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Abstract 

Among phytoplankton, coccolithophores are the main calcifiers, taking up inorganic carbon 

and calcium to make delicate calcite scales called: coccoliths. The model coccolithophore, 

Emiliania huxleyi, is the most ubiquitous extant species. E. huxleyi is a species complex with 

three morphologically distinct cell types: calcifying diploid, non-calcifying haploid, and non-

calcifying diploid. E. huxleyi has a bloom—bust lifestyle in which the dominant calcifying cells 

rapidly form expansive blooms (>100,000 km2), then precipitously collapse. Rapid 

coccolithophore bloom collapse is commonly attributed to highly specific E. huxleyi viruses 

(EhVs), while the potential bacterial pathogens are frequently overlooked. 

Coccolithophore blooms are surrounded with bacteria and have a notably strong correlation 

with several members of the roseobacter clade. The frequent co-occurrence of roseobacters with 

algae has been attributed to several shared phenotypic traits such as: chemotaxis toward and 

metabolism of algal exudates, rapid surface colonization, and their repertoire of secretion 

systems, which are all postulated to enhance roseobacter-algal interactions. Roseobacters also 

produce a myriad of chemical signals (antibiotics, vitamins, algicides, etc.) that likely 

accumulate to functional concentrations within the algal phycosphere—the area immediately 

surrounding an algal cell, suggesting the potential for complex chemical interactions with algal 

hosts. In fact, several roseobacters, including Phaeobacter inhibens, interact directly with E. 

huxleyi, but a mechanistic understanding of this interaction has not been established. 

To further investigate the mechanism of this P. inhibens—coccolithophore interaction I 

developed a miniaturized microtiter plate assay to rapidly screen algal photosynthetic health, cell 

counts, and a suite of other desired parameters. Using this bioassay, I discovered that P. inhibens 

has a dynamic biphasic interaction with its algal host, initially interacting beneficially, and then 
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switching into a deadly pathogen. This switch was initially attributed to the process of E. huxleyi 

aging, during which the alga releases a signaling molecule called p-coumaric acid (pCA). In 

response to pCA, P. inhibens produces bioactive algicides called roseobacticides, which directly 

kill a representative strain of the non-calcifying diploid E. huxleyi cell type. Given the rapid way 

in which roseobacticides induce algal death, they were implicated as the key bacterial bioactives 

responsible for killing E. huxleyi. However, the efficacy of roseobacticides on the dominant 

calcifying and haploid flagellated strains has not yet been tested. 

The central goal of this thesis is to elucidate the mechanism of the pathogenic interaction 

between P. inhibens and its coccolithophore host E. huxleyi. This was first done by testing 

representative members of the three E. huxleyi cell types (calcifying diploid, non-calcifying 

haploid, and non-calcifying diploid) in co-culture with the pathogen P. inhibens. Surprisingly, P. 

inhibens is a selective pathogen, killing the tested calcifying and haploid flagellated strains, but 

not killing several tested non-calcifying diploid strains. Additionally, the implicated 

roseobacticides were not lethal to either of the sensitive E. huxleyi cell types (calcifying or 

haploid), suggesting that an alternate virulence factor was responsible for P. inhibens 

pathogenesis. 

The viral pathogen of E. huxleyi kills its algal host by hijacking algal metabolic pathways and 

producing bioactive viral-glycosphingolipids (vGSLs), which induce algal programmed cell 

death (PCD). This pathogenic interaction is a highly sophisticated viral manipulation of algal 

metabolic and death pathways, and it was hypothesized that the bacterial pathogen might also 

manipulate algal PCD networks to induce host death. I next established (using biochemical, 

morphological, and physiological parameters) that P. inhibens initiates algal apoptosis-like PCD 

(AL-PCD) in the calcifying E. huxleyi cell type. This is the first time a marine bacterial pathogen 
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has been shown to induce AL-PCD of an algal host. To further describe the mechanism of this 

interaction I obtained transposon mutants in various genes in the P. inhibens type IV secretion 

system (T4SS) and established that several mutants in the genes required for a functional T4SS 

were avirulent to the algal host. This is the first time a functional effector T4SS has been 

demonstrated to be required for roseobacter pathogenesis of an algal host. Together, these 

findings strengthen our current understanding of how marine pathogens manipulate and kill algal 

host cells by demonstrating both a required bacterial effector T4SS as well as the manner in 

which the algal host undergoes rapid AL-PCD.  
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1 

 Introduction 
 

1.1. Beneficial bacterial-algal interactions 

At the microscale, the marine ecosystem is a vast seascape of microorganisms interacting 

with each other and their environment. Despite its superficial homogeneous appearance, the clear 

blue ocean is sprinkled with occasional nutrient ‘hot-spots’ (i.e., zooplankton waste, dying algae, 

marine snow, etc.) and chemical gradients (i.e., plumes of organic matter exuding from leaky 

algae, sloppy grazing, or sinking particulates) (Azam et al., 2007; Stocker, 2012; Smriga et al., 

2016). This microscale patchiness of the marine ecosystem, as well as the underlying variability 

of ocean currents, light penetration, etc., all influence the dynamic distribution patterns of marine 

microorganisms (Mitchell et al., 2008). Photosynthetic microbes, collectively called 

phytoplankton, are a diverse group of freely floating or weakly swimming photosynthetic 

prokaryotes and eukaryotic algae that encompassing an estimated 25,000 unicellular species 

(Costello et al., 2013; Klais et al., 2016). Photosynthetic phytoplankton use photosynthesis to 

convert solar energy and inorganic carbon (CO2) into sugars like glucose (C6H12O6), releasing 

the by-product oxygen (O2). Phytoplankton biomass is a biological reservoir of bioavailable 

organic carbon in the marine ecosystem, feeding and sustaining primary consumers, which go on 

to feed higher trophic levels. However, nearly half of the carbon fixed by marine phytoplankton 

is released as dissolved and particulate organic matter (DOM and POM), which is then 

predominantly metabolized by heterotrophic bacteria (Azam, 1998; Durham et al., 2014). 

Heterotrophic bacteria are astoundingly abundant in the marine environment; every milliliter of 

ocean water contains an estimated 105 to 106 bacterial cells (Whitman et al., 1998). And despite 

their tiny size these bacteria interact directly with nearby phytoplankton in a plethora of ways. 

1.1.1. The roseobacter clade 

The monophyletic roseobacter clade, within the Rhodobacteraceae family of the 

alphaproteobacteria class, is a ubiquitous group of bacteria, with members found in marine 

habitats all over the world (Buchan et al., 2005; Wagner-Döbler et al., 2006). Roseobacters have 

been identified from coastal regions to open ocean, and from the sea ice to sea floor (Brinkhoff et 

al., 2008). They also have variable lifestyles, thriving as free-living and associated (e.g., to 

particulates (Dang et al., 2000), microalgae (Miller and Belas, 2004; Segev et al., 2016), 
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macroalgae (Fernandes et al., 2011), and crustaceans (Buddruhs et al., 2013)). Additionally, 

members of the roseobacter clade dominate the microbial consortia of coastal regions (Luo, 

Swan, et al., 2014) and have a strong correlation with phytoplankton (González et al., 2000; 

Zubkov et al., 2001; Sapp et al., 2007; Mayali et al., 2008; Green et al., 2015). The frequent co-

occurrence of roseobacters and various phytoplankton is attributed to shared traits, like motility 

(Smriga et al., 2016), sensing and moving toward algal exudates (Miller and Belas, 2004), 

metabolism of algal exudates (Moran et al., 2003, 2012), and rapid surface colonization (Dang et 

al., 2000), which are all suspected to enhance roseobacter-algal interactions. Interactions 

between roseobacters and their algal hosts can be beneficial, detrimental, or neutral to the algal 

host. Beneficial interactions are classified as either obligate or non-obligate mutualistic (both 

parties benefit) or commensal (one party benefits) interactions. The following sections highlight 

a few beneficial roseobacter-algal interactions suspected to occur in the marine environment. 

1.1.2. Nutrient exchanges 

A portion of the carbon fixed by marine phytoplankton is effectively consumed by primary 

consumers, and passed through the marine food web to higher trophic levels. However, 

phytoplankton are notably leaky cells, leaking or excreting organic carbon and other metabolites 

as they photosynthesize (Borchard et al., 2012; Thornton, 2014). Moreover, phytoplankton injury 

and/or death due to gradual senescence, sloppy grazing (Lampert, 1978), viral lysis (Wilhelm et 

al., 1999; Suttle et al., 2005), etc. accelerate the release of DOM and POM from phytoplankton, 

which then feeds the microbial loop (Buchan et al., 2014) (Figure 1.1). 

Heterotrophic bacteria utilize algal organic matter (free floating sugars and exudates), 

subsequently becoming another microbial reservoir of organic matter (i.e., bacterial biomass) 

that feeds higher trophic levels (Azam et al., 2007). During respiration, heterotrophic bacteria 

actively facilitate the remineralization of organic molecules back into their inorganic forms, 

making them bioavailable to the surrounding phytoplankton and bacteria (Figure 1.1) (Buchan et 

al., 2014). Other sources of new inorganic nutrients are also plentiful in the marine system, such 

as unicellular heterotrophic eukaryotes (protists) releasing inorganic waste or upwelling events 

(Moore et al., 2013). In more nutrient limited waters, however phytoplankton growth is likely to 

directly benefit from bacterial regeneration of nitrogen and phosphorus (Cole, 1982), making this 

a beneficial non-obligate mutualistic interaction.  



 

3 

 

 

 
 

Figure 1.1. Primary producers and the microbial loop: sustaining each other through the 
exchange of metabolites and nutrients. As phytoplankton divide, die, are lysed by viruses, 
or are consumed by sloppy grazers stores of algal organic matter (POM/DOM, DMSP, 
metabolites, etc.) are released, feeding the heterotrophic bacteria of the microbial loop. 
Dissolved inorganic nutrients from viral lysis, consumer waste, or upwelling events (grey 
circles), stimulate both phytoplankton and bacteria with required inorganic nutrients. Marine 
bacteria are eventually consumed by primary consumers (orange), which in turn are consumed 
by secondary consumers, and the energy transformed by marine phytoplankton and the 
microbial loop is transferred up to higher marine trophic levels. Inspired in part by (Seymour 
et al., 2017). 
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1.1.3. Chemosensory metabolites 

From a microbial perspective, even dense algal blooms have a patchy distribution. This 

patchy seascape means that bacteria have a relatively low probability of randomly encountering 

an algal cell (~0.0035 cells/day) (Seymour et al., 2017). However, 20-60% of marine bacteria are 

motile (Stocker, 2012), enhancing their likelihood of coming into contact with leaky 

phytoplankton (~9 cells/day) (Seymour et al., 2017). Chemotaxis (the ability to sense and move 

toward chemical gradients) further improves a microbe’s ability to move toward a particle or 

algal cell (Stocker et al., 2008; Stocker, 2012). One of the important chemotactic molecules 

linking marine phytoplankton and surrounding heterotrophic bacteria is the algal metabolite and 

info-chemical dimethylsulfopropionate (DMSP). 

DMSP is a multi-use molecule, playing important roles as an algal osmolyte, antioxidant, and 

cryoprotectant (Sunda et al., 2002). Upon release from phytoplankton, dissolved DMSP serves as 

a major nutritional link between phytoplankton and the heterotrophic microbial population. In 

fact, it is estimated that marine bacteria may obtain up to 15% of their carbon and most of their 

sulfur from algal DMSP (Zubkov et al., 2001). DMSP is also a strong info-chemical and 

chemoattractant for marine roseobacters, many of which are capable of incorporating DMSP 

directly into the amino acid methionine (Moran et al., 2012). Alternatively, bacteria can cleave 

DMSP, generating the bad taste molecule acrylate and dimethyl sulphide (DMS), which rapidly 

volatilizes, increasing cloud cover and acting as a foraging cue to seabirds (Nevitt et al., 1995). 

In this way, DMSP-degrading bacteria might be interacting with phytoplankton in either a non-

obligate commensal interaction (where bacteria benefit by producing methionine) or a non-

obligate mutualistic interaction (where the bacteria benefit from resources and the algae benefit 

from decreased grazing pressure due to acrylate accumulation (Strom et al., 2003)). 

1.1.4. Vitamins and antibiotics 

The study of bacterial-algal interactions is still in its infancy, but it is beginning to be 

appreciated that a diverse consortia of bacteria can reside within the algal phycosphere—the 

space immediately surrounding the algal cell (Bell, 1983; Ramanan et al., 2015) (Figure 1.2a). 

Additionally, attachment of bacteria directly to algal hosts further ensures that both parties gain 

access to trace nutrients and vitamins they do not otherwise produce themselves. For example, 

the diatom Thalassiosira pseudonana harbors a cyanocobalamin (vitamin B12) requiring version 
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of the methionine synthase gene (metH), but cannot synthesize B12 (Durham et al., 2014). In fact, 

recent surveys suggest that over half of algae require, but are unable to synthesize, one or more 

essential vitamins (e.g., B1, B12, etc.) (Croft et al., 2006). Importantly, the ability to synthesize 

B12 is widespread, and potentially uniform, throughout the marine roseobacter clade (Wagner-

Döbler et al., 2006; Newton et al., 2010; Luo and Moran, 2014). In the case of T. pseudonana, 

the diatom takes part in a mutually beneficial interaction with the roseobacter Ruegeria pomeroyi 

DSS-3, which is one of a limited number of marine bacteria capable of catabolizing the T. 

pseudonana sulfur metabolite: 2,3- dihydroxypropane-1-sulfonate (Durham et al., 2014) (Figure 

1.2b). In return, the bacterial symbiont supplies the diatom with vitamin B12 (Durham et al., 

2014). Another mutually beneficial interaction is exemplified by dinoflagellate Prorocentrum 

minimum providing Dinoroseobacter shibae with organic matter and vitamin nicotinamide (B3) 

(Wagner-Döbler et al., 2010). The roseobacter symbiont, seemingly to benefit its algal host, then 

releases vitamins its host is unable to synthesize (B1 and B12) (Wagner-Döbler et al., 2010), 

connecting them in a mutually beneficial interaction (Figure 1.2d). 

The potential exchange of nutrients is not the only way bacteria and algae interact 

beneficially during close symbiosis. Bacteria can also influence the bacterial assemblage 

composition of the algal phycosphere as they often produce antibiotics. The production of 

antibiotics by phycosphere bacteria might be a means of ensuring exclusive access to the alga’s 

nutrient-rich exudates, while also protecting the algal host from pathogenic or fouling bacteria 

(Rao et al., 2007). Bacteria in the roseobacter clade produce several antibiotics, which might 

potentially protect their host from pathogens (Bentzon-Tilia et al., 2017). One example, is the 

potent antibiotic tropodithietic acid (TDA) (Brinkhoff et al., 2004; Grotkjær et al., 2015). TDA-

producing roseobacters, for instance, protect their various hosts (e.g., the macroalga Ulva 

australis (Rao et al., 2007), cod larvae (D’Alvise et al., 2012), and turbot larvae (Grotkjær et al., 

2015)) from TDA-sensitive pathogens. Though a similar interaction has not yet been identified 

on the microbial scale (i.e., roseobacter protection of a microalga host) this kind of antibiotic 

exchange, should it occur, might benefit the TDA-producing symbionts as well as their 

microalga hosts (Figure 1.2c). 
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Figure 1.2. Beneficial phytoplankton-algal interactions mediated by the exchange of 
bioactive molecules within the algal phycosphere. Host algal cell (green), two chloroplasts 
(cp), nucleus (nu) (other organelles left off for simplicity), surrounded by cell wall (black 
outline), and green haze representing the phycosphere. Beneficial interactions between 
attached and non-associated bacteria (pink) and the algal host: (a) leaky algae release organic 
matter, secondary metabolites, and/or chemosensory molecules like, DSMP (green squares); 
(b) algal hosts release vitamins or trace nutrients that are required or beneficial to bacterial 
symbionts (grey circles); (c) Antibiotic-producing phycosphere bacteria release antibiotics 
(i.e., TDA), that might inhibit various TDA-sensitive pathogenic bacteria (blue). (d) Some 
bacteria produce vitamins or growth factors (black circles) that can enhance or prolong algal 
health. 
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1.2. Antagonistic bacterial-algal interactions 

Antagonistic interactions between a bacteria and phytoplankton can be divided into two main 

categories: parasitic and pathogenic. Parasitic bacteria live off their algal host, negatively 

affecting the health or fecundity of the alga without causing death, thereby ensuring their own 

survival. Parasites have been recognized as important drivers of macroalgal population dynamics 

(for example, ~10% of red algae are parasitic to other red algae (Hancock et al., 2010)), but little 

investigation into microalgal parasites has taken place. Instead, studies have focused primarily on 

pathogenic interactions resulting in the lysis and death of the algal host, which will be the focus 

of the remainder of this work as well. 

1.2.1. Traits enhancing roseobacter pathogenesis 

Gram-negative bacteria, like the roseobacter clade, have evolved a sophisticated cell 

envelope made up of two concentric membranes composed of a complex array of integral and 

peripheral proteins separated by the periplasmic space (PS). The outer membrane (OM) is an 

asymmetric bilayer comprised of an inner leaflet of phospholipids and an outer leaflet of 

lipopolysaccharides intercalated with transmembrane proteins (Silhavy et al., 2010). Next, there 

is a thin layer of ridged peptidoglycan and an array of polysaccharides within the periplasmic 

space, adding structure and stability to the membranes (Chang et al., 2014). Finally, the 

cytoplasmic or inner membrane (IM) is a phospholipid bi-layer intercalated with proteins, which 

contains the cellular material (Silhavy et al., 2010). For the bacterium, the primary function of 

these membranes is to act as a highly selective permeability barrier, ensuring orchestrated 

diffusion and/or transport of nutrients into and wastes out of the cell. Several pathogenic 

strategies depend on the successful transport of proteins (virulence factors, bioactive molecules, 

etc.) across these concentric bacterial envelopes, thereby permitting chemical interaction with 

nearby or adjacent cells. To this end, pathogens have evolved a variety of multifaceted protein 

secretion systems to facilitate these complex (potentially cross-kingdom) pathogenic interactions. 

Bacterial secretion systems can be differentiated based on the number of membranes the 

transferred substrate crosses: one membrane, two membranes (both bacterial), or three 

membranes (where two are bacterial and one is the membrane of the target cell) (Chang et al., 

2014) (Table A-1). The architecture of these secretion systems can range from as simple as three 

interacting proteins to multicomponent systems containing over 20 distinct protein subunits that 



 

8 

span from the cytoplasm of the bacterial cell to the cytoplasm of the target cell (crossing 3 

membranes) (Gunasinghe et al., 2017). Distinct among these secretion systems are the type III, 

type IV, and type VI secretion systems (T3SS, T4SS, and T6SS, respectively) that are capable of 

transferring proteins, and in the case of T4SS, protein-DNA complexes, directly into target cells 

(Christie, 2001; Russell et al., 2014; Buttner, 2016).  

1.2.2. Targeted substrate secretion into cells 

A wide range of Gram-negative symbionts and pathogens utilize T3SS to inject effector 

proteins directly into the cytoplasm of eukaryotic target cells (Persson et al., 2009). Both 

intracellular pathogens (residing in a vacuole) and extracellular pathogens utilize a T3SS to 

interact directly with host cell (animal or plant) (Table A-1). For example, during Pseudomonas 

syringae infection of apple and pear trees, the bacteria utilizes T3SS to transfer effector proteins 

that localize to the chloroplasts suppressing photosynthesis, thereby causing fireblight disease (Li 

et al., 2014). In another T3SS mediated infection strategy P. syringae injects cysteine protease 

effectors into host plant cells where they target and cleave integral plant proteins, eventually 

inducing plant cell death (Shao, 2003). 

The T6SS is one of the most recently identified secretion systems (Pukatzki et al., 2006). So 

far, it has been identified that T6SS can translocate proteins into adjacent prokaryotic cells, 

eukaryotic cells (Pukatzki et al., 2007), or into the extracellular milieu (Si et al., 2017). For 

example, the human pathogen Vibrio cholera, utilizes T6SS during competition (i.e., killing off 

bacterial competitors within the human gut) (MacIntyre et al., 2010). Additionally, V. cholera 

relies on T6SS for pathogenic infection of phagocytic eukaryotes (such as murine macrophages 

and Dictyostelium discoideum) (Pukatzki et al., 2006). The remarkable flexibility of T6SS is 

mirrored in the even more widespread and exceptionally versatile T4SS (Christie et al., 2014). 

As opposed to other secretion systems, which are dedicated to the secretion of certain types 

of substrates (Table A-1), T4SSs are promiscuous transporters, transferring an array of substrates 

including: monomeric proteins, multimeric toxic proteins, ssDNA-protein complexes, and even 

plasmids (Wallden et al., 2010). T4SSs are so multipurpose that they are further subdivided into 

three subfamilies: 1) conjugation machines, 2) DNA release/uptake systems, and 3) effector 

translocator systems (Table A-1). The main T4SS subfamily is comprised of T4SSs dedicated to 

conjugal DNA transfers (Christie, 2001). Conjugation T4SS play the critical role of shaping 

bacterial genomes by facilitating plasmid conjugation into bacteria of the same bacterial species, 
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across species (Christie et al., 2014), or even across genera (Patzelt et al., 2016). The DNA 

release/uptake systems are less widespread contact independent systems that release or take up 

DNA into/from the extracellular milieu. DNA release/uptake T4SS are present in specialized 

naturally competent pathogens and, like conjugal T4SSs, this system also increases both intra 

and inter-species horizontal gene transfer (HGT). 

Finally, some pathogens have adapted T4SS systems for the purpose of delivering substrates 

from the bacterial cell directly into eukaryotic cells (effector T4SS). Typically, effector T4SSs 

deliver protein substrates directly through the pilus unit into eukaryotic cells, making these 

systems critical to cross-kingdom pathogenesis. Effector T4SSs are further subdivided (based on 

protein homology) into two main subgroups (T4SSA or T4SSB) (Table 1.1), depending on 

whether the structural components resemble the VirB/D4 complex of the plant pathogen 

Agrobacterium tumefaciens (T4SSA) or the conjugal transfer system of the IncI plasmid 

(T4SSB) (Voth et al., 2012). The T4SSB type system have extensive similarity to the conjugal 

transfer system of the self-transmissible IncI plasmid (Voth et al., 2012). In fact, the T4SSB of 

Legionella pneumophila even retained its ability to transfer plasmids (Hubber et al., 2010). 

Pathogens using an effector T4SSA, which are structurally similar to the prototypical A. 

tumefaciens VirB/D4 system, on the other hand, are much more widespread. The diversity of 

effector T4SSAs is so great that even bacteria sharing the basic virB/virD gene organization, can 

have distinct differences in required genes and/or final number of required proteins in their 

T4SSA apparatus. For instance, the Bordetlla pertussis causes whooping cough by releasing 

T4SSA toxins directly into the extracellular milieu without requiring a functional pilus unit 

(Table 1.1). Similarly, Brucella spp. T4SSA lacks two proteins that are typically required for 

other T4SSA systems, and yet this pathogen infects several mammalian host macrophages 

causing brucellosis (Table 1.1). Even so, the majority of T4SSA containing pathogens have 

homologous proteins to all the prototypically required proteins of A. tumefaciens VirB/D4 type 

T4SSA (VirB1-VirB11 and VirD4) and share a similar final structure of their T4SSA apparatus 

(Figure 1.3). Because of this, and due to the protein similarities further discussed in Chapter 4, 

the A. tumefaciens VirB/D4 type T4SSA will be used as a comparative model when discussing 

the less comprehensively understood roseobacter T4SS. 
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1.2.3. Agrobacterium tumefaciens model effector T4SSA 

A. tumefaciens T4SSA is organized in two operons on the tumour inducing plasmid (Ti-

plasmid) and once constructed it spans from the bacterial inner membrane (IM), crosses the 

periplasmic space (PS), and passes through the bacterial outer membrane (OM) (Juhas et al., 

2008; Christie et al., 2014) (Figure 1.3). A functional VirB/VirD4 T4SSA consist of 11 genes 

virB2-virB11 and virD4. These genes encode for proteins that facilitate the construction of and 

structurally form the T4SSA apparatus (Figure 1.3). VirB1 is a periplasmic protein, that is 

critical to the assembly and biogenesis of the T4SSA, additionally VirB1, a lytic 

transglycosylase, locally lyses the bacterial peptidoglycan to allow insertion of bulky T4SSA 

proteins into the membrane (Zupan et al., 2007). VirB3, is an inner membrane protein that is 

proposed to aid VirB1 in pilus assembly (Mossey et al., 2010). Starting from the bacterial inner 

membrane: three ATPases (VirB4, VirB11 and VirD4) transect the inner membrane, 14 copies 

each of VirB7, VirB9, and VirB10 together with VirB8 form a complex channel that spans the 

PS (Christie et al., 2014). Finally, the extracellular pilus, formed by VirB2 and the pilus-tip 

adhesin protein VirB5, extends through the OM and out from the bacterial cell into the target cell 

membrane (Christie et al., 2014). 

The Agrobacterium—plant interaction is a complex process involving bacterial effector 

proteins and DNA/protein complexes as well as host proteins. The soil pathogen A. tumefaciens, 

relies on a functional VirB/D4 T4SSA to facilitate the translocation of a segment of the bacterial 

Ti-plasmid or single stranded transfer-DNA (ssT-DNA), along with several effector proteins, 

into root nodule cells of the host plants (Vergunst, 2000). The portion of bacterial ssT-DNA is 

excised between a specific border of repeats and a single VirD2 protein associates with its 5' end 

(Pǎcurar et al., 2011). Then the ssT-DNA/VirD2 complex is translocated to the ATPase VirD4, 

which recruits it into the T4SS channel (Wallden et al., 2010). Once in the plant cell, the 

bacterial ssT-DNA/VirD2 complex is coated with VirE2 (ssDNA-binding protein), which is 

independently transferred into the plants cell via the same T4SSA (Pǎcurar et al., 2011). VirE2 

protects the DNA from being degraded by host nucleases and (along with VirD2) translocate the 

DNA into the plant nucleus (Gelvin, 1998). Besides VirD2 and VirE2, additional Vir proteins are 

also imported into host cells via the T4SSA, including: VirD5, VirE, and VirF (Table 1.1). A 

critical step in this process is the VirF directed proteolysis of VirE2, which releases the ssT-DNA 

allowing it to be integrated into the host chromosomal DNA (Tzfira et al., 2004).  
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 Figure 1.3. Schematic of the A. tumefaciens VirB/D4 T4SSA components 
determined to date. VirB/D4 protien subunits, color coded to match the genes 
encoding them (genetic layout of A. tumefaciens operons shown below for context: 
virB1-virB11, virG, virC2, virC1, virD1-virD5, virE1-virE3). This representation 
was created using the combined findings of (Juhas et al., 2008; Christie et al., 2014). 
Encoded T4SSA effectors (VirD2, VirD5, VirE2, and VirE3), drawn as circles. Scale 
bar shows the length of 900 bp. 



 

13 

There are two general classes of genes encoded on the segment of transferred bacterial T-

DNA: opine-related genes and oncogenes. Opine-related genes induce host directed production 

of specialized plant amino acids or opines (i.e., octopine, agropine, etc. (Escobar et al., 2003)). 

A. tumefaciens also possesses Ti-plasmid encoded genes for opine uptake and catabolism, in this 

way the bacteria hijacks the plant cells to provide a growth substrate that preferentially benefits 

A. tumefaciens cells (Escobar et al., 2003). Oncogenes, on the other hand are responsible for 

inducing production of various enzymes that catalyze the synthesis of plant hormones (i.e., 

indole-3-acetic acid (IAA)), which stimulates root cell growth resulting in gall formation 

(Pitzschke et al., 2010). 

1.2.4. Roseobacter secretion systems in pathogenesis 

Roseobacters are versatile marine bacteria with an array of bacterial secretion systems, 

several of which might facilitate pathogenic (or symbiotic) interactions with algal hosts, but this 

research is still in its infancy. To date, roseobacter secretion systems have not been directly 

connected with roseobacter pathogenesis, but their likely importance in the roseobacter 

pathogenesis is impossible to ignore. For instance, roseobacter R. pomeroyi DSS-3, along with 

11 other roseobacters (Christie-Oleza et al., 2012), all utilize T1SS to secrete repeat-in-toxin 

(RTX) proteins (Christie-Oleza et al., 2010), which are potentially toxic to nearby algae. T2SS 

transporters, which are key to Vibrio pathogenesis (Sikora, 2013), are not commonly found in 

roseobacters (Slightom et al., 2009). Generally, T3SS transporters are common in 

gammaproteobacteria, but are far less frequent in alphaproteobacteria, like members of the 

roseobacter clade (Persson et al., 2009). Silicibacter TM1040, a roseobacter isolated from a 

culture of the Pfiestera piscicida, contains both T3SS and T4SS biosynthesis pathways (Worden 

et al., 2006), but these systems have yet to be associated with pathogenesis of its dinoflagellate 

host. Similarly, Dinoroseobacter shibae, is also a pathogen of its dinoflagellate host 

Prorocentrum minimum (Wang et al., 2015), but T4SS-dependent pathogenesis was not 

demonstrated, instead D. shibae’s apparatus appears to be a conjugation T4SS (Patzelt et al., 

2016). Finally, T6SS genes were estimated to be in roughly 31% of the genome sequenced 

marine species, but were more prevalent in gammaproteobacteria than among the sequenced 

roseobacters at the time (Persson et al., 2009). Interestingly, T6SS are notably overrepresented in 

roseobacters identified within the accessory nidamental gland (ANG) of a bobtail squid, 

compared to roseobacters identified in other environments (Collins et al., 2015). Given the wide 



14 

array of likely important roseobacter secretion systems it is perhaps surprising that these systems 

have not yet been linked directly to roseobacter pathogenesis, highlighting a large area of 

research that requires more investigation. 

1.3. Coccolithophores 

Coccolithophores are an ideal microalga for investigating bacterial-algal interactions for 

several reasons. First, coccolithophores annually form massive recurrent (almost annually) 

globally distributed blooms, occurring in upwelling regions and the open-ocean (Tyrrell et al., 

2004; Signorini et al., 2009; Winter et al., 2014). Additionally, coccolithophore blooms are 

easily identified and visible from space (Holligan et al., 1993; Tyrrell et al., 2009), as the light 

scattering properties of their ornate calcite coverings or coccoliths turn the ocean a bright milky-

turquoise blue (Poulton et al., 2011). Finally, coccolithophore blooms have a notably strong co-

occurrence with various members of the roseobacter clade (González et al., 2000; Zubkov et al., 

2001; Segev et al., 2016). In fact, two roseobacters have already been shown to interact directly 

with the most globally dominant coccolithophore in modern oceans: Emiliania huxleyi (Mayers 

et al., 2016; Segev et al., 2016). 

1.3.1. Emiliania huxleyi 

Emiliania huxleyi (Lohmann) Hay and Mohler (Prymnesiophyceae, Haptophyta) (Hay et al., 

1967), is widely considered a model coccolithophore for several reasons, the first being that it is 

by far the most ubiquitous coccolithophore species in modern oceans (Young, Geisen, et al., 

2003). E. huxleyi also has a pronounced ability to adapt to a wide range of environments and to 

form blooms in a number of environments from eutrophic temperate regions, to subpolar waters, 

and even the subtropical gyres (Monteiro et al., 2016). This wide distribution has been 

predominantly attributed to E. huxleyi’s extensive genetic (Read et al., 2013) and ecophenotypic 

plasticity (Young, Geisen, et al., 2003; Langer et al., 2009). E. huxleyi is a vast species complex 

with a pan genome, meaning various strains share a set of core genes and additional set variable 

genes, which enhances its pronounced intraspecies variability (Read et al., 2013). This genetic 

plasticity enhances E. huxleyi’s niche partitioning and the variation between strains and even cell 

types (von Dassow et al., 2014). Interestingly, E. huxleyi is the only coccolithophore with 

calcifying cells that regularly overproduce and shed coccoliths (Paasche, 2002), making it of 

particular interest in terms of the marine carbon cycle (Suchéras-Marx et al., 2014). In short, E. 
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huxleyi is an exemplary model system and has been used in a wide array of scientific studies, 

including those focusing on potential E. huxleyi pathogens (bacterial and viral) (Frada et al., 

2008; Seyedsayamdost et al., 2011).  

E. huxleyi exhibits a haplo-diplontic life cycle, during which cells alternate between 

calcifying diploid (2N) cells and flagellated haploid (1N) cells (Klaveness, 1972a). The third cell 

type appears to be a variant cell that originates from calcifying diploid cells, but has lost the 

ability to produce coccoliths: non-calcifying diploid (2N) (Klaveness, 1972a). Coccolithophore 

blooms (defined as marine waters having >106 cells/mL coccolithophores (Tyrrell et al., 2004)) 

are typically dominated by the fast growing diploid calcifying cells (Baumann et al., 2008). 

However, several coccolithophore species (e.g., Coccolithus pelagicus (Poulton et al., 2010)) as 

well as E. huxleyi’s non-calcifying flagellated haploid and non-calcifying diploid cell types are 

also present within E. huxleyi blooms (Frada et al., 2012). Blooms of calcified cells remain in the 

upper ocean for several weeks; during which time some cells die as a result of cellular damage, 

gradual senescence, and microzooplankton grazing (Harvey et al., 2015). Eventually the 

remaining calcified cells undergo rapid bloom collapse event, during which the majority of the 

cells rapidly die. Rapid collapse of the calcifying E. huxleyi population has been primarily 

attributed to lytic double-stranded-DNA containing coccolithoviruses called E. huxleyi viruses 

(EhVs) (Bratbak et al., 1993; Brussaard et al., 1996; Vardi et al., 2012), which hijack host 

metabolic pathways and induce activation of host programmed cell death (PCD) pathways (Bidle 

et al., 2007; Rosenwasser et al., 2014; Schatz et al., 2014). 

1.3.2. Programmed cell death of phytoplankton 

PCD is the genetically programmed process of self-deconstruction and is both regulated and 

implemented by cellular proteases. Apoptotic-PCD (or apoptosis (Kerr et al., 1972)) is defined as 

having 1) a strict reliance on the biochemical activity of highly specific metazoan cysteine 

aspartic proteases or caspases and 2) conserved death morphologies (cell shrinkage, chromatin 

condensation, nuclear blebbing, apoptotic bodies, etc.) (Lawen, 2003; Kroemer et al., 2009). 

Caspases are synthesized as innocuous zymogens, but once activated they rapidly cleave 

substrate proteins containing the corresponding cleavage motif (4-5 amino acid motif) (Stennicke 

et al., 1999). The identification of caspase-like cleavage of peptides (i.e., cleavage at DEVD, 

caspase-3-like; cleavage at IETD, caspase-8-like, etc.) in organisms lacking caspases, led to a 

new PCD classification: apoptosis-like-PCD (AL-PCD) (Danon et al., 2000). 
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AL-PCD is defined as, an organism dying with (some but not necessarily all) apoptosis 

morphologies, but lacking the hallmark caspases that are required for metazoan apoptosis 

(Danon et al., 2000). Instead, AL-PCD relies on the cleavage activity of either distantly related 

metacaspases or caspase-like proteases to orchestrate and execute AL-PCD (Danon et al., 2000). 

These caspase-like proteases have sometimes evolved to either cleave substrate proteins at a 

similar cleavage motif to caspases (Coffeen et al., 2004; Woltering, 2004; Xu et al., 2009) or 

target substrate proteins with similar biological activities to those commonly targeted by 

caspases (Madeo et al., 2002; Sundström et al., 2009). In plant systems, a few caspase-like 

proteases have been identified; for instance, vacuolar processing enzyme (VPE) (Hatsugai et al., 

2015) and some serine proteases (i.e., saspases, phytaspases (Vartapetian et al., 2011)), can 

cleave substrates at a caspase-like cleavage motifs. 

This overlap in targeted substrate proteins, has led to some overlapping morphologies and 

physiologies in organisms undergoing apoptosis and those dying via AL-PCD. However, some 

death morphologies and physiologies required of metazoan apoptosis are typically (or always) 

absent in plants or phytoplankton dying via AL-PCD (Table A-2, and sources therein). For 

instance, late-stage membrane blebbing into apoptotic bodies is considered one of the hallmark 

required morphologies of organisms dying via apoptosis (Kerr et al., 1972), but is not a common 

feature of plants undergoing AL-PCD (Fath et al., 2000; Reape, Molony, et al., 2008). Similarly, 

late-stage laddering of DNA, which occurs non-uniformly as a result of metazoan apoptosis 

(Oberhammer et al., 1993; Kroemer et al., 2009), is not considered a required marker for plant 

AL-PCD (Danon et al., 2000). Additionally, (apart from the characterized metacaspases (Bidle et 

al., 2007)) the identities of the genes responsible for these caspase-like activities in 

phytoplankton are still largely unknown (Bidle, 2016), which greatly limits understanding and 

prediction of likely AL-PCD death morphologies. Nonetheless, AL-PCD requires caspase-like 

activities, so biochemical inhibition of the proteases responsible for the caspase-like activities 

should inhibit and abolish AL-PCD (Franklin et al., 2006). 

Another destruction mechanism, which can be induced instead of or during apoptosis, is the 

process of autophagy. Autophagy is traditionally defined as a cellular survival mechanism 

without dependence on caspase involvement (Jones, 2000; Wyllie et al., 2001). Additionally, 

autophagy is engaged to enhance survival during periods of starvation (Avila-Ospina et al., 

2014), recycle damaged cellular components (Ishida et al., 2014), and can play a protective role 
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by degrading intracellular pathogens and bacterial virulence factors (Cemma et al., 2012). In 

terms of its role in PCD, autophagy describes the mechanism of removing cellular constituents, 

and as such can occur in conjunction with caspase-dependent apoptosis or caspase-independent 

PCD (Kroemer et al., 2009). Instead of caspases, autophagy requires early-stage lysosome 

vesicles, which engulf cytoplasmic constituents or fuse with organelles to break down cellular 

components (Bursch et al., 2000; Yu et al., 2004). Alternatively, proteins and bacterial virulence 

factors can be tagged for degradation by the ubiquitin proteasome system and directed to either 

the proteasome or autophagasome for degradation (Zhang et al., 2005). In fact, in some 

organisms these complex processes are intertwined, such that if apoptosis fails, then autophagy is 

engaged to dismantle the cell (Shimizu et al., 2004; Yu et al., 2004). 

Several unicellular phytoplankton lineages lacking caspases, undergo versions of either 

caspase-like AL-PCD or autophagy-PCD (e.g., cyanobacteria (Berman-Frank et al., 2004), 

diatoms (Berges et al., 1998), dinoflagellates (Franklin et al., 2004), chlorophytes (Segovia et 

al., 2003), and haptophytes (Bidle et al., 2007; Schatz et al., 2014)). The widespread existence of 

both AL-PCD and autophagy processes in several phytoplankton lineages highlights just how 

important understanding the mechanisms of activating these death processes might be for better 

understanding phytoplankton turnover and DOM release (Thornton, 2014; Bidle, 2016). 

1.3.3. EhV-induced PCD of E. huxleyi  

Highly specific EhVs are members of Phycodnaviridae, a group of giant dsDNA viruses 

(~407-kb genomes) (Wilson et al., 2015), that infect the dominant diploid calcifying and diploid 

non-calcifying E. huxleyi cells types, while the haploid escapes viral lysis (Bidle et al., 2007, 

2012). EhVs utilize host-specific glycosphingolipid (hGSL) lipid rafts, which extend from the 

algal membrane into the extracellular environment, for entering and exiting the algal cell by 

budding through the algal lipid rafts (Mackinder et al., 2009; Bidle, 2015). During viral 

infection, EhVs, which possess a suite of glycosphingolipid (GSL) biosynthetic genes in their 

genome (Wilson et al., 2015), rewire host lipid metabolism pathways to generate viral GSLs 

(vGSLs) (Rosenwasser et al., 2014). Initially, vGSLs induce intracellular ROS production in 

infected E. huxleyi, which might be critical in the propagation of the PCD process (Bidle et al., 

2011). Then other PCD hallmarks such as increasing caspase-like activities and upregulation of 

metacaspase genes (Bidle et al., 2007), arise in infected cells and infected diploid cells die via 

either AL-PCD or autophagy (Vardi et al., 2009, 2012). 
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Today, EhVs are considered the major pathogens responsible for decimating E. huxleyi 

blooms (Vardi et al., 2012); but viral resistance is presently on the rise in both diploid calcifying 

and non-calcifying E. huxleyi (Kendrick et al., 2014). And E. huxleyi resistance to viral 

pathogens increases dramatically with slight elevations in temperature, suggesting that as ocean 

temperatures increase so will the rates of viral resistance (Kendrick et al., 2014). This potential 

loss of a vital E. huxleyi pathogen might mean that new pathogens could begin to play a more 

important role in natural bloom scenarios. Recently, studies have directed more attention to the 

bacteria frequently associated with E. huxleyi blooms (González et al., 2000; Green et al., 2015; 

Ramanan et al., 2016), and it is becoming clear, that some members of the roseobacter clade are 

opportunistic pathogens of E. huxleyi (Mayers et al., 2016; Segev et al., 2016). 

1.4. Phaeobacter-E. huxleyi interactions 

This thesis work aims to identify how a model roseobacter from the Phaeobacter genus, 

called Phaeobacter inhibens, interacts with the microalga E. huxleyi. The genus Phaeobacter 

was first introduced by Martens et al. 2006, and was chosen for studying bacterial-E. huxleyi 

interactions for several reasons. First, Phaeobacter strains are widespread in marine 

environments, they have been isolated from ocean water (Park et al., 2015), marine sediments 

(Zhang et al., 2008), as well as the surface of the green alga Ulva australis (Rao et al., 2007) and 

the scallop Pecten maximus (Buddruhs et al., 2013). Secondly, Phaeobacters have also been 

frequently identified within E. huxleyi blooms (Segev et al., 2016) and non-axenic culture 

collections of calcifying E. huxleyi (Green et al., 2015). Phenotypically this genus has several of 

the previously discussed roseobacter traits thought to enhance interactions with algal hosts (i.e., 

motility, chemotaxis, DMSP metabolism, rapid attachment, etc. (Moran et al., 2003, 2012). 

Additionally, they readily attach to other P. inhibens cells at the poles, forming star-like 

multicellular structures called rosettes (Frank et al., 2015; Segev et al., 2015; Michael et al., 

2016). Finally, and of importance to the current work, P. inhibens DSM17395, hereafter called 

P. inhibens, is one of the only roseobacters that has been successfully genetically manipulated to

generate an extensive transposon mutant library (Wetmore et al., 2015). 

1.4.1. Identified and proposed Phaeobacter-E. huxleyi interactions 

Certain roseobacters, including P. inhibens, are deadly pathogens of E. huxleyi (Mayers et 

al., 2016; Segev et al., 2016). P. inhibens has a novel interaction with the coccolithophore E. 
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huxleyi. Initially, P. inhibens quickly attaches to the alga and directly benefits from metabolizing 

the algal metabolite DMSP (Segev et al., 2016) (Figure 1.4). However, as the algal cells enter 

gradual senescence E. huxleyi cells release a chemical senescent cue (degradation product of a 

cell wall component) called p-coumaric acid (pCA) (Seyedsayamdost et al., 2011). P. inhibens 

responds to algal pCA by switching from a symbiont to a deadly pathogen of E. huxleyi and 

producing algicidal bioactives called roseobacticides (Seyedsayamdost et al., 2011). Previous 

work has demonstrated that purified roseobacticides kill one representative non-calcifying 

diploid E. huxleyi strain (Seyedsayamdost et al., 2011) (Figure 1.4c). Additionally, P. inhibens 

produces bioactives called roseochelins, which kill a representative type of non-calcifying 

diploid cells as well as one calcifying diploid E. huxleyi strain (Wang et al., 2017). Both 

bioactives have since been proposed to be the killing molecules responsible for this interaction, 

but neither suggestion has been conclusively demonstrated (Figure 1.4c). 

Finally, another group suggested that bacterial production of the plant hormone IAA might kill 

E. huxleyi cells (Segev et al., 2016) (Figure 1.4d). IAA is produced by several roseobacters 

(Fernandes et al., 2011), including P. inhibens, and can kill CCMP3266 at high concentrations 

(1,000 μM) (Labeeuw et al., 2016). However, the precursor to IAA, tryptophan, was also found 

to be lethal at such a high concentration (Labeeuw et al., 2016). Additionally, the lethal IAA 

concentration reported by Segev et al. is much higher than the concentration bacteria are known 

to produce (~0.4-10 nM) (2016). Finally, this group tested several mutants in the IAA pathway 

and all of them remained virulent, despite the mutation interrupting the synthesis of IAA (Segev 

et al., 2016). The authors suggest that there are several pathways to synthesize IAA (Segev et al., 

2016), but I propose instead that perhaps another bacterial virulence factor or bioactive molecule 

might be critically important for pathogenesis of E. huxleyi. 

To date, the mechanism of P. inhibens mediated killing of calcifying E. huxleyi remains 

unresolved and the involvement of the bacterially produced roseobacticides, roseochelins, and/or 

IAA in this process remains hypothetical (Seyedsayamdost et al., 2011; Segev et al., 2016; Wang 

et al., 2017). Furthermore, the possible interaction between P. inhibens and the flagellated 

haploid cell type has never been assessed. Surprisingly, a related roseobacter was recently shown 

to cause activation of algal caspase-like molecules (Mayers et al., 2016). In light of this 

discovery, I propose that perhaps P. inhibens utilizes a novel mechanism of pathogenesis, during 

which the pathogen induces E. huxleyi AL-PCD. 
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1.4.2. Proposed P. inhibens induction of E. huxleyi AL-PCD 

A highly sophisticated method of bacterial pathogenesis is to hijack control of the host cell. 

The pathogen can then benefit from prolonging host health (while slowly draining nutrients) or 

benefit instantly by killing the host cell quickly. One-way bacterial pathogens do this is by 

translocating effector molecules that trigger the hosts’ genetically programed, biochemically 

orchestrated PCD pathway (Gao et al., 2000). This mechanism of pathogenesis is a very 

effective way of gaining control of the host cell and has been demonstrated for mammalian 

pathogens (Amieva et al., 2008), but our understanding how this process may work in plants or 

unicellular algae is still in its infancy. 

Looking to other systems for insights about haptophyte AL-PCD 

Before comparing the processes of pathogen induced PCD of a unicellular phytoplankton to 

pathogen induced PCD of an animal or plant cell, it is first important to briefly evaluate the 

phylogenetic relationship of phytoplankton to animals and plants. Eukaryotic algae are a diverse 

polyphyletic group with a complex and highly contested phylogeny, complicated by several 

endosymbiosis acquisition events and losses of plastids (Keeling, 2013). In brief, the first 

endosymbiosis event involved a mitochondrion containing eukaryote engulfing a coccoid 

cyanobacterial cell, which retained the ability to perform oxygenic photosynthesis and became 

the membrane bound organelle known as a plastid (Gray et al., 1982). The primary plastid 

containing alga led to the lineages of glaucophytes, red algae, and green algae (which later 

evolved into plants), all part of the supergroup Archeaplastida (Keeling, 2013). During the 

secondary endosymbiosis events, different eukaryotes engulfed a primary plastid containing alga 

(this occurred twice: one green and one red alga), leading to the production of other lineages 

containing either a green plastid (i.e., euglenids) or a red plastid (i.e., haptophytes, cyptomonads, 

SAR (stramenopiles, alveolates, and Rhizaria)) (Keeling, 2013). The precise phylogenetic 

relationship of haptophytes and cryptophytes to the other eukaryote supergroups (Archaeplastida, 

Excavata, SAR, and Unikonts) remains a matter of scientific debate (Keeling, 2013; Derelle et 

al., 2015; Burki, 2016). This lack of understanding is important to note here, because during the 

discussion of coccolithophore (haptophyte) AL-PCD, it is necessary to compare this 

uncharacterized system to better investigated systems such as bacterial induction of apoptosis in 

mammalian cells and bacterial induction of AL-PCD in plant cells. Phylogenetically speaking, 
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haptophytes are not closely related to animals (Unikonts), plants (green algae), or algae (red 

algae or glaucophytes), making cross-kingdom comparisons more relevant (Burki, 2016). 

Mammalian control of PCD and how pathogens hijack that pathway 

Mammalian PCD is highly controlled by the biochemical specificity of the responsible 

proteases. These proteases are synthesized in the cell as inactive precursors (or pro-caspase) of 

the active enzyme (or caspase) (Stennicke et al., 1999). When inactive they are innocuous in the 

cell, but once activated these caspases rapidly propagate the activation of other caspases, 

triggering a cascade-like process that commits the host cell to rapid death (Stennicke et al., 

1999). Commandeering the highly controlled process of activating inactive caspases is therefore 

one way in which pathogens can manipulate host cells (Hilbi et al., 1998; Hersh et al., 1999), 

triggering host directed apoptotic-PCD (apoptosis). 

Pathogens have a plethora of strategies for infecting and killing host cells, some of which 

enable them to directly control the fate of a host cell by hijacking the PCD process at several 

steps along the caspase cascade (Figure 1.5). However, the first hurdle to overcome for any 

pathogen is gaining access to the host cell. There are two main ways for pathogens to gain access 

to a eukaryotic host: external access and internal access. External access to a host cell is 

commonly achieved by: 1) breaking down the eukaryotic cell wall or membrane (frequent 

strategy of pytopathogens (Chang et al., 2014)), 2) translocating pore forming proteins (Podack 

et al., 2016), or 3) using (T3SS, T4SS, or T6SS) to directly translocate effectors into the host cell 

(Green et al., 2016). Alternatively, the microbe can become engulfed and survive intracellularly 

to directly manipulate the host cell from within (Isberg et al., 2009). Specialized pathogens with 

either T3SS or T4SSs are adept at translocating effector molecules or proteins from the bacterial 

cytoplasm into the adjoining eukaryotic cell. For instance, Shigella flexneri and Salmonella 

typhimurium utilize a T3SS to inject bacterial proteins into the host macrophage, which can 

directly activate specific caspases (Hilbi et al., 1998; Hersh et al., 1999) (i.e., caspase-1) (Figure 

1.5b). A similar mechanism is used by various Yersinia species that use T3SS to inject several 

proteins that can both activate host caspases and inhibit host survival pathways, resulting in 

apoptosis (Bleves et al., 2000) (Figure 1.5a,b). Intracellular pathogen Helicobacter pylori, relies 

on T4SS to translocate VacA, which pops holes in the mitochondria causing release of 

cytochrome c (cyt c), which induces apoptosis (Amieva et al., 2008) ((Figure 1.5f). Legionella 

pneumophila, causative agent of Legionnaires’ disease, delivers over 200 T4SSB effectors into 
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human monocytes and alveolar macrophages, several of which directly manipulate host cell 

death pathways (Hubber et al., 2010). For instance, at least five of them can interrupt protein 

synthesis in the endoplasmic reticulum (ER) thereby triggering apoptosis (Hubber et al., 2010). 

Similarly, enteric pathogens S. dysenteriae and Escherichia coli, release Shiga toxins that inhibit 

ER protein synthesis, which triggers the ER to release Ca2+ stores; the release of Ca2+then 

induces and propagates apoptosis of the host mammalian cell (Lee et al., 2008) ((Figure 1.5g). 

Plant cell AL-PCD and how pathogens might hijack that pathway 

Plant AL-PCD is similar to apoptosis in several ways, but AL-PCD lacks the hallmark 

characteristic of apoptosis: dependence on caspases. As in apoptosis, the enzymes responsible for 

AL-PCD (metacaspases and/or caspase-like proteases) are synthesized in an innocuous form and 

activated by various death stimuli. Once active caspase-like proteases propagate activation of 

other proteases committing the cell to AL-PCD (Danon et al., 2000). However, a cascade-like 

process of activation, reminiscent of caspase cascade, has yet to be elucidated in plants 

(Vartapetian et al., 2011). 

Plants are continuously challenged by pathogens. The bacterial ability to infect plant cells 

frequently depends on bacterial secretion systems, specifically T3SS, in order to inhibit host cell 

wall defenses (i.e., stop the host from closing stoma to impede the entrance of pathogens), while 

also injecting various adhesins, toxins, and degradative enzymes into the host (Abramovitch et 

al., 2004). P. syringae injects two T3SS effectors, both of which suppress host immunity and 

inhibit plant AL-PCD (Abramovitch et al., 2004), enabling the pathogen to delay host detection 

and establish infection (Figure 1.6a). Specialized bacterial virulence factors or effector molecules 

can initiate host AL-PCD pathways by prematurely activating caspase-like enzymes, thereby 

inducing host directed AL-PCD. For instance, Erwinia amylovora injects T3SS effectors that 

either directly activate plant VPEs (likely stored in vacuoles, vesicles, or chloroplasts (Ambastha 

et al., 2015)) or induce ROS in the cell, both of which cause AL-PCD of apple leaf cells 

(Iakimova et al., 2013) (Figure 1.6b). In plant systems, attempted infection by avirulent bacteria 

can lead to the PCD of the plant cell. This phenomenon is due to the host defense mechanism of 

inducing an oxidative burst at the site of infection (Levine et al., 1996). This burst, and 

subsequent accumulation of ROS, induces an influx of Ca2+ at the infection site, which 

propagates AL-PCD (Levine et al., 1996). Cochliobolus victoriae secretes a host-selective toxin 

that triggers an oxidative burst in the mitochondria, resulting localized ROS and AL-PCD 
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morphologies and death of oat leaf cells (Yao et al., 2002) (Figure 1.6c). Unlike metazoans, 

plants have a second ROS-generating organelle (the chloroplasts), which have also been 

associated with triggering AL-PCD, though bacterial initiation of the process remains 

hypothetical (Figure 1.6e). Similarly, the plant ER is another potential source of Ca2+ which has 

been associated with propagating AL-PCD in plant cells (Martínez-Fábregas et al., 2014), 

though again bacterial involvement in such processes has not yet been established (Figure 1.6). 
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Figure 1.5. Bacterial induction of apoptosis in mammalian cells. (a) Yersinia T3SS 
effectors inhibit host pro-survival pathways, (b) S. flexneri, S. typhimur, and others inject 
T3SS effector proteins that activate specific caspases (Hilbi et al., 1998; Hersh et al., 1999). 
(c) S. aureus secretes pore forming toxins that cause efflux of K+ from the cell (Kloft et al., 
2009), while other toxins (d) cause influx of Ca2+, both of which activate caspases (Kwak et 
al., 2012). (e) Intracellular, Neisseria translocates a pore forming protein from the bacterial 
membrane into the membrane of the host cell, causing Ca2+ influx (Mu et al., 1999). (f) 
Several pathogens target the mitochondria, releaseing cyt c (blue circles) to induce apoptosis 
(Jan et al., 2008), and some pathogens (g) target other organelles such as the ER, causing a 
stress response that inhibits protien synthesis and triggers apoptosis (Isberg et al., 2009). ER 
stress response also releases Ca2+, which directly activates apoptosis and propogates apoptotic 
response by releasing cyt c from the mitochondria (Rutkowski et al., 2004), conversley cyt c 
also causes ER disfunction. 
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Figure 1.6. Bacterial induction of apoptosis-like PCD in plant cells. (a) P. syringae 
injects two known T3SS effectors, both of which suppress host immunity and inhibit plant 
AL-PCD, (b) E. amylovora uses a T3SS to inject effector proteins that either directly 
activate caspase-like molecules (i.e., VPEs) or induce ROS accumulation (Iakimova et al., 
2013), (c) host defense oxidative bust at the site of infection, causes an accumulation of 
ROS that induces an influx of Ca2+ at the infection site that can induce AL-PCD (Levine et 
al., 1996), (d) Cochliobolus victoriae secretes a host-selective toxin that triggers an 
oxidative bust of the mitochondria, resulting localized ROS and AL-PCD (Yao et al., 
2002), (e) chloroplasts induce AL-PCD by releasing ROS, Ca2+, proteases, and bioactives 
(Ambastha et al., 2015), but pathogen involvement has not yet been established. Likewise, 
plant ER have been shown to release Ca2+, which propogates AL-PCD (Martínez-Fábregas 
et al., 2014), but again bacterial involvement is not known. 
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1.5. Thesis objectives 

The aim of this thesis is to zoom in on the microscale interactions occurring between two 

main organisms commonly identified together in the marine environment: the dominant 

calcifying microalga E. huxleyi and the roseobacter P. inhibens. By zooming in on the 

interactions occurring between these two organisms in a controlled laboratory setting I hope to 

elucidate the mechanism involved in P. inhibens pathogenesis of the dominant calcifying 

microalga E. huxleyi. 

1.5.1. Hypotheses  

Based on current understanding of the interactions occurring between P. inhibens and E. 

huxleyi cell types (summarized in Figure 1.4 for diploid non-calcifying and calcifying cell types), 

I developed my specific hypotheses. 

1) I hypothesized that the algicidal roseobacticides produced by P. inhibens were 

responsible for E. huxleyi cell death (Chapter 3). 

2) I hypothesized that P. inhibens might hijack and/or induce apoptosis-like 

programmed cell death (AL-PCD) in the calcifying microalga E. huxleyi (Chapter 4). 

3) Finally, I hypothesized that if two closely related P. inhibens strains presented 

differential pathogenesis of E. huxleyi, then a required virulence factor or secretion 

system might absent in the avirulent strain (Chapter 5). 

1.5.2. Thesis outline 

Chapter 2, will present a novel miniaturized bioassay to assess phytoplankton physiology 

when an alga is grown either alone, with a bacterium of interest, or is exposed to a bioactive 

molecule. This miniaturized format dramatically increases the number of possible independent 

replicates and eliminates the need for subsampling. This chapter also tests the miniaturized 

growth format on the dominant calcifying microalga E. huxleyi, to ensure this alga can grow for 

an extended period of time (60 d) in the small volume (1 mL) microtiter plate format. 

Chapter 3 investigates the interaction between roseobacter P. inhibens and each of the three 

cell types of its algal host E. huxleyi (calcifying diploid, non-calcifying diploid, and flagellated 

haploid). P. inhibens demonstrates highly specific pathogenesis, killing both the calcifying 

diploid strain and the flagellated haploid strain of E. huxleyi, but not the tested diploid non-

calcifying strains. The bacterial production of known algicides (roseobacticides) was postulated 
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to be responsible for this pathogenic interaction. However, Chapter 3 examines this possibility 

and establishes that roseobacticides are not the bioactives responsible for P. inhibens 

pathogenesis. 

Chapter 4 establishes that the bacterial pathogen P. inhibens induces AL-PCD of the 

calcifying E. huxleyi strain CCMP3266. Chapter 4 relies on a series of AL-PCD morphological 

and biochemical features to confirm that calcifying E. huxleyi is undergoing AL-PCD instead of 

another algal death process. 

Chapter 5 investigates a frequent marine pathogen strategy involving the use of a T4SS to 

damage or kill eukaryotic host cells. To test if P. inhibens DSM17395 employs this cross-

kingdom pathogenesis strategy during pathogenesis of calcifying E. huxleyi, I tested a closely 

related P. inhibens strain DSM24588, that shares >97% genome similarity to P. inhibens 

DSM17395, but lacks a functional T4SS, in co-culture with the calcifying alga E. huxleyi. Only 

one strain, P. inhibens DSM17395, containing a fully functional copy of the T4SS, killed the 

calcified alga. Chapter 5 next tested P. inhibens DSM17395 transposon mutants in genes within 

the virB/virD T4SS operons in co-culture with the calcifying alga E. huxleyi. 

Finally, Chapter 6 concludes by discussing the possible ecological importance of bacterial 

induced E. huxleyi population demise. This chapter also highlights the gaps of knowledge this 

thesis has filled by presenting an updated model of P. inhibens-E. huxleyi interactions. 
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  A small volume bioassay to assess bacterial-
phytoplankton co-culture using Pulse-
Amplitude-Modulated fluorometry 

2.1. Introduction 

Phytoplankton physiology has traditionally been studied in mesoscale experiments ranging 

from 20 mL in conical flasks to 5 L in carboys (Moore et al., 1995; Scarratt et al., 2006; Bidle et 

al., 2007; Chen et al., 2011). This experimental scale typically requires subsampling for 

experimental monitoring, as sacrificing replicate samples for ever time point creates an 

unmanageable experimental setup. Miniaturizing the experimental setup will reduce or eliminate 

the limitations associated with larger volume studies (e.g., subsampling, pseudo-replication, 

etc.), while simultaneously maximizing the number of independent replicates. 

A microtiter plate format has been developed for algal bioassays using a 1 mL culture 

volume for experimentally manipulating algal cultures in variable conditions. This small 

experimental volume allows for the number of replicates to be increased, increases experimental 

reproducibility, and allows for increased experimental replication within the same diurnal 

incubator (Seyedsayamdost et al., 2011). This microtiter plate format is easily adapted for testing 

a variety of experimental questions, such as: does a bacterium have a symbiotic, neutral, or 

pathogenic interaction with its algal host? or Is the addition of a compound stimulating or toxic 

to an alga? These and other questions can be addressed in a rapid medium-throughput manner 

using this new miniaturized format (Blaise et al., 2005; Skjelbred et al., 2012; Nagai et al., 

2013). 

The 48-well microtiter plate allows each 1 mL well to be an independent experimental setup 

that is sacrificially sampled at a single time-point. Various parameters can be assessed using this 

1 mL volume including, but not limited to chlorophyll fluorescence parameters using Pulse-

Amplitude-Modulated (PAM) fluorometry (Schreiber, 1998). PAM fluorometry is a rapid and 

non-invasive technique that can be used to monitor algal photosynthetic efficiency and PSII 

health from a small culture volume (Beer et al., 2000; Jones et al., 2000). In addition to PAM 

fluorometry, this setup can be used to assess a variety of other parameters including, but not 

limited to: microscopic visualization, enumeration of bacteria, and enumeration of algae. 
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This chapter presents the major methods used throughout this thesis. A detailed procedure of 

setting up a microtiter plate assay to assess algal health when an alga is grown in co-culture with 

a bacterium is presented. An example of how to test algal strains for long-term viability in the 

miniaturized microtiter plate assay and an example co-culture experiment are then presented. 

Finally, the method is discussed in detail and the potential importance of this medium-throughput 

assay is examined. 

2.2. Procedure 

The microtiter plates used for this assay hold a final volume of 1 mL per well. When 

preforming co-culture experiments using two organisms (i.e., one alga and one bacteria) it is 

important to mix the two organisms in a 50:50 ratio, to ensure well suspended and evenly mixed 

populations. For this reason, you should first calculate the volume of algae and bacteria needed 

to fill as many wells and plates as are required for your experimental needs. For example, when 

preforming an experiment sampling every 2 days for 10 days, with 3 replicates of control and co-

culture each sampling day (see sample experiment) you will need a different amount of algal and 

bacterial stock solutions than would be required for a 20-day experiment requiring 6 replicates 

each day. To plan your experiments correctly follow the procedure and calculations below. 

2.2.1. Calculations for experimental setup 

Step 2.2.1-1 Calculate the volume of algal and/or bacterial cultures needed for algal and bacterial 

controls throughout the entire experiment by using Equation 1. This example is assuming 3 

experimental replicates (see Equation 1 and 2: ‘3 wells’); alter this value as needed. 

Equation 1: 

Vcontrol = (0.5 mL control culture/well) X (3 wells/control) X (y controls/d) X (z d) 

Where y equals the number of controls and z is the number of sampling days (d) required. 

Step 2.2.1-2 Calculate the volume of algal and/or bacterial cultures required for co-cultures for 

the experiment using Equation 2. 

Equation 2: 

Vco-culture = (0.5 mL co-culture/well) X (3 wells/co-culture) X (w co-cultures/d) X (z d) 

Where w equals the number of co-cultures needed and z equals the number of sampling days (d) 

required for your experiment. 

Step 2.2.1-3Use Equation 1 and Equation 2 to calculate the final volume of mid-exponential 
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algal culture required for the experiment using Equation 3. 

Equation 3: 

VA  = volume of mid-exponential algal culture required 

= Vcontrol + Vco-culture + 10 mL 

Step 2.2.1-4Use Equation 1 and Equation 2 to calculate the final volume of 105 cfu/mL bacterial 

culture (or desired inoculation concentration) required for the experiment using Equation 4. 

Equation 4: 

VB  = volume of bacterial culture 

= Vcontrol + Vco-culture + 10 mL 

NOTE: The extra 10 mL is meant 0 d evaluations (e.g., PAM, flow cytometry, microscopy, etc.). 

2.2.2. Growing algal cells for experimental setup 

Step 2.2.2-1 Isolate or obtain an actively growing axenic algal culture. For the purpose of this 

thesis axenic calcifying Emiliania huxleyi culture CCMP3266, hereafter referred to as E. huxleyi, 

was obtained from the National Centre for Marine Algae and Microbiota (East Boothbay, ME, 

USA). These cultures were routinely maintained in L1-Si medium at 18 °C in a diurnal incubator 

(8:16 h dark-light cycle) and 41.51 +/- 11.15 μmol/m2/s (Guillard et al., 1993) for five days prior 

to all algal experiments. Under these conditions E. huxleyi reaches mid-exponential phase (105-

106 cells/mL), in five days. Each alga has a unique growth curve depending on culturing 

conditions. Mid-exponential phase for all strains and culture conditions should be determined by 

performing an algal growth curve and enumerating algal cells/mL using flow cytometry. 

Step 2.2.2-2 After a fresh parent culture reaches mid-exponential phase (~105 cells/mL), re-

culture the alga at a 1:9 dilution in L1-Si, ensure the final volume of algae is equal to the VA 

calculated (Equation 3). This will be your algal stock bottle. 

NOTE: It is important to ensure these cultures are axenic. Test all algal media and algal stock 

bottle(s) for contamination by plating onto a general marine bacterial medium (e.g., ½ marine 

agar (½MA) [18.7 g Difco Marine Broth 2216 and 9 g NaCl supplemented with 15 g Difco agar 

in 1 L deionized water] is used throughout this work). 

2.2.3. Preparing bacterial cells for inoculation 

Step 2.2.3-1 For the purpose of this work marine bacterium Phaeobacter inhibens DSM17395 

was grown on ½MA at 30 ºC and then an isolated colony was transferred into 5 mL ½ marine 
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broth (½MB) [18.7 g Difco Marine Broth 2216 and 9 g NaCl, in 1 L deionized water] and grown 

shaking at 160 rpm, at either 18 ºC or 21.5 ºC for 30 hr or 24 hr, respectively so that the 

bacterium reached stationary phase (which was identified to be roughly 108 cfu/mL for this 

bacterium and these growth conditions). 

Step 2.2.3-2 Plan the experiment so that the bacteria have reached the correct density (108 

cfu/mL) at the same time that the algal cells have reached mid-exponential phase (~105 algal 

cells/mL). 

Step 2.2.3-3 Once the bacterial cells have grown, use a pipette to wash any biofilm attached to 

the test tube down into the medium. Pipette 1 mL of well-mixed bacterial culture into a sterile 

1.5 mL microtube. Centrifuge for 1 min at 14000 x g. 

Step 2.2.3-4Remove and dispose of the supernatant (bacterial media) without disrupting the 

pellet (bacterial cells). Add 1 mL of sterile algal media (L1-Si) to the microtube (with pellet), 

and vortex to suspend pellet in algal media. 

Step 2.2.3-5 Wash cells by centrifuging cells again and repeating Step 2.2.3-4. 

NOTE: It is critical to wash the bacterial cells with algal media to remove all bacterial media, 

excreted proteins, and small molecules from the cells prior to inoculation as this might alter the 

nutrient composition of the algal media or introduce bioactive molecules to the screen. 

Step 2.2.3-6 Serially dilute the washed bacterial cells in algal media, to a final concentration that 

is 100 fold more concentrated than the desired final bacterial concentration (cfu/mL) and save 

this microtube for Step 2.2.4-2. 

2.2.4. Preparing bacteria for experimental setup 

Step 2.2.4-1Prepare 4 sterile autoclaved glass conical flasks and label them: 1) ‘algal control 

flask’, 2) ‘diluted bacterial stock flask’, 3) ‘bacterial control flask’, and 4) ‘co-culture flask’. 

Step 2.2.4-2 Dilute the bacterial suspension (from Step 2.2.3-6) 1:99 in sterile algal media to a 

final volume = VB (Step 2.2.1-4). This is your ‘diluted bacterial stock flask’. 

Step 2.2.4-3 Pipette Vcontrol (Step 2.2.1-1) from the ‘diluted bacterial stock flask’ and put it in the 

‘bacterial control flask’. 

Step 2.2.4-4 Pipette Vcontrol of sterile algal medium into the ‘bacterial control flask’ (this is a 1:1 

dilution). Swirl flask to mix cells and set aside (for Step 2.2.3-3).  

Step 2.2.4-5 Pipette Vco-culture from the ‘diluted bacterial stock flask’ into the ‘co-culture flask’, 

set aside (for Step 2.2.3-3). 
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2.2.1. Preparing algal controls 

Step 2.2.1-1 Gently mix the mid-exponential algal culture (from Step 2.2.2-2) with a wide-

mouth pipette tip until cells appear well mixed. 

Step 2.2.1-2 Pipette Vcontrol from the algal stock bottle to the ‘algal control flask’. Then return 

the algal stock bottle to the diurnal incubator. 

Step 2.2.1-3 Pipette Vcontrol of sterile algal medium to the ‘algal control flask’ (this is a 1:1 

dilution). Swirl to mix flask and place in the diurnal incubator, until needed for Step 2.2.3-4. 

2.2.2. Preparing experimental co-culture 

Step 2.2.2-1 Gently pipette Vco-culture from the algal stock bottle into the bacterial ‘co-culture 

flask’. Return the ‘co-culture flask’ to the diurnal incubator until needed for Step 2.2.3-3. 

NOTE: The concentration of bacteria in the bacterial control should equal the bacterial 

concentration in the experimental co-culture. Similarly, the concentration of algae in the algal 

control should equal the concentration of algae in the experimental co-culture. 

2.2.3. Setting up microtiter plates 

Step 2.2.3-1 Divide a sterile 48-well microtiter plate as per (Figure 2.1). Label above outer wells 

containing either sterile diluent or non-photosynthetic samples. 

Step 2.2.3-2 Pipette 1 mL 1X phosphate buffer solution (PBS) (pH 7.4) into the appropriate 

wells (Figure 2.1). 

Step 2.2.3-3 Pipette 1 mL of ‘bacterial control flask’ into wells labelled bacterial control (Figure 

2.1). Swirl the ‘bacterial control flask’ before pipetting to avoid bacterial settling. 

Step 2.2.3-4 Pipette 1 mL of ‘algal control culture’ into wells labelled algal control using a wide 

mouth pipette tip (Figure 2.1). Swirl the algal flask as regularly as the bacterial flask. If the alga 

tends to sink or float, swirl as regularly as is needed to maintain a visually uniform culture. 

Step 2.2.3-5 Using a wide mouth pipette tip, pipette 1 mL from ‘co-culture flask’ into the 

appropriate wells (Figure 2.1). Swirl the co-culture flask as regularly as the algal control flask. 

Step 2.2.3-6 Seal each plate with parafilm and place in a diurnal incubator at the desired 

temperature and diurnal light cycle (18˚C with a 16:8 h light: dark cycle is used throughout this 

work). Position plates in the same direction to ensure consistent light exposure. Leave the 

microtiter plates in the diurnal incubator until ready to take PAM readings (Section 2.2.4). 
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Figure 2.1. Schematic of experimental setup in a 48-well microtiter plate. Schematic 
representation of experimental setup: (a) Bacterial control (purple), (b) algal control 
(green), (c) algal-bacterial co-culture (purple/green), (d) sterile 1xPBS (blue). Schematic 
representation of microtiter plate setup (e) wells to be filled as follows: columns 1 and 8 
filled with 1xPBS (or other sterile solution); rows A and F, wells 2-7 (purple) are filled with 
1 mL bacterial control; rows B and E wells 2-7 (green) are filled with 1 mL algal control; 
rows C and D, wells 2-7 (purple/green) are filled with 1 mL co-culture. The plate is divided 
into 4 quadrants, with triplicate wells in each quadrant, to allow for triplicate sampling on 
sequential days (e.g., on days 2, 4, 6, and 8). It is advisable to randomize samples within 
each quadrant samples using a random number generator. 
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Step 2.2.3-7 Pipette five replicate 20 l drops from the PBS, algal media, algal stock flask(s), 

and algal control flask onto ½MA and incubate plates at 30 ºC for 72 h to test for contamination. 

Step 2.2.3-8 Take PAM fluorometry readings using the remaining sample from the algal control 

and co-culture flasks for the experimental 0 d (see Step 2.2.4-1). 

2.2.4. Taking PAM fluorometry readings 

Step 2.2.4-1 Zero the PAM with sterile algal media (e.g., L1-Si) in a clean cuvette before taking 

readings (MacIntyre et al., 2005). 

Step 2.2.4-2 Pipette 300 μL from ‘algal control flask’ or ‘co-culture flask’ into a clean cuvette 

containing 2.7 mL of the same sterile algal medium used in the experiment (e.g., L1-Si). Mix the 

sample and diluent gently. 

Step 2.2.4-3 Clean cuvette and place it into PAM machine, cover with the cap and dark-adapt for 

3 min. Dark adaptation times vary depending on the species of algae and must be determined for 

the specific alga used in the experiment. Avoid lengthy dark adaptation times (>20 min) by 

taking PAM readings during the middle of the dark cycle (Maxwell et al., 2000). 

Step 2.2.4-4 After dark adaption, hit the F0 button. If fluorescence readings are over 3900, dilute 

sample 1:1 in algal medium. Dark-adapt for an additional 3 min and re-read. Continue to dilute 

the sample 1:1 in algal medium until the F0 and Fm readings are below 3900. 

NOTE: Account for these dilutions when recording final fluorescence. For example: if the 

sample is diluted 1:9 during the initial transfer from the well into the cuvette, then an algal 

fluorescence reading of 500 should be multiplied by the inverse of the dilution factor (in this case 

10) and the actual fluorescence of the tube is recorded as 5000.

Step 2.2.4-5 After setting F0, take a saturating pulse (SAT-Pulse) reading every 1 min 30 s by 

hitting the SAT button to take Fm readings. The time interval between readings may be adjusted 

depending on algal strain. Discard sample. 

Step 2.2.4-6 Repeat Step 2.2.4-1-5 for the remaining samples. 

NOTE: When sampling from a microtiter plate follow the same procedure, but remove the 

300μL sample from a well-mixed microtiter plate well. 



 

49 

2.2.5. Additional parameters of interest 

Determine bacterial concentration (cfu/mL): 

To determine bacterial concentration, perform a serial dilution of the bacterial control and/or 

co-culture wells in sterile algal medium. First, pipette 900 L sterile algal medium into sterile 

eppindorf tubes, then transfer 100 L from a well-mixed microtiter plate into the first dilution 

tube (dilution factor: 101-) (Figure 2.2a). Vortex the tube (2 m) and transfer 100 L from the 101- 

dilution into the next dilution (102-), and so on until 107-. Then vortex tubes again before 

immediately pipetting five 20 l drops from each dilution (starting with the most dilute) onto 

½MA (Figure 2.2b). Incubate the plates at 30 °C for 2 d and count the cfu per drop to determine 

the bacterial cfu/mL (Figure 2.2c) (Herigstad et al., 2001). After incubation, count all dilutions 

where all five drops have between 2-20 cfu per drop (this range was chosen because the count is 

high enough to be statistically accurate and low enough to avoid nutrient competition among the 

developing colonies (Herigstad et al., 2001)). Then average the five replicate drops for each 

dilution within the countable range (2-20 cfu/drop) and calculate cfu/mL using Equation 5. In 

this example the 107- dilution is too few to count (less than 2-20 cfu per drop), so for this 

example choose the 106- dilution, which has an average of 9.2 cfu/drop (Figure 2.2c). 

 

Equation 5: 

cfu/mL=                 [(average cfu/X L drop) x (1000 L/mL)] 
 

dilution factor 

cfu/mL=                     [(9.2 cfu/20 L drop) x (1000 L/mL)] 
 

106- 
cfu/mL=  4.60x107 cfu/mL 
 

Determine algal cell concentration 

Fix algal control and co-cultures with a 0.15% final concentration of glutaraldehyde. 

Incubate for 10 min in the dark, then flash freeze in liquid nitrogen, and store at -80 °C. Process 

all samples on a flow cytometer (e.g., FACSCalibur) to count algal cells. 

Observe algal cell morphology 

Observe algal controls and bacterial-algal co-cultures using microscopy (e.g., 

epifluorescence, or similar) to assess bacterial induced changes to algal morphology.  
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Figure 2.2. Schematic representation of drop-plate experiment setup and resulting 
cfu/drop. Schematic representation of experimental setup: (a) After mixing bacterial 
control well from mitrotiter plate (purple), remove 100 L and pipette it into 900 L sterile 
algal media (or similar). Preform a serial dilution being careful to vortex each tube well 
before subsequent dilutions. (b) Beginning with the most dilute dilution tube (107-) vortex 
the tube and carefully pipette five drops of the dilution onto a dry ½ MA plate. (c) Incubate 
the plates and count colony forming units per drop, then calculate cfu/mL. 
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2.3. Representative Results 

The first example of representative results is a standard growth curve of the ubiquitous 

calcifying coccolithophore species Emiliania huxleyi, grown in the microtiter plate format for 60 

d (Figure 2.3). The second experiment presented here is a 10-day co-culture of the calcifying 

microalga E. huxleyi and a marine bacterium P. inhibens (Figure 2.4). Both experiments are 

performed in the microtiter plate format and monitored using PAM fluorometry. 

2.3.1. Long-term viability in the microtiter plate format 

Figure 2.3 depicts how algal cultures should be tested to ensure long-term viability in 

microtiter plate format. This growth curve of axenic E. huxleyi cultures, shows that the alga 

retains elevated PSII maximum quantum efficiency (>0.5) for 60 d in the microtiter plate format 

(Figure 2.3a). The minimal dark fluorescence graph demonstrates that the algal cultures maintain 

high fluorescence until d 40, after which fluorescence begins to slowly diminish until 60 d 

(Figure 2.3b). Other algal strain used in this thesis (E. huxleyi non-calcifying diploid CCMP2090 

and E. huxleyi flagellated haploid CCMP3268) are assessed in the same way (Appendix B-1). 

2.3.2. Co-culture in microtiter plate format 

Figure 2.4 depicts how the algal fluorescence (F0 and Fm) and potential quantum yield 

(Fv/Fm) are influenced by the bacterium throughout the 10-day co-culture experiment (Figure 

2.4). In this example the bacteria appear to be negatively influencing the algal host, causing 

prematurely diminished algal fluorescence (F0 and Fm) and potential quantum yield (Fv/Fm) 

(Figure 2.4). The standard error bars are derived from triplicate microtiter wells, which are 

independent replicate experiments. The consistently small standard error demonstrates the 

robustness and reproducibility of the microtiter plate format for algal bioassays. 

2.4. Discussion 

PAM fluorometry is a quick and efficient method to determine algal fluorescence (a proxy for 

chlorophyll content) and potential quantum yield (Fv/Fm) (an estimate of photosynthetic health) 

of algal cultures (Maxwell et al., 2000; Schreiber, 2004; da Silva et al., 2007). This microtiter 

plate assay allows for a robust and highly reproducible medium-throughput assay of algal 

cultures, without the need for subsampling, making this a useful method for any lab interesting in 

rapidly assessing algal cultures under a variety of conditions.  
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Figure 2.3. Representative PAM fluorometry graphs of a 60 d growth curve of axenic 
Emiliania huxleyi CCMP3266. Readings for the (a)  potential quantum yield (Fv/Fm) and 
(b) initial algal fluorescence (F0) for E. huxleyi are shown as white circles. Potential
quantum yield (Fv/Fm)  is a dimensionless expression of photosynthetic health, which is
calculated as (Fm-F0)/ Fm. Error bars represent the standard error between triplicate wells.



 

53 

 
Figure 2.4. Representative PAM fluorometry graphs of a 10 d co-culturing experiment 
of Emiliania huxleyi CCMP3266 with Phaeobacter inhibens The initial algal 
fluorescence (F0) (a), maximum algal fluorescence (Fm) (b), and potential quantum yield 
(Fv/Fm) (c) are graphed for control algal (open circles) and alga co-cultured with a 
bacterium (black circles). Potential quantum yield (Fv/Fm) is a dimensionless expression of 
photosynthetic health, which is calculated as (Fm-F0)/Fm. Error bars represent the standard 
error between triplicate wells. Statistical significance (*) was determined using a one-way 
ANOVA and Tukey HSD test. 
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2.4.1. Algal growth in a miniaturized format 

The miniaturization of algal cultures to a 1 mL culture volume in a microtiter plate allows for 

the replication within an experiment to be increased. It is important to ensure the alga is healthy 

throughout the experiment. To test this always perform a growth curve using the microtiter plate 

format to ensure the nutritional requirements of the alga are met (Figure 2.3). The other algal 

strains used in this thesis (Chapter 3) were also tested for long-term viability in the microtiter 

plate format (Appendix B-1). Additionally, it may be important to optimize the diurnal cycle 

(light and dark periods) and growth temperature. Proper optimization for a given alga can allow 

for maintaining healthy algal cultures at peak fluorescence for 26 d and detectable potential 

quantum yield for 60 d (Figure 2.3). 

2.4.2. Minimizing evaporative effects 

It is important to minimize the evaporative effects of liquid based assays as an ‘edge effect’ 

is commonly observed where there is greater evaporation in wells at the edge of the microtiter 

plate than in wells located towards the middle of the plate. While evaporation has been observed 

at the edge of plates, the rate of evaporation does not limit the experimental duration as healthy 

algal cultures; with peak fluorescence at 26 d has been maintained in this format (Figure 2.3). To 

minimize any potential ‘edge effect’ 1X PBS (pH 7.4), is aliquoted into wells along all four 

edges (columns 1 and 8, rows A and F, Figure 2.1).  

2.4.3. Dark adaptation of algal samples for PAM fluorometry 

Before conducting PAM readings it is important to dark-adapt the algal samples so that the 

PSII reaction centers are fully open and the light-induced transthylakoidal pH gradient is fully 

dissipated, thus giving true Fo and Fm values from which to calculate Fv/Fm. Sampling the alga 

from the assay for PAM measurements in the middle of the dark phase of the diurnal cycle (i.e., 

for a 16:8 h light: dark cycle, a two hour sampling session would be performed from T(dark)=3-5 

h) makes dark adaptation time shorter (3-5 min) compared with the middle of the light cycle

(T(light)=7-9 h) when dark adaptation is longer (>20 min) (Maxwell et al., 2000). The alga’s 

dark adaption time will also vary depending on the algal species, growth conditions and the light 

conditions of its natural habitat range. 
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2.4.4. Future Applications 

This small volume bioassay provides a rapid screening method for microalgae by combining 

a microtiter plate format with PAM fluorometry. Examples of future applications are various, 

and could include using alternate methods such as Imaging PAM fluorometry, which provides 

insight into cell-cell variation of PSII health within a population as it assesses individual cells 

(Vieira et al., 2013). The bioassay can also be combined with microscopy and flow cytometry as 

previously discussed. Another combination with the potential to provide further insight is cell 

staining for flow cytometry and microscopy to elucidate morphological and/or physiological 

variations within subpopulations of the algal culture. Some of these future directions are 

employed in later chapters of this thesis (Chapter 3, Chapter 4). 
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 Roseobacter Phaeobacter inhibens is a 
selective pathogen of its algal host Emiliania 
huxleyi 

3.1. Introduction 

On a microscopic scale, the marine environment is a heterogeneous mixture of nutrient 

‘hotspots’ formed by plankton and marine snow (Azam, 1998). Marine microbes take advantage 

of this aquatic array of nutrient gradients and ‘hotspots’ by preferentially occupying specific 

niches (Hunt et al., 2008; Stocker, 2012). For example, the concentrations of algal metabolites 

are highest within the algal phycosphere (Bell et al., 1972), so microbes capable of associating 

directly with phytoplankton benefit from a continuous stream of algal metabolites issuing from 

their algal hosts (Sapp et al., 2007; Geng et al., 2010). In this way, algal-associated bacteria 

might experience a nutrient benefit compared to the non-associated marine consortia. 

Specialized bacteria have fine-tuned their ability to sense and respond to host exudates as a 

way of engaging in symbiotic or pathogenic relationships with their host (Miller et al., 2006; 

Seymour et al., 2010). Bacterial bioactive molecules have been implicated in bacterial-algal 

interactions at the cell-cell interface (Wagner-Döbler et al., 2006). Bacteria can engage in 

symbiotic relationships with their algal host by producing small molecules that are beneficial or 

even required by the alga, such as vitamins (Bolch et al., 2011). Other bacteria use bioactives in 

pathogenesis to coordinate virulence or kill their host (Case et al., 2011; Fernandes et al., 2011). 

Coccolithophores, such as the wide spread bloom-forming Emiliania huxleyi, are calcifying 

microalgae that incorporate dissolved bicarbonate and calcium into delicate calcite scales called 

coccoliths. The E. huxleyi species complex, is made up of three distinct cell types: diploid 

calcifying, diploid non-calcifying, and haploid flagellated cells (Klaveness, 1972a; Frada et al., 

2012; von Dassow et al., 2014). E. huxleyi blooms are comprised of complex mixtures of all 

three cell types, but the fast growing calcifying cells make up the majority of the bloom 

(Baumann et al., 2008; Frada et al., 2012). It is not presently understood how E. huxleyi 

alternates between haploid and diploid cell types, but each cell type is chloroplast-bearing and 

capable of asexual proliferation (Klaveness, 1972a). The fusion or syngamy of two haploid cells 

to generate a calcifying diploid cell was postulated based on the paleo-record (Young and 

Henriksen, 2003), but such events are rarely identified in laboratory cultures. The reverse 
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transition from diploid calcifying to motile haploid cells has been documented, supporting the 

suggestion that the alga’s life cycle involves both asexual reproduction and meiosis of diploid 

cells generating haploid cells (von Dassow et al., 2014). Interestingly, the viral pathogen or E. 

huxleyi viruses (EhVs), increases the generation of haploid cells in cultures either by inducing 

meiosis of calcifying cells or mitosis of a stable sub-population of haploid cells (Frada et al., 

2008). During pathogenesis the virus prompts both diploid cell types (calcifying and non-

calcifying) to produce viral glycosphingolipids (vGLS), which induce algal programmed cell 

death (PCD) of diploid E. huxleyi cells (Bidle et al., 2007), while the haploid cells escape viral 

lysis (Frada et al., 2008). 

Although its viral predators and grazers have been studied (Wolfe et al., 1994; Wilson, 

Tarran and Zubkov, 2002), the association of bacteria with E. huxleyi is only recently being 

explored (Mayers et al., 2016; Segev et al., 2016). To gain insights into such bacterial-algal 

relationships, we investigated how E. huxleyi interacts with the marine alphaproteobacteria: 

Phaeobacter inhibens strain DSM17395, hereafter called P. inhibens. P. inhibens produces a 

number of novel bioactives, including the antibiotic tropodithetic acid (TDA) (Thole et al., 2012) 

and potent algicides called roseobacticides (Seyedsayamdost et al., 2011). These bioactives 

might allow P. inhibens to live a duplicitous lifestyle as both a beneficial symbiont and a 

pathogenic one. For example, TDA has been implicated in P. inhibens’ chemical defense of 

various hosts (D’Alvise et al., 2012), while various roseobacticides might facilitate pathogenesis, 

as they can directly cause lysis of specific non-calcifying diploid strains (Seyedsayamdost et al., 

2011). P. inhibens is also a pathogen of one representative strain of calcifying E. huxleyi (Segev 

et al., 2016), however the way in which this bacterial pathogen might alter the ratios of the three 

algal cell types within a complex population has not yet been tested. This research aims to 

elucidate the interaction between P. inhibens and each of the E. huxleyi cell types and clarify the 

role roseobacticides play in killing this microalga. 

3.2. Methods 

3.2.1. Algal and bacterial strains 

All axenic E. huxleyi strains were obtained, maintained, and grown as described in Chapter 2. 

Axenic E. huxleyi strains used include: calcifying CCMP3266, haploid CCMP3268, and non-

calcifying diploid strains: CCMP370, CCMP372, CCMP374, CCMP379, and CCMP2090. Most 



 

60 

of the strains were all isolated from unique geographical locations, however CCMP3268 was 

single cell isolated from CCMP3266 after isolation from the Tasman Sea over 10 years ago (von 

Dassow et al., 2014) (Table 3.1). 

The wild type (WT) P. inhibens DSM17395 (Frank et al., 2014), hereafter called P. inhibens, 

was maintained at 30 °C on ½ MA. Colonies were checked for purity and uniform appearance 

(dark brown colony morphology) then several isolated colonies were transferred into ½MB and 

grown at 18 °C, 30 h, 160 rpm, prior to co-cultivation. 

3.2.2. Bacterial and algal co-cultivation 

Bacterial-algal co-cultivation was performed as previously described (Chapter 2). Briefly, E. 

huxleyi and P. inhibens were mixed 1:1 (volume:volume) with 102 cfu/mL bacteria and 105 

cells/mL algae, then 1 mL of this co-culture was aliquoted into 48-well plates (Chapter 2). 

3.2.3. P. inhibens transposon mutants co-cultured with E. huxleyi 

Four transposon mutants of P. inhibens, each interrupting required steps of the roseobacticide 

biosynthesis pathway, were obtained from the Joint Genome Institute (JGI) (Wetmore et al., 

2015; Wang et al., 2016). The mutants were maintained on ½ MA amended with 200 μg/mL 

kanamycin (Sigma-Aldrich), where they all presented with white colony morphology, allowing 

for easy differentiation from WT P. inhibens. Mutants screened include those interrupting two 

genes in the tda gene cluster: tdaB (AFO93379) and paaZ2 (AFO93362), which interrupt both 

TDA biosynthesis and roseobacticide biosynthesis; and two genes in the paa gene cluster: paaA 

(AFO90142) and patB (AFO89832), which interrupt only roseobacticide biosynthesis (Wetmore 

et al., 2015; Wang et al., 2016). Lack of roseobacticide production for all mutants was confirmed 

by detecting roseobacticides (430 nm) via spectrometry (Seyedsayamdost et al., 2011). 

Successful interruption of the targeted genes by the insertion of the 1,570 base pair 

transposon was confirmed by sequencing over the mutation site (Wetmore et al., 2015). Prior to 

extracting DNA, mutants were grown both on ½ MA and for 24 h in ½MB and extracted 

together to ensure plasmid expression in all mutants. Genomic DNA was extracted using GeneJet 

Genomic DNA Purification Kit (Thermo Scientific) according to the manufacturer’s protocol. 

Gene-specific PCR amplifications were performed using Phusion High-Fidelity DNA 

polymerase (Thermo Scientific) according to the manufacturer’s protocol. PCR products were 

either column- or gel-purified using QIAquick PCR Purification Kit or MinElute Gel Extraction 
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Kit (QIAGEN), respectively. Amplicon sequencing was performed using the Sanger dideoxy 

method (Applied Biosystems 3730 Genetic Analyzer, Life Technologies). 

Co-cultivation of CCMP3266 and CCMP3268 with the four transposon mutants of 

P. inhibens were performed as stated above; all mutants were added to co-cultures at target cell 

concentration of 102 cfu/mL. Control and co-cultures were amended with kanamycin to a final 

concentration of 100 μg/mL (Wetmore et al., 2015). Various concentrations (including 0, 10, 50, 

100, 200 μg/mL) of kanamycin were tested on control cultures of E. huxleyi, and it was 

determined that 100 μg/mL kanamycin did not adversely affect algal cultures (Appendix C-1). 

Mutants were monitored on ½ MA with and without 200 μg/mL kanamycin throughout the co-

cultivation with algae to ensure no reversion to WT P. inhibens morphology. 

3.2.4. Roseobacticide B and algal co-cultivation 

Freeze-dried roseobacticide B was obtained from Seyedsayamdost et al., and dissolved in 

methanol. The compound was added to senescent algal cultures (9 d) of CCMP3266 and 

CCMP3268 at a final concentration of 0.019 μM, 0.19 μM, and 1.9 μM roseobacticide B. 

Methanol solvent added was under 2% of the final volume. Samples were well mixed and then 

microtiter plates were returned to the diurnal incubator for 24 h prior to measuring PAM 

fluorescence. 

3.2.5. Microscopy 

Brightfield images were obtained using an Axio Scope.A1, equipped with an Optronics 

digital camera and PictureFrame software v2.3 (Zeiss). Epifluorescence images were obtained 

using an Axio Imager.M2, equipped with a monochrome camera (AxioCam 506). Unfixed E. 

huxleyi control and co-culture aliquots were stained with DAPI (4',6-diamidino-2-phenylindole 

dihydrochloride) (Life Technologies) according to manufacturer’s instructions (30 °C, 20 min) 

then immediately pelleted by centrifugation (5,000 × g, room temperature, 2 min). Cells were 

gently washed twice in sterile L1-Si media and analyzed immediately on the epifluorescence 

microscope. Three images were acquired simultaneously and then overlaid using Zen 2 Blue 

Edition software, 1) differential interference contrast (DIC) channel was overlaid with 2) algal 

chlorophyll auto-fluorescence (red: excitation = 610-650 nm; emission = 670-720 nm) and 3) 

DNA-DAPI complex fluorescence (blue: excitation = 350-400 nm; emission = 417-477 nm). 
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3.2.6. Fluorescence measurements 

A pulse-amplitude-modulation (PAM) fluorometer was used to measure chlorophyll 

fluorescence (as previously described Chapter 2). Data were subsequently processed using 

SigmaPlot 12.0. Statistical significance determined via a one-way ANOVA and Tukey HSD test. 

3.2.7. Flow cytometry and bacterial counts 

E. huxleyi control and co-culture populations were fixed for flow cytometry by incubating

cells in the dark for 10 min with 0.15% glutaraldehyde (Sigma-Aldrich), flash-freezing in liquid 

nitrogen, and storing frozen aliquots at -80 °C. Flow cytometry was performed using a 

FACSCalibur (Becton Dickinson) and an excitation laser of 488 nm. Samples were run for 30 

sec counting all particles. Algal cell enumeration flow cytometry data were processed using 

FlowJo 9.2, as follows. Doublet discrimination was first done using forward scatter height (FSC-

H) versus forward scatter width (FSC-W), and cells containing the same height but double the 

width were considered doublets or clumps of algal cells and were removed (Donnenberg et al., 

2015). Algal cells were then counted using both chlorophyll auto-fluorescence (emission: 667 

nm) and forward scatter area (FSC-A), which corresponds to cell size. 

The bacterial population density grown alone and in co-culture was enumerated by the drop-

plate method (described in Chapter 2, Figure 2.2). Statistical significance was determined using a 

one-way ANOVA and Tukey HSD test. 

3.3. Results and Discussion 

E. huxleyi blooms are frequently associated with a diverse microbial consortia (Green et al.,

2015), commonly dominated by members of the roseobacter clade, such as P. inhibens, 

especially toward the end of bloom (Green et al., 1996; Segev et al., 2016). Even so, specific 

interactions between members of the microbial consortia and the various E. huxleyi cell types 

(diploid calcifying, diploid non-calcifying, and haploid flagellated) remain largely unexamined. 

The interactions between various EhVs and the different cell types of E. huxleyi have been 

studied (Bidle et al., 2007), leading to the proposal of differential viral infection depending on 

algal cell type (Frada et al., 2008). To determine if there was a different bacterial-algal 

interaction based on the origin or cell type of the host, we co-cultured various axenic (calcifying 

and non-calcifying) E. huxleyi strains with the model marine roseobacter P. inhibens (Table 3.1) 
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Table 3.1. Emiliania huxleyi strains and their susceptibility to Phaeobacter inhibens 
pathogenesis.

3.3.1. P. inhibens is a selective pathogen 

P. inhibens was previously shown to have a unique interaction with E. huxleyi, whereby algal 

ageing resulted in the release of the chemical cue p-coumaric acid (pCA), which triggered the 

bacteria to produce potent algicides, called roseobacticides (Seyedsayamdost et al., 2011). 

Purified roseobacticides can kill at least one non-calcifying diploid strain of E. huxleyi 

(CCMP372) (Seyedsayamdost et al., 2011). However, only the axenic calcifying strain 

CCMP3266 and the haploid strain CCMP3268 were killed by P. inhibens when grown in co-

culture. Whereas, all tested non-calcifying diploid strains, regardless of geographic origin, 

survived (including the strain CCMP372, which was previously shown to be killed by purified 

roseobacticides (Seyedsayamdost et al., 2011)). These findings might suggest that the algicidal 

activity of P. inhibens against the microalga host E. huxleyi is potentially dependent on algal cell 

type (Table 3.1). Alternatively, this differential killing might be related to the presence of 

different variable genes in sensitive strains compared to resistant non-calcifying strains (Read et 

al., 2013). Regardless, this finding differentiates the bacterial pathogen from the viral pathogen, 

CCMP 
strain code 

RCC strain 
code Isolation location Axenic Cell 

type* 
Killed by P. 

inhibens† 

CCMP370 RCC1255 Oslo Fjord, Norway, 
North Atlantic Yes N No 

CCMP372  Sargasso Sea, North 
Atlantic Yes N No 

CCMP374 RCC1259 Gulf of Maine, North 
Atlantic Yes N No 

CCMP379  English Channel, 
North Atlantic Yes N No 

CCMP2090  
Coast of South 
America, South 

Pacific 
Yes‡ N No 

CCMP3266 RCC1216 Tasman Sea, South 
Pacific YesX C Yes 

CCMP3268 RCC1217 clonal isolate from 
RCC1216 YesX S Yes 

 
*Calcifying diploid (C), non-calcifying diploid (N), and scale-bearing haploid (S) 
†Co-culture experiments were observed over 30 d without precipitous algal death 
‡The axenic form of the polymicrobial non-calcifying diploid strain CCMP1516 
XCCMP cultures are the only commercially available axenic versions 
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which instead kills both diploid strains, while the haploid cell type escapes EhV-induced lysis 

(Frada et al., 2008). 

3.3.2. Non-calcifying diploid resistance to pathogenesis 

There are a few possible explanations as to why non-calcifying diploid E. huxleyi cells are 

widely resistant to P. inhibens pathogenesis. If survival is due to an algal escape from the 

pathogen, it is likely to be different from the proposed reasons for haploid escape from EhVs. 

These viruses are thought to be incapable of recognizing and infecting the haploid cell type 

(Frada et al., 2008), while EhVs effectively co-opt the metabolic sphingolipid pathway of both 

diploid E. huxleyi’s strains, subsequently inducing PCD (Bidle et al., 2007). It was postulated 

that the haploid scaly coverings or perhaps variation/loss of viral receptor molecules might infer 

this viral resistance of the haploid cell type (Frada et al., 2008). Supporting this theory, slightly 

elevated temperature confers temperature-induced resistance to EhVs by altering the outer 

sphingolipids of representative calcifying and non-calcifying diploid E. huxleyi strains, thereby 

impeding viral recognition and infection of target cells (Kendrick et al., 2014). 

In terms of the bacterial pathogen, attached bacteria are identifiable on all three cell types 

(Figure 3.1), suggesting that the bacteria attach to the non-calcifying algae successfully. 

Alternatively, genetic differences might play an important role in the escape of non-calcifying 

strains. E. huxleyi is a vast species complex with a pan genome, meaning E. huxleyi strains share 

a set of core genes and each have additional variable genes, which enhances E. huxleyi’s 

pronounced intraspecies variability (Read et al., 2013). So, it is possible that genetic differences 

between the sensitive and resistant algal strains might be responsible for this differential 

interaction. Additionally, non-calcifying diploid cells are generated from cultures of calcifying 

diploid cells (Zhang et al., 2016), reportedly due to a series of mutations resulting in, among 

other differences, a malformed coccolith-forming vesicle (van der Wal et al., 1983). Given the 

way non-calcifying diploid strains arise in the population (Zhang et al., 2016), it is possible that 

these non-calcifying strains might also have genetic differences from their calcifying parent 

strains, which might also confer resistance. 

3.3.3. Targeted pathogenesis of P. inhibens against specific cell types of E. huxleyi 

To further investigate the differential pathogenesis of P. inhibens when grown in co-culture 

with E. huxleyi, axenic representative strains of each of the three cell types were used for more 
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Figure 3.1 Brightfield light microscopy of Phaeobacter inhibens attached to non-
calcifying diploid (CCMP2090), diploid calcifying (CCMP3266), and haploid 
(CCMP3268) Emiliania huxleyi strains. Brightfield light microscopy of E. huxleyi: (a) 
control CCMP2090, (b) CCMP2090 co-culture with P. inhibens, (c) control CCMP3266, 
(d) CCMP3266 co-culture with P. inhibens, (e) control CCMP3268, (f) CCMP3268 co-
culture with P. inhibens. P. inhibens cells attached to algal host are indicated by black 
arrows. 

  

(a) (b) 

(c) (d) 

(e) (f) 
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in-depth analysis. The algal strains selected were: 1) calcifying CCMP3266 (the only known 

axenic calcifying strain). 2) haploid CCMP3268 (which was single cell isolated from the newly 

isolated calcifying diploid RCC1216 culture (von Dassow et al., 2014), and 3) non-calcifying 

CCMP2090. Throughout the experiment P. inhibens were easily identifiable attached to each of 

the representative cell types (Figure 3.1). Photosystem II (PSII) health of the algal population 

was monitored throughout the experiment using PAM fluorometry (Figure 3.2), thereby 

detecting declining PSII maximum quantum efficiency (Fv/Fm), which can be the result of 

cellular stress and/or losses of functional PSII centers per cell (Parkhill et al., 2001). 

When grown alone, all three algal cell types (CCMP2090, 3266, and 3268) demonstrated 

stable PSII maximum quantum efficiency (Fv/Fm > 0.5) throughout the experiment (Figure 3.2a-

c). The non-calcifying strain maintained chlorophyll health and functional PSII systems when 

grown alone or in co-culture with P. inhibens (Figure 3.2a). However, when grown in co-culture 

with P. inhibens, both calcifying and non-calcifying haploid strains (CCMP3266 and 3268, 

respectively), experienced an accelerated premature decline in photosystem health (8-10 d) 

(Figure 3.2b,c). The rapid decline of PSII efficiency is intriguing as it has not been observed in 

senescent E. huxleyi cells (Franklin et al., 2012), but is a common feature of EhV-induced death 

of E. huxleyi (Bidle et al., 2007). It is tempting to suggest that this similar E. huxleyi physiology 

(rapid loss of PSII efficiency) during algal death might imply that perhaps E. huxleyi cells in co-

culture with the viral or bacterial pathogen might undergo a similar death process. However, 

investigating this question further would first require elucidating the mechanism of E. huxleyi 

death as a result of P. inhibens pathogenesis. 

3.3.4. Population dynamics of the algae and bacterium in co-culture 

Algal population dynamics when grown axenically and in co-culture with P. inhibens were 

monitored using flow cytometry (Figure 3.3a-c), highlighting the differential pathogenesis of the 

bacterial symbiont. Bacterial population dynamics when grown alone and in co-culture were 

monitored using colony forming units (cfu), demonstrating a population-wide benefit to being 

grown in co-culture with an algal host, regardless of host cell type (Figure 3.3d-f). Under the 

experimental conditions used (algal medium: L1-Si at 18 °C), P. inhibens was able to initially 

grow to a maximum cell density of 105 cfu/mL without a host (Figure 3.3d-f), followed by 

declining cell numbers (6-14 d). However, its growth was greatly enhanced by the presence of E. 

huxleyi, where its population density reached 107 cfu/mL after 14 d in co-culture (Figure 3.3d-f). 



67 

Fi
gu

re
 3

.2
. P

ha
eo

ba
ct

er
 in

hi
be

ns
 a

ff
ec

ts
 th

e 
ph

ot
os

yn
th

et
ic

 h
ea

lth
 o

f E
m

ili
an

ia
 h

ux
le

yi
 c

el
l t

yp
es

: n
on

-c
al

ci
fy

in
g 

d i
pl

oi
d 

C
C

M
P2

09
0,

 d
ip

lo
id

 c
al

ci
fy

in
g 

C
C

M
P3

26
6,

 a
nd

 h
ap

lo
id

 C
C

M
P3

26
8.

 T
he

 m
ax

im
um

 q
ua

nt
um

 e
ffi

ci
en

cy
 (F

v/F
m

) 
is

 sh
ow

n 
fo

r a
xe

ni
c 

co
nt

ro
ls

 (w
hi

te
) a

nd
 c

o-
cu

ltu
re

 e
xp

er
im

en
ts

 (b
la

ck
) f

or
 a

ll 
th

re
e 

te
st

ed
 c

el
l t

yp
es

: (
a)

 C
C

M
P2

09
0 

(c
irc

le
s)

, (
b)

 C
C

M
P3

26
6 

(tr
ia

ng
le

s)
 a

nd
 (c

) C
C

M
P3

26
8 

(in
ve

rte
d 

tri
an

gl
es

). 
Tr

ip
lic

at
e 

w
el

ls
 w

er
e 

ru
n,

 e
rro

r b
ar

s r
ep

re
se

nt
 ±

1 
st

an
da

rd
 e

rr
or

. A
n 

as
te

ris
k 

(*
) a

t a
 ti

m
e 

po
in

t i
nd

ic
at

es
 th

at
 th

e 
co

-c
ul

tu
re

 (b
la

ck
) i

s s
ig

ni
fic

an
tly

 d
iff

er
en

t f
ro

m
 th

e 
co

or
es

po
nd

in
g 

co
nt

ro
l (

w
hi

te
). 



68 

Fi
gu

re
 3

.3
. C

o-
cu

ltu
ri

ng
 e

xp
er

im
en

t o
f P

ha
eo

ba
ct

er
 in

hi
be

ns
 w

ith
 th

re
e 

Em
ili

an
ia

 h
ux

le
yi

 c
el

l 
ty

pe
s:

 n
on

-c
al

ci
fy

in
g 

di
pl

oi
d 

C
C

M
P2

09
0,

 d
ip

lo
id

 c
al

ci
fy

in
g 

C
C

M
P3

26
6,

 a
nd

 h
ap

lo
id

 
C

C
M

P3
26

8.
 A

lg
al

 c
el

l c
ou

nt
s (

ce
lls

/m
L)

 w
er

e 
pe

rfo
rm

ed
 u

si
ng

 fl
ow

 c
yt

om
et

ry
 fo

r (
a)

 
C

C
M

P2
09

0 
(c

irc
le

s)
, (

b)
 C

C
M

P3
26

6 
(tr

ia
ng

le
s)

, a
nd

 (c
) C

C
M

P3
26

8 
(u

ps
id

e 
do

w
n 

tri
an

gl
es

) f
or

 
bo

th
 a

x e
ni

c 
co

nt
ro

l (
w

hi
te

) a
nd

 g
ro

w
n 

in
 c

o-
c u

ltu
re

 w
ith

 P
. i

nh
i b

en
s (

bl
a c

k)
. B

a c
te

ria
l c

ou
nt

s 
(c

fu
/m

L)
 w

er
e 

pe
rfo

rm
ed

 o
n 

P.
 in

hi
be

ns
 c

ul
tu

re
d 

in
 a

lg
al

 m
ed

iu
m

 (w
hi

te
 sq

ua
re

s)
 a

nd
 c

o-
cu

ltu
re

d 
w

ith
 th

e 
al

ga
e:

 (d
) C

C
M

P2
09

0 
(b

la
ck

 c
irc

le
s)

 (e
) C

C
M

P3
26

6 
(b

la
ck

 tr
ia

ng
le

s)
, a

nd
 (f

) C
C

M
P3

26
8 

(b
la

ck
 u

ps
id

e-
do

w
n 

tri
an

gl
es

). 
Tr

ip
lic

at
e 

w
el

ls
 w

er
e 

ru
n,

 e
rro

r b
ar

s r
ep

re
se

nt
 ±

1 
st

an
da

rd
 e

rro
r. 

A
n 

as
te

ris
k 

(*
) a

t a
 ti

m
e 

po
in

t i
nd

ic
at

es
 th

at
 it

 is
 si

gn
ifi

ca
nt

ly
 d

iff
er

en
t t

o 
th

e 
co

nt
ro

l. 



 

69 

Without a host P. inhibens peak cell density was rapidly achieved (2-4 d), whereas with a 

host peak bacterial density occurs after death of the algal host (10-14 d) (Figure 3.3). Prolonged 

monitoring of P. inhibens grown without a host revealed that all bacteria died by 25 d. This 

increased persistence and higher population density of P. inhibens when E. huxleyi is present is 

likely the result of nutrient rich algal exudates (Borchard et al., 2012). Phytoplankton constantly 

leak sugars and oxygen from photosynthesis, as well as other nutrients such as 

dimethylsulfopropionate (DMSP) and amino acids, which are chemoattractants for roseobacters  

(Miller and Belas, 2004; Miller, Hnilicka, et al., 2004). Additionally, DMSP-degrading 

microbes, like P. inhibens, benefit directly from being able to efficiently assimilate the sulfur 

from DMSP directly into bacterial amino acids (González et al., 2000). 

P. inhibens does not influence algal cell numbers for the non-calcifying diploid strain 

CCMP2090 (Figure 3.3a). P. inhibens grown in co-culture with CCMP2090 maintained high cell 

counts (108 cfu/mL) (Figure 3.3d) as long as there was a healthy algal host, until at least 30 d. 

Similarly, related roseobacter pathogen, Ruegeria sp. R11, kills both calcifying and haploid cell 

types, while not affecting non-calcifying diploid CCMP2090 (Mayers et al., 2016). 

CCMP3266 grown alone has exponential growth, until the culture reaches a maximum cell 

density (10 d), which is typical of the growth dynamics of axenic CCMP3266 within the 

microtiter format (Chapter 2). Conversely, when grown with P. inhibens, chlorophyll containing 

algal cells prematurely decline (14 d) compared to the axenic control (Figure 3.3b). A similar 

trend is observed for the haploid CCMP3268 (Figure 3.3c). Grown alone, the culture reaches a 

maximum cell density (6 d), then the algae enters senescence, typified by gradual losses of cell 

numbers and chlorophyll a fluorescence (Franklin et al., 2012). Following gradual senescence, 

control cultures remain alive in stationary phase for the remainder of the experiment; but when 

grown in co-culture with P. inhibens the haploid E. huxleyi strain demonstrates premature losses 

of cells/mL (12 d; Figure 3.3c). This indicates that the pathogen first induces loss of algal 

photosynthetic health (8 d) (Figure 3.2b,c), followed by a rapid decline in the number of 

chlorophyll containing algal cells (12-14 d) (Figure 3.3b,c). 

The benefit to P. inhibens persisted until long after the death of the sensitive algal host (d 12-

14). In fact, P. inhibens grown with CCMP3266 and CCMP3268 maintained high cell counts 

until at least 30 d, when both co-cultures had 106 and 107 cfu/mL, respectively, despite lacking a 

healthy algal host. This would seem to indicate that as algal health and densities of calcifying 
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CCMP3266 and haploid CCMP3268 rapidly decline, the bacteria in co-culture derives a 

population-wide benefit, presumably from increased nutrients released by algal cell lysis (Kolb et 

al., 2013). The benefit to P. inhibens in killing its host makes it an opportunistic pathogen rather 

than a parasite, as parasites can reduce the health of their host but benefit from prolonging the 

host’s life, while P. inhibens causes CCMP3266 and CCMP3268 to die prematurely. 

3.3.5. Haploid cells form a dynamic sub-population of a diploid calcifying cultures 

Initial control experiments were performed to verify the ploidy of our model strains 

CCMP2090 (diploid 2N), CCMP3266 (diploid 2N), and CCMP3268 (haploid 1N) (Paasche et 

al., 1970; Green et al., 1996; von Dassow et al., 2009). While, ploidy analysis is typically 

performed after nuclear extraction, this method has not yet been successful on cultures of 

calcifying E. huxleyi (von Dassow et al., 2009). For this reason, ploidy analysis of calcifying 

strains is routinely performed using stained whole algal cells and then sorting based on the 

relative intensity of the dsDNA-complex after intercalation with the fluorescent stain (dsDNA-

SYBR emission: 520 nm) (Green et al., 1996; von Dassow et al., 2009) (Figure 3.4).  

Ploidy comparisons of all three cell types were performed using whole cell flow cytometry 

analysis of early-log SYBR-I stained E. huxleyi cultures (Green et al., 1996; Medlin et al., 1996; 

Laguna et al., 2001). The high nucleic acid peaks, representing diploid (2N) cells (CCMP2090 

and CCMP3266) appear to have identical nucleic acid content (Figure 3.4). Expectedly, the 

haploid population of CCMP3268 has one prominent low nucleic acid peak (1N), the slightly 

higher peak representing dividing haploid cells with double nucleic acid (2N) (Figure 3.4a).
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Predictably, the mono-culture of haploid cells had nucleic acid that was roughly half of that 

identified in the mono-culture of non-calcifying diploid non-calcifying cells (Green et al., 1996). 

Unexpectedly, this analysis revealed that CCMP3266 is a diploid calcifying strain (2N) that also 

produces a strong 1N peak, which was suspected of including both dividing calcifying cells and 

possibly a dynamic sub-population of haploid non-calcifying cells (1N) (Figure 3.4b). 

Microscopic observation of CCMP3266 grown in co-culture with P. inhibens confirmed the 

presence of flagellated haploid cells in the CCMP3266 culture (Figure 3.5). 

 Figure 3.5. Flagellated algal cells identified within diploid calcifying CCMP3266 
grown in co-culture with Phaeobacter inhibens (4 d). DIC images of CCMP3266 co-
cultured with P. inhibens. Three separate cells (a-c) are shown overlaid with two 
fluorescent channels: 1) chlorophyll auto-fluorescence (red: excitation 610-650 nm; 
emission 670-720 nm) and 2) DNA-DAPI complex fluorescence (blue: excitation 350-400 
nm; emission 417-477 nm). Flagella indicated by black arrows. 

To better understand how the bacterial pathogen might influence this dynamic population of 

calcifying diploid cells and the sub-population of haploid flagellated cells, we tracked the two 

cell types in cultures of CCMP3266 alone and in co-culture with P. inhibens (Figure 3.6). When 

CCMP3266 is grown alone, haploid cells initially represented a high proportion of the population 

(Figure 3.6a). Overtime, this proportion naturally became diploid (2N) dominated (8-14 d), as 

would be expected of a calcifying E. huxleyi culture. However, in the co-culture, there appears to 

be a more rapid switch away from haploid cells (2-6 d, Figure 3.6b), which might suggest that P. 

inhibens is able to change the population structure of E. huxleyi. Haploid cells are vulnerable to 

P. inhibens, but the timing of death is comparable to CCMP3266, suggesting that P. inhibens is

not prematurely killing the haploid population, but that the bacterium might be decreasing the 

proportion of haploid cells in this dynamic population by either limiting mitosis of haploid cells 

or meiosis of calcifying diploid cells. 
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Figure 3.6. The influence of Phaeobacter inhibens on haploid and diploid population 
dynamics in diploid calcifying Emiliania huxleyi strain CCMP3266. The relative 
proportion of 1N and 2N cells was determined by flow cytometry of SYBR-DNA complex 
intensity (520 nm) for the (a) CCMP3266 axenic culture (white) and (b) the CCMP3266-P. 
inhibens co-culture (black). The histograms show relative proportion of haploid (1N) 
compared to diploid (2N) cells. # denotes where algal cells are no longer chlorophyll-
containing or of the expected size of E. huxleyi. 
 

This finding might imply that bacterial interaction with calcifying diploid and haploid cells 

might alter the proportions of haploid cells that are present within calcifying cultures. Dynamic 

calcifying cultures (with identifiable haploid cells) have been reported before in studies tracking  

the viral pathogen’s interaction with calcifying cultures (Frada et al., 2008). However, the cues 

to signal this transition are not yet understood. When previously identified, the authors suggested 

that either 1) the pathogen was stimulating meiosis of calcifying cells, resulting in a higher  

proportion of haploid cells in the culture or 2) the viral pathogen was targeting the more 

competitive calcifying cell, thereby allowing the sub-population of haploid cells to become 

comparatively more competitive (Frada et al., 2008). In the case of the bacterial pathogen, it 

appears to do the opposite, possibly prematurely limiting the proportion of haploid cells relative 

to calcifying diploid cells. Mechanisms of inducing or halting meiosis of calcifying cells are not
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well understood and more research is required to understand how the bacterial pathogen 

might be arresting meiosis of calcifying cells or mitosis of haploid cells. However, 

halting cell cycle progression is an effective strategy used by bacterial pathogens to 

control eukaryotic host cell proliferation and can directly trigger mitotic arrest and host 

cell death (Coburn et al., 2000; Kurokawa et al., 2010), so it is possible this phenomenon 

is due to P. inhibens’ pathogenic strategy. 

3.3.6. Roseobacticides implicated in killing diploid calcifying and haploid flagellated E. 

huxleyi 

The rapid decline in maximum quantum yield and loss of chlorophyll observed 

throughout CCMP3266 and CCMP3268 cultures at 8-10 d (Figure 3.7) is consistent with 

the physiological response of E. huxleyi to roseobacticides, which can directly cause lysis 

of non-calcifying algal cells (Seyedsayamdost et al., 2011). To test whether 

roseobacticides might be the causative agent of algal death, roseobacticide B was added 

to senescent calcifying diploid and haploid E. huxleyi on day nine (when the bacterium 

causes death of these algae) at half maximal lethal concentration (LC50) of 0.19 μM 

determined for CCMP372 (Seyedsayamdost et al., 2011), as well as tenfold lower and 

higher. Unexpectedly, no death was observed in either of the tested sensitive cell types 

(CCMP3266 or CCMP3268) (Figure 3.7). However, the bacterium attaches to the alga 

(Figure 3.1), so we postulated it might be possible that bacterial attachment might be 

necessary to transfer the roseobacticides at their lethal concentration to the alga. 

To address this question, several P. inhibens transposon mutants with verified 

insertion mutations in essential genes required for roseobacticide synthesis were obtained 

(Wetmore et al., 2015; Wang et al., 2016). Then they were co-cultured with either 

CCMP3266 or CCMP3268 to determine if pathogen induced death was delayed or 

abolished. Death occurred in all co-cultures of the mutants with both CCMP3266 and 

CCMP3268 at the same time and in the same manner as when co-cultured with P. 

inhibens WT (Figure 3.8). This finding demonstrates that roseobacticides are not the only 

causative agent of death in the co-culture between P. inhibens and the tested calcifying 

and haploid strains of E. huxleyi. In fact, this finding is suggestive that there is some 

other, currently unknown, mechanism of P. inhibens pathogenesis. 
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3.4. Conclusion 

A better understanding of how the two sensitive E. huxleyi strains die during this 

interaction is required to shed light on how the non-calcifying diploid strains appear to 

escape pathogenesis. Interestingly, the same non-calcifying strain shown here to be 

resistant to P. inhibens pathogenesis (CCMP2090), is killed by EhVs, which induce 

programmed cell death (PCD) with autophagy of the algal host (Schatz et al., 2014). 

Autophagy, or the genetically programed lysosomal degradation of cellular constituents 

(Kroemer et al., 2009), is a vital part of the host immune response and can infer 

protection against pathogens by ensuring the rapid degradation of bacterial virulence 

factors (Cemma et al., 2012). It is interesting to speculate that the autophagy response of 

CCMP2090 might also protect against bacterial virulence factors by rapidly degrading 

them. However, understanding the complexities of how the sensitive E. huxleyi strains 

die when confronted with P. inhibens is required to better understand this bacterial-algal 

interaction. The goal of this chapter was to elucidate the interaction of P. inhibens with 

all three cell types of E. huxleyi and to determine the role roseobacticides play in P. 

inhibens pathogenesis. The remainder of this thesis will focus in on mechanistically 

describing the pathogenic interaction between P. inhibens and the dominant calcifying 

cell type of E. huxleyi (CCMP3266). 
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 Phaeobacter inhibens induces algal apoptosis-
like-Programmed Cell Death in calcifying 
Emiliania huxleyi 

4.1. Introduction 

Coccolithophores are well known for their precipitation of dissolved bicarbonate to produce 

characteristic ornate calcite disks or coccoliths (Poulton et al., 2010). They are globally 

important bloom-forming algae, frequently forming blooms that cover 100,000-250,000 km2

stretches of the upper ocean (Holligan et al., 1993; Brown et al., 1994). Coccolithophore blooms 

are primarily made up of the ubiquitous species complex of Emiliania huxleyi (Read et al., 

2013), which is the most dominant and smallest coccolithophore in modern oceans (Monteiro et 

al., 2016). These E. huxleyi populations are dominated by coccolith-bearing cells, which 

reproduce rapidly to densities of over 105 cells/mL (Baumann et al., 2008). E. huxleyi bloom 

dynamics (peak density and subsequent crash) are determined by the rates of reproduction and 

losses from the population. These losses occur via gradual senescence—death after peak 

exponential growth (Franklin et al., 2012)—or interactions with predators and pathogens. 

Indeed, the duration of coccolithophore blooms can be dramatically shortened by predation from 

microzooplankton (Harvey et al., 2015) and attack by viruses (Wilson, Tarran and Zubkov, 

2002). The latter can trigger premature collapse of E. huxleyi blooms by inducting algal 

programmed cell death (PCD) (Bidle et al., 2007, 2012; Schatz et al., 2014). Such a role for PCD 

in bloom collapse is not unique to E. huxleyi and has been observed in a number of other 

unicellular phytoplankton such as cyanobacteria (Berman-Frank et al., 2004), diatoms (Berges et 

al., 1998), dinoflagellates (Franklin et al., 2004), and green algae (Segovia et al., 2003). 

PCD is the potentially interruptible process by which an independent cell responds to internal 

or external signals by genetically initiating and biochemically orchestrating its own 

deconstruction. Apoptotic-PCD (or apoptosis) was initially defined as having: 1) a strict reliance 

on the biochemical activity of highly specific proteases called caspases (i.e., cysteine aspartic 

proteases that cleave proteins after aspartic acid residues) and 2) conserved cellular 

morphologies during death (cell shrinkage, chromatin condensation, nuclear blebbing, apoptotic 

bodies, etc. (Lawen, 2003; Kroemer et al., 2009)). Furthermore, the required dependence on 
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caspase activity means that apoptosis can be abolished, or interrupted, by biochemically 

inhibiting the responsible caspases (Chang et al., 2000; Kroemer et al., 2009). 

Caspases have not been identified in non-metazoans, which is why apoptosis was initially 

assumed to be a strictly metazoan process (Chowdhury et al., 2008). However, the identification 

of caspase-like cleavage of peptides in plants and unicellular phytoplankton that lack caspases 

(Chowdhury et al., 2008), led to the recognition of an alternate death process called: apoptosis-

like-PCD (AL-PCD). AL-PCD is now used to describe PCD (with apoptosis morphologies), but 

lacking the hallmark caspase activity (Danon et al., 2000). Instead, AL-PCD can rely on either 

metacaspase or caspase-like protease activities. A few caspase-like molecules have been 

identified in plants, for example  vacuolar processing enzyme (YVADase, caspase-1-like 

(Hatsugai et al., 2015)), proteasomes (DEVDase, caspase-3-like (Hatsugai et al., 2009)), and 

saspases (IETDase, caspase-8-like (Coffeen et al., 2004; Bosch et al., 2007)), along with others 

discussed elsewhere (Reape and McCabe, 2008; Xu et al., 2009; Vartapetian et al., 2011). Which 

explains why some ‘caspase-specific’ probes, such as those used in the current and previous 

studies (Bidle et al., 2007; Mayers et al., 2016), are not in fact specific only for caspases. 

AL-PCD has been implicated as a critical cell death pathway in a variety of unicellular 

phytoplankton and a range of activation mechanisms for AL-PCD have been documented. AL-

PCD can occur in response to various environmental stresses such as nutrient starvation (Bidle et 

al., 2008), oxidative stress (Bidle et al., 2011), or prolonged darkness (Segovia et al., 2003). A 

similar PCD process was also shown to occur in E. huxleyi population in response to infection by 

lytic E. huxleyi viruses (EhVs) (Bratbak et al., 1993; Vardi et al., 2009). During this the process 

the virus upregulates algal directed synthesis of bioactive viral glycosphingolipids (vGSLs), 

which accumulate and subsequently induce increased generation of algal reactive oxygen species 

(ROS) and activate host-directed PCD (Bidle et al., 2007; Rosenwasser et al., 2014; Schatz et 

al., 2014). 

Members of the prolific marine roseobacter clade can sense algal exudates and are closely 

associated with algal blooms in the open ocean (González et al., 2000; Zubkov et al., 2001; 

Segev et al., 2016). The roseobacter Phaeobacter inhibens, for example, has been identified 

within blooming populations of E. huxleyi (Green et al., 2015) and was recently shown to be a 

pathogen of the only known axenic calcifying E. huxleyi culture CCMP3266 (Chapter 3). 

Additionally, P. inhibens produces several algicidal bioactives, like roseochelins (Wang et al., 
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2017), which have been postulated to facilitate pathogenic interactions with calcifying E. 

huxleyi. However, the mechanism of E. huxleyi death in response to the roseobacter pathogen P. 

inhibens has not been elucidated. This work aims to investigate the mechanism of calcifying E. 

huxleyi death during this pathogenic interaction. Given previous findings that EhVs producing a 

bioactive vGSL that triggers E. huxleyi PCD pathways, we propose a similar mechanism of 

pathogenesis might take place in this bacterial-algal interaction. It is tempting to suggest, for 

instance, that P. inhibens bioactives might initiate activation of algal caspase-like molecules, 

which then propagate algal death via AL-PCD. 

4.2. Methods 

4.2.1. Bacterial and algal strains 

The axenic diploid coccolith-bearing Emiliania huxleyi strain CCMP3266, hereafter called E. 

huxleyi, was grown in L1-Si and incubated statically at 18 °C in a diurnal incubator (8:16 hr 

dark-light cycle) (Chapter 2). 

The roseobacter strain used in this study was Phaeobacter inhibens strain DSM17395 (Ruiz-

Ponte et al., 1999; Martens et al., 2006), hereafter called P. inhibens. P. inhibens colonies were 

transferred to 25 mL ½MB and grown to early stationary phase at 18 °C in a shaking incubator 

(160 rpm, 30 hr), as previously described (Chapter 3). 

4.2.2. Algal and bacterial co-cultivation 

E. huxleyi and P. inhibens were co-cultured with 2.6 x 105 cells/mL and 1.2 x 102 cfu/mL,

respectively, at 0 d. Briefly, 1 mL aliquots of control algal and bacterial monocultures, as well as 

experimental co-cultures were aliquoted into triplicate microtiter plate wells, as previously 

described (Chapter 2). The resulting microtiter plates were incubated statically at 18 °C in a 

diurnal incubator and sacrificial sampling was used throughout the experiment. 

4.2.3. Pulse-Amplitude-Modulated (PAM) Fluorometry 

Algal maximum quantum yield (Fv/Fm) is a useful measure of the photosynthetic efficiency 

of the algal Photosystem II (PSII)—chlorophyll a complex to excite and subsequently pass 

electrons to a functional electron transport chain (Schreiber, 1998). All samples were taken at the 

mid-point of the dark cycle and diluted in L1-Si media to within the detection range of the PAM 

fluorometer, as previously described (Chapter 2). 



 

85 

4.2.4. Quantification of reactive oxygen species (ROS) 

Intracellular algal ROS were measured using the membrane permeable 5-(and-6)-

chloromethyl-2’,7’-dichlorodihydrofluorescein diacetate (CM-H2DCFDA; Invitrogen) 

fluorescent ROS probe (Molecular Probes Inc.). The probe diffuses passively into live cells, is 

hydrolyzed by intracellular esterases to 2’,7’-di-chlorohydrofluorescin (DCFDA), and remains 

trapped within the cell. The DCFDA is rapidly oxidized to the fluorescent compound 

dichlorofluorescein (DCF) and DCF staining per algal cell is enumerated using flow cytometry 

(detailed below). Fresh 1 mM stock solutions were made in dimethyl sulfoxide (DMSO) before 

use. Staining conditions used in previous studies indicated that a final concentration of 5 mM 

CM-H2DCFDA followed by a dark incubation for 1 h was effective for staining E. huxleyi cells 

(Evans et al., 2006; Vardi et al., 2012). The same conditions were determined sufficient for the 

E. huxleyi. Flow cytometry was performed using a FACSCalibur equipped with a 488 nm 

excitation laser (Becton Dickinson). Samples were analyzed based on DCF fluorescence per 

algal (green: emission 520 nm) and algal cell size (FSC-A).  

Algal ROS quantification flow cytometry data were processed using FlowJo 9.2, as follows. 

Flow cytometry dot plots portray every counted cell in a different quadrant of the plot based on 

that specific cells size (x axis) and DCF fluorescence signal (y axis), with control E. huxleyi cells 

(black dots) overlaid on top of co-culture cells (orange dots). Algal populations were gated into 

quadrants (q) based on the algal cell forward scatter and DCF fluorescence of a non-stained 5 d 

old axenic E. huxleyi culture. Using this method >95% of non-stained algal cells were 

constrained in q 1, which can be defined as an algal cell without DCF fluorescence. q 2 and q 3 

contained algal cells with decreased size (proportion <10% of the total), and q 4 is defined as 

algal cells of the correct cell size with increased DCF staining (or ROS activity) per algal cell. 

4.2.5. Quantification of IETDase activity 

In vitro caspase-like IETDase (Ile-Glu-Thr-Asp) activity in E. huxleyi cells was measured as 

previously described (Bidle et al., 2007). Briefly, triplicate 950 uL aliquots from control and co-

culture wells were pelleted by centrifugation (14,000 x g, 4 °C, 10 min), immediately flash-

frozen in liquid nitrogen, and stored at -80 °C until processed. Cells were suspended, then a 

subsample was used for protein extraction (extraction buffer: 20 mM Tris pH 8.0, 100 mM NaCl, 

1 mM MgCl2) and Bradford protein assay (BioRad). The remainder of the sample was 
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centrifuged (16,000 x g; room temperature; 2 min), resuspended in caspase activity buffer, and 

sonicated, before pelleting of cellular debris (16,000 x g; room temperature; 2 min). The 

supernatant was then incubated with IETD-AFC (Ile-Glu-Thr-Asp-7-amino-4-

trifluoromethylcoumarin) according to the manufactures instructions (Caspase-8 Activity Kit, 

EMB Millipore). Extracts were incubated for 4 h at 25 °C and fluorescence (excitation 400 nm, 

emission 505 nm) was measured using a Synergy H1 microplate reader (BioTek). In vitro 

caspase activity was successfully abolished (>95%) with the irreversible caspase inhibitor z-

VAD-fmk at a 20 µM final concentration (z-Val-Ala-Asp-fluoromethyl-ketone; Calbiochem), as 

previously described (Bidle et al., 2007). To depict relative increase in active enzymes capable 

of IETDase cleavage, the ratio of IETD cleavage activity in pathogen infected co-culture extracts 

was normalized to IETD cleavage activity in E. huxleyi controls. 

4.2.6. Algal and bacterial cell enumeration 

Aliquots from E. huxleyi control monocultures and co-cultures with P. inhibens were fixed 

for flow cytometry, as described in Chapter 3. Algal cells were fixed using a cross-linking agent 

to ensure that intracellular algal DNA was retained within algal cell membranes, regardless of 

nuclear membrane fractionation (Wlodkowic et al., 2009; Darzynkiewicz et al., 2010). Algal 

cells without an intact cellular membrane (typical of late-stage programed cell death) appeared as 

debris. Flow cytometry was performed using a FACSCalibur equipped with a 488 nm excitation 

laser. Samples were first run using chlorophyll auto-fluorescence for detection then rerun after 

staining with SYBR-I (as described in Chapter 3). Data were processed as described (Chapter 3). 

P. inhibens population density from control (without E. huxleyi) and co-cultivation

experiments were enumerated by drop-plate counting and enumerating counting colony forming 

units (cfu), as previously described (described in Chapter 2, Figure 2.2). 

4.2.7. Inhibition of caspase-like protease activity 

Algal control monocultures and co-cultures with bacteria were grown for 6 d in the microtiter 

plate format; then all wells were mixed carefully with a wide mouth pipette to suspend algal 

cells. Active caspase-like molecules were inhibited in the algal controls or co-cultures using the 

cell permeable and irreversible pan-caspase inhibitor: z-VAD(OMe)-fmk (z-Val-Ala-Asp-

(OMe)-fluoromethyl-ketone). The inhibitor was added in vivo on 6 d at a final concentration of 

20µM v-VAD(OMe)-fmk. 
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4.2.8. Microscopy  

During microtiter plate sampling wells were subsampled for brightfield and epifluorescence 

microscopy. Brightfield images were obtained using Zeiss Axio Scope.A1, equipped with an 

Optronics digital camera and PictureFrame Software Ver 2.3. Epifluorescence images were 

obtained using a Zeiss Axio Imager.M2 microscope, equipped with a monochrome camera 

(AxioCam 506 mono). Active algal caspase-like proteases were visualized using epifluorescence 

microscopy after in vivo staining of cells with the cell permeable, irreversibly binding, 

fluorescent pan-caspase marker (FITC-VAD-fmk, Millipore). The pan-caspase marker binds to 

active caspase and caspase-like proteases (Pozarowski et al., 2003), having both the 

characteristic cysteine—histidine dyad and an available Val-Ala-Asp (VAD) binding site. This 

method has been used effectively to label activated caspase-like molecules in E. huxleyi (Bidle et 

al., 2007; Mayers et al., 2016). Epifluorescence microscopy was also used to image algal 

chlorophyll auto-florescence and to visualize loss of condensed double-stranded DNA (dsDNA) 

bundle when stained with DAPI (4'; 6-Diamidino-2-phenylindole dihydrochloride), which stains 

dsDNA (Jiménez et al., 2009) (DAPI-dsDNA complex: Ex = 364 nm, Em = 454 nm) (Life 

Technologies).  

Unfixed E. huxleyi control and co-culture aliquots were stained with pan-caspase marker 

(FITC-VAD-fmk) and DAPI according to manufacturer’s instructions (30 °C, 20 min), then 

immediately pelleted by centrifugation (5,000 x g, room temperature, 2 min). Cells were gently 

washed twice in filter sterile L1-Si medium and analyzed immediately on the epifluorescence 

microscope. Images were acquired simultaneously for four different channels and overlaid using 

Zen 2 Blue Edition software. Channel 1) differential interference contrast (DIC) channel was 

overlaid each of the following fluorescent channels individually: 2) chlorophyll auto-

fluorescence (red: excitation 610-650 nm; emission 670-720 nm), 3) localization of active 

caspase-like proteases using specific pan-caspase marker: FITC-VAD-FMK (green: excitation 

450-490 nm; emission 515-586 nm, green), 4) Nuclear integrity based on dsDNA-DAPI complex 

fluorescence (blue: excitation 350-400 nm; emission 417-477 nm). Image processing was 

performed using Zeiss software and all four channels for all images were optimized in the same 

way and the colored channels were overlaid with the same DIC image. 
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4.3. Results 

We examined the interaction occurring between marine pathogen P. inhibens and calcifying 

microalga E. huxleyi. To do this, we grew these two organisms alone and together in prolonged 

co-culture. During this co-culture it was established that the bacterial pathogen induced an 

accelerated loss of functional PSII systems (8 to 12 d, Figure 4.1a). Next, we investigated the 

mechanism of algal death by first assessing ROS concentrations in the algal population. 

4.3.1. P. inhibens enhanced ROS generation in E. huxleyi co-cultures 

Briefly, the non-fluorescent cell permeable indicator of intracellular ROS (CM-H2DCFDA) 

was added to algal cultures, rapidly hydrolyzed by intracellular algal esterases, and retained in 

the cytoplasm where it reacts with algal ROS, resulting in intracellular fluorescent DCF. 

Therefore, more algal esterases and ROS in a given algal cell is directly correlated to higher DCF 

fluorescence per algal cell. Algal cells shifting from q1 (baseline DCF fluorescence) into q 4 

(elevated DCF fluorescence) are demonstrating an increase in DCF fluorescence or ROS per 

algal cell. 

Algal control populations are not free of ROS staining (q1; Figure 4.1b-g), even though they 

maintained a high maximum potential yield (>0.6) for the duration of the experiment (Figure 

4.1a). The proportion of control algal cells with intracellular ROS activity increases on day 6, but 

never surpasses 38.4% of the population (Figure 4.1c, q1). The co-cultures, on the other hand, 

routinely have both higher proportions of cells stained positive for ROS and more DCF 

fluorescence per individual algal cell, as indicated by the vertical shift in orange dots (Figure 4.1; 

q4). As the photosynthetic health of the algal population begins to decline (10 d), the proportion 

of algal cells in co-culture containing DCF fluorescence increases dramatically to 74.9% (Figure 

4.1a,e). At that time, only 18.9% of the remaining algal cells in co-culture have baseline levels of 

DCF fluorescence, and by day 12 that number drops to 13.7% of the remaining population 

(Figure 4.1e,f). 



 

89 

 
 



90 

Figure 4.1. Elevated Reactive Oxygen Species (ROS) per algal cell grown in co-culture 
with Phaeobacter inhibens. Control cultures of E. huxleyi and co-cultures of E. huxleyi 
grown with P. inhibens were assessed for (a) PSII maximum quantum efficiency levels and 
then immediately stained with General Oxidative Stress Indicator (CM-H2DCFDA) to 
detect algal ROS. Samples were then immediately assessed via flow cytometry (excitation 
488 nm, emission 520 nm) and cell size (FSC-A). Data for control E. huxleyi cells (black dot 
plots) overlaid above co-culture of E. huxleyi and P. inhibens algal cells (orange dot plots): 
(b) 4 d, (c) 6 d, (d) 8 d, (e) 10 d, (f) 12 d, and (g) 14 d. The density of the dots is proportional
to the density of the detections events. Flow cytometry events were counted and gated based
on algal control cell size (FSC-A) and non-ROS stained control algal cells. The vertical and
horizontal quadrants are based on >95% of non-ROS-stained algal cells being in quadrant 1 (q
1). Cells to the left of the vertical line show loss of algal cell size (FSC-A) and are therefore
considered dead regardless of ROS staining (q2 and q3 total < 10% of cells counted). The
proportions control or co-culture E. huxleyi cells present in either q1 (healthy) or q4 (elevated
ROS) are labeled in the lower or upper corner of the dot plots, respectively.

4.3.2. Caspase-like activities in co-cultures 

Next, we assessed algal control and co-culture populations for a relative increase of predicted 

caspase-like activities (i.e., IETDase) in the algal population due to co-culture with P. inhibens. 

The relative increase in algal IETDase identified in co-cultures is not significant between 0 and 8 

d. However, as the PSII of algal hosts crashed (10 d, Figure 4.1a) there was a simultaneous four-

fold increase of IETDase activity in the co-culture relative to the axenic control (Figure 4.2). 

Concurrently, there was an increase in morphological and physiological features of AL-PCD 

throughout the algal population. Throughout the experiment, algal monocultures retained a tight 

packet of dsDNA, visible chlorophyll autofluorescence, and had no visible FITC-VAD-fmk 

labeling (Figure 4.3a-d). Algal cells grown in co-culture, on the other hand, began displaying 

apoptotic-like morphologies, such as nuclear blebbing-like, as early as day 8 (Figure 4.4). 

Nuclear blebbing was followed by signs of active caspase-like molecules localized to the algal 

chloroplasts (9 d) (Figure 4.5). By day 10 E. huxleyi cells grown with P. inhibens showed signs 

of having one or more AL-PCD morphologies (Figure 4.3). Occasionally, cells with visible 

autofluorescence and FITC-VAD-fmk labeling were still identifiable on day 10 (Figure 4.3, 

white arrows). Complete loss of algal chlorophyll autofluorescence often coincides with loss of a 

condensed nucleus, indicating that chloroplast DNA is likely part of the extra-nuclear DNA 

observed filling the cells (Figure 4.3). As death progressed autofluorescence disappeared, and 
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Figure 4.2. Relative increase in IETDase activity in Emiliania huxleyi grown in co-
culture with Phaeobacter inhibens. In vitro caspase-like IETDase (Ile-Glu-Thr-Asp) 
activity in E. huxleyi control and co-cultures was measured using Caspase-8 Activity Kit 
(EMB Millipore). The ratio of IETD cleavage in pathogen infected co-culture extracts 
was normalized to IETD cleavage activity in algal control to depict relative increase in 
algal enzymes capable of IETDase cleavage. Non-inhibited co-culture and control 
IETDase (black bars) were measured throughout the experiment, displayed as a ratio to 
show relative increase. After adding the pan-caspase inhibitor to control and co-cultures 
on 6 d, inhibited samples were also assessed for IETDase (grey bars). Error bars = ± SE 
of counts for triplicate wells. 

 



92 

Figure 4.3. Visualization of morphological indicators of AL-PCD in Emiliania huxleyi 
cells when grown in co-culture with Phaeobacter inhibens. 1) DIC images of algal 
control (10 d) (a) and three different co-cultures (1a-3a). Simultaneous images of DIC and 
three indivitually overlaid fluorescent channels (10 d): 2) dsDNA-DAPI complex (DNA 
localization) (blue: excitation 350-400 nm; emission 417-477 nm) of algal control (b) and 
co-cultures (1b-3b). 3) autofluorescence (red: excitation 610-650 nm; emission 670-720 
nm) of algal control (c) and co-cultures (1c-3c), 4) pan-caspase marker (v-VAD-FMK) 
highlighting active caspase-like proteases (green: excitation 450-490 nm; emission 515-586 
nm) of algal control (d) and co-cultures (1d-3d). Scale bar is 5 µm. White arrows pointing 
out algal cells in the early stages of death (indicated by tight packet of dsDNA and healthy 
chloroplast autofluorescence (red). DAPI stained P. inhibens cell attached to algal host 
indicated by black arrows. 



93 

Fi
gu

re
 4

.4
. P

ha
eo

ba
ct

er
 in

hi
be

ns
 in

du
ce

s n
uc

le
ar

 b
le

bb
in

g 
in

 E
m

ili
an

ia
 h

ux
le

yi
. E

pi
flu

or
es

ce
nc

e 
m

ic
ro

sc
op

y 
of

 c
o-

cu
ltu

re
 (8

 
d)

: o
ve

rla
id

 w
ith

 c
hl

or
op

hy
ll 

au
to

-f
lu

or
es

ce
nc

e 
(r

ed
: e

m
is

si
on

 6
70

-7
20

 n
m

) a
nd

 d
sD

N
A

—
D

A
PI

 st
ai

n 
co

m
pl

ex
 fl

uo
re

sc
en

ce
 (b

lu
e:

 
em

is
si

on
 4

17
-4

77
 n

m
). 

E.
 h

ux
le

yi
 c

el
ls

 w
he

re
 n

uc
lu

ea
r m

em
br

an
e 

ap
pe

ar
s t

o 
be

 b
le

bb
in

g 
ar

e 
in

di
ca

te
d 

by
 B

 a
nd

 c
on

de
ns

ed
 p

ac
ke

t 
of

 n
uc

le
ar

 m
at

er
ia

, t
yp

ic
al

 o
f h

ea
lth

y 
ce

lls
 is

 in
di

ca
te

d 
by

 H
. S

ca
le

 b
ar

 is
 5

 µ
m

. 



94 

Figure 4.5. Early localization of active caspase-like molecules within algal 
chloroplasts (9 d). Three E. huxleyi cells grown in co-culture with P. inhibens 
(co-culture 1-3), shown. Each cell has three simultaneous images taken: (a) 
DIC alone, (b) DIC overlayed with chlorophyll autofluorescence (red: 
excitation 610-650 nm; emission 670-720 nm), and (c) DIC overlayed with 
(green: excitation 450-490 nm; emission 515-586 nm), to show fluorescence of 
active caspase-like proteases stained with specific pan-caspase marker: v-
VAD-fmk (green). Scale bar is 5 µm. 
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both extra-nuclear DNA and FITC-VAD-fmk labeling routinely filled entire algal cells (Figure 

4.3, 1d-3d). 

4.3.3. Inhibition of caspase-like activity restores PSII efficiency 

The pathogenic interaction was assessed by tracking algal PSII maximum quantum efficiency 

(Fv/Fm) throughout the experiment (Figure 4.6). While grown in monoculture, E. huxleyi 

displayed high photosynthetic efficiency throughout the 14 d experiment (maximum quantum 

yield: >0.55; Figure 4.6a). During the first six days of growth with P. inhibens, E. huxleyi 

photosystem efficiency was not statistically different and healthy algal cells with 

autofluorescence and attached bacteria were readily identified (Figure 4.6b,c, white arrows). 

However, E. huxleyi grown in co-culture exhibited slightly lower maximum quantum efficiency 

and as the co-culture progressed, the PSII damage became irreparably damaged (10 d; Figure 

4.6a).To establish bacterial induction of algal AL-PCD we next attempted to biochemically 

inhibit the caspase-like molecules responsible for propagating AL-PCD. When the pan-caspase 

inhibitor was added on 6 d to control algal cultures, there was no statistically significant effect on 

algal PSII efficiency (Figure 4.6a, inverted triangles). However, pan-caspase inhibition of co-

cultures completely abolished P. inhibens induced damage to the photosystem efficiency of algal 

host E. huxleyi (Figure 4.6a). Importantly, the irreversible pan-caspase inhibitor that abolished 

algal death also abolished IETDase activities (Figure 4.2). 

4.3.4. Pan-caspase inhibition abolishes P. inhibens-induced AL-PCD 

E. huxleyi cell density in control monocultures and co-cultures with P. inhibens was 

exponential (0-6 d), followed by a period of gradual algal senescence typified by limited algal 

cell losses after peak exponential growth (6 to 9 d; Figure 4.7a). The algal-bacterial co-cultures 

displayed a slightly accelerated exponential peak and then remain stable until day 9. As the algal 

controls and co-cultures enter late-senescence (9 d), the co-cultures rapidly undergo a 

population-wide algal cell death event, irreversibly losing over 90% of the algal cells from the 

population in <24 hr (9-10 d; Figure 4.7a). The timing of this massive cell death event occurs in 

conjunction with the loss of functional PSII systems (Figure 4.6a). While the E. huxleyi control 

cultures rapidly rebound after the period of limited losses, the algal cells grown in co-culture 

continue to irreversibly decline. Membrane integrity is maintained in the few algal cells 
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Figure 4.6. Emiliania huxleyi Photosystem II (PSII) maximum quantum efficiency when 
grown alone or in co-culture with Phaeobacter inhibens. (a) Algal PSII maximum quantum 
efficiency (Fv/Fm) of axenic E. huxleyi (white circles) and co-culture with P. inhibens (back 
circles). Cell permeable pan-caspase inhibitor added in vivo on day 6 at 20 µM z-VAD-
(OMe)-fmk (black arrow), from that point on pan-caspase inhibited control E. huxleyi (light 
grey inverted triangles) and co- co-culture with P. inhibens (black inverted triangles) were 
also measured. Error bars = ± SE of counts for triplicate wells. An asterix (*) indicates that 
algal co-culture Fv/Fm is statistically different from the Fv/Fm of the non-inhibited algal 
control. Statistics done using SigmaPlot 12 with a Student’s T-test, p value <0.001. 
Epifluorescence microscopy of co-culture on 6 d: differential interference contrast (DIC) 
image overlaid with (b) chlorophyll auto-fluorescence (red: emission 670-720 nm) and (c) 
dsDNA—DAPI stain complex fluorescence (blue: emission 417-477 nm). P. inhibens cells 
indicated by black arrows. Scale bar is 5 µm. 
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remaining in the co-culture, until after the loss of all functional PSII systems (11 to 14 d, Figure 

4.6a). Again, pan-caspase inhibition on day 6 did not alter algal control population dynamics, but 

once again abolished E. huxleyi cell losses from the inhibited co-culture (10 to 14 d; Figure 

4.7a). 

4.3.5. Population density of P. inhibens with and without an algal host 

Bacterial monocultures grown in sterile seawater L1-Si algal media, rapidly reached 105 

cfu/mL and then gradually declined throughout the experiment (Figure 4.7b). As early as day 2, 

P. inhibens grown in co-culture with E. huxleyi demonstrated a statistically significant increase 

in overall bacterial load compared to the bacteria grown alone (Figure 4.7b). As the algal hosts 

die (9 to 10 d; Figure 4.7a), the bacterial population of the co-culture experiences an impressive 

1.9 fold jump in P. inhibens cfu/mL (Figure 4.7b). This extension of exponential growth of the 

pathogen coincides with the massive death event of the algal hosts (10 d, Figure 4.7a). The pan-

caspase inhibitor, added at d 6 was not detrimental to the pathogen, which displayed a similar 

population size in the uninhibited co-culture until 8 d. As algae in the uninhibited co-culture died 

(10 d), the bacteria experienced an increase in population density. Interestingly, the bacterial 

population in the pan-caspase inhibited co-culture, where no algal death occurred (Figure 4.7a), 

remained in stationary phase for the rest of the experiment (Figure 4.7b). 

4.3.6. DNA loss per algal cell during late-stage AL-PCD  

We next attempted to evaluate the DNA content per algal cell for the algal population using 

flow cytometry. On day 8 the DNA content per algal cell in controls (black) and co-cultures 

(blue) is roughly equivalent (Figure 4.8a). The initial decline in algal cells/mL in co-culture 

occurs when the majority of algal cells die on d 10 (Figure 4.7a). After this point, the remaining 

algal cells in co-culture have fractional dsDNA content per cell (blue) compared to control algal 

cells (black) (Figure 4.8b,c,e,f). This dramatic loss of DNA content per cell is depicted first by 

the vertical shift downward of algal cells in co-culture (blue dots) compared to control (black 

dots) (10-12 d, Figure 4.8b,c). These data are subsequently depicted as histograms on a 

logarithmic scale to show the shift left (toward lower dsDNA content) in co-culture cells (blue) 

compared to the dsDNA content of control cells (black) (Figure 4.8f). As E. huxleyi cells begin 

to display reduced dsDNA content per cell (12 d), the algal cells from co-cultures all lack a 
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Figure 4.8. Loss of DNA content per Emiliania huxleyi cell during prolonged co-culture 
with Phaeobacter inhibens. Control cultures of E. huxleyi and co-cultures of E. huxleyi 
grown with P. inhibens were assessed for DNA content after standing with DNA specific 
SYBR green stain (520 nm) and cell size (FSC-A) using flow cytometry and shown on the 
logarithmic scale. Data for axenic E. huxleyi cells are represented by black dot plots, while 
co-culture of E. huxleyi and P. inhibens algal cells are represented in blue dot plots: (a) 8 d, 
(b) 10 d, and (c) 12 d. The density of the dots is proportional to the density of the detections 
events. Histograms of cell number (y-axis) and SYBR stained DNA content per counted 
cell on a logarithmic scale (x-axis) for co-cultures (blue) compared to controls (grey): (d) 8 
d, (e) 10 d, and (f) 12 d. Images show day 12 control (g) and co-culture (h-j) images on day 
12, show DIC overlaid with dsDNA-DAPI stain (blue: excitation 350-400 nm; emission 
417-477 nm). 
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condensed nucleus (Figure 4.8h-j). At this point, calcified cells (and coccolith-free diploid cells) 

both begin showing signs of visibly broken membranes (Figure 4.8h-j, white arrows). 

4.4. Discussion 

The current work has established that bacterial pathogen P. inhibens dynamically interacts 

with its calcifying microalga host. During the interaction the alga experiences increased 

generation of ROS, subsequent loss of PSII function, and elevation of caspase-like activities. 

However, inhibition of caspase-like molecules rescues the algal population from bacterial 

induced death, thereby biochemically confirming that the E. huxleyi population dies via  

AL-PCD. Finally, during late-stage AL-PCD we assessed the algal population for loss of DNA 

per algal cell, as a way of confirming a state of algal death (Kroemer et al., 2009). 

4.4.1. P. inhibens induces AL-PCD in E. huxleyi 

It is important to remember here that AL-PCD mediated cell death (like apoptosis-PCD) is a 

stochastic process, not a synchronous process (Kroemer et al., 2009), so at a given time varying 

proportions of the unicellular population are at various stages of the AL-PCD process. 

Furthermore, the progression from lacking AL-PCD markers to expressing one or more AL-PCD 

markers and subsequently succumbing to cell death is very rapid (<24 hr) (Figure 4.9). The current 

study biochemically and physiologically characterizes P. inhibens induced AL-PCD in E. huxleyi 

(Figure 4.9). Biochemical inhibition of caspase-like molecules abolished pathogen induced death, 

demonstrating that caspase-like activity is required for algal death. Rescuing viral infected cultures 

from death using pan-caspase inhibition has not been successfully in haptophytes (Ray et al., 

2014), including E. huxleyi (Bidle et al., 2007). However, the same pan-caspase inhibitor (z-

VAD(OMe)-fmk) has successfully abolished AL-PCD in other phytoplankton populations 

including cyanobacteria (Berman-Frank et al., 2004), green algae (Segovia et al., 2003), and 

diatoms (Bidle et al., 2008). The fact that the pan-caspase inhibitor completely abolished bacterial 

induced E. huxleyi death in this study confirms that the pathogen induced AL-PCD is dependent 

on algal caspase-like molecules (9-10 d). 

As the pathogen induces the massive algal death event, the bacterial population appears to re-

enter exponential growth, with a 1.9 fold increase in cfu/mL (9-10 d; Figure 4.7). This 

population-wide increase can be explained by the pathogen benefiting from the death of their 

calcifying algal hosts. The pathogen population in the pan-caspase inhibited populations, where 
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Figure 4.9. Schematic diagram demonstrating the progression ofEmiliania huxleyi AL-
PCD morphologies and physiologies during co-culture with Phaeobacter inhibens. 
Control cultures of E. huxleyi (green) remain healthy. Co-cultures of E. huxleyi grown with P. 
inhibens (attached pink) display AL-PCD morphologies: spike in ROS (d 6), nuclear blebbing 
and active caspase-like molecules (green star) localized to the chloroplasts (9 d), loss of 
chlorophyll autofluorescence (9 d), then caspase-like activities are visible filling the cell and 
tight packet of dsDNA is lost, while coccolithosphere and/or cell membrane retains structure 
(10 d).
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the algal hosts remain healthy do not display this increase in population size (Figure 4.7b). This 

supports previous suggestions that pathogen-induced algal AL-PCD may alter the way algal 

metabolites flow through the marine ecosystem, possibly accelerating the transfer of DOM to 

heterotrophic microbes (Berman-Frank et al., 2004; Thornton, 2014). 

4.4.2. ROS generation in control E. huxleyi cultures 

ROS generation in viral infected E. huxleyi cultures appears to be a critical (Evans et al., 

2007; Sheyn et al., 2016) or even required step in the death process (Schatz et al., 2014). When 

the intracellular generation of ROS exceeds the organism’s elimination capacity, the ROS 

become toxic to the cell (Evans et al., 2006). Given the importance of ROS during viral infection 

of E. huxleyi we wanted to track ROS generation in control and co-cultures. Algal senescence of 

control cultures is preceded by elevated ROS (6-9 d) (Figure 4.1), but not inhibited by the pan-

caspase inhibition (Figure 4.7), which is suggestive of autophagy (Kroemer et al., 2009). In fact, 

ROS induced autophagy-like processes, which then degrade the ROS generating chloroplasts has 

been identified before for plants and other algal species (Perez-Perez et al., 2012). Importantly, 

this period of algal senescence of control cultures is directly mirrored in the algal populations 

grown in co-culture and with the pan-caspase inhibitor (Figure 4.7a). These findings are 

suggestive that E. huxleyi may rely more on a ROS dependent or autophagy-like process to 

regulate algal senescence of cultures rather than AL-PCD. Additionally, autophagy inhibitors 

have successfully abolished viral induced autophagy of tested E. huxleyi strains (Schatz et al., 

2014), so it would be interesting to see if the same inhibitors might delay or abolish E. huxleyi 

senescence of control cultures. 

4.4.3. Potential interplay between ROS and AL-PCD 

Chloroplasts are particularly sensitive to ROS damage, because when electrons escape the 

photosynthetic electron transport chain, they quickly encounter O2 in the chloroplasts, generating 

superoxide radicals (O2
•‾) (Chen et al., 2004). Buildup of algal ROS precedes loss of maximum 

quantum efficiency in viral infected E. huxleyi cultures (Sheyn et al., 2016), just as it does in P. 

inhibens-E. huxleyi co-cultures (Figure 4.1). However, once caspase-like molecules, localized to 

the chloroplasts, begin to be activated (9 d, Figure 4.5), the progression to population-wide death 

is rapid (<24 hr) (10 d, Figure 4.7). This timing fits with previous reports that activation of 

caspase-like molecules is the point of no return for AL-PCD, because only 24 h after the peak 
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activation of caspase-like molecules the majority of the algal population dies. The timing of 

these events is suggestive of potential chloroplast involvement in the AL-PCD of E. huxleyi, 

particularly because active caspase-like molecules appeared in the chloroplasts before IETDase 

activity spiked (Figure 4.2). 

It is tempting to suggest that some type of dynamic interplay might be occurring between 

ROS and caspase-like molecules in E. huxleyi co-cultures. Interestingly, in plant systems, ROS 

generated from the chloroplasts can escape the chloroplasts and become deadly signaling 

molecules directly activating caspase-like molecules, thereby amplifying AL-PCD (De Jong et 

al., 2002; Ambastha et al., 2015). Or conversely, activation of caspase-like molecules can act as 

a positive feedback to increase release of ROS from chloroplasts (De Jong et al., 2002). Given 

the findings presented here, it is not possible to decipher between these possibilities: 1) ROS 

generated from the chloroplasts activate caspase-like molecules inducing AL-PCD or 2) caspase-

like molecules act as a positive feedback increasing generation and release of ROS. 

4.4.4. E. huxleyi loss of DNA content per cell 

One overlap between metazoan apoptotic morphologies and those identified in algal AL-

PCD is the rapid progression from condensed nucleus to subsequent loss of DNA content per 

cell. In unicellular algae this phenomenon was first noted in chlorophytes Dunaliella tertiolecta 

and Chlamydomonas reinhardtii (Segovia et al., 2003; Moharikar et al., 2006; Jiménez et al., 

2009). During C. reinhardtii AL-PCD, nuclear blebbing quickly progresses to DNA 

disintegrating and diffusing out of the nucleus filling the whole cell (Moharikar et al., 2006), 

which is reminiscent of what occurs throughout E. huxleyi co-cultures (10 d, Figure 4.3). 

Additionally, rapid degradation and recycling of cellular DNA can quickly result in deficit in 

DNA content per cell (Bethke, 1999; Darzynkiewicz et al., 2010; Mayers et al., 2016), due to the 

degradation of intracellular DNA, as seen in E. huxleyi (Figure 4.8). 

4.4.5. Lack of apoptosis bodies during AL-PCD 

As previously discussed, not all classical apoptosis morphologies are mirrored during the 

process of AL-PCD. Late-stage membrane blebbing into apoptotic bodies is considered one of 

the hallmark morphologies of apoptosis (Kerr et al., 1972), but is not a common feature of plants 

undergoing AL-PCD (Fath et al., 2000; Reape, Molony, et al., 2008). The lack of membrane 

blebbing of calcifying E. huxleyi is likely due to the presence of several layers of rigid coccoliths 
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surrounding the cell. A similar phenomenon was seen in during late-stage D. tertiolecta AL-

PCD, and was explained by noting that D. tertiolecta’s rigid outer cell envelope likely maintains 

membrane integrity into late-stage AL-PCD (Krishnamurthy et al., 2000; Segovia et al., 2003). 

4.4.6. How viral and bacterial pathogenesis of E. huxleyi differ 

Pathogens have a plethora of strategies allowing them to manipulate and control the fate of a 

host cell by hijacking the cellular process of PCD (Gao et al., 2000; Zhou et al., 2015; Mukhtar et 

al., 2016). For instance, viruses can delay eukaryotic apoptosis, rerouting the cell to the slower 

process of autophagy (Müller et al., 2001; Blaho, 2004). Autophagy is a major degradation and 

recycling system requiring the packaging of cellular constituents into autophagy lysosome vesicles 

that are degraded intracellularly (Van Doorn et al., 2005), which benefits viruses by indirectly 

supporting the production and release of virions (Blaho, 2004). Viral rerouting of AL-PCD to 

autophagy might explain why the timing of viral-induced collapse of E. huxleyi cultures tends to 

occur at a steady rate over three to five days (Bidle et al., 2007; Schatz et al., 2014), much longer 

than P. inhibens killing. Additionally, while biochemical inhibition abolishes bacterial induction 

of AL-PCD, viral killing of E. huxleyi is delayed, rather than abolished, by the same pan-caspase 

inhibitor (Bidle et al., 2007). This is suggestive that viral lysis is not strictly dependent on caspase-

like molecules as is P. inhibens pathogenesis of E. huxleyi. 

Finally, recent studies of a non-calcifying strain of E. huxleyi (CCMP2090) infected with a virus 

(EhV201), describe viral induction of autophagy-PCD (abolished by autophagy inhibitors) (Schatz 

et al., 2014). Interestingly, the same non-calcifying E. huxleyi strain (CCMP2090) was recently 

shown to be resistant to bacterial infection by the widespread roseobacter pathogens Ruegeria R11 

and P. inhibens (Mayers et al., 2016; Chapter 3). Autophagy has also been found to have a 

protective role in cells, by rapidly degrading virulence factors, such as those released by pathogenic 

bacteria (Cemma et al., 2012). This suggests that the ability of non-calcifying diploid E. huxleyi 

to undergo autophagy might protect them against certain bacterial pathogens (Mayers et al., 2016; 

Chapter 3). 

Interestingly, genome sequencing of P. inhibens revealed the presence of a chromosomally 

encoded T4SS (Thole et al., 2012). Bacterial T4SS are versatile virulence machines, some classes 

of which transport effector molecules into target host cells to modulate host processes (Christie et 

al., 2014). In fact, there are examples of intracellular and extracellular bacteria manipulating host 

PCD processes by translocating T3SS or T4SS effectors that induce mammalian apoptotic-PCD 



 

105 

(Schulein et al., 2006; Banga et al., 2007; Niu et al., 2010). So, it is tempting to suggest that might 

be the mechanism of inducing algal AL-PCD identified in this study. 

4.4.7. Conclusion 

Emiliania huxleyi bloom collapse is frequently attributed to various intracellular 

coccolithoviruses, which infect blooming populations of E. huxleyi in the open ocean (Frada et 

al., 2012). However, the associated bacterial consortia are frequently overlooked, even though 

marine pathogens, such as those from the roseobacter clade, can track algal populations and 

sense and respond to algal exudates (Green et al., 2015; Segev et al., 2016). The demonstration 

of bacteria inducing rapid AL-PCD in algal populations, is a reminder that bacterial pathogens 

may play a key role in determining how algal metabolites flow through the marine ecosystem 

into the microbial loop. As ocean temperatures continue to rise, viral pathogens might become 

less of a threat to the longevity of E. huxleyi blooms, as viral resistance is enhanced with 

increasing temperatures (Kendrick et al., 2014). Conversely, roseobacter pathogens have been 

recently found to have enhanced pathogenesis of E. huxleyi at higher temperatures (Mayers et 

al., 2016), indicating that certain marine pathogens might begin to occupy larger pathogenic 

niches in light of increasing ocean temperatures. 
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 Phaeobacter inhibens Type IV Secretion 
System facilitates pathogenesis of calcifying 
Emiliania huxleyi 

5.1. Introduction 

Calcifying phytoplankton, such as coccolithophores, are important drivers of the marine 

carbon cycle. They fix dissolved inorganic carbon into organic carbon and precipitate dissolved 

bicarbonate into delicate calcite disks or coccoliths. Coccolithophore blooms are easy to track in 

the upper ocean because their calcite coccoliths scatter light characteristically, highlighting vast 

million kilometer patches of coccolith rich algal blooms (Holligan et al., 1993; Tyrrell et al., 

2009). Coccolithophore blooms—dominated by coccolith-bearing cells—last several weeks 

before suddenly crashing in what is called a bloom collapse (Baumann et al., 2008). During 

bloom collapse the dominant blooming cells (calcified diploid cells) die rapidly and sink into the 

deep ocean, resulting in the burial of biogenic carbonates into marine sediments (Suchéras-Marx 

et al., 2014). Although a portion of this calcite undergoes dissolution while sinking, the majority 

of coccolithophore calcite sinks in sticky clumps, marine snow (Ziveri et al., 2000; Engel et al., 

2004), or zooplankton feces, which sink more rapidly and have lower dissolution rates 

(Schaechter et al., 2007; Ziveri et al., 2007). In fact, deep sea sediments are dominated by 

coccolith nannofossils, which make up roughly half of the buried biogenic carbonate, the other 

half being largely provided by planktonic foraminifera (Suchéras-Marx et al., 2014). 

The dominant coccolithophore in modern oceans is the species complex Emiliania huxleyi 

(Baumann et al., 2008). E. huxleyi is also the only coccolithophore species that regularly 

overproduces and sheds coccoliths (Paasche, 2002). These coccoliths are produced within an 

internal vesicle and then are excreted to the outer surface of the cell to form the coccosphere 

around the cell (Klaveness, 1972b). Healthy calcified E. huxleyi cells have a coccosphere made 

up of approximately 12-15 interlocking coccoliths (Poulton et al., 2011). The reason for 

microalgal calcification is still unclear, but it has been postulated that their calcite coccoliths 

might play an important protective role for coccolithophores, possibly impeding 

microzooplankton grazing, viral lysis, and/or bacterial pathogenesis (Monteiro et al., 2016). 

However, contrary to this suggestion, the calcified E. huxleyi cell type appear to be more 

susceptible to viral pathogens than the scale-bearing haploid cells are (Frada et al., 2008). As for 
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grazers, there are indications that microzooplankton may be negatively influenced by consuming 

calcified E. huxleyi due to their high particulate carbon (calcite coccoliths) to organic carbon 

(sugars like glucose) ratios (Harvey et al., 2015). But nonetheless, calcified E. huxleyi remain 

highly grazed, perhaps even preferentially consumed (Evans et al., 2008), by heterotrophic 

microzooplankton (Olson et al., 2002). Finally, recent reports of the roseobacter pathogen 

Phaeobacter inhibens killing the calcifying diploid cell type, while the non-calcifying diploid 

cell type survives (Chapter 3), implies that bacterial pathogens are also able to overcome the 

physical calcite barrier. However, the mechanism employed by these bacterial pathogens to kill 

their calcified host, is currently unknown. 

The central aim of this chapter is to investigate genetic features that facilitate the pathogenic 

interaction between P. inhibens and the calcified microalga E. huxleyi CCMP3266, hereafter 

called E. huxleyi. P. inhibens readily attaches to and interacts directly with the microalgal 

coccolithophore E. huxleyi during co-culture (Segev et al., 2016). Additionally, a few bacterial 

produced molecules have been implicated as potentially important factors in bacterial 

pathogenesis of E. huxleyi (Seyedsayamdost et al., 2011; Segev et al., 2016; Wang et al., 2017), 

but it remains unclear how these molecules might be transferred from the bacteria into the 

calcifying alga. Some bioactive molecules passively diffuse across cellular membranes 

(Zazímalová et al., 2010), but in an aquatic environment, such a diffuse mechanism would likely 

result in rapid dilution of the molecule to an ineffective concentrations. 

Specialized pathogens overcome diffusive effects by employing secretion systems, such as 

the type III, type IV, and type VI secretion systems (T3SS, T4SS, and T6SS respectively), which 

actively export bioactive effectors from the bacterial cell directly into target cells (Christie, 2001; 

Russell et al., 2014; Buttner, 2016). These cross-kingdom transport systems have been 

implicated in playing a key role in bacterial-algal interactions (Persson et al., 2009), but their 

importance in roseobacter pathogenesis has not yet been experimentally demonstrated. Distinct 

among secretion systems is the versatile T4SS, which can transfer an array of effectors (protein, 

DNA, or protein-DNA complexes) into the extracellular milieu (DNA release/uptake T4SS), 

directly into bacterial cells (conjugal T4SS), or directly into eukaryotic cells (effector T4SS) 

(Christie, 2001). 

Conjugal T4SS are the most widespread subclass of T4SS; they mediate horizontal gene 

transfer between bacteria of the same species (or even across genera), increasing genomic 
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plasticity and contributing to the evolution of infectious pathogens by rapidly spreading 

antibiotic resistance and virulence genes (Wallden et al., 2010). However, conjugal T4SS have 

only very rarely been linked directly to bacterial virulence (Seubert et al., 2003). DNA 

release/uptake T4SS mediate the transfer of naked DNA into the extracellular environment 

(rather than a donor cell) and facilitate the uptake of DNA from the environment by naturally 

competent bacteria (Wallden et al., 2010). Finally, effector T4SSs deliver a variety of bacterial 

proteins and protein-DNA complexes directly into target eukaryotic cells, thereby directly 

contributing to bacterial pathogenicity (Christie et al., 2005; Voth et al., 2012). 

Effector T4SSs are so diverse that they are further subdivided into two subgroups (T4SSA 

and T4SSB) based on structural organization of the T4SS genes and the number of required 

genes. Conventional effector T4SSs resemble the archetypal VirB/VirD4 system of the plant 

pathogen Agrobacterium tumefaciens: subgroup T4SSA (Voth et al., 2012). Typically, pathogens 

sharing this system are composed of subunits similar in both composition and number, to those 

first identified in A. tumefaciens (Voth et al., 2012). Several pathogens rely on a T4SSA for 

pathogenesis. For instance, Helicobacter pylori requires its T4SSA cag system to infect gastric 

epithelial cells to cause gastritis (Fischer, 2011) and Bordetella pertussis requires its T4SSA Ptl 

system to cause whooping cough (Locht et al., 2011). Intracellular pathogens like Legionella 

pneumophila and Coxiella burnetii, on the other hand, utilize the subclass T4SSB, which is more 

structurally similar to the conjugal transfer system of the self-transmissible IncI plasmid (Voth et 

al., 2012). 

Roughly half of the genome sequenced roseobacters have at least one copy of T4SS genes 

(Moran et al., 2007; Persson et al., 2009) and roughly a quarter possess multiple (2-3) copies of 

T4SS genes (Slightom et al., 2009). Interestingly, while T4SS genes are widespread throughout 

the roseobacter clade, they are not ubiquitous, even within the Phaeobacter genus (Newton et al., 

2010). In fact, a genetic comparison of two closely related P. inhibens strains with only 3% 

difference in average nucleotide identity, revealed that one strain had a chromosomally encoded 

T4SS (DSM17395), while the other strain lacks T4SS genes (DSM24588) (Thole et al., 2012). 

However, the particular class of P. inhibens T4SSs (conjugation vs effector), has not been 

experimentally confirmed. Experimentally demonstrating what type of T4SS genes are present is 

important as there are several subclasses of T4SS (conjugal T4SS, DNA uptake/release, and 

effector T4SS) all with at least a few homologous components (Cascales et al., 2003). For 
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example, it was recently reported that the Dinoroseobacter shibae requires a 191 kb plasmid, 

which houses a functional T4SS, in order to kill its dinoflagellate host Prorocentrum minimum 

(Wang et al., 2015). This was initially suggestive of T4SS mediated pathogenesis of a eukaryote 

(Wang et al., 2015), which is suggestive of an effector T4SS apparatus. However, a more recent 

publication showed the cross-genera transfer of this killer plasmid from D. shibae into P. 

inhibens, indicating that this plasmid encoded T4SS is likely a conjugal T4SS rather than an 

effector T4SS (Patzelt et al., 2016). 

Given the importance of some classes of T4SS in translocating virulence factors into 

eukaryotic cells, we hypothesized that an effector type T4SS might enable P. inhibens 

DSM17395 to kill calcifying E. huxleyi populations, bypassing their protective coccoliths to 

deliver effectors into the host cytoplasm. This study expands on previous findings in Chapter 4, 

which demonstrate that the extracellular pathogen P. inhibens DSM17395 directly modulates 

host cell PCD processes in order to trigger algal AL-PCD. 

5.2. Methods 

5.2.1. Bacterial and algal strains 

Phaeobacter inhibens DSM17395 (isolated from Spanish coastal waters (Ruiz-Ponte et al., 

1999; Martens et al., 2006)) and DSM24588 (isolated from the surface of the green macroalga 

Ulva australis, near Sydney, Australia (Rao et al., 2006)), were both maintained as previously 

described (Chapter 3). Liquid cultures were grown in ½MB at 18 °C, 160 rpm, 30 h, for algal-

bacterial co-culture experiments. P. inhibens DSM17395 transposon mutants were obtained from 

collaborators at the Joint Genome Institute (JGI), and successful interruption of the targeted 

genes was verified (Table 5.1), as previously described (Wetmore et al., 2015) and (Chapter 3). 

Mutants were maintained and grown as previously described (Chapter 3). 

Diploid calcifying E. huxleyi was obtained, maintained, and grown as described (Chapter 2). 

5.2.2. Co-cultivation experiments 

Early-log 5 d E. huxleyi was co-cultured with 102 cfu/mL P. inhibens (DSM17395 or 

DSM24588) at 0 d. Triplicate 1 mL experiments for each time point (E. huxleyi and P. inhibens 

inoculated together) and controls (E. huxleyi or P. inhibens alone) were aliquoted into of 48-well 

microtiter plates, as previously described (Chapter 2). 
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Table 5.1. P. inhibens gene names and accession numbers of T4SS VirB/VirD 
mutantsobtained from (Wetmore et al., 2015) and used in the current study.

DSM17395 gene Accession number Gene name Mutant 

PGA1_c22820 WP_014880577 Lytic 
transglycosylase 1 ΔLT-1 

PGA1c22850 WP_014880580 virB4 ΔvirB4 

PGA1c22870 WP_014880582 Lytic 
transglycosylase 2 ΔLT-2 

PGA1c22880 WP_014880583 virB5 ΔvirB5 

PGA1c22900 WP_014880585 virB9 ΔvirB9 

PGA1c22960 WP_014880591 Hypothetical ΔPGA1c22960 

PGA1c22970 WP_014880592 virD4 ΔvirD4 

PGA1c22980 WP_014880593 virD2 ΔvirD2 

PGA1c23030 WP_014880598 ardC 
antirestriction 

ΔardC 
antirestriction 

5.2.3. Pulse-Amplitude-Modulated Fluorometry 

The Photosystem II (PSII) maximum quantum efficiency of the algal populations was 

monitored throughout experiments, using pulse-amplitude-modulation (PAM) fluorometry as 

previously described (Chapters 2, 3). 

5.2.4. Flow cytometry and bacterial counts 

Flow cytometry for algal cell/mL counts were enumerated using flow cytometry (as 

described in (Chapter 3)) and bacterial population density was enumerated using the drop-plate 

method (as described in Chapter 2, Figure 2.2). 

5.2.5. Epifluorescence microscopy 

Epifluorescence images were obtained using an Axio Imager.M2 equipped with a 

monochrome camera (AxioCam 506). Epifluorescence microscopy was used to visualize 

chlorophyll autoflorescence (red emission = 670-720 nm) and DNA stained with SYBR-I (Life 

Technologies) (green emission = 520 nm) within bacterial and algal cells. Unfixed E. huxleyi 

control and co-culture aliquots were stained with SYBR-I according to manufacturer’s 

instructions then gently pelleted by centrifugation (5,000 × g, room temperature, 2 min) and 

washed in sterile L1-Si. Simultaneous acquisition of images overlaid using Zen 2 software v2. 
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5.2.6. Virulence assay of P. inhibens T4SS transposon mutants 

E. huxleyi was inoculated with nine transposon mutants of P. inhibens separately. These co-

cultures were performed as described except that controls (E. huxleyi or P. inhibens mutants 

grown alone) were amended with kanamycin (100 μg/mL) to maintain selection for the 

transposon (Appendix C-1). 

5.3. Results and Discussion 

Effector T4SSs are widespread in pathogenic bacteria and facilitate the transfer of proteins 

and protein-DNA complexes into eukaryotic cells (Fronzes et al., 2009). Although the genome 

encoded P. inhibens DSM17395 T4SS has not yet been functionally characterized, we 

hypothesized that if this system is an effector translocator, it might facilitate pathogenesis 

through delivery of virulence factors. Conversely, if this T4SS is a conjugal transfer apparatus 

(as in D. shibae (Patzelt et al., 2016)), it could play a role in spreading a plasmid encoding 

virulence factors throughout the population, but would likely not be directly involved in 

pathogenesis. Because of the high sequence similarity between the structural proteins of all 

subclasses of T4SSs (with various functions), the genomic context of the genes encoding this 

apparatus is essential to predict its function. To determine the type of T4SS encoded by 

DSM17395, the amino acid sequences of the proteins encoded by genes in the vicinity of the P. 

inhibens DSM17395 virB/virD operons were compared to those of the prototypical A. 

tumefaciens VirB/D4 system (Figure 5.1). 

5.3.1. Architecture of VirB/D4 T4SS in P. inhibens 

Effector T4SS apparatuses generally have high sequence similarity to most or all of the 

components of the archetypical effector translocator T4SS first identified in the plant pathogen 

Agrobacterium tumefaciens, which mediates formation of tumors in plant cells (Alvarez-

Martinez et al., 2009). Indeed, P. inhibens DSM17395 possesses a VirB/D4 type T4SS system, 

sharing extensive sequence similarity and operon structure to the prototypical A. tumefaciens 

VirB/D4 type T4SS (Figure 5.1). A. tumefaciens T4SS is comprised of a core set of 12 genes 

virB1-virB11 and virD4 (Fronzes et al., 2009). The same nomenclature was used here to annotate 

P. inhibens DSM17395 T4SS proteins based on their amino-acid similarity to other characterized 

VirB/D4 proteins (Figure 5.1). 
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There are interesting differences between the vir gene organization of the VirB/D4 type 

T4SS in the marine roseobacter P. inhibens DSM17395 and the T4SS from the soil bacterium 

and plant pathogen A. tumefaciens. It is important to note that the virB/D4 genes of A. 

tumefaciens are encoded on the Ti-plasmid of the bacteria, while in P. inhibens DSM17395 the 

virB/D4 genes are chromosomally encoded (Thole et al., 2012). Second, this comparison 

revealed that P. inhibens DSM17395 has two extra genes in the virB operon that are not present 

in the A. tumefaciens model T4SSA (Figure 5.1). The first extra gene is the hypothetical open-

reading frame (ORF) at the 5'-end of the virB operon, which function is unclear, given its 

location and lack of sequence similarity to other virB genes. Secondly, there are two genes with 

similarity to lytic transglycosylases, which is suggestive of a functional similarity to A. 

tumefaciens VirB1. One is at the same position as the canonical virB1 of A. tumefaciens and the 

other is inserted after virB7. The presence of an extra lytic transglycosylase gene might imply P. 

inhibens uses two the lytic transglycosylases in a manner similar to A. tumefaciens’ periplasmic 

VirB1 protein (Christie et al., 2014). Apart from being critical to both the assembly and 

biogenesis T4SS, this lytic transglycosylase is also required for local lysis of the peptidoglycan 

to allow insertion of bulky T4SS proteins into the membrane (Zupan et al., 2007). Additionally, 

VirB1 is cleaved during T4SS construction and part of the protein is translocated out the T4SS 

channel before the pilus is extended; this translocated fragment is critical to pilus extension and 

organization (Zupan et al., 2007). 

Three ATPases (VirB4, VirB11, and VirD4), associated with the inner membrane and 

extending into the cytoplasm, power the T4SS and are essential for secretion of substrates by A. 

tumefaciens (Fronzes et al., 2009). Proteins highly similar to these three ATPases were also 

identified in the P. inhibens DSM17395 VirB/D4 T4SS (Figure 5.1). The central secretion 

channel, spanning the two bacterial membranes, is made up of proteins VirB6, VirB7, VirB8, 

VirB9, and VirB10 (Wallden et al., 2010). Usually a T4SS has a main pilus consisting of a major 

(VirB2) and minor (VirB5) subunit, which extends from the secretion channel into the 

extracellular space (Fronzes et al., 2009). These genes (virB2 and virB5) are present in P. 

inhibens DSM17395 in positions similar to their homologs in the A. tumefaciens virB operon. 

Based on their sequence similarity and similar gene order to A. tumefaciens homologs, genes 

annotated as traF, trbG, and hypothetical conjugal transfer protein in the P. inhibens DSM17395 

genome should be renamed virB5, virB9, and virB10, respectively (Figure 5.1). 
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5.3.2. Predicted virU operon in P. inhibens T4SS 

There is an extra operon containing a set of four putative ORFs of unknown function between 

the virB and virD operons of P. inhibens DSM17395 (Figure 5.1). Unexpectedly, two of the 

proteins within this operon (WP_0144880590 and WP_0144880591) do have sequence similarity 

to deubiquitinating (DUB) active domains and ubiquitin activating enzyme containing both E1 

and E2 catalytic domains, respectively. Although it is unlikely that these genes would play a role 

in either biogenesis or structure of the T4SS, it is possible that one or more of these hypothetical 

genes encode for a T4SS effector protein that is translocated through the VirB/D4 T4SS. In fact, 

virD5, virE2, and virE3 are all genes within the A. tumefaciens virD operon that encode for 

effector proteins that are translocated through the effector T4SS to infect plant cells (Figure 5.1) 

(Zechner et al., 2012). Additionally, ubiquitination does not occur in prokaryotes, so detection of 

these protein domains suggests that they might be effectors that mimic eukaryotic ubiquitin, 

ubiquitin-like, or DUB-like proteins (Angot et al., 2007). Given the arrangement of these genes 

and their relationship to ubiquitin proteins, we propose renaming the genes in this operon virU1, 

virU2, and virU3 (Figure 5.1). The fourth ORF in this region is a truncated hypothetical gene 

that is in the reverse orientation to the other three virU genes, and was therefore not re-annotated. 

5.3.3. P. inhibens strains differ in their interaction with E. huxleyi 

Given the importance of T4SSs in translocating effectors and virulence factors into 

eukaryotic cells, it was hypothesized that the predicted T4SS identified in P. inhibens 

DSM17395 genome plays a role in bacterial interactions with calcifying E. huxleyi cells. Wild-

type P. inhibens DSM17395 (predicted to contain a T4SS) and P. inhibens DSM24588 (lacking 

T4SS genes) were both grown in prolonged (20 d) co-culture with the calcifying microalga E. 

huxleyi. As expected, there was a distinct advantage to bacteria grown with an algal host, 

compared to those grown without an algal host (Appendix D-1). After 20 days in co-culture with 

E. huxleyi, P. inhibens DSM17395 and DSM24588 reached stationary phase densities of 108 and

107 cfu/mL, respectively (Appendix D-1). 

However, for E. huxleyi, its interaction with the two Phaeobacter strains is distinct. Algal 

control cultures maintained high PSII maximum quantum efficiency (>0.5) throughout the 

experiment (Figure 5.2). However, P. inhibens DSM17395 induced a rapid population-wide 

decline of E. huxleyi PSII quantum efficiency between 8 d and 10 d (Figure 5.2a). In contrast, P. 



 

123 

inhibens strain DSM24588 (lacking T4SS) did not significantly influence algal PSII quantum 

efficiency (Figure 5.2b). Algal dark-adapted state constant fluorescent yield (F0) was used to 

evaluate changes in overall algal fluorescence of the algal populations. Control E. huxleyi 

cultures F0 increased throughout the experiment until (10 d), then experienced gradual decline 

until the end of the experiment (20 d) (Figure 5.2c,d). P. inhibens DSM24588 had no statistical 

influence on F0 compared to the axenic control (Figure 5.2d). However, when grown with P. 

inhibens DSM17395, E. huxleyi experienced a rapid population-wide loss of algal F0 (Figure 

5.2c). In the case of both the controls and co-culture with P. inhibens DSM24588, the gradual 

loss of F0 can be attributed primarily to a loss of cells/mL (Appendix D-2), rather than a gradual 

loss of chlorophyll a autofluorescence per cell (Appendix D-3). However, in the co-culture of E. 

huxleyi and P. inhibens DSM17395, E. huxleyi cells have declining chlorophyll per cell and E. 

huxleyi cells/mL (12 d) (Appendix D-2, D-3). These results demonstrate that while P. inhibens 

DSM17395 is a pathogen of calcified E. huxleyi and that the closely related P. inhibens 

DSM24588 is non-pathogenic and does not negatively influence either algal PSII maximum 

quantum efficiency or algal fluorescence. This difference in pathogenesis is suggestive that the 

algicides, roseobacticides and roseochelins, which are produced by both pathogenic 

(DSM17395) and non-pathogenic (DSM24588) strains (Wang et al., 2017), are not the algicides 

responsible for killing the host, nor are they likely secreted via the T4SS system. Instead, it is 

likely that the critical bacterial virulence factor enabling P. inhibens DSM17395 to kill E. huxleyi 

might be identifiable in the genes that are unique present in the pathogen P. inhibens DSM17395 

but absent from non-pathogenic P. inhibens DSM24588. 

5.3.4. T4SS-mediated P. inhibens virulence 

Given the high degree of genetic similarity between the two P. inhibens strains (Thole et al., 

2012) tested in co-culture with E. huxleyi, it was predicted that the T4SS might be key difference 

that enhances P. inhibens DSM17395 pathogenesis of the calcified eukaryotic host. To 

demonstrate that T4SS is required for virulence of E. huxleyi, mutants in nine of the genes within 

the virB and virD operons of the VirB/D4 T4SS system were obtained from the random 

transposon mutant library of P. inhibens DSM17395 (Wetmore et al., 2015). The location of 

each insert was verified by PCR and sequencing (Figure 5.1). The co-culture experiments with 

the respective mutants and calcifying E. huxleyi revealed that virulence was completely 

attenuated in seven of the tested virB and virD mutants (Figure 5.3a-g). The list of genes that  
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Figure 5.2. Differential pathogenesis of Phaeobacter inhibens strains DSM17395 and 
DSM24588 on Emiliania huxleyi CCMP3266. Potential quantum yield (Fv/Fm) of axenic 
E. huxleyi (control) (white circles) and co-cultures (black circles): (a) co-culture with P.
inhibens strain DSM17395 and (b) co-culture with P. inhibens DSM24588 (black circles).
A dark adapted state constant fluorescent yield (F0) of (c) co-culture with DSM17395 and
(d) DSM24588. Error bars = ± SE. An asterix (*) indicates that the quantum potential yield
of the control and co-culture are statistically different. SigmaPlot 12 was used to perform a
one-way ANOVA followed by a Tukey test, p value <0.05.
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attenuated virulence includes six homologs of genes required for the A. tumefaciens VirB/D4 

T4SS system, as well as one hypothetical gene (Figure 5.1). 

A. tumefaciens requires virB2-virB11 and virD4 in order to translocate proteins and ssT-DNA 

into recipient plant cells (Fullner, 1998). These genes are involved in both the assembly of 

effector T4SSA and the eventual function of the apparatus (Christie et al., 2014). The 

construction of the T4SSA pilus is a complex sequence of events orchestrated by several 

proteins, most importantly VirB1 (Zupan et al., 2007). In A. tumefaciens, deletion of the gene 

encoding lytic transglycosylase VirB1 abolishes pilus biogenesis and decreases secretion (but 

does not abolish virulence) (Fronzes et al., 2009). It is therefore interesting that a mutation in 

either LT-1 or LT-2 resulted in a complete attenuation of virulence of P. inhibens (Figure 5.3a, 

c). It is possible these transposon mutations resulted in downstream effects that compromised 

other aspects of T4SS assembly and/or biogenesis, but it is nonetheless suggestive that both lytic 

transglycosylases may be required for P. inhibens T4SS function. 

Other mutations resulting in an avirulent phenotype include two of the three ATPases, 

encoded by virB4, virB11 and virD4 (Figure 5.3b,g). In A. tumefaciens, the deletion of any one 

of the three ATPases resulted in the arrest of the substrate prior to being transferred into the 

channel proteins VirB6 and VirB8 (Atmakuri et al., 2004). During translocation from the 

bacterial periplasm to the outer membrane the substrate eventually contacts VirB9 and VirB2 

(Fronzes et al., 2009), highlighting the likely importance of VirB9 in substrate transfer to the 

host cell. VirB5 is also essential for substrate transfer and possibly releasing the effector into the 

target cell’s membrane (Fronzes et al., 2009). Mutations in the genes encoding two of these 

periplasm transfer proteins in P. inhibens, virB5 and virB9, also resulted in avirulent phenotypes 

(Figure 5.3d,e). Additionally, VirB5 plays an important role in adhesion of the T4SS pilus to 

plant cells (Zechner et al., 2012). The mutation in virB5 did not decrease bacterial attachment to 

glass surfaces (Appendix D-4), but this protein could be required for transfer of substrates from 

the pilus into the host membrane, as is true for the transfer of the nucleoprotein complex by A. 

tumefaciens (Lacroix et al., 2011). Although it is unclear whether these mutations might interrupt 

downstream genes or the biogenesis of the pilus unit, these findings do demonstrate that overall, 

the genes of the virB operon and virD4 appear to be critical for T4SS assembly and/or function, 

and consequently P. inhibens virulence against E. huxleyi. While, A. tumefaciens requires virB2-

virB11 and virD4 to infect plant cells (Fullner, 1998; Vergunst, 2000), the current findings  
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Figure 5.3. Attenuated virulence of Phaeobacter inhibens DSM17395. Potential quantum 
yield (Fv/Fm) of axenic E. huxleyi control cultures (white circles) and co-cultures (black 
circles): (a) co-culture with P. inhibens strain DSM17395 and (b) co-culture with P. 
inhibens DSM24588 (black circles). And dark adapted state constant fluorescent yield (F0) 
of (c) co-culture with P. inhibens strain DSM17395 and (d) co-culture with P. inhibens 
DSM24588. Error bars = ± SE. An asterix (*) indicates that the quantum potential yield of 
the control and co-culture are statistically different. Statistics done using SigmaPlot 12 and 
testing a one-way ANOVA followed by a Tukey test, p value <0.05. 
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suggest that P. inhibens requires two lytic transglycosylases, as well as virB4,virB5,virB9, and 

virD4, to kill calcified E. huxleyi (Figure 5.3). 

5.3.5. Genes not required for virulence 

Only two mutants in this region, both in the virD operon (virD2 and anti-restriction ardC), 

did not display attenuated virulence (Figure 5.3h,i). In the model A. tumefaciens system, the 

protein VirD2 associates with the ssT-DNA in the cytosol and is then translocated to the ATPase 

VirD4, which recruits the ssT-DNA/VirD2 complex into the T4SS channel (Wallden et al., 

2010). Once in the host cell VirD2 and VirE2 protect the T-DNA and translocate it into the host 

nucleus (Pǎcurar et al., 2011). Importantly, mutations in A. tumefaciens virD2 diminish but do 

not attenuate virulence (Bravo-Angel et al., 1998), because although infection of plant cells 

relies on VirD2 to protect the bacterial ssT-DNA from plant endonucleases, other proteins, like 

VirE2, have a similar function (Pǎcurar et al., 2011). However, in the P. inhibens DSM17395 

T4SS, it appears that mutations in these two genes (virD2) does not result in attenuation or delay 

of killing, which suggests that in this case the effector is likely a bacterial protein rather than a 

protein/DNA complex as it is in the A. tumefaciens system. Similarly, anti-restriction genes 

belonging to the Ard family aid in protecting bacterial T-DNA from host endonuclease 

degradation by efficiently inhibiting endonucleases (Rastorguev et al., 2003). However, while 

Ard genes are critical to DNA transfers and T4SSB type systems, they are also redundant and 

typically not required for T4SSA protein transfers (Belogurov et al., 2000), so it is perhaps not 

unexpected that this mutation does not attenuate or delay virulence of P. inhibens. 

5.3.6. Candidate T4SS effectors: virU genes 

The novel virU operon inserted between virB and virD operons is of particular interest, as a 

mutation in its first gene (virU1) attenuated P. inhibens virulence of its algal host (Figure 5.1, 

Figure 5.3). This attenuation of virulence implies that virU1 or downstream genes that might be 

affected by the insertion mutation (virU2 or virU3) might play an important role in T4SS-

mediated pathogenesis. The first indication that genes in this hypothetical virU operon are 

possible candidate T4SSA effectors is that virU1 or virU2 contain domains related to 

ubiquitination functions. This suggests they have a role in modulating the algal host’s protein 

ubiquitination pathway. While ubiquitination is absent in prokaryotes, it is a key eukaryotic host 
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target for bacterial pathogens, which have evolved a diverse arsenal of T3SS or T4SS effectors 

that mimic ubiquitination-related functions (Singer et al., 2013). 

The protein ubiquitin pathway is a highly regulated mechanism of rapidly earmarking and 

subsequently degrading unwanted proteins (Welchman et al., 2005). This highly selective protein 

recycling system is exclusive to eukaryotes and is used to control the abundance of key 

regulatory proteins and enzymes (Ingvardsen et al., 2001). The degradation of such regulatory 

proteins can act as a cellular switch, abruptly eliminating or activating particularly cellular 

processes by removing critical transcription factors, cell growth modulators, and cell cycle 

proteins (Shabek et al., 2010). Secondarily, this pathway ensures the rapid removal of abnormal 

or damaged proteins (Ingvardsen et al., 2001). The tagging of unwanted proteins is initiated by 

the ubiquitin-activating enzyme known as enzyme-1 (E1), which transfers the ubiquitin protein 

(a polypeptide of 76 aa) to the ubiquitin-conjugating enzyme (E2) and ubiquitin-protein ligase 

(E3) complex, and covalently attaches ubiquitin to the target substrate protein (Welchman et al., 

2005). This process allows eukaryotes to label proteins with a tail of ubiquitin proteins, which is 

sometimes extended by the combined action of E2 and E3 enzymes, resulting in 

polyubiquitination (>4 ubiquitin attached in a chain) (Thrower, 2000). Polyubiquitination is the 

signal for the protein to be degraded by the 26S proteasome (Thrower, 2000). Substrate 

recognition is a critical aspect of this process that is not yet entirely understood, but 

ubiquitination usually occurs on a lysine residue of the target protein (Ribet et al., 2010). 

Additionally, it is thought that E2/E3 complexes recognize a specific degradation signal on the 

substrates, but only a few of these signals are known. Finally, eukaryote control of ubiquitination 

relies on having deubiquitinating enzymes (DUBs), which are a family of protease that reverse 

the process of protein ubiquitination by removing ubiquitin’s from the substrate (Ingvardsen et 

al., 2001). 

Bacterial pathogens can exploit this eukaryotic post translational modification system by 

mimicking host ubiquitin proteins, thereby initiating the polyubiquitination of host proteins 

resulting in their degradation (Welchman et al., 2005). Several examples of bacterial T3SS or 

T4SS effectors that directly interfere with host ubiquitin/proteasome pathway have recently been 

identified (Zhou et al., 2015). For example, during infection of cells the intracellular pathogen 

Salmonella enterica serovar Typhimurim, utilizes T3SS to secrete at least three ubiquitin-related 

enzymes ubiquitin-activating E1, ubiquitin-conjugating E2, and E3 ubiquitin ligase (Zhang et al., 
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2006). Plant pathogen Pseudomonas syringae injects a suite of T3SS effectors including E3 

ubiquitin ligases into host plant cells to cause speck disease, where the bacterial E3 proteins 

recruit plant E2 enzymes and catalyze auto-ubiquitination (Abramovitch et al., 2006). Similarly, 

Legionella pneumophila relies on its T4SSB to inject E3 ubiquitin ligases, which cooperate with 

host E2 enzymes to induce polyubiquitination of host proteins (Kubori et al., 2008). Although 

the protein substrates targeted by E2 and E3 proteins are not always known (Ingvardsen et al., 

2001), these proteins tend to target substrates that are integral to host cellular processes, 

including transcription factors, key metabolic enzymes, and various programmed cell death 

(PCD) regulators (Kim et al., 2003). In fact, there is mounting evidence that the 

ubiquitin/proteasome pathway might play an important role in apoptosis and autophagy PCD 

(Jesenberger et al., 2002; Kim et al., 2003). 

Although it remains unclear how the algal ubiquitin/proteasome pathway might be connected 

with algal apoptosis-like PCD (AL-PCD), it is tempting to speculate that one of the predicted 

hypothetical P. inhibens effector proteins (related to DUB or ubiquitin-activating enzymes) 

might initiate E. huxleyi AL-PCD (Chapter 4). An intricate strategy of plant and mammalian 

pathogens is to secrete T4SS effectors that induce either AL-PCD (Iakimova et al., 2013) or 

apoptosis (Amieva et al., 2008), respectively. In fact, a mammalian pathogen produces E2 

proteins (ubiquitin-activating enzyme) that have been shown to directly activate pro-caspase-8 

(an initiator caspase with IETDase (Ile-Glu-Thr-Asp) activity in metazoans), thereby inducing 

apoptosis (Demeret et al., 2003). This finding is interesting as the same caspase-like activity 

(IETDase) was recently identified spiking as E. huxleyi cultures died via AL-PCD (Chapter 4). 

This speaks to the possible interaction between the candidate VirU effector(s) identified here and 

algal caspase-like molecules with IETDase activities, which spiked directly before population-

wide induction of AL-PCD (Chapter 4). However, it is also possible that another or several, as of 

yet unknown T4SS effector proteins or small molecules might also activate the algal caspase-like 

molecules that induce AL-PCD (Chapter 4). 

5.3.7. P. inhibens DSM17395 enhances coccoliths cover in E. huxleyi 

On day eight of the co-cultures between E. huxleyi and either P. inhibens DSM17395 or 

DSM24588, a striking phenotypic variation in E. huxleyi occurs when grown with P. inhibens 

DSM17395 (Figure 5.4). E. huxleyi cells appeared to have heavier calcification (Figure 5.4d-f), 

compared to the algae grown alone (Figure 5.4a-c) or with P. inhibens DSM24588 (Figure 5.4g-
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i). To determine if this increase in coccolith cover was a population-wide phenomenon, side 

scatter area (SSC-A) properties of cells were assessed using flow cytometry, where shifts to the 

right (high scatter) correspond to increased roughness due to an increase in the number of 

coccoliths on each cell’s surface (Figure 5.4a-d). E. huxleyi co-cultures with P. inhibens 

DSM17395 had an increased side scatter compared to the control cultures (Figure 5.5a,b). E. 

huxleyi co-cultured with non-pathogenic P. inhibens DSM24588 appeared more similar to the 

control, in terms of both algal cell size and scattering properties (Figure 5.5c,d). To further 

investigate this trend of increasing coccolith-cover throughout the population, the change in 

forward scatter area (FSC-A) of control and co-cultures were compared over time. Initially, algal 

cells both grown alone and in co-culture had similar size distributions (Figure 5.5e,g). However, 

on 8 d there is a noticeable increase (shift right) in the size and scattering properties of the algal 

cells grown with the pathogen P. inhibens DSM17395, compared to those grown alone (Figure 

5.5f), or grown with the non-pathogenic strain DSM24588 (Figure 5.5h). This shift to the right 

demonstrates a population wide increase in cell roughness or coccolith cover on E. huxleyi cells 

grown with P. inhibens DSM17395. 

Healthy E. huxleyi typically bear one layer of interlocking coccoliths (Poulton et al., 2011), 

but the degree of calcification can vary between strains. However, nutrient limitation has been 

associated with an increased degree of calcification of E. huxleyi cells (Henriksen et al., 2003). 

Researchers have since reasoned that cells entering stationary phase are unable to divide as 

frequently, but continue to produce coccoliths, leading to increased calcification during 

stationary phase (Müller et al., 2008; Gibbs et al., 2013). Alternatively, there is a suggestion that 

nutrient limitation (specifically of nitrogen and phosphorus) might enhance coccolith-cover as a 

means of accelerating algal sinking to more nutrient rich waters (Paasche, 1998). Conversely, 

periods of low irradiance (Fritz et al., 1996), bloom termination (Fritz, 1999), and viral infection 

(Wilson, Tarran, Schroeder, et al., 2002) are frequently associated with increased rates of 

coccolith detachment from calcifying E. huxleyi cells (Chow et al., 2015). 

This stimulation of coccoliths appears to be specific to specific roseobacters, like P. inhibens 

DSM17395, as it was not observed when the same algal strain was co-culture with the non-

pathogenic P. inhibens DSM24588 or the roseobacter Ruegeria R11 (Chapter 5, Mayers et al., 

2016), which also rapidly kills the calcifying E. huxleyi. This is suggestive that instead of being 

solely nutrient limitation driven, this phenomenon may be in part due to bacterial induced 
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Figure 5.4. Epifluorescence microscopy of increasing coccolithosphere per algal cell in 
calcifying Emiliania huxleyi in co-culture with Phaeobacter inhibens DSM17395. 
Epifluorescence microscopy on day 8 of axenic control E. huxleyi cultures (a-c), co-cultures 
with P. inhibens DSM17395 (d-f), and co-cultures with P. inhibens DSM24588 (g-i). 
Merged images show differential interference contrast (DIC) overlaid with two fluorescent 
channels: 1) chlorophyll auto-fluorescence (red emission 670-720 nm) and 2) DNA-SYBR 
green complex fluorescence (green emission 520 nm). SYBR green stained P. inhibens cells 
attached to algal host (white arrow) and attached to free coccoliths in rosettes (black arrow). 
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Figure 5.5. Increasing coccolithosphere and algal cell size of calcifying Emiliania 
huxleyi (CCMP3266) in co-culture with Phaeobacter inhibens DSM17395 compared to 
those grown in co-culture with DSM24588. Algal populations were assessed for algal 
SYBR green-DNA complex fluorescence (green: excitation 497 nm; emission 520 nm) and 
cell scattering properties (side scatter area) using flow cytometry. Contour diagrams of 
control cultures of E. huxleyi (green contour lines) and co-cultures (black contour lines) of 
co-cultures with P. inhibens DSM17395 on 6 d (a), 8 d (b) and with P. inhibens DSM24588 
on 6 d (c), d 8 (d). The density of the contour lines is proportional to the density of 
detection events. The same samples were also assessed for cell size (forward scatter area) 
and depicted in a histogram to show the relative proportion of algal cells of a given cell 
size. Co-culture with P. inhibens DSM17395 on 6 d (e), 8 d (f) and with P. inhibens 
DSM24588 on 6 d (g), d 8 (h). A shift right to higher forward scatter area indicates an 
increase in calcification. 
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exchanges with the algal host. Bacterial driven increased calcification of an algal host might be 

beneficial to the host (and by extension to the pathogen). The possible biological benefits of 

increasing coccoliths per cell remain uncertain but include increasing light scattering (Tyrrell et 

al., 1999, 2009), shielding from increased irradiance, and accelerating sinking within an algal 

population (Eppley et al., 1967; Bach et al., 2012). Another possible effect of increasing algal 

coccolith-cover is that it skews the inorganic to organic carbon content of the algal cells, and 

although this has already been shown not to deter grazing it might negatively affect 

microzooplankton grazers of heavily calcified cells (Harvey et al., 2015). 

5.4. Conclusion 

T4SS genes are widespread in the roseobacter clade, but this is the first time roseobacter 

effector translocator T4SS has been directly demonstrated to be required for pathogenesis 

towards an algal host. This finding is suggestive that other roseobacters with secretion systems 

capable of interacting with eukaryotic cells (T3SS, T4SSA, and T6SS) might also translocate 

effectors during pathogenic interactions. In this way, pathogens would overcome the likely 

diffusive effects of releasing virulence effectors into the extracellular environment, and these 

attached pathogens would be more likely to directly benefit from killing their algal host. 

Additionally, this work suggests a candidate effector protein that might play a role in subverting 

the algal ubiquitin/proteasome pathway to direct the host to AL-PCD. These findings are 

suggestive that bacteria, particularly chemosensory bacteria like roseobacters, might be able to 

seek out, attach to, and kill algae in the natural environment.  
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 General Conclusion 

6.1. Brief summary 

The research in this thesis aims to mechanistically describe the pathogenic interaction 

between the roseobacter Phaeobacter inhibens and the ubiquitous coccolithophore Emiliania 

huxleyi. In Chapter 2, I established and tested a novel miniaturized bioassay to assess 

phytoplankton physiology when grown alone or with a bacterial symbiont. This bioassay was 

then used in the subsequent chapters. Chapter 3 established that P. inhibens DSM17395 

demonstrates a specific pathogenesis, killing both the calcifying diploid and the flagellated 

haploid cells of E. huxleyi, but not several tested diploid non-calcifying cells (Figure 6.1). In that 

chapter, I also experimentally demonstrated that the novel algicidal bioactive roseobacticides 

produced by P. inhibens do not kill the tested calcifying or haploid strains of E. huxleyi 

(CCMP3266 and CCMP3268, respectively). Chapter 4 investigated the death mechanism the 

calcifying E. huxleyi strain CCMP3266 undergoes when challenged with the bacterial pathogen 

P. inhibens DSM17395 (Figure 6.1). In that chapter, I demonstrated for the first time that P.

inhibens induces activation of caspase-like molecules and apoptosis-like programmed cell death 

(AL-PCD) in the calcifying E. huxleyi (Figure 6.1). Finally, Chapter 5 established that P. 

inhibens DSM17395 pathogenesis requires a functional effector translocator Type VI Secretion 

System (effector T4SS) to kill calcifying E. huxleyi cells (Figure 6.1). Chapter 5 also proposed a 

possible mechanism for the candidate T4SS effectors to induce AL-PCD in E. huxleyi cells. 

“An essential goal for the future is to conclusively demonstrate 
that the phenomenon of phytoplankton death due to bacteria does 

indeed occur in the ocean...This will require a mechanistic 
understanding of how algicidal bacteria kill their phytoplankton 

prey…” 

Mayali and Azam 2004 
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 Figure 6.1. Pictorial representation of the key findings of this thesis. Phaeobacter 
inhibens DSM17395 (pink) is a selective pathogen of calcified diploid and flagellated 
haploid Emiliania huxleyi cells, but not non-calcifying diploid cells (Chapter 3). Further 
study of the dominant calcifying strain identified that P. inhibens induced the activation 
of algal caspase-like molecules (green star), which led to AL-PCD of the calcifying 
algal (Chapter 4). Finally (inset), Chapter 5 identified that pathogenic P. inhibens 
requires a functional T4SSA to translocated T4SSA effector(s) (black circle) in order to 
successfully kill the calcifying alga. 

6.2. Potential scope of findings 

6.2.1. E. huxleyi bloom composition and various strains 

After discovering that P. inhibens DSM17395 has a highly specific pathogenic interaction, 

killing one representative strain of calcifying and haploid strain of E. huxleyi (Figure 6.1) 

(Chapter 3), the remainder of my work focused on only the representative axenic calcifying cell 

type of E. huxleyi strain CMP3266 (Chapters 4 and 5). I chose to focus on just the calcifying cell 

type because coccolithophore blooms (defined as marine waters having >106 cells/mL 

coccolithophores (Tyrrell et al., 2004)) are typically dominated by the fast growing diploid 

coccolith-bearing E. huxleyi cells (Baumann et al., 2008). In fact, calcifying E. huxleyi cells 

frequently make up the majority of the algal cells (80-90%) in a E. huxleyi bloom (Baumann et 

al., 2008; Frada et al., 2012). The remaining E. huxleyi cells are bald diploid cells; which are 

actually a mixture of calcifying cells that have shed coccoliths and non-calcifying diploid cells 
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(Frada et al., 2012). Flagellated haploid cells account for between 1% and 10% of the cells 

within an E. huxleyi bloom (Baumann et al., 2008; Frada et al., 2012). Haploid E. huxleyi cells 

tend to occupy predominantly surface waters (Baumann et al., 2008), whereas diploid calcifying 

cells are thought to accelerate sinking by overproducing coccoliths (Monteiro et al., 2016). For 

these reasons, and because of the ecological importance of calcifying cells in terms of the carbon 

cycle (Ziveri et al., 2000, 2007), Chapters 4 and 5 focused on the interaction between P. inhibens 

and the calcifying cell type of E. huxleyi. 

6.2.2. Calcifying bloom-forming E. huxleyi cells and AL-PCD 

The overarching goal of this thesis was to mechanistically elucidate the microbial interaction 

between a roseobacter and its calcifying algal host. This goal meant that it was imperative that 

the chosen calcifying algal strain was capable of growing axenically (without bacteria). Several 

marine algae require bacteria to survive in culture (Bolch et al., 2011), but fortunately calcifying 

E. huxleyi strain CCMP3266 can remain physiologically and morphologically stable in

prolonged culture without bacteria (Chapter 2). This limitation makes it important to consider 

how widespread the findings of potential roseobacter induced AL-PCD might be in a mixed 

bloom scenario with various strains and morphotypes of E. huxleyi. 

E. huxleyi is a species complex with a pan genome containing a set of core genes and a set of

auxiliary genes (that appear to be unique or shared by only a limited number of strains) (Read et 

al., 2013). Evaluating the core genome of E. huxleyi is one way of assessing how widespread the 

genes required for AL-PCD and/or autophagy might be throughout the E. huxleyi species 

complex. In terms of AL-PCD, the genes required for the process are not always known, but 

metacaspases (which have been associated with some caspase-like activities (Bidle et al., 2012)) 

are abundant in E. huxleyi. E. huxleyi CCMP1516 (the polymicrobial parent culture of 

CCMP2090), has nine metacaspase genes in its genome (Choi et al., 2013). However, these 

genes appear to be less uniformly distributed as only three of these metacaspases are identifiable 

in the core genome of E. huxleyi (Read et al., 2013). Presently, it remains unclear if E. huxleyi 

relies predominantly on metacaspases or on other caspase-like proteases, discussed in Chapter 4, 

to produce the caspase-like cleavage that is associated with AL-PCD. In the future, it would be 

beneficial if metacaspase activity was identified and/or inhibited by metacaspase-specific probes, 

of which there are a few (Watanabe et al., 2005), instead of continuing to rely on caspase-

specific probes in these studies (Bidle et al., 2007). 
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In addition to these nine metacaspase genes (Choi et al., 2013), E. huxleyi CCMP1516 has 13 

conserved autophagy related genes (ATG) and three ubiquitin-like regulators of apoptosis (Dep. 

Energy JGI, 2014). Autophagy genes appear to be widespread throughout E. huxleyi strains 

(Read et al., 2013); for instance, the calcifying strain used in the current study (CCMP3266) has 

a complete set of all 13 ATG genes, as well as an additional eight related autophagy genes that 

are required for autophagosome biogenesis (Shemi et al., 2015). The presence of genes for both 

PCD pathways (autophagy and apoptosis-like) in the E. huxleyi genome highlights the possibility 

that these pathways are tightly intertwined in E. huxleyi, the way they are in higher plants and 

mammals (Jäättelä, 2017). This finding poses an interesting question regarding the likelihood 

that autophagy and AL-PCD might be occurring throughout mixed populations of E. huxleyi. 

This initial genetic comparison is suggestive that perhaps autophagy is more likely to occur than 

AL-PCD, which might require more than three of the nine metacaspases to initiate or complete 

the death process. However, AL-PCD appears to rely on promiscuous caspase-like proteases in 

addition to metacaspases, which might suggest that AL-PCD could be more widespread 

throughout E. huxleyi populations than expected. In short, more research is certainly needed to 

evaluate how likely it is that mixed E. huxleyi populations might succumb to either autophagy or 

AL-PCD. 

6.2.3. Other identified roseobacter pathogens 

When considering the scope of the findings presented here, it is also important to evaluate 

how common it might be for roseobacters to be able to kill calcifying E. huxleyi. To date, six 

roseobacters have been tested in co-culture with calcifying E. huxleyi cells and five of them are 

capable of prematurely killing this microalga (Chapter 3, Appendix E-1, Mayers et al., 2016). Of 

these five roseobacter pathogens, three of them induce rapid (<24 hr) population-wide death of 

E. huxleyi cultures at 18 ºC: P. inhibens DSM17395, Leisingera ANG-1, and Ruegeria R11 

(Chapter 5, Appendix E-1, Mayers et al., 2016). Interestingly, although this thesis has shown that 

the T4SS is required for P. inhibens pathogenesis of the calcifying microalga E. huxleyi, this 

secretion system is only present in two of the known roseobacter pathogens of E. huxleyi: P. 

inhibens DSM17395 and Silicibacter sp. TM1040 (Slightom et al., 2009) (Chapter 5, Appendix 

E-1). In contrast, T4SS genes are generally lacking from the Leisingera genus, which instead 

have a functional T6SS (Collins et al., 2015). This finding is perplexing, as it means that these 

two pathogens of E. huxleyi appear to both kill the alga in a similar rapid manner (<24 h), but 
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likely have distinct mechanisms of pathogenesis. While P. inhibens induces T4SS-mediated 

death, Leisingera ANG-1 might rely on either T6SS, twin-arginine transport system (Tat), Sec 

(Collins et al., 2011), or use an entirely unrelated mechanism to kill the calcifying alga. 

Alternatively, two of the other known bacterial pathogens of E. huxleyi, both from the 

Silicibacter genus (Silicibacter sp. TM1040 and S. pomeroyi DSM15171 (=DSS3)), induce a 

distinctly different type of algal death. These Silicibacter pathogens both kill E. huxleyi at much 

slower rates than P. inhibens DSM17395 does (Appendix E-1). While Silicibacter sp. TM1040 

contains a functional, but uncharacterized T4SS, S. pomeroyi DSM15171 does not (Slightom et 

al., 2009). It is possible that these other roseobacter pathogens kill E. huxleyi without inducing 

any PCD process in the alga. This thesis has provided the framework for rapidly assessing the 

algal death process by identifying the AL-PCD markers established in Chapter 4 (e.g., caspase-

like activity, ROS, pan-caspase inhibition, etc.), thus providing the framework to rapidly identify 

the algal mode of death. Alternatively, it would be interesting to use biochemical inhibition of 

autophagy to identify if any of the slower E. huxleyi death processes (perhaps induced by either 

of the Silicibacter pathogens) is an autophagy-PCD process, rather than the typically more rapid 

AL-PCD process. 

In conclusion, these findings have demonstrated that there are several roseobacters capable of 

killing calcifying E. huxleyi, using a variety of potential pathogenic strategies to do so. This 

demonstrates that not only are roseobacter pathogens of E. huxleyi readily identifiable 

throughout the clade, but also that there appears to be several distinct successful mechanisms of 

killing this microalga. This diverse array of successful pathogenic attacks on E. huxleyi 

highlights just how much more there is to learn about bacterial pathogens of E. huxleyi in order 

to begin to appreciate their importance. 

6.3. Potential EhV-infected versus P. inhibens-infected E. huxleyi populations 

There is still much that we do not understand about the potential for algicidal bacteria to 

successfully kill phytoplankton in the marine ecosystem. To date, bacterial pathogens have not 

been linked to killing phytoplankton in the ocean, let alone to decimating natural algal 

populations. However, several bacteria have been isolated from algal bloom environments and 

later found to produce algicides that kill algae (Mayali et al., 2004). In some instances, these 

bioactive algicides are secreted into the extracellular milieu (where it is possible to suggest that 

they might interact with several algal species) (Mayali et al., 2004; Demuez et al., 2015). 
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Conversely, others rely on a contact-dependent mechanism, which might result in selective 

killing of specific strains or even cell types, as demonstrated in this work (Chapter 3 and 5). 

Five roseobacter pathogens, with range distributions that overlap with E. huxleyi distributions 

have now been shown to kill populations of this microalga in the laboratory setting (Chapter 5, 

Appendix E-1, Mayers, et al., 2016). The next step, as Mayali and Azam stated in 2004, is to 

demonstrate that bacterial pathogens kill algal hosts in the ocean. Achieving this goal will 

require more extensive sampling efforts that are aimed at field-based identification of both the 

eukaryotic consortia and the associated bacterial consortia. This is the direction the field must 

move toward in order to demonstrate that bacterial pathogens can kill phytoplankton in the 

ocean. 

6.3.1. EhV-infected E. huxleyi populations 

Emiliania huxleyi populations recurrently bloom in marine waters (Houdan et al., 2006), with 

some preference for colder more oligotrophic oceans (Baumann et al., 2008). In brief, EhVs 

infect E. huxleyi, inducing either a PCD process or autophagy (Bidle et al., 2007; Schatz et al., 

2014), and lyse both diploid strains of E. huxleyi (Bratbak et al., 1993; Brussaard et al., 1996). 

This infection process has been tracked in mesocosms experiments and shown to skew the algal 

population from diploid dominated to only haploid cells remaining (Vardi et al., 2012) (Figure 

6.2). Traditionally, viral directed lysis of algae is predicted to increase the release of algal DOM, 

thereby stimulating the microbial loop (Azam, 1998). However, if viruses activate algal 

autophagy pathways, instead of killing via viral lysis alone, the process of autophagy could 

potentially decrease the release of algal nutrients into the DOM pool (Bidle, 2015). Furthermore, 

it is presently unknown how increasing marine temperatures might influence potential viral lysis 

of E. huxleyi and release of DOM into the microbial loop. 

Over the last century, ocean temperatures increased by roughly 0.67 ºC (IPCC, 2007). It has 

been predicted that by the end of the 21st century, ocean waters will have globally warmed by 

anywhere from 1.1-6.4 ºC (IPCC, 2007). Importantly, if ocean temperatures continue to rise, the 

threat viral pathogens have on E. huxleyi might begin to decline. An increase in temperature 

from 18 ºC to 21 ºC causes resistance to viral infection in a representative non-calcifying diploid 

E. huxleyi strain (Kendrick et al., 2014). This finding means that viral pathogenesis of E. huxleyi 

blooms might be on the decline in some warmer oceans. In fact, loss of EhV signatures during E. 

huxleyi dominated blooms is already occurring in warmer low-latitude oceans, while the viral 
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signatures remain in high-latitude coastal waters (von Dassow et al., 2014). The diminished 

pathogenicity of EhVs, coupled with their shrinking distribution, might have major implications 

for the longevity of future E. huxleyi blooms. Alternatively, the potential loss of EhVs as a major 

pathogen might imply that other pathogens, like the roseobacter pathogens discussed here 

(Chapter 4, Appendix E-1), could become increasingly important. 

6.3.2. P. inhibens-infected E. huxleyi populations 

Ruegeria R11 and P. inhibens both kill calcifying diploid and haploid non-calcifying E. 

huxleyi cells, while the non-calcifying diploid CCMP2090 escapes (Chapter 3, Mayers et al. 

2016). This type of pathogenic interaction might shift natural populations in a way that favors the 

non-calcifying diploid strains, which appear to be widely resistant to bacterial pathogens 

(Chapter 3, Figure 6.2). However, it is important to note here, that haploid cells represent a small 

fraction of a natural bloom, and have several advantages over calcifying cells, making escape 

from bacterial pathogens possible in the marine environment. For instance, haploid E. huxleyi are 

motile cells with far lower DMSP concentrations than calcified cells (Brady Olson et al., 2017), 

which might provide some means of escape from motile roseobacters chemo-taxing toward 

waters with the highest DMSP concentrations (Miller, Hnilicka, et al., 2004). Additionally, some 

E. huxleyi strains can ingest bacteria (Rokitta et al., 2011), so in the marine environment it is 

possible this ability might act to protect from occasional bacterial pathogens, as well. 

It is interesting to speculate about the potential difference in the amount of dissolved 

inorganic carbon (DIC) burial that might occur during viral-induced death versus P. inhibens-

induced death of calcifying E. huxleyi. Viral-induced death of calcifying cells is associated with 

the shedding of coccoliths throughout the algal population (Bidle et al., 2007; Frada et al., 2008). 

In contrast, P. inhibens enhances coccolith-cover of calcifying cells (Chapter 5), which might 

further increase the amount of DIC that is buried when cells die (Figure 6.2). Deposition of 

coccolithophore calcite to the sea floor is notably enhanced in highly calcified algae, while free 

coccoliths shed from cells are less likely to reach the sediments (Broerse et al., 2000). Together 

these findings are suggestive that, when compared to the EhV-infection, loss of coccoliths, and 

subsequent lysis of algae, bacterial induced algal AL-PCD might enhance the long-term burial of 

DIC (Figure 6.2). These findings highlight the importance of studying these interactions, and the 

ways they might alter sedimentation rates in the future.  
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Figure 6.2. Pictorial representation of possible outcome of EhV-infected E. huxleyi 
populations (left) and P. inhibens-infected E. huxleyi populations (right). EhV infection, 
associated with viral lysis and redistribution of DOM into the upper ocean would likely 
increase passage of nutrients to the microbial loop. EhV infection is also associated with 
increase coccolith-shedding, which might mean less burial of DIC than might be expected 
from P. inhibens-infected E. huxleyi populations (right). P. inhibens-infected algae have 
enhanced coccolith-cover (Chapter 5), which might further enhance DIC burial (Chapter 4). 
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6.4. An updated view of P. inhibens—E. huxleyi interactions 

In the introduction of this thesis, I presented a model demonstrating the current 

understanding of P. inhibens—E. huxleyi interactions (Figure 1.4). Throughout my thesis I 

expanded on this model and elucidated some of the complex exchanges occurring between P. 

inhibens and its microalgal host (Figure 6.3). Now I will present an updated view of the 

interactions occurring between P. inhibens and the three cell types of E. huxleyi (calcifying 

diploid, motile haploid, and non-calcifying diploid), and highlight areas requiring further 

investigation. 

6.4.1. Calcifying E. huxleyi cells undergo P. inhibens induced AL-PCD 

P. inhibens was initially chosen for this research because it is known to make a variety of

bioactive and even algicidal molecules (i.e. roseobacticides, roseochelins, and the plant hormone 

indole-3-acetic acid (IAA)), which have all been postulated to enhance pathogenic interactions 

with E. huxleyi (Seyedsayamdost et al., 2011; Segev et al., 2016; Wang et al., 2017). Given that 

both the pathogenic and non-pathogenic P. inhibens strains used in Chapter 5 are capable of 

producing detectable amounts of algicidal roseochelins (Wang et al., 2017), we reasoned that 

these molecules are not killing calcifying E. huxleyi, nor are they likely secreted via the T4SS 

(Chapter 5). However, the suggestion that IAA might be the potential killing molecule is more 

difficult to rule out. 

Future work should evaluate whether the non-pathogenic strain P. inhibens DSM24588 is 

able to produce IAA, as a way of further clarifying if IAA is indeed the bioactive killing E. 

huxleyi. One way of investigating this still further would be to determine if the seven avirulent P. 

inhibens mutants in the VirB/D operons of the T4SS produce IAA in response to exogenous 

tryptophan. If the seven avirulent mutants produce and release as much IAA in response to 

tryptophan as the wild type P. inhibens DSM17395 does, then it is likely that either: 1) IAA is 

not the molecule responsible for killing E. huxleyi or 2) there are multiple ways to release IAA 

from the bacterial cell. However, it has already been established in plant systems that protonated 

IAA passively diffuse across cellular membranes (Zazímalová et al., 2010), suggesting that this 

molecule is likely not a T4SS effector, which would rule it out as the killing molecule. 

Narrowing down a possible T4SS effector protein is a difficult task, particularly as some 

pathogens can excrete a plethora of different T4SS effectors. For instance, the pathogen 
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Legionella pneumophila excretes over 300 unique T4SS effectors into its eukaryotic host 

(Rolando et al., 2014). However, by considering all the avirulent T4SS mutants, I presented a 

candidate effector that might interact with algal AL-PCD pathways to trigger algal population 

collapse of the calcifying E. huxleyi strain CCMP3266 (Chapter 5). Alternatively, AL-PCD 

might be induced by another (as of yet undetermined) T4SS effector or possibility a complex 

combination of several T4SS effectors. To confirm that the candidate effector presented in 

Chapter 5 is one of the T4SS effectors of interest in this interaction, future work should attempt 

to demonstrate its involvement by generating deletion mutations in each of the genes in the virU 

operon, which might demonstrate a loss of pathogenesis without disrupting the function of the 

T4SS. Additionally, T4SS secreted proteins are commonly associated with a positively charged 

C-terminal translocation sequence tag (Vergunst, 2000; Vergunst et al., 2005), which has helped

researchers accurately identify candidate T4SS secreted proteins. So, identifying a similar 

sequence tag on the candidate effectors from the virU operon might further strengthen the 

argument for these as potential effectors. Finally, as we expect this molecule to be a T4SS 

secreted protein, it should be identifiable by comparing the exoproteomes of the wildtype (which 

has already been successful for this strain (Durighello et al., 2014; Wienhausen et al., 2017)) and 

the various avirulent mutant strains (Chapter 5). Next, it would be interesting to use the findings 

from Chapters 4 and 5 to investigate the interactions occurring between P. inhibens and the other 

sensitive cell type: the haploid flagellated E. huxleyi. 

6.4.2. Haploid E. huxleyi cells are rapidly killed by P. inhibens 

P. inhibens might utilize T4SS to kill CCMP3268 in a manner similar to the mechanism

employed by P. inhibens to kill the diploid calcifying CCMP3226 (Chapters 4 and 5). It would 

be interesting to further investigate the P. inhibens DSM17395 T4SS mutants utilized in Chapter 

5, to understand if these mutants are able to kill haploid flagellated E. huxleyi strain CCMP3268. 

If that is the case, then the pathogen has two distinct mechanisms for killing these two cell types 

of E. huxleyi. In this case it might be that some other, as of yet undetermined, bioactive molecule 

either diffuses through the bacterial membrane or is secreted out one of the other secretion 

systems such as T1SS or T2SS (Thole et al., 2012). I will therefore briefly suggest possible non-

T4SS mediated mechanisms of killing the haploid cell type, including: production of repeats-in-

toxins (RTX), boactive roseochelins, or hypothetically IAA. 
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P. inhibens releases RTX-toxins 

Indirect pathogenesis relies on secretion of proteins from the bacterial pathogen into the 

extracellular environment, where the transported proteins initially interact with the cellular wall 

or outer membrane of the target cell. T1SS are periplasm-spanning secretion channels, dedicated 

to the transport of polypeptide cargo, such as gene-encoded antimicrobial peptides or larger 

proteins with RTX motifs (Chang et al., 2014). T1SS effectors function to increase bacterial 

biofilm formation or binding to target plant cells (Perez-Mendoza et al., 2011). T1SS effectors 

can also function to rapidly degrade the plant cell wall, as in the example of Dickeya dadantii, 

which uses T1SS to secrete RTX-proteases, causing soft-rot (Chang et al., 2014). 

P. inhibens DSM17395 is known to secrete several bioactive small molecules, some of which 

have already been implicated in possible pathogenesis. For instance, 60% of the exoproteome of 

P. inhibens DSM17395 was found to be made of a novel RTX-toxin, which is related to a 

hemolysin-type calcium binding protein (Durighello et al., 2014). Another roseobacter, Ruegeria 

R11, kills both calcifying and haploid E. huxleyi slowly (14 d and 12 d, respectively) at 18 ºC 

(Mayers et al., 2016). However, when temperatures were increased to 25 ºC, the pathogen killed 

both cell types more rapidly (4 d) (Mayers et al., 2016). At temperatures above 24 ºC, Ruegeria 

R11 excretes over 207 proteins into the extracellular milieu, including two potentially virulent 

RTX-like proteins (Gardiner et al., 2017). It is therefore tempting to suggest that Ruegeria R11 

kills E. huxleyi in a contact-independent manner, which makes sense, given that it lacks both the 

T4SS and the T6SS (Collins et al., 2015). However, more research is needed to confirm that 

either of these roseobacters might utilize T1SS to translocate RTX-toxins that kill haploid E. 

huxleyi. 

Bioactive roseobacticides, roseochelins, and/or IAA 

This work demonstrates that roseobacticides are not the effectors causing death of calcified 

or haploid flagellated E. huxleyi strains (CCMP3266 and CCMP3268, respectively) (Chapter 3). 

However, roseochelins and/or IAA might be involved in killing the haploid strain (CCMP3268) 

in a potentially non-T4SS dependent manner. In short, more research is required to ascertain how 

haploid CCMP3268 is being killed by the pathogen P. inhibens. 

6.4.3. How autophagy might protect CCMP2090 from P. inhibens pathogenesis 

Although this work has focused on E. huxleyi strains sensitive to P. inhibens, it is very 

interesting that several tested non-calcifying strains escaped pathogenesis (Chapter 3, Figure 7-
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3). When considering why CCMP2090 and other non-calcifying strains escape this bacterial 

pathogen, it is important to recall that they are genetically different from the tested calcifying and 

haploid strains (CCMP3266 and CCMP3268, respectively) used in this study. It would therefore 

be interesting to isolate non-calcifying diploid cells originating from a CCMP3266 culture and 

identify if they are sensitive or resistant to P. inhibens. This work (Chapters 2,3,4,5) never 

identified a persister population of non-calcifying diploid cells from the CCMP3266 co-cultures 

with P. inhibens. This suggests that either 1) non-calcifying diploid cells are not commonly 

generated from CCMP3266 or 2) non-calcifying cells are generated, but are sensitive to the 

bacterial pathogen and die along with the calcifying cells. 

When comparing CCMP2090 to the calcifying sensitive strain, it is necessary to consider the 

potential genetic differences that might influence this bacterial-algal interaction. For instance, 

viral hijacking of host alga’s autophagy pathway has already been identified for non-calcifying 

diploid E. huxleyi strain CCMP2090 when infected by EhVs (Schatz et al., 2014). Autophagy 

has a protective role in plants, since lysosomes can degrade bacterial virulence factors (Cemma 

et al., 2012), which might be an algal defense mechanism of interest in regard to microalga-

bacterial interactions. Additionally, autophagy can directly regulate eukaryotic ubiquitination 

processes, which might be an alternative way CCMP2090 might escape P. inhibens induced 

apoptosis. Conversely, it is possible that this non-calcifying algal strain lacks some required 

metacaspase or caspase-like genes that are integral to the process of apoptosis, thereby inferring 

resistance to the roseobacter pathogen. The same diploid non-calcifying E. huxleyi cell type 

(CCMP2090) that was recently shown to be resistant to roseobacter pathogens Ruegeria R11 and 

P. inhibens (Chapter 3) (Mayers et al., 2016), was also recently shown to die via autophagy

when infected with the E. huxleyi virus (EhV201) (Schatz et al., 2014). This might suggest that 

the autophagy response of CCMP2090 could play a protective role by degrading possible 

bacterial virulence factors. 

6.5. Conclusion 

This thesis presents the first evidence of bacterial induction of AL-PCD in a marine 

microalga. This cross-kingdom induction of AL-PCD in a calcifying microalga population has 

interesting implications for future studies of bacterial-algal pathogenesis in the marine 

ecosystem. If marine roseobacters have the widespread ability to promote rapid death of 

calcifying E. huxleyi cells, these bacteria might play an important role in increasing potential 



 

153 

draw down and burial of DIC during death events. Improving this potential still further is the 

finding that certain roseobacter strains enhance the calcification of E. huxleyi cells. This thesis 

also presents the first evidence of bacterial T4SS-directed pathogenesis of calcifying E. huxleyi. 

This complex interaction, involving a potential T4SS effector that might interact directly with the 

algal proteasome degradation pathway and/or AL-PCD, highlights how much there is left to 

learn about algal-bacterial interactions in the marine ecosystems. Marine bacteria are not the 

silent machines they were once assumed to be, they are complex microorganisms, capable of 

interacting with their algal hosts in multifarious ways that are only now beginning to be 

understood.  
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Table A-2. Characterization of metazoan apoptosis relies heavily on morphological and 
physiological features that are not always paralleled in plant and/or algal systems dying of 
AL-PCD.  This table demonstrates the distribution of various morphologies and physiologies in 
metazoans, plants, phytoplankton, and E. huxleyi. PS = phosphatidylserine. Areas where 
published information is lacking are noted by (--) symbol. 

Apoptosis Morphology/Physiology metazoans plants phytoplankton 
E. 

huxleyi 

Plasma 
Membrane 

plasma membrane 
integrity maintained R1-5 R R6,7 -- 

 Externalized PS 
residues R1,2,4,5,8 A9 P6,10 -- 

Cytoplasmic Cell shrinkage R1,3,5 P9,11,12 P6 -- 

 Condensation of 
cytoplasm R1-3,5 P9 -- -- 

Nuclear 
Nuclear blebbing & 

fragmentation of 
nuclear membrane 

R3,13 P14,15 P6,7,16 -- 

 DNA nicking 
(Tunel Assay)† R13,29 R9,17-19 P6,7,16,20/A21 -- 

 
Internucleosomal 
cleavage of DNA 
(DNA laddering)‡ 

P1,5/A4 P17-19 

/A22,23 P20/A24 A25 

 loss of DNA 
content per cell N/A P22 P6 P26 

Late stage 
cytoplasm released 
in apoptotic bodies 

(late-stage) 
R1,3,4 A9,11,13,27 P16/A6 A25 

 
Lack of 

inflammatory 
response 

R1,3 R27 R† R† 

 
abrupt loss of PM 

integrity (late-stage) A1,3,4,13 P9,22 A16/P P28 

 

†By definition apoptosis and AL-PCD processes should not propagate to nearby or adjoining 
cells (Danon et al., 2000). 
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Appendix B: supplemental for Chapter 2 
 

This supplemental information accompanies Chapter 2:  A small volume bioassay to assess 
bacterial-phytoplankton co-culture using Pulse-Amplitude-Modulated fluorometry, pg. 42. 

 

 
 
Figure B-1. Representative PAM fluorometry graphs of a 60 d growth curve of axenic 
Emiliania huxleyi calcifying diploid CCMP3266, non-calcifying haploid CCMP3268, and 
non-calcifying diploid CCMP2090. Readings for the potential quantum yield (Fv/Fm) for the 
three tested E. huxleyi cell types (white circles) calcifying CCMP3266 (a), non-calcifying 
haploid CCMP3268 (b), and non-calcifying diploid CCMP2090 (c). The initial algal 
fluorescence (F0) for the three tested E. huxleyi cell types calcifying CCMP3266 (d), non-
calcifying haploid CCMP3268 (e), and non-calcifying diploid CCMP2090 (f). Error bars 
represent the standard error between triplicate wells 
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Appendix C: supplemental for Chapter 3 
 

This supplemental information accompanies Chapter 3: Roseobacter Phaeobacter inhibens 
is a selective pathogen of its algal host Emiliania huxleyi, pg.58. 

 

 
 
Figure C-1. There is no effect effect of kanamycin (0-200 ug/ml) on calcifying Emiliania 
huxleyi CCMP3266. (a) Potential quantum yield (Fv/Fm) of axenic E. huxleyi control cultures 
amended with 0 μg/mL kanamycin (white circles), E. huxleyi amended with 50 μg/mL 
kanamycin (inverted white triangles), E. huxleyi amended with 100 μg/mL kanamycin 
(inverted light grey triangles), E. huxleyi amended with 150 μg/mL kanamycin (inverted grey 
triangles), E. huxleyi amended with 200 μg/mL kanamycin (inverted black triangles). And (b) 
dark adapted state constant fluorescent yield (F0) of axenic E. huxleyi control cultures 
amended with 0 μg/mL kanamycin (white circles), 10 μg/mL kanamycin (inverted white 
triangles), 50 μg/mL kanamycin (inverted light grey triangles), 100 μg/mL kanamycin 
(inverted grey triangles), and 200 μg/mL kanamycin (inverted black triangles).
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Appendix D: supplemental for Chapter 5 

This supplemental information accompanies Chapter 5: Phaeobacter inhibens Type IV 
Secretion System facilitates pathogenesis of calcifying Emiliania huxleyi, pg.112. 

 

 

 
 

Figure D-1. Population-wide benefit to Phaeobacter inhibens when grown in co-culture 
with an algal host at 18 °C. Enumeration of bacteria grown alone in algal media L1-Si 
(white triangles) and in co-culture with E. huxleyi (black triangles), using colony forming 
units (cfu). (a) P. inhibens strain DSM17395 grown alone and in co-culture with E. huxleyi, 
(b) P. inhibens DSM24588 grown alone and in co-culture with E. huxleyi. Error bars = ± SE 
of counts for triplicate wells. An asterix (*) over a time point indicates that the cfu/mL of the 
control and co-culture are statistically different. Statistics done using SigmaPlot 12 with a 
Student’s T-test, p value <0.001. 
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Figure D-2. Pathogenic Phaeobacter inhibens DSM17395 induces decline of Emiliania 
huxleyi CCMP3266 population cells/mL. Control cultures of E. huxleyi and co-cultures 
were enumerated using flow cytometry to count SYBR stained algal cells. (a) Co-culture of E. 
huxleyi with P. inhibens DSM17395; and (b) Co-culture of E. huxleyi with P. inhibens 
DSM24588. 
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Methods for Figure D-4 (below). Biofilm assay of P. inhibens DSM17395 WT and T4SS 
transposon mutants. 

P. inhibens DSM17395 transposon mutants within the virB and virD operons of the T4SS were 
maintained on ½ MA amended with 200 μg/mL kanamycin, WT P. inhibens DSM17395 was 
maintained on ½ MA without kanamycin. Cultures were then grown in 5 mL ½ MB (for mutants 
½ MB was amended with 200 μg/mL kanamycin). Liquid cultures were then inoculated into fresh 
5 mL ½ MB (for mutants ½ MB was amended with 200 μg/mL kanamycin) in borosilicate glass 
tubes (Fisher Scientific) and grown to early stationary phase at 18 °C in shaking incubator (160 
rpm, 30 hr). Biofilm assay, following previously described method was followed (Zhao et al., 
2016). Briefly, pellicle and liquid culture was removed (liquid culture was measured for growth at 
OD600 nm) (Ultrospec 3100 Pro, Fisher Scientific). Then tubes were gently rinsed twice to remove 
non-attached cells, without disrupting the biofilm. The remaining biofilm was stained with 5 mL 
of crystal violet for 20 min at room temperature. Unbound dye was discarded and biofilm was 
rinsed 3 times to ensure all unbound dye was removed and the glass walls without biofilm were 
clean. Tubes were then allowed to air dry at room temperature. CV stained biofilm was then eluted 
in 5 mL 2% sodium dodecyl sulphate (SDS) for 30 minutes. CV measurements (absorption: 595 
nm) were normalized to the corresponding OD of the culture. Error bars = ± SE for 6 biological 
replicates. 
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Appendix E: supplemental for Chapter 6 
 

This supplemental information accompanies Chapter 6: General Conclusion, pg.140. 

Strains used for Figure E-1 detailed below: The roseobacter strains used in co-culture with 

calcifying Emiliania huxleyi CCMP 3266 include: 1) a more distant endosymbiotic roseobacter 

6) Leisingera spp. ANG-1 (previously known as P. gallaeciensis ANG-1 (Collins et al., 2011)); 

2) Silicibacter spp. TM1040 (Miller and Belas, 2004), 3) Ruegeria pomeroyi DSM15171 (=DSS-

3) (formerly Silicibacter pomeroyi DSS-3) (Yi et al., 2007). All bacterial strains were grown in 

co-culture with CCMP3266 as described in Chapter 5. 
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