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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 ESl-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



proteins included photosynthetic proteins ribulose 1,5-bisphosphate carboxylase/oxygenase
(Rubisco Il), 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 pg), 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 (Garcia 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

20



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.

21



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 pK,'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.

0
R__,]/

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

Relative
. Molecular L.
Category Toxin R4 . Toxicity
weight
(STX=1)
STX H H H 301 1
NeoSTX OH H H 317 0.92
Carbamoyl GTX1 OH H 0SO3 H.NCO 412 0.99
Compounds GTX2 H 0505 2 396 0.36
GTX3 0SO3 H 396 0.64
GTX4 OH 0SO5 H 412 0.73
B1 H H H 380 0.06
B2 OH H H 396 No data
N-sulfocarbamoyl C1 H 0SO5 ) 476 <0.01
i OsSNHCOO-
Compounds C2 0S0; H 476 <0.01
C3 OH H 0S0O3 0.01 0.1
C4 OH 0SO3 H 0.06 0.06
dcSTX H H H 258 0.51
dcNeoSTX OH H H 274 No data
Decarbamoyl dcGTX1 OH H 0S0O3 H 369 No data
compounds dcGTX2 H 0SO;5 353 0.65
dcGTX3 0SO3 H 353 0.75
dcGTX4 OH 0SO5 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 (121°C 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. LDso in mice varied
among different routes of administration with about 10 ug/kg intraperitoneally; 8.5 ug/kg
intravenously; 13 pg/kg subcutaneously and 263 pg/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.
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Alexandrium cells are round or oval and their sizes ranged from 20 to 50 um 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, 19853;

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. dffine (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 (Hernandez-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
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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 CO, 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.
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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 (Garate-Lizarraga 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.
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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

32



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).

luminescence
Ventral pore
Shape

Girdles

Apical horn
Surface pores
Association

Surface spines

First reported
Principal occurrence

Reports of
toxigenicity

Luminescent
On the 4th apical plate
Flattened longitudinally

Clear list, left-handed displacement

Less pronounced

More prominent

Chain-forming

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

Bahamas (Plate, 1906)

South-east Asian and Indo-Pacific
waters

PSP toxic (MaclLean, 1977)

Luminescent

On the 4th apical plate
Rounded

Clear list, left-handed
displacement

More pronounced
Less prominent

Single / paired

On both anterior and posterior
surfaces

Florida (Steidinger and Tester,
1980)

Tropical West Atlantic

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 CO,
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 G; 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 G,/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 Auvailability 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; Mclintyre 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 NOs-dependent
variation was found in Gymnodinium catenatum and several Alexandrium species. When these
cultures were subjected to NOs-limiting conditions, toxin productivity decreased (Touzet et al.,
2007b). Anderson’s research group suggested that, when NOs 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 NOs 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 NOs availability translate into different PST production rate is still unknown

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

1.8.2 Auvailability of Phosphates

Several studies reported that toxin content dramatically increases under POy-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 NOjs 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 PO; for DNA synthesis).
Phosphate limitation usually does not change the toxin composition. In addition, the claim that
PO,4-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 G; 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 NHs;-grown culture
increased the synthesis of toxins more than that of NOs-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 NOs 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, NOs 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 NOs; and NH, (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 (5-7°C) 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, Fe®* cu®*, 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 Fe** and Cu®* (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 ATCIO1 (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 G; 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, | 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 (ITS1-5.85-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 ITS1-5.85-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 Ill 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 Stliken’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 10° 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

guestioned 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 Thggersen, 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, a-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 |l
(RuBisCO Il) (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, Stliken 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 sxtAl and A4 genes.
However, both sxtAl 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 Stiken 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 (Herndndez-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 22°C
and 7 pmole m™s™ 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 uM NaNOs (Riedel-de Haén, Germany), 36.2 uM NaH,PO, (Riedel-de
Haén, Germany), 10 nM H,SeOs, 11.7 uM Na,EDTA (usb, USA), 11.7 uM FeCls, 0.91 uM MnCl,,
80 nM ZnS0O4, 50 nM CoCl,, 10 nM CuSOg4, 82.2 nM Na;Mo0O4, 10 nM NiSO4, 10 nM NasVO,, 10
nM K,CrO4, 296 nM thiamine (vitamin By), 2.05 nM biotin (vitamin H) and 0.369 nM
cyanocobalamin (vitamin Bj;). 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™ 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 -80°C 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 pL of Lugol’s solution, was filled into the
chamber and examined under light microscope. Specific growth rates are calculated using the
following formula where N, and N; are the cell density in form of cell numbers per ml at their

corresponding time point, t, and t;, respectively:

Specific Growth Rate = [In(N;) — In(N1)]/(t; — 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 72°C 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 (94°C;
40s), annealing (50°C; 40s) and elongation (72°C; 60s), and ended with 72°C 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 QlAprep® 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 5’ GCAGCGGAAAGTTTAGTGAACC 3’
Gymnodinium spp.

Gym ITS r2 5’ CTKAGAACRYRTGCCGTRCACG 3’

ITSA 5’ CCGGATCCAAGCTTTCGTAACAAGGHTCCGTAGGT 3’
Alexandrium spp.

ITSB 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 Il (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 AnchorChip™ (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 | (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 pgSTXeq (saxitoxin equivalents) cell™.
Neuro-2A cell line was cultured using Minimum Essential Medium (MEM) (Gibco, USA) with 10
% Fetal Bovine Serum (Gibco, USA) at 37 °C and in a humidified 5 % CO, 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 -20°C 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 Haén, 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 Haén, Germany) before being stopped by 7 % acetic acid. After
the reaction, the oxidized toxin solutions were filtered into sample vials with 0.2 um 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 35°C.

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 Aex 340 nm and Aem 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 pL 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 4°C. 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 um 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 10° cells in one single microcentrifuge
tube was added with 300 pL 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 uL 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 uL 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
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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 -20°C 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 pL of lysis buffer were diluted into 800 uL of distilled water before
mixing with 200 uL of Bradford reagent. After standing for 5 minutes in room temperature,
absorbance of the mixture in 595 nm was measured and the amount of proteins quantified by a
standard curve constructed with known amounts of proteins. 10 puL of lysis buffer that contains

light absorbing urea should be used as the control solution.

56



57



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 ITS1-5.85-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 alighment results of the complete sequence of ITS1-5.85-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 ITS1-5.85-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 ITS1-5.85-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 ITS1-5.85-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 ITS1-5.85-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 ITS1-5.85-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 ITS1-5.85-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%.

44 % 82 % 97 %

45 % 81%

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).
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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 Al-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'l). AC-T and AC-N had a similar exponential growth from
day 2-25. Both the specific growth rates were 0.12 day™. 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 25°C 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 ™ 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™]
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).

Log phase:
o AC-T : Day 2 — 34
| ' : AC-N:Day 2 - 25
i GC-T: Day 5 — 44

AT-N: Day 2-10

40 - - AC-T
35 - AC-N
0 - — G C-T

25

20

15

==

Cell Density (1000 cells/mL)

120

Days

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 57.1+17.7
Toxic
AC-T 1.64 £ 0.58
AT-N Non-toxic ~0 (7.2 X 10°)

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 10> um?),
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 10> um? £ S.D.; n=6) of the 4 dinoflagellates at their log phases.

&)

Species Cell volume (X 10° pm?)
Gymnodinium catenatum (GC-T) 243 +3.8

Toxic Alexandrium catenella (AC-T) 8.4+1.6

Non-toxic Alexandrium catenella (AC-N) 7.8+21

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.

- fa)

10,004

.00

e 4 243

&00

7004

B0

5004

.00+

‘_
g
___-GTX14-1.19

p——
"= NEO peak 2 - 3855

]

'u
=

;I
000 _)I A___,J L‘M_/_h‘“-h-__ A - - TT—
000 050 CO 150 o 250 300 3s0 4&0 450 500 550 600 650 T 750 a.00
[
GTX1,4 NEO

o] (b)

20004

18.004

16.004

14 00+

1200

o

10.00]

800/
@

600 ]
=

400 2 :-_I_f

200+ =

© { | \
@ ] . y M
T T T
050 100 150 200 £ 300 o 400 a5 500 550 600 650 00 50 8

Minutes

70



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 25°C, while it was at 20°C 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)
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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.
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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.
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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).
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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).
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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).

= 400 - 14

L

'%- 350 + L g9 -
£ E
« 300 - 0 B
] o
£ 250 - =
£ ” 8 o
oo =
g 200 - o
1] F 6 =
a

= 150 - ‘E';
g 4 a
3 100 - » =
] . =¢=cl| Density ]
g 50 - 2 ™
=

=

(V8]

Endogenousfree arginine

T T Lo
0 10 20 30 40 50 60 70

Days

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).
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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 ITS1-5.85-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
guotas 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 UM 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 NOs 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 NOs-
enriched (8800 uM or 8.8 mM) and NOs-limited (88 uM) 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 NOs supply. There is no
significant change of the PST contents of GC-T among normal condition, NOs-enriched and NOs-
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. | found similar results in my study. On the
other hand, regarding toxin contents, Reguera and Oshima reported that the toxin composition
changed under NOs-limited (110 uM). Oshima also reported that toxin composition of several
strains of G. catenatum showed stable toxin composition under either NO; or PO, 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 uM NO; supply), NOs-
limited medium (88 uM NO; supply) and NOs-enriched medium (8800 uM NO; supply). No significant
difference of growth was found among the three culture conditions (bars indicate + S.D. of triplicates).
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Figure 5.2. Cellular PST compositions of GC-T culture at exponential phase (Day 18) under normal NO;
supply (880 uM), limited NO; supply (88 uM) and enriched NO; supply (8800 uM). 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 NOs-enriched culture,
NOs-limited culture and the normal culture. It was found that cell densities of Day 18 cultures in
both NOs-enriched and limited culture were reduced when compared to that of normal
condition. In NOs-enriched culture, maximum cell density was reached at Day 15 and started to
decline afterwards. On the other hand, in NOs-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 NOs-enriched culture were similar to that of the normal culture,
which is about 2.3 fmol/cell. However, in NOs-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 NOs-enriched culture. This negative effect may due to
competition from increased number of associated bacteria that grew in the NOs-enriched
culture. Under such condition, toxin level in culture with enriched NOs; 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 uM NOj; supply), NOs-

limited medium (88 uM NO; supply) and NOs-enriched medium (8800 uM NO; supply) (bars indicate +
S.D. of triplicates).
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Figure 5.4. Cellular PST compositions of AC-T in the exponential culture (Day 18) under normal NO;
supply (880 uM), limited NO; supply (88 uM) and enriched NO; supply (8800 uM). PST content was
reduced in NOs-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 PO, limitation on GC-T and AC-T were studied using a phosphate limiting
condition (3.6 uM; 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 PO;-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 uM PO, supply) and PO,-
limited medium (3.6 pM NOs 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 PO, supply (36 uM)
and limited PO, supply (3.6 uM). PSTs content of PO,-limited culture was comparable to that in normal
condition (Bars indicate + S.D. of triplicates).
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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 POy-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 POs-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 PO,-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 uM PO, supply) and PO,-

limited medium (3.6 uM NOj; supply). Cell density stopped to increase after Day 7 under PO,-limited
medium (bars indicate + S.D. of triplicates).
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Figure 5.8. Cellular and PST composition of AC-T at Day 10 and Day 20 under normal PO, supply (36 uM)
and limited PO, supply (3.6 uM). At Day 20, PST content of PO,-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 PO, limitation is due
to an increase in cell size or a really increase in the concentration of toxins, cell volume of AC-T
under PO, limitation were measured. As shown in Figure 5.9, cell volume increased under POy-
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 POy4-limited culture. These results indicated that the higher toxicity in
PO,-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 PO,-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 PO,-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 PO,-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 PO,-limited culturing condition. Toxin

concentrations were higher in PO,-limited culture.
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Figure 5.11. Toxin/Protein ratios of AC-T in normal and PO,-limited culturing conditions. The ratios were
higher in PO,-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 uM 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 puM 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™, which is comparable to that of normal culture (0.11
day ™). 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 uM 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™; Day
3-30) was similar to normal culture (0.11 day™) (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 uM arginine). No significant change of PST content was found
when exogenous arginine was added (p=0.28) (bars indicate + S.D. of triplicates).
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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’, which is less than that of
normal culture (0.18 day'l). 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 uM arginine). In comparison with normal culture, a longer lag phase was
found in arginine-supplemented culture. The exponential growth rate (0.10 day™) (Day O to Day 30) was
found to be less than that of normal culture (0.18 day™) (bars indicate * S.D. of triplicates).
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Figure 5.15. Cellular PST composition of AC-T at exponential phase (Day 18) in normal medium (L1) and
arginine-supplemented medium (L1 + 12 uM 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 ESl-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 pL of sample buffer
containing either 80 ug 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 20°C. 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

103



(IAA) respectively. The second dimension of SDS-PAGE was performed in 12 % polyacrylamide
gel using the PROTEAN® Il x| 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 Il 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 (55°C 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 NH4HCOs.
Gel plugs were subsequently washed and dried again. Aliquots of 3 pl 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 37°C 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 pl 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 ul saturated (2 mg ml™) matrix solution (o-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 pl 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 Il (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 55°C 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 pl 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 lonization (LC-ESI) lon-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-ESl-ion-
trap MS/MS, each tryptic peptide mixture of protein of interest (which was suspended in 5 pL
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% H,0, 80% ACN & 0.001% formic acid) at a flow
rate of nL/min and column temperature 40°C. ESl-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 150°C 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 BGl and commissioned by my Chief
Supervisor. | 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, | 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 (pl) and molecular weight (MW) in 2-DE. By adjusting suitable ranges of pls 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 pl (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 2™ 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 ug) 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 pl, 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 22-fold changes) when compared to AC-N.

Isoelectric Molecular Isoelectric Molecular

. . Folds of . . Folds of
Spot point weight Spot Point Weight
change change
(p1) (kDA) (p1) (kDA)
27 54 60 5.2 125 6.4 42 6.9
28 54 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 54 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

A 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 (pl) 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.

113



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 pls, 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 PO,-limited culture

(right) of AC-T. Circled spots are the proteins found to be differentially expressed between the two

strains.
kpa | 4 pH . kpa ] 4 pH 7 /\(
130 — 130 —
95 — 95 =
72 = 72 — 37
55 = 55 —=. -

43 =

34 =

26 —

17 3¢

43 =%

34 =

26 ¢

17 <§

"r‘\" -~
798" @@ 0
% 117118

116



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.

Isoelectric Molecular Protein
Spot point weight expression Folds of change
(pl) (kDA) level*
10 5.2 80 r 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 54 55 ¥ 3.7
63 5.4 50 3 5.9
65 5.5 50 Tl 2.1
66 5.5 50 Il 2.0
68 5.6 50 rl 2.0
73 5 50 3 3.7
96 5.4 43 'l 7.3
97 5.5 43 'l 7.7
98 5.6 43 'l 6.1
117 6.4 42 ¥ 3.0
118 6.6 42 ¥ 2.9
123 6.7 42 $ 2.4
179 5.0 24 Tl 2.5
192 6.3 28 ¥ 4.2
196 6.8 29 ¥ 3.5
251 6.1 20 . 2 3.2
266 5.0 19 ! 2.2

* Expressed levels of spots in cells with PO, 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 PO,-limiting conditions. There are
16 spots which showed differential expression in both cases.

Differential spots under

PO, limitation of AC-T Differential spots between

AC-T & AC-N

13 10 14 11 12 16 17 18 19
15 54 20 21 22 27 28 31
63 65 32 33 38 62 78 85
66 68 73 8 87 104 105 108 125
179 96 97 126 131 132 133 134 137

98 117 170 173 174 175 177 183
192 118 123 188 189 190 191 193 249
196 251 266 257 267 271 296 300 303
309

37

22 spots 16 spots
65 spots
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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 Ill, 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 (l) 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/LINPQGDAGII/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/LJ]NPQGDAGII/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
() 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].
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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 VSVVDI[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]JA[I/L]IGR 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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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.
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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]JHYHR (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 Il (Rubisco Il)
that come from Prorocentrum minimum (Accession no.: AA013045.1, AA013070.1,
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 Il 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]JHYHR 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.

— w0t
=
o
bl 1254 805
o
Vi
==
il
2
E .
— 5 —— T —— V¥ —— A — & A—— H — & -
3
2
0 644 964
544964 1002.214
= =1 4 1197 461
L { UI B0 g359p, 1060.269 1197461
ol JL ool L. I i i N Ao A ,
' 200 ) 400 ) 00 ' 00 ' 1000 ) 1200 miz

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]ITYNQVR 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.:

AB0O47876.1).

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]IG[I/LINGFGR 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

pl 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 QYSQJI/LJTYNQVR 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.
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6.3.4 Identification of Differentially Expressed Proteins by LC-ESI-lon-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-
ESl-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.
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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.
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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.

A, i *

10 -

0, -

oo »

T T T T T T T T T
500 1000 1500 2000 2500 3000 3500 4000 4500 miz

Abs it " 106 &

0 e —t

b f——t—t—— —A ——p ———— ——f +—0 ——— ————b——

v UL S e, o f, e, e ,

Lol 3247240 1190 64180 o

43204130 - w10 12 1319.74880
Ve v f y1i3
L H 9N 47320
374 93370 va
05 ¥3
85047210
04 34085910 4 99450640 143376350 1546 43852
Ve oashsgaw ¥y b 10 Y14 ¥1S(7737224)
12| 47003410 i 779.34650 3
261 57750 i | | v a7 0 103357790 200 25041 1395.85570)
2 i f o1 5 1 | o1
ob_y2 T e e " il 10| L Lotz | L] b4
T T T - + 7 7 T r T ? T

gl 300 400 500 &00 700 80 1000 1100 1200 1300 1400 1600 1700 miz

| Match Enors MS/MS Fragments: | MSMS Anabsis |

INEPTAAALSFGLDK (Peplids Mods: )

MHsjmono} | 16598521 MHefavgl | 166088845  MS/MSTol |DEDO00 [Da =| Peaks 23 Above Thisshold | 259 Zoom 1o m/z for 2e

Maises & Mongisplopic © Aversge  Colculsle [Masse: | Theshoid 000000 Assigned E: ] MotAssigned: | 231 Te.m/2 000
IN0EEEODONEGENOD Hle | e | asn | ow [ me | tw | mm | Aa | Al

flonlt 23 & 5 & (7 8 8 1011)12)1314[15 161 2 B ) 5 & 7 8 0 10

L T INEP T AAA K S5.09642 19918049 313222 44226601  SI931977  GAOI6645| 71140057 TE244068| 85347779

b | V| IINJE P TIAAA L 11409134 227 17540 kT S67 31389 B58.36137 739 39848 81 &

V) I 1IN E/ P TIAALA DK 147 11280 2 13875 3 2 57931389 £

__IS 151413121110 9 |8 1 Lys Leu Oty Phe Ser Al Ala The

< >

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-
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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.
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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 pl value and molecular weight of spot #73 (i.e. pl 5.0 &
48 kDa) was similar to ATP synthase subunit beta (pl 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 pl 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.

Abz inl.* 1000
3
1 L]
s00 1000 1500 2000 2500 2000 3500 4000 4500 s000 500 5000 8500 7000 7500 iz
Abs il * 1000
a — e
b s [ s, e —— —
¥ ¥ A ]
890 63580
427 17490 |ve
b |
' 47827730
Ly 5493950 gm251190
vs Y6
611 43590 969 80730
bE ¥9
[ 7565150 1
{ . ¥? 24270160
‘ ba
d . h
T T T T T T T
6500 800 200 1000 1200 1300 mr

| MatchErosz MS/MS Fragments | MSMS Anaysis |

WVDLLAPYAK (Pepltide Mods: )
MHsfmono) | 108863502 MH+aval 108930646 MS/MS Tob [060000 D2 ~| Peaks 215 AboveTheshod | 215 _ Zoomlomizfor2+ |

Masies @ Monsisolopic (" Average Caledate [Masses =] Theshott  [0.00000 Asvgned [ 21 Nothssigned | 184 Te,m/z 0.00

| [v]v[ofcfcfale]v]alk]  va | va | aep | tew | tew | Aa [ e | v | A | s |
EI 2 4|5 6 78 9 101 2 3 4 5 & 7 8 a 10

o | v[velL[LaP¥alK 7200077 51234428 6A043418|  B4340747 9145356 104262054
b |V v DILILIAIP AlK 10007559 S4033M7 708.42905 9238 g 9 107062446
[y |vivio[L[L]A AlK] A4z 54930312 TISATIZE| 69049819 1088 53502
|_jwois 8|78 /5|4/3[2)1 Lys Leu Asp Vel

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-
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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.
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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
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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.
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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.

Abe Lt
-
00| .
0 -
50 1000 1500 2000 2500 3000 3500 4000 450 e
b, k21000
o F L + + T + 1
¥ —R 4
63137870
51822730
& |¥s
800 I
27 87130
b3
400
370 59880
v3 44.33580
2 ! 1 bs
29 | | meso | |
17472410 | ¥2 | i eonll | 516.3388 541.23820
o v | | L | E I | b |
7 . T T T : T ¥ T : T ; 7 T 7
2l 150 20 250 300 350 400 450 500 550 500 650 700 750 800 50 miz
| MatchErors - MS/MS Fragments | MSMS Analysis |
ALLFVPR (Peptide Mods: )
MH+jmeno) | 81551378 MH#{avgl 81602358  MSMSTok [0BO000 [Da v| Pesks 188 pboveTheshold | 188 Zoomlom'zfor 2+
Mastes @ Mongeolopic ( Average Calculsle: [Masser | Theeshoid  [0D0000 Assignad 15 NotAssgned | 173 1+.m/iz 000
AAVPR A Leu | Leu | Phe val | Po | Am |
|1 2345671 2 5 T
I_AI LF VPR 44 04947 1 61340719 769,
o [alLlLirviRl 72003 4 6a1 40211 7
Y_ALI.*.VIIN \;‘.-His‘.-i_ ann 744 47687
[ Jressazi  ap Leu

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 BGIl. 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 alighment 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 ESl-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.

—_ -
5
= a0 =
"’ ]
>
=
0
=
-g ) R —t i e [ e ¥ e e A e N o W ———— [ e Vo E —f
21510 e
o
4000 a8
2 z
] 8
Z
@ 3
2 i 3 &
© - ™ W - 3 b4
== E 3 5 i i v 2 E £
= o w 2% al @ o
. & =g 2
T 5 s &
& = E
s ..n..‘.l Ll L wh l i i
TR TELT TPST) FRIV TR TEN YRR RPRD I ¥ W PIHUTN 8 TP o f..u.ll‘]u Pt 'w
200 400 600 800 1000 1200 1400 1600 miz

Muftiple Saquence

Alignmernt

EMBOSS Water - Alignment
ETNED submission Detalls || Submit Another Job
Alignment

View Alignment Filg

Aligned sequences: 2
L: EMBOSS_00L

2; EMBOZS_0OL
Batix: EBLOSIME2
Gap_penalty: 10.0
Extend penalty: 0.5

IdenEiTy: B/9 (GB.9%)
Similaricy: /9 (L0D.0%)
Gap=: 09 [ D.0%)

L]

]

¥

¥

L}

L}

]

i

¥ Lengeh: 9
¥

i

¥

§ Score: 51.0
]
¥
¥

NN NN EEEEEEEEEEEREEEEEE

EMEQSS_001 1 EVDWNMAEYF 9
[INTNLERT
EMEOSS_00L 1 EVDUMADYF 9
P i e e e e S
PR s N R B i g e,
Lemmeoiiise  Privity  Cookies EBIFunding - Comia{l €8l @ Ewopaan Bidnfimms

L8 Inastule 7012 EBI is an Outstatian of the Eloisan Molecidar Biol oy Laporaion

Figure 6.34. Sequence alignment of EVDWNAEYFAR (from spot #175) and EVDWNADYFKA (from
transcriptome of A. catenella). High homology was reported between them.

139



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).

. . Differential
Protein identity Spot number . Folds of change
expression
27 5.2
Ribulose 1,5-bisphosphate 28 5.2
carboxylase/oxygenase Il 31 ¢ 4.7
(Rubisco I1) 32 4.1
33 3.2
Methionine adenosyltransferase 38 ¢ 5.9
ATP synthase subunit beta or
. 73 ¢ >100*
beta-tubulin
96 5.5
Gl Idehyde-3 phosphat > >
ceraldehyde- osphate
Y yae-s pnosp 98 ¢ 2.9
dehydrogenase
104 7.9
118 7.0
Heat shock protein 70 or
peridinin chlorophyll-a binding 175 ) 3.0
protein apoprotein precursor
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.

L. . Differential
Protein identity Spot number . Folds of change
expression

Glyceraldehyde-3 phosphate
dehydrogenase or 66 ¥ 2.0
Heat shock protein 90

ATP synthase subunit beta or

73 3.7

beta-tubulin ¥
96 7.3
Glyceraldehyde-3 phosphate 97 7.7
dehydrogenase 98 ¥ 6.1
118 2.9
plastid oxygen-evolving 192 4.2
enhancer 1-2 precursor 196 ¥ 35
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-ESl-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. | 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 Il (Rubisco Il) is the chief enzyme for autotrophic CO,
fixation and it is the initial as well as the rate-limiting step in the Calvin cycle. With an added
carbon from CO; 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 O, is reacted with RuBP (Tabita et al., 2008). The molecular structure of Rubisco Il
in dinoflagellates is not the same as those (form 1) in the green plants, although they have the
same biological role. Form Il 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 Il. Normalized with
the total proteins expressed in the 2-D gel profiles, the amount of Rubisco Il 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.

143



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 Il, 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
guestion. 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
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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 s
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 POg4-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 POg-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 Il (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 ESl-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-ESl-ion-trap MS/MS. Some
of the proteins are known to be involved in photosynthesis (i.e. Rubisco Il, 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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3)

4)

5)

6)

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.

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.

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.

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.

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 Al. Growth curve of GC-T.

18

16

14

z
2. 12
g
o 10
=]
(=]
2 3
bl
£
£ 6
o
a
I 4
]
2
0+ ‘ : : : ‘ : .
0 10 20 30 40 60 70 80
Days
Appendix A2. Growth curve of AC-T.
45
40 -
- 35 4
£
£ 30
[0
-
S s
[=]
Z
== 20
£
w
5
215
o]
© 10
5
0% ‘ : : ‘ : :
0 20 40 60 80 100 120
Days

156




Appendix A3. Growth curve of AT-N.
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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.

Tests of Between-Subjects Effects
Dependent Variahle:Data

Type Il Surm
Source of Squares df Mean Square F Sig.
Carrectad Maodel 5.750ES 4 1.438E8 1.043 429
Intercept 1.731E10D 1 1.73E1D | 125532 Rulili]
Group 5.750E8 s 1.438E8 1.043
Errar 1.516E9 11 1.379E"
Tatal 2.032E10 16
Corrected Total 2.092E9 14

a. R Squared = 275 (Adjusted R Squared = .011)

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.
Tests of Between-Subjects Effects
Dependent Variable VARDOOD

Type ll Sum
Source of Squares df Mean Square F Sig.
Corrected Model 27 4292 2 13715 1.888 194
Intercept 228931 1 228931 31.518 0oo
VAR00002 27.429 2 13.715 1.888
Errar £87.160 12 7.263
Total 343520 15
Corrected Total 114,589 14

a. R Squared = .239 (Adjusted R Squared = .113)
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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.

Multiple Comparisons
WARODOD1
LsSD
95% Confidence Interval
Mean
Difference (-
() VARODDOZ  (J) VARDOOOZ J) Std. Errar Sig. Lower Bound | Upper Bound
Day18 Day2 -122.0833" | 4352717 023 -222.4572 -21.7095
Day38 87.7167 | 4352717 073 -12.6572 188.0805
Days8 -117.9667" | 38.93189 D16 -207.7438 -28.1896
Day8 29.0667 | 38.93189 477 -60.7104 118.8438
Day2 Day18 1220833 | 4352717 023 21.7095 2224572
Day38 209.8000° | 4768163 002 99.8460 319.7540
Day58 41167 | 4352717 927 -96.2572 104.4805
Days 151.1500° | 4352717 003 50.7762 2515238
Day38 Day18 -87.7167 | 43.52717 079 -188.0305 12.6572
Day2 -209.8000" | 47 68163 002 -319.7540 -89.8460
Day58 -205.6837 | 4352717 001 -306.0572 -105.3095
Dayd -58.6500 | 43.52717 215 -159.0238 41.7238
Day58 Day18 117.9667° | 38.93189 | IOEEA | 28.1896 207.7438
Day2 -4 1167 | 4352717 827 -104.4305 96.2572
Day38 2056833 | 4352717 001 105.3095 306.0572
Day8 147.0333° | 38.93184 005 57.2562 236.8104
Day8 Day18 -29.0667 | 38.893189 A7T -118.8438 60.7104
Day2 -151.1500° | 43.52717 2008 -251.5238 -50.7762
Day3s 58.6500 | 4352717 215 -41.7238 159.0238
Day58 -147.0333" | 38.93189 005 -236.8104 -57.2562

Based on ohserved means.
The error term is Mean Square(Error) = 2273.538.

* The mean difference is significant at the .05 level.
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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.

Tests of Between-Subjects Effects
Dependent WariableWARDOODD1

Type lll Sum
Source of Sguares df Mean Square F Sing.
Corrected Model 4.910E8 2 2.405E8 73z A4
Intercept 2.355E10 1 2.355E10 71674 .0aa
YARDDONZ 4.310E8 7 2 405E8 732
Errar 2.300E9 7 3.286E8
Total 2.624E10 1m
Corrected Total 273ES ]

a. R Squared = 173 {Adjusted R Squared = -.063)

Appendix All. Independent sample t-test with SPSS program of toxin analysis of AC-T under (1) normal
and (2) NOs-limited contdition. p=0.24 means there is no significant difference of toxin content between
the two groups.

Independent Samples Test
Levene's Test for Equality of
variances ttestfor Equality of Means
95% Confidence Interval of the
Difference
Mean Std. Error
F Sig 1 df Sig. (2-tailed) Difference Difference Lowwver Upper

VARDODDOT  Equalvariances 040 76 1.340 g .238 1268.26169 94675856 -1165.46124 3701.88462
assumed

Equal variances not 1.321 4.220 254 1268.26169 960.04653 -1343.44868 3879.87205
assumed

Appendix A12. Independent sample t-test with SPSS program of toxin analysis of GC-T under (1) normal
and (2) PO,-limited contdition. p=0.96 means there is no significant difference of toxin content between
the two groups.

Independent Samples Test
Levene's Test for Equality of
warances ttest for Equality of Means
45% Confidence Interval of the
Difference
Mean Std. Errar
F Sig 1 df Sig. (2-tailed) Difference Difference Lower Upper

YARODDOT  Equalvariances 189 682 .0av g 957 1328.54527 2348483242 | -59041.13834 B1698.22889
assumed

Equal variances not 061 4922 954 1328.54527 21776.35238 | -54915.94161 8757303216
assumed
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Appendix A13. Independent sample t-test with SPSS program of toxin analysis of AC-T under (1) normal
and (2) PO,-limited contdition, at Day 10. p=0.04 means there is a significant difference of toxin content

between the two groups.

Independent Samples Test
Lewene's Test for Equality of
Variances H+est for Equality of Means
95% Confidence Interval afthe
Difference
Mean Std. Error
F Sig. 1 df Sig. (2-tailed) Difference Cifference Lawer Upper

VAROODOT  Equalvariances 4.636 .0ga -7 4 036 -6432.16238 206363623 | -12161.73511 -702.58966
assumed

Egual variances not -3117 2.480 .nga -6432.16238 206363623 | -13851.73463 987.40926
assumed

Appendix Al14. Independent sample t-test with SPSS program of toxin analysis of AC-T under (1) normal
and (2) PO,-limited contdition, at Day 20. p=0.01 means there is a significant difference of toxin content

between the two groups.

Independent Samples Test
Levene's Testfor Equality of
Warances ttest for Equality of Means
95% Confidence Interval of the
Ditference
ean Std. Errar
F Sig 1 df Sig. (2-tailec) Difference Difference Lawwer Upper

WAROOOO1  Equalvariances 134 738 -5.877 3 | .DWDI -8182.35593 1382.30045 | -12613.27735 -3751.43452
assumed

Equal variances not -5.585 1.830 033 -8182.35583 1462.50103 | -14698.75932 -1665 95255
assumed

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.
Independent Samples Test

Lewvene's Test for Equality of
“Yariances t-test far Equality of Means

95% Confidence Interval of the
Difference
Mean Std. Error
F Sig t df Sig. (2-tailed) Difference Difference Lower Upper

WARODOOO1  Egual variances .04 949 1.200 5 284 )| 1852353762 | 15435.81909 | -21155.49836 | 5820257399
assumed

Equal vatiances not 11471 4.038 306 18623.83782 16815.36158 | -25225.98815 B2273.06378
assumed

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.

Independent Samples Test
Levene's Test for Equality of
warances ttest for Eguality of Means
45% Confidence Interval of the
Difference
Mean Std. Errar
F Sig 1 df Sig. (2-tailed) Difference Difference Lower Upper

WAROODO1  Equal variances 7T A18 -.548 5 B0 -B01.27265 1097.25476 -3421.85580 2219.31050
assumed

Equal variances not -815 3.398 638 -601.27265 1166.67836 -4079.89473 2877.34943
assumed
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Appendix B

Appendix B1. Alignment of the complete sequence of ITS1-5.85-ITS2 region of the selected strain (CS-

300) of Alexandrium catenella for transcriptomic analysis with AC-T and AC-N in the study.

TG CA AT GTT T oG TCAT T TRATGOTTGATATTE CTARATGTGCACAACT

Appendix B2. Statistics of transcriptome assembly of A. catenella

Raw Data

G+C content

Number of contigs

Number of contigs’ bases

Number of sequences with 400-1000 bp
Number of sequences with 1001-2000 bp
Number of sequences with > 2000 bp
Contig N50

Contig length mean

Number if unigenes

Number of bases in unigenes

Number of unigenes with 400-1000 bp
Number of unigenes with 1001-2000 bp
Number of unigenes with >2000 bp
Unigene N50

Unigene length mean

5976 312 840 bp
59.86%

133 556

112 486 653 bp
95 854

31615

6 384

1049

842

108 596

89 716 414 bp
78 764

25 050

4782

1032

826
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Appendix B3. Statistics of gene annotation of the transcriptome of A. catenella

Number annotated unigenes 71110

Number of blast CDs 71053
Number of sequences with 200-1000 bp 62 347
Number of sequences with 1000-2000 bp 7 857
Number of sequences with > 2000 bp 1665

Number of EST scan CDs 18 637
Number of sequences with 200-1000 bp 16 747
Number of sequences with 1000-2000 bp 1803
Number of sequences with > 2000 bp 87
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Appendix B6. PMF of spot #12.
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Appendix B9. PMF of spot #15.
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Appendix B10. PMF of spot #16.
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Appendix B11. PMF of spot #17.
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Appendix B12. PMF of spot #18.
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Appendix B14. PMF of spot #20.
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Appendix B15. PMF of spot #21.
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Appendix B18. PMF of spot #28.
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Appendix B21. PMF of spot #33.
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Appendix B22. PMF of spot #37.
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Appendix B23. PMF of spot #38.
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Appendix B24. PMF of spot #54.
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Appendix B25. PMF of spot #62.
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Appendix B27. PMF of spot #65.
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Appendix B30. PMF of spot #73.
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Appendix B33. PMF of spot #86.
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Appendix B35. PMF of spot #96.

RAFEH

Intensity (a.u.)

760 955

1077 697

28

1819095

1000 1200 1400 1600 16

12

174



Appendix B36. PMF of spot #97.
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Appendix B38. PMF of spot #105.
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Appendix B39. PMF of spot #108.
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Appendix B40. PMF of spot #117.
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Appendix B41. PMF of spot #118.
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Appendix B42. PMF of spot 123.
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Appendix B43. PMF of spot #125.
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Appendix B44. PMF of spot #126.
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Appendix B45. PMF of spot #131.
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Appendix B46. PMF of spot #132.
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Appendix B48. PMF of spot #134.
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Appendix B49. PMF of spot #137.
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Appendix B51. PMF of spot #173.
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Appendix B52. PMF of spot #174.
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Appendix B54. PMF of spot #177.
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Appendix B55. PMF of spot #179.

= * L
5
z g
£ 2500 2
c g
U
E
2000
soo| &
1000 g s 2
= s 8 = - - s
g g3 : £ B g 5 .
B0 i g2 : g 8 H 5
‘Lﬁﬂhdll RIS A‘J Wik " douieddlia L.. |. Slaidiasg
800 1000 1200 1400 1600 1800 2000 2200 mz
Appendix B56. PMF of spot #183.
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Appendix B57. PMF of spot #188.
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Appendix B60. PMF of spot #191.
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Appendix B63. PMF of spot #196.
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Appendix B66. PMF of spot #257.
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Appendix B69. PMF of spot #271.
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Appendix B72. PMF of spot #303.
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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.

S MATRIX
JAATRENE Mascot Search Results

Vaer han

Eaid

Search title

ME data file AT TXY

Bt abase NCEIne  (9RI3NNE

T s vy eI »

Thrmet oy P Jul 2012 st 97.40.% G

Protein hits WALAEPRIITL  methionine sdenssyltrans ferase [Woculs prozimal

WALMASIEEAL  wethionine sbenssyitcmns ferase-Llike [Danie reriel

Prebabidity Bused Mowse Score

loost scete » - 10"Lag(P), whem P u the pochabaity that the choerved match it & tundom event
Incividnl 0 seotes > 51 inioate wheatity o8 extensivn homolgy (<0 0)
Protem scoms e dertved ficon 1o scoms & & 1o yochabulty bass f2t nang posten his

|

1wo "0
Provability Sased Mowse Score

x
|
|
1}
|

Namer of Mits

methionine adenosyltransferase, partial [Nucula proxima)
GenBank: AATOE203.1

FASTA Graphics

Goto: &

LOCUS AATO06203 312 aa linear INV 14-SEP-200S5
DEFINITION =methionine adenosyltransferase, partial [Nucula proxima].
ACCESSION  AATO06203

VERSION AAT06203.1 GI:46909371
DBSOURCE accession AYS580233.1
KEYWORDS »

SOURCE Nucula proxima

ORGANISM Nucula proxima
Eukaryota; Metazoa; Mollusca; Bivalvia; Protobranchia; Nuculoida:
Huculidae; Nucula.
REFERENCE 1 (residues 1 to 312)
AUTHORS Peterson,K.J., Lyons,J.B., Nowak,K.S., Takacs,C.M., Wargo,M.J. and
McPeek ,M.A.
TITLE Estimating metazoan divergence times with a molecular clock
JOURNAL  Proc. Natl. Acad. Sci. U.S.A. 101 (17), 6536-6541 (2004)
PUBMED 15084738
REFERENCE 2 (residues 1 to 312)
AUTHORS Peterson,K.J., Lyons,J.B., Nowak,K.S., Takacs,C.M., Wargo,M.J. and
McPeek M.A.
TITLE Direct Submission
JOURNAL Submitted (17-MAR-2004) Biology, Dartmouth College, N. College St.,
Hanover, NH 03755, USA

COMMENT Method: conceptual translation supplied by author.
FEATURES Location/Qualifiers
ORIGIN

1 cdgqvrdaild ehlrgqdpyal vgcesvakety mvlvcgeits kahvdygkiv retikqigyd
61 hsnkgldyrt cnvltaldid gpesdvaded ivagdgqglmf gyatdeteec mpltivishg
121 Inakigtlrr ngefpwarpd sktqueveyk yshgsavpih iytvwvislgh detitldglr
181 kevmekvvka vipsgylted tivhigsgk fiigepgeda gltgrkiivd tyggwenhgg
241 gafsgkdpsk varsgayaar wvakslvkag icrrvmvgls ygigiaepls itvEsygrsa
301 lsedqllhvi rs
17
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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.

,'_-‘I-":J;"H‘r‘ Miascot Search Resulis

methionine adenosyltransferase Il, alpha-like [Danio rerio]
MCEI| Reference Sequence: NP _001025469.1

EASTA Gr

Gotg &

LOCIS NPJ_IJEILEI]5459 390 aa lineay WRT 23-JAN-Z012
DEFINITION methionine adenosyltransferase II, alpha-like [Danio rerio].
ACCESSION HP_D0LD3IS469

VERSION HP_DDLD35469.1 CI:34536641
DESOURCE REFSEQ: accessicn HM 001040373.1
FEYWORDS

SOURCE Danio rerio (zebrafiszh)

ORGANISH Danlo EsElQ
Eukaryors; Mecaroa: Chordata: Craniaca: Wertebraca: Eutelecstomi:
Actinoprterygil; Meoprterygii; Teleoscei; Osvariophysi:
Cypriniformes: Cyprinidas: Danio.

REFERENCE 1 (residues 1 co 390)

AUTHORS  Strausberg,R.L., Feingold,E.A., Grousze,L.H., Derge,J.G.,
Klausner R.D., Collins,F.5., Wagner,L., Shensen,C.M., Schuleg,G.D.,
Altschul ;3.F., Zeeberq,B., Duecow,K.H., Schaefer,C.F., Bhac,N.K.,
Hopkins,R.F., Jordan,H., Moore,T., Max,3.I., Wang,J., Heieh,F.,
Diacchenko,L., Marusina,K., Farmer,A.A., Rubin,G.M., Hong,L.,
Seaplecon,M., Soares,M.B., Benalde,N.F., Casavanc,T.L.,
Scheetz,T.E., Browmacein,M.J., Usdin,T.B., Toshiyuki, 3.,
Cerpinei, P., Prange,C., Rasha,3.3,, Loquellano, N.A., Peters, CG.J.,
Abramzon R.D., Mullahy,S.J,, Bosak,S.A., HecEwan,P.J.,
HcKernan,K.J., Malek,Jd.A.; Gunaramne,P.H., Richards,3.,
Worley,K.C., Hale,3., Garcia,h.M., Gay,L.J., Hulyk,3.W.,
Villalon,D.K., Huzny,D.H., Sodergeen,E.J., Lu,X., Gibbs,R.A.,
Fahey,J., Helcon,E., Ketteman,M., Madan,A., Rodrigues.3.,
Sanchez,i., Whiving, M., Madan K., Young,A.C., Shevchenko,Y.,
Boutfard,G.G., Blakesley,R.W., Touchman,d.¥,., Green,E.D.,
Dickson,M.C., Rodriguez A.C., Geimwood,J., Schmurs,d., Myses,B.M.,
Butcerfield,¥.3., Krzywinski,N.I., Skalsks,U., Smailus,D.E.,
dchaecch, A, , Jchein, .E., Jones,5.0. and Macra,N.A.

CONSRTH  Mammalian Gene Collection Program Team

TITLE Generation and initial anelysis of more chan 15,000 full-lengch
humen and mouse cDHA ssquences

JOTRENAL Proc. Wacl. Acad. 3ci. U.5.A. 99 (20), 16899-16903 (2002)

FUEMED 12477932

COMMENT PROVISIONAL BEFSEQ: This record has not yet been subject to final
NCBI ceview. The reference sequence was derived from BCL1S300.1,
FEATURES Locacion/Qualifiecs
ORIGIH
1 snpsgglksg krflftsesvy geghsdkncd gisdeviday ltgdpdsrea cecvaktimi

6l llcgevtska wwdlgrvved tvktigydds skgfdyktcn vivalqpages eisdoviegr
121 dsedigagdg glmfgyacde teecmpltil lahklnykek elskcguepw ilpdskogqer
18l veyrdnmgam epvrvhtvvi svghspdicl edirhnlmek wvwkavipaky lddktiyhll
41 pagtm *ﬁdlﬂ!.’tﬂtk iivdtygowg ghogoatagk dyskvdcage yaarsvaksl
301 vkaklcrrvl wgisyaigis hplsvsvihy gtatrdeddl leivkknfdl cpgwivkeld
361 lkkpivgkra cyghfgregf pwekpkklif

A
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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.

FMATRIN M p
JALATREYE Mascot Search Recults

B kim
Besail

Search bikle
HE diaba Eile
Bak sbass
Firmat g
Frotein Riis

BEYE TEY
ORIy (SHISEEE mequmnces: BIERSNEET rmmidue b
5 Jul FELE aR &
EINEEREY LTS
i ot

y 3

e alishyde phosphacs deiyircqunas
Sdaiiyde 3-phosphare-debrireqenans |Beoes norvegsoes

Prababifiny [eced Merwss Srars
ot wocem L0 LogFL whem F it The preioabniry that the chwariad maieh i s Tachon et

IinStvad] sonm ocen = 3T ndicaly dendaty on extensey homology (el 09)
Puobin socies o deiTved Tt winh 5410009 o o i Ol i 1 Fukling prstioss hald

Smber o Hits

glycerine aldehyde phosphate dehydrogenase,
GenBank: AABY7TTS.1

partial [Gigaspora rosea]

Go to: [+
Locus AAROTTTS 304 aa linear PLN 27-JAN-1998
DEFINITION glycerine aldehyde phospharte dehydrogenase, partial [Gigaspora
roseal.
ACCESSION  AAR97I7S
VERSION AARO7775.1 GI:1151182
DESOURCE loecus GRU43193 accession U43193.1
KEYWORDS .
SAURCE Gigaspora rosea
ORGANISH Gigaspora rosea
Eukaryora; Fungi:; Glomeromycota; Glomeromycetes; Diversisporales:
Gigasporaceae; Gigaspora.
REFERENCE 1 ({residues 1 to 304)
AUTHORES Franken,P., Lapopin,L., Meyer-Gauen,G. and Gianinazzi-Pearson,V.
TITLE RNL accumulation and genes expressed in spores of the arbuscular
mycorrhizal fungus Gigaspora rosea
JOURHAL  Mycologia 89, 295-299 (1997)
REFERENCE 2 (residues 1 to 304)
AUTHORS  Franken,P.F.
TITLE Direct 5ubmission
JOURHAL Submicted (13-DEC-1995) Philipp P. Franken, Abceilung Biochenie,
Max Planck Institut fuer terresctrische Mikrobiologie,
Farl-von-Frisch-Strasse, Marburg D-35043, Germany
COMMENT Method: conceptual translatiom.
ORIGIN

1 lvirasiekd tvdvvaindp £ldlsymayl fkhdsthgrf hgtvdvssgk lvvsvhgkst
6l hticvitenk aenikwgeay asyivestgy froldkakah hmggakkvii sapsadapmf
121 vmgwmhtsyd pskhnivana scttnclapy skvindnfygl gegluttahs vtattgkogd
181 gpsgklwrdg rgafqniipa stgaskadgk vipalngklt gmafrvptpd wswwdltcri
241 ekpatydaik ecvkkasesp evkgilgyte equvssdyig ctissifdag agislnpnfw
301 klis
'y
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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.

J-'_-‘-'" TR Nascol Search Results

SCIENCES
Bawe =T
Erail
fearch Title
HE dats file BATR TET
Fatabase : MCEIRr  (PORFMINS segumnces: TROMIRAEY residuss)
Tamnomy Eabaryota tewcarysion) (F1I8854 soquesces)
[ ye——" 3 Jul BEAR st #3-N0:1T G
Frotein hike : mhlITLY wapd | arydin]

WALIBITY eyvoselie vavaldahipde-F-phosphate dahpdesgenass |[Fyabiodinius massanmiil

Probabiliey Hased Mawse Scure

st oo 110" LaglFh, wisst P O pobaiity (hil the obsssvnd sitch i & S, ol
Teeksarbensd s sooses > 0 exbesie destty 0o extenane hsplopy {pe 053
b

Prilaia sctimi ww dnrivnd 5 bk k

P p—— ptian kit
= 3 =

"} ™
Froehil ity Based fisse Score

cytosolic glyceraldehyde-3-phosphate dehydrogenase [Symbiodinium kawagutii]

GenBank: AAPB3169.1

Graphics

Water of ity

LOCUS AAPE3L1E9 166 aa linear PLN 14-JUL-2003

DEFINITION cytosolic glyceraldehyde-3-phosphate dehydrogenase, partial
[fymbiodinium kawaguecii].

ACCESSION  AAPE3LG9

VERSION ALPE3169,.1 GI:32454979
DESOURCE accession AY314972.1
FEYWORDS ¥

S0URCE Symbiodinium kawagurii

ORGANISM Symhiodinius kawaqueii
Eukaryora; Alveolata; Dinophyceae; 3Suessiales; Symhiodiniaceae;
Synbhiodinium.
REFERENCE 1 (residues 1 to 1l66)
AUTHORS Reynolds,W. 5, and Weis, V.M.
TITLE Mulriple origins of cyrosolic glyceraldehyde-3-phosphace
dehydrogenase genes in dinoflagellaces
JOURNAL Unpublished
REFERENCE 2 (residues 1 ©o 166)
AUTHORS Reynolds,W. 5. and Weis, V.M.
TITLE Direct Submission
JOURNAL Submicred (04-JUN-2003) Zoology, Oregon Scace Universicy, 3029
Cordley Hall, Corwallis, OR 97331, USA
COMMENT Method: conceptual translation supplied by author.

ORIGIN
1 glmtrihsyr atgkevdges akdwrggraa achiipsscg askavgevlp cckgkltgma
61 frvptpdvsv vdltftsekd tsieeidsll _kkgtgtymkg visycdeelv sadfihnmns
121 siydskatclg nnlkgekrff kivseydnew gysnrvvdl]l mymiaa
i
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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.

JAEATIIN L Mascod Search Realls

FxCpENCE

- s

e mu

transcriptional regulator [Frankia alni ACN14a]

NCBI Reference Sequence: YP_T14387 1

Gota =

LOCTuS YP_T14387 456 ma Linear BCT 15=JUN=Z012
DEFINITION ctranscraiprional regulator [Frankis alni ACNl4a] .
ACCESS ION YP_T14387

VERSIOH \"F‘:'i'].llEST.I GI:111223583
DEL INK Feoject: SEESS

DESOURCE REFSEQ: accession N
KEYWORDS .
SOURCE Feankia alni ACNl4a

ORGAMISN Frankia alpi ACH1Ga
Bacteria: Actinobacteria; Aotinobacteridas: Aotinomycerales:
Frankineas: Frankiaceas: Frankis.

REFERENCE 1 [residuss 1 to 456)

AUTHORS Hormand, P., Lapiscres,P., Tisa,L.8., Gogacten,J.P., klloisio,N.,
Bagnacol,E., Basasi, C.A., Berry,A.NM., Bickharc,D.NH., Cholamns, N.,
Couloux,; k., Cournoyer,B.; Cruveiller,5., Daubin,V., Demange,N.,
Francino,H.P., Goltsman,®., Huang,¥Y., Fopp,0.R., Labarre,L.,
Lapidus, k., Lavire,C., Marechal,J., Martinez, M., Hastronunzio,dJ.E.,
Hullin,B.C., Mismann,Jd., Pujic,P., PRavwnaley,T., Rouy.Z.,
Schenowitz,C., Sellstede,d., Tavares,F., Tomkins,Jd.P., Vallenst,b.,
Valverde,C., ¥all,L.G., Vang,¥., Hedigue,C. and Benzon,D.R.

TITLE Genome characteristica of facultatively symbiotic Frankis ap.
strains reflect host range and host plent biogeography

JOURNAL Genome Res, 17 (1), 7-15 (2007)

PUBHED 1 i3

CONNENT PROVISIONAL EEFZEQ: This record has not yet been subject to final
HCEL review. The reference sequence was derived from CATED
Annoeation data relative o BLAET similarities, ©0C assignaticons,
ensymatic function prediccion (PRIAN sofcware), THHERM and SignalP
predictions, and synteny cesults (Syntonizer Softwars] ace
available in FrankiaScope database via the HaGe annotation system
heopy /S, geposcope ., cna . IO/ aac/ mage/ Trankle.

Each annotation includes & confidemce level as follow: 1 Fumction
experimentally demonstrated in the studied organism 2a : Function
of homologous gene experimentally demonscraced in an other organism
26 ' Function of strongly hosologous Qene

3 : Function proposed based on presence of conserved amino acid
morif, scructural features or limited homology

4 : Homologs of previously reported genes of unknown fupction 5 @
Ho homology to any previously reported sequences & @ Doubtful CDE

T & Gene CEmMBANT.

Bechod: conceptual translacion.

ORIGIN
1 svglefrllg cvevycdggp vdlggpkhos viaslllevr svvavdglid A1VpgIppsr
61 amatvqvive glrralepgr crgeaatvlv taspgylldv spdavdahaf adlwwrgras
121 ldagdpersa rvilrasgml cgpalsdvpy cpfvgassar ltelhlgase dcidasinlg
181 ﬂhnnlvnue qevrshplee pleaglslgl yregegqrdal atyretervl rdelglepgw
241 rilrelegavl rqdpglavgp lapapappsy patasgastp grrrttpdhr apsadropgry
301 lwwddravnr tllassveel gheveraesng hgalevliras ddgeogfdiv LldiImpwld
361 gyatlasike dpalasvgyl myaavpeles vwrcielgal dylpkpyast mlraclrasl
421 garratacre salrteiatl rasvarartg tapehr
£
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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 Il (AA013045.1) in the NCBInr database.
Highlighted region is the matched sequence tag.

Eibulsss 1,5

304810 ribulose 1,3 sphate carboorylese cxygenase form 11 [Frocecentoum phats sithosflase = [Praescastam

Lk Expect » le-0d N L
Tdenryitie . Positives = 977 (1008}, Dapa = OFT (O] %), Gegs = 0T [B4]
Query | T OHEAVTS 7

GrLnEs CHEAVTS

Sbjet 331 OFUME IR GHEAYTS T4}

ATV 1l ribulsse L, S-blsphosphane carbinylase swygenass form 1T, pagrial ¢ forn 0T [Froeee

ntrus stnssus]
2 (03], Expect s le-04

Leov), Pomitives = /T (100%),. Gaga = OUT (ON)

Query 1 OFLMR T PO
oru
dpjet B0 QFLME 04 Sist &

ase I, S-bisghosphate carbocylase sapgen

e L, 5Bl rphorphats CRIDWXYLERS SHYTERA

L, S-bimphorphate carbocylese saypenare

Expest = 0,010

e-04 ae = L1
T (100%), Gapa = 04T [O%) Tgensities = o Fomitives = /7

rumE 7 ouery b AT
QFLEVER
8 QrumER o4 Fhist L0 i3

lage 1, S-birphorphare carbonylese ewppenase foin

ribuiose L,
s |

111 rphosphate carhoxylase sxygenase foTm
FUN BLOLw

Expect Expect = 0.010
ToriTim o FomiTives = 7/7 (1004, Dapa = 0/7 [04]

= lr=04
wn » 7T (190%), Gaps * OsT (D4

ribulose 1,5-bisphosphate carboxylase oxygenase form Il [Prorocentrum minimum]

GenBank A&013045.1

FASTA  Graphics

Golo @

LOCUS ALO13045 Z83 am linear PLN 01=DEC=-2003
DEFINITION rcibulese 1,5-bisphosphate carboxylase oxvgenase form II, partial
[Frorocentoum minimum] .
ACCESSION AAD13045
VERSION AAOL3045.1 GI:37731773
DESOURCE acceszion AY169188. 1
FEYWORDS i
SOURCE Prorocentrum minimum
ORGANISH Prorocepntium iminimuk
Eukaryota; Alveolata; Dinophyceae; Prorocencrales; Prorocentraceae)
Prorocentrum.
REFERENCE 1 (residues 1 to 283)
AUTHORS Zhang H. and Lin, 3.
TITLE Complex gene structure of the form II Rubisco in the dinoflagellace
Prorocentrum minimum (dinophycesas)
JOURNAL J. Phycol. 39 (6), 1160-1171 (2003)
REFERENCE 2 (residues 1 co 283)
AUTHORS Zhang,H. and Lin,3.
TITLE Direct Submission
JOURNAL Submicted (25-0CT-2002) Dept. of Harine Science, University of
Connecticut, 1080 Shennecossettc Rd, Groton, CT 06340, USA
COMMENT Hethod: conceptual translation supplied by author.

ORIGIN
1 goownveeotd dftkovdalv yyidpeneem kiayptalfd rnicdgrsemm csvitlsign
61 nggmgdvdyg kiydiyfppg ylrlfdgpsc cvidmerilg rguvggglvy grtiikpklgl
121 gpkpfggacy givggodfik ndepgongtf cogmnecipev vkamraagee t
181 itaddpnemi arakyilngm gpmasncatfl vigyvagara vevacrnipk #
241 gEWESparar gyrafvhekl srvigasgih vgumesfokme gda

i
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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.

}[]-b AED47876, 1 plaztid oxygen-evolving enhancer l-Z precursor [Alexandrium fundyense]
Length=275

Score = 40.1 bits (87), Expect = Se-08
Identities = 11/11 (100%), Fosiviwves = 11/11 (100%), Gaps = 0/11 (0%)

Query 1 QYSQLTYNQVR 11
QVSQLTYNQVR
Sbject 92 QYSQLTYHNQVR 102

plastid oxygen-evolving enhancer 1-2 precursor [Alexandrium fundyense]
GenBanlkc ABOUTETE.

FASLA  Lraphics

Go to: (¥

LOCTS ABOSTETE 275 aa linear PLN O7-APR-Z007

DEFINITION plascid oxygen-evolving enhancer 1-2 precursor [Alexandrium
fundyense] .

ACCESSION ABOATETE

VERSION ABO4TETE.1 GI:134037072
DESOURCE accession EF133871.1
EEYWORDS "
SOURCE Alexandrium fundyense
ORGANISH Alexandrium fundyenss
Eukaryota; Alveolata; Dinophyceas:; Gonyaulacales:; Gonyaulacacess;
Alexandr ium.

REFERENCE 1 (gesiduss 1 to 275)
AUTHORS Zhang, H., How,¥., Miranda,L., Campbell,D.hk., Stuem,M.R.,
Gamacerland,T. and Lin,S.
TITLE Spliced leader FENA trans-splicing in dinoflagellates
JOURNAL Proc. Natl. Acad. Sci. U.5.A. 104 (11), 4618-4623 (2007)
PUBHED 17360573
REFERENCE 2 {cesiduss 1 to 275)
AUTHORS Hiranda,L. and Lin,5.
TITLE Direct Submi=sion
JOURNHAL Submitted (21-NOV-20068) Department of Marine Sciences, University
of Connecticut, 1080 Shennecossert Road, Groton, CT 06340, USA
COMMENT Hechod: concevtual cranslacion subplied by author.

ORIGIN

[

martvplali lvipsaslaf voppaprevp rqapsaggfil sralleapdv evpevdvqpr
61 swltasilsfig aviglaagll tpratcalta tg@lﬁlﬁyﬂﬂtﬂ!ﬁsﬁlanrc PLVESOESSY
121 pvk=gakltn lecfepk=fav eaecakgcef vetklleoege yolafingnl dpnpicleey
181 dgihclprtov glpnggyvpt lfsvkklvar gegsefkpgf twyggefevps yrogafldpr
241 pavctpatis rrtarmgpetp goaralgert vidig
I
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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.

s b |ABT14256. 1 glyceraldehyde-3-phosphate dehydrogenase [Pfiesteria piscicida]
Length=342

Score = 28.2 bits (59), Expect = Ze-04
Identities = &/8 (l00%), Positives = §/8 (100%), Gaps = 0/8 (0%)

Query 1 IGINGFGR &

IGINGFGR
Shjct 5 IGINGFGR 12

glyceraldehyde-3-phosphate dehydrogenase [Pfiesteria piscicida]

GenBank ABIN4256.1

Go to: (¥

LOCUS ABI14256 392 aa linear PLN O&-APR-2007
DEFINITION glyceraldehyde-3-phosphace dehydrogenase [Pfiesceria piscicida] .
ACCESSION ABIN4256

VERSION ABT14256.1 GI:112253337
DESOURCE accession DOBG4E41.1
KEYWORDS .

SOURCE Pfiesteria pisacicida

CRGANISH FPlfiesteria pisacicics
Eukaryota; Alveolatm; Dinophyceas; Feridiniales; Pfiescerisceas;
Pfiesteria.
REFERENCE 1  (cesiduss 1 to 342)
AUTHORS Zhang, H., Hou,¥., Miranda,L., Campbell,D.hk., Sturm,M.B.,
Gamscerland,T. and Lin,5.

TITLE Spliced leader FNA trans-splicing in dinoflagellates
JOURNAL Proc. Natl. Acad. Sci. U.3.A. 104 (11), 4618-4623 (2007)
PUBHED 17360573

REFERENCE 2 {eeaiduss 1 co 342)
AUTHORS Zhang, H. and Lin,S.
TITLE Direct Submisaion
JOURNAL Submitted (23-HAY-Z006) Deparcment of Harine Sciences, University
of Connecticut, 1080 Shennecossecrt Rd., Groton, CT 06340, USA
COMMENT Mechod: conceptual cranslacion supplied by author.

ORIGIN
1 mpvolgifgE gE igr lvira asanadvsik svndpfmdlk ymeyqlkyds vhnrfagria

61 tkrdgdkefl vvagvevgvi hekdpasipw gsagasyice scguitgkek aslhikggak
121 kviisappkd avpiyvmgvn hkdykasdtv vanascotone laplclorvhd kfgiieglme
181 tvhattatql tvdgpsrggk dvrggrcasq niipsstgaa Kavgkvipal ngkltgmalis
241 vprpdvevvd lterlekgak ydeivaavke vaagdmkgvl decdeevvac dfvockassvy
301 fdvgagisln dnfvklvowy dnewgysnrl velavymksi dg

F
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Appendix B82. Mascot search result of ESl-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.
SMATRIX ] ©Mascot Search Results
{SCIENC 1}
Uzer : kdn
Email : beyokiPinet polyu._edu. hk
Search title =
M5 data file : DATA.TXT
Database : NCEInx (9839886 sequences; 3360058469 residues)
Taxonomy : Dther Alveolata (206594 sequences)
Timestamp : 1% Jul 2012 at 01:30:16 GMT
Protein hits T 4103871 glyceraldehyde-3-phosphate dehydrogenase [Gonyaulax polyedral
i [117959253 chloroplast glyceraldehyde-3-phosphate dehydrogenase [Alexandrium catenella)
qi| 35210480 glyceraldehyde-3-phosphate dehydrogenase ([Scrippsiells trochoidea]
Probability Based Mowse Score
lons score is -10*Log(P), where P is the probability that the observed match is a random event,
Indfvidual ions seores = 39 indicate identity or extensnve homology (p=<0.05).
Protein scores are dertved from ions scores as & non-probabalistic basis for ranking protein hats.
w 45
o
T 40
i |
L 30
% 25
20
15
10
3
0 B B R S e mom | - )
0 25 50 i}
Probability Bazed Mowse Score
Frotein View | Match Ewors | | |
Proteir glycaraldehpde-3-phosphate dehpdiogenaze [Gonyaulas polpedia] ol4103371 Peak threshold | 0.0
Intenaity coverage: 0.4 % [E74337 enks]  Sequence coversgs MS: 88% Sequence coverage MS/MS: BEBX pl: 58 M (kDa) 451
i0 20 30 40 50 &0 70 80 a0
FLAPLCLAAY VLGAWQLLPT SFVAPSPRELRE GUTSESAQVS TRAPLERSNA SOSSAWLATG AACALILSGR AARALSMGRO SSSVAMRATG
u |
100 110 120 130 140 150 160 170 180
IATNGFGRIG ROVARIAMED PEVELELINA SYDADYLAYH MEYDTIHGEY DGTVEVDGDA LVIDGLEVAL SHTRDPAEIF FTEHGAEYVC
190 200 210 220 230 240 250 260 270
ESTGVFLTTE FKVEPHLEAGA FRIVFSAFAE DDSHTIVHGY HNQDTYDPSHT CWVSCASCTIN @GLAPAVEAVN DAFGIERGLN TTIHAMTASQ
280 290 300 310 320 330 340 350 360
PTVDSASKKD WRGGRAASGN IIPSSTGAAK AVAKVVPEVE GHELTGMAFRV PTIDVSVVPL TCELEKATTY EEICAEIKRR SEGDMHEGFLG
370 380 390 400 410 420
YTODEPLVETD FETNTISCTF DAEAGIMLDP TFVELVHWYD MNEWGYSCRVY RPDEAHGEG
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Appendix B83. Mascot search result of ESl-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.

{JM THM} Mascot Search Results

SCIENCE.
LIE S okam
Emadl : boeyoMifinet  polyu.edu. hk
Search title :
HE data fils : DATR.TXT
Database I NCEIRr (9E3FEEE sequences; 3IF60058463 residuas)
Tazco marg” . Dther Rlveolata (206534 sequences)
Timestamp © A3 Jul 2012 at 01:4&:03 GMT
Froteim hits D i 61969374 heat shock protein 70 [Cryptosporidius andersond]

ik 10371 damunoglobulin heavy chadn binding protein [Eimeris mazisal

i| 1236735 PECRP

il 3169833 hear shock protein 70 [Euplotes asediculazus]

il 3169841 hear shock proteinm 70 [Euplotes aediculacus]

@illi357§9% hear shock protein 70 (hsp70) [Ureaplasms parvum serovar 3 str. ATCC 700570]

Probability Based Mowse Score

Lows score 18 -10*Log P), whete P 15 the probability that the obsarved match 1= & rmedom event
Individual ioke scores = 3T indicate dentity or extersmve homobogy (p=003).
Profein scoves are dernved from wone scores a2 & ron-probabilistic bases for ranking protem hits

Humber of Hits
YREHSE

-
(=1

L] 25 50 3
Probability Based Howse Score

Protein View | Maich Emors | | |

Pocters ﬂ HEAT SHOCK. PROTEM 70 [CRYPTOSPORIDSUM ANDERSOMNI] Paak thieshold oo
Inlengity coverage: | 1B X M1STHE51 cntt]  Sequence covesape MG 2% Sequence covesage MEME: 2% ] B2 MW/ fDiaf 1]
10 20 30 40 S0 [1n] T 80 S0

LGTTYSCVAY WEHDAVEIIP NDOQGNRTTPS YVAFTDSERL IGDARXMOWNA ENPENTVFDAL ERLI

FID QAVOEDETHE PFEVARGPED

100 110 120 130 140 150 160 170 180
EFIIKITYLG ETHEFHAEXI SXRVLOENKE IXEAYLGETV XNAVVTVPAY FNDSCROATE DAGATAGLEY HMRIINEFPTAL AIAYGLDENG

= == ==
190 200 210 220 230 240 250 260 270
TGEFNVLIFD LGFETFOVEL LTIERGIFEV FEATAGDTHLG GEDFDNELVE FCVODFERFEN RGLDLTTNAR ALERLETOCE RARRTLESST

280 290 100 310 30 130 380 50 3s0
CATIELDSLF EGIDYFVSIS ERARFEELCID YFRGTLAFVE FEVLEDIGHDE ERIVADVVLAWG GSTRIFEVGD LIQEFFHGEE FPCEAINPDEA

370 El=5]) ELTT] 400 410 4z0 430 440 450
IVAYGAAVOAL ILNGEQSSVY QDLLLLODVAP LSLGLETAGG VHTELIERNT TIPARKTOVF TTYADNGSSY LIQUFEGERL HMTHEDNMLLGE

460 470 480 490 SO0 310 S20 530 S40
FHLDGIPPAF RGVPQIEVTF DIDANGILEY SAVDESTGRE SEITITHDEG RLIREDIERA VNDAERYFNE DEONRERIEL FNILENYLYH

550 580 570 S80 530 &00 810 20 B30
FENTIQETKY FEELSQSELE OQAESKIEEVL DVLERNQTAE FDEFEHRQOKE TEALMNPLHA EITVAADGAAG GCGHPGCNPGGH FPGGAPGGNPG

650 650 660
GHPGGHPGGE PGGEPGGHPG GHPGG
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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.

search Blast* Align Retrigve 10 Mapping *
Searchin Query

Protein Knowledgebase UniProtkB)  » Advanced Search »

Q24891 (024891 _EIMMA) Unceviewed, Uni ProtkByTrEMBL
version 42, Bl History

ribute
Send feedback

Last modified April &, 2011

+ w Clusters with 100%, 90%, 0% 1dentity | || Third-party dats

Mames and origin

Frotein names Submithed name.

Immunaglobulin hesvy chain binding protein [ £
Gere names Name BPor Gp7a |
Grganism Himeria maxima (Coccidian parasite) £

Tacanomic idertifier SE04 [NCBE]

Taxonomic lineage Eukaryota » Alveciats s Apicomplexa 1 Coccidia » Eucoccidiorida » Bimericrina » EBimeriidae » Bimeria

Protein attributes

Sequence length 350 aA
Sequence Ftatus Fragment
Protein existence irferred from homclogy

General annotation (Comments)

Sequence similarities Belongs to the heat shock protein 70 family. | Fulet

Search Blast® Align Retrieve 10 Mapping *

Seardh in Ousery

Protein Knowledgebase [UniProtkE) = Advanced Search »

Q25643 (025643_PLABE)™ Unreviewed, UniProtKB/TrEMBEL
ian 7. E) History

¢ Contribute
! Send feedback

Last modified April § 2041

% & Clusters wath 100%, S0%, 50% identity | [ Third-party data

Names and origin

Proteln names Submitted name
PRGRP | E1
Organisen Pasemvocim berghei (1
Taxonomic identifier 5811 [NCha]
Taxonomic limeage Euksryots s Alvealats lecs o dasida s M ds s Pl d » Plasmodiurm [Winckeis)

Protein attributes

Sequence length 520 44
Sequence status Fragment
Protein existence Iriferred from homology

General annotation (Comments)

Sequence similarities Belongs to the heat shock protein 70 family
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Appendix B85. Mascot search result of ESl-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.

{ MATRIX } Mascot Search Results

SCIENCE.

User : kin

Email : beyokifinet .polyu.edu.hk

Search title H

MS data file : DRTA.TXT

Database : NCBInr (9839886 sequences; 3360058469 residues)

Taxonomy : Dther Alveolata (206594 sequences)

Timestamp : 13 Jul 2012 at 02:46:17 GMT

Protein hits : gal134037072 plastid oxygen-evolving enhancer 1-2 precursor [Alexandrium fundyense)

Probability Based Mowse Score

lons score is -10*Log(P), where P is the probability that the observed match is a random event.
Indrvidual ions scores = 38 indicate identity or extenstve homology (p<0.05).
Protem scores are derrved from wis scores as a non-probebilistic basis for rankang protein hits,

Humber of Hits
.
o
1

104

5 J

0 = T T T T T T T F_|
10 20 30 40 0 60 70

Probability Bazed Mowse Score

Protein Yiew | Match Errors | | |

Protein plastid cxpgen-evolving enhancer 1-2 precursor [Alexandrium fundyense] gl 34037072 Peak threshold: 0o
Intenshty coverage: 0.2% (1596540 cnts]  Sequence coverage MS: 16% Sequence coverage MS/MS: 7% pl: L] M (KD a): 298
io 20 30 40 50 60 70 a0 =ln]

MARTVPLALI LVLPSASLAF VQGPAPREVF ROQAPSAGQFL SRSLLEAPDV EVPEVDVQPR SWLTSILSFG AVLGLAAGLL TPTATRALTA

| 100 110 120 130 140 150 160 170 180

EQYSQLTYNQ VRGSGLANRC PTVESQGSSV FPVKSGAKLTN LCFEPESFAV EAETAKGTEF VTTELLTRQT YTLAFINGNL DFNFITLREY
L S B = &
[— " . = .|

180 200 210 220 230 240 250 260 270

DGIHTLPTTY QLPNGQYVPF LFSVKELVAT GEGSEFEPGF TWGGEFEVPS YRTGAFLDPR PAVCTPATIS RRTARMQPTP GGQRSLORRT

280

VFDIG
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Appendix B86. Mascot search result of ESl-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.

AT R
w-;,".\_(,,}',t Mascot Search Results

s
¢ BrpoRiFiest  polys, sl K

; BE Jul BEAF sk BE;FR:4E CHY

: gALAANYINE  iighe-harverting pelyproteim presurser [Asphidinius cartarss)
WLLISERES  beghec-harvesteng shlovephyll a-f binding protein |Asphidinies carvarss|
SALIMELNADT shlersplar: light BErverving Soaples provein |Ratersdapis Triqatal

Froteis Rits

Punbabiliny Based hlewse Scare

ot some - D LogF), whise P i te probabediny (hat (e chssrend mateh 5 o mivos sl
Tnclvndiol e soecen = A ifeate wlendiry ot ertesmpen by (ped] 07}
Proleh soard i dirsved Troom il atoini o & Son-probebalty: hais fie moling pesien kis

lsger oF Wby

1 i
Probatd Liby Based Rsese Soon

Protor View | Match Ences | | |

” i oniel ot Bk yre—e e Pkt Nier | ]
ey commiage: D2 ofi|  Sepance Wiy & a L4 b il oy
1] 20 ET] I 2]
CIVANYTASP LRAFESELOV AAPTCFUDIL OLAKDGEEEL FERRRASTIX FPCTLEPSRG L
110 120 130 140 130 i
AQILATAFT CEOQIQDOING  SACEAGDFGF FVLTARDEDG LEFFLNIEIAL MGRLAEEAIT GAFFOOGLTS SAVGDWANFT LIFLW

Froten'Viess | Match Enn | | |

Frotain ghiPuarvesse obroien Do sgtairam cotese] pFFENG Poak theechekd | 00
Indervdy Coveage B35 HEHET o] Sequence comrags WS E2%  Seperce coveage MEMS ELis o 53 W Diag B
(1] 2 0 L) 30 [2] L) L] L]
HSLSKFTVAL ATLALLASPA AAFHASPNUVE BEPLUNEGROT RTOTEVSSER SS0SS3SFTL  SSCVAVEGHA TLALLAVLAEL NSEHVARPOL
16a 1ig L 30 130 159 Leq il g
FTVWRAFENE ROVQOPVCFF DPFLEFTANCS VENTERRERQT EINKHOEVARY ATESYITPED TEELEC FSTCVEYDOIF ROLGAISKVP
150 =00 210 EE] EEL] 40 250 260 Exi]
RAGUGORTAY AAPCELSGDG SASTPALECE FOFEVLTISD PAELERELIA EIANCELANA ARIGEFFODC LTGSAUGHEL SYTASPLALY
sna o0 EXT] EEL] 40 B 160
ESERGVGPFY  CFFDFLOFTE DCAVENFTRE RATEIKECORI ARLATE PELFEFDGYL SRSALCVIETVD IFNCLOATAR VIFWGIRAGES
ELC] EE] 00 10 LEL] 410 80 450
AYCLLWEISG DOSQEAPSQE DFCFEVLTSS HPAFKEXKLE LECANCRLAN HAIICHFPQD CLTCEAVCHN ANYTIEPLRAL FENEROVGDP
470 A0 ] 510 =30 E40
WCFFOPLEFT ADCSVENTER PROTEINHCR TFEITCELNG YLEPDTCOVEY DOIPHOLOAL SEVPLACUGD EIATAARCEL
5% 60 Exi] a0 580 L1 4310 2 [31:]
BOEGSA0TRA  ABSDFOFIVL TIRDPAELEE WLOAFEANGR LAEHATIGNF FOLOLTOSAU OOUASYTLSP LRAFPESELSV OPFRIFWDPL
1 640 (% w90 w0 70 70
OSTEDODRAL FORRBATEFKE HORTANLATE CYITPEIAOK FPOELSZFLY FTBAVPTOLLAE LOVVRFACUL QITLYCYAVE ALASESHTIAF
| EE] TAD TE0 l 5] R 0 B0 )
CQAPPLFES0  WOKDPTLRAKE EELESVOLANG BLANMMAIION FFRODOLTGEP BOUUANYTHS PLRAFENERC VQDPWORFDP LOFTADCEVE
B30 [T
MPERERGTED
Pstan Views. | Match Evoss | | |
Wik Z v cparia] 06T T Poak frahokd | 010
resevaty Covesage 025 MEEE cnia]  Segueros covesage M5 G925 Sequmnoe oowsage MEME a2 i TE o pirat 214
1] FIi) ] (5] o 20
LGFTADGDAT NFTERROTEL FLFGTLIPST GLEFADIFNG LGAISEVFAA GWLOTAATAL FOEVIQROIF
100 110 130 130 140 150 160
OTALAAGDFG  FEVLT33DFA ERCRELCAED  ARGRLIHHAY IGHFFQ0GLT GEAWGDWALY TAIFLR
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Appendix B87. Mascot search result of ESl-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.

Mascot Search Results
Usew © kim
Email o Boyekifiset polyw. ede. bk
fsarch title 5
ME dsta file : DRTR.TNT
Natabase : NCEImr (FEINEEE segeences; 360058469 residess)
Taxonoeg : Bacteria (Esbactecia) (2123MF seguences )
Tirest amp : 17 Jul ZTOLZ at 02:29: 14 GNT
Protein hits : il 1S*EETRT FOF1 ATP synthase suburmic beca [finorhizcobius melileci I0EN]

whlAEFTIZIEN FL-ATF Symthasze Beta Chain [alpha protecbacterius BALLSS]
wil77964101 ATP sywrhase subunie beta [Closesidius paradosus]

il 114706547 ATP syrehase subunie B [Fulvisarins pelagi HTCC2E06]
MALAEERNRSES bara-tubulin [Andalucis gedayi]

Frobahility Baved Mowse Scere
Inas scose & -1 0" Log(F), whete P &= 1he peobshasty that the chesrved mach & a random evenl

Tzeisvach] jores soomes > 53 indicate slentily or exbensave homology (el 05),
Protein soces aze derrved from ions rooms & & mon- probabilisti hasks for malise peotein hits
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Appendix B88. Mascot search result of ESl-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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Identification of harmful algal bloom (HAB) causative agents makes use either of morphology-based
technigues orgenetic toals. These technigues are often time-consuming, labaor intensive and/or based on
subjective judgment Recently, matching with protein/ peptide expression profiles { PEPs) obtained with
matrix-assisted laser desorption jonization time-of-flight mass spectrometry (MALDI-TOF-MS) has
emerged as a new technigue for species identification of various microorganisms. We were the first
group to adopt this rapid and simple methodology for the identification of dinoflagellates (Lee et al,
2008 . In the present study, we evaluated the use of PEPs from MALDI-TOF-MS [or species identification
of field samples obtained from a local red-tide caused by Karenin digitofa. PEPs obtained from direct
MALDI-TOF-M 5 analysis of field samples were compared to that of established monospecific reference
culture. Several species-specific peals of K digitatz were found in the reference monoculure and mast of
these observed peaks could be matched tothe PEPs of the field samples. Matched species—s pecific peaks
observed from the PEPs of field samples would allow rapid identification of the causative agents in
corresponding and future HABs. Furthermone, as K digitaia is the most damaging dinoflagellate in Hong
Kong's history, we were interested in obtaining its 55U, partial LSU rDNA and ITS sequences for future
studies. Inthe present study, besides mporting on the ITS and rDNA sequences of K digitata, phy logenetic
tree analysis was also performed The results showed that K digitaea fell within the Karlodinium clade and

had a doser relationship with the Karfodinium species than the Karenia species.

© 2011 Elsevier B.V. All rights reserved.

1. Introduction

A harmiul algal bloom (HAB) caused by Karenia digitata was
reported in Silver Mine Bay of Hong Kong in mid-March 2009, This
is the second bloom of this species in Hong Kang. The first bloom
caused by this species occurred in Hong Kong in 1998 with serious
fish Kills (Yang and Hod gkiss, 2004; Yang et al., 2000} It isthe most
serious HAB that had ever cccurred in these waters (Lee and Qu,
2004: Yang and Hodgkiss, 2004} This unprecedented HAB had
invaded nearly all corners of the coastal waters of Hong Kong,
including 22 of the 26 fish farms and 5 swimming beaches, In Hong
Kong alone, 1260 fishery households were affected and 2500 tones
of fishes were killed. A direct economic loss of HKS 250 million
(about USS 32 million) was estimated by the fish farmers (Yang and
Hodgkiss, 20004}, The scale of this recent bloom was much smaller
with no associated fish-kill reported. Nevertheless, officials of the
Hong Kong Special Administrative Region Government in charge of

* Corresponding suthor. Tel: +852 34008669, foc: +852 23649992,
[E-mmail addres: besamiod {51 Lol

I568-9881/% - see front matter © 20011 Elsevier BV, All rights reserved.
o 1010 16| bl 200 1.08.007

aquaculture, beaches as well as food safety were on high alert
during that second bloom. Various strategies were formulated to
address a second bloom as big as the first one. The need for a
forewarning system has repeatedly beenraised. Given that thereis
no effective prevention for the occurrence of HABs, accurate
identification, early detection and warning will provide aqua-
culturists some much needed time o take necessary measures and
minimize their loss, Protein/peptide expression profiles (PEPs) as
obtained with matrix-assisted laser desorption ionization time-of-
fMight mass spectrometry (MALDI-TOF-MS) has emerged as a new
method for species identification for various microorganisms
(Fenselau and Demirev, 2001 ; Dworzanski and Snyder, 2005 ). Our
group had previously successfully used PEP-based identification
technique to identify different dinoflagellates species (Lee et al,
2008). The basic concept is to match the PEPs of the unknown
species to PEPs of various reference species in a database. In the
present study, we intended to extend our previous application of
MALDI-MS-based identification technigue on the culture samples
to real-life field samples of HAB. Field samples were collected on
four consecutive days from an algal bloom caused by K digitata in
Silver Mine Bay during the period from March 23rd 2009 to March
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26th 2008, We evaluated MALDI-TOF-MS-based technigue for the
identification of the HAB samples by comparing the PEPs obtained
from direct MALDI-TOF-MS analysis of the field samples to that of
an established reference of K digitata meoncculture (KDO1L
Further, since K. digitata is the most damaging dinoflagellate in
the history of Hong Kong, we were interested in obtaining its
ribosomal DMA (rDMA) and internal transcribed spacer (ITS)
sequences for future studies. For the past few years, phylogenetic
and species identification studies based on rDNA (Scholin et al.,
19593, 1994a) and ITS (Adachi et al, 1996; Litaker et al, 2007)
sequence data have begun to appear more frequently in the
literature. In the molecular analysis of K digitata, we have chosen
three sequence regions for analysis (including the 1T51-5.85-IT52
(ITS), small (185) and large (265) subunit ribosomal DMNA
sequences) because these regions had been sequenced in mamy
marine dinoflagellates and these data we obtained could be used
for phylogenetic comparison.

2. Materials and methods
2.1. Phywplankton sampling

Phytoplankton samples were collected daily for four consecu-
tive days from the algal bloomed area in Silver Mine Bay during the
period of March 23-26, 2009 (Table 1). Identities of the causative
agents were confirmed morphologically by officials of the
Agricultural, Fisheries and Conservation Department of the Hong
Kong SAR Government.

22 Cell counts

One milliliter of either monocultuere or field samples was fixed
with 10 pL Lugol's solution and counted under a light microscope
with a Sedgwick-Rafter cell counter.

23, Culture condition

Single cells of K digirara collected from the field were capillary
isolated and transferred to L1 seawater based medium. A
monoculture called KDO1 was successfully established using the
L1 medium and was used as the reference culture in this study.
Cells in the culture were kept at the exponential growth phase by
transferring to new medivm every two week ina ratioof 1:10(v/vL
Vegetative cells from the cultures in mid- or late-expoenential
phases of growth were inoculated into freshly prepared culture
medium Possible contamination of the culture was checked by
regular microscopic examination. The cell cultures were main-
tained at 20°C under a 12-h light:12-h dark cycle at a light
intensity of 120 mol photons m~'s-' provided by cool white
fluorescent tubes in a Conviron growth chamber (Model EF7, USAL

24 Sample preparation fo obtain PEPs using MALDI-TOF-MS
Samples were prepared as described previously (Lee et al.,

2008). Briefly, around 1500 mL of cultures in exponential growth
phase or field samples were collected by centrifugation (1500 = g

for 15 min at room temperature ), Cell pellets were re-suspended in
0.1% triflecrcacetic acid (TFA) (Aldrich, USA). These cells were
lysed by sonication. Cells debris were removed by centrifugation at
13,000 = g at room temperature for 5 min, Inorganic salts in the
samples were cleaned up by absorbing the proteins/ peptides onto
either C-18 or C4 zip tips (Millipore, USA) according to
instructions from the manufacturer. Proteins peptides were eluted
from the zip-tips with 1-2 pL of 0.1% TFA in 70% acetonitrile.
Eluted proteins/peptides solutions were mixed with matrix
solution in a ratio of 1:1 {vjv]l Matrix solution was made up of
saturated sinapinic acid (SA) in a2 1:1 {v/v) ratio with 0.1% TFA/
acetonitrile. Subsequently, 1 L lots of the resul ting mixtures were
spotted onto 2 mass spectrometer target plate (MTP AnchorChip™
G00/384TF, Bruker, Germany) for subsequent MALDI-TOF-MS
analysis.

25, MALDI-TOF MS analysis

Proteing peptides expression profiles (PEPs)of all samples tested
wereobtainedwith a MALDI=TOF=TOF mass spectrometer | Autoflex
Il Smartbeam, Bruker, Germany ) in linear mode at an accel erating
voltage of 20 kV with a 300 ns delay time and over a mass range of
2000- 16,000 Da. For each sample, spectra from 500 laser shots at
several different positions of the protein spot on the anchor chip
werecombined to generate a mass spectrum., The mass spectra were
calibrated using the Protein Calibration Standard 1 (Bruker,
Germamy) and were used to provide a mass accuracy of 1 partin
3000. The calibrants mixture contined insulin (5734.51 Da),
ubigquitin (B565.76 Da), cytochrome C(12,360.97 Da) and myoglo-
bin (16,952.3 Da). Fresh calibration was performed for different
samples and for different individual experiments,

26, ITS and ribosomal DNA gene sequencing

DNA extraction was performed according to the procedures
reported previously (Lee et al, 2008). Three regions, including
ITS1-585-1TS2, S50 (185) and partial LSU (265) rDNA were
amplified. ITS regions were amplified from the extracted DMA
using primers described previously (D'Onofrio et al., 1999), IT51
(forward): STCOGTAGGTGAACCTCGLGGS and ITS4 (reverse):
STCCTCCGCTTATTGATATGCR, 185 55U region was amplified
using primer described in Logares et al. (2007 ), 4616 (forward):
SAACCTGOTTGATCCTGCCAGT and 4618 (reverse): STGATCCT-
TCTGCAGGTTCACCTACT,. 265 LSU region was amplified using
primers described previously (Daughbjerg et al., 2000; Scholinet al,,
1594b). PCR was performed according to the following scheme:
95 °C 5 min; 35 cycles of 84 °C 455, 55°C 455 and 72 °C 2 min;
72 “C10min PCR products were cloned into pGEM-T easy vectors
(Promega, USA) prior to DMNA sequencing. DNA sequencing of all
cloned plasmids were performed by commercial facilities using
traditional dideoxy-methodology.

2.7. Phylogenetic analysis

Using the Clustal X program (Thompson et al., 1297} ITS DMA
sequence of K digitaraw as aligned and compared with the ITS DNA

Table 1
Red-tide samples from the Silver Mine Bay of Hong Kong.
Day Date Cell concentration (cells/ml) Sampling volume Total member of cells* Otservation of cells under microscope
1 23rd March 2005 T ~01L Tu 1A Active and healthy
2 24dth March 2005 80D ~{05L EEa g Active and healthy
3 25th March 2009 S0 ~=15L T5x 107 Mawing slawly
A 26th March 2009 216 ~=3L 6.5 107 Stop moving, most cells stared to

disintegrate, call 1ysis occurmed

107 of Karenda digitara cells in the bloom samples were wsed for MALDI-TOF-MSPEP analysis.
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sequence of 10 different Karenig/Karlodinium species retrieved
fraom PubMed. Phylogenetic analysis was carried out using PHYLIP,
version 3.69 (Joe Felsenstein, Department of Genetics, University of
Washington) with ITS DMA sequence of Gymnodinium species
(AM184203) as an outgroup. Distance matrices were produced
using the DNADIST moduleand aMeighbor-join tree was built with
the MEIGHBOR module. One thousand bootstrap replicates were
generated and performed using the SEQBOOT module and the
consensus tree was generated wusing CONSENSE. Tree was viewed
with the Treeview software {Page, 1996)

3. Results and discussion

31 MALDI-TOF-MS analvsis of real time harmful algal bloom
samples

Rapid and accurate identification of the causative agent of a
HAR is important during a HAB crisis. Our group has shown the
great potential of using PEPSs obtained with MALDI-TOF-MS for
species identification of dinoflagell ates { Lee et al, 2008 ). However,
is this technique applicable readily in the feld to harmful algal
bloom samples? In the presentstudy, we present results of MALDI-
TOF-MS analysis on four field-HAB samples collected daily from
the bloomed area in Silver Mine Bay, HongKeng (Table 1), The algal
bloom was believed to be caused by K. digirara (Fig. 1) and the
identity of the causative agent was confirmed morphologically by
officials of the Agricultural, Fisheries and Conservation Depart-
ment, HKSAR Government. As shown in Table 1, from the 4 real life
HAB samples, we were able to obtain 4 = 10° to 7 = 10° cells.
According to our previous experience, samples with cell number in
the order of 107 were adequate for generating acomparable PEP for
HAB species identification purposes (Lee et al, 2008).

Previous studies by others eg that of Fenselau and Demirev
(2001}, reported that dinoflagellates and other microorganisms
generally exhibited about ten discrete mass peaks ranging from
2000 to 20000 miz (Lee et al, 2008}, However, in our initial
experiments with K. digitata, we found that most of the peak mass
ions observed from the PEPs of both reference culture and field
samples of K digitata were in the range from 500 to 2000 mfz

FAg. 1. Light micrascoplc phote of Karenda digitara obtaimed from the bloom area
{Gilver Mine Bay) of Hong Kong (400= magnifications ) in March 2009

(Fig. 2). The lowered number of mass ions observed could be due to
the fact that the major and structural proteins/peptides presented
in this species are really in the lower mass range. However, it may
not be the case as most of the spectra ions observed in other
dinoflagellates are in the range of 2000-20000 m(z as well (Lee
et al, 2008). Therefore, we speculated that there might be
significant protein loss during the C-18 ziptip sample cleaning
step. Proteins with MW = 2000 m/'z might have weaker binding to
the C-18 resin and hence washed away during the washing steps.
Totest our hypothesis, we replaced the C-18 ziptips with C4 ziptips
in the sample cleaning step. (<4 and C-18 refers to the allkyl chain
length of a reversed- phase adsorbent immobilized in the ziptips
and C4 has a shorter chain length. Interestingly, more peak mass
ions {specially ranged from 2000 to 6000 myz) were observed with
the use of C-4 ziptips (Fig. 3). Although, C-18 ziptips are commonly
chosen for the sample clean-up as most proteins would bind,
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binding of the proteins also depends greatly on their amino acid
compositions and their hydrophobicities. In the case of K. digitata,
C-4 resin allows better protein binding especially in the higher
molecul ar mass range. |nterestingly, similar results are not unigue
to K digitata. Currently our team has generated PEPs for more than
40 HAB causative species with the MALDI-TOF-MS-based
methodology and we found that some species would give better
PEPs with more distinct peaks when C-4 ziptips, rather than C-18,
were used [data not shown ).

PEPs of the reference monoculture KDO 1were compared to that
of Karenia brevis, another Karenia species in our procession (Fig 41

In our earlier report, we found that PEPs of different dinoflagellate
species within the same genus are distinct (Leeet al., 2008). In this
study, we also confirmed that PEPs of the two Karenig species
obtained are distinct, Some characteristic signature peak mass ions
of each Karenia species can also be easily identified by visual
inspection. On the other hand, as in the case of K. brevis, PEP
generated from samples that were cleaned through C-18 ziptips
wias highly similar to the one produeced with C-4 ziptips (Fig. 4}
Expressed proteins of K brevis exhibited similar binding capacities
to both C-18 and C-4 resins. This further indicated that the pattern
of the PEP obtained (i e. the binding capacities of the proteins to the
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Fig. 4 MALDI-TOF-MS PEPs of culture samples of Karenda digitoto (HED1) and Korenda brewis The mass range depicted 15 from m iz 2000 o 6500,
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C-18/C4 resins) of a specific species is greatly attributable to a
specific set of expressed proteins with particular sizes and varjes
degree of hydrophobicities. Therefore, in order to obtain as many
peak-masses as possible for identification purposes, 2 sets of clean-
up procedures (e, with C-18 and C-4 ziptips) were used to treat
the reference culture and the field samples before subsequent
MALDI-TOF-MS analysis.

We compared PEPs of the field samples to the one of the
reference monoculture KOO (cultere sample) obtained under
identical conditions (Figs. 5 and 6). Beside the unique sets of PEPs
observed, several unique and consistently expressing species-
specific peak masses could be annotated from the spectra of the
culture sample. There were 10-15 peaks in the PEPs of both C-18
cleaned-up (Fig. 5) and C-4 cleaned up samples (Fig. 6). Typically,
5-10 peak mass ions were sufficient to discriminate microorgan-
isms at the species level (Dieckmann et al, 2008). Most ofthe peaks

observed from PEPs of the culture sample could easily be identified
and matched to PEP of the field samples by visual inspection. Since
the peaks mass jons shown in PEP of the culture samples were
derived from the mono-reference culture of K. digitata and only
highly abundant expressed proteins would be shown in the MS
spectra, we believe that the peaks mass ions shown in PEP of the
culture samples were most likely derived from K. digitatacellsonly,
It should be stressed that the MALDI-TOF-MS technology is very
different from PCR technology in terms of species identification.
Height of peak masses in a PEP is semi-quantitatively related roits
abundance. Hence, minute amounts of specific proteins in a
complex protein mixture may not show up easily. Consequently,
simply because of the minute amounts of proteins presented, even
some micreorganisms such as bacteria that may have co-existed
with the dinoflagell ates but in low abundance, their major proteins
may not be seen clearly in the MALDI-TOF-MS-PEP spectra. The
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Fig 7. 1T51-5.85-1T52 DNA sequences of the established monocul ture of Karenda digitata KDOL. The mast simdlar saquence obtained from bigsinformatic search against the
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dotted lines). There are 84 mismatchesgaps between these two sequences
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Table 2
Peak mass jons from PEPs of the field samples matched/unmatched to that of
culiure sample.

PEP patterns of days 1-3 field samples were highly similar.
However, there were some peak mass ions (eg mjz 1108, 1121,
1134, 1153, and 1168 in Fig. 5) that could only be found in PEPs of

Maiched peak mass jons (mf) 344, 353, 465, BO8, 691, 583, the field samples. It should be noted that in day 4, the bloom was
1836, 2114, 3776, 3813, 3829 already in its dissipation phase and the cell numbers of K. digitara
Uinmate e peak mass jons (myzf® 1108, 1121, 1134, 1153, were much lowered, Although the total number of K. digitara cells
V1E8/1158, 1265 used for the MS analysiswere similar to the samples from days 1 to

Since cells from day 4 samples were disintegrated, the peak mass jons were not
counted in the mhle
4 The “matched™ peak mass jons represented the peak mass fons that could be
identified from the PEPs of both culiture sample and field samples from days 1 to 3.
B The “unmatched™ peak mass (ons represented the pask mass lons that coukd
omnly be fownd from the fleld samples but not from the culture sample.

3{i.e. 107 cells), the relative abundance of proteins contributed by
the several uvnidentified species of micro-phytoplankton)zoo-
plankton (with size ~1-3 pm) found in the field samples became
significant when compared to proteins contributed by K. digitata,
This observation could also explain why some of the peak mass
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icns in PEP of the field samples could ot be found in PEP of the the ventral epicone surface (Yang et al, 2000). Unfortunately, in
monocultere. However, as K. digitata cells were the dominant the laboratories of these researchers and others, there are no live
speciesin the HAB phvtoplankton popul ations, most of the s pecies- cultures of K digitam from the 1998 bleom that swrvived to
specific peaks of K. digitata could still be detected easily in the PEP. conduct studies at the molecular level. Hence, there is no DMA
Representative matched and unmatched peak mass ions of PEPs of sequence of this species available in any public database,
the field samples and the culture sample are summarized in Table Fortunately, the present algal bloom allowed us to collect real-

2 time field samples and we have successfully established a

monoculture of K digitara (KDOT), The ITS as well as both S50

32, ITS/rDNA sequence and phylogenetic analysis of K digitata and LSU (DNA sequences of K. digitata were established and
analyzed.

K digitara was assigned to the Karenia genus because of the The sequences obtained in cur study were searched against the

presence of a straight apical groove (Daugbjerg et al., 2000). It is NCBInr database, Interestingly, the species with the most similar
named digitara because of its finger-like protrusions of sulcus on sequences for ITS (Fig 7), 185 (Fig. 8) and 265(Fig 9) regicns of K.
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Fig. 10. Neighbor-joining tree showing the phylogenetic relationship of Karea
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basad on the TS5 (IT51-585T52) DMA saquences. The numbers represent the
percentage of 1000 replications (bootstrap suppart) for which the same branching
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accession numbers of the IS sequences used for are AM184203 (Gymnodinium spL
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AMTEA206 (Kareda sp. L FIE23566 (Karenia wnbella ). FIB23581 (Karenda bidigitara),
and FJE23565 (Karenda papdlionacen |
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digitata are either Korlodinium armiger [accession no. AM184205
for ITS, DO1 14467 for 265) or Karfodinium micrum (accession mo.
AY245692 for 185). When aligned with the corresponding
sequences, there are around 5-10% of mismatched nuclectides
or gaps in each region of the sequences. The Karlodinium species,
especially K. dedpiens, was reported to bear striking morphological
similarity to K. digitara (de Salas etal., 2008 ) Although Haifeng Gu
of the Third Institute of Oceanography, Xiamen, claimed that the
two species share almost identical LSU (265) rDMNA sequences (de
Salas et al., 2008 ), the authors have excluded the possibility that K.
dedpiens is a jumior synomym of K. digitata by defining the
significant morphological differences between the two species.
Indeed, based on the alignment results of the 265 sequences of K.
digitata to those of K decipiens (Fig. 9), 75 mismatches/gaps out of
the entire 265 sequence (1429 bp) were found. Followed by the
sequence analysis, we conduected phylogenetic analysis based on
the ITS DMNA sequences obtained (Fig. 10 The tree shows a clear
distinction between the Karenia and Karlodinium clades. However,
K. digitata is located in the Karlodinium clade at 100% bootstrap
values, with a close relationship to the K armiger. This may be due
te the lack of other Karlodinium ITS sequences (e.g K. decipiens)
available for the phylegenetic analysis. Hence, more in-depth
studies with additicnal molecular sequences of Karenio and
Karlodinium species are required before any conclusion can be
drawn. However, based on our consclidated sequence alignment
data of the [TS, 185, 265 as well as from the phylogenetic analysis of
the species, we suggest that K. digitara (KDO1) is closely related, but
not identical to, the Karlodinium species. These results are in line
with those reported previously (de Salas et al, 2008). To the best of
our knowledge, this is the first report on DNA sequences of K.
digitara.

3.3. PCR-based vs MALDI-TOF-MS-based iden tification methodology

PCR-based identification technique remains one of the best
methods for species identification. However, an incomplete

description of the algal genome has hampered this approach. In
the case of K. digitatg the lack of DNA sequence data posed
additional time requirements and difficulties in the primer design
during the identification process. Contrasting with PCR-based
identification technique, the MALDI-TOF-MS5-based identification
method requires no prior know ledge of the unknown HAB sample,
It saves much preparation time for rapid reporting and response. In
addition, it was very difficult to obtain the correct ITS and rDMNA
sequences from PCR of the DMA extracted from the field samples.
Even with the same PCR condition used for the DNA extracted from
the monoculture, there were numerous bands (PCR products) that
appeared on the gels when PCR wasconducted on the field samples
(data not shown ). Since PCR is a very sensitive method and the
primer binding regions of the rDMNA sequences are usually much
conserved, templates from other phytoplankton in the field sample
(mot that of K digitara) can be amplified in parallel with those from
K digitata during the PCR process. In contrast, only the most
abundantly expressed proteins show up in the MS spectrum and
usually only one (at most two) algal species predominate in a
bloom area of a HAB (Hallegraeff, 1993), therefore, peak mass ions
of a PEP obtained from the MALDI-TOF-MS analysis would most
likely be derived from the blooming species involved. Hence, the
much more rapid MALDI-TOF-M5-based methodology seems to
be the better choice for species identification in real-life HAB field
samples.

4. Conclusion

MALDI-TOF-MS has been widely used for identification of
various microorganisms. In the present study, we demonstrated
that it is possible to identify the causative agent in a real-life HAB
field sample based on the presence of species-specific ions in the
PEPs. The sample preparation protocol that we developed is simple
and fast. We strongly believe that this new technelogy, assisted by
bicinformatics, will become an attractive and powerful tool for
identification of HAB causative species in wvarious HAB field
samples. Inthe near future, this technique may even be adopted by
the Government{Monitoring Agencies/large industrial fish-farm-
ing and agquaculture companies for rapid identification or
menitoring of field samples. In addition, we have successfully
established and maintained the monoculture of K. digitata (KDO01)
and reported their nove ITS/IDMA sequences. Although DMA
sequence data of K. digitata in the database are limited, the results
from the molecular sequences and phylogenetic analysis suggests
that K. digitata is closely related, but not identical to the
Karlodinium species.
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Abstract

Some species of dinoflagellates are major producers of paralytic shellfish toxins (PSTs).
The study of the biosynthesis of PSTs in dinoflagellates at genomic level is difficult
because of their large genome sizes. Comparing the protein expression of two different
strains of the same species which differ in toxigenicity could aid the study of PSTs
production. In the present study, one toxic (AC-T) and one non-toxic (AC-N) strain of
Alexandrium catenella were compared. Their ribosomal DNA internal transcribed spacer
(ITS) sequences, cell sizes, growth curves, toxin contents, effects by phosphate limitation
were compared befre analysis with 2-dimensional gel electrophoresis. AC-T and AC-N
shared very similar ITS DNA sequences and exponential growth rates. AC-T always
produced PSTs while no toxin was detected from AC-N at any stage of growth and also
under phosphate limitation. Upon 2D-gel electrophoretic analysis, 64 proteins were found
to be differently expressed between the two strains; 75% were up-regulated in AC-T
while the other 25% were up-regulated in AC-N. Identification of these differentially
expressed proteins is currently in process.

Keywords

Paralytic Shellfish Toxins (PSTs); Alexandrium catenella

Introduction

Paralytic shellfish poisoning (PSP) could be caused by ingestion of different types of
paralytic shellfish toxins (PSTs), in which saxitoxin (STX) is the parent compound.
Consumption of PST through ingestion of contaminated shellfish and filter feeders are
common. The mortality rate of PSP could be as high as 14% (Rodrigue et al. 1990). The
major PSTs producer is dinoflagellates. Genera Alexandrium, Gymnodinium and
Pyrodinium were found to be PSTs producing dinoflagellates. The study of PSTs
production in these marine photosynthetic microorganisms started for decades. However,
the complete biosynthetic pathway of STX is still inconclusive. Partial mechanism such
as the use of arginine as a precursor and the formation of imidazole ring were proposed
after labeling experiments (Shimizu et al. 1984). The studies focusing on STX
biosynthesis were hindered by the lack of genomic information of dinoflagellates due to
its large genome size (Lin 2006). Furthermore, methods to disable its toxin synthesis or
trigger PST-producing ability in non-toxic species are currently lacking. On the other
hand, proteomic comparison between a PSTs producing and a non-PSTs producing
dinoflagellates is a viable alternative. Such comparison will be of more significance if the
candidates pair is genetically close to each other and has very similar physiological and
behavioral characteristics. Alexandrium catenella is one of the common PSTs producing
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dinoflagellates (Proctor et al. 1975). Among the several strains of 4. catenella in the
culture library of our group, the toxin content of one of them was always undetectable
with HPLC-post-column derivatization methodology. Together with a toxic strain of 4.
catenella, an ideal comparative model was established. The present study aims to
investigate the difference in protein expression in these 2 strains of 4. catenella.

Materials and Methods

Culturing condition

The experimental culture of toxic (AC-T) and non-toxic (AC-N) 4. catenella were kept in
L1 seawater based medium, at 22°C, 5000 lux, under 12:12 hours light:dark cycle in a
Versatile Environmental Test Chamber (SANYO, Japan). All experimental cultures were
started with 1000 cells mL™" by cell density and 500 mL by volume on Day 0.

Cell size measurement

Cell volumes of exponential culture were performed by a calculation method adopted
from H. Hillebrand ((Hillebrand et al. 1999) after measuring the dimensions of the algae
under light microscope. The formula for cell volume (V) assessment is: ¥ = (n/6) X a§ X
h, where d and 4 are the diameter and height respectively.

PCR-based identification

Internal Transcribed Spacer (ITS) region and the 5.8s ribosomal DNA of the
dinoflagellates were sequenced and compared to each other. DNA contents were
extracted by the High Pure PCR Template Preparation Kit (Roche, Switzerland). The
target sequences were first amplified by PCR with standard Alexandrium primers, ITSA
and ITSB (Adachi et al. 1996). 35 cycles of PCR were performed with denaturing at 94°C
for 40s, annealing at 50°C for 40s, elongation at 72°C for 60s and ended with 72°C for
further 10 minutes. PCR product were purified and cloned with pGEM-T vectors
(Promega, USA). Followed with QIAprep® Spin Miniprep Kit (QIAGEN, USA), the
sequencing process was completed by commercial facilities with Sanger Method.

Protein expression profiling

Our group previously demonstrated the use of MALDI-TOF mass spectrometry for fast
identification of dinoflagellates (Lee et al. 2008). Protein samples of centrifuged (13000 x
g; 5 minutes) exponential cultures were extracted with 0.1% trifluoroacetic acid (TFA)
through 3 minutes sonication and cleaned up with C-18 zip tip. Followed with elution
from the zip tip with 0.1% TFA with 50% acetonitrile, the samples were then mixed with
matrix solution prepared by saturated sinapinic acid (SA) in elution buffer in the ratio 1:1.
The mixtures were then spotted onto the target plate, MTP AnchorChip™ (Bruker,
Germany). Mass spectrometry by Autoflex III (Bruker, Germany) was performed with
linear mode at an accelerating voltage of 20kV by using a 300ns delay time. Spectrum of
a sample ranged from 0.2 to 2kDa was generated by summation of spectra from 2000 to
3000 laser shots of each sample. Calibration was performed simultaneously with Protein
Calibration Standard I (Bruker, Germany).

50



Growth curve study

Growth curves were constructed by computing cell densities during the period of
investigation. Determination of algal density in the cultures was conducted using the
Sedgewick-Rafter counting chamber. 1 mL of algal culture, fixed with 10 pL of Lugol’s
solution, was filled into the chamber before counting the number of cells under light
microscope.

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

pre-column oxidation method adopted by Lawrence (Lawrence et al. 1996). After
extracted with 0.05M acetic acid, toxin samples were oxidized either by 10% hydrogen
peroxide solution for 2 minutes (for STX, deSTX, GTX2+3, GTX5 & C1+2) or periodate
oxidant prepared with 0.1M periodic acid, 0.1M ammonium formate and 0.1M sodium
phosphate dibasic for 1 minute (for NEO & GTX1+4). After the reaction has stopped
with 5% acetic acid, samples were filtered (0.2um) allowed entering the UPLC system
for analysis, using 2.1 X 100 mm HSS T3 column (Waters, USA). Two mobile phases
were used for the LC analyses: 0.1M 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 the column temperature was kept at 35°C. The gradient program was
divided into 3 categories with different ratio of buffer A to buffer B: 95:5 from the 0 to
2.5 minute, 70:30 from the 2.5 to 5 minute and 100:0 from the 5 to 6 minute. Separated
toxins were detected by fluorometer with Aex 340nm and Aem 395nm. Amount of the
cellular toxins were quantified with the standard curves and according to the peak areas.
Phosphate limitation study

The effects on exponential growth and toxin content by phosphate limitation were
examined. The two strains were cultured under one-tenth amount of normal phosphate
supply, with no changes to the others nutrients. Amount of growth were examined and
toxin analyses were performed at the time-point of mid-exponential phase of normal
growth, i.e. Day 18.

2-dimensional gel electrophoresis

Protein expressions of the 2 Alexandrium catenella were examined by two-dimensional
gel electrophoresis (2-DE). Trizol-extracted proteins were first rehydrated into an IPG
strip (Bio-Rad, USA) with pH range 4-7 for 16-20 hours at room temperature. Isoelectric
focusing was then performed with following protocol: 500V for 3 hours, 1000V for 6
hours, 8000V for 3 hours and finally with 120000 voltage hours. After reduction and
alkylation with 1% dithiothreitol and 2.3% iodoacetamine respectively, the second
dimension was performed in 12% polyacrylamide gel and ran with 35 mA/gel. After the
second dimension, the gel was fixed in 10% v/v acetic acid, 40% v/v methanol.
Visualization of the proteins was subsequently performed with several steps of silver
staining: Sensitization (8mM sodium thiosulphate and 30% v/v methanol; 30 minutes);
silver staining (14.7mM silver nitrate; 20 minutes); Developing (0.24M sodium carbonate
(usb, USA) in 0.004%o v/v formaldehyde; until image clear) and Stopping (35mM
EDTA). Images of gels were scanned and analyzed by software Melanie 3 (GeneBio,
Switzerland).
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Results and Discussion

There has been some arguments that it is easy to confuse the identity between A.
catenella and A. tamarense as the latter one could be non-toxic. Several works have been
done for confirming its identity before the toxicological experiments. DNA sequences of
the internal transcribed spacer (ITS) region are used as the “DNA barcode” for
identification (Litaker et al. 2007). Sequencing results (Figure 1) showed there was 97%
similarity existed between the ITS sequences of the toxic (AC-T) and the non-toxic
(AC-N) strain in this study. Aligning the ITS sequences of AC-N to the a strain of
Alexandrium tamarense showed that the similarity between the two species was 80%
only. Results of the ITS sequences supported that AC-N is more like 4. catenella than A.
tamarense.

o AAC R AL
JTGCACARCTCYUACAAGCTGAAGACTTGCATatG
perer
s

Figure 1. Alignment of the complete sequences of the ITS1-5.8S-ITS2 regions of toxic (AC-T)
and non-toxic (AC-N) 4. catenella and one strain of 4. tamarense (ATO01). Similarity between

AC-T and AC-N is 97%. However, similarity calculation between AC-T and AC-N to ATOI is
82% and 80% respectively.

Microscopic examination (Figure 2) and cell volume computation showed that AC-T and
AC-N have very similar shapes and sizes. Both the strains were around 8 X 10° um® in
size and is only about 50% of that of 4. tamarense.
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Figure 2. Cell dimension measurements of AC-N (left panel) and AC-T (right
panel) under microscopic examination.

To provide additional set of proof that the 2 A. catenella are more closely related while A.
tamarense is slightly more distant, we studied the protein expression profiles (PEPs) of
these strains. In our earlier study, we had shown that PEP can be used to distinguish one
species of dinoflagellates from another (Lee et al. 2008). The major peaks in the PEP
represented major proteins/peptides in the total proteins compartment of these algae.
High similarity in PEPs suggested high similarity of protein expression and hence more
closely related genetically. Result in Figure 3 showed that the PEP of AC-N had a similar
pattern to AC-T, sharing several major peaks. On the other hand, no common peak could
be found between AC-N to the two other strains of 4. famarense. Together with the
results of DNA ITS sequence and microscopic examination, no obvious difference was
found between AC-T and AC-N to differentiate either one of them as a different species.
The difference in their toxigenicities becomes more prominent for comparative study.
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Figure 3. Protein expression profiles of AC-N, AC-T and two strains of A. tamarense (AT01 & AT02).

Growth rates of dinoflagellates have a close relation with their toxicity. Non-toxic
dinoflagellates were reported to have slower growth rates when compared to toxic ones
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(Martins et al. 2004).0n the other hand, Alexandrium catenella is a fast growing
dinoflagellate. The results of their growth curves (Figure 4) in the present study showed
that the growths of the two strains of A. catenella are similar during the first part (up to
Day 2-25) of the exponential phase, in which the specific growth rates were 0.13 day™
(AC-T) and 0.12 day'1 (AC-N) respectively. Duration of exponential growth of AC-T was
longer than that of AC-N, the former also had a higher maximum cell density. However,
the difference in toxicity is always seen for the strains. Illustrated in Figure 5, from early
exponential phase to the decline phase, PSTs were detected with a trend of decreasing
toxin content, dominant with C toxins (Figure 6). In contrast, AC-N showed no toxins in
every growth phases. Inability to produce PSTs was not accompanied with slower
exponential growth rate in the case of AC-N. This may imply that the difference in
protein expression during the exponential growth between the two strains in the present
study is probably not the result of different growth pattern. The different protein
expression between the two strain at this stage is less likely affected by the growth
physiology and is expected to be the more reflected by the difference in toxigenicity.

Figure 4. Growth
curves of AC-T and
40 - AC-N. Vertical lines
indicate SD of
e AC-T  ==AC-N triplicate
samples.

45 -

3554

30 -

Cell Density (1000 cells/mL)

120
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Figure 5. Cellular toxin
5.0 content (fmol/cell) of AC-T
| k ——ACT  —=AC-N and AC-N against different
a0 - growth phases. Vertical

' A lines indicate SD  of
triplicate samples.

Toxin content (f mol/cell)
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Availability of phosphates in the culture medium is known to be one of the factors
affecting PSTs toxigenicity of dinoflagellates. It was reported that phosphate-limiting
environment would dramatically increase the cellular endogenous toxin content
(Anderson et al. 1990a; Boyer et al. 1987; Lippemeier et al. 2003; Siu et al. 1997).
Phosphate limitation experiments were performed on AC-T and AC-N. As shown in
Figure 7, with one-tenth of the normal amount of phosphate supply, exponential growth
of the both strains stopped at around Day 7 of the culture period. The toxin content of
AC-T had a around 4-fold increase when the culture was phosphate limited (Figure 8). It
was hypothesized previously by Anderson et al. (1990b) that DNA synthesis ceased in
the absence of phosphate, which in term utilize less arginine. The resultant overly
abundant arginine was driven to toxin synthesis. In our study, phosphate limitation
studies in the AC-N culture could not trigger production of any PST. This result
reinforced the notion that this non-toxic characteristic of AC-N is an intrinsic property of
the strain and not the result of environmental factors.

20 10
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Figure 7. Growth curves of AC-T and AC-N under normal and phosphate-limited culture condition.
Vertical lines indicate SD of triplicate samples.
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Figure 8.  Toxin
content (fmol/cell) at
Day 10 & 20 of AC-T
and at Day 10 & 18 of
AC-N under normal
and phosphate-limited
culture. Vertical lines
indicate SD of
triplicate samples.

As mentioned previously, study on the biosynthesis pathway of PSTs at the genomic
level is difficult due to the lack of genomic information. On the other hand, study on the
protein expression may provide more information about the mechanism. 2-D gel
comparison of exponentially growing cultures of AC-T and AC-N were performed. With
the help of image analysis software and after normalization of the intensities of staining,
64 protein spots were shown to be differentially expressed with at least a 2-fold
difference. 75% of them were up-regulated in AC-T and the other 25% were found to be
up-regulated in AC-N. We are hoping that we can identify some proteins that could be
related to PSTs production and contribute to the understanding of the biosynthetic

pathway of PSTs.
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Figure 9. 2D gel image of AC-T.
IEF was performed with an IPG
strip with a pH range 4-7.
Proteins in circles are isoforms of
RUBIOSCO Il {upper) and NAP50
(lower) (Lee et al. 2009).



Figure 10. Examples of differentially expressed protein
spots found in the 2-D profiles of AC-T and AC-N
exponential cultures grown under the same condition.
Proteins with arrows in (a) and (b) are up-regulated in
AC-N, while proteins with arrows in (c) are
up-regulated in AC-T.

AC-T AC-N
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Toxin production and endogenous arginine level of

Gymnodinium catenatum, a marine dinoflagellate

Daniel Yun Lam MAK1 Fred Wang Fat LEE" Samuel Chun Lap Lot
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Introduction

Harmful zlgal blooming (HAB) in coastal areas {usually called red tides)
are usually related to the loading of nutrients from human activities.
Eutrophication caused by agricultural run-off and zlse deposition of
untreated aquatic residues enormously increases the availabilities of
nitrates and phosphates for the growth of planktonic microorganism.
Blooming of Gymnodinium catenatum, a marine dinoflageliate, is an

le of HAB. G. ¢
parzalytic shelifish poisoning {PSP). Around 100 death cases [1] related to
this species have been reported. Besides being a direct treat to

is @ toxic microalgae which could cause

swimmers, shellfish farm businesses were also affected because the
shellfish are not appropriate for harvest as toxin would accumulated and
concentrated once they fed on those algas. These harmful effects
d the prog
water resources. G. catenatum widely spread in difficuft regions including
Argentina, Australia, Mexico, Spain, Pacfic Ocean, Japan and also Hong
Kong [2].
sacondary metabolites and it was found that arginine

collectively hind of susta: of our

They produce saxitoxin as

is the major precursor for the biosynthesis of saxitoxin
and its derivatives. This study is to evaluate the toxin
content and also the endogencus arginine level
throughout the growth of G. cotenatum.

" \I/c‘\‘"

]

Growth monitored
with cell density

Toxicity evaluated with
neuroblastoma assay

Toxin profiles accessed
with HPLC system

Arginine profiles accessed
with amino acid analyzer
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Maxi cell d y of G. ¢ was found at Day 44, around

13300 cell mL*. The growth rate of exponential growth was 0.77 day 1.
Cellular toxicity at mid-exponential phase was 57 pg STXeq cell*. Toxin
content was ranged from 22-35 f mol cell®. 70-20 % of the toxins
produced were C1 and GTXS, with small amount of GTX4 & C2 and
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were 3.8 mM in the lag

phase, and then dropped to
0.4-1.7 mM in exponential

o e it oy et

phase and rebound to 3.4 mM in stationary phase.

Discussion

Compared to Al drium ¢

lla, one of the common PSP producing

dinoflagellates, G. catenatum is 3 slow growing species. Larger portion of
the nutrients was dedicated to growth in bio-volume. Due to its larger size,
cellular toxicity were 35 times higher than the Alexandrium sp. Toxin
content was highest during mid-exponential phases (35 f mol cell*) and in
the presence of abundant nutrients. Toxin composition was kept
consistent throughout the growth. During exponential growth,
biosynthesized arginine were used to make structural and functional
proteins and also for toxin production. There are similarity as well as
difference in the trends of the toxin curve and arginine curve, indicating
toxin preduction are not solely depends on the availability of intracellular
arginine. The association is much more complicated that other factors
should be involved.
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