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ABSTRACT 

 

There is little information on the dynamics between bacteria and 

phytoplankton within the marine environment.  One genus of bacteria, Vibrio is often 

found in association with eukaryotic organisms, forming relationships that range from 

mutualistic to pathogenic in nature.   

In this dissertation, I investigated community-level and species-specific 

associations between Vibrio and three algal classes (diatoms, dinoflagellates, and 

raphidophytes) that form frequent blooms in Delaware’s inland bays.  Results 

demonstrated a significant correlation between particle-associated Vibrio abundance 

and all three algal classes.  Further species-specific interactions were examined over 

the course of four days during a mixed bloom of the harmful algal bloom species 

(HABs) Heterosigma akashiwo (3.0-20 µm size fraction) and Fibrocapsa japonica 

(>20 µm size fraction).  Results indicated a closer relationship for particle-associated 

Vibrio abundance with H. akashiwo abundance.  Changes in the Vibrio community 

during the bloom were examined using automated ribosomal intergenic spacer 

analysis (ARISA) and showed differences between size fractions but not over time.  

Grazing experiments during a separate mixed raphidophyte bloom demonstrated that 

associations with different size fractions may provide refuge for certain members of 

the Vibrio community despite an increased grazing pressure on the total population.   

Species-specific interactions were then examined showing that V. cholerae was 

the major species associated with H. akashiwo.  The transcriptional response of H. 



 

 xiv 

akashiwo to the presence of V. cholerae was evaluated using next generation 

sequencing, representing the first reported transcriptome of a raphidophyte species.  

This transcriptome was then used to examine differential expression of genes from H. 

akashiwo in response to the presence of V. cholerae.  Genes related to antioxidant 

scavenging, amino acid transport, post-translation modification and translation were 

significantly up regulated, while those associated with energy production and 

conversion, and lipid transport and metabolism were down regulated.   

Finally, direct comparison of quantitative real-time PCR (qPCR) and sandwich 

hybridization assay (SHA) was carried out using H. akashiwo as a model organism.  

The effects of diel cycle, growth stage, and macronutrient stress on enumeration of H. 

akashiwo was examined on both methods.  A singular cellular homogenate was 

generated from each culture and split for analysis by qPCR and SHA.  Results showed 

significantly greater rRNA content during lag and exponential phases compared to 

stationary phase for SHA, and a significant decrease in rRNA during the light cycle 

compared to the dark cycle.  In contrast, there were no significant differences for 

qPCR over a diel cycle or during the different growth stages.  However, under N stress 

both rRNA and DNA content per cell were significantly lower when compared to 

nutrient replete conditions.   

This work increases our understanding of dynamics between harmful algal 

species and Vibrio spp. in Delaware’s inland bays, as well as an understanding on the 

effects of diel cycle, growth stage, and macronutrient stress on enumeration of H. 

akashiwo using two molecular methods.  Finally, results of this work are broadly 

applicable to the research and monitoring of HABs and Vibrio in the Mid-Atlantic 

region. 
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Chapter 1 

INTRODUCTION 

1.1 Algal Blooms 

Algal blooms are naturally occurring phenomena in the world’s oceans and 

under beneficial conditions, algal cells may proliferate into millions of cells per liter. 

Currently, there are 5000 extant species of phytoplankton in the marine environment 

(Sournia et al. 1991; Simon et al. 2009; Davidson et al. 2014). Among these, 300 

species are known to cause harmful algal blooms (HABs), while 80 of these are 

known to produce toxins that can cause paralytic shellfish poisoning (PSP), diarrheic 

shellfish poisoning (DSP), amnesic shellfish poisoning (ASP), or neurotoxic shellfish 

poisoning (NSP) (Hallegraeff et al. 2003; Granéli & Turner 2007).  A requirement for 

the monitoring of harmful algal blooms (HAB) is the accurate determination of both 

species and abundance.  Several HAB species, including Heterosigma akashiwo, the 

subject of this dissertation, are difficult to enumerate by microscopy due to the fact 

that they cannot be easily preserved. Development of rapid molecular methods for 

both enumeration and detection of this and other HAB species can facilitate 

management practices in the coastal environment. 

Over the last several decades the occurrence of HABs has increased in 

frequency and abundance (Anderson et al. 2012).  The apparent increase of HABs may 

be related to several factors: anthropogenic eutrophication of coastal and inland 

waterways, increased aquaculture in coastal water or increased scientific focus on 

HABs (reviewed by Hallegraeff et al. 2003; Anderson et al. 2008).  The association of 
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bacteria with phytoplankton also plays an important role in phytoplankton ecology and 

may impact HAB progression by either stimulating or inhibiting growth.  These 

associations are likely species-specific, but little is known about bacterial:algal 

interactions in the natural environment, or how they shape microbial communities. 

This dissertation investigates bacterial:algal interactions with respect to HABs 

and the ability to accurately quantify HAB species abundance using molecular 

methods. An overview of these topics is provided in this introductory chapter. This is 

not intended as a comprehensive review of the literature, but instead supplements 

material provided in each research chapter in order to place this research within the 

broader fields of microbial and HAB ecology. 

1.2 Vibrio-algal Interactions 

1.2.1 Marine bacteria 

Marine bacteria exhibit two growth strategies in the aquatic environment: (i) 

free-living bacteria, or (ii) associated with particles or surfaces as a biofilm.  The 

colonization of surfaces by bacteria and the formation of biofilms provides advantages 

including increased access to nutrients, refuge from predation and protection from 

environmental changes (Dang & Lovell 2000; Thompson et al. 2006; Asplund et al. 

2011).  In the marine environment, particle-associated bacteria represent 

approximately 10% of the total community (Middelboe et al. 1995) but may account 

for up to 90% of total bacterial production during blooms of phytoplankton (Smith et 

al. 1995).  Phytoplankton cells often excrete organic compounds, predominantly 

carbohydrates, into the surrounding water (Takemura et al. 2014).  By consuming 

extracellular material, particle-associated bacteria play an important role in the marine 
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microbial loop and the biogeochemical cycling of nutrients in the marine environment 

(Sapp et al. 2007; Cottrell & Kirchman 2004). 

The dynamics between bacteria and phytoplankton in the marine environment 

are closely linked, with distinct correlations between bacterial and phytoplankton 

biomass (Rooney-Varga et al. 2005).  However, little is known about how these 

communities interact at the species level in the natural environment (Rooney-Varga et 

al. 2005).  Previous studies have provided evidence that species-specific interactions 

with bacteria may play a role in controlling phytoplankton growth (Lovejoy et al. 

1998), through algicidal activity (Skerratt et al. 2002; Yang et al. 2013; Mayali & 

Azam 2004). In the dinoflagellate Lingulodinium polyedrum, for example, addition of 

proteases from marine bacteria resulted in decreased motility and changes in 

swimming behavior (Mayali et al. 2008).  Temporary cyst formation has also been 

observed in L. polyedrum in the presence of bacterial strains from the Bacteroidetes 

(Mayali et al. 2007). 

1.2.2 Bacterial Chemotaxis and the Phycosphere 

Bacteria inhabit a heterogenous marine environment and must employ a range 

of strategies to exploit and navigate niches.  Many bacteria are motile and can respond 

positively or negatively to external stimuli (taxis).  The most studied response in 

bacteria is chemotaxis, the ability to sense and respond to chemical cues (Stocker & 

Seymour 2012).  For example, several Vibrio species may use chemotaxis for 

colonization.  Vibrio cholerae has been demonstrated to move towards intestinal 

mucosa (Freter et al. 1979), while V. anguillarum may migrate to the skin of fish 

(O’Toole et al. 1999).  V. alginolyticus has been shown to positively migrate to 

exudates of Heterosigma akashiwo (Seymour et al. 2009).  Grossart et al. (2001) 
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observed bacterial motility increased at the termination of a diatom bloom, suggesting 

release of DOM may elicit motility.   

The ingestion, digestion, excretion and exudation of marine organisms produce 

a habitat characterized by microscale chemical gradients (Stocker & Seymour 2012).  

Phytoplankton, in particular, release significant amounts of amino acids, lipids, and 

simple sugars into the surrounding environment (Jones & Cannon 1986) that may be 

exploited by marine bacteria.  Referred to as the phycosphere, the area immediately 

surrounding the phytoplankton cell represents a highly nutrient-enriched environment 

for marine bacteria (Stocker & Seymour 2012).  The phycosphere can be several cell 

diameters surrounding the phytoplankton (Bell & Mitchell 1972) and may enhance the 

growth of bacteria near the phytoplankton (Mitchell et al. 1985; Bowen et al. 1993; 

Jackson 1987). 

1.2.3 Cell-cell Communication 

Quorum sensing (QS) is bacterial cell-cell communication that allows 

populations to alter gene expression patterns, allowing cells to respond individually or 

as a population to changes in the environment (Amin et al. 2012).  Communication 

between bacterial cells may be carried out using N-acyl-L-homoserine lactones (AHL) 

which plays an important role in biofilm formation (reviewed by Dickschat 2010).  

For example, the plant pathogen Pseudomonas syringae requires AHL for the 

formation of extracellular polymeric substances (EPS) that aid in biofilm formation 

(Quiñones et al. 2005).  Chemical communication has also been demonstrated in 

eukaryotes: pheromone based attraction of gametes in brown macroalgae has been 

demonstrated in Ectocarpus (Müller et al. 1971) and Fucus (Pohnert & Boland 2002).  

Interkingdom cell-cell signaling has been shown to initiate interactions between 
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species and is likely similar in the ocean (reviewed by Amin et al. 2012).    Eukaryotes 

may also influence QS in bacteria.  For example, Teplitski et al. (2004) demonstrated 

that colonies of Chlamydomonas reinhardtii and Chlorella spp. stimulated QS 

dependent luminescence in Vibrio harveyi.  This ability to sense bacterial cells could 

allow phytoplankton to nurture specific bacteria in their phycosphere or facilitate 

attachment to the cell (reviewed by Amin et al. 2012). 

1.2.4 Biofilm and attachment 

Formation of bacterial biofilms is the process in which bacteria attach to 

abiotic and biotic surfaces in the aquatic environment, enhancing adaption and 

survival (Absalon et al. 2011).  Attachment of bacterial cells is enabled by the 

production of extracellular polymeric substances (EPS) that forms the extracellular 

matrix that cells are embedded in.  This matrix can account for up to 90% of the dry 

weight in biofilms (Flemming & Wingender 2010) and the matrix may be comprised 

of DNA, exopolysaccharides and proteins (Flemming & Wingender 2010; Absalon et 

al. 2011).  The composition and structure of the biofilm matrix varies, but depends the 

resident species and environmental conditions (Dickschat 2010).  Nutritional content, 

temperature, pH, iron availability and osmolarity are factors that can impact biofilm 

formation (O’Toole et al. 2000).  Formation of the biofilm can also increase resistance 

to predation (Erken et al. 2011) and other environmental stressors (Sun et al. 2013).   

In Vibrio, QS is used to determine population density and is used to control 

formation of biofilms (Yildiz & Visick 2009).  Once a sufficient cell density has been 

reached the bacteria coordinate their behavior by production of small signal molecules 

called autoinducers.  At a certain threshold of autoinducer concentration, target genes 

are activated for biofilm formation (Mieszkin et al. 2013).  Cell structures may also 
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assist in formation of biofilms.  For example, V. cholerae uses both the polar flagellum 

and mannose-sensitive hemagglutinin (MSHA) pili to mechanically scan a potential 

surface for initial attachment (Utada et al. 2014), after which production of Vibrio 

polysaccharides (VPS) begins (Lutz et al. 2013).  Mannitol, a photosynthetic product 

of many marine algae, has been recently proposed to influence production of VPS and 

may play a role in habitat selection in V. cholerae (Ymele-Leki et al. 2013).  VPS is 

positively regulated by VpsR and VpsT using c-di-GMP as a secondary messenger to 

control surface association of bacteria (Lutz et al. 2013).  C-di-GMP concentration has 

been shown to be regulated by a phosphate responsive regulator (PhoB), which 

regulates the acgAB operon (Pratt et al. 2009).  Induction of the acgAB operon in the 

late stages of infection may prepare the release of V. cholerae from the biofilm for 

dispersion in the aquatic environment (Pratt et al. 2009). 

1.2.5 Predation 

Predation on bacteria can induce biofilm formation, increasing production of 

external polysaccharides (Lutz et al. 2013; Matz et al. 2005). In Vibrio cholerae, the 

production of VPS has also been shown to increase resistance to predation (Sun et al. 

2013).  QS-deficient V. cholerae are more prone to grazing than the wild type but still 

retains some grazing resistance, suggesting that resistance is a combination of QS and 

other regulatory systems (Erken et al. 2011). Since grazing on bacteria is the largest 

source of bacterial mortality in the aquatic environment (Matz & Kjelleberg 2005), the 

capability to form biofilms may facilitate the survival and proliferation of bacteria 

(Matz & Kjelleberg 2005), and play a role in structuring microbial communities 

(Salcher et al. 2005). 
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1.2.6 Heterosigma akashiwo 

The raphidophyte, Heterosigma akashiwo, is a cosmopolitan harmful alga, 

with increasing global impact on coastal environments (Li & Smayda 2000; Portune et 

al. 2009; O’Halloran et al. 2006; Kempton et al. 2008; Tyrrell et al. 2002).  H. 

akashiwo has been implicated in fish killing blooms in China (Tseng et al. 1993), 

Japan (Honjo 1992), New Zealand (Chang et al. 1990), South Africa (Bates et al. 

2004) and estuaries on the east (Kempton et al. 2008) and west (Rensel et al. 2010) 

coast of the United States. The raphidophytes have been shown to produce high levels 

of ROS (Marshall et al. 2002; Marshall et al. 2003; Kawano et al. 1996) which may 

contribute to their toxicity toward fish and shellfish (Yang et al. 1995; Oda et al. 1992; 

Oda et al. 1997; Kawano et al. 1996, but see Twiner et al. 2001).  In photosynthetic 

organisms ROS are produced as byproducts of various metabolic pathways localized 

in the chloroplasts, peroxisomes, and mitochondria (Apel & Hirt 2004).  ROS include 

superoxide anion radicals (O
2-

), hydrogen peroxide (H2O2) and hydroxyl radicals 

(OH
.
).  Photosynthetic organisms can generate ROS by activating various enzymes in 

response to environmental stressors, such as bacterial pathogens, drought, light 

intensity, and nutrient limitation (Liu et al. 2007).  Studies examining factors involved 

in production of ROS by raphidophytes, however, have been contradictory. In 

Chattonella marina, for example, irradiance has been shown to play a role in the 

production of O
2-

, with iron playing a role in suppressing production of O
2-

 (Marshall 

et al. 2002).  Superoxide anion production in C. marina was also inhibited by the 

presence of the iron chelator deferoxamine (Kawano et al. 1996).  In Heterosigma 

akashiwo, the opposite is true; iron depletion enhanced the production of ROS, with 

variation in light not affecting production (Twiner & Trick 2000). 
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 One of the challenges in understanding H. akashiwo ecology is that the lack of 

a cell wall in this and other marine raphidophytes leads to difficulty in preserving and 

working with preserved samples.  The addition of normal preservatives such as 

glutaraldehyde has been shown to lyse cells quickly so that enumeration by light 

microscopy is often not possible.  Molecular methods, including both Quantitative 

Real-Time PCR (qPCR; Coyne et al. 2005; Handy et al. 2006; Demir et al. 2008; 

Portune et al. 2009) and the Sandwich Hybridization Assay (SHA; Tyrrell et al. 2002; 

Tyrrell et al. 2001; Greenfield et al. 2006; Greenfield et al. 2008; Preston et al. 2009) 

have been developed and independently validated for enumeration of H. akashiwo in 

laboratory culture and environmental samples.  However, the direct comparison of 

these methods has only recently been carried out (Doll et al. 2014), demonstrating 

good correlation between results of qPCR and SHA for enumerating cell densities of 

several strains of H. akashiwo in laboratory culture. The extent to which these 

methods are able to accurately determine cell densities over a range of physiological 

conditions has not been evaluated. 

1.2.7 Quantitative Real-Time PCR (qPCR) 

Quantitative real-time PCR (qPCR) allows for quantification of products 

produced during the PCR reaction to be quantified in “real time” during each cycle of 

PCR.  Reactions are done in a specialized thermocycler able to measure a fluorescent 

detector molecule.  Two common fluorescent detectors are intercalating dyes, such as 

SYBR Green, or small probe sequences that fluoresce on hydrolysis, commonly called 

hydrolysis or TaqMan probes.  TaqMan probes use the exonuclease activity of the Taq 

polymerase to degrade a non-extendable fluorescently marked probe during the 

hybridization and extension stages of PCR.  The probe requires two different 
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fluorescent dyes, a reporter dye (such as FAM or HEX) and a quenching dye (such as 

BHQ).  The reporter dye emission is transferred to the quencher dye by fluorescence-

resonance energy transfer (FRET). Cleavage of reporter dye by Taq polymerase 

results in an increase in the fluorescence, which is captured by a CCD camera (Gibson 

et al. 1996).  Species-specific probes allow for greater specificity during the PCR 

reaction and detection of fluorescence.  The TaqMan method may also be multiplexed, 

using gene specific probes with different fluorescent reporter dyes to quantify multiple 

genes in a single reaction (VanGuilder et al. 2008; Handy et al. 2006).   

Analysis of fluorescence is carried out by setting a critical/crossing threshold 

(CT) during exponential amplification.  The CT is the number of cycles that it takes 

each reaction to reach the prescribed fluorescence level (VanGuilder et al. 2008).  A 

standard curve of target DNA with known concentration is used along with samples. 

Linear regression is then used to determine relative abundance of target DNA in each 

sample.  An exogenous control, such as pGEM plasmid, may be added to the 

extraction buffer to assess levels of inhibition in environmental samples. The 

abundance of the target gene is normalized to pGEM concentrations, correcting for 

errors in processing or due to inhibition of the PCR (Coyne et al. 2005). 

1.2.8 Sandwich Hybridization Assay (SHA) 

In contrast to qPCR, SHA uses direct detection of the ribosomal RNA (rRNA) 

from unpurified samples.  SHA uses two oligonucleotide probes, a biotinylated 

species-specific capture probe immobilized on a support medium.  The target 

sequence from a cellular homogenate is hybridized to the capture probe and then 

"sandwiched" between a signal probed conjugated with digoxygenin.  The addition of 

an anti-digoxygenin horseradish peroxidase (HRP) substrate reacts with the sandwich 
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to produce colorimetric development.  After color development the optical density is 

read and is directionally proportional to the amount of rRNA in the sample  The 

abundance of H. akashiwo is determined through linear regression analysis of 

standards derived from either cultured or natural samples (Scholin et al. 1996; Miller 

& Scholin 1998; Greenfield et al. 2008; Doll et al. 2014). 

1.3 Project Overview 

This project has three components:   

(1) In Chapter 2, I investigated community-level and species-specific 

associations between Vibrio spp. and algae within Delaware’s inland bays.  The 

abundance of particle-associated Vibrio spp. was measured in relation to diatom, 

dinoflagellate and raphidophyte abundance from three Delaware Inland Bay sites from 

2009 – 2011.  Species-specific associations and Vibrio community structure were then 

examined during a naturally occurring mixed bloom of two HAB species: Fibrocapsa 

japonica and Heterosigma akashiwo.  Finally, I examined the hypothesis that 

association with algae provides a refuge from grazing for Vibrio spp. 

Microzooplankton grazing rates and changes in Vibrio community structure were 

measured for three size fractions of particle-associated and planktonic Vibrio 

populations during mixed blooms of F. japonica and H. akashiwo. 

(2) Interactions between Vibrio and algal species were further investigated in 

Chapter 3 by examining the effects of Vibrio cholerae on the global transcriptome of 

the marine raphidophyte Heterosigma akashiwo.  Changes in transcript levels for key 

enzymes related to stress response and mitigation of reactive oxygen species were 

verified by qPCR.  This represents the first investigation of transcriptional responses 

of Heterosigma akashiwo to the presence of bacteria. 
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(3) Finally, in Chapter 4, I examined the effects of physiological status on the 

accuracy of qPCR for enumeration of Heterosigma akashiwo, and compared these 

results to SHA.  Both qPCR and SHA target nucleic acids within the cell, but are 

distinctly different in that qPCR amplifies DNA fragments defined by a set of specific 

primers, while SHA measures the amount of captured rRNA within a cell lysate. Here, 

I evaluated the effects of diel cycle, growth phase and macronutrient (nitrogen and 

phosphorus) stress on the quantification of cell density by these two methods, using 

Heterosigma akashiwo as a model organism. 
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Chapter 2 

COMMUNITY-LEVEL AND SPECIES-SPECIFIC ASSOCIATIONS 
BETWEEN PHYTOPLANKTON AND PARTICLE-ATTACHED VIBRIO 

SPECIES IN DELAWARE’S INLAND BAYS 

2.1 Abstract 

Vibrio are an abundant, naturally occurring and diverse group of bacteria in 

marine environments that can form associations with phytoplankton or other particles 

by forming a biofilm. Correlations between total Vibrio spp. abundance and 

phytoplankton abundance have been noted, suggesting that growth is enhanced by 

exudates produced during algal blooms and/or that association with phytoplankton 

cells may provide Vibrio with a refuge from predation.  Here, we investigated 

community-level and species-specific associations between particle-associated Vibrio 

and phytoplankton species in size fractionated water samples collected from 

Delaware’s inland bays (DIB), Delaware, in the mid-Atlantic region of the US.  The 

relative abundances of particle-associated Vibrio and algal classes that form frequent 

blooms in the DIB (dinoflagellates, diatoms and raphidophytes) were determined 

using quantitative real-time PCR.  Results demonstrated a significant correlation 

between particle-attached Vibrio abundance and all three classes of phytoplankton.  

Species-specific correlations were further examined over the course of four days 

during a mixed bloom of the harmful algal species (HABs) Heterosigma akashiwo and 

Fibrocapsa japonica (Raphidophyceae) where results indicated a closer relationship 

for particle-associated Vibrio abundance with H. akashiwo.  Changes in the Vibrio 
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assemblages during the bloom were evaluated using automated ribosomal intergenic 

spacer analysis (ARISA) and revealed significant differences between each size 

fraction, but not over time.  Grazing experiments during a separate mixed 

raphidophyte bloom showed that association with different size fractions may provide 

refuge for certain members of the Vibrio community despite an increased grazing 

pressure on the population as a whole.  Results of this investigation demonstrate links 

between phytoplankton, including HAB species, and Vibrio that may lead to 

predictions of potential health risks and inform future management practices in this 

region. 

2.2 Introduction 

Bacteria within the genus Vibrio are naturally abundant in marine and estuarine 

environments (Grimes 1991), where they exhibit two alternative growth strategies: (i) 

association with particles as a biofilm or (ii) as free-living bacterioplankton (Yildiz & 

Visick 2009).  Association with planktonic organisms plays an important role in the 

ecology of Vibrio (Turner et al. 2009) by providing an enriched microenvironment for 

Vibrio spp. (Huq et al. 2005; Eiler & Bertilsson 2006; Asplund et al. 2011).  Previous 

research demonstrated that planktonic copepods, in particular, enhance the survival 

and distribution of Vibrio in temperate and tropical areas (Lizárraga-Partida et al. 

2009; Tamplin et al. 1990).  Associations with plankton may also provide a refuge 

from grazing by bacterivorous protozoa (Matz et al. 2005; Worden et al. 2006), which 

can be substantial in some areas (Beardsley et al. 2003).  Matz et al. (2005), for 

example, showed that the cell density of V. cholerae within a biofilm remained stable 

in the presence of protozoa, whereas planktonic cells were rapidly eliminated.  

However, particle association may not always be advantageous as it may subject the 
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cells to sinking forces or losses through “collateral damage” when host cells are 

preyed upon (Worden et al. 2006). 

In addition to copepods, Vibrio also form attachments to algal cells (Hood & 

Winter 1997), and it has been suggested that Vibrio preferentially attach to algal cells 

and detritus over whole copepods (Tamplin et al. 1990). Increases in Vibrio abundance 

have been associated with algal blooms, and in some cases, with specific algal groups.  

For example, Turner et al. (2009) showed a significant correlation between 

phytoplankton abundance and total culturable Vibrio abundance in the coastal waters 

of Georgia, and high Vibrio abundance has been noted to occur in diatom dominated 

phytoplankton assemblages in the Arabian Sea (Asplund et al. 2011).  In another 

study, the abundance of particle-attached Vibrio cholerae increased rapidly (>4 

doublings per day) during coastal algal blooms, despite intense protozoa grazing 

pressure (Worden et al. 2006).  While previous studies have demonstrated a 

correlation between phytoplankton abundance and Vibrio concentrations in coastal 

waters, however, few studies have examined species-specific associations between 

Vibrio and phytoplankton in the natural environment.  In one study, for example, Eiler 

et al. (2006) found a significant correlation between V. cholerae and Prorocentrum 

spp., suggesting that these interactions may be important determinants regulating 

intrageneric competition and growth of Vibrio in the marine environment.  

Increased occurrences of algal blooms (Bricker et al. 2008) are one 

consequence of declining coastal water quality in the mid-Atlantic region of the 

United states (Kiddon et al. 2003).  Eutrophication of Delaware’s inland bays (DIB), 

which consist of Rehoboth Bay, Indian River Bay, and Little Assawoman Bay, has 

increased over the last several decades, with high concentrations of nutrient inputs 
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from agricultural and urban sources (Price 1998; Sallade & Sims 1997).  Several 

harmful or potentially harmful algal bloom species (HABs) have been identified in the 

DIB, and blooms of harmful algal species occur frequently (Handy et al. 2008).  

Among these are several species of harmful dinoflagellates including Gyrodinium 

instriatum (Whereat 2013), Karlodinium veneficum (Whereat 2013), and 

Prorocentrum minimum (Warner & Madden 2007), as well as raphidophytes, a group 

of species distributed globally in temperate coastal waters and freshwater 

environments.  Marine raphidophytes include genera which are known for fish kills, of 

which four species bloom annually in the DIB: Heterosigma akashiwo, Chattonella 

subsalsa, Fibrocapsa japonica and the recently described Viridilobus marinus (Coyne 

et al. 2005; Handy et al. 2006; Demir-Hilton et al. 2012; Whereat 2013).   

Although there are extensive data on harmful algal species in the DIB, little is 

known about the ecology of Vibrio in mid-Atlantic estuaries (Johnson et al. 2012), or 

associations between Vibrio spp. and HABs or other phytoplankton groups in this 

region.  Our goals were to examine community-level and species-specific relationships 

between particle-associated Vibrio spp. and phytoplankton groups in the DIB.  

Specifically, we examined correlations between the abundance of particle-associated 

Vibrio and three algal groups: diatoms, dinoflagellates, and raphidophytes at three 

sites in the DIB over three years. We also examined changes in abundance and 

community composition of particle-associated Vibrio spp. and HAB raphidophytes in 

size-fractionated water samples during a mixed bloom of Heterosigma akashiwo and 

Fibrocapsa japonica.  In addition, the impacts of microzooplankton grazing on two 

size fractions of particle-associated and free-living planktonic assemblages of Vibrio 

were assessed during a separate mixed raphidophyte bloom.  Results of this study are 
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broadly relevant to research and monitoring of Vibrio and interactions with HAB 

species in the Mid-Atlantic region. 

2.3 Material and Methods 

2.3.1 Field samples 

Water samples were collected weekly from May to September in 2009 – 2011 

from three sites within the Delaware Inland Bays: RB64 in Rehoboth Bay, IR32 in 

Indian River Bay and SB10E in Little Assawoman Bay (Figure 2.1).  Temperature, 

salinity and dissolved oxygen (mg l
-1

) were measured for each sample using a 556 

MPS YSI meter (YSI Inc., Yellow Springs, OH).  Dissolved nutrient (NH4, NOx, P 

and Si) concentrations were determined for water samples collected in 2010 and 2011 

only, using a segmented flow auto-analyzer (Seal Analytical, Mequon, WI).  

Chlorophyll a (chl a) concentrations were measured after extraction in 90% acetone 

on a Turner 10AU fluorometer (Turner Designs, Sunnyvale, CA; Welschmeyer 1994).  

Water samples were filtered under gentle vacuum (~380 mmHg) and size-

fractionated on polycarbonate filters (Millipore Isopore, Billerica, MA) to retain the 

>3.0 μm size fraction.  Filters were immediately placed in CTAB buffer consisting of 

100 mM Tris–HCl (pH 8), 1.4M NaCl, 2% (w/v) cetyltrimethylammonium bromide 

(CTAB), 0.4% (v/v) 2-mercaptoethanol, 1% (w/v) polyvinylpyrrolidone and 20 mM 

EDTA (Dempster et al. 1999), amended with 20 ng ml
-1

 pGEM plasmid (Promega, 

Madison, WI) as an internal standard (Coyne et al. 2005).  Filtered samples were 

stored at -80°C until extraction.  Before extraction, all samples were heated at 65 °C 

for 10 minutes.   
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Figure 2.1 Sampling sites within the Delaware Inland Bays: Rehoboth Bay at Torquay 

(RB64); Indian River Bay at Holly Terrace Acres Canal (IR32); and 

Little Assawoman Bay at South Bethany: Russell Canal East (SB10E).
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DNA was extracted as described in Coyne et al. (2001) and resuspended in LoTE (3 

mM Tris- HCl, 0.2 mM EDTA, pH 7.5) (Coyne et al. 2001; Dempster et al. 1999).  

DNA concentration was determined by spectrophotometry and samples were diluted 

to approximately 25 ng μl-1
 for molecular analysis. 

Primers (Table 2.1) for the RNA polymerase subunit A (rpoA), a single copy 

gene within the Vibrio genome, were previously described in Dalmasso et al. (2009).  

Concentrations of algal class-specific primers (Table 2.1) targeting the 18S rDNA for 

raphidophytes, dinoflagellates and diatoms were optimized for qPCR as described in 

Coyne et al. (2005).  DNA from size-fractionated water samples was amplified by 

qPCR in triplicate 10 µl reactions consisting of 5 µl of SYBR Green Master Mix 

(Applied Biosystems), 0.9 µM each primer targeting Vibrio rpoA or algal 18S rRNA 

sequences (Table 2.1), and 1 µl diluted DNA template (~25 ng).  Reaction conditions 

for amplification of Vibrio rpoA consisted of 2 min at 50 °C, 10 min at 95 °C, 

followed by 40 cycles at 95 °C for 15 s, 53 °C for 30 s and 72 °C for 1 min, with 

added dissociation analysis.  Reaction conditions for algal groups were 2 min at 50 °C, 

10 min at 95 °C, followed by 40 cycles at 95 °C for 15 s, 56 °C for 30 s and 72 °C for 

1 min, with added dissociation analysis.  Quantification of the internal pGEM plasmid 

standard was carried out using a TaqMan®-based assay in triplicate 10 µl reactions 

consisting of 5 µl of TaqMan Universal Master Mix (Applied Biosystems), 0.9 µM of 

each primer, 0.2 µM TaqMan probe (Table 2.1), and 1 µl of diluted DNA template.  

Reaction conditions consisted of 2 min at 50 °C, 10 min at 95 °C, followed by 40 

cycles at 95 °C for 15 s, 56 °C for 30 s and 72 °C for 1 min.  The relative abundance 

of Vibrio and algal groups were determined by linear regression analysis using a 

standard curve generated from rpoA plasmid and 18S rDNA plasmid from each algal 
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group.  rpoA and 18S rDNA abundance in each sample was normalized to the 

abundance of pGEM and reported as relative abundance per volume of water filtered. 

2.3.2 Intensive sampling 

Samples were collected during a mixed raphidophyte bloom of Heterosigma 

akashiwo (10 – 15 µm in size) and Fibrocapsa japonica (20 – 30 µm in size), at site 

RB64 on 13 – 16 September 2011.  Initial cell concentrations for H. akashiwo were 

2.99x10
7
 cells l

-1
, while F. japonica cell concentrations were 4.1x10

5
 cells l

-1
.  

Samples were collected from just below the surface at replicate Sites 1 and 2, 

approximately 10 meters apart, at 10:14 a.m. on 13 September 2011 (T0), and at 4, 26, 

47 and 70 hours after T0 (T4, T26, T47, and T70, respectively).  Physical parameters, chl 

a, and nutrient concentrations were measured as above for each time point.  Water was 

pre-filtered on site using a 150 μm filter to remove detritus and zooplankton.  

Prefiltered samples were then transported to the laboratory and size fractionated onto 

polycarbonate filters to collect the >20 μm, 3.0-20, and 0.2-3.0 μm size fractions 

(which contained the planktonic or “free-living” Vibrio) within 1 hour of collection.  

DNA was extracted from each size fraction as described above.  The relative 

abundance of H. akashiwo (3.0-20 μm size fraction) and F. japonica (>20 μm size 

fraction) were determined using a TaqMan®-based assay in triplicate 10 µl reactions 

consisting of 5 µl of TaqMan Universal Master Mix (Applied Biosystems), 0.9 µM of 

species-specific primers (Table 2.1), 0.2 µM TaqMan probe (Table 2.1), and 1 µl of 

diluted DNA template (~25 ng).  Reaction conditions were 2 min at 50 °C, 10 min at 

95 °C, followed by 40 cycles at 95 °C for 15 s, 56 °C for 30 s and 72 °C for 1 min.  

Quantification of Vibrio spp., dinoflagellates (>20 μm size fraction only), and the 

pGEM internal standard were carried out as above. 
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Table 2.1 Primer and probe sequences used in this study 

Target Primer Sequence (5' - 3') 
Heterosigma akashiwo  

18S rDNA
1
 

Hs 1350F  

Hs 1705R 

CTAAATAGTGTCGGTAATGCTTCT 

GGCAAGTCACAATAAAGTTCCAT 

 Hs Probe HEX-CAACGAGTAACGACCTTTGCCGGAA-IBFQ1 

Fibrocapsa japonica  

18S rDNA
2
 

Fj 1350F  

Fj 1705R 

CCCAGTCACGACGTTGTAAAACG 

TGTGTGGAATTGTGAGCGGA 

 Fj Probe FAM-CACTATAGAATACTCAAGCTTGCATGCCTGCA-IBFQ1 

pGEM plasmid DNA
1
 M13F CCCAGTCACGACGTTGTAAAACG 

 pGEM R TGTGTGGAATTGTGAGCGGA 

 pGEM Probe FAM-CACTATAGAATACTCAAGCTTGCATGCCTGCA-IBQF1 

Vibrio spp. rpoA
3
 rpoA 294F AAATCAGGCTCGGGCCCT 

 rpoA 535R GCAATTTTRTCDACYGG 

Diatom
4
 Diatom 1256F TAGTGAGGATTGACAGATTGAG 

 Diatom 1637R CGTAATCATTGCAGTTTGATGAAC 

Dinoflagellate
5 

Dino 1662F CCGATTGAGTGWTCCGGTGAATAA 

 Euk B GATCCWTCTGCAGGTTCACCTAC 

Raphidophyte
6 

BTG005C ATCATTACCACACCGATCC 

 Raphid-ITS-R YGCCAGGTGCGTTCGAA 
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Table 2.1 continued 

Target Primer Sequence (5' - 3') 
Vibrio spp. ITS

7 
16S.6 ACTGGGGTGAAGTCGTAACA 

 23S.1 CTTCATCGCCTCTGACTGC 

 
1
From (Coyne et al. 2005) 

2
From (Demir et al. 2008) 

3
From (Dalmasso et al. 2009) 

4
From (Tilney et al. 2014) 

5
From (Handy et al. 2008) 

6
Modified from (Connell 2002) 

7
From (Hoffmann et al. 2010)
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Vibrio assemblages were also evaluated in each size fraction by automated 

ribosomal intergenic spacer analysis (ARISA) using Vibrio-specific primers (Table 

2.1; Hoffmann et al. 2010). The 23S rRNA primer was modified with the fluorescent 

probe hexachlorofluorescein (HEX).  ARISA patterns were generated from DNA 

extracted from known cultured Vibrio species (kindly provided by Dr. Gary Richards, 

USDA ARS, Delaware State University, Dover, DE) for comparison and to identify 

peaks.  DNA was amplified after an initial denaturation for 5 min at 94 °C for 16 

cycles of 94 °C for 1 min, 72 °C for 1 min (decreased 0.5 °C per cycle), 72 °C for 1 

min, followed by 22 cycles of 94 °C for 1 min, 64 °C for 1 min and 72 °C for 1 min. 

PCR products were then denatured at 94 °C for 1 min followed by a 1 min incubation 

at 84 °C and a 5 min incubation at 72 °C.  To reduce heteroduplex formation, PCR 

products were diluted 10-fold in fresh reaction mixture and subjected to 5 additional 

cycles of 94 °C for 1 min, 64 °C for 1 min and 72 °C for 1 min (Thompson et al. 

2002).  1 μL of the PCR product was combined with 18 μL HiDi formamide (Applied 

Biosystems) and 1 μL GeneScan-2500 Size Standard (Applied Biosystems) and 

denatured at 95º C for 3 minutes.  HEX-labeled PCR products were detected and sized 

with an ABI Prism 310 Genetic Analyzer (Applied Biosystems) using GeneScan v. 3.1 

software (Applied Biosystems).  Results were imported into PeakScanner v.2.0 

software (Applied Biosystems) for analysis and peaks between 50 and 1000 bases in 

length were binned at a width of 1 nt.  Peaks were aligned and standardized to the total 

of all peak heights within each sample for comparison between ARISA profiles using 

T-Rex (Culman et al. 2009). 
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2.3.3 Microzooplankton grazing 

Samples were collected from RB64 during a mixed Heterosigma akashiwo and 

Fibrocapsa japonica bloom on 23 Aug. and 25 Aug., 2011, for two separate grazing 

studies.  Samples were pre-filtered on site through a 150 μm filter to remove 

zooplankton and detritus.  Initial cell concentrations for Experiment 1 were 4.3x10
6
 

cells l
-1

 for Heterosigma akashiwo and 2.66x10
4
 cells l

-1
 for Fibrocapsa japonica.  For 

Experiment 2, initial cell concentrations were 1.15x10
7
 cells l

-1
 and 1.32x10

4
 cells l

-1
 

for H. akashiwo and F. japonica respectively.  For each grazing study, an aliquot of 

the water sample (T0) was size fractionated to achieve >20 μm, 3.0 – 20 μm and 0.2 – 

3.0 μm (free-living) size fractions for both chl a and qPCR analyses.  Site water was 

also filtered through a 0.2 μm filter (Whatman Polycap Disposable Capsules, GE 

Healthcare, Piscataway, NJ) for dilution of whole water (Demir et al. 2008) to achieve 

dilutions consisting of 25, 50 and 100% of whole water.  Diluted samples (N=4) were 

enriched with f/2 nutrients (Demir et al. 2008).  Bottles were incubated at 25 °C for 24 

hr at a light intensity of 228 μmol m-2
 sec

-1
.  Samples were then size fractionated to 

collect >20 μm, 3.0-20 μm and 0.2-3.0 μm (free-living) size fractions for both chl a 

and DNA extractions as described above.  The relative abundance of H. akashiwo, F. 

japonica and Vibrio spp. were determined using qPCR parameters as above.  Vibrio 

growth rate (µ) per day was calculated as follows: 

µ=[ln(relative abundance at T24)-ln(relative abundance at T0)] x day
-1

 

Vibrio apparent growth and grazing rates were calculated by plotting the 

growth rate of Vibrio vs. dilution factor. The negative slope of this relationship is the 

grazing rate and the y-intercept is the apparent growth rate (Landry & Hassett 1982; 

Demir et al. 2008), reported as per day (day 
-1

). 
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The free-living and particle attached Vibrio assemblages within each size 

fraction for the 100% (undiluted) treatments were evaluated by ARISA as described 

above. 

2.3.4 Statistical analysis 

Statistical comparisons were performed using the R statistical package (R Core 

Team 2012).  Relative abundances determined by qPCR were transformed using a 

square root square root transformation before calculating Pearson’s correlations 

between Vibrio spp. abundance and environmental factors or algal groups.  A 

difference was considered significant if the P-value was < 0.05.  If a significant 

relationship was detected, a Tukey honest significant differences (TukeyHSD) post-

hoc test was conducted to determine relationships.  Principal Component Analysis 

(PCA) was carried out using the PRIMER 6.1.16 (Primer-E, Ivybridge, UK) software 

package to identify factors contributing to differences between sites or years with 

respect to environmental factors. 

Multivariate analysis of ARISA data was carried out using the PRIMER 6.1.16 

software package.  Standardized peak heights from ARISA were subjected to a square 

root transformation before analysis.  The transformed data was then used to produce a 

Bray-Curtis similarity matrix.  Multidimensional scaling (MDS) diagrams were 

produced from the similarity matrix using the Kruskal fit scheme of 1, with 25 restarts 

and a minimum stress of 0.01.  The Analysis of Similarity (ANOSIM) function in 

PRIMER was used to examine relationships between the particle-associated Vibrio 

community structure in the Intensive Sampling and Grazing experiments.  ANOSIM 

compares similarities between samples within each group to similarities between 

groups and generates a value of R between -1 and +1, such that a value of 0 supports 
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the null hypothesis.  In the intensive sampling experiment, ANOSIM was used to test 

the null hypotheses that Vibrio communities were not significantly different (i) 

between sites, (ii) between size fractions, or (iii) over time.  For the grazing 

experiments, we used ANOSIM to test the null hypotheses that Vibrio communities 

were not significantly different (i) between size fractions, (ii) between experiments for 

each size fraction, or (iii) between T0 and T24 within each size fraction.  When 

ANOSIM revealed a significant difference, the Species Contributions to Similarity 

(SIMPER) was used to identify Vibrio species or operational taxonomic units (OTUs) 

which contributed to differences in assemblages (Moore et al. 2004).  The Biota-

Environment STepwise (BEST) matching function in PRIMER was conducted to 

identify environmental variables that were correlated Vibrio community structure in 

the Intensive Sampling experiment. The BEST analysis calculates the Spearman rank 

correlation coefficient (ρ) from combinations of variables to find the subset with the 

highest value of ρ for the Bray-Curtis similarity matrix.  For this test, transformed and 

normalized environmental data was used to construct a Euclidean distance matrix, 

followed by computation of the rank correlation comparison to the biotic (ARISA) 

similarity matrix (Garren et al. 2006).  BEST analysis generated a rank correlation 

coefficient (Rho) such that a value of 0 supports the null hypothesis that the 

environmental data was not correlated to the biotic data. 

2.4 Results 

2.4.1 Field samples 

Altogether, 148 samples were analyzed from three sites in the DIB between 

2009 and 2011 (Table 2.6).  Temperature during the collection period ranged from 
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18.4 – 31.4 °C, salinity ranged from 9.3 – 37, and extracted chl a ranged from 2.82 – 

386.8 µg l
-1

.  Average temperature (24.8 °C), salinity (22.9), and chl a (162.9 mg l
-1

) 

for 2009 were significantly different from those in 2010 (26.7 °C, 26.2, and 58.1 mg l
-

1
) and 2011 (26.5 °C, 23.4 and 18.7 mg l

-1
) (P < 0.001).  Average salinity in 2011 was 

also significantly lower (23.4) than in 2010 (26.2) (P < 0.01).  Dissolved NOx during 

the 2010 – 2011 collection period ranged from 0.14 – 49.6 μM, NH4 ranged from 0.3 – 

37.5 μM, and PO4 ranged from 0.09 – 2.82 μM.  Average concentrations of NOx and 

PO4 were significantly higher in 2011 (7.4 and 0.7 μM respectively) when compared 

to 2010 (2.7 and 0.4 μM respectively) (P < 0.001).  Principal Component Analysis 

(PCA) show an increased influence of NOX (PC1: 0.491, PC2: 0.206), N:P ratio (PC1: 

0.390, PC2: 0.534) and salinity (PC1: -0.380, PC2: 0.353) on the variability between 

water samples collected in 2010 versus 2011, with 37.4% variation accounted for on 

PC1 and 15.3% accounted for on PC2.   

Samples that yielded low pGEM values in qPCR analysis were eliminated due 

to possible inhibition, leaving a total of 132 samples, with 41 samples from IR32, 47 

samples from RB64 and 44 samples from SB10E over the three years.  The relative 

abundance of particle-associated Vibrio in the >3 μm size fraction as determined by 

qPCR was significantly correlated to the relative abundance of diatoms (Fig. 2.2B) 

and raphidophytes (Fig. 2.2C) (r = 0.745 and 0.768 respectively, P < 0.001; Table 2.2) 

for all three years combined. The correlation between particle-associated Vibrio 

abundance and dinoflagellates (Fig. 2.2A) was lower, though still significant (r = 

0.560, P < 0.001; Table 2.2) for all three years combined.  Pearson’s correlations 

within collection years showed the highest correlation between particle-associated 

Vibrio and diatom abundance for 2009 and 2011 (2009: r = 0.764; 2011: r = 0.779), 
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while correlations between Vibrio and raphidophytes were highest in 2010 (r = 0.855; 

Table 2.2).  Correlations between particle-associated Vibrio abundance and 

dinoflagellates were significant only in years 2010 and 2011.  Pearson’s correlations 

of particle-associated Vibrio spp. abundance and each phytoplankton group were not 

significantly different between sites (Fig. 2.2A – C).  However, particle-associated 

Vibrio abundance in the >3 μm size fraction for all three years combined was 

significantly correlated to salinity (r = 0.202, P < 0.05; Table 2.2) and chl a 

concentrations (r = 0.343, P < 0.001; Table 2.2) but not with temperature, dissolved 

oxygen concentrations or nutrient concentrations. 

2.4.2 Intensive sampling 

Sampling was conducted on four consecutive days (13-16 Sept., 2011) for a 

total of ten samples from two replicate sampling locations during a mixed 

raphidophyte bloom at RB64.  Temperature ranged from 22.9 – 27.2 °C, salinity 

ranged from 24.2 – 24.8, and dissolved oxygen ranged from 0.74 – 2.41 mg l
-1

.  chl a 

in the >20 μm fraction ranged from 12.8 – 30.0 µg l
-1

, while the 3.0-20 μm fraction 

ranged from 11.4 – 21.6 µg l
-1

.  Dissolved nutrients ranged from 0.69 – 2.3 μM NOx, 

1.45 – 4.61 μM NH4, and 0.17 – 0.56 μM PO4 (Fig. 2.3).  Cell counts ranged from 

2.99x10
7
 – 1.39x10

8
 cells l

-1
 for Heterosigma akashiwo and 2.37x10

5
 – 4.1x10

5
 cells l

-

1
 for Fibrocapsa japonica (Fig. 2.3).  A significant correlation (Table 2.3) was 

identified between particle-associated Vibrio and H. akashiwo abundance in the 3.0-20 

µm fraction for combined replicate samples (r = 0.788, P < 0.001; Fig. 2.4A).  

Dinoflagellates (>20 µm) were also observed microscopically during the mixed 

raphidophyte bloom, and particle-associated Vibrio abundance in the >20 µm size 

fraction was more highly correlated with dinoflagellate abundance than with F. 
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Figure 2.2 Community-level analysis of the relative abundance of particle-associated (>3µm) Vibrio vs. dinoflagellates (A), 

diatoms (B), and raphidophytes (C).  Relative abundances were square root square root transformed and 

reported on a per volume filtered basis.  Years are represented by colored symbols: Black: 2009; Grey: 2010; 

Open: 2011.
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Table 2.2 Correlations between relative abundances of particle-associated Vibrio spp. with algal groups or environmental 

factors. 

 

Pearson’s correlation coefficient 
Vibrio Diatom Dinoflagellate Raphidophyte Temperature Salinity Chlorophyll a 

All Years 0.745*** 0.560*** 0.768*** 0.105 0.202* 0.343*** 

2009 0.764*** 0.231 0.513** 0.258 0.135 0.535* 

2010 0.657*** 0.550*** 0.855*** 0.074 0.293* 0.646*** 

2011 0.779*** 0.760*** 0.560*** -0.051 -0.121 0.241 

Significance levels are indicated as follows: *, P < 0.05; **, P < 0.01; ***, P<0.001.
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japonica (Figure 2.4C).  Pearson’s correlations between particle-associated Vibrio 

abundance in the >20 µm fraction and environmental factors were significantly 

positive and negative for temperature and salinity, respectively (Table 2.3).  However, 

neither temperature nor salinity were significantly correlated to the 3.0-20 µm fraction 

of particle-associated Vibrio abundance (Table 2.3). 

2.4.3 Analysis of Vibrio community structure during intensive sampling 

Changes in Vibrio assemblages in each size fraction at Sites 1 and 2 were 

examined using ARISA.  ARISA analysis of amplified DNA isolated from Vibrio 

cultures showed major peaks for Vibrio parahaemolyticus at 389 bp, V. tubiashii at 

412 bp, V. cholerae at 542 bp and V. vulnificus at 396 bp.  Relationships between 

Vibrio assemblages were investigated by multivariate analysis based on Bray Curtis 

similarity matrices implemented in PRIMER and trends were visualized by 

construction of a non-metric multi-dimensional scaling (MDS) ordination plot from 

the matrix (Fig. 2.5).  Statistical analysis by ANOSIM showed that the Vibrio 

assemblages were not significantly different between sites or over time, but that there 

was a significant difference in assemblages between size fractions (R=0.571, 

P=0.001).  SIMPER analyses indicated an average dissimilarity of 28.73, 62.07 and 

47.66% between assemblages in the free-living and 3.0-20 µm fraction, free-living and 

>20 µm fraction and 3.0-20 and >20 µm fractions, respectively.  The OTU at 389 bp, 

identified as V. parahaemolyticus, contributed most (28.37%) to the dissimilarity 

between the Vibrio assemblage in the free-living fraction and the 3.0-20 μm fraction, 

where the average relative abundance increased from 1.43 in the free-living fraction to 

4.61 in the 3.0-20 μm fraction.  The average relative abundance of V. 

parahaemolyticus also increased to 5.32 in the 20 μm fractions, contributing 15.49% 
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Figure 2.3 Environmental parameters during intensive sampling of a mixed bloom at 

RB64. (A), (B) temperature (°C) and salinity for Sites 1 and 2, 

respectively; (C), (D) nutrient concentrations (µM) for Sites 1 and 2, 

respectively. 
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Figure 2.4 Relative abundance of particle-associated Vibrio vs. Heterosigma akashiwo in the >3 µm size fraction (outlier 

removed) (A), Fibrocapsa japonica in the >20 µm size fraction (B), and dinoflagellates in the >20 µm size 

fraction (C). Relative abundances were square root square root transformed and reported on a per volume 

filtered basis. 
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Table 2.3 Correlations between relative abundances of particle-associated Vibrio spp. with Heterosigma akashiwo, 

Fibrocapsa japonica, Dinoflagellates, or environmental factors from the Intensive Sampling Experiment. 

 Pearson’s correlation coefficient 

Vibrio Heterosigma
 

Fibrocapsa Dinoflagellates Temperature Salinity 

3.0-20 µm fraction 0.788*** 

  

0.015 -0.133 

>20 µm fraction 

 

-0.212 0.543* 0.541* -0.463* 

Significance levels are indicated as follows: *, P < 0.05; **, P < 0.01; ***, P<0.001. 
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Figure 2.5 MDS plot of ARISA analysis of Vibrio assemblages from the Intensive 

Sampling Experiment during a mixed raphidophyte bloom in September, 

2011.  Symbols are labeled with the time in hours. Open symbols – Site 

1, closed symbols – Site 2. 
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to the dissimilarity between these size fractions.  The OTU at 311 bp contributed 

14.53% of the dissimilarity between particle-associated Vibrio size fractions where the 

average relative abundance decreased from 4.59 in the 3.0-20 μm size fraction to 1.53 

in the >20 μm size fraction. 

2.4.4 Microzooplankton grazing 

Two grazing experiments were conducted on consecutive days during a mixed 

bloom of Heterosigma akashiwo and Fibrocapsa japonica in August 2011.  For both 

grazing experiments, environmental parameters at the collection site were similar with 

regards to temperature and salinity, however dissolved oxygen was lower at collection 

time for Experiment 2 (Table 2.4).  chl a concentrations (Table 2.4) at the start of 

Experiment 1 (T0) were 27.6 µg l
-1

 for the >20 μm size fraction, 19.2 µg l-1
 for the 3.0-

20 μm size fraction and 9.2 µg l-1
 for the free-living μm size fraction.  In Experiment 

1, grazing rates on Vibrio, as determined by qPCR, ranged from 1.98 to 5.37 day
-1

 and 

were not significantly different between size fractions (Fig. 2.6A – C; P > 0.05; Table 

2.5).  After 24 hours, the relative abundance of Fibrocapsa japonica in the 100% 

whole water, >20 μm size fraction increased by 155% after 24 hours, whereas in the 

3.0-20 μm size fraction, Heterosigma akashiwo decreased in relative abundance by 

43%.  Grazing rates on the total phytoplankton community, based on chl a 

concentrations, ranged from -0.036 day
-1

 in the >20 μm size fraction to 0.337 day-1
 in 

the free-living size fraction for Experiment 1 and were significantly higher for the 

free-living fraction compared to the >20 μm and 3.0-20 μm size fractions (Fig. 2.7A-

C; P < 0.05 and P < 0.0001 respectively; Table 2.5).   

In Experiment 2, chl a concentrations at T0 were 31.9 µg l
-1

 for the >20 μm 

size fraction, 9.1 µg l
-1

 for the 3.0-20 μm size fraction and 10.8 µg l-1
 for the free-
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living size fraction (Table 2.4). Grazing rates on Vibrio during this experiment were 

significantly different between size fractions with the highest predation on Vibrio in 

the 3.0-20 μm size fraction and lowest in the free-living size fraction (Fig. 2.6D – F; P 

< 0.05 Table 2.5).  After 24 hours, the relative abundance of H. akashiwo in the 100% 

whole water 3.0-20 μm size fraction increased by 126%, while F. japonica decreased 

in the >20 μm size fraction by 5%.  Grazing rates on the total phytoplankton 

community for Experiment 2 were significantly lower in the >20 μm size fraction 

compared to the free-living and 3.0-20 μm size fractions (Fig. 2.7D-F; P < 0.05 and P< 

0.01 respectively; Table 2.5).   

When comparing Experiments 1 and 2, grazing rates on Vibrio were 

significantly lower in Experiment 2 for the free-living size fraction (P < 0.001) and 

significantly higher in Experiment 2 for the 3.0-20 μm fractions (P < 0.01), while 

grazing rates between the >20 μm fractions were not significantly different.  The 

relative abundance of H. akashiwo increased by 268% at the beginning of Experiment 

2 compared to Experiment 1, while the relative abundance of F. japonica was 201% 

greater in Experiment 1 compared to Experiment 2.  For the total phytoplankton 

community, grazing rates were significantly higher in Experiment 2 for the >20 and 

3.0-20 μm size fractions when compared to Experiment 1 (P < 0.001; Table 2.5). 
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Figure 2.6 Microzooplankton grazing on size-fractionated Vibrio during a mixed raphidophyte bloom.  (A-C) Experiment 1; 

(D-F) Experiment 2.   (A, D) >20 µm size fraction; (B, E) 3.0-20µm size fraction; (C,F) 0.2-3.0 µm (free-

living) size fraction. 
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Figure 2.7 Microzooplankton grazing on size-fractionated total phytoplankton community during a mixed raphidophyte 

bloom. (A-C) Experiment 1; (D-F) Experiment 2.   (A, D) >20 µm size fraction; (B, E) 3.0-20µm size fraction; 

(C,F) 0.2-3.0 µm (free-living) size fraction.



 

 

 

3
9
 

Table 2.4 Environmental parameters for grazing experiments. DO, dissolved oxygen. 

     

Chlorophyll a (μg l-1
) 

Experiment Temperature (°C) Salinity DO (mg l
-1

) % DO >20 μm 3.0-20.0 μm Free-living 

1 29.09 26.77 6.64 101.3 27.6 19.2 9.2 
2 27.03 27.06 2.85 43 31.9 9.1 10.8 

Table 2.5 Grazing rate and apparent growth (day
-1

) for grazing experiments. 

 

Experiment 1 

 

Vibrio Chl a 

Size Fraction Grazing Rate (Apparent Growth) Grazing Rate (Apparent Growth) 

Free-living 5.37 (4.37) day
-1 

0.337 (0.333) day
-1

 

3.0-20 μm 1.98 (0.92) day
-1

 0.248 (0.421) day
-1

* 

>20 μm 5.32 (5.63) day
-1

 -0.036 (0.076) day
-1

*** 

   

 Experiment 2 

 Vibrio Chl a 

Size Fraction Grazing Rate (Apparent Growth) Grazing Rate (Apparent Growth) 

Free-living 2.97 (4.08) day
-1

*** 0.617 (0.310) day
-1

 

3.0-20 μm 7.31 (7.30) day
-1

*** 0.659 (1.219) day
-1

* 

>20 μm 5.29 (5.93) day
-1

* 0.240 (-0.301) day
-1

** 

Significance levels are indicated as follows: *, P < 0.05; **, P < 0.01; ***, P<0.001. 
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2.4.5 Analysis of Vibrio community structure during the grazing experiments 

ARISA analysis was used to examine the changes in the Vibrio community 

structure during the two grazing experiments.  ARISA analysis identified a total of 23 

distinct OTUs for both experiments.  Analysis of Experiment 1 by ANOSIM indicated 

a significant difference between the free-living size fraction and both 3.0-20 and >20 

μm size fractions (R=0.544, P=0.008; R=0.492, P=0.016 respectively) for the T0 and 

T24 samples combined.  However, there was no significant difference between Vibrio 

assemblages in the 3.0-20 μm and >20 μm size fractions. SIMPER analysis indicated 

that the OTU with a peak at 336 bp contributed the greatest dissimilarity between the 

free-living and particle-associated size fractions, with a change in average abundance 

of 0.98 in the 3.0-20 μm size fraction to 7.09 in the free-living size fraction and from 

1.64 in the >20 μm size fraction to 7.09 for the free-living population.  When 

comparing between size fractions at T24 only, there was also a significant difference in 

Vibrio assemblages between the free-living size fraction and both 3.0-20 and >20 μm 

size fractions (R=0.833, P=0.029; R=0.677, P=0.029 respectively).  The OTU with a 

peak at 336 bp again contributed the greatest dissimilarity between the free-living and 

3.0-20 μm size fractions (18.26%) and between the free-living and >20 μm size 

fractions (17.50%) for samples at T24 only. 

For Experiment 2, there was also a significant difference between the free-

living and both 3.0-20 and >20 μm size fractions (R=0.214, P=0.048; R=0.260, 

P=0.024 respectively) and also between the 3.0-20 and >20 μm size fractions 

(R=0.364, P=0.04) at both time points. The OTU at peak 318 bp contributed the most 

(12.65%) dissimilarity between the free-living size fraction, where it was not detected, 

and the 3.0-20 μm size fraction where its average abundance was 3.97.  In contrast, 
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this OTU contributed only 3.38% to the dissimilarity between the free-living and >20 

μm size fractions.  Instead the OTU at 471 bp contributed 10.76% of the dissimilarity 

between these two size fractions.  When comparing between the two particle-

associated size fractions, the OTU at 318 bp contributed 11.19% dissimilarity with 

average abundance decreasing from 3.97 in the 3.0-20 μm size fraction to 1.01 in the 

>20 μm size fraction.  However, the OTU at 389 bp contributed the most (11.88%) 

dissimilarity between the particle-associated size fractions, with average abundance 

decreasing from 4.09 in the 3.0-20 μm size fraction to 1.07 in the >20 μm size 

fraction.  When comparing between size fractions at T24 only, there was also a 

significant difference between the free-living and 3.0-20 size fractions (R=0.417, 

P=0.029; >20: R=0.271, P=0.029) as well as between the 3.0-20 and >20 μm size 

fractions (R=0.844, P=0.029).  The OTU at 318 bp contributed the most dissimilarity 

between the free-living and the 3.0-20 μm size fractions (15.05%) where it increased 

from undetected to an average abundance of 4.97 in 3.0-20 μm size fraction, and 

between the 3.0-20 and >20 μm size fraction (14.71%) where again it was undetected.  

In contrast, the OTU at 471 bp contributed the most (12.66%) dissimilarity between 

the free-living and >20 μm size fractions where it increased in average abundance 

from 3.52 in free-living size fraction to 6.14 in the >20 μm size fraction.   

 Vibrio assemblages in Experiments 1 were significantly different from 

assemblages in Experiment 2 for all size fractions combined (R=0.161; P=0.005).  

However, when comparing within a size fraction, there was a significant difference in 

Vibrio assemblages only between the 3.0-20 μm size fractions (R=0.719, P=0.029).  

The OTU at 389 bp contributed the most (15.15%) dissimilarity in this size fraction 

where it increased in average abundance from undetected in Experiment 1 to 5.11 in 
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Experiment 2.  Despite significant difference between 3.0-20 μm size fractions in 

Experiment 1 and 2, similarities included OTUs at 318 and 471 bp, which contributed 

24.52% and 20.81% of the similarity respectively between Vibrio assemblages in this 

size fraction. 

There was no significant difference between the Vibrio assemblages in T0 and 

T24 for the free-living and 3.0-20 μm size fractions.  In the >20 μm size fraction, 

however, there was a significant difference in the Vibrio assemblages between T0 and 

T24 (R=0.513, P=0.044).  The OTU at 318 bp contributed the most (13.48%) 

dissimilarity between T0 and T24 for both Experiment 1 and 2 combined, decreasing in 

average abundance from 4.51 to undetected after 24 hours for both experiments 

combined.  Though there were no significant differences between Vibrio assemblages 

at T0 and T24 for each size fraction within each experiment, changes in the average 

relative abundance of several OTUs in the same size fraction were consistent for both 

experiments.  The OTU at 471 bp decreased in relative abundance in the free-living 

size fraction for both experiments, while the OTUs at 356, 425, and 542 bp decreased 

in abundance in the 3.0-20 μm size fraction for both experiments. In the >20 μm size 

fraction, the OTUs at 356 and 318 decreased in abundance while the OTU at 557 bp 

increased in abundance for both experiments at T24.  A few OTUs consistently 

increased in one size fraction while decreasing in another size fraction for each of the 

experiments.  For example, the OTU at 318 bp increased in average abundance in the 

3.0-20 μm size fraction from undetected in both experiments to 3.06 and 4.97 in 

Experiments 1 and 2, respectively. The same OTU decreased in abundance in the >20 

μm size fraction from 3.99 and 5.04 in Experiments 1 and 2, respectively, to 

undetected at T24 in both experiments. 
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2.5 Discussion 

In the marine environment, bacteria that are associated with particles represent 

approximately 10% of the total community (Middelboe et al. 1995) but may account 

to up to 90% of total bacterial production during blooms of phytoplankton (Smith et 

al. 1995).  Although there is a distinct correlation between bacterial and phytoplankton 

biomass, however, little is known about how these communities interact at the species 

level (Rooney-Varga et al. 2005).  Several studies suggest that species-specific 

interactions with bacteria may play a major role in controlling phytoplankton 

population dynamics (Lovejoy et al. 1998; Rooney-Varga et al. 2005).  For example, 

bacterial attachment has been shown to stimulate the growth of some dinoflagellates, 

such as Gambierdiscus toxicus (Sakami et al. 1999), Alexandrium fundyense (Ferrier 

et al. 2002), and Pfiesteria spp. (Alavi et al. 2001), while other bacterial species have 

been shown to have algicidal effects on phytoplankton (Yang et al. 2013; Skerratt et 

al. 2002; Mayali & Azam 2004).  Furthermore, survival, growth and abundance of 

particle-attached bacterioplankton, such as Vibrio, may be positively affected by the 

release of bioavailable dissolved organic substances (DOM) from phytoplankton (Eiler 

et al. 2006; Eiler et al. 2007).  Increased growth of pathogenic members of the 

bacterioplankton due to DOM from phytoplankton may have serious implications for 

human and ecosystem health. The growth of V. cholerae, for example, increased with 

amendment of phytoplankton derived dissolved organic matter to levels that were 3 

orders of magnitude higher than an infectious dose (Mouriño-Pérez et al. 2003).  

The objectives of this study were to examine the community-level and species-

specific relationships between particle-associated Vibrio and phytoplankton 

populations in Delaware’s inland bays, the influence of environmental factors on these 

relationships, and the role of microzooplankton grazing in structuring particle-
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associated Vibrio assemblages.  Environmental factors such as temperature (Lobitz et 

al. 2000; Huq et al. 2005; Eiler et al. 2007; Singleton et al. 1982; Froelich et al. 2013) 

and salinity (Randa et al. 2004; Motes et al. 1998; Singleton et al. 1982; Froelich et al. 

2013) have been shown to explain the majority of variance in total Vibrio populations 

compared to other physical parameters (Reviewed by Takemura et al. 2014; Blackwell 

& Oliver 2008). Salinity within the DIB (Zhang et al. 2006) is affected by tidal cycles, 

evaporation and rainfall.  During 2010, the average salinity was higher than other 

years with a lower range of salinity distributions, and was significantly correlated to 

the higher relative abundance of particle-associated Vibrio spp. in this year compared 

to 2009 or 2011 (R = 0.293; Table 2.2). In contrast, water temperatures were not 

significantly correlated to abundances of particle-associated Vibrio spp. (R = 0.105; 

Table 2.2) for any of the years tested.  While NOx and N:P were shown to have the 

greatest influence on differences between 2010 and 2011, neither were significantly 

correlated to abundances of particle-associated Vibrio.   

At the community level, the abundance of particle-associated Vibrio spp. in the 

>3 µm size fraction was significantly correlated with both diatom and the 

raphidophyte abundances in samples collected in all three years (Table 2.2), while 

correlations with dinoflagellate abundance were significant only in years 2010 and 

2011.  With the exception of the 2009 dinoflagellate-Vibrio correlation, the abundance 

of particle-associated Vibrio was more highly correlated to abundance of each 

phytoplankton class than to any of the environmental parameters collected. Group- or 

species-specific associations between Vibrio spp. and raphidophytes or diatoms may 

be due to production of algal exudates which activate biofilm formation in Vibrio.  

Mannitol, for example, is a common exudate from marine phytoplankton (Dittami et 
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al. 2011) and has been shown to induce transcription of the biofilm matrix genes in 

Vibrio cholerae (Ymele-Leki et al. 2013).  Other exudates may be involved in species-

specific interactions. Chitin, produced as component of the diatom frustule in some 

species (Frischkorn et al. 2013), has been shown to stimulate expression of  functional 

type IV pili in V. parahaemolyticus, resulting in an increase in adherence (Frischkorn 

et al. 2013).  In addition, Seymour et al. (2009), demonstrated a positive chemotactic 

response by V. alginolyticus to exudates from laboratory cultures of H. akashiwo, 

while other bacterial species tested showed no response.  Other studies have 

investigated antagonistic interactions between Vibrio and raphidophyte species in 

laboratory culture.  For example, algicidal activity by a South Carolina isolate of 

Vibrio spp. resulted in cell lysis of Chattonella subsalsa, Fibrocapsa japonica, and 

Heterosigma akashiwo (Liu et al. 2008).  In another study, Kim et al. (1999) 

demonstrated that the raphidophyte Olisthodiscus luteus inhibited the growth of V. 

alginolyticus by reactive oxygen species-mediated processes. In addition, the 

bioluminescence of V. fischeri was inhibited 5-fold by the cellular exudate of F. 

japonica (van Rijssel et al. 2007).  While these laboratory culture experiments suggest 

a mechanism for species-specific associations, they don’t provide much information 

about the role of these interactions in structuring Vibrio assemblages in the natural 

environment.   

In our study, we investigated species-specific associations between Vibrio and 

two raphidophytes, F. japonica and H. akashiwo, during mixed blooms of these 

species in the DIB.  These raphidophytes and their associated Vibrio assemblages were 

separated by size fractionation, with H. akashiwo retained in the 3-20 µm fraction and 

F. japonica in the >20 µm fraction.  Cross-contamination between size fractions was 
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minimal as verified by PCR analysis.  Results of our Intensive Sampling Experiment, 

in which samples were collected from two replicate locations over the course of four 

days, demonstrated a significant positive correlation between the abundance of 

particle-associated Vibrio spp. and H. akashiwo (R = 0.788) (Fig. 2.4).  

Changes in the particle-associated Vibrio assemblages during the Intensive 

Sampling Experiment were also evaluated using data from ARISA.  ARISA patterns 

are generated due to heterogeneity of the Vibrio ITS length, allowing for 

discrimination of Vibrio strains (Hoffmann et al. 2010).  ANOSIM analysis of ARISA 

patterns produced by the Vibrio community showed a significant difference in Vibrio 

population structure associated with each size fraction, supporting the hypothesis that 

associations between Vibrio spp. and phytoplankton are species-specific.  In addition, 

cluster analysis demonstrated a higher level of similarity within the 0.2-3.0 µm size 

fraction, which contained planktonic or “free-living” Vibrio assemblages (79.71% 

similar) and those in the 3.0-20 µm size fraction (67.96% similar) compared to the >20 

µm size fraction (28.98% similarity) (Fig. 2.6).  There were no significant differences 

within each size fraction over time, or with respect to changes in environmental 

parameters. Pairwise comparisons of Vibrio assemblages by SIMPER indicated that 

two peaks in the ARISA analysis were partially responsible for differences between 

size fractions for all time points (389 and 311 bp).  ARISA analysis of cultured Vibrio 

species tentatively identified the peak at 389 bp as V. parahaemolyticus.  However 

heterogeneity of sequence lengths between strains of the same species may increase 

the complexity of mixed community analysis (Crosby & Criddle 2003). 

Attachment of Vibrio to particles, specifically algal cells, in the marine 

environment may provide refuge from predation (Worden et al. 2006), however 
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attachment may also influence the microzooplankton grazing community (Caron 

1987).  Here, we extended this hypothesis to investigate the effects of grazing on 

Vibrio assemblages associated with size-fractionated phytoplankton populations 

during a mixed raphidophyte bloom.  Overall, our results indicate that loss to grazing 

in the particle-associated Vibrio population may be equal to or even greater than losses 

in the free-living population (Fig. 2.6; Table 2.5).  However, growth rates of the 

particle-associated Vibrio population were consistently higher in the >20 μm size 

fraction compared to the free-living population, so that in Experiment 1, at least, the 

increased growth conferred by this association may outweigh the consequences of 

predation.  From the data collected here, we are not able to identify phytoplankton in 

the >20 μm size fraction that are associated with Vibrio. Demir et al. (2008) found 

little grazing on F. japonica in the DIB, suggesting that association with this species 

may provide Vibrio with a refuge from predation.  However, growth and grazing on 

Vibrio were not correlated to the relative abundance of Fibrocapsa japonica, which 

increased in abundance (155%) at T24 in Experiment 1, but decreased (5%) in 

Experiment 2.  Results of the grazing experiments along with the Intensive Sampling 

experiment, suggest that the abundance of F. japonica has no impact on growth or 

grazing of particle-associated Vibrio in the natural environment.      

In contrast, both growth and grazing rates significantly increased for Vibrio in 

the 3.0-20 µm size fraction between Experiments 1 and 2 (Fig. 2.6B, E), 

corresponding to an increase (119%) in the relative abundance of Heterosigma 

akashiwo in this size fraction.  Demir et al. (2008) showed higher microzooplankton 

grazing pressure on H. akashiwo from the DIB compared to other raphidophyte 

species, implying that Vibrio that are associated with Heterosigma will also face this 
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increased grazing pressure.  It is notable, though, that growth rates for Vibrio were 

also highest for this size fraction in Experiment 2. These results support the idea that 

Vibrio assemblages exhibit multiple growth strategies, as suggested in Worden et al. 

(2006), where free-living Vibrio may rapidly grow (Fig. 2.6C, F) utilizing nutrients so 

that association with particles in the environment can also be beneficial, resulting in an 

increased growth rate (Fig. 2.6A, D, E) despite increased grazing pressure.  

The effects of grazing on the population structure of free-living and particle-

associated Vibrio revealed differential impacts on Vibrio species, such that association 

with particles confer protection for some species over others.  Furthermore, several 

species or OTUs, as noted above, consistently increased or decreased within the same 

size fraction for both experiments, supporting the hypothesis that associations between 

Vibrio and phytoplankton are species-specific. One  OTU, at 318 bp, also increased in 

average abundance in the 3.0-20 μm size fraction but decreased in abundance in the 

>20 μm size fraction for both experiments. It’s possible that Vibrio species remained 

within the same size fraction for the duration of the experiment, in which case specific 

association with phytoplankton that are more heavily grazed within the >20 μm size 

fraction would result in a decrease in the relative abundance of some Vibrio species, 

while these associations within the 3.0-20 μm size fraction confers protection for the 

same species. Alternatively, a concurrent increase of some OTUs within one size 

fraction and decrease in another may be due to a remobilization of Vibrio cells from 

one size fraction to another to avoid increased grazing pressure. In either case, species-

specific associations between Vibrio and phytoplankton may provide some species 

with a clear advantage in periods of high grazing pressure.   
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Enhanced growth of some species even in the presence of increased grazing 

pressure may have significant human health impacts.  The OTU at 389 bp, for 

example, was tentatively identified as V. parahaemolyticus, a human pathogen 

responsible for gastroenteritis and wound infection (Blackwell & Oliver 2008; 

Johnson et al. 2012).  This OTU was a large portion of the free-living size fraction at 

the beginning of Experiment 2, but decreased in relative abundance in this fraction 

while increasing in the 3.0-20 μm size fraction (Table 2.5; Fig. 2.7E).  In a similar 

manner, the OTU at 412, tentatively identified as Vibrio tubiashii, an oyster pathogen 

(Hada et al. 1984), increased in the >20 μm size fraction in both experiments, while it 

decreased in abundance in the 3.0-20 μm size fraction in Experiment 1. These results 

suggest that association with particles may provide some Vibrio species, including 

potential pathogens, with a growth advantage over other members of the community, 

in spite of increased grazing pressure on the population as a whole. 

Results of this investigation may lead to predictions of potential outbreaks of 

Vibrio by association with algal bloom species. Distinct differences between Vibrio 

assemblages associated with different size fractions of phytoplankton in the DIB 

suggest that blooms are not only a vector for Vibrio, but that species-specific 

associations may determine the risk potential to human and ecosystem health.  

Specifically, our investigation points to associations that favor interactions between 

Vibrio and H. akashiwo over F. japonica, while results of microzooplankton grazing 

experiments also demonstrate that these associations may benefit some species of 

Vibrio while at the same time result in greater loss to the population as a whole due to 

grazing. 
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Chapter 3 

TRANSCRIPTIONAL RESPONSE OF HETEROSIGMA AKASHIWO TO THE 
PRESENCE OF VIBRIO CHOLERAE 

3.1 Abstract 

 Here we identified V. cholerae as a major species associated with H. 

akashiwo.  Using next generation sequencing, we examined the transcriptional 

response of H. akashiwo to the presence of V. cholerae.  A reference transcriptome 

was assembled de novo, representing the first reported transcriptome of a raphidophyte 

species.  The reference transcriptome was then used to identify differentially 

expressed genes in response to the presence of V. cholerae.  We identified 12698 

contigs for the reference transcriptome with 1560 contigs significantly differentially 

expressed.  Genes related to extracellular structures, energy production and 

conversion, and lipid transport and metabolism were down regulated in the presence of 

V. cholerae, while those associated with amino acid transport, post-translation 

modification, and translation were up regulated.  In addition, transcripts associated to 

antioxidant scavenging were up regulated suggesting an increase in ROS production 

by H. akashiwo.  Microscopic evaluation showed an increase in EPS which may lead 

to an increase in toxicity of H. akashiwo.  The results of this investigation will lead to 

a greater understanding of interactions between harmful algal bloom species and 

associated bacterial populations. 
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3.2 Introduction 

Heterosigma akashiwo Hada ex Hara et Chihara (Raphidophyceae) is a small 

naturally wall-less, bi-flagellate, pleomorphic marine alga (Hara & Chihara 1987).   

This cosmopolitan harmful alga (Bowers et al. 2006; Cattolico et al. 2008) has had an 

increasing impact on coastal environments (Li & Smayda 2000; Portune et al. 2009; 

O’Halloran et al. 2006; Kempton et al. 2008; Tyrrell et al. 2002; Handy et al. 2006; 

Demir et al. 2008).  H. akashiwo has been implicated in fish killing blooms in China 

(Tseng et al., 1993), Japan (Honjo, 1992), New Zealand (Chang et al., 1990), South 

Africa (Bates et al., 2004) and estuaries on the east (Kempton et al. 2008; Coyne et al. 

2005) and west (Rensel et al., 2010) coasts of the United States.  Currently the 

mechanisms for toxicity are unknown, but may be related to toxic compounds within 

the extracellular matrix (Ling & Trick 2010; Twiner et al. 2005), or due to the high 

levels of reactive oxygen species (ROS) produced by raphidophytes in general 

(Marshall et al. 2002; Marshall et al. 2003; Kawano et al. 1996; Yang et al. 1995; Oda 

et al. 1992; but see Twiner et al. 2001).  Studies examining factors involved in 

production of ROS by raphidophytes, however, have been contradictory. In 

Chattonella marina, for example, irradiance has been shown to increase the 

production of O2
-
 (Marshall et al. 2002).  Superoxide anion production in C. marina 

was also inhibited by the presence of the iron chelator deferoxamine suggesting that 

iron is required for the generation of superoxide (Kawano et al. 1996).  In 

Heterosigma akashiwo, the opposite is true; iron limitation enhanced the production of 

ROS, with variation in light having no effect (Twiner & Trick 2000).   

Interactions with bacteria within the Vibrionaceae may also have an effect on 

toxin production in raphidophyte species. There was an increase in toxicity for 

Heterosigma carterae when co-cultured with Vibrio sp., (Carrasquero-Verde 1999), 
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although the identity of toxins or toxic mechanisms was not further investigated. Cell-

surface interactions likely play a role in toxicity, however: Kim et al. (2000) for 

example, showed that production of ROS in C. subsalsa and H. akashiwo increased in 

the presence of galacturonic acid, a major constituent of lipopolysaccharides found on 

the cell surface of V. parahaemolyticus and V. cholerae (Kondo et al. 1991).  

Portune et al. (2011) examined ROS production and the activities of 

superoxide dismutase (SOD) and catalase (CAT) in three raphidophyte species at 

different phases of growth. Highest ROS production occurred during exponential 

phase and significant correlations between O2
-
 and SOD activity were noted for 

Chattonella spp. and for H. akashiwo. In contrast, CAT activity was not correlated to 

H2O2 production in H. akashiwo, suggesting that other antioxidant pathways are 

activated in response to ROS. Investigations of ROS production or antioxidant 

activities in mixed species cultures can be difficult to interpret, however, since both 

species are capable of producing ROS, as well as antioxidant enzymes that scavenge 

ROS, altering their concentrations in culture.  

Species-specific effects of microbial interactions including those between 

bacteria and phytoplankton have been investigated using next generation sequencing 

(NGS) approaches (for example: Moustafa et al. 2010; Martinez-Garcia et al. 2012; Su 

et al. 2012; Frias-Lopez et al. 2008; Gifford et al. 2013).  NGS provides a 

comprehensive and quantitative view of changes in transcript levels that can be used to 

identify genes that are up or down regulated in the presence of another species. In the 

dinoflagellate Alexandrium tamarense, for example, Moustafa et al. (2010) identified 

487 unique signatures in the Alexandrium transcriptome when cultured in the presence 

of bacteria, supporting the hypothesis that the presence of bacteria can have a 
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significant impact on algal transcript levels.  Of particular interest was the discovery 

that ascorbate peroxidase (APX), a photosynthesis related enzyme for scavenging of 

oxidative radicals (e.g. H2O2) was down regulated in the presence of the bacteria 

(Moustafa et al. 2010). 

Previous research by Main et al. (Chapter 2 of this dissertation) demonstrated 

significant correlations between particle-associated Vibrio spp. and raphidophytes in 

Delaware’s inland bays (DIB). The highest correlation was with H. akashiwo during a 

mixed bloom of this species with Fibrocapsa japonica.  Analysis of the Vibrio 

assemblages associated with different size fractions supported the hypothesis that 

Vibrio:algal interactions are species-specific, and that these associations may provide a 

growth advantage for some members of the Vibrio community despite increased 

grazing pressure.   

Here we identified Vibrio species that are specifically associated with H. 

akashiwo cells in environmental water samples during blooms of this species, and 

confirmed these associations by spiking cultured H. akashiwo into a natural 

bacterioplankton population from the DIB.  Our results indicated that V. cholerae, a 

common inhabitant of bacterioplankton populations in temperate coastal waters, was 

the major Vibrio species associated with H. akashiwo in both natural bloom samples 

and spiked samples. We then examined the transcriptional response of H. akashiwo to 

the presence of V. cholerae using NGS.  A Heterosigma reference transcriptome was 

assembled de novo and then used as a template to identify differentially expressed 

genes in response to the presence of Vibrio cholerae. Our results demonstrated a 

significant increase in transcripts related to antioxidant scavenging in the presence of 

V. cholerae, suggesting an increase in ROS production by this species. In addition, 
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genes related to lipid transport and metabolism, energy production and conversion, 

and extracellular structures were down regulated in the presence of V. cholerae, while 

those associated with translation, ribosomal structure and biogenesis, amino acid 

transport and metabolism, post-translation modification, and transcription were up-

regulated.  Microscopic examination of H. akashiwo-Vibrio cholerae mixed cultures 

suggested that interactions between these species enhance production of extracellular 

polymeric substances (EPS), which may increase toxicity while also providing a 

mechanism for the transport of H. akashiwo cells out of the euphotic zone. 

3.3 Material and Methods 

3.3.1 Cultures  

Heterosigma akashiwo, National Center for Marine Algae and Microbiota 

strain CCMP2393, was previously isolated from Torquay Canal, Bald Eagle Creek in 

Rehoboth Bay, Rehoboth Beach, Delaware, USA (38.6991° N, 75.1097° W). Cultures 

of H. akashiwo were maintained in sea water amended with f/2 nutrients (Guillard & 

Ryther 1962) at a salinity of 20.  Cultures were maintained at 25 °C with 140 µE m
−2

 

s
−1

 irradiance on a 12:12 hour light:dark cycle.  To reduce bacterial growth, 

kanamycin (50 μg ml-1
) was added over multiple transfers.  For all experiments, H. 

akashiwo was grown semi-continuously to maintain cultures in mid to late log phase. 

Vibrio cholerae SG7 was transformed with a GFP containing plasmid 

conferring kanamycin resistance (kindly provided by F. Fidelma Boyd, University of 

Delaware).  V. cholerae was grown at 37 °C on LB 1% NaCl (Martinez et al. 2010) 

agar plate with 50 μg ml-1
 kanamycin overnight.  A single colony was picked and 

placed into LB 1% NaCl liquid medium and grown at 37 °C overnight on an orbital 
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shaker at 150 rpms.  Cell density of V. cholerae was measured on a Nanodrop2000c 

(ThermoScientific, Wilmington, DE) using the optical density (600 nm) setting.  An 

OD of 0.300 equates to ~3x10
9
 colony forming units (CFU) ml

-1
.  V. cholerae grown 

overnight was diluted in fresh LB medium and grown at 37 °C for several hours to a 

density of ~3x10
9
 CFU ml

-1
. 

3.3.2 Identification of Vibrio-Heterosigma associations in the natural 
environment 

To examine attached Vibrio community, water was collected on August 29, 

2012 from Torquay Canal (RB64: 38°41'59.6"N, 75°06'43.6"W) during a 

Heterosigma akashiwo bloom where cell density was 1x10
6
 cells l

-1
.  Water was sorted 

using a BD FACSCalibur (BD Biosciences, San Jose, CA) to collect H. akashiwo cells 

and associated bacteria.  Parameters for sorting were established based on cultures of 

Heterosigma akashiwo.  Contamination of other algal species on sorted samples of 

Heterosigma akashiwo was examined by PCR using primers for diatoms and 

dinoflagellates (Tilney et al. 2014).  Confirmation of H. akashiwo was examined by 

PCR using primers for H. akashiwo (Coyne et al. 2005).  Side scatter, indicative of 

cell granularity, size and shape, and fluorescence from chlorophyll a (FL3) were used 

to limit cell sorting to that of Heterosigma.  Collected samples were filtered onto 3.0 

µm polycarbonate filters (Millipore Isopore).  Filters were immediately placed in 

CTAB buffer consisting of 100 mM Tris–HCl (pH 8), 1.4M NaCl, 2% (w/v) 

cetyltrimethylammonium bromide (CTAB), 0.4% (v/v) 2-mercaptoethanol, 1% (w/v) 

polyvinylpyrrolidone and 20 mM EDTA (Dempster et al. 1999).  Filtered samples 

were stored at -80°C until extraction.  Before extraction, all samples were heated at 65 

°C for 10 minutes.  DNA was extracted as described in Coyne et al. (2001) and 
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resuspended in LoTE (3 mM Tris- HCl, 0.2 mM EDTA, pH 7.5) (Coyne et al. 2001; 

Dempster et al. 1999).  DNA concentration was determined by spectrophotometry and 

samples were diluted to approximately 25 ng μl-1
 for molecular analysis. 

For the Spike Experiment, water was collected from RB64 on 12 October, 

2012 and filtered through a 20 µm polycarbonate filter (Millipore Isopore, Billerica, 

MA) to remove micro- and meso- grazers. The filtered water, containing the bacterial 

population, was aliquoted into 1-L polycarbonate bottles (n=4). Cultured H. akashiwo 

of a starting cell density of 215000 cells ml
-1

 was incubated on a 12:12 light:dark cycle 

at ~228 μmol m-2
 sec

-1
 at 25 °C in site filtered water.  After 24 hour incubation, 

samples were sorted using a BD FACSCalibur (BD Biosciences) to collect H. 

akashiwo cells and associated bacteria.  Samples were filtered and extracted as above. 

Analysis of the Vibrio community associated with H. akashiwo from the Spike 

Experiment and bloom sampling was carried out using Vibrio-specific primers 

previously designed to amplify a ~120 bp fragment of the 16S rRNA gene, 567F and 

680R (Eiler & Bertilsson 2006; Thompson et al. 2004).  DNA was amplified in 20 µl 

reactions consisting of 2 µl of 10X reaction buffer (Sigma-Aldrich, St. Louis, MO), 1 

µM each primer, 200 µM dNTPs (New England BioLabs, Ipswich, MA), 2.5 mM 

MgCl3, 0.5 units of JumpStart Taq (Sigma-Aldrich), and 1 µl diluted DNA template.  

DNA was amplified after an initial denaturation for 5 min at 94 °C for 16 cycles of 94 

°C for 1 min, 72 °C for 1 min (decreased 0.5 °C per cycle), followed by 22 cycles of 

94 °C for 1 min, 64 °C for 1 min and 72 °C for 1 min. PCR products were then 

denatured at 94 °C for 1 min followed by a 1 min incubation at 84 °C and a 5 min 

incubation at 72 °C.  To reduce heteroduplex formation, PCR products were diluted 

10-fold in fresh reaction mixture and cycled for 5 extra cycles (Thompson et al. 2002). 



 

57 

 

Temporal temperature gel electrophoresis (TTGE; Ogier et al. 2002) was 

carried out using a 10% (wt/vol) polyacrylamide gel with 7M urea in TAE buffer (20 

mM Tris, 10mM acetate, 0.5mM Na2EDTA; pH 7.4).  The temperature gradient was 

determined using the MeltINGENY software package (IGENY, The Netherlands) 

using sequences of the 16S rRNA PCR fragment for V. cholerae, V. parahaemolyticus 

and V. vulnificus.  PCR products (200 – 300 ng of DNA) from each sample were 

applied to individual lanes and electrophoresed at 130V for 8 hours. The temperature 

was increased at a rate of 1.5 °C per hour from 56 to 68 °C.  Bands on the gel were 

excised, reamplified, and sequenced for identification (Muyzer et al. 1993; Coyne et 

al. 2001). 

3.3.3 Culture conditions for transcriptome construction 

Prior to the start of the experiment, cultures were diluted to 150,000 cells ml
-1

 

and acclimatized for 24 hours in f/2 medium with 1 μM Fe and EDTA. This 

concentration of iron is approximately 0.1x f/2 concentrations and is similar to 

concentrations in Delaware’s inland bays (Ma et al. 2006). Cultures (n=3) were 

inoculated with Vibrio cholerae at a ratio of 1:100 Heterosigma:Vibrio cells (n=3). An 

equal volume of LB medium was added to controls.  Cultures were incubated for 24 

hours at 25 °C on a 12:12 light:dark cycle at a light intensity of 228 μmol m-2
 sec

-1
.  

After 24 hours (5 hours after lights on), cultures were filtered under gentle vacuum 

(~380 mmHg) onto 3.0 μm filters (Millipore Isopore) and immediately placed into 0.6 

ml of ice cold RLT buffer (Qiagen, Germantown, MD).  Filters were stored at -80 °C 

until extraction. 
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3.3.4 Fluorescent microscopy 

To examine attachment of Vibrio cholerae to Heterosigma akashiwo, samples 

were collected from the surface of treatment cultures at the end of the transcriptome 

experiment.  Samples were visualized on an EVOS Fl Auto Cell Imaging System (Life 

Technologies, Grand Island, NY).  Visualization of V. cholerae was performed using a 

GFP filter (AMEP4651, Excitation: 470/22 Emission: 525/50).  Visualization of H. 

akashiwo was performed using a Texas Red filter for autofluorescence (AMEP4655, 

Excitation: 585/29 Emission: 624/40).  Additional staining was carried out using 

DAPI (4′6′diamidino-2-phenolindole, final concentration 2 µg ml
-1

) and filtered onto 

0.2 µm polycarbonate black membrane filters.   

3.3.5 Sample prep for RNA-Seq and quantitative PCR (qPCR) 

Filtered cells in RLT buffer were heated at 55 °C for 3 minutes. Total RNA 

was isolated using the RNeasy Mini kit (Qiagen) using the manufacturer’s 

instructions. DNA was removed from 2-3 µg of extracted RNA using DNase I 

(Invitrogen, Frederick, MD) following the manufacturer’s instructions. RNA was 

quantified using a Nanodrop2000c (ThermoScientific) and removal of DNA was 

visualized by electrophoresis.  A total of 3 μg of RNA was used for library 

construction using the Illumina TruSeq RNA Sample Preparation Kit (Illumina, San 

Diego, CA), according to manufacturer’s instructions and performed at the Delaware 

Biotechnology Institute (DBI; Newark, DE, USA) sequencing facility.  Sequencing of 

50 base pair single end reads for each library was performed on duplicate lanes on an 

Illumina HiSeq 2000 (Illumina) at DBI.   
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3.3.6 De novo assembly 

Raw reads of 50 bp were trimmed to remove poor quality reads and Illumina 

adaptors using the Trimmomatic software package with a sliding window of 6 through 

20, and a minimum accepted length of 25 base pairs (Bolger et al. 2014).  After 

trimming, reads with less than 20 bp were discarded prior to analysis. Reads for all 

samples were pooled into a single transcriptome and de novo assembly of the pooled 

samples was conducted using the Trinity (version 20140413) software package with 

default options (--seqType fq -JM 24G --single --CPU 2 --min_contig_length 200) 

(Haas et al. 2013).  Expression levels for each transcript were estimated using the 

bundled RSEM software (-e remove_rsem.fasta -c 10) (Haas et al. 2013), and contigs 

with <10 Fragments Per Kilobase of transcript per Million mapped reads (FPKM) 

were removed.  After filtering, the assembled contigs were clustered using the 

UCLUST algorithm as part of the USEARCH (v.7.0.101) software package (Edgar 

2010) with a cutoff of 90% identity.  Finally, those contigs ≥200 bp were retained for 

analysis.   

3.3.7 Annotation 

Annotation of the assembled transcriptome was carried out using the Trinotate 

(20140708) (Haas et al. 2013) (http://trinotate.sourceforge.net/) or BLASTx (Sun et al. 

2011) search against the Marine Microbial Eukaryotic Transcriptome Sequencing 

Project (MMETSP) (Keeling et al. 2014), discarding results with associated e-value ≥ 

1e-06.  The Trinotate software package uses several methods for functional annotation 

by comparison to known sequences (NCBI-BLAST), protein domains 

(HMMER/Pfam), and curated databases (EMBL, Uniprot, eggnog, and GO pathways) 

(Haas et al. 2013).  Functional annotation by the euKaryotic Orthologous Groups 



 

60 

 

(KOG) (Tatusov et al. 2003) database was carried out using WebGMA webserver (Wu 

et al. 2011) discarding results with associated e-value ≥ 0.001. 

3.3.8 Differential expression (DE) 

To discover possible contamination of reads from Vibrio cholerae, reads were 

first mapped against the V. cholerae 623 genome (Broad Institute).  The remaining 

high quality reads were mapped to assembled contigs using the aligner software 

Bowtie2 (2.2.3) (Langmead et al. 2009).  Gene expression levels were estimated as 

FPKM values using Cufflinks, v.2.2.1 (Trapnell et al. 2012; Trapnell et al. 2010).  To 

examine differential gene expression of Heterosigma akashiwo in the presence of 

Vibrio cholerae, Cuffdiff (Trapnell et al. 2013) part of the Cufflinks software package 

was employed.  The Q-value, false-discovery rate (FDR) p-value using the Benjamini-

Hochberg correction for multiple-testing, was derived from Cuffdiff.  A Q-value of ≤ 

0.01 was used to determine a significantly differentially expressed gene.  Genes were 

functionally annotated using the Mercator pipeline (Lohse et al. 2014), and 

significantly expressed genes were visualized using the MapMan (3.6.0RC1; Thimm 

et al. 2004).  Briefly, the Mercator pipeline within MapMan bins ontology using a set 

of 34 tree-structured bins that describe metabolism and other cellular processes 

specifically tailored to plant pathways and processes (Klie & Nikoloski 2012).  

MapMan bin enrichment was examined on DE contigs using Fisher’s exact test 

implemented in the Mefisto software (Giorgi 2012). 

3.3.9 qPCR   

To validate Cufflinks assemblage and results of Cuffdiff analysis of 

differential expression, several significantly up- or down-regulated genes were 
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examined and validated using qPCR.  cDNA was synthesized using the Superscript III 

First-Strand Synthesis Kit (Invitrogen) from 500 ng of total RNA, isolated above, 

following the manufacturer’s protocol using random hexamers.  Reverse-transcribed 

cDNAs were diluted 1:20 in LoTE (3 mM Tris-HCl, 0.2 mM EDTA, pH 7.5) prior to 

qPCR analysis.  qPCR was performed using an Applied Biosystems 7500 Real Time 

PCR System (Applied Biosystems, Grand Island, NY).  Primers were designed for 

plasma membrane iron permease, fucoxanthin-chlorophyll a-c binding protein F, 

peroxidase, glutathione peroxidase, glutaredoxin, 60 kDa chaperonin 2, and 

mitochondrial elongation factor Ts 1 (Table 3.1) using the PRIMER-Blast tool (Ye et 

al. 2012). Primer concentrations were optimized using a diluted 1:20 cDNA as 

template.  cDNA was amplified by qPCR in triplicate 10 µl reactions consisting of 5 

µl of SYBR Green Select Master Mix (Applied Biosystems), 0.3 µM each primer, and 

1 µl diluted cDNA template.  A series of standards, prepared from 10-fold dilutions of 

cDNA from one sample were run concurrently.  Reaction conditions for amplification 

consisted of 2 min at 50 °C, 10 min at 95 °C, followed by 40 cycles at 95 °C for 15 s, 

and 60 °C for 1 min, with added dissociation analysis.  Expression was normalized to 

the housekeeping gene Glyceraldehyde-3-phosphate dehydrogenase (GAP) as 

described in Coyne (2010).  Differential expression was calculated by using the log2 of 

normalized expression for treatment vs. control and compared to fold-change as 

determined by Cuffdiff. 
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3.4 Results 

3.4.1 Vibrio community of Spike Experiment and bloom 

The Vibrio community associated with isolated H. akashiwo cells from the 

Spike Experiment and bloom collection was examined using TTGE.  Isolated cells of 

Heterosigma for the Spike Experiment were 3,232 cells ml
-1

, while isolated cells from 

the bloom were 1,618 cells ml
-1

.  TTGE analysis and sequencing of bands from the 

bloom at RB64 confirmed V. cholerae and V. parahaemolyticus was associated with 

Heterosigma akashiwo (Fig. 3.1A, Lanes 1 and 2), while bands from the sorted 

samples showed similar results (Fig. 3.1A, Lanes 3 and 4).  TTGE analysis of the 

second Heterosigma bloom demonstrated V. cholerae associated with H. akashiwo 

(Fig. 3.1B, Lanes 1 and 2), while the Spike experiment indicated V. cholerae 

associated with H. akashiwo in the sorted samples (Fig. 3.1B, Lanes 3 and 4).  

Identification of sequenced band (1) was determined with a BLAST search of 

GenBank (Altschul et al. 1990; Fig. 3.2). 

3.4.2 Fluorescent microscopy 

Examination of treatments cultures, Heterosigma akashiwo + Vibrio cholerae, 

using fluorescent microscopy GFP and autofluorescence overlay revealed association 

of V. cholerae in the EPS, with attachment to the algal cell (Fig.3.3B).  Overlay of 

GFP and autofluorescence demonstrated localization of V. cholerae near the flagellar 

pore of H. akashiwo as well as being encased by EPS (Fig. 3.3B).  DAPI staining 

revealed localized attachment of V. cholerae to the flagellar pore without EPS (Fig. 

3.3C). 
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3.4.3 Heterosigma akashiwo transcriptome assembly and annotation 

From a total of 2.4 x 10
8
 Illumina HiSeq2000 cDNA reads, the final set 

consisted of 2.1 x 10
8
 reads of 50 bp after filtering and trimming.  Prior to assembly, 

mapping to the Vibrio cholerae genome resulted in only a few reads being mapped.  

Trinity assembly produced 73,109 contigs with a N50 of 868 and median contig length 

of 401 bp.  After filtering, 12,698 contigs >200 bp remained with a N50 of 1,315 and 

median contig length of 849 bp.  A BLASTx against the UniProtKB Swiss-Prot 

(Boeckmann et al. 2005) database using the Trinotate software package led to 

annotation of 44.8% of the transcriptome (Table 3.2).  A search against the eggNOG 

and GO pathways database lead to annotation of 23.3% and 38.9% respectively.  

Classification of contigs against the KOG database by BLAST (Wu et al. 2011) 

returned 5,801 annotated contigs (Fig. 3.4).  Of the 5,801 annotated contigs, 2,526 

belong to the cellular process and signaling group (Fig. 3.4), with signal transduction 

and posttranslational modification, protein turnover and chaperones consisting of the 

majority of those contigs.  Contigs associated with metabolism were the second largest 

grouping, with carbohydrate transport and metabolism, and inorganic ion transport 

metabolism the largest number of contigs associated with those classes (Fig. 3.4). 
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Table 3.1  Primers used for qPCR validation of transcriptome assembly and Cuffdiff analysis. 

  Contig 

Amplicon 

Size (bp) Primers (5’-3’) 
Plasma membrane iron permease comp31333_c0_seq1 199 F CCCACAACCATACCCAGAATAC 

  

 R CCATGATCAAGATGGCGAAGA 

Fucoxanthin-chlorophyll a-c binding 

protein F comp28818_c0_seq1 233 F GCACATTTTCGAGTGGCACA 

  

 R AACCAGCAGGGTCGAAGAAA 

Peroxidase comp27526_c0_seq1 200 F TAAAGAGGAGCTGGACCAAAC 

  

 R CTCTTCACAGTGGGCTAGTAAAT 

Glutathione peroxidase comp14318_c0_seq1 217 F CTCTGTGGACTCCAGAACTACTA 

  

 R GATGGGTGATCTGGATGTGATG 

Glutaredoxin comp28752_c0_seq1 207 F CCTATGGTCTGTCCAGCAATAAA 

  

 R TGGAGGATTTCATCAACGAGAC 

60 kDa chaperonin 2 comp5770_c0_seq1 202 F TCACCAGCCGATTTGTCAGA 

  

 R ATCAACAAGGTGGCCAATGC 

Elongation factor Ts 1, mitochondrial comp25831_c0_seq1 158 F TCTTTGAGCGCCTTGCTGTA 

  

 R GGCCGGTTGAATAAGTACCTG 
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Figure 3.1 TTGE analysis of Vibrio communities. A) Lane 1: Vibrio community 

associated with RB64 Bloom >3.0 µm fraction, Lane 2: Vibrio 

community associated with RB64 Bloom 0.2-3.0 µm fraction, Lane 3: 

Vibrio community associated with sorted  Heterosigma akashiwo >3.0 

µm fraction, Lane 4: Vibrio community associated with 0.2-3.0 µm 

fraction B) Lane 1: Vibrio community associated with  sorted H. 

akashiwo in the Spike Experiment, Lane 2: Vibrio community in the  0.2-

3.0 µm fraction from Spike Experiment. 1. V. cholerae, 2. V. 

parahaemolyticus
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TTGE_Stab_1 TTCTCCCCCCCTCTACAGTACTCTAGCTTGTCAGTTTCAAA 

KM051434.1|:528-635 V. cholerae strain V3 ....A.................................... 

KJ725363.1|:537-644 V. cholerae strain N3 ....A.................................... 

KJ725362.1|:535-642 V. cholerae strain N2 ....A.................................... 

KJ734986.1|:491-598 V. cholerae strain MVN7 ....A.................................... 

KC835138.1|:509-616 V. cholerae strain MW-D 2329 ....A.................................... 

KF886647.1|:510-617 V. cholerae strain NSTH36 ....A.................................... 

KC679075.1|:473-580 V. cholerae strain TAB2011 ....A.................................... 

JQ307152.1|:563-670 V. cholerae strain Inspire55 ....A.................................... 

JN836452.1|:444-551 V. cholerae strain VC30 ....A.................................... 

JF939043.1|:534-641 V. cholerae ....A.................................... 

NR_115936.1|:542-649 V. cholerae strain ATCC 14035 ....A.................................... 

  

TTGE_Stab_1 TGCGATTCCTAGGTTGAGCCCAGGGCTTTCACATCTGACTT 

KM051434.1|:528-635 V. cholerae strain V3 ......................................... 

KJ725363.1|:537-644 V. cholerae strain N3 ......................................... 

KJ725362.1|:535-642 V. cholerae strain N2 ......................................... 

KJ734986.1|:491-598 V. cholerae strain MVN7 ......................................... 

KC835138.1|:509-616 V. cholerae strain MW-D 2329 ......................................... 

KF886647.1|:510-617 V. cholerae strain NSTH36 ......................................... 

KC679075.1|:473-580 V. cholerae strain TAB2011 ......................................... 

JQ307152.1|:563-670 V. cholerae strain Inspire55 ......................................... 

Figure 3.2 Sequence alignment of TTGE Band from 082914 RB64 bloom and Vibrio cholerae sequences from GenBank 
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TTGE_Stab_1 TGCGATTCCTAGGTTGAGCCCAGGGCTTTCACATCTGACTT 

JN836452.1|:444-551 V. cholerae strain VC30 ......................................... 

JF939043.1|:534-641 V. cholerae ......................................... 

NR_115936.1|:542-649 V. cholerae strain ATCC 14035 ......................................... 

  

TTGE_Stab_1 AACAAACCACCTGCATGCGCTTTACG 

KM051434.1|:528-635 V. cholerae strain V3 .......................... 

KJ725363.1|:537-644 V. cholerae strain N3 .......................... 

KJ725362.1|:535-642 V. cholerae strain N2 .......................... 

KJ734986.1|:491-598 V. cholerae strain MVN7 .......................... 

KC835138.1|:509-616 V. cholerae strain MW-D 2329 .......................... 

KF886647.1|:510-617 V. cholerae strain NSTH36 .......................... 

KC679075.1|:473-580 V. cholerae strain TAB2011 .......................... 

JQ307152.1|:563-670 V. cholerae strain Inspire55 .......................... 

JN836452.1|:444-551 V. cholerae strain VC30 .......................... 

JF939043.1|:534-641 V. cholerae .......................... 

NR_115936.1|:542-649 V. cholerae strain ATCC 14035 .......................... 



 

 

 

6
8
 

 

Figure 3.3 Fluorescent microscopy of treatment cultures, Heterosigma akashiwo + Vibrio cholerae. A) GFP and 

autofluorescence of V. cholerae and H. akashiwo, respectively; B) Localized V. cholerae around flagellar pore 

encased in EPS; C) DAPI stain localized V. cholerae to flagellar pore. 
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Figure 3.4 KOG analysis of transcriptome. A total of 5801 contigs were identified. Contigs without significant hits (e-value 

> 0.01) are not displayed.
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3.4.4 Differential expression and KOG analysis 

Of the 12,698 contigs, 1,560 were differentially expressed (DE) between the 

Controls and Treatments at a Q-value of ≤ 0.01.  Of the 1,560 DE contigs, 1,001 

contigs were up-regulated and 559 were down-regulated in the presence of Vibrio 

cholerae (Fig. 3.5), with 48.1% of the DE contigs annotated with Trinotate (Table 

3.2).  Classification of differentially expressed contigs against the KOG database by 

BLAST returned 474 annotated contigs (Table 3.3).  Gene categories down-regulated 

in Heterosigma akashiwo in the presence of Vibrio cholerae were highly populated in 

lipid transport and metabolism (I), and energy production and conversion (C) (Table 

3.3).  Gene categories highly up-regulated were translation, ribosomal structure and 

biogenesis (J), amino acid transport and metabolism (E), post-translation modification, 

protein turnover and chaperones (O), signal transduction mechanisms (T), and 

transcription (K) (Table 3.3). 

 

3.4.5 MapMan analysis 

Classification of DE contigs using the Mercator pipeline assigned contigs to 

1194 bins, with some contigs assigned to multiple bins for a total of 1287 assignments.  

Highly down- regulated MapMan bins were in photosystem (bin 1) and lipid 

metabolism (bin 11) bins, while highly up-regulated transcripts were represented in 

stress response (bin 20), tetrapyrrole synthesis (bin 19), development (bin 33), 

signaling (bin 30), RNA processing (bin 27), redox response (bin 21), protein 

processing (bin 29), DNA processing (bin 28), cell division, cell cycle and cellular 

organization (bin 31), amino acid metabolism (bin 13) and N-metabolism (bin 12) 

(Table 3.5).  All DE transcripts in the stress response bin (20) were up regulated in the 
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Table 3.2  Assembly metrics and annotation statistics for transcriptome assembly. 

Total Reads 2.4x10
8 

Final number of contigs 12698 

Maximum contig Length (bp) 16750 

Mean contig Length (bp) 1019 

N50 1315 

Number of contigs with significant BLASTx hits 5693 

% of contigs with significant BLASTx hits 44.8 

Number of differentially expressed contigs* 1560 

Number of significantly up-regulated contigs 1001 

Number of significantly down-regulated contigs 559 

Number of DE contigs with significant BLASTx Hits 750 

% of DE contigs with significant BLASTx hits 48.1 

* Q-value ≤ 0.01
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Figure 3.5 Log2 fold-change between Heterosigma + Vibrio (Treatment) versus 

Heterosigma (Control) for all contigs. Grey symbols: Q-value ≤ 0.01.
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Table 3.3  Contigs per KOG class and percent up- or down-regulated (in parentheses) 

sequences for differentially expressed contigs. 

KOG 

Category KOG Description 

# Up 

Regulated 

# Down 

Regulated 

Information storage and processing 

J Translation, ribosomal structure 

and biogenesis  

81 (98.8) 1 (1.2) 

K Transcription  29 (93.5) 2 (6.5) 

A RNA processing and modification  19 (86.4) 3 (13.6) 

L Replication, recombination and 

repair  

8 (88.9) 1 (11.1) 

B Chromatin structure and 

dynamics  

6 (100) 0 (0) 

    Metabolism 

E Amino acid transport and 

metabolism  

31 (75.6) 10 (24.4) 

G Carbohydrate transport and 

metabolism  

18 (78.3) 5 (21.7) 

P Inorganic ion transport and 

metabolism  

18 (90) 2 (10) 

C Energy production and 

conversion  

6 (46.2) 7 (53.8) 

H Coenzyme transport and 

metabolism  

9 (90) 1 (10) 

I Lipid transport and metabolism  4 (40) 6 (60) 

Q Secondary metabolites 

biosynthesis, transport and 

catabolism  

5 (100) 0 (0) 

F Nucleotide transport and 

metabolism  

4 (100) 0 (0) 

     Cellular process and signaling 

O Posttranslational modification, 

protein turnover, chaperones  

43 (84.3) 8 (15.7) 

T Signal transduction mechanisms  32 (86.5) 5 (13.5) 

Z Cytoskeleton  14 (73.7) 5 (26.3) 

U Intracellular trafficking, secretion, 

and vesicular transport  

16 (94.1) 1 (5.9) 
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 Table 3.3 continued 

KOG 

Category KOG Description 

# Up 

Regulated 

# Down 

Regulated 

M Cell wall/membrane/envelope 

biogenesis  4 (66.7) 2 (33.3) 

W Extracellular structures  2 (50) 2 (50) 

V Defense mechanisms  1 (33.3) 2 (66.7) 

D Cell cycle control, cell division, 

chromosome partitioning  

2 (100) 0 (0) 

Y Nuclear structure  1 (100) 0 (0) 

    Poorly characterized 

R General function prediction only  37 (80.4) 9 (19.6) 

S Function unknown  11 (91.7) 1 (8.3) 
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presence of V. cholerae, with 11 of the 17 transcripts identified as members of the heat 

shock protein 70 family (Table 3.5; Fig. 3.5).  In bin 21, redox response, the majority 

of sequences were up-regulated. These were identified as chloroplast-specific 

enzymes, thioredoxin and peroxiredoxin (Table 3.5; Fig. 3.5).  In bin 30, signaling 

response, a blue light photoreceptor was down regulated (Fig. 3.6).  DE contigs in bin 

30.3, calcium regulation, were up regulated in the presence of V. cholerae.  Three of 

the contigs were identified as proteins involved in calmodulin regulation, while 2 

contigs were identified as calcium-transporting ATPase (Fig. 3.6).  Contigs involved 

in RNA regulation (bin 27.3) were up-regulated except for 3 contigs, of which one 

was identified as encoding a subunit of the RNA polymerase located in the chloroplast 

(Fig. 3.6).  All contigs in bin 19, tetrapyrrole synthesis, responsible for chlorophyll 

and other pigment synthesis, were up regulated in presence of V. cholerae (Table 3.5). 

In contrast, the chlorophyll a-b binding and fucoxanthin-chlorophyll binding proteins 

were all down regulated (Fig. 3.7).  Enrichment analysis of all contigs by MapMan 

indicated 45 bins were enriched (Table 3.6). 

3.4.6 qPCR validation 

Differential expression of 7 significantly expressed transcripts as determined 

by qPCR results verified the results of Cuffdiff analysis (Table 7), although the 

magnitude of expression differed for some.  qPCR analysis of the plasma membrane 

iron permease (comp31333_c0_seq1) underestimated DE by 35% when compared to 

Cuffdiff.  Likewise, qPCR analysis of glutathione peroxidase (comp14318_c0_seq1) 

underestimated DE by 57% when compared to Cuffdiff.  In contrast, qPCR analysis 

overestimated DE for Fucoxanthin-chlorophyll a-c binding protein F by 349% (Table 

3.7). 
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Table 3.4  Distribution of functional assignments across MapMan bins for  

differentially expressed contigs. 

Bin 

Code Bin Name 

Contigs 

classified 

% Up 

Regulated 

% Down 

Regulated 

1 Photosystem 23 8.7 91.3 

2 & 3 Carbohydrates metabolism 6 66.7 33.3 

4 Glycolysis 11 72.7 27.3 

6 Gluconeogenesis/glyoxylate cycle 1 0.0 100.0 

7 Oxidative Pentose Phosphate Cycle 3 33.3 66.7 

8 TCA/org. transformation 7 42.9 57.1 

9 Mitochondrial electron 

transport/ATP synthesis 4 25.0 75.0 

10 Cell wall 3 100.0 0.0 

11 Lipid metabolism 17 35.3 64.7 

12 N-metabolism 5 80.0 20.0 

13 Amino acid metabolism 26 80.8 19.2 

14 S-assimilation 3 100.0 0.0 

15 Metal handling 3 66.7 33.3 

16 Secondary metabolism 11 63.6 36.4 

18 Cofactor and vitamin metabolism 4 50.0 50.0 

19 Tetrapyrrole synthesis 8 100.0 0.0 

20 Stress 19 100.0 0.0 

21 Redox 17 88.2 11.8 

23 Nucleotide metabolism 8 62.5 37.5 

25 C1-metabolism 3 100.0 0.0 

27 RNA 34 91.2 8.8 

28 DNA 15 86.7 13.3 

29 Protein 168 87.5 12.5 

30 Signaling 28 96.4 3.6 

31 Cell 19 84.2 15.8 

33 Development 7 100.0 0.0 

34 Transport 52 69.2 30.8 
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Figure 3.6  The biotic stress response of Heterosigma akashiwo to Vibrio cholerae using MapMan bins of significantly DE 

contigs, based on log2 fold-change determined using Cuffdiff.
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Figure 3.7  Overview of regulation of H. akashiwo in response to Vibrio cholerae using MapMan bins of significantly DE 

contigs, based on log2 fold-change determined using CuffDiff.
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Figure 3.8  Transcriptional response of chloroplast of H. akashiwo to V. cholerae using significantly DE MapMan bins, 

based on log2 fold-change determined using Cuffdiff.
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Table 3.5  Enrichment of contigs in MapMan terms for DE contigs. 

Bin BinName 

Fisher’s exact 
test P-value 

(Bonferroni-

corrected) 

1 Photosynthesis 1.67E-05 

1.2 PS.photorespiration 3.77E-03 

1.3 PS.calvin cycle 2.34E-02 

2 Major carbohydrates metabolism 1.19E-11 

2.1 Major carbohydrates metabolism.synthesis 2.45E-10 

2.1.1 Major carbohydrates metabolism.synthesis.sucrose 5.16E-09 

2.2 Major carbohydrates metabolism.degradation 1.34E-02 

3 Minor carbohydrates metabolism 7.75E-36 

3.3 Minor carbohydrates metabolism.sugar alcohols 1.74E-11 

3.99 Minor carbohydrates metabolism.misc 2.87E-33 

8 TCA / org transformation 2.69E-06 

8.1 TCA / org transformation.TCA 3.35E-03 

8.2 TCA / org transformation.other organic acid 

transformations 

1.18E-03 

10 Cell wall 1.69E-09 

10.2 Cell wall.cellulose synthesis 1.14E-15 

11 Lipid metabolism 5.86E-38 

11.8 Lipid metabolism.exotics(steroids, squalene etc.) 1.34E-06 

13 Amino acid metabolism 1.10E-16 

13.1 Amino acid metabolism.synthesis 1.46E-15 

13.1.2 Amino acid metabolism.synthesis.glutamate family 8.63E-03 

13.1.3 Amino acid metabolism.synthesis.aspartate family 2.21E-02 

13.1.5 Amino acid metabolism.synthesis.serine-glycine-cysteine 

group 

2.73E-02 

13.1.6 Amino acid metabolism.synthesis.aromatic aa 1.76E-02 

13.1.6.3 Amino acid metabolism.synthesis.aromatic 

aa.phenylalanine 

1.66E-02 

16 Secondary metabolism 2.78E-122 

16.1 Secondary metabolism.isoprenoids 1.18E-23 

16.2 Secondary metabolism.phenylpropanoids 1.51E-69 

16.1.2 Secondary metabolism.isoprenoids.mevalonate pathway 1.12E-14 
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Table 3.5 continued 

Bin BinName 

Fisher’s exact 
test P-value 

(Bonferroni-

corrected) 

 

16.2.1 Secondary metabolism.phenylpropanoids.lignin 

biosynthesis 

5.16E-09 

16.4 Secondary metabolism.N misc 3.28E-07 

16.1.3 Secondary metabolism.isoprenoids.tocopherol 

biosynthesis 

8.63E-03 

16.4.1 Secondary metabolism.N misc.alkaloid-like 1.82E-06 

17 Hormone metabolism 1.53E-09 

17.2 Hormone metabolism.auxin 6.06E-05 

18 Co-factor and vitamin metabolism 2.26E-02 

22 Polyamine metabolism 4.92E-04 

23 Nucleotide metabolism 1.31E-20 

23.1 Nucleotide metabolism.synthesis 3.92E-23 

23.1.1 Nucleotide metabolism.synthesis.pyrimidine 6.67E-11 

23.2 Nucleotide metabolism.degradation 2.94E-05 

23.1.2 Nucleotide metabolism.synthesis.purine 1.79E-13 

27 RNA 2.75E-03 

29 Protein 1.50E-15 

29.5 Protein.degradation 2.25E-03 

34 Transport 2.29E-03 
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Table 3.6  qPCR validation of transcriptome assembly compared to Cuffdiff analysis. 

 

Sequence qPCR CuffDiff 

Plasma membrane iron permease comp31333_c0_seq1 0.229 0.646 

Fucoxanthin-chlorophyll a-c binding protein F comp28818_c0_seq1 -1.700 -0.486 

Peroxidase comp27526_c0_seq1 0.763 0.911 

Glutathione peroxidase comp14318_c0_seq1 0.476 0.835 

Glutaredoxin comp28752_c0_seq1 0.836 1.146 

60 kDa chaperonin 2 comp5770_c0_seq1 2.398 2.615 

Elongation factor Ts 1, mitochondrial comp25831_c0_seq1 2.130 1.969 
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3.5 Discussion 

Full genome sequencing for eukaryotic phytoplankton is rare, and the few 

exceptions are only available as single isolates within a species (Keeling et al. 2014).  

Recently, full genomes have been described for Aureococcus anophagefferens (Gobler 

et al. 2011), Synechococcus sp. (Marsan et al. 2014), Thalassiosira pseudonana 

(Armbrust et al. 2004)  and Nannochloropsis gaditana (Radakovits et al. 2012).  

Without a genome, de novo assembly of global transcripts is a powerful alternative for 

examination of strain difference and expression analysis (Frischkorn et al. 2014).  The 

number of transcripts for several Pythium species has been reported to range from 

11,958 to 15,323 (Adhikari et al. 2013).  For the diatom Thalassiosira pseudonana, 

the reported number of protein-coding genes is 11,426 (Armbrust et al. 2004).  

However for Aureococcus anophagefferens the number of assembled contigs ranged 

from 31,473 to 53,886 depending on method of assembly (Frischkorn et al. 2014).  

Similarly, in Alexandrium tamarense the number of transcripts ranged from 38,000 to 

39,000 depending on culture treatment (Moustafa et al. 2010).   Our de novo 

assembled transcriptome contained 12,698 contigs after filtering out lowly expressed 

transcripts and those less than 200 bases in length (Table 3.2), well within the range of 

genes expressed in other single cellular stramenopiles. 

Here, we examined the transcriptional and cellular response of Heterosigma 

akashiwo to the presence of Vibrio cholerae.  Importantly, we identified V. cholerae 

as the major Vibrio species associated with H. akashiwo cells during natural blooms of 

this species and confirmed these observations using laboratory cultures spiked into 

environmental water (Fig. 3.1). Physical attachment of V. cholerae to H. akashiwo 

cells was also observed by microscopy (Fig. 3.3), suggesting the potential for inter-
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kingdom signaling between these species that may lead to establishment of a stable 

association. In addition, Vibrio cells were often localized near the flagellar pore of H. 

akashiwo, perhaps due to specific structures or cell-surface carbohydrate moieties 

(Rosenbaum & Witman 2002) associated with this region.  Recently, H. akashiwo has 

been described as a mixotroph (Jeong 2011) on bacteria only.  Two potential means to 

engulf bacterial cells exist in raphidophytes, a funnel-shaped groove with two flagella 

and mucocyst pores (Jeong 2011; Hara & Chihara 1987). 

Functional annotation of genes that were differentially expressed in H. 

akashiwo helps to characterize the cellular response to the presence of V. cholerae.  

We found that annotated genes related to translation, transcription, RNA processing, 

posttranslational modification, signal transduction and cytoskeleton were generally up 

regulated in the presence of V. cholerae, while those involved in energy production 

and lipid transport were down regulated (Table 3.3, 3.4).  Gene enrichment analysis 

indicated that in the presence of Vibrio cholerae, transcripts were highly enriched in 

secondary metabolism, lipid metabolism, carbohydrate metabolism, protein 

metabolism, and cell wall modification pathways (Table 3.6).  Changes in lipid 

metabolism can mediate important environmental actions, including grazing (Miralto 

et al. 1999), response to viral infection (Vardi et al. 2009) and toxicity (Deeds & Place 

2006).  In Thalassiosira pseudonana, lipid metabolism changes in response to Karenia 

brevis allelopathy included a decrease in phospholipids and mannan (Poulson-Ellestad 

et al. 2014).  However, transcripts for enzymes involved in sulfolipid biosynthesis 

were found in higher concentrations (Poulson-Ellestad et al. 2014), suggesting 

modification of the cell membrane with sulfolipids.  Here, several transcripts involved 



 

85 

 

in lipid metabolism were down regulated in the presence V. cholerae (Table 3.4).  

except for those involved in sulfolipid biosynthesis, which were upregulated.   

In algal cells, changes in light can induce alterations to the chloroplast and 

cellular energy balance, resulting in changes to the intracellular signaling which can 

affect responses to stresses (reviewed by Wilson et al. 2006).  For example, in 

Dunaliella tertiolecta, when the plastoquinone pool is reduced by exposure to light, 

the transcription of the light harvesting complex genes (Lhcb) is down regulated.  A 

decrease in the size of the light harvesting complex produces a high-light phenotype 

(reviewed by Wilson et al. 2006).  In other research, there was a temporary spike in 

growth of Heterosigma after shifting to high light conditions, but reduced photosystem 

II reaction center connectivity and electron transport (Hennige et al. 2013).  Those 

transcripts identified in H. akashiwo as chlorophyll and fucoxanthin binding proteins 

(CAB) within photosystems I and II were all down regulated in the presence of Vibrio 

(Fig. 3.5).  Though high light was not used in the experiments presented here, down-

regulation of these proteins can impact carbon metabolism pathways and result in a 

reduction of growth (reviewed by Wilson et al. 2006).   

ROS may also aid in the uptake of iron in the marine environment by algal 

species (Garg et al. 2007).  ROS are byproducts of various metabolic pathways that 

are localized in the chloroplast, peroxisomes, and mitochondria (Apel & Hirt 2004) 

and include superoxide anion radicals (O2
-
), hydrogen peroxide (H2O2) and hydroxyl 

radicals (OH
.
).  Photosynthetic organisms can generate ROS by activating various 

enzymes in response to environmental stressors, such as pathogens, drought, light 

intensity, and nutrient limitation (Liu et al. 2007).  Production of ROS can cause 

widespread damage to the cell. Plants and other organisms produce superoxide 
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dismutase, catalase, peroxidases, and small heat shock proteins to mediate oxidative 

stress (reviewed by Chi et al. 2013).  In H. akashiwo, catalase activity was not 

correlated to the production of H2O2 (Portune et al. 2010).  However, peroxidases such 

as glutathione peroxidase (GPX) are also capable of catalyzing the reduction of 

hydrogen peroxide to water (reviewed by Chi et al. 2013).  Here, we identified several 

transcripts encoding enzymes involved in scavenging of ROS, including glutathione 

peroxidase (comp14318_c0_seq1, KOG1651, e-value: 4x10
-22

), as well as peroxidases 

(comp27526_c0_seq1, Uniprot: Q539E5, e-value: 7x10
-20

) and glutaredoxin 

(comp28752_c0_seq1, KOG1752, e-value: 2x10
-29

, Table 5), that were all up-

regulated, suggesting an increase in ROS production by H. akashiwo in response to 

Vibrio.  An increase in ROS may also influence the composition of PSI and PSII.  In 

Chlorella vulgaris ROS concentration was negatively correlated with Lhcb abundance 

(Wilson et al. 2003) suggesting that the decrease in binding proteins in the presence of 

V. cholerae noted above may be due to the increase in ROS production. 

A common response in bacterial:algal associations is the increased production 

of extracellular polymeric substances (EPS) by the algal host (Bruckner et al. 2008; 

Gärdes et al. 2011).  The production of EPS can benefit the algal host by aiding in the 

sequestering of nutrients (Penna et al. 1999), as well as protection from ROS (Zhang 

et al. 2013).   EPS may also benefit associated bacteria by increasing the diffusive 

boundary layer around the cell and thereby decreasing the flux of nutrients away from 

the cell (Lazier & Mann 1989).  In phytoplankton, EPS is secreted via exocytotic 

pathways in which the components are first assembled in vesicles and then discharged 

from the cell by fusion of the vesicular membrane with the outer cellular membrane 

(Chin et al. 2004; Linde et al. 2001).  This process is mediated by changes in cytosolic 
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Ca
2+

, a secondary messenger which regulates several physiological activities in 

response to external stimuli (Chin et al. 2004).  Previous studies have shown that 

quorum sensing signals from bacteria can elicit an increase in cytosolic Ca
2+

 in plant 

and macroalgal cells (Joint et al. 2007; Karlsson et al. 2012).  In zoospores of the 

macroalga Ulva, for example, response to quorum sensing signals from bacterial 

biofilms resulted in a Ca
2+

 mediated decrease in swimming rate and exocytosis of 

adhesive compounds, increasing settlement of the zoospores at the source of signal 

(Joint et al. 2007).  In our transcriptome, however, transcripts for calcium ATPase 

(comp28396_c0_seq1), responsible for exporting calcium from the cell, were 

significantly up regulated in the presence of V. cholerae (KOG class T, BIN 30.3, Fig. 

3.6).  Calmodulin and calmodulin-like proteins (comp23377_c0_seq1), which 

transduce Ca
2+

 signals within the cell (Linde et al. 2001), were also down-regulated in 

response to V. cholerae. Since the microscopic images of H. akashiwo show 

substantial EPS production in the presence of V. cholerae, it can be assumed that 

proteins responsible for Ca
2+ 

-mediated exocytosis were transiently upregulated prior 

to RNA isolation. The increase in transcripts for Ca
2+

-ATPase and down regulation of 

calmodulin genes may indicate a response to return Ca
2+

 levels to normal. 

In summary, our data suggests a remodeling of Heterosigma akashiwo in the 

presence of Vibrio cholerae and a rebalancing of energy distribution, potentially 

affecting carbon assimilation pathways and light-induced ROS production.  In 

addition, microscopic evaluation showed an increase in EPS production, which may 

also increase toxicity in Heterosigma.  Associations between H. akashiwo and Vibrio 

cholerae may have important human health implications as well, as blooms of H. 

akashiwo may be a vector for pathogenic Vibrio.  
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Chapter 4 

EFFECTS OF GROWTH PHASE, DIEL CYCLE AND MACRONUTRIENT 
STRESS ON THE QUANTIFICATION OF HETEROSIGMA AKASHIWO 

USING QPCR AND SHA 

4.1 Abstract 

The development of molecular probe technologies over the last several decades 

has enabled more rapid and specific identification and enumeration of phytoplankton 

species compared to traditional technologies, such as light microscopy. Direct 

comparisons of these methods with respect to physiological status, however, are 

sparse. Here we directly compare quantitative real-time PCR (qPCR) and sandwich 

hybridization assay (SHA) for enumerating the raphidophyte Heterosigma akashiwo at 

several points during its growth phase, over a diel cycle and with macronutrient stress 

in laboratory cultures. To ensure consistency between comparisons, a single cellular 

homogenate was generated from each culture and split for analysis by qPCR and SHA. 

Since the homogenate was generated from the same number of cells during each 

experiment, results reflect changes in nucleic acid content (rRNA and DNA) at each 

time point or in response to environmental conditions relative to a reference sample. 

Results show a greater level of precision in SHA results which contributed to 

significant (2-3 fold) differences in rRNA content per cell in several of these analyses. 

There was significantly greater rRNA content during lag and exponential phases 

compared to stationary phase cultures, and a significant decrease in rRNA content 

during the light cycle compared to cells harvested in the dark. In contrast, there were 
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no significant differences in DNA content per cell as determined by qPCR over a diel 

cycle or during different growth phases. However, both rRNA and DNA content per 

cell were significantly lower under N stress when compared to nutrient replete 

conditions. Results of this study suggest that growth stage, nutrient stress and cell 

cycle may impact qPCR and SHA analysis. 

4.2 Introduction 

A fundamental requirement for any harmful algal bloom (HAB) monitoring 

program is the accurate determination of both species and abundance. Light 

microscopy has historically been the method of choice for detection, identification, 

and enumeration of HAB species, but this technique can be time consuming and may 

require specialized training for accurate identification between species or strains. In 

addition, the use of microscopy for monitoring HAB species may not be sensitive 

enough to detect organisms that are a minor component of the assemblage (Anderson 

et al. 2005; Godhe et al. 2007). Further identification to the species level may also 

require the use of electron microscopy (Anderson 1995), which is not amendable to 

high-throughput analysis (Culverhouse et al. 2003). Over the past couple of decades, 

development of molecular probe technologies have enabled rapid and specific 

identification of phytoplankton species that also provide increased sensitivity of 

detection (Godhe et al. 2007; Greenfield et al. 2006; Coyne et al. 2001; Coyne et al. 

2005). As a result, the use of molecular approaches in HAB research and monitoring 

programs has increased (Anderson et al. 2012; Anderson et al. 2005; Rhodes et al. 

2001; Haywood et al. 2009).  

Quantitative real-time PCR (qPCR) and sandwich hybridization assay (SHA) 

are two molecular approaches that have been developed for detection and 
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quantification of HAB species (Coyne et al. 2005; Tyrrell et al. 2002; Haywood et al. 

2007; Greenfield et al. 2008). Each approach uses targeted molecular probes or non-

specific fluorescent dyes for detection and quantification. The techniques differ in that 

qPCR typically targets DNA and requires isolation and purification of DNA from 

samples, whereas SHA uses direct detection of ribosomal RNA (rRNA) from 

unpurified and unamplified samples (Scholin et al. 2003; Greenfield et al. 2006). Both 

technologies have been used extensively in the marine environment for quantitative 

detection of HAB species including Pseudo-nitzschia (Scholin et al. 1997), 

Aureococcus anophagefferens (Popels et al. 2003), Alexandrium fundyense (Godhe et 

al. 2007), Karlodinium veneficum (Handy et al. 2008), Karenia brevis (Haywood et al. 

2007; Gray et al. 2003), Cochlodinium polykrikoides (Mikulski et al. 2008), 

Ostreopsis spp. (Hariganeya et al. 2013) and several raphidophyte species, including 

Heterosigma akashiwo (Tyrrell et al. 2001; Handy et al. 2006; Coyne et al. 2005; 

Portune et al. 2009; Demir et al. 2008; Bowers et al. 2006; Tyrrell et al. 2002; 

Greenfield et al. 2008).  

Heterosigma akashiwo is a globally distributed harmful alga (Li & Smayda 

2000; Portune et al. 2009; O’Halloran et al. 2006; Kempton et al. 2008; Tyrrell et al. 

2002) that has been implicated in fish killing blooms in China (Tseng et al. 1993), 

Japan (Honjo 1992), New Zealand (Chang et al. 1990), South Africa (Bates et al. 

2004) and estuaries on the east (Kempton et al. 2008) and west (Rensel et al. 2010) 

coasts of the United States. Although both qPCR (Coyne et al., 2005; Handy et al., 

2006; Bowers et al., 2006; Demir et al., 2008; Portune et al., 2009) and SHA (Tyrrell 

et al. 2002; Tyrrell et al. 2001; Greenfield et al. 2006; Greenfield et al. 2008) have 

been developed and independently validated for this HAB species, direct comparison 
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of these methods has only recently been carried out (Doll et al. 2014). In this recent 

study, Doll and co-authors directly compared the accuracy and sensitivity of each 

method for enumeration of Heterosigma akashiwo over a range of cell concentrations. 

In addition, several strains of H. akashiwo representing various geographic origins 

were assessed using qPCR and SHA, with results showing a high degree of correlation 

between methods. These results also highlighted the capabilities and limitations of 

each method. For example, qPCR accurately enumerated cells over a wide range of 

cell concentrations but was less able to distinguish differences in small (~2-fold) 

changes in cell abundance. By comparison, SHA was capable of detecting small 

changes in cell concentrations, particularly at pre-bloom levels, but became 

oversaturated at higher levels of cell abundance (Doll et al. 2014).  

The physiological status of the cell may also affect the accuracy of qPCR and 

SHA to enumerate cell abundances (e.g. Miller et al., 2002; Tyrrell et al., 2002; 

Haywood et al., 2007; Dittami and Edvardsen, 2012), but rigorous comparisons 

between these methods with respect to physiological status of HAB species have not 

been conducted. Changes in growth rate during bloom progression, for example, are 

likely to impact both DNA (Berdalet et al. 1992) and rRNA content (Ayers et al. 

2005), and can contribute to an overestimation of cell abundance during exponential 

growth compared to stationary phase when using SHA (Tyrrell et al. 2001; Dittami & 

Edvardsen 2012). Diel changes in the cell cycle are also accompanied by changes in 

cellular DNA and rRNA content (Zachleder & Šetlík 1988; Berdalet et al. 1992). In 

Heterosigma akashiwo, replication of DNA occurs during the daylight (Satoh et al., 

1987; Lee et al., 2012; Tobin et al. 2013), suggesting that enumeration of cell densities 

from samples collected during the light and dark cycles may yield different results by 
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either qPCR or SHA. Finally, nutrient stress can affect both growth rates and rRNA 

synthesis. In photosynthetic organisms, RNA is a major source of non-storage 

phosphorus (Raven 2013), and the concentrations of rRNA have been shown to 

decrease under phosphorus limitation in a number of phytoplankton species (Flynn et 

al. 2010; Elser et al. 2000; Elser et al. 2003). Nitrogen limitation, on the other hand 

has a direct impact on protein content, which can result in lowered growth rates and 

adversely affecting rRNA content per cell (Rhee 1978; Miller et al. 2002; Dittami & 

Edvardsen 2012; Sterner & Elser 2002). Although this has been demonstrated for 

Heterosigma akashiwo (e.g. Blanco et al., 2013), the effect of nutrient stress on DNA-

based analysis such as qPCR have not been investigated for this species.  

The objective of this study was to examine the potential effects of 

physiological status on the accuracy of qPCR compared to SHA. This research extends 

the study of Doll et al. (2014), by directly comparing qPCR and SHA methods for 

enumerating cell density with respect to (1) diel cycle, (2) growth phase, and (3) 

macronutrient (nitrogen and phosphorus) stress, using H. akashiwo as a model 

organism. Results of this study are broadly applicable to research and monitoring 

efforts for Heterosigma akashiwo and other HAB species. 

4.3 Material and Methods 

4.3.1 Culture Conditions 

Heterosigma akashiwo, Center for Applied Aquatic Ecology (CAAE) strain 

1663, previously isolated from an estuary in Hilton Head, South Carolina, USA 

(32.18N, 80.74W), was used for all experiments. Batch cultures of H. akashiwo were 

grown in 500 mL f/2 medium (-Si) at a salinity of 25 (Guillard & Ryther 1962). 
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Cultures were kept at 25 °C with 140 µE m
−2

 s
−1

 irradiance on a 12:12 hour light:dark 

cycle. For all experiments, cell densities were determined from replicate (5-9) counts 

using a light microscope and a Sedgewick-Rafter chamber, as a reference for results 

produced by qPCR and SHA according to previously-described methods (Greenfield 

et al. 2008; Doll et al. 2014). The Sedgewick-Rafter chamber detects lower 

concentrations of cells and replicate counts have smaller deviations than either a 

Palmer-Malony slide or a hemocytometer (Godhe et al. 2007). 

4.3.2 Cellular Homogenization 

For each experiment described below, cultures were filtered using a gentle 

vacuum (380 mmHg) onto 25 mm, 0.65 µm pore size hydrophilic Durapore filters 

(Millipore) with a minimum of 10 filters per sample. Filters were immediately placed 

into 2 mL cryovials (Nalgene, Rochester, NY USA), sample facing inward, and then 

stored in liquid nitrogen until processing. For direct comparison of qPCR and SHA, a 

single cellular homogenate was generated then split for use in both assays as described 

in (Doll et al. 2014). Frozen filters (n=5) were briefly thawed, then incubated with 2 

mL of 0.2 µm filtered lysis buffer containing guanidinium thiocyanate (3 M, pH 8.9, 

Saigene Biotech Corporation, Marina, CA USA) at 85 °C for five minutes (Goffredi et 

al. 2006). Homogenate within each cryovial was then combined and syringe-filtered 

through a 0.22 µm Millex filter (Fisher). A 2 mL aliquot of filtered homogenate was 

removed and stored at -80 °C until shipped overnight on dry ice to the University of 

Delaware (Lewes, DE USA) for qPCR analyses as described below. A second portion 

of the cellular homogenate (250 µL per sample well) was analyzed for SHA as 

described below at the University of South Carolina (Charleston, SC USA). 
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4.3.3 Growth Phase and Diel Cycle 

Batch cultures (n=3) were sampled at the start of the light cycle over four 

growth phases (lag, exponential, stationary and decline, Fig. 4.1). Growth phases were 

determined by cell counts of batch culture as described above. At each phase, 40,000 

cells from each replicate were collected by gentle vacuum onto 0.65 µm Durapore 

filter. Additional sampling occurred during exponential stage for comparison of 

changes during the diel cycle. Sampling for diel cycle began at the start of the light 

cycle (T0), and additional samples were collected at 4, 8, 12 and 20 hours after T0. 

Samples were collected, filtered and stored in liquid nitrogen as above. 

4.3.4 Macronutrient Stress 

To examine the effects of low levels of nitrogen (N) and phosphorus (P) on 

quantification of H. akashiwo, initial batch cultures were grown to exponential stage. 

A pre-treatment sample in nutrient replete f/2 medium (-Si, 883 µM NaNO3 and 36.3 

µM NaH2PO4•2H2O) consisting of ~60,000 cells from the batch culture was collected 

and used for establishment of cultures in low nitrogen (low N, 1:1 N:P, 36.3 µM 

NaNO3 and 36.3 µM NaH2PO4•2H2O) or low phosphorus (low P, 100:1 N:P, 883 µM 

NaNO3 and 8.83 µM NaH2PO4•2H2O) media (n=3). Control cultures were nutrient 

replete in f/2 (–Si) seawater medium. Batch cultures were grown to exponential phase 

in low N or P media or nutrient-replete f/2 (control) medium and transferred a second 

time to minimize carryover from nutrient replete conditions. Cell counts were 

conducted as above, and acclimatized cultures were sampled during exponential phase 

at the start of the light cycle for qPCR and SHA analyses. Sample volumes containing 

40,000 cells were collected, filtered and stored in liquid nitrogen as described above. 
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Figure 4.1. Growth curve of Heterosigma akashiwo. Arrow heads (▼) represent 
collection dates for growth phase experiment: lag phase, Day 3; 

exponential phase, Day 10; stationary phase, Day 22; and decline phase, 

Day 31.
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The physiological status of H. akashiwo was assessed in tandem with sampling 

for qPCR and SHA analyses. The efficiency of photosystem II, Fv/Fm, was measured 

as an indicator of stress (Parkhill et al. 2001) using a Phyto-PAM fluorometer (Walz, 

Germany) after a 25 minute dark adaptation. Chlorophyll a (chl a) concentrations were 

measured after extraction with 90% acetone (Arar & Collins 1992). In addition, 

samples for particulate carbon (PC) and nitrogen (PN) analysis were collected to 

detect changes in C:N. Culture (1 mL) was concentrated onto a pre-combusted GFF 

and stored desiccated until analysis using a Costech Elemental Combustion System 

CHNS-O 4010 (Costech Analytical Technologies Inc., Valencia CA USA). An aliquot 

of culture was syringe-filtered through a pre-combusted GFF for dissolved nutrient (N 

and P) concentrations performed using a Lachat Quik-Chem-8000 autoanalyzer 

(Loveland, CO USA, Johnson and Petty, 1983; Hansen and Koroleff, 1999). An 

aliquot of 2 mL was collected in triplicate from each culture for analysis of protein and 

carbohydrate content. Cell pellets were obtained by centrifuging for 5 minutes at 

10,600 x g. The supernatant was carefully removed and cell pellets were frozen 

immediately and stored at -80 °C until shipping over night for analyses at the 

University of Delaware. Proteins were extracted from pelleted algal cells by sonication 

in KPi buffer (200 mM potassium phosphate monobasic and 140 mM potassium 

hydroxide, pH 7.9). Total protein content was measured using the BCA Protein Assay 

Kit (Pierce, Rockford, IL USA) according to manufacturer instructions. For total 

carbohydrate content, algal cells were digested in phenol and sulfuric acid (final 

concentration 0.66% and 13 M respectively). Samples were incubated in a room 

temperature water bath for 30 minutes and absorbance was read at 482 nm on a 

FLUOstar Omega (MG LABTECH GmbH, Germany; DuBois et al., 1956). 
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Concentrations of each constituent (protein and carbohydrate) were determined by 

linear regression analysis. 

4.3.5 DNA Extraction 

Prior to extraction of DNA for qPCR analysis, 50 ng mL
-1

 (2µL) of pGEM 

plasmid (pGEM-3Z Vector, Promega, Fitchsburg, WI USA) was added to samples as 

an internal standard (Coyne et al. 2005). To provide concentrations of background 

DNA comparable to those found in environmental samples, 5 µg mL
-1

 of sheared 

herring sperm (Invitrogen, Grand Island, NY USA) was also added. DNA was 

extracted from each cellular homogenate using a DNeasy Plant Mini Kit (Qiagen, 

Germantown, MD USA), eluted in 100 µL of elution buffer and diluted 1:5 with LoTE 

(3 mM Tris-HCl, 0.2 mM EDTA, pH 7.5) prior to qPCR analysis. 

4.3.6 qPCR  

qPCR was performed using an Applied Biosystems 7500 Real Time PCR 

System (Applied Biosystems, Grand Island, NY USA). Abundances of pGEM and H. 

akashiwo 18S rDNA abundance were determined in separate qPCR reactions. DNA 

was amplified in 10 µL reactions for each target sequence, consisting of 5 µL of 

TaqMan Universal Master Mix (Applied Biosystems), 1 µL diluted template and 

appropriate concentrations for primers and probe. For amplification of H. akashiwo 

rDNA gene, final concentrations were 0.9 µM of each primer (Hs 1350F and Hs 

1705R; Coyne et al., 2005) and 50 nM Hs Probe (Coyne et al. 2005), modified with a 

5’-HEX reporter dye, an internal ZEN quencher and 3’-IBFQ1 quencher molecule 

(Integrated DNA Technologies, Coralville, IA USA). For amplification of the internal 

standard pGEM plasmid, final concentrations were 0.9 µM of each primer (M13F and 
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pGEMR; Coyne et al., 2005), and 0.2 µM pGEM Probe (Coyne et al. 2005). Cycling 

parameters for amplification of each target gene consisted of 2 min of 50 °C, 10 min at 

95 °C for activation of the polymerase, followed by 40 cycles of 15s at 95 °C, 30 s at 

56 °C, and 1 min at 72 °C. Relative abundance of H. akashiwo was determined using a 

standard curve generated from H. akashiwo 18S rRNA plasmid and normalized to the 

relative abundance of pGEM in each sample. Results of each analysis were then 

normalized to a reference sample for ease of comparison between methods. 

4.3.7 SHA 

Detailed methodologies for using SHA with a 96-well plate and robotic 

processor are described elsewhere (Goffredi et al. 2006). Briefly, homogenized 

samples (250 µL) were loaded in triplicate to pre-made 96-well plates (Saigene 

Biotech Corporation) containing the capture probe Het 1 and signal probe Raph BI 

DIG (Dioxygenin; Tyrrell et al., 2001, 2002; Greenfield et al., 2008). Hybridization 

reactions were conducted in triplicate at 30 °C with biotinylated prongs (Saigene 

Biotech Corporation) on an Affirm robotic processor (Microprobe Corporation, 

Southbury, CT USA; Goffredi et al., 2006), and lysis buffer only was used as a 

control. When the reaction was complete, optical density was measured using a 

Synergy HT plate reader (Biotek, Winooski, VT USA), and results were recorded at 

450 nm using Gen 5 software (Biotek). Results of each analysis were then normalized 

to a reference sample as above. 

4.3.8 Statistics 

Statistical comparisons were performed using the R statistical package (R Core 

Team 2012). Outliers were determined using the Dixon’s Q test, with removal of 



 

99 

 

outliers if the p-value was < 0.05. Data from growth phase, diel cycle and nutrient 

stress experiments were examined for significant relationships between treatment 

groups using a 1-way ANOVA. A difference between procedures or treatments was 

considered significant if the p-value was < 0.05. If a significant relationship was 

detected, further examination was carried out using a Tukey honest significant 

differences (TukeyHSD) post-hoc test to determine relationships. 

4.4 Results 

4.4.1 Growth Phase 

Results for qPCR and SHA analyses of samples containing the same number of 

cells collected from lag, exponential, stationary and decline growth phases were 

normalized to average results of the stationary phase cultures for comparison. qPCR 

results were not significantly different over the four collection periods (Fig. 4.2), due 

in part to the large standard deviations among replicate samples. Mean optical 

densities from SHA analyses were not significantly different between lag and 

exponential phases but were significantly different (p < 0.001) for all other 

comparisons. For SHA analysis, calculated cell densities (expressed as relative rRNA 

content) during lag and exponential phase growth were 3.1 and 3.3 times greater, 

respectively, than stationary phase for SHA analysis, while cultures in stationary phase 

were 1.7 times greater than that of decline phase cultures. 
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Figure 4.2 qPCR and SHA analysis during growth of Heterosigma akashiwo. Results 

were normalized to Stationary phase for ease of comparison. Error bars 

represent one standard deviation.
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4.4.2 Diel Cycle 

qPCR and SHA results were normalized to results at T0 for the diel cycle 

experiment (Fig. 4.3). Results for qPCR analysis were not significantly different 

between sampling time points. Cell abundance as determined by SHA analysis was 

significantly (p < 0.001) between results obtained at T0 and T8, T8 and T12, and T8 and 

T20. Calculated cell densities during T0, T12, and T20 were 1.4, 1.5 and 1.3 times 

greater than cell densities at T8. 

4.4.3 Macronutrient Stress 

Nutrient concentrations for low N and P cultures and control cultures are 

shown in Table 4.1. Several additional measurements were used to evaluate 

physiological status. Fv/Fm measures the quantum yield efficiency of photosystem II 

and has been previously shown to indicate physiological status of phytoplankton in 

natural and cultured samples (Jakob et al. 2005). In the current study, Fv/Fm was 

significantly lower (p < 0.05) in low N cultures compared to nutrient replete 

conditions (Table 4.2). Chl a concentrations and protein content were lower in low N 

and P cultures, but only low N cultures were significantly lower (p < 0.05) than 

nutrient replete conditions (Table 4.3). Carbohydrate content for low N cultures was 

significantly greater (p < 0.001) than controls, with 9.4 times more carbohydrates than 

nutrient replete conditions, whereas low P cultures were not significantly different 

than controls. Finally, pg N cell
-1

 were significantly higher (p < 0.001) in low P 

cultures than replete conditions (Table 4.3) and pg C cell
-1

 were significantly higher in 

both low N and P cultures (p < 0.001 and p < 0.05 respectively) when compared to 

replete cultures (Table 4.3). However, the C:N ratio of low P cultures was not 

significantly different from nutrient replete cultures.
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Figure 4.3 qPCR and SHA analysis during the diel cycle for Heterosigma akashiwo. 

Results were normalized to T0 (lights on). Error bars represent one 

standard deviation. 
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Results of qPCR and SHA analyses were normalized to nutrient replete 

(control) samples (Fig. 4.4). qPCR results for low N cultures were significantly lower 

(p < 0.05) than nutrient replete (control) cultures, which were 1.98 times greater than 

low N cultures.  Similar results were obtained from SHA, where replete cultures were 

1.36 times greater than the low N cultures. 

4.5 Discussion 

In this study we examined the effects of growth phase, diel cycle, and 

macronutrient stress on quantification of Heterosigma akashiwo by qPCR and SHA in 

order to determine whether physiological factors may contribute to variability in 

results obtained by these methods. Ribosomal RNA sequences typically contain 

conserved and variable regions that allow for differentiation of species (Diaz et al. 

2010), and both 18S rRNA and its gene sequence (rDNA) within the genome are 

abundant in eukaryotes, making this an ideal target for molecular methods. However, 

rDNA copy number within the cell changes during cell division (due to genome 

duplication), which may affect qPCR results during periods of rapid growth. Cellular 

content of 18S rRNA may also vary over the diel cycle (Berdalet et al. 1992) and can 

be affected by nutrient stress (Vrede et al. 2004), potentially impacting the accuracy of 

SHA results. 

Both SHA and qPCR methods have been used to enumerate H. akashiwo in 

laboratory culture experiments (Tyrrell et al. 2001; Tyrrell et al. 2002; Bowers et al. 

2006; Handy et al. 2006; Handy et al. 2008; Greenfield et al. 2008), and in field 

samples (Ayers et al. 2005; Coyne et al. 2005; Handy et al. 2005; Handy et al. 2008; 

Demir et al. 2008; Portune et al. 2009; Ryan et al. 2011; Greenfield et al. 2008), but 
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Table 4.1 Nutrient concentrations after transfer during the nutrient-stress experiment. Sampling occurred during exponential 

phase growth. 

Treatment Nitrite (µM) Nitrate (µM) Orthophosphate (µM) Ammonium (µM) N:P 

Control 0.64 ± 0.01 774 ± 95 25.95 ± 0.66 4.01 ± 0.53 30.1 ± 2.6 

Low N 0.33 ± 0.03 6.76 ± 11.40 38.60 ± 5.31 2.29 ± 0.52 0.22 ± 0.26 

Low P 0.74 ± 0.25 820 ± 27.4 1.85 ± 2.05 2.95 ± 0.18 892 ± 617 

Table 4.2 Fv/Fm and chl a content for nutrient-stress experiments. Sampling occurred during exponential phase. 

Treatment Fv/Fm Chl a (pg cell
-1

)  

Control 0.65 ± 0.01 5.05x10
-6

 ± 0.09x10
-6

 

Low N 0.59 ± 0.02* 3.51x10
-6

 ± 0.59x10
-6

* 

Low P 0.67 ± 0.01 3.87x10
-6

 ± 0.65x10
-6

 

Significance levels are indicated as follows: *, p < 0.05. 
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Table 4.3 Protein (pg cell
-1

), carbohydrate content (pg cell
-1

), protein:carbohydrate ratio, N and C (pg cell
-1

) and C:N ratio 

for nutrient-stress experiment. Sampling occurred during exponential phase. 

Treatment Proteins Carbohydrates Protein:Carbohydrate N
 

C
 

C:N Ratio 

Control 48.66 ± 6.47 12.10 ± 9.51 3.99 ± 2.31 52.64 ± 4.76 177.91 ± 13.99 3.95 ± 0.20 

Low N 28.76 ± 9.85* 114.5 ± 101.2** 0.13 ± 0.10 NA 512.85 ± 192.40** NA 

Low P 39.04 ± 1.81 16.94 ± 10.02 2.51 ± 0.47 79.55 ± 6.49** 240.64 ± 43.07* 3.52 ± 0.48 

Significance levels are indicated as follows: *, p < 0.05; **, p < 0.01. NA represents below detection limits 
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Figure 4.4 qPCR and SHA analysis for Heterosigma akashiwo cultures during low 

nutrient concentration conditions. Results were normalized to nutrient 

replete (control) cultures. Error bars represent one standard deviation.



 

107 

 

rigorous comparisons between these two methods have never been carried out across a 

range of physiological conditions. In this study, the number of cells filtered for 

analysis at each sampling point was kept constant to minimize errors due to extraction 

efficiencies or range of detection. Results were then normalized to a reference sample 

to facilitate comparison between the two methods. Since the same number of cells was 

filtered for each time point or treatment, the results presented here are indicative of the 

relative nucleic acid content of DNA (for qPCR) or rRNA (for SHA) per cell. 

In general, standard deviations between replicate samples were greater for 

qPCR compared to SHA, indicating a greater level of precision by SHA. A number of 

factors may contribute to errors by each of these methods. Quantification of nucleic 

acid content by qPCR can be influenced by the quantity and quality of DNA extracted 

(Boström & Simu 2004; Coyne et al. 2005). Inhibitory compounds that co-precipitated 

with DNA during extraction may also affect the efficiency of the PCR reaction. 

Addition of exogenous reference standard DNA to the extraction buffer can control for 

variability in extraction and amplification efficiencies, as both target and reference 

standard DNA are equally affected (Coyne et al. 2005). In Coyne et al. (2005), the 

reference standard plasmid pGEM was added to the bulk extraction buffer, resulting in 

a constant concentration of the reference standard between samples. In this study, we 

found that addition of pGEM to the buffer interfered with SHA analysis (data not 

shown), requiring us to add the plasmid to each split sample before extraction for 

qPCR analysis. Errors in pipetting when adding the exogenous reference standard to 

individual samples, however, may have contributed to greater standard deviation 

between replicates when analyzed by qPCR. In addition, PCR amplification is 

exponential, so that small differences in reference standard DNA content can result in 
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greater standard deviations between replicates. In contrast, SHA measures RNA 

content within the lysate and does not require further amplification of the target for 

detection and quantification, resulting in lower standard deviation between replicates. 

While the results obtained by SHA showed greater precision, Doll et al. (2014) 

demonstrated that qPCR had a greater range and sensitivity of detection compared to 

SHA without adjusting sample volume or diluting the homogenate.  

For the growth phase study, results obtained by both qPCR and SHA were not 

significantly different between earlier growth stages for either method (Fig. 4.2). The 

trend to higher nucleic acid content during the early growth stages for qPCR analysis 

may be attributed to an increase in DNA content when a greater proportion of cells 

were undergoing cell division. rRNA content has also been shown to be positively 

related to specific growth rate (Vrede et al. 2004; Elser et al. 2000; Sterner & Elser 

2002), which would contribute to the greater signal by SHA during lag and 

exponential growth phases compared to stationary phase. These results are consistent 

with those of Tyrrell et al. (2001) who previously demonstrated using SHA that 

Heterosigma akashiwo rRNA content declined by a factor of approximately 2 between 

exponential and stationary stages. A decline in SHA signal associated with growth 

phase was also noted for Karenia spp. (Haywood et al. 2007), where the variability in 

results was attributed to cell lysis of unhealthy cells during filtration, or the possible 

inhibition of rRNA synthesis during senescence.  

Previous research demonstrated that the diel cell cycle in Heterosigma 

akashiwo is light dependent, with DNA synthesis occurring during the light cycle, and 

cell division occurring at night (Satoh et al. 1987; Lee et al. 2012; Kohata & Watanabe 

1986). In the data presented here, qPCR and SHA data generated over a diel cycle was 
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normalized to T0 (lights on). Although results obtained by qPCR were not 

significantly different over the course of the day, the trend toward higher nucleic acid 

content during the light phase may be due to the higher proportion of cells that were 

synthesizing DNA (Lee et al. 2012). A discrepancy in qPCR results over a diel period 

has also been noted in other species. In the dinoflagellate Lingulodinium polyedrum, 

for example, cell division caused an asynchrony between microscopic counts and 

abundances determined by qPCR (Moorthi et al. 2006). In contrast, results obtained by 

SHA showed a decrease in rRNA during the daylight which returned to levels similar 

to the initial time point at T12 and T20 (Fig. 4.3). This may be due to circadian patterns 

of transcription, with greater rRNA content required at the beginning of light and dark 

phases (T0 and T12). A similar pattern of diel variability in rRNA content was observed 

in Synechococcus cultures entrained in a 12:12 light:dark cycle (Lepp & Schmidt 

1998). In this case, a decrease in rRNA content during daylight hours due to the 

circadian control of transcription was not considered plausible, because of the large 

number of genes that were differentially expressed during the light compared to dark 

phases. Instead, the diel pattern was attributed to a rate of cell division that exceeded 

rRNA transcription. Results presented here agree with the pattern observed in 

Synechococcus, but not with the explanation. Instead, rRNA synthesis in Heterosigma 

appears to keep pace with cell division, so that rRNA levels at T12 and T20 are similar 

to levels at T0. The decrease in rRNA content during the day may be a consequence of 

cells managing internal resources. Heterosigma akashiwo has a very large nuclear 

genome (~2.9 pg DNA cell 
-1

; Cattolico et al., 1976), suggesting that shared cellular 

resources such as P, that are typically incorporated into RNA may be diverted to dNTP 

synthesis, resulting in lower rRNA content.  
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Nitrogen (N) and phosphorus (P) concentrations are potential limiting nutrients 

for primary producers in aquatic environments (Beardall et al. 2001), and their 

concentrations can vary substantially over the course of a bloom. Low concentrations 

of N and/or P can have an effect on cellular DNA and rRNA content. Several studies, 

for example, demonstrate that regulation of rRNA synthesis is coupled to nutrient 

availability in yeast and mammalian cells (reviwed by Grummt 2003). Although little 

is known about the molecular regulation of rRNA synthesis in phytoplankton, several 

studies have shown a relationship between N and P limitation and decreases in rRNA 

content in phytoplankton species.  In Alexandrium fundyense, for example, N and P 

limitation resulted in a 4-fold decrease of rRNA fluorescence intensity when compared 

to nutrient replete conditions (Anderson et al. 1999). Similar results were noted in a 

recent study on Heterosigma akashiwo (Blanco et al. 2013), where N depletion 

significantly lowered cellular rRNA content after 72 hours when compared to controls. 

N and P are also required for DNA synthesis, and limitation of either or both of these 

nutrients will result in lower growth and average DNA content per cell (Berdalet et al. 

1996). In work presented here, we evaluated cell status at N:P ratios that deviated 

considerably from the Redfield ratio of 16:1 as a metric for assessing whether cells 

were stressed by N or P availability. In this study, Fv/Fm values for cultures with low 

concentrations of N were significantly lower when compared to nutrient replete 

cultures (Table 4.2). Chl a measurements have often been used as a metric of cell 

density, but chl a content per cell can vary with nutrient status (Moore et al. 2008; 

Geider et al. 1993; Geider & La Roche 2002). In this study, chl a content of cells in 

low N cultures of H. akashiwo was significantly lower than controls (Table 4.2). 

Finally, protein to carbohydrate ratios may be used as indicators of nutrient limitation 
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(Pick 1987), with ratios > 1.2 indicative of no deficiency while ratios < 0.7 as an 

indicator of extreme deficiency. In our study, the protein to carbohydrate ratio of low 

N cultures was 0.13, confirming that N stress had a significant effect on carbon 

partitioning in Heterosigma (Table 4.3). There was no indication from the protein to 

carbohydrate ratios that the low P cultures were under P-stress. The half-saturation 

constant (Ks) for growth on orthophosphate for other strains of H. akashiwo (Zhang et 

al. 2006) were lower than the concentrations used here, suggesting that these cultures 

may not have been truly P limited. Likewise, cellular carbon to nitrogen ratios were 

not significantly different for low P cultures compared to controls whereas particulate 

N in low N cultures was below the level of detection (Table 4.3).  

The level of nutrient stress as demonstrated by Fv/Fm, C:N and 

carbohydrate:protein ratios proved to be a good indicator for qPCR and SHA results. 

Calculated cell abundances in low N cultures were significantly lower than controls 

for both qPCR and SHA analyses, whereas results for low P cultures were similar to 

nutrient replete conditions. For qPCR, the decrease in nucleic acid content under low 

N conditions was likely due to decreased growth rates, as noted above. It was 

surprising, however, that SHA results were more significantly affected by low N 

concentrations than low P concentrations. RNA is a major source of non-storage P in 

photosynthetic organisms, and therefore a decline in RNA content would be expected 

under low or limiting P conditions (Raven 2013). The data presented here do not 

demonstrate this, suggesting further that cultures were not truly P-stressed.  Instead, it 

was likely that decreased rRNA under low N conditions was a function of decreased 

growth, as proposed by the Growth Rate Hypothesis (GRH; Sterner & Elser 2002). 

GRH suggests that rRNA content is linked to cellular requirements for protein 
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synthesis, which is reduced during periods of low growth (Elser et al. 2000). While 

there is some controversy about that application of GRH to phytoplankton taxa (Flynn 

et al. 2010), the general assumption that decreases in rRNA content under N-stress are 

a consequence of low growth rate is supported by a number of investigations. Several 

studies, (e.g. Rhee 1978; Worden & Binder 2003) for example, have demonstrated that 

RNA is reflective of growth rate in phytoplankton. Zachleder & Šetlík (1988), also 

demonstrated a decline in the abundance of RNA for nitrate starved cells of the 

freshwater alga Scenedesmus quadricauda. In Hymenomonas carterae and 

Thalassiosira weissflogii, RNA content during nitrogen limitation decreased to one 

third of replete conditions (Olson et al. 1986). Finally, Berdalet et al. (1994) showed 

that N starvation led to parallel decreases in RNA and protein concentrations in 

Heterocapsa sp..  

Previous results examining qPCR and SHA methods individually indicated 

that these methods could be used for accurate identification and quantification of 

Heterosigma akashiwo in laboratory and field samples (Handy et al. 2006; Handy et 

al. 2008; Tyrrell et al. 2002; Greenfield et al. 2008; Tyrrell et al. 2001; Ryan et al. 

2011). However, this investigation demonstrates that growth stage, nutrient stress, and 

cell cycle may also impact results of molecular analysis, suggesting that resource 

managers should consider these factors when evaluating results from either method. 

Our results suggest that “calibrator” samples, consisting of a sample collected under 

similar conditions and for which a cell count has been done, may be necessary to 

accurately ground-truth molecular methods (Coyne et al. 2005). However, exact cell 

abundances may not be required by resource managers, since often the 2 – 3 fold 

difference in cell abundances shown here may be within acceptable limits of 
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variability. Batch cultures used here were not exposed to environmental conditions 

such as changes in temperature or nutrient flux, or inter- or intraspecific competition 

for resources, which may also impact results. Future work will examine these factors 

using field collected samples in order to determine their effects on qPCR and SHA 

results. 
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Chapter 5 

CONCLUSIONS 

  The increasing frequency of harmful algal blooms (HABs) in the marine 

environment has the potential to greatly impact societal and environmental costs for 

the future.  This apparent increase of HABs may be caused by several factors: 

anthropogenic eutrophication of coastal waters, increased aquaculture or the shift of 

focus to HABs in the scientific community.  Understanding the biology and ecology of 

bloom dynamics in the environment will lead to better monitoring and potential 

mitigation strategies.  Furthermore, understanding the dynamics of HAB-associated 

bacterial communities will lead to a better understanding of factors that influence 

phytoplankton ecology and impact bloom progression by stimulating or inhibiting 

growth.  However, little is known about bacteria:algal interactions in the marine 

environment or their influence on the microbial community as a whole.  A 

requirement for monitoring of HABs is an accurate determination of both species and 

abundance.  Development of molecular techniques for both enumeration and species 

detection is vital in managing resource practices in the coastal environment.  This 

dissertation adds to this understanding of interaction between the potential pathogenic 

bacteria species Vibrio and algal groups in Delaware’s inland bays, as well as 

examining the effects of physiological status on enumeration of HAB species using 

two molecular methods.  Results of this research are broadly applicable to research 

and monitoring of Vibrio and harmful algae in the Mid-Atlantic region. 
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Chapter two investigated the community and species-specific interactions 

between Vibrio sp. and three algal classes (diatoms, dinoflagellates, and 

raphidophytes) during naturally occurring blooms in Delaware’s inland bays (DIB).  

Total relative Vibrio abundance was strongly correlated with all three algal class 

abundances.  Previous research has noted correlations between total Vibrio spp. 

abundance and phytoplankton abundance (Takemura et al. 2014 and references 

therein), suggesting growth of Vibrio may be enhanced by exudates produced during 

algal blooms and/or this association may provide Vibrio a refuge from predation.  

However, few studies have examined the changes at the community level and 

advantages of potential refuge from grazing that association with algal species may 

confer.  The overarching tren0d in these experiments demonstrated a close association 

between diatoms and raphidophytes and that this association may be species-specific.  

Moreover, a novel outcome of this research demonstrated that changes in the Vibrio 

community suggest an association of several Vibrio species with H. akashiwo despite 

an increased grazing pressure.  Overall, chapter two revealed important baseline 

information on potential species-specific dynamics between Vibrio and algal classes in 

the DIB.  These results provide an important context for the results presented in 

chapter 3 of this dissertation.   

 

Chapter 3 built on the results of chapter 2 to examine the dynamics between 

Heterosigma akashiwo and Vibrio cholerae in a laboratory setting.  Building on 

previous research showing a strong correlation between H. akashiwo and Vibrio 

species, including an increase in abundance of Vibrio during grazing experiments, this 

dissertation presented one of the first transcriptomes for a raphidophyte species.  As 
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organisms are never alone in their environment, the presence of bacteria may affect 

the cellular mechanisms within the cell (see Moustafa et al. 2010).  Thus, 

understanding how Heterosigma responds to the presence of V. cholerae can give 

insight into how Heterosigma responds to changes in its environment and interactions 

with the associated microbial community.  The overall trends in this research 

demonstrated a potential increase in extracellular polymer substances produced by 

Heterosigma. This may increase the toxicity of this species. For example, extracellular 

organics isolated from Heterosigma were demonstrated to lyse erythrocyte cells (Ling 

& Trick 2010).  In addition, production of EPS by Heterosigma may change the 

swimming dynamics of Heterosigma by increasing sinking of the algal cells, resulting 

in  increased toxicity (Powers et al. 2012).  However, the marine environment is not 

occupied by a single species, thus the effects of V. cholerae by itself may not have the 

impacts on Heterosigma in the environment as what was observed in a laboratory 

setting.  Furthermore, the concentration of cells inoculated in the laboratory setting 

may exceed those found in the natural environment.   

Examination of the transcriptional response by Heterosigma will begin to give 

insight into the potential dynamics occurring during a bloom.  Further research based 

on this transcriptome can examine changes in the cellular mechanisms over the course 

of a bloom and allow insight into the drivers of bloom dynamics of Heterosigma. 

 

Chapter 4 examined the effects of physiological status on the enumeration of 

Heterosigma akashiwo on two molecular methods quantitative real-time PCR (qPCR) 

and sandwich hybridization assay (SHA).  With an increase in sampling of the marine 

environment, the use of molecular techniques has increased over more traditional 
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techniques for identification and enumeration of potential harmful algal species.  In 

recent years adoption of molecular techniques in the scientific and management realms 

has increased as increased as cost has decreased.  However, physiological status has 

the potential to skew results determined by molecular techniques.  Therefore 

understanding how such factors of physiological status as growth phase, diel cycle and 

macronutrient stress can affect enumeration by molecular techniques is required.  To 

accomplish this, cellular homogenate was generated from the same number of cells 

and split for use between qPCR and SHA.  A greater level of precision for SHA was 

observed when compared with qPCR.  However, responses to growth phase or the diel 

cycle were indifferent for qPCR, while macronutrient stress under low N affected both 

equally.  Overall, results suggest that cell cycle, growth stage and nutrient stress may 

impact enumeration with either molecular technique and should be considered when 

examining either option for environmental sample processing.   

 

This dissertation examined the interactions between algal groups and Vibrio in 

Delaware’s inland bays, as well as species-specific interactions between Vibrio 

cholerae and Heterosigma akashiwo.  Furthermore, the effects of stress on H. 

akashiwo in regards to enumerating by either qPCR or SHA were also explored.  

Results of this work will lead to an increased knowledge of consequences in increased 

harmful algal blooms and their association with potential pathogenic Vibrio.  Results 

will also increase our understanding of the influence of Vibrio on the cell physiology 

of Heterosigma akashiwo and the associated implications of those physiological 

changes within the bloom dynamics of H. akashiwo.   
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Appendix A 

ENVIRONMENTAL PARAMETERS FOR DELAWARE’S INLAND BAYS 2009-2011 

Table A.1 Environmental parameters for weekly samples collected from 2009 – 2011.  Nutrients were not measured in 

2009. 

Site Date Temperature Salinity 

Dissolved 

Oxygen 

Chlorophyll 

a NOx NH4 PO4 Si 

N:P 

Ratio 

IR32 03/31/09 14.8 22.7 

       SB10E 03/31/09 12.3 21.5 

       RB64 03/31/09 22.4 24.4 

       IR32 05/21/09 23.5 24.3 

       SB10E 05/21/09 22.6 15.1 

       RB64 05/21/09 23.5 23.9 

       IR32 05/28/09 22.7 26.6 

       SB10E 05/28/09 23.8 16.5 

       RB64 05/28/09 25.5 23.6 

 

18.93 

     IR32 06/16/09 24.6 23.2 

 

57.37 

     SB10E 06/16/09 25.5 13.4 

 

42.3 

     RB64 06/16/09 26.6 26.1 3.5 20.45 

     IR32 06/25/09 24.99 21.8 

 

905.67 
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Table A.1 continued 

Site Date Temperature Salinity 

Dissolved 

Oxygen 

Chlorophyll 

a NOx NH4 PO4 Si 

N:P 

Ratio 

SB10E 06/25/09 25.21 15.65 

 

64.8 

     RB64 06/25/09 27.7 26.9 0.81 43.25 

     IR32 07/06/09 27.7 23.2 3.8 276 

     SB10E 07/06/09 26.3 17.6 1.7 40.9 

     RB64 07/06/09 29.5 25.9 2.9 159 

     IR32 07/22/09 26.9 27.7 2.23 386.75 

     SB10E 07/22/09 28.98 21.09 3.5 45.85 

     RB64 07/22/09 27.7 20.5 

       IR32 08/04/09 29.4 26.1 3.6 183 

     SB10E 08/04/09 29.5 19.4 5.3 200.5 

     RB64 08/04/09 30.8 26.8 2.5 

      IR32 08/13/09 28 18.2 

       SB10E 08/13/09 28.5 15 

       IR32 08/20/09 31 27.3 10.44 

      RB64 08/27/09 24.8 37 

       IR32 09/03/09 23.2 21.3 

       SB10E 09/03/09 24 19.7 

       RB64 09/03/09 22 27.4 

 

90 

     IR32 09/10/09 21.2 27.2 

 

439.5 

     SB10E 09/10/09 22.2 24.6 

 

37.05 

     RB64 09/10/09 24 25.3 14.1 

      IR32 09/17/09 24.6 24.8 13.9 

      SB10E 09/17/09 23.6 19.5 4.2 
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Table A.1 continued 

Site Date Temperature Salinity 

Dissolved 

Oxygen 

Chlorophyll 

a NOx NH4 PO4 Si 

N:P 

Ratio 

RB64 09/17/09 26.3 25.4 8.5 74.5 

     IR32 09/24/09 24.8 24.8 8.3 154.5 

     IR32 10/01/09 21.4 22.3 13.9 278.5 

     SB10E 10/01/09 21.7 21 4 36.6 

     RB64 10/01/09 22.3 25.2 2.6 28.75 

     IR32 06/02/10 26.3 24.3 

 

78.25 

     SB10E 06/02/10 26.9 20.28 2.68 21.55 

     RB64 06/02/10 29.06 24.41 

 

36.35 

     IR32 06/07/10 26.2 26.6 3.6 57.9 8.05 13.04 0.27 

 

30.02 

RB64 06/07/10 25 25.9 3.2 36.8 0.92 2.53 0.21 

 

4.48 

SB10E 06/08/10 26.6 21.3 3.3 32.3 5.83 3.52 0.13 

 

44.94 

IR32 06/14/10 26.2 27.7 3.3 65.2 2.12 3.11 0.64 

 

3.34 

SB10E 06/14/10 25.7 22.1 3.8 170 1.64 2.65 0.64 

 

2.58 

IR32 06/21/10 27.6 28.2 4.7 109.5 1.53 3.08 0.54 

 

2.82 

RB64 06/21/10 27.6 26.6 3.8 28.4 1.75 2.25 0.17 

 

10.46 

SB10E 06/22/10 28.1 24.2 2.6 267.5 1.03 3.1 0.78 

 

1.31 

IR32 06/28/10 29.6 27.9 2.5 42.65 1.67 29.09 0.41 

 

4.1 

SB10E 06/29/10 30.4 23.6 5.7 33.05 4.58 0.3 0.48 

 

9.49 

RB64 06/29/10 29.8 26.1 4.72 60.9 3.42 8.01 0.62 

 

5.53 

SB10E 07/06/10 28.3 25.4 1.2 13.1 1.36 0.77 0.3 

 

4.55 

IR32 07/07/10 27.7 27.5 2.1 53.9 0.42 1.22 0.4 

 

1.06 

RB64 07/07/10 29.5 27.1 1 29.4 1.18 9.74 0.57 

 

2.08 
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Table A.1 continued 

Site Date Temperature Salinity 

Dissolved 

Oxygen 

Chlorophyll 

a NOx NH4 PO4 Si 

N:P 

Ratio 

IR32 07/12/10 27.8 29 4.2 234 1.49 1.73 0.58  2.55 

RB64 07/12/10 28.9 27 0.96 21.55 0.71 4.34 0.17  4.11 

SB10E 07/13/10 29.1 25.6 1.3 28.65 1.9 2.51 0.22  8.46 

IR32 07/19/10 28.6 28.3 3.4 37.1 1.55 1.27 0.18  8.62 

RB64 07/19/10 30 27 5.1 22.3 2.2 0.9 0.18  12.49 

SB10E 07/20/10 30 25.7 3.8 111 0.83 1.18 0.46  1.82 

IR32 07/26/10 29.4 29.6 1.1 88.15 6.08 14.87 0.66  9.25 

RB64 07/26/10 29.5 26.9 1.8 40.7 2.92 0.78 0.26  11.05 

SB10E 07/27/10 28.3 26.3 0.02 32.3 1.04 10.81 1.11  0.94 

IR32 08/02/10 25.1 30.1 1.5 34.7 3.46 1.03 0.45  7.7 

RB64 08/02/10 27.2 28 0.1 161.5 0.84 0.82 0.27  3.05 

SB10E 08/03/10 27.5 28.3 4.3 94.7 2.26 1.38 0.47  4.83 

IR32 08/09/10 28.9 31 3.3 27.75 0.46 0.79 0.18  2.55 

RB64 08/09/10 28.8 28.1 3.2 44.05 0.84 1.34 0.45  1.88 

SB10E 08/10/10 29.3 28.5 2.3 70.25 1.04 1.33 0.5  2.07 

IR32 08/16/10 26 30.3 0.8 74.6 1.02 0.58 0.32  3.16 

RB64 08/16/10 28.7 25.9 1.5 22.9      

IR32 08/17/10  30  149 1.37 1.35 0.42  3.23 

SB10E 08/17/10 28.6 28.9 1.3 25.25 2.66 0.91 0.36  7.35 

IR32 08/23/10 25.3 20.8 2.98 32.15 4.35 8.05 0.73  5.98 

RB64 08/23/10 27.4 24 1.39 16.65 1.59 6.94 0.33  4.77 

SB10E 08/24/10 27 20.4 2.06 33.55 1.15 2.43 0.23  4.95 
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Table A.1 continued 

Site Date Temperature Salinity 

Dissolved 

Oxygen 

Chlorophyll 

a NOx NH4 PO4 Si 

N:P 

Ratio 

IR32 08/30/10 25 25.4 2.2 34.9 17.27 17.24 0.31  55.24 

RB64 08/30/10 25.6 26.1 2.2 26.45 1.26 2.73 0.28  4.46 

SB10E 08/31/10 27.1 23.2 8.8 88.15 1.01 1.82 0.37  2.73 

IR32 09/07/10 24.3 27.9 1.6 64.6 0.58 1.2 0.24  2.46 

SB10E 09/07/10 25.4 24.7 1.7 21.45 1.53 8.48 0.34  4.56 

RB64 09/07/10 25.3 26.5 2.2 28.3 1.97 1.48 0.31  6.4 

IR32 09/13/10 20.9 28.9 0.6 11.4 2.63 17.91 0.47  5.57 

RB64 09/13/10 21 26 2.5 15.05 3.43 20.16 0.62  5.54 

SB10E 09/14/10 22.8 26.1 3.3 10.73 0.96 6.19 0.18  5.23 

IR32 09/20/10 22.3 28.6 1.7 89.75 1.58 2.73 0.61  2.6 

RB64 09/20/10 23.4 28.5 3.5 16.1 9.19 1.25 0.36  25.7 

SB10E 09/22/10 22.6 26.1 4.1 15.55 0.93 1.86 0.22  4.19 

IR32 09/27/10 23.3 27.4 2.2  3.3 15.98 0.78  4.25 

SB10E 09/27/10 23.2 21.7 5.7  5.55 5.59 0.14  40.91 

RB64 09/27/10 22.6 17.7 6.3  10.13 6.13 1.04  9.73 

IR32 06/20/11 25.1 28.9 3.4 8.41 0.945 1.005 0.625 82.315 1.512 

RB64 06/20/11 26 27 2.1 19.05 1.265 1.08 0.775 89.695 1.632 

SB10E 06/21/11 24.8 27.6 1.65 5.66 1.065 5.35 1.34 51.76 0.795 

IR32 06/27/11 26.9 29.3 3 14.45 0.195 2.905 0.215 53.89 0.907 

RB64 06/27/11 27.6 26.9 3 6.52 0.695 0.7 0.64 73.65 1.086 

SB10E 06/28/11 27.3 26.8 3.3 7.765 2.18 1.935 0.205 48.145 10.634 

IR32 07/05/11 27.4 24.5 3.9 20.4 11.22 1.17 0.37 18.91 30.324 

RB64 07/05/11 29 28.7 3.1 5.655 0.63 0.825 0.85 72.135 0.741 
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Table A.1 continued 

Site Date Temperature Salinity 

Dissolved 

Oxygen 

Chlorophyll 

a NOx NH4 PO4 Si 

N:P 

Ratio 

SB10E 07/05/11 26.6 20 3.9 6.98 17.125 9.54 0.29 22.965 59.052 

IR32 07/11/11 28.1 26.4 3.8 29.85 0.2 0.98 0.305 38.035 0.656 

RB64 07/11/11 29.79 24.4 6.76 8.705 0.135 0.93 0.375 69.36 0.360 

SB10E 07/12/11 30.1 23.7 5.8 33.15 2.275 1.54 0.47 44.06 4.840 

IR32 07/18/11 25.6 27.7 2.8 13.2 0.465 0.635 0.085 26.54 5.471 

RB64 07/18/11 27.2 27.5 4.02 7.905 0.295 0.41 0.95 67.76 0.311 

SB10E 07/19/11 28.5 25.9 2 7.47 0.565 4.735 0.195 26.565 2.897 

RB64 07/21/11 29.3 28.7 3.4 5.375 0.97 0.895 0.465 75.97 2.086 

SB10E 07/21/11 31.3 26.9 3.57 47.2 1.035 1.01 0.455 20.915 2.275 

IR32 07/25/11 31.3 25 3.6 25.75 1.395 5.355 0.495 37.335 2.818 

RB64 07/25/11 31.4 25.3 10.5 15.05 0.705 1.515 0.79 81.785 0.892 

SB10E 07/25/11 30.6 25.8 4.6 16.05 1.03 5.06 0.165 30.925 6.242 

IR32 08/01/11 28.8 27.3 1.13 43.65 14.49 1.11 0.39 43.06 37.154 

RB64 08/01/11 29.5 26.1 0.35 92.6 18.96 1.19 1.155 75.555 16.416 

SB10E 08/02/11 29.9 26.1 2.1 28.9 0.635 1.82 0.285 16.95 2.228 

IR32 08/08/11 28.7 28.5 5.3 14.75 0.885 0.865 0.365 37.49 2.425 

RB64 08/08/11 28.9 27.4 1.32 23.05 0.715 1.29 1.055 68.91 0.678 

SB10E 08/09/11 28.8 26.9 1.75 9.615 25.51 3.775 0.32 39.505 79.719 

IR32 08/15/11 23.2 13.5 3.3 12.8 13.105 8.45 2.74 28.325 4.783 

RB64 08/15/11 24.8 18.5 2.5 9.17 7.18 8.145 1.52 32.48 4.724 

SB10E 08/16/11 24.3 9.3 4 7.125 12.865 5.85 0.67 19.99 19.201 

IR32 08/18/11 26.4 24.82 2.62 31.35 10.435 3.545 1.6 38.205 6.522 

RB64 08/18/11 28.02 27.66 3.51 12.6 36.59 1.74 2.815 39.04 12.998 
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Table A.1 continued 

Site Date Temperature Salinity 

Dissolved 

Oxygen 

Chlorophyll 

a NOx NH4 PO4 Si 

N:P 

Ratio 

SB10E 08/18/11 28.38 15.48 4.27 15.05      

IR32 08/22/11 25.5 26 3.2 39.45 1.24 0.945 0.415 31.52 2.988 

RB64 08/22/11 26.9 22.5 5.67 7.46 5.31 10.865 1.13 51.05 4.699 

SB10E 08/23/11 26.5 20.6 2.3 11.9 0.715 1.66 0.27 39.815 2.648 

IR32 08/30/11 23.2 16.8 1.1 2.815 49.56 37.5 1.26 46.735 39.333 

RB64 08/30/11 24.5 18.5 2.2 4.625 8.575 13.175 1.985 39.275 4.320 

SB10E 08/30/11 24.2 10.8 4.4 14.65 10.25 19.2 1.31 34.455 7.824 

IR32 09/06/11 24.9 22.9 3.1 21.15 18.27 9.255 0.39 38.465 46.846 

RB64 09/06/11 26.2 25 3.5 12.5 11.475 6.185 1.18 63.185 9.725 

SB10E 09/06/11 26.3 15.9 1.3 27.1 1.67 1.25 0.54 33.765 3.093 

IR32 09/08/11 25.12 24.83 2.92 5.8 7.785 11.2 0.53 21.82 14.689 

RB64 09/08/11 25.88 23.34 2.57 16.9 3.2 3.375 0.765 39.565 4.183 

SB10E 09/08/11 26.48 15.6 2.45 11.95      

IR32 09/12/11 25.6 25.8 4.5 20.15 6.615 3.025 0.395 38.905 16.747 

RB64 09/12/11 25.7 23.6 2.49 128 1.755 0.685 0.68 56.7 2.581 

SB10E 09/13/11 25.8 17.9 1.63 8.625 0.99 5.25 0.24 43.505 4.125 

IR32 09/19/11 19.3 22.1 1.5 5.945 12.29 11.855 0.56 33.1 21.946 

RB64 09/19/11 18.4 25.4 3.7 4.29 2.965 17.06 1.235 58.21 2.401 

SB10E 09/20/11 20 22.1 4.5 4.01 7.01 8.275 0.215 39.315 32.605 

RB64 09/26/11 23.4 19.4 5.6 19.2 8.6 8.84 0.74 38.605 11.622 

IR32 09/26/11 22.9 23.2 2.9 8.335 24.79 20.01 0.715 44.43 34.671 

SB10E 09/27/11 23.4 17.8 4.4 9.24 10.32 5.055 0.29 40.07 35.586 
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