (W = wave channel headspace, I = isolated sampling 

vessel headspace, D = dissolved gases, A = air handling system, O = OFR, B = bulk seawater, L 

= SSML) 

 

Measurement Technique 
Sample 

type 

Sampling 

Interval 
Reference 

O3 

UV absorption, Thermo 

Environmental Model 49C 
W 1 s N/A 

UV absorption, 2B 

Technologies Model 202 
A,O 1 s N/A 

NO-NO2-NOx 
Chemiluminescence, Thermo 

Environmental Model 42C 
W,A 1 s N/A 

SO2 
Pulsed fluorescence, Thermo 

Environmental Model 43iQ 
W,A 1 s N/A 

VOCs 
Vocus Proton Transfer Reaction 

Mass Spectrometry (PTR-MS) 
W,I,A 1 s 

(Krechmer et 

al., 2018) 

Sulfur-containing 

VOCs 

Chemical Ionization Mass 

Spectrometry (Benzene reagent 

ion, B-CIMS) 

I,D 1 s 
(Kim et al., 

2016) 

C5-C18 n-alkane 

equivalents 

TD-GCxGC-EI/VUV-HRTOF-

MS 
I 

20 min 

collection, 

every 1-3 days 

(Hatch et al., 

2019) 

Abiotic photo-

enhanced surface 

products 

Gas phase modified-

atmospheric pressure chemical 

ionization Orbitrap mass 

spectrometry (APCI-MS) 

B,L 24 h 
(Roveretto et 

al., 2019) 
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6.11 Supplementary Figures 

 

Figure 6.11 Photographs showing the design and dimensions of the isolate sampling vessel 

(ISV) used for gas-phase and OFR experiments during SeaSCAPE 
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Figure 6.12 GCxGC spectrum of Scripps Pier mDOM prior to transport into the wave channel.  

Significant contributions of anthropogenic plasticizers, wastewater effluent products, and personal 

care products (identified by confident mass spectral match to NIST library complemented by 

literature review) highlighted. 
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Figure 6.13 Time series chlorophyll-a and DOC for mesocosm blooms 1 (a) and 2 (b) during 

SeaSCAPE 
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Chapter 7. CAICE Studies: Insights from a Decade of Ocean-Atmosphere Experiments in 

the Laboratory 

7.1 Conspectus 

Ocean-atmosphere interactions control the composition of the atmosphere, hydrological 

cycle, and temperature of our planet, as well as affect human and ecosystem health. Our 

understanding of the impact of ocean emissions on atmospheric chemistry and climate is limited 

relative to terrestrial systems, despite the fact oceans cover the majority (71%) of the Earth. As a 

result, the impact of marine aerosols on clouds represents one of the largest uncertainties in our 

understanding of climate, which is limiting our ability to accurately predict the future temperatures 

of our planet. The emission of gases and particles from the ocean surface constitutes an important 

chemical link between the ocean and atmosphere, and is mediated by marine biological, physical 

and chemical processes. It is challenging to isolate the role of biological ocean processes on 

atmospheric chemistry in the real world, which contains a mixture of terrestrial and anthropogenic 

emissions. One decade ago, the NSF Center for Aerosol Impacts on Chemistry of the Environment 

(CAICE) took a unique ocean-in-the-laboratory approach to study the factors controlling the 

chemical composition of marine aerosols and their effects on clouds and climate. CAICE studies 

have demonstrated that the complex interplay of phytoplankton, bacteria, and viruses exerts 

significant control over sea spray aerosol composition and the production of volatile organic 

compounds. In addition, CAICE experiments have explored the physical production mechanisms 

and their impact on the properties of marine cloud condensation nuclei and ice nucleating particles, 

thus shedding light on connections between the oceans and cloud formation. As these ocean-in-

the-laboratory experiments become more sophisticated, they allow for further exploration of the 

complexity of the processes that control atmospheric emissions from the ocean, as well as 
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incorporating the effects of atmospheric aging and secondary oxidation processes. In the face of 

unprecedented global climate change, these results provide key insights into how our oceans and 

atmosphere are responding to human-induced changes to our planet.  

This account presents results from a decade of research by chemists in the NSF Center for 

Aerosol Impacts on Chemistry of the Environment. The mission of CAICE involves taking a 

multidisciplinary approach to transform the ability to accurately predict the impact of marine 

aerosols on our environment by bringing the full real-world chemical complexity of the 

ocean/atmosphere into the laboratory. Towards this end, CAICE has successfully advanced the 

study of the ocean-atmosphere system under controlled laboratory settings through the stepwise 

simulation of physical production mechanisms and incorporation of marine microorganisms, 

building to systems which replicate real-world chemical complexity. This powerful approach has 

already made substantial progress in advancing our understanding of how ocean biology and 

physical processes affect the composition of nascent SSA, as well as yielded insights that help 

explain longstanding discrepancies in field observations in the marine environment. CAICE 

research is now using laboratory studies to assess how real-world complexity, such as warming 

temperatures, ocean acidification, wind speed, biology, and anthropogenic perturbations, impacts 

the evolution of sea spray aerosol properties, as well as shapes the composition of the marine 

atmosphere.  

7.2 Introduction 

Marine aerosols constitute an important chemical link between the oceans and the 

atmosphere. Aerosols affect climate directly by scattering incoming solar radiation and indirectly 

by affecting cloud properties (Carslaw et al., 2009). Aerosols can serve as cloud condensation 

nuclei (CCN), which influences the size and number of droplets in a cloud, thus affecting 
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precipitation and interactions with radiation (Andreae et al., 2005),(Rosenfeld et al., 2014). In 

addition, some aerosols may serve as ice nuclei (IN), facilitating the formation of ice crystals in 

mixed-phase clouds (Kanji et al., 2017),(Wilson et al., 2015). Aerosol-cloud interactions constitute 

the largest source of uncertainty in our understanding of the Earth’s radiative budget,(Boucher et 

al., 2013) with a large contribution from the understanding of natural aerosols (Carslaw et al., 

2013). 

The climate impacts of marine aerosols are of particular interest, as oceans cover 71% of 

the Earth’s surface. Primary sea spray aerosol (SSA) is generated by bubble-bursting at the ocean 

surface as a result of breaking waves. Secondary marine aerosol (SMA) is formed from the 

oxidation of volatile gases emitted from the oceans,(O’Dowd and de Leeuw, 2007) which can 

result in the formation of new particles through nucleation processes (Covert et al., 

1992),(Vaattovaara et al., 2006). Alternatively, secondary species can condense onto existing 

particles in the marine atmosphere, such as SSA, influencing their chemical composition and 

properties (Fitzgerald, 1991). Biological activity in seawater exerts significant control over the 

chemical composition of SSA,(O’Dowd et al., 2004),(Wang et al., 2015) as well as the emission 

of gas-phase precursors which form SMA (Andreae and Raemdonck, 1983),(Arnold et al., 2009).  

A major challenge in the study of marine aerosols and gases is disentangling the multitude 

of factors which influence their composition and properties: biological activity in seawater; 

transport of terrestrial and anthropogenic aerosols and gases to marine regions; heterogeneous and 

photochemical aging processes; physical parameters such as wind speed, temperature, and relative 

humidity; and secondary aerosol formation and growth processes. These numerous confounding 

variables make it challenging to disentangle the individual contributions from each of these 

processes, which impedes our ability to model and predict the properties of marine aerosols. 
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Ocean-atmosphere experiments conducted in the laboratory have the significant advantage of 

allowing for the isolated study of individual processes which control marine aerosol composition, 

properties, and production flux. Here, we discuss ocean-atmosphere experiments addressing the 

aforementioned challenges. Through the implementation of technologies designed to produce 

marine aerosols as naturally as possible, we outline the various directions of new inquiry opened 

by the ocean-atmosphere experimental approach as well as the successes already achieved (Figure 

7.1). Lastly, we introduce the future of ocean-atmosphere experiments through the lens of an 

under-development facility which seeks to improve upon previous designs and allows for the study 

of external perturbations on the natural marine environment including high speed winds and cold 

ocean temperatures. 

7.3 Making Waves: Sea Spray Aerosol Generation 

Multiple CAICE innovations have advanced our understanding of atmospheric chemistry 

through ocean-in-the-laboratory approaches. Initial experiments focused on using accurate 

production methods to generate realistic SSA in controlled laboratory settings. In the past, many 

studies have used sintered glass filters to produce SSA by forcing air through the filters to produce 

bubbles, which rise to the surface and burst, producing SSA (Quinn et al., 2015),(Sellegri et al., 

2006). However, a major drawback of these methods is that they produce a very narrow range of 

bubble sizes, which skews the resulting SSA size distribution and produces a persistent surface 

foam (Collins et al., 2014). In order to produce realistic SSA, it is necessary to simulate the action 

of real breaking ocean waves, which intermittently entrain air beneath the ocean surface via the 

action of plunging sheets of water, producing a wide range of bubble sizes. To accurately capture 

this process in the laboratory, CAICE has pioneered the use of wave channels for laboratory studies 

of marine aerosols (Prather et al., 2013). Traditionally used for experiments in physical 
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oceanography, these large channels often hold over 10,000 L of seawater and produce waves using 

computer-controlled reciprocating paddles (Figure 7.2A), which send artificial waves to break on 

an artificial beach. To facilitate studies of marine aerosols, CAICE researchers transformed an 

existing wave channel into an ocean-atmosphere simulator by sealing it with lids to create an 

enclosed headspace along the full length of the channel. Clean, particle-free air is provided to the 

headspace by a specialized filtration system. These modifications have enabled the study of sea 

spray aerosol generated by real breaking waves in natural seawater under the cleanest possible 

conditions, isolated from anthropogenic and terrestrial influences. An advantage of their large size, 

wave channels allow for many analytical instruments in the same location to sample both seawater 

properties as well as gases and aerosols in the headspace. These large-scale experiments have 

discovered numerous processes which govern and contribute to the transfer of molecules from the 

ocean to the atmosphere (Cochran et al., 2017; Wang et al., 2015).  

Despite serving as the “gold standard” for ocean/atmosphere experiments, drawbacks of 

the use of wave channels are the size and cost, which limit widespread usage. This has been 

addressed by the development of smaller SSA generation devices which produce realistic bubble 

and aerosol size distributions without requiring the use of a full-sized wave channel. The Marine 

Aerosol Reference Tank (MART) is a CAICE-developed 210 L acrylic tank which generates an 

intermittent plunging sheet of water to produce a bubble plume which replicates the size 

distribution and has a temporal evolution similar to bubble plumes measured in the ocean and in 

wave tanks (Figure 7.2B) (Stokes et al., 2013). These bubbles rupture at the water surface, 

producing SSA closely matching the size distribution produced by breaking waves in wave 

channels and the natural environment (Figure 7.2D). The enclosed MART headspace, containing 

both aerosols and gases, can then be sampled by various offline and online methods at particle 
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concentrations (~500 #/cm3) needed for most measurement techniques. Replication of the proper 

SSA size distribution has been a crucial advancement in answering questions such as the impact 

of changing biology on SSA flux and hygroscopicity.(Collins et al., 2016) Other questions, 

difficult to study in the field, such as the influence of seawater temperature on SSA production, 

have also been investigated using the MART (Forestieri et al., 2018). Natural or artificial seawater 

added to the MART can be biologically stimulated through nutrient and culture additions to grow 

a representative range of natural marine microorganisms. The versatility of the MART as an 

accurate SSA production device make it useful not only for investigations of the influences of 

ocean biology, but the physiochemical properties of aerosols as well (Ault et al., 2013; Lee et al., 

2015; Ryder et al., 2015a). The MART has been widely adopted as the de facto method for 

generating realistic SSA size distributions and has been utilized by researchers outside of CAICE 

for studies on physical production mechanisms,(Harb and Foroutan, 2019) health effects,(van 

Acker et al., 2020; Asselman et al., 2019) and ship-based measurements of marine aerosols (Bates 

et al., 2020). 

An undesirable side-effect of the centrifugal pump currently used in the MART is potential 

physical damage to the marine microorganisms via pump shear, which distorts the biological 

communities towards the most hardy species (Collins, 2014). To facilitate smaller scale 

experiments and preserve fragile microorganisms, a smaller MART which uses a gentler plunging 

mechanism was developed. The miniMART features a 19 L acrylic tank where a small plunging 

waterfall is generated through the action of a water wheel (Figure 7.2C) (Stokes et al., 2016). 

Similarly, bubble plumes and short-lived foams are generated which produce bubble size 

distributions and sea spray aerosol closely matching the size distribution found in the natural 

ocean. Through the miniMART, multiple findings regarding the behavior of surface partitioned 
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organics, marine enzymes, and ice nuclei have been obtained (Hasenecz et al., 2019). The wave 

channel, MART, and miniMART represent the ability to perform ocean-atmosphere experiments 

across four orders of magnitude of water volume, giving massive flexibility towards the design of 

experiments which vary in scale, expense, and complexity. Tradeoffs in constraints involving the 

air flow, number of SSA produced, ease of cleaning, experimental footprint, transport of water, 

and other logistical factors must be considered. At the wave channel level, the operational 

environment and level of effort is similar to that of a field campaign, whereas the miniMART can 

be easily used to conduct smaller scale experiments by a single investigator in the laboratory. 

7.4 Building the Biological Complexity of Ocean-Atmosphere-Simulations   

The initial ocean-atmosphere experiments conducted in CAICE focused on accurately 

producing SSA in the laboratory, both with regards to size distributions and chemical complexity. 

This was accomplished initially using a wave channel to generate realistic SSA from natural 

seawater, and later by the development of the MART and miniMART. Following the development 

of physical production methods, the next goal of CAICE was to understand how biological activity 

in the oceans modulates and controls the properties of SSA. To this end, a novel mesocosm 

experiment was conducted in the wave channel to simulate the biological and chemical complexity 

of the real ocean.1 During this 5-day mesocosm, cultures of marine phytoplankton and bacteria 

were added to the seawater in the wave channel. The major findings of this study in 2011 were 

that biogenic organic species have profound impacts on the chemical composition and properties 

of SSA. However, as the cultures were added to the seawater sequentially, this experiment did not 

adequately simulate the full progression of a real oceanic phytoplankton bloom. The next major 

ocean-atmosphere experiment within CAICE was the Investigation into Marine Particle Chemistry 

and Transfer Science (IMPACTS) experiment in 2014. During this campaign, a phytoplankton 
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bloom was induced in natural seawater by adding nutrients to the wave channel and measuring the 

evolution of SSA composition and properties over the full bloom life cycle. A major goal was to 

replicate the microbial loop—a process which occurs naturally in the oceans wherein marine 

phytoplankton, bacteria, and viruses interact dynamically over the course of a bloom cycle (Azam 

et al., 1983). 

During IMPACTS, marked differences were observed in SSA properties over two 

subsequent blooms, including the aerosol composition, organic speciation, and INP production, 

which has been attributed to differences in the phytoplankton and bacterial dynamics in the system 

(Wang, 2017). The role of enzymes, specifically lipase, produced by marine microorganisms was 

found to transform the available pool of aqueous organic carbon to a more soluble state (Wang et 

al., 2015). The effects of the microbial transformation of the marine organic carbon were later 

observed in the composition of aerosols produced through wave breaking. Specifically, the fraction 

of aliphatic-rich SSA was observed to be enhanced during periods of high phytoplankton 

productivity and low bacterial activity. This trend was found to be reversed in cases where 

phytoplankton activity was high with commensurately high bacterial activity. This discovery 

stimulated further research into the role of lipase as an effector of aerosol composition inside 

individual droplets, uncovering a new mechanism for the transformation of organic compounds 

after aerosolization (Malfatti et al., 2019). These results together advance an important narrative 

that the competition between phytoplankton production and bacterial degradation exert control on 

the composition of marine aerosols which contrasts with attempts to predict aerosol composition 

using chlorophyll-a (chl-a) alone (Quinn et al., 2014; Rinaldi et al., 2013).  

Beyond their influence on the array of organic matter, the diversity of marine bacteria and 

viruses aerosolized from IMPACTS seawater was characterized using state-of-the-art sequencing 
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approaches (Michaud et al., 2018). This research uncovered new information about specific 

microorganisms that are preferentially transferred from seawater to aerosols, while also connecting 

the physiochemical structure of the microorganisms to their efficiency of aerosolization. 

Aerosolized taxa also included notable species of infectious concern such as Legionella, E. coli, 

Corynebacterium, and Mycobacterium. The implications of taxon-specific aerosolization from 

marine environments are multifold: where ice nucleation efficiency of different marine organisms 

can influence cloud formation, and certain taxa may have significant impacts on human health. 

These findings highlight how biological complexity in the oceans affects marine aerosol 

composition and atmospheric chemistry.  

Further experiments simulating the influence of biological complexity on SSA properties 

have been conducted using MARTs. The Biological Effects on Air-Sea Transfer (BEAST) 

experiment investigated the influence of marine bacteria and viruses on SSA composition and 

organosulfur gas production. Results from BEAST have shed insight on the bacterial turnover of 

marine saccharides and their transfer to the aerosol phase (Hasenecz et al., 2020).  In the same 

experiment, the production of non-dimethyl sulfide organosulfur gases, methanethiol and dimethyl 

disulfide was found to be significantly enhanced, with flux ratios of (MeSH+DMDS/DMS) which 

ranged from 0.2-35, significantly higher than those observed in field studies.(Sauer et al., 2020) 

The unexpected production of these reactive gases was connected to both the turnover in bacterial 

assemblages as well as possible changes in metabolic pathways influencing the transformation of 

these dissolved gases. These findings have further reinforced the importance of accounting for the 

community structure and activity of marine microorganisms. 

7.5 Probing the Chemical Complexity of Sea Spray Aerosol 
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The ability to produce realistic SSA in the laboratory from natural seawater across a wide 

range of biological conditions, with no contamination from terrestrial gases and aerosols, has 

greatly expanded our understanding of the chemical complexity of SSA. Studies have investigated 

the chemical composition of freshly emitted SSA including, morphology and structure, individual 

particle mixing state, and reactivity with atmospheric trace gases. Early results from wave channel 

experiments indicated that SSA is an external mixture, made up of four distinct particle types 

including sea salt, mixed sea salt/organic, organic, and biological particles. In a landmark study on 

the composition of SSA, the presence of whole bacteria, viruses, phytoplankton, and marine 

vesicles was discovered using cryo-electron microscopy performed on MART and wave channel 

generated aerosols.(Patterson et al., 2016) The molecular diversity of SSA has also been shown to 

be sensitive to biological activity and vary over time in response to the dynamics of phytoplankton 

and heterotrophic bacteria in seawater (Cochran et al., 2017). 

Results from laboratory ocean-atmosphere experiments within CAICE have shown that 

nascent SSA is enriched with organic compounds relative to both bulk seawater and the sea surface 

microlayer (SSML). For example, saccharides were observed to be enriched in submicron SSA 

from 14 to 1314-fold relative to seawater (Jayarathne et al., 2016). Analysis of SSA by high 

resolution mass spectrometry has shown that the molecular composition of nascent SSA is size 

dependent, and that organic surfactants such as fatty acids are selectively transferred to smaller 

particles (Cochran et al., 2016). Further studies have shown that the size-selective transfer of 

organic material from seawater to the aerosol phase is largely driven by the mechanics of bubble 

bursting. Briefly, the bursting of the bubble cap produces film drops, which are enriched with 

hydrophobic materials which partition to the air-water interface, while jet drops are produced by 

the collapse of the bubble cavity. These two different SSA production mechanisms result in an 
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externally mixed aerosol population, with two distinct chemical compositions.1 While it was 

previously believed that film drops contributed primarily to the submicron aerosol and jet drops 

contributed to the supermicron mode, CAICE experiments have shown that jet drops can produce 

up to 43% of submicron SSA (Wang et al., 2017).  

The mixing state and chemical complexity of SSA has been shown to have a significant 

influence over heterogenous reactions with atmospheric trace gases. These findings have 

significant implications for atmospheric chemistry and climate models, as many currently 

approximate the properties of SSA as that of pure NaCl. The reactions of SSA with reactive 

nitrogen species (i.e. N2O5, HNO3) have been of particular interest, given their impact on the global 

NOx budget. CAICE laboratory studies of the reaction between individual nascent SSA particles 

with nitric acid have shown a wide range of behavior, from no reaction to complete reaction, due 

to both particle type and heterogeneity within individual particles (Ault et al., 2014b). The analysis 

of individual SSA particles using transmission electron microscopy (TEM) has shown that 

particles undergo ion redistribution after reaction with nitric acid, which indicates particle structure 

plays an important role in controlling heterogeneous reactivity (Ault et al., 2013).  

In addition, studies on the reactive uptake of N2O5 by laboratory-generated SSA have also 

been conducted within CAICE (Ryder et al., 2015a). These experiments used a MART to generate 

SSA from both natural ocean water and artificial seawater, which was sequentially doped with 

molecular mimics of seawater organics, and found that organic films do not impede the reactive 

uptake of N2O5 at high relative humidity. Studies on the uptake N2O5 at the air-sea interface have 

found that aromatic compounds (i.e. phenol and humic acid) present at an air-liquid interface can 

suppress the yield of ClNO2 by acting as competitive reactants with chloride  (Ryder et al., 2015b). 

Notably, the usage of low-complexity seawater mimics failed to reproduce the uptake properties 
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observed both in the field and with MART generated aerosols, showing the need for experiments 

that maintain the high complexity of the marine environment. These results highlight the utility of 

ocean-atmosphere simulators, which can be used to generate model SSA containing selected 

compounds in order to simplify and understand the specific variables which contribute to the full 

complexity of the real environment. 

7.6 Climate-Relevant Properties of Marine Aerosols 

Aerosol-cloud interactions are the largest source of uncertainty in our understanding of the 

climate system (Boucher et al., 2013). The oceans have been identified as a major source of ice 

nucleating particles (INP), however, terrestrial contributions from dust and other sources dominate 

in regions where there is long-range transport of these aerosols, including over the oceans 

(McCluskey et al., 2018b, 2018a) (McCluskey et al., 2018b, 2018a). Marine INP are now known, 

partially due to findings by CAICE, to be excellent ice nucleators, however the rarity of marine 

INPs (about 5 in 105 particles at -30˚C) makes understanding their composition very difficult 

(DeMott et al., 2015). In order to study marine INP, measurements must be conducted in extremely 

remote sampling locations. By isolating ocean from terrestrial influences in the laboratory, it was 

possible to definitively identify and measure the properties of INP emitted from the oceans 

(DeMott et al., 2015), (McCluskey et al., 2017). The usage of more representative SSA production 

techniques like the MART and wave channel have shown that the production method is important 

to INP release (DeMott et al., 2015). Further studies on marine INP have focused on developing a 

molecular-level understanding of the sources of these particles and how they are influenced by the 

activity of different marine microorganisms such as phytoplankton and bacteria (Mccluskey et al., 

2018),(DeMott et al., 2018).  
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Laboratory ocean-atmosphere experiments have lent clarity to the debate over what drives the 

correlations between cloud droplet number and seawater chlorophyll-a concentrations observed in 

remote sensing studies (McCoy et al., 2015). It was hypothesized that biological activity in 

seawater could either affect the CCN activity and production flux of SSA, or it could result in 

increased SMA formation. Research within CAICE has shown that biological activity in seawater 

has a weak effect on the CCN activity of freshly emitted SSA, and that the observed changes 

cannot account for the observed influence on cloud properties (Collins et al., 2016). Using a 

miniMART, Forestieri and coworkers observed a strong relationship between SSA production and 

water temperature for artificial seawater, which is consistent with parameterizations in the 

literature (Forestieri et al., 2018). However, for natural seawater, they observed seemingly random, 

irreproducible variability in SSA production, which evolved over the course of several days. This 

variability was attributed to temporal changes in the water composition, possibly related to organic 

or biological components of the natural seawater not present in the artificial mimics. While some 

conflicting data regarding SSA flux has been reported, (Alpert et al., 2015; Christiansen et al., 

2019; Forestieri et al., 2018, Collins et al., 2013) recently Bates and coworkers utilized a MART 

deployed during a ship-based study in the North Atlantic and concluded that variability in the flux 

of SSA was not linked to the activity of marine phytoplankton (Bates et al., 2020). In summary, 

influence of biological activity on SSA flux, and by extension CCN concentrations, remains highly 

uncertain.   

Further experiments within CAICE have shown that the changes in SSA flux and 

hygroscopicity during a phytoplankton bloom cycle cannot explain the observed correlations 

between chl-a and cloud properties. During four subsequent phytoplankton bloom cycles, we 

found a weakly negative correlation between the flux of SSA from a MART (as evidenced by the 
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integrated number concentrations) and the seawater chl-a concentrations, a proxy for biological 

activity (Figure 7.3a). In addition, the shape of the size distribution remained relatively constant 

throughout the experiments (Figure 7.5). While some variability is observed in the production of 

SSA during these experiments, it does not appear to be driven by phytoplankton alone. In addition, 

no correlation was observed between chl-a and the apparent hygroscopicity parameter, which 

remained relatively unchanged the course of all four bloom cycles (κapp= 1.02 ± 0.04, Figure 

7.3b). In summary, while there appears to be some degree of natural variability in both the flux 

and hygroscopicity of SSA, ocean-atmosphere experiments using MARTs have conclusively 

shown that this variability is not directly related to marine phytoplankton concentrations, as 

indicated by the chl-a concentrations. The relative insensitivity of SSA flux and hygroscopicity to 

biological activity suggests that the observed correlations between cloud properties and 

phytoplankton blooms is driven by secondary aerosol formation, either through the formation of 

new SMA particles or the condensation of secondary species onto existing particles, thus 

increasing their size and ability to act as CCN. 

7.7 Beyond Primary SSA: Marine Gas Emissions and Atmospheric Reactions 

CAICE ocean-atmosphere experiments have, in the past, primarily focused on the factors 

controlling the properties of freshly emitted SSA; however, in the real marine atmosphere, SSA 

particles are transformed by aging processes, such as photochemistry, oxidation, and reactions 

with trace gases. Understanding how the composition and properties of SSA transform over hours, 

days, or even weeks of atmospheric processing is critical for accurately representing them within 

climate models. In addition, the oceans are a source of volatile organic compounds (VOCs), which 

may lead to the formation of secondary marine aerosol. While a great deal of attention has been 

paid to the formation of sulfate aerosols from dimethyl sulfide oxidation, the role of other reactive 
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trace gases which may contribute to secondary aerosol formation in the marine atmosphere have 

not been fully explored. Currently, a major research focus within CAICE is determining the biotic 

and abiotic factors which control the production of marine VOCs, as well as the properties and 

composition of secondary aerosols formed from their oxidation, and their potential impacts on 

cloud properties and climate.  

Future steps towards replicating the real marine atmosphere in the laboratory have been the 

incorporation of oxidation and atmospheric aging processes. To accomplish this, Potential Aerosol 

Mass Oxidative Flow Reactors (PAM-OFRs) have been coupled with both MARTs and the wave 

channel to generate secondary marine aerosol and simulate the aging of primary SSA. The PAM-

OFR system has been described elsewhere (Kang et al., 2007; Lambe et al., 2011). Briefly, the 

OFR uses UV lamps (λ = 185 nm and 254 nm) to generate high concentrations of OH radical, 

which react with the sampled air as it flows through the reactor. This results in the formation of 

new particles, as well as the oxidation of primary aerosols. In contrast to environmental chambers, 

the short residence time (~100-300 sec) allows for the near real-time measurements of secondary 

aerosol formation and aged SSA on a dynamic system such as a phytoplankton bloom, which can 

evolve and change rapidly. Previously, the PAM-OFR has been primarily used to study terrestrial 

and anthropogenic systems;(Palm et al., 2016) however, results from CAICE have shown the 

utility of this technique for the study of marine systems (Mayer et al., 2020; Trueblood et al., 

2019). The adoption of OFRs for marine aerosol research has pushed the boundaries of ocean-in-

the-laboratory experiments and allowed us to further probe the links between biological activity in 

the ocean and atmospheric chemistry.  

 As CAICE research has shown the controlling influence of biological activity on marine 

aerosol formation involves secondary processes, new ways to understand the production of marine 
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gases have become essential. A particular advantage of ocean-atmosphere experiments is the lack 

of solar flux and oxidants which can break down volatile gases very quickly. For example, during 

BEAST, the lack of these factors in the MART allowed for effective measurement of methanethiol 

and dimethyl disulfide; gaseous species which have high absorption and •OH reactive cross 

sections which keep their steady state concentrations low in the natural environment. Future 

CAICE ocean-atmosphere experiments will continue to take advantage of this property to better 

understand the production of labile volatile species far more difficult to observe in the natural 

environment. Additionally, community structure, stress, solar irradiation, signaling, grazing, 

nutrient availability, and other factors are relevant and important to the production of gases by 

microorganisms in the marine environment (Achyuthan et al., 2017; Carpenter et al., 2012). The 

role of bacteria in the formation of marine alkyl nitrate production was a significant CAICE finding 

enabled by the usage of ocean-atmosphere analogs.(Kim et al., 2015) By eliminating solar flux, 

this production was narrowed down to the marine organisms present, something not yet 

demonstrated in field studies. The role of metabolic partitioning along multiple pathways which 

lead to the production of marine gases, especially organosulfur species, is a central focus of 

CAICE, as the production of these gases in the marine environment is both highly variable and 

poorly understood (Kettle et al., 2001). Building a comprehensive list of marine VOCs and their 

relative fluxes at different biological states is a key CAICE focus which is currently under 

investigation. Furthermore, given the vast wealth of biological speciation data obtained during 

large mesocosm experiments, connecting the production of marine gases to specific biological 

actors is a new research area within CAICE. 

7.8 Outlook 
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 Over the past decade, CAICE studies of isolated ocean-atmosphere interactions have 

greatly expanded our understanding of marine aerosols and their complex chemical properties. 

These experiments bridge the gap between field observations and traditional laboratory studies by 

building up real-world complexity under controlled conditions. New directions in marine aerosol 

research have been opened by findings using the unique ocean-atmosphere in the laboratory 

approach, including investigations into enzyme-aerosol activity, formation of unique vesicle 

macrostructures, heterogenous reactions, and detection of previously under-appreciated reactive 

biogenic gas phase species (Ault et al., 2013; Kim et al., 2015; Malfatti et al., 2019; Patterson et 

al., 2016). 

The Sea Spray Chemistry and Particle Evolution (SeaSCAPE) campaign was the most 

recent CAICE study conducted using a wave channel. This campaign focused on simulating 

atmospheric oxidation processes on both SSA and gases emitted from seawater during a 

phytoplankton bloom cycle. In addition to the oxidation experiments, comprehensive 

measurements were made of nascent SSA. Briefly, these measurements include aerosol chemical 

composition, size distributions, phase and morphology, hygroscopicity, IN activity, and trace gas 

speciation. The SeaSCAPE campaign will directly measure how rapid atmospheric processing 

transforms the properties of marine aerosols, enabled by laboratory ocean-atmosphere 

experiments. While significant progress has been made, critical gaps remain in our ability to fully 

simulate the marine environment, such as capturing the full temporal scale of oxidation and aging 

processes. These challenges must be addressed by modeling and the development of new 

innovative experimental proxies. 

Future ocean-atmosphere experiments in CAICE will take the next step and center around 

the development of the Scripps Ocean Atmosphere Research Simulator (SOARS), shown in Figure 
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7.4. Once completed (planned by summer 2021), this first-of-its-kind facility will enable unique 

multidisciplinary experiments simulating a wide range of biological, physical, and chemical 

factors which influence the marine atmosphere. As a fully temperature-controlled wind-wave 

channel, SOARS will provide control of waves, windspeed (up to gale force winds), diurnal light 

cycling, and both water and air temperature (from polar to tropical conditions). An integrated 

environmental reaction chamber will allow for the simulation of atmospheric oxidation and aging 

of particles and gases under both pristine and polluted conditions. The ability to simulate these 

different physical and chemical processes under controlled conditions in the laboratory will allow 

for experiments which simulate the full complexity of the real marine environment. Experiments 

using the SOARS facility will explore the full extent of biological influence on marine aerosol 

production and properties under past and future climate scenarios. In addition, this facility will 

allow for studies of how anthropogenic air and water pollution, climate change, and ocean 

acidification affect ocean biology and the marine atmosphere. 

 It is critical to develop tools for improving our understanding of the impacts of natural 

ecosystems as the Earth undergoes unprecedented change. Over the past decade, CAICE has 

developed unique infrastructure and positioned itself at the forefront in innovating a range of 

ocean-atmosphere experimental systems and analytical methods to directly unravel the impacts of 

humans and natural emissions on the marine atmosphere. 
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7.10 Figures 

 

Figure 7.1. Timeline of CAICE achievements, through the innovation and development of a new 

ocean-atmosphere interaction facility and major experimental results obtained using these systems. 

CAICE seeks to accurately predict the impact of marine aerosols on our environment by bringing 

the full real-world chemical complexity to the laboratory. Towards this end, the team has 

successfully replicated the complexity of the ocean-atmosphere, by accurately reproducing bubble 

and SSA size distribution and the microbiology of the system. The CAICE in-development 

SOARS simulator will assess the impact of the full system complexity on atmospheric chemistry. 

Adapted with permission from Ref. 2 and Ref. 20. Copyright 2015 American Chemical Society. 

(SSA: Sea spray aerosols, IN: Ice nucleation, SOARS: Scripps Ocean Atmosphere Research 

Simulator) 
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Figure 7.2. CAICE’s ocean-atmosphere simulators: 13,000 L wave channel (A), 210 L Marine 

Aerosol Reference Tank - MART (B) and 19 L miniMART (C). Panel (D) shows the bubble size 

distributions and normalized aerosol size distributions with laboratory and plunging waterfall in 

reference to open ocean waves. Reproduced with permission from ref. 20. Copyright 2015 

American Chemical Society. 
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Figure 7.3. a) Number concentrations of MART-generated SSA versus seawater chl-a 

concentrations during four phytoplankton bloom experiments. As the air flowrate through the 

MART headspace is kept constant, the number concentration is directly proportional to the flux of 

SSA. b) Apparent hygroscopicity parameters (kapp) of MART-generated SSA during the four 

phytoplankton bloom experiments. These results show the relative insensitivity of both SSA flux 

and CCN activity with regards to biological activity in seawater, as represented by the chl-a 

concentrations. Detailed methods and experimental details are reported in the supplemental, as 

well as the daily data (Figures 7.6 and 7.8), aerosol size distributions (Figure 7.5) and CCN 

activation curves (Figure 7.7). 
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Figure 7.4. Representation of the Scripps Ocean Atmosphere Research Simulator (SOARS) which 

enables the ability to simulate biotic, as well as physical and non-biotic chemical processes of the 

marine environment within the laboratory. The facility will provide the possibility to modulate the 

light intensity (through artificial lights and natural lights), temperature of the atmosphere and water 

(with the ability to form sea-ice), wind and waves, ocean biology (e.g. inducing a phytoplankton 

bloom, manipulating bacterial and viral populations), ocean chemistry (e.g. ocean acidification), 

as well as the atmospheric composition through aging of sea spray aerosol and trace gases in the 

smog chamber. 
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7.11 Supplementary information 

Sea spray aerosol (SSA) was generated using a marine aerosol reference tank (MART) 

during four mesocosm bloom experiments. The blooms were grown in natural seawater collected 

from Scripps Pier (32.86 N, -117.25 W) in a 2,400 L outdoor tank, which received natural sunlight. 

Algae growth media (Guillard’s f/2) was added to the seawater to induce a phytoplankton bloom 

(Guillard 1962). Silicates were added to Blooms 1,2, and 4, but were omitted from Bloom 3 to 

encourage the growth of non-diatom species. Chlorophyll-A (chl-a) concentrations were measured 

daily to track the progress of the bloom cycle using a handheld fluorometer (AquaFluor, Turner 

Designs Inc.). During each day of the bloom experiments, 120 L of seawater was transferred to 

the MART for SSA measurements. Afterwards, the seawater was returned to the outdoor tank.  

 Aerosols were dried prior to measurement using a silica diffusion dryer. SSA size 

distributions were measured using a scanning mobility particle sizer (SMPS 3398, TSI Inc.) and 

an aerodynamic particle sizer (APS 3321, TSI Inc.). The aerodynamic diameters measured by the 

APS were converted to physical diameters using an effective density of ρ = 1.8 g·cm-3. The SMPS 

mobility diameter is assumed to be equivalent to the physical diameter.  

Size-resolved CCN measurements were made using a continuous flow stream-wise thermal 

gradient cloud condensation nuclei counter (CCN-100, Droplet Measurement Technologies, Inc). 

Briefly, SSA was size selected using a differential mobility analyzer (DMA 3081, TSI Inc) and 

the flow split evenly between the CCN counter and condensation particle counter (W-CPC 3787, 

TSI Inc). The size-selected diameter was kept constant at Dd = 50 nm and the CCN counter 

scanned over a range of supersaturations. The apparent hygroscopicity parameter (κapp) was 

calculated using the κ-Köhler equation (Petters 1971). The surface tension of the air-surface 

interface was assumed to be that of pure water, σs/a = 0.072 J·m. 
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7.12 Supplementary tables 

Table 7.1 Summary nutrient additions to mesocosm experiments 

Experiment Nutrient Addition Silicates  Maximum chl-a 

concentration 

Bloom 1 f/20 Yes 20.5 μg/L 

Bloom 2 f/100 Yes 6.7 μg/L 

Bloom 3 f/100 No 4.6 μg/L 

Bloom 4 f/100 Yes 8.0 μg/L 
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7.13 Supplementary Figures 

 

Figure 7.5. Size distributions of MART-generated SSA during each day of the four mesocosm 

experiments. Error bars are shown in grey and represent ± 1σ. 
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Figure 7.6. Time series of seawater chlorophyll-a concentrations and SSA number concentrations 

over the course of each bloom experiment. The number concentrations were calculated from the 

aerosol size distributions shown in Figure 7.5. Error bars represent ± 1σ. 
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Figure 7.7. Daily SR-CCN activation curves for SSA (Dd = 50 nm) from each day of the bloom 

experiments. The activated fraction is the ratio of CCN/CN, as measured by the CCN-counter and 

CPC respectively. Sigmoid curves were fitted to the data and are shown as solid lines. Error bars 

represent ± 1σ. Time series of seawater chlorophyll-a concentrations and SSA number 

concentrations over the course of each bloom experiment. The number concentrations were 

calculated from the aerosol size distributions shown in Figure 7.5. Error bars represent ± 1σ. 

 

 

 

 

 

 

 

. 



 

  255 

 
Figure 7.8. Time series of the apparent hygroscopicity parameter (κapp) for SSA (Dd = 50 nm) 

measured during each day of the bloom. Error bars were calculated from the uncertainty in the 

measured activated fractions (± 1σ). The observed changes in SSA CCN activity were quite small 

over the course off all bloom experiments and the mean hygroscopicity parameter was κapp= 1.02 

± 0.04. These results demonstrate the insensitivity of the CCN activity of small SSA to biological 

activity in seawater, as represented by the chl-a concentrations. 
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Chapter 8. Conclusions 

8.1 Synopsis 

This dissertation investigates the production of chemical metabolites by algae as they 

proceed through their life cycles and are affected by external conditions. Chapter 2 describes 

measurements of gaseous compounds from marine mesocosm experiments which showed the 

unexpected production of non-dimethyl sulfide organosulfur gases.  Chapter 3 demonstrates the 

usage of 3 complementary mass spectrometric technique to identify algal metabolites associated 

with grazing. Chapter 4 demonstrates the capabilities of chemical ionization mass spectrometry to 

monitor algae gas production in real time as algae are infected with deleterious grazers. This 

dissertation also investigates the chemical complexity of the marine environment though the 

measurement and simulation of the ocean-atmosphere interface. Chapter 5 applies a new ionization 

method, liquid sampling atmospheric pressure glow discharge, towards the analysis of highly 

saline organic samples. Chapter 6 outlines a recent experimental intensive which utilized a newly 

characterized wave channel device for multiple marine mesocosm experiments. Finally, Chapter 

7 is a review of the ocean-atmosphere experimental approach, demonstrating the progress made 

by replicating the ocean’s biological and chemical complexity in the laboratory. 

8.2 Conclusions 

8.2.1 Production of dimethyl sulfide, methanethiol, and dimethyl disulfide during 

controlled phytoplankton-bacterial mesocosm experiments 

This study examined the production of volatile organosulfur compounds (OSCs) during 

marine mesocosm experiments to better understand factors which control 

dimethylsulfoniopropionate (DMSP) breakdown ratios between dimethyl sulfide (DMS) and the 

less common methanethiol (MeSH) and dimethyl disulfide (DMDS) (Reisch et al., 2011). Benzene 
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cluster cation chemical ionization mass spectrometry was used to measure daily headspace 

concentrations of OSCs in the headspace of marine aerosol reference tanks (MARTs) filled with 

coastal seawater as they proceeded through 3 separate mesocosm blooms. DMDS and MeSH were 

observed to be significantly elevated, with (MeSH+DMDS)/DMS flux ratios up to 30 in 

comparison limited series of literature field measurements which are normally below 0.07 (Kettle 

et al., 2001; Leck and Rodhe, 1991; Turner et al., 1995). DMDS, generally a very dilute OSC in 

the natural marine environment compared to observations in this work, was shown with control 

experiments to be produced by a mixture of instrumental artifacts which amounted to 35% of the 

production, with the remaining DMDS formed naturally within the MART, either through abiotic 

MeSH dimerization or by an unknown biotic mechanism.  

The unexpected production of large quantities MeSH and DMDS stimulated investigations 

into the bacterial assemblage and functional genes present during each mesocosm. 16S amplicon 

sequencing identified a wide variety of DMS, MeSH, and DMDS correlated bacteria, with many 

taxa which are known to possess functional genes related to DMSP metabolism. The 

gammaproteobacteria methylophaga spp., observed to increase during the end of mesocosm 1 

during high MeSH production, is well known to participate in DMS oxidation which produces 

MeSH.(Boden et al., 2010) Measurements of aqueous DMSP catabolic genes, dddP and dmdA 

which are the first steps towards the formation of DMS and MeSH respectively (Zeng et al., 2016), 

showed ample counts of dddP but were sparse for dmdA suggesting alternative enzymatic 

pathways or routes of sulfur metabolism may have been active such as the catabolism of DMS to 

MeSH suggested above.  

Given the high ratios of MeSH and DMDS to DMS, the atmospheric impacts of this work 

indicate that in some cases, up to 40% of atmospheric sulfate could originate from MeSH and 
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DMDS in coastal areas with similar biological and chemical drivers to those encountered in this 

work, which compares to 10% for measurements obtained from the field (Kettle et al., 2001). The 

findings in this paper advance the understanding of marine OSC production by introducing and 

characterizing a scenario in which the production of non-DMS OSCs was substantially different 

that field observations, showing that significant complexity in this marine biogeochemical system 

remains to be understood.  

8.2.2 Multi-scale examination of grazer-induced changes in molecular signatures of 

cyanobacteria 

This study sought to investigate the molecular fingerprints generated by mixtures of 

cyanobacteria and amoeba grazers using a complementary set of mass spectrometric techniques 

suited for the solid, liquid, and gas phase. Imaging mass spectrometry (IMS) performed on agar 

lawns of Synechococcus elongatus PCC 7942 infected by a heterolobosean amoeba (HGG1) 

measured several m/z’s which corresponded with healthy algae as well as specific markers of 

grazing activity. Some grazing metabolites were determined to be specific to algae-grazer pairs, 

while others were generally attributable to the grazing process. Notably, many m/z’s decreased in 

intensity as a response to grazing as productive algal cells were lost.  

To provide a putative identity of metabolites observed in IMS, liquid chromatography 

tandem mass spectrometry (LC-MS/MS) was performed on aqueous samples of healthy and 

grazer-infected algae. Molecular networking (Wang et al., 2016) of LC-MS/MS data was used to 

identify metabolites and also investigate associations between them. This analysis showed that 

chlorophyll-a and its breakdown products were responsive indicators of algal grazing, with losses 

of Mg2+, phytol, and methyl formate being key chemical transformations between chlorophyll-a 

and the grazing-induced breakdown products.  
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Given the observations of chlorophyll-a breakdown products connected by losses of phytol and 

methyl formate, an investigation of the gas phase species produced by grazer-impacted algae was 

undertaken using gas chromatography mass spectrometry and chemical ionization mass 

spectrometry. These analyses were unable to observe methyl formate in grazer-infected algal 

cultures, which is likely due to either chemical degradation of methyl formate to methanol and 

formic acid, or rapid uptake by grazers (Francisco, 2003; Jogunola et al., 2011; Stirling and Dalton, 

1980). A phytol breakdown product, phytol ketone, was observed in the gas phase to change in 

response to grazing, however these changes were not straightforward to interpret as the loss in 

algae biomass combined with grazer consumption, led to an overall loss in phytol ketone intensity 

as opposed to increases predicted by IMS and LC-MS/MS. Despite mixed results for phytol ketone 

and methyl formate, headspace analysis observed numerous other gas species which changed in 

response to grazing, either increasing or decreasing in intensity, showing promise for using gas 

analysis as a diagnostic method for early grazer detection (Reese et al., 2019). This work adds 

detail regarding the changes in metabolite production during algal grazing, showing that while the 

connections between breakdown products can be identified, translating that information to gas 

phase production is not immediately straightforward and requires more investigation. 

8.2.3 Early Detection of Algal Grazing with Rapid, Continuous Measurements of 

Volatile Gases  

A chemical ionization time of flight mass spectrometer (CI-TOFMS) was utilized for 

continuous, high frequency (1 Hz) gas phase monitoring of 3 cyanobacterial cultures as they grew 

in healthy conditions and then were subsequently infected with a ciliate grazer. 

Contemporaneously with gas phase composition measurements, this study was the first time the 

quantity of algal biomass and grazer cell counts were measured to connect the dynamics of algal 
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senescence and grazer productivity with volatile gas production. CI-TOFMS analysis identified 

over 40 unique ions which varied in intensity over the algae life cycle and in response to grazer 

activity. Notable species, m/z 18 (ammonia), m/z 137 (monoterpenes), and m/z 70 (C4H7N) were 

observed to change drastically (>10σ) 17-44 hours after grazer addition, which contrasted 

detection by microscopy which took 68-94 hours to observe grazer cells in the algal cultures. 

Interestingly, the duration of time between grazer addition and CI-TOFMS detection of 

grazers via volatile gases was found to be variant across each of the 3 algae-grazer experiments, 

with faster gas phase detection occurring in sampling vessels where algal biomass was higher. This 

interesting result stimulated an analysis of the time series behavior of gas production by algae with 

respect to biomass. While it was expected that larger total changes in gas phase composition would 

be expected for higher algal biomasses, we also found that the relative change in gas intensities 

were greater, indicating the algal response to grazing was more pronounced. These results add a 

new element to investigations of algal gas responses to grazers, showing that the metabolic and 

biological state of the algal culture affects its response to grazing.  

Lastly, an analysis of CI-TOFMS performance was undertaken to characterize the 

instrument’s ability to monitor multiple sampling vessels in a short period. Utilizing the automated 

sampling schedule which switched from clean zero air to the algae-containing vessel, the ion 

equilibration time (1/e2) was obtained. For non-ammonia volatile gases measured by the CI-

TOFMS, the average time for gases to equilibrate on the CI-TOFMS inlet was ~6 seconds, with 

more basic gases and ammonia requiring longer due to their high solubility which causes them to 

dissolve into water microlayers present on sampling tubing (Liu et al., 2019). Nevertheless, using 

the longest 1/e2 time, CI-TOFMS analysis using the experimental conditions in this work could 

monitor up to 10 culturing vessels per hour. These experiments together show that CI-TOFMS is 
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a promising method for monitoring algae for the presence of grazers, however the impacts of algal 

biomass on response need to be better understood. 

8.2.4 Liquid sampling atmospheric pressure glow discharge ionization as a 

technique for the characterization of salt-containing organic samples 

The liquid sampling atmospheric pressure glow discharge (LS-APGD) ion source, 

previously developed for the analysis of inorganic species using high resolution mass spectrometry 

(HRMS) (Hoegg et al., 2016), was repurposed for the analysis high salinity organic samples 

derived from the marine environment. The ionization source’s behavior was first benchmarked 

using a triglyceride reference mixture, composed of multiple medium to long chain triglycerides 

which were analyzed across a variety of probe conditions and salinities from 0.01 to 100mM NaCl. 

This analysis found that the LS-APGD was highly sensitive to the sample mixture and capable of 

analyzing saline samples up to 0.5M NaCl compared to the predominant method of liquid sample 

ionization for HRMS, electrospray ionization (ESI) which could not generate informative spectra 

over 1mM NaCl. An important factor was discovered during the triglyceride mixture analysis 

which showed significantly diminished fragmentation of triglycerides at salinities above 1mM 

NaCl. This stabilization was attributed to the energetically favorable complexation of sodium 

cations by the triglyceride, which has been observed in previous studies of collisionally induced 

fragmentation of adducted triglycerides (Duffin et al., 1991; Grossert et al., 2014). This study 

showed that the salt-tolerant features of the LS-APGD do not mean a lack of dependence on salt 

concentration towards the sensitivity of response, and therefore samples must be calibrated at the 

salinity for which they are analyzed in the LS-APGD.  

The LS-APGD was then challenged with an analysis of highly complex marine dissolved 

organic matter (mDOM) samples run in both saltless and 50mM added NaCl and compared to the 
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same analyses typically performed using ESI. The LS-APGD was able to generate similar 

quantities and diversity of ions as ESI, but in addition, its ability to measure mDOM at elevated 

salt concentrations was also clearly better than ESI. This analysis was further applied to the first 

direct analysis of organic rich untreated seawater without pre-processing or salt removal which is 

routinely used for ESI analysis. The usage of LS-APGD for salt-containing organic samples opens 

many new opportunities for better charactering the marine environment in its native state. 

8.2.5 The sea spray chemistry and particle evolution study (SeaSCAPE): overview 

and experimental methods 

In Summer 2019, an intensive experiment utilizing the Scripps Institution of Oceanography 

wave channel was undertaken to study the chemical and biological dynamics of the ocean 

atmosphere interface. This experiment brought 13,000 L of coastal seawater indoors where it 

naturally evolved after the addition of nutrients to stimulate a mesocosm. The biological progress 

of this mesocosm proceeded with a large peak of productive phytoplankton biomass which receded 

with the onset of heterotrophic bacteria later. The evolution of phytoplankton assemblages started 

from a diatom dominated community structure towards a mixed population of microzooplankton 

and mixed aggregates during the later phase of the bloom, likely responsible for the increases in 

dissolved organic matter observed to increase over the mesocosm duration.  

 As wave channels have been used previously for ocean-atmosphere simulations, but have 

only been characterized to a limited extent (Prather et al., 2013), experiments studying the wave 

channel’s sea spray aerosol (SSA) production characteristics, cleanliness, air flow, and ideal 

sampling locations were undertaken. These experiments identified an ideal sampling port location 

and depth, informed by maximum aerosol particle concentrations, however SSA concentrations 

were found to be highly variable on a diurnal cycle. SSA particle counts information, combined 
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with high-variance measurements of wave channel headspace velocity indicate that turbulent air 

flow conditions likely exist in the wave channel which impose important constraints on sampling 

procedures. The wave channel headspace was shown to be vulnerable to the introduction of 

anthropogenic gaseous contaminants which penetrated through the air handling system. To rectify 

this challenge, the usage of an isolated sampling vessel for marine gases was demonstrated to avoid 

these contaminants while still allowing sampling of the chemically and biologically representative 

wave channel. 

8.2.6 CAICE studies: insights from a decade of ocean-atmosphere experiments in 

the laboratory 

The merits, achievements, and current limitations of the ocean-atmosphere experimental 

approach were discussed. Marine aerosol reference tanks and wave channels are contrasted with 

previously used SSA generation methods to show the improvements in chemically and 

morphologically representative SSA generation (Collins et al., 2014; Prather et al., 2013; Stokes 

et al., 2013). The ability of ocean-atmosphere simulators to enable the connection of marine 

biology to atmospheric aerosols and atmospheric chemistry through mesocosm experiments is 

shown. Further discoveries made possible by the ocean-atmosphere approach include the impact 

of marine enzymes on seawater and aerosol composition, the heterogeneous chemical reactivity of 

SSA (Ault et al., 2014), trace gas production (Kim et al., 2015), mechanisms of microorganism 

aerosolization (Michaud et al., 2018), and quantitative measurements of ice nucleating particles 

(DeMott et al., 2015). Modern improvements to the ocean-atmosphere experimental approach are 

discussed which show the need for the addition of more complexity which include oxidative and 

anthropogenic perturbations to mesocosm experiments to better simulate the natural environment.  

8.3 Future directions 
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8.3.1 Further studies on the origin and fate of marine organosulfur species  

Chapter 2 investigated the production of methanethiol (MeSH), dimethyl sulfide (DMS), 

and dimethyl disulfide (DMDS) during three marine mesocosm experiments. Chapter 2 showed 

that the production of MeSH was possibly due to the oxidative consumption of DMS by 

heterotrophic bacteria, while DMDS was formed through an unknown process likely caused by 

aqueous MeSH dimerization. The factors controlling the consumption of DMS by marine 

heterotrophic bacteria needs to be understood with greater clarity, specifically regarding the fate 

of MeSH generated from DMS catabolism (Kiene and Bates, 1990). Ascertaining the factors which 

control MeSH uptake and uptake inhibition will allow for better predictions of MeSH:DMS ratios 

in the natural environment, especially in productive coastal zones where this ratio is more variable 

(Kettle et al., 2001). While MeSH dimerization to DMDS has been observed in some aqueous 

solutions and on metallic surfaces (Chin and Lindsay, 1994), the natural dimerization rate of MeSH 

in seawater or on particles in seawater is unknown and should be determined through careful 

measurements of dissolved MeSH by GC/MS or CIMS  

8.3.2 Cataloging, characterizing, and understanding metabolites produced from 

algae-grazer interactions  

 Chapter 3 combined mass spectrometric analyses from the solid, liquid, and gas phase to 

identify metabolites produced from systems where algae were infected by an amoeba grazer. While 

results shown in Chapter 3 implicate the grazing-induced degradation of chlorophyll-a, the 

expected volatile breakdown products, methyl formate and phytol were unobserved. The 

biochemistry of chlorophyll-a breakdown is complex and poorly understood (Hortensteiner, 1999). 

Further research is necessary to understand whether these compounds are assimilated by grazers 

or further broken down into other metabolites (Rontani and Volkman, 2003). While a large fraction 
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of algal cell biomass can be chlorophyll-a, other metabolites, such as proteins and lipids are sought 

by grazers. Further investigations of the IMS dataset for non-chlorophyll-a metabolites produced 

in response to grazing is warranted. 

 Chapter 4 utilized chemical ionization time-of-flight mass spectrometry to monitor the 

production of volatile metabolites produced by grazer infected algae at much higher sampling 

frequencies than analyses in Chapter 3. This analysis found connections between algal biomass 

and the intensity and speed of volatile gas responses to grazing. Algal signaling and allelopathy to 

grazing is poorly understood. (Bacellar Mendes and Vermelho, 2013; Zuo, 2019). Better 

understanding the factors which control the rate at which algae respond to grazing via signaling 

should be studied as the response rate may inform better practices for pest control. Many algae, 

especially cyanobacteria, adjust culture pH in response to changes to state of health.(Watson, 

2003) As many volatile gases, especially those that are acidic or basic, have volatility that is 

dependent on pH (Zhang et al., 2017), further investigations into the role of changing algal culture 

pH and observations of gases should be studied as the ability to detect these gases reliably during 

grazing could be impacted. 

In this study, the chemical ionization reagent gas utilized was (H2O)nH
+, which tends to 

ionize low-oxidized organic compounds and amines. The usage of an alternative ion chemistry, 

such as (C6H6)
+ which could identify other algal volatile gases such as organosulfur species which 

may respond faster or in other informative ways to grazing should be investigated. 

8.3.3 Taking advantage of a salt tolerant high-resolution mass spectrometer 

Chapter 5 of this dissertation utilized liquid sampling atmospheric pressure glow discharge 

ionization to analyze organic samples of marine salinity for high resolution mass spectrometry. 

These results were limited to the analysis of a triglyceride reference mixture and marine dissolved 
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organic matter, however other high-salt sample types such as sea spray aerosol have yet to be 

investigated. While the impacts of salt concentration on ionization efficiency and fragmentation 

of triglycerides were characterized, the impacts of salt on ionization of other common marine 

molecular classes such as amino acids and polysaccharides should be further explored to 

understand their ionization dynamics in the presence of salts. As noted in Chapter 5, utilization of 

LS-APGD at high sample salinities (>0.1M) tended to cause buildup of salt material on the mass 

spectrometer inlet which eventually disrupted analysis. Modifications to the LS-APGD to 

circumvent this issue would provide valuable opportunities to directly analyze seawater samples 

should be attempted. 

8.3.4 Better replicating the complexity of ocean-atmosphere interactions  

Chapter 6 of this dissertation focuses on the characterization of the Scripps Institution of 

Oceanography wave channel and an overview of the SeaSCAPE experimental intensive. This work 

found significant variability in SSA particle concentrations that varied during daily sampling as 

well as by sampling location along the channel. Measurements into the air flow characteristics, 

especially turbulence, in the wave channel should be pursued to contextualize the observed 

variability in SSA sampling and make further improvements. Wave channel headspace cleanliness 

from anthropogenic organic gases such as benzene and toluene as well as NOx was another factor 

that was challenging to maintain during SeaSCAPE. Focus on future work should investigate 

technologies for the removal of volatile organic compounds from high volume air flows, 

specifically targeting the easiest to remove species, aromatics and highly oxidizable gases, which 

most significantly affect the production of secondary organic aerosol in oxidative chambers. 

Chapter 7 of this dissertation was a review of the ocean-atmosphere experimental approach 

developed in CAICE. Numerous findings have been made for SSA generated with this method, 
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however future work needs to focus on the quantity and types of volatile organic gases produced 

by natural marine biology. Furthermore, the chemical, biological, and physical complexity still 

needs to be increased in ocean-atmosphere simulators to better resemble the natural environment. 

New ocean atmosphere simulators should study the impacts of wind, temperature, natural and 

anthropogenic oxidants, water acidity, and increasing trophic levels of biology on marine gas and 

aerosol production. 
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