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Abstract 

Paralytic shellfish poisoning (PSP) is caused by paralytic shellfish toxins (PST) and it is very 

harmful as it has a high mortality rate as well as rapid onset. The understanding of the PST 

production mechanism in dinoflagellates was hindered by lack of genomic information due to 

its large genome size. In this study, proteomic as well as transcriptomic approaches were 

attempted to study the PST-biosynthetic process in order to find proteins related to PSTs 

production. Background information was gathered for two toxic PST-producing Alexandrium 

catenella (AC-T) and Gymnodinium catenatum (GC-T) and two non-toxic (non-PST-producing A. 

catenella (AC-N) and A. tamarense (AT-N)) dinoflagellates in my laboratory. rDNA sequences in 

the internal transcribed (ITS) region, growth curves, cell volume, protein expression profiles 

(PEPs), toxin profiles and endogenous free arginine levels were gathered for these 4 

dinoflagellates. AC-T and AC-N were found to have a high homology (97%) in their ITS 

sequences. They also have very similar exponential growth, cell volume and PEPs. Endogenous 

free arginine levels in AC-T and GC-T showed no direct relationship to their cellular toxin 

contents. Nitrate-enrichment/limitation and phosphate limitation did not induce GC-T to show 

any significant changes in cellular toxin contents in the exponential growth phase. Similarly, 

nitrate-enrichment/limitation did not cause any significant changes of cellular toxin contents in 

AC-T. However, phosphate limitation in AC-T culture is significantly increased the toxin contents 

of AC-T to around 4 folds. Supplements of exogenous arginine to the culture of both GC-T and 

AC-T did not cause any significant increase of toxin contents. Hence it was decided to perform 

comparative proteomic experiments (a) between AC-T and AC-N as well as (b) AC-T with and 

without phosphate-limitation. 

             With the support of a newly established transcriptome database built with a standard 

strain of A. catenella and available in-house, classical 2-dimensional gel electrophoresis (2-DE) 

followed with matrix-assisted laser desorption/ionization time-of-flight tandem mass 

spectrometry (MALDI-TOF-TOF MS), liquid chromatography electrospray ionization ion-trap 

tandem mass spectrometry (LC ESI-ion-trap MS/MS) with and without sulfonation for protein 

identification were performed. 65 proteins were found to be differentially expressed between 

AC-T and AC-N in the exponential phase and 7 of them were identified and upregulated. These 
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proteins included photosynthetic proteins ribulose 1,5-bisphosphate carboxylase/oxygenase 

(Rubisco II), glyceraldehyde-3 phosphate dehydrogenase (G3PD), peridinin-chlorophyll a protein 

(PCP) and light harvesting protein (LHP). Others are methionine adenosyltransferase (MAT), 

transcriptional regulator and either heat shock protein 70 (HSP70) or peridinin chlorophyll-a 

binding protein apoprotein precursor. On the other hand, 22 proteins of AC-T were found to be 

differentially expressed under phosphate limitation. 3 of them were identified and down-

regulated. They are G3PD, plastid oxygen-evolving enhancer 1-2 precursor (OEE) and LHP. 

These 2 sets of results are apparently contradictory to each other as increased G3PD and LHP 

were seen upregulated in AC-T (in comparison with AC-N) but they were down-regulated when 

AC-T was subjected to phosphate limiting growth condition. Nonetheless, the results could be 

summarized into two predications. Firstly, in toxic AC-T, the ability to produce PST is related to 

photosynthetic activities of the dinoflagellates. There may be a particular set of genes in AC-T 

that is lacking in AC-N, which enable PST production and this set of gene function may have 

some linkage with photosynthesis. Secondly, in the epigenetic level, phosphate limitation 

induce/inhibit another set of genes functions which may introduce additional control of PST 

amount in AC-T. Therefore, the total amount of PST produced was increased in AC-T under 

phosphate-stress.  
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Chapter 1     Introduction: Literature Review of Paralytic Shellfish Toxins (PSTs) 

1.1  Paralytic Shellfish Poisoning (PSP) 

Globally, more than 60,000 incidences of marine algal toxins poisoning are reported annually 

(Gill et al., 2003). Primarily, poisoning events caused by algal toxins as contaminants are called 

shellfish poisoning. Shellfish poisonings have been problematic to human health and the 

environment for many decades. It is of public concern for a long time. According to different 

intoxicating symptoms, poisoning caused by algal toxins can be classified into four types:  

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

poisoning (NSP) and paralytic shellfish poisoning (PSP). These causative alkaloid toxins are so 

potent that even a very small quantity (about 500 µg), which can be easily accumulated in just 

one 100 g serving of shellfish, could be fatal to human. On a global scale, nearly 2000 cases of 

human poisoning with nearly 15% mortality through fishes or shellfishes consumption are 

reported each year (Hallegraeff, 1993). Among these four types of poisoning, PSP-toxins (or 

paralytic shellfish toxins, PSTs) are the most studied algal toxin (see later sections). PSP has a 

high mortality rate as it has a rapid onset. The time of onset to the complete development of 

the poisoning effects usually required thirty minutes to several hours post-exposure (García et 

al., 2004; Sobel and Painter, 2005). The high mortality rate is a big threat to public health.  

Outbreaks of PSP mostly occurred in the coastal areas (Figure 1.1). One of the most 

serious PSP incidence occurred in Champerico (on the Pacific coast of Guatemala), from July to 

August in 1987. In this incidence, more than 187 people were affected (70% were hospitalized 

and 14% died) (Rodrigue et al., 1990). PSP has long been a problem of Alaska, North America. 

Between 1973 and 1994, with 66 PSP outbreaks, 143 people were reported sick and 2 died 

(Gessner and Middaugh, 1995). In Asia, from the year 1987 to 1999, there were 1716 cases of 

PSP related cases with 94 deaths in the Philippines alone (Azanza and MaxTaylor, 2001). Most 

PSP cases were due to the consumption of contaminated shellfish. The toxins causing PSP are 

mainly produced by microscopic algae called dinoflagellates. These dinoflagellates are primary 

producers of the food web and also one of the causative agents of harmful algal blooms (HABs). 

Filter feeders, such as bivalve mollusks, accumulate these toxins when they feed on these 
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dinoflagellates. Because mollusks and filter feeders have high tolerance to these toxins, these 

toxins can reside and be concentrated within tissues of these organisms for weeks and months. 

These toxins can remain bioactive, i.e. toxic. As a result, higher level consumers, including 

marine mammals and humans, are exposed to larger doses of toxins (Llewellyn, 2006). In the 

unfortunate incidence of PSP, the initial symptom includes an initial burning and tingling 

sensation on the lips, tongue and face; which gradually intensify to include facial and perioral 

paresthesias. Some individuals may also have headache, dizziness, stomach cramps, nausea and 

vomiting. Ataxia and dysmetria may occur when the harmful effects spread to the other parts 

of the body. In serious cases of intoxication, the symptoms can include respiratory failure with 

diaphragmatic and chest wall muscle paralysis, leading to death (Clark et al., 1999; Llewellyn, 

2006; Sobel and Painter, 2005). 

 

 

 

Figure 1.1. Global Distribution of PSP in 2006. Orange spots/shaded areas represented affected areas. 
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The negative impacts of PSP are not limited to that of health only; PSP also greatly affect 

the environment and aquaculture-related economy. Due to the increased consumption of 

seafood and so the increased establishment of related business, the economic impacts of PSP 

become much more severe than in the past. PSP may lead to early and prolonged closure of the 

aquaculture-harvesting areas and fishing grounds which concomitantly bring great loss to 

fishermen, processors, and related industries. An example of this type of huge damaging effect 

is a single PSP outbreak that occurred in Maine, USA. It inflicted an estimate of US $6-million 

loss in total (Shumway et al., 1988). During and shortly after the PSP incidence, because of fear 

of possible contaminated seafood, consumers demand for these seafood items were depressed. 

International trade of molluscan shellfishes was affected as well. However, preventative 

measures including the introduction of extensive surveillance and enforcement activities, such 

as shellfish-monitoring programs, are costly (Halstead and Schantz, 1984; Shumway et al., 1988). 

Therefore, there is a need to understand why autotrophs such as the dinoflagellates have to 

produce PSTs. Further, there is also needs to understand what factors promote production of 

these toxins and in what circumstances would HAB occur. 

 

1.2  Paralytic Shellfish Toxins (PSTs) 

Saxitoxin (STX) is the most prominent etiological agents of PSP. It is non-proteinaceous in 

nature. The name “saxitoxin” comes after its first recognition, which is extracted from the giant 

Alaskan butter clam, Saxidomus giganteus (Hughes and Merson, 1976; Moustafa et al., 2009; 

Wang, 2008). STX is the parent compound of various PSTs. It is a trialkyl tetrahydropurine 

consisted of a fused five-membered ring at an angular position, a ketone hydrate and two 

stabilizing electron-withdrawing guanidinium groups (Dell’Aversano et al., 2008). With different 

side chains, analogues of PSTs are classified into 3 main groups: Carbamoyl compounds 

(saxitoxins and gonyautoxins), N-sulfocarbamoyl compounds (B toxins and C toxins) and 

Decarbamoyl compounds (Oshima, 1995b) (Figure 1.2). Having two guanidinium groups, STX 

and its 30 naturally occurring analogues are readily soluble in water and possesses 2 pKa’s 

(Llewellyn, 2006). It should be stressed that different PST analogues have different toxicities 

and that are dependent on their side chains (Table 1.1).   
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Figure 1.2. Chemical structure of PSTs. 

 

 

 

Table 1.1. Classification of PSP toxins. Data adopted from Oshima (Oshima, 1995b) 

Category Toxin R1 R2 R3 R4 
Molecular 

weight 

Relative 

Toxicity 

(STX=1) 

Carbamoyl  

Compounds  

STX  H  H  H  

H2NCO- 

301 1 

NeoSTX  OH  H  H  317 0.92 

GTX1  OH  H  OSO3
-
  412 0.99 

GTX2  H  H  OSO3
-
  396 0.36 

GTX3  H  OSO3
-
  H  396 0.64 

GTX4  OH  OSO3
-
  H  412 0.73 

N-sulfocarbamoyl  

Compounds  

B1  H  H  H  

-
O3SNHCOO- 

380 0.06 

B2  OH  H  H  396 No data 

C1
 
 H  H  OSO3

-
  476 <0.01 

C2  H  OSO3
-
  H  476 <0.01 

C3  OH  H  OSO3
-
  0.01 0.1 

C4  OH  OSO3
-
  H  0.06 0.06 

Decarbamoyl 

compounds  

dcSTX  H  H  H  

H 

258 0.51 

dcNeoSTX  OH  H  H  274 No data 

dcGTX1  OH  H  OSO3
-
  369 No data 

dcGTX2  H  H  OSO3
-
  353 0.65 

dcGTX3  H  OSO3
-
  H  353 0.75 

dcGTX4  OH  OSO3
-
  H  369 No data 
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As a group, STX is a potent toxin with heat- and acid-stable characteristics. It remains 

toxic and cannot be destroyed even after exposure to high temperature, such as that by 

autoclaving (121oC for 15 minutes) and there is still no specific antidote available (RaLonde, 

1996). The strong lethality within a short period after exposure further emphasizes its danger as 

a poison. The poisonous activity comes from the dihydroxy group on the five-membered ring, 

targeting the sodium channels in nerve and muscle cell membranes (Halstead and Schantz, 

1984). Compared to cyanide, PSP toxins have a 100 times greater toxicity. LD50 in mice varied 

among different routes of administration with about 10 µg/kg intraperitoneally; 8.5 µg/kg 

intravenously; 13 µg/kg subcutaneously and 263 µg/kg orally (Davio, 1985; Wiberg and 

Stephenson, 1960). Together with mustard gases and sarin, saxitoxin is listed in Schedule 1 of 

the Chemical Weapons Convention (CWC).  

Mechanistically, PSTs and their analogues are neurotoxins. The presence of PSTs blocks 

the sodium channels of nerve cells, preventing sodium ions from entering the cytoplasm 

through these channel proteins. Hence, signal transmission is interfered. As no impulse could 

be generated and/or stimulations transmitted, symptoms including numbness and paralysis are 

seen. Similar blocking of nervous signal transmission also occurred at the neuromuscular 

junctions. It was found that the charged 7,8,9 guanidinium groups and the dihydroxy group, 

which could be hydrated into keto form, are critically involving in forming bonds with the 

sodium channels. The complex formed blocks the external orifice of the channels (Strichartz, 

1984). Other studies also found that STX, the most potent PSTs, can bind to the calcium and 

potassium channels in other animals (Su et al., 2004; Wang et al., 2003). 

Amounts of PSTs present in biological materials can be measured with various methods. 

However, the mouse bioassay remains the standard assay which is approved by the Food and 

Drug Administration (FDA) of the United States for detecting PSTs. The time required for the 

toxin to kill the tested mice is recorded and it is converted into mouse unit (MU) by a 

standardized conversion method. One MU, equivalent to 0.18 g of active poison, is said to be 

the amount of toxin that kill a 20-gram mouse in 15 minutes through intraperitoneal injection. 

This method gives an estimation of the amounts of active toxins present (Horwitz, 1980; 
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RaLonde, 1996). However, because of animal ethics issues and the inability of this method to 

access toxin composition in the sample, use of the mouse bioassay has decreased and more 

scientists have shifted to other technologies such as high performance liquid-chromatography 

and neuroblastoma cell-line assay for detecting PSTs. 

 

1.3  Sources of PSTs 

PSTs are synthesized mainly by microalgae. STX and its derivatives, the most common PSTs, are 

synthesized by several genera of marine dinoflagellates and freshwater cyanobacteria 

(Hallegraeff et al., 1991; Lagos et al., 1999; McBarron et al., 1975; Oshima et al., 1990). It should 

be stressed that most outbreaks of PSP events were associated with marine dinoflagellates. In 

the Taxonomic Reference List of Toxic Plankton Algae of Intergovernmental Oceanographic 

Commission (IOC), of the 90 PSTs producing microalgae, 70 species are dinoflagellates 

(Camacho et al., 2007; Gallacher and Smith, 1999). 

 

1.3.1  Dinoflagellates 

Dinoflagellates are a large group of planktons, with over 2000 species, and more than half of 

them are photosynthetic in nature. They are one of the major primary producers which are 

usually found in coastal waters around the world. Some of them can be found in freshwater 

system. They can exist in both pelagic and benthic habitats. They are mostly unicellular but 

chains could be found in some species when single cells connected with each other. Sizes of the 

cells usually ranged from 5 to 2000 microns in diameter and can vary for different species as 

well as for different stages of their life cycles (Lee, 2007). Dinoflagellates exhibit some unique 

features, including the presence of pusule (series of vesicles near the base of flagella for 

osmoregulation, macromolecule uptake and secretion), plastids surrounded by three 

membranes and the presence of single- or dual-gene mini-circles (Barbrook and Howe, 2000; 

Gibbs, 1981; Sze, 1998; Zhang et al., 1999). 

It was estimated that the DNA content of dinoflagellates could be as high as 200 Gbp 

and hence about 80 times that of human (Lin, 2006). Reproduction of dinoflagellates is usually 

performed by mitosis. Sexual reproduction may also occur by the formation and fusion of the 
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gametes, resulting in a diploid (planozygote) (Graham and Lee, 2000). When the surrounding 

environment becomes unfavorable, vegetative dinoflagellates will form cysts. Cysts are the 

resting cells with the following 4 characteristics: 1) their thecal plates are separated from the 

cell surface; 2) the flagella are shed off; 3) a cyst wall is formed and 4) non-motile. The world-

wide spread of PSP may be explained by the transportation of the various species of toxic 

dinoflagellates in the form of cysts to new habitat by means of water current and ballast water 

of ships (Hallegraeff, 1998).  It should be noted that cysts of the toxic strain of dinoflagellates 

are also toxic and could pass on its PSTs to the upper level consumers (Oshima et al., 1992). 

 

1.4  PSTs Producing Dinoflagellates 

Not all dinoflagellates are toxic in nature. Among them, three genera of dinoflagellates were 

found to be able to produce PSTs including Alexandrium, Gymnodinium and Pyrodinium (Figure 

1.3).  

 

 

  

Figure 1.3. Distribution of PSTs producing dinoflagellates. 
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1.4.1  Alexandrium spp. 

As shown in Figure 1.3, a sizable portion of PST-producing dinoflagellates belongs to the 

Alexandrium genus. They exist widely in different regions all over the world. Generally, the 

blooming of Alexandrium species takes place in estuarine coastal regions and the frequency of 

occurrence have significantly increased over the past few decades (Anderson et al., 1994). 

Within the genus, there is a range of morphological variations. Such variations may due to 

natural variations, sexual reproduction (which increases the generic diversities) and different 

environmental conditions. Alexandrium spp. has the typical structures of dinoflagellates 

without any spines or horns, but with a characteristic apical pore plate and thin cell wall. Ends 

of the central grooves displaced about one girdle width and the margins have very shallow 

ridges (Figure 1.4).  

 

Figure 1.4. General structure of Alexandrium. 

 

 

Alexandrium cells are round or oval and their sizes ranged from 20 to 50 µm in diameter. 

In addition to single cells, they may also form pairs or in chains. Two kinds of cysts could be 

formed by Alexandrium: the pellicle- and the resting-cysts. Pellicle cysts are produced from 

vegetative cells when the environmental conditions are not favorable. These cysts require a 

dormancy period and only have a limited durability, not overwintering. Compared to the 
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pellicle cysts, resting cyst are more resistant to environmental extremes (Balech, 1985a; 

RaLonde, 1996). 

As not all Alexandrium species are toxic, it is important to know the identity, behavior 

and toxicity of the causative agents during a HAB so as to devise prompt and suitable measures 

to combat its negative impacts. Identification of the Alexandrium species has long been 

accomplished using their morphological characteristics. For example, the proportion of 

epitheca to the hypotheca could be used to distinguish A. acatenella from A. catenella. It is 

because A. catenella have equal lengths of epitheca and hypotheca while A. acatenella have a 

longer epitheca. Sizes, shapes, porulation of the surfaces, characteristically arrangement of the 

thecal plates, chain lengths, etc. are essential for morphological identification. However, 

morphological identification methods required a significant degree of observation and personal 

judgment. Hence, there is frequent disagreement on the classification and/or identification of 

Alexandrium when morphological features were used for identification. Subsequently, gene-

sequence based methods, i.e. sequence of ribosomal-RNA genes, has been used more often for 

identification purposes (Agriculture Fisheries and Conservative Department, 2008; Balech, 

1985a; Litaker et al., 2007; Taylor et al., 2003). Unfortunately, these methods required prior 

knowledge of genes of the dinoflagellates being identified. In the protein level, Lee and his 

coworkers had adopted a matrix-assisted laser desorption/ionization time-of-flight (MALDI-TOF) 

mass spectrometry based protein profiling method for fast identification of dinoflagellates 

down to species level. This method required no prior knowledge of the causative agent(s) of a 

HAB (Lee et al., 2008). 

Not all species of Alexandrium produce PSTs. Some species in the genus are non-toxic, 

e.g. A. affine (Band-Schmidt et al., 2003; Wang et al., 2006). Many studies have been carried 

out focusing on Alexandrium as this genus could be found globally and relatively easy to culture. 

Nonetheless, the linkage of toxic Alexandrium to PSP was discovered as early as 1937 (Sommer 

et al., 1937). Within the genus, the toxin profiles are different among different species.  

Variations included the amounts of PSTs synthesized and the toxin compositions, leading to the 

great differences in toxicities. Further, different strains of the same species isolated from 
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different regions were reported to have different toxin profiles. This deviations could be a 

result of variations sequel to variations in availability of nutrients and environmental conditions 

(Wang et al., 2006). Some species, like A. catenella in Baja California, could generate high toxin 

content with low cell numbers (Hernández-Becerril et al., 2007). It should be stressed that 

morphological identification methodologies sometimes could not accurately identify 

dinoflagellates of the tamarense/catenella/fundyense complex because of their small 

morphological difference. That reaffirms the need for fast and accurate species identification 

methodologies. 

Different Alexandrium species were known to produce different amounts and profiles of 

toxins. Lim and Ogata reported that under identical culturing conditions, 4 species of 

Alexandrium have similar but not identical toxin contents and composition (Lim and Ogata, 

2005). Although all of them produce chiefly gonyautoxins (GTX) 1 and 4, B1 toxin was 

specifically present in A. tamiyavanichii while B2 toxin was only found in A. peruvianum. Further, 

it was found that only A. minutum processed a little amount of GTX2, GTX3, STX and NeoSTX. 

Different species of Alexandrium in the study produced different amounts of the same toxin, 

either in terms of molar percentage (highest % of GTX1 and GTX4 in A. minutum) or toxin 

content (highest amount per cell by A. tamiyavanichii). Moreover, A. andersoni was reported to 

produce mainly STX and NeoSTX (Ciminiello et al. 1999; Ciminiello et al. 2000). 

Differences in toxigenicity were also reported in different strains of the same species. 

Ichimi and his team had isolated 20 strains of A. tamarense from Sendai Bay and Nagatsura-ura 

(Ichimi et al., 2002). For both locations, the toxin compositions of the isolates at the same site 

have a large variation already. One isolate from Nagatsura-ura produced nearly 80% of GTXs 

while another had only about 20% of GTXs. Ichimi and coworkers tried to explain the 

observations with the hypothesis that there was an introduction of DNA from other strains (in 

the form of cysts) from other geographical areas into the region before subsequent re-

combination of different toxin genomes within the population. Likewise, two different strains of 

A. tamarense isolated from the South China Sea demonstrated different toxin profiles (Wang 

and Hesieh, 2005; Wang and Hsieh, 2002b). A. tamarense CI01 produce chiefly C2 toxins while 



30 

 

A. tamarense HK9301 produce other C toxins and also GTX1, GTX4 as well as GTX5. Similar 

findings were reported in other Alexandrium species (Lim et al., 2006; Wang et al., 2006).  

The variation in toxicity of the same species of Alexandrium could range from highly 

toxic to non-toxic. In 2007, Touzet and coworkers reported that both toxic and non-toxic strains 

of A. minutum were found after extensive monitoring of the Irish coastal regions (Touzet et al., 

2007a). Blooming of the species sometimes did not result in shellfish toxin accumulation. 

Besides natural occurrence, toxic and non-toxic pairs of the same species of Alexandrium were 

also found in the laboratory grown cultures (Cho et al., 2008). After several years of sub-

culturing, a non-toxic subclone isolate was unpredictably found from the original toxic A. 

tamarense culture when it was used for another experiment. Such information implies that the 

toxigenic characteristic of Alexandrium sp. is not always present in all strains of the species. 

 

1.4.2  Gymnodinium spp. 

Within the genus of Gymnodinium, Gymnodinium catenatum (Figure 1.5) is the only PST-

producing toxic species known. Among the known PST-producing dinoflagellates, G. catenatum 

is the only unarmored dinoflagellate which is able to produce PSTs. Morphologically, it has the 

distinctive feature of having a transverse groove line in the middle of the cell and a left-handed 

displacement with 20% of the cell length (Kofoid and Swezy, 1921). Further, both the cingulum 

and sulcum are deep. The sulcum extends to and surrounds the apex in the region of apical 

horse-shoe groove. The shape of the cells will change from elongate-ovoid to squarish-ovoid 

when the cells changed from single-celled (or pair) stage to the chain-forming stage. The apex is 

conical; the antapex is rounded and bilobed when the cells are not in chains. In contrast, chain-

forming cells have slightly apico-antapical compressions. Its nucleus is at the centre of the cell. 

Plenty of yellow-brown chloroplasts, noticeable pyrenoids for CO2 fixation and lipid globules are 

also present in the cells (Blackburn et al., 1989; Fukuyo et al., 1990; Graham, 1943; Larsen and 

Moestrup, 1989; Steidinger and Tangen, 1996; Taylor et al., 2003). G. catenatum can have both 

asexual and sexual reproduction. Cysts would form after nutrient deficiency. The cysts are 

rounded shape with unique micro-reticulation coverings.  
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Figure 1.5. General feature of Gymnodinium catenatum. 

 

 

 

Similar to that of the Alexandrium species, toxins profiles of G. catenatum in different 

countries differs. The research group of Oshima reported that the toxin composition profiles of 

different strains of G. catenatum isolated from Australia, Spain and Japan were different from 

each other (Oshima et al., 1993). C1 and C2 toxins constituted the largest proportion (over 75 %) 

of the total toxins produced in the Australian and Japanese strains; while the Spanish strain 

produce only 30% of C1 + C2 toxins, similar to the amount of B2 toxins. C3 and C4 toxins were 

found in the Australian and Spanish strains but not in the Japanese strains. Variation in toxin 

composition profiles of G. catenatum could further be found among strains from different 

sampling locations of the same geographical region (Gárate-Lizárraga et al., 2005); and also 

among different strain isolates of a single blooming event (Ordas et al., 2004). 

 

1.4.3  Pyrodinium spp. 

The Greek word “Pyr” means fire. Pyrodinium species are bioluminescent dinoflagellates which 

are able to produce light by themselves. So far, only the species bahamense is found to be 

toxigenic for PSTs production (MacLean, 1977). It is named as such as the species was found in 

Bahamas (Plate, 1906). P. bahamense has similar structure to Alexandrium species, but their 
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thecae are much heavier and covered with dense fine spinulae (Figure 1.6). Left-handed girdle 

displacement is present. Further, the surface has large prominent pores and the edges of most 

sutures are marked with strong low flanges. The apex is shaped as a low horn and includes a 

large triangular apical pore complex. The attachment pore at the posterior end is silt-like. 

Moreover, there is a distinct ventral pore in the forth apical plate and clear lists of the girdles. 

The lists of sulcum are large and in contact with each other, making a tunnel at the antapical 

side. Single cells process spines on the apical and antapical surface. Their cysts are spiny 

(Morquecho, 2008; Steidinger and Tester, 1980). 

 

Figure 1.6. General feature of Pyrodinium bahamense. 

 

 

 

             Two varieties of P. bahamense, with dissimilar morphologies, were identified from 

different geographic regions (Table 1.2). P. bahamense var. compressum is found principally in 

South-east Asian to Indo-Pacific waters, while var. bahamense were discovered in the tropical 

West Atlantic (Steidinger and Tester, 1980). As shown in Table 1.2, the two variants have 

several differences. P. bahamense var. compressum are capable to form chains while var. 

bahamense are single-celled or maximal in pairs. The chain forming cells are a little flattened 

anterior-posteriorly, compared to the round shaped single individual. Spines are only present 
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on the apical side of the first cell (most anterior) and on the antapical side of the last cell (most 

posterior). P. bahamense var. bahamense have a more pronounced apical horn, larger spines, 

but less prominent pores (Badylak et al., 2004). Another characteristic difference between the 

two variants is the PSTs producing abilities. P. bahamense var. bahamense is nontoxic, which 

differentiates them from the toxic var. compressum (Steidinger and Tester, 1980). However, 

Balech opined that the differences between the two variants may be a result of ecological 

factors and not genetically based (Balech, 1985b). However, in 2006, Landsberg reported that a 

clone of P. bahamense var. bahamense isolated from the Indian River Lagoon in Florida is also 

toxic (Landsberg et al., 2006). 

 

Table 1.2. Comparsion between P. bahamense var. compressum and var. bahamense (Badylak et al., 

2004; Morquecho, 2008; Steidinger and Tester, 1980). 

P. bahamense varieties 

var. compressrum var. bahamense 

luminescence Luminescent Luminescent 

Ventral pore On the 4th apical plate On the 4th apical plate  

Shape Flattened longitudinally Rounded 

Girdles Clear list, left-handed displacement 
Clear list, left-handed 
displacement 

Apical horn Less pronounced More pronounced 

Surface pores More prominent  Less prominent 

Association Chain-forming Single / paired 

Surface spines 
Limited on the anterior and the 
posterior surfaces of the first and the 
last cells in the chain respectively 

On both anterior and posterior 
surfaces 

First reported Bahamas (Plate, 1906) 
Florida (Steidinger and Tester, 
1980) 

Principal occurrence 
South-east Asian and Indo-Pacific 
waters 

Tropical West Atlantic 

Reports of 
toxigenicity 

PSP toxic (MacLean, 1977) 
Non-toxic (Steidinger and Tester, 
1980)  
PSP Toxic (Landsberg et al., 2006) 

 

 

             Regional differences in toxin production can also be found in Pyrodinium bahamense. As 

early as 1987, toxin profile of P. bahamense isolate from Palau composed of GTX4, B1, STX and 

NeoSTX with a minute amount of dcSTX (Oshima et al., 1987). Later in Malaysia, another isolate 
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(P. bahamense var. compressum) was found to have a different pattern that B2 toxin was 

detected with no GTX4 formed (Usup et al., 1994). The NeoSTX and B1 toxins of that isolate 

were found to comprise around 80% of the total toxin content. Presence of GTX2, GTX3 and the 

absence of dcSTX were found in the Guatemala strain (Rosales-Loessener et al., 1989). In a 

recent study, however, Gedaria and coworkers  showed that the Bamban Bay’s strain (var. 

compressum) in Philippines are capable of producing chiefly STX (90%) and a little of dcSTX and 

B1 toxins (Gedaria et al., 2007). On the other hand, it was found that P. bahamense var. 

bahamense had a simple profile with only three toxins (73% of B1 toxins, 26% of STX and the 

rest was dcSTX). The reason for their variations in toxicities is still inconclusive. 

 

1.5  PSTs Producing Bacteria 

It is known that live dinoflagellates populations, including those cultures in laboratories, coexist 

with free-living and/or harbored bacteria (Bold and Wynn, 1978; Hold et al., 2001b). These 

bacteria could exhibit either beneficial or harmful impact on the biology of algae (Doucette et 

al., 1998; Gallacher and Smith, 1999). It was found that some bacteria could have a direct effect 

on the production of toxins in dinoflagellates. There was even some suggestion that the 

harbored bacteria are the real sources of PSP toxins produced. There are two lines of evidence: 

1) It was found that a non-toxic dinoflagellate clone could be transformed to become a toxic 

dinoflagellate clone after being inoculated with a Pseudomonas bacterium isolated from the 

corresponding toxic strain (Silva and Sousa, 1981). 2) The discovery that some bacteria produce 

STX themselves (Kodama et al., 1990). Many debates exist on such issue. However, subsequent 

experiments showed that elimination of bacteria from some toxic dinoflagellates do not 

eliminate the toxin synthesizing abilities of the algae (Hold et al., 2001a; Uribe and Espejo, 

2003). Nevertheless, it was shown that the amount of the toxins produced were down-

regulated after its co-existing bacteria were eliminated. Overall, the bacterial-algal relationship 

on PSTs production is complicated and lots of questions remain unanswered. 
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1.6  PST Toxicity and Arginine 

Arginine was postulated to be a precursor for saxitoxin synthesis. Its relationship to the PSTs 

content had been examined (Shimizu et al., 1984). When one plotted the toxicity against 

arginine concentration in a culture, a positive correlation was reported (John and Flynn, 2000). 

Research group of Flynn also reported similar results (Flynn et al., 1994). However, in both 

studies, arginine alone was not the only controlling factor in cellular toxicity. Experiments 

showed that the positive correlation seen with arginine increase was dependent on the nutrient 

status, i.e. N and phosphate. Flynn suggested a toxin-taurine relationship in addition to the 

toxin-arginine relationship (Flynn et al., 1994). On the other hand, Flynn and coworkers 

compared several Alexandrium spp. and found that the intracellular arginine levels were the 

highest in the most toxic species (Flynn et al., 1996). Direct effect of arginine on the toxin 

content has been studied by John and Flynn (John and Flynn, 1999). Exogenous arginine was 

added to the culture and the toxicity was found to be increased. However, an unnatural 

concentration of arginine was needed to cause the effect. In contrast, in most batch-cultured 

experiments of Alexandrium spp. performed by Anderson’s group, variations of concave 

patterns of arginine with time were found to mirror the convex patterns of toxin content 

(Anderson et al., 1990b). The inconsistent findings illustrate the complexity of the actual role of 

arginine in PSTs production. Further, the arginine-toxin relationship in Gymnodinium sp. has not 

been reported.  

 

1.7 Toxigenic Variation 

It is known that the toxicities of dinoflagellates varied at different phases of its cycle. A toxic 

dinoflagellate does not produce toxins in the same extent at all time over its various life stages. 

Many studies reported that the rate of toxins production is highest during the mid-exponential 

stage of growth and decrease as it approach the stationary phase (Anderson et al., 1990a; 

Boyer et al., 1987; Hamasaki et al., 2001; Hwang DF and Lu YH, 2000; Ogata et al., 1987; Wang 

et al., 2006). Anderson’s group proposed that the cells tend to maintain a certain constitutive 

amount of toxins intracellularly after dividing from the parent cells (Anderson et al., 1990b). As 

cell division is active and the nutrients levels are abundant during the exponential phase, the 
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rate of toxin production is increased (Chan et al., 2005). When the dinoflagellates develop into 

the stationary phase, cell division rate drops to a low level. Further, the essential nutrients for 

toxin production (e.g. nitrate) may become limiting, then the toxin producing rate may 

decrease concomitantly. Another possible explanation for the decline is the shortage of CO2 

and shift of pH which decreased the amount of raw material and enzymatic activities for toxin 

production (Anderson et al., 1990a). It should be stressed that contradictory observations on 

the increase/decrease of toxin levels do exist in the literature with some reports claiming that 

the toxins levels reach the maximum at stationary phase. The higher amounts of toxin content 

were presumed to be the results of decreased cell division rate and the surplus of arginine for 

toxin production (Oshima and Yasumoto, 1979; Wang and Hesieh, 2005; White, 1978). Such 

discrepancy on the toxin profiles observed was sometimes attributed to the differences in the 

species (or strains) of dinoflagellates used for individual studies, the experimental setup, the 

toxin extraction method and difference in methods used for maintaining the dinoflagellates 

cultures. 

             Besides reports on variations in toxin levels at different growth stages, toxin 

biosynthesis was also examined at the cell-cycle level. Anderson and coworkers reported that 

there is a direct proportional relationship between specific growth rates and specific toxin 

production rates (Anderson et al., 1990b). Research team of Taroncher-Oldenburg followed 

Anderson’s implication that toxin synthesis might be linked to cell cycle events. They 

synchronized the growth of these dinoflagellates with a long dark incubation period to arrest 

the population at a particular point of their cell cycle. After restoring the normal light-dark cycle, 

individual cells started at the same phase in terms of their cell cycle. Samples were collected at 

2-hour intervals for toxin measurements. Their results showed that toxin production was 

induced by light and preceded over a discrete period in the G1 phase, for about 8–10 hour 

(Taroncher-Oldenburg et al., 1997). On the other hand, Siu’s research group followed with 

similar synchronization methodology but for a shorter period, and they found that the toxin 

contents were increased about 1-hour after entering the S phase. The toxin content remains at 

a high level until the end of G2/M phase (Siu et al., 1997). They then suggested that PSTs 

biosynthesis occurred in parallel with DNA synthesis. Implications from those two studies are 
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inconclusive as there were many differences in the experimental setup between them. For 

example, Taroncher-Oldenburg and coworkers worked on A. fundyense while Siu and 

coworkers worked on A. catenella. However, both studies did show that toxins production is 

not continuous throughout the whole cell cycle.  

             Lastly, the notion that toxin composition could be used as a “genetic fingerprint” for 

differentiation of different dinoflagellates had been contemplated by many groups as the 

individual profiles changed very little with different growth stages (Cembella et al., 1987; 

Gedaria et al., 2007; Ogata et al., 1987; Parkhill and Cembella, 1999; Usup et al., 1994). 

However, contradictory results were also reported by some groups who stated that the 

compositions of toxins did change with different growth stages induced by different growth 

conditions (Anderson et al., 1990b; Boczar et al., 1988; Wang and Hesieh, 2005). Therefore, the 

notion needs to be further substantiated and more investigations are needed to focus on the 

biosynthesis and the compositional relationships of the PSP toxins within an isolate of 

dinoflagellates. 

 

1.8  Physical and Environmental Factors that Affects Toxin Production 

PSTs producing dinoflagellates around the world were reported to have a wide range of 

toxigenicity. Parts of such variations could be attributed to different genetic traits. Variations in 

toxigenicity can be caused by other external factors. Many studies aimed to elucidate the 

relationship among these factors with toxins production were performed. The following is a 

summary of the external factors that may affect PSTs production. Unless specifically annotated, 

the experiments reported were performed in batch-cultures.  

 

1.8.1 Availability of Nitrates 

PSP toxins are nitrogen-rich compounds with 32.6% of molecular weight of STX are nitrogen 

and hence the availability of nitrogen is expected to have significant effect on toxin production. 

A positive relationship between nitrogen supply and PST production has been documented by 

many studies (Anderson et al., 1990a; Flynn et al., 1994; John and Flynn, 2000; McIntyre et al., 

1997; Strichartz, 1984; Wang and Hsieh, 2002b). Increased nitrate content in the culture 
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medium as the principal source of N is known to increase PSTs production. This NO3-dependent 

variation was found in Gymnodinium catenatum and several Alexandrium species. When these 

cultures were subjected to NO3-limiting conditions, toxin productivity decreased (Touzet et al., 

2007b). Anderson’s research group suggested that, when NO3 is limiting, competition of N 

sources between PSTs production mechanisms and other important metabolic pathways 

become significant and eventually toxins production was decreased (Anderson et al., 1990a). 

On the other hand, if NO3 is in excess of the requirement needed for cell growth, surplus NO3 

will be used for biosynthesis of PSTs and it was suggested as the N storage for some 

dinoflagellates (Chan et al., 2005; Loeblich, 1984; Siu et al., 1997). However, the exact 

mechanism of how NO3 availability translate into different PST production rate is still unknown 

(Leong et al., 2004; Oshima et al., 1993).  

 

1.8.2 Availability of Phosphates 

Several studies reported that toxin content dramatically increases under PO4-limiting condition 

(Anderson et al., 1990a; Boyer et al., 1987; Lippemeier et al., 2003; Siu et al., 1997). Data from 

Siu and coworkers  showed that toxin accumulation inside the cells could happen even at PO4-

omitted medium, which is not the case in other studies (Siu et al., 1997). Regardless of this 

difference, increases in toxin content in PO4-limited but normal NO3 culture could be explained 

with a widely accepted reason. It was proposed that phosphorus is essential for DNA 

(nucleotide) synthesis. When the supply of P is inadequate, DNA synthesis and cell division 

ceased. Less amount of arginine (precursor of PSTs) produced continuously will be used for 

metabolic activities in cell division and so become available for PSTs production (Anderson et al., 

1990b). The relationship could also be viewed as a higher toxin content resulting from usual 

rate of PST synthesis in a growing but undivided cell (due to lack of PO4 for DNA synthesis). 

Phosphate limitation usually does not change the toxin composition. In addition, the claim that 

PO4-limited condition which has no DNA synthesis, may give support to the findings by 

Taroncher-Oldenburg et al. who reported that the toxin was synthesized in G1 phase, before the 

production of daughter chromatins (Taroncher-Oldenburg et al., 1997). It should be reiterated 
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that the exact mechanism of how PST is produced is not known in dinoflagellates. How 

increased arginine with decreased phosphate increase PST production is currently unknown. 

 

1.8.3 N:P Ratio 

As a sequel of the low-phosphate high toxin observations, it should be noted that some 

investigators did not explain fully that the enhancement of toxin production with “phosphate 

limitation” was coupled to a normal amount of nitrate. That is, enhanced toxin production was 

associated with “high nitrogen/phosphate ratio”. Touzet and coworkers reported that the N:P 

ratio needed to be high for the toxin quota to be increased. These authors suggested that 

individual decrease of either NO3 or PO4 would impair the normal functioning, including growth 

and toxin synthesis of the cells (Touzet et al., 2007b). 

 

1.8.4 Availability of Other Nitrogen Sources 

Other than nitrates, the effects of toxin synthesis by other forms of N sources had also been 

studied. Effects of nitrate (oxidized form of nitrogen) and ammonium (reduced form) as the N 

source on toxins production rate were compared. It was found that NH4-grown culture 

increased the synthesis of toxins more than that of NO3-grown culture (John and Flynn, 2000; 

Lim et al., 2009; Wood and Flynn, 1995). Experiments performed by Leong’ group showed that 

increases in cellular toxin levels co-occurred with increases in concentrations of both N sources 

(Leong et al., 2004). However, the toxin contents were 5-6 times higher when cells were grown 

under NH4 as the N source than that of NO3. Wood and Flynn suggested that NO3 imposed 

some kind of N-stress to the metabolic activity of the cells which somehow hampered the 

availability of N for toxin synthesis (Wood and Flynn, 1995). As a result, NO3 induced production 

of fewer toxins. Besides, toxin compositions were found to be relatively stable under cultivation 

conditions with both N sources. However, some experiments produced somewhat different 

results. Wang and Hesieh reported that the toxin content in cells decreases a lot when NH4 was 

used to replace NO3 as the N source (Wang and Hesieh, 2005). Flynn and coworkers also found 

that when N was added to the stationary N-starved G. catenatum culture, NO3 fed cells gave 

more toxins than NH4 did (Flynn et al., 1996). The different results were again attributed to the 
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different species or strain studied. Leong’s group  reported that urea concentration and toxin 

levels had a negative relationship, implying that dinoflagellates cells may utilize urea in a 

different mechanism other than those used by NO3 and NH4 (Leong et al., 2004). 

 

1.8.5 Arginine 

As elaborated earlier, arginine was found as the precursor for saxitoxin synthesis in 

cyanobacteria (Shimizu et al., 1984). In the presence of ammonium as the nitrogen source, 

addition of exogenous arginine caused an increase in toxin production in A. fundyense (John 

and Flynn, 1999). It is currently taken that exogenous arginine increase toxin production in all 

species of toxic dinoflagellates. 

 

1.8.6 Light Intensity 

Effects of light intensity on toxins production in dinoflagellates which are autotrophs are 

complicated to access as light is also an important factor for photosynthesis. On this note, some 

scientists believe that toxin production is affected indirectly by light which is associated with 

growth rate (Ogata et al., 1989; Parkhill and Cembella, 1999). The research group of Ogata 

found an inverse relationship between toxin content and light-dependent growth rate in A. 

tamarense (Ogata et al., 1987). Hamasaki’s group also documented a coincidence of high 

cellular toxicity under low light intensity with reduced growth rate (Hamasaki et al., 2001). On 

the contrary, Lim and coworkers showed that difference in growth in two discrete 

temperatures did not resulted in difference in cellular toxin contents (Lim et al., 2006). The 

authors implied that variation to toxins biosynthesis was a response to light, instead of a 

function of growth response. Moreover, various other groups also reported contradicting 

results from their studies on light-toxin production (Usup et al., 1994; Wang and Hesieh, 2005). 

It may be due to the fact that different organisms were used in their studies and also the ranges 

of light intensities being tested were different. Despite of these factors, maximum cellular 

toxins productivity seems to occur generally at intermediate light intensity, which is for sub-

optimal growth. Certainly, more studies are required to understand the mechanisms involved. 
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1.8.7 Temperature 

The observations that PSTs contents in the algal blooming regions were higher in some seasons 

were taken as a sign that temperature is a factor that may affect PSTs production (Anderson et 

al., 1990b; Gedaria et al., 2007; Navarro et al., 2006). Similar to light intensity, growth-related 

inverse relationships were commonly found in toxin contents against culturing temperatures. 

Cellular toxicities were highest under sub-optimal (lower) temperature. These patterns of 

relationship were seen in Alexandrium sp. and Pyrodinium sp., which accumulate most toxins 

with several degrees (5–7oC) lower than that required for their optimal growth (Siu et al., 1997; 

Usup et al., 1994). Great compositional change in toxin profile was not found by changing the 

culturing temperature (Oshima et al., 1993). Specific growth rate was reduced concomitantly. 

Could such co-occurrence be explained by a simple relationship that slower cell division 

contribute to the toxin accumulation inside the cells? Results obtained with the Malaysian P. 

bahamense strain seems to imply the contrary (Usup et al., 1994). With the same temperature 

range, it is shown that the rate of toxins content enhancement is greater than the decrease in 

growth rate. Other factors such as turnover rates of cellular components were also implicated 

to be involved. Enzymatic metabolism might be retarded and so more arginine is available for 

toxin synthesis. These hypotheses need to be verified by more biochemical researches in the 

future (Wang et al., 2006). 

 

1.8.8 Salinity 

Salinity probably is the most uncertain factor that may affect PSTs biosynthesis. White and 

others studied the effects of salinity on toxin production and reported positive relationship 

between them (White, 1978). On the other hand, Usup’s group and Hamasaki’s group reported 

a negative relationship (Usup et al., 1994). Some others claimed that the effect is neutral 

(Anderson et al., 1990b; Flynn et al., 1996). These contradictory findings could be a result of the 

use of different species of dinoflagellates. Lim and Ogata had performed a comparative study 

on the effects of salinity on four tropical Alexandrium spp. Under the same experimental setup, 

the four species showed different response to the effects of variation in salinities. They 

concluded that the salinity effects are both regional- and species-dependent (Lim and Ogata, 
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2005). Additionally, the difference observed in different studies might be a consequence of the 

difference in experimental setups, including the acclimation time and the range of salinity 

gradients being tested (Wang et al., 2006). Hence, whether the salinity effect is direct or 

growth-related is still an open question (Parkhill and Cembella, 1999; Wang et al., 2006). 

Nonetheless, comparatively, compositional changes of these toxins by salinity are somehow 

more apparent than that of light and temperature (Lim and Ogata, 2005; Oshima et al., 1993). 

 

1.8.9 Others 

Besides factors elaborated above, effects of other factors such as pH, Fe3+, Cu2+, amount of 

dissolved amino acids (DFAAs) and nutritional supplements such as HCO3
- etc. on toxin 

production had also been investigated (Hwang and Lu, 2001; John and Flynn, 1999; Wang and 

Hsieh, 2002a). Hwang and Lu  reported that toxins production in a strain of A. minutum was 

highest at optimal pH and optimal concentration of Fe3+ and Cu2+ (Hwang and Lu, 2001). John 

and Flynn found that the use of DFAAs did not enhance the toxin content in A. fundyense (John 

and Flynn, 1999). Wang and Hsieh reported that supplementation of HCO3
- could increase the 

yield of C2 toxins in A. tamarense ATCI01 (Wang and Hsieh, 2002a). Nonetheless, their findings 

needed to be confirmed by others and with more dinoflagellates species to be tested. Summing 

up, it is felt that PSTs biosynthesis in dinoflagellates is a combination of variation in genetic 

traits and effects of environmental factors. All these factors had a complex interplay and hence 

the story of toxigenicities of these organisms is very complicated! 

 

1.9  Genomic and Proteomic Studies on PSTs Producing Dinoflagellates 

Because of the extremely large genome sizes of most PSTs producing dinoflagellates, whole 

genome sequencing of any regular dinoflagellate is finally inhibitory. Consequently, 

development of molecular biology related technologies in the research field of dinoflagellate is 

non-existence. The mechanism of toxin production in dinoflagellates on the molecular biology 

level is poorly understood. Nevertheless, after crossing two different strains of the toxic 

dinoflagellates A. catenella, Sako and coworkers reported that toxin profiles in the F1 progeny 

followed that as predicted by the Mendelian inheritance fashion (Sako et al., 1992). This clearly 
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shows the chromosomal localization of genes involved in PSTs biosynthesis in these 

dinoflagellates. Some other attempts were made subsequently to find out the genes involved in 

the biosynthesis of PSTs. However, as elaborated earlier, this task is difficult as the genome size 

is huge. Nonetheless, a few studies had made some progress in this front. 

             A study using differential display (DD) by Taroncher-Oldenburg’s group had successfully 

identified and characterized three differentially expressed genes in A. fundyense (Taroncher-

Oldenburg and Anderson, 2000). Based on the previous findings of their group, toxins syntheses 

were postulated to be restricted in the G1 phase. DD of mRNA produced in different cell stages 

when toxin production was turned on and off was studied. The results were verified by RNA dot 

blot analysis. The results revealed one down-regulated and two up-regulated genes when toxin 

production was “turned on”. However, it seems that only the down-regulated gene, coding for 

S-Adenosylhomocysteine hydrolase, might have some correlation to STX biosynthesis. Further, 

this enzyme is not specific to STX production. It also regulates the S-adenosylmethionine (SAM) 

pathway, which is involved in many metabolic processes in dinoflagellates. In the results section 

later, I am going to show that SAM pathway is involved in the STX biosynthesis. 

            The research group of Touzet compared the toxic strain and the non-toxic strain of A. 

minutum isolated from southern and western coastal waters of Ireland (Touzet et al., 2007a). 

Without the distinction from LSU rDNA (ITS1-5.8S-ITS2) sequence alignment, random 

amplification of polymorphic DNA analysis (RAPD) of these strains leads to genetic linkage 

classification of these strains into two clusters. The clusters are apparently developed from 

their respective geographical regions, as the “toxic” cluster contains a non-toxic A. tamarense 

clone isolated from the same area as the toxic A. minutum. Nonetheless, the segregation of 

toxic and non-toxic characters coincided with their respective clusters. These results showed 

the possibility that the toxic and non-toxic strains of PSTs producing dinoflagellates can be 

developed from a common ancestor. 

             Genetic and toxigenic differences at the strain level induced after sexual reproduction 

posed additional complications for comparative genomic analysis in dinoflagellates. Studies in 

clones with high genetically consistence could minimize the problem. Cho and coworkers 
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reported the development of a non-toxic subclone from the parental toxic A. tamarense clone 

(Cho et al., 2008). Phylogenic analysis using 28S and ITS1-5.8S-ITS2 sequences found no 

difference, suggesting that both clones were arisen from the same cell, not contamination. This 

pair of axenic subclone which differ in their toxigenicities were then used for comparison. 

Differences in gene expression were found using subtractive hybridization methodologies. Two 

and four predominant bands were produced by the toxic and non-toxic subclones respectively. 

The differing sequences were in the homologous fragments of cytochrome c oxidase III and the 

5’-flanking region of cytochrome b. Although the experiment could not explain the variation in 

these two regions between the toxic and the non-toxic subclones, the results implied that the 

difference in the toxigenicities was not due to translational regulation, but to the dissimilarity 

of mRNA sequence and hence differential expression of gene products. In 2009, genomic 

information associated with PST production was reported from a study on cyanobacteria, 

another source of PSTs production (Moustafa et al., 2009). Using comparative phylogenomic 

analyses between toxic strain of Cylindrospermopsis raciborskii T3 and its non-toxic sister, 9 

genes which were believed to be specific to STX production were found. Among these genes, N-

terminal end of the sxtA gene was found to be homologous to the EST from the toxic strain of 

Alexandrium catenella. The study by Stüken’s group is probably the most meaningful as they 

showed that genes required for STX synthesis are encoded in the nuclear genomes of 

dinoflagellates, such as A. fundyense. They sequenced > 1.2 x 106 mRNA transcripts from 2 STX 

producing A. fundyense and A. minutum. They reported that many STX-producing 

dinoflagellates contain the sxtA gene. They postulated that sxtA is related to STX synthesis. 

However, 3 strains of the non-toxic Alexandrium spp. have the sxt gene but they did not 

produce STX (Stuken et al., 2011). No data on sxtA expression level in various conditions was 

presented then or afterwards by others (see below). 

             Nevertheless, genomic studies such as the above do not provide conclusive information 

on the biosynthetic mechanism of PSTs. On the other hand, proteomic studies which 

investigate the difference in protein expression levels may serve as the stepping-stone to 

achieve this aim. Several toxic and non-toxic strains of A. minutum were analyzed by 2-

dimensional electrophoresis (2-DE). The 2-DE analysis revealed that 2 proteins (named T1 and 
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T2) and 4 others (NT1, NT2, NT3 and NT4) were differentially expressed in the toxic and non-

toxic strains respectively (Chan et al., 2005). Further, T1 was also found to be expressed in toxic 

A. tamarense irrespective to the toxin composition and geographical region (Chan et al., 2006). 

Protein identification by a combination of MALDI-TOF MS and N-terminal amino acid 

sequencing revealed the sequences of these proteins, showing that T1, NT1, NT2 and NT3 had 

very similar sequences and protein mass fingerprints (PMFs). These proteins only have several 

amino acids difference in the backbones of these proteins. Whether expression of these 

proteins is regulated by pre-translational or post-translational mechanisms are still inconclusive. 

Further, it should also be stressed that some subsequent studies on the non-toxic A. minutum 

questioned that this non-toxic strain of Alexandrium species is in fact not an A. minutum strain. 

 

1.10  Limitations on the Studies of PSTs Biosynthetic Mechanism 

Despite much effort, how PSTs are biosynthesized and regulated remains unknown. There are 

several reasons for the difficulty. Firstly, the most fundamental one is the large genome size of 

dinoflagellates. Cultured dinoflagellates have DNA content ranges from 5-200 pg DNA/cell (Lin, 

2006), while that of human is only about 3 pg DNA/cell. Sequencing of the whole dinoflagellate 

genome is currently too demanding financially. Secondly, there is currently no appropriate tools 

for genetic manipulations. Therefore, genetic manipulations, knock-down and/or knock-out of 

specific genes in dinoflagellates are not feasible. Thirdly, even if the cloning process is possible 

by targeting only to PSTs synthesizing genes, there is difficulty in finding an appropriate host 

which can produce PSTs. Fourthly, expression of the cloned genes would be another problem 

since abundant gene products (potent toxins in this case) would probably be toxic or even 

lethal to the host (Nagai and Thøgersen, 1987; Sharma, 1986; Weising et al., 1988). Fifthly, 

another difficulty is the lack of understanding of the order in which the precursors of toxins are 

assembled to the final toxic products. No intermediates and specific enzymes have been 

identified which would give clues to the mechanism. For example, saxitoxin N-sulfotransferase 

had been found in toxic G. catenatum, but non-toxic strain of the species and even shellfish also 

exhibits its activity (Oshima, 1995a). Our current understanding of the identities of the 

precursors (arginine, α-ketoglutarate, ornithine and acetate) (Shimizu et al., 1984) are not 
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sufficient for finding the toxin biosynthetic pathway. Sixthly, the variation in the toxin contents 

and also the toxin compositions within a population or between species posted another level of 

complication to the toxin production pathway. Although many dinoflagellates produce same 

kinds of toxins, their genes could vary largely because they could be products of different 

assortments of genes from their parents. This genetic diversity of the PSTs producing organisms 

further increases the difficulty of pinpointing the toxin synthesizing genes.  

             To circumvent some of the problems listed above, some researchers suggested that 

artificial mutation aimed to produce non-toxin producing dinoflagellates from toxin-producing 

dinoflagellates could be performed. Comparisons of these mutants with the wild type aiming to 

find PSTs biosynthetic genes would be easier. For example, toxic dinoflagellates will be allowed 

to grow under chemical or UV treatment to promote their mutagenesis aiming to produce non-

toxic mutants (Claudia et al., 2004; Omura et al., 2003). In this approach, problems relied on 

how to screen the toxic or non-toxic cells. Due to the randomness of mutations and also the 

large genome of dinoflagellates, a very high through-put method for screening the presence of 

intracellular PSTs is needed. Unfortunately, this technology is currently lacking. 

             Besides sifting through genetic mutational methodologies, transcriptomic and 

proteomic approaches were also used to find the PST biosynthetic genes. However, without the 

support of dinoflagellate genomic database, the mRNA as well as differentially expressed 

proteins found could not be accurately annotated. The contribution of these results in finding 

the PST biosynthetic pathway is not direct. On the other hand, mRNA found from comparative 

transcriptomics may undergo translationally regulation and thus not truly reflecting the final 

toxin-related product (Morse et al., 1989). Additionally, many proteins in dinoflagellates are 

unique, e.g. dinoflagellates form of Ribulose 1,5-bisphosphate carboxylase/oxygenase II 

(RuBisCO II) (Rowan et al., 1996b) and Nitrogen-associated protein-50 (NAP50) (Lee et al., 2009). 

Taken overall, study of dinoflagellates in the molecular biology level is at its infancy stage and 

much needed to be done.  
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1.11  Potential Studying Approaches of PSTs Biosynthesis in the Future 

Although the studies of dinoflagellates, particularly their toxigenicities, are limited in many 

ways, there are potential approaches for researches with newer enabling technologies. One of 

these new enabling technologies is the provision of second-generation high-throughput 

sequencing technique. The classical Sanger’s chain-termination method only generate 

comparatively small amount of DNA sequences. Although such method could now be improved 

to give 1-2 million base pairs (bp) sequences in one day, modern sequencing platforms with 

much greater output were introduced. 454 FLX system (Roche), SOLiD system (ABI) and SBS 

system (Illumina/Solexa) could attain a throughput with about 200 million bp per day 

(Strausberg et al., 2008); while Direct Linear Analysis (DLA) and Nanopore sequencing could 

even generate a human genome within 24 hours (Chan, 2005). With these platforms, 

generation of transcriptomes, if not genomes, of dinoflagellates will become feasible and 

possible. Recently, the expressed sequence tag (EST) of Symbiodinium, a species of 

dinoflagellate, has been completely sequenced by the University of California Merced (DOE 

Joint Genome Institute, 2009). Last year, with the aid of a 454 FLX system and prior knowledge 

of sxt1 gene cluster in cyanobacteria, Stüken and his team discovered several homologues of 

sxtA gene in the transcriptomes of two toxic species, Alexandrium fundyense and Alexandrium 

minutum (Stuken et al., 2011). Followed-up experiments using PCR techniques showed good 

agreement of the association of PSP toxigenicity and the presence of sxtA1 and A4 genes. 

However, both sxtA1 and A4 fragments were also found in the non-toxic strain of A. tamarense. 

Hence, the two gene fragments could not serve as clear-cut toxicity markers. Since the 

publication in 2011 by Stüken and his team about the sxtA1-4 genes, neither information on the 

corresponding proteins nor mRNA information is known. Successful verification of the functions 

of these genes is yet to be reported. Taken overall, despite the fact that there are different 

sources of PSTs production, including that from different genera of dinoflagellates and also 

certain types of cyanobacteria, it is reported that toxic cyanobacteria and dinoflagellates 

assembled a largely different set of enzymes for STX production (Hackett et al., 2012). 

Nonetheless, even if the sxtA gene is truly related to PST-production, only one gene discovery 

could not fully explain the whole PST-biosynthetic mechanism. Other types of enabling 
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technologies, e.g. the use of Isotope-coded affinity tag (ICAT) and isotope-coded-protein-

labeling (ICPL) coupled to liquid chromatography-matrix assisted laser desorption/ionization 

time-of-flight mass spectrometry (LC-MALDI-TOF-MS) could also provide a useful platform for 

comparative studies between  (1) protein expressions in toxic and non-toxic strains of PSTs 

producing dinoflagellates and (2) protein expressions of the same strain of dinoflagellates but in 

different PST-production conditions. Results of these studies may be used as biomarkers of 

toxicity and/or provide clues for the enzymes involved in the PST-production process. In this 

study, transcriptomic as well as proteomic approaches were used to study the PST-biosynthetic 

process. 
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Chapter 2     Aim and Objectives  

As elaborated in Chapter 1, the mechanism of PST biosynthetic pathway is not clear. It is 

envisioned that modern day proteomic technologies, with the support of transcriptomic data, 

could be used to find some of proteins involved in the PST biosynthetic pathway. Elucidation of 

some of these proteins will provide clues for further studies into the PST-biosynthetic pathway. 

 

2.1  Aim of the Study  

The primary aim of this study is to find proteins related to PSTs production in a model toxin-

producing dinoflagellate.  

 

2.2  Objectives 

a) Compare the toxin profiles in Alexandrium catenella and Gymnodinium catenatum (two 

species of PST-producing dinoflagellates) with respect to different growth phases. 

 

b) Study the effects of nitrate enrichment, nitrate reduction, phosphate reduction and 

exogenous arginine on toxin production in the 2 species of PST-producing dinoflagellates. 

 

c) (i) Between the 2 species of PSTs-producing dinoflagellates, select a strain in which an 

environmental condition that could induce the largest difference in amount of PST produced. 

(ii) Comparison of differentially expressed proteins between (1) the toxic strain of 

dinoflagellate selected and a non-toxic strain; (2) high and low PST producing conditions. 

 

d) Verification experiments to confirm or otherwise that some of the proteins found are related 

to PST production. 
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Chapter 3     General Materials and Methods 

3.1  Selection of Dinoflagellates in this Study 

It is known that three species of dinoflagellates are capable of producing PSTs. They belong to 3 

genera: Alexandrium, Gymnodinium and Pyrodinium. Pyrodinium is a dinoflagellate that occurs 

specifically in the Philippines and we have no access to it.  On the other hand, Gymnodinium sp. 

and Alexandrium spp. were found both locally and available from an algal research institute.  In 

our hands, we have more than 10 strains of Alexandrium spp. Among these Alexandrium, A. 

catenella was known to be a fast-growing strong PSTs producer and cause high toxicity 

worldwide (Hernández-Becerril et al., 2007; Kim et al., 1993; Nagai et al., 2006; Siu et al., 1997). 

In this study, the most toxic and fast-growing A. catenella was selected. In addition, non-toxic 

strain of A. catenella was also available from an algal research institute. Together with a 

selected toxic strain of A. catenella in our procession, these 2 strains served as the toxic and 

non-toxic pair for comparison and hence were chosen to be the subjects of this study. Other 

selected strains included a toxic Gymnodinium species and a non-toxic Alexandrium tamarense.  

 

3.2  Origin of the Dinoflagellates Used in this Study 

A toxic Alexandrium catenella (AC-T in this thesis) which was isolated in March 2009 from the 

Silver Mine Bay, Hong Kong, was found to have high toxicity and growth rate (see Chapter 4). 

Hence, it was selected for further study. The non-toxic strain of A. catenella (CS-319; AC-N in 

this thesis) was obtained from Australian National Algae Culture Collection (ANACC) and was 

isolated from ballast water of a ship “Gloden Crux” in Singapore by C. Bolch. Another non-toxic 

strain called Alexandrium tamarense (CCMP116; non-toxic; AT-N in this thesis) and a toxic strain 

of Gymnodinium catenatum (CCMP1937; GC-T in this thesis) were obtained from The Provasoli-

Guillard National Center for Culture of Marine Phytoplankton (CCMP), USA. The two 

dinoflagellates were collected from Ria de Vigo in Spain, by B. Jose Maria Navaz and R.V. Navaz 

respectively. 
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3.3  Growing Conditions of the Dinoflagellates 

All cultures of dinoflagellates were grown in a Versatile Environmental Test Chamber, Model 

MLR-350 (SANYO, Japan). The temperature and light intensity of the chamber was kept at 22oC 

and 7 µmole m-2s-1 respectively, under a 12:12 hours light:dark cycle. L1 medium prepared with 

Instant Ocean synthetic sea salts (Aquarium Systems, France) were used for growing all cultures. 

The ingredients are: 882 µM NaNO3 (Riedel-de Haën, Germany), 36.2 µM NaH2PO4 (Riedel-de 

Haën, Germany), 10 nM H2SeO3, 11.7 µM Na2EDTA (usb, USA), 11.7 µM FeCl3, 0.91 µM MnCl2, 

80 nM ZnSO4, 50 nM CoCl2, 10 nM CuSO4, 82.2 nM Na2MoO4, 10 nM NiSO4, 10 nM Na3VO4, 10 

nM K2CrO4, 296 nM thiamine (vitamin B1), 2.05 nM biotin (vitamin H) and 0.369 nM 

cyanocobalamin (vitamin B12). Unless stated, all chemicals were obtained from Sigma (USA). 

Stock cultures were kept at exponential growth phase by transferring to new medium in a ratio 

of 1:4 v/v within 2 to 3 week intervals. Experimental cultures were inoculated with vegetative 

cells from stock cultures at mid- or late-exponential phases after centrifugation at 360 x g for 5 

minutes. Concentrations of inoculums were examined and the experimental cultures were 

started with 1000 cells mL-1 by concentration and 500 mL by volume on Day 0. 

 

3.4  Cell Harvesting 

Numbers of cells in these cultures are counted before harvesting the cells. Cultures of 

dinoflagellates were harvested by centrifugation at 2700 x g for 5 minutes using a centrifuge 

(BEOCO, Germany) and 50-mL centrifuge tubes. Cell pellets were finally collected into a 1.7 mL 

microcentrifuge tube before being stored in -80oC for further use. 

 

3.5  Cell Counts, Monitoring of Growth Phases and Calculation of Specific Growth Rates 

Determination of algal density in the cultures was performed using the Sedgewick-Rafter 

counting chamber. 1 mL of algal culture, fixed with 10 µL of Lugol’s solution, was filled into the 

chamber and examined under light microscope. Specific growth rates are calculated using the 

following formula where N2 and N1 are the cell density in form of cell numbers per ml at their 

corresponding time point, t2 and t1, respectively: 

Specific Growth Rate = [ln(N2) – ln(N1)]/(t2 – t1) 
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3.6  Measurement of Cell Volume  

Cell volumes were estimated by measuring the dimensions of the algae and calculated with a 

method developed by Hillebrand for estimating cell volume of dinoflagellates (Hillebrand et al., 

1999). With bench-top light microscope (Leica, Germany) linked with external digital screen 

(Nikon, Japan), diameter (d) and height (h) of the cells were recorded and the cell volume (V) 

were calculated with the following formula: 

 

                

                                            
 

 
        

 

 

 

3.7  Extraction of DNA and PCR-based Identification 

Identities of the dinoflagellates being studied were confirmed by sequencing the ribosomal 

genes. 200 mL of dinoflagellate culture in exponential phase was harvested. Prior to PCR-based 

identification, cells were disrupted by warming at 72oC and DNA contents inside were extracted 

using a commercial kit called High Pure PCR Template Preparation Kit (Roche, Switzerland). PCR 

was performed with the genomic DNA obtained, targeting at the Internal Transcribed Spacer 

(ITS) region and the 5.8s ribosomal DNA. Primers used for amplifying the ITS region in 

Alexandrium spp. were ITSA and ITSB (Adachi et al., 1996). Primers used for the Gymnodinium 

spp. were self-designed by selecting the highly conserved nucleotide sequences outside the ITS 

region of different Gymnodinium species. Sequences of the oligonucleotides used were shown 

in Table 3.1. Amplification was performed by 35 cycles of 3 steps each cycle: denaturing (94oC; 

40s), annealing (50oC; 40s) and elongation (72oC; 60s), and ended with 72oC for a further 10 

minutes. Purified PCR products were cloned into pGEM-T easy vectors (Promega, USA). Cloned 

plasmids were extracted by a commercial kit called the QIAprep® Spin Miniprep Kit (QIAGEN, 

USA) and the DNA sequences obtained using Sanger method provided by commercial facilities. 
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Table 3.1. Primer sequences used for ribosomal gene identification 

Primers Targeting species Sequences 

Gym ITS f1 
Gymnodinium spp. 

5’  GCAGCGGAAAGTTTAGTGAACC  3’ 

Gym ITS r2 5’  CTKAGAACRYRTGCCGTRCACG  3’ 

ITS A 
Alexandrium spp. 

5’  CCGGATCCAAGCTTTCGTAACAAGGHTCCGTAGGT 3’ 

ITS B 5’  CCGGATCCGTCGACAKATGCTTAARTTCAGCRGG  3’ 

 

 

3.8  Performance of Protein Expression Profiles (PEPs)  

Protein expression profiles of exponential culture were obtained with a MALDI-TOF mass 

spectrometer, Autoflex III (Bruker, Germany). Harvested cells (around 1 million cells) suspended 

in 0.1 % trifluoroacetic acid (TFA) (Aldrich, USA) were first sonicated for 3 minutes with 15s/15s 

pulse intervals before centrifugation. After removing the debris by centrifugation, protein 

samples were cleaned up with C-18/C-4 zip tips (Millipore, USA) with 0.1 % TFA and eluted with 

0.1 % TFA with 50 % acetonitrile (Duksan, Korea). The samples were then mixed with matrix 

solution prepared by saturated sinapinic acid (SA) in elution buffer in the ratio of 1:1. The 

mixtures were then spotted onto MALDI-target plates called MTP AnchorChipTM (Bruker, 

Germany). Mass spectrometry was performed with linear mode at an accelerating voltage of 20 

kV and a 300 ns delay time. Spectrum of a sample ranged from m/z accuracy of 0.2 to 2 kDa was 

generated by summation of spectra from 2000 to 3000 laser shots of each sample. External 

calibration was performed simultaneously with Protein Calibration Standard I (Bruker, 

Germany).  

 

3.9  Neuroblastoma Toxicity Assay 

Toxicities of dinoflagellates samples were measured by functional cellular assay with the Neuro-

2A cell line (ATCC, USA). Cell toxicity was expressed as ρgSTXeq (saxitoxin equivalents) cell-1. 

Neuro-2A cell line was cultured using Minimum Essential Medium (MEM) (Gibco, USA) with 10 

% Fetal Bovine Serum (Gibco, USA) at 37 oC and in a humidified 5 % CO2 atmosphere. Toxicity 

assays were performed in a 96-well microtiter plate (Iwaki, Japan) with 2500 cells in each well. 

After cells were incubated overnight with a 5 % FBS MEM medium, extracted toxins and the STX 
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standards (NRC, Canada) were added. Followed by gently shaking, 10 mM ouabain (Sigma, USA) 

and 1 mM veratridine (Sigma, USA) were added. The two chemicals were used to induce 

influxing of Na+ ions into the cells which caused swelling and cell death. After another overnight 

incubation, cellular viabilities were measured by MTT assay kit (Promega, USA). Since PSTs 

could block the Na+ ion channel which cancel the effect of the drugs added, higher cell viability 

indicate more toxin was introduced into the cell. Toxicities of the dinoflagellate samples were 

then quantified with the aid of a standard curve constructed with different amounts of STX. 

 

3.10  Extraction of Toxins from Samples and its Analysis 

Toxin levels in the dinoflagellate samples were analyzed by a UPLC system (Waters, USA) 

coupled with pre-column oxidation method developed previously (Lawrence et al., 1996). 

Endogenous toxins in samples were first extracted with 1 mL portions of 0.05 M acetic acid 

(International Laboratory, USA) prior to sonication (3 minutes in total with 15s/15s pulse 

intervals). The samples were then centrifuged at 15000 x g for 5 minutes. Debris were removed 

and the supernatants were then stored under -20oC before use. Separation and quantification 

of PSTs were achieved by performing reversed phase UPLC with a 2.1 X 100 mm HSS T3 column 

(Waters, USA). Prior to injection into the UPLC system for separation and quantification, the 

samples were divided into 2 portions and each portion oxidized with one of two different 

oxidation methods. Samples intended to measure its contents of STX, dcSTX, GTX2+3, GTX5 and 

C1+2 were analyzed with 2-minute oxidation by 10 % hydrogen peroxide solution in 1 M sodium 

hydroxide (Riedel-de Haën, Germany) before being stopped by 5 % acetic acid (VWR, USA). NEO 

and GTX1+4 were analyzed with 1-minute oxidation with periodate oxidant prepared with 0.1 

M periodic acid (Aldrich, USA), 0.1 M ammonium formate (Sigma, USA) and 0.1 M sodium 

phosphate dibasic (Riedel-de Haën, Germany) before being stopped by 7 % acetic acid. After 

the reaction, the oxidized toxin solutions were filtered into sample vials with 0.2 µm PTFE 

syringe filters (Waters, USA). Two mobile phases were used for the UPLC analyses: 0.1 M 

ammonium formate (pH 6.0, buffer A) and 0.1M ammonium formate with 5 % acetonitrile (pH 

6.0, buffer B). Flow rate was kept at 0.5 mL/minute and column temperature was kept at 35oC. 

The gradient program was divided into 3 steps with different ratios of buffer A to buffer B: 95:5 
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from the 0 to 2.5 minutes, 70:30 from the 2.5 to 5 minutes and 100:0 from the 5 to 6 minutes. 

Separated toxins were detected by fluorometer with λex 340 nm and λem 395 nm. Peak areas 

in the UPLC chromatograms were measured and the amounts of cellular toxins were quantified 

with the standard curves. 

 

3.11  Extraction of Free Cellular Arginine in the Dinoflagellates and Its Analysis 

Harvested cells were disrupted by sonication with about 200 µL of water. After centrifugation at 

15000 x g for 5 minutes, supernatants of the cell lysates were then mixed with 10 % 

sulfosalicylic acid (SSA).The solution was allowed to cool to 4oC. Followed by one-hour 

incubation, protein precipitates was removed after another centrifugation for 5 minutes at 

15000 x g. The amino acid solution was then filtered with a 0.2 µm syringe filter (Iwaki, Japan) 

and the filtrate dropped into sample vials for amino acid quantification. Measurement of the 

amount of arginine present was performed by injection into an amino acid analyzer (Biochrom-

30 from Biochrom , UK). On occasions that proteolysis of the intracellular proteins should be 

avoided, protease inhibitors cocktails (Sigma, USA) were added to the samples before 

sonication to prevent proteases degradation. 

 

3.12  Extraction of Proteins  

Proteins were extracted from the harvested cells with the use of Trizol (Roche, Switzerland). 

Protocol of the extraction procedure was optimized for sample preparation of dinoflagellates 

for 2-dimensional gel electrophoresis. Briefly, about 1X 106 cells in one single microcentrifuge 

tube was added with 300 µL Trizol reagent. Cell breakage was performed by totally 3 minutes of 

sonication with brief 15 seconds pulses on ice. After making up the volume to 1 mL by Trizol 

reagent, the cell lysate was further added with 200 µL of chloroform (International Laboratory, 

USA). The mixture was then subjected to vigorous shaking for 15 seconds. Afterwards, the 

mixture was allowed to stand for several minutes before being centrifuged at 12000 x g for 15 

minutes. Subsequently, the upper pale-yellow layer and the inter-layer pellets were discarded 

before mixing with 300 µL of 96 % ethanol (International Laboratory, USA) to the lower layer. 

After standing in room temperature for several minutes, another centrifugation at 3000 x g for 



56 

 

6 minutes was performed. 1.2 mL of isopropanol (International Laboratory, USA) was mixed 

with the supernatant in a new 2 mL microcentrifuge tube by inverting the tube up and down. 

Proteins in the mixture were precipitated after several hours in room temperature. Followed by 

centrifugation at 14000 x g for 10 minutes, the protein pellet was washed with 96 % ethanol 

and allowed to air dried. Depending on the amounts of the protein pellets, various amounts of 

lysis buffer were added to solubilize the pellets under room temperature and overnight. Finally, 

the protein solution was removed from the insoluble substances and stored in -20oC until 

further studies. 

 

3.13  Determination of Protein Concentration 

The amounts of extracted proteins were quantified by a modified Bradford protein assay using 

a commercially available Bradford reagent from Bio-Rad (USA) (Ramagli and Rodriguez, 1985). 

The protein samples in 10 μL of lysis buffer were diluted into 800 μL of distilled water before 

mixing with 200 μL of Bradford reagent. After standing for 5 minutes in room temperature, 

absorbance of the mixture in 595 m was measured and the amount of proteins quantified by a 

standard curve constructed with known amounts of proteins. 10 μL of lysis buffer that contains 

light absorbing urea should be used as the control solution. 
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Chapter 4     Background Examination and Toxigenicity Measurements on the PSTs-producing 

and non-PSTs-producing dinoflagellates 

4.1  Introduction 

In this thesis, as elaborated in Chapter 2, the ultimate aim is to understand the mechanism of 

PST-biosynthesis in dinoflagellates. Since we need to compare protein expression between the 

toxic and non-toxic strains in one set of experiment, it is important to ascertain identities of the 

Alexandrium spp. under investigation. Identification of dinoflagellates by morphological 

characteristics is not accurate as many morphospecies of the Alexandrium 

catenella/fundyense/tamarense complex have very similar morphological characteristics. 

Besides possible laboratory artifacts that may be generated during the various steps of sample 

preparation, a significant amount of technical expertise as well as subjective judgment are 

required for the morphology-based identification method. For the species that we have, the 

Alexandrium catenella and Gymnodinium catenatum are known to be toxic. However, it is 

uncommon that CS-319 (a dinoflagellate classified as Alexandrium catenella taxonomically by 

ANACC) is reported as non-toxic. DNA-based morphologies seem to be more dependable. 

Litaker (2007) reported that the Internal Transcribed Spacer (ITS) region of ribosomal-DNA 

(rDNA) is highly conserved at species level and could serve as the “DNA barcode” for 

identification of dinoflagellates. With the aid of universal primers and self-designed primers 

listed in Table 3.1, the ITS1-5.8S-ITS2 rDNA sequences had been amplified and sequenced. For 

ease of presentation, strain codes GC-T, AC-T, AC-N and AT-N were used to represent toxic 

Gymnodinium catenatum (CCMP1937), Hong Kong isolated toxic Alexandrium catenella, non-

toxic Alexandrium catenella (CS-319) and non-toxic Alexandrium tamarense (CCMP116) 

respectively.  

             Further, other background information of the several strains under investigations was 

also studied in order to build a strong foundation for the eventual proteomic comparison at the 

end. 
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4.2  Materials and Methods 

Unless specified, all the materials and methods were described in Chapter 3 already. 

 

4.3  Results and Discussion 

4.3.1  DNA-based Identification 

Figure 4.1 showed the alignment results of the complete sequence of ITS1-5.8S-ITS2 region of 

the selected strain of Gymnodinium catenatum (GC-T) with other strains of G. catenatum in the 

GenBank database. Sequence of the selected strain of GC-T matches submitted for alignment 

matched exactly as that of CS-309/03 (FJ823541), CSIC744 (AM998536) and GC53AM 

(AY506591); and only with a difference of 4 nucleotides to the other strains (AF208247). 

Therefore, GC-T is confirmed as Gymnodinium catenatum. 

             Figure 4.2 showed alignment of the complete sequences of ITS1-5.8S-ITS2 region of the 

selected strains of Alexandrium catenella (AC-T and AC-N) with other strains of A. catenella in 

the GenBank database. Sequence of the selected strain matched with high homogeneity to 

other A. catenella sequences including that of A4 (GU477599), ACDH (EF030049), MI7 

(AB006990) and ACATC2 (AJ580317). Therefore, the identities of AC-T and AC-N are confirmed. 

             Figure 4.3 showed alignment of the complete sequence of ITS1-5.8S-ITS2 region of the 

selected strain of Alexandrium tamarense (AT-N) with other strains of A. tamarense in the 

GenBank database. Sequence of the selected strain matched exactly as that of other stains of A. 

tamarense, including that of IEO-PE1V (AJ514908) and CCMP2022 (HM483849). There is only 

one nucleotide difference to WKS-1 (AB006991). Therefore AT-N in our collection is confirmed 

as A. tamarense. 
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Figure 4.1. Alignment of the complete sequence of ITS1-5.8S-ITS2 region of the selected strain of Gymnodinium catenatum (GC-T; highlighted 

in red boxes) with other strains of G. catenatum in the GenBank database. The sequence of GC-T submitted matched exactly that of the other 

Gymnodinium catenatum strains filed in the database, including that of CS-309/03 (FJ823541), CSIC744 (AM998536) and GC53AM (AY506591). 

There is only a difference of 4 to that of another strain (AF208247). 
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Figure 4.2. Alignment of the complete sequences of ITS1-5.8S-ITS2 region of the selected strains of Alexandrium catenella (AC-T and AC-N; 
highlighted in red and blue boxes respectively) with that of the other strains of A. catenella in the GenBank database. The sequence submitted 
matched with that of known A. catenella strains in the database with high homogeneity. The strains matched are A4 (GU477599), ACDH 
(EF030049), MI7 (AB006990) and ACATC2 (AJ580317). 
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Figure 4.3. Alignment of the complete sequence of ITS1-5.8S-ITS2 region of the strain of Alexandrium tamarense (AT-N; highlighted in red boxes) 
in our hands with that of other strains of A. tamarense in the GenBank database. The sequence of the selected strain submitted by us matched 
exactly with those of A. tamarense in the database, including that of IEO-PE1V (AJ514908) and CCMP2022 (HM483849). There is only one 
nucleotide difference to WKS-1 (AB006991). 
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As it is easy to confuse the identity between A. catenella and A. tamarense when examining 

their morphological characteristics, DNA sequences in the ITS regions of the several species of 

dinoflagellates in the present study were compared to each other. Figure 4.4 showed the 

results of alignment of the ITS sequences. Homologies of the sequences are summarized in 

Figure 4.5 below. GC-T has the lowest similarity (around 45%) to the other species as it is in a 

different genus. AC-T and AC-N have 97% similarity, showing that their ITS sequences were 

quite similar. Being under the same genus level, the inter-species similarity of the ITS sequences 

of AT-N to AC-T and AC-N are down to 82% and 81% respectively (Figure 4.5). 

 

 

Figure 4.4. Alignment of the complete DNA sequences of ITS1-5.8S-ITS2 regions of the 4 dinoflagellates 

in the present study. 
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Figure 4.5. Percentage similarities of the complete DNA sequence of ITS1-5.8S-ITS2 regions among the 4 

dinoflagellates in the present study. Inter-genus homology was about 44-45%. Inter-species homology 

was 81-82%. Intra-species homology was 97%. 

 

 

 
GC-T AT-N AC-N 

AC-T 44 % 82 % 97 % 

AC-N 45 % 81 % 
 

AT-N 45 % 
  

 

 

4.3.2  Protein Expression Profiles (PEPs) 

In addition to the molecular approach for identification of dinoflagellates, our group previously 

developed a fast identification method for dinoflagellates using the matrix-assisted laser 

desorption/ionization time-of-flight (MALDI-TOF) mass spectrometry down to species level (Lee 

et al., 2008). This methodology utilized the characteristics that each strain of dinoflagellates 

(and organisms in that respect) will have a unique set of proteins in its body and documentation 

of these proteins (in the form of protein-expression-profiles, PEPs) will serve as a mean of 

identification. In the previous work, we showed that dinoflagellates of different species can be 

distinguished from each other and sometimes the identification can be down to sub-species 

level (Lee et al., 2008). In this thesis, with the 3 Alexandrium species and Gymnodinium species, 

protein expression profiles (PEPs) of these species were documented. It is intended to show 

that PEPs of different species would be different while PEPs of same species would be similar 

but each with some unique peaks of their own. Figure 4.6 shows that PEPs of the exponential 

cultures of the 4 dinoflagellates under investigation. It was found that dinoflagellates of 

different species have different patterns of PEPs. PEP of GC-T, in particular, is very different 

from that of the other dinoflagellates. Difference in PEPs exists when AT-N is compared to that 

of either AC-T or AC-N. Hence, it can be taken that AT-N in our hands is a different species when 
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compared to AC-T and AC-N. On the other hand, the PEPs of AC-T and AC-N are similar to each 

other, sharing some major peaks (3048 m/z, 3236 m/z and 3763 m/z). The results provide 

further confirmation about the similarities and difference of abundant proteins of AC-T, AC-N 

and AT-N. 

 
Figure 4.6. Protein expression profiles (PEPs) of AT-N, GC-T, AC-N and AC-T. The mass spectra were 

calibrated both externally and internally. Different patterns were shown by different species. There is 

high similarity between the two species of A. catenella (AC-T and AC-N).  

 

 

4.3.3  Growth Cycles 

It was reported that toxin synthesis was at its highest rate during the more metabolically active 

phase (Anderson et al., 1990a; Boyer et al., 1987; Hamasaki et al., 2001). Therefore, it will be of 

interest to document the different stages of growth especially the exponential phases of the 

dinoflagellates being studied. Growth curves were constructed by documenting the cell 

densities at 2 to 3-days intervals. Figure 4.7 shows the growth curves of the studied 
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dinoflagellates in a single scale. (For individual curve, see Appendix A1-4.) All 4 curves have 

similar patterns of typical growth curve which have a general trend of 4 different growth phases.  

             Cultures were first started, there were a few days of lag phase for adaptation. 

Alexandrium spp. (AC-T, AC-N and AT-N) were found to have a shorter period (2 days) of lag 

phase when compared to Gymnodinium species. (GC-T) (5 days). Further, a little drop of cell 

density was found from GC-T in this phase. This may due to the fact that the algal cells were 

weakened by the centrifugal forces used for harvesting and before culturing as Gymnodinium 

species was not armored by strong theca and so it exhibited a longer adaptation period. 

             After days of adaptation, the cultures entered the exponential (log) phase. During this 

phase, the cells started to divide in high rates until they reached a stage of maximum cell 

density. Specific growth rates of exponential growth are listed in Table 4.1. The exponential 

growths of the 4 dinoflagellates were different. GC-T had the longest exponential phase but 

with a lowest growth rates (0.08 day-1). AC-T and AC-N had a similar exponential growth from 

day 2-25. Both the specific growth rates were 0.12 day-1. However, the toxic species (AC-T) has 

a further longer exponential growth for about 9 days. AT-N has the shortest exponential growth 

that stopped at day 10. Siu et al. (2007) reported that the mean growth rate of A. catenella 

under 25oC was 0.28 day-1 and another study reported the growth rate of G. catenatum at the 

same temperature ranged from 0.12–0.17 day-1 in its exponential phase (Oh et al., 2002). In the 

present study, the specific growth rates were found to be less than that from the literature. 

Such deviation may be due to the different growth conditions employed, including light 

intensity, salinity and ingredients in the seawater used. For comparison purposes, experiments 

used cultures in the exponential phases were chosen as Day 18-20 for GC-T, AC-T and AC-N, and 

Day 8 for AT-N.  

Table 4.1. Specific growth rates of exponential growth of the various dinoflagellates studied. 

Species [day-1]  
  GC-T   0.08 

  AC-T   0.12 

  AC-N   0.12 

  AT-N   0.24 
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Figure 4.7. Growth curves of the 4 dinoflagellates being studied. Log phases of the species are 

indicated. GC-T had the longest log phase but the lowest log growth rate. AC-T had the highest 

maximum cell density among the species. Both the maximum cell density and the length of log phase 

are lowest and shortest for AT-N (Bars indicate + S.D. of triplicates). 

  
 

             After reaching the maximum cell densities, the cultures began the stationary phases and 

eventually into the decline phases. AC-T has the highest maximum cell density (26000 cells/mL) 

among the 4 species, while the non-toxic strain (AC-N) has about 20000 cells/mL. GC-T and AT-

N have a relatively low maximum cell density that are about 13300 cells/mL and 8500 cells/mL 

respectively. Many factors may be involved for affecting the maximum cell densities and the 

starting of stationary and decline phase. Limiting conditions of various essential nutrients and 

the presence of associated bacteria could also affect the rates of growth of dinoflagellates 

(Uribe and Espejo, 2003). 
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4.3.4  Neuroblastoma Toxicity Assay 

Toxicity of dinoflagellates could simply be estimated through the summing up the STX 

equivalents of different PSTs with their contents in the samples. In the present study, toxicity of 

the two toxic dinoflagellates was analyzed with an established neuroblastoma assay. Such 

functional assay expressed the toxicity in terms of pgSTX equivalent per cell (pgSTXeq/cell) with 

the aid of standard curves (Appendix A5). Table 4.2 shows the results of toxicity assay of GC-T 

and AC-T at their exponential phases (Day 18). GC-T was shown to be highly toxic, which is 

about 35 folds of AC-T.  However, for the non-toxic dinoflagellates, toxicity was almost zero in 

the neuroblastoma assay, as illustrated by AT-N. Nonetheless, it should be stressed that this 

neuroblastoma assay is a functional assay but the various components of the PSTs that make up 

the total toxicity is unknown. Therefore, a UPLC-based toxicity profile assay is established to 

document toxicity profiles of the toxic dinoflagellates studied in this thesis. 

 

Table 4.2. Results of neuroblastoma toxicity assay (± S.D. of triplicates). GC-T was 

found to be highly toxic, compared to AC-T. Toxicity of AT-N was almost zero. 

Species  Toxigenicity  Cellular Toxicity (pgSTXeq/cell)  

GC-T  
  Toxic  

57.1 ± 17.7  

AC-T  1.64 ± 0.58 

AT-N    Non-toxic  ≈ 0 (7.2 X 106)  

 

 

4.3.5  Measurement of Cell Volume 

UPLC-based toxin profile measurement is a measure of toxigenicity and it is generally expressed 

as a measured toxin amount against the cell number (Flynn et al., 1994; Leong et al., 2004; Lim 

et al., 2009; Wang et al., 2006). However, the reliance of cell number ignores the fact that 

different dinoflagellates could have different cell sizes. Cellular toxin content may not be 

enough to truly reflect the toxin production rate (see section 4.3.6 below). Further, cell volume 

could be affected by other environmental factors including temperature and light. Taking cell 

volume into account, toxin production of dinoflagellates in different sizes could be compared 
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on the same basis. Figure 4.8 shows the cell dimension measurements of the 4 dinoflagellates 

under light microscope. Using the formula mentioned in the previous chapter, cell volume were 

calculated and listed in Table 4.3. GC-T were found to have the largest cell size (24.3 X 103 μm3), 

which were about 3 folds of AC-T and AC-N. This may provide a possible reason for the low 

growth rate of GC-T. When compared to the Alexandrium species, GC-T needs more nutrients 

for building up the cell volume and hence less was available for cell division. There is no change 

of cell volume in different growth phases of any individual species. 

 

  Figure 4.8. Microscopic images and cell diameters of  (a) GC-T; (b) AC-T; (c) AC-N and (d) AT-N. 

  

  Table 4.3. Average cell volumes (in 103 μm3 ± S.D.; n=6) of the 4 dinoflagellates at their log phases. 

Species  Cell volume (X 103 μm3)  

Gymnodinium catenatum (GC-T)  24.3 ± 3.8  

Toxic Alexandrium catenella (AC-T)  8.4 ± 1.6  

Non-toxic Alexandrium catenella (AC-N)  7.8 ± 2.1  

Alexandrium tamarense (AT-N)  15.5 ± 2.2  
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4.3.6  Toxin Profiles 

Toxins contents were analyzed through the UPLC system with pre-column oxidation methods 

adopted by Lawrence (1996). As shown from the spectra in Figure 4.9-4.10, various paralytic 

shellfish toxins (PSTs) were identified with their corresponding retention time of the standards. 

And the toxin amounts of the dinoflagellates samples were quantified according to the 

standard curves (Appendix A6).  

Figure 4.9. (a) Spectrum of standards of GTX1,4 and NEO, using the periodate oxidation method. (b) 

Spectrum of dinoflagellates samples (Day 18 sample of AC-T). PSTs peaks were identified according to 

the corresponding retention time in the standards. 
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Figure 4.10. (a) Spectra of PST standards, including that of dcGTX2,3, C1,2, dcSTX, GTX2,3, GTX5 and STX, 

using the peroxide oxidation method. (b) Spectrum of a sample of Day 18 of AC-T. PSTs peaks were 

identified according to the corresponding retention times in the chromatograms of the standards. 
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Several sampling time points were taken at different growth phases of the 

dinoflagellates studied. Figures 4.11-4.13 showed the toxin profiles of the 4 species in terms of 

cellular toxin content (fmol/cell) against different growth phases. Cellular toxin content was the 

sum of number of moles of different PSTs in the sample. As shown in Figure 4.11, the toxin 

contents were about 28-43 fmol/cell. No significant difference (p≈0.43) was found between 

different phases of growth cycles (Appendix A7). Previously, it was suggested that the total 

toxin contents of different strains of G. catenatum were about 0.2-0.6 pmol/cell, which is larger 

than the results of the present study (Band-Schmidt et al., 2006). It should be noted that 

different strains were used in this study and this may account for the difference seen. Another 

possible reason is the difference in culturing temperature. In the present study, the 

temperature for cultivation was set at 25oC, while it was at 20oC in the study by Band-Schmidt’s 

group. Such difference could lead to different toxin production rates as it is known that low 

temperature could increase toxin content per cell in the case of G. catenatum and A. catenella 

whereas a decreased trend of the growth rate was seen (Ogata et al., 1989).  It should also be 

noted that post-column derivatization of PSTs was used in the study by Band-Schmidt’s group, 

and it is different from pre-column oxidation method used in the present study. 

 

Figure 4.11. Cellular toxin content (fmol/cell) of GC-T at different growth phases (Day 2, 8, 18, 38 and 

58). Cellular content was kept within the range of 28-43 fmol/cell thought out the growth cycle. (Bars 

indicate ± S.D. of triplicates) 
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Different from GC-T, the toxin content of AC-T was higher in the exponential phase, 

compared to the decline phase (Figure 4.12). The cellular toxin content was around 3 fmol/cell 

in the exponential phase. Like GC-T, the toxin content of AC-T was found to be less than that 

from the literature. For example, the toxin content of several strains of A. catenella isolated 

from the Southeast China Sea had a toxin level of about 30 fmol/cell (Wang et al., 2006). The 

same explanations could be applied for the AC-T that variation of toxigenicities exists between 

different strains. The growing temperature was lower and post-column derivatization was used 

in the experiment by Wang and coworkers. Figure 4.13 (a) and (b) shows the toxin profiles of 

AC-N and AT-N. Being as non-toxic species, no PST was detected at any growth phases. 

 

Figure 4.12. Cellular toxin content (fmol/cell) of AC-T at different growth phases (Day 8, 18, 38 and 58). 

Cellular content has a decreasing trend when culture went from log phase to decline phase. (Bars 

indicate ± S.D. of triplicates) 

 
 

 

 

The toxin profiles of the 4 species were combined into a single figure (Figure 4.14). 

Cellular toxin content in GC-T was almost 10 times higher than that of AC-T. As mentioned 

above, comparison in toxigenicity could not be made solely with reference to the cell numbers. 

By averaging the toxin content with cell volume, the amounts of toxin were expressed as 
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cellular toxin concentration (mM) in Figure 4.15. Cellular toxin concentration of GC-T was 

ranged from around 1.1-1.8 mM, while AC-T was ranged from 0.2-0.4 mM. The results showed 

that GC-T had a higher ability to produce toxins than that of AC-T.   

 

Figure 4.13. (a) Cellular toxin content (fmol/cell) of AC-N at different growth phases (Day 8, 18 and 38). 

(b) Cellular toxin content (fmol/cell) of AT-N at different growth phases (Day 2, 8, 18 and 24). No PST 

was detected from both species at any growth phases. 

 
 

 

 

Figure 4.14. Cellular toxin contents (fmol/cell) of the 4 dinoflagellates studied. GC-T has about 10 times 

more PSTs per cell than that of AC-T. AC-N and AT-N show no toxin (Bars indicate ± S.D. of triplicates). 
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Figure 4.15. Cellular toxin concentrations (mM) of the 4 dinoflagellates studied. It can be seen that GC-T 

has more concentrated PST per cell than AC-T. AC-N and AT-N did not have any PST. 

 

 
 

 

 

Beside the total toxin content, toxin composition was also studied among different 

growth phases. Figures 4.16 and 4.17 showed the toxin compositions of GC-T and AC-T 

respectively. For GC-T, the most abundant PST was NEO and GTX1 and GTX4, composing at 

least half of the total toxins. While for AC-T, the main toxin was C toxins. Some groups reported 

that the toxin compositions were constant with different growth phases and changed very little 

even under changes in the immediate environment (Ogata et al., 1987; Parkhill and Cembella, 

1999; Usup et al., 1994). Toxin composition profile of AC-T showed similar characteristics. C 

toxins are always at around 70-80% of the total toxins. Such composition was also found in the 

Alexandrium isolates from South China Sea reported by Wang’s group (2006). The similarity in 

toxin compositions in these two studies may due to the same source of geographical region as 

it was reported that toxin composition of dinoflagellate correlated with geographical locations 

in which the dinoflagellate come from (Cembella, 1998). 
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Figure 4.16. Cellular contents of different PSTs of GC-T at different growth phases. GTX1,4 and NEO 

composed of at least half of the total toxin content (Bars indicate ± S.D. of triplicates). 

 

 

 

 

 

Figure 4.17. Cellular contents of different PSTs of AC-T at different growth phases. C toxins dominated 

the profile with a 70-80% content (Bars indicate ± S.D. of triplicates). 

 

 



77 

 

4.3.7  Endogenous Arginine Assay 

In cyanobacteria, arginine is known to be the precursor of PST. Two arginine molecules are 

involved in synthesizing one saxitoxin molecule. To further study the relationship between 

arginine and PSTs production, levels of endogenous free arginine of the dinoflagellates were 

assayed with the aid of an amino acid analyzer using established methodology (Brief 

methodology had been included in Chapter 3). Arginine content was measured as the peak area 

relative to the standard. To ensure the amount of arginine measured was not interfered by 

intracellular protease activities, the need of the protease inhibitors was examined. A flask of 

dinoflagellates culture was harvested into two aliquots. Except the addition of a cocktail of 

protease inhibitors prior to sonication for cell breakage, sample preparation and arginine 

assessments of the two aliquots were performed with the same protocol as well as the same 

run. Figure 4.18 showed the difference of the readings between these two aliquots, indicating 

the importance of the use of protease inhibitors. Without the addition of protease inhibitor, the 

reading was nearly 10 times more than that of the aliquot with protease inhibitors. The results 

shows that the actual levels of intracellular free arginine could be exaggerated by the extra 

arginine released from the intracellular protease activities. To control artifactual generation of 

arginine, protease inhibitors were added in the experiment thereafter. 

 

Figure 4.18. Amino acid analyzer chromatograms of the same flask of culture (GC-T) (a) with the addition 

of a cocktail of protease inhibitors and (b) without the use of the protease inhibitors. Arginine levels 

were exaggerated 10 times more if no protease inhibitor was added prior cell disruption. 
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Endogenous levels of arginine in GC-T, AC-T and AT-N were accessed at the toxin 

sampling time points (Arginine content of AC-N was not accessed due to the failure of the 

machine afterwards). Its relationship to growth and also toxin content were studied. Figure 

4.19 showed the endogenous free arginine content of GC-T at different growth phases. It was 

found that the arginine content was high, around 230 fmol/cell, during the lag phase and 

decline phases. On the other hand, the arginine content in exponential phase was significantly 

lower, around 25-110 fmol/cell. For AC-T shown in Figure 4.20, free arginine content of AC-T 

was high in lag phase, over 45 fmol/cell. This level was lowered during exponential growth 

phase to around 15-24 fmol/cell. The arginine content then increased back to 45 fmol/cell in 

the stationary phase before dropped back to a low level of 10 fmol/cell in the decline phase. 

Similar pattern of variations of the arginine levels had been reported in Alexandrium sp. by 

Anderson’s group (1990). My results in the present study indicated that such variation pattern 

could also be seen in Gymnodinium sp. It was suggested that metabolism was active during 

exponential phases as there are high rates of protein synthesis and other cellular process that 

consume arginine. Therefore, the cellular free arginine level was lowered in the exponential 

phase. On the other hand, these processes were inactive in the lag phase and 

stationary/decline phase and so cause the accumulation of free arginine. No conclusion to be 

made about the last drop of arginine content in AC-T. 
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Figure 4.19. Endogenous free arginine content in GC-T at different growth phases. A concave pattern 

was seen. Arginine level was at low level during the exponential phase (Bars indicate ± S.D. of triplicates). 

 

 

 

 

 

Figure 4.20. Endogenous free arginine level in AC-T at different growth phases. A concave pattern was 

seen in the lag- to exponential- to stationary phases. There is a drop of arginine content in the decline 

phase (Bars indicate ± S.D. of triplicates). 
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Anderson’s and coworkers also suggested that the concave pattern of the arginine levels 

mirrored the convex pattern of cellular toxin content of the Alexandrium sp. because arginine 

was used in synthesizing toxins. Such relationship was not found in either GC-T or AC-T in the 

present study. Figures 4.21 and 4.22 showed the relationship between endogenous free 

arginine content and cellular toxin content of GC-T and AC-T respectively. As mentioned before, 

there is no significant change of cellular toxin content in different growth phases of GC-T. At the 

same time, there is neither conserved nor inversed pattern to the free arginine content. For AC-

T, the toxin content decreased from exponential to decline phase; while the arginine content 

was low in the exponential and decline phases but high in stationary phase. The fact that no 

converse or inverse pattern to toxin content was found indicate that there is no simple dose-

dependent relationship between the amounts of endogenous arginine of toxic dinoflagellates 

with their PSTs contents. Since other cellular processes including protein synthesis also need 

arginine, the consumption rate of arginine for PST production could not been simply reflected 

by accessing the free arginine content in the cells. More intensive controlled experiments are 

needed for further investigation of the relationship. 

 

 

Figure 4.21. Endogenous free arginine content and cellular toxin content at different sampling time 

point (Day 2, 8, 18, 38 and 58) of GC-T (Bars indicate ± S.D. of triplicates). 
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Figure 4.22. Endogenous free arginine content and cellular toxin content at different sampling time 

points (Day 2 (Arginine only); Day 8, 18, 38 and 58) of AC-T (Bars indicate ± S.D. of triplicates). 

 

 

 

 

 

Comparing the endogenous arginine contents between GC-T and AC-T, the level of free 

arginine in GC-T in terms of fmol/cell was much higher than that of AC-T. It is because GC-T has 

a larger cell volume which could store more arginine. Considering the difference in cell volume, 

comparison of arginine contents of the 3 toxic dinoflagellates in terms of molar concentration 

was shown in Figure 4.23. Arginine contents of GC-T and AC-T varied between 1-9.7 mM and 

1.2-6.7 mM respectively. No significant difference (p≈0.19) was found between these two set of 

variations. Free arginine content of the non-toxic dinoflagellate AT-N was also assessed in the 

same way and it varied from 0.8 to 3.6 mM. This level is comparable to that of the toxic species. 

In the present study, no significant difference of endogenous arginine levels was found among 

PSTs producing and non-PSTs producing dinoflagellates. Toxin production theoretically should 

lead to higher consumption rate of arginine in the toxic species than the non-toxic species. 

Whether toxic PST-producing dinoflagellates produce more free arginine to support toxin 

production is not clear. If all dinoflagellates produce the same amount of arginine, my results 

did not support the notion that arginine is involved in the biosynthesize of PSTs in 
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dinoflagellates. It is also possible that the dinoflagellates are able to maintain the free arginine 

amount at equilibrium levels despite using some arginine to produce PSTs. Further study is 

needed to investigate the assimilation of intracellular free arginine and its relationship to toxin 

production.  

             A higher amount of intracellular free arginine level than my AC-T and AT-N and at about 

7.2 mM in the exponential phase of another toxic Alexandrium sp. was reported earlier (John 

and Flynn, 1999). The difference may due to a different species being studied or the earlier 

study did not control intracellular protease activities with protease inhibitors when they broke 

the cells.  

 

 

Figure 4.23. Endogenous arginine concentrations (mM) of GC-T, AC-T and AT-N. The free arginine levels 

of the three species being studied were not significantly different from each other. 
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4.4  Summary 

Two toxic species of dinoflagellates GC-T and AC-T and 2 non-toxic ones AC-N and AT-N were 

studied and they were positively identified through their rDNA sequences in the ITS1-5.8S-ITS2 

region. The intra-species homology of the ribosomal gene sequence was 97%; the inter-species 

homology was 81-82% and the inter-genus homology was 44-45%. Background information of 

these 4 species was collected in this chapter. Protein expression profiles were shown to be 

species specific and the same species (AC-T and AC-N) shared the same major peaks and could 

act as protein fingerprints for differentiation of the identities between two species. Growth 

rates were measured and different growth phases could be established. Cell volumes of the 

dinoflagellates were measured and it was found that GC-T had the largest cell size while AC-T 

and AC-N are similar in size to each other. Toxin profiles at different growth phases were also 

documented. Cellular toxin content of GC-T was kept constant throughout the whole growth 

cycle. The cellular toxin content of AC-T was found to be highest during exponential phase. No 

PST was found in AC-N and AT-N. GC-T was shown to be more toxic than AC-T, not only because 

of its larger cell size for toxin accumulation, but also having higher cellular toxin concentration 

and higher cellular toxicity. C toxins were the dominant PSTs of AC-T. Endogenous free arginine 

was measured but it is necessary to add protease inhibitors to stop intracellular protease 

activities during cell disruption. Endogenous free arginine was found to be at low level during 

exponential growth but relatively high in lag and stationary-decline phases. Amounts of 

endogenous arginine of the toxic and non-toxic dinoflagellates are similar. In my study, the 

relationship between endogenous arginine and toxin level is yet to be established in 

dinoflagellates. 
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Chapter 5     Effects of Nitrate Enrichment as well as Limitation, Phosphate Limitation and 

Exogenous Arginine on Toxin Production of PSTs-producing Dinoflagellates 

5.1  Introduction 

The mechanism of production of PSTs by dinoflagellates has long been the interest of many 

researchers as the complete pathway of how the toxins are synthesized is still inconclusive. 

Nonetheless, it was found that certain amino acids including arginine, methionine and acetate 

are involved in the toxin synthesis as precursors (Shimizu et al., 1984). Study of PST production 

mechanism in dinoflagellates was hindered by lack of genomic information due to its large 

genome size (Lin, 2006). With the provision of high-throughput next-generation DNA 

sequencing machines, the study is becoming easier. As mentioned in the previous chapter, 

different species of dinoflagellates could have a large variation in their behavior. Therefore, to 

eliminate complications from genetic variations in the analysis of the experimental results, it is 

more preferable to study toxic and non-toxic dinoflagellates of the same species. The difference 

in toxin production rate would be manifested as changes in the expression of proteins related 

to biosynthesis of PSTs. It is known that, toxigenicity of dinoflagellates could vary with different 

environmental and nutritional factors. Therefore, it would be a possible strategy to induce a 

change in the toxin production rate by changing its environmental and nutritional conditions. 

Comparative proteomic studies could then be performed to pinpoint proteins that may be 

involved in the biosynthetic process.  

 

5.1.1  Effects of Availability of Nitrogen and Phosphate Sources on PST Production 

As one of the possible ingredients in the biosynthesis of saxitoxin, effects of the availability of 

nitrogen source to PST bio-synthesis has been studied by many groups. Most of the studies 

reported that N-stress by itself caused a decreased in PST production as the cells had reduced 

growth (Anderson et al., 1990a; John and Flynn, 2000; Strichartz, 1984; Wang and Hsieh, 2002b). 

However, the extent of changes on PST production was different from study to study. Further, 

several other studies had reported that when phosphate is in limiting conditions (i.e. high N:P 

ratio), toxin production was increased (Boyer et al., 1987; Lippemeier et al., 2003; Siu et al., 

1997).  
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Touzet and coworkers stressed that the cells in P-stress should have sufficient soluble protein 

quotas from adequate nitrogen supply, before the increase in toxin level could be seen (Touzet 

et al., 2007b). On the contrary, Flynn’s group reported that P-limiting cells had decreased 

synthesis of toxin (Flynn et al., 1994). On the other hand, Wang and Hsieh reported that in the 

presence of 5 μM of phosphate (i.e. at P-stress), addition of nitrate caused an increase in toxin 

produced (Wang and Hesieh, 2005). It is particularly interesting to note that Flynn’ group 

reported that N-refeeding of N-deprived cells of A. minutum induced the production of 

maximum amount of PST in 1-2 days afterwards. Further, they reported that P-stress followed 

by N-stress did not cause the production of PST to come down, implying the availability of 

phosphate is the regulator of toxin metabolism (Flynn et al., 1994). Lastly, Parkhill and 

coworkers reported that the amount of toxin produced was independent on changes in nitrate 

(Parkhill and Cembella, 1999). In 2011, Li’s research group reported that in A. catenella, N-

starved cells preferentially uptake nitrate and ammonium over urea. In addition, the amount of 

toxin produced was the lowest and comparable to that of control when urea was used as the 

sole N-source (Li et al., 2011). Taken overall, ratio of N:P and/or P-stress followed by refeeding 

regimes will induce changes in the levels of PST produced. However, no mechanistic study has 

been conducted for this parameter. 

 

5.1.2  Availability of Arginine on PST Production 

Arginine was reported to affect the toxin production. Being one of the precursor ions of PST 

production, it was found that exogenously added arginine would increase toxin production in A. 

fundyense (John and Flynn, 1999). 

 

Taken overall, in this chapter, effects on PST production due to variations in the 

availability of nitrate, phosphate and arginine were studied. Two PST-producing dinoflagellates, 

Gymnodinium catenatum (GC-T) and Alexandrium catenella (AC-T) were used. It is hoped to 

deliver a pair of dinoflagellates with different toxigenicities for proteomic analyses in the later 

part of this thesis. 
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5.2  Materials and Methods 

Unless stated otherwise, all the materials and methods used in this part of the study were 

presented in Chapter 3 already. 

  

5.3  Results and Discussion 

5.3.1  Nitrate Enrichment and Limitation 

The effect of nitrate enrichment (10 times of the normal amount of NO3 supply) and limitation 

(one tenth of normal NO3 supply) on growth and toxicity were studied. For Gymnodinium 

catenatum (GC-T), growth from lag phase to the exponential phase (Day 0-18) under both NO3-

enriched (8800 µM or 8.8 mM) and NO3-limited (88 µM) conditions were found to be similar to 

that of the GC-T in normal medium (Figure 5.1). The three growth curves overlapped partly with 

each other. Figure 5.2 showed the PST contents and also the PST composition of the 

exponential culture of GC-T (Day 18) with different amounts of NO3 supply. There is no 

significant change of the PST contents of GC-T among normal condition, NO3-enriched and NO3-

limited conditions. My results are the same as that reported previously by others that growth 

and toxin contents of GC-T were relatively stable for a range of nitrate supply (Oshima et al., 

1993; Reguera and Oshima, 1990). Reguera and Oshima also reported that the G. catenatum in 

their study continued to grow under nitrate-depleted medium for some time, suggesting that G. 

catenatum has a large pool of intracellular nitrate. I found similar results in my study. On the 

other hand, regarding toxin contents, Reguera and Oshima reported that the toxin composition 

changed under NO3-limited (110 µM). Oshima also reported that toxin composition of several 

strains of G. catenatum showed stable toxin composition under either NO3 or PO4 starvation 

(Oshima et al., 1993). The GC-T studied in this study behaved similarly to the strain described in 

Oshima’s study (mentioned above) that it is less reactive to the changes of nitrate supply.  
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Figure 5.1. Growth curves (Day 0 to 18) of GC-T grown in normal medium (880 µM NO3 supply), NO3-

limited medium (88 µM NO3 supply) and NO3-enriched medium (8800 µM NO3 supply). No significant 

difference of growth was found among the three culture conditions (bars indicate ± S.D. of triplicates). 

 

 

 

Figure 5.2. Cellular PST compositions of GC-T culture at exponential phase (Day 18) under normal NO3 

supply (880 µM), limited NO3 supply (88 µM) and enriched NO3 supply (8800 µM). No significant 

difference was found among the three conditions (p≈0.51) (bars indicate + S.D. of triplicates). 
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             The same set of experiments was performed on Alexandrium catenella (AC-T), another 

PST-producing dinoflagellate. Figure 5.3 showed the growth curves of NO3-enriched culture, 

NO3-limited culture and the normal culture. It was found that cell densities of Day 18 cultures in 

both NO3-enriched and limited culture were reduced when compared to that of normal 

condition. In NO3-enriched culture, maximum cell density was reached at Day 15 and started to 

decline afterwards. On the other hand, in NO3-limited culture, cell density stopped to increase 

at Day 7 and began to drop after Day 15. Results of toxin analyses were shown in Figure 5.4. At 

Day 18, toxin contents of NO3-enriched culture were similar to that of the normal culture, 

which is about 2.3 fmol/cell. However, in NO3-limited culture, toxins content was found to be 

about half of the normal (1.1 fmol/cell). Similar studies on Alexandrium spp. also reported that 

growth was retarded when nitrate supplied was reduced (Anderson et al., 1990b; Parkhill and 

Cembella, 1999; Touzet et al., 2007b; Wang and Hsieh, 2002b). However, in these earlier 

studies, the toxin contents under nitrate limitation were shown to be comparable to that of 

normal culture. The difference in response in toxin content of AC-T in the present study may 

indicate difference in responses in different species or strains of dinoflagellates. It should be 

noted that the large errors of toxin contents was found and that such changes were not 

significant enough for proteomic study in later studies (p≈0.24). On the other hand, the growth 

of AC-T was negatively affected in the NO3-enriched culture. This negative effect may due to 

competition from increased number of associated bacteria that grew in the NO3-enriched 

culture. Under such condition, toxin level in culture with enriched NO3 was found to be similar 

to that in normal culture. 
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Figure 5.3. Growth curves of AC-T (Day 0 to 18) grown in normal medium (880 µM NO3 supply), NO3-

limited medium (88 µM NO3 supply) and NO3-enriched medium (8800 µM NO3 supply) (bars indicate ± 

S.D. of triplicates). 

 

 

 

Figure 5.4. Cellular PST compositions of AC-T in the exponential culture (Day 18) under normal NO3 

supply (880 µM), limited NO3 supply (88 µM) and enriched NO3 supply (8800 µM). PST content was 

reduced in NO3-limited culture (p≈0.24) (Bars indicate + S.D. of triplicates). 
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5.3.2  Phosphate Limitation  

Phosphate is another factor that could affect PSTs production (Anderson et al., 1990a; Boyer et 

al., 1987). Effects of PO4 limitation on GC-T and AC-T were studied using a phosphate limiting 

condition (3.6 µM; one tenth of the normal PO4 supply). As shown in Figure 5.5, growth of GC-T 

(Day 0-20) under phosphate limitation was similar to that in normal condition. Figure 5.6 

showed that the PSTs contents of GC-T at exponential phase (Day 18) and under phosphate 

limitation. There is no significant difference in PST contents between normal and PO4-limited 

culture (p≈0.96). Results in the present study showed that the first 20 days of growth of GC-T 

and its toxin content was not affected by reduced phosphate supply. It is consistent with the 

suggestion that Gymnodinium sp. has a large pool of intracellular nutrients, including nitrate 

and phosphate (Boyer et al., 1987; Reguera and Oshima, 1990). It could grow at its optimal level 

for some time under nutrient-reduced environment.  

 

 

Figure 5.5. Growth curves (Day 0 to 18) of GC-T grown in normal medium (36 µM PO4 supply) and PO4-

limited medium (3.6 µM NO3 supply). No significant difference of growth was found between the two 

conditions (Bars indicate ± S.D. of triplicates). 
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Figure 5.6. Cellular PST compositions of GC-T in exponential phase (Day 18) in normal PO4 supply (36 µM) 

and limited PO4 supply (3.6 µM). PSTs content of PO4-limited culture was comparable to that in normal 

condition (Bars indicate + S.D. of triplicates). 

 

 

             In contrast, there is significant change in growth and toxin contents when AC-T grown 

ordinarily in normal condition was made to grow under phosphate limitation. As shown in 

Figure 5.7, AC-T under PO4-limited culture reached maximum cell density at 8100 cell/mL at Day 

7 and its growth started to have a gradual decrease. The cell density of PO4-limited culture at 

Day 20 (5700 cell/mL) is less than half of that of normal culture (14600 cell/mL). Results of toxin 

contents analysis of AC-T under phosphate limitation were shown in Figure 5.8. The PST 

contents of PO4-limited culture at Day 10 and Day 20 was increased by about 360% (p≈0.04) 

and 400% (p≈0.01) of the normal culture respectively. C toxins were always the dominant PSTs.  

My results are consistent with others that in Alexandrium spp., toxin contents were increased 

under PO4-limited condition (Touzet et al., 2007b; Wang and Hesieh, 2005; Wang et al., 2006). 

It was suggested that phosphate limitation caused DNA synthesis to stop and no cell division 

occurred. Subsequently, nutrients were used to build up cell volume but not cell number. This 

resulted in an increase of cell size and with concomitant accumulation of toxins intracellularly 

(Touzet et al., 2007b). Another suggestion is that the cease of cell division would reduce the 

competition of arginine and other toxin precursors by cell growth. More of these molecules 

became available for PST production and so increase the toxin content (Wang et al., 2006).   
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Figure 5.7. Growth curves of AC-T (Day 0 to 20) grown on normal medium (36 µM PO4 supply) and PO4-

limited medium (3.6 µM NO3 supply). Cell density stopped to increase after Day 7 under PO4-limited 

medium (bars indicate ± S.D. of triplicates). 

 

 

 

Figure 5.8. Cellular and PST composition of AC-T at Day 10 and Day 20 under normal PO4 supply (36 µM) 

and limited PO4 supply (3.6 µM). At Day 20, PST content of PO4-limited culture was increased to about 

400% of that of normal (p≈0.01) (bars indicate + S.D. of triplicates). 
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             To investigate whether the increase of PST contents of AC-T under PO4 limitation is due 

to an increase in cell size or a really increase in the concentration of toxins, cell volume of AC-T 

under PO4 limitation were measured. As shown in Figure 5.9, cell volume increased under PO4-

limited culture while cell volume was constant in normal culturing condition. There is nearly a 

double of cell size at Day 20. Taking cell volume into account, PST contents in terms of 

concentration (mM) were calculated and shown in Figure 5.10. PST concentration of AC-T was 

constant at 0.30-0.33 mM in the normal culture. However, PST concentration was increased to 

about 0.61-0.86 mM in PO4-limited culture. These results indicated that the higher toxicity in 

PO4-limited cultured cells was not only due to a larger cell size, but also an elevated production 

of toxins under such condition. 

             Besides cell size, rate of protein synthesis was also considered as an indicator of growth. 

Cellular protein concentrations of the cultures were measured and the ratios of cellular toxin 

per cellular protein (fmol/ng) were estimated by mathematical conversion and were illustrated 

in Figure 5.11. It was found that the toxin/protein ratio were constant at around 9 fmol/ng in 

normal culture while it increased to about 23-24 fmol/ng under phosphate limitation. The 

increase in ratios indicated that the toxin production rate is higher than that of protein 

synthetic rate under phosphate limitation. Hence, the difference in toxin content at Day 20 

between the normal culture and PO4-limited culture were significant and such difference could 

be used in the comparative proteomic studies in later parts of this thesis. 
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Figure 5.9. (a) Cell volumes of AC-T in normal and PO4-limited culturing conditions. There is a significant 

increase of cell volume of AC-T under phosphate limitation at Day 20 (bars indicate ± S.D. of triplicates); 

(b) microscopic images of AC-T in normal and PO4-limited culturing conditions. The increase in cell size 

could be seen by larger cell dimensions seen under microscope examination. 
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Figure 5.10. Cellular toxin concentrations of AC-T in normal and PO4-limited culturing condition. Toxin 

concentrations were higher in PO4-limited culture.  

 

 

 

Figure 5.11. Toxin/Protein ratios of AC-T in normal and PO4-limited culturing conditions. The ratios were 

higher in PO4-limited culture.  
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5.3.3  Exogenous Arginine 

Arginine was found to be the precursor of saxitoxin and other PST analogs in cyanobacteria 

(Shimizu et al., 1990). Effect of arginine supplement on toxicity was examined. A preliminary 

experiment was performed to investigate the upper limit of exogenously added arginine that 

the dinoflagellates could sustain. It was found that the growth rate was highest in culture with 

12 µM of arginine added. This concentration was then used for the experiments thereafter. 

Figure 5.12 showed the growth of GC-T (Day 0-30) with 12 µM arginine supplement. In 

comparison with normal culture, a longer lag phase (Day 0-7) was found. The growth rate of 

exponential phase to Day 30 was 0.12 day-1, which is comparable to that of normal culture (0.11 

day-1). Toxin analysis was performed on the exponential culture (Day 18). As illustrated in Figure 

5.13, the toxin content was decreased to about 25 fmol/cell. Toxin composition was found to 

be different with the normal culture – the actual amount of NEO presented was decreased to 

about 37% of that of normal. While the GTX1,4 contents were increased about 16%. However, 

the decrease of cellular PST content was not significant as large errors exist (p≈0.28).  

 

Figure 5.12. Growth curves (Day 0 to 30) of GC-T grown in normal (L1) and arginine-supplemented 

medium (L1 + 12 µM arginine). In comparison with normal culture, a longer lag phase was found in 

arginine-supplemented culture. The growth rate of arginine-supplemented culture cells (0.12 day-1; Day 

3-30) was similar to normal culture (0.11 day-1) (bars indicate ± S.D. of triplicates). 
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Figure 5.13. Cellular PSTs compositions of GC-T in exponential phase (Day 18) in normal (L1) and 

arginine-supplemented medium (L1 + 12 µM arginine). No significant change of PST content was found 

when exogenous arginine was added (p≈0.28) (bars indicate + S.D. of triplicates). 

 

 

 

 

 

 

 

             For AC-T, the effect of exogenous arginine on growth was shown in Figure 5.14. A longer 

lag phase was also found in arginine-enriched culture. But the exponential growth rate of 

arginine-supplemented culture was decreased to about 0.10 day-1, which is less than that of 

normal culture (0.18 day-1). As shown in Figure 5.15, there is no significant difference in PST 

contents between normal culture and arginine-enriched culture (p≈0.61). Although it was 

reported earlier that toxin content in dinoflagellates was increased to almost 3 folds of the 

normal culture after addition of a very high concentration of exogenous arginine (John and 

Flynn, 1999). However, AC-T did not give the same response. The discrepancy may either due to 

the difference in amounts of arginine used or the different species used in these studies.   
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Figure 5.14. Growth curves (Day 0 to 30) of AC-T grown in normal medium (L1) and arginine-

supplemented medium (L1 + 12 µM arginine). In comparison with normal culture, a longer lag phase was 

found in arginine-supplemented culture. The exponential growth rate (0.10 day-1) (Day 0 to Day 30) was 

found to be less than that of normal culture (0.18 day-1) (bars indicate ± S.D. of triplicates). 

 

 

 

 

Figure 5.15. Cellular PST composition of AC-T at exponential phase (Day 18) in normal medium (L1) and 

arginine-supplemented medium (L1 + 12 µM arginine). In comparison with control culture, no significant 

difference in PST content was found when exogenous arginine was added (p≈0.61) (bars indicate + S.D. 

of triplicates). 
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             From the results of on the effects of nutrient availabilities in GC-T and AC-T, PSTs 

contents were not increased with exogenously added arginine. It may indicate that arginine is 

not the only factor to change toxin production in dinoflagellates. Flynn and coworkers has 

studied the relationship between cellular toxin content and other intracellular free amino acids 

of Alexandrium minutum (Flynn et al., 1994). They reported that several amino acids including 

arginine, taurine, glycine and glutamine showed similar relationship to toxin contents, 

suggesting that the availability of intracellular free arginine is not the only factor to control 

toxin synthesis. Further, since arginine was not the only precursor that used for PST production, 

other unknown factors which may be involved in PST production could be limiting and 

regulated the toxin production process. More detailed and controlled experiments may be 

needed to investigate the assimilation and utilization of arginine for PST production. On the 

other hand, the growths of arginine-supplemented culture of both species were negatively 

reduced. The suppression of growth may be related to the growth of associated bacteria when 

the medium were enriched with arginine supplements. 
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5.4  Summary 

Toxicity of dinoflagellates was known to vary with different environmental and nutritional 

factors. In this study, the effect on toxin production of nitrate-enrichment, -limitation, 

phosphate limitation and exogenous arginine were investigated with two PST-producing 

dinoflagellates, Gymnodinium catenatum (GC-T) and Alexandrium catenella (AC-T). GC-T did not 

show any significant changes in cellular toxin contents in exponential phases (Day 18) in any of 

the nutrient-enriched and nutrient-limiting experiments. Limitation of nitrate supply (10% of 

normal supply) halved the PST content in AC-T. Under phosphate limitation, AC-T growth was 

stopped at Day 7 and toxin contents were significantly increased to around 4 folds of that of 

normal both in Day 10 and Day 20. Increase of cellular toxin content was not only due to the 

increase of cell volume under phosphate limitation, but also higher production of PSTs as 

cellular toxin concentrations were increased. Supplements of exogenous arginine to the culture 

of both GC-T and AC-T did not cause any significant increase of toxin contents. In summary, as 

significant increase of toxin content were shown by AC-T in phosphate limitation, the following 

study would then focus on investigating the pathway of PST production on AC-T using 

comparative proteomic analysis. A pair of AC-T (in normal culturing condition and PO4-limited 

condition), together with a strain of non-toxic Alexandrium catenella (AC-N) were used in later 

comparative proteomic studies. 
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Chapter 6    Comparative Proteomic Studies between Cultures of Alexandrium catenella of 

different toxigenicities 

6.1  Introduction 

Subsequent to previous work in this thesis (Chapters 4 and 5), a strain of G. catenatum and 

several strains of Alexandrium spp. of different toxicities were found. Especially for the 

Alexandrium spp., we have one toxic strain of A. catenella (AC-T) and a non-toxic A. catenella 

(AC-N). These two strains have very similar growth rates, cell size, protein expression profiles 

and ribosomal ITS gene sequences (97% homology, Figures 4.4-4.5 in Chapter 4). The only 

substantial difference is the toxicity. Further, from my work, it is found that with PO4-limiting 

condition, the toxicity of AC-T increased in both the amount and concentration. Moreover, we 

also have a non-toxic strain of A. tamarense (AT-N). These strains may be used in my 

comparative proteomic studies. However, it should be noted that GC-T is very different from 

AC-T, AC-N and AT-N as they only shared 44%-45% of homology in their ITS regions. Therefore, 

if one uses GC-T to compare to the others in comparative proteomic investigations, it is 

impossible to pinpoint meaningful differentially expressed proteins without complication from 

their highly different genetic makeup. Hence, GC-T was not used in the comparative proteomic 

investigations. Similarly, although both AC-N and AT-N are non-toxic, it seems irrelevant to 

compare them. Hence, in order to find possible proteins of interest that may be related to 

biosynthesis of PSTs and also to eliminate complications in interpretation of experimental data 

due to difference in genetic makeup among different strains, it would be more logical to 

compare AC-T and AC-N as they shared a high homology of 97% in their ITS regions. Further, 

protein expressions in AC-T with and without phosphate-stress would also be performed. 

             It is my aim to document if there are differentially expressed proteins among these 

strains so as to pinpoint proteins/enzymes that are involved in the biosynthesis of PSTs. 

Because of the lack of whole genome database of dinoflagellates, shot-gun proteomics with 

non-gel based analysis is not feasible. Therefore, the classical 2-dimensional gel electrophoresis 

(2-DE) was used to document any differentially expressed proteins among these strains. 

Although shortcomings such as poor representation of highly hydrophobic and/or membrane 

proteins as they do not go into the polyacrylamide gel, 2-DE is a simple preparative method to 
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study global changes of protein expression in these dinoflagellates. With the aid of image 

analyzing computer software, expression level of a particular protein across different gels (ran 

with different samples) could be compared and differentially expressed proteins pinpointed. 

Subsequently, matrix-assisted laser desorption/ionization time-of-flight tandem mass 

spectrometry (MALDI-TOF-TOF MS) and liquid chromatography electrospray ionization ion-trap 

tandem mass spectrometry (LC ESI-ion-trap MS/MS) were used to find partial amino acid 

sequences of the differentially expressed proteins of interest.  With the amino acid sequences, 

identities of proteins of interest may be found and their putative functions predicted. 

 

6.2  Materials and Methods 

Two major sets of proteomic comparison were performed: (a) AC-T against AC-N, (b) AC-T in 

normal medium against AC-T in phosphate-limited medium. Unless stated otherwise, all the 

materials and methods used in this chapter were presented to Chapter 3 already. Unless stated 

otherwise, all chemicals used are of the highest grade in purity and they are from Sigma, USA. 

 

6.2.1  Two Dimensional Gel Electrophoresis (2-DE), Gel Staining and Imaging Analysis 

Protein expression of dinoflagellates in the 2 sets of comparison was examined by two-

dimensional gel electrophoresis (2-DE). 2-DE was divided into 3 main steps: rehydration, 

isoelectric focusing (IEF) and SDS-PAGE analysis. For rehydration, 340 µL of sample buffer 

containing either 80 µg protein for silver staining or 1 mg protein for comassie blue staining), 1 

% v/v of IPG buffer pH 4-7, small amount of dithiothreitol (DTT) (USB, USA) and the remaining 

volume of rehydration buffer (7 M urea, 2 M thiourea, 4 % CHAPS (USB, USA), 5 % glycerol (USB, 

USA) and 10 % isopropanol (International Laboratory, USA)) was used to rehydrate the IPG strip 

(18 cm) pH 4-7 (Bio-Rad, USA) for 16-20 hours at 20oC. Subsequently, IEF was performed on the 

rehydrated IPG strip, using Protean-IEF cell (Bio-Rad, USA), according to the following protocol: 

500 V for 3 hours, 1000 V for 6 hours, 8000 V for 3 hours and finally with a total of 120000 

voltage hours. Before going to the SDS-PAGE step, the strip was allowed to incubate for 15-

minutes with the equilibration buffer (50 mM Tris pH 8.8, 6 M urea, 30 % glycerol, 2 % SDS (USB, 

USA) and trace amount of bromophenol blue) containing 1 % DTT and 2.3 % iodoacetamine 
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(IAA) respectively. The second dimension of SDS-PAGE was performed in 12 % polyacrylamide 

gel using the PROTEAN® II xl cell (Bio-Rad, USA) and voltage of 35 mA/gel. Subsequently, the gel 

was fixed in 10 % v/v acetic acid, 40% v/v methanol. 

             Visualization of protein was either performed with silver staining or comassie blue 

staining. Silver staining was performed in 3 steps. Fixed gel was sensitized for 30 minutes (8 mM 

sodium thiosulphate and 30 % v/v methanol).  After several rounds of washing with water, 

silver nitrate solution (14.7 mM) was added onto the gel before allowed to a 20-minute 

incubation. Subsequently, the gel was then washed twice for 1 minute, before being developed 

with a 0.24 M sodium carbonate solution (USB, USA) in 0.004 ‰ v/v formaldehyde. 

Development was finally stopped by adding EDTA (USB, USA) solution (35mM) when the stain 

was adequate. Coomassie blue staining was performed by 1-hour staining and several rounds of 

destaining, using the 0.1 % coomassie blue stain and destain solution (5 % methanol and 7 % 

aceic acid) respectively. The 2-D gels which were either silver stained or coomassie blue stained 

were scanned before image analyses with software called Melanie III software (GeneBio, 

Switzerland). Differentially expressed proteins can be identified and their difference in 

expression levels calculated. 

 

6.2.2  In-gel Digestion 

Gel-plugs containing the proteins of interest pinpointed by 2-D gel image analysis were excised 

from the coomassie stained gel for in-gel tryptic digestion before MALDI-TOF-TOF mass 

spectrometry. The excised coomassie blue stained gel plugs about 1 mm X 1mm size were 

washed with 25 mM ammonium bicarbonate (NH4HCO3) solution in 50 % acetonitrile (ACN) for 

three times. After dehydrating with 100 % ACN, the gel pieces were reduced and alkylated by 

incubating with 10 mM DTT (55oC for 45 minutes) and 55 mM IAA (room temperature; in dark 

for 30 minutes) respectively. Solutions of DTT and IAA were prepared with 25 mM NH4HCO3. 

Gel plugs were subsequently washed and dried again. Aliquots of 3 µl of freshly prepared 

trypsin (Promega, USA) solution (20 ng/ml) were then added onto the dried gel pieces. After 30-

minute incubation on ice, the trypsin-gel-plugs were left at 37oC overnight. Digested peptides 

inside the gels were eluted with 0.1 % trifluoroacetic acid (TFA) in 50 % ACN with the aid of 
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ultra-sonication. The peptide solution was then dried under vacuum before resuspending the 

dried peptide fragments in 2 µl of 0.1 % TFA with ACN (2:1). 

 

6.2.3  MALDI-TOF-TOF Mass Spectrometry 

Prior to adding samples onto the target plate (anchor-chip, Bruker, USA), each spot on the 

anchor-chip was firstly coated with 1 µl saturated (2 mg ml-1) matrix solution (α-cyano-4-

hydroxycinnamic acid in 0.1 % TFA with ACN (2:1)). The resuspended peptides samples were 

then introduced onto the dried anchor spots and allowed to dry again. Followed with brief 

washing of 0.1 % TFA, samples were subsequently recrystallized with 0.5 µl of a mixture of 

ethanol (Merck, Germany), acetone (Lab-Scan, Poland) and 0.1 % TFA in a volume of ratio 6:3:1. 

Samples were then ready for MALDI-TOF MS analysis with Autoflex III (Bruker, USA). Reflector 

mode over a mass range of 700-3000 Da was used after calibration with a peptide calibration 

standard (Bruker, USA) as external calibrants. Peptide mass fingerprints (PMF) were generated 

from the combined spectra of 1000 shots of each sample. Peptide ions visualized in the spectra 

might be further fragmented into its constituent amino acids with post-source decay in the LIFT 

mode. The MS/MS spectra generated were analyzed by the de novo sequencing function of the 

software Biotools 3.2 (Bruker, USA) to construct its amino acid sequences. The PMF and amino 

acid sequence tags of unknown proteins may be searched after searching the NCBI non-

redundant database with the MASCOT software. 

 

6.2.4  N-terminal Sulfonation 

De-novo peptides sequencing could be facilitated with the aid of N-terminal sulfonation before 

MS/MS analysis. To perform sulfonation, several extra steps were introduced after trypsin 

digestion. After drying the tryptic digest of protein of interest under vacuum, sulfonation were 

performed by incubating the peptide fragments with 10 mg/ml 4-sulfophenyl isothiocyanate 

(SPITC) in 20 mM sodium biocarbonate at pH 9.5, in 55oC for 30 minutes. The reaction was 

stopped with 0.5 % TFA. Sulfonated peptide fragments mixture was absorbed onto C-18 zip-tips 

before being cleaned and eluted with 2 µl 0.1 % TFA with ACN (2:1). Eluted samples were 

directly targeted onto the anchor-spots in which matrix had been already applied. Successfully 

sulfonated peptides would have an increased mass of 215 Da. MALDI-TOF-TOF analysis 
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mentioned before was performed of the sulfonated peptides to generate the MS/MS spectra. 

Followed-up de novo sequences were then analyzed with Biotools 3.2. 

 

6.2.5  Liquid Chromatography Electrospray Ionization (LC-ESI) Ion-trap MS/MS analysis  

Although non-gel based whole proteome investigation is not feasible without a corresponding 

whole genome database of dinoflagellate, LC-ESI ion-trap MS/MS can also be used to obtain 

amino acid sequence tags of peptides/proteins of interest. When performing the LC-ESI-ion-

trap MS/MS, each tryptic peptide mixture of protein of interest (which was suspended in 5 µL 

of 2% ACN and 0.1% formic acid) was loaded into a 15-cm nanoflow C18 column (LC Packings, 

Netherlands). The column was equilibrated earlier with 0.1% formic acid. Peptides in the 

sample were eluted with and elution buffer (20% H2O, 80% ACN & 0.001% formic acid) at a flow 

rate of nL/min and column temperature 40oC. ESI-ion-trap MS/MS for the peptides eluted was 

performed with an ion-trap mass spectrometer from Bruker (HCT ultra, Bruker, USA). Positive 

mode with 1400V of capillary voltage and 80-120 nA current were maintained in the ion-trap 

mass spectrometer. Temperature was set at 150oC and the accumulation time for the peptide 

ions in the ion-trap was set to be 50 ms. Nitrogen was introduced at a flow rate of 6 L/min. 

MS/MS spectra obtained were analyzed with Data Analysis 3.4 (Bruker, USA) and Biotools 3.2 to 

construct the amino acid sequences. Finally, putative identification of proteins of interest was 

performed by searching against the NCBInr database. 

 

6.2.6  Transcriptomic Analysis  

To support reliable information for the construction of de-novo amino acid sequence tags of 

proteins of interest of the AC and AT strains that being studied, a transcriptome database 

constructed commercially with a strain of A. catenella was obtained. This strain (CS-300) has a 

more than 97% homology with the A. catenella strains in this study (Appendix B1). Construction 

of the transcriptome database of CS-300 was performed by BGI and commissioned by my Chief 

Supervisor. I was involved in sample preparation of the transcriptome. RNA was isolated from 

cells in the exponential phase (Day 18) of the culture by treatment with Trizol (Roche, 

Switzerland). After homogenization of the dinoflagellates in Trizol, pure RNA was harvested by 

centrifugation before being sent for sequencing. cDNA library was constructed from the mRNA 
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and sequencing were performed with HiSeq 2000 (illumina, USA). The transcriptome database 

was constructed by BGI before being installed into our SQL database in-house. Because the 

database was commissioned by my supervisor, I was able to use that for protein identification. 

Statistics of assembly and annotation was listed in the Appendix B2 and B3. MS/MS sequence 

tags of proteins of interest which have no significant match from the NCBInr database in the 

public domain, were allowed to search against the transcriptomes database. 
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6.3  Results and Discussion 

Two sets of proteomic comparison were performed: (a) AC-T against AC-N and (b) AC-T with 

and without phosphate-stress. Before the authentic proteomic comparison, preliminary 

experiments had to be performed to find optimal conditions for running 2DE with the 

dinoflagellates samples being studied. Two factors are of important considerations: (1) 

resolution and (2) numbers of observed spots in the 2D gel. Proteins were separated by their 

isoelectric point (pI) and molecular weight (MW) in 2-DE. By adjusting suitable ranges of pIs and 

MW for examination, analysis of differential proteins could be facilitated. Figure 6.1 showed the 

2D gel of AC-T with a pH range of 3-10. Nearly all proteins were located in the middle part (pH 

4-7) of the 2D gel. Such results had been reported by literature that proteins of dinoflagellates 

were mostly located within this range of pI (Chan et al., 2005; Chan et al., 2004). pH range 4-7 

were then chosen for 2-DE analysis. Further, Figure 6.2 showed the 2D profiles of AC-T with 

difference percentages of acrylamide used in the second dimension of 2DE. 10%, 12% and 15% 

of acrylamide were tried and it was found that most proteins were located within the range of 

15-120 kDa. 10% polyacrylamide gel was not chosen for 2-DE analysis as proteins below 20 kDa 

were not seen in the profile. Further, comparing protein expression profiles as analyzed by 12% 

gel and 15% gel, it was found that 12% polyacrylamide gel gave better resolution. Hence, 2-DE 

analyses described in this thesis thereafter were performed with a pH range of 4-7 and with 

12% polyacrylamide gel. 
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Figure 6.1. 2-DE protein expression profiles of AC-T 

over pH range of 3-10. Most of the proteins were 

located in the middle part of pH range 4-7.  

Figure 6.2. 2-DE protein expression profiles of AC-T over pH range 

of 4-7 with the 2nd dimension performed with 10%, 12% and 15% 

acrylamide gel. Most proteins were included in the molecular 

range of 10-120 kDa. All these proteins could be visualized in 12% 

gel with relatively good resolution, compared to 15% gel. 
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6.3.1  Differential Protein Expressions Between Toxic AC-T and Non-toxic AC-N 

In order to examine the difference in protein expression between the toxic and non-toxic A. 

catenella, 2-DE was performed on cells in the exponential phase (Day 18) of AC-T and AC-N. 2-

DE of the dinoflagellates studied at the same exponential growth phase was performed in 

triplicates with the same protocol. Same amount of proteins (120 µg) were loaded onto each 

2D gel. Gel images were scanned into computer and analyzed by computer software Melanie 3. 

Difference of the intensities of silver staining of each gel was normalized with standard markers. 

Matching of spots between the two groups were performed by the software and arbitrarily 

double checked. Over 300 matched spots of proteins were found among the gels. 65 spots of 

proteins were found to be differentially expressed with at least 2 folds of difference between 

AC-T and AC-N. Of the 65 differentially expressed protein spots, 44 were found to have higher 

expression in AC-T and the other 21 were found to have higher expression in AC-N. Table 6.1 

and 6.2 shows the pI, molecular weight and the fold of change of each differential spot. 

Corresponding position and the quantity of each spots were illustrated in Figure 6.3-6.5. 
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Table 6.1. Upregulated proteins found in AC-T (with ≥2-fold changes) when compared to AC-N. 

Spot 

Isoelectric 

point 

(pI) 

Molecular 

weight 

(kDA) 

Folds of 

change 

 

Spot 

Isoelectric 

Point 

(pI) 

Molecular 

Weight 

(kDA) 

Folds of 

change 

27 5.4 60 5.2  125 6.4 42 6.9 

28 5.4 60 5.2  126 6.9 42 22.6 

31 5.5 60 4.7  170 6.8 30 2.8 

32 5.6 60 4.1  173 6.6 30 3.2 

33 5.7 60 3.2  174 6.9 30 8.7 

38 6.6 60 5.9  175 6.5 30 3.0 

54 5.4 55 2.5  177 6.0 30 3.0 

62 5.3 50 2.8  183 5.7 28 7.2 

63 5.4 50 2.2  188 6.0 28 3.1 

65 5.5 50 2.2  189 6.0 28 4.1 

68 5.6 50 2.2  190 6.8 29 2.4 

73 5.0 48 > 100^  191 5.8 29 2.4 

78 5.3 47 3.0  193 6.5 29 2.7 

96 5.3 43 5.5  251 6.1 20 5.0 

97 5.4 43 4.5  257 5.0 19 2.4 

98 5.5 43 2.9  266 5.0 19 2.0 

104 6.5 43 7.9  267 4.1 19 7.3 

105 6.6 43 7.7  271 5.1 18 3.1 

108 6.4 43 6.1  296 4.9 16 2.1 

117 6.4 42 4.7  300 5.1 16 2.2 

118 6.6 42 7.0  303 5.2 16 4.0 

123 6.7 42 8.2  309 5.9 17 9.9 

^ The spot of protein was not detectable in AC-N 
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Table 6.2. Downregulated proteins found in AC-T (with ≥2-fold changes) when compared to AC-N. 

Spot Isoelectric point  (pI) Molecular weight  (kDA) Folds of change 

10 5.2 80 6.1 

11 5.2 80 4.3 

12 5.3 80 4.2 

14 5.2 78 6.5 

15 5.3 78 7.7 

16 4.9 72 > 100# 

17 4.9 72 > 100# 

18 5.0 72 > 100# 

19 5.0 72 > 100# 

20 4.9 70 > 100# 

21 5.0 70 > 100# 

22 5.0 70 > 100# 

85 4.6 50 > 100# 

86 4.6 50 > 100# 

87 4.7 50 > 100# 

131 4.0 40 > 100# 

132 4.5 40 > 100# 

133 4.3 40 > 100# 

134 4.4 40 > 100# 

137 4.5 40 > 100# 

249 5.7 21 2.6 
# The spot of protein was not detectable in AC-T 
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Figure 6.3. Representative 2-DE gel of protein extracts of exponential culture of AC-T (left) and AC-N (right). Circled regions are 

where many proteins were found to be differentially expressed between the two strains. 
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Figure 6.4. Enlarged images of region A-E in Figure 6.3. For regions A to D, the left penal is results of the AC-T strain while the right panel is that 

of AC-N. For region E, the upper penal is for AC-T while the lower penal is for AC-N. 
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Figure 6.5. Enlarged images of region F, G and other circled regions in Figure 6.3. The left panel is results of the AC-T strain while the right 

panel is that of AC-N. 
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6.3.2  Differentially Protein Expressions of A. catenella (AC-T) Under Phosphate Limitation 

As said earlier, results from the previous chapter showed that when AC-T was grown under 

phosphate limitation, cellular toxin content was significantly increased four times. Cultures of 

AC-T under phosphate limitation were harvested at Day 18. 2-DE analysis of these protein 

extracts were performed as previously mentioned. 22 spots were found to be differentially 

expressed with at least 2-folds changes. All of these 22 proteins spots were down-regulated 

proteins found in AC-T with phosphate limitation. Figure 6.6-6.7 showed the corresponding 

position and the quantity of the differentially expressed protein spots. The pIs, molecular 

weights and the folds of change were listed in Table 6.3. 

 

 

 

Figure 6.6. Representative 2-DE gels of protein extracts of normal culture (left) and PO4-limited culture 

(right) of AC-T. Circled spots are the proteins found to be differentially expressed between the two 

strains. 
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Figure 6.7. Enlarged images circled regions in Figure 6.6. Left penal is for normal culture (AC-T) and right penal is for phosphate limitation. 
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Table 6.3. Differentially expressed proteins (with ≥2-fold changes) of AC-T under phosphate limitation.  

Spot 

Isoelectric 

point 

(pI) 

Molecular 

weight 

(kDA) 

Protein 

expression 

level* 

Folds of change 

10 5.2 80   3.7 

13 5.2 78  4.2 

14 5.2 78  2.5 

15 5.3 78  7.2 

37 6.4 60  7.0 

54 5.4 55   3.7 

63 5.4 50   5.9 

65 5.5 50   2.1 

66 5.5 50   2.0 

68 5.6 50   2.0 

73 5 50   3.7 

96 5.4 43  7.3 

97 5.5 43  7.7 

98 5.6 43  6.1 

117 6.4 42   3.0 

118 6.6 42  2.9 

123 6.7 42   2.4 

179 5.0 24   2.5 

192 6.3 28   4.2 

196 6.8 29   3.5 

251 6.1 20   3.2 

266 5.0 19  2.2 

* Expressed levels of spots in cells with PO4 limitation (Expression in AC-T is the reference).    

      = Expressed level is down-regulated under phosphate limitation 
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             From Tables 6.1-6.3, there are 16 protein spots that were differentially expressed in 

both comparisons. These results are summarized in Figure 6.8. Further, 3 of these 16 spots (#10, 

#14, #15) were also down-regulated in AC-T cells when compared to AC-N cells (Table 6.2). 

More importantly, as all of the differentially expressed proteins between AC-T cells with and 

without phosphate-limitation are down-regulated and the toxicity in phosphate-limited AC-T 

cell cultures was increased by about 4 times, it seems that the increased in toxicity is not due to 

increased enzyme activities in AC-T cells during phosphate-stress. In addition, as discussed 

earlier, because of the intrinsic deficit of 2DE analysis, some important proteins related to the 

PST-biosynthetic pathway may not go into the gel matrix and hence not being detected.   

 

 

 

Figure 6.8. Summary of differentially expressed protein spots in proteomic (1) comparison between AC-

T and AC-N; and (2) comparison between AC-T cells with and without PO4-limiting conditions. There are 

16 spots which showed differential expression in both cases. 
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6.3.3  Identification of Differentially Expressed Proteins by MALDI-TOF-MS 

Attempts to identify protein spots with significant differential expression as listed in Figure 6.8 

were performed with MALDI-TOF-MS. Peptide mass fingerprints (PMFs) were generated for 

each spots after tryptic digestion before attempts to search against the NCBInr database with 

the aid of MASCOT. However, none of the spots could be identified. (Detailed results of PMFs of 

spots with sufficient materials were presented in Appendix B.) There are several reasons that 

no significant hit from the database could be obtained. Firstly, there is neither whole genome 

DNA database nor protein database for the genus Alexandrium or even for dinoflagellates. The 

principle of protein identification with PMF is to compare masses of the spectral peaks of the 

peptides experimentally generated with that of the peptides generated by in-silico digestion of 

proteins/DNA from the sequence databases (Song et al., 2007). Without an established whole 

genome or protein database for dinoflagellates, data available for searching is limited to those 

DNA sequences and protein sequences already submitted to public domain. Another possible 

reason is that for the proteins carrying the same function, the sequence of that protein in 

dinoflagellates may not have sufficient homology to be recognized. 

             Since protein identification purely with PMF generated was not successful, attempt to 

obtain amino acid sequence tags with MALDI-MS/MS was made. Abundant peptides peaks of 

each PMF were selected for MS/MS analysis in order to obtain the amino acid sequences to 

help the identification process. In addition, in order to promote the generation of y-type ions in 

the MS/MS spectrum and free from much interference from ions of other series, MALDI-MS/MS 

was performed with sulfonation. When sulfonation was successfully performed, sequences of 

the selected peptides could be deduced from the mass difference between the ion peaks in the 

MS/MS spectra using the Biotools 3.2 software (Bruker, USA). Mass tolerance for deduction was 

set to ± 0.3 Da. A minimum amino acid sequence tag with 7 successive amino acids would allow 

MASCOT search against the NCBInr database. Because of the comparatively modest sensitivity 

of the MALDI-TOF-TOF (Autoflex III, Bruker, USA) in our laboratory, a strongly coomassie blue 

stained gel plug is needed for the MALDI-MS/MS analysis. Hence, protein spots #10-22, #174, 

#249, #267, #309 which did not have sufficient protein material, were not selected for MALDI-

MS/MS analysis. Detailed results of MASCOT search results with significant protein hits and 
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sequence coverage were presented in Appendix B. Five proteins were identified with the 

sequence tags generated from the MS/MS Spectra. The first one is spot 38, which is up-

regulated in AC-T, to about 6 folds of AC-N. From the PMF of spot 38, peptide 1458.874 m/z 

was selected for sulfonation and the corresponding peptide ion in the sulfonated PMF was 

1673.597 m/z (Figure 6.9). Fragment ions were obtained in the MS/MS spectrum. Amino acid 

residues were deduced from the analysis of the mass difference between the fragment ions. 

Since amino acid residue isoleucine (I) and leucine (L) have the same molecular mass (113.17 

g/mol), analysis from MS/MS spectrum could not differentiate them. Such mass difference (± 

0.3 Da mass tolerance) will be expressed as [I/L]. Sequence tag F[I/L][I/L]NPQGDAG[I/L]TGR was 

deduced (Figure 6.10). Two proteins were reported to have matched significantly to the 

sequence submitted in the MASCOT bioinformatic search. Both were methionine 

adenosyltransferase, with one of them isolated from Nucula proxima (Accession no.: 

gi|46909371) with sequence FIINPQGDAGLTGR and the other from Danio rerio (Accession no.: 

gi|94536641) with sequence FLLNPQGDAGLTGR. 

 

Figure 6.9. PMFs of spot #38: (a) with sulfonation and (b) without sulfonation. Peptide ion 1458.847 

m/z was successfully sulfonated to 1673.597 m/z with an increased mass of 215 Da.  
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Figure 6.10. MS/MS spectrum of sulfonated peptide ion 1673.597 m/z of spot #38. Peptide 1458.4 m/z 

was the native peptide ion. Amino acid sequence F[I/L][I/L]NPQGDAG[I/L]TGR was deduced by the mass 

differences between the adjacent peaks of y-ions with mass tolerance of ± 0.3 Da. Amino acid isoleucine 

(I) and leucine (L) have the same molecular mass (113.17 g/mol) and the gaps of such mass difference in 

the spectrum was expressed as [I/L]. 

 
 

 

 

             Another protein that could be successfully identified was spot #104, which is also up-

regulated 8 folds in AC-T (as compared to AC-N). Peptide 1557.862 m/z and 1788.875 m/z were 

analyzed by MS/MS and the sequence tags found were VSVVD[I/L]T and SWYDNEWGYSNR 

respectively (Figure 6.11). With MASCOT bioinformatic searches, two significant hits were 

found for the former sequence tag and another two significant hits were found for the later one. 

All of them were reported to be glyceraldehyde-3 phosphate dehydrogenase. The accession 

numbers were gi|1151182 and gi|56188 (for VSVVDLT) and gi|5219 and gi|32454979 (for 

SWYDNEWGYSNR) respectively. When both sequences were submitted together as parts of one 

protein, the protein was identified as glyceraldehyde-3 phosphate dehydrogenase. 

             Spot #257 was also identified by the same strategy. It was found to be upregulated in 

AC-T and was about 2.4 folds that of AC-N. Peptide 957.474 m/z were sulfonated to 1172.464 

m/z (Figure 6.12). Sequence tag [I/L]DAE[I/L]A[I/L]GR was obtained (Figure 6.13). The only 

significant hit by MASCOT searching was putative transcriptional regulator (IDAELALGR) that 

was discovered in Frankia alni with accession number gi|111223593.  
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(a) 

(b) 

(c) 

Figure 6.11. (a) MS/MS spectrum of peptide 1557.862 m/z of spot #104. Sequence VSVVD[I/L]T was 

deduced from the y-ions with mass tolerance of ± 0.3 Da. (b) PMF of spot #104 in which peptide 

1557.862 m/z (green circle) and 1788.875 m/z (red circle) were analyzed further by MS/MS. (c) MS/MS 

spectrum of peptide 1788.875 m/z of spot #104. Sequence SWYDNEWGYSNR was deduced from the y-

ions with mass tolerance of ± 0.3 Da. 
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Figure 6.12. PMFs of spot #257 (a) with sulfonation and (b) without sulfonation. Peptide ion 957.474 

m/z was successfully sulfonated to 1172.464 m/z with an increased mass of 215 Da.  

 

 

 

Figure 6.13. MS/MS spectrum of sulfonated peptide ion 1172.464 m/z of spot #257. Peptide 957.232 

m/z was the native peptide ion. Amino acid sequence [I/L]DAE[I/L]A[I/L]GR was deduced from the y-ions 

with mass tolerance of ± 0.3 Da. 
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             Beside using the MASCOT search engine, protein identification was also performed with 

the “protein blast” (Basic Local Alignment Search Tool) option provided by the National Centre 

for Biotechnology Information (NCBI). Protein sequences submitted would be regarded as 

successfully identified if a significant score (E value<0.05) which proteins in the database is 

achieved. Spot #27 was successfully identified through this system. It was shown to have 5-fold 

higher expression level in the AC-T than the AC-N. Peptide 1000.328 m/z was sulfonated and 

the peptide 1215.692 m/z gives the sequence QF[I/L]HYHR (Figure 6.14). Another sequence 

GHGAVTS came from the non-suulfonated peptide 1254.805 m/z (Figure 6.15). Using the 

protein blast system, all the exact matches with significant score to both sequences (QFLHYHR 

and GHGAVTS) were shown by ribulose 1,5-bisphosphate carboxylase/oxygenase II (Rubisco II) 

that come from Prorocentrum minimum (Accession no.: AAO13045.1, AAO13070.1, 

AAO13066.1 & AAO13077.1). Spots #28, #31, #32 and #33 were probably the isoforms of spot 

#27 as they share several major peaks in their PMFs and they were at neighboring positions on 

the 2D gel and hence were Rubisco II also (Figures 6.16 and 6.4).  

 

Figure 6.14. MS/MS spectrum of sulfonated peptide ion 1215.692 m/z of spot #27. Peptide 1000.328 

m/z was the native peptide ion. Amino acid sequence QF[I/L]HYHR was deduced from the y-ions with 

mass tolerance of ± 0.3 Da. 
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Figure 6.15. MS/MS spectrum of non-sulfonated peptide ion 1254.805 m/z of spot #27. Amino acid 

sequence GHGAVTS was deduced from the y-ions with mass tolerance of ± 0.3 Da. 

 
 

 

Figure 6.16. PMF spectra of spot (a)#27, (b)#28, (c)#31, (d)32 and (e)#33. Similar patterns were 

observed that some major peaks (highlighted regions) were conserved.   
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Spot #196 was also successfully identified with the blast function in the NCBI database. 

Spot #196 was down-regulated by 3.5 folds in phosphate limit culture of AC-T. The peptide 

1813.884 m/z was selected for MS/MS analysis. Sequence tag QYSQ[I/L]TYNQVR was found 

(Figure 6.17). 100% significant match was reported with protein plastid oxygen-evolving 

enhancer 1-2 precursor (QYSQLTYNQVR) found in Alexandrium funyense (Accession no.: 

ABO47876.1). 

Protein spot #118 which was up-regulated in AC-T, compared to AC-N, was also found 

to be up-regulated in normal AC-T culture than in that with 100% phosphate. Sequence tag 

[I/L]G[I/L]NGFGR was deduced from the sulfonated peptide 1317.951 m/z (Figure 6.18) and it 

was reported to be glyceraldehyde-3 phosphate dehydrogenase (IGINGFGR) from Pfiesteria 

piscicida (Accession no.:ABI14256.1). It probably is the isoform of spot #104 as they have similar 

pI value and molecular weight. 

 

 

Figure 6.17. MS/MS spectrum of non-sulfonated peptide ion 1813.884 m/z of spot #196. Amino acid 

sequence QYSQ[I/L]TYNQVR was deduced from the y-ions with mass tolerance of ± 0.3 Da. 
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Figure 6.18. MS/MS spectrum of non-sulfonated peptide ion 1813.884 m/z of spot #118. Amino acid 

sequence [I/L]G[I/L]NGFGR was deduced from the y-ions with mass tolerance of ± 0.3 Da. 

 

 
 

 

 

 

 

6.3.4  Identification of Differentially Expressed Proteins by LC-ESI-Ion-trap MS/MS 

Due to the fact that only a small portion of the differentially expressed proteins were identified 

by the combination of PMF, MALDI-TOF MS/MS analysis as well as sulfonation, additional LC-

ESI-ion-trap MS/MS was performed with the hope of more identification. Several additional 

proteins were identified. One of them is spot #96. It has a higher expression levels in AC-T than 

AC-N and is by 5.5 folds. On the other hand, it showed a down-regulation when AC-T was under 

phosphate-stress. Sequence tags TGIAINGFGR, IM*LDPTFVK, SGNIIPSST were obtained from the 

peptide 1076.585 m/z, 1207.639 m/z & 1344.712 m/z respectively (M* stands for oxidized 

methionine) (Figures 6.19-21). Most significant matches were shown by glyceraldehyde-3 

phosphate dehydrogenase from Gonyaulax polyedra (Accession no.: gi|4103871), Alexandrium 

catenella (Accession no.: gi|117959253) and Scrippsiella trochoidea (gi|35210480). The three 

peptides and the corresponding sequence tags were also found from PMFs of spot #97 and spot 

#98. They are also glyceraldehyde-3 phosphate dehydrogenase. 
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Figure 6.19. Deduction of amino acid sequence tag from MS/MS spectrum of peptide 1076.585 m/z of 

spot #96 by Biotools 3.2. Successive amino acid sequence TGIAINGFGR was derived from y- and b-ions. 

 

 
 

 

 

 

Figure 6.20. Deduction of amino acid sequence tag from MS/MS spectrum of peptide 1207.639 m/z of 

spot #96 by Biotools 3.2. Successive amino acid sequence IM*LDPTFVK was derived from y- and b-ions. 

(M*, oxidized methionine) 
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Figure 6.21. Deduction of amino acid sequence tag from MS/MS spectrum of peptide 1344.712 m/z of 

spot #96 by Biotools 3.2. Successive amino acid sequence SGNIIPSST was derived from y- and b-ions. 

 

 

 

 

 

Another protein identified was spot #175, which was up-regulated by 3 folds in AC-T 

when compared to AC-N. Bioinformatic searches using its sequence tag INEPTAAAL from 

peptide 1659.895 m/z returned heat shock protein 70 from Cryptosporidium andersoni 

(Accession no.: gi|61969374) and Euplotes aediculatus (Accession no.: gi|3169833, gi|3169841)  

(Figure 6.22). 

Spot #192 showed a 4.2-fold down-regulation under phosphate limitation in AC-T. 

Sequence tag PTVESQGSSV was deduced from the peptide 2131.045 m/z (Figure 6.23) and it 

was identified as plastid oxygen-evolving enhancer 1-2 precursor from Alexandrium fundyense 

(Accession no.: gi|134037072) which is the same as spot #196 described previously. 
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Figure 6.22. Deduction of amino acid sequence tag from MS/MS spectrum of peptide 1659.895 m/z of 

spot #175 by Biotools 3.2. Successive amino acid sequence INEPTAAAL was derived from y- and b-ions. 

 

 

 

 

 

Figure 6.23. Deduction of amino acid sequence tag from MS/MS spectrum of peptide 2131.045 m/z of 

spot #175 by Biotools 3.2. Successive amino acid sequence PTVESQGSSV was derived from y- and b-

ions. 
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Spot #266 was identified as light-harvesting related proteins. Comparing AC-T and AC-N, 

it has a higher expression level in AC-T than AC-N by 2 folds. Its expression level was dropped by 

2.2 folds under phosphate limiting condition. Matching sequence tags DIPNGLGAI and 

ATM*GYITP were deduced from peptides 1376.706 m/z and 1841.939 m/z respectively (Figures 

6.24-25). Significant protein hits included light-harvesting polyprotein precursor from 

Amphidinium carterae (Accession no.: gi|3355306), light-harvesting chlorophyll a-c binding 

protein also from A. carterae (Accession no.: gi|757520) and chloroplast light harvesting 

complex protein from Heterocapsa triquetra (Accession no.: gi|58613557).  By comparing the 

molecular weights of the protein hits, spot #266 has a similar size to light-harvesting chlorophyll 

a-c binding protein, with both of them at around 20 kDa. Light-harvesting polyprotein precursor 

actually contains several long strings of amino acids with similar sequences. The molecular 

weight of chloroplast light harvesting complex protein is 16 kDa (Appendix B). 

 

 

Figure 6.24. Deduction of amino acid sequence tag from MS/MS spectrum of peptide 1376.706 m/z of 

spot #266 by Biotools 3.2. Successive amino acid sequence DIPNGLGAI was derived from y- and b-ions. 
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Figure 6.25. Deduction of amino acid sequence tag from MS/MS spectrum of peptide 1841.939 m/z of 

spot #266 by Biotools 3.2. Successive amino acid sequence ATM*GYITP was derived from y- and b-ions. 

 

 

 

 

It is noteworthy to mention that two categories of protein hits were reported for spot 

#73. It was highly expressed in AC-T as it was not found in AC-N. However, it was down-

regulated by 3.7 folds in AC-T exposed to phosphate-limited condition. By MS/MS analysis of 

peptides 1088.635 m/z, 1435.754 m/z & 1573.779 m/z, sequence tags VDLLAFYAK, 

TQAGSEVSALLGR & VYGQMNEPPGA were obtained. These tags were matched to ATP synthase 

subunit beta (Figures 6.26-28). On the other hand, peptides 1679.798 m/z and 1707.862 m/z 

gave the sequence tag M*DLEPGTM*D and TVPELTQQM*FDA which were matched with beta-

tubulin (Figures 6.29-30). Although the pI value and molecular weight of spot #73 (i.e. pI 5.0 & 

48 kDa) was similar to ATP synthase subunit beta (pI 5.2 and 53.2 kDa), there is no sufficient 

information for eliminating the possibility of beta-tubulin. Further, co-migration of two proteins 

in 2-DE may occur if the two proteins have similar pI and also molecular weight. They may be 

very close or even overlap to each other. Hence the identity of spot #73 could not be confirmed 

and would not be further discussed in the later section. 
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Figure 6.26. Deduction of amino acid sequence tag from MS/MS spectrum of peptide 1088.635 m/z of 

spot #73 by Biotools 3.2. Successive amino acid sequence VDLLAFYAK was derived from y- and b-ions. 

 

 

 

 

 

Figure 6.27. Deduction of amino acid sequence tag from MS/MS spectrum of peptide 1435.754 m/z of 

spot #73 by Biotools 3.2. Successive amino acid sequence TQAGSEVSALLGR was derived from y- and b-

ions. 

 



135 

 

Figure 6.28. Deduction of amino acid sequence tag from MS/MS spectrum of peptide 1573.779 m/z of 

spot #73 by Biotools 3.2. Successive amino acid sequence VYGQMNEPPGA was derived from y- and b-

ions. 

 

 

 

Figure 6.29. Deduction of amino acid sequence tag from MS/MS spectrum of peptide 1679.798 m/z of 

spot #73 by Biotools 3.2. Successive amino acid sequence M*DLEPGTM*D was derived from y- and b-

ions. 
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Figure 6.30. Deduction of amino acid sequence tag from MS/MS spectrum of peptide 1707.862 m/z of 

spot #73 by Biotools 3.2. Successive amino acid sequence TVPELTQQM*FDA was derived from y- and 

b-ions. 

 

 

 

 

 

Similar cases were found for spot #66, which is down regulated by 2 folds in AC-T in 

phosphate limiting condition. Peptides 1076.585 m/z, 1207.639 m/z and 1344.712 m/z which 

were found in spot #96, #97, #98 were found again. Same amino acid sequence tags were 

deduced and the results were matched as glyceraldehyde-3 phosphate dehydrogenase also. On 

the other hand, another two sequence tags ALLFVPR and VDSEDLPLNIS were deduced from 

peptides 815.514 m/z and 1513.786 m/z respectively (Figure 6.31-32). The two sequence tags 

matched with the amino acid sequences of heat shock protein 90. Similar to spot #73, spot #66 

would not be discussed in the following section since the identity could not be confirmed. 

 

 

 

 



137 

 

Figure 6.31. Deduction of amino acid sequence tag from MS/MS spectrum of peptide 815.514 m/z of 

spot #66 by Biotools 3.2. Successive amino acid sequence ALLFVPR was derived from y- and b-ions. 

 

 

 

 

 

Figure 6.32. Deduction of amino acid sequence tag from MS/MS spectrum of peptide 1513.786 m/z of 

spot #66 by Biotools 3.2. Successive amino acid sequence VDSEDLPLNIS was derived from y- and b-ions. 
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6.3.5  Identification By Searching Against the Transcriptome of Alexandrium catenella 

In addition to searching sequence tag from the NCBInr database, sequence tags generated from 

MALDI-TOF/TOF analysis with sulfonation were allowed to search against the transcriptome of 

A. catenella (CS-300) constructed by BGI. One of the protein spots was found to have high 

homology to deduced protein sequence of an expressed gene in the transcriptome. Sequence 

tag EVDWNAEYFAR was generated from a sulfonated peptide 1613.513 m/z of spot #175 

(Figure 6.33). No significant search was reported with the sequence from neither MASCOT nor 

blast search engine. By searching the sequence against the transcriptome database of A. 

catenella, high similarity was found to a sequence EVDWNADYFKA from the gene peridinin 

chlorophyll-a binding protein apoprotein precursor (annotated using homology from 

Symbiodinium sp. RKT-203). Figure 6.34 showed the alignment results obtained from EMBOSS 

Water of European Bioinformatics Institute (EBI) when the EVDWNADYFKA sequence was 

submitted. Eight amino acids were identical in the two sequences. E (glutamate) and D 

(aspartate) are similar that they both have negatively charged side chain. Together with the 

results from the ESI-ion-trap MS/MS analysis, two protein candidates were reported for spot 

#175. 

             Together with all the results of identification, Tables 6.4 and 6.5 summarized all the 

information of the proteins identified using various methodologies.  
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Figure 6.33. MS/MS spectrum of sulfonated peptide ion 1613.513 m/z of spot #175. Peptide 1398.410 

m/z was the native peptide ion. Amino acid sequence EVDWNAEYFAR was deduced from the y-ions with 

mass tolerance of ± 0.3 Da. 

 

 

 

 

 

Figure 6.34. Sequence alignment of EVDWNAEYFAR (from spot #175) and EVDWNADYFKA (from 

transcriptome of A. catenella). High homology was reported between them. 
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Table 6.4. A summary of proteins successfully identified by the various methodogies. These proteins 

were found to be differentially expressed in the toxic Alexandrium catenella (AC-T), when compared to 

the non-toxic A. catenella (AC-N). 

Protein identity Spot number 
Differential 

expression 
Folds of change 

Ribulose 1,5-bisphosphate 

carboxylase/oxygenase II 

(Rubisco II) 

27 

 

5.2 

28 5.2 

31 4.7 

32 4.1 

33 3.2 

Methionine adenosyltransferase 38  5.9 

ATP synthase subunit beta or 

beta-tubulin 
73  >100* 

Glyceraldehyde-3 phosphate 

dehydrogenase 

96 

 

5.5 

97 4.5 

98 2.9 

104 7.9 

118 7.0 

 

Heat shock protein 70 or 

peridinin chlorophyll-a binding 

protein apoprotein precursor 

 

175  3.0 

Transcriptional regulator 257  2.4 

Light-harvesting protein 266  2.0 

  Up-regulated expression in AC-T, compared to AC-N 

*The spot of protein was not detectable in AC-N 
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Table 6.5. Proteins identified by various methodologies. These proteins are found to be differentially 

expressed in the toxic Alexandrium catenella (AC-T) in phosphate-limiting condition, as compared to the 

AC-T cells in normal cultivation medium. 

Protein identity Spot number 
Differential 

expression 
Folds of change 

Glyceraldehyde-3 phosphate 

dehydrogenase or 

Heat shock protein 90 

66   2.0 

ATP synthase subunit beta or 

beta-tubulin 
73   3.7 

Glyceraldehyde-3 phosphate 

dehydrogenase 

96 

 

7.3 

97 7.7 

98 6.1 

118 2.9 

plastid oxygen-evolving 

enhancer 1-2 precursor 

192 

 

4.2 

196 3.5 

Light-harvesting protein 266  2.2 

  down-regulated expression under phosphate limitation 
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6.3.6  Significance of Identified Proteins and PSTs Production 

Researches focusing on elucidating mechanisms of the production of saxitoxin and other 

paralytic shellfish toxins have started decades before. However, the lack of whole genome 

information hinders progress of these studies. The occurrence of post-translational 

modification in dinoflagellates introduces additional difficulties to studies of PST production 

through genomic approach (Fagan et al., 1999). Until a decade ago, more knowledge regarding 

PST biosynthesis was disclosed with proteomic techniques. Several proteins were reported to 

be differentially expressed between toxic and non-toxic Alexandrium minutum (Chan et al., 

2005). However, identities of these proteins were unknown. These previous studies were 

performed by former members of our research group. The biggest hurdle in the identification 

process was the lack of genomic information and there was no other method available then to 

help them. With the advancement of mass spectrometry, techniques including sulfonation, LIFT 

technology in the MALDI-TOF-TOF, transcriptome database to support LC-ESI-ion-trap MS 

became available to me in the course of this thesis. Therefore, a total of 7 differentially 

expressed proteins were positively identified in the present study. Six of these proteins were 

upregulated when AC-T was compared to AC-N while some of the same proteins became down-

regulated when the AC-T culture cells were exposed to phosphate-stress (Tables 6.4 and 6.5). 

Comparison between AC-T and AC-N will broadly represent difference in genetic makeup which 

enable or otherwise the production of PSTs. As the AC-T cells experiencing phosphate-stress 

became 4 times more toxic than the AC-T cells in normal medium, the insights provided by the 

3 down-regulated proteins between AC-T cells with and without phosphate-stress are very 

important. I shall discuss these proteins in the following. 

6 differentially expressed proteins were identified from the comparison of protein 

expression between toxic AC-T and non-toxic AC-N. All of these 6 proteins were upregulated in 

AC-T cells. Among these 6 proteins, 3 of them were involved in photosynthesis. Ribulose 1,5-

bisphosphate carboxylase/oxygenase II (Rubisco II) is the chief enzyme for autotrophic CO2 

fixation and it is the initial as well as the rate-limiting step in the Calvin cycle. With an added 

carbon from CO2 to ribulose-1,5-bisphosphate (RuBP), 2 molecules of 3-phosphoglycerate (3-

PGA) come out. The same active site of the enzyme is also responsible for the first oxygenation 
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step in photorespiration that one 3-PGA and one 2-phosphoglycolate (2-PG) molecules are 

formed after O2 is reacted with RuBP (Tabita et al., 2008). The molecular structure of Rubisco II 

in dinoflagellates is not the same as those (form I) in the green plants, although they have the 

same biological role. Form II Rubisco is a dimer of two large subunits. Due to its important role 

in photosynthesis, its concentration in dinoflagellates is reasonably high. From the 2D gel 

profiles in this study, spot #27, #28, #31 to #33 were found to be Rubisco II. Normalized with 

the total proteins expressed in the 2-D gel profiles, the amount of Rubisco II was about 8.9 % of 

the total cellular proteins in AC-T cells in the exponential phase. For similar cell volumes and cell 

densities at the same growth phase, AC-N only process about 1.9 % protein amount of Rubisco 

II. This may indicate that there are some differences of photosynthetic ability between AC-T and 

AC-N. One can also infer that the difference in photosynthetic ability may relate to PST 

production as AC-T is toxic while AC-N is not. 

Another differentially expressed protein that is upregulated when AC-T is compared to 

AC-N is glyceraldehyde-3 phosphate dehydrogenase (G3PD). It is the enzyme that catalyze the 

reversible interconversion between glyceraldehyde-3-phosphate (G3P) and 1,3-

diphosphoglycerate (1,3-BPG), depending on which biological pathway is involved. One of these 

pathways is the Calvin cycle. After an inorganic phosphate group from ATP is added to 3-PGA, 

1,3-BPG is formed and the plastid G3PD is responsible for converting the molecule to G3P with 

NADPH. The other possible pathways that is involved with G3P and 1,3-BPG interconversion is 

glycolysis/gluconeogenesis in which cytosolic G3PD is involved. However, previous studies 

reported that several cytosolic and plastid-targeted G3PD were processed in dinoflagellates 

(Takishita et al., 2005). Further, no full amino acid sequence of the differentially expressed 

G3PD was generated for alignment to those in the database. No conclusion could be made 

whether the G3PD which showed differentially expression are actually cytosolic or plastid-

targeted. Nevertheless, the up-regulation of G3PD in AC-T indicates that the metabolic activities 

between AC-T and AC-N would probably be different, even at the same growth phase at similar 

cell density and size. Whether the difference in metabolic rate manifested in difference in PST 

production is not yet known. 
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             Thirdly, Spot #266 was shown to be upregulated in AC-T and it was found to be light-

harvesting protein (LHP). LHP is the protein part of light-harvesting complex (LHC), which forms 

reaction center of the photosystem and is important for transfer of energy efficiently (Prezelin 

and Alberte, 1978). LHP in the complex are transmembrane proteins in the thylakoids and are 

pigment-bound. LHP assists energy transfer by holding the pigments in specific three-

dimensional arrays. Light dependent reaction occurs in the LHC and ATP as well as NADPH are 

generated for the other part of photosynthesis. AC-T expressed comparatively more LHP than 

AC-N and again such difference would be another indicator of different photosynthetic ability 

between the two strains. 

             About half of dinoflagellates are photosynthetic in nature (Ishida and Green, 2002). A 

higher capability of carrying photosynthesis reflects a higher carbon uptake for cellular 

metabolism. Fast-growing dinoflagellates have a comparatively higher photosynthetic rate than 

slow-growing species as more carbon is needed for a high rate of biomass production. From the 

results of differential protein expression between AC-T and AC-N, Rubisco II, G3PD and LHP all 

play vital roles in various parts of photosynthesis. All of these proteins were found to have a 

higher expression in AC-T than AC-N. However, from observations in my background studies in 

Chapter 4, both AC-T and AC-N have similar cell sizes and cell densities at Day 18 (the sampling 

point) and also in most part of the exponential phases. The growth rates in this period of the 

two strains were the same also. No obvious difference in carbon gain between AC-T and AC-N 

were found from observation of their growth and biomass accumulation. But the presence of 

PSTs in AC-T but not in AC-N reflects a difference of carbon usage between them. Carbon is the 

main component of STX (about 40 % of its molecular weight). A higher photosynthetic ability of 

AC-T may account for the extra expenditure of carbon in PST production. Besides, ATP-

dependent enzyme is found to be involved for interconversion of PSTs (John and Flynn, 2002). 

Energy consumption is thus involved in toxin synthesis and this may be the possible reason of 

higher requirement of photosynthesis in AC-T than AC-N. Further, it was reported earlier that a 

strain of Alexandrium lusitanicum lost its PSP toxigenicity of a formerly toxic clone (Martins et 

al., 2004) and the loss of toxigenicity was associated with a reduced growth capability, 

indicating that the metabolic activities were changed concurrently with the ability of toxin 
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production. These observations linked toxigenicities of dinoflagellates with their metabolic or 

photosynthetic activities. This is not a novel idea. In 2010, research has been done on the 

relationship between photosynthesis and PST production in dinoflagellate Alexandrium 

minutum (Maas and Brooks, 2010). By incubating the culture in dark for 22 days, toxin profiles 

changed and STX production disappeared completely. Although the levels of other PSTs such as 

GTX1-4 and NEO were not changed, it is noteworthy that photosynthesis does have some 

effects in toxin production of dinoflagellates. Such findings bring along the followed-up 

question. Why dinoflagellates process toxin production which in fact is energy consuming? 

Several explanations could be proposed. The simplest and most direct rationale is that PSTs 

could actually bring some advantages to the organism. Because of such value, it is worthwhile 

or even necessary for dinoflagellates to use part of its energy gained from photosynthesis for 

toxin production. However, such advantage is yet to be found and substantiated in field studies. 

Also, the free existence of non-toxic strain in the natural environment cast doubt on the 

possible importance of such ‘advantages’. Another explanation of the phenomenon is the 

existence of PST is a by-product. PSTs may be the by-product of some kind of treatments of 

removal or transformation of some unwanted substances produced from the toxic 

dinoflagellates. However, one may imagine that similar problem existed in non-toxic strains and 

how are these substances being dealt with in non-toxic strains? Are they changed to other non-

toxic molecular structures other than PST or no such substances are produced in these strains? 

The third proposed explanation could be the consumption of extra metabolic energy. Due to 

the higher intrinsic photosynthetic capabilities of the toxic strains, energy gained from 

photosynthesis may be in excess, much more than the actual need for cell growth and other 

metabolic activities. The excess energy was not stored but consumed with some cellular 

processes, resulting in PSTs formation. All of these proposed explanation needed to be tested 

by further investigation which will be discussed in the later part of this thesis. 

             In addition to proteins involved in photosynthesis, methionine adenosyltransferase 

(MAT) was also found to be upregulated in AC-T than in AC-N. Expression level of MAT in AC-T is 

about 6 folds of AC-N. MAT is the enzyme involved in synthesis of S-adenosylmethionine (SAM) 

with methionine and ATP in the methionine cycle (Figure 6.35) in which methionine and 
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homocystiene could be interconverted. The product of MAT reaction, SAM, participates in 

many cellular processes. The principal function of SAM is methylation and it could occur in 

proteins, lipids and nucleic acids. SAM participates in the repairing function of spontaneous 

protein degradation as well. It is noteworthy that methylation of DNA is one kind of regulation 

of gene transcription. 

Figure 6.34. Methionine cycle. Methionine adenosyltransferase is responsible for synthesize of SAM 

from methionine  

 

In PSTs producing dinoflagellates, SAM was reported to play a role in PST synthesis. The 

methyl group of methionine (through SAM) was reported to be one of the precursors of 

proposed STX synthetic pathway (Shimizu, 1993). In the proposed mechanism, a side chain 

methyl group was added to the heterocyclic skeleton of the molecule by SAM after cyclization 

reactions. Previous study on PSTs production reported that the gene of another SAM relating 

enzyme, adenosylhomocysteinase (AHS), was differentially expressed during toxin synthesis 
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(Taroncher-Oldenburg and Anderson, 2000). The findings of a higher MAT expression in AC-T in 

this study appeared to be coherent to its toxigenic characteristic that an additional portion of 

SAM is consumed during toxin synthesis (Figure 6.36) and that it did not occur in the non-toxic 

AC-N strain. Hence, for toxin production in toxic dinoflagellates, SAM needed to be regenerated 

in a higher rate and hence a higher expression of MAT. However, such direct relationship 

between SAM and toxigenicity could be argued against with the wide range of biological roles 

of SAM. As mentioned, SAM is also involved in DNA methylation for transcriptional regulation. 

Higher expression of SAM between the toxic and non-toxic strain could be explained with the 

differential regulation of ‘PSTs related genes’. Methylation of ‘PSTs related genes’ in AC-T may 

induce its expression and result in toxin production. In depth investigation is needed to confirm 

the significance of MAT and SAM in PSTs production.  

    The other upregulated protein, spot #175, were found to be either peridinin-chlorophyll 

a protein (PCP) by the transcriptomic approach or heat shock protein 70 (HSP70) by the amino 

acid sequence tags approach. It is known that peridinin is the carotenoid that is uniquely found 

in dinoflagellates (Rowan et al., 1996a). Because of peridinin, dinoflagellates could capture light 

and transfer energy efficiently, even at low light levels in the marine environment. Upregulation 

of PCP in AC-T is consistent with the upregulation of other photosynthesis relating proteins 

mentioned before, indicating a difference in photosynthetic capabilities between AC-T and AC-

N. On the other hand, if spot #175 is HSP70, its interference is different. HSP70 is known to take 

part in many cellular processes including protein folding, protection of cells from thermal or 

oxidative stress and also signal transduction (Uribe et al., 2008). However, increased expression 

of HSP70 in toxic dinoflagellates is contradictory that reported in the literature (Pomati et al., 

2006). In that study, comparison of transcriptional profiles between a toxic and a non-toxic 

strain of Anabaena circinalis was performed. Gene expression of HSP70 in the non-toxic strain 

was found to be higher than that of the toxic counterpart and the authors suggested that heat 

shock proteins have a role in PSTs production regulation. It should be noted that Anabaena 

circinalis is a prokaryote and is genetically distant to dinoflagellates. The role of HSP70 in 

prokaryote and eukaryote may be very different. Further, due to the non-specificity of 
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Figure 6.35. Simplified proposed biosynthetic pathway for saxitoxin as suggested by Shimizu (1993), showing methylation through SAM  is 

involved for STX production (highlighted region). 
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functions of HSP70, the linkage between the expression of HSP70 and toxigenicities of 

dinoflagellates remains elusive and further investigation is needed to find its role in PSTs 

production. 

Spot #257 was the last protein found to be upregulated and successfully identified when 

protein expression in AC-T was compared to that of AC-N. It was identified as a putative 

transcriptional regulator homologous to that of a bacterium Frankia alni. Upregulation of this 

transcriptional regulator in AC-T may indicate that it has higher gene regulation/expression. 

Previous experiment focusing on the comparison of expressed sequence tag (EST) of a toxic and 

a non-toxic A. minutum found that there were 192 genes that were differentially expressed 

between the two strains (Yang et al., 2010). Such difference could be linked to different levels 

of transcriptional proteins between them. Further, a recent study showed that a sxtA gene is 

responsible for PSTs production in the toxic A. tamarense/catenella/fundyense complex (Stuken 

et al., 2011). This implied that the inability of PSTs production in AC-N may due to some kind of 

sxt genes suppression. Such explanation could also fit to the proposed reason why A. 

lusitanicum lost its toxicity after many generations of sub-culturing. There may be an ‘unknown 

factor’ which leads to shut down of expression of the sxt genes and loss of toxicity. Nonetheless, 

understanding of the role of transcriptional regulator(s) in AC-T may give insight into the 

production of PSTs. 

    On another front, 3 differentially expressed proteins (all down-regulated) were 

successfully identified in AC-T cells in phosphate limiting condition in comparison with AC-T in 

normal medium. Two of these 3 proteins were discussed previously when AC-T was compared 

to AC-N. They are glyceraldehyde-3 phosphate dehydrogenase (G3PD) and light-harvesting 

protein (LHP). AS elaborated previously, G3PD is the metabolic enzyme that is involved in Calvin 

cycle, glycolysis and gluconeogenesis. The lower expression of G3PD in PO4-limited culture 

apparently related to the retarded growth of the culture due to the unavailability of phosphate 

for cell division. As there was not enough phosphate to support growth (e.g. new DNA 

synthesis), there was less demand for metabolic energy to support growth of the culture and 

hence there was less expression of G3PD. The second protein LHP found to be down-regulated 
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in PO4-limited AC-T culture. As elaborated earlier, LHP is involved in photosynthesis by binding 

to light-capturing pigments and aid energy transfer in the photosystem. Lower expression of 

LHP may indicate the photosynthetic activity become lower as the energy requirement or the 

reduced growth became less. To understand further the effects of LHP, discussion with the 

third protein identified is needed. The third protein that was identified is plastid oxygen-

evolving enhancer (OEE) 1-2 precursor, another protein that related to photosynthesis.  OEE is 

located on the thylakoid lumen and has a stabilizing function for the tetra-manganese cluster 

for water oxidation in photosystem II (Ishida and Green, 2002). It also serves as a protection of 

reaction centre of D1 protein from oxidizing actions of oxygen radicals. OEE is highly conserved 

in phototrophic organisms. A lower expression of OEE 1-2 precursor was found under 

phosphate limitation in the present study, indicating that the photosynthetic activities were 

lower under the condition of phosphate stress. Together with LHP, my results showed that 

under phosphate limitation, growth was retarded after several days of culturing. 

Photosynthetic activities were decreased concomitantly. Results reported in the literature 

support this inference. It was found that the fluorescence-based photochemical efficiency of 

PO4-limited culture of A. minutum was decreased (Lippemeier et al., 2003).  It was suggested 

that such drop was the result of reduction of the requirement of ATP and this lead to a pH 

gradient across the thylakoid membranes and hence resulted in nonphotochemical quenching. 

Regarding toxicity, in the study by Lippemeier and coworkers as well as the present study, 

cellular toxin content were increased in the PO4-limited culture, showing an inverse relationship 

to photosynthetic activities. The relationship between photosynthesis and toxin content may 

have some correlations to the fact that light intensity could affect toxin synthesis of 

dinoflagellates. As photosynthesis could be affected by light intensity, the toxin production at 

various light intensities may be one kind of effect of changes of photosynthesis of 

dinoflagellates. However, it is hard to deduce the mechanism of such interrelationship at this 

moment as this kind of effect is not seen in GC-T in the present study as well as that reported 

by Usup and coworkers (Usup et al., 1994). Further, the inverse relationship of photosynthesis 

and cellular toxin content was in contradictions with the suggestion that the product or process 

of photosynthetic capabilities is required for toxin synthesis. It also disagreed with the 
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suggestion that the ability of toxin synthesis is solely metabolism-driven. A possible explanation 

to this conflicting phenomenon could be that there is more than one mechanism in controlling 

PST production. Beside the pathway which is responsible for toxin synthesis, another 

mechanism may exist for the removal or detoxification of PSTs. Non-toxic AC-N is intrinsically 

unable to carry out toxin synthesis but toxic AC-T seems to have the genetic machinery to 

produce PSTs. On the other hand, PSTs removal or detoxification mechanism is somehow 

disabled under phosphate limiting condition in AC-T and hence caused the accumulation of 

toxins in the toxic dinoflagellates. It should also be noted that toxin detoxification mechanism in 

toxic dinoflagellates is not yet identified but could be possible as this was found from other 

toxin producing microorganism (Lefebvre et al., 2008; Shilo M. and Aschner, 1953). If this is also 

true for PSTs producing Alexandrium, will it be an energy-consuming process that require 

specific transportation? Is the accumulation of the toxins actually the result of reduction in 

metabolism and such transport? Certainly, further investigation is needed to confirm this 

hypothesis and also its effects as induced by phosphate limitation. 
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6.4  Summary 

65 proteins were found to be differentially expressed between the 2D expression profiles of AC-

T and AC-N in the exponential phase (Day 18). 7 proteins were identified with MALDI-TOF/TOF 

and ESI-ion-trap MS analysis and they are all upregulated in AC-T. Some of these proteins are 

known to be involved in photosynthesis and they are ribulose 1,5-bisphosphate 

carboxylase/oxygenase, glyceraldehyde-3 phosphate dehydrogenase, peridinin-chlorophyll a 

protein and light harvesting protein. Others are methionine adenosyltransferase, heat shock 

protein 70 and transcriptional regulator. 22 proteins were found to be differentially expressed 

with the 2D expression profiles of AC-T under phosphate limitation. 3 of them were identified 

and they are downregulated, including glyceraldehyde-3 phosphate dehydrogenase, plastid 

oxygen-evolving enhancer 1-2 precursor and light harvesting protein. The results suggested that 

the toxin content of A. catenella may have some correlations to the photosynthetic activities of 

the dinoflagellates. 
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Chapter 7     Concluding Remarks and Further Studying Approaches 

In the ultimate aim to understand the mechanism for PST production, four strains of 

dinoflagellates were selected for studying their growths, cell sizes, intracellular toxin contents 

and endogenous free arginine contents. A strain of Gymnodinium catenatum (GC-T) and toxic 

strain of Alexandrium catenella (GC-T) were found to contain PSTs, while no toxin was found in 

the non-toxic strain of A. catenella (AC-N) and A. tamarense (AT-N). GC-T was found to be more 

toxic than AC-T in terms of both intracellular toxin content and cellular toxin concentration. 

However, environmental variations (including nitrate enrichment/limitation, phosphate 

limitation and the addition of exogenous arginine) could not induce any significant charge in 

toxin content in GC-T. On the other hand, toxin content of AC-T under phosphate limitation was 

increased to about 400% of that of normal. 2-DE proteins expression of AC-T and AC-N were 

compared and 65 proteins were found to be differentially expressed. 6 differentially expressed 

proteins were identified with the aid of MALDI-TOF-TOF MS and LC-ESI-ion-trap MS/MS. Some 

of the proteins are known to be involved in photosynthesis (i.e. Rubisco II, G3PD, LHP and PCP) 

and one of them is involved in the methionine cycle (i.e. MAT). 2-DE proteins expression of AC-T 

under phosphate limitation was also examined and photosynthetic proteins were found to be 

differentially expressed again. These results imply that there may have some correlations 

between photosynthesis capabilities and toxin synthesis in A. catenella. 

             To build on my results and to understand mechanism of PST production ultimately, 

several possible experiments are suggested. 

1) Firstly, expression levels of the differentially expressed proteins identified in this study 

should be validated by either genetic method (e.g. quantitative real-time PCR), western 

blotting with antibodies and classical biochemical approach. 

2) Secondly, several photosynthetic proteins were reported to have some implications in toxin 

synthesis, effects on toxigenicity of the dinoflagellates by specific inhibition of the 

photosynthetic pathway at different stages should be performed. Ultra-violet radiation, 3-

(3,4-dichlorophenyl)-1,1-dimethylurea (DCMU) and methyl parathion were the substance 

reported to cause inhibition of photosynthesis (Helbling et al., 2008; Saroja and Bose, 1983; 
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Staats et al., 2000; Sukenik et al., 2002). With the addition of these substances at different 

extent and time points, toxin content of dinoflagellates at their optimal and sub-optimal 

levels of photosynthesis could be investigated. 

3) Methionine adenosyltransferase (MAT) was also reported to have higher expression in toxic 

dinoflagellates. It was suggested that this was the result of higher requirement of S-

adenosylmethionine (SAM) for methylation during toxin synthesis. The effect on toxigenicity 

of surplus methionine or SAM should be studied.  

4) Another further studying approach could be performed by investigation of toxin content 

after blocking the gene expression of MAT. With the limited supply of SAM, the pathway for 

toxin production is supposed to be hampered at some stages and expression of the relating 

enzyme would be affected. 

5) Based on the results of the analyses of the 2D profiles of AC-T and AC-N and PO4-limited AC-

T, it is proposed that more than one mechanism are involved in controlling or balancing the 

intracellular toxin content of the dinoflagellates. To test the hypothesis, interaction of the 

PST molecules with other cellular components should be found out. Column binding 

experiment with immobilized PST molecules could be performed to find out what 

components in the dinoflagellates are involved in reacting or transporting the toxins. This 

studying approach could help elucidate the biological role of PSTs. 

6) Recently, more and more researchers studying dinoflagellates with transcriptomic approach, 

with the development of more powerful sequencing technologies (Yang et al., 2010). The 

information of the transcriptome could compensate limitations of the proteomic analysis of 

dinoflagellates in which no full genomic database is established. Full sequence of the 

protein candidates found from proteomic analysis could be known from the corresponding 

transcriptomic information. Besides, comparative study with the transcriptomes could 

provide a global view about the physiology of toxin producing mechanism of the 

dinoflagellates in any one time. 
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Appendices 

Appendix A 

  Appendix A1. Growth curve of GC-T. 

 
 

 

 

 

    Appendix A2. Growth curve of AC-T. 
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 Appendix A3. Growth curve of AT-N. 

 
 

Appendix A4. Growth curve of AC-N.

 
 

 Appendix A5. Standard curves of neuroblastoma assay using STX as the standard.  
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        Appendix A6. UPLC standard curves of different PSTs. 
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Appendix A7. Analysis of variance with SPSS program of toxin data of GC-T at different growth phases. 

p≈0.43 means there is no significant difference of toxin content between different growth phases. 

 

 

 

 

 

 

 

 

Appendix A8. Analysis of variance with SPSS program of arginine measurements of GC-T, AC-T and AT-N. 

p≈0.19 means there is no significant difference of arginine concentration between the three 

dinoflagellates. 
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Appendix A9. Post Hoc tests between the different sampling time points of arginine measurement of 

GC-T. The highlighted column shows the p values. p<0.05 means there is significantly difference 

between the two compared groups at 95% confidence level. Results shows that the arginine content in 

Day 2 (log phase) and Day 58 (decline phase) samples were different from the levels in Day 8, 18 & 38 

(exponential phase). And no significant variation of arginine levels was found within the different 

sampling points (Day 8, 18 & 38) of exponential phases. 
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Appendix A10. Analysis of variance with SPSS program of toxin analysis of GC-T under different nitrate 

supply. p≈0.51 means there is no significant difference of toxin content between the three conditions. 

 
 

 

 

 

Appendix A11. Independent sample t-test with SPSS program of toxin analysis of AC-T under (1) normal 

and (2) NO3-limited contdition. p≈0.24 means there is no significant difference of toxin content between 

the two groups. 

 
 

 

 

Appendix A12. Independent sample t-test with SPSS program of toxin analysis of GC-T under (1) normal 

and (2) PO4-limited contdition. p≈0.96 means there is no significant difference of toxin content between 

the two groups. 
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Appendix A13. Independent sample t-test with SPSS program of toxin analysis of AC-T under (1) normal 

and (2) PO4-limited contdition, at Day 10. p≈0.04 means there is a significant difference of toxin content 

between the two groups. 

 
 

Appendix A14. Independent sample t-test with SPSS program of toxin analysis of AC-T under (1) normal 

and (2) PO4-limited contdition, at Day 20. p≈0.01 means there is a significant difference of toxin content 

between the two groups. 

 
 

Appendix A15. Independent sample t-test with SPSS program of toxin analysis of GC-T under (1) normal 

and (2) arginine-supplemented contdition. p≈0.28 means there is no significant difference of toxin 

content between the two groups. 

 
 

Appendix A16. Independent sample t-test with SPSS program of toxin analysis of AC-T under (1) normal 

and (2) arginine-supplemented contdition. p≈0.61 means there is no significant difference of toxin 

content between the two groups. 
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Appendix B 

Appendix B1. Alignment of the complete sequence of ITS1-5.8S-ITS2 region of the selected strain (CS-

300) of Alexandrium catenella for transcriptomic analysis with AC-T and AC-N in the study. 

 

 

 

Appendix B2. Statistics of transcriptome assembly of A. catenella 

 

Raw Data 5 976 312 840 bp 

G+C content 59.86% 

Number of contigs 133 556 

Number of contigs’ bases 112 486 653 bp 

Number of sequences with 400-1000 bp 95 854 

Number of sequences with 1001-2000 bp 31 615 

Number of sequences with > 2000 bp 6 384 

Contig N50 1 049 

Contig length mean 842 

Number if unigenes 108 596 

Number of bases in unigenes 89 716 414 bp 

Number of unigenes with 400-1000 bp 78 764 

Number of unigenes with 1001-2000 bp 25 050 

Number of unigenes with >2000 bp 4 782 

Unigene N50 1 032 

Unigene length mean 826 
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Appendix B3. Statistics of gene annotation of the transcriptome of A. catenella 

Number annotated unigenes 71 110 

Number of blast CDs 71 053 

   Number of sequences with 200-1000 bp 62 347 

   Number of sequences with 1000-2000 bp 7 857 

   Number of sequences with > 2000 bp 1 665 

Number of EST scan CDs 18 637 

   Number of sequences with 200-1000 bp 16 747 

   Number of sequences with 1000-2000 bp 1 803 

   Number of sequences with > 2000 bp 87 

 

Appendix B4. PMF of spot # 10. 

 
 

Appendix B5. PMF of spot #11. 
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Appendix B6. PMF of spot #12. 

 
 

 

  Appendix B7. PMF of spot #13. 

 
 

Appendix B8. PMF of spot #14. 
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Appendix B9. PMF of spot #15. 

 
 

 

Appendix B10. PMF of spot #16. 

 
 

Appendix B11.  PMF of spot #17. 
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Appendix B12. PMF of spot #18. 

 
 

Appendix B13. PMF of spot #19. 

 
 

Appendix B14.  PMF of spot #20. 
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Appendix B15.  PMF of spot #21. 

 
 

Appendix B16.  PMF of spot #22. 

 
 

 

Appendix B17. PMF of spot #27. 
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Appendix B18. PMF of spot #28. 

 
 

 

Appendix B19. PMF of spot #31. 

 
 

 

Appendix B20. PMF of spot #32. 
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Appendix B21. PMF of spot #33. 

 
 

Appendix B22. PMF of spot #37. 

 
 

Appendix B23. PMF of spot #38. 
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Appendix B24. PMF of spot #54. 

 
 

Appendix B25. PMF of spot #62. 

 
 

Appendix B26. PMF of spot #63. 
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Appendix B27. PMF of spot #65. 

 
 

Appendix B28. PMF of spot 66. 

 
 

Appendix B29. PMF of spot #68. 
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Appendix B30. PMF of spot #73. 

 
 

Appendix B31. PMF of spot #78. 

 
 

 

Appendix B32. PMF of spot #85. 
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Appendix B33. PMF of spot #86. 

 
 

 

Appendix B34. PMF of spot #87. 

 
 

 

Appendix B35. PMF of spot #96. 
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Appendix B36. PMF of spot #97. 

 
 

 

Appendix B37. PMF of spot #98. 

 
 

 

Appendix B38. PMF of spot #105. 
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Appendix B39. PMF of spot #108. 

 
 

 

Appendix B40. PMF of spot #117. 

 
 

Appendix B41. PMF of spot #118. 
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Appendix B42. PMF of spot 123. 

 
 

Appendix B43. PMF of spot #125. 

 
 

 

Appendix B44. PMF of spot #126. 
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Appendix B45. PMF of spot #131. 

 
 

Appendix B46. PMF of spot #132. 

 
 

Appendix B47. PMF of spot #133. 
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Appendix B48. PMF of spot #134. 

 
 

 

Appendix B49. PMF of spot #137. 

 
 

 

Appendix B50. PMF of spot #170. 
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Appendix B51. PMF of spot #173. 

 
 

 

Appendix B52. PMF of spot #174. 

 
 

 

Appendix B53. PMF of spot #175. 
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Appendix B54. PMF of spot #177. 

 
 

 

Appendix B55. PMF of spot #179. 

 
 

 

Appendix B56. PMF of spot #183. 
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Appendix B57. PMF of spot #188. 

 
 

 

Appendix B58. PMF of spot #189. 

 
 

 

Appendix B59. PMF of spot #190. 
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Appendix B60. PMF of spot #191. 

 
 

 

Appendix B61. PMF of spot #192. 

 
 

 

Appendix B62. PMF of spot #193. 
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Appendix B63. PMF of spot #196. 

 
 

 

Appendix B64. PMF of spot #249. 

 
 

 

Appendix B65. PMF of spot #251. 
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Appendix B66. PMF of spot #257. 

 
 

 

Appendix B67. PMF of spot #266. 

 
 

Appendix B68. PMF of spot #267. 
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Appendix B69. PMF of spot #271. 

 
 

 

Appendix B70. PMF of spot #296. 

 
 

 

Appendix B71. PMF of spot #300. 
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Appendix B72. PMF of spot #303. 

 
 

 

Appendix B73. PMF of spot #309. 
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Appendix B74. Mascot search result of peptide 1673.597 m/z of spot #38 and the protein sequence of 

methionine adenosyltransferase (gi|46909371) in the NCBInr database. Highlighted region is the 

matched sequence tag. 
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Appendix B75. Mascot search result of peptide 1673.597 m/z of spot #38 and the protein sequence of 

methionine adenosyltransferase (gi|94536641) in the NCBInr database. Highlighted region is the 

matched sequence tag. 
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Appendix B76. Mascot search result of peptide 1557.862 m/z of spot #104 and the protein sequence of 

glyceraldehyde-3 phosphate dehydrogenase (gi|1151182) in the NCBInr database. Highlighted region is 

the matched sequence tag. 
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Appendix B77. Mascot search result of peptide 1788.875 m/z of spot #104 and the protein sequence of 

glyceraldehyde-3 phosphate dehydrogenase (gi|5219) in the NCBInr database. Highlighted region is the 

matched sequence tag. 
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Appendix B78. Mascot search result of peptide 1172.464 m/z of spot #257 and the protein sequence of 

transcriptional regulator (gi|111223593) in the NCBInr database. Highlighted region is the matched 

sequence tag. 
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Appendix B79. Matched protein hits (E value < 0.05) of NCBI BLAST search result of 1215.692 m/z and 

1254.805 m/z of spot #27 and the protein sequence of Rubisco II (AAO13045.1) in the NCBInr database. 

Highlighted region is the matched sequence tag. 
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Appendix B80. Matched protein hits (E value < 0.05) of NCBI BLAST search result of 1813.884 m/z of 

spot #196 and the protein sequence of plastid oxygen-evolving enhancer 1-2 precursor (ABO47876.1) in 

the NCBInr database. Highlighted region is the matched sequence tag. 
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Appendix B81. Matched protein hits (E value < 0.05) of NCBI BLAST search result of 1317.951 m/z of 

spot #118 and the protein sequence of glyceraldehyde-3 phosphate dehydrogenase (ABI14256.1) in the 

NCBInr database. Highlighted region is the matched sequence tag. 
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Appendix B82. Mascot search result of ESI-iontrap-MS/MS analysis of spot #96 and the protein 

sequence of glyceraldehyde-3 phosphate dehydrogenase (gi|4103871) in the NCBInr database. 

Highlighted region is the matched sequence tags. 
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Appendix B83. Mascot search result of ESI-iontrap-MS/MS analysis of spot #175 and the protein 

sequence of heat shock protein 70 (gi|61969374) in the NCBInr database. Highlighted region is the 

matched sequence tags. 
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Appendix B84. Information of immunoglobulin heavy chain binding protein and PBGRP in 

UniProtKB. Sequence similaritiries shows that they belong to heat shock protein 70 family. 
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Appendix B85. Mascot search result of ESI-iontrap-MS/MS analysis of spot #192 and the protein 

sequence of heat plastid oxygen-evolving enhancer 1-2 precursor (gi|134037072) in the NCBInr 

database. Highlighted region is the matched sequence tags. 
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Appendix B86. Mascot search result of ESI-iontrap-MS/MS analysis of spot #266 and the protein 

sequence of light-harvesting chlorophyll a-c binding protein (gi|757520), light-harvesting polyprotein 

precursor (gi|3355306) and chloroplast light harvesting complex protein (gi|58613557) in the NCBInr 

database. Highlighted region is the matched sequence tags. 
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Appendix B87. Mascot search result of ESI-iontrap-MS/MS analysis of spot #73 and the protein 

sequence of ATP synthase subunit beta (gi|15966787) and beta-tubulin (gi|168830539) in the 

NCBInr database. Highlighted region is the matched sequence tags. 
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Appendix B88. Mascot search result of ESI-iontrap-MS/MS analysis of spot #66 and the protein 

sequence of heat shock protein 90 (gi|161875) and glyceraldehyde-3 phosphate dehydrogenase 

(gi|58618206) in the NCBInr database. Highlighted region is the matched sequence tags. 
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