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Figure C1 Representative 1H NMR spectra from NMR metabolomics 

experiments 1-2. A single representative 1H NMR spectrum of the 

non-polar metabolome from each Alexandrium species: A. catenella 

(yellow) and A. tamarense (light green) (Experiment 1) and A. 

catenella (yellow) and A. tamarense (dark green) (Experiment 2) 

from (A) 3.5-5.6 ppm and (B) 5.7-8.7 ppm. 
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SUMMARY 

Understanding predator-prey interactions is a fundamental part of the study of 

ecology. In order to survive, prey are advantaged by recognizing predators and assessing 

predation risk, and predators must successfully select and capture prey. As many 

planktonic organisms lack advanced eyes or ears these interactions are predominately 

chemically mediated (Chapter 1). To date, our knowledge of the chemical cues and cellular 

mechanisms underpinning interactions between zooplankton and phytoplankton is still 

underdeveloped. The current body of work seeks to expand this discipline by investigating 

chemical mechanisms involved in predator-prey interactions using species from the 

chemically defended phytoplankton genus Alexandrium and cues from one type of 

predatory zooplankton, copepods. 

Many potential prey judge the likelihood that predators are nearby based on cues 

from injured or dead competitors (i.e., other prey). For some organisms that respond to 

dead competitor cues, injury of a closely related competitor is perceived as a reliable 

indicator of high predation risk. However, in other cases organisms respond more strongly 

to cues from injured co-occurring competitors, which may be more distantly related, as 

they might indicate that hungry predators are nearby. There has been relatively little study 

of this form of predation risk assessment in single-celled organisms, particularly 

chemically defended phytoplankton.  Several species of marine phytoplankton belonging 

to the genus Alexandrium produce toxins which appear to function as chemical defenses 

against copepod grazing. In fact, Alexandrium minutum increases production of toxins in 

response to compounds exuded by copepods (i.e., predator cues). However, whether 
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A. minutum uses other cues, such as damaged phytoplankton, to assess predation risk is 

unknown. Therefore, to explore the role of dead phytoplankton cues in chemical defense 

plasticity, we exposed A. minutum to chemical cues from six different lysed phytoplankton 

species (Chapter 2). Chemical cues from dead conspecifics and congenerics drastically 

suppressed A. minutum toxicity and modestly enhanced growth regardless of whether they 

co-occur geographically. In contrast, exposure to cues from distantly related, but 

historically co-occurring phytoplankton species induced toxin production and decreased 

growth in A. minutum by roughly the same magnitude. This study revealed that A. minutum 

perceives cues from dead competitors and that phylogenetic relatedness of the competitor 

is important in determining the defense response. Ultimately, the degree of relatedness 

matters in how A. minutum trades-off utilization of resources, such as nutrients from cell 

lysates, for either growth or chemical defense. Furthermore, it implies that phytoplankton 

may respond to similar types of cues as multicellular organisms but that their response may 

be more strongly governed by the trade-off between nutrient acquisition and reduced 

predation risk. 

To better understand the chemosensory mechanisms of predator-prey interactions 

in phytoplankton, we investigated how A. minutum perceives copepodamides, a suite of 

copepod metabolites known to induce resistance against predators in diverse phytoplankton 

taxa, and the metabolic pathways involved in initiating A. minutum’s chemical defense 

(Chapter 3). In A. minutum, recognition of copepodamides caused subtle, targeted changes 

in the metabolome including dysregulation of valine biosynthesis and enhancement of 

butanoate metabolism and arginine biosynthesis, as determined by 1H nuclear magnetic 

resonance (NMR) and mass spectrometry (MS) based metabolomics. Additionally, 
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inhibition experiments led to the discovery that copepodamides trigger signal transduction 

via disruption of serine/threonine phosphatases, which leads to increased jasmonic acid 

biosynthesis and signaling, and ultimately results in amplified toxin biosynthesis in 

A. minutum. While we did not decipher the exact mechanism by which A. minutum 

recognizes copepodamides we found that they might interact, in a manner that is still 

ambiguous, with GPCRs and G protein signaling. This study was an important step in 

enhancing our knowledge of the chemosensory ecology of phytoplankton. 

In addition to understanding how phytoplankton recognize and respond to 

predators, it is also valuable to understand how predators, such as copepods, select prey. 

Some copepods seem capable of distinguishing live toxic and non-toxic cells, 

discriminating against more toxic individual prey, even though these toxins are produced 

and stored within phytoplankton cells and only leak into the water column upon cell death. 

We proposed that copepods may detect chemical cues on phytoplankton cell surfaces that 

are associated with toxicity rather than sensing the intracellular toxins. Using MS and 

NMR-based metabolomics, we discovered that the non-polar metabolomes of two toxic 

species (Alexandrium catenella and Alexandrium pacificum) vary considerably from their 

non-toxic congener Alexandrium tamarense even though all three are very closely related. 

Metabolites belonging to seven different lipid classes (free fatty acids, mono-, di-, and 

triacylglycerols, sphingolipids, glycerophospholipids, and sterols) were implicated in 

distinguishing the non-polar metabolomes of the Alexandrium species based on toxicity. 

We determined that the phosphatidylcholines and sterol classes are most likely to function 

as toxin-related cues for copepods based on enhanced concentrations of these lipids in both 

toxic species. Ultimately, we partially identified three metabolites which exhibited the 
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greatest enrichment in both toxic species relative to the non-toxic A. tamarense and which 

may serve as targets in future experiments aimed at fully deciphering the chemoreception 

mechanism copepods use to perceive Alexandrium toxicity. 

Overall, my dissertation research provides insight into mechanisms behind 

ecological interactions involving marine phytoplankton including assessment of predation 

risk, physiological mechanisms behind predator cue recognition and response, and cellular 

traits that may enable predators to distinguish toxic and non-toxic cells, leading to 

increased fitness for chemically defended prey. This thesis further demonstrates the 

complexity of planktonic interactions at both organismal and molecular levels.  
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CHAPTER 1. INTRODUCTION: CHEMICAL ECOLOGY OF 

MARINE PLANKTON 

This section is adapted from Brown, E.R., Cepeda, M.R., Mascuch, S.J., Poulson-

Ellestad, K.L., Kubanek, J., 2019. Chemical ecology of the marine plankton. Natural 

Product Reports 36(8): 1093-1116; https://doi.org/10.1039/C8NP00085A with 

permission from the Royal Society of Chemistry.  

1.1 Abstract 

This review focuses on recent studies on the chemical ecology of planktonic 

marine ecosystems, with the objective of presenting a comprehensive overview of new 

findings in the field in the time period covered. In order to highlight the role of chemically 

mediated interactions in the marine plankton this review has been organized by 

ecological concepts starting with intraspecific communication, followed by interspecific 

interactions (including facilitation and mutualism, host-parasite, allelopathy, and 

predator-prey), and finally the effects of plankton secondary metabolites on community 

and ecosystem-wide interactions. 

1.2 Introduction 

In the previous three years, research in planktonic marine chemical ecology has 

focused especially on quorum sensing and how it impacts algal-bacterial interactions as 

well as chemical defense in predator-prey interactions. This review summarizes the new 

studies in the whole field of chemical ecology of the marine plankton from January 2015 

through December 2017. Previous reviews in this series summarized the advances in the 
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field between 2006 and 2008 (Poulson et al. 2009), January 2009 to September 2010 

(Sieg et al. 2011), October 2010 to December 2012 (Roy et al. 2013), and January 2013 

to December 2014 (Schwartz et al. 2016).  

Several recent reviews centered on quorum sensing in algal associated bacteria 

and intraspecific communication among microalgae (Rolland et al. 2016, Zhou et al. 

2016, Venuleo et al. 2017). Zhou and colleagues published a comprehensive review of 

quorum sensing in marine bacteria with a particular focus on how quorum sensing  

impacts symbiotic interactions between bacteria and algae (2016). They explored how 

quorum sensing is involved in modulating behaviors in bacteria that are mutualistic as 

well as antagonistic to the rest of the microbial community and their algal host. 

Additionally, they investigated co-evolution between bacteria and algae and the potential 

role of quorum sensing-induced behaviors to help predict and control harmful algal 

blooms (Zhou et al. 2016). Rolland and colleagues focused exclusively on how quorum 

sensing and quorum quenching (disruption of quorum sensing) are involved in bacterial 

dynamics in the phycosphere, defined as the microenvironment immediately surrounding 

phytoplankton cells, dominated by algal exudates (2016). These authors reviewed the 

types of molecules involved and the ecological role of quorum sensing and quenching 

among bacteria that live in the phycosphere, commenting on how quorum sensing and 

quenching are likely important in regulating the relationship between bacteria and algal 

hosts (Rolland et al. 2016). In another review, Venuleo and colleagues surveyed how, 

like bacteria, microalgae extensively participate in intraspecific communication (2017). 

They explored what consititutes “intraspecific” in these highly variable organisms that 

can reproduce either sexually and asexually, and the evolution of intraspecific 
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communication. Additionally, they reviewed what is known about the ecological roles of 

intraspecific communication in many microalgal species.  

Other reviews examined the ecology and chemical diversity of harmful algal 

blooms (Gleason et al. 2015, Rasmussen et al. 2016a). Gleason and colleagues discussed 

interactions between fungi of the phylum Chytridiomycota, or chytrids, and toxic 

phytoplankton (2015). Additionally, they commented on the paucity of studies regarding 

the effects of parasitism on toxin production in these phytoplankton (Gleason et al. 2015). 

Rasmussen and colleagues highlighted the chemical diversity of toxins produced by 

phytoplankton, particularly dinoflagellates, by reviewing 59 algal toxins (2016a). They 

organized their review by structural class and discussed the algae responsible for toxin 

production and the mode of action of the toxins, when known (Rasmussen et al. 2016a). 

These authors concluded their review with the current state of knowledge for several 

species of algae previously implicated in large-scale fish kills (Rasmussen et al. 2016a). 

1.3 Intraspecific Signaling 

1.3.1 Reproductive signaling 

The existence and involvement of pheromones in copepod reproduction has been 

established through behavioral assays, but the nature and identities of these cues have 

remained elusive (Heuschele and Selander 2014). Mathematical modeling of copepod 

mating behavior predicts that males, which correct their courses with high fidelity after 

initially tracing a female track in the wrong direction, may establish the directionality of 

a female pheromone trail through detection of a multicomponent signal (Hinow et al. 

2017). In a scenario in which a signal comprised of two components, each differing in its 
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environmental persistence, was compared to a single component signal, a hypothetical 

male able to sense a ratio between two signal components was more likely to successfully 

reorient toward the female than a male only able to sense gradients in the absolute 

concentration of a single chemical (Hinow et al. 2017). It is possible that the more 

persistent signal may serve as a “track” while the less persistent signal specifies direction 

(which way is upstream). It will be necessary to determine whether the findings, in light 

of assumptions based on a laminar flow environment, are relevant to the natural 

environment in which female pheromones may take the form of ‘clouds’ rather than 

delineated trails (Seuront and Stanley 2014). Further examination of the sensory 

capabilities of male copepods may also provide context to the findings.  

 

Figure 1.1. A class of compounds exuded by copepods: Copepodamides A-H (1-8). 

 

Attempts to structurally describe exuded metabolites and pheromones from 

copepods have been reported for Temora longicornis and Oithona davisae (Heuschele et 
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al. 2016, Selander et al. 2016). Comparisons of male and female exudates were facilitated 

by continually recirculating live copepod-containing water through extraction media to 

adsorb diffusible cues (Heuschele et al. 2016, Selander et al. 2016). Untargeted 

metabolomics analyses of T. longicornis extracts revealed sex-specific differences in 

exudate composition and component abundance, and provided proof-of-principle that 

copepod-specific metabolites, such as copepodamide G (7) (which is one of eight 

compounds that make up a class of copepod-specific compounds), may be captured and 

measured with this technique (Selander et al. 2016). Female T. longicornis extracts did 

not retain the ability of unextracted water exudates to elicit mate-seeking swimming 

behavior in males, confounding pheromone identification (Selander et al. 2016). 

Similarly, analyses of exuded metabolites from O. davisae revealed sex-specific 

differences, but those extracts, too, did not recapitulate the ability of unmanipulated water 

exudates to induce mate-seeking swimming behavior in males (Heuschele et al. 2016). 

The methods used in these studies have the tantalizing potential to expand the 

understanding of copepod diffusible chemistry and chemical signaling and its influence 

on plankton ecology, but are hindered by the apparent lability of many copepod 

pheromones.  

In the rotifer Brachionus manjavacas, analysis of excreted proteins has yielded 

new information about the identity of the quorum sensing pheromone ‘mixis-inducing 

protein’, responsible for inducing a shift from asexual to sexual reproduction (mixis) in 

this microscopic animal (Snell 2017). Two excreted proteins of molecular weights 39 

and 45 kDa made up the majority of a mixture which induced mixis; however, the most 

promising candidate for the mixis-inducing protein was a 22 kDa protein which, when 
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precipitated out of solution, significantly reduced mixis in female progeny. Initial protein 

sequencing efforts indicated that the precipitated protein was similar to five known 

proteins (Snell 2017). Additional experiments are needed to determine whether the 22 

kDa protein is sufficient for mixis induction and whether other proteins are involved. 

Rather than attempt to isolate chemical signals, Basu and colleagues instead 

characterized transcriptional changes that occur when the diatom Pseudo-nitzschia 

multistriata  is exposed to unmanipulated, reproductive chemical cues produced in an 

experimental setting (2017). The P. multistriata life cycle is divided into two phases: 

vegetative reproduction in which cells divide and become progressively smaller due to 

the restriction imposed by their rigid silica thecae, and sexual reproduction which occurs 

when a minimum size threshold is reached (D’Alelio et al. 2009). In the sexual 

reproduction phase, chemical signals trigger cells of opposite mating types to generate 

genetically diverse zygotes from which cells of maximal size are ultimately formed 

(Scalco et al. 2014). The authors found that different P. multistriata mating types 

maintained in contact-free co-culture responded to chemical cues by altering their growth 

(possibly as a means of synchronization) and initiating transcriptional changes which 

indicated cells were likely preparing for meiosis and integrating environmental sensing 

and cell signaling (Basu et al. 2017). Differences were observed in the numbers, 

identities, and magnitudes of regulated genes in each mating type, a possible indication 

that each produces a different pheromone signal. The work is an elegant approach to 

investigating the downstream effects of waterborne cues that avoids laborious 

pheromone isolation and possible complications should the signal be multicomponent, 

present in a specific ratio, or modified in some way following production. Manipulation 
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of the pathways identified in the study followed by phenotypic evaluation may further 

clarify the mechanism of pheromone reception by and action on P. multistriata. 

1.3.2 Quorum sensing 

In addition to intraspecific signaling as it relates to reproduction, new insights 

have been gained into the cooperative interaction of quorum sensing, its distribution in 

phytoplankton, new quorum sensing-regulated activities, and implications for 

phytoplankton ecology. 

While a subset of marine organisms have been shown to produce self-signaling 

autoinducer molecules or have been inferred to produce these molecules based on 

sequence information (e.g., bacteria, rotifers), little was known about the distribution of 

quorum sensing pathways in the oceans. Classically, bacterial quorum sensing was not 

thought to play a prominent role in the ocean because the density of bacteria in seawater 

is usually below the quorum sensing threshold. However, quorum sensing may become 

relevant in situations where bacteria aggregate on particles or are present during high-

density phytoplankton blooms. Examination by Doberva and colleagues of publicly 

available metagenomic sequence information from the Global Ocean Sampling (GOS) 

database for the incidence of autoinducer (AI) synthases revealed previously unknown 

AI sequences (2015). This indicates that quorum sensing is diverse and widespread in 

the marine environment, often involving uncultivated bacteria (Doberva et al. 2015). 

Phylogenetic differences in the distributions of LuxI (AI-1), HdtS (AI-1), LuxS (AI-2), 

and AinS (AI-1) AI synthases were observed, but evolutionary conclusions are difficult 

to draw since pathways are known to be transferred horizontally (Doberva et al. 2015). 
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Because pathway identification was limited to matches from pre-constructed databases, 

it is likely that quorum sensing diversity and distribution were underestimated and richer 

than results reflect. 

While the work discussed above did not investigate expression of quorum sensing 

pathways in free-living versus particle-associated bacteria, a separate study of bacterial 

communication on marine snow directly revealed known autoinducers N-(3-oxo-

hexanoyl)-L-homoserine lactone (9) and N-octanoyl-L-homoserine lactone (10), 

indicating that bacterial concentrations on particles can indeed be high enough to 

facilitate quorum sensing (Jatt et al. 2015). Of the cultured marine snow isolates, 10 of 

53 produced acyl homoserine lactones. The gram-negative alphaproteobacterium 

Paracoccus carotinifaciens produced 9, the first report of this molecule for this species 

(Jatt et al. 2015). The gammaproteobacterium Pantoea ananatis was found to produce 

the L-homoserine lactones N-butanoyl (11), N-hexanoyl (12), N-decanoyl (13), N-

dodecanoyl (14), and N-tetradecanoyl-L-homoserine lactone (15). Additionally, P. 

ananatis produced five extracellular hydrolytic enzymes, including alkaline phosphatase 

which was inhibited by the addition of a quorum sensing inhibitor (Jatt et al. 2015). While 

the relative importance of alkaline phosphatase to particle remineralization remains to be 

seen, the findings provide initial support for the idea that quorum sensing is an important 

contributor to biogeochemical cycling dynamics and supply of organic matter to other 

residents of the plankton. 
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Figure 1.2 Bacterial auto-inducers:  N-(3-oxo-hexanoyl)-L-homoserine lactone (9), 

N-octanoyl-L-homoserine lactone (10), N-butanoyl-L-homoserine lactones (11), N-

hexanoyl-L-homoserine lactones (12), N-decanoyl-L-homoserine lactones (13), N-

dodecanoyl-L-homoserine lactones (14), and N-tetradecanoyl-L-homoserine lactone 

(15). 
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New observations of quorum sensing involvement in organismal defense have 

also been reported. The pathogenic bacterium Vibrio cholerae living in biofilms 

established on chitinous substrates experienced reduced predation by the flagellate 

Rhynchomonas nasuta than did V. cholerae biofilms established on abiotic or non-

chitinous substrates (Sun et al. 2015). The biofilms formed on chitin exuded ammonium, 

a toxic byproduct of chitin metabolism, which conferred protection from predation (Sun 

et al. 2015). A quorum sensing mutant with reduced deterrence to R. nasuta was found 

to be impaired in N-acetylglucosamine catabolism, chemotaxis, and chitin-regulated 

pilus synthesis, but interestingly was not impaired in its ability to form a biofilm (Sun et 

al. 2015). Biofilm formation on zooplankton by V. cholerae is an important protective 

mechanism that contributes both to its environmental persistence and periodic outbreaks. 

Metabolism of chitin appears to augment the protective capacity of V. cholerae biofilms 

through the production of antiprotozoal ammonium, a phenomenon the authors refer to 

as “metabolite-based grazing resistance” and which they propose may be a common 

defense property of biofilm (Sun et al. 2015). Effects of ammonium on potential hosts 

were not explored. 

In addition to quorum sensing-regulated grazing defense in V. cholerae, a recent 

report details the quorum sensing-dependent mechanism by which another pathogenic 

marine Vibrio, V. anguillarum, defends against viral infection (Tan et al. 2015b). 

Bacterial mutation of membrane-based phage receptors to prevent viral entry into the cell 

is a common antiviral defense mechanism recognized as an important driver of bacterial 

evolution. However, mutation of receptors or transporters important for satisfying the 

cell’s metabolic demands could bring fitness costs (Tan et al. 2015b). Non-mutational 
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means of antiphage defense that circumvent or mitigate this liability include aggregate 

formation, exopolysaccharide production and temporary downregulation of phage 

receptors (Høyland-Kroghsbo et al. 2013, Tan et al. 2014, Tan et al. 2015a). V. 

anguillarum, which produces the quorum sensing molecules N-(3-hydroxyhexanoyl)-L-

homoserine lactone (16) and N-(3-oxo- decanoyl)-L-homoserine lactone (17) and 12 at 

high densities, protected itself against KVP40 phage infection by alternately forming 

aggregates and producing exopolysaccharide at low cell densities, as well as temporarily 

downregulating the phage receptor universal outer membrane protein K at high cell 

densities (Tan et al. 2015b). This strategy may allow the bacterium to dynamically 

respond to differences in phage pressure while minimizing fitness costs (assuming that 

the magnitude of phage threat correlates with host bacterial density). A quorum sensing 

mutant locked into a low density phenotype expressed high levels of phage receptor and 

remained vulnerable to phage infection regardless of culture density (Tan et al. 2015b). 

These findings suggest that in certain instances in which phage therapy is being 

considered, it may be beneficial to combine it with methods to inhibit quorum sensing. 

This may constrain bacteria to a phenotype that is vulnerable to viral attack and therefore 

increase the effectiveness of phage therapy.   
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Figure 1.3 Quorum sensing molecules N-(3-hydroxyhexanoyl)-L-homoserine 

lactone (16) and N-(3-oxo-decanoyl)-L-homoserine lactone (17) involved in 

antiphage defense in Vibrio anguillarum.  

 

Because quorum sensing has consequences on marine communities and 

ecosystems, additional studies on this topic are presented in the bacterial dynamics 

subsection of the community and ecosystem effects section. 

1.3.3 Other intraspecific signaling 

Indole-3-acetic acid (18) is a well-known auxin, or plant hormone, that influences 

plant growth and differentiation and is now appreciated to be important in intraspecific 

signaling between cell types of the coccolithophore Emiliana huxleyi (Labeeuw et al. 

2016). Coccolith-bearing E. huxleyi produce indole-3-acetic acid.  This metabolite is then 

sensed by non-coccolith-bearing, bald cells which respond by undergoing a physiological 

shift that is characterized by increased quantum yield (an indicator of photosystem II 

health), a decrease in growth and chlorophyll fluorescence, and an increase in cell size 

and membrane permeability (Labeeuw et al. 2016). This work is the first to report auxin 

production by a bacteria-free haptophyte, an observation of note as auxin production by 

algae has been a controversial topic with some attributing the presence of these molecules 
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to production by associated bacteria. Detection in E. huxleyi of homologs of tryptophan-

dependent indole-3-acetic acid genes from the mustard plant Arabidopsis thaliana 

supported the conclusion that the coccolithophore biosynthesizes the metabolite 

(Labeeuw et al. 2016). The significance of the observed signaling coordination between 

coccolith-bearing and bald E. huxleyi cell types is not clear. Labeeuw and colleagues note 

that while the two cell types co-occur in blooms, generally coccolith-bearing cells are 

present at higher densities during a bloom while bald cells increase in number towards 

the end of a bloom (2016). Further investigation is necessary to establish the benefit of 

signaling coordination for E. huxleyi and its implications for phytoplankton bloom 

dynamics and biogeochemical cycling. 

 

Figure 1.4 Intraspecific signaling molecule indole-3-acetic acid (18) produced by 

Emiliana huxleyi. 

 

1.4 Facilitation and mutualism 

Several recent studies have focused on chemical cross-talk between species. 

These interactions include both facilitative and perhaps mutualistic interactions; however 

true mutualisms between planktonic organisms have rarely been unequivocally 

demonstrated. Most studies reviewed here focused on the influence of bacteria on the 

growth or physiology of eukaryotic phytoplankton. Only two studies unambiguously 
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identified the presence of signaling molecules, while several studies infer the presence of 

a signaling molecule. For the purposes of this review, only papers that demonstrated 

signaling or cuing functions of nutritional molecules (e.g., amino acids, vitamins) are 

considered. Thus, studies that established growth effects due to the exchange of dissolved 

organic nutrients (including vitamins) among organisms are not reviewed here.  

Two recent studies have demonstrated a new ecological role for algal-derived 

tryptophan (19) as a biosynthetic substrate that can be used by bacteria to produce the 

plant hormone indole-3-acetic acid (18), which in turn acts as a growth promoter of 

eukaryotic phytoplankton (Amin et al. 2015, Segev et al. 2016). In these cases, specific 

plankton-bacterial relationships were described (Amin et al. 2015, Segev et al. 2016). For 

instance, Amin and colleagues showed that 18 produced by the Roseobacter Sulfitobacter 

sp. stimulated the growth of some strains of the diatom Pseudonitzschia multiseries 

(2015). When Sulfitobacter sp. grew alone, or with P. multiseries, 18 was detected at 

micromolar concentration ranges demonstrating that bacteria produce and release 18 into 

the environment. These authors confirmed the ecological relevance of their laboratory 

findings by demonstrating that 18 was present in field samples at similar concentrations 

and using metatranscripts for Sulfitobacter sp. to identify active 18 biosynthesis 

pathways in these samples (Amin et al. 2015). The authors suggested that P. multiseries 

provides necessary organic carbon to promote bacterial growth as bacterial numbers 

increased when grown with the P. multiseries strain whose growth had been enhanced, 

while the diatom preferentially utilizes ammonium derived from bacterial metabolism 

(Amin et al. 2015). Additionally, transcriptomic data indicated that P. multiseries 

increased the production of 19 when grown with Sulfitobacter sp. Coupling the above 
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data with the observations that extracellular 19 concentrations significantly decreased in 

the presence of the bacterium suggests that bacteria rapidly take up diatom-produced 19 

(Amin et al. 2015). The authors speculated that diatom-derived tryptophan served as the 

biosynthetic precursor for bacterially produced 18, potentially through several 18 

pathways including indole 3-acetonitrile, indole 3-acetamide, and tryptamine pathways, 

although no isotope tracer studies were confirmed to test this hypothesis (Amin et al. 

2015). 

 

Figure 1.5 Molecules potentially involved in cross-talk between phytoplankton and 

bacteria: L-tryptophan (19), dimethylsulfoniopropionate (DMSP) (20), and 

2,3-dihydroxypropane-1-sulfonate (DHPS) (21). 

 

The coccolithophorid Emiliania huxleyi releases 19 that is used by the 

alphaproteobacterium Phaeobacter inhibens to produce 18, which in turn stimulates the 

growth of E. huxleyi (Segev et al. 2016). P. inhibens only grew effectively when with E. 

huxleyi, which provided several nutrients, dimethylsylfonopropionate (DMSP) (20), and 

fixed carbon, that supported bacterial growth (Segev et al. 2016). The authors speculated 

that free-living P. inhibens may also use dissolved 20 as a cue to locate E. huxleyi cells 

(Segev et al. 2016). E. huxleyi grew more rapidly in the presence of the bacterium and 

additions of 18 to bacteria-free E. huxleyi increased its maximum cell density (Segev et 
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al. 2016). When P. inhibens was fed isotopically labeled 19, fully labeled 18 was 

produced, confirming that 19 is used by P. inhibens to make 18 and E. huxleyi was shown 

to produce extracellular 19. Therefore, this work demonstrates that “crosstalk” between 

these organisms is possible within the phycosphere (Segev et al. 2016). Similar to the 

results of the study by Amin and colleagues (2015), 18 was undetectable in 

coccolithophore-bacterium co-cultures, indicating a rapid turnover of this molecule 

among organisms (Segev et al. 2016). Considering the taxonomic diversity of the 

organisms used, these studies provide evidence for the potential of widespread, 

chemically mediated facultative relationships among eukaryotic phytoplankton and 

bacterial counterparts (Amin et al. 2015, Segev et al. 2016).   

Other studies have demonstrated the potential for chemical signaling or cuing 

among eukaryotic phytoplankton and bacteria (Durham et al. 2015, Durham et al. 2017, 

Landa et al. 2017). Authors of these studies inferred chemical cross-talk between 

organisms by tracking an organism’s transcriptomic or metabolomic changes in response 

to the presence of another species. Durham and colleagues investigated the relationship 

between the Roseobacter Rugeria pomeroyi and the diatom Thalassiosira pseudonana 

(2015). Because bacterial transcriptomes showed increased expression of 2,3-

dihydroxypropane-1-sulfonate (21) transporters and catabolism genes when in the 

presence of the diatom, the authors suggested the bacterium provided vitamin B12 to the 

diatom, and in return the diatom provided 21 to the bacterium. In addition, sulfur 

metabolism genes of T. pseudonana were down-regulated when exposed to the bacterium 

(Durham et al. 2015). While this may signal a tight relationship between R. pomeroyi and 

T. pseudonana, the authors state that there is little evidence that the relationship is 
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mediated by non-nutritional molecules, since  production of 21 by diatoms did not appear 

to be stimulated by the bacterium (Durham et al. 2015). However, the presence of 

signaling molecules was not explicitly tested in this study. A more recent study used 

mutant R. pomeroyi to test the role of 21 as a bacterial growth substrate (Landa et al. 

2017). Bacteria incapable of expressing key 21 transporters were unable to grow when 

provided with 21 as sole carbon source, and limited growth was observed when this 

bacterium was grown with T. pseudonana (Landa et al. 2017). These results support the 

hypotheses that T. pseudonana-produced 21 serves as a carbon source, not as a signaling 

molecule, for R. pomeroyi. 

Yet, T. pseudonana appears to be capable of recognizing R. pomeroyi (Durham 

et al. 2017). In the presence of R. pomeroyi, T. pseudonana regulated expression of genes 

related to cell signaling and recognition functions, including pathways similar to bacterial 

recognition pathways found in plants (Durham et al. 2017). The authors proposed that 

these signaling and secondary messenger genes indicate active recognition of the 

bacterium by the diatom (Durham et al. 2017). Presumably, this recognition occurs via 

dissolved organic compounds, since few R. pomeroyi cells were attached to T. 

pseudonana cells and R. pomeroyi had upregulated genes for protein excretion/organic 

molecule excretion (Durham et al. 2017). Which signal(s) T. pseudonana responds to is 

as of yet unknown. Future work in this study system to characterize the dissolved organic 

compounds of the culture medium, as well as more classical conditioned media-based 

experiments will help to confirm the presence of chemical signaling used by T. 

pseudonana to detect bacteria. 
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EroS was recently identified as an enzyme exuded by the marine 

gammaproteobacterium Vibrio fischeri which stimulates sexual reproduction and a newly 

described swarming behavior in the choanoflagellate Salpingoeca rosetta (Woznica et al. 

2017). The amino acid sequence of EroS contains a glycosaminoglycan lysase domain, 

revealing that it acts specifically on chondroitin (a specific glycosaminoglycan). Amino 

acid substitutions at the catalytic site eliminated the ability of EroS to elicit swarming 

and mating behaviors in S. rosetta, indicating that enzymatic activity of EroS is critical 

in its function to stimulate mating/swarming (Woznica et al. 2017). This study 

demonstrated several previously underappreciated aspects of S. rosetta biology: the 

presence of sulfated glycosaminoglycans in S. rosetta membranes, aggregation behavior 

to increase the rate of sexual reproduction, and the ability of bacteria to influence 

behaviors and reproduction in S. rosetta (Woznica et al. 2017). Aggregating makes 

evolutionary sense in the pelagic environment, since cells are likely to be greatly 

dispersed and finding mates should be challenging. The authors suggest that the ability 

of S. rosetta to respond to the presence of certain bacteria may signify appropriate 

environments for successful sexual production (Woznica et al. 2017).  

A few recent studies investigated the impacts of eukaryotic phytoplankton on 

bacterial metabolism or physiology (Wang et al. 2015, Landa et al. 2017). The 

alphaproteobacterium Dinoroseobacter shibae was found to influence the growth of the 

dinoflagellate Prorocentrum minimum, by shifting from a mutualist, which increases 

growth, to a pathogen, which promotes rapid decline, during different growth phases of 

P. minimum (Wang et al. 2015). Transcriptomics revealed quorum sensing, CtrA 

phosphorelay, and flagella biosynthesis genes were consistently and significantly 
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upregulated after this switch from mutualism to pathogenicity (Wang et al. 2015). 

Various knockout mutants were more inhibitory towards P. minimum than wild type 

bacteria, indicating that these genes modulate the deleterious effects of D. shibae on the 

dinoflagellate. However, two mutants, both lacking a plasmid encoding for type IV 

secretion systems, had no effect on the growth of P. minimum, demonstrating that D. 

shibae contains several genes for pathogenicity (Wang et al. 2015). To date, no work has 

yet been done in this study to isolate or investigate any chemical signals that may turn on 

the expression of pathogenic genes in D. shibae. 

The dinoflagellate Alexandrium tamarense influences the metabolism of R. 

pomeryoi by causing the bacterium to increase expression of quorum sensing genes 

(Landa et al. 2017). This appears to be a species-specific effect, as the presence of the 

diatom T. pseudonana did not cause differential expression of these quorum sensing 

genes (Landa et al. 2017). R. pomeryoi also enhanced expression of genes involved in 

degradation of 20 in the presence of A. tamarense (Landa et al. 2017). Landa and 

colleagues speculated that the presence of 20 (likely produced by A. tamarense in the 

presence of R. pomeryoi) served not only as a carbon and sulfur source for the bacterium, 

but also as a signal to alter R. pomeroyi metabolism. In support of this hypothesis R. 

pomeryoi enhanced expression of quorum sensing genes, phosphorelay and flagellum 

assembly genes as well as gene transfer agent cassette when grown with A. tamarense 

(Landa et al. 2017).  

Proteomics revealed that compounds exuded by the diatom Thalassiosira 

weissflogii cause changes in the metabolism of the gammaproteobacterium Marinobacter 

adhaerens (Stahl and Ullrich 2016). Ten bacterial proteins involved in nitrogen 
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metabolism and amino acid transport were differentially expressed in M. adhaerens in 

response to T. weissflogii, even though the bacterium was physically separated from the 

diatom (Stahl and Ullrich 2016). This lead Stahl and colleagues to conclude that the 

presence of T. weissflogii provides a different nutritional environment for M. adhaerens, 

which is then reflected in the changes in the proteome to accommodate amino acid 

released by the diatom (2016). The authors did not discuss the potential for cues or signals 

released by either the bacteria or the diatoms to cause changes in metabolism unrelated 

to nutrition; however, they noted the insensitivity of their methodological approach 

indicating that other signaling possibilities cannot be excluded (Stahl and Ullrich 2016).  

These studies, as well as the large body of work showing that dissolved vitamins 

are readily exchanged among members of plankton (as reviewed by Sañudo-Wilhelmy 

et al. (2014)) showcase the myriad enigmatic exchanges of metabolites among planktonic 

organisms. The identification of such metabolites, whether they are nutritional or for 

signaling, is challenging due to the rapid turnover of such compounds within the 

phycosphere, which results in low standing stock concentrations. This type of cross-talk, 

as evidenced by the large taxonomic and ecological variation in organisms described 

above, is likely common throughout the pelagic and remains an underexplored area of 

research. Future studies to assess whether these species-specific relationships constitute 

true mutualisms are also needed.  

1.5 Host-parasite interactions 

Waterborne cues emitted by predators induce defenses in some marine prey (Hay 

2009, Scherer and Smee 2016). A pair of recent studies suggest that phytoplankton might 
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respond to chemical cues from parasites in an analogous way, reducing their risk of 

infection (Lu et al. 2016, Lee and Park 2017). Lu and colleagues reported that the 

dinoflagellate Alexandrium fundyense detects waterborne cues from the parasitic 

dinoflagellate Amoebophrya sp. resulting in differential gene regulation (2016).  When 

infected by Amoebophrya sp. or exposed to its exuded metabolites, A. fundyense was 

found to upregulate its genes associated with energy production, signal transduction, 

stress, and (putatively) defense. However, there were still distinct differences in gene 

regulation between the two types of parasite exposure indicating that the molecular 

mechanisms responsible for detecting and responding to parasitic threat, as well as 

changes in energy usage and signaling, differ in each case.  Production of paralytic 

shellfish toxins (PSTs) (e.g. 22-30) by A. fundyense was not significantly altered by the 

presence of the parasite or its diffusible metabolites (Lu et al. 2016). Overall, this study 

suggests that recognition of Amoebophrya sp. waterborne cues alone might ‘prime’ a 

protective, defensive response in the host before encounter. 

 

Figure 1.6 Paralytic shellfish toxins (PSTs): saxitoxin (22), neosaxitoxin (23), 

gonyautoxins (GTX) -1 (24), -2 (25), -3 (26), -4 (27), -5 (28), N-sulfocarbamoyl 

saxitoxin C1 (29), and N-sulfocarbamoyl saxitoxin C2 (30), produced by the 

dinoflagellate Alexandrium fundyense. 
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Another dinoflagellate, Fragilidium duplocampanaeforme, did not sense the 

waterborne cues of its parasite; only the physical presence of live zoospores of the 

parasitic dinoflagellate Parvilucifera infectans, and not dead zoospores or zoospore 

exuded compounds, triggered cells to form temporary, ecdysal cysts (Lee and Park 2017). 

These results contrast with those previously reported for Alexandrium ostenfeldii which 

was observed to form ecdysal cysts in response to waterborne cues from P. infectans 

(Toth et al. 2004). More data are needed to understand whether ecdysal cyst formation in 

diverse dinoflagellates in response to waterborne cues is a common phenomenon 

affecting plankton community composition and dynamics. 

In addition to host sensation of parasites, the reverse case, parasite reception of 

host exuded metabolites, also occurs.  Chytrid zoospores distinguish metabolic nuances 

in host exudates and increase chemotactic behavior toward attractive diatom hosts 

(Scholz et al. 2017). Abiotic factors influenced host attractiveness; extracts from light-

stressed diatoms elicited the greatest chemotactic response from zoospores. Scholz and 

colleagues also attempted to identify differences in broad metabolite classes between 

species of diatoms within the same genus that differed in their susceptibility to parasite 

infection (Scholz et al. 2017). Differences were noted, but due to the experimental setup 

it was not possible to determine whether the compounds originated from the diatoms or 

the parasites, nor to draw conclusions about the chemical characteristics of parasite-

resistant diatoms (Scholz et al. 2017). However, both exuded compounds and internal 

compounds from parasite-resistant diatoms increased protection against parasite 

infection, hinting at the production of unidentified protective chemical compound(s) by 

parasite-resistant diatoms.  
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Once inside its host a parasite may manipulate the host to its own advantage. A 

recent study by van Tol and colleagues investigated interactions between the 

flavobacterium Croceibacter atlanticus and diatoms (van Tol et al. 2016). The bacterium 

is a member of the microbial consortium which attaches to diatom surfaces (van Tol et 

al. 2016). Once attached, C. atlanticus inhibited the growth of about half of the tested 

diatoms (van Tol et al. 2016). Interestingly, the resistant diatoms each still possessed 

their natural microbial consortia hinting that their microbiome may counteract the 

negative influence of C. atlanticus (van Tol et al. 2016). When the model diatom 

Thalassiosira pseudonana was infected with C. atlanticus it stopped dividing, grew 

larger, became polyploid, and increased its plasmid number and chlorophyll a abundance 

(van Tol et al. 2016). The authors hypothesized that these outcomes benefit the parasitic 

bacterium by creating a more colonizable surface area and greater excretion of 

metabolites that aid in growth. The compounds exuded by C. atlanticus when grown 

alone caused no deleterious effects to T. pseudonana indicating that either the inhibitor 

compounds are not constitutively released or that the interaction is not chemically 

mediated (van Tol et al. 2016). However, no further steps were taken to identify any 

induced compound(s) that might be responsible for the growth inhibition of T. 

pseudonana caused by C. atlanticus.  

Not all cases of host-parasite interaction are antagonistic at all life stages. The 

marine Roseobacter Phaeobacter inhibens associates with the coccolithophore Emiliania 

huxleyi in a mutualist-to-parasite switch model (Wang et al. 2016a), similar to its 

interaction with the dinoflagellate Prorocentrum minimum (Wang et al. 2015). While 

acting as mutualists, other Phaeobacter spp. have been found to co-opt DMSP (20) from 
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E. huxleyi to produce phenylacetic acid (31), a growth promoter in some algae, and 

tropodithietic acid (32), an antibiotic that protects microalgae from marine pathogens 

(González et al. 1999, Thiel et al. 2010, D’Alvise et al. 2012). During senescence, the 

alga produces p-coumaric acid (33) which triggers Phaeobacter spp. to produce algicidal 

roseobacticides (34 and 35), in a switch to parasitism (Seyedsayamdost et al. 2011). A 

recent effort by Wang and colleagues to uncover the roseobacticide biosynthetic gene 

cluster in P. inhibens determined that genes required for biosynthesis of 32 were also 

required for roseobacticide biosynthesis and that genes from three different loci are 

needed for roseobacticide production (2016a). They also discovered that P. inhibens 

requires two signals, 33 and the QS molecule N-(3-hydroxydecanoyl)-L-homoserine 

lactone (36) to switch to parasitism and initiate roseobacticide production. Additionally, 

the authors uncovered a new biosynthetic mechanism for thiol insertion in the 

biosynthesis of roseobacticides (Wang et al. 2016a). The necessity for the dual presence 

of 33 and 36 for roseobacticide biosynthesis may point to tight regulation of the switch 

from mutualism to parasitism. For the most part, by utilizing the same biosynthetic 

enzymes to produce 32, 34 and 35, a rapid switch from mutualism to parasitism can be 

accomplished. 
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Figure 1.7 Metabolites involved in bacterial-algal interactions. Phenylacetic acid 

(31) and trophodithietic acid (32) are molecules produced by Phaeobacter inhibens 

which promote algal growth and have antipathogenic properties. p-Coumaric acid 

(33) and N-(3-hydroxydecanoyl)-L-homoserine lactone (36) promote production of 

algicidal roseobacticides A (34) and B (35) in P. inhibens. 

 

Recently, the algicidal effects of some marine bacteria have been studied in an 

attempt to better understand algal-bacterial interactions (Yang et al. 2015, Chi et al. 

2017). Many bacteria that are algicidal only appear to be so when at high concentrations 

(Imai et al. 1992, 1993, Roth et al. 2007, Li et al. 2014). Therefore, a recent study by Chi 

and colleagues was founded on the hypothesis that bacterial quorum sensing is important 

in controlling algal blooms and more specifically, involved in controlling production of 

algicidal compounds (2017). The algicidal bacterium Ponticoccus sp., isolated from P. 

donghaiense, killed cultures of P. donghaiense, A. tamarense, and the prymnesiophyte 

Phaeocystis globosa when they were in exponential growth phase. When treated with β-
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cyclodextrin (37), a known binder of acyl homoserine lactones, Ponticoccus sp. became 

less algicidal, suggesting that quorum sensing might be at least partially involved in its 

algicidal activity (Chi et al. 2017). The homoserine lactones, N-(3-oxo-octanoyl)-L-

homoserine lactone (38) and N-(3-oxo-decanoyl)-L-homoserine lactone (17), as well as, 

the autoinducer synthases (zlaI and zlbI) and luxR transcriptional regulator genes (zlaR 

and zlbR) for were identified as being involved in quorum sensing in Ponticoccus sp (Chi 

et al. 2017). However, the algicidal compounds were never identified. Another study 

characterized prolylmethionine (39) and hypoxanthine (40) as involved in the algicidal 

activity of a Bacillius sp. against P. globosa, the alga from which it was isolated (Yang 

et al. 2015). However, P. globosa only experiences growth inhibition when exposed to 

39 and 40 at well above ecologically relevant concentrations (Yang et al. 2015). 
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Figure 1.8 Molecules from algicidal bacteria studies. β-cyclodextrin (37) is a 

homoserine lactone quorum sensing inhibitor. N-(3-oxo-octanoyl)-L-homoserine 

lactone (38) is an autoinducer produced by the algicidal bacterium Ponticoccus sp. 

Prolyl-methionine (39) and hypoxanthine (40) are potential algicides produced by 

Bacillius sp. against Phaeocystis globosa. 

 

1.6 Allelopathy 

Understanding interactions among phytoplankton species is important in order to 

predict bloom dynamics. For example, not all phytoplankton species that share a 

fundamental ecological niche co-occur in the field, and for the ones that do, we do not 

know all the factors that allow for coexistence. In 2009 the rhapidophyte Chattonella 

marina var. marina and the dinoflagellate Gymnodinium catenatum co-bloomed in Bahía 
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de La Paz, Gulf of California, but C. marina consistently occurred at double or greater 

concentration relative to G. catenatum (López-Cortés et al. 2011). Therefore, a study was 

undertaken by Fernández-Herrera and colleagues to gain insight into how C. marina 

outcompeted G. catenatum during the bloom (2016). C. marina was found to cause loss 

of flagella, nuclear swelling, and cyst formation in G. catenatum. Compounds exuded by 

C. marina appeared to account for approximately 50% of the outcome on G. catenatum 

(Fernández-Herrera et al. 2016). Additionally, some G. catenatum cells lysed after 

contact with C. marina cells. Overall, the study showed that C. marina has deleterious 

effects on G. catenatum physiology and growth, but the exuded compounds responsible 

for the allelopathic portion of these effects were not identified (Fernández-Herrera et al. 

2016).  

Both the dinoflagellate Alexandrium minutum and the diatom Skeletonema 

costatum grow off the coast of China, but only S. costatum is known to form blooms 

there (Wang et al. 2017a). Wang and colleagues found that compounds exuded by S. 

costatum inhibited the growth of A. minutum. Yet when A. minutum was exposed to 

15(S)-hydroxyeicosa-5Z,8Z,11Z,13E,17Z-pentaenoic acid (15(S)-HEPE) (41), a known 

auto-inhibitor of S. costatum, it acted as a stimulant at low concentrations and an inhibitor 

at unnaturally high concentrations (Wang et al. 2017a). Therefore, 41 was not the 

allelochemical exuded by S. costatum responsible for the observed growth inhibition of 

A. minutum despite being produced. The allelopathy of S. costatum against A. minutum 

may explain why only low concentrations of A. minutum are reported in the East China 

Sea. However, the authors of the study warned that this favoring of diatoms could change 
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if coastal pollution continues because eutrophication promotes dominance of  

dinoflagellates over diatoms in the East China Sea (Wang et al. 2017a).  

 

 

Figure 1.9 Molecules proposed to possess allelopathic properties: the monohydroxy 

fatty acid 15(S)-hydroxyeicosa-5Z,8Z,11Z,13E,17Z-pentaenoic acid (15(S)-HEPE) 

(41) and the peptide TYR-PRO-PHE-PRO-GLY-NH2 (42) produced by the diatom 

Skeletonema costatum and the raphidophyte Heterosigma akashiwo, respectively. 

 

In a pair of studies by Wang and colleagues the diatom Phaeodactylum 

tricornutum was found to be allelopathic against the raphidophyte Heterosigma akashiwo 

(2016b, 2017b). Additionally, using mass spectrometry, an allelopathic peptide with 

putative primary sequence TYR-PRO-PHE-PRO-GLY-NH2 (42) was identified, 

although the authors cautioned that further investigation is needed to verify its three 

dimensional structure (Wang et al. 2016b). At ecologically relevant concentrations 42 

caused increased activity of esterases, cell membrane disruption, and disturbance of cell 

membrane potential in H. akashiwo (Wang et al. 2017b). None of the deleterious effects 

lasted the full length of the experiment suggesting that either H. akashiwo acclimated to 
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the allelochemical, the H. akashiwo cells that survived gave rise to a population that was 

more resistant to the allelochemical, or that 42 degraded over time (Wang et al. 2017b).  

Allelopathic interactions are not limited to larger phytoplankton. In a recent series 

of studies Śliwińska-Wilczewska and colleagues explored the effects of the 

picocyanobacterium Synechococcus sp. on the phytoplankton community in the Baltic 

Sea (2016, 2017a, 2017b). Compounds exuded by Synechococcus sp. inhibited the 

growth of all the phytoplankton in a natural community, except the cyanobacteria 

Nodularia spumigena and Gloeocapsa sp. (Śliwińska-Wilczewska et al. 2017b). This 

caused a shift in the phytoplankton community whereby Synechococcus sp. became even 

more dominant and green algal species decreased in relative abundance.  

Allelopathic effects of the same Synechococcus sp. were also measured against 

the filamentous cyanobacteria Aphanizomenon flos-aquae, Nostoc sp., Phormidium sp., 

and Rivularia sp. (Śliwińska-Wilczewska et al. 2017a). Compounds exuded from 

Synechococcus sp. inhibited the growth of Nostoc sp. and Phormidium sp., but enhanced 

the growth of A. flos-aquae. The decrease in growth of Phormidium sp. was accompanied 

by a decrease in chlorophyll a abundance and fluorescence suggesting that its 

photosynthesis efficiency was reduced by Synechococcus sp. exudates. In contrast, in 

Nostoc sp. carotenoids, a class of accessory photosynthetic pigments, increased in the 

presence of Synechococcus sp. exudates despite overall growth inhibition (Śliwińska-

Wilczewska et al. 2017a). Therefore, further studies should investigate the mechanism 

by which Synechococcus sp. inhibits the growth of Nostoc sp. In an additional study, 

Śliwińska-Wilczewska and colleagues found that Synechococcus sp. was most 

allelopathic towards the diatom Navicula perminuta, as measured by the rate and 
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efficiency of photosynthesis, at optimal growing conditions for Synechococcus sp. 

(Śliwińska-Wilczewska et al. 2016). Unfortunately, the allelochemicals produced by 

Synechococcus sp. were not identified in any of the aforementioned studies.  

Allelopathic potency often varies within species (Chen et al. 2015, Xu et al. 2015, 

Sala-Pérez et al. 2016). Fifteen strains of Alexandrium tamarense caused different levels 

of growth inhibition in C. marina, with weakly inhibitory strains themselves strongly 

suppressed by C. marina.(Chen et al. 2015). The inhibitory effect caused by each A. 

tamarense strain correlated with the lytic activity of exuded compounds greater than 1 

kDa. However, lytic activity of exudates were tested using rabbit blood cells and not C. 

marina (Chen et al. 2015). Therefore, further studies are needed to explore to what extent 

exploitation competition, in addition to allelopathy, might be responsible for the 

decreased growth of C. marina when co-cultured with A. tamarense.  

The lytic effects of six arctic strains of the dinoflagellate Protoceratium 

reticulatum against the cryptomonad Rhodomonas salina were tested by Sala-Pérez and 

colleagues (2016). Lytic activity was found to be strain- and growth phase-dependent, 

but independent of temperature. Exudates alone from P. reticulatum caused lysis in R. 

salina but did not recapitulate the levels of lysis caused by co-culture, suggesting that the 

compounds responsible for causing the lysis might be unstable. Additionally, lysis of R. 

salina did not appear to be associated with yessotoxin (43) (Sala-Pérez et al. 2016).  

A study by Xu and colleagues found that the growth of the dinoflagellate 

Akashiwo sanguinea was inhibited by one of two strains of the diatom Pseudo-nitzschia 

multiseries (2015). Compounds exuded in stationary phase by P. multiseries strain 



 32 

CLNN16, but not strain CLNN21, inhibited growth in A. sanguinea, thereby suggesting 

that only CLNN16 is allelopathic against A. sanguinea. However, no allelochemicals 

were identified (Xu et al. 2015). In another part of this study these authors tested the 

effects of a strain of Pseudo-nitzschia pungens from the South China Sea against A. 

sanguinea and four other co-occurring phytoplankton species (Prorocentrum minimum, 

Phaeocystis globosa, C. marina, and R. salina) (Xu et al. 2015). P. pungens inhibited 

growth of A. sanguinea, and to a lesser extent C. marina and R. salina, in a density-

independent manner. Additionally, compounds exuded by lysed cells of both P. pungens 

and P. multiseries strain CLNN16  inhibited the growth of A. sanguinea and R. salina 

(Xu et al. 2015). The authors of the study suggest that both Pseudo-nitzschia spp. are 

allelopathic but that domoic acid (44) is not the allelochemical, since the tested strain of 

P. pungens was allelopathic despite not being a known producer of 44 (Xu et al. 2015). 

However, concentrations of 44 were not measured in this study and compounds released 

only by cell lysis are likely not effective at mediating competition.  

Some phytoplankton appear to inhibit their own growth (Zhang et al. 2015b, 

Gallo et al. 2017). In a follow-up to their 2013 study (Wang et al.), Zhang and colleagues 

tested the effect of compounds exuded by declining phase S. costatum on the interactions 

between S. costatum and the dinoflagellate Prorocentrum donghaiense using more field-

relevant nutrient concentrations and bacteria free culture conditions (Zhang et al. 2015b). 

Once again they found that self-inhibition by S. costatum is likely what drives the 

successional bloom of P. donghaiense after S. costatum in the East China Sea (Wang et 

al. 2013, Zhang et al. 2015b). Despite continued study of this system, additional 
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experiments are still warranted because the self-inhibitory compound(s) produced by S. 

costatum have yet to be identified. 

 

 

Figure 1.10 Chemical structure of the algal toxins yessotoxin (43) and domoic acid 

(44) produced by the dinoflagellate Protoceratium reticulatum and some diatoms 

from the genus Pseudo-nitzschia, respectively. Sterol sulfates, β-sitosterol sulfate 

(45), dihydrobrassicasterol sulfate (46), and cholesterol sulfate (47) which have self-

inhibitory activity in the diatom Skeletonema marinoi. 

 

The sterol sulfates, β-sitosterol sulfate (45), dihydrobrassicasterol sulfate (46), 

and cholesterol sulfate (47), have been found to regulate cell death programming in the 

diatom Skeletonema marinoi (Gallo et al. 2017). Early exponential phase cultures of S. 
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marinoi declined immediate when exposed to their own stationary phase filtrates or the 

individual compounds 45, 46, and 47. Exposure to 47 alone induced processes associated 

with cell stress and apoptosis in S. marinoi. The role of these compounds in the self-

inhibition was further confirmed when interruption of the biosynthesis of 45, 46, and 47 

resulted in an extended stationary phase and an increase in final cell density of S. marinoi 

(Gallo et al. 2017).  

1.7 Predator-prey interactions 

1.7.1 Chemical defenses 

Marine plankton are well-known producers of secondary metabolites 

hypothesized to act as defenses against predators. Over the past decade, several species 

of dinoflagellates of the genus Karlodinium which produce karlotoxin 1, 2, 8, and 9 (48-

51) (Waters et al. 2015), have been implicated in fish kills. These molecules act by 

binding to cholesterol and disrupting cell membranes (Deeds et al. 2015, Rasmussen et 

al. 2016a). Recently, a novel karlotoxin-like molecule was identified by Rasmussen and 

colleagues from the newly identified ichthyotoxic dinoflagellate species Karlodinium 

armiger (2017). Karmitoxin (52) differs from the previously described 48-51 in that it 

possesses a primary amine at one end. In a rainbow trout gill cell toxicity assay, 52 lysed 

cells with an LC50 value of 125 nM (Rasmussen et al. 2017). Additionally, 52 exhibited 

an LC50 of 400 nM for adult female Acartia tonsa copepods (Rasmussen et al. 2017). The 

concentrations used to establish LC50 values were in the measured range for extracellular 

52 from K. armiger (Rasmussen et al. 2017). However, an ecological assay for planktonic 

organisms would typically involve exposing copepods to toxins within food particles, not 
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dissolved in seawater. Therefore, it is unclear whether 52 would actually play an 

important role as a chemical defense against copepods or as an ichthyotoxin in natural 

populations.  
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Figure 1.11 Chemical structures of the toxins karlotoxins 1 (48), 2 (49), 8 (50), and 

9 (51) and karmitoxin (52) produced by dinoflagellate of the genus Karlodinium. 
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The haptophyte Prymnesium parvum has also been implicated in massive fish 

kills (Roelke et al. 2016). Recently, Rasmussen and colleagues characterized a new 

prymnesin that contains a novel ladder-frame polyether backbone (2016b). Prymnesin-

B1 (53) differs from the previously described prymnesin-2 (54) in the elimination of rings 

H and I from the polyether ladder-frame resulting in six fewer carbon atoms in the 

polyketide backbone, substitution of the α-L-xylofuranose moiety for α-D- 

galactopyranose, and loss of a chlorine before the terminal alkynyl groups. Additionally, 

by screening 10 strains of P. parvum from all around the world they putatively identified 

13 new prymnesins by liquid chromatography high-resolution mass spectrometry, eight 

of which appear to possess a novel, more heavily chlorinated backbone (Rasmussen et 

al. 2016b). By a rainbow trout gill cell assay 53 was found to have an EC50 value of 5.98 

nM, which makes 53 much less toxic than 54; therefore, the authors speculated that all 

prymnesins are ichthyotoxic to varying degrees (Rasmussen et al. 2016b). Nevertheless, 

they failed to determine whether the potencies of toxins fall within the expected natural 

concentrations for prymnesins during a P. parvum bloom. 

Recently two new toxic azaspiracids (55 and 56) were isolated from the 

dinoflagellate Azadinium poporum (Krock et al. 2015). These new analogues differ from 

the previously described 57 by minor alterations to methylation, hydroxylation, and 

unsaturation patterns. In a cytotoxicity assay with lymphocytes 55 and 56 were much less 

toxic than 57 (Krock et al. 2015). Although the azaspiracids have previously been 

proposed to function as chemical defenses (Jauffrais et al. 2012), this study did not 

address an ecological function for the novel natural products; further studies should be 

performed to identify the ecological roles, if any, of azaspiracids in Azadinium sp. 
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Figure 1.12 Chemical structures of algal toxins: prymnesin-B1 (53) and -2 (54), 

produced by the haptophyte Prymnesium parvum, and azaspiracids (AZA) -1 (55), -

36 (56), and -37 (57), produced by the dinoflagellate Azadinium poporum. Chemical 

structure of the diatom oxylipin 2E-decenal. 
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A 2015 study on winter phytoplankton blooms in 2004 and 2005 in the northern 

Adriatic Sea attempted to link diatoms and non-volatile oxylipins, such as 15(S)-HEPE 

(41) and 2E-decenal (58), to reduced reproductive success in copepods (Ianora et al. 

2015). The study found that mean phytoplankton density during winter blooms increased 

between 2004 and 2005 driven largely by diatoms, which increased in abundance from 

10.3% to 50.1% of the phytoplankton composition. Among the diatoms, Skeletonema 

marinoi was the most dominant species in 2005; whereas in 2004, Pseudo-nitzschia 

galaxiae, S. marinoi, and Chaetoceros spp. were all close to equally dominant among 

diatom species (Ianora et al. 2015). The higher diatom abundance in 2005 was mirrored 

by higher egg production in copepods Acartia tonsa and Calanus helgolandicus; yet, 

hatching success was significantly lower in 2005 than in 2004. Ianora and colleagues 

suggested that hatching success was compromised because of higher concentrations of 

oxylipins, particularly non-volatile oxylipins, recorded in 2005, which might have been 

the result of  diatom population booms (2015). A study in 2012 had shown a pattern of 

downregulation in aldehyde detoxification and apoptosis regulator genes in C. 

helgolandicus in response to a diet of S. marinoi, the predominant diatom in the 2005 

winter Adriatic Sea blooms, providing further support for the hypothesis that the increase 

in S. marinoi and oxylipins in 2005 was responsible for deleterious effects on copepods 

(Lauritano et al.). In 2015, a similar study to the 2012 one was completed exploring the 

effects of a diet of S. marinoi on gene expression in the copepod Calanus sinicus 

(Lauritano et al.). While after the first two days aldehyde detoxification genes, a heat 

shock protein, and an antioxidant enzyme gene were downregulated in C. sinicus fed 

S. marinoi similar to the response in C. helgolandicus, by the fifth day these genes had 
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switched to being upregulated (Lauritano et al. 2015). This suggests that, unlike C. 

helgolandicus (Lauritano et al. 2012), C. sinicus is capable of restoring initially damaged 

proteins and activating an antioxidant response (Lauritano et al. 2015). The results of 

these studies support the generalized hypothesis that oxylipins contribute to the poor food 

value of diatoms for copepods. 

The dinoflagellates Akashiwo sanguinea and Alexandrium catenella and the 

raphidophyte Chattonella marina negatively impact the growth of the predatory 

dinoflagellate Noctiluca scintillans despite the ability of N. scintillans to feed and grow 

on several other chemically defended dinoflagellates and raphidophytes (Stauffer et al. 

2017). When provided with a mixed assemblage diet of A. catenella, a producer of PSTs 

(e.g. 22-30), and a non-toxic strain of the raphidophyte Heterosigma akashiwo, the 

growth rate of N. scintillans increased with increasing proportion of H. akashiwo at a rate 

greater than expected if toxicity of A. catenella was undermining its value as a food 

(Jonasdottir et al. 1998, Stauffer et al. 2017). Therefore, it is unlikely that toxicity is 

responsible for the negative growth rate of N. scintillans when feeding on A. catenella. 

In further support of this hypothesis, H. akashiwo cultures spiked with compounds 

exuded by A. catenella, and not ones spiked with saxitoxin (22), significantly decreased 

the growth rate of N. scintillans (Stauffer et al. 2017). Therefore, there may be 

unidentified compounds produced, and possibly exuded, by A. catenella that either 

detract from its nutritional value or deter feeding by N. scintillans without imposing 

direct toxicity.  

The newly described Alexandrium pohangense uses its chemical defense to kill 

potential protist predators before they even begin grazing (Kim et al. 2016). A. 
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pohangense forms blooms off the coast of Pohang, South Korea despite having an 

extremely slow growth rate when growing autotrophically (Lim et al. 2015). 

Consequently, one hypothesis is that A. pohangense blooms less by growing and more 

by avoiding predation, relative to its competitors (Kim et al. 2016). In a recent study, pre-

bloom concentrations of A. pohangense immobilized and then lysed nine different 

heterotrophic protist predators known to prey upon other chemically defended 

phytoplankton (Kim et al. 2016). Compounds exuded by A. pohangens alone killed the 

majority of protists in a natural assemblage and were nearly as potent at killing the 

predators as live A. pohangense. In conclusion, A. pohangense likely forms blooms, at 

least in part, by killing many would-be protists predators; however, rates of predation on 

other competitors in a natural assemblage still needs to be measured for comparison and 

the post-ingestion effects of A. pohangense on metazoan predators has yet to be studied 

(Kim et al. 2016). Without these additional studies there is no way of knowing if A. 

pohangense experiences lower predation rates than its competitors. Additionally, future 

studies should identify the compound(s) responsible for the lytic effects recorded in this 

study.  

Bivalve mollusks are commonly negatively impacted by the chemical 

composition of phytoplankton. A recent study by Tran and colleagues found that the toxic 

dinoflagellate Alexandrium minutum impacts the daily rhythms of the oyster, Crassostrea 

gigas (2015). Bloom concentrations of A. minutum caused loss of the cyclic pattern of 

expression of Cgcry, a circadian rhythm-controlling gene, in C. gigas (Tran et al. 2015). 

Similarly, digestive processes and gene expression of genes involved in oxidative stress 

defense, immunity, and respiration were no longer cyclically regulated when oysters ate 
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A. minutum (Tran et al. 2015). Moreover, the study found oysters that had accumulated 

A. minutum toxins in their digestive glands remained open throughout the 24 hours, 

regardless of cycling of the tides or Cgcry gene expression, revealing another mechanism 

by which such compounds can affect grazers (Tran et al. 2015). The full consequences 

of the loss of biological daily rhythms on the long term fitness of oysters have yet to be 

studied and the authors suggest that the loss of rhythm, and subsequent changes in 

digestion pattern, may actually protect the oysters from more serious adverse effects 

when they experience ephemeral blooms of A. minutum (Tran et al. 2015). 

Toxic phytoplankton may also indirectly harm bivalve mollusks by making 

bivalve mollusks more vulnerable to infection. Several recent studies have suggested that 

exposure to blooms of toxic Alexandrium spp. makes shellfish prone to parasitism 

(Lassudrie et al. 2015) and infection (Abi-Khalil et al. 2016). A study by Abi-Khalil and 

colleagues showed that exposure to toxic A. catenella increased the susceptibility of adult 

C. gigas to mortality from infection by the pathogen Vibrio tasmaniensis (2016). 

Additionally, the authors found an association between V. tasmaniensis infection, 

mortality, and toxin (i.e., GTX-2 (25) and GTX-C2 (30)) accumulation in adult oysters 

(Abi-Khalil et al. 2016). In contrast, C. gigas larvae did not experience increased 

susceptibility of infection by Vibrio sp when to fed A. catenella (Lassudrie et al. 2016). 

However, larvae did experience an increased immune response, but this was unrelated to 

accumulation of PSTs (e.g. 22-30) (Lassudrie et al. 2016). On the other hand, other recent 

studies have shown that 22 induces apoptosis of immune cells in C. gigas (Abi-Khalil et 

al. 2017) and decreases phagocytosis, increases reactive oxygen species production 

(Astuya et al. 2015), and causes an upregulation of immune pattern recognition receptor 
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genes and their signaling pathways in the Chilean mussel, Mytilus chilensis (Detree et al. 

2016). Unfortunately, these three studies (Astuya et al. 2015, Detree et al. 2016, Abi-

Khalil et al. 2017) involved either bathing the immune cells in dissolved 22 (or other 

related toxins (23-30)) or directly injecting 22 into mussel muscle, which is not how 

mussels would be exposed in under natural conditions. 

Shellfish larvae may be especially vulnerable to phytoplankton compounds. 

Sperm and oocytes exposed to the dinoflagellate Karenia brevis just prior to fertilization 

experienced decreased fertilization success and increased mortality (Rolton et al. 2015). 

Additionally, long term exposure to live K. brevis or its exuded compounds caused 

increased mortality in all larvae, whether they were initially exposed pre- or post-

fertilization (Rolton et al. 2015). Even after the removal of K. brevis, larvae exposed to 

high concentrations of K. brevis cells continued to experience higher rates of mortality 

and lower growth rates indicating K. brevis can have deleterious effects on oyster larvae 

long after it is gone (Rolton et al. 2015). Because these effects were also experienced by 

larvae which were only exposed to exuded compounds, the source of the deleterious 

effects is likely chemical in nature; but, the compound(s) responsible were not 

investigated in this study (Rolton et al. 2015) and therefore are a source of future studies.  

Some algae modulate their own toxin production in response to chemical cues 

from predators. In a study by Tammilehto and colleagues, the diatom Pseudo-nitzschia 

seriata increased its production of domoic acid (44) when in the presence of two different 

species of copepods, Calanus hyperboreus and C. finmarchicus that were feeding on 

other P. seriata cells, separated by a permeable membrane (2015). Unlike toxin 

production, chain length in P. seriata was only affected when in direct contact with 
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grazers, in which case P. seriata maintained a small proportion of large (four cell) chains 

whereas without the grazer P. seriata increased the proportion of large chains over time 

(Tammilehto et al. 2015). Lysed conspecific cells caused no changes in P. seriata, 

thereby indicating that the copepods and not the dead conspecifics were responsible for 

the chemical cue that resulted in the more defensive behaviors (Tammilehto et al. 2015). 

In a follow-up study by Harðardóttir and colleagues copepodites (sexually immature 

copepods) induced toxin production in P. seriata and the previously assumed non-toxic 

Pseudo-nitzschia obtusa (2015). Despite P. seriata having overall higher toxin 

production than its congener, both Pseudo-nitzschia spp. were eaten in equal proportion 

by the copepodites, which were found to bioaccumulate 44 (Harðardóttir et al. 2015). 

This suggests that copepodites are as resistant to 44 as their adult counterparts and brings 

into question if 44 is a chemical defense against Calanus copepods at all. On one hand, 

Pseudo-nitzschia spp. increased production of 44 in response to the copepods; however, 

it does not appear to be toxic to various life stages of C. finmarchicus (Harðardóttir et al. 

2015, Tammilehto et al.). One hypothesis is that 44 was once an effective deterrent 

against grazing by Calanus copepods but the copepods have evolved resistance to the 

toxin. Alternatively, the nutritional benefits of Pseudo-nitzschia spp. may outweigh the 

deleterious effects of 44.  

The toxic dinoflagellate Alexandrium fundyense increased its production of PSTs 

(22-30) when exposed to copepods with which it has historically co-occurred; whereas 

with other copepods it requires a feeding cue before toxin induction (Senft-Batoh et al. 

2015a, Senft-Batoh et al. 2015b). The greatest increase in toxin production in A. 

fundyense, in most cases, was when it was exposed to a predator that was feeding or had 
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recently eaten A. fundyense (Senft-Batoh et al. 2015a, Senft-Batoh et al. 2015b). As part 

of the study, the authors attempted to decouple the response to a predator from the 

response to an injured conspecifics by measuring toxin induction in A. fundyense in the 

presence of lysed conspecifics and congenerics in the absence of predators (Senft-Batoh 

et al. 2015b). While not as dramatic as the response to the feeding predator cues, there 

was an increase in toxin production in response to lysed algal cells alone indicating the 

A. fundyense was likely responding to some sort of cue from the damaged conspecifics 

in addition to the predator cues (Senft-Batoh et al. 2015b).  

Phytoplankton also modulate toxin production based on the type of predators. 

Senft-Batoh and colleagues hypothesized that, because PSTs (e.g. 22-30) act by blocking 

voltage-gated sodium channels, if A. fundyense produces PSTs as an inducible chemical 

defense they will only increase production of PSTs in the presence of metazoan grazers, 

which have at least perfunctory nervous systems, but not in the presence of protist grazers 

(2015a). In support of their hypothesis, A. fundyense increased its toxin production in 

response to seven different metazoan predators from across three phyla, but not in 

response to either of two protist predators, each from a different phylum (Senft-Batoh et 

al. 2015a). Additionally, the magnitude of toxin induction showed a positive asymptotic 

relationship with the total number of algal cells ingested by predators (Senft-Batoh et al. 

2015a). Overall, the study suggests that grazer-induced production of PSTs in A. 

fundyense is phylum- and species-specific and that the induction becomes greater when 

the proximity of the grazer and the likelihood of being eaten increases. As an opportunity 

for future investigation, we don’t yet know the identity of the chemical cues from ciliate 
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predators which elicit induction of toxin production in A. fundyense (Senft-Batoh et al. 

2015a).  

In 2015, a study identified copepodamides (1-8) as predatory cues produced by 

copepods which induce toxinproduction in Alexandrium minutum (Selander et al.). 

Copepodamides are polar lipids whose backbone is likely biosynthesized by attachment 

of taurine via an amide bond to a hydroxylated phytanic acid analog, to which is 

appended an unsaturated fatty acid moiety. The copepodamides induced up to a 20-fold 

increase in toxin production at pico- to nanomolar concentrations (Selander et al. 2015). 

Additionally, the study showed copepodamides to be active at ecologically relevant 

concentrations by measuring the exudation rate of copepodamides from field-collected 

copepods and by measuring copepodamide concentrations in field samples (Selander et 

al. 2015). 

Chemical defenses utilized by phytoplankton are typically not effective against 

all potential predators. Often there are predators sensitive to a chemical defense which 

experience deleterious effects, whereas others are partially or wholly resistant. The 

copepod C. finmarchicus is sensitive to A. fundyense toxicity, producing fewer eggs when 

fed a diet including A. fundyense (Roncalli et al. 2016b). However, reduced egg 

production may be due to nutritional inadequacy of A. fundyense rather than toxicity. 

Other copepods such as Acartia hudsonica appear to have evolved partial resistance to 

Alexandrium spp. toxicity (Chen 2010). The initial hypothesis was that A. hudsonica 

mitigated Alexandrium fundyense toxicity via a mutant sodium channel; however, the 

mutant isoform was found to be just as sensitive as the wild-type (Chen 2010). Therefore, 

later studies suggested that it is the ratio of the isoforms that is important for mitigating 
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toxicity (Finiguerra 2013). In contrast, more recent studies have found that there is no 

difference in the ratio of wild-type to mutant isoforms in populations more frequently 

exposed to Alexandrium blooms (Finiguerra et al. 2014, Roncalli et al. 2017). 

Consequently, a recent study by Finiguerra and colleagues found that, even when fed a 

sole diet of Alexandrium fundyense, the mutant isoform conferred no advantage (2015). 

Additionally, expression of the mutant isoform appeared to be disadvantageous for 

Acartia hudsonica, causing decreased growth in individuals who predominantly express 

it when eating a diet without A. fundyense (Finiguerra et al. 2015). Therefore, the 

mechanism of resistance of Acartia hudsonica to the toxicity of A. fundyense still requires 

further investigation. Roncalli and colleagues found that adult Calanus finmarchicus 

copepods upregulated genes involved in digestive processes when eating a diet enriched 

in A. fundyense, possibly in an attempt to limit toxin absorption (2017). Nonetheless, in 

this study toxin accumulation or biotransformation in the copepods was not measured so 

this hypothesis cannot yet be verified. 

In order to avoid the deleterious effects of consuming chemically defended 

Alexandrium spp., the copepod Temora longicornis changed its feeding behavior in a 

species- and strain-specific way (Xu et al. 2017). The copepods exhibited normal feeding 

behavior in response to the nontoxic dinoflagellate Protoceratium reticulatum and a 

strain of Alexandrium tamarense which displays lytic activity and produces large 

quantities of PSTs (e.g. 22-30). The copepods also consumed prey at a normal rate in 

response to Alexandrium pseudogonyaulax which produces goniodomin A (59) and to a 

strain of A. tamarense that is lytic and produces only low quantities of PSTs (Xu et al. 

2017). However, copepods subsequently rejected most cells after an hour of exposure to 
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A. pseudogonyaula and regurgitated most of the A. tamarense cells.  In contrast to all the 

other Alexandrium spp. treatments, the copepods reduced their rate of feeding in response 

to a non-lytic strain of A. tamarense that produces moderate concentrations of PSTs (Xu 

et al. 2017). Since the least favored prey was neither the most toxic nor lytic, the copepods 

are likely using another cue to assess food quality (Xu et al. 2017). These different 

feeding behaviors affect predator-prey dynamics and may also have drastic impacts on 

apparent competition dynamics among the phytoplankton. Prey that are captured and 

rejected may experience an advantage over competitors whereas prey that cause a 

decrease in copepod feeding behavior provide equal predation relief to their competitors 

and therefore lose their competitive advantage (Xu et al. 2017). 

 

 

Figure 1.13 Algal toxin goniodomin A (59) produced by the dinoflagellate 

Alexandrium pseudogonyaulax.  

 

The copepod Acartia tonsa avoids thin layers of K. brevis exudates in order to 

avoid negative effects of consuming or exposure to K. brevis (True et al. 2017). In a 

recent study by True and colleagues A. tonsa swimming behaviors were quantified after 
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exposure to a distinct layer of cell-free exudates from various concentrations of K. brevis. 

As concentration of K. brevis cells used to make the exudates increased, A. tonsa 

increasingly avoided the exudate layer (True et al. 2017). This avoidance response (True 

et al. 2017) is starkly different from an attraction response in A. tonsa which was observed 

previously as a result of contact with a layer of exudates from the more palatable green 

alga Tetraselmis sp. (Woodson et al. 2007). This suggests that exudates alone are enough 

for A. tonsa to distinguish preferable and non-preferable prey sources and cause them to 

change their swimming and foraging behavior. Avoidance of K. brevis exudates allows 

A. tonsa to minimize time wasted potentially capturing less favorable prey (True et al. 

2017). For K. brevis this avoidance could cause a positive feed-back loop as higher 

concentrations of exuded compounds trigger stronger avoidance which reduces grazing 

on the dinoflagellate, allowing the bloom to grow. The authors of the study warned that 

A. tonsa individuals in this particular study were from Georgia, not the Florida gulf coast 

where K. brevis predominantly blooms, and therefore represent naïve predators which 

may be more sensitive to the deleterious effects of K. brevis (True et al. 2017). In spite 

of this, they postulated that the interaction is still relevant when considering the 

expansion of bloom-forming species distributions due to climate change (True et al. 

2017).  

1.7.2 Prey capture and predator avoidance 

The detection of suitable food is imperative for the survival of predators. For 

nearly 40 years scientists have assumed that current-feeding copepods detect non-motile 

prey using long-range chemoreception. However, in a recent study Gonçalves and 

Kiørboe challenged this view and suggested instead that the copepods use near-field 
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chemoreception (2015). Through critical analysis of foundational studies and with the 

addition of their own data they showed that prey need to be within a few prey lengths of 

the setae of a copepod in order to elicit a capture response. At these distances diffusion 

through the thick boundary layer encompassing the setae would take longer than most 

reported beat cycles for current-feeding copepods (Gonçalves and Kiørboe 2015). 

Furthermore, using models Gonçalves and Kiørboe showed that previously reported 

distances for prey detection falls within the limits of fluid mechanical signal and 

detection for the copepods. Finally, they argued that the rate of leakage from an 

individual phytoplankton cell is not high enough to result in a detectable concentration 

of solutes outside the chemical boundary layer of the cell (Gonçalves and Kiørboe 2015). 

In 2016 Paffenhöfer and Jiang responded to the study and suggested that Gonçalves and 

Kiørboe (2015) used too low of a leakage rate in their calculations. Moreover, they 

argued that phytoplankton cells might go through short bursts of intense leakages that 

result in concentrations of solutes inside their boundary layer building up high enough 

for copepod detection (Paffenhöfer and Jiang 2016). Paffenhöfer and Jiang therefore 

concluded that it is in fact possible for copepods to use long-range chemoreception and 

disputed that without long-range chemoreception it would be very difficult for copepods 

which use feeding-currents to survive in environments with lots of particulates and low 

food concentrations (2016). In a rebuttal Kiørboe and colleagues used new reasoning and 

evidence to demonstrate that mechanoreception is sufficient for copepods to detect 

adequate amounts of food to survive even in environments with low concentrations of 

food (2016). In part Kiørboe and colleagues (Kiørboe et al. 2016) argued that Paffenhöfer 

and Jiang (2016) incorrectly assumed that the forces of the feeding current perfectly 
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balance gravity so that the copepods hover as they feed; however, a previous study 

showed that feeding currents are often so strong that copepods are driven through the 

water (Kiørboe et al. 2010). Additionally, Kiørboe and colleagues reported observations 

that even at realistically low phytoplankton concentrations copepods detect prey at 

distances consistent with mechanoreception (2016). Finally, they argued that intense 

bursts of leakage by phytoplankton should be rare and therefore only a few phytoplankton 

cells at any given time would be detectable to copepods if the burst are necessary for the 

use of chemoreception for prey detection (Kiørboe et al. 2016). This represents a partial 

paradigm shift in our understanding of how current-feeding copepods interact with their 

phytoplankton prey, whereby the copepods may first sense potential prey using 

mechanoreception of hydrodynamic cues, followed by assessment of palatability via 

contact chemoreception. Overall, this novel perspective necessitates re-evaluation of 

conclusions from former studies. 

Volatile organic compounds released by wounded phytoplankton may act as 

chemical cues which zooplankton, such as copepods, can use to easily find prey. In a 

well-controlled and innovative  study, Maibam and colleagues assessed the effects of 

volatile organic compounds from three diatoms (Pseudonitzschia delicatissima, 

Chaetoceros affinis, and Skeletonema marinoi), and a dinoflagellate (Prorocentrum 

minutum) on the behavior of the copepod Centropages typicus both at current and future 

ocean pH conditions (2015). The copepods clearly recognized the volatile organic 

compounds; however, for three of four species tested the response of the copepods to the 

volatile organic compounds was inconsistent with what would be expected if they were 

used as prey cues (Maibam et al. 2015). Additionally, the behavior by copepods in 
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response to volatile organic compounds from dinoflagellates suggests that pH may affect 

either the chemical structure of some volatile organic compounds or chemoreception of 

these molecules by C. typicus (Maibam et al. 2015).  

In some cases their surface chemistry may help prey avoid being captured by 

predators. Pelagic bacterial community composition changes after being filtered by either 

benthic and pelagic tunicates (Dadon-Pilosof et al. 2017). A study by Dadon-Pilosof and 

colleagues revealed that retention of bacteria by tunicates may be less size- and shape-

dependent and more surface chemistry-dependent than previously thought (2017). The 

tunicates had some of the a lowest retention efficiencies for the SAR11 clade of 

Alphaproteobacteria despite them being similar in size to other bacteria and beads 

(Dadon-Pilosof et al. 2017). Therefore, the authors of the study proposed that the 

“stickiness” of the bacteria, or their ability to adhere to the hydrophobic mucous net of 

the tunicates, explains the retention efficiency of different groups of bacteria. In support 

of this hypothesis, bacteria in the SAR11 clade that possessed more hydrophilic cell 

surfaces experienced low retention efficiency by the tunicates; however, this was not the 

case for all the bacteria tested, as Flavobacteriaceae NS5 and SAR116 bacteria both had 

highly hydrophobic cell surfaces and experienced low retention efficiency by the 

tunicates (Dadon-Pilosof et al. 2017). Therefore, the hydrophobicity of the surface of 

bacteria could play a role in how some, but not all, bacteria, like the SAR11 clade, escape 

predation by filter feeders. 

 While surface chemistry might reduce predation for some organisms, certain 

proteins on the surface of cyanobacterium Synechococcus sp. increase its susceptibility 

of predation (Strom et al. 2017). The glycoprotein SwmA as well as the large surface 
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protein SwmB are required for motility in this strain (McCarren et al. 2005, McCarren 

and Brahamsha 2007, Strom et al. 2017). Additionally, SwmA has previously been 

implicated in the formation of the S layer around the cell which protects and stabilizes 

the cell (Brahamsha 1996). Therefore, SwmA and SwmB were hypothesized to protect 

Synechococcus sp. against ciliate and nanoflagellate predators (Strom et al. 2017). 

Nonetheless, when Strom and colleagues tested this hypothesis they found that there was 

a lower predation rate on mutants lacking SwmA mutant than either the wild-type or 

mutants lacking SwmB (2017). This study indicates that SwmA and the presence of the 

S layer actually increased predation rate, contrary to the original hypothesis. 

Just as predators use chemical cues to find their prey, some prey use chemical 

cues from predators to avoid predation. However, little is known about how organisms 

integrate visual and chemical cues to avoid predation. Crab larvae are a particularly good 

model organism to study the integration of visual and chemical cues because they tend 

to live at the edge of their photo detection capabilities and one species, Rhithropanopeus 

harrisii, has previously been shown to increase the frequency of swimming descents in 

the presence of fish kairomones (Cohen and Forward Jr 2003). In a study by Charpentier 

and Cohen, the effect of fish exudates on crab visual acuity was compared between larvae 

of R. harrisii, an exclusively estuarine crab (Cronin 1982) which likely experiences 

higher predation pressure (Christy 2011), and larvae of Hemigrapsus sanguineus, an 

intertidal crab that spends a portion of its larval phase in the pelagic zone to escape 

predation (2015, Cohen et al. 2015). In response to fish mucus, R. harrisii larvae showed 

a less dramatic increase in defensive behavior and immediate physiological response but 

showed long-term phenotypic plasticity in the form of changes in eye structure; whereas, 
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H. sanguineus larvae experienced more drastic increases in defensive behavior and 

retinal response, which would greater assist it in avoiding visual predators only in the 

short-term (Charpentier and Cohen 2015). This study was successful in uncovering how 

crab larvae integrate both chemical and visual cues when assessing predation pressure; 

nevertheless, future studies should ensure that both sets of cues, particularly the chemical 

cues, are provided to the study organisms at realistic concentrations. In another study 

Charpentier and colleagues showed that, a more advanced larval stage, called zoea, of 

these same crab species experienced increased spine length in response to fish mucus 

(2017). The estuarine dwelling R. harrisii zoea is shorter in body length but has longer 

spines than the transitory H. sanguineus zoea. During the study, R. harrisii zoea exposed 

to fish mucus for their entire development were consumed less by the fish Fundulus 

heteroclitus and their mean spine length was longer than zoea exposed to fish mucus for 

only a couple hours (Charpentier et al. 2017). This indicates that longer spines in R. 

harrisii zoea reduces predation by gape-limited predators. Overall, these two studies 

demonstrate that crab zoea use multiple forms of inducible defenses (behavioral, 

physiological, and morphological) to avoid predation (Charpentier and Cohen 2015, 

Charpentier et al. 2017). 

Like zooplankton, phytoplankton use chemical cues of predators to induce 

defenses and avoid predation. In a study by Lindström and colleagues, the dinoflagellates 

Lingulodinium polyedra and Alexandrium tamarense increased the intensity of their 

bioluminescence in response to copepodamides (1-8), the previously described 

compounds exuded by predatory copepods (2017). The greatest increase in light intensity 

in both species was in response to copepodamides combined with mechanostimulation, 
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which mimics how algae might experience attack by copepods (Lindström et al. 2017). 

In contrast to previous studies with live copepods (Selander et al. 2011, Selander et al. 

2012), copepodamides did not induce changes in cell size or swimming behavior in either 

dinoflagellate (Lindström et al. 2017). While the study demonstrates that 

bioluminescence intensity is induced by predator chemical cues further work is needed 

to show that the increased bioluminescence results in lower grazing rates on L. polyedra 

and A. tamarense due to release from predation mediated by a tritrophic interaction.  

In a pair of studies Wohlrab and colleagues analyzed how gene expression (2016) 

and phenotype (2017) varied between two strains of A. fundyense with respect to predator 

response. One strain formed larger chains, produced less PSTs (22-27), and was lytic 

against the cryptomonad Rhodomonas sp. (hereby called the lytic strain) and the other 

strain formed some small chains, produced high levels of PSTs, but was non-lytic (hereby 

called the non-lytic strain) (Wohlrab et al. 2016, Wohlrab et al. 2017). Many genes which 

were more highly expressed in the lytic strain belonged to proteins known to be involved 

in secondary metabolism; yet these genes were not differentially expressed in either strain 

in response to chemical cues from a caged grazing predator (Wohlrab et al. 2016). 

Exposure of the lytic strain of A. fundyense to a caged dinoflagellate predator, Polykrikos 

kofoidii, grazing on the non-lytic conspecific strain did not result in upregulation of 

secondary metabolism genes that were differentially expressed between the two strains 

(Wohlrab et al. 2016). Therefore, the authors suggest that secondary metabolism genes 

that were more highly expressed in the lytic strain in the absence of the predator are either 

not involved in the production of the lytic compound(s) or production of the lytic 

compounds is not an inducible anti-predatory trait (Wohlrab et al. 2016). However, 



 56 

assays have not yet been carried out to directly assess if lytic capability changes in this 

environment. Additionally, it would be valuable to test whether induction of the lytic 

compound(s) is strain-specific. Furthermore, chemical characterization of the lytic 

compound(s) may determine which genes are involved in their production. In contrast to 

the lytic strain, when the non-lytic strain of A. fundyense was exposed to grazing caged 

P. kofoidii, the non-lytic strain increased expression of genes for proteins involved in 

isoprenoid and polyketide biosynthesis (Wohlrab et al. 2016) suggesting that the non-

lytic strain may possess an as of yet undescribed, inducible chemical defense. The 

differences in gene expression in response to the predator were not as strong as the initial 

differences between the two strains (Wohlrab et al. 2016). When these same strains were 

exposed to caged or uncaged copepod predators (Centropages typicus), both strains 

shifted toward smaller cell size and shorter chains (Wohlrab et al. 2017). Direct grazing 

resulted in increased production of PSTs in both strains but only the lytic strain increased 

production of PSTs in response to chemical cues from copepods alone (Wohlrab et al. 

2017). Wohlrab and colleagues argued that in the absence of predation the non-lytic strain 

is already in a more defended phenotype based on the lower grazing rates on the non-

lytic strain compared to the lytic strain at the start of the copepod grazing experiment; 

therefore, the non-lytic strain does not need to change as much to defend itself (2017). 

On the other hand, the lytic strain is more vulnerable to some predators; however, once 

there are grazer cues the lytic strain drastically changes its phenotype to a more defended 

state which results in lower grazing rates (Wohlrab et al. 2017). In general, this resulted 

in the lytic strain more closely resembling the non-lytic strain (Wohlrab et al. 2017). 

These two studies (Wohlrab et al. 2016, Wohlrab et al. 2017) highlight the complexity 
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and specificity of chemical interactions within phytoplankton species and between 

phytoplankton and their predators.  

In a partner study to a 2015 study which investigated how variability in 

calcification and DMSP (20) production in the coccolithophore Emiliania huxleyi strains 

affect predation by several microzooplankton (Harvey et al.), Poulson-Ellestad and 

colleagues found that the metabolites exuded by four different strains of E. huxleyi were 

affected by grazing by the dinoflagellate Oxyrrhis marina (2016). O. marina grazing 

coefficient, a function of grazing rate adjusted for prey and predator concentrations, and 

growth rate were variable across the four strains, independent of calcification. Using 

metabolomics, the authors discovered substantial variability in the metabolites exuded 

by E. huxleyi strains with less than 25% similarity between any two strains that had been 

exposed to O. marina grazing. Additionally, no single metabolite changed the same way 

in all of the strains (Poulson-Ellestad et al. 2016). Nevertheless, the concentration of 4-

methyl-5-thiazoleethanol (60), a metabolite produced by both O. marina and E. huxleyi, 

positively correlated with the grazing coefficient of O. marina on three of the four strains 

of E. huxleyi (Poulson-Ellestad et al. 2016). However, its concentration was variable 

across the strains with regard to ingestion and growth rate of O. marina suggesting the 

change in concentration of 60 in response to grazing pressure was not uniform across the 

three strains (Poulson-Ellestad et al. 2016). Overall, this study illuminates how 

chemically different strains of the same species can be and how even their response to 

predation may not unify their metabolism. Differences in metabolism and response to 

predation is strain-specific and important to keep in mind as we work to better understand 
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the chemical interactions involved in predator-prey interactions, especially when it 

comes to studying chemical defenses and predation cues. 

 

 

Figure 1.14 Chemical structure of 4-methyl-5-thiazoleethanol (60), a metabolite 

produced by both Oxyrrhis marina and Emiliania huxleyi. 

 

1.8 Community and ecosystem effects 

1.8.1 Community and ecosystem effects 

The allelopathic effects of diatom-produced secondary metabolites on multiple 

pelagic trophic levels are not well understood. It has been suggested that diatom 

polyunsaturated aldehyde (PUA) production functions mainly to deter microzooplankton 

herbivory (Flynn and Irigoien 2009) and suppress the growth of competitors (Casotti et 

al. 2005). However, a more recent study did not observe growth suppression of 

competing phytoplankton in the presence of diatom-produced PUAs. In a tritrophic 

system where copepods eat both microzooplankton and phytoplankton, Franzè and 

colleagues found evidence that PUAs reduce ciliate microzooplankton grazing while 

increasing predation by the copepod Acartia tonsa (2017). This suggests a cost-benefit 

tradeoff for diatoms; however the study did not determine whether the effect on copepods 

was general or species-specific. While PUA treatments contained natural ratios and 
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concentrations, only (2E,4E)-2,4-octadienal (61) and (2E,4E)-2,4-heptadienal (62) were 

used to create these conditions, excluding many other PUAs that have previously been 

associated with diatoms (Franzè et al. 2017). Further experiments that utilize a more 

comprehensive mixture of PUAs may reveal whether different classes of bloom-

associated metabolites will produce similar trophic cascade effects.  

 

 

Figure 1.15 Polyunsaturated aldehydes produced by diatoms: (2E,4E)-2,4-

octadienal (61), (2E,4E)-2,4-heptadienal (62), and (2E,4E)-2,4-decadienal (63). 

 

In communities living on particulate matter in the open ocean, PUAs were found 

to affect bacteria that metabolize particulate organic carbon derived from phytoplankton 

(Edwards et al. 2015). Bacterial metabolic activity increased at PUA concentrations of 1 

and 10 µM as was measured by respiration, cellular growth, hydrolysis of lipids, and acid 

phosphatase activity associated with the release of inorganic phosphorus into the water 

column. In contrast, high concentrations of PUAs, near 100 µM, were inhibitory and 

caused a shift in the composition of the microbial community (Edwards et al. 2015). 

Naturally occurring PUAs (61, 62, and (2E,4E)-2,4-decadienal (63)) that diffused from 

naturally acquired particulate organic carbon were measured at micromolar 

concentrations (Edwards et al. 2015). These concentrations are much higher than the 

previously reported picomolar concentrations in the open ocean (Vidoudez et al. 2011, 

Bartual et al. 2014), but the observed changes in bacterial response may indicate that 
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sinking organic particles act as PUA hotspots. These results also suggest that PUAs 

modulate the remineralization of particulate organic carbon at shallow ocean depths 

which could reduce the ocean’s efficiency as a carbon sink.  

Mechanisms for how domoic acid (44) is transferred from the plankton to the 

benthos are understudied, and Schnetzer and colleagues suggest that exposure to 44 

produced by the diatom Pseudo-nitschia australis could be high for particle-associated 

microbes associated with marine snow (2017). Under colder, darker conditions, 

decomposition of marine snow contributed to an increase in dissolved 44, but the acute 

toxicity and consequences of chronic exposure for organisms associated with these 

degrading aggregates was not tested (Schnetzer et al. 2017). Diatom toxins such as 44 

have also been found to bioaccumulate in eukaryotic organisms with the potential to 

affect growth, reproduction, and behavior, thus having a large effect on food web 

dynamics. High concentrations of 44 associated with Pseudo-nitzschia spp. blooms were 

reported during the 2015 Eubalaena australis whale calving season in Gulfo Nuevo, 

Argentina (D’Agostino et al. 2017). Copepods were the most abundant mesozooplankton 

in the study area and the authors suggested that they were the primary vector for 

transferring 44 to E. australis. However, other mesozooplankton could not be excluded 

as the primary vector since rates of 44 bioaccumulation and detoxification in different 

species were not determined (D’Agostino et al. 2017). In another study it was suggested 

that Scottish harbor seal (Phoca vitulina) populations may be negatively affected by 44 

associated with Pseudo-nitzschia spp. Blooms (Jensen et al. 2015). A correlation was 

observed between 44 in P. vitulina urine and their decline in population on the east coast 

of Scotland. Additionally, P. vitulina from the eastern and northern Scottish coasts were 
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more likely to show 44 urine contamination than those found along the west coast (Jensen 

et al. 2015). Detection of 44 and PSTs (e.g. 22-30) in fecal samples suggested that seals 

are exposed to these toxins through several fish including plaice, dab, and cod (Jensen et 

al. 2015). Fish collected in the same area contained detectable levels of both types of 

toxins making them plausible vectors for transferring toxins to seals (Jensen et al. 2015). 

 

 

Figure 1.16 Brevetoxins (PbTx) -2 (64), -3 (65), -6 (66), and -9 (67) produced by the 

dinoflagellate Karenia brevis.  

 

Bioaccumulation of dinoflagellate toxins in turtles and shellfish continues to be a 

problem along the Florida gulf coast where toxic Karenia brevis blooms occur. One study 

showed a correlation between total tumor score and accumulation of brevetoxins (64-67) 

in green sea turtles (Chelonia mydas), a species known to suffer from fibropapillomatosis 

(Perrault et al. 2017). However, plasma concentrations of brevetoxins measured in green 

and Kemp’s ridley sea turtles in this study were the lowest recorded, which may indicate 

that detoxification pathways are upregulated or that brevetoxins do not bioaccumulate in 
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the plasma of all turtle species. Perrault and colleagues suggested that abundance of 

brevetoxins in plasma was low because sampled turtles were exposed to the end of a 

bloom. In another study, the invasive green mussel Perna viridis retained brevetoxins at 

high concentrations after a K. brevis bloom (McFarland et al. 2015). The detoxification 

of this mussel was slower than that of native oysters Crassostrea virginica and clams 

Mercenaria mercenaria posing a risk for the transfer of  K. brevis toxins to higher trophic 

levels (McFarland et al. 2015). Previous studies investigated how the New Zealand 

green-lipped mussel, Perna canaliculus, accumulated brevetoxins from a Karenia 

selliformis bloom (Morohashi et al. 1995, Ishida et al. 2004a, Ishida et al. 2004b), but 

McFarland and colleagues are the first to study brevetoxins accumulation in P. viridis.  

Another investigation reported that feeding on PSTs (e.g. 22-30) and bioactive 

extracellular compound (BEC) producing Alexandrium minutum strains had strain-

specific effects on the escape response of juvenile Pecten maximus scallops to a predatory 

starfish (Borcier et al. 2017). After feeding on the BEC-producing strain scallops reacted 

more slowly, whereas, after feeding on the strain which produces PSTs scallops had 

normal reaction times but still failed to escape (Borcier et al. 2017). This is in agreement 

with previous findings that clams exposed to PST-producing A. tamarense experienced 

muscle paralysis from bioaccumulated PSTs which made them more vulnerable to 

predators (Bricelj et al. 2005). On the other hand, the scallops exposed to the BEC-

producing strain experienced the greatest reduction in filtration rate (Borcier et al. 2017). 

This illuminates the need to characterize the bioactive extracellular compounds of A. 

minutum. Additionally, these results suggest that both classes of compounds produced by 

A. minutum reduce behavioral responses of P. maximus, although the effects of PSTs and 
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BEC strains do not appear to be chronic (Borcier et al. 2017). Most importantly, this 

study highlights the necessity of not assuming that the known toxins, in this case the 

PSTs, of prey are responsible for all deleterious effects on predators (Borcier et al. 2017). 

In addition, a recent study by Toth and colleagues presented evidence that 

teredinid shipworm larvae find wood (Picea abies) using waterborne chemical cues 

(2015). Field experiments showed shipworm larvae to prefer nets with wood over nets 

without wood. Future experiments could test larval attraction to extracts of multiple types 

and sizes of wood. Maximum and average larval swimming speeds were also determined 

(Toth et al. 2015); however, this part of the study used veliger blue mussel (Mytilus 

edulis) larvae instead of shipworms. Therefore, it will be important to determine whether 

teredinid and veliger larvae swim faster when exposed to wood-based chemical 

attractants.  

1.8.2 Bacterial dynamics 

Several studies reported how bacterial quorum sensing molecules affect bacteria-

phytoplankton community dynamics. Harvey and colleagues found that 

Pseudoalteromonas piscicida produces the autoinducer precursor 2-heptyl-4-quinolone 

(68) which, at nanomolar concentrations, stops growth in the coccolithophore Emiliania 

huxleyi (Harvey et al. 2016). Since 68 alone did not recapitulate the rapid mortality 

caused by the whole exudate of P. piscicida it is likely that a mixture of compounds kills 

coccolithophores as seen under natural conditions. While P. piscicida concentrations in 

these experiments were above those found in nature, the authors suggest that their 

experimental design mimics the natural environment of bacteria co-occurring with algae 
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(Harvey et al. 2016). In addition, 68 had no effect on microalgae Dunaliella tertiolecta 

or Phaeodactylum tricornutus which suggests that differences in growth suppression 

among various phytoplankton species have the potential to alter community dynamics 

(Harvey et al. 2016). A next logical step would be to investigate the effect of 68 in 

microcosm experiments involving P. piscicida and multiple species of phytoplankton.  

Acyl homoserine lactones, a class of quorum sensing autoinducers, were found 

to affect hydrolytic enzyme activity of particle-associated bacteria (Krupke et al. 2016). 

Acyl homoserine lactones variably inhibited or stimulated phosphatase, aminopeptidase, 

and lipase activities in samples from different study sites which shows that additional 

unknown factors are involved in enzymatic regulation of collected bacteria (Krupke et 

al. 2016). Quorum sensing autoinducers may be important for regulation of particulate 

organic carbon degradation, and ultimately carbon flux and biological pump efficiency, 

but the relationship remains unclear.  

 

Figure 1.17 Bacterial quorum sensing molecules N-(3-oxo-tetradecanoyl)-L-

homoserine lactone (69) and N-(3-hydroxybutanoyl)-L-homoserine lactone (71). 

Chemical structures of the autoinducer precursor 2-heptyl-4-quinolone (68), 

produced by Pseudoalteromonas piscicida, and propionate (70), a precursor of 

DMSP (20). 
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In a study by Johnson and colleagues, the bacterium Ruegeria pomeroyi was 

found to increase production of the quorum sensing autoinducer N-(3-oxo-

tetradecanoyl)-L-homoserine lactone (69) when grown on algal-derived DMSP (20) 

(2016). However, when grown on propionate (70) which represents a portion of the 

structure of 20, production of autoinducers did not increase indicating that 20 functions 

as signal in addition to being a food source. Therefore, production of 20 by other 

organisms has the potential to alter inter- and intra-species bacterial communication by 

upregulating production of signaling molecules (Johnson et al. 2016).  

Bacteria associated with microalgae may play an important role in protecting 

aquaculture against pathogenic organisms. Bacillus sp. isolated from the microalga 

Chaetoceros muelleri degrades N-hexanoyl-L-homoserine lactone (12) and N-(3-

hydroxybutanoyl)-L-homoserine lactone (71) (Pande et al. 2015). The latter is produced 

by pathogenic Vibrio campbellii and its removal by Bacillus sp. increases the survival of 

prawn (Macrobrachium rosenbergii) larvae raised in aquaculture (Pande et al. 2015). 

The strategy of using Bacillus sp. to remove Vibrio quorum sensing autoinducers could 

be extended to benefit other animals raised in the aquaculture industry as an alternative 

to using antibiotics. 

There has been some evidence that intraspecific and interspecific competition 

among bacteria may be facilitated by algal blooms. A bacteria resource utilization model 

based on spatiotemporal response to lysed diatoms predicted that competition favors 

chemotaxis under bloom conditions (Smriga et al. 2016). While the model simplified 

dissolved organic matter to be a single substance, different diffusivity values predicted 

that motile bacteria’s exposure to slowly diffusing molecules does not increase during 
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lysis of a diatom cell even though they are the main consumers of dissolved organic 

matter (Smriga et al. 2016). In an additional study, unique microbiomes were identified 

for harmful algal bloom-associated dinoflagellates Alexandrium fundyense and 

Dinophysis acuminata (Hattenrath-Lehmann and Gobler 2017). Exposure to exuded 

compounds of both algae resulted in specific bacterial profiles where growth was either 

suppressed or promoted (Hattenrath-Lehmann and Gobler 2017). However, the chemical 

components of the exudates have not been reported. While both types of algae were 

associated with microbiomes dominated by Flavobacteria, the assumption that 

allelochemicals suppress growth of competing bacteria is only one possible hypothesis 

and further work should be done to determine the chemicals that allow Flavobacteria to 

dominate microbial communities during harmful algal blooms (Hattenrath-Lehmann and 

Gobler 2017). 

Bacterial communities associated with marine diatoms may play an important 

role in degrading aromatic hydrocarbons in crude oil and facilitating the production of 

marine oil snow. Mishamandani and colleagues found that there are transitions in 

dominance of bacterial community members associated with Skeletonema costatum 

when exposed to crude oil (2016). Specifically, an increase in Methylophaga population 

size was observed followed by increases in several species of hydrocarbonoclastic 

bacteria. These microbial communities were found to be capable of degrading polycyclic 

hydrocarbons naphthalene (72), phenanthrene (73), and some additional alkylated 

naphthalene derivatives (Mishamandani et al. 2016).  
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Figure 1.18 Polycyclic hydrocarbons, naphthalene (72) and phenanthrene (73), 

which are degraded by microbial communities associated with the diatom 

Skeletonema costatum. 

 

Additionally, PUAs were shown to be more toxic to marine bacteria at higher 

concentrations and toxicity of these molecules increased with chain length for 2E,4E/Z-

dienals (e.g., 61-63) (Pepi et al. 2017). The degree of saturation of membrane 

phospholipid fatty acids in the bacteria increased with increasing concentration of PUA 

exposure and decreasing cell growth (Pepi et al. 2017). However, the PUA concentrations 

used for these experiments (Pepi et al. 2017) were much higher than previously measured 

during a Skeletonema marinoi bloom in the Adriatic Sea (Vidoudez et al. 2011) and even 

higher than localized concentrations associated with marine particles in another report 

discussed earlier (Edwards et al. 2015). If PUAs are truly toxic for specific species of 

marine bacteria at natural concentrations, then these compounds have the potential to 

disrupt and alter natural microbial communities. 

1.8.3 Effects of global change 

Zooplankton preferences with respect to salinity, pH, and predator waterborne 

chemical cues were studied using larvae of the polychaete Platynereis dumerilii and the 

copepod Euterpina acutifrons as models (Ramanathan et al. 2015). A microfluidics chip 

designed for these experiments served as a useful instrument for observing zooplankton 
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larval behaviors under various conditions and has potential as a tool for studying ocean 

acidification (Ramanathan et al. 2015). P. dumerilii preferred pH ranges close to neutral 

and a salinity range comparable to and slightly above that of the open ocean (Ramanathan 

et al. 2015). Ramanathan and colleagues suggested that zooplankton larvae use high 

salinity as a proxy for nutrient richness. E. acutifrons had a slightly higher pH preference, 

just above neutral, which could have negative implications as ocean pH continues to 

decrease due to climate change (2015). Both zooplankton preferred natural sea water over 

waterborne chemical cues from sea bass, a predator (Ramanathan et al. 2015). In 

addition, P. dumerilii larvae preferred extracts of Dunaliella microalgae over Isochrysis, 

and when ciliated cells found in the larval foregut were ablated, the larval reaction time 

to the extract slowed (Ramanathan et al. 2015). One possibility is that these cells act as 

chemoreceptors and allow the larvae to detect potential food sources. Interactions 

between receptors in the larval foregut and metabolites released by algal prey is an area 

that should be further explored.  

A study by Hattenrath-Lehmann and colleagues explored how increased levels of 

carbon dioxide impact the growth and toxicity of Alexandrium fundyense (2015). A strain 

from Northport Bay, New York, (USA) upon being treated with increasing CO2 levels, 

displayed higher growth rates and toxicity attributed to increased concentrations of 

particularly toxic diastereomers GTX-1 (24) and -4 (27) (Oshima 1995, Hattenrath-

Lehmann et al. 2015). However, toxicity of another strain, from the Bay of Fundy, 

Canada located about 700 km away, did not change with increasing carbon dioxide 

(Hattenrath-Lehmann et al. 2015). The results from this study suggest that increasing 

acidification of our oceans could facilitate A. fundyense harmful algal bloom formation 
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and make blooms more toxic, but not in a way predictable across genetically diverse 

populations.  

1.9 Conclusions 

The chemical ecology of the marine plankton continues to be an active field of 

research. Greater attention has been aimed at understanding the influence of bacteria on 

phytoplankton natural product biosynthesis, induction, and metabolism. Recent work has 

focused on the effects of quorum sensing of marine planktonic bacteria especially with 

respect to bacterial-algal relationships and community level interactions. Additionally, 

much attention has been devoted to phytoplankton chemical defenses, particularly PSTs 

(e.g. 22-30); however, there continues to be problems with assumptions being made that 

known phytoplankton “toxins” function as chemical defenses without explicitly 

demonstrating that they serve defensive functions. In comparison to the previous review 

(Schwartz et al. 2016) there have been more recent studies on intraspecific signaling and 

fewer studies on allelopathic interactions. However, there continues to be a relative 

scarcity of studies on chemical cues involved in parasitic interactions.  

Full characterization and isolation of the compounds responsible for chemically 

mediated pelagic interactions remains problematic, evidenced by the small number of 

novel natural products published from these study systems during the reporting period. 

Small quantities, diffusion, and instability of many of these compounds has made it 

difficult to isolate individual compounds but continued advancements in techniques and 

instrumentation support improvements in the field. The use of -omics (metabolomics, 

proteomics, and transcriptomics) are revealing candidate signaling molecules and the 
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mechanisms of biological response to many chemical signals and cues. In fact, a recent 

review by Kuhlisch and Pohnert highlighted how metabolomics has successfully been 

applied in many chemical ecology studies (2015). Along with discerning the 

environmental impacts of algal toxins in their ecological communities, more studies 

could be undertaken to predict how they might influence interactions in other 

communities as many of the harmful algal bloom species expand and shift their niches 

due to climate change (Gobler et al. 2017). As the field advances scientists also need to 

persist in the hard work of using ecologically relevant approaches while studying 

allelopathy and chemical defenses, with consideration of natural concentrations verified 

from field samples, and testing defenses using appropriate ecological targets and 

compound dispersal methods. Albeit less studied than terrestrial or marine benthic 

systems, chemically mediated interactions are clearly important planktonic ecosystems 

and therefore represent a rich source of novel natural products yet to be discovered. 
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CHAPTER 2. HARMFUL ALGA TRADES OFF GROWTH AND 

TOXICITY IN RESPONSE TO CUES FROM DEAD 

PHYTOPLANKTON 

This section is reproduced from Brown, E. R., and J. Kubanek. 2020. Harmful 

alga trades off growth and toxicity in response to cues from dead phytoplankton. 

Limnology and Oceanography 65:1723-1733; https://doi.org/10.1002/lno.11414. 

2.1 Abstract 

Organisms are under selection pressure to recognize predators and assess 

predation risk to avoid becoming prey. In some cases, the presence of injured competitors 

alerts individuals to the likelihood that predators are nearby. Previous studies have shown 

that the marine dinoflagellate Alexandrium minutum responds to chemical cues from 

copepods by dramatically upregulating sodium channel-blocking toxins that appear to 

function as defenses against copepod grazing. However, it is unknown whether 

A. minutum uses other cues, such as damaged phytoplankton, some of which are its 

competitors, to assess predation risk and subsequently increase its resistance to predators. 

To investigate the role of dead phytoplankton cues in chemical defense plasticity, 

A. minutum was exposed for three days to chemical cues from six different 

phytoplankton. Chemical cues from dead, unrelated, historically co-occurring 

phytoplankton species induced toxin production in A. minutum coincident with a decrease 

in growth. In contrast, exposure to chemical cues from more closely related dead 

phytoplankton, either conspecific or congeneric, suppressed toxin production in 

https://doi.org/10.1002/lno.11414
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A. minutum relative to their absence. This was coupled with a modest, yet significant, 

increase in growth. The consistent inverse relationship between toxin production and 

growth suggests that A. minutum experiences a trade-off. Together, these results reveal 

that relatedness of dead phytoplankton is important in how A. minutum utilizes resources 

for growth and defense. 

2.2 Introduction 

Predation is an important factor controlling phytoplankton populations (Sherr and 

Sherr 1988, Weisse 1991, Strom 2008). Filter-feeding animals and zooplankton have 

been implicated in the termination of phytoplankton blooms (Alpine and Cloern 1992, 

Smayda 2008). It is estimated that 60-75% of phytoplankton mortality in the oceans is 

due to microzooplankton grazing (Calbet and Landry 2004). Thus, like organisms in 

other ecosystems, phytoplankton are under selection pressure to recognize predators and 

assess predation risk to avoid becoming prey (Lima and Dill 1990). 

Organisms can detect predators using visual, auditory, mechanical, or olfactory 

stimuli (Bollens et al. 1994, Lass and Spaak 2003, Malavasi et al. 2008). After perceiving 

predators some organisms undergo dramatic changes in behavior, morphology, and 

defense in order to avoid attack (Pohnert et al. 2007, Hay 2009, Scherer and Smee 2016). 

Both the copepod Acartia hudsonica and the cladoceran Daphnia magna recognize 

diurnal predatory fishes and avoid them through diel vertical migration. A. hudsonica 

employs visual and mechanical cues (Bollens et al. 1994), whereas D. magna utilizes 

chemical cues (Loose and Dawidowicz 1994, Hahn et al. 2019). Other Daphnia spp. react 

to compounds excreted by midge fly larva, water fleas, and freshwater copepods, 



 73 

increasing their helmet size which allows them to avoid gape-limited predators (Laforsch 

and Tollrian 2004, Weiss et al. 2018). Compounds emitted by predators also trigger 

morphological and chemical defenses in single-celled organisms such as dinoflagellates 

and diatoms, which decrease chain length and increase toxin production after detecting 

copepods (Selander et al. 2006, Selander et al. 2011, Amato et al. 2018, Selander et al. 

2019). Recently, toxin induction in Alexandrium minutum was attributed to a family of 

molecules called copepodamides excreted by copepods (Selander et al. 2015).  

In addition to detection of predators, many organisms assess predation risk 

indirectly through feeding cues associated with predation events (Scherer and Smee 

2016). For example, cues from grazing copepods stimulate greater toxin production in 

A. minutum than cues from starved copepods (Selander et al. 2006). This is likely due to 

increased copepodamide production when copepods are feeding (Selander et al. 2015) 

but may also be partly caused by cues released by grazed phytoplankton from sloppy 

feeding. For instance, Alexandrium catenella (previously A. fundyense) increases toxin 

production when exposed to lysed conspecifics (Senft-Batoh et al. 2015b). Similarly, 

compounds released from macerated conspecifics, and even some heterospecifics, elicit 

growth in defensive helmets in several species of Daphnia (Laforsch et al. 2006). In fact, 

many organisms from diverse taxa use cues from dead competitors when assessing 

predation risk (Chivers et al. 1997, Hazlett and McLay 2005, Schoeppner and Relyea 

2005, Dalesman et al. 2007). 

When organisms react to cues from dead competitors, their response may be 

correlated with either the phylogenetic relatedness or the historical, geographic co-

occurrence of the competitor. Since competitors often share predators, cues from more 
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closely related competitors may trigger stronger anti-predatory behaviors due to greater 

risk of being attacked (Schoeppner and Relyea 2005, Dalesman et al. 2007). Therefore, 

cues from dead, closely related competitors are expected to be a reliable indication of 

high predation risk. Alternatively, an organism might respond strongly to cues from dead 

competitors that they frequently encounter as an indication that there is a hungry predator 

nearby (Chivers et al. 1997, Scherer and Smee 2016). The effects of cues from dead 

competitors and the influence of relatedness and co-occurrence of the competitors has 

been relatively well studied in animals (Chivers et al. 1997, Hazlett and McLay 2005, 

Schoeppner and Relyea 2005, Dalesman et al. 2007, Scherer and Smee 2016); however, 

there have been almost no studies in single-celled organisms such as phytoplankton.  

The goal of the current study was to investigate whether A. minutum uses cues 

from dead phytoplankton, some of which act as competitors, to assess predation risk and 

subsequently upregulate toxin production. Furthermore, we endeavored to explore the 

relative importance of phylogenetic relatedness and historical, geographic co-occurrence 

of the dead phytoplankton as cues for predation risk. We hypothesized that A. minutum 

uses cues from dead phytoplankton as an indication of imminent predation risk and 

consequently upregulates toxin production if the cues were derived from closely related 

and historical co-occurring phytoplankton. Alternatively, A. minutum might invest less 

in chemical defense and more in growth in response to cues from closely related 

phytoplankton if its toxins are ineffective at preventing predation. 
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2.3 Materials and methods 

2.3.1 Phytoplankton cultivation 

Cultures of the dinoflagellates Alexandrium minutum strain CCMP 113, 

Prorocentrum lima strain CCMP 686, Prorocentrum micans strain CCMP 688, and 

Coolia monotis strain CCMP 304 were grown in monoculture at 15 °C with irradiance of 

89-100 μmol m−2s-1 and Alexandrium pacificum strain CCMP 1493 and Alexandrium 

tamarense strain CCMP 2023 were maintained as monocultures at 21 °C with irradiance 

of 100-145 μmol m−2 s-1
. All cultures were acquired from NCMA Bigelow Laboratory 

and grew in filtered seawater from the Gulf of Maine (NCMA Bigelow Laboratory, 35 

ppt) amended with full strength K media minus Si (Keller et al. 1987) in incubators set 

on a 12:12 h light:dark cycle. Cells were enumerated visually using at least two sets of 

10 whipple disc grid fields of view and a minimum of 150 cells counted in a 125 μL 

Palmer-Maloney counting cell on an Olympus IX-50 inverted microscope after 

preservation with a 1% acidified Lugol’s solution and by in vivo fluorescence using a 

Turner Design Trilogy fluorometer. Biomass for each phytoplankton species was 

calculated by first measuring their biovolumes, using 30 living cells visualized with an 

eyepiece reticle on an Olympus IX-50 microscope, noting the corresponding shapes for 

each phytoplankton species, as described by Hillebrand and colleagues (1999). Biomass 

for each phytoplankton was then calculated using the carbon to volume equation for all 

dinoflagellates from Menden-Deuer and Lessard (2000) (Table 2.1). 
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Table 2.1 Comparison of the cell size, biomass, and concentration of lysed 

phytoplankton added to Alexandrium minutum replicates for Experiments 1. 

Lysed phytoplankton species 

Biovolume 

(μm3 cell-1 ) 

Biomass 

(pgC cell-1) 

Lysed phytoplankton -to-

A. minutum ratio by biomass 

Alexandrium minutum 6,963 1,064 1:3 

Alexandrium pacificum 21,812 2,719 2.6:3 

Alexandrium tamarense 11,112 1,565 1.5:3 

Prorocentrum lima 14,158 1,908 1.8:3 

Prorocentrum micans 16,764 2,192 2.1:3 

Coolia monotis 15001 2,001 1.9:3 

 

2.3.2 Experimental design 

2.3.2.1 Preparation of chemical cues from dead phytoplankton 

To investigate whether phylogenetic relatedness to A. minutum strain CCMP 113 

and/or historical co-occurrence of a phytoplankton with A. minutum are important in 

determining the ability of A. minutum to use the damaged phytoplankton as an indication 

of predator presence, experiments were carried out similar to those conducted by Senft-

Batoh and colleagues (2015b). By this design, phytoplankton lysates were added to 

cultures of A. minutum CCMP 113 in order to simulate nearby phytoplankton being 

grazed upon, without introducing cues from the grazers themselves. The following 

phytoplankton were used: a conspecific (individuals of the same strain of A. minutum, 

CCMP 113), a co-occurring congener (A. tamarense, CCMP 2023), a non-co-occurring 

congener  (A. pacificum, CCMP 1493), and three co-occurring less closely related 

dinoflagellates (P. lima, CCMP 686; P. micans, CCMP 688; C. monotis, CCMP 304). 

These phytoplankton were chosen because they come from coastal waters of northern 

Spain (except A. pacificum) and are expected to share similar predators. Additionally, 
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despite some of the species tending to be mostly benthic (P. lima and C. monotis), they 

should each directly compete at least occasionally with A. minutum for nutrients, 

particularly due to the regular oscillation of upwelling and downwelling in the region 

which results in large-scale mixing of nutrients (Álvarez-Salgado et al. 2000, Tilstone et 

al. 2000). For both Experiments 1 and 2, aliquots which contained appropriate 

concentration of cells, or biomass, were harvested from each phytoplankton monoculture 

when they were in exponential growth phase. The cells were then concentrated by 

centrifugation and the media decanted to bring the final volume of each aliquot to 

approximately 2 mL. The aliquots were stored at -80 °C. Daily for three days, 

concentrated aliquots of phytoplankton cells were lysed via four freeze-thaw cycles with 

sonication via a bath (lysis was confirmed by microscopy) and added to A. minutum as 

described below. 

2.3.2.2 Experiment 1 

The first experiment was performed in six batches, each including a subset of the 

dead phytoplankton treatments as well as control cultures where A. minutum was grown 

with an equivalent volume of full strength K media added (“media control”) instead of 

the addition of lysed cells (Table 2.2). The total replicate number for each treatment 

across the six batches was as follows: n= 43 for the media control, n=12 for the 

conspecific treatment, n=12 for the co-occurring congener treatment, n=12 for the non-

co-occurring congener treatment, and for the less related co-occurring phytoplankton 

treatment n=16 for P. lima, n=12 for P. micans, and n=12 for C. monotis. Batches were 

initiated when A. minutum was in exponential growth phase at a population density of 

~15-20,000 cells mL-1. To initiate the experiment for each batch, a 1.0 mL aliquot of 
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A. minutum was preserved from each replicate with 1% acidified Lugol’s solution and 

visually enumerated. Phytoplankton lysates were prepared as described earlier and added 

daily for three days to cultures of A. minutum in a ratio of 1:3 lysed phytoplankton cells 

to A. minutum cells, as per Senft-Batoh et al. (2015b), corresponding to ratios of lysed 

phytoplankton to A. minutum, by biomass, as reported in Table 2.1. On the fourth day, a 

1.0 mL aliquot of A. minutum from each replicate was preserved with 1% acidified 

Lugol’s solution and visually enumerated. The remaining A. minutum cells were 

harvested and extracted for intracellular toxin analysis, as described below. Percent 

growth was calculated using the cell counts from the start and end points of each 

A. minutum replicate. 

Table 2.2 Distribution of treatments of chemical cues from dead phytoplankton and 

replicates across batches (Experiment 1). 

Batch 

Chemical cues from 

dead phytoplankton 

Number of 

replicates 

1 Media control 4 

A. minutum  4 

A. pacificum 4 

A. tamarense  4 

2 Media control 4 

A. minutum  4 

A. pacificum  4 

A. tamarense  4 

P. lima  4 

3 Media control 4 

A. minutum  4 

A. pacificum  4 

A. tamarense  4 

P. lima  4 

4 Media control 8 

P. lima  8 

5 Media control 11 

P. micans  12 

6 Media control 12 

C. monotis  12 



 79 

2.3.2.3 Experiment 2 

Experiment 2 was conceived separately to test the effects of nutrients and 

concentration of dead phytoplankton cues on toxin production and growth of A. minutum 

using similar methods to Experiment 1 but with lysates from only one dead 

phytoplankton, the non-co-occurring congener A. pacificum (CCMP 1493). In this 

experiment, A. minutum was grown with either daily additions of 2 mL of full strength K 

media (“media control”, n=8), modified K media diluted so that ammonia and nitrate 

concentrations were equivalent to the 2.6:3 treatment  A. pacificum lysate (“dilute media 

control”, n=8), A. pacificum lysate at the same concentration ratio as Experiment 1 (1:3 

lysed A. pacificum cells to A. minutum cells equivalent to 2.6:3 by biomass) (“2.6:3 

treatment”, n=8), or A. pacificum lysate at a concentration ratio of 0.38:3 lysed 

A. pacificum cells to A. minutum cells (equivalent to 1:3 by biomass) (“1:3 treatment”, 

n=8) for three days. The A. pacificum lysates were prepared as described earlier. The 

experiment was initiated when A. minutum was at a population density of ~19,000 cells 

mL-1 and a 1.0 mL aliquot of A. minutum was preserved from each replicate for visual 

enumeration. On the first day, three additional aliquots of A. pacificum lysate were 

prepared for the 2.6:3 treatment for the purpose of having lysate available to measure 

ammonia and nitrate, which became the basis for the ammonia and nitrate concentrations 

in the dilute media controls. The cell debris from the lysates were pelleted by 

centrifugation and from the supernatant, 200 μL and 40 μL were collected for ammonia 

and nitrate analyses, respectively. Ammonia concentrations of the three A. pacificum 

lysate supernatants, three aliquots of seawater, and three aliquots of full strength K media 

were measured in duplicate (Table 2.3) using a Sigma-Aldrich Ammonia Assay Kit with 
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samples transferred into a 96 well plate and read at 340 nm on a Thermo Scientific 

Multiskan GO microplate spectrophotometer following the manufacturer’s protocol 

(Sigma-Aldrich, St. Louis, MO, USA). For nitrate analysis, the three lysate supernatants 

were diluted 10-fold and three aliquots of full strength K media were diluted 50-fold with 

Cayman Chemicals Nitrate/Nitrite Assay Buffer. The nitrate concentrations of the 

A. pacificum lysates, K media, and three aliquots of seawater were measured in duplicate 

(Table 2.3) using a Cayman Chemical Nitrate/Nitrite Colorimetric Assay Kit read at 540 

nm on a Thermo Scientific Multiskan GO microplate spectrophotometer following the 

manufacturer’s protocol (Cayman Chemical, Ann Arbor, MI, USA). A bottle of modified 

K media was then prepared with all nutrients and vitamins, except ammonia, at 58% of 

standard concentrations and ammonia at 20% of standard concentration resulting in final 

concentrations of approximately 672 μM and 22 μM for nitrate and ammonia, 

respectively. This modified dilute K media was used in the “dilute media control” 

treatment, and the experiment proceeded as for experiment 1. On the fourth day, a 1.0 

mL aliquot of A. minutum from each replicate was preserved with 1% acidified Lugol’s 

solution and visually enumerated. The remaining cells were harvested and extracted for 

intracellular toxin analysis, as described below. The cell pellet from one dilute media 

control replicate was lost during the freeze-drying process resulting in n=7 for the dilute 

media controls for toxin analysis. Percent growth was calculated using the cell counts 

from the start and end points of each A. minutum replicate. 
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Table 2.3 Measured nutrient concentrations used to calculate concentrations of 

ammonia and nitrate used for dilute media control in Experiment 2. 

Sample 

Nitrate concentration 

(μM) 

Ammonia concentration 

(μM) 

Seawater 1.1 ± 0.4 61± 6 

K media in seawater 1120 ± 25 107 ± 6 

A. pacificum cell lysate 672 ± 6 22 ± 6 

 

2.3.3 Intracellular toxin analysis 

From the portion of each A. minutum replicate set aside for toxin analysis, cells 

were harvested by centrifuging at 3260 x g for 10 min and the supernatant was inspected 

via microscopy to ensure no cells remained. In Experiment 1, a 2.0 mL aliquot of the 

supernatant was stored at -20 °C for later analysis of extracellular toxins. The cell pellets 

were then freeze-dried and suspended in 500 μL 1% aqueous acetic acid, and then 

subjected to four freeze-thaw cycles with sonication, via a bath, to lyse the cells and 

extract toxins (Anderson et al. 1990a). After the final thaw step the samples were 

centrifuged at 10,000 x g for 10 min to pellet debris and the toxin-containing supernatant 

was filtered through a 0.2 μm nylon filter to remove precipitate, in preparation for liquid 

chromatography/mass spectrometric (LC/MS) analysis (Harju et al. 2015). Samples were 

chromatographically separated using a 20 minute isocratic elution of 60% aqueous 

acetonitrile with 0.001% formic acid on a TOSOH Bioscience 3 µm HILIC TSK-gel 

Amide-80 column (150 mm x 4.6 mm) with three rinses of the injection loop between 

samples on a Waters 2695 Separation Module attached to a Waters QDA mass 

spectrometer. Since the gonyautoxins (GTX) in standard solutions readily desulfated in 

the QDA, toxin concentrations were calculated using the area of the desulfated fragment 
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ion (m/z 332 for GTX 1 and 4 and m/z 316 for GTX 2 and 3, respectively) and the 

molecular ion (m/z 412 for GTX 1 and 4 and m/z 396 for GTX 2 and 3, respectively) 

peaks, compared with standards solutions obtained by dilution of certified reference 

calibration solutions purchased from The National Research Council of Canada. A 

calibration curve of external standards at six concentrations for each of the toxins showed 

a linear relationship between toxin concentration and area of mass spectral peaks. 

Gonyautoxins 1-4 were chosen for the toxin analysis because they are the primary 

paralytic shellfish toxins produced by A. minutum (Hwang and Lu 2000, Grzebyk et al. 

2003, Selander et al. 2015, Senft-Batoh et al. 2015b).  

2.3.4 Extracellular toxin analysis 

The 2.0 mL aliquots of supernatant from experimental replicates in Experiment 1 

were thawed and 100 μL from each sample was diluted with Abraxis Seawater Matrix 

Sample Diluent. Similarly, GTX 1-4 standards were prepared in Abraxis Seawater Matrix 

Sample Diluent from certified reference calibration solutions obtained from The National 

Research Council of Canada. Each sample and standard was analyzed using the Abraxis 

saxitoxin (PSP) ELISA microtiter plate assay read at 450 nm on a Hidex Sense plate 

reader following the saxitoxin in seawater sample analysis protocol (Abraxis LLC, 

Warminster, PA, USA). Unfortunately, following communication with the manufacturer 

these measurements were deemed unreliable due to the inconsistent response of the 

ELISA antibody to the GTX standards and its potential to cross-react with other 

components in the exudates. Therefore, 450 μL of the eight most toxic samples, as 

determined by ELISA results, were spiked with 5 μL glacial acetic acid, to create a 1% 

aqueous acetic acid sample solution, and subjected to LC/MS analysis for comparison of 
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toxin concentrations as described above (Harju et al. 2015). When measured by LC/MS, 

the extracellular toxin concentrations were at or below the limits of detection. This limit 

of detection corresponded to concentrations which were 90% lower than those predicted 

by ELISA (data not shown), further reducing confidence in the use of ELISA for 

extracellular toxin analysis in these experiments. Therefore, the focus of the study was 

thereafter restricted to dynamics of intracellular toxins produced by A. minutum. 

2.3.5 Statistical analysis 

Cellular toxin concentration, growth, and bulk molar toxin concentration for 

Experiment 1 were analyzed using linear mixed effect models (nlme, package nlme) in 

R (v 3.4.2) (Pinheiro et al. 2017, R Development Core Team 2020). Models were selected 

by testing linear and linear mixed effect models via likelihood ratio tests to obtain the 

optimal model. The optimal model in all cases was a random intercept mixed effect 

models with batch set as a random effect and phytoplankton treatments set as fixed 

effects. Significance differences between treatments were tested using a generalized 

linear hypothesis test (glht) and Tukey test for multiple comparisons of mixed effects 

models (package multcomp) (Hothorn et al. 2008). Effects of phylogenetic relatedness 

and historical, geographic co-occurrence of the phytoplankton on toxin production and 

growth relative to the media controls in Experiment 1 were analyzed using nested 

ANOVAs (aov, base stats package) in R (Pinheiro et al. 2017, R Development Core Team 

2020) . Additionally, the relationship between the mean cellular toxicity and mean 

growth for the media control and all phytoplankton treatment in Experiment 1 were 

analyzed using linear regression analysis (lm, base stats package) in R (R Development 

Core Team 2020).Cellular toxin concentration and percent growth for Experiment 2 were 
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analyzed using a Welch’s ANOVA with a Games-Howell post-hoc test (oneway, 

userfriendlyscience package), due to unequal sample sizes resulting in unequal variance, 

in R (Peters et al. 2018). Graphs depicting data associated with the nested ANOVAs, 

Welch’s ANOVA, and linear regression were constructed using the ggplot2 package in 

R (Wickham 2016).  

2.4 Results 

When A. minutum was exposed to chemical compounds from lysed 

phytoplankton, significant species-specific effects were observed on cellular 

concentrations of GTX 1-4 and on growth (Figure 2.1). Contrary to the primary original 

prediction, exposure to chemical cues from more closely related phytoplankton (one 

conspecific and two congeneric) suppressed A. minutum toxin production by 41-61% 

compared to media controls, whereas chemicals from any of three other phytoplankton 

stimulated A. minutum toxin production by 32-86% (Figure 2.1a). However, there were 

also finer-scale species-specific effects. Exposure to chemical cues from A. pacificum 

caused the greatest suppression of toxicity in A. minutum (61%) (p<0.001). In contrast, 

cues from dead P. lima caused the greatest increase in cellular toxin production compared 

to media controls (86%) (p<0.001), a significantly greater increase than was caused by 

P. micans and C. monotis at 32% (p=0.002) and 39% (p<0.001), respectively (Figure 

2.1a). In general, cues from the six different dead phytoplankton each resulted in a 

distinct pattern of altered cellular toxicity. 

A consistent, inverse relationship was observed between cellular toxicity and 

growth when A. minutum was exposed to chemicals from six different phytoplankton 
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(Figure 2.1). Exposure to chemical cues from congeners which suppressed toxin 

production increased A. minutum growth by 54-90% (Figure 2.1b) compared to media 

controls (p<0.001 for all phytoplankton). In contrast, cues from the three less related 

phytoplankton that significantly induced cellular toxin production, suppressed 

A. minutum growth by 56-90% (Figure 2.1b) relative to media controls (p<0.001 for all 

phytoplankton). In all six cases the cues from dead phytoplankton resulted in alteration 

of growth that was inverse to their effect on cellular toxicity, although the magnitude of 

differences were not generally equivalent. Additionally, when the mean growth and 

cellular toxicity for all treatments together are considered there was a significant 

inversely relationship (p<0.001) (Figure A1). These findings suggest that the dead 

phytoplankton cues trigger a population level trade-off between toxin production, or 

defense, and growth in A. minutum. 
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Figure 2.1 Effects of chemical cues from dead phytoplankton (as an indication of 

predation risk) on (a) cellular toxin concentration of GTX 1-4 and (b) percent 

growth of Alexandrium minutum (Experiment 1). Data were analyzed using a 

random intercept model whereby the dark bars represent the line of best fit and the 

symbols show the contribution of each batch to the mean. The lower case letters 

show statistical differences between treatments via Tukey tests (p≤0.05).  
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When toxicity was measured as bulk molar concentration instead of per cell, 

A. minutum exposed to chemical cues from lysed phytoplankton showed similar, but less 

extreme patterns, of toxin regulation (Figure 2.2). Exposure to cues from more closely 

related phytoplankton significantly suppressed toxin production of A. minutum by 

33-58% compared to media controls (p<0.001 for all phytoplankton), whereas cues from 

the three less related phytoplankton slightly stimulated A. minutum toxin production by 

12-28% (Figure 2.2). Unlike cellular toxicity, bulk toxicity was only significantly 

increased relative to media controls when A. minutum was exposed to chemical cues from 

dead P. lima (28%) (p=0.003); whereas, exposure to dead P. micans and C. monotis 

caused insignificant changes of 12% (p=1.0) and 13% (p=0.30), respectively (Figure 

2.2). Overall, this suggests that changes in cellular toxicity of A. minutum in response to 

cues from dead phytoplankton are mostly, although with subtle differences, a reflection 

of actual toxin production and not an artifact of possible dilution among an increased 

number of cells.  
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Figure 2.2 Effects of chemical cues from dead phytoplankton (as an indication of 

predation risk) on bulk (molar) toxin concentration of GTX 1-4 of Alexandrium 

minutum (Experiment 1). Data were analyzed using a random intercept model 

whereby the dark bars represent the line of best fit and the symbols show the 

contribution of each batch to the mean. The lower case letters show statistical 

differences between treatments via Tukey post-hoc test (p≤0.05).  

 

When the toxicity-altering effects of chemical cues from conspecifics and 

congeners were considered as a group relative to less related phytoplankton, effects on 

A. minutum toxicity and growth were strongly reinforced (Figure 2.3). Upon exposure to 

chemical cues from dead, closely related phytoplankton considered as a group, 

A. minutum responded by decreasing its toxicity by 45% (Figure 2.3a) while increasing 

growth by 94% (Figure 2.3b) relative to media controls. Conversely, in response to cues 

from dead less related phytoplankton considered as a group, A. minutum increased toxin 

production by 64% (Figure 2.3a) and reduced growth by 74% (Figure 2.3b) compared to 

media controls. Overall, this suggests that phylogenetic relatedness of phytoplankton to 

A. minutum is a significant determining factor in how A. minutum responds to predation 
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risk via cues from dead phytoplankton both in terms of toxin regulation (p<0.001, 

F1,4=143.8) and growth (p<0.001, F1,4=74.4).    

 

 

Figure 2.3 Effects of phylogenetic relatedness on (a) cellular toxin production of 

GTX 1-4 and (b) growth of Alexandrium minutum relative to controls in response to 

chemical cues from dead phytoplankton, as an indication of predation risk 

(Experiment 1). Data from exposure to chemical cues from A. minutum, 

A. tamarense, and A. pacificum are nested under “congeneric” and P. lima, P. 

micans, and C. monotis are nested under “distantly related”. Data are shown as 

mean ± standard deviation and were analyzed using a nested ANOVA. Lower case 

letters show statistical differences between treatments (p≤0.05). 

 

There were no strong effects on A. minutum toxicity and growth associated with 

historical co-occurrence when, to eliminate the confounding factor of relatedness, only 

the conspecific and congeners were considered (Figure 2.4). Surprisingly, A. minutum 

did not show a heightened sensitivity to cues from co-occurring phytoplankton relative 
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to phytoplankton with no known historical overlap with the geographic distribution of 

A. minutum (Figure 2.1a and Figure 2.4). In fact, between the two sets of phytoplankton 

(historically co-occurring or not) there was no significant difference in toxin production 

(p=0.14, F1,1=2.2) or growth (p=0.74, F1,1=0.10) in A. minutum (Figure 2.4). Instead, 

chemical cues from either co-occurring or non-co-occurring dead, related phytoplankton 

caused about a 50% reduction in toxin production (Figure 2.4a) and a nearly 100% 

increase in growth (Figure 2.4b) compared to media controls. Therefore, historical co-

occurrence appears to not be an important factor when A. minutum is assessing potential 

predation risk in response to cues from dead phytoplankton. 

 

Figure 2.4 Effects of historical, geographic co-occurrence on (a) cellular toxin 

production of GTX 1-4 and (b) growth of Alexandrium minutum relative to controls, 

in response to chemical cues from dead phytoplankton, as an indication of predation 

risk (Experiment 1). Data from exposure to chemical cues from A. minutum and 

A. tamarense are nested under “co-occurring” and A. pacificum is under “non-co-

occurring”. Data are shown as mean ± standard deviation and were analyzed using 

a nested ANOVA. Lower case letters show statistical differences between treatments 

(p≤0.05). 
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When the experiment with A. pacificum was repeated to include a more realistic 

control (“dilute media control”) in which ammonia and nitrate concentrations were 

manipulated to mimic concentrations in the lysed A. pacificum treatment, toxin 

suppression (p<0.001, F3,11.8=229.9) and growth induction (p<0.001, F3,14.28=354.7) 

patterns were again observed (Figure 2.5). On the other hand, impacts on toxicity 

(p=0.30, F3,11.8=229.9) and growth (p=0.063, F3,14.28=354.7) of A. minutum did not vary 

significantly between the full strength media control and the dilute media control, which 

imitated the ammonia and nitrate levels of the A. pacificum lysate (Figure 2.5). This 

suggests that chemical cues in the dead phytoplankton lysates, and not macronutrients 

from the lysates, are responsible for the changes in toxin production and growth observed 

in A. minutum. 
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Figure 2.5 Effects of nutrients and chemical cues from dead Alexandrium pacificum 

(as an indication of predation risk) on (a) cellular toxin concentration of GTX 1-4 

and (b) growth of Alexandrium minutum (Experiment 2). A. minutum was exposed 

to A. pacificum lysate at a 1:3 and 2.6:3 ratio of A. pacificum lysate biomass to 

A. minutum biomass, equivalent to 0.38:3 and 1:3 ratio of A. pacificum lysate to 

A. minutum by cell number. Additionally, either full strength K media (“media 

control”) or K media diluted to reflect the nitrate and ammonia concentration 

present in the 2.6:3 ratio of A. pacificum lysate biomass to A. minutum biomass 

(“dilute media control”) were added to A. minutum as controls. Data are shown as 

mean ± standard deviation and were analyzed using a Welch’s ANOVA. Lower case 

letters show statistical differences between treatments via Games-Howell post-hoc 

test (p≤0.05). 

 

The lower concentration of chemical cues in the “1:3 treatment” of Experiment 2 

is likely still much higher than natural bulk concentrations of cell lysates from a sloppily 

feeding predator; however, it may still be ecologically relevant within short-lived 

hotspots of extremely high lysate concentrations created by actively feeding predators. 

The different concentrations of dead A. pacificum cue resulted in a graded response by 

A. minutum with the cues having a greater impact when applied at a higher concentration; 
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yet, still causing significant toxin suppression (p<0.001, F3,11.8=229.9) and growth 

induction (p<0.001, F3,14.28=354.7) at a lower, more realistic, concentration (Figure 2.5). 

Overall, this means that while the differences in the effective concentrations of the dead 

phytoplankton cues may have impacted the magnitude of the observed effects on toxin 

production and growth in A. minutum it likely did not impact the direction of the effects. 

2.5 Discussion 

The toxic marine dinoflagellate A. minutum responds to dead phytoplankton cues 

in a species-specific manner (Figure 2.1a and Figure 2.2). A. minutum responds to the 

presence of distantly related, but co-occurring, dead phytoplankton with enhanced 

chemical defenses, in the form of increased cellular toxin concentration (Figure 2.1a and 

Figure 2.3a). This is in agreement with recent findings that A. catenella increases toxin 

production in response to a lysed diatom and green alga (Griffin et al. 2019). However, 

cues from closely related phytoplankton suppressed toxin production in A. minutum 

(Figure 2.1a, Figure 2.2, Figure 2.3a, and Figure 2.5a); therefore, the original hypothesis 

that close relatedness among phytoplankton results in upregulation of toxin production 

was rejected. Additionally, the observed reduction of toxin production due to exposure 

to cues from related dead phytoplankton contrasts with recent findings in other studies 

(Senft-Batoh et al. 2015b, Griffin et al. 2019). In the study by Senft-Batoh and 

colleagues, A. catenella (previously A. fundyense) increased toxin production modestly, 

but significantly, in response to two strains of lysed conspecifics (Senft-Batoh et al. 

2015b); whereas, Griffin et al. found that the same A. catenella strain did not significantly 

change its toxin production in response to the same two strains of lysed conspecifics 

(Griffin et al. 2019). Consequently, responses to dead phytoplankton cues by 
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Alexandrium species appear to be species-specific and not a conserved trait, given that 

some Alexandrium species respond to cues from conspecifics and congeners with 

decreased toxicity and others with either no change or enhanced toxicity. A distinction 

between the previous studies and the current one is that those experiments investigated 

the effects of cues from two conspecifics, whereas, the current study considered effects 

of a conspecific as well as two other congeneric species (plus three less related 

dinoflagellates).  

Many studies have found that organisms respond to cues of other dead organisms 

consumed by common predators (Scherer and Smee 2016).  However, Scherer and Smee 

reported that in more than 50% of studies analyzed, cues from conspecifics induced 

stronger defenses than cues from heterospecifics (Scherer and Smee 2016). For example, 

gray tree frog tadpoles decreased their activity level the most (Schoeppner and Relyea 

2005) and pond snails spent the most time out of the water (Dalesman et al. 2007) in 

response to crushed conspecifics compared to other organisms that share a common 

predator. In contrast, in the current study toxicity in A. minutum was reduced by nearly 

50% in response to cues from dead conspecifics; toxicity increased only in response to 

cues from less related phytoplankton (Figure 2.3a). One explanation for this pattern is 

that for A. minutum, cues from dead conspecifics may be an indication of bloom 

senescence (a regular occurrence for bloom-forming dinoflagellates) rather than sloppy 

predation. In this scenario, increased toxin production would not be adaptive, such that 

it may be more advantageous for A. minutum to use nutrients released by lysed cells to 

grow to offset mortality instead of investing in increased toxin production.  
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We originally hypothesized phytoplankton prey to be under selection pressure to 

respond to cues from other phytoplankton that they more frequently encounter, since 

those cues should reliably indicate predation risk. However, A. minutum’s response 

differed from studies in several other systems in that historical, geographic co-occurrence 

did not affect how it responded to cues from dead phytoplankton; instead, cues from both 

co-occurring and non-co-occurring closely related phytoplankton suppressed toxicity and 

increased growth (Figure 2.4). For example, both snails (Dalesman et al. 2007) and 

salamanders (Chivers et al. 1997) have been shown to engage in more antipredatory 

behavior in response to cues from dead closely related competitors and heterospecifics 

with which they cohabitate. In contrast, the marine crab Heterozius rotundifrons 

increased antipredatory posturing in response to crushed related crabs but not distantly 

related, co-occurring crabs (Hazlett and McLay 2005). Therefore, A. minutum and 

H. rotundifrons are similar in that genetic relatedness, rather than cohabitation, of the 

other organism is most important in determining how to respond to cues that an organism 

has died.  

In the current study, there was an observed trade-off between growth and toxin 

production in response to dead phytoplankton cues (Figure 2.1, Figure 2.5, and Figure 

A1). Due to the similar magnitudes but opposite effects of cues on growth vs. toxin 

production in A. minutum, the most parsimonious explanation is that lysed phytoplankton 

caused a change in growth which in turn affected toxin concentration: if growth is 

suppressed, more resources are available for toxin induction; if growth is enhanced, 

existing toxins are diluted among daughter cells creating the appearance of toxin 

suppression. However, bulk toxin concentrations showed similar patterns to cellular 
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toxin concentrations (Figure 2.2). In the case of exposure to conspecific and congener 

cues, A. minutum produced less toxin, even taking into account that enhanced growth led 

to a greater number of cells containing these toxin molecules (Figure 2.2). This means 

that toxins were not just diluted because A. minutum cells divided more. However, when 

A. minutum was exposed to cues from less related dead phytoplankton, with the exception 

of P. lima, the observed increase in toxin production could be accounted for by reduced 

growth, via more synthesized toxin molecules and build-up of more toxins within fewer 

cells.  

Another alternative hypothesis is that the decrease in toxin production by 

A. minutum in response to cues from dead conspecifics and congeners results from the 

cues being used as a quorum sensing-like mechanism. If dense blooms of A. minutum are 

not grazed upon at a greater rate than A. minutum growing at low population density, the 

chance of any one individual being eaten would decrease with increasing population 

concentration, in which case it would be adaptive to down-regulate (otherwise costly) 

toxin production during a dense bloom. One would then expect A. minutum to decrease 

toxin production the most in response to conspecific cues, which may be an indication of 

high population density, while decreasing toxicity less, if at all, in response to cues from 

congenerics. This is contrary to what was discovered during the current study: 

A. minutum decreased toxin production the most, not in response to conspecific cues, but 

in response to cues from dead A. pacificum, with which it does not co-occur (Figure 2.1a). 

Therefore, the alternative hypothesis that A. minutum uses cues from dead congenerics 

for quorum sensing, suppressing toxin production, can likely be rejected.       
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Nutrients from phytoplankton lysates provided A. minutum with resources 

enabling toxin production and/or growth, but chemical cues likely enhanced the response. 

Phosphate limitation and high concentrations of nitrate and ammonia have previously 

been linked to toxin induction in Alexandrium species (John and Flynn 2000, Guisande 

et al. 2002, Leong et al. 2004, Selander et al. 2008). Conversely, nitrogen limitation has 

been linked to decreased toxin production (John and Flynn 2000). In the current 

experiment, when exposed to similar nitrate and ammonia conditions as A. pacificum 

lysate, but without phytoplankton chemical cues, A. minutum did not alter toxin 

production or growth relative to exposure to full strength media (Figure 2.5, “dilute 

media control” vs. “media control”). Instead, only exposure to cue containing 

A. pacificum lysates reduced toxin production in A. minutum (Figure 2.5). Although we 

did not measure phosphate in our controls or lysates, our diluted media control contained 

a 1.7-fold dilution of phosphate relative to the full strength media control; nevertheless 

toxins were neither induced nor suppressed when comparing A. minutum exposed to these 

two controls (p = 0.30). Therefore, it is likely that chemical cues in the lysate from dead 

congeners contributed to the observed suppression of toxin production.  

A trade-off between defense and growth, as observed in this study, is in line with 

the optimal defense theory, which posits that defenses are expected to evolve in 

proportion to the risk of predation and inversely proportional to their cost (Rhoades 

1979). Additionally, Rhoades proposed that defenses should be maintained at low or 

nonexistent levels in the absence of predators and increase in the presence of predators 

(i.e., be inducible). During the summer when A. minutum blooms under nutrient-depleted 

conditions with high grazing pressure, a reduction in growth, associated with toxin 
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induction, is worth the allocation cost if higher toxicity results in reduced grazing by 

copepods and a concomitant increase in the A. minutum population (Teegarden 1999, 

Selander et al. 2006). However, if copepods are even partially resistant to the toxins, the 

benefits of toxin production could be lost, as copepods would be capable of eating larger 

quantities of cells (Senft-Batoh et al. 2015b) with little ill effect and A. minutum may not 

grow fast enough to offset the mortality from predation.  

Overall this study shows that A. minutum experiences a global trade-off between 

growth and toxin production upon exposure to cues from dead phytoplankton. Cues from 

more distantly related phytoplankton led to toxin induction, the magnitude of which was 

effectively accounted for by the reduced growth in A. minutum (i.e. A. minutum cells 

were dividing more slowly and made proportionally more toxin molecules). On the other 

hand, exposure to cues from both dead conspecifics and congenerics enhanced 

A. minutum growth and dramatically suppressed toxin production beyond the extent 

expected by rapid cell division. Taken as a whole, these results reveal that A. minutum 

distinguished relatedness of dead phytoplankton, adjusting its growth and defense. 
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CHAPTER 3. PREDATOR CUES TARGET SIGNALING 

PATHWAYS IN TOXIC ALGAL METABOLOME 

Brown, E. R., S. G. Moore, D. A. Gaul, and J. Kubanek. 2021. Predator Cues 

Target Signaling Pathways in Toxic Algal Metabolome. In review. 

3.1 Abstract 

Early detection of predators is critical to the survival of all living organisms. For 

phytoplankton, recognition and response to chemical cues from predators, as evidence of 

predation risk, is particularly crucial. The phytoplankton Alexandrium minutum 

upregulates its toxicity when exposed to copepodamides, a suite of compounds released 

by copepod predators. However, how A. minutum perceives these predatory cues and 

what metabolic pathways are involved in initiating toxin induction remains unknown. In 

this study LC/MS and NMR-based metabolomics uncovered subtle physiological 

responses of A. minutum to copepodamides, including dysregulation of valine 

biosynthesis and enhancement of butanoate metabolism and arginine biosynthesis. While 

we have yet to identify a chemoreceptor directly activated by copepod cues, based on the 

results of inhibition experiments detection of copepodamides appears to disrupt the 

activity of serine/threonine phosphatases leading to increased jasmonic acid biosynthesis 

and signaling, which leads to amplified gonyautoxin biosynthesis in A. minutum. This 

study is an important step toward a better understanding of chemosensory ecology of 

predator-prey interactions in phytoplankton. 
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3.2 Introduction 

Perception and response to external stimuli are critical to all living organisms. 

Organisms respond to chemical, mechanical, visual, and auditory signals to find food and 

habitat, compete, avoid predation, and reproduce. Among stimulus modalities, chemical 

cues are arguably the most important for small organisms in planktonic environments 

when it comes to recognition of predators (Hay and Kubanek 2002, Lass and Spaak 2003, 

Brown et al. 2019). 

Predator cues elicit physiological responses in a diverse array of phytoplankton 

prey (Van Donk et al. 2011, Selander et al. 2015, Selander et al. 2019). Zooplankton 

grazers are known to trigger formation of spines, increase silicification, and change chain 

length and colony size in phytoplankton (Van Donk et al. 2011). In addition to 

morphological changes, predator cues also induce chemical defenses in the form of toxins 

in some phytoplankton (Selander et al. 2015, Selander et al. 2019). However, only some 

zooplankton predators trigger particular defensive phenotypes (Senft-Batoh et al. 2015a, 

Lundholm et al. 2018) suggesting species-specific recognition of predator cues. In the 

case of predatory copepods, a suite of taurine lipid-derived metabolites called 

copepodamides (Selander et al. 2015) appear to be the primary cue leading to induced 

resistance in various phytoplankton prey (Selander et al. 2019, Arias et al. 2021). The 

particular cocktail of copepodamide molecules produced by copepods varies based on 

their species and diet (Grebner et al. 2019). Variation in copepodamide blend and overall 

concentration is likely used by phytoplankton in assessing predation risk.  
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Discovery of copepodamides and some other zooplankton cues have enabled 

manipulation of prey phenotypes in lab experiments (Yasumoto et al. 2005, Selander et 

al. 2015) yet little is known about how these chemical cues are recognized by prey or the 

molecular mechanisms by which they induce defensive phenotypes. Using 

transcriptomics and proteomics, two recent studies (Roccuzzo et al. 2020, Zhu et al. 

2021) extensively mapped the signaling pathways and identified the physiological 

changes that result in increased colony formation in freshwater green algae in response 

to Daphnia zooplankton. Based on upregulation of G protein-coupled receptors 

(GPCRs), Zhu and colleagues suggested that these chemoreceptors are involved in green 

algal recognition of Daphnia grazing cues (Zhu et al. 2021). GPCRs have also been 

identified among diatom and dinoflagellate phytoplankton taxa (Mojib and Kubanek 

2020); however, their potential role in predator cue recognition has not been deeply 

studied. To date only a handful of studies have pursued the signaling cascade in diatoms 

and dinoflagellates triggered by predatory zooplankton (Wohlrab et al. 2010, Amato et 

al. 2018, Li and Ismar 2018, Harðardóttir et al. 2019). These studies predominantly relied 

on transcriptomics; yet functional annotation of diatom (Falciatore et al. 2020) and 

especially, dinoflagellate (Akbar et al. 2018) genes remains relatively limited. In short, 

our understanding of sensory ecology of predator-prey interactions in plankton is still 

underdeveloped.  

In the current study, we utilized metabolomics to explore shifts in the metabolism 

of Alexandrium minutum, one of several Alexandrium species whose toxicity is 

upregulated in response to copepodamides (Selander et al. 2015), as a first step towards 

identifying the signaling pathway that leads to toxin induction. We also endeavored to 
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uncover how copepodamides are detected by A. minutum by testing the hypothesis that 

copepodamides behave as agonists of GPCRs and an alternative hypothesis that 

copepodamides disrupt A. minutum cell membranes triggering toxin production via 

physical stress.  

3.3 Methods 

3.3.1 Phytoplankton culturing 

Cultures of the dinoflagellate Alexandrium minutum strain CCMP 113, acquired 

from NCMA Bigelow Laboratory, were grown in filtered seawater from the Gulf of 

Maine (NCMA Bigelow Laboratory, 35 ppt) amended with full strength K media (Keller 

et al. 1987). Cultures were arbitrarily arranged in a Percival incubator at 15 °C set to a 

12:12 h light/dark cycle with irradiance of 89-100 μmol m-2 s-1. Cell density was 

quantified by visual enumeration of cells in a Palmer-Maloney chamber on an Olympus 

IX-50 inverted microscope after preservation with 1% acidified Lugol’s solution. 

3.3.2 Metabolomics experimental design and execution 

To investigate the effect of copepod chemical cues on the metabolome of 

A. minutum, cultures in exponential growth phase at 15,000 cells mL-1 were exposed to 

copepodamides (Appendix B.1.1 Copepodamide extraction and isolation). Twice, 

first at the start of the experiment and again 24 h later, 1.5 mL of either 0.2 µM 

copepodamides in DMSO (treatment, n=20) or DMSO alone (control, n=20) were added 

aseptically to 300 mL cultures of A. minutum resulting in a final concentration of 1 nM 

copepodamides. A blank media sample consisting of seawater amended with K media at 



 103 

a 1.7-fold dilution, mimicking concentrations of macronutrients in spent media based on 

preliminary experiments (data not shown), was also incubated for the same length of 

time. At both the start, prior to the first addition of copepodamides, and end of the 

experiment, prior to harvesting, a 1.0 mL aliquot from each culture was preserved with 

Lugol’s solution to measure cell concentrations, which was used to calculate A. minutum 

growth over the course of the experiment. An unpaired t-test, performed in GraphPad 

Prism 9.0, was used to compare growth between A. minutum and A. minutum exposed to 

copepodamides.  

After about 40 h, all cultures were harvested with processing of treatments and 

controls intermixed over about 2.5 h within 4 h of the start of the light cycle.  An aliquot 

of each culture was harvested by centrifugation for targeted toxin analysis, using methods 

similar to those described in Brown and Kubanek (2020), and an unpaired Welch’s t-test 

was performed in GraphPad Prism 9.0 to compare toxin concentrations between 

treatments and controls. The remaining portion of each culture was harvested by vacuum 

filtration and extracted in a manner similar to Poulson-Ellestad et al. (2014). Both the 

polar and non-polar metabolomes were compared, separately, by ultrahigh performance 

liquid chromatography-mass spectrometry (UPLC/MS) and 1H NMR spectroscopy 

(Appendix B.1.2 Harvesting and extraction of Alexandrium minutum for 

metabolomics experiment and B.1.3 Metabolomic sample preparation and spectral data 

acquisition).  

3.3.3 Metabolite analysis and annotation 
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After acquisition, UPLC/MS and 1H NMR data were pre-processed and analyzed 

by multivariate statistics (Appendix B.1.4 Data processing and analysis). In brief, 

principal component analysis (PCA) and orthogonalized partial least-squares 

discriminant analysis (oPLS-DA) were used to compare both the non-polar and polar 

metabolome, separately, of A. minutum treatments and controls. These analyses were 

completed using Metabolab and PLS-Toolbox (Eigenvector Research) in Matlab for 1H 

NMR data and Compound Discoverer (ThermoFisher Scientific) and XCMS Online for 

UPLC-MS data (Ludwig and Günther 2011, Gowda et al. 2014). Metabolites that were 

found to be significantly different between controls and treatments and which contributed 

to discrimination of the metabolomes were tentatively annotated using a local spectral 

database as well as several publicly available databases (Appendix B.1.5 Metabolite 

annotation). 

3.3.4 Signaling pathway inhibition experiments and cell membrane permeability assay 

Based on the metabolomics results a series of inhibition experiments were 

performed to explore the involvement of jasmonic acid biosynthesis and signaling 

pathway and G protein-coupled receptors (GPCRs) (Appendix B.1.6 Signaling 

pathway inhibition experiments). In brief, cantharidin was used to inhibit 

serine/threonine protein phosphatases (Honkanen 1993), which regulate jasmonic acid 

biosynthesis (Bajsa et al. 2011), neomycin was used to inhibit jasmonic acid signaling 

(Vadassery et al. 2019), and SCH-202676 was used to inhibit GPCRs (Fawzi et al. 2001). 

Growth and cellular toxin concentrations were analyzed for these experiments. 

Additionally, an alternative hypothesis that copepodamides induce toxicity via disruption 

of cell membranes was assessed using a cell membrane permeability assay (Poulin et al. 
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2018) (Appendix B.1.7 Cell membrane permeability assay). All statistical 

analyses were executed using GraphPad Prism 9.0. 

3.4 Results 

3.4.1 Copepodamides trigger subtle but measurable changes in the metabolome of 

Alexandrium minutum 

Previous studies have shown that copepodamides, released by diverse copepod 

species (Grebner et al. 2019), induce toxin production in A. minutum (Selander et al. 

2015) but have not explored other metabolic changes they trigger nor the signaling 

pathways involved in toxin induction. Therefore, in the current study UPLC/MS and 1H 

NMR metabolomics were employed to investigate changes in the metabolome of 

A. minutum in response to these predatory copepod cues. Before metabolomic analysis, 

toxin induction from copepodamide exposure was verified by LC/MS quantification of 

gonyautoxins, the neurotoxins produced by A. minutum (Figure 3.1). Copepodamides 

caused a significant increase in A. minutum toxicity (t = 13.5, df = 25.7, p << 0.001; 

Figure 3.1a) and a somewhat unexpected significant reduction in growth (t = 5.6, df = 

38, p << 0.001; Figure 3.1b) with no observed changes in cell size (data not shown).  

However, the 19% reduction in A. minutum growth was modest compared to the 103% 

increase in toxicity (Figure 3.1), suggesting that toxin induction did not substantially 

disrupt cellular function. 
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Figure 3.1 Exposure to copepodamides induced toxicity and reduced growth in 

Alexandrium minutum. Bars represent the mean ± standard deviation of (a) cellular 

toxin concentration of gonyautoxins 1-4 and (b) percent growth of A. minutum when 

exposed to a solvent control (No copepodamides) or 1 nM copepodamides 

(Copepodamides). Data were analyzed using an unpaired Welch’s t-test for the 

toxin analysis and an unpaired t-test for the growth analysis. Asterisks indicate level 

of statistical significance; ****p << 0.001. 

 

Principal component analysis (PCA) of UPLC/MS and orthogonal partial least 

squares discriminant analysis (oPLS-DA) of 1H NMR datasets each partially 

distinguished metabolomes of A. minutum based on exposure to copepodamides (Figure 

3.2 and Figure B1). The UPLC/MS analysis revealed 24,914 polar features and 53,776 

non-polar features in the metabolomes of A. minutum regardless of copepodamide 

exposure. Effects of copepodamide exposure on A. minutum were partially explained by 

464 and 1,271 mass spectral features associated with the polar (Figure 3.2a and Figure 

3.2c) and non-polar (Figure 3.2b and Figure 3.2d) metabolomes, respectively. Incomplete 

separation within each PCA model occurred over the first principal component which 

accounted for 19-30% of the variance among replicates.  



 107 

 

Figure 3.2 PCA models of UPLC/MS data revealed that both polar and non-polar 

metabolites moderately distinguished metabolomes of Alexandrium minutum based 

on copepodamide exposure. Orange squares represent metabolomes of A. minutum 

exposed to copepodamides and green circles represent metabolomes of A. minutum 

not exposed to copepodamides (controls). PCA scores plots from UPLC/MS analysis 

using positive (a and b) and negative (c and d) mode MS for both polar (a and c) and 

non-polar (b and d) metabolites.  

 

Features from the MS-based metabolomics analysis led to identification of about 

a dozen metabolites (Table B1) implicated in A. minutum response to copepodamide 

exposure (Table 3.1). Several metabolites associated with butanoate metabolism were in 

significantly higher abundance in A. minutum exposed to copepodamides, suggesting 

overall upregulation of this pathway (Table 3.1). Additionally, both polar and non-polar 

NMR metabolomics analysis indicated enrichment, in copepodamide-exposed 

A. minutum, of compounds containing aliphatic acyl (2.0-2.5 ppm) and aldehyde (9.0-

10.0 ppm) functional groups (Figure B1b and Figure B1d), which are highly prevalent in 

butanoate metabolism. Arginine biosynthesis may also have been upregulated in 

A. minutum upon exposure to copepodamides, evidenced by a significant increase in 

concentrations of glutamic acid and guanidinobutanamide, two of three metabolites 
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identified from the pathway (Table 3.1). However, arginine itself was not found to differ 

significantly in concentration (Table B1). Nicotinate and nicotinamide metabolism may 

be dysregulated in A. minutum after exposure to copepodamides: the loadings plot of the 

polar metabolome (Figure B1b) indicated that NMR signals at 7.81, 7.90, 8.45, and 8.66 

ppm corresponding to a doublet, two singlets, and a doublet in the 1H NMR spectra, 

respectively, were distinguishing features of A. minutum exposed to copepodamides. 

Signals in this region are typically associated with substituted pyridine rings which, when 

coupled with the 40% increase in concentration of an unknown metabolite similar to 

nicotinyl alcohol (p = 0.008; Table B1), provided support for upregulation of nicotinate 

and nicotinamide metabolism. Unsurprisingly, several toxin intermediates and the 

byproduct succinic acid previously identified as part of the saxitoxin, or paralytic 

shellfish toxin, biosynthetic pathway (Cho et al. 2019) were observed in concentrations 

that were 100 to 160% higher in A. minutum when exposed to copepodamides (Table 

3.1). Additionally, an analog of saxitoxin, decarbamoyloxysaxitoxin, that has not been 

previously described in A. minutum (Akbar et al. 2020), was tentatively identified and 

found to be in significantly higher concentration when copepodamides were present 

(Table B1).  
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Table 3.1 Alexandrium minutum metabolites and pathways tentatively identified by 

UPLC/MS to be affected by copepodamide exposure. Change in concentration and 

fold-change are based on A. minutum exposed to copepodamides relative to 

A. minutum exposed to a solvent control. P values were calculated using an unpaired 

t-test. 

Pathway  Metabolites Fold-change P value 

Valine biosynthesis 

Down α-Ketoisovaleric acid 0.78 0.04 

Up 2-aceto-2-hydroxy-butanoate 1.2 0.006 

Butanoate metabolism 

Up Maleic acid 1.5 0.03 

Up Hydroxyglutaric acid 1.3 0.04 

Arginine biosynthesis 

Up Glutamic acid 1.1 0.04 

Down 4-Acetamidobutanoate 0.71 0.02 

Up 4-Guanidinobutanamide 1.3 0.0004 

Paralytic shellfish toxin biosynthesis 

Up Intermediate-A’ 2.6 0.0008 

Up Cyclic-C’ 2.1 7.7E-12 

Up Intermediate-E 2.2 1.3E-15 

Up Succinic acid 1.1 0.004 

Up Decarbamoyloxysaxitoxin 3.0 7.6E-15 

Jasmonic acid biosynthesis 

Up Jasmonic acid 1.2 0.004 

Up Linolenic acid 1.2 0.03 

 

3.4.2 Jasmonic acid biosynthesis and signaling are involved in toxin production 

initiated by copepodamides 

Surprisingly, as a part of the UPLC/MS metabolomics analysis, jasmonic acid 

and its precursor linolenic acid (Wasternack and Strnad 2018) were identified as being 

distinguishing features of the metabolome of A. minutum exposed to copepodamides 

(Table 3.1). The identity of jasmonic acid was confirmed by matching MS spectral data 

from the quality control samples, including retention time, [M-H]- and [M+H]+ m/z 
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values, and MS/MS fragmentation pattern in positive mode, to a commercial standard 

(Table B1). Key identifying features of linolenic acid included: [M-H]- and [M+H]+ m/z 

values and MS/MS fragmentation pattern in positive mode consistent with spectra from 

a publicly available database (2020), and positive NMR loadings signals (Figure B1a), 

also present in representative NMR spectra from experimental replicates characteristic 

of the omega-3 terminal methyl (triplet at 1.00 ppm) and internal allylic methylene 

groups (multiplets at 5.29 and 5.30 ppm). Both jasmonic acid and linolenic acid increased 

in concentration by 20% in A. minutum responding to copepodamides (Table 3.1), 

indicating that biosynthesis of jasmonic acid is involved in enhanced toxin production. 

A set of inhibition experiments were performed to directly test the involvement 

of jasmonic acid biosynthesis in toxin induction in A. minutum. Serine/threonine 

phosphatases are known to stimulate jasmonic acid biosynthesis (Bajsa et al. 2011); when 

such phosphatases were inhibited using cantharidin (Honkanen 1993), toxicity in 

A. minutum increased significantly, by 11% (F1,31 = 80.5, p << 0.001; Figure 3.3a). Toxin 

production was further enhanced upon exposure to copepodamides, regardless of 

inhibition of serine/threonine phosphatases (F1,31 = 299, p << 0.001; Figure 3.3a). In fact, 

induction due to copepodamides was slightly higher greater (23%) when serine/threonine 

phosphatases were inhibited than when these phosphatases functioned without 

interference (21%) (Figure 3.3a). Not surprisingly, inhibition of these cell-critical 

phosphatases came at a substantial cost to growth (phosphatase inhibition: F1,32 = 312, 

p << 0.001; copepodamide exposure: F1,32 = 20.4, p << 0.001; Figure B2a). Overall, the 

findings indicate that jasmonic acid biosynthesis is a part of toxin regulation in 

A. minutum both constitutively and as a part of the induced response to copepodamides.   
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Figure 3.3 Jasmonic acid biosynthesis and signaling are involved in toxin 

production in Alexandrium minutum induced by copepodamide exposure. Bars 

represent the mean ± standard deviation of cellular toxin concentration of 

gonyautoxins 1-4 in A. minutum in response to inhibition of (a) serine/threonine 

phosphatases by cantharidin and (b) jasmonic acid signaling by neomycin when 

exposed to a solvent control (No copepodamides, green) or 1 nM copepodamides 

(Copepodamides, orange). Data were analyzed using two-way ANOVAs with a 

Tukey HSD post hoc tests for multiple comparisons. Asterisks indicate the level of 

statistical significance; ****p << 0.001, ***p < 0.001, ns = not significantly different. 

 

The induced biosynthesis of jasmonic acid observed upon copepodamide 

exposure led to the hypothesis that jasmonic acid signaling is part of the signal 

transduction leading to toxicity in A. minutum. Inhibition of the jasmonic acid signaling 

pathway via neomycin (Vadassery et al. 2019) resulted in a loss of copepodamide-

induced toxicity in A. minutum (jasmonic acid signaling inhibition: F1,31 = 17.8, 

p < 0.001; copepodamide exposure: F1,31 = 20.8, p << 0.001; interaction effect: F1,31 = 

19.5, p << 0.001; Tukey’s HSD, p = 0.99; Figure 3.3b). However, interruption of the 

pathway had no effect on toxin concentrations in the absence of copepodamides (Tukey’s 

HSD, p = 1; Figure 3.3b), implying that jasmonic acid signaling is not necessary for 

constitutive toxin production by A. minutum. Unlike with inhibition of serine/threonine 
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phosphatases, inhibition of jasmonic acid signaling had no direct impact on growth of 

A. minutum, although as in earlier experiments toxin induction associated with 

copepodamide exposure resulted in mild growth inhibition (jasmonic signaling 

inhibition: F1,32 = 1.82, p = 0.22; copepodamide exposure: F1,32 = 6.13, p = 0.02; 

interaction effect: F1,32 = 1.53, p = 0.2; Figure B2b). Curiously, and perhaps not 

surprisingly, it appears to be toxin induction – rather than copepodamide exposure per se 

– that slows growth, since A. minutum with blocked jasmonic acid signaling was 

observed to be both insensitive to copepodamide-induced toxin induction and insensitive 

to its growth-limiting effects (Tukey’s HSD, inhibited no copepodamide and 

copepodamide growth comparison: p = 0.8; Figure B2b). Taken all together, the results 

of both inhibition assays strongly suggest that jasmonic acid, via both its biosynthesis 

and signaling pathway, is involved in the signal transduction triggered by copepodamides 

that results in toxin induction in A. minutum. 

3.4.3 Copepodamides appear not to behave as GPCR agonists and do not disrupt cell 

membranes in Alexandrium minutum 

Based on prior studies (Wohlrab et al. 2010, Amato et al. 2018, Li and Ismar 

2018, Harðardóttir et al. 2019, Mojib and Kubanek 2020), copepodamides were 

hypothesized to act as agonists of G protein-coupled receptors (GPCRs), triggering a 

signaling cascade that results in amplified toxin production in A. minutum. However, 

when the GPCR inhibitor SCH-202676 was applied to A. minutum to prevent binding of 

ligands to GPCRs (Fawzi et al. 2001), toxin concentrations rose significantly (GPCR 

inhibition: F1,32 = 9.3, p = 0.004; Figure B3a). Copepodamide-mediated toxin induction 

in A. minutum was further heightened by blocking GPCR chemoreception with toxin 
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concentrations increasing by 43% upon treatment with the GPCR inhibitor compared to 

only 27% in uninhibited A. minutum (copepodamide exposure: F1,32 = 62.8, p << 0.001; 

interaction effect: F1,32 = 3.16, p = 0.08; Figure B3a). Both inhibition of GPCRs and 

exposure to copepodamides induced toxin production without hindering growth in 

A. minutum in this experiment (GPCR inhibition: F1,32 = 3.06, p = 0.09; copepodamide 

exposure: F1,32 = 2.3, p = 0.14; interaction effect: F1,32 = 0.122, p = 0.73; Figure B3b). If 

GPCRs are critical to toxin induction, one would have expected abolition of their function 

to suppress copepodamide sensitivity in A. minutum; this was not observed, therefore our 

original hypothesis was rejected. To account for the likelihood that GPCR response is 

dose-dependent, a range of inhibitor concentrations (0.025 µM to 0.5 µM) was applied 

to A. minutum, and at all doses copepodamide-exposed cells were found to be more toxic 

than those not exposed to copepodamides (non-linear regression, F4,16 = 15.54, p << 

0.001; Figure 3.4a). In fact, counter to the original hypothesis, greater inhibition of 

GPCRs was associated with augmented sensitivity as copepodamide-mediated toxin 

induction rose from 21 to 30%, with up to and including 0.1 µM SCH-202676 (Figure 

3.4a). The slightly reduced sensitivity observed at the highest concentration of inhibitor 

(0.5 µM; Figure 3.4a) was likely due to the extreme reduction in growth (Figure B4). 

Thus, GPCRs may play a role in toxin induction, but copepodamides appear not to act as 

agonists of GPCRs; instead copepodamides and a GPCR signaling cascade might interact 

via a more complex mechanism that leads to toxin induction. 

 



 114 

 

Figure 3.4 Copepodamides appear not to be agonists of GPCRs nor do they disrupt 

cell membranes in Alexandrium minutum. (a) Points represent the mean ± standard 

percent growth of A. minutum in response to inhibition of GPCRs by SCH-202676 

at varying doses when exposed to a solvent control (No copepodamides, green 

circles) or 1 nM copepodamides (Copepodamides, orange squares). The data were 

analyzed using a sigmoidal fitted non-liner regression, excluding the highest dose. 

(b) Bars represent the mean ± standard deviation percent A. minutum cells alive 

with permeable cell membranes when exposed to a solvent control (No 

copepodamides) or 1 nM copepodamides (Copepodamides). Data were analyzed 

using an unpaired t-test. Asterisks indicate the level of statistical significance; ****p 

<< 0.001. 

 

An alternative hypothesis to receptor recognition of copepodamides is that they 

trigger toxin production through physical stress, resulting from disruption of A. minutum 

cell membranes. However, A. minutum cells whose toxicity was significantly induced by 

copepodamide exposure did not suffer significant cell membrane permeability (t = 1.1, 

df = 12, p = 0.3, n = 7; Figure 3.4b). Therefore, this alternative hypothesis was rejected. 

Nonetheless, these results do not exclude the possibility that copepodamides enter the 

cells through other mechanisms.  
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3.5 Discussion 

Perception of the predatory copepod cue, copepodamides, triggers targeted 

changes in the metabolome of the toxic dinoflagellate A. minutum (Figure 3.5). 

Copepodamide exposure did not result in a complete rearrangement of the algal 

metabolome but instead caused subtle changes that were partially resolved using 

multivariate statistics (Figure 3.2 and Figure B1). Metabolism of the amino acids valine 

and arginine were both impacted (Table 3.1), consistent with disruptions to amino acid 

metabolism observed, via transcriptomics, in Pseudo-nitzschia seriata, 

Phaeodactylum tricornutum, and Alexandrium tamarense in the presence of copepods 

(Wohlrab et al. 2010, Amato et al. 2018, Li and Ismar 2018, Harðardóttir et al. 2019). 

Butanoate metabolism is closely associated with the TCA cycle, arginine metabolism, 

and fatty acid degradation (Ogata et al. 1999); therefore the upregulation of this pathway 

may be tied to the observed increases in arginine biosynthesis and jasmonic acid 

biosynthesis (Table 3.1), which begins with fatty acid degradation (Wasternack and 

Strnad 2018). Enhancement of arginine biosynthesis (Table 3.1) is unsurprising in the 

context of A. minimum toxin induction as two arginines are required for the synthesis of 

each gonyautoxin molecule (Cho et al. 2019). The observed increase in concentration of 

the gonyautoxins (Figure 3.1a) was expected. However, our detection of paralytic 

shellfish toxin precursors (Table 3.1) is relatively novel as previously these have only 

been identified in Alexandrium catenella as a part of a stable isotope labelled feeding 

experiment (Cho et al. 2019).   
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Figure 3.5 Cellular pathways and metabolites impacted in Alexandrium minutum by 

copepodamide exposure based on data from MS and NMR metabolomics, pathway 

inhibition experiments, and toxin analysis. Metabolites, enzymes, and pathways 

upregulated in response to copepodamides are indicated in blue. Red designates 

pathway and metabolites downregulated in response to copepodamides. Grey 

indicates equivocal regulation in response to copepodamides. 

 

Copepodamide-induced toxicity appears to incur an inconsistent cost to 

A. minutum growth. In the original metabolomics experiment, exposure to 

copepodamides, and consequential 103% increase in toxicity, resulted in a 19% reduction 

in growth (Figure 3.1b). Additionally, A. minutum experienced 12 and 20% reductions in 

growth upon copepodamide exposure in the protein phosphatase and GPCR dose-

dependent inhibition experiments, respectively (Figure B2a and Figure B4). Conversely, 

equivocal effects on growth occurred with copepodamide exposure in our jasmonic acid 

signaling and original GPCR inhibition experiments (Fig. S2b and S3b). The presence of 

the (albeit variably) observed trade-off between growth and toxin production in response 

to copepod cues stands in contrast to a recent study which reported no cost to toxicity 
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under varying levels of nitrogen limitation for the same strain of A. minutum (Ryderheim 

et al. 2021). While these authors observed no reduction in growth rate, A. minutum cells 

shrank when exposed to copepodamides, an effect not seen in the current study. This 

discrepancy may be due to the higher cell densities and lower phosphate concentrations 

utilized in the current study, compared to the study by Ryderheim and colleagues (2021), 

which would be expected to intensify competition for a limiting resource (phosphate). 

The elevated competition in the current study explains the realized cost of toxin 

production in the form of reduced growth. In juxtaposition to the Ryderheim study, Park 

and Dam found a 17-39% decrease in net growth rate in A. tamarense associated with 

toxin production in the presence of copepods (2021). Therefore, the true cost of toxin 

induction in Alexandrium spp remains unclear.   

The mechanism by which A. minutum recognizes copepodamides remains 

ambiguous. Prior studies reported dysregulation of enzymes related to cyclic AMP 

(cAMP) and other GPCR signaling components in various phytoplankton taxa 

responding defensively to copepods and copepod cues (Wohlrab et al. 2010, Amato et al. 

2018, Li and Ismar 2018, Harðardóttir et al. 2019), leading to a reasonable hypothesis 

that copepodamides act as GPCR agonists, triggering a signaling cascade via intracellular 

second messengers that culminates in upregulated toxin biosynthesis. However, in the 

current study inhibition of GPCRs by the general inhibitor SCH-202676 resulted in 

slightly increased, not decreased, toxin induction in A. minutum exposed to 

copepodamides (Figure 3.4a and Figure B3a); therefore, the original hypothesis was 

rejected. Nonetheless, this does not preclude the involvement of GPCR signaling 

altogether, as the chosen inhibitor is known to only act on the receptor, and not on other 
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G protein signaling components (Fawzi et al. 2001), leaving open the possibility that 

copepodamides interact downstream in this signaling pathway. Additionally, a previous 

study found that SCH-202676 actually increases antagonist binding to GPCRs (Göblyös 

et al. 2005) due to interactions with cysteine bonds in the GPCR (Göblyös et al. 2005, 

Lewandowicz et al. 2006). Therefore, it is possible that the observed augmentation of 

toxicity when GPCRs were inhibited immediately prior to copepodamide exposure was 

due to SCH-202676 assisting copepodamides in binding to GPCRs in an antagonistic 

manner, stopping a signaling pathway that normally limits toxin production. Another 

possibility is that copepodamides trigger defensive phenotypes differently in diatoms and 

dinoflagellates. In the diatom Skeletonema marinoi, copepod cues boosted cAMP activity 

(Amato et al. 2018) whereas in A. tamarense cAMP was reduced (Wohlrab et al. 2010). 

This is likely due to dramatic differences in the structures and functions of the 

predominant GPCRs and G protein signaling in diatoms and dinoflagellates (Mojib and 

Kubanek 2020). Perhaps copepodamides interact further upstream in the pathway in 

diatoms. Alternatively, due to the shorter length of the N-terminus and differences in the 

transmembrane domains in the more primitive dinoflagellate GPCRs (Mojib and 

Kubanek 2020), copepodamides may act as antagonists to dinoflagellate GPCRs and as 

agonists in diatoms. Consequently, further studies are warranted to tease out the 

mechanism by which copepodamides might interact with GPCRs and G protein 

signaling.  

Despite their amphipathic, lipid-based structures, copepodamides do not disrupt 

cell membranes in A. minutum, dismissing an alternative hypothesis that they induce 

toxicity as a physical stress response. This hypothesis arose at least partly because 
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copepodamides with long chain fatty acyl groups that would be expected to insert into 

phospholipid-based cell membranes are an order of magnitude more potent than 

copepodamides lacking this functionality (Selander et al. 2015). However, since 

copepodamides did not significantly increase A. minutum cell membrane permeability 

(Figure 3.4b), this alternative hypothesis was rejected. Nevertheless, copepodamides 

might passively diffuse through phytoplankton cell membranes without causing 

substantial cell leakage, activating signaling pathways from within rather than via a 

membrane-bound GPCR. The femtomolar-to-nanomolar sensitivity of phytoplankton to 

copepodamides (Selander et al. 2015, Selander et al. 2019, Arias et al. 2021) supports the 

involvement of signal amplification via secondary messengers.  

Signal transduction triggered by copepodamides in A. minutum is hypothesized 

to take place via inhibition of serine/threonine phosphatases, stimulation of jasmonic acid 

biosynthesis, and activation of the jasmonic acid signaling pathway (Figure 3.5). 

Inhibition of serine/threonine phosphatases, which negatively regulates jasmonic acid 

biosynthesis in vascular plants (Bajsa et al. 2011), augmented toxicity in A. minutum 

(Figure 3.3a).  These results align with prior studies whereby copepod cues caused down-

regulation of serine/threonine phosphatases in P. seriata, P. tricornutum, and 

A. tamarense (Wohlrab et al. 2010, Li and Ismar 2018, Harðardóttir et al. 2019). In the 

current study, overall upregulation of jasmonic acid biosynthesis was demonstrated by a 

20% increase in jasmonic acid concentration in A. minutum exposed to copepodamides 

(Table 1). Jasmonic acid biosynthesis begins with the degradation of fatty acids and ends 

with formation of the carboxylic acid side chain of jasmonic acid via β-oxidation 

(Wasternack and Strnad 2018). While not all the biosynthetic steps were captured by the 
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current study, several transcriptomic studies of phytoplankton exposed to copepod cues 

have found consistent upregulation of lipid metabolism and β-oxidation (Wohlrab et al. 

2010, Amato et al. 2018, Harðardóttir et al. 2019). Additionally, these studies found 

strong regulation of mitogen-activated protein kinase (MAPK) cascades, particularly 

those related to calcium-dependent protein kinases (Wohlrab et al. 2010, Amato et al. 

2018, Li and Ismar 2018, Harðardóttir et al. 2019) which are required for jasmonic acid 

biosynthesis in many plants (Wasternack and Hause 2013). In vascular plants, increased 

intracellular pools of jasmonic acid promote transcription of defense-related genes 

(Wasternack and Strnad 2018); therefore, we hypothesized jasmonic acid in A. minutum 

to be involved in jasmonic acid signaling. This hypothesis was supported when inhibition 

of jasmonic acid signaling by neomycin eliminated copepodamide-induced enhanced 

toxicity (Figure 3.3b). Interestingly, phospholipase C (an enzyme which cleaves 

phospholipids) was recently identified as a regulator of jasmonic acid signaling (Kiba et 

al. 2020) and has also been labeled as an effector of GPCR signaling in both diatoms and 

dinoflagellates (Mojib and Kubanek 2020).  

This study is the first in which jasmonic acid has been discovered in 

dinoflagellates.  While jasmonic acid is known to act as a hormone involved in inducible 

defenses in vascular plants, it has not been found as readily among phytoplankton (Han 

2016). It has been identified in only a handful of unicellular green algae and a single 

cyanobacterium. Confirmation of the jasmonic acid signaling pathway in phytoplankton 

has been even rarer because in most studies with phytoplankton, jasmonic acid has been 

added exogenously rather than being measured intracellularly (Newberger et al. 2006, 

Han 2016, Johnson et al. 2020). When addition of jasmonic acid resulted in phenotypic 
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changes, the involvement of the jasmonic acid signaling pathway was inferred but not 

probed further (Newberger et al. 2006, Han 2016, Johnson et al. 2020). However, in this 

study we not only measured an increase in endogenous jasmonic acid but also 

manipulated its signaling pathway to demonstrate its involvement in copepodamide-

mediated toxin induction. This suggests that jasmonic acid signaling is a much older 

defense mechanism than anticipated (Han 2016) and provides further evidence that it pre-

dates colonization of land by plants. 

 In conclusion, using metabolomics and inhibition experiments this study 

explored the subtle rearrangement of A. minutum’s metabolome in response to copepod 

predator cues and illuminated molecular mechanisms which result in increased toxicity. 

While a receptor of copepodamides was not identified, this study provided critical 

information about the potential involvement of G protein signaling and revealed the 

importance of jasmonic acid signaling in copepodamide-mediated toxin induction. 

Further research is needed to elucidate the receptor used by A. minutum and other 

phytoplankton in the chemosensation of copepodamides. 
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CHAPTER 4. DIFFERENTIATING TOXIC AND NONTOXIC 

CONGENERIC HARMFUL ALGAE USING THE NON-POLAR 

METABOLOME   

Brown, E. R., S. G. Moore, D. A. Gaul, and J. Kubanek. 2021. Differentiating 

toxic and nontoxic congeneric harmful algae using the non-polar metabolome. In review. 

4.1 Abstract 

Recognition and rejection of chemically defended prey is critical to maximizing 

fitness for predators. Paralytic shellfish toxins (PSTs) which strongly inhibit voltage-

gated sodium channels in diverse animal taxa are produced by several species of the 

bloom-forming algal genus Alexandrium where they appear to function as chemical 

defenses against grazing copepods. Despite PSTs being produced and localized within 

phytoplankton cells, some copepods distinguish toxic from non-toxic prey, selectively 

ingesting less toxic cells, in ways that suggest cell surface recognition perhaps associated 

with non-polar metabolites. In this study LC/MS and NMR-based metabolomics revealed 

that the non-polar metabolomes of two toxic species (Alexandrium catenella and 

Alexandrium pacificum) vary considerably from their non-toxic congener Alexandrium 

tamarense despite all three being very closely related. Toxic and non-toxic Alexandrium 

spp. were distinguished from each other by metabolites belonging to seven lipid classes. 

Of these, 17 specific metabolites were significantly more abundant in both toxic 

A. catenella and A. pacificum compared to non-toxic A. tamarense suggesting that just a 

small portion of the observed metabolic variability is associated with toxicity. Future 
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experiments aimed at deciphering chemoreception mechanisms of copepod perception of 

Alexandrium toxicity should consider these metabolites, and the broader lipid classes 

phosphatidylcholines and sterols, as potential candidate cues. 

4.2 Introduction 

The dinoflagellate genus Alexandrium is one of the most taxonomically and 

chemically diverse harmful algal bloom-forming genera (Anderson et al. 2012). Among 

the approximately 35 known species, at least half produce toxins of which there are three 

distinct classes: paralytic shellfish toxins (PSTs), spirolides, and goniodomins (Anderson 

et al. 2012, Murray et al. 2020). PSTs, which include saxitoxin, gonyautoxins, and 

N-sulfocarbamoyl and decarbamoyl analogs of saxitoxins (Anderson et al. 2012, Murray 

et al. 2020), are so named for their extreme inhibition of voltage-gated sodium channels 

leading to muscle paralysis, respiratory arrest, and occasionally death in humans (Faber 

2012). At the time of their discovery, it was unclear what fitness advantages PSTs bestow 

on the phytoplankton cells that produce them. Many studies now support the hypothesis 

that PSTs function as induced chemical defenses against grazing zooplankton such as 

copepods (Selander et al. 2006, Bergkvist et al. 2008, Wohlrab et al. 2010, Turner 2014, 

Senft-Batoh et al. 2015a, Xu et al. 2017, Xu and Kiørboe 2018). 

Consumption of toxic Alexandrium cells negatively impacts copepods. In a 

metanalysis of experiments involving marine copepods and harmful algae, 19 studies 

were determined to have demonstrated adverse effects on copepods consuming 

Alexandrium cells (Turner 2014). The most commonly reported deleterious 

consequences are decreased fecundity and survivorship of juvenile copepods (nauplii) 
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(Frangopulos et al. 2000, Barreiro et al. 2007, Roncalli et al. 2016b, Abdulhussain et al. 

2021), followed by disruption of swimming behavior (Turner 2014, Lasley-Rasher et al. 

2016, Xu et al. 2018). However, some copepods that co-occur with toxic Alexandrium 

populations have evolved partial resistance to PSTs, appearing to not be deterred by or 

suffering adverse effects from PSTs (Colin and Dam 2007, Wohlrab et al. 2010). Unlike 

clams (Bricelj et al. 2005), heritable resistance to PSTs among copepods does not appear 

to involve mutations to sodium channels (Finiguerra et al. 2014, Finiguerra et al. 2015). 

Instead, recent transcriptome studies suggest that resistance to PSTs may be conferred by 

tight regulation of digestive enzymes to limit toxin assimilation and by detoxification 

pathways (Roncalli et al. 2016a, Roncalli et al. 2017, Han et al. 2021). However, for 

copepods that are sensitive to PSTs, selective consumption of non-toxic cells is expected 

to be advantageous.  

Several studies have suggested that copepods actively favor non-toxic over toxic 

Alexandrium cells (Teegarden 1999, Selander et al. 2008, Senft-Batoh et al. 2015b). A 

foundational study by Teegarden showed that when simultaneously offered toxic 

Alexandrium fundyense and non-toxic Alexandrium tamarense, copepods belonging to 

three species preferentially grazed on non-toxic A. tamarense (1999). These Alexandrium 

spp. belong to a species complex whose cells are of similar size, shape, and nitrogen and 

carbon content (Balech 1990, Scholin et al. 1995), limiting variability among traits other 

than toxicity. Therefore, the Teegarden study provided initial support for the hypothesis 

that copepods are deterred by Alexandrium toxins. This selective feeding hypothesis has 

been explored further over the years using natural assemblages of phytoplankton 

(Teegarden et al. 2008), copepods with different feeding modalities (Xu et al. 2018) and 
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degrees of naïveté to toxic Alexandrium populations (Senft-Batoh et al. 2015b), and 

additional Alexandrium species (Xu et al. 2017, Xu and Kiørboe 2018, Abdulhussain et 

al. 2020). Data from these lab experiments have largely supported the selective feeding 

hypothesis with the exception of a study using the copepod Temora longicornis (Xu et 

al. 2017). However, in that case the non-toxic prey offered in choice experiments was 

not a congener, raising the possibility that the lack of observed preference could have 

been explained by other phytoplankton traits such as nutritional value. In contrast, the 

copepod Acartia tonsa consumed relatively fewer A. minutum cells when simultaneously 

offered non-toxic Prorocentrum micans, especially when A. minutum cells doubled their 

PST production upon exposure to copepod feeding cues (Selander et al. 2006). This study 

proposed that the copepods recognized that the induced cells were more toxic and 

discriminated against A. minutum in proportion to its toxicity. Taken together these 

studies strongly suggest that copepod feeding behavior is driven by toxicity in 

Alexandrium spp..  

The simplest mechanism by which copepods might be expected to discern 

toxicity in prey would be to sense the toxins themselves. However, PSTs are synthesized 

and retained within Alexandrium cells and only released into the marine environment 

when cells lyse, making it improbable that copepods sense PSTs before consuming intact 

phytoplankton (Anderson et al. 1990b). Recent studies have suggested that copepods 

detect and select prey using near-field chemoreception, akin to taste, as opposed to far-

field chemoreception, akin to smell (Gonçalves and Kiørboe 2015, Kiørboe et al. 2016, 

Xu et al. 2017). Therefore, we hypothesized that copepods use chemical cue(s) associated 
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with cell surfaces as indirect proxies for toxicity states among Alexandrium cells, as they 

come into contact with potential prey.  

Glycoconjugates (Reuter and Gabius 1999) and cell membrane constituents (de 

Carvalho and Caramujo 2018) are frequently involved in cellular recognition. Lectins, 

which bind specific sugar moieties on glycoproteins and glycolipids, have previously 

been implicated in recognition of algal cells by oysters and zooplankton (Wootton et al. 

2007, Espinosa et al. 2010). However, some algae may not be fully distinguishable by 

sugar moieties alone (Strom et al. 2003), so predators may need to assess other 

biochemical components of the cell membrane. Sterols, fatty acids, and other lipids have 

been found to act as biomarkers of various phytoplankton taxa (Véron et al. 1998, Martin-

Creuzburg and Elert 2009, Řezanka et al. 2014, Řezanka et al. 2017) and impact the 

fluidity and three dimensional structure of cell membranes (de Carvalho and Caramujo 

2018). Thus, their composition may also be integral to the chemosensory ability of 

zooplankton, including copepods, to distinguish prey. Therefore, in the current study 

exploring chemical cue(s) copepods may use to differentiate phytoplankton prey of 

varying toxicity levels, we chose to investigate the non-polar metabolome of three 

Alexandrium species. Quantitative analysis of their non-polar metabolomes was 

performed in two pairwise experiments: 1) toxic Alexandrium catenella was compared 

to non-toxic Alexandrium tamarense using the same strains as the foundational 

Teegarden study (1999); and 2) a more closely related toxic species, 

Alexandrium pacificum, was compared to the same non-toxic A. tamarense strain. Using 

this approach, we identified classes of lipids and other non-polar metabolites enriched in 
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both toxic species, presenting candidates for future experiments to decipher the 

chemoreception mechanism of copepod perception of Alexandrium toxicity.    

4.3 Materials and methods 

4.3.1 Phytoplankton culturing 

Cultures of the non-toxic dinoflagellate Alexandrium tamarense strain 

CCMP 2023 (synonymous with CCMP 115 and CCAP 1119/1), and the toxic 

dinoflagellates Alexandrium catenella strain CCMP 1719 (synonymous with GTCA 28, 

previously named Alexandrium fundyense (John et al. 2014, Prud’homme van Reine 

2017)) and Alexandrium pacificum strain CCMP 1493 (synonymous with ATCI01, 

previously named A. tamarense (John et al. 2014)), were acquired from NCMA Bigelow 

Laboratory. Cultures were arbitrarily arranged in a Percival incubator at 20 °C set to a 

12:12 h light/dark cycle with irradiance of 100-123 μmol m-2 s-1 and grown in filtered 

seawater from the Gulf of Maine (NCMA Bigelow Laboratory, a salinity of 35) amended 

with full strength K media (Keller et al. 1987). Cell density was quantified after 

preservation of cells with 1% acidified Lugol’s solution by visual enumeration in a 

Palmer-Maloney chamber on an Olympus IX-50 inverted microscope.  

4.3.2 Experimental design 

To explore non-polar molecules associated with toxicity in Alexandrium, the non-

polar metabolome of a single non-toxic species (A. tamarense) was compared with each 

of two toxic congeners (A. catenella and A. pacificum). A. catenella and A. pacificum 

were chosen due to their toxicity and phylogenetic relatedness to the well-studied non-
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toxic A. tamarense. A. catenella CCMP 1719 is known to produce saxitoxin, 

neosaxitoxin, gonyautoxins 1-5, and N-sulfocarbamoylgonyautoxin 3 (commonly known 

as C2) at concentrations of 12-31 pgSTXeq cell-1 (Teegarden 1999, Orr et al. 2011). Prior 

feeding preference assays showed that copepods selectively feed on non-toxic 

A. tamarense when offered alongside toxic A. catenella (Teegarden 1999). Therefore, we 

chose to compare these two strains for our first experiment. The A. pacificum strain 

chosen for this study, CCMP 1493, is also toxic, producing neosaxitoxin, gonyautoxins 

1 and 3-5, and N-sulfocarbamoylgonyautoxins 2 and 3 (more commonly known as C1 

and C2) at concentrations of 24-27 pgSTXeq cell-1 (Orr et al. 2011, Blossom et al. 2019); 

however, copepod feeding preferences associated with this strain have not been 

established. Historically, all three species used in this study have been considered 

members of the A. tamarense ‘species complex’, with A. catenella CCMP 1719 in Clade 

I, Group I and A. tamarense CCMP 2023 and A. pacificum CCMP 1493 both in Clade II 

in the subclade Groups III and IV, respectively (Scholin et al. 1995, John et al. 2014). 

More recently, a series of phylogenetic studies were undertaken to better understand the 

genetic relationships between these groups and more clearly define species within the 

genus Alexandrium which resulted in reclassification of many strains, including CCMP 

1719 from A. fundyense to A. catenella and CCMP 1493 from A. tamarense to 

A. pacificum (Orr et al. 2011, John et al. 2014, Wang et al. 2014, Prud’homme van Reine 

2017). Furthermore, Wang and colleagues who used ribosomal internal transcribed 

spacer rDNA found the estimated genetic distance between A. tamarense and A. catenella 

to be 0.181, the distance between A. tamarense and A. pacificum to be 0.161, and the 

distance between A. catenella and A. pacificum to be 0.196 (for reference, the maximum 
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intra-clade species difference was 0.066 and the inter-clade differences ranged from 

0.134 to 0.216) (Wang et al. 2014). This means that toxic A. pacificum and non-toxic 

A. tamarense are more closely related to each other than toxic A. catenella is to 

A. tamarense and that both the toxic species, A. catenella and A. pacificum, are more 

distantly related to each than either is to A. tamarense. Therefore, despite a lack of 

documented copepod feeding preferences, A. pacificum was chosen for second 

comparison to A. tamarense because its closer phylogenetic relationship means it likely 

has fewer confounding physiological differences other than toxicity. 

Accordingly, metabolomes of toxic versus non-toxic species were compared 

using the following experimental pairings: A. tamarense (n=15) with A. catenella (n=15) 

(Experiment 1) and A. tamarense (n=15) with A. pacificum (n=15) (Experiment 2). The 

same non-toxic strain of A. tamarense was used in both experiments but the two 

experiments were conducted separately, in different months, to make the experiment 

manageable based on availability of batches grown from stock cultures. Due to the 

experiments being performed independently, quantitative comparisons were made only 

within and not between experiments. For both experiments, Alexandrium spp. cultures at 

a cell density of 12,000 to 13,000 cells mL-1 were split into fifteen 300 mL subcultures 

of each species which grew for two days. At the end of each experiment, during 

harvesting, a 1.0 mL aliquot from each culture was preserved with Lugol’s solution to 

measure cell concentrations.  
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4.3.3 Harvesting and extraction 

Cultures were harvested with handling of replicates and treatments intermixed 

over approximately 2 h within 6 h of the start of the light cycle. Harvesting and extraction 

of cells was carried out as reported by Brown et al. (submitted), involving a slight 

modification of methods used by Poulson-Ellestad et al. (2014) in order to broadly extract 

non-polar metabolites, including sterols, fatty acids, glycosylated lipids, and various 

other classes of lipids. An aliquot of 50 mL of each culture was harvest by centrifugation 

at 3,260 x g for 10 min. The resulting cell pellets were freeze-dried and stored in a -80 

°C freezer for later toxin analysis (see section 4.3.4). The remaining cells were harvested 

under vacuum onto muffled GF/F filters (Whatman #1825-110). Cell metabolism was 

then quenched with liquid nitrogen and cells were stored at -80 °C in muffled foil 

pouches until extraction. Cells were extracted with 30 mL of ice-cold 3:2:1 

methanol/acetone/acetonitrile (OmniSolv, >99.5%, MilliporeSigma) by grinding the 

frozen filters with a liquid nitrogen-chilled mortar and pestle. To remove filter 

particulates, the extracts were centrifuged four times at 800 x g for 15 min. Solid 

materials were rinsed each time with fresh solvent and rinses combined with the 

supernatant to create one 53 mL extract. To remove remaining small particulates, extracts 

were filtered with a 0.2 μm nylon syringe filter (Acrodisc, Pall Laboratory) before being 

dried in vacuo using a Thermo Savant Speedvac concentrator. Non-polar and polar 

metabolites were separated by partitioning extracts in a biphasic mixture of 9:10:15 

water/methanol/chloroform (OmniSolv, >99.5%, MilliporeSigma). Extracts were then 

dried again in vacuo with non-polar extracts used for further analysis and polar extracts 

set aside. 
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4.3.4 Toxin analysis 

The cell pellet from each 50 mL aliquot was suspended in 500 μL 1% aqueous 

acetic acid and subjected to four freeze-thaw cycles with sonication in a water bath to 

lyse cells and extract toxins (Devlin et al. 2011). Each sample was then centrifuged at 

10,000 x g for 5 min to pellet debris and the toxin-containing supernatant was filtered 

through a 0.2 μm nylon syringe filter to remove precipitate. Toxin extracts were analyzed 

using positive electrospray ionization on a Waters QDA mass spectrometer (Waters 

Corporation) coupled to a Waters 2695 Separation Module (Waters Corporation). 

Chromatographic separation of the extracts was achieved by injecting of 20.0 µL onto 

HILIC TSKgel Amide-80 column (4.6 x 150 mm, 3 μm particle size; TOSOH 

Bioscience), operated at 30 °C, fitted to the LC system with 5 rinses of the injection loop 

between samples.  A flow rate of 1.0 mL min-1 was used with the following mobile phase 

gradient acidified with 0.1% formic acid: equilibration at 60% aqueous acetonitrile; 0-1 

min hold at 60% aqueous acetonitrile; 1-9 min ramp to 20% aqueous acetonitrile; 9-11 

min hold at 20% aqueous acetonitrile; 11 min return to 60% aqueous acetonitrile and 

reequilibration until 19 min. Toxin concentrations were calculated using the integrated 

area of the following ion signals via single ion recording: m/z 300.1 for saxitoxin, m/z 

316.1 for neosaxitoxin, m/z 332.1 for gonyautoxin 1, m/z 396.1 for gonyautoxin 2 and 3, 

C1, and C2,  and m/z 412.1 for gonyautoxin 4 (Yang et al. 2017, Huang et al. 2020). The 

integrated areas of ion peaks were compared with standard solutions, interspersed after 

every four samples, obtained by dilution of certified reference calibration solutions 

purchased from The National Research Council of Canada. A calibration curve of 

external standards at seven concentrations for each of the toxins plus a solvent blank 
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showed a linear relationship between toxin concentrations and area of mass spectral 

peaks. The limit of detection for each toxin was as follows: 0.085 µM for saxitoxin, 

0.15 µM for neosaxitoxin, 0.010 µM for gonyautoxin 1, 0.35 µM for gonyautoxin 3, C1, 

and C2 combined, and 0.17 µM for gonyautoxin 4 or 0.76 µM for total toxin 

concentration. Toxin measurements are reported as the total concentration of all detected 

toxins. 

4.3.5 NMR sample preparation and spectral data acquisition 

Non-polar extracts were dissolved with volumes calculated to account for 

different cell densities at the time of harvesting, to a concentration equivalent to 

1.62 x 107 Alexandrium cells mL-1 in dimethyl sulfoxide-d6 (99.9% atom d6-DMSO; 

Cambridge Isotope Labs) containing 0.1% trimethylsilane (TMS) as internal standard for 

1H nuclear magnetic resonance (NMR) spectroscopy analysis. The extracts were 

transferred to 3 mm NMR tubes. Extracts from Experiment 1 (A. tamarense-A. catenella) 

were analyzed using a Bruker Avance IIIHD 800 MHz NMR spectrometer equipped with 

a 3 mm triple resonance broadband cryoprobe. Extracts from Experiment 2 

(A. tamarense-A. pacificum) were analyzed using a Bruker Avance IIIHD 700 MHz 

NMR spectrometer equipped with a 5 mm indirect broadband cryoprobe, because the 800 

MHz instrument was unavailable at the time of data acquisition. Spectra of non-polar 

extracts from both experiments were acquired using a Bruker zg30 pulse sequence 

1H NMR experiment compiled from 320 scans. 
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4.3.6 NMR spectral processing and analysis 

Spectra were pre-processed using Metabolab version 2019.12.08.1237 (Ludwig 

and Günther 2011) in Matlab R2013a version 8.1.0.604. The spectra from both 

experiments were processed separately but using the same parameters. Both sets of 

spectra were aligned using the TMS internal standard (0.00 ppm), manually phased, 

spline baseline corrected to improve peak integration, and segmentally aligned. The 

following spectral regions were removed: -0.50 to 0.30 ppm (excess upfield region), 

2.49-2.53 ppm (residual DMSO), 3.30-3.45 ppm (water), and 10.70-11.50 ppm (excess 

downfield region). The spectra were filtered to reduce the impact of noise, binned 

(0.005 ppm), and probabilistic quotient normalized to minimize minute differences in 

dilution (Dieterle et al. 2006). The data were generalized logarithmic transformed to 

minimize technical variance and highlight biological variance (Parsons et al. 2007) using 

λ = 7.4690 x 10-9 for Experiment 1 (A. tamarense-A. catenella) and λ = 8.2594 x 10-9 for 

Experiment 2 (A. tamarense-A. pacificum). Finally, the data for both experiments were 

mean centered. 

PLS-Toolbox version 8.0.2 (Eigenvector Research) in Matlab was used to 

generate orthogonalized partial least-squares discriminant analysis (oPLS-DA) models 

which were cross-validated using Venetian blinds methods with five data splits for each 

comparison. Due to poor NMR spectral quality one A. tamarense replicate spectrum was 

removed from analysis of Experiment 1 (A. tamarense-A. catenella) and two 

A. pacificum and four A. tamarense replicate spectra were removed for Experiment 2. 

The loadings of the first principal component and first latent variable of the PCA and 
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oPLS-DA models, respectively, were used to identify spectroscopic features that were 

significantly different between the non-polar metabolomes in each experiment.  

4.3.7 UPLC/MS sample preparation and data acquisition 

Unlike with 1H NMR spectroscopy, extracts for both experiments were prepared 

and analyzed by ultra-high performance liquid chromatography tandem mass 

spectrometer (UPLC/MS) together. Using LCMS grade 2:1 isopropyl alcohol/acetonitrile 

(OmniSolv, >99.5%, MilliporeSigma) extracts were reconstituted at a concentration 

equivalent to 4.54 x 106 Alexandrium cells mL-1 in and centrifuged at 21,100 x g for 

5 min to pellet minute particulates. Unfortunately, two A. pacificum samples from 

Experiment 2 were lost due to vials breaking during reconstitution. A small portion of all 

remaining samples were combined to create nine pooled quality control samples. The 

pooled quality samples were analyzed after every 10 injections of the randomly 

interspersed Alexandrium extracts to monitor instrumental drift.  Additionally, a solvent 

blank was analyzed at the beginning and end of the analysis. 

Extracts were analyzed using a Orbitrap ID-X Tribrid Mass Spectrometer 

(ThermoFisher Scientific) coupled to a Vanquish UPLC system (ThermoFisher 

Scientific). Chromatographic separation of the extracts was achieved by injecting of 

2.0 µL onto an Accucore C30 silica column (2.1 x 150 mm, 2.6-μm particle size; 

ThermoFisher Scientific), operated at 50 °C, fitted to the UPLC system. Mobile phase A 

was 40:60 water/acetonitrile and mobile phase B was 10% acetonitrile in isopropyl 

alcohol with both containing 10 mM ammonium formate and 0.1% formic acid buffer 

(Optima, LCMS, Fischer Scientific). A flow rate of 0.4 mL min-1 was used with the 
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following mobile phase gradient: equilibration at 80% A; 0-1 min ramp to 40% A; 

1-5 min ramp to 30% A; 5-5.5 min ramp to 15% A; 5.5-8 min ramp to 10% A; 8-8.2 min 

ramp to 0% A; 8.2-10.5 min hold at 0% A; 10.5-10.7 min return to 80% A and 

re-equilibration at 80% A until 12 min.  

Mass spectrometric analysis was accomplished using the ID-X Tribrid 

spectrometer which possesses a resolution power of 500,000 FWHM at 200 m/z and 

mass accuracy of <1 ppm. Extracts were analyzed twice, first in negative ionization mode 

with a spray voltage of 2.5 kV and then in positive ionization mode with a spray voltage 

of 3.5 kV. Other than spray voltage, all other instrument settings were the same. The 

heated electrospray ionization source was run at a vaporizer temperature of 275 ⁰C with 

nitrogen gas flows at 40, 8, and 1 L h-1 for sheath, auxiliary, and sweep, respectively. 

Data was acquired using a scan range of 70-1050 m/z and an automatic gain control set 

at 1 x 105 ions. Tandem mass spectrometry (MS/MS) data were acquired in a data-

dependent manner with a resolution of 30,000 and an isolation window of 0.8 m/z with a 

cycle time of 1.5 s. Dynamic exclusion was set to 10 s and data-dependent MS/MS was 

activated by higher energy collisional dissociation with stepped normalized collision 

energies of 15, 30, and 45 % or collision-induced dissociation energy of 30%. AcquireX 

Deep Scan was performed with four iterations to maximize number of collected MS/MS 

scans. Data acquisition was carried out using Compound Discoverer V3.0 (ThermoFisher 

Scientific). 
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4.3.8 UPLC/MS data processing and analysis 

After UPLC/MS acquisition, spectral features (retention time, m/z) were extracted 

from chromatograms using Compound Discoverer version 3.1 (ThermoFisher Scientific) 

and XCMS online (Gowda et al. 2014). This was accomplished by aligning 

chromatograms, picking and integrating peak pickings, followed by extraction and 

normalization of peak areas. Spectral features were filtered for noise using the following 

parameters: peak areas had to be five times greater than baseline, as determined by the 

blank samples, and features had to be present in greater than 50% of the pooled quality 

control samples and have a relative standard deviation of less than 30%.  

Principal component analysis (PCA) was used to examine differences in 

non-polar metabolomes of A. tamarense vs. A. catenella (Experiment 1) and 

A. tamarense vs. A. pacificum (Experiment 2), using Compound Discoverer. Each dataset 

was log 10-transformed and PCA models generated based on spectral features with a fold 

change greater than or equal to 1.1 or less than or equal to 0.9 and p ≤ 0.05 via t-test when 

comparing the metabolomes within each experiment. Additionally, spectral features 

extracted by XCMS online were entered into LIPID Metabolites and Pathways Strategy 

(LIPID MAPS) Online Tools (Fahy et al. 2007) to generate volcano plots using a fold-

change threshold of 1.1 and p ≤ 0.05 in order to identify significantly different features 

in each experiment. 

4.3.9 Metabolite annotation 

Lipids whose concentrations were positively associated with both toxic 

Alexandrium species, A. pacificum and A. catenella, were sought by comparing the 
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non-polar metabolomes of each toxic species with non-toxic A. tamarense from their 

respective experiment. Specifically, metabolites were prioritized for identification if they 

were more abundant, by similar proportions, in both toxic species relative to A. tamarense 

from their respective experiment, and had minimal differences in abundance between A. 

tamarense in both experiments. Metabolite characterization was predominately 

dependent on UPLC/MS and MS/MS data. (1H NMR spectroscopy data were mainly 

used for identification of functional groups and metabolite classes.) Using Compound 

Discoverer, elemental formulae were generated based on exact mass and isotopic patterns 

from UPLC/MS data. The elemental formulae along with [M-H]- and [M+H]+ m/z ions, 

MS/MS fragmentation patterns, retention time, and isotopic patterns were compared to a 

local spectral database, built from curated experimental data, as well as these publicly 

available databases: ChemSpider, LIPID MAPS classification and database (Sud et al. 

2006, Fahy et al. 2009), MassBank of North America (MoNA)(2020), the human 

metabolome database (HMDB) (Wishart et al. 2007), mzVault (in house database), and 

mzCloud. Additionally, the LOBSTAHS database (Collins et al. 2016) and LIPID MAPS 

Online Tools (Fahy et al. 2007) were used to putatively identify some MS features, by 

matching exact mass and adduct patterns. Retention time and characteristic MS/MS 

fragmentation patterns were also used to place metabolites into broader lipid classes even 

when full identification was not achieved (Brügger et al. 1997, Piretti et al. 1997, Hsu et 

al. 2007, Taguchi 2009, Murphy and Axelsen 2011, Zianni et al. 2013, Hsu 2016). KEGG 

(Ogata et al. 1999) and LIPID MAPS were utilized to map the significant metabolites 

onto known metabolic pathways. 

 



 138 

4.4 Results 

4.4.1 The non-polar metabolomes of Alexandrium spp. vary considerably between 

closely related toxic and non-toxic species 

A. pacificum and A. catenella produce suites of structurally similar paralytic 

shellfish toxins (PSTs) including saxitoxin, neosaxitoxin, gonyautoxins 1-5, and 

N-sulfocarbamoylgonyautoxins 2 and 3 (more commonly known as C1 and 2) whereas 

the A. tamarense strain used in this study is traditionally classified as non-toxic (Orr et 

al. 2011, John et al. 2014). Using LC/MS analysis, A. catenella and A. pacificum were 

found to produce 16.6 ± 1.9 and 0.733 ± 0.005 fmol of total PSTs per cell, respectively 

(n = 3 for each species), based on detection of gonyautoxins 2/3 and 1/4, C1/2, 

neosaxitoxin, and saxitoxin in A. catenella; and gonyautoxins 1 and 2/3, C1/2, and 

neosaxitoxin in A. pacificum. While these concentrations are lower than previously 

reported, there is precedence for decreased toxin concentrations at lower growth rates 

(Juhl et al. 2001, Devlin et al. 2011). No toxins were detected in A. tamarense despite a 

limit of detection of 0.76 µM, corresponding to approximately 0.4 fmol per cell (n = 6).   

The non-polar metabolomes of A. pacificum and A. catenella differed 

substantially from their non-toxic congener A. tamarense based on analysis by principal 

component analysis (PCA) and orthogonal partial least squares discriminant analysis 

(oPLS-DA) on UPLC/MS and 1H NMR datasets, respectively (Figure 4.1 and Figure 

4.2). In Experiment 1, A. catenella metabolomes were fully distinguishable from 

A. tamarense metabolomes across the first principal component, which captured an 

average of 63.4% of the variance, using both ionization modes of MS data analysis 
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(Figure 4.1A and B) and over the first latent variable, which captured 2.8% of the 

variance, based on NMR spectral data analysis (Figure 4.2A). Distinctions between 

metabolomes were driven by 15,581 unique mass spectral features which varied 

significantly between A. catenella and A. tamarense. Of these unique features, 2,998 did 

not vary substantially in A. tamarense between Experiments 1 and 2. In contrast, the 

metabolomes of A. pacificum and A. tamarense in Experiment 2 were mostly but not 

completely separated over the first principal component via MS analysis (Figure 4.1C 

and D) and over the first latent variable from NMR data analysis (Figure 4.2C), which 

captured an average of 49.7%, across both MS ionization modes and 63.9% of the NMR 

variance.  Only 6,878 unique mass spectral features varied significantly between 

A. pacificum and A. tamarense and 1,121 of these features did not vary substantially in 

A. tamarense between Experiments 1 and 2.  
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Figure 4.1 The non-polar metabolomes of toxic Alexandrium species, A. catenella 

and A. pacificum, differ considerably from non-toxic A. tamarense based on PCA 

models from UPLC/MS data. Yellow diamonds represent metabolomes of 

A. catenella, orange squares represent metabolomes of A. pacificum, and green 

circles represent metabolomes of A. tamarense. Scores plots from PCA models based 

on UPLC/MS analysis of Experiment 1 (A and B) and 2 (C and D) metabolites using 

both positive (A and C, “MS+”) and negative mode (B and D, “MS-”).  

 



 141 

 

Figure 4.2 oPLS-DA models of NMR spectral data revealed that non-polar 

metabolomes of toxic Alexandrium (A. catenella and A. pacificum) species differ 

from non-toxic A. tamarense. Yellow diamonds represent metabolomes of 

A. catenella, orange squares represent metabolomes of A. pacificum, and green 

circles represent metabolomes of A. tamarense. oPLS-DA models based on 1H NMR 

spectral analysis of Experiment 1 (A and B) and 2 (C and D) with scores plots (A 

and C) and their corresponding loadings plots on the first latent variable (B and D). 

Positive loading values signify metabolites in greater concentration in A. catenella 

(B) and A. pacificum (D) than A. tamarense, whereas negative loads show 

metabolites enhanced in A. tamarense. 

 

MS-based metabolomics analysis led to putative identification of 34 metabolites 

belonging to seven lipid classes that were in significantly different concentrations either 

between A. catenella and A. tamarense (Experiment 1, Table C1) or between 

A. pacificum and A. tamarense (Experiment 2, Table C2). All but two of these 

metabolites were more abundant in at least one of the toxic species than in non-toxic 

A. tamarense (Table 4.1). For both A. catenella and A. pacificum, the metabolites whose 

concentrations were most enhanced relative to A. tamarense belonged to the 
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triacylglycerol class (Table 4.1). Additionally, the majority of tentatively identified 

metabolites which were in higher concentration in A. catenella were triacylglycerols, 

whereas glycerophospholipids were the most represented class in A. pacificum (Table 

4.1).   

Table 4.1 Lipid classes identified by MS-based models with significantly different 

concentrations in toxic Alexandrium catenella or Alexandrium pacificum compared 

to non-toxic A. tamarense. The number of compounds in each class and the average 

fold-change is included for each class. Average fold-change is the mean change in 

concentration for each lipid in A. catenella relative to A. tamarense (Experiment 1) 

and in A. pacificum relative to A. tamarense (Experiment 2). 

 A. catenella A. pacificum 

Lipid class  

# of 

metabolites 

Average 

fold-change 

# of 

metabolites 

Average 

fold-change 

Free fatty acids  1 4.9 2 1.6 

Monoacylglycerols 1 1.5 1 2.0 

Diacylglycerols 3 8.4 - - 

Triacylglycerols 12 11.1* 1 2.4 

Sphingolipids 3 2.2 - - 

Glycerophospholipids 7 4.7$ 5 1.4$ 

Sterols 2 1.7$ 1 2.3 

*Average calculated using at least one metabolite whose fold-change value was uncertain. 

$ Average includes a metabolite which was less abundant in the toxic species. 

 

4.4.2 Only a small portion of the non-polar metabolome of Alexandrium spp. is likely 

associated with toxicity 

The majority of the identified metabolites differed significantly in concentration 

in either A. catenella or A. pacificum, but not both, relative to A. tamarense (Table C1 

and Table C2). In fact, only 747 features from the MS metabolomics analysis varied 

significantly between both toxic species and A. tamarense. This was consistent with the 
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NMR spectral analysis (Figure 4.2B and D) which pointed to different components of 

the non-polar metabolomes as critical to distinguishing metabolomes of the toxic species 

from A. tamarense in each experiment. Notably, NMR spectral features with chemical 

shifts of 3.5-4.0 ppm, indicative of metabolites containing alcohols, ethers, or halides, 

were more strongly associated with toxic A. pacificum than non-toxic A. tamarense in 

Experiment 2 (Figure 4.2B and Figure C1A), whereas in Experiment 1 they were slightly 

more enhanced in non-toxic A. tamarense than toxic A. catenella (Figure 4.2D and Figure 

C1A). However, there were some chemical features which seemed to be consistently 

more highly represented in both toxic species.  For example, some aromatic metabolites 

appear to be associated with A. catenella and A. pacificum rather than A. tamarense based 

on enrichment in protons in the regions from 6.0-6.2 ppm, 6.6-6.8 ppm, 7.0-7.2 ppm, 

7.7-7.8 ppm, and 8.0-8.2 ppm in toxic metabolomes (Figure 4.2B and D and Figure C1B). 

Additionally, 17 metabolites were found by MS metabolomics to be significantly more 

abundant in both A. catenella and A. pacificum relative to A. tamarense of which three 

were partially identified (Table 4.2). One metabolite, a 20 carbon dihydroxy sterol 

glycosylated with glucuronic acid, was detected at concentrations that were 190% and 

130% greater in toxic A. catenella and A. pacificum, respectively, compared to 

A. tamarense (Table 4.2). A phosphatidylinositol containing two fatty acyl chains with a 

total of 35 carbons and 5 double bonds and a triacylglycerol containing three fatty acyl 

chains with a total of 49 carbons and 3 double bonds were also in higher abundance in 

A. catenella and A. pacificum (Table 4.2). In contrast, a phosphatidylcholine containing 

two fatty acyl chains with a total of 48 carbons and 12 double bonds, was 46% and 38%, 
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respectively, less concentrated in both toxic species compared to A. tamarense (Table 

4.2).  

 

Table 4.2 Candidate metabolites tentatively identified that were in significantly 

different concentrations in both toxic Alexandrium catenella and Alexandrium 

pacificum compared to non-toxic A. tamarense. The change in concentration is the 

compound’s concentration in A. catenella relative to A. tamarense (Experiment 1) 

and its concentration in A. pacificum relative to A. tamarense (Experiment 2). P 

values were calculated using an unpaired t-test. Lipid classifications: 

phosphatidylcholines (PCs), phosphatidylinositols (PIs), and triacylglycerols (TGs). 

 A. catenella A. pacificum 

Metabolite  Fold-change P value Fold-change P value 

PI 35:5 1.6 1.5 E -3 1.5 0.003 

Sterol 20:1; O2; glucuronide 2.9 1.4 E -5 2.3 0.02 

TG 49:3; O3 4.9 1.2 E -8 2.4 0.004 

PC 48:12 0.54 6.9 E -12 0.62 6.7 E -9 

 

4.5 Discussion 

The non-polar metabolomes of toxic and non-toxic Alexandrium vary 

considerably despite being closely related congeners. The species in this study all belong 

to what has historically been referred to as the A. tamarense species complex (Scholin et 

al. 1995) with the two toxic species each being more phylogenetically similar to actual 

A. tamarense than to each other (Wang et al. 2014). Moreover, until 2014 the strains used 

in Experiment 2 (non-toxic A. tamarense CCMP 2023 and toxic A. pacificum 1493) were 

considered members of the same species (John et al. 2014, Wang et al. 2014). Therefore, 

the observed clear statistical separation of the non-polar metabolomes of non-toxic 

A. tamarense from each toxic species in both experiments (Figure 4.1 and Figure 4.2A 
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and C) may at first seem surprising. However, a hallmark of Alexandrium populations, 

particularly those in the A. tamarense species complex, is their great genetic and 

phenotypic diversity, even within some of its species (Alpermann et al. 2009, Tillmann 

et al. 2009, Anderson et al. 2012, Brandenburg et al. 2018). For example, among 15 

geographically overlapping strains of Alexandrium ostenfeldii, maximum growth rate 

varied by 3.3-fold, toxicity varied by 74-fold, and cellular carbon-to-nitrogen ratios 

varied by 3.0-fold (Brandenburg et al. 2018). Thus, our discovery of 15,581 spectral 

features varying significantly in abundance between A. catenella and A. tamarense, and 

6,878 spectral features differing between A. pacificum and A. tamarense consistent with 

our expectations based on prior knowledge of this harmful alga. 

As generalist consumers of single-celled algae, many copepod species favor non-

toxic Alexandrium cells over cells rich in PSTs when offered a choice (Teegarden 1999, 

Selander et al. 2008, Senft-Batoh et al. 2015b). Since PSTs are intracellular (Anderson 

et al. 1990b) and copepods select prey after handling but before consuming them 

(Gonçalves and Kiørboe 2015, Xu et al. 2017), copepods may be recognizing cell surface 

chemical cues that are associated with toxicity rather than the toxins themselves. Various 

classes of lipids and other cell membrane components can act as phylogenetic biomarkers 

(Véron et al. 1998, Martin-Creuzburg and Elert 2009, Řezanka et al. 2014, Řezanka et 

al. 2017) and have even been linked to detection of algal prey by grazers (Wootton et al. 

2007, Espinosa et al. 2010). Therefore, it is possible that some of the compounds in the 

non-polar metabolome that vary in abundance between toxic Alexandrium species 

(A. catenella and A. pacificum) and non-toxic A. tamarense may facilitate copepod 

selection of less chemically defended prey. 
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Metabolites belonging to seven different lipid classes were implicated in the 

separation of the non-polar metabolomes of Alexandrium species based on toxicity; 

however, some classes are less likely than others to function as cues for copepods. 

Among these, fatty acids, mono- and triacylglycerols, glycerophospholipids, and sterols 

were in greater abundance in both toxic A. catenella and A. pacificum relative to non-

toxic A. tamarense (Table 4.1). Free fatty acids have previously been used to distinguish 

classes of algae (Mansour et al. 1999, Mansour et al. 2003, Cañavate et al. 2017, de 

Carvalho and Caramujo 2018). However, their quantities and composition are often 

variable throughout the growth phases of phytoplankton (Mansour et al. 2003, Hammann 

et al. 2013), making them unreliable indicators of a cell’s toxicity. Similarly, 

triacylglycerol concentrations fluctuate throughout the life of phytoplankton cells 

(Mansour et al. 2003, Cañavate et al. 2017) due to their primary function in energy 

storage (Manoharan et al. 1999). Monoacylglycerols are also storage metabolites (de 

Carvalho and Caramujo 2018) as well as breakdown products of triacylglycerols (Goutx 

et al. 2003), thus exhibiting high variability, making them poor candidates as cues for 

grazing copepods.  

Among the glycerophospholipid class of lipids, phosphatidic acids, 

phophatidylinositols, and phosphatidylcholines were the sub-classes most enhanced in 

both toxic species relative to their non-toxic congener (Table C1 and Table C2). 

Phosphatidic acids and phosphatidylinositols predominantly serve as building blocks for 

other lipid classes and intracellular signaling molecules (Řezanka et al. 2017, de Carvalho 

and Caramujo 2018). In fact, phosphatidylinositols have been linked to biomineralization 

in Emiliania huxleyi (Nam et al. 2020) and symbiosis in Symbiodinium (Rosic et al. 
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2015). As principally intracellular compounds it is improbable that phosphatidic acids or 

phosphatidylinositols would be associated with cell surfaces and therefore available for 

sensing by copepods to differentiate potential prey. 

Phosphatidylcholines and sterols are the most likely candidates for non-polar 

metabolites that could be used by planktonic organisms such as copepods to differentiate 

toxic and non-toxic Alexandrium cells. In contrast to the other subclasses of 

glycerophospholipids, phosphatidylcholines – while only a minor component of the 

lipidome of phytoplankton – are typically located on the extracellular face of plasma 

membranes (Van Mooy et al. 2009, Cañavate et al. 2017). Additionally, a recent study 

found phosphatidylcholine concentrations to be relatively stable throughout various 

phases of phytoplankton growth (Cañavate et al. 2017) making a them a potentially 

important lipid class for cellular recognition by other organisms. Sterols, like 

phosphatidylcholines, remain at a reasonably consistent concentration throughout the cell 

cycle and are mainly localized to the exterior cell membrane (Hallegraeff et al. 1991, 

Mansour et al. 1999, Cañavate et al. 2017). Furthermore, sterol composition has been 

shown to be fairly species- (Piretti et al. 1997, Véron et al. 1998, Mansour et al. 1999) 

and even strain-specific (Volkman et al. 1999, Mansour et al. 2003). These qualities, 

coupled with their presence at double the concentration in toxic A. catenella and 

A. pacificum compared to A. tamarense, make sterols a potentially important class of 

metabolites to investigate as potential chemical cues associated with cell surfaces that 

copepods could use to distinguish toxic and non-toxic Alexandrium cells. 

Only a few individual metabolites from the non-polar metabolomes of 

Alexandrium spp. are likely related to toxicity. Among the five classes of lipids discussed 
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above, only 745 individual metabolites were categorized as exhibiting significantly 

different concentrations in both toxic species, A. catenella (Experiment 1) and 

A. pacificum (Experiment 2), relative to A. tamarense. This implies that just 4.8% of the 

metabolites in Experiment 1 and 11% of the metabolites in Experiment 2 are possibly 

associated with toxicity. Similarly, proteomics studies found only a 12% difference in 

the proteomes of toxic A. minutum and non-toxic A. tamutum (Subong et al. 2021) and a 

5.3% difference between toxic and non-toxic strains of A. catenella (Zhang et al. 2015a). 

Interestingly, proteins involved in lipid biosynthesis/metabolism and membrane 

formation were classified as varying significantly in abundance based on cellular toxicity 

in both studies (Zhang et al. 2015a, Subong et al. 2021). Non-polar metabolites of 

Alexandrium that could be detected by copepods as a proxy for toxicity would 

presumably be enhanced in both A. catenella and A. pacificum and would not be expected 

vary substantially in A. tamarense between experiments of similar design, as 

A. tamarense was found to produce no detectable levels of toxins in both experiments. 

Based on the MS metabolomics analysis, only 17 metabolites fit these criteria. Three of 

these metabolites were broadly annotated by comparison of exact mass and characteristic 

MS/MS fragmentation patterns to database features as a glycosylated and hydroxylated 

20 carbon sterol; a phosphatidylinositol containing two fatty acyl chains with a total of 

35 carbons and 5 double bonds; and a triacylglycerol containing three fatty acyl chains 

with a total of 49 carbons and 3 double bonds (Table 4.2). Consequently, further studies 

are warranted to characterize the full molecular structures of these metabolites and to test 

their candidacy as potential chemical cues that could be used by copepods to select for 

non-toxic over toxic Alexandrium cells. 
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In conclusion, this metabolomics-based study identified components of the non-

polar metabolome which differentiate toxic and non-toxic Alexandrium species. We 

pinpointed sterols and phosphatidylcholines as broad classes of metabolites, plus several 

individual metabolites, that were enriched in both toxic species. These lipid classes and 

metabolites may be candidates for future experiments aimed at deciphering 

chemoreception mechanisms of copepod perception of toxicity among Alexandrium 

cells. Investigation of these potential cell surface chemical cues will greatly benefit from 

new techniques such as live single cell mass spectrometry (Baumeister et al. 2019, 

Baumeister et al. 2020) and recent improvements in single cell surface-enhanced Raman 

scattering, which allow for greater sensitivity (Yan et al. 2020) and analysis of living 

cells (Kuku et al. 2017, Nam et al. 2019). Insight into the chemosensory mechanisms 

utilized by grazers to carefully select palatable, non-toxic prey, which is imperative for 

their survival and production of viable progeny, will allow us to better understand how 

these predator-prey interactions shape community structure and dynamics. 
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CHAPTER 5. CONCLUSIONS AND FUTURE DIRECTIONS  

Interspecific interactions that shape planktonic communities are often mediated 

by chemical cues (Brown et al., 2019; Hay and Kubanek, 2002; Pohnert et al., 2007). A 

decade ago Roberts and colleagues urged us to improve our awareness of the chemical 

mechanisms behind predator-prey interactions in planktonic environments (Roberts et 

al., 2011); however, other than studies involving the model zooplankton Daphnia (Weiss, 

2019), this area of plankton ecology is still relatively underdeveloped. The current body 

of work investigates chemosensory mechanisms involved in predator-prey interactions 

by assessing the metabolic response of a chemically defended phytoplankton to predator 

cues and quantitatively examining differences in the non-polar metabolome between 

toxic and non-toxic phytoplankton congeners that may be utilized by predators in prey 

selection. Additionally, the studies herein explore potential cues used by a phytoplankton 

to assess predation risk. 

An important question to evaluate is whether the same types of chemical cues that 

govern interactions among macroscopic organisms scale down to microscopic planktonic 

communities. Responses of prey to predator cues has been demonstrated in both large 

and microscopic organisms (Lass and Spaak, 2003; Scherer and Smee, 2016; Wolfe, 

2000). However, studies exploring response to cues from injured or dying conspecifics 

and competitors have mostly been restricted to larger, multicellular organisms (Scherer 

and Smee, 2016). When a preliminary study showed that lysate from dead conspecifics 

induced production of paralytic shellfish toxins (PSTs), a suite of defensive compounds, 

in the marine phytoplankton Alexandrium catenella (Senft-Batoh et al., 2015), it inspired 
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the investigation into factors that impact the potential use of dissolved metabolites from 

dead competitors as cues for assessment of predation risk as reported in Chapter 2 (Brown 

and Kubanek, 2020).  In larger organisms evolutionary and ecological relatedness of 

competitors tends to influence whether compounds released by the injured or dead 

organism are utilized for predation risk assessment and how the perceiving organism 

responds (Dalesman et al., 2007; Scherer and Smee, 2016). The relative importance of 

phylogenetic relatedness and historical co-occurrence, in how the cue is interpreted varies 

based on the primary predator of the prey organism and the cost of defense (Scherer and 

Smee, 2016). In our study we found that the phytoplankton Alexandrium minutum, like 

larger prey, responds to dead competitors and that phylogenetic relatedness of the 

competitor (rather than geographic co-occurrence) is the most important determinant in 

its response (Brown and Kubanek, 2020) (Chapter 2). In line with the optimal defense 

theory (Rhoades, 1979), A. minutum exhibited a trade-off between growth and defense 

in its response to the dead competitor cues. The trade-off may be due in part to the 

metabolites leaked from dead competitors simultaneously acting as a cue and providing 

nutrients that A. minutum can use to grow. However, we demonstrated that enhancement 

of growth and suppression of defense from exposure to congeneric competitors was not 

exclusively due to increased resource availability. The observed decrease in defense in 

A. minutum was a bit perplexing but as both congeners employ the same toxins for 

chemical defense, excess dissolved metabolites from dead congeners may signal that the 

predator is resistant to this particular defense. Under this scenario, the nutrients liberated 

by the dead cells are more effectively dedicated to growth than defense. An important 

next step is to test the universality of the observed trade-off between growth and defense 
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in response to dead competitor cues among phytoplankton. While larger organisms often 

also experience trade-offs when investing in defenses (Stamp, 2003), the impacts on 

growth may be more apparent in phytoplankton because of their ability to immediately 

utilize the nutrients released by a dead competitor.  

A better understanding of the biochemical mechanisms behind predator-prey 

interactions may also assist in determining the energy and resources phytoplankton 

expend to produce chemical defenses. Whether or not production of PSTs comes at a cost 

to growth in Alexandrium species is currently being debated within the literature (Park 

and Dam, 2021; Ryderheim et al., 2021). In Chapter 2 we observed a strong trade-off 

between PST production and growth with decreased PST production allowing for 

enhanced growth (Brown and Kubanek, 2020). In other interactions we observed 

induction of PSTs resulting in reduced growth in A. minutum (Chapters 2 and 3). 

However, the observed growth-related cost of induced toxicity was inconsistent across 

the many experiments that went into this thesis. In response to cues from dead unrelated 

competitors, PST concentrations in A. minutum increased nearly proportionally to the 

measured decreases in growth; whereas exposure to copepodamides caused growth 

reductions that varied between non-significant and up to two-thirds of the proportional 

increase in toxicity. Why growth-related costs of PST production appears to vary so much 

is not immediately apparent but could make for interesting future studies. Additionally, 

elucidation of the processes that go into induction and biosynthesis will assist in more 

accurate measurement of the physiological costs of PST production. 

In Chapter 3 we uncovered some of the biochemical processes involved in 

copepodamide-induced toxicity in A. minutum. Transcriptomic studies aimed at 
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identifying the signaling pathway activated by copepod cues have had little success (Li 

and Ismar, 2018; Wohlrab et al., 2010) due to limited functional annotation of 

dinoflagellate genes and high frequency of posttranscriptional gene regulation (Akbar et 

al., 2018).Therefore, we reasoned that applying metabolomics, as the most downstream 

“-omics” technique, might be productive. Our analysis revealed that very little of 

A. minutum’s metabolome was reorganized in response to copepodamides making it 

straightforward to identify a few key pathways that were impacted by exposure to 

predator cues, based on changes in metabolite concentrations. Interestingly, jasmonic 

acid was among the metabolites that were in higher abundance in A. minutum exposed to 

copepodamides. As jasmonic acid is involved in defense induction in higher order plants 

(Han, 2016) we hypothesized that it was key to the signal cascade leading to toxin 

upregulation. Using inhibition experiments we provided further support for our 

hypothesis, piecing together parts of the cellular pathway in A. minutum activated by 

copepodamides.  Discovery of components of the jasmonic acid signaling pathway in 

A. minutum was exciting as this is the first time it was identified in phytoplankton outside 

of cyanobacteria or the phylum Chlorophyta. Pending exploration of other dinoflagellates 

and Chromalveolata this may indicate that jasmonic acid signaling is an older 

evolutionary trait than previously suggested (Han, 2016). 

Despite great effort, the receptor(s) used by phytoplankton to sense predator cues 

remain unidentified, due to their recent discovery, the limited availability of 

copepodamides for experimentation, and the complexity of phytoplankton genomes and 

gene regulation. Owing to their potency as predator cues, copepodamides elicit a 

response in phytoplankton at very low concentrations allowing us to study the 
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physiological changes they trigger with only micrograms of partially purified 

compounds. However, non-computational receptor-ligand studies typically require 

higher quantities of pure compounds. Fortunately, another research group is nearing 

completion of a total synthesis scheme for copepodamides which should provide material 

for many more avenues of study. For example, fluorescent tags could be amended to 

copepodamides enabling localization of the receptor and attachment of biotin would 

create a pull-down probe which could be used for isolation and characterization of the 

receptor. Once the receptor is characterized this may illuminate how such a diverse array 

of plankton seem to detect and react to copepodamides via induced toxicity, 

bioluminescence, decreased chain length, and changes in diel feeding and swimming 

behavior (Arias et al., 2021; Grebner et al., 2019; Lindström et al., 2017; Lundholm et 

al., 2018; Prevett et al., 2019; Selander et al., 2019). 

Finally, it is important that we also examine the predator side of predator-prey 

interactions as we may be able to exploit the biomarkers used by zooplankton predators 

in prey selection to predict and even manipulate the toxicity of algal blooms. As copepods 

are notoriously unaccepting of artificial food, the application of bioassay-guided 

fractionation to isolate cues used by copepods to differentiate toxic and non-toxic prey is 

risky. Thankfully, metabolomics has greatly advanced in the last decade allowing us to 

narrow down the list of potential compounds that should be tested (Poulin and Pohnert, 

2019). In Chapter 4 we utilized this technique to propose candidate compounds that 

copepods use to differentiate toxic and non-toxic Alexandrium cells. However, further 

studies are needed to fully characterize and test the compounds. Also, worth investigating 

is whether the identified compounds change in concentrations when Alexandrium cells 
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increase toxin production in response to either predators or their abiotic environment. 

Compounds that fluctuate with cellular toxicity would make better cues but may be 

harder for copepods to “learn”.  

While this thesis exclusively used phytoplankton from the genus Alexandrium to 

explore chemosensory components of predator-prey interactions, similar studies can and 

should be applied to a wide spectrum of phytoplankton. In doing so we can ask questions 

such as: Is there still a trade-off between growth and defense when a phytoplankton 

defense is exuded rather than intracellular? Or if a defense is unstable and short lived, 

such as bioluminescence? What if the defense is structural rather than chemical? How 

many other phytoplankton use jasmonic acid signaling in defense induction? How old is 

jasmonic acid as a defense mechanism? And do copepods use similar classes of 

compounds to distinguish chemically defended cells in other genera? 

Chemical ecologists are becoming more adept at identifying planktonic predator 

chemical cues (Grebner et al., 2019; Hahn et al., 2019; Selander et al., 2015; Weiss et 

al., 2018), but we still have much to learn about how these cues are perceived and 

interpreted by prey (Mitchell et al., 2017). Knowledge of the biochemical mechanisms 

behind these predator-prey interactions will allow us to ask more targeted questions 

about the evolutionary arms races between many zooplankton predators and 

phytoplankton. Additionally, a greater familiarity with the mechanisms will aid in 

predictions of how interactions may be impacted by global change including ocean 

acidification, allowing us to anticipate changes in community dynamics as population 

ranges shift with global warming.  
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APPENDIX A. SUPPLEMENTARY FIGURES FOR CHAPTER 2 

  

Figure A1 Relationship between cellular toxicity and growth in Alexandrium 

minutum in response to chemical cues from dead phytoplankton (Experiment 1). 

Data were analyzed by linear regression analysis using the mean growth and toxicity 

for the media control and each dead phytoplankton treatment. 
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APPENDIX B. SUPPLEMENTARY MATERIALS FOR CHAPTER 3 

B.1  Methods 

B.1.1 Copepodamide extraction and isolation 

Extraction and isolation of copepodamides was carried out in a manner similar to 

Selander et al. (2015). Frozen Calanus finmarchicus (Calanus AS Product #19900) was 

freeze-dried, and 500 g of dry mass was extracted three times with a total of 17.5 L 

methanol. Crude extracts were combined and dried. Extracts were resuspended in 98:2 

methanol/water with 1% ammonia (600 mL) and fractionation by liquid-liquid 

partitioning against 98:2 hexane/methanol (900 mL). The methanol/water fraction was 

retained and washed two more times with 600 mL each of the hexane mixture. The 

methanol/water fraction was then further separated by reversed phase solid phase 

extraction (ENVI-18, 10 g; Supelco) with a stepwise gradient of aqueous methanol. Lyso-

copepodamide and lyso-dihydrocopepopodamide eluted with 50% aqueous methanol and 

this fraction was set aside. Copepodamides and dihydrocopepodamides other than lyso-

copepodamide and lyso-dihydrocopepopodamide eluted with 90% aqueous methanol, a 

portion of which was subjected to further purification by silica gel column 

chromatography, elutingwith a stepwise gradient from hexanes to ethyl acetate to 

isopropanol. Copepodamides and dihydrocopepodamides eluted in the fractions between 

1:1 and 2:3 ethyl acetate/isopropanol which were combined and further purified by 

reversed phase HPLC using a Zorbax SB-C18 column (4.6 x 250 mm, 5 µm particle size; 

Agilent Technologies, Inc) attached to a Waters 1525 Binary HPLC pump (Waters 

Corporation). The column was operated at room temperature with a flow rate of 1 



 158 

mL min-1 for 40 min and a mobile phase of 88% 40:45:15 acetonitrile/methanol/water 

with 0.2% formic acid, 0.1% ammonia, and 5 µM phosphoric acid and 12% isopropanol 

with 0.2% formic acid, 0.1% ammonia, and 5 µM phosphoric acid. Fractions between 14 

and 26 min were collected and found to contain a natural blend of copepodamides 

containing 22:6, 20:5, and 18:4 copepodamides and 22:6, 20:5, and 18:4 

dihydrocopepodamides based on single ion reaction monitoring of m/z 758.5, 732.5, 

706.5, 760.5, 734.5, and 708.5 using a Waters QDA mass spectrometer (Waters 

Corporation) operated in negative ionization mode, coupled to a Waters 2695 Separation 

Module (Waters Corporation). It is likely that other copepodamides and 

dihydrocopepodamides were also present in this blend but they were not fully 

characterized. Quantitative 1H NMR spectroscopy was performed on a Bruker Avance 

IIIHD 800 MHz NMR spectrometer equipped with a 3 mm triple resonance broadband 

cryoprobe using characteristic proton signals, shared by both copepodamides and 

dihydrocopepodamides, to determine the combined total concentration of all 

copepodamides and dihydrocopepodamides for use in the metabolomics experiment. 

Throughout the paper this blend is referred to simply as copepodamides. 

B.1.2 Harvesting and extraction of Alexandrium minutum for metabolomics experiment 

A 50 mL aliquot from each culture and the blank media sample was collected in 

a 50 mL centrifuge tube for toxin analysis. as described below in Toxin analysis 

(Appendix B.1.2.1.1). The remaining A. minutum cells were harvested by vacuum onto 

GF/F filters (Whatman #1825-110, previously muffled for 3 h at 450 °C) and quenched 

with liquid nitrogen. Frozen cells with filters were stored in foil (previously muffled for 

3 h at 450 °C) at -80 °C until extraction. Frozen filters containing cells were ground with 
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a liquid nitrogen-chilled mortar and pestle and extracted with 30 mL of ice-cold 3:2:1 

methanol/acetone/acetonitrile (OmniSolve, >99.5%, Millapore Sigma). Filter 

particulates were removed by centrifugation (800 x g for 15 min) and the supernatant was 

transferred to a new vial. The filter pellets were rinsed with fresh solvent and centrifuged 

three times with a total of 23 mL of extraction solvent. All supernatants for each replicate 

culture were combined and filtered with a 0.2 μm nylon syringe filter (Acrodisc, Pall 

Laboratory) to remove remaining small particulates, and then dried in vacuo using a 

Thermo Savant speedvac. Dried extracts were dissolved in a biphasic mixture of 9:10:15 

water/methanol/chloroform (OmniSolve, >99.5%, Millapore Sigma) to separate polar 

(water/methanol) and non-polar (methanol/chloroform) metabolites, and then dried again 

in vacuo.  

Polar extracts were re-dissolved completely in 1.0 mL 50% aqueous methanol, 

with 25% of the mixture aliquoted for UPLC/MS and the other 75% reserved for 1H NMR 

spectroscopy. Both the UPLC/MS samples as well as the 1H NMR spectroscopy samples 

were then dried in vacuo. Excess, insoluble inorganic salts were removed from polar 

1H NMR spectroscopy samples by twice triturating with ice-cold methanol and filtering 

through combusted glass pipettes with glass wool plugs. Methanol was removed from 

the triturated polar 1H NMR spectroscopy in vacuo. Non-polar extracts were not 

aliquoted as 100% of the extracts were analyzed first by 1H NMR spectroscopy followed 

by UPLC/MS analysis.  
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B.1.2.1.1 Toxin analysis 

Aliquots collected for toxin analysis were centrifuged at 3,260 x g for 10 min. 

Supernatants were then removed and the remaining cell pellets lyophilized. After 

lyophilization cell pellets were re-suspended in 500 μL 1% aqueous acetic acid, and 

subjected to four freeze-thaw cycles with sonication to lyse the cells (Anderson et al. 

1990a). Lysates were centrifuged at 10,000 x g for 10 min to pellet cell debris and the 

supernatant (toxin extract) was filtered with a 0.2 μm nylon syringe filter (Acrodisc, Pall 

Laboratory) to remove small particulates, in preparation for high performance liquid 

chromatography/mass spectrometric (HPLC/MS) analysis (Harju et al. 2015). 

Chromatographic separation of supernatants was achieved using 20 µL injections onto a 

HILIC TSK-gel Amide-80 column (150 mm x 4.6 mm, 3-µm particle size; TOSOH 

Bioscience Corporation) on an Agilent 1260 Infinity Binary LC System (Agilent 

Technologies). The column was operated at a room temperature with a flow rate of 0.5 

mL min-1. Mobile phase A was water and mobile phase B was acetonitrile and both 

mobile phases were modified with 0.1% formic acid (Optima, LCMS, Fischer Scientific). 

The toxins were eluted using a 40 min isocratic method of 40% A. The LC system was 

coupled to a Bruker amaZon SL ion trap mass spectrometer (Bruker Daltonics Inc.) used 

for mass spectrometric detection of gonyautoxins (GTX) 1-4. Analysis of the HPLC/MS 

data was carried out using MZMine 2 (Pluskal et al. 2010) after conversion of the file 

formats to mzXML using ProteoWizard (Chambers et al. 2012). GTX concentrations 

were calculated by comparison of mass spectral peak areas with interspersed standard 

solutions of certified reference calibration solutions purchased from The National 

Research Council of Canada. Since the gonyautoxins (GTX) in standard solutions readily 
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underwent sulfate hydrolysis in the mass spectrometer, toxin concentrations were 

calculated using the area of the sulfate-hydrolyzed fragment ion (m/z 332 for GTX 1 and 

4 and m/z 316 for GTX 2 and 3, respectively) and the molecular ion (m/z 412 for GTX 1 

and 4 and m/z 396 for GTX 2 and 3, respectively) peaks. A calibration curve composed 

of five toxin concentrations plus a blank sample showed a linear relationship between 

toxin concentration and area of mass spectral peaks.  GTX concentrations and cell 

concentrations were then used to calculate cellular toxin concentrations. An unpaired 

t-test was used to compare toxin concentrations between A. minutum exposed and not 

exposed to copepodamides. Statistical analyses were performed using GraphPad Prism 

9.0. 

B.1.3 Metabolomic sample preparation and spectral data acquisition 

B.1.3.1 1H NMR spectroscopy 

In order to compare metabolomes without the confounding factor of different 

number of cells having been extracted across replicates, each sample was dissolved in a 

volume of solvent for 1H NMR spectroscopy analysis that accounted for its cell 

concentration at the time of harvest.  

B.1.3.1.1 Non-polar extracts 

Non-polar extracts were dissolved at a concentration equivalent to 2.27 x 107 

A. minutum cells mL-1 in dimethyl sulfoxide-d6 (99.9% atom d6-DMSO; Cambridge 

Isotope Labs) containing 0.1% trimethylsilane (TMS), as internal standard. The media 

blank extract was prepared in the smallest volume of solvent possible (175 µL). The 
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non-polar extracts were transferred to 3 mm NMR tubes, and analyzed using a Bruker 

Avance IIIHD 800 MHz NMR spectrometer equipped with a 3 mm triple resonance 

broadband cryoprobe. Spectra of non-polar extracts were acquired using a simple 

1H NMR experiment (Bruker zg30 pulse sequence) with a spectral width of 9.6 kHz 

centered at 4400.00 Hz over 320 scans. One treatment replicate was lost and therefore its 

spectrum was not acquired. 

B.1.3.1.2 Polar extracts 

Polar extracts were dissolved at a concentration equivalent to 1.70 x 107 

A. minutum cells mL-1 in 90:10 H2O/D2O (99.96% atom D2O; Cambridge Isotope Labs) 

with 0.2 mM phosphate buffer (pH 7.4) and 0.25 mM 

3-(trimethylsilyl)propionic-2,2,3,3d-4 acid (TMSP), as internal standard, for 1H NMR 

spectroscopy analysis. The media blank extract was prepared in the smallest volume of 

solvent possible (175 µL). Particulates were excluded by briefly centrifuging the samples 

and then carefully transferring the extracts into 3 mm NMR tubes. The extracts were 

analyzed using a Bruker Avance IIIHD 800 MHz NMR spectrometer equipped with a 

3 mm triple resonance broadband cryoprobe. Spectra for the polar extracts were acquired 

using a 1D water presaturation (Bruker zgpr pulse sequence) with a spectral width of 

12 kHz centered at 3758.36 Hz, with a relaxation delay 3 s, over 480 scans.  

B.1.3.2 UPLC/MS 

Similar to 1H NMR sample preparation and spectroscopic analysis, non-polar and 

polar extracts were prepared for and analyzed by UPLC/MS separately. Each extract was 

dissolved in a volume of solvent appropriate for its final cell concentration, and all 
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samples were centrifuged at 21,100 x g for 5 min to pellet minute particulates. During 

analysis of both non-polar and polar extracts, treatment and control extracts and the 

media blank extract were randomly interspersed with pooled quality control samples 

acquired after every 10 sample injections. The pooled sample was used for quality control 

monitoring, drift correction, and MS/MS collection. Additionally, a sample blank was 

created using the same volume of solvent as the pooled quality control sample. 

B.1.3.2.1 Non-polar extracts 

Non-polar extracts were dissolved at a concentration equivalent to 4.54 x 106 

A. minutum cells mL-1 in LCMS grade 2:1 isopropyl alcohol/acetonitrile (OmniSolv, 

>99.5%, MilliporeSigma). The media blank extract was prepared in the smallest volume 

of solvent possible (1000 µL). Eight pooled quality control samples were then generated 

by combining a small portion of all samples. Extracts were analyzed using a Q Exactive 

HF Hybrid Quadrupole-Orbitrap Mass Spectrometer (ThermoFisher Scientific) coupled 

to a Vanquish UPLC system (ThermoFisher Scientific). Chromatographic separation of 

the extracts was accomplished by injecting of 2.0 µL onto an Accucore C30 column 

(2.1 x 150 mm, 2.6-μm particle size; ThermoFisher Scientific) fitted to the UPLC 

system. The column was operated at a temperature of 50 °C with a flow rate of 

0.4 mL min-1. Mobile phase A was 40:60 water/acetonitrile and mobile phase B was 

10:90 acetonitrile/isopropyl alcohol. Both mobile phases contained 10 mM ammonium 

formate and 0.1% formic acid buffer. All solvents and modifiers were LCMS grade 

(Optima, LCMS, Fischer Scientific). The following mobile phase gradient was used: 

equilibration at 80% A; 0-1 min ramp to 40% A; 1-5 min ramp to 30% A; 5-5.5 min ramp 
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to 15% A; 5.5-8 min ramp to 10% A; 8-8.2 min ramp to 0% A; 8.2-10.5 min hold at 0% 

A; 10.5-10.7 min return to 80% A and re-equilibration at 80% A until 12 min.  

Mass spectrometric analysis of the non-polar extracts was performed using the Q 

Exactive HF Hybrid Quadrupole-Orbitrap which possesses a resolution power of 

240,000 FWHM at 200 m/z and mass accuracy of <3 ppm. Each extract was analyzed 

twice, once in negative ionization mode and then in positive ionization mode using 

similar instrument settings except that a spray voltage of 3.5 kV was used for positive 

mode whereas 2.8 kV was used for negative mode. The heated electrospray ionization 

(HESI) source was operated at a vaporizer temperature of 425 ⁰C. The sheath, auxiliary, 

and sweep nitrogen gas flows were 60, 18, and 4 L h-1, respectively. The mass 

spectrometric scan range was 150-2000 m/z. Tandem MS data were acquired in a data-

dependent manner with a resolution of 120,000 and the dd-MS2 collected at a resolution 

of 30,000 with an isolation window of 0.4 m/z with a loop count of top 5. Stepped 

normalized collision energies were set at 10, 30, and 50 eV for fragmentation in the 

higher-energy collisional dissociation (HCD) cell prior to ion analysis in the orbitrap. 

Dynamic exclusion was set at 10 s and ions with charges greater than 2 omitted. Data 

acquisition was undertaken using Compound Discoverer version 3.0 (ThermoFisher 

Scientific). 

B.1.3.2.2 Polar extracts 

Polar extracts were dissolved at a concentration equivalent to 4.54 x 106 

A. minutum cells mL-1 in 30% aqueous acetonitrile (OmniSolv, LCMS MilliporeSigma). 

The media blank extract was prepared in the smallest volume of solvent possible 
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(250 µL). As with non-polar extracts, prior to analysis seven pooled quality control 

samples consisting of a small portion of all samples were generated. Analysis was 

completed using an Orbitrap ID-X Tribrid Mass Spectrometer (ThermoFisher Scientific) 

coupled to a Vanquish UPLC system. Chromatographic separation of the extracts was 

achieved using 2.0 µL injections on a Waters Acquity UPLC BEH HILIC column 

(2.1 x 150 mm, 1.7-μm particle size; Waters Corporation) fitted to the UPLC system. The 

column was operated at a temperature of 40 °C with a flow rate of 0.4 mL min-1. Mobile 

phase A was 80:20 water/acetonitrile with 10 mM ammonium formate and 0.1% formic 

acid and mobile phase B was acetonitrile with 0.1% formic acid. All solvents and 

modifiers for both mobile phases were LCMS grade (Optima, LCMS, Fischer Scientific). 

The following mobile phase gradient was used: equilibration at 5% A; 0-0.5 min hold at 

5% A; 0.5-9 min ramp to 70% A (curve 7); 9-9.4 min hold at 70% A; 9.4-9.5 min return 

to 5% A and re-equilibration at 5% A until 12 min.  

The Orbitrap ID-X Tribrid used to analyze the polar extracts possesses a 

resolution power of 500,000 FWHM at 200 m/z and mass accuracy of <1 ppm. Extracts 

were analyzed first in negative ionization mode and then in positive ionization mode 

using similar instrument settings except that a spray voltage of 3.5 kV for positive mode 

and 2.5 kV for negative mode. The HESI source was operated at a vaporizer temperature 

of 320 ⁰C. The sheath, auxiliary, and sweep nitrogen gas flows were 40, 8, and 1 L h-1, 

respectively. The mass spectrometric scan range was 70-1050 m/z with an automatic gain 

control target set at 1 x 105 ions. Tandem MS data was acquired in a data-dependent 

manner with a full scan resolution of 120,000 and dd-MS2 at a resolution of 30,000 with 

an isolation window of 0.8 m/z with a cycle time of 1.5 s. Stepped normalized collision 



 166 

energies were set at 15, 30, and 45 eV for fragmentation in the HCD cell prior to ion 

analysis in the orbitrap. Dynamic exclusion was set at 8 s and ions with charges greater 

than 2 omitted. As with the non-polar extracts, data acquisition was carried out using 

Compound Discoverer. 

B.1.4 Data processing and analysis 

B.1.4.1 1H NMR spectroscopy 

1H NMR spectra were pre-processed using Metabolab version 2019.12.08.1237 

(Ludwig and Günther 2011) in Matlab R2013a version 8.1.0.604. Only extracts derived 

from A. minutum cultures, not the blank media extracts, were analyzed using Metabolab.  

B.1.4.1.1 Non-polar extracts 

Spectra from non-polar extracts were aligned to TMS at 0.00 ppm, manually 

phased, spline baseline corrected, and segmentally aligned. The spectral regions 

associated with TMS (-0.50 to 0.60 ppm), the residual DMSO signal (2.45-2.65 ppm), 

water (3.30-3.46 ppm), and the excess downfield region that contained no signals 

(10.40-11.50 ppm) were removed and noise filtration applied. Spectra were then binned 

(0.005 ppm), probabilistic quotient normalized to account for minute concentration 

differences (Dieterle et al. 2006), generalized logarithmic transformed to reduce bias 

toward metabolites with high concentrations (λ = 6.5012 x 10-9) (Parsons et al. 2007), 

and mean centered.  
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B.1.4.1.2 Polar extracts 

Similar to the non-polar extract analyses, NMR spectra from polar extracts were 

aligned to TMSP at 0.00 ppm, manually phased, spline baseline corrected, and 

segmentally aligned. For polar extracts the spectral regions around TMSP (-2.60 to 

0.50 ppm), processing contaminant (2.63-2.84 ppm), water (4.71-5.23 ppm), and the 

excess downfield region (9.50-12.50 ppm) were removed and noise filtration applied. 

Spectra were then binned (0.005 ppm), probabilistic quotient normalized, generalized 

logarithmic transformed (λ = 5.210 x 10-9), and mean centered.  

B.1.4.1.3 Analysis 

PLS-Toolbox version 8.0.2 (Eigenvector Research) in Matlab was used to 

generate an oPLS-DA model which was cross-validated using Venetian blinds methods 

with seven data splits to capture the maximum variance between control and treatment 

samples in the first latent variable (LV). During model generation for the polar extracts, 

spectra for two control replicates and one treatment replicate were removed due to poor 

NMR spectral quality. Differences between metabolomes of A. minutum exposed and not 

exposed to copepodamides were examined using the oPLS-DA model with the loadings 

of the first latent variable used to identify spectroscopic features that were significantly 

different between treatments. 

B.1.4.2 UPLC/MS 

After UPLC/MS acquisition, spectral features (retention time, m/z) were extracted 

from chromatograms via alignment, peak picking and integration, and peak area 
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extraction using Compound Discoverer version 3.1 (ThermoFisher Scientific) and 

XCMS Online (Gowda et al. 2014). The data were then normalized and scaled by the 

median peak area across all samples. Spectral features that were not five times greater 

than background peaks, based on the media blank sample, were removed from the 

dataset. Additionally, features that were present in fewer than 50% of the pooled quality 

control samples and had a relative standard deviation of greater than 30% were excluded 

from the dataset.  

PCA was used to examine differences in polar and non-polar metabolomes, 

separately, of A. minutum (control) and A. minutum exposed to copepodamides 

(treatment) using both Compound Discoverer and XCMS Online. Using XCMS platform 

spectral features were identified as being significantly different between treatment and 

controls using Welch’s t-test (Gowda et al. 2014). In Compound Discoverer, the data was 

log 10 transformed. The PCA model was then generated using spectral features with an 

absolute value fold change greater than or equal to 1.1 in metabolomes of A. minutum 

exposed to copepodamides when compared with standard A. minutum metabolomes and 

p values less than 0.05 based on a t-test. 

B.1.5 Metabolite annotation 

Structure identification was attempted for all features that were identified as 

significantly different between A. minutum exposed versus not exposed to 

copepodamides. Identification was predominately dependent on MS/MS data with 

1H NMR spectroscopy being largely used for confirmation of functional groups. From 

the UPLC/MS data, elemental formulae were generated based on exact mass and isotopic 
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patterns. The elemental formulae along with [M-H]- and [M+H]+ ions, MS/MS 

fragmentation patterns, retention time, isotopic patterns, and significant 1H NMR 

chemical shifts were compared to a local spectral database, built from curated 

experimental data, as well as these publicly available databases: Metlin database (Smith 

et al. 2005), MassBank of North America (MoNA)(2020), the human metabolome 

database (HMDB) (Wishart et al. 2007), ChemSpider (Pence and Williams 2010), Kyoto 

Encyclopedia of Genes and Genomes (KEGG) database (Ogata et al. 1999), LIPID 

Metabolites and Pathways Strategy (LIPID MAPS) database (Sud et al. 2006), 

SpectraBase (John Wiley & Sons 2020), mzVault (in house database), and mzCloud. 

Additionally, in silico fragmentation of potential structural matches was calculated and 

scored against experimental data using FISH coverage scoring in Compound Discoverer. 

Select metabolite identities were further confirmed via comparisons of retention times, 

[M-H]- and [M+H]+ ions, and MS/MS fragmentation patterns to purchased standards. 

KEGG (Ogata et al. 1999) and MetaCyc (Caspi et al. 2017) were used to determine 

pathways in which significant metabolites were involved. Additionally, a review by 

Bromke (2013) was consulted when examining the amino acid biosynthetic pathways 

and a review by Wasternack and Strnad (2018) was consulted for biosynthesis of 

jasmonic acid. 

B.1.6 Signaling pathway inhibition experiments 

B.1.6.1 Serine/threonine protein phosphatases 

Cantharidin inhibits serine/threonine protein phosphatases types 1 and 2A 

(Honkanen 1993), which  have been found to negatively regulate jasmonic acid 



 170 

biosynthesis and signaling in plants (Bajsa et al. 2011). In order to examine jasmonic 

acid production and signaling in A. minutum, cultures in exponential growth phase at a 

cell density of about 15,000 cells mL-1 were exposed to 5 µM cantharidin and 1 nM 

copepodamides. At the start of the experiment and again after 24 h, 250 μL of either 

2 mM cantharidin in DMSO (inhibition treatment) or DMSO (inhibition control) were 

added aseptically to 100 mL cultures of A. minutum resulting in a final concentration of 

5 µM cantharidin. Additionally, the inhibition treatments and controls were either 

subjected to 1 nM copepodamide or solvent through aseptic addition of 250 μL of 0.4 µM 

copepodamides in DMSO or DMSO, respectively, 1 h after the addition of cantharidin 

or DMSO. Overall, this resulted in the following 4 treatments of 9 replicates each: control 

(DMSO additions), copepodamide-exposed (DMSO and copepodamide additions), 

phosphatase-inhibited control (cantharidin and DMSO additions), and phosphatase-

inhibited copepodamide-exposed (cantharidin and copepodamide additions). A 1.0 mL 

aliquot from each culture was preserved with Lugol’s solution at the start, prior to the 

first addition of cantharidin or copepodamides, and at the end of the experiment, 

immediately before harvesting, to measure cell concentrations. After about 40 h, all 

cultures were harvested with processing of all treatments intermixed over about 3 h.  The 

cultures were harvested by equally distributing each culture into two aliquots in 50 mL 

centrifuge tubes and centrifuging them at 3,260 x g for 10 min. Supernatants were 

removed resulting in two cell pellets for each replicate culture which were then 

lyophilized. Both sets of cell pellets were then extracted in 1% aqueous acetic acid as 

described in Appendix B.1.2 Harvesting and extraction of Alexandrium minutum for 

metabolomics experiment.1.1. After removing particulates, one set of extracts was 
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reserved for HPLC/MS toxin analysis (Appendix B.1.2 Harvesting and extraction of 

Alexandrium minutum for metabolomics experiment.1.1) and the other was prepared for 

jasmonic acid extraction (Appendix B.1.6.1.1). One phosphatase-inhibited 

copepodamide-exposed sample was lost due to a broken vial during toxin analysis. 

Growth and cellular toxin concentrations were compared between treatments using a 

two-way ANOVA with a Tukey HSD post hoc test for multiple comparisons in GraphPad 

Prism 9.0. 

B.1.6.1.1 Jasmonic acid extraction and analysis 

The jasmonic acid extraction and analysis was adapted from a method developed 

for extraction of phytohormones by Durgbanshi and colleagues (2005). Briefly, 500 μL 

of 1% aqueous acetic acid extracts, at a pH of about 2.75, were partitioned twice against 

500 μL diethyl ether. The diethyl ether extracts were combined and the solvent 

evaporated in a chemical fume hood. The extract was then dissolved in 300 µL 10% 

aqueous methanol with 0.01% acetic acid in preparation for HPLC/MS analysis (Gamir 

et al. 2012). The extracts were chromatographically separated with 20 µL injections onto 

a Kinetex EVO C18 silica column (50 mm x 2.1 mm, 5-µm particle size; Phenomenex 

Inc) on Waters 2695 Separation Module (Waters Corporation) coupled to a Waters QDA 

mass spectrometer (Waters Corporation). The column was maintained at a 40 °C with a 

flow rate of 0.3 mL min-1. The following mobile phase gradient was used (acidified with 

0.01% acetic acid): 0-6 min ramp from water to 90% aqueous methanol; 6-8 min hold 

90% aqueous methanol; 8-8.5 min ramp to 100% methanol. Jasmonic acid elution was 

tracked via the QDA operating in negative mode with ion extraction of m/z 209.21 

representing [M-H]-. A calibration curve composed of jasmonic acid standards (Cayman 
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Chemicals) at six concentrations plus a blank sample showed a linear relationship 

between jasmonic acid and area of integrated mass spectral peaks. Therefore, jasmonic 

acid quantification was attempted by comparison of mass spectral peak areas in the 

samples with interspersed jasmonic acid standards. Unfortunately, the jasmonic acid 

concentration in the extracts was at or below the 2.6 nM limit of detection of the QDA.  

B.1.6.2 Jasmonic acid signaling pathway 

To further investigate the involvement of jasmonic acid signaling in the response 

of A. minutum to copepod chemical cues, A. minutum cultures in exponential growth 

phase at a cell density of about 18,000 cells mL-1 were exposed to 3 µM neomycin, a 

jasmonic acid signaling inhibitor (Vadassery et al. 2019), and 1 nM copepodamides. At 

the start of the experiment and again 24 h later, 250 μL of either 0.6 mM aqueous 

neomycin sulfate (inhibition treatment) or water (inhibition control) were added 

aseptically to 50 mL cultures of A. minutum resulting in a final concentration of 3 µM 

neomycin. Additionally, the inhibition treatments and controls were either subjected to 

1 nM copepodamide or solvent. This was accomplished by aseptic addition of 250 μL of 

either 0.2 µM copepodamides in DMSO (copepodamide treatment) or DMSO alone 

(control) 1 h after the addition of neomycin or water. Overall, this resulted in 4 treatments 

of 9 replicates each: control (water and DMSO additions), copepodamide-exposed (water 

and copepodamide additions), jasmonic acid-inhibited control (neomycin and DMSO 

additions), and jasmonic acid-inhibited copepodamide-exposed (neomycin and 

copepodamide additions). Prior to the first addition of neomycin or copepodamides and 

at the end of the experiment, just before harvesting, a 1.0 mL aliquot from each culture 

was preserved with Lugol’s solution to measure cell concentrations, which were later 
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used to calculate A. minutum growth and change in cellular toxin concentrations. After 

about 40 h, all cultures were harvested for toxin analysis with processing of all treatments 

intermixed over about 1.5 h. Toxin concentrations were analyzed using the methods 

outlined in Appendix B.1.2 Harvesting and extraction of Alexandrium minutum for 

metabolomics experiment.1.1. One control sample was lost due to a broken vial during 

toxin analysis. Growth and cellular toxin concentrations were compared between 

treatments using a two-way ANOVA with a Tukey HSD post hoc test for multiple 

comparisons in GraphPad Prism 9.0. 

B.1.6.3 G protein-coupled receptors (GPCRs) 

Based on previous transcriptomic studies involving exposure of phytoplankton to 

copepod grazing (Wohlrab et al. 2010, Amato et al. 2018, Li and Ismar 2018) and a meta-

analysis of the presence of GPCRs in A. minutum and other eukaryotic phytoplankton 

(Mojib and Kubanek 2020), the role of GPCRs in recognition of copepodamides was 

explored. A. minutum cultures in exponential growth phase at a cell density of about 

13,000 cells mL-1 were exposed to 0.1 µM SCH-202676, a known inhibitor of ligand 

binding to GPCRs (Fawzi et al. 2001), and 1 nM copepodamides. At the start of the 

experiment and 24 h later 250 μL of either 0.02 mM SCH-202676 in DMSO (inhibition 

treatment) or DMSO alone (inhibition control) was added aseptically to 50 mL cultures 

of A. minutum resulting in a final concentration of 0.1 µM SCH-202676. Aseptic addition 

of 250 μL of either 0.2 µM copepodamides in DMSO, resulting in a final concentration 

of 1 nM, or DMSO alone took place 1 h later. Overall, this resulted in 4 treatments of 9 

replicates each: control (DMSO additions), copepodamide-exposed (DMSO and 

copepodamide additions), GPCR-inhibited control (SCH-202676 and DMSO additions), 
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and GPCR-inhibited copepodamide-exposed (SCH-202676 and copepodamide 

additions). A 1.0 mL aliquot from each culture was preserved with Lugol’s solution prior 

to the first addition of SCH-202676 or copepodamides. Additionally, at the end of the 

experiment and just before harvesting, another 1.0 mL aliquot was taken from each 

culture with 500 µL preserved with Lugol’s solution to measure cell concentrations and 

500 µL set aside for a cell membrane permeability analysis. After about 40 h, all cultures 

were harvested by centrifugation with processing of all treatments intermixed over about 

1.5 h.  Toxin concentrations were analyzed using the methods outlined in Appendix B.1.2

 Harvesting and extraction of Alexandrium minutum for metabolomics 

experiment.1.1. Growth and cellular toxin concentrations were compared between 

treatments using a two-way ANOVA with a Tukey HSD post hoc test for multiple 

comparisons in GraphPad Prism 9.0. 

B.1.6.4 Dose-dependence of GPCR inhibition 

Based on the results of the GPCR inhibition assay, a dose-dependent analysis of 

the impact of GPCR inhibition on the response of A. minutum to copepodamides was 

executed. The assay was performed by exposing A. minutum cultures in exponential 

growth phase at a cell density of about 14,500 cells mL-1 to four concentrations of 

SCH-202676 and 1 nM copepodamides. At the start of the experiment and 24 h later four 

concentrations of SCH-202676, accomplished through either 125 µL DMSO or 

SCH-202676 in DMSO at concentrations of 0.01 mM, 0.02 mM, 0.04 mM, and 0.2 mM, 

were added aseptically to 50 mL cultures of A. minutum. These GPCR inhibition 

treatments were further split into either controls or 1 nM copepodamide-exposed 

treatments via the aseptic addition of either 125 µL DMSO alone or 0.4 µM 
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copepodamides in DMSO 1 h after the addition of DMSO or SCH-202676. Overall, this 

resulted in 10 treatments of 3 replicates each: control (DMSO additions), 0.025 µM 

SCH-202676 GPCR-inhibited control (0.01 mM SCH-202676 and DMSO additions), 

0.05 µM SCH-202676 GPCR-inhibited control (0.02 mM SCH-202676 and DMSO 

additions), 0.1 µM SCH-202676 GPCR-inhibited control (0.04 mM SCH-202676 and 

DMSO additions), 0.5 µM SCH-202676 GPCR-inhibited control (0.2 mM SCH-202676 

and DMSO additions), uninhibited copepodamide-exposed (DMSO and copepodamide 

additions), 0.025 µM SCH-202676 GPCR-inhibited copepodamide-exposed (0.01 mM 

SCH-202676  and copepodamide additions), 0.05 µM SCH-202676 GPCR-inhibited 

copepodamide-exposed (0.02 mM SCH-202676 and copepodamide additions), 0.1 µM 

SCH-202676 GPCR-inhibited copepodamide-exposed (0.04 mM SCH-202676 and 

copepodamide additions), and 0.5 µM SCH-202676 GPCR-inhibited copepodamide-

exposed (0.2 mM SCH-202676 and copepodamide additions). At both the start, prior to 

the first addition of SCH-202676 and copepodamides, and end of the experiment, 

immediately before harvesting, a 1.0 mL aliquot from each culture was preserved with 

Lugol’s solution to measure cell concentrations. After about 40 h, all cultures were 

harvested in 50 mL centrifuge tube by centrifugation over the course of about 1.5 h with 

processing of all treatments intermixed. Toxin concentrations were analyzed using the 

methods outlined in Appendix B.1.2 Harvesting and extraction of Alexandrium 

minutum for metabolomics experiment.1.1. In order to statistically compare growth and 

cellular toxin concentrations, the data were log-transformed to create dose-response 

curves. The uninhibited solvent controls were assigned a dose of 0.001 µM for the 

purposes of log-transformation. The data were fit using a sigmoidal fitted non-liner 
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regression, excluding the highest dose due to an extreme reduction in growth (Figure 

B4). The dose response curves of A. minutum either exposed to copepodamides or DMSO 

were then compared using non-linear regression analysis in GraphPad Prism 9.0. 

B.1.7 Cell membrane permeability assay 

Aliquots (500 µL), set aside from the GPCR inhibition assay, were stained by 

addition of 20 μL of aqueous 0.05% w/v Neutral Red (Mallinckrodt Chemical) followed 

30 min later by the addition of 10 μL of 50 μM SYTOX Green in DMSO (Invitrogen 

Molecular Probes), to test for live and permeable cells, respectively. The stained cells 

were incubated for 1 h in the dark at room temperature to allow A. minutum to absorb the 

dyes prior to counting. All cells were counted within 3 h of staining, using fluorescence 

with a FITC filter cube (to detect SYTOX Green) and bright-field microscopy (to detect 

Neutral Red) on an Olympus IX-50 inverted microscope with a Palmer-Maloney settling 

chamber, at 400X magnification (40X objective and 10X eyepiece). This enabled 

comparison of the percentage of living cells with disrupted cell membranes (red and 

fluorescent green) in uninhibited control and copepodamide-exposed A. minutum (n = 7) 

(Poulin et al. 2018). Statistical analyses were performed using an unpaired t-test in 

GraphPad Prism 9.0. 
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B.2  Results: Supplementary figures and tables 

 

Figure B1 oPLS-DA models of NMR data revealed that both polar and non-polar 

metabolomes of Alexandrium minutum change in response to copepodamide 

exposure. Orange squares represent metabolomes of A. minutum exposed to 

copepodamides and green circles represent metabolomes of A. minutum not exposed 

to copepodamides (controls). oPLS-DA scores plots from 1H NMR analysis (a and 

c) and their corresponding loadings plots on the first latent variable (b and d) for 

both polar (a and b) and non-polar (c and d) metabolomes, which are composed of 

1,176 and 1,305 features, respectively. 
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Table B1 Identification of metabolites whose concentrations differed in 

Alexandrium minutum based upon exposure to copepodamides, based on UPLC/-

MS data. The retention time (in minutes), m/z, detected ion, molecular formula, and 

mass error (ppm) are provided for each tentatively identified metabolite. 

Additionally, the fold-change based on A. minutum exposed to copepodamides 

relative to A. minutum exposed to a solvent control is provided where possible. 

Confidence levels were assigned based on available spectral details. Confidence level 

1: exact match both in fragmentation and retention time to an authentic standard; 

2: observed MS/MS data and shifts in the 1H NMR loadings plots and raw spectra 

were consistent with predicted spectra from databases; 3: observed MS/MS data 

were consistent with predicted spectra from databases; 4: relatively high FISH 

coverage calculated by Compound Discoverer and retention time relative to other 

metabolites matches the literature; 5: close match mass match and retention time 

relative to other metabolites matches the literature. 

Metabolite Fold-

change 

Retent-

ion time  

(min) 

m/z Detected 

ion 

Molecular 

formula 

Mass 

error 

(ppm) 

Confi-

dence 

Maleic acid 1.5 1.39 115.0038 [M-H]- C4H4O4 1.52 1 

Arginine 1 7.13 175.1184 [M+H]+ C6H14N4O2 -0.03 1 

Glutamic acid 1.1 6.02 148.0604 [M+H]+ C5H9NO4 0.14 1 

Pyroglutamic 

acid* 

1.1 1.88 128.0354 [M-H]- C5H7NO3 0.03 3 

Succinic acid 1.1 1.39 117.0195 [M-H]- C4H6O4 0.80 1 

Succinic 

anhydride 

1.2 1.52 99.0089 [M-H]- C4H4O3 2.47 4 

Hydroxyglutarate 1.3 1.38 147.0298 [M-H]- C5H8O5 -0.92 2 

4-

Guanidinobutana

mide 

1.3 4.99 145.1084 [M+H]+ C5H12N4O -0.06 3 

4-

Acetamidobutano

ate 

0.71 1.42 146.0811 [M+H]+ C6H11NO3 0.24 3 

Jasmonic acid 1.2 1.75 211.1329 [M+H]+ C12H18O3 0.06 1 

Linolenic acid 1.2 4.62 277.2168 [M-H]- C18H30O2 -1.71 2 

Oxo-

phytodienoic acid 

(OPDA)# 

- 7.47 293.2107 [M+H]+ C18H28O3 -1.61 5 

Valine 0.9 5.31 118.0629 [M+H]+ C5H11NO2 0.26 3 

α-Ketoisovaleric 

acid 

0.78 1.22 115.0401 [M-H]- C5H8O3 0.14 2 

2-aceto-2-

hydroxy-

butanoate 

1.2 1.51 145.0506 [M-H]- C6H10O4 -0.26 3 

Intermediate-A’ 2.6 6.12 187.1553 [M+H]+ C8H18N4O 0 3$ 

Cyclic-C’ 2.1 6.85 209.1510 [M+H]+ C9H16N6 0.48 3$ 

Intermediate-E 2.2 6.79 225.1458 [M+H]+ C9H16N6O 0.44 3$ 

Decarbamoyloxy

-saxitoxin 

3.0 6.89 241.1408 [M+H]+ C9H17N6O2 -2.07 4% 
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Table B1 (continued) 
 

Unknown; 

similar to 

nicotinyl alcohol 

1.4 5.03 110.0601 [M+H]+ C6H7NO 0.38 3 

*glutamine artifact derived from in source cyclization (Purwaha et al. 2014) 

#fold-change uncertain due to poor peak integration 

$based on fragmentation from Cho et al. (2019) and high resolution mass spectrometry analysis 

in Tsuchiya et al. (2016) 

%Mass error based on high resolution mass spectrometry in Iwamoto et al. (2007)  
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Figure B2 Inhibition of jasmonic acid biosynthesis reduced growth and exposure to 

copepodamides had variable impacts on growth in Alexandrium minutum. Bars 

represent the mean ± standard deviation of percent growth of A. minutum in 

response to inhibition of (a) serine/threonine phosphatases by cantharidin and (b) 

jasmonic acid signaling by neomycin when exposed to a solvent control (No 

copepodamides, green) or 1 nM copepodamides (Copepodamides, orange). Data 

were analyzed using two-way ANOVAs with a Tukey HSD post hoc tests for 

multiple comparisons. Asterisks indicate the level of statistical significance; 

****p << 0.001, ***p < 0.001. 
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Figure B3 Inhibition of GPCRs did not block induction of toxin production or cause 

reduction in growth in Alexandrium minutum. Bars represent the mean ± standard 

deviation of (a) cellular toxin concentration of gonyautoxins 1-4 and (b) percent 

growth of A. minutum in response to inhibition of GPCRs by SCH-202676 when 

exposed to a solvent control (No copepodamides, green) or 1 nM copepodamides 

(Copepodamides, orange). Data were analyzed using two-way ANOVAs with a 

Tukey HSD post hoc tests for multiple comparisons. Asterisks indicate the level of 

statistical significance; ****p << 0.001, ***p < 0.001, **p < 0.01. 
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Figure B4 Exposure to copepodamides when GPCRs were inhibited caused a 

reduction in growth in Alexandrium minutum. Points represent the mean ± standard 

percent growth of A. minutum in response to inhibition of GPCRs by SCH-202676 

at varying doses when exposed to a solvent control (No copepodamides, green) or 1 

nM copepodamides (Copepodamides, orange). The uninhibited solvent controls 

were assigned a dose of 0.001 µM for the purposes of log-transformation. The data 

were analyzed using a non-liner regression, excluding the highest dose. Asterisks 

indicate the level of statistical significance; ***p < 0.001. 
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APPENDIX C. SUPPLEMENTARY FIGURE AND TABLES FOR 

CHAPTER 4 

 

Figure C1 Representative 1H NMR spectra from NMR metabolomics experiments 

1-2. A single representative 1H NMR spectrum of the non-polar metabolome from 

each Alexandrium species: A. catenella (yellow) and A. tamarense (light green) 

(Experiment 1) and A. catenella (yellow) and A. tamarense (dark green) 

(Experiment 2) from (A) 3.5-5.6 ppm and (B) 5.7-8.7 ppm. 
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Table C1 Putatively identification of metabolites whose concentrations are 

significantly different in Alexandrium catenella compared to Alexandrium 

tamarense based on UPLC/MS data from experiment 1. The m/z, detected ion, 

molecular formula, and mass error (mDa), and lipid class are provided for each 

tentatively identified metabolite which differs significantly in concentration 

between A. catenella and A. tamarense from Experiment 1 but do not differ 

significantly between A. tamarense from Experiment 1 and 2. Additionally, the 

p-value and fold-change based on A. catenella relative to A. tamarense is provided. 

Confidence levels were assigned based on available spectral details. Confidence level 

1: exact match both in fragmentation and retention time to a purchased standard; 

2: observed MS/MS data consistent with predicted spectrum from databases and 

exact mass match in LOBSTAHS or LIPDMAPS to corresponding lipid class; 3: 

exact mass match in LOBSTAHS or LIPDMAPS to corresponding lipid class or 

partial match of MS/MS data to databases.  

m/z 

(mass 

error, 

Da) 

Detected 

ion 

Molecular 

formula 

Metabolites Lipid class Fold-

change 

P 

value 

Confi-

dence 

257.2122 

(0.0001) 

[M-H]- C15H30O3 hydroxy-

pentadecan-

oic acid 

Free fatty 

acids 

4.9 3.4 E 

-11 

2 

393.2777 

(0.0001) 

[M+Cl]- C21H42O4 MG (18:0) Mono-

acylglycerols 

1.5 

 

2.8 E 

-6 

3 

580.4941 

(0.0005) 

[M+CHOO]- C34H65NO3 Cer (d34:2) Sphingolipids 1.3 0.0001 2 

775.7552 

(0.0003) 

[M-H]- C51H100O4 

 

DG (O-48:1) Di-

acylglycerols 

2.8 

 

0.02 3 

859.6669 

(0) 

[M-H]- C52H93O9 TG 49:4; O3 Tri-

acylglycerols 

40* 

 

1.6 E 

-13 

 

2 

921.7192 

(0.0003) 

[M-H]- C58H99O8 TG 55:7; O2 Tri-

acylglycerols 

10.6 

 

1.7 E 

-09 

2 

1022.700

4 

(0.0014)  

[M-H]- C60H99NO10

P 

PS 54:10 Glycero-

phospholipids 

14.4 1.1 E 

-17 

2 

479.2658 

(0.0007) 

[M-H]- C26H40O8 Sterol 20:1; 

O2; GlcA 

Sterols 2.9 1.4 E 

-5 

2  

918.6107 

(0.0088) 

[M-CH3]- C56H88NO8P PC 48:12 Glycero-

phospholipids 

0.54 6.9 E 

-12 

2  

1037.780

2 

(0.0010) 

[M-H]- C60H111O11P SLBPA 

(C18:1/ 

C18:1/ 

C18:1) 

Glycero-

phospholipids 

3.9 4.4 E 

-13 

3 

377.1959 

(0) 

[M+H]+ C21H28O6 18-

oxocortisol 

Sterols 0.58 0.03 3 

634.5407 

(0.0002) 

[M+NH4]+ C39H68O5 DG 

(18:1/18:3) 

Di-

acylglycerols 

2.1 1.9 E 

-6 

2 
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Table C1 (continued) 

        

638.5723 

(0.0005) 

[M+NH4]+ C39H72O5 DG 

(18:1/18:1) 

Di-

acylglycerols 

20.2 1.1 E 

-18 

2 

689.5116 

(0) 

[M+H]+ C38H73O8P PA (35:1) Glycero-

phospholipids 

3.2 4.3 E 

-8 

3 

736.7181 

(0.0004) 

[M+H]+ C47H92NO4 Cer 47:1; 

O3 

Sphingolipids 3.2 2.3 E 

-11 

2 

738.6613

8 

(0.0006) 

[M+NH4]+ C45H84O6 TG 

(14:0\14:0\ 

14:1) 

Tri-

acylglycerols 

4.5 1.2 E 

-17 

2 

726.5880 

(0.0001) 

[M+H]+ C42H79NO8 Glucosyl-

ceramide 

(d18:1/18:1) 

Sphingolipids 2.0 2.1 E 

-8 

2 

778.6920 

(0.0001) 

[M+NH4]+ C48H88O6 TG 45:2 Tri-

acylglycerols 

4.4 1.7 E 

-14 

3 

878.8146 

(0.0025) 

[M+NH4]+ C55H104O6 TG 

(16:0/18:0/1

8:1) 

Tri-

acylglycerols 

15.5 4.9 E 

-17 

2 

881.7564 

(0.0005) 

[M+Na]+ C55H102O6 TG 

(16:0/18:1/1

8:1) 

Tri-

acylglycerols 

4.2 7.7 E 

-21 

2 

883.7725 

(0.0007) 

[M+Na]+ C55H104O6 TG 

(16:0/18:0/1

8:1) 

Tri-

acylglycerols 

5.4 2.6 E 

-17 

2 

922.7864 

(0.0006) 

[M+NH4]+ C59H100O6 TG 56:7 Tri-

acylglycerols 

7.9 3.7 E 

-13 

2 

962.9114 

(0) 

[M+NH4]+ C61H116O6 TG 58:1 Tri-

acylglycerols 

6.5 1.2 E 

-22 

2 

977.7058 

(0.0006) 

[M+H] C53H101O13P PI 44:1  Glycero-

phospholipids 

6.5 2.3 E 

-15 

3 

1002.848

3 

(0.0001) 

[M+NH4]+ C65H108O6 TG 62:9 Tri-

acylglycerols 

24.3* 2.8 E 

-16 

2 

1032.989

5 

(0.0002) 

[M+NH4]+ C66H126O6 TG 63:1 Tri-

acylglycerols 

4.8 5.1 E 

-19 

2 

1068.801

3 

(0.0046) 

[M+Na]+ C62H112NO9

P 

PE 57:6; O Glycero-

phospholipids 

2.6 1.7 E 

-11 

3 

843.5017 

(0.0001) 

[M+H]+ C44H75O13P PI 35:5 Glycero-

phospholipids 

1.6 1.5 E 

-3 

3 

880.6666 

(0.0003) 

[M+NH4]+ C52H94O9 TG 49:3; O3 Tri-

acylglycerols 

4.9 1.2 E 

-8 

3  

*Fold change value uncertain due to extremely low concentration of lipids in A. tamarense or 

high level of variability. 
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Table C2 Putatively identification of metabolites whose concentrations different 

significantly in Alexandrium pacificum compared to Alexandrium tamarense based 

on UPLC/MS data from experiment 2. The m/z, detected ion, molecular formula, 

and mass error (mDa), and lipid class are provided for each tentatively identified 

metabolite which differs significantly in concentration between A. pacificum and 

A. tamarense from Experiment 2 but do not differ significantly between 

A. tamarense from Experiment 1 and 2. Additionally, the p-value and fold-change 

based on A. pacificum relative to A. tamarense is provided. Confidence levels were 

assigned based on available spectral details. Confidence level 1: exact match both 

in fragmentation and retention time to a purchased standard; 2: observed MS/MS 

data consistent with predicted spectrum from databases and exact mass match in 

LOBSTAHS or LIPDMAPS to corresponding lipid class; 3: exact mass match in 

LOBSTAHS or LIPDMAPS to corresponding lipid class or partial match of MS/MS 

data to databases.  

m/z 

(Mass 

error, 

Da) 

Detected 

ion 

Molecular 

formula 

Metabolites Lipid class Fold-

change 

P 

value 

Confi-

dence 

479.2658 

(0.0007) 

[M-H]- C26H40O8 Sterol 20:1; 

O2; GlcA 

Sterols 2.3 0.02 2  

918.6107 

(0.0088) 

[M-CH3]- C56H88NO8P PC 48:12 Glycero-

phospholipids 

0.62 6.7 E 

-9 

2  

1037.780

2 

(0.0010) 

[M-H]- C60H111O11P SLBPA 

(C18:1/ 

C18:1/ 

C18:1) 

Glycero-

phospholipids 

1.5 3.5 E 

-5 

2  

359.2224 

(0.0004) 

[M-H]- C22H32O4 Dihydroxy-

docosa-

hexaenoic 

acid 

Free fatty 

acids 

1.6 0.009 3 

604.4612 

(0.0005) 

[M-H]- C32H65NO4S NAT 30:0 Free fatty 

acids/amides 

1.6 0.002 3 

719.4948 

(0.0073) 

[M-H]- C42H73O7P PA O-39:6 Glycero-

phospholipids 

1.2 0.003 2 

777.6000 

(0.0015) 

[M+CHOO]- C42H85O7P PA O-39:0 Glycero-

phospholipids 

2.1 5.1 E 

-4 

2 

553.5195 

(0.0005) 

[M+H]+ C35H68O4 MG O-32:2 Mono-

acylglycerols 

2.0 0.05 3 

843.5017 

(0.0001) 

[M+H]+ C44H75O13P PI 35:5 Glycero-

phospholipids 

1.5 0.003 2  

880.6666 

(0.0003) 

[M+NH4]+ C52H94O9 TG 49:3; O3 Tri-

acylglycerols 

2.4 0.004 3  
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