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Introduction:  

During the fall of 1987, Prince Edward Island, Canada experienced a mysterious outbreak 

of food poisoning accompanied by amnesic events. Over one hundred individuals were stricken 

with the illness, and in a few severe cases, death was reported (Wright et al., 1989). Individuals 

who fell ill were found to have ingested blue mussels contaminated with the toxin domoic acid 

(DA). The production of this toxin was traced to a bloom of the marine algae Pseudo-nitzschia 

multiseries (Ps-n) (Bates et al., 1989). DA bioaccumulates in shellfish and is the causative agent 

of amnesic shellfish poisoning (ASP) when ingested by humans (Todd, 1993).. Since the initial 

outbreak of DA-related food poisoning, monitoring systems have been put in place to prevent 

consumption of contaminated shellfish (Trainer & Suddleson, 2005). The current monitoring 

systems of toxin-producing blooms do not mitigate socioeconomic effects. The presence of toxin 

effectively shuts down the shellfish industry within that region and also leads to the cancellation 

of recreation, such as beach closings, which also have an economic impact (Trainer et al., 2007).  

Not only are the socioeconomic effects costly, the monitoring system itself entails 

additional costs, which are not limited to when toxin-producing blooms are present. One way to 

lower the costs associated with monitoring is to improve procedures to make them both faster and 

less expensive (Martin et al., 2009; Martin et al., 2001; Martin et al. , 1999). Traditional methods, 

such as microscopy, used to identify the presence of target organisms within samples can be 

laborious and time consuming (Bowers et al., 2000; Galluzzi et al., 2004). Successful RT-qPCR 

assays have been designed for other harmful bloom forming species such as the dinoflagellates 

Pfiesteria and Alexandrium minutum (Bowers et al., 2000; Galluzzi et al., 2004). These assays 

can detect not only the presence but also the quantity of specific algal species within samples, and 

are much less time consuming than traditional methods. The elucidation of the molecular 

processes and genes involved in the synthesis of domoic acid could aid in the development of 

similar PCR based assays for the identification of DA-producing cultures. Currently the function 
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of DA within Ps-n biology is unknown. Characterizing the genes and molecular processes 

involved in toxin synthesis may also shed light on the role of this molecule, which could aid in 

the understanding of conditions that promote the formation of toxin-producing blooms, allowing 

for better predictions to be made. Better understanding of the molecular biology of Ps-n is 

therefore of high interest for further study. 

 

Diatoms: 

Pseudo-nitzschia multiseries is a marine, pennate diatom (Hasle & Hasle, 1995). Diatoms 

(Bacillariophyta) are unicellular eukaryotic algae characterized by the presence of siliceous cell 

walls (frustules), composed of two overlapping thecae (Sims et al., 2006).  These organisms are 

abundant in marine, freshwater, and even terrestrial habitats and are important members of 

phytoplankton communities (Flower, 2005). Diatoms form the base of many marine food webs 

(Bates & Trainer, 2006) and have been estimated to produce up to 40% of oceanic primary 

productivity (Mann, 1999). This value translates to 20-25%  of global carbon cycling; which is 

equivalent to the productivity of all terrestrial rainforests (Field et al., 1998). They also play a 

large role in the biogeochemical cycling of other nutrients, most notably silicon, and it has been 

estimated that, globally, diatoms process 240 teramoles of Si per year (Tréguer et al., 1995). The 

Si is biosynthesized into silicate (SiO2) the deposition of which is used in the construction of their 

frustules, which form intricate species specific structural patterns. Diatoms also provide an 

essential link between the nutrient rich surface waters and the deep ocean. They sink more readily 

than many other phytoplankton members and in so doing transport nutrients to the life below 

(Smetacek, 1985). 

The phylogeny and systematics of this important group of phytoplankton has been 

debated, but in general the diatoms are divided into two main classes: centric diatoms, possessing 

radial symmetry, and pennate diatoms, containing bilateral symmetry (Higgins et al., 2003; Sims 
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et al., 2006). Diatoms are an important taxonomic group, the study of which provides insights 

into ecology, geochemical cycling, and many practical applications, ranging from the 

reconstruction of past pH data from freshwater systems (Birks et al., 1990), to their use in 

nanotechnology due to their ability to create intricate silicate nanostructures (Gordon et al., 2009; 

Kröger & Poulsen, 2008). 

The complete genome sequences of the centric diatom Thalassiosira pseudonana and the 

pennate diatom Phaeodactylum tricornutum, revealed a number of diatom specific genes that 

could not be identified based on sequence homology. These genes are of interest as the diatoms 

are unique in many of their biological processes, such as silicate deposition and protein transport 

into plastids. The ecological impact that these organisms have, also makes their genomes of high 

interest, and the use of genome data to predict ecological interactions is an exciting new field of 

research. 

 

Pseudo-nitzschia multiseries: 

 After the initial bloom in Prince Edward Island, toxin-producing blooms of this species 

were identified in coastal areas throughout the world (Mos, 2001). Laboratory experiments to 

study Ps-n ensued and many factors that trigger DA production in this marine diatom were 

identified. It quickly became apparent that DA synthesis was correlated with the onset of 

stationary growth in batch cultures (Bates et al., 1989). This finding encouraged further study on 

the role of nutrient limitation on DA synthesis and many important connections were elucidated. 

Silicate limitation was shown to increase DA production, which was evident in batch cultures, as 

well as chemostat cultures, indicating that complete cessation of cell division is not necessary for 

Silicate limitation to stimulate DA synthesis (Bates et al., 1996). Similar results were seen in 

studies that limited Ps-n growth with phosphorous. Once again DA synthesis was enhanced in 

both batch and chemostat cultures (Pan et al., 1996). These studies point to a key role in cellular 
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stress in spurring the synthesis of DA. However, it is important to note that unlike limitation of 

silicate and phosphorous, nitrogen has been shown to have the opposite effect (Bates et al., 1993). 

It is proposed that this is due to the presence of N in the structure of DA, and therefore nitrogen 

must be available for its synthesis (Figure 1.1). 

The limitation of iron and copper has also been found to cause increases in DA levels. 

Although the limitation of either metal elicits a response, studies have shown that the effects are 

synergistic (Maldonado et al., 2002; Wells et al., 2005). Interestingly, lithium was also shown to 

affect DA even though no nutritional role is known within Ps-n (Rao et al., 1998). Physical 

factors such as light intensity and temperature can also play a key role in DA production, and a 

photon flux density of at least 100 µmol photons m
2
s

-1
 has been found necessary for sustained DA 

production (Bates, 1998). Stress induced by decreased temperatures has been shown to negatively 

impact production rates, most likely due to decreases in enzymatic activity (Lewis et al., 1993). 

Biotic factors, such as the presence of extracellular bacteria within Ps-n cultures have also been 

shown to be a stimulant for DA. This is hypothesized to either be due to a competitive effect, 

making cultures more nutrient limited, or that the bacterial cells generate a DA precursor which 

Ps-n can then use for DA synthesis (Osada & Stewart, 1997). Despite this knowledge base about 

the factors that trigger its production, the functional role of DA in Ps-n biology is still unknown. 

 

Domoic Acid: 

 DA is toxic because it is an analog of the excitatory amino acid glutamate, which acts as 

a key neurotransmitter in the mammalian brain, as well as the excitatory toxin kainic acid (Figure 

1.1). Its structure consists of an isoprenoid side chain connected to a proline-like ring.  DA 

imposes its toxicity with its high binding affinity for glutamate receptors in the brain. It binds 

these receptors with much greater affinity than either glutamate or kainic acid, and causes 

excitotoxic neuronal cell death (Ananth et al., 2001).  
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Although much work has been done to understand the pathological effects of DA, the 

molecular processes involved in its synthesis are still being elucidated. A general pathway has 

been described, based on biochemical labeling  studies, in which two intermediate molecules, an 

isoprenoid precursor and a TCA derivative, combine and undergo a cycloisomerization step 

leading to the final cyclic structure of DA (Ramsey et al., 1998). This work offered a general 

pathway for further research. 

 

Figure 1.1. Chemical structures of domoic acid and its analogs. Portions analogous to glutamate 

are shown in red (image reproduced with permission from Boissonneault, 2004). 

 

 This led Boissonneault (2004) to take an alternative approach, using microarray studies to 

determine which genes are differentially expressed under toxin-producing conditions. A cDNA 

library and EST database of expressed Ps-n genes was created, and the ESTs were further aligned 

and assembled into contigs. BLAST analysis was used to putatively identify the genes based on 

sequence homology with known proteins. The cDNA library was used to conduct microarray 

analyses that screened thousands of Ps-n genes for differential expression between toxin-

producing and nontoxin-producing cultures. These studies revealed a suite of candidate genes that 

were differentially regulated under toxin-producing conditions (Boissonneault, 2004). The 

expression of these candidate genes may now be studied under several growth conditions known 
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to alter DA synthesis, using detailed RT-qPCR assays. These studies would allow for a better 

understanding of which genes appear correlated with DA production. While Boissonneault (2004) 

took a transcriptome approach, the complete genome sequence of Ps-n has also recently been 

released by the joint genome institute (JGI), providing researchers with further molecular tools to 

study Ps-n biology and DA production at the molecular level. 

Although the synthetic pathway is of importance, further research is also needed to 

determine the role of DA within Ps-n biology. Several hypotheses of DA function have been 

proposed and tested. These hypotheses include, DA as an antifeedant, alleleopathic agent, or a 

trace metal chelator. No evidence supporting the antifeedant hypothesis has been documented, as 

the normal predators of Ps-n, such as zooplankton, showed no adverse effects in survival or 

fecundity after exposure or ingestion of DA (Lincoln et al., 2001). Likewise, no alleleopathic 

effects were seen on other members of the phytoplankton community (Lundholm et al., 2005). 

However, there has been evidence showing that DA has the potential to chelate both iron and 

copper (Rue & Bruland, 2001) and limitation of these trace metals has been shown to greatly 

increase DA synthesis (Maldonado et al., 2002; Wells et al., 2005). This hypothesis is further 

supported by the experiments in the fertilization of oceans with iron (Boyd et al., 2000; Coale et 

al., 1996). The intent of these experiments is to cause large algal blooms in order to mitigate 

global climate change by the acquisition and deposition of atmospheric carbon dioxide. These 

experiments tend to promote the blooming of Ps-n over nontoxic genera (Trick et al., 2010), 

indicating a potential selective advantage in the attainment of iron from ocean waters. 

Another, yet unstudied, hypothesis is the potential role of DA as a signaling molecule. 

The microarray studies, discussed above, identified a putative solute carrier 6 (SLC6) transporter, 

which was up-regulated during toxin-production. The SLC6 family of proteins was classically 

characterized by the cotransport of neurotransmitters and Na
+
 ions. Since DA is an amino acid 

and neurotransmitter analog it is possible that this transporter is responsible for the translocation 



8 
 

of DA. During this same time frame, other studies found that the neurotransmitter GABA is used 

as a signaling molecule within plants to guide pollen tube growth (Palanivelu et al., 2003), and 

increase nitrate uptake (Beuve et al., 2004). The discovery of this transporter gene therefore led 

Boissonneault (2004) to hypothesize that DA could act as a signaling molecule within Ps-n, 

potentially facilitated by transport mediated by the newly identified SLC6 homolog. The contig of 

this gene contained a partial open reading frame that could serve as a powerful tool for further 

analysis of the potential role of PSN0072 in DA transport. This transporter was the focus of this 

present thesis. Understanding the mechanisms involved in DA transport could shed light on the 

potential role of this toxin within Ps-n biology. 

 

Transport Proteins: 

 The accumulation of extracellular substrates is often required to carry out intracellular 

processes. These substrates often need to be maintained within the cell at levels that far exceed 

the extracellular concentration. These requisites cannot be sustained by simple diffusion, as the 

semipermeability of the membrane blocks the passage of many important molecules and ions, and 

diffusion is unable to move substrates against their natural gradients. To circumvent these 

problems cells have evolved specialized proteins which span the membrane via several 

hydrophobic helices and allow for the binding and transport of specific substrates across the 

cellular membrane. This transport process can occur against the substrates natural gradient, a 

process known as active transport, by harnessing the power of ATP hydrolysis. This is done 

either directly by the protein itself via an ATPase activity, or indirectly by the use of ion 

gradients. 

The transport of two substrates or ions, one with its gradient and the other against, is 

known as coupled or cotransport. This can occur in either a symport fashion, where both 

substrates move in the same direction across the membrane, or as antiport, where the substrates 
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are translocated in opposite directions. Transport proteins are crucial to the survival of all 

organisms, and their importance is highlighted by the fact that approximately 20% of genes 

within the E. coli genome are involved in transport in some fashion (Becker et al., 2008). 

Transporters exist for a wide variety of different substrates including ions, sugars, and amino 

acids. The acquisition of amino acids is essential to many cellular processes and there are a large 

variety of different transporters that serve this function. These amino acid transporters are broken 

into five superfamilies: Amino acid-polyamine-choline transporter family (APC or SLC7), 

sodium-dicarboxylate symporter superfamily (SDS), neurotransmitter symporter superfamily 

(a.k.a., NTS, SLC6, or SNF), amino acid transporter superfamily 1 (ATF1), and the major 

facilitator superfamily (MFS). Each of these families is characterized by phylogeny, the number 

of transmembrane domains, substrate specificity, and their mechanism of transport (Wipf et al., 

2002). 

 

SLC6 Superfamily: 

 The SLC6 superfamily was initially classified as the sodium, neurotransmitter, symporter 

family (SNF), as the originally characterized members were found to cotransport sodium ions and 

neurotransmitters in a symport fashion. The early members included transporters of GABA, 

noradrenaline, dopamine, and serotonin (Bröer, 2006). These proteins were believed to be 

confined to the neurological systems of more developed organisms due to their role in the 

termination of synaptic transmission (Beuming et al., 2006). However, the unexpected discovery 

of homologs within bacteria (Nelson, 1998) led to increased understanding of the physiological 

roles that these transporters play (Yamashita et al., 2005). As more SNF proteins began to be 

characterized it was found that they transport a wide array of amino acid substrates, not just 

neurotransmitters, and the family was subsequently renamed Solute Carrier 6 family (SLC6). 
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To date, characterized members of the SLC6 family have been found to contain between 

10-13 transmembrane regions (TMs). The vast majority of eukaryotic SLC6 contain 12 TMs, 

however, many of the prokaryotic homologs are fully functional with only 10-11 (Beuming et al., 

2006). The crystalline structure of a prokaryotic leucine transporter (LeuT), an SLC6 homolog 

with 12 TMs, lent further insight into the function of this superfamily. It was found that the first 

10 TMs make up the functional core of the protein, explaining why some prokaryotic homologs 

can be functional with only the first 10 hydrophobic helices (Yamashita et al., 2005). Studies 

have found that the remaining two domains are involved in the dimerization of SLC6 proteins 

within eukaryotes (Just et al., 2004), and that this process is a key step in the targeting of these 

proteins to the cell membrane (Horschitz et al., 2008). Although LeuT contains only 20-25% 

sequence homology with mammalian SLC6 members, the functional domains and residues from 

LeuT are highly conserved when amino acid sequences are properly aligned. This has allowed the 

LeuT structure to be used as a powerful tool in modeling the structure and function of SLC6 

homologs across domains of life (Beuming et al., 2006). Comparison of the Ps-n SLC6 homolog, 

PSN0072, to the LeuT model could therefore lend insight into the function of this transporter. 

 

Current Research Goals: 

 The goals of this thesis were to further characterize the structure and function of the 

PSN0072 transporter. The full length gene sequence was analyzed using BLAST analysis. 

Several homologs from within Ps-n itself, as well as other pennate diatoms, were identified. The 

LeuT structure, discussed above, was used with the functional alignment of SLC6 homologs 

created by Beuming et al (2006) to analyze the conserved functional domains within the 

PSN0072 sequence. Results supported the identification of this gene as a functional SLC6 

member and gave insight into its transport function. The expression of PSN0072 was monitored 

under varying nutrient conditions known to alter the levels of DA synthesis. RT-qPCR was used 
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to quantify the relative transcript abundance of this gene within silicate, phosphate, and nitrate 

limited cultures. Intracellular and extracellular DA was measured and the expression data indicate 

potential correlations with both the export of DA and the import of other amino acid substrates. 

 The characterization of PSN0072 could help improve the understanding of the molecular 

processes involved in DA synthesis. This in turn could have potential implications in the 

monitoring of harmful Ps-n blooms. If PSN0072 is acting as an amino acid importer it could 

uptake a precursor molecule for DA synthesis, which would support the hypothesis that  

pathways for DA production involve a glutamate-like precursor (Ramsey et al., 1998; Smith, 

2000). PSN0072 could therefore help supply these precursor amino acids from an extracellular 

source. The level of DA contained within the Ps-n cells of a harmful algal bloom is a key 

characteristic that defines how quickly toxins accumulate within filter feeders. If the majority of 

DA produced is exported from the cells prior to their consumption, then lower levels of DA are 

transferred up to the next trophic level (Trainer & Suddleson, 2005). If PSN0072 is found to 

encode a DA exporter then assays which look at the level of this gene could be a quick method to 

determine whether the cells are actively exporting DA. The discovery of other genes tightly 

correlated with DA production could be used in the development of PCR based monitoring assays 

for the identification of toxin-producing blooms. Characterization of the molecular aspects of Ps-

n and toxin synthesis could elucidate the function of DA within Ps-n biology. This knowledge 

could improve the understanding of factors that are likely to trigger bloom formation, and aid in 

the prediction of these events. 
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Introduction: 

 The toxic marine diatom Pseudo-nitzschia multiseries (Ps-n) produces the neurotoxic 

amino acid, domoic acid (DA). The molecular processes involved in DA synthesis have yet to be 

fully elucidated. However, microarray analyses performed by Boissonneault (2004) identified a 

number of genes that were differentially expressed within toxin-producing cultures. One such 

gene, designated PSN0072, was found to be up-regulated under toxin-producing conditions and 

showed high sequence homology to the SLC6 super family of membrane transporters. 

 The SLC6 transporters are a group of amino acid and monoamine transport proteins that 

have shown conservation of structure and function across phylogenetic domains (Lolkema & 

Slotboom, 2008). The conserved structure, modeled from the crystal structure of a prokaryotic 

SLC6 homolog (LeuT), appears to consist of a 5+5 inverted repeat domain created by the first 10 

TM regions, which results in a pseudo-symmetry between TMs 1-5 and TMs 6-10 (Yamashita et 

al., 2005) (Figure 2.1). The hydrophobic helices of TMs one and six are both disrupted 

approximately half way through the membrane. These breaks in the helical structure form the 

main substrate binding pocket and the residues directly involved in substrate binding within 

LeuT, a leucine transporter, have been determined (Beuming et al., 2006; Yamashita et al., 2005). 

The crystal structure of LeuT, elucidated by Yamashita et al (2005), has provided a 

valuable model for understanding this important transporter family (Beuming et al., 2006; 

Jørgensen et al., 2007; Shaikh & Tajkhorshid, 2010; Shi et al., 2008). The structure revealed 

several functional residues essential for the transport process. These residues are involved in, 

substrate binding, ion binding, and extra and intracellular gating (Beuming et al., 2006; 

Yamashita et al., 2005). A structure based alignment of prokaryotic and eukaryotic SLC6 

transporters, generated by Beuming et al (2006), showed a high level of conservation within these 

functional residues across domains of life. This finding confirmed LeuT as an acceptable model 
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for studying uncharacterized SLC6 proteins of both prokaryotic and eukaryotic origins (Beuming 

et al., 2006). 

 

 

Figure 2.1. Schematic of the 5+5 inverted repeat structure of LeuT. Leucine is shown within the 

binding pocket as a yellow triangle and the two blue circles represent bound Na+ ions. 

Reproduced with permission from Yamashita et al. 2005. 

 

The Beuming et al alignment also shows that some functional prokaryotic SLC6 

homologs contain only 10 TM domains, further supporting that the first 10 TMs form the vital 

functional core of these proteins. Although TMs 11 and 12 do not appear directly necessary for 

substrate binding and translocation, they have been shown to be involved in the oligomerization 

of transporter proteins (Just et al., 2004), a process found to be an essential step in the export of 

SLC6 proteins from the ER/Golgi complex to the cell membrane (Sitte et al., 2004). Other 

processes have also been shown to affect the accumulation of transporters within the membrane, 

and these mechanisms appear to be used to control the regulation of transporter function in a post-

transcriptional manner. 

SLC6 proteins undergo both phosphorylation (Quick et al., 2004) and glycosylation 

(Rasmussen et al., 2009). Glycosylation of the sites within extracellular loop 2 (EL2), like 

oligomerization, seems to be a key step in targeting proteins to the membrane. Removal of these 

glycosylation sites leads to a dramatic decrease in the level of transporters found at the cell 
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surface (Martínez-Maza et al., 2001). Phosphorylation has also been shown to affect trafficking of 

transporters to and from the membrane. In general, it seems that phosphorylation by protein 

kinase C (PKC) leads to decreased transporter levels within the membrane (Kristensen et al., 

2011). However, different transporters as well as different phosphorylation sites have a wide 

variety of effects. For instance, in GAT1, phosphorylation of Tyr residues has been shown to 

increase transporter membrane concentration (Law et al., 2000). Other studies have also shown 

that the pathways responsible for increased Tyr phosphorylation also promote a decrease in PKC 

mediated phosphorylation of Ser residues, and vice versa (Quick et al., 2004), providing a 

plausible model for two exclusive phosphorylation states controlling membrane trafficking. 

Despite the detailed structural data available for LeuT, the exact mechanism of transport 

is still not entirely understood. The classic model of transporter function is termed the alternating 

access model. This  theory states that the transport protein undergoes several conformational 

changes that alternates the accessibility of the binding pocket between the extracellular and 

cytoplasmic sides of the membrane (Forrest et al., 2008). This is achieved through four distinct 

conformational states: outward facing open, outward facing occluded, inward facing occluded, 

and inward facing open (Kristensen et al., 2011) (Figure 2.2). The exact way that SLC6 proteins 

undergo these changes is still unknown, but several hypotheses have been proposed. 

The first hypothesis revolves around the unwound regions found within TMs 1 and 6. It 

suggests that these regions may act as hinges enabling the upper and lower halves of the protein 

to move independently from one another allowing them to open and close the gates in a 

sequential manner (Krishnamurthy et al., 2009). An alternative hypothesis, termed the rocking 

bundle model, suggests that TMs 1, 6, 2, and 7 form a rigid structure, but that the change from an 

outward facing open confirmation to an open inward confirmation can be achieved by one simple 

rocking motion of these rigid helical bundles (Forrest & Rudnick, 2009). Yet a third hypothesis 
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Figure 2.2. Schematic of the four conformational states seen during a translocation cycle. 

Reproduced with permission from Kristensen et al. 2011. 

 

postulates that a fully occluded intermediate step is observed in the transition from outward to 

inward facing conformations. This model proposes that TMs 1,6 and 8 undergo systematic 

stepwise changes that lead to these various states (Ressl et al., 2009). However, further research is 

needed in this area in order to fully elucidate the transport mechanism. Although the complete 

details of the translocation cycle are not yet fully understood, it is well known that the SLC6 

family cotransports Na
+
 ions in order to drive the up-hill active transport of substrates. The 

residues involved in Na
+
 binding within LeuT are found to be well conserved across other SLC6 

members (Beuming et al., 2006). 

The crystal structure of LeuT accompanied by the Beuming et al alignment provide a 

powerful tool for analyzing the gene structure of PSN0072. These analyses can lend insight into 

the functionality and potential substrates of this uncharacterized SLC6 homolog. These data could 

help determine the plausibility of PSN0072 as a transporter of DA or a precursor molecule. The 

initial PSN0072 contig appeared to contain only a partial open reading frame (ORF) and therefore 
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the cDNA sequence needed to be extended before detailed bioinformatic analyses could be 

performed. RACE PCR assays were developed to extend the 5’ and 3’ ends of the partial cDNA 

in an attempt to elucidate the full coding region. During the time of this study the genome of Ps-n 

became available and standard PCR was used to confirm the 5’ end of the PSN0072 transcript. 

BLAST analyses were then repeated using the full length ORF as a query sequence. PSN0072, 

along with a number of interesting homologs identified by the BLAST analysis, were then 

aligned against the Beuming et al SLC6 alignment. Conserved functional residues were analyzed 

in order to glean any potential information on the function of this transporter as well as possible 

substrates. The results of these analyses further supported the identification of PSN0072 as a 

functional member of the SLC6 family. Although a specific substrate was unable to be 

determined, the conservation of specific residues within the binding pocket strongly suggest that 

PSN0072 is responsible for the translocation of amino acids, making DA or a precursor amino 

acid, potential active substrates for this transporter. 

 

Methods and Materials: 

RACE PCR: 

Primer Design- 

Outer and inner gene specific primers were designed for both the 5’ and 3’ ends of the 

PSN0072 contig (Figure 2.5). Primers were analyzed using the Integrated DNA Technolgies 

(IDT) oligo analyzer for length, GC content, melting temperature, and secondary structures: 

hairpins, self-dimers, and hetero-dimers (Table 2.1). Primers were designed to be within a length 

of 18-25 nucleotides with GC content between 50-65%. The IDT oligo analyzer was used to 

calculate the ΔG values of any hairpin structures (a primer annealing to itself), self-dimers (two 

of the same primer annealing to each other), and hetero-dimers (the two opposite primers 

annealing to one another). Cut-offs of -3.0, -6.0, and -9.0 kcal.mol
-1 

were used respectively, 
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meaning that only primers with ΔG larger than these values were used. Primers were synthesized 

by IDT and purified by their standard desalting method. 

 

3’ RACE PCR- 

 3’ RACE ready cDNA pools were made by reverse transcribing both Ps-n mRNA 

(supplied by Dr. Katie Rose Boissonneault) and HeLa control RNA using the Invitrogen 

GeneRacer oligo dt primer with adaptor sequence: 5′-GCTGTCAACGATACGCTACGTAACG 

GCATGACAGTG(T)24-3′. This was performed using the following protocol for Ps-n (control 

reaction carried out exactly as described in GeneRacer protocol). 6µl of Ps-n mRNA (27.1ng/µl) 

was mixed with 5µl of DEPC-treated H2O. 1µl of the oligo dT primer (50µM), and 1µl of dNTP 

mix (25mM each) were added followed by incubation at 65⁰C for 5min. The sample was chilled 

on ice for 1 minute before adding the following: 4µl 5x first strand buffer, 1µl of 0.1M DTT, 1µl 

RNase Out (40U/µl), and 1µl of superscript III reverse transcriptase (RT) (200U/µl). The reaction 

was incubated at 50⁰C for 45 minutes followed by a15 minute incubation at 70⁰C to deactivate 

the RT enzyme. 1µl of RNase H (2U/µl) was added and the cDNA reaction was incubated at 

37⁰C for 20 minutes in order to denature any remaining RNA. 

Outer RACE PCR was performed using the PSN0072 3’ outer gene specific primer 

paired with the GeneRacer 3’ primer. This was also performed on the HeLa control RNA sample 

using the HeLa control 3’ Outer primer with the GeneRacer 3’ primer. A no template control was 

set up using the PSN0072 primer. Each reaction contained 3µl of GeneRacer 3’ primer (10µM), 

1µl of the gene specific primer (10µM), 5µl 10x HiFi reaction buffer, 1µl of 10mM dNTPs, 0.5µl 

HiFi platinum Taq polymerase (5U/µl), 2µl MgSO4 (50mM), 1µl template and 36.5µl DEPC-

treated H2O. PCR reactions were carried out using the following touchdown PCR protocol 

intended to minimize background amplification of nonspecific products. 1)94⁰C for 2 minutes 2) 
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94⁰C for 30 seconds 3) 72⁰C for 2 minutes 4) go to step 2 4 more times 5) 94⁰C for 30 seconds 6) 

70⁰C for 2 minutes 7) go to step 5 4 more times 8) 94⁰C for 30 seconds 9) 65⁰C for 30 seconds 

10) 68⁰C for 2 minutes 11) go to step 8 20 more times 12) 68⁰C for 10 minutes 13) hold at 4⁰C. 

7µl of each product was analyzed by gel electrophoresis on a 1.5% agarose gel with a 

pBR322/BstN1 digest as a marker, samples were visualized with EtBr and results were 

documented using the Kodak MI software package (Figure 2.4). 

The outer RACE PCR products were used as template for nested PCR reactions set up as 

follows: 1µl GeneRacer 3’ nested primer (10µM), 1µl of the gene specific inner primer (10µM), 

5µl of 10x HiFi reaction buffer, 1µl of 10mM dNTPs, 0.5µl of Platinum Taq HiFi (5U/µl), 2µl 

MgSO4 (50mM), 1µl of outer product, and 38.5µl DEPC-treated H2O. The reactions were carried 

out in a thermal cycler as follows; 1)94⁰C for 2 minutes 2) 94⁰C for 30 seconds 3) 65⁰C for 30 

seconds 4) 68⁰C for 2 minutes 5) go to 2 25 more times 6) 68⁰C for 10 minutes 7) hold at 4⁰C. 

Products were analyzed by gel electrophoresis through a 1.0% agarose gel and visualized with 

EtBr. A BstN1 digest of pBR322 was used as a marker (Figure 2.4). 

 

5’ RACE PCR- 

 A pool of 5’ RACE ready cDNA was created in four steps. First, partial mRNAs, tRNAs, 

and rRNAs (those lacking a 5’ cap) were dephosphorylated using calf intestinal phosphatase 

(CIP) rendering partial transcripts inactive in subsequent downstream reactions. 5’ caps were then 

cleaved by treating the RNA with tobacco acid pyrophosphatase (TAP), leaving a free 5’ 

phosphate group for use in downstream reactions. The GeneRacer RNA oligo (5′-CGACUGGAG 

CACGAGGACACUGACAUGGACUGAAGGAGUA GAAA-3′) was ligated to the 5’ ends of 

any transcript which originally contained a 5’ cap and therefore had a free 5’ phosphate group for 

use in the ligation reaction. The RNA pool was reverse transcribed using random hexamer



 

 

 

 

 

 

 

 

 

 

 

 

  

Table 2.1. Primers used in RACE PCR. Primer IDs, sequences, length, GC content, and ΔG values of secondary structures. 

Primer ID Sequence 
Lengt

h bp 
GC Tm⁰C 

Hairpin 

ΔG 

kcal.mol-

1 

Self-

dimer 

ΔG 

kcal.mol-

1 

Hetero-

dimer ΔG  

kcal.mol-1 

5' PSN0072 GSOP 
GGAGTTTGACAGACTCACGAC

GAC 
24 

54.20

% 
59.2 -2.02 -4.52 -3.61 

5' PSN0072 GSIP 
GGT TCG GAG CGT GGA CAA 

TGA C 
22 

59.10

% 
60.5 0.31 -3.61 -3.52 

3' PSN0072 GSOP 
GAGGAAGTTGTTGGCGAGGAG

GC 
23 

60.90

% 
62.2 0.14 -3.61 -6.75 

3' PSN0072 GSIP 
CTGCGGTCGTTGAAAAGAAGG

TAGAC 
26 50% 59.5 0.21 -3.61 -6.9 

[Type a quote from the document or the summary 

of an interesting point. You can position the text 

box anywhere in the document. Use the Text Box 

Tools tab to change the formatting of the pull 

quote text box.] 

2
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2
1 

                                                                                                                         



21 
 

 

 

primers and superscript III RT. 

CIP treatment was carried out as follows for Ps-n mRNA (HeLa control reactions were 

carried out per manufactures instructions): 1µl 10x CIP buffer, 1µl RNase out (40U/µl), 1µl of 

CIP enzyme (10U/µl), and 1µl of DEPC-treated H2O were added to 6µl of Ps-n mRNA (same 

RNA used for 3’ reactions). The reaction was mixed by vortexing, and centrifuged briefly to 

collect before incubation at 50⁰C for 1 hour. Reactions were placed on ice and 90µl of DEPC-

treated H2O was added. 100µl of phenol:chloroform was added and vortexed for 30 seconds. The 

phases were separated by centrifugation at 21,100g for 5 minutes at room temperature. The 

aqueous phase was transferred to a clean microcentrifuge tube and 2µl of 10mg/ml mussel 

glycogen, 10µl 3M sodium acetate, and 220µl 95% EtOH were added, vortexed briefly, and 

frozen in a dry ice/EtOH bath for 10 minutes. 

 The CIP treated RNA was precipitated and resuspended as follows: Samples were 

centrifuged at 25,000g for 20 minutes at 4⁰C to pellet the RNA. The EtOH was pipetted off, being 

careful to avoid the RNA pellet. 500µl of fresh 70% EtOH was added and the sample was 

inverted several times and vortexed briefly followed by centrifugation at 25,000g for 2 minutes at 

4⁰C. EtOH was again removed by pipetting and the RNA pellets were allowed to air dry in a 

laminar flow hood for 2 minutes before resuspension in 8µl of DEPC-treated H2O (1µl was 

removed for potential downstream analysis). The remaining 7µl were treated with TAP as 

follows. 

1µl 10x TAP buffer, 1µl RNase out (40U/µl), and 1µl of TAP enzyme (0.5U/µl) were 

added to the 7µl of CIP treated Ps-n mRNA. This mixture was vortexed and centrifuged briefly 

before incubation at 37⁰C for 1 hour. Following the incubation the sample was centrifuged briefly 

and placed on ice, 90µl of DEPC-treated H2O and 100µl of phenol:chloroform were added 
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followed by vortexing for 30 seconds. Phases were separated by centrifugation at 21,100g for 5 

minutes at room temperature and the aqueous phase was transferred to a clean microcentrifuge 

tube. 2µl mussel glycogen (10mg/ml), 10µl 3M sodium acetate, and 220µl 95% EtOH were 

added and vortexed briefly to mix. The reaction was frozen in a dry ice EtOH bath for 10 minutes 

and stored at -20⁰C overnight until the procedure could be continued the next day. 

 RNA was precipitated and resuspended following the protocol outlined above. A tube 

containing lyophilized GeneRacer RNA oligo was spun briefly and resuspended in the 7µl of CIP 

and TAP treated mRNA, and incubated at 65⁰C for 5 minutes to denature RNA. Samples were 

chilled on ice for 2 minutes and then 1µl of each of the following reagents were added: 10x ligase 

buffer, 10mM ATP, RNase out, and T4 RNA ligase. Mixed samples by pipetting and incubated at 

37⁰C for 1 hour, spun briefly, and placed on ice. Added 90µl of DEPC-treated H2O and 100µl of 

phenol:chloroform. Separated and transferred aqueous phase and precipitated the RNA as 

described above. Resuspended in 11µl of DEPC-treated H2O and removed 1µl for potential future 

analysis. 

 1µl of each of the following reagents was added to the 10µl of RNA from above: random 

hexamer primers (54µM), dNTPs (25mM each), and DEPC-treated H2O. The reaction was 

incubated at 65⁰C for 5 minutes and chilled on ice for 1 minute and 30 seconds. The contents of 

the reaction were collected by brief centrifugation and the following reagents were added: 4µl 5x 

first strand buffer, 1µl 0.1M DTT, 1µl RNase out (40 U/µl), and 1µl superscript III RT (200U/µl). 

The mixture was incubated at 25⁰C for 5minutes, followed by 50⁰C for 45 minutes, and 70⁰C for 

15 minutes, to deactivate the enzyme. The cDNA was chilled on ice for 2 minutes and 1µl of 

RNase H (2U/µl) was added in order to break down any remaining RNA. cDNA was stored at -

20⁰C until ready for use. 
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 5’ Outer PCR reactions were run using the GeneRacer 5’ primer with the PSN0072 5’ 

gene specific outer primer, as well as three negative controls, no template, no gene specific 

primer, and no GeneRacer primer. Each reaction contained 3µl of GeneRacer 5’ primer (10µM), 

1µl of 5’ PSN0072 outer primer (10µM), 5µl 10x HiFi reaction buffer, 1µl of 10mM dNTPs, 

0.5µl HiFi platinum Taq polymerase (5U/µl), 2µl MgSO4 (50mM), 1µl template and 36.5µl 

DEPC-treated H2O. Reactions were carried out using the same touchdown PCR protocol outlined 

for the 3’ outer RACE PCR reactions. 7µl of each product was analyzed by gel electrophoresis on 

a 1.0% agarose gel with a BstN1 digest of pBR322 run as a marker (Figure 2.4). No product was 

seen for PSN0072 after the initial outer touchdown PCR, reactions were repeated (25µl volume) 

without using the touchdown PCR protocol. Ratios of all reagents added remained the same but 

the cycling parameters were as follows; 1) 94⁰C for 2 minutes 2) 94⁰C for 30 seconds 3) 65⁰C for 

30 seconds 4) 68⁰C for 2 minutes 5) go to 2 34 more times 6) 68⁰C for 10 minutes 7) hold at 4⁰C. 

5µl of each product was analyzed on a 1.0% agarose gel and visualized with EtBr. 

 5’ nested PCR reactions were carried out using the initial outer products as template. The 

GeneRacer 5’ nested primer and the 5’ PSN0072 gene specific inner primer were used as the 

forward and reverse primers respectively. Each reaction contained: 1µl GeneRacer 5’ Nested 

primer (10µM), 1µl of the 5’ PSN0072 inner gene specific primer (10µM), 5µl of 10x HiFi 

reaction buffer, 1µl of 10mM dNTPs, 0.5µl of Platinum Taq HiFi (5U/µl), 2µl MgSO4 (50mM), 

1µl of outer product, and 38.5µl DEPC-treated H2O. The reactions were carried out in a thermal 

cycler as follows; 1)94⁰C for 2 minutes 2) 94⁰C for 30 seconds 3) 65⁰C for 30 seconds 4) 68⁰C 

for 2 minutes 5) go to 2 25 more times 6) 68⁰C for 10 minutes 7) hold at 4⁰C. 7µl of each product 

was analyzed by gel electrophoresis through a 1.0% agarose gel and visualized with EtBr. A 

BstN1 digest of pBR322 was used as a marker (Figure 2.4). 
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5’ RACE Optimization Testing- 

 Although repeating the 5’ outer PCR reactions without the touchdown protocol yielded 

better results, there was still a lot of background amplification that occurred. To try and optimize 

this reaction we used a variety of different primer pairs, annealing temperatures, and templates. 

The following two primer pairs were used: GeneRacer 5’ nested/5’ PSN0072 gene specific outer 

primer and GeneRacer 5’ primer/5’ PSN0072 gene specific outer primer. Each of these primer 

sets was tested on both the initial 5’ RACE ready cDNA as well as the outer product obtained 

from the non touchdown PCR above. Reactions were performed in eight replicates each with a 

different annealing temperature; 55.0, 56.3, 59.0, 62.8, 67.6, 71.6, 73.9, and 75.0⁰C. Each 

reaction was 20µl in volume and followed the ratios outlined above (reactions with 5’ RACE 

ready cDNA as template followed the outer PCR reaction set up and reactions using the outer 

product as template followed the nested reaction set up). All reactions were run using the 

following cycling parameters: 1) 94⁰C for 2 minutes 2) 94⁰C for 30 seconds 3) 55-75⁰C for 30 

seconds 4) 68⁰C for 2 minutes 5) go to 2 34 more times 6) 68⁰C for 10 minutes 7) hold at 4⁰C.  

PCR products were analyzed by electrophoresis through a 1.0% agarose gel using pBR322/BstN1 

as a marker and visualized with EtBr and UV (Figure 2.6). 

 

Band Extraction and Sequencing- 

 The PSN0072 5’ and 3’ inner products were excised from the gels using a clean razor 

blade (bands extracted are signified by the arrows in Figure 2.4), and placed into SNAP gel 

extraction columns. The gel slices were spun through the columns by centrifugation at 21,130g, 

for 1min to elute the DNA, and the concentrations of the resulting products were analyzed with a 

Nanodrop 2000 spectrophtometer. Two 20µl sequencing reactions were set up for each PSN0072 

product as follows. For the 3’ inner RACE product 20ng of PCR product was mixed with either 
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the PSN0072 3’ gene specific primer or the 3’ GeneRacer nested primer (final concentration 

0.2µM) and topped off to 20µl with DEPC-treated H2O. The 5’ inner RACE product was 

prepared for sequencing in the same manner except that 40ng of PCR product was used and the 5’ 

GeneRacer nested primer and the 5’ PSN0072 gene specific inner primer were used. Reactions 

were sent to the Dartmouth College sequencing facility for analysis. The PSN0072 5’ product 

was also sent for sequencing at ACGT Inc.  

 

Confirmation of Full Length Transcript from Ps-n Genome Project: 

 During the timeline that RACE PCR was being performed the genome sequence of Ps-n 

became available. Within the genome database the PSN0072 transcript was mapped with two 

different potential transcriptional strart sites (Figure 2.3). In order to determine the actual 5’ end 

of the transcript primers were designed to amplify Ps-n cDNA. One of these primers was 

designed within the region that may or may not be actively transcribed (Figure 2.3). PCR product 

would therefore only be expected from cDNA template if this region is part of the final transcript 

(Figure 2.7). The transcript sequence plus 100bps up-stream of the mapped 5’ end were analyzed 

using the NCBI open reading frame finder tool to determine if changing the transcript inititiation 

site would alter the protein product. MegAlign software was used to align the genome and 

transcript sequences obtained from the Ps-n genome with our extended PSN0072 sequence shown 

in Figure 2.5. The resulting alignment was edited in Jalview and is shown in Figure 2.8. 

 

Membrane Topology Prediction: 

 The full length PSN0072 transcript was converted into its corresponding amino acid 

sequence using the NCBI open reading frame finder. The majority of characterized SLC6 

transporters consist of 12 transmembrane domains; however, the number of transmembrane 

helices has been found to vary from 10-13 within functional SLC6 transporters. The software  
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Figure 2.3. PSN0072 sequence obtained from the Ps-n genome database. Introns are highlighted 

in yellow and primer locations are shown boxed. From 5’-3’, forward primer 1, forward primer 2, 

and reverse primer. 
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program MEMSAT (Jones et al., 1994) was used to predict the membrane topology of the 

PSN0072 protein (Figure 2.9). 

 

BLAST Analysis: 

 Once the full length transcript was obtained it was used as a query sequence for BLASTX 

analysis of the NCBI nr database (Table 2.2), the SwissProt database (Table 2.2), and the JGI 

algal genomes database (table 2.3). The nr database was searched on 3/15/2012 using the 

Blosum62 algorithm and an e-value threshold of 10. Low complexity regions were filtered from 

the analysis. The SwissProt database was searched on 4/11/2012 using the same parameters 

outlined for the nr database. The JGI algal database was also searched on 4/11/2012 and used the 

same parameters except that the e-value threshold was lowered to 1.0E
-5

, and both the “gene 

catalog proteins”, and the “all models proteins” databases were used in the analysis. This database 

contains the genomes of 18 alga sequenced by JGI; Asterochloris sp., Aureococcus 

anophagefferens, Bigelowiella natans, Chlamydomonas reinhardtii, Chlorella sp., Coccomyxa 

sp., Emiliania huxleyi, Fragilariopsis cylindrus, Guillardia theta, Micromonas pusilla, 

Micromonas sp., Ostreococcus lucimarinus, Ostreococcus sp., Phaeodactylum tricornutum, 

Pseudo-nitzschia multiseries, Thalassiosira pseudonana, and Volvox carteri f. nagariensis.  

 

Alignment of PSN0072 and Homologous Sequences: 

 The full length PSN0072 amino acid sequence, along with several homologous sequences 

retrieved from the BLAST analysis, were added to the existing Beuming et al alignment using 

Clustal Omega software. The alignment was then manually adjusted, using DNASTAR, 

MegAlign software, to minimize gaps while still aligning consistently with the Beuming 

alignment. The final alignment was colored and annotated using jalview (Figure 2.10). 
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Results: 

RACE PCR: 

3’ RACE PCR- 

 PSN0072 3’ outer RACE reactions yielded two main products with a large amount of 

background smearing. These products were approximately 836 and 540 bps in length. The 

positive control HeLa reaction was unsuccessful, perhaps due to the use of cycling conditions 

more optimal for the PSN0072 reaction. Nested PCR resulted in the same two main products for 

PSN0072; however, it seemed to produce more of the smaller product and this was extracted and 

sequenced (as described in methods) (Figure 2.4). The positive control HeLa nested reaction did 

yield product, but it wasn’t clean. Numerous bands, along with background smearing, were 

produced, perhaps due to nonspecific binding. Extraction and sequencing of the 540 bp nested 

product resulted in reaching the poly A tail of the transcript (Figure 2.5). 

 

5’ RACE PCR- 

 Outer 5’ RACE reactions resulted in no products for PSN0072; however, the HeLa 

control reaction yielded the expected single product. Even though there were no visible outer 

products for PSN0072 the nested reactions produced a number of bands and background 

smearing. A band of approximately 960 bps was extracted and sent for sequencing (Figure 2.4). 

The new sequence extended the 5’ end of PNS0072 by 301 bps (Figure 2.5). 
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Figure 2.4. Initial RACE PCR results. 5’ and 3’ outer and nested PCR reactions. All gels have a 

pBR322/BstN1 digest loaded as a marker. Upper left- 3’ RACE outer PCR reactions. Lower left- 

3’ RACE nested PCR reactions. Upper right- 5’ RACE outer PCR reactions. Lower right- 5’ 

RACE inner PCR reactions. Bands marked with arrows were band extracted and sequenced. 
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Figure 2.5. The nucleotide sequence of PSN0072, extended by RACE PCR. Newly extended 

sequence is underlined and in bold. RACE primer locations are shown boxed, and the poly A tail 

is highlighted in red. 

 

5’ RACE Optimization Testing- 

 The cleanest RACE products were obtained from reactions using the GeneRacer 5’ 

nested primer with the 5’ PSN0072 gene specific outer primer using the 5’ RACE ready cDNA as 

template. The annealing temperature did not seem to have much of an effect as the products 

produced from each of the eight reactions performed with varying annealing temperatures were 

very similar (Figure 2.6). Two main products were generated from this reaction, a larger product 

of approximately 1030 bps and a smaller product of approximately 804 bps (Figure 2.6). 

Although these results looked more promising than the original products, nothing further was 

pursued due to the release of the Ps-n genome. 
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Figure 2.6. RACE optimization PCR products. RACE optimization trial performed with the 

GeneRacer 5’ nested primer and the 5’ PSN0072 gene specific outer primer with 5’ RACE ready 

cDNA as template. Lane 1- pBR322/BstN1 digest, Lane 2- Skip, Lane 3- 75⁰C, Lane 4- 73.9⁰C, 

Lane 5- 71.6⁰C, Lane 6- 67.6⁰C, Lane 7- 62.8⁰C, Lane 8- 59.0⁰C, Lane 9- 56.3⁰C, Lane 10- 

55.0⁰C. 

 

Confirmation of Full Length Transcript from Ps-n Genome Project: 

 PCR products were generated from both cDNA and genomic DNA for both primer sets 

tested (Figure 2.7, primers shown in Figure 2.3). The ORF finder analysis revealed the presence 

of a stop codon slightly up-stream of the mapped start site. Extending the transcript sequence 

beyond the mapped location therefore had no effect on the translational start site and final protein 

product. The sequence mapped with the earlier transcripitonal start site was therefore used in the 

alignment of PSN0072. The sequence obtained from the Ps-n genome  database confirmed that 

the majority of our existing sequence was correct, except for small regions at the far ends of 

sequencing runs, and extended the 5’ end an additional 350 bps beyond that obtained from RACE 

PCR. A comparison of the genomic and transcript sequences also revealed the presence of two 

introns within this gene (Figure 2.8). 
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Figure 2.7. Confirmation of the PSN0072 5’ end. Gel electrophoresis of PCR products obtained 

from the primer sets designed from the Ps-n genome sequence. Lane1-pBR322/BstN1 digest, 

Lane2- Skip, Lane3- Forward Primer 1/Reverse/ cDNA template, Lane 4- Forward Primer 

1/Reverse/gDNA template, Lane5- Forward Primer 1/Reverse/H2O, Lane6-  Skip, Lane7-Forward 

Primer 2/Reverse/cDNA template, Lane8- Forward Primer 2/Reverse/gDNA template, Lane9-

Forward Primer 2/Reverse/ H2O. Primers used for PCR are boxed in Figure 2.4. 

 

 



 

 

 

Figure 2.8.Alignment of the original, RACE extended, and Ps-n genome PSN0072 sequences. From top to bottom; Ps-n genomic sequence, Ps-n 

transcript sequence, RACE extended PSN0072 sequence, and the original PSN0072 contig. Intron locations are boxed in black. The sequences 

were aligned using DNASTAR MegAlign software and colored using Jalview. Figure continued on next page. 

3
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Figure 2.8 continued. Alignment of the original, RACE extended, and Ps-n genome PSN0072 sequences. From top to bottom; Ps-n genomic 

sequence, Ps-n transcript sequence, RACE extended PSN0072 sequence, and the original PSN0072 contig. Intron locations are boxed in black. 

The sequences were aligned using DNASTAR MegAlign software and colored using Jalview.

3
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BLAST Analysis: 

 BLASTx analysis of the NCBI nonredundant (nr) database revealed a highly similar 

homolog from the genome of the pennate diatom Phaeodactylum tricornutum (e-value, 0.000). 

Interestingly, the next most closely related sequences appear to be from the Ascomycota lineage 

of fungi. These homologs had e-values ranging from 1.00E-72 (Metarhizium anisopliae) to 

9.00E-61 (Aspergillus terreus). All of the above homologs are only predicted to be members of 

the SLC6 family and have not been functionally characterized. The closest fully characterized 

homolog was isolated from the retina of a skate (Raja sp.) and was found to transport the 

neurotransmitter GABA (e-value, 8.00E-56) (Qian, Malchow, O’Brien, & al-Ubaidi, 1998). 

BLASTx analysis of the SwissProt database revealed the conservation of PSN0072 among other 

fully characterized members of the SLC6 family. The most closely related homologs from the 

SwissProt database were all GABA transporters with e-values ranging from 2.00E-54-2.00E-52. 

However, PSN0072 also showed a similar level of homology to the ATB
0+

 transporters which 

translocate a wide array of neutral and cationic amino acids (e-value, 3.00E-52 and 1.00E-51) 

(Table 2.2). 

 BLASTx analysis was also performed on each of the algal genomes sequenced by JGI. 

The results showed that all of the currently sequenced pennate diatoms contain homologs to the 

PSN0072 sequence. Ps-n was found to contain three additional SLC6 homologs other than 

PSN0072, resulting in four total SLC6 genes. The results from the Phaeodactylum tricornutum 

genome confirmed the results found from the nr database, and no other SLC6 homologs were 

discovered, meaning that only one SLC6 gene is present within this organism. The nonraphid 

pennate diatom, Fragilariopsis cylindrus, also was found to contain four SLC6 homologs. Each 

of these organisms contains one homolog to PSN0072 with an e-value of 0.000 while the other 

homologs appear to be less well conserved. Interestingly, the SLC6 family of transporters appears 

to be absent from the centric diatom Thalassiosira pseudonana, even though homologs are 
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present within the other algal species: Emiliania huxleyi, Micromonas pusilla, and Guillardia 

theta (Table 2.3). 

Membrane Topology Prediction: 

 The NCBI ORF finder analysis revealed an uninterrupted open reading frame encoding a 

protein of 681 residues. Surprisingly the MEMSAT software predicted that PSN0072 contains 14 

putative TM domains (Figure 2.9). This comes as a surprise as although the SLC6 can vary from 

10-13 transmembrane domains this appears to be the first prediction of fourteen. However, the 

first 10 TMs that make up the functional core of the transporter are conserved between PSN0072 

and the other SLC6 homologs as shown in the sequence alignment found in figure 2.10. 
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 Table 2.2. BLASTx results from the nr and SwissProt databases. The most homologous sequence was found within the genome of 

Phaeodactylum. Interestingly the next most closely related proteins appear to come from the Ascomycota lineage of fungi. 

Organism Description Database Identifier 
% 

Identity 

% 

Positives 

Alignment 

Length 
Gaps E-value 

Bit 

score 

Phaeodactylum tricornutum hypothetical protein NR gi|219123174 59.97 75.17 572 5 0 655 

Metarhizium anisopliae creatine transporter NR gi|322706094 33.39 51.17 557 10 1E-72 258 

 Gibberella zeae hypothetical protein NR gi|46126513 31.82 49.65 572 9 6E-71 253 

Ajellomyces capsulatus creatine transporter NR gi|325092193 31.27 51.06 566 14 9E-70 249 

Nectria haematococca hypothetical protein NR gi|302918788 31.9 51.55 580 16 2E-69 249 

Fusarium oxysporum hypothetical protein NR gi|342889948 32.17 50.09 575 12 3E-68 245 

 Verticillium albo-atrum creatine transporter NR gi|302412148 31.52 51.14 571 14 2E-67 243 

 Verticillium dahliae creatine transporter NR gi|346978608 31.82 51.4 572 15 3E-66 240 

 Ajellomyces capsulatus hypothetical protein NR gi|225555106 33.56 55.86 444 8 4E-66 235 

 Aspergillus nidulans hypothetical protein NR gi|259486585 31.85 51.07 562 14 1E-64 236 

 Ajellomyces capsulatus creatine transporter NR gi|240281312 30.74 50 566 15 5E-64 234 

Aspergillus nidulans hypothetical protein NR gi|67903958 31.85 51.07 562 14 7E-64 236 

Gibberella zeae hypothetical protein NR gi|46116796 29.85 48.54 583 15 9E-63 231 

Phaeosphaeria nodorum hypothetical protein NR gi|169602539 30.3 49.74 571 14 2E-61 227 

Aspergillus terreus hypothetical protein NR gi|115400453 30.53 49.3 570 15 9E-61 224 

Raja sp. GABA transporter NR gi|2935716 31.3 47.9 524 14 8E-56 209 

Macaca fascicularis GABA transporter GAT2 SwissProt S6A13_MACFA 32.14 50.67 448 7 2.00E-54 203 

Bos taurus GABA transporter GAT2 SwissProt S6A13_BOVIN 32.66 51.01 447 7 2.00E-54 202 

Homo sapien GABA transporter GAT2 SwissProt S6A13_HUMAN 32.37 50.67 448 7 2.00E-54 202 

Mus cookii GABA transporter GAT1 SwissProt SC6A1_MUSCO 31.18 47.74 465 7 3.00E-53 199 

Mus musculus GABA transporter GAT2 SwissProt S6A13_MOUSE 30.74 49.39 488 8 7.00E-53 198 

Rattus norvegicus GABA transporter GAT2 SwissProt S6A13_RAT 31.15 49.59 488 8 7.00E-53 198 

Rattus norvegicus GABA transporter GAT1 SwissProt SC6A1_RAT 31.03 46.98 464 6 8.00E-53 197 

Homo sapien GABA transporter GAT1 SwissProt SC6A1_HUMAN 30.89 47.3 463 6 2.00E-52 196 

Mus musculus Nuetral and Basic AA (ATB0+) SwissProt S6A14_MOUSE 32.26 47.44 468 6 3.00E-52 196 

Bos taurus taurine transporter SwissProt SC6A6_BOVIN 31.98 48.07 491 10 4.00E-52 196 

Homo sapien Neutral and Basic AA (ATB0+) SwissProt S6A14_HUMAN 32.07 47.68 474 8 1.00E-51 195 
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Table 2.3. BLASTX results from the JGI Algae Database. 

Organism Database Scaffold 
Protein 

ID 
Start End Score E-Value 

Our 

name 

Pseudo-nitzschia multiseries Psemu1_all_proteins_20111011.aa scaffold_269 319662 13929 16593 3214 0 PSN0072 

Pseudo-nitzschia multiseries Psemu1_GeneCatalog_proteins_20111011.aa scaffold_6 317342 505312 510015 1798 0 SNF2 

Phaeodactylum tricornutum Phatr2_geneModels_AllModels_20060913_aa chr_14 55930 425209 429551 1911 0 SNF1  

Fragilariopsis cylindrus Fracy1_GeneModels_AllModels_20090218_aa scaffold_15 263510 1340702 1343909 2444 0 SNF1 

Pseudo-nitzschia multiseries Psemu1_all_proteins_20111011.aa scaffold_401 297892 62979 65407 1167 4.90E-121 SNF3 

Emiliania huxleyi Emihu1_best_proteins scaffold_18 462780 9183 11570 647 1.31E-56 SNF3 

Emiliania huxleyi Emihu1_best_proteins scaffold_559 470787 45400 47884 647 1.31E-56 SNF1 

Emiliania huxleyi Emihu1_all_proteins scaffold_46 278682 106280 108764 647 6.81E-56 SNF2 

Fragilariopsis cylindrus Fracy1_GeneModels_FilteredModels2_aa scaffold_5 238539 2941643 2944536 746 2.76E-51 SNF2 

Micromonas sp. MicpuN3aaallModels Chr_01 77544 139329 141365 531 5.02E-46 SNF1 

Guillardia theta Guith1_all_proteins_20101209.aa scaffold_63 142345 165180 168519 589 1.28E-43 SNF1 

Micromonas pusilla MicpuC3_all_proteins_20111216.aa scaffold_1 219102 140251 142017 543 2.38E-42 SNF1 

Emiliania huxleyi Emihu1_all_proteins scaffold_117 271280 13875 17302 417 2.04E-38 SNF4 

Emiliania huxleyi Emihu1_best_proteins scaffold_99 466353 244922 249978 417 5.56E-36 SNF5 

Emiliania huxleyi Emihu1_best_proteins scaffold_72 217075 233877 236315 355 1.24E-33 SNF6 

Emiliania huxleyi Emihu1_best_proteins scaffold_8536 259028 90 470 263 1.24E-27 SNF7 

Fragilariopsis cylindrus Fracy1_GeneModels_FilteredModels1_aa scaffold_37 265025 77469 80772 374 2.70E-25 SNF3 

Fragilariopsis cylindrus Fracy1_GeneModels_FilteredModels1_aa scaffold_8 261982 1065954 1068979 374 2.87E-25 SNF4 

Pseudo-nitzschia multiseries Psemu1_all_proteins_20111011.aa scaffold_984 292265 16237 37608 275 8.56E-21 SNF4 

Guillardia theta Guith1_GeneCatalog_proteins_20101209.aa scaffold_55 141512 192185 198304 201 1.00E-07 SNF2 
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Alignment of PSN0072 and Homologous Sequences: 

The initial alignment of PSN0072 and its homologs with the Beuming et al model was 

narrowed down to 20 sequences for ease of display. The final alignment contains the eight 

sequences shown by Beuming et al in their 2006 manuscript, which includes three prokaryotic 

homologs: LeuT, Tyt1, and TnaT, as well as five eukaryotic homologs: hDAT, hNET, rSERT, 

hGAT, and hGlyT. To these eight sequences, PSN0072, and six other pennate diatom homologs 

were added: three additional genes from Ps-n, one homolog from Phaeodactylum tricornutum, 

and two proteins from Fragilariopsis cylindrus. Three more homologs were included from the 

genomes of nondiatom alga, these included one homolog from each of the following organisms: 

Emiliania huxleyi, Guillardia theta, and Micromonas pusilla. The final two sequences were 

highly homologous predicted proteins from the fungi Aspergillus terreus, and Ajellomyces 

dermatitidis (Figure 2.10). 

Analysis of the alignment shows that many of the functional residues from LeuT are 

conserved within PSN0072. All residues that are involved in the binding of the Leucine amino 

group in LeuT are conserved within PSN0072 excluding Thr 254 which has been replaced by a 

similar Ser residue. Likewise, residues involved in carbonyl group binding are also conserved 

with the exception of one residue, as Leu25 is replaced by Phe within PSN0072. Perhaps more 

surprisingly only two of the seven residues involved in cradling the substrate side chain in LeuT 

are not conserved in PSN0072, as Val104 is replaced by Leu and Phe is substituted for Ile359 

(Figure 2.10, Table 2.4). Functional domains not directly involved in binding of the substrate 

were also found to be well conserved. 

 All four residues which interact to form the extracellular gating region are conserved 

within PSN0072. Likewise the two primary residues involved in stabilizing the inner gate, Arg5 

and Asp369 are also conserved. The Na1 sodium ion binding site is well conserved in PSN0072 

with three of the four predicted residues remaining identical. The one nonconserved residue is 
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changed from a Thr (254) to a Ser residue which is predicted to have similar functionality. The 

Na2 site is similarly well conserved with three of the five residues being identical. Of the two 

residues that differ Thr354 is replaced by Asp, and a Leu residue is substituted for Ala351. One 

interesting residue that is not conserved between LeuT and PSN0072 is the negatively charged 

Glu290 residue. This location is instead occupied by a non charged Ser residue (Figure 2.10, and 

Table 2.4).  

 The alignment in Figure 2.10 also reveals that PSN0072 contains an inserted stretch of 

sequence between TMs 10 and 11 in LeuT. This extra sequence is predicted by MEMSAT to 

contain two additional TM domains. This previously uncharacterized feature is shared only by 

other diatom and fungal SLC6 homologs (Figure 2.10). It is also of interest that the second 

extracellular loop, located between TMs 3 and 4, is considerably shorter in PSN0072 than other 

eukaryotic SLC6 transporters (Figure 2.10). Instead it is more similar to those found within the 

prokaryotic members. This is of interest as this domain is known to be involved in the post 

transcriptional regulation of this transporter family. 



 

 

 

Figure 2.10. Alignment of PSN0072 with the Beuming et al (2006) model. PSN0072, diatom, algae, and fungi homologs with the Beuming et al. 

(2006) alignment of prokaryotic and eukaryotic SLC6 transporters. LeuT transmembrane domains are boxed in red. The two additional 

transmembrane domains contained within the diatom and fungal homologs are boxed in blue, and functionally relevant residues are shown colored 

in the Blosom62 format. Residues that match the consensus are highlighted dark blue, positives are highlighted in light blue, and nonconserved 

residues are noncolored. Figure continued on next page.
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Figure 2.10 continued. Alignment of PSN0072 with the Beuming et al (2006) model. PSN0072, diatom, algae, and fungi homologs with the 

Beuming et al. (2006) alignment of prokaryotic and eukaryotic SLC6 transporters. LeuT transmembrane domains are boxed in red. The two 

additional transmembrane domains contained within the diatom and fungal homologs are boxed in blue, and functionally relevant residues are 

shown colored in the Blosom62 format. Residues that match the consensus are highlighted dark blue, positives are highlighted in light blue, and 

nonconserved residues are noncolored. Figure continued on next page.
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Figure 2.10 continued. Alignment of PSN0072 with the Beuming et al (2006) model. PSN0072, diatom, algae, and fungi homologs with the 

Beuming et al. (2006) alignment of prokaryotic and eukaryotic SLC6 transporters. LeuT transmembrane domains are boxed in red. The two 

additional transmembrane domains contained within the diatom and fungal homologs are boxed in blue, and functionally relevant residues are 

shown colored in the Blosom62 format. Residues that match the consensus are highlighted dark blue, positives are highlighted in light blue, and 

nonconserved residues are noncolored. 
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Discussion: 

RACE PCR: 

 Although RACE PCR was able to extend the 5’ end of the PSN0072 transcript, as well as 

confirm the 3’ end, the full coding region was not elucidated. This is seen within the alignment 

shown in Figure 2.8 as the full length PSN0072 gene, retrieved from the Ps-n genome database, is 

considerably longer than the RACE extended sequence. However, it does appear that the RACE 

assays were successful in amplifying the full 5’ end as the major product obtained was of the 

approximate size that would be expect based on the now known Ps-n genome sequence (Figures 

2.3, 2.4). Therefore, the problem was the inability to obtain reliable sequencing results from the 

5’ end of the PCR product (using the GeneRacer 5’ primer) as well as short noisy sequence reads 

from the 3’ end. This was most likely due to the high level of background that was present in our 

reactions. It is unlikely, especially looking at the gels in hind sight, that a single product was 

isolated from the band extractions, making sequencing problematic (Figure 2.4). This could have 

been solved by cloning the PCR products prior to sequencing which would have had two great 

benefits over attempting to sequence the bands directly. First, it would separate out the products 

so that the sequencing reactions would not contain more than one sequence. Secondly, it would 

have allowed for the use of plasmid specific primers in the sequencing reactions which may have 

been preferable to the RACE primers. This would have been the next course of action had the 

genome sequence of Ps-n not have become available. 

 

Confirmation of Full Length Transcript from Ps-n Genome Project: 

 The ability to amplify PCR product from cDNA using the first forward primer designed 

off of the Ps-n genome sequence confirms that the region at the far 5’ end in figure 2.3 is 

transcribed in at least some instances. The presence of an intron, 112 bps in length, within the 

amplicon region was used to confirm that the PCR products were generated from cDNA and not 
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by the amplification of contaminating genomic DNA. This can be seen in figure 2.7 where, due to 

the intron, genomic bands are larger than the cDNA products. Aligning the full length genomic 

and transcript sequences from the Ps-n genome with our known PSN0072 sequence confirmed 

that the majority of our extended sequence was correct (Figure 2.8). The only exceptions to this 

were at the far ends of sequencing reads where the level of error in the sequencing reaction 

becomes greatly increased. 

 

BLAST Results: 

 The BLAST results revealed that highly similar homologs to PSN0072 were found within 

Ps-n itself, as well the nontoxin-producing, pennate diatoms, Fragilariopsis cylindrus, and 

Phaeodactylum tricornutum. Interestingly Thalassiosira pseudonana, a centric diatom, did not 

contain any SLC6 homologs even though they were present in the nondiatom algae: Emiliania 

huxleyi, Guillardia theta, and Micromonas pusilla (Table 2.3). Outside of the pennate diatoms the 

most homologous sequences appear to come from the Ascomycota lineage of fungi, and not the 

other algal groups. This suggests a potential shared phylogenetic origin between the diatom and 

fungal transporters. However, all of the homologs discussed above were only putatively identified 

as SLC6 proteins based on sequence homology and have not been experimentally verified. The 

closest fully characterized homolog was found to be a GABA transporter from a Raja sp. (skate) 

(Qian et al., 1998). 

The SLC6 family was originally known as the sodium neurotransmitter symporter family 

(SNF), and was characterized by the cotransport of neurotransmitter molecules and Na
+
 ions. 

These proteins were believed to be confined to the neurological systems of more developed 

organisms. However, the unexpected discovery of homologs within bacteria increased our 

understanding of the physiological roles that these transporters play (Nelson, 1998). As more 

SNF proteins began to be characterized it was found that they transport a wide array of amino 
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acid substrates, and the family was subsequently renamed Solute Carrier 6 family (SLC6). 

Although SLC6 proteins appeared to be present in a diversity of organisms it was still 

hypothesized to be absent from the plant and fungal groups (Wipf et al., 2002). However, our data 

show that the diatoms and fungi presented in the BLAST results appear to contain at least  

distantly related homologous sequences that include the predicted conserved domain.  

 

Alignment of PSN0072 and Homologous Sequences: 

 The alignment of the diatom and fungal homologs to the Beuming et al model supports 

their identification as novel members of the SLC6 family. The first 10 TM regions, as well as the 

important functional residues, are highly conserved between these transporters and the 

characterized transporters shown within the alignment (Figure 2.10). Analyzing these important 

residues within PSN0072 allowed for some functional predictions to be made. The conservation 

of a glycine residue at LeuT residue position Gly24 strongly suggests that PSN0072 translocates 

an amino acid. This residue has been experimentally verified to be crucial in distinguishing 

between transporters with amino acid substrates and those that transport the monoamines such as 

dopamine, serotonin, and norepinephrine. The latter all contain a negatively charged Asp residue 

at this location which is proposed to be involved in the binding of Na
+
, a function usually fulfilled 

by the carboxy group of amino acid substrates (Beuming et al., 2006; Yamashita et al., 2005). It 

has been shown that altering this residue back into Gly terminates the transport of monoamine 

substrates (J. Andersen et al., 2010). All of the diatom and fungal homologs contain glycine at 

this residue (Figure 2.11, Table 2.4), implying that they most likely are all some sort of amino 

acid transporter. 

Several other functional residues are also conserved within PSN0072. In LeuT, residues 

Ala22, Phe253, Thr254, and Ser256 are involved in coordinating the binding of the substrate 

amino group, while Leu25, Gly26, Tyr108, Glu62, and Gly24 are responsible for carboxyl group 
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binding. These residues show a high level of conservation within the PSN0072 sequence. The 

Na1 binding site of LeuT is composed of interactions with the four residues Ala22, Asn27, 

Thr254, and Asn286. Three of these residues are perfectly conserved within PSN0072 and the 

one nonconserved residue, Thr254, is replaced by a highly similar Ser residue. It has been shown 

that in the Na2 binding site Ser can effectively replace the role of Thr (Kristensen et al., 2011) so 

it seems likely that this may hold true for the Na1 site as well. Similarly the Na2 site was also 

found to be well conserved. In LeuT, the binding of the second Na
+
 ion is coordinated by 

interactions with the five residues Gly20, Val23, Ala351, Thr354, and Ser355. Three of these 

residues remain within the PSN0072 sequence. The two changes to this binding site are not 

expected to impact Na
+
 binding. Asp replaces Thr354, a substitution that is known to retain 

function,  and Leu replaces Ala351, a change seen in many of the eukaryotic transporters with 

stoichiometries greater than one, indicating binding at the Na2 site (Kristensen et al., 2011). 

These data suggest that PSN0072 does symport Na
+
 ions with an amino acid substrate and does 

so with a stoichiometry of at least 2:1 (Na
+
:substrate). The presence of a neutral residue in 

PSN0072 at LeuT position 290 indicates that Cl
-
 is also required for this transport to occur. All 

characterized transporters that have been found to be Cl
-
 independent contain a negatively 

charged amino acid at this position (glutamate or aspartate). This observation has been 

experimentally verified as mutating the negatively charged residue of a Cl
-
 independent 

transporter renders them still functional but dependent on Cl
-
 (Zomot et al., 2007). 

It is hypothesized that a negative charge is required for the transport process to occur, in 

the absence of a negatively charged residue Cl
-
 binds at the Glu290 site and is proposed to be 

cotransported with Na
+
 and the substrate (Rudnick & Clark, 1993). In all of the diatom homologs, 

including PSN0072, this negative residue is not conserved, implying a dependence on Cl
-
 for 

function. Cl
-
 is abundant in a marine environment and therefore little selective pressure would 

exist to maintain a negatively charged residue at this position as its loss would not eliminate 
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transporter function. Contrary, all of the fungal homologs appear to be Cl
-
 independent. This 

could correlate to their low Cl
-
 terrestrial habitats. 

The extracellular gate of LeuT is formed in two distinct levels. First, the aromatic side 

chains of Tyr 108 and Phe 253 form a hydrophobic barrier between the binding pocket and the 

extracellular environment. Above this, Arg 30 and Asp 404 interact with one another via two 

water molecules forming a salt bridge and further impeding access of the substrate to the binding 

site (Singh, 2008) (Figure 2.11). The intracellular gate is primarily formed by the protein barrier 

created by the tight packing of TMs 1, 6, and 8 at the intracellular side of the membrane. This 

structure is stabilized by interactions involving the following residues: Arg5, Asp369, Ser267, 

Tyr268, and Trp8 (Singh, 2008; Yamashita et al., 2005). These gating mechanisms play a critical 

role in the proposed conformational changes that take place during the translocation process. 

Arg30 and Asp404 are the two primary residues involved in forming the extracellular gate. 

Although it has been suggested that these two residues are perfectly conserved in all homologs of 

the SLC6 family (Kristensen et al., 2011) our data, and those shown in the alignment by Beuming 

et al (2006), show that the positively charged Arg30 residue is replaced by an Ala residue in the 

prokaryotic tyrosine transporter Tyt1. This is an interesting finding as it has been shown, at least 

in Gat1, that mutation of Arg30 to a non charged residue results in a loss of transporter function 

(Pantanowitz et al., 1993). Since Tyt1 is known to be a functional transporter it would be 

interesting to determine how it is able to circumvent the loss of this residue. Likewise, Tyt1 has 

also lost two major components of the outer gate having Arg5 replaced by a negatively charged 

Glu, and Asp369 replaced by a non charged Thr residue. Study of Tyt1’s gating mechanisms 

could potentially be of high interest to furthering our understanding of how this process is 

accomplished within this transporter family. 

PSN0072 does not share these concerns as the primary residues required in the standard 

gating process are all perfectly conserved. The high level of conservation seen within all of the 
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above dissucussed functional residues gives strong support to the hypothesis that PSN0072 is a 

fully functional amino acid transporter. However, these conserved domains do not allow for any 

predictions about what amino acid or acids may be acting as substrate. The residues involved in 

binding the side chain of Leucine within the LeuT transporter are Val 104, Tyr 108, Phe 253, Ser 

256, Phe 259, Ser 355, and Ile 359. Changes in these residues shape the binding pocket and alter 

substrate specificity (Yamashita et al., 2005). Analyzing the changes in these residues between 

SLC6 homologs can give some insight into the possible substrates of these transporters. This 

approach was unable to single out any top substrate candidates, as comparing these residues 

within PSN0072 to characterized transporters for each of the standard amino acids showed no 

immediately clear connections. However, it is important to note that these results do not rule out 

the possibility that PSN0072 could mediate DA transport. 

 

 

Figure 2.11. Close up view of the extracellular gating interactions of LeuT. Reproduced with 

permission from Kristensen et al. 2011. 
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Ps-n SNF4 is the only member of the diatom homologs that does not contain the 

proposed additional TM domains (Figure 2.8). However, as only the first 10 TMs form the actual 

functional unit of the transporter it is unclear what purpose these additional domains serve. It has 

been shown that SLC6 transporters undergo significant levels of oligomerization, a process that 

appears to be essential for export to the plasma membrane (Sitte et al., 2004). Research has also 

shown that TMs 11 and 12 appear to play at least a small part in this process (Just et al., 2004). It 

is plausable then that these two additonal domains could serve some sort of role in oligomer 

formation. Additional research would be required to elucidate the actual physiological role, if 

any, these domains play. 

Ps-n SNF4 is also predicted to be part of a larger protein structure that contains several 

conserved functional domains, including signal transduction histidine kinase, and an RNA 

polymerase sigma factor 54 interaction domain. Both of these functional domains appear to be 

from prokaryotic orgins, and blasting of the SNF domain returned top hits from marine 

prokaryotes (data not shown). At first glance this was thought to perhaps be contaminating DNA 

sequence from an actual prokaryotic organism. However, upon closer examination this gene 

sequence contains 15 introns, a gene characteristic that is most common in eukaryotic organisms. 

This protein would perhaps be interesting for further study downstream, due to its incorporation 

into a larger structure with potential signaling capabilities, as well as its apparent lack of 

stabalizing reactions of the intracellular gate. This phenomenon may make it a potential candidate 

for DA export as the DA within the cell might have better access to the binding site. 

 

Summary of Results: 

The results of the bioinformatic analyses support the identification of PSN0072 as a  

functional member of the SLC6 transporter family. The alignment of PSN0072 to the Beuming et 

al model showed a high level of conservation in the predicted functional residues. The 
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conservation of a glycine at LeuT residue position 24 indicates that PSN0072 is responsible for 

the transport of an amino acid substrate. DA, as well as any amino acid precursor to DA 

synthesis, are therefore potential substrates for this transporter. Conservation of both the Na1 and 

Na2 binding sites suggest that PSN0072 functions with a stoichiometry of at least 2Na
+
:1 

substrate, and the lack of a negative residue at LeuT postion 290 indicates that Cl
-
 is required for 

fucntion.  

The MEMSAT membrane topology software predicts that PSN0072 contains fourteen 

transmembrane domains; two more than most eukaryotic SLC6. This prediction was supported by 

an insertion of sequence within the protein alignment at the predicted location of the two extra 

TMs. This feature was seen only within diatom and fungal protein sequences that were anaalyzed. 

Although the number of transmembrane helices can vary within the SLC6 the discovery of 

homologs with fourteen TMs seems to be novel. Currently characterized members appear to 

range from 10-13 transmembrane helices. The function of these additional domains is unknown 

but of potential interest for future research. 

BLAST analysis of the full length PSN0072 coding sequence identified three additional 

SLC6 homologs within the Ps-n genome; any of which could potentially play a role in the 

transport of DA as all appear to be specific for amino acid substrates. Closely homologous 

sequences were also found within the genomes of other pennate diatoms, but interestingly 

appeared absent from the centric diatom lineage even though this gene family was seen within 

other algal groups. The pennate diatom SLC6 family appears to share a phylogenetic origin with 

fungal transporters as they show the most sequence homology to the pennate diatoms and appear 

to be the only other members that contain the inserted sequence which contains the two additional 

transmembrane domains. 
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Chapter III 

RT-qPCR Gene Expression Analysis of the SLC6 Homolog PSN0072 
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Introduction: 

The marine diatom Pseudo-nitzschia multiseries (Ps-n) produces the potent phycotoxin 

domoic acid (DA). The presence of this toxin within marine food webs has serious implications 

on the health of higher trophic organisms, including humans (Todd, 1993). Understanding the 

molecular mechanisms involved in its synthesis is therefore of high interest. Following the 

discovery of Ps-n in 1987, several environmental factors that affect DA production were 

identified (Bates et al., 1996; Bates et al., 1993; Douglas & Bates, 1992; Lewis et al., 1993; 

Lundholm et al., 2004; Maldonado et al., 2002; Marchetti et al., 2004; Pan et al.,1998; Pan et al., 

1996; Rao et al., 1998; Wells et al., 2005). However, until more recently, little work was being 

done to elucidate the molecular and genetic processes that ultimately control the cellular 

biosynthesis of DA by Ps-n. Microarray analyses, performed by Boissonneault (2004), identified 

a number of Ps-n genes that were differentially expressed under toxin-producing conditions. One 

such gene, designated PSN0072, was found to have high sequence homology to the SLC6 family 

of amino acid transporters, and was up-regulated within toxin-producing cultures. 

DA is a highly water soluble molecule and therefore is not predicted to pass unaided 

through the cellular membrane. DA is also a modified amino acid and therefore a potential 

substrate for an SLC6-like transporter. PSN0072 represents possible machinery by which Ps-n 

could export or import DA. Understanding the regulation of PSN0072 under various conditions 

should lend insights into its roles within Ps-n biology. In this study reverse transcription 

quantitative polymerase chain reaction (RT-qPCR) was used to characterize the expression 

patterns of PSN0072 under varying DA-producing conditions. Ps-n were grown in batch cultures 

under nutrient conditions previously shown to either stimulate or depress the synthesis of DA. 

The expression patterns of PSN0072 were then compared to the levels of total DA as well as 

extracellular DA. This allowed for the formation of hypotheses about the function of PSN0072 

based on its up-regulation under both nitrogen limited and high DA-producing conditions. The 
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results also confirm the initial microarray analyses performed on this gene by Boissonneault, 

2004. 

Although the use of RT-qPCR has become abundant within scientific literature the 

validity of these studies is often hard to determine. No standard guidelines were initially set for 

the use of this technique and studies often failed to properly validate their experimental assays. 

(Bustin et al., 2009). The use of this methodology is quickly growing and increasing amounts of 

literature on proper methods and normalization have surfaced. A brief summary of RT-qPCR 

theory, methodology, and normalization is given below to aid readers who so desire. 

 

Review: RT-qPCR Gene Expression Analysis: 

The activity of a gene is measured by quantifying the level of mRNA or protein which 

the gene of interest encodes at a given point in time. RT-qPCR has become the preferred 

methodology for quantifying mRNA abundances in detailed gene expression assays (Bustin et al., 

2009). RT-qPCR, when performed correctly, is robust, sensitive, and relatively simple to perform. 

RT-qPCR takes advantage of the polymerase chain reactions (PCR) ability to exponentially copy 

a targeted segment of DNA. However, since the goal of RT-qPCR gene expression assays are to 

quantify the abundance of a specific transcript this requires conversion of the mRNA into a 

stable, measurable form. Enzymes capable of converting RNA molecules into the complementary 

DNA, reverse transcriptases, have been isolated from retroviruses and put to use in the laboratory 

(Kacian & Myers, 1976). These enzymes allow for the conversion of an RNA pool into 

complementary DNA (cDNA). The amount of cDNA for a particular gene can then be quantified 

by RT-qPCR, the results of which should reflect the initial abundance of mRNA, and therefore 

that genes level of expression at the time and conditions from which the RNA was extracted. In 

standard PCR the end-products do not allow for a back calculation of initial starting material. 

This is due to the fact that as reagents become limiting the amplification process is no longer 
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occurring exponentially, reactions level off, and there is no longer a direct relationship between 

starting material and end-product. RT-qPCR uses fluorescent chemistries to measure the 

accumulation of PCR products in real time and allow for the relative quantification of the initial 

template during the exponential phase of the amplification curve (Kubista et al., 2006; Wong & 

Medrano, 2005). 

The simplest fluorescent chemistries used for monitoring the accumulation of PCR 

products are DNA-binding dyes, such as SYBR green. This molecule fluoresces by absorbing 

light at a wavelength of 480nm and emitting light at a wavelength of 520nm. The fluorescence of 

SYBR green increases 1000 times when bound to the minor groove of double-stranded DNA 

(Valasek & Repa, 2005). As the targeted DNA is copied by PCR the amount of double-stranded 

DNA within the reaction increases exponentially. This leads to a corresponding increase in 

fluorescence that is representative of the DNA product. The largest drawback to this method is 

that it is not sequence specific, meaning that nonspecific products will effect the outcome of the 

assay. For this same reason it is also not possible to multiplex (assay multiple genes within the 

same reaction) (Henegariu et al., 1997). However, one great advantage to the use of DNA-binding 

dyes is the ability to perform a post-amplification melting curve, which allows for the analysis of 

the specificity of the reactions. This procedure gradually heats up the PCR product and monitors 

the change in fluorescence. Since SYBR green fluorescence increases significantly when bound 

to double-stranded DNA, the fluorescence will correspondingly drop when the DNA product 

becomes denatured. If the entire DNA pool within the reaction is identical (i.e. there are no 

nonspecific products) it will all denature at the same temperature and a synchronous drop in 

fluorescence will be seen (Han et al., 2012). 

Contaminating genomic DNA within the RNA extractions will also be copied and 

quantified, leading to false results. Researchers have employed two main approaches to address 

DNA contamination within RNA samples. The first method involves treatment of the RNA 
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samples with DNase, an enzyme which specifically degrades DNA. While this method does 

remove contaminating DNA the process is also potentially harsh on RNA within the sample. In 

eukaryotes, an alternative method takes advantage of the presence of noncoding introns within the 

genomic DNA. Since introns have been removed from the mRNA prior to the reverse 

transcription step, the cDNA is devoid of these regions. It therefore is possible to design primers 

that are intron-spanning, i.e. one primer that is complementary to two different exons. In genomic 

DNA the complementary sequence will be broken up by the intron and therefore the primer will 

be unable to anneal to genomic DNA (Bustin, 2002). This approach allows for the specific 

amplification of cDNA; however, previous knowledge of the genes intron structure is required for 

the development of this technique. 

 

Review:Normalization of RT-qPCR results: 

Even when contaminating DNA is properly accounted for there are several other areas of 

possible nonbiological variations that must be properly normalized ( Bustin & Nolan, 2004). 

Sources of variation in RT-qPCR gene expression assays include differences introduced by the  

RNA extraction procedure, the abundance of RNA added to the reverse transcription reactions, 

the presence of inhibitors within these reactions that alter the efficiency, and the efficiency of the 

qPCR reactions themselves. The method most widely used to account for these nonbiological 

variations is the use of one or more endogenous reference genes ( Bustin et al., 2009; Ling & 

Salvaterra, 2011; Vandesompele et al., 2009; Vandesompele et al., 2002). These genes are 

presumed stable and therefore can be used to normalize the results of experimental genes. 

However, the reliability of a RT-qPCR study is only as good as the references used for 

normalization. 

In the past researches often chose “classic” reference genes that were presumed stable 

without proper validation (Gutierrez et al., 2008). Studies have now shown that these “classic” 
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genes are in fact differentially regulated under certain circumstances (Oliveira et al., 1999; 

Spanakis, 1993). It therefore is essential to validate the stability of any gene that will be used for 

normalization purposes ( Andersen et al., 2004; Bustin et al., 2009; Sørby et al., 2010;  

Vandesompele et al., 2009; Vandesompele et al., 2002). Algorithms with accompanying software 

packages such as geNorm, NormFinder, and BestKeeper have been developed to aid in this 

process ( Andersen et al., 2004; Pfaffl et al., 2004; Vandesompele et al., 2002).  

Once reference genes have been experimentally validated, the expression of experimental 

genes are normalized by assuming that any differences between samples for the reference genes 

correspond to the level of nonbiological variation. The simplest method of normalizing RT-qPCR 

data is the Livak method. This approach normalizes each sample by subtracting the level of the 

reference gene from the experimental. The normalized quantities are then compared to determine 

the relative difference between samples (Livak & Schmittgen, 2001). This method, although 

simple to perform, has two major drawbacks: reaction efficiencies are all assumed to be 100%, 

and it allows for the use of only one reference gene for normalization. Reaction efficiencies must 

therefore be calculated and found to be within 95-105% in order for the above assumption to have 

only minimal effects on results. Pfaffl (2001) developed a more advanced method in which 

individual reaction efficiencies may be accounted for in the calculation of relative quantities. 

Although this calculation is more precise than the Livak method it still only allows for the use of 

one reference gene within the calculation (Pfaffl, 2001). Using the  geometric average of multiple 

validated reference genes has been shown to generate more robust and accurate results 

(Hellemans et al., 2007; Vandesompele et al., 2002). A mathematical model for applying this 

approach is laid out in Hellemans et al (2007), and this method was used to normalize the results 

reported in this thesis. First, the relative quantities of each reference gene are calculated between 

each sample and a chosen reference point. The relative quantities of the controls for each sample 

are then geometrically averaged and this value is used as a divisor for the relative quantity of the 
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experimental gene, resulting in a normalized relative quantity (NRQ) of transcript abundance. 

The NRQ represents the normalized fold change for each gene relative to the chosen reference 

point. 

 

RT-qPCR Assays of PSN0072 Transcript Abundance: 

RT-qPCR has been shown to be a robust and reliable method when applying the 

techniques and normalization strategies discussed above. Therefore, this approach was employed 

to study the expression patterns of PSN0072 under varying growth conditions. Published research 

on environmental factors has revealed that nutrient limitation affects DA synthesis in Ps-n (Bates 

et al., 1996; Bates et al., 1993a; Maldonado et al., 2002; Marchetti et al., 2004; Pan et al., 1998, 

1996; Wells et al., 2005). In the present work, Ps-n was grown in low silicate, low phosphorous, 

low copper, and copper toxicity (high copper) treatments all of which were expected, based on 

previous research, to lead to increased levels of DA synthesis relative to the controls. Ps-n was 

also grown under low nitrogen conditions, a treatment previously shown to reduce toxin 

synthesis. RNA was harvested at various time points throughout these experiments and the level 

of PSN0072 transcript was quantified using RT-qPCR and SYBR green fluorescent chemistry. 

The results were normalized by the geometric average of multiple validated control genes, and 

PSN0072 expression was compared to intracellular and extracellular DA levels. 

Amino acid addition experiments were also performed to try and determine the possible 

substrates of this transporter. Transport proteins are often up-regulated in response to available 

substrates (Moses et al., 2012; Okuda et al., 2011; Poulsen et al., 2008). The expression of 

PSN0072 was therefore hypothesized to increase if a suitable substrate was added to Ps-n 

cultures. In these experiments potential substrates were added to exponentially growing Ps-n and 

PSN0072 transcript abundance was monitored 10 minutes, 3 hours, and the day after the addition. 

This chapter presents the results obtained from these gene expression experiments, which further 



60 
 

 

correlate the expression of this Ps-n transporter to domoic acid production, as well as nitrogen 

limitation.  

 

Methods & Materials: 

Primer Design: 

 The first step of creating a reliable RT-qPCR assay is effective primer design. Primers are 

relatively short (18-25 nucleotides) oligonucleotides that are used to anneal (bind) and target the 

sequence of DNA that will be copied during the assay. A set of two primers, one that binds each 

strand, are used to flank the sequence and direct DNA polymerase to copy the DNA that lies 

between them. These primers must be highly efficient and sequence specific, as accumulation of 

nonspecific products will lead to false results. Several guidelines used for primer design led to the 

creation of effective primer sets. Primers were designed to be within a length of 18-25 nucleotides 

with a GC% between 50-65%. These values resulted in high sequence specificity and melting 

temperatures (Tm) that worked well under our assay conditions using an annealing temperature of 

60⁰C. 

The Integrated DNA Technologies (IDT) oligo analyzer was used to calculate the ΔG 

values of any hairpin structures (a primer annealing to itself), self-dimers (two of the same primer 

annealing to each other), and hetero-dimers (the two opposite primers annealing to one another). 

These interactions greatly reduce the efficiency of the reactions and the formation of dimers can 

also lead to a false increase in quantification as they act as nonspecific products for which SYBR 

green can bind. Cut-offs of -3.0, -6.0, and -9.0 kcal.mol
-1 

were used respectively, meaning that 

only primers with ΔG larger than these values were used. All primer sets were designed for the 

amplification of short amplicons between 50-200 bp in length. For genes in which intron 

locations were known intron-spanning primer sets were designed and used to assess the level of 
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genomic contamination within cDNA samples. Primers were synthesized by IDT and purified by 

standard desalting. Primer sequences and information can be found in table 3.1 (see results). 

 

Primer Optimization and Standard Curve Analysis: 

 Primers were tested for their optimum annealing temperatures by analyzing eight 

replicate RT-qPCR reactions over an annealing temperature gradient ranging from 45-65⁰C (45, 

46.2, 48.9, 52.7, 57.6, 61.6, 63.8, 65.0⁰C). All other reaction conditions were identical to those 

outlined in the RT-qPCR methods. The optimum annealing temperature was then determined by 

analyzing the post-amplification melting curves for both specificity and overall quantity of 

product generated. Primer sets that worked optimally at annealing temperatures close to 60⁰C 

were then further analyzed for efficiency by standard curve analysis. 

Pools of cDNA were generated for initial standard curve analyses by reverse transcribing 

2µg of Ps-n total RNA, harvested from control flask C on day 11 of the copper limitation and 

toxicity experiment (see copper experiment), in 50µl reactions following the protocol outlined 

below in the cDNA reaction methods. Standard curves were generated by the triplicate 

amplification of 5-fold serial dilutions of this Ps-n cDNA, as well as genomic DNA (extracted 

from Ps-n clone CLNN-16). Each reaction contained 20µl total volume: 10µl SYBR green PCR 

mix (Bio-rad Laboratories, Inc.), 1µl of the appropriate template dilution (Straight, 1/5, 1/25, 

1/125, 1/625, 1/3125, 1/15625, no template control (NTC)) and 0.2µM of each primer. RT-qPCR 

reactions were carried out using the cycling parameters as described in the RT-qPCR 

methodology. 

Cq values (y-axis) were plotted against the Log10 of the relative template concentration 

(x-axis) and PCR efficiencies were calculated from the slope of the regression line using the 

following formula: %Efficiency = (5
(-1/slope) 

-1) x100%. Only primers with initial efficiencies 
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between 94.0-105.0% and R
2
 values greater than 0.990, when amplifying cDNA, were used in 

subsequent gene expression analyses. Upon initial analysis at least one acceptable primer set for 

each gene was determined, except for β-tubulin. A series of new standard curves were run using 

varying primer concentrations (0.4µM, 0.6µM, 0.8µM, and 1.0µM). The efficiencies were 

calculated for each and found to be optimal at 0.4µM. This primer concentration was therefore 

used for the subsequent gene expression analyses of β-tubulin. Although all primer sets were 

found to be within the required efficiency range, the individual cDNA sample can also greatly 

impact the efficiency of the reaction. PCR efficiencies for each primer set were therefore 

calculated for individual experiments (Table 3.2). This was done by repeating the standard curves 

outlined above using a 2-fold serial dilution of pooled (equal amounts) experimental cDNAs. This 

gave an average efficiency for each primer set within each experiment. It also allowed for the 

identification of the linear range of amplification. 

 

Growth Experiments: 

Culture conditions- 

All cultures were grown in filtered (0.45µm) and autoclaved sea water with a salinity of 

approximately 27 parts per thousand and a temperature of 15⁰C. Sea water was obtained from 

Portsmouth harbor, Newcastle NH, USA.  Nutrients and vitamins were added to standard F/2 

media concentrations (Guillard & Ryther, 1962) unless otherwise noted. Before inoculation of 

each experimental culture, cells were maintained in exponential growth for two subsequent 

transfers in order to minimize initial DA present in the media. 

 

Silicate limitation CLNN-21. Ps-n clone CLNN-21 was isolated on December 13, 2006 as the 

result of sexual reproduction between two  Ps-n clones (CLN-35 x CLN-48) isolated from eastern 

Canada (Davidovich & Bates, 1998), and was supplied by Stephen Bates and Michael Quilliam. 
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CLNN-21 was grown in duplicate batch cultures containing either 106, or 26.5µM initial silicate. 

Cultures were grown in 3L polycarbonate baffled flasks, under constant irradiance of 

approximately 100-150µmoles photons m
-2

s
-1

, and constant aeration via magnetic stir bars. 

 

Silicate limitation GGB1. Ps-n clone GGB1 was isolated in July of 2010 from Puget Sound, 

WA, and was supplied by Micaela Parker. GGB1 was grown in triplicate batch cultures 

containing either 106 or 26.5µM initial silicate. Cultures were grown in 3L polycarbonate baffled 

flasks, kept in a 16:8 light dark cycle, light hours from 6:00 a.m. through 10:00 p.m., and a light 

intensity of approximately 100-150µmoles photons m
-2

s
-1

. Flasks were aerated by constant 

stirring supplied by magnetic stir bars. 

 

Phosphate and nitrate limitation. Ps-n clone GGB1 was grown in triplicate batch cultures under 

three different initial nutrient conditions, normal phosphate and nitrate, 36.2µM and 882µM 

respectively, low phosphate, 3.0µM, and low nitrate, 73.5µM. Cultures were grown in  1L baffled 

pyrex glass flasks under constant irradiance of approximately 100-150 µmoles photons m
-2

s
-1

. 

Aeration was provided three times daily by manual swirling. 

 

Copper sulfate limitation and toxicity. A mix of three Ps-n clones, CLNN-16, CLNN-18, and 

CLNN-21, were grown in triplicate batch cultures under three different initial copper sulfate 

concentrations, F/2 standard copper sulfate, 3.93x10
-2 

µM, low copper sulfate, 3.93x10
-8 

µM, and 

high copper sulfate (toxicity), 2.0 µM. Cultures were kept in 1L baffled pyrex glass flasks under 

constant light with an irradiance of approximately 100-150 µmoles photons m
-2

s
-1

. Aeration was 

provided three times daily by manual swirling. 
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Domoic acid addition. Ps-n clone GGB1 was grown in six replicate 1L baffled pyrex glass flasks 

under constant light conditions of approximately 100-150 µmoles photons m
-2

s
-1

, and aerated 

three times daily by manual swirling. On day four of growth each flask was spiked with either 

100ng/ml or 33ng/ml of DA, each in triplicate. 

 

Casamino acid addition. Ps-n clone GGB1 was grown in six replicate 1L baffled pyrex glass 

flasks under constant light conditions of approximately 100-150 µmoles photons m
-2

s
-1

, aerated 

three times daily by manual swirling. On day four of growth three flasks obtained 9.64 mg/ml of 

casamino acids while the other three flasks had no amino acids added. 

 

Sampling procedures- 

Silicate limitation CLNN-21. Flasks were sampled daily from day 1 of growth through day 7 for 

whole culture DA, filtered DA, and cell concentration. Whole culture DA samples were taken by 

freezing 15mls of culture at -20⁰C; filtered DA samples were filtered through a 0.2µm syringe 

filter prior to freezing. DA samples were analyzed using Abraxis ASP ELISA kits (LOD 

approximately 0.4 ng/ml). Whole culture DA samples were sonicated at 50% power on ice for 

2min and filtered through a 0.2µm filter prior to analysis. Cell count samples were taken by 

preserving 5mls of culture with 250µl of formalin and stored at 4⁰C until analyzed by counting on 

a sedgwick rafter (400 cells or the entire rafter were counted). Total RNA was extracted from 

each flask on days 2-7 using Trizol and the following protocol. Cells were collected from 250mls 

of culture by filtering through a 5.0µm filter (200mls on days 6 and 7). Filters were transferred to 

50ml conical tubes and 3mls of Trizol was added. Cells were washed quickly from the filter by 

gentle shaking and homogenized at full speed of a Polytron homogenizer for 90 seconds. Samples 

were allowed to incubate at room temperature for 5 minutes following homogenization and 

transferred in equal volume to clean microcentrifuge tubes. Chloroform was added, 200µl for 
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every 1ml of homogenate, and shaken vigorously by hand for 15 seconds. Samples were 

centrifuged at 12,000g for 20 minutes at 4⁰C in order to separate the aqueous and organic phases. 

Approximately 4/5 of the aqueous phases were transferred to fresh tubes and an equal volume of 

70% EtOH was added. 

RNA samples were cleaned using RNeasy mini columns (Qiagen, Inc.) using the 

following protocol. Samples were vortexed to mix, and processed through RNeasy mini columns, 

600µl at a time, by centrifugation at 12,000g for 15 seconds. The flow-through was discarded 

after each spin and this process was continued until the entire sample volume had been passed 

through the column. Samples were washed two times by adding 400µl of buffer RW1 and 

centrifuging at 12,000g for 30 seconds. Columns were transferred to clean collection tubes and 

washed twice with buffer RPE by adding 500µl and spinning at 12,000g for 30 seconds. Columns 

were dried by centrifuging for 1 minute at 12,000g in a new collection tube. RNA samples were 

eluted from the columns into clean microcentrifuge tubes by pipetting 100µl of DEPC-treated 

H2O directly onto the column, incubating at room temperature for 90 seconds, and centrifuging at 

12,000g for 2 minutes. 

RNA samples were DNase treated with a Qiagen RNase free DNase set. 10µl of DEPC-

treated H2O was added to each sample in order to bring the volume to 100µl (10µl of the initial 

100 from each sample had been used for previous analyses). 11.4µl of buffer RDD was added to 

each along with 2.9µl of reconstituted DNase. Samples were incubated at room temperature for 

10minutes, followed by the addition of 400µl buffer RLT and 285µl of 95% EtOH. Samples were 

mixed by gentle pipetting, processed through an RNeasy column, and washed twice with buffer 

RPE. The columns were dried and RNA was eluted in 50µl of DEPC-treated H2O (as described 

above). RNA quantities were analyzed using a Nanodrop 2000 spectrophotometer, and RNA 

integrity was analyzed using an Agilent bioanalyzer. 
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Silicate limitation GGB1. Flasks were sampled daily from the time of inoculation until day 10 of 

growth, for whole culture DA, filtered DA, and cell concentration following the same sampling 

procedures outlined in the previous experiment, except that Mercury DA-K 36 ELISA kits (limit 

of detection approximately 1.0 ng/ml) were used to analyze DA samples. Total RNA was 

extracted daily from each flask beginning on day three of growth using the Trizol protocol 

outlined above, except that homogenates were centrifuged at 3,000g for 10 minutes at 4⁰C in 

order to pellet cellular debris, and samples were allowed to incubate at room temperature for 3 

minutes following the addition of chloroform.  

RNA samples were cleaned using the RNeasy protocol outlined above, except that an on-

column DNase digest was performed by mixing 10µl of reconstituted DNase with 70µl of buffer 

RDD, adding this mixture to the column and incubating at room temperature for 15 minutes. 

RNA concentrations were analyzed using a Nanodrop 2000 spectrophotometer, and RNA quality 

was analyzed by gel electrophoresis using Lonza 1.2% RNA cassettes. The first replicate of each 

treatment was lost on day three of growth. 

 

Phosphate and nitrate limitation. Flasks were sampled daily for whole culture DA, filtered DA, 

and cell concentration using the same procedures outlined above. DA samples were analyzed 

using a Mercury DA-K 36 ELISA kit. RNA samples were extracted from 200mls of 

exponentially growing cultures on day four of growth, and from 100mls of stationary culture on 

day 11 using the same extraction and clean-up protocols outlined for silicate limitation GGB1. 

RNA samples were analyzed for quantity on a Nanodrop 2000 spectrophotometer and quality by 

gel electrophoresis on a Lonza 1.2% RNA cassette. 

 

Copper sulfate limitation and toxicity. Cultures were sampled for whole culture DA and cell 

concentration following the protocol as previously described. Initial DA samples were analyzed 
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using HPLC-MS by Mike Quilliam, on each of the following days, time of inoculation, day 2, day 

4, day 6, day 8, day 10, and day 11 of growth. Total RNA was extracted from 150mls of 

exponentially growing cultures on day four and from 150mls of stationary cultures on day eleven 

using the following protocol. Cells were collected by filtration through a 0.45µm filter. Filters 

were transferred to clean 50ml conical tubes and 4ml of Trizol was added. Cells were quickly 

washed off of the filter by gentle shaking and homogenized for 60 seconds at full speed of a 

polytron homogenizer. Homogenates were incubated at room temperature for five minutes and 

split into microcentrifuge tubes. 200µl of chloroform was added to each tube for every 1ml of 

homogenate and vortexed to mix. Aqueous and organic phases were separated by centrifugation 

at 12,020g for 20 minutes at 4⁰C in and the aqueous phases were transferred to new 

microcentrifuge tubes. An equal volume of 70%EtOH was added to each and mixed. 

RNA samples were cleaned using Invitrogen PureLink RNA mini columns in the same 

fashion as described for the Qiagen RNeasy columns. Samples were washed with 400µl of wash 

buffer 1 by centrifugation for 30 seconds. Columns were transferred to clean collection tubes and 

DNase treated with an Invitrogen DNase kit as follows. 10µl of reconstituted DNase was mixed 

with 10µl of DNase buffer; the entire mixture was then pipetted onto the column and allowed to 

incubate at room temperature for 15 minutes. The samples were washed again with wash buffer 1 

before being transferred to a clean collection tube and washed two times with 500µl of wash 

buffer II. Columns were dried as described for the RNeasy columns above and RNA samples 

were eluted by adding 100µl of DEPC-treated H2O to each column, incubating at room 

temperature for 90 seconds, and spinning one minute to elute. This was repeated for each column 

so that RNA samples totaled 200µl in volume. RNA samples were analyzed for quantity using a 

Nanodrop 2000 spectrophotometer, and RNA integrity was analyzed by gel electrophoresis on a 

Lonza 1.2% RNA cassette. 
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Domoic acid addition. Flasks were sampled daily for whole culture DA, filtered DA, and cell 

concentration from the time of inoculation through the third day of growth using the protocols 

outlined above. On day four whole culture and filtered DA samples were taken before, 10 

minutes after, and three hours after the addition of DA. Cell count samples were taken before and 

three hours after. On day five whole culture DA, filtered DA, and cell count samples were taken 

twenty one hours and thirty minutes after the addition of DA. Total RNA samples were extracted 

from 100mls of each culture immediately before, 10 minutes after, three hours after, and twenty 

one and a half hours after the addition of DA using the protocol outlined in the silicate limitation 

experiment of GGB1, with the exception that homogenates were frozen on a dry ice ethanol bath 

and stored at -80⁰C until the extractions were finished at a later time. RNA samples were 

analyzed for quantity on a Nanodrop 2000 spectrophotometer and quality by gel electrophoresis 

on a Lonza 1.2% RNA cassette. 

 

Casamino acid addition. Flasks were sampled daily for whole culture DA, filtered DA, and cell 

concentration from the time of inoculation through the third day of growth using the protocols 

outlined above. On day four whole culture DA and amino acid samples, and filtered DA and 

amino acid samples were taken before, 10 minutes after, and three hours after the addition of 

casamino acids. Amino acid sampling followed the same procedure as that used for DA. Cell 

count samples were taken before the addition and three hours after. On day five whole culture DA 

and amino acid, filtered DA and amino acid, and cell count samples were taken twenty two hours 

after the addition of casamino acids. 

Total RNA samples were extracted from 75mls of each culture immediately before, 10 

minutes after, three hours after, and twenty two hours after the addition of casamino acids using 

the protocol outlined in the domoic acid addition experiment. RNA samples were analyzed for 
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quantity on a Nanodrop 2000 spectrophotometer and quality by gel electrophoresis on a Lonza 

1.2% RNA cassette. 

 

DNA contamination- 

 The presence of contaminating genomic DNA within RNA samples can greatly affect the 

results of RT-qPCR assays. It therefore was important to determine the level of genomic 

contamination within each of our total RNA samples. This was done by running qPCR reactions 

using 1µl of each RNA as template for all of the experiments described above and analyzed 

below. PCR conditions were as described below for the RT-qPCR reactions. Since PCR is unable 

to amplify RNA, any accumulation is assumed to be the product of DNA contamination.  

 

cDNA reactions- 

 Ps-n total RNAs from each experiment were diluted to equivalent concentrations and 

reanalyzed on a Nanodrop 2000 spectrophotometer. cDNAs were generated from each sample 

dilution using the iscript cDNA synthesis kit (Bio-rad Laboratories, Inc.). Reactions contained 

10µl of iscript 5x reaction mix (buffer, oligo (dT) primers, random hexamer primers), 2.5µl 

iscript reverse transcriptase (MMLV derived), Ps-n total RNA (as described below), and DEPC-

treated H2O to 50µl total volume. The reverse transcription reaction was carried out by incubating 

at 25⁰C for 5minutes, followed by 42⁰C for 30 minutes. The enzyme was deactivated by heating 

to 85⁰C for 5 minutes and samples were held at 4⁰C until retrieved and stored at -20⁰C. 

 

Silicate limitation CLNN-21. Samples were diluted to an approximate concentration of 20ng/µl. 

175ng of total RNA from each sample was reverse transcribed using the protocol outlined above. 
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Silicate limitation GGB1. RNA samples were diluted to an approximate concentration of 

20ng/µl. 600ng of total RNA from each sample was reverse transcribed using the protocol 

outlined above. 

 

Phosphate and nitrate limitation. Samples were diluted to an approximate concentration of 

50ng/µl. 1µg of total RNA from each sample was reverse transcribed using the protocol outlined 

above. 

Copper limitation and toxicity. Samples were diluted to an approximate concentration of 

12.5ng/µl. 250ng of total RNA from each sample was reverse transcribed using the protocol 

outlined above. 

 

Domoic acid addition. Samples were diluted to an approximate concentration of 75ng/µl. 1µg of 

total RNA from each sample was reverse transcribed using the protocol outlined above. 

 

Casamino acid addition. Samples were diluted to an approximate concentration of 20ng/µl. 

500ng of total RNA from each sample was reverse transcribed using the protocol outlined above. 

  

RT-qPCR Reactions- 

RT-qPCR reactions were set up as follows; 10µl SYBR green PCR mix (Bio-rad 

Laboratories, Inc.), 0.75µl cDNA, 0.2µM forward primer, 0.2µM reverse primer, and H2O to 

20µl total volume. Each experimental cDNA was amplified in triplicate for each primer set using 

the following cycling parameters. 1) 95⁰C for 3min 2) 95⁰C for 10 seconds 3) 60⁰C for 15 seconds 

4) 72⁰C 30 seconds (plate read) 5) Go to step 2 39 more times 6) 72 ⁰C for 10 minutes 8) Melting 
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curve from 65-95⁰C in 0.5⁰C increments every 5 seconds 9) hold at 4⁰C. Cq values were 

determined for each reaction at 150 relative fluorescent units (RFU). 

 

Analysis of most suitable reference genes- 

 Eleven potential reference genes were chosen for an initial analysis based on their 

stability in the previous microarray results as well as their biological roles and use as controls in 

previous studies: 18s rRNA, ATPase, cyclophilin, dynein, elongation factor 1, eukaryotic 

initiation factor 1, glyceraldehydes-3-phosphate dehydrogenase, histone H3, phosphoglycerate 

kinase 1, phospholipase A2, and ubiquitin . RT-qPCR was performed on nine cDNA samples 

from the silicate limitation experiment performed on clone GGB1. The cDNAs represented both 

treatments as well as exponential and stationary growth phases; Day 3, 106µM silicate replicates 

2 and 3, 26.5µM replicate 3. Day four of growth 26.5µM replicates 1 and 3. Day 10 of growth 

106µM silicate replicates 2 and 3, 26.5µM silicate replicates 1 and 3. Cq values were inputted 

into the geNorm plus algorithm (Jo Vandesompele et al., 2002) which has been shown to be an 

accurate method for the selection of control genes, and a stability value (M-value) was calculated 

for each gene. The four genes with the best stability values; dynein (0.329), phospholipase A2 

(0.332), histone H3 (0.366), and cyclophilin (0.391) were chosen to be run in this and future 

experiments. Elongation factor 1 was also chosen as we had used it to normalize results in the 

past and therefore wanted the data for comparison. 

The stability values of the five genes chosen above were calculated for each individual 

experiment using the geNorm algorithm. The optimum number of reference genes to use for 

normalization was determined as follows. Normalization factors were calculated using the 

geometric average of the two, three, four, and five most stable genes. The variation between 

subsequent normalization factors was calculated and when the variation dropped below 0.15 the 
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amount of change caused by the addition of the new control gene was considered negligible, and 

therefore unnecessary to include in our normalization. 

 

Normalization and Calculation of Relative Quantities-  

The arithmetic mean of triplicate technical replicates was calculated and used for 

subsequent calculations. The ΔCq values were calculated by the difference between each sample 

and the average Cq of the chosen reference point: the average of the control at the first time point 

for nutrient limitation experiments and the average Cq before any addition for the amino acid 

addition experiments. Relative quantities (RQ) were calculated by exponentiation of the ΔCqs 

(2
ΔCq

). RQ values of PSN0072, for each sample, were divided by the geometric average of the 

chosen control genes RQ values, resulting in a normalized relative quantity (NRQ) (Hellemans et 

al., 2007). The arithmetic mean and standard deviation of biological replicate NRQs were 

calculated and plotted. NRQ values are not ideal for statistical analysis (Rieu & Powers, 2009), 

and therefore were log transformed (Log2NRQ) into Cq´ values which were used for subsequent 

statistical analyses by a general linear model repeated measures ANOVA and paired and unpaired 

two sample t-tests, using Minitab16 statistical software. 

 

Results and Discussion: 

Primer Design and Optimization: 

 Fifteen primer sets for RT-qPCR were designed, two that targeted PSN0072, one intron-

spanning and the other nonintron-spanning, and thirteen targeting potential reference genes. 

Intron-spanning primers were also designed for Cyclophilin and β-tubulin. All primers fell within 

our designated design parameters as outlined in the methods except for the forward primer for 

phospholipase A2 (GC= 40.0%) and the forward primer from the PSN0072 intron-spanning 

primer set (self-dimer ΔG=-7.01 Kcal.mol
-1

, GC= 43.5%). These deviations from the primer 
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design parameters was due to overall low GC content of the gene, and restriction in primer site 

choice dictated by the location of the exon-exon junction respectively. However, both primer sets 

still showed good efficiencies and R
2
 values in the initial standard curve analysis and therefore 

were used in subsequent analyses. The sequence of primers used along with all necessary 

information is compiled in table 3.1. 

Initial standard curve results from original primer testing as well as the standard curve 

results from each pool of experimental cDNAs are reported in table 3.2. All primers used in the 

analyses were found to have efficiencies between 90-105% and efficiencies were therefore not 

included in the calculation of RT-qPCR results. The standard curves from experimental cDNAs 

confirm that amplifications for each sample were within the linear range. Standard curves of 

genomic DNA serial dilutions using the intron-spanning primer sets confirmed that they were 

unable to anneal and amplify this template. 

 

Selection of Most Stable Reference Genes: 

 The five reference genes run in each experiment were chosen from the initial geNorm 

analysis performed on the silicate limitation GGB1 cDNAs. Genes with M-values less than 0.5 

were considered suitable reference genes. Only four of the eleven control genes tested: 

cyclophilin (M-value, 0.391), dynein (M-value, 0.329), histone H3 (M-value, 0.366), and 

phospholipase A2 (M-value, 0.332) were suitably stable to be used as reference genes for 

normalization. Although above the cut-off, elongation factor 1 alpha (M-value, 0.619) was 

included in our experiments as we had used it to normalize past results and wanted the data for 

comparative purposes (Figure 3.1). Several commonly used controls were shown to be 

differentially regulated under our experimental conditions: 18s rRNA (M-value, 0.72), GAPDH 

(M-value, 1.2), ubiquitin (M-value, 0.515), and PGK1 (M-value, 1.102), highlighting the 

importance of validating reference genes prior to use in normalization. Although all five reference 
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genes, chosen above, were run for each experiment, only a subset were used to normalize each 

experiment based on their individual geNorm results. Analysis was performed on each 

experimental sample and genes with geNorm M-values less than 0.5 were considered suitable 

references. The optimal number of reference genes was determined by analyzing the variation 

between subsequent normalization factors (Table 3.3) (see methods). 

 

Silicate limitation CLNN-21- 

 GeNorm analysis was performed on 29 samples. Reference gene M-values were all 

greater than 0.5 (Figure 3.1), and no optimal number of reference genes could be determined as 

the variation between subsequent normalization factors was always greater than 0.15 (Table 3.3). 

Since the nutrient conditions between this experiment and the silicate limitation experiment 

performed with GGB1 were the same the control genes found most stable within the GGB1 

experiment were also used to normalize these results. 

 

Silicate limitation GGB1- 

 GeNorm analysis was performed on 43 samples and all five genes were found to be 

suitable reference genes under these experimental conditions, M-values all less than 0.5 (Figure 

3.1). The optimal number of reference genes was determined to be two as the variation between 

the normalization factor calculated from the best two reference genes and the best three reference 

genes was below 0.15 (0.08) (Table 3.3). We therefore chose to use the two genes with the lowest 

M-values for the normalization of this experiment; dynein (0.216) and histone H3 (0.235). 

 

Phosphate and nitrate limitation- 

 GeNorm analysis was performed on 18 samples and three genes were found to be suitable 

reference genes under these experimental conditions; elongation factor 1 (0.417), dynein (0.420), 



 

 

Table 3.1. Primer information for primers used in RT-qPCR assays. Primer ID, sequence, length, GC content, ΔG values of secondary structures, 

and amplicon lengths of primers used for RT-qPCR analysis. 

Gene 

Targeted Primer ID Sequence 

Length 

bp GC Tm⁰C 

Hairpin 

ΔG 

kcal.mol-

1 

Self-

dimer 

ΔG 

kcal.mol-

1 

Hetero-

dimer ΔG 

kcal.mol-1 

Amplicon 

bp 

Intron-

spanning 

Transporter PSN0072 Set 2 F TCGGACACTACGGAGACTACG 21 57.1% 57.1 -0.21 -3.61 
-5.19 73 No 

PSN0072 Set 2 R ACCAAGGTGAAGGCGACG 18 61.1% 58 0.25 -4.41 

Transporter PSN0072 2F Intron CATGCACGATACTGTCTATTTCG 23 43.5% 53.6 -0.66 -7.05 
-6.32 122 Yes 

PSN0072 R Intron CGTCCAACCAAAATAAGCCAGC 22 50.0% 57 1.43 -3.61 

EF-1 PSN0001 set 2 F GGACTCTCCATCAAGGGTATTGC 23 52.2% 57.3 -1.07 -4.64 
-7.07 150 No 

PSN0001 Set 2R GTATCCAGGCTTGAGGACACC 21 57.1% 57.4 -0.23 -4.64 

Phospholipase 

A2 

53B6 F CCAGTTATGATTTCGGCAATAATGG 25 40.0% 54.5 -0.02 -5.02 
-5.00 139 No 

53B6 R GGTGTCAGTTCATCGTCTTCAG 22 50.0% 55.4 1.28 -3.61 

Histone H3 177F1 F CGTCCGATCACCTTCCGTCTC 21 61.9% 59.5 0.29 -4.62 
-6.37 151 No 

177F1 R GAAGCCTACCTGGTGGGTCTC 21 61.9% 59.3 -1.7 -4.41 

Cyclophilin PSN0918 F GTAGGACAAAGCCAGCACAACAGG 24 54.2% 60.2 -0.19 -3.14 
-8.03 83 No 

PSN0918 R GAATGAATCGGTGCTCGTAGGAGG 24 54.2% 59.2 -1.19 -3.61 

Cyclophilin PSN0918 F Intron CTGGGTTTCAAGAGCCAACGAC 22 54.5% 58.5 -1 -5.02 
-5.47 105 Yes 

PSN0918 R Intron CATCAATGCCGACGGACTGAAT 22 50.0% 57.7 0.09 -6.68 

Ubiquitin PSN0032A F CCTTCGTCGGAACATCACTACC 22 54.5% 57.3 0.23 -3.61 
-6.61 126 No 

PSN0032A R CGTCAAGGGTGATAGTCTTGC 21 52.4% 55.5 -0.93 -5.5 

18s rRNA 18s F GTTGCCCGCCACTCTTTACGATTG 24 54.2% 60.6 -0.41 -3.61 
-4.89 81 No 

18s R GTATCAGTGCCAAGCCTCTGC 21 57.1% 58.3 -0.18 -3.55 

PGK-1 PSN0547 F GATGCCGAGAAGAAGGGTGTG 21 57.1% 58 0.09 -3.61 
-3.61 69 No 

PSN0547 R CGAAGGAAATGCTTGTGTTGCGAC 24 50.0% 59.2 -0.18 -3.61 

ATPase PSN0332 F GGTGGTGATATTGCTCCCTTG 21 52.4% 55.7 0.44 -3.91 
-4.87 164 No 

PSN0332 R CGTTGATCTTCACTGATCTTTAGTCG 26 42.3% 55.4 -1.65 -4.62 

GAPDH PSN1138 F GACAACTTCCACAAGGTCATCTCC 24 50.0% 57.5 -0.04 -3.54 
-5.02 83 No 

PSN1138 R CTGGTGTAGACAGCCAAGTCG 21 57.1% 57.6 -0.38 -5.02 

eTIF-2 PSN1327 F GTGATGCGTGCTTGATTGCTTG 22 50.0% 57.6 -0.58 -3.61 
-6.68 78 No 

PSN1327 R CCTTCATGTCGTGGCGAAGC 20 60.0% 59 -1.36 -5.38 

Dynein 45E3 F CGAATCAGGTTGTTCTGGAGTCG 23 52.2% 57.6 -0.64 -5.19 
-6.62 84 No 

45E3 R CGAAGCCAGTAGTGGTATCAAGG 23 52.2% 57.1 -1.28 -5.02 

β-Tubulin β-Tub F CCAAATTCTGGCAGGTCATG 20 50.0% 54.2 -0.36 -5.38 
-4.67 114 Yes 

β-Tub R CTTGTCCCTCGTTGAAGTACAC 22 50.0% 55.4 0.51 -3.65 
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Table 3.2. Primer efficiencies and R
2 
values calculated by standard curve analysis. Initial analysis, silicate limitation experiments, and 

phosphate and nitrate limitation experiment.  

Gene Targeted Primer Set 
Initial Analysis 

CLNN21 Silicate 

Limitation 

GGB1 Silicate 

Limitation 

GGB1 Phosphate and 

Nitrate Limitation 

Efficiency R2 Efficiency R2 Efficiency R2 Efficiency R2 

Transporter 
PSN0072 Set 2 F/PSN0072 Set 2 R 104.20% 0.997 103.70% 0.991 101.50% 0.991 97.70% 0.994 

Transporter PSN0072 2F Intron/PSN0072 R 

Intron 100.00% 0.998 
104.50% 0.993 

100.80% 0.993 99.00% 0.99 

EF-1 
PSN0001 set 2 F/PSN0001 Set 2R 98.40% 1.000 97.30% 0.996 93.10% 0.992 95.50% 0.993 

Phospholipase 

A2 53B6 F/53B6 R 96.80% 0.991 
82.00% 0.961 

96.60% 0.989 93.40% 0.989 

Histone H3 
177F1 F/177F1 R 101.40% 0.999 104.90% 0.996 102.50% 0.991 92.60% 0.989 

Cyclophilin 
PSN0918 F/PSN0918 R 99.00% 0.997 108.00% 0.994 96.60% 0.991 97.70% 0.994 

Cyclophilin 
PSN0918 F Intron/PSN0918 R Intron 98.30% 0.997 98.60% 0.994 101.10% 0.996 95.10% 0.989 

Ubiquitin 
PSN0032A F/PSN0032A R 94.10% 0.997 N/A N/A N/A N/A N/A N/A 

18s rRNA 
18s F/18s R 98.00% 0.998 N/A N/A N/A N/A N/A N/A 

PGK-1 
PSN0547 F/PSN0547 R 98.70% 0.996 N/A N/A N/A N/A N/A N/A 

ATPase 
PSN0332 F/PSN0332 R 98.40% 0.996 N/A N/A N/A N/A N/A N/A 

GAPDH 
PSN1138 F/PSN1138 R 100.30% 0.999 N/A N/A N/A N/A N/A N/A 

eTIF-2 
PSN1327 F/PSN1327 R 99.60% 0.997 N/A N/A N/A N/A N/A N/A 

Dynein 
45E3 F/45E3 R 95.40% 0.998 97.40% 0.995 98.00% 0.991 91.50% 0.991 

β-Tubulin 
β-Tub F/β-Tub R 100.80% 0.998 N/A N/A N/A N/A 0.915 0.992 
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and phospholipase A2 (0.443) (Figure 3.1). The optimal number of reference genes was found to 

bethree as the variation between the two gene and three gene normalization factor was greater 

than 0.15 (0.152), but the variation introduced by adding a fourth reference was less than 0.15 

(0.147) (Table 3.3). We therefore chose to normalize with the three genes with lowest M-values 

shown above. 

 

Copper sulfate limitation and toxicity- 

 GeNorm analysis was performed on 17 samples and three genes were found to be suitable 

reference genes under these experimental conditions; histone H3 (0.394), dynein (0.421), and 

cyclophilin (0.442) (Figure 3.1). The optimal number of reference genes was found to be three as 

the variation between the two gene and three gene normalization factors was greater than 0.15 

(0.151), whereas the amount of variation introduced by adding a fourth reference was less than 

0.15 (0.136) (Table 3.3). We therefore chose to normalize with the three genes found to have M-

values less than 0.5 shown above. 

 

Domoic acid addition- 

 GeNorm analysis was performed on 24 samples and four genes were found to have 

stability values less than 0.5; dynein (0.342), elongation factor 1 (0.372), histone H3 (0.417), and 

cyclophilin (0.479) (Figure 3.1). The optimal number of reference genes was found to be three as 

the variation between the three gene and four gene normalization factors was found to be less 

than 0.15 (0.122) (Table 3.3). We therefore chose to normalize with the three most stable genes 

shown above.  
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Casamino acid addition- 

 GeNorm analysis was performed on 24 samples and three genes were found to be suitable 

references; elongation factor 1 (0.373), cyclophilin (0.429), and dynein (0.448) (Figure 3.1). No 

optimal number of reference genes could be determined as the variation between subsequent 

normalization factors was always greater than 0.15; variation between the two gene and three 

gene normalization factor, 0.154 (Table 3.3). We therefore chose to normalize with all three 

genes with M-values less than 0.5. 

 

 

 

Table 3.3. Determination of optimal number of reference genes, geNorm V-values. The amount 

of variation between subsequent normalization factors when additional control genes are added 

to the analysis. The optimum number of control genes is determined when the addition of 

another control gene results in a variation between normalization factors of less than 0.15. 

Experiment V2/3 V3/4 V4/5 

Silicate limitation CLNN-21 0.343 0.361 0.264 

Silicate limitation GGB1 0.08 0.085 0.119 

Phosphate and nitrate limitation 0.152 0.147 0.172 

Copper limitation and toxicity 0.151 0.136 0.169 

DA addition 0.166 0.122 0.127 

Casamino acid addition 0.154 0.244 0.175 

 



79 
 

 

  

 Figure 3.1. Validation of reference genes for normalization. geNorm stability values for the 

initial 11 gene analysis and for each individual experiment. Genes with M-values less than 0.5 

(dashed line) are considered suitable reference genes under the tested experimental conditions. 
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DNA Contamination: 

 Although all RNAs were DNase treated many samples still showed slight amounts of 

DNA contamination (Cqs > 35). However, an intron-spanning primer set for PSN0072 was also 

used in each of the RT-qPCR analyses. The results obtained from the intron-spanning primers 

were not significantly different in any of the experiments helping to verify that DNA 

contamination had little to no effect. 

 

Growth Experiments and PSN0072 Gene Expression: 

Silicate limitation CLNN-21- 

 Previous research on the production of DA has shown that silicate limitation within Ps-n 

cultures stimulates the synthesis of DA (Bates et al., 1996). These data led to the hypothesis that 

PSN0072 would be up-regulated within silicate limited cultures along with this increased 

production of DA. The expression of PSN0072 was monitored in both low-silicate (26.5µM) and 

standard F/2 silicate (106µM) conditions.  

The low-silicate treatment resulted in the onset of stationary growth occurring one day 

prior than the controls (Figure 3.2 A). This suggests that, as intended, silicate was the limiting 

nutrient within the experimental cultures. The accumulation of intracellular DA corresponded 

well with the onset of stationary growth (Figure 3.2 C), an observation consistent with previous 

studies which link DA production to nutrient limitations (Bates et al., 1996; Bates et al., 1989). 

However, no significant difference was seen in the total quantities of DA synthesized per cell. 

Although this is contrary to what was expected, studies on F/2 media have shown that even under 

the standard nutrient conditions silicate is the limiting nutrient (Bates et al., 1991). It therefore is 

plausible that the control cultures were silicate-limited as well. Interestingly, the low-silicate 

treatment exported significantly higher levels of DA than the control (df-1, F-668.45, p-value-

0.001) (Figure 3.2 D). Likewise, the transcription of PSN0072 was also significantly higher 
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within the low-silicate treatment (df-1, F-40.16, p-value-0.024), showing a potential correlation 

between DA export and up-regulation of this transporter. Transcription of PSN0072 increased 

significantly over time (df-5, F-8.64, p-value-0.001) as cultures entered stationary growth and 

began synthesizing and exporting DA, confirming the results obtained in the initial microarray 

analyses (Figure 3.2 B). 

 

 

 

Figure 3.2. Results of the silicate limitation experiment performed with Ps-n clone CLNN-21. 

Closed circles and bars represent the 106µM treatment, open circles and bars represent the 

26.5µM treatment. All error bars represent +/- the SD of biological replicates. A. Growth curves, 

error bars are tight, so not visible (Cell counts conducted by David Tardif). B. Normalized 

relative quantities of PSN0072 transcript. Normalized to dynein and histone H3, relative to T2 

106µM silicate. Statistical analysis using a repeated measures ANOVA found significant effects 

due to both treatment (df-1, F-40.16, p-value-0.024) and time (df-5, F-8.64, p-value-0.001) C. 

Total domoic produced per cell. D. Extracellular domoic acid per cell. Low silicate treatment had 

significantly more extracellular DA than the control (df-1, F-668.45, p-value-0.001). 
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Silicate limitation GGB1- 

 The silicate limitation conditions used in the above experiment were repeated using Ps-n 

strain GGB1. When Ps-n divides asexually the average cell size within the population decreases. 

In clonal cultures sexual reproduction cannot be initiated to regenerate the full sized cell 

(Davidovich & Bates, 1998). Overtime this process leads to lowered levels of DA production and 

overall poor health of the culture. The CLNN-21 strain used in the initial experiment began 

having these difficulties so strain GGB1, which was also a higher DA producer, was used in the 

follow-up experiment. 

 GGB1 showed a similar growth pattern as CLNN-21, with the low-silicate cultures 

entering stationary growth on day three, followed by the control cultures on day four (Figure 

3.3A). The initiation of DA synthesis again corresponded with the onset of this growth phase. As 

seen with CLNN-21 there was again no significant difference in the total amount of DA produced 

per cell (Figure 3.3 C). However, contrary to the CLNN-21 experiment there was no significant 

difference in the level of DA export (Figure 3.3 D). The equivalent transcription of PSN0072 

within the stationary phase correlates with this equivalent level of DA export. Further supporting 

the correlation between PSN0072 up-regulation and DA export. A significant interaction between 

time and treatment (df-7, F-2.66, p-value-0.043) was seen within the expression data, meaning 

that the effect of treatment is dependent on the time point. This is seemingly caused by a 

difference between treatments during the early time points when the low-silicate treatment is in 

stationary growth and the control culture is still growing exponentially, and equivalent expression 

levels between treatments within the stationary growth phase. Although this is contradictory to 

the results seen under these same nutrient conditions within the CLNN-21 strain, in which the 

low-silicate culture exported more DA per cell, this difference could be caused by variations 

between strains (Kudela et al., 2002). 
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These data lend insight into the potential export mechanism of DA within Ps-n. Studies 

on GABA transporters, an SLC6 family member, have shown that under conditions of high 

intracellular GABA the mechanism of transport can become reversed (Bertram et al., 2011). This 

leads to GABA being exported along its concentration gradient and Na
+
 ions being exported 

against their respective gradient. A similar mechanism could be at work within Ps-n if DA is 

being exported via PSN0072, or another SLC6 homolog within Ps-n. When DA is synthesized 

intracellularly, the cytoplasmic concentration of DA increases. When this concentration reaches a 

critical threshold transporters may be able to begin exporting DA in a similar fashion as that seen 

within GABA transporters. The expression patterns of PSN0072 within the silicate limitation 

experiments support this export hypothesis, as increases in the rate of export correlate with the 

up-regulation of PSN0072.  

 

Phosphate limitation- 

 Similar to the limitation of silicate, phosphorous limitation has also been shown to 

increase DA production within Ps-n cultures (Pan et al., 1996). These results were not duplicated 

within the current experiment where low-phosphate cultures produced (df-3, T-5.35, p-value-

0.013) and exported (df-2, T-6.67, p-value-0.022) significantly less DA during stationary growth 

than the controls (Figure 3.4 C-D). Although this is contradictory to results from previous 

research it was not confirmed that phosphate was actually the limiting nutrient within the GGB1 

Ps-n cultures used in this experiment. No significant difference in growth pattern was seen 

between low phosphate treatments and the control making it seem plausible that the lack of a 

different nutrient may have been responsible for the onset of stationary growth (Figure 3.4 

A).Some simple growth experiments could be performed in order to determine the limiting 

nutrient. Cultures could be grown under the nutrient conditions used within this experiment and 

stationary cultures spiked with additional phosphate. If cell growth resumes it would confirm that  
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Figure 3.3. Results of silicate limitation experiment performed with Ps-n clone GGB1. Closed 

circles and bars represent the 106µM initial silicate treatment, and open circles and bars represent 

the 26.5µM initial silicate treatment. Error bars represent +/- the SD of biological replicates. A. 

Cell growth (Cell counts performed by Megan Cooper and Christopher Wilk). B. Normalized 

relative quantities of PSN0072 transcript, normalized to dynein and histone H3, relative to day 

three 106µM treatment. Data were analyzed using a repeated measures ANOVA and a significant 

interaction was seen between treatment and time (df-7, F-2.66, p-value-0.043) C. Total domoic 

acid levels normalized per cell. No significant difference was seen between treatments. D. 

Extracellular domoic acid levels normalized per cell. No significant difference was seen between 

treatments. 

 

phosphate was limiting their growth. If it is found that phosphate addition does not stimulate cell 

division the experiment could be performed with each of the remaining F/2 nutrients to determine 

what is limiting cell growth under these conditions. 

However, regardless of what nutrient was limiting, the expression of PSN0072 can still 

be compared to the production and export of DA. No significant difference in the transcription of 

PSN0072 was present between the low-phosphate and control cultures within the exponential 

growth phase when DA levels were minimal in all treatments and no measurable DA had yet been 

exported to the media. Within the stationary phase PSN0072 did show significantly lower 
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expression within the low-phosphate treatment compared to the control (df -2, T- -14.91, P-

Value-0.004) (Figure 3.4 B). This correlates with the lower levels of both DA production and 

export seen within this treatment. These data further support the correlation of DA synthesis and 

export with transcription of PSN0072 that was shown in the silicate limitation experiments, 

strengthening the hypothesis that PSN0072 acts as a DA exporter within Ps-n. 

 

Nitrate limitation- 

 As a modified amino acid DA requires nitrogen for its synthesis. Limiting 

nitrogen within Ps-n cultures has been shown previously to result in lowered levels of DA 

production ( Bates et al., 1993). If PSN0072 is in fact operating as a DA exporter within Ps-n a 

down-regulation of this gene could be expected under these low DA conditions. During stationary 

growth the low-nitrate cultures of Ps-n strain GGB1 did produce (df-3, T-4.87, p-value- 0.017) 

and export (df-2, T-6.64, p-value- 0.022) significantly less DA per cell than the control, however, 

no equivalent down regulation of PSN0072 was present (Figure 3.4 A-D). Also contrary to the 

DA export hypothesis PSN0072 was significantly up-regulated in the low-nitrate treatment, 

relative to the control, during the exponential growth phase when DA levels were minimal in all 

cultures (df-3, T- -6.18, p-value- 0.009). 

These data dissociate the expression of PNS0072 from both stationary growth and DA 

production. This suggests that the regulation of PSN0072, under low-nitrate conditions, is not 

controlled by the level of DA synthesis or export. The up-regulation of this transporter under 

these low nitrogen conditions is consistent with results seen for other transporters responsible for 

the uptake of amino acid substrates (Kustu et al., 1979; Olivera et al., 1993; Zimmer et al., 2000). 

Increasing the import of amino acids under low nitrogen conditions allows cells to acquire amino 

acids from their environment as a nitrogen source or for direct use. If PSN0072 does function as 

an amino acid importer it could also explain its up-regulation during high DA-producing 
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conditions. Ps-n have been shown to synthesize significantly more DA within nonaxenic (with 

bacteria) compared with axenic cultures (Douglas & Bates, 1992; Osada & Stewart, 1997). This 

observation is presumed to be the result of a precursor molecule produced by the bacteria that Ps-

n is able to uptake and use in the synthesis of DA. One proposed model for the biosynthesis of 

DA involves the conversion of proline into a glutamate-like DA precursor (Smith et al., 2000). If 

PSN0072 is able to import such a molecule then up-regulation of this gene could support higher 

levels of DA synthesis. An alternative hypothesis is that PSN0072 may be able to both export DA 

as well as import another amino acid substrate, as other SLC6 members have been shown to have 

affinity for multiple substrates (Bröer, 2006; Sloan & Mager, 1999; Takanaga et al., 2005) 

 

Figure 3.4. Results of nitrate and phosphate limitation experiments performed with Ps-n clone 

GGB1. Closed circles and bars represent the control treatment with standard F/2 nutrients, open 

circles and bars represent the 73.5µM initial nitrate (nitrate limited) treatment. Error bars 

represent +/- the SD of biological replicates. A. Cell growth (Cell counts performed by 

Christopher Wilk and Megan Cooper). B. Normalized relative quantities of PSN0072 transcript, 

normalized to dynein, phospholipase A2, and elongation factor 1α, relative to day four control 

treatment. C. Domoic acid levels per cell in whole culture. D. Extracellular domoic acid levels 

per cell. 
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Copper Sulfate Limitation and Toxicity- 

Although the function of DA within Ps-n biology is unknown, there are data that suggest 

DA is capable of binding both iron and copper within sea water (Rue & Bruland, 2001). These 

data have led to the hypothesis that DA may act as a trace metal chelator, and studies have shown 

that copper limitation leads to increased levels of DA synthesis as well as export (Maldonado et 

al., 2002; Wells et al., 2005). If PSN0072 is involved in the export of DA the expression of this 

transporter would be hypothesized to be up-regulated within the low-copper treatments relative to 

the control. Interestingly, the expression of PSN0072 was found to be significantly up-regulated 

relative to the controls within stationary growth (df-3, T- -3.20, P-Value -0.049) (Figure 3.5 C).  

Only total DA samples were taken during this experiment and extracellular DA levels were not 

able to be quantified; furthermore the total DA levels are preliminary as only one replicate of 

each treatment has been analyzed (Figure 3.5 B). Therefore any conclusions on PSN0072’s 

correlation to export rates of DA drawn from these data are speculative. Repeating this 

experiment with the addition of extracellular DA measurements could help clarify whether 

PSN0072 expression is more closely correlated with DA export or DA synthesis. The control 

cultures produced more total DA per cell than the low-copper treatment even though PSN0072 

transcription was significantly lower. If repeating this experiment confirmed that the low-copper 

treatment caused increased export of DA then these data would support the correlation of 

PSN0072 transcription and the export of DA.  

The copper toxicity treatment further supported that DA synthesis and stationary growth 

are not inherently correlated with the up-regulation of PSN0072. The preliminary DA data for 

this treatment show that toxin was not present in measurable quantities until day eleven of 

growth, well into the stationary phase (Figure 3.5 B). The expression data of PSN0072 from this 

time point shows no significant up-regulation compared to the exponential growth phase, 
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showing dissociation of PSN0072 transcription from both DA synthesis and stationary growth 

(Figure 3.5 C). If the export of DA within this treatment followed the patterns seen within the 

silicate experiments, where DA synthesis slightly preceded export, then these data would not 

show dissociation between PSN0072 expression and DA transport. However, as with the low-

copper treatment, any conclusions on DA export within this experiment are currently speculative. 

The repetition of this experiment is therefore of high interest in order to help elucidate the 

biological role of this transporter. 

 

Domoic Acid Addition- 

 Transport proteins, including amino acid transporters, are often regulated in response to 

the presence of available substrate (Moses et al., 2012; Okuda et al., 2011; Poulsen et al., 2008). 

The addition of DA to non DA-producing cultures was therefore hypothesized to cause an up-

regulation of PSN0072. However, upon the addition of DA no up-regulation of PSN0072 

occurred, and a potential down-regulation was seen (Figure 3.6 B). When DA was added to a 

concentration of 33ng/ml a significant drop below the initial expression level of PSN0072 was 

seen three hours (T-9.02, p-value 0.012) and 22.5 hours (T-5.20, p-value- 0.035) after the 

addition. A similar significant decrease in PSN0072 expression was seen 10 minutes after the 

addition of DA to a 100ng/ml concentration (T-7.28, p-value-0.018). Although it can be 

concluded that PSN0072 was not up-regulated in response to DA within a twenty four hour time 

frame, it is difficult to say whether the down-regulation which was seen was due to the added 

DA, as a no addition control was lacking and there were no significant differences seen between 

the two DA treatments. Repeating this experiment with more DA concentrations, time points, and 

proper controls would allow for a more robust analysis of the effects of extracellular DA on 

PSN0072 transcription. Although the expression of PSN0072 did not respond as initially 

hypothesized it does not necessarily mean that DA is not an active substrate of this transporter. 
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Figure 3.5. Results of the copper sulfate limitation and toxicity growth experiment. Closed circles 

and bars represent the control treatment of standard F/2 nutrients (3.93x10
-2 

µM  Cu), open circles 

and bars represent the copper sulfate limited treatment (3.93x10
-8 

µM Cu), and gray squares and 

bars represent the copper sulfate toxicity treatment (2.0 µM Cu). Error bars represent +/- the SD 

of biological replicates A. Cell growth (Cell counts performed by Brooks Henningsen, Nichole 

Diluzio, Adam LaBonte, Ashley Gutowski, and Pam Felie). B. Whole culture domoic acid/cell 

(no error bars are present as only one biological replicate has been measured). C. Normalized 

relative quantities of PSN0072 transcript, normalized to cyclophilin, dynein, and histone H3, 

relative to the control culture on day four of growth. 
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Some proline transporters have been shown to be able to distinguish between extracellular 

substrate and internal substrate. This allows the cell to synthesize proline de novo without 

triggering the expression of proline importers (Moses et al., 2012). It therefore is possible that 

internal DA may trigger PSN0072 expression whereas extracellular DA does not. Also, many 

SLC6 transporters respond to substrate availability by regulating the level of protein at the cell 

surface in a post-transcriptional fashion by use of glycosylation and phosphorylation (Hu & 

Quick, 2008; Law et al., 2000; Martínez-Maza et al., 2001; Quick et al., 2004). If PSN0072 is 

subject to post-translational regulation it would greatly complicate the gene expression assays. 

However, the RT-qPCR data from the nutrient limitation experiments have shown that this 

transporter is significantly regulated at the transcriptional level. 

 

Casamino Acid Addition-  

 The regulation of PSN0072 within the low-nitrate conditions discussed above is similar 

to known amino acid importers (Kustu et al., 1979; Olivera et al., 1993; Zimmer et al., 2000). As 

discussed above, amino acid transporters often show substrate induced regulation (Moses et al., 

2012; Okuda et al., 2011; Poulsen et al., 2008). If PSN0072 acts as an amino acid importer than 

an up-regulation in the presence of active substrate would be expected.  Casamino acids, a casein 

digest which contains all of the essential amino acids except tryptophan, were therefore added to 

exponentially growing Ps-n cultures and PSN0072 expression was monitored to look for 

subsequent regulation. Unfortunately, the concentration of casamino acids added to the cultures 

(9.64 mg/ml) proved detrimental to cell growth. The growth curves shown in Figure 3.7 indicate 

that the control cultures continued to increase in cell concentration between days four and five 

whereas the experimental flasks which received the amino acids on day four were halted. This 

experiment therefore did not allow for the effects of amino acid addition to be  
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Figure 3.6. Results of the domoic acid addition experiment performed with Ps-n clone GGB1. 

Closed circles and bars represent the 100ng/ml DA treatment, open circles and bars represent the 

33ng/ml DA treatment. Error bars represent +/- the SD of biological replicates. A. Cell growth 

from day four (time of addition) to day five (Cell counts performed by Christopher Wilk). B. 

Normalized relative quantities of PSN0072 transcript, normalized to dynein and histone H3. 

Relative to the level of PSN0072 before the addition of DA. C. Whole culture DA, before, 10 

minutes, 3 hours, and 22.5 hours after the addition of DA. D. Extracellular DA 10 minutes, 3 

hours, and 22.5 hours after the addition of DA. 
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determined. Repeating this experiment with a less extreme dose of casamino acids, or performing 

individual amino acid addition experiments, such as proline, are of high interest as they could 

help in elucidating an active substrate of PSN0072. 

 

 

 

Figure 3.7. Cell growth of Ps-n cultures with and without the addition of casamino acids. Days 

four and five of the casamino acid addition experiment. Closed circles represent the no-addition 

control and open circles represent the casamino acid addition. Error bars represent +/- the 

standard deviation of biological replicates. Casamino acids were added on day four (9.64 mg/ml) 

following which cell division ceased. 

 

Summary: 

 The elucidation of the molecular processes involved in the biosynthesis of DA could lead 

to improved monitoring systems for the identification of toxin-producing blooms. Understanding 

which genes are involved in the pathway of DA production would allow for better understanding 

of the mechanisms involved. RT-qPCR gene expression assays proved to be a useful method in 

monitoring the regulation of PSN0072 under various conditions. Silicate limitation experiments, 

performed on two independent Ps-n strains, showed a putative correlation between the increased 

transcription of the PSN0072 gene and DA production and export. A phosphorous limitation 

experiment performed on Ps-n clone GGB1 gave further data supporting this correlation. These 
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experiments led to the hypothesis that PSN0072 may be responsible for the export of DA within 

Ps-n. 

 It was also shown to be up-regulated under low-nitrogen conditions, a treatment in which 

DA production was low. These data dissociated the expression of PSN0072 from both DA 

production and export, as well as the stationary growth phase. Up-regulation under these 

conditions is a trait common to amino acid importers. Leading to the alternative hypothesis that 

PSN0072 could be responsible for the uptake of amino acids from the extracellular environment, 

perhaps as a precursor molecule to help support DA synthesis. The contradictory data seen 

between the nitrate limitation conditions and the other growth experiments led to the formation of 

two alternative hypotheses: PSN0072 could be responsible for the import of a DA precursor, 

explaining both its up-regulation within nitrate limited conditions as well as during high levels of 

DA synthesis. Alternatively PSN0072 may act as both a DA exporter and an amino acid importer. 

Studies on other SLC6 transporters have shown that many proteins from this family have affinity 

for multiple amino acid substrates. 

Since PSN0072 was found to be up-regulated under non DA conditions it is not an ideal 

candidate for screening and monitoring purposes. The RT-qPCR assays developed in this chapter, 

including the validated control genes, can be applied to the remainder of genes identified by the 

initial microarray analyses as having a potential role in DA synthesis. These studies would further 

our understanding of Ps-n molecular biology and could potentially lead to the identification of a 

suitable “marker” gene that would unambiguously identify toxin-producing blooms. 

Although it is unclear whether PSN0072 is capable of exporting DA the results from the 

DA addition study suggested that it is not responsible for the import of DA. Many transporters are 

seen to be up-regulated in response to available substrate. Upon addition of DA to exponentially 

growing Ps-n cultures no up-regulation of PSN0072 was seen. Also, no significant difference was 
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evident in either total DA or extracellular DA suggesting that Ps-n did not uptake DA by any 

mechanism. 

The RT-qPCR data obtained for PSN0072 led to the formation of two hypotheses: that 

PSN0072 is responsible for the import of an amino acid precursor, or that this transporter is 

responsible for both the import of an amino acid substrate as well as the export of DA. Further 

gene expression studies, such as independent amino acid additions, would help to tease apart 

these hypotheses, and heterologous expression studies could be performed to unambiguously 

determine the functionality of PSN0072. Since the release of the Ps-n genome three other SLC6 

homologs were also identified within this organism. Any further research on the role of PSN0072 

on DA synthesis or export should therefore include these additional genes which are all potential 

DA transporters. 
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Introduction: 

The production of the neurotoxin, domoic acid (DA), by the marine pennate diatom 

Pseudo-nitzschia multiseries (Ps-n) has implications for marine ecology and human health (Bates 

et al., 1989; Hogberg & Bal-Price, 2011; Jakobsen et al., 2002; Pulido, 2008; Todd, 1993; Trick 

et al., 2010). Following the identification of this toxin-producing diatom ( Bates et al., 1989) 

many of the environmental factors that impact DA production were identified (Bates et al.,1996; 

Bates et al., 1993; Douglas & Bates, 1992; Lewis et al., 1993; Lundholm et al., 2004; Maldonado 

et al., 2002; Marchetti et al., 2004; Rao et al., 1998; Wells et al., 2005). However, until more 

recently, the molecular biology of Ps-n was relatively unknown. The microarray studies 

performed by Boissonneault (2004) provided a strong foundation to further study the molecular 

biology of Ps-n and DA synthesis. This work led to the identification of a gene that was up-

regulated during DA production, and appeared to be related to the SLC6 family that encodes 

amino acid transporters. Since DA is a modified amino acid, and potential substrate for this 

transporter, it was of high interest for further research. The sequence and gene expression data 

presented in this thesis provide further support for the hypothesis that this transporter, designated 

PSN0072, could play an important role in DA production or transport. 

 

Summary of Results: 

BLAST analysis of the full length coding region supported the original finding that 

PSN0072 contains a conserved functional domain of the SLC6 family. These analyses also 

identified three other SLC6 homologs within the Ps-n genome. Closely related homologs were 

discovered within the genomes of the other sequenced pennate diatoms, Phaeodactylum 

tricornutum and Fragilariopsis cylindrus, but were not identified within the centric diatom 

Thalassiosira pseuodonana; suggesting that this transporter group may be absent from the centric 

diatoms. The pennate diatom transporters appeared to be more closely related to putative 
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transporters from the Ascomycota lineage of fungi. This finding gave evidence for the existence 

of SLC6 proteins within fungi, which was contrary to previous research that suggested these 

transporters were absent from this kingdom of life (Wipf et al., 2002). These data were also 

unexpected as most diatom transporters are derived via horizontal gene transfer from red or green 

algal groups (Chan et al., 2011).   

The alignment of PSN0072 with the Beuming et al (2006) functional alignment of SLC6 

transporters revealed the conservation of several functionally important residues. This homology 

lent further support to the assignment of the predicted protein for PSN0072, as well as the diatom 

and fungal homologs, as functional members of the SLC6 family. Analysis of these conserved 

residues allowed for predictions to be made concerning the functionality of PSN0072. The 

conservation of a Gly residue, at LeuT position Gly24 (Figure 2.11) in PSN0072, along with the 

diatom and fungal homologs, suggested that the predicted proteins are likely involved in the 

translocation of amino acid substrate(s). The binding sites for Na
+
 and Cl

-
 ions (Yamashita, 

Singh, Kawate, Jin, & Gouaux, 2005) were also well conserved within PSN0072 and the other 

Ps-n homologs, suggesting that the transport process is carried out in a Na
+
 and Cl

-
 dependent 

fashion. Conversely, the Ascomycete homologs appear to be Cl
-
 independent, an observation that 

can be related back to their habitat. The marine diatoms have an abundance of Cl
-
 ions available 

to them and therefore little selective pressure to maintain the Cl
-
 independent state seen in most 

prokaryotic SLC6 transporters (Yamashita et al., 2005). The Ascomycetes, living in non-marine 

environments, do not have a large natural supply of Cl
-
 and therefore would seemingly experience 

more selective pressure for their transport functions to remain independent of this ion.  

The RT-qPCR expression analyses confirmed the initial results obtained in the previous 

microarray studies specifically that the level of PSN0072 transcription increased during stationary 

growth when DA production was high. The results further expanded our understanding of the 

factors that affect the transcriptional regulation of PSN0072. The silicate and phosphorous 
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limitation experiments supported a correlation between the production and export of DA and the 

up-regulation of PSN0072 (Figures 3.2, 3.3). However, the nitrogen limitation experiment 

dissociated the regulation of PSN0072 from DA synthesis. PSN0072 transcription was 

significantly up-regulated in nitrogen-limited cultures during the exponential growth phase. This 

result showed that both DA synthesis and stationary growth were not necessarily needed to 

trigger the transcription of the PSN0072 gene. Up-regulation under low-nitrogen conditions is 

consistent with results seen for known amino acid importers (Olivera, González, & Peña, 1993). 

Increasing amino acid import would allow an organism to acquire amino acids from their 

environment, which could either be used directly or as a nitrogen source. 

Although SLC6 transporters are classically characterized as amino acid importers, recent 

studies on GABA transporters have shown that when intracellular GABA levels are high the 

transport process becomes reversed (Bertram et al., 2011). This results in the export of GABA 

along its concentration gradient and cotransport of Na
+
 against its respective gradient. This model 

fits well with the results seen in the PSN0072 experiments. The transporter may function as an 

amino acid importer under low nitrogen conditions; yet, as DA accumulates within cells, the 

transporter may reverse directions, exporting the toxin. An alternative hypothesis is that the 

PSN0072 transporter is involved in the directional import of amino acids for use as either a 

nitrogen source or as a DA precursor. This would explain both the up-regulation under low 

nitrogen conditions, and the apparent correlation seen with DA levels. Further studies would need 

to be performed in order to distinguish between these hypotheses. Of most interest is the 

heterologous expression of this transporter within an oocyte expression system, which would 

allow for the functional characterization of PSN0072. 
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Future Directions: 

Further qPCR studies to analyze the expression of the other three Ps-n SLC6 homologs 

alongside PSN0072 would be valuable. Since any of these transporters are candidates for all of 

the functions outlined for PSN0072, it would be worthwhile to see if any of them show a stronger 

correlation with DA synthesis and export, independent of nitrogen limitation. The expression of 

these genes could also be analyzed following the addition of potential substrates. If the 

transcription of PSN0072, or another of the transporters, is found to significantly increase 

following the addition of a specific amino acid it could indicate that this is an active substrate for 

that transporter. The substrates of most interest are those amino acids that may be precursors to 

DA synthesis, such as glutamate and proline (Ramsey et al.,1998; Smith et al., 2000). Molecules 

found to have an effect would then be ideal candidates for testing via heterologous expression 

studies. 

Heterologous expression within oocytes has been extensively used for the study of 

transport proteins (Bossi, Fabbrini, & Ceriotti, 2007; Papke & Smith-Maxwell, 2009). The large 

size of these cells allows for the direct injection of the gene of interest, as well as potential 

substrates, allowing for export and uptake experiments to be performed. The size of these cells 

also allows for the direct measurement of membrane potentials though electrical currents. The 

uptake or export of a particular substrate can be measured by changes in these currents (Papke & 

Smith-Maxwell, 2009). Therefore, if PSN0072 was cloned and expressed within this system, DA 

or other substrates of interest could be injected within the oocyte and export could be measured 

via changes in membrane potential. Alternatively, the transformed oocytes could be placed in 

solutions containing the potential substrates and import could be measured in an analogous 

fashion. This system is a powerful tool for the elucidation of transporter substrates, and would 

presumably lead to defining the roles of the SLC6 homologs in Ps-n biology.     
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PSN0072 initially appeared to correlate well with toxin production and therefore was a 

potential marker for DA synthesis. The RT-qPCR results discussed above indicate that further 

work is needed to define the role of PSN0072 in Ps-n Biology. Depending on these results, 

PSN0072 gene expression may be a good marker for following physiological states in Ps-n, 

related to nitrogen limitation and /or domoic acid production. However, there are other candidate 

genes that were identified in the original array experiments that may present better candidates for 

field markers that will exclusively indicate domoic acid production. The validation of several 

reference genes within Ps-n, along with the RT-qPCR methodologies developed in this thesis, can 

be applied to study other genes that may be involved in DA synthesis. These studies could 

identify a suitable marker gene for use in PCR-based screening protocols to identify toxin-

producing Ps-n. If these methodologies were developed, it could improve the efficiency of 

monitoring Ps-n blooms and help to mitigate their negative impacts on the shellfish industry, 

recreation, and marine ecosystems. 

The bioinformatic analyses strongly support the classification of PSN0072 as an SLC6 

homolog. This family of proteins is known to undergo extensive post-transcriptional 

modifications, such as glycosylation and phosphorylation, which regulate transport function. 

Therefore, further studies of the functional protein products should also be useful in determining 

what role these modifications play in regulating the Ps-n SLC6 gene family. Protein studies could 

also provide insight into the role of the additional transmembrane motifs found within fungal and 

diatom SLC6 proteins.  
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Concluding Remarks: 

 PSN0072 appears to perform an important physiological role within Ps-n either as a DA 

exporter or an amino acid importer. The full functional characterization of this transporter could 

shed light on important biological aspects of Ps-n, which could lead to insights that help predict 

toxin-producing blooms. The characterization of PSN0072 as an amino acid importer could help 

in the elucidation of the biosynthetic pathway of DA. The up-regulation of PSN0072 under high 

levels of DA production suggests that this transporter may supply Ps-n with a precursor amino 

acid to DA synthesis. Characterizing the substrate of PSN0072 could therefore identify a starting 

point for a DA biosynthetic pathway. This knowledge, along with the newly available genome 

data, could be used to model and test hypothetical pathways. 

 If PSN0072 were found to function as a DA exporter it could have implications in the 

role of this molecule in signaling within Ps-n blooms. Understanding the physiological role of 

DA within Ps-n biology could allow for a better understanding of the factors that are likely to 

trigger bloom events; which could aid in the monitoring and prediction of these toxic episodes. 

The continued study of the molecular biology of Ps-n using the RT-qPCR methodology outlined 

in this thesis should continue to further our understanding of this influential member of a highly 

important taxonomic group.  
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